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Chapter 1

Antioxidants: 
Pharmacothearapeutic Boon  
for Diabetes
Varuna Suresh, Amala Reddy, Pavithra Muthukumar  
and Thendarl Selvam

Abstract

Glucose-induced oxidative stress can be found related to “glucose variability” 
and “glucose memory”. The irregular low and elevated glucose conditions cause 
damage to endothelial cell function than a steady, constant rise in level of glucose. 
Activation of PKC, NADPH oxidases, and mitochondrial oxidants are some of the 
pathways exhibited as a result of this aggravated cellular response. Regarding glu-
cose memory, long after the normalization elevated level of glucose in the endothe-
lial cells of diabetic rats and culture, a existance or ‘memory’ of induced basement 
membrane mRNA is expressed. This demonstrates that glucose causes dangerous 
long-term effects beyond the hyperglycemia period. Oxidative stress give rise to 
glucotoxicity and lipotoxicity which are phenomena’s related to diabetes. Following 
the pathogenesis of diabetes, hyperglycemia and hyperlipidemia exerts a supple-
mentary toxic effect on the beta-cells. So, hyperglycemia can be considered as a 
requirement for the destructive effects of lipotoxicity. Thus glucolipotoxicity can be 
considered as a substitute for lipotoxicity which relates the detrimental correlation 
between lipids and beta-cell function. Generally, the antioxidant pharmacotherapy 
can be coupled with drugs to boost the natural cellular defense mechanisms as the 
naturally existing antioxidant components, which neutralizes free radical damage. 
This considers antioxidant a boon tool for pharmacotherapeutic agent.

Keywords: Hyperglycaemia, Glucose, Pharmaco therapeutic, Antioxidants

1. Introduction

Diabetes is a metabolic disorder which is characterized based on the blood 
glucose level over a certain interval of time. It can also be termed as a condition that 
impairs the ability of the body to process blood sugar. This disorder has now been a 
common problem irrespective of age and gender [1]. As per the statistical surveys 
reported the count of people effected by diabetes is increasing over the world in a 
quite faster rate [2]. Diabetes are of two type in which type-1 is a chronic condition 
in which pancreas produces very little insulin, this may be due to loss of beta cells 
[3]. Beta cells dysfunction results from prolonged exposure of high level of glucose. 
Type-2 is a condition were that affects the way the body processes blood sugar [4]. 
Diabetes can lead to many complications that can show severe negative impact on 
different organs, mainly nerves, heart, kidney, eyes and blood vessels [5].
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Diabetes can cause oxidative stress which can be caused by imbalance between 
production and accumulation of reactive oxygen species, which can damage DNA, 
lipid, protein beside these it can triggers the activation of different cellular path-
ways. When these molecules which are having notable regulatory effects in the body 
if deregulated it can lead to several diabetic complication [6–8].

When there is higher concentration of reactive oxygen species in the body 
with a minimal amount of anti-oxidant enzymes it can cause oxidative stress [9]. 
Whenever an external stimuli enters the body it can lead to reduction of the amount 
of anti-oxidant enzymes in the body and can cause inflammation [10].

Free radicles contain unpaired electrons and therefore lack stability which in 
turn search for another electron to stabilize themselves resulting in process that 
damages DNA and other parts of human cell [11]. Antioxidants are substances that 
can prevent the cells from damages that can be caused by free radicles. The antioxi-
dants which is produced by the body is called endogenous antioxidants and those 
which is taken from outside is called exogenous [12].

There are many health benefits for anti-oxidants and this work pay attention on 
the benefits shown by antioxidants against oxidative stress, how it helps to reduce 
the formation of reactive species and thus in preventing or treating of diabetes and 
related complications that is the pharmacotherapy of antioxidants in treating diabe-
tes [13]. Pharmacotherapy can be the therapy utilizing a drug that can cause relief to 
a particular disease. This work focuses on the characteristics of antioxidants and the 
use of same in prevention of diabetes [14].

2.  Effect of BETA cell dysfunction and oxidative stress on hyperglycemia 
and lipotoxicity

Impaired glucose utilization can lead to hyperglycaemia. Beta cell dysfunction 
may be due to pancreatic diseases, drugs, surgery, tumors [15]. It may result from 
the long duration of exposure to high glucose, beta cells are meant to be sensitive 
towards reactive oxygen species because they are low at antioxidant enzymes such 
as catalase, SOD, GPx. Thus this end up in damaging mitochondria and blunt 
insulin secretion [16].

There are several studies that states the negative effect of oxidative stress on 
cell and tissues that finally leads to the damage of the same when there is an over 
production of reactive species that can lead to toxic effect and can cause cytostatic 
effects leads to membrane damage and can initiate cell death pathway [17]. If the 
pancreatic beta cells are healthy they can respond to nutrients and other insulin 
resistance via hyper secretion of insulin. This is done to maintain the energy level 
but this is a long process that requires a extended time period. The beta cell cannot 
withstand a response that can be compensatory which results in dysfunction of beta 
cell and death of beta cells [18].

There are also several studies that point out the impairment in beta cells can be 
due to the exposure of beta cell to the high glucose, which can cause glycolytic flux 
and thus producing reactive oxygen species including hydrogen peroxide, hydroxyl 
radicles and superoxide [19]. Hydrogen peroxide can be formed form superoxide 
this can be catalase and GPX. Many studies including in vitro and in vivo stated the 
over expression of superoxide production during diabetes [20].

There are many metabolic pathway which are activated during superoxide 
production which include advanced glycation and products (AGEs), polyol path-
way activation of protein kinase c (PKC) [21]. Conversion of glucose to sorbitol is 
done during hyperglycemia that can further leads to the reduction of nicotinamide 
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adenine dinucleotide phosphate (NADPH) and glycothione and this is the reason 
behind the reduction in the amount of antioxidants which in then can cause oxida-
tive which in then can cause oxidative stress [22, 23].

In case of AGEs, adduct is formed by the reaction of amino group with glucose, 
which can interfere with cell integrity, and can lead to the production of reactive 
oxygen species [24]. During hyperglycermia there will be production of advanced 
glycation end product, which enhance PKC and hexosamine pathway which can 
lead to oxidative stress. Excess reactive oxygen species can react with nitric oxide 
radicle firming peroxy nitriate anion and cause tissue damage [25]. The other way 
of beta cell dysfunction may be due to the high glucose along with the free fatty acid 
whose origin can be utra-abdoman fat stores. Although the exact cause for the beta 
cell dysfunction is not known there are many hypothesis that have stated mito-
chondrial dysfunction, endoplasmic stress, and oxidative stress as the cause for the 
improper functioning of beta cell [26].

Other studies has pointed out that the free fatty acid can cause negative effect 
on functions of mitochondria leading to oxidative phosphorylation uncoupling and 
generation of reactive oxygen species [27]. Therefore dysfunction of mitochondria 
and oxidative stress can be reason for impairment of endogenous antioxidant 
defense. To add more to this point free fatty acid can generate reactive oxygen 
species and can cause fragmentation of DNA. Recent experimental studies suggest 
that lipotoxicity induced beta cell death may be due to the formation of hydrogen 
peroxide in peroxisomes [28].

Free fatty acid can activate nucleus factor kappa-β (NFK β), which allows the 
translocation of some into nucleus and produce cellular effect. In the case it can lead 
to the production of cytokines and can produce nitric acid through inducible NO 
synthase (iNOS) expression [29]. By this way over production of NO by iNOS takes 
place which can react with suoeroxide and leads to production of toxic substance 
peroxynitrite [30]. Thus free fatty acid can up-regulate the expression of iNOS, 
therefore increasing the production of NO simultaneously reducing the output 
insulin. Therefore all these can be brought to a conclusion that reactive oxygen 
species. Reactive oxygen species can increase in oxidative stress can play critical role 
in diabetes development [31].

3. Antioxidant and their role IN diabetes

The substances that can delay or inhibit the oxidation of other molecules are 
termed as antioxidants. Recently therapy using antioxidants has gained more 
importance in the field of medicine and can be used in treatment of several 
diseases including diabetes [32]. Diabetes complications can be reduced to a 
greater extend with the help of antioxidants is studied in many experimental 
works. Antioxidants can be used as a drug substrate, combined drug in the treat-
ment focused in their antioxidant activity are also utilized in the treatment of 
diabetes [33].

The function of beta cell can be secured by antioxidants by fighting against 
oxidative stress, which tries to defend the beta cells. Thus it can diminish diabetes 
related complications and helps in recovering of insuli9n sensitivity. Dietary anti-
oxidant intake can also be considered as a tool in treatment of diabetes [34]. There 
are several antioxidants which are present naturally and whose intake can reduce 
the risk of this disease. Vitamin E, vitamin C, alpha lipoic acid, selenium fall under 
this category. The role played by these antioxidants at a prescribed quantity will aim 
at reducing the risk of diabetes [35].
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4. Vitamin E

It is a lipophilic antioxidant that are found in tocopherol and tocotrienol form. 
Vitamin E is a naturally occurring antioxidant and can help in defending the cells 
against oxidative stress [36]. Many studies focused on the ability of vitamin E in 
reducing the risk of hyperglycemia and their effect in using it as a combined drug in 
therapy for diabetes [37]. Hepatic lipid peroxide level is decreased in streptozotocin 
induced diabetes by vitamin E is shown in many experimental model studies [38].

The increase in the level of lipid peroxide can be due to the change in status 
of antioxidant level. Administration of vitamin E can be significantly decreased 
when supplemented by vitamin E. During diabetes the antioxidant enzyme such 
as SOD, CAT and GPX decrease [39]. Therefore the oral administration of vitamin 
E (440 mg/kg of body weight) once in a week for one month has shown positive 
results in increasing the activity of antioxidant enzyme and decreasing hyper oxide 
level [40].

Glucose in high concentration will get attached to hemoglobin forming glycosyl-
ated hemoglobin, which is a important marker for diabetes can be prevented using 
vitamin E it can also reduce HbA1C level by oxidative stress inhibition [41]. The 
exact way by which the glucose level is reduced using antioxidants is not so clear but 
it reduces the plasma glucose while increasing the metabolic of glucose in peripheral 
tissues. Thus antioxidants can reduce the risk of several disease including diabetes 
and cancer. The antioxidant activity of vitamin E which helps in curing hypergly-
cemia can reduce the micro-vascular and macro-vascular complications in people 
affected with diabetes [42].

5. Vitamin C

It is a powerful antioxidant scavengering free radicals in aqueous compart-
ment. In aqueous state, vitamin C is a chain breaking antioxidant. The stability of 
cell membrane can be increased by vitamin C [43]. On a statistical survey taken 
from the study done in diabetic research centre, Iran, a total of 84 patients was 
supplemented with 500 mg or 100 mg of ascorbic acid for 6 weeks among which 
the patients provided with 100 mg of vitamin C shown significant reduce in blood 
glucose and lipid level where as the ones treated with 500 mg did not show any 
significant response [44]. There studies carried out showed that when vitamin C 
was provided in a high dose it reduced the fasting glucose level, improved hBA1 and 
glycemia control [45].

The risk of type-2 diabetes is found to be reduced by continuous intake of 
vitamin C as a dietary source in a population based study. The correct or prescribed 
dose (as per weight of the body) of vitamin C and vitamin E can reduce the level 
of blood glucose [46]. However no further increase in SOD is found when treated 
with vitamin C. Some studies stated that decrease in plasma vitamin C and vitamin 
E during diabetes can be due to increased oxidative stress [47]. Vitamin C play 
major role in ameliorating insulin resistance of diabetic patients and can decrease or 
diminish the micro albuminuria, erythrocyte sorbitol level. All these are turned to 
be possible by vitamin C due to their antioxidant property [48].

6. Alpha lipoic acid

The injuries in cells which is caused by free radical triggering can be treated 
using alpha lipoic acid. It has the ability to restore other antioxidants such as 
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vitamin C, vitamin E glutathione. Thus can be very useful in the effective treatment 
of disease related to liver, cardiovascular disease and diabetes [49].

Alpha lipoic acid is known for improving glucose metabolism in diabetes 
patients. This can be achieved by activating threonine, tyrosine lipid kinase in 
target cell which is responsible for stimulating glucose uptake. The translocation of 
GLUT1 and GLUT4 to plasmid membrane of adipocyte and skeletal muscle is done 
by alpha lipoic acid is stated in many invitro studies [50]. This can help in increas-
ing the activity of protein in insulin signaling pathway intake of this antioxidant 
can reduce the glucose and cholesterol level. During diabetes it can regenerate 
other antioxidant including vitamin C, vitamin E and SOD. An increase of insulin 
stimulated glucose disposal is seen in diabetic patients when administrated with 
500 mg ALA for about 10 days but no change is seen in fasting plasma glucose 
level. Insulin resistance can be accured by intake of this antioxidant. Plasma insulin 
sensitivity can be raised by the oral supplementation of ALA. ALA has the ability 
to scavenge the reactive oxygen species which are produced during peroxidation 
of lipid thus saving the cells from damage. Continuous supplementation of ALA 
helps in reducing hyperglycemia as well as diabetic complication including diabetic 
nephropathy [51].

7. Selenium

This is an antioxidant which is commonly seen in several food it exist in both 
organic and inorganic form, in which organic form include selenocysteine and 
selenomethionine and selenite and selenate falls under inorganic form. This anti-
oxidant has major role in immune function. There are several clinical studies that 
proved the efficacy of selenium to treat several diseases and this power of selenium 
is due to its antioxidant activity [52]. Earlier selenium was considered as toxic as it 
caused poisoning in both human and animal but later studies proved that deficiency 
of the same can create numerous problems in both animal and humans. Glucose 
metabolism can be maintained using small concentration of selenium as it can 
mimic insulin action, but the exact mechanism of this mimicking is not understood, 
reports depicts that activation of protein which is responsible for insulin signaling 
cascade can be done by selenuium [53].

By activating kinases, sodium selenate and sodium selenite which are inorganic 
selenium are involved in insulin signaling cascade. Selenate can increase glucose 
uptake and are involved in insulin receptor phosporylation. Insulin like activity cab 
be shown by selenium is because of their glucose tolerance anf their ability to alter 
the gluconeogenic activity. There are studies which shows the combined treatment 
of selenium along with vitamin C, vitamin E and alpha lipoic acid which are studied 
to be useful in the management of diabetes. Therefore for the curing of diseases 
antioxidant based formation are commonly used now a days [54].

8. Resveratrol

It is known as polyphenolic phytoalexin that is developed in significant amounts 
in grapevines as a secondary metabolite in response to fungal infections and has 
been shown to lower the risk of cardiovascular disease. Resveratrol has been shown 
to have positive benefits on the onset and progression of atherosclerosis, including 
control of vasodilator and vasoconstrictor production, and inhibition of anti-
platelet aggregation and low density lipo protein [55]. In addition, previous research 
has shown that resveratrol supplementation reduces plaque development in animal 



Antioxidants - Benefits, Sources, Mechanisms of Action

6

4. Vitamin E

It is a lipophilic antioxidant that are found in tocopherol and tocotrienol form. 
Vitamin E is a naturally occurring antioxidant and can help in defending the cells 
against oxidative stress [36]. Many studies focused on the ability of vitamin E in 
reducing the risk of hyperglycemia and their effect in using it as a combined drug in 
therapy for diabetes [37]. Hepatic lipid peroxide level is decreased in streptozotocin 
induced diabetes by vitamin E is shown in many experimental model studies [38].

The increase in the level of lipid peroxide can be due to the change in status 
of antioxidant level. Administration of vitamin E can be significantly decreased 
when supplemented by vitamin E. During diabetes the antioxidant enzyme such 
as SOD, CAT and GPX decrease [39]. Therefore the oral administration of vitamin 
E (440 mg/kg of body weight) once in a week for one month has shown positive 
results in increasing the activity of antioxidant enzyme and decreasing hyper oxide 
level [40].

Glucose in high concentration will get attached to hemoglobin forming glycosyl-
ated hemoglobin, which is a important marker for diabetes can be prevented using 
vitamin E it can also reduce HbA1C level by oxidative stress inhibition [41]. The 
exact way by which the glucose level is reduced using antioxidants is not so clear but 
it reduces the plasma glucose while increasing the metabolic of glucose in peripheral 
tissues. Thus antioxidants can reduce the risk of several disease including diabetes 
and cancer. The antioxidant activity of vitamin E which helps in curing hypergly-
cemia can reduce the micro-vascular and macro-vascular complications in people 
affected with diabetes [42].

5. Vitamin C

It is a powerful antioxidant scavengering free radicals in aqueous compart-
ment. In aqueous state, vitamin C is a chain breaking antioxidant. The stability of 
cell membrane can be increased by vitamin C [43]. On a statistical survey taken 
from the study done in diabetic research centre, Iran, a total of 84 patients was 
supplemented with 500 mg or 100 mg of ascorbic acid for 6 weeks among which 
the patients provided with 100 mg of vitamin C shown significant reduce in blood 
glucose and lipid level where as the ones treated with 500 mg did not show any 
significant response [44]. There studies carried out showed that when vitamin C 
was provided in a high dose it reduced the fasting glucose level, improved hBA1 and 
glycemia control [45].

The risk of type-2 diabetes is found to be reduced by continuous intake of 
vitamin C as a dietary source in a population based study. The correct or prescribed 
dose (as per weight of the body) of vitamin C and vitamin E can reduce the level 
of blood glucose [46]. However no further increase in SOD is found when treated 
with vitamin C. Some studies stated that decrease in plasma vitamin C and vitamin 
E during diabetes can be due to increased oxidative stress [47]. Vitamin C play 
major role in ameliorating insulin resistance of diabetic patients and can decrease or 
diminish the micro albuminuria, erythrocyte sorbitol level. All these are turned to 
be possible by vitamin C due to their antioxidant property [48].

6. Alpha lipoic acid

The injuries in cells which is caused by free radical triggering can be treated 
using alpha lipoic acid. It has the ability to restore other antioxidants such as 

7

Antioxidants: Pharmacothearapeutic Boon for Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.98587

vitamin C, vitamin E glutathione. Thus can be very useful in the effective treatment 
of disease related to liver, cardiovascular disease and diabetes [49].

Alpha lipoic acid is known for improving glucose metabolism in diabetes 
patients. This can be achieved by activating threonine, tyrosine lipid kinase in 
target cell which is responsible for stimulating glucose uptake. The translocation of 
GLUT1 and GLUT4 to plasmid membrane of adipocyte and skeletal muscle is done 
by alpha lipoic acid is stated in many invitro studies [50]. This can help in increas-
ing the activity of protein in insulin signaling pathway intake of this antioxidant 
can reduce the glucose and cholesterol level. During diabetes it can regenerate 
other antioxidant including vitamin C, vitamin E and SOD. An increase of insulin 
stimulated glucose disposal is seen in diabetic patients when administrated with 
500 mg ALA for about 10 days but no change is seen in fasting plasma glucose 
level. Insulin resistance can be accured by intake of this antioxidant. Plasma insulin 
sensitivity can be raised by the oral supplementation of ALA. ALA has the ability 
to scavenge the reactive oxygen species which are produced during peroxidation 
of lipid thus saving the cells from damage. Continuous supplementation of ALA 
helps in reducing hyperglycemia as well as diabetic complication including diabetic 
nephropathy [51].

7. Selenium

This is an antioxidant which is commonly seen in several food it exist in both 
organic and inorganic form, in which organic form include selenocysteine and 
selenomethionine and selenite and selenate falls under inorganic form. This anti-
oxidant has major role in immune function. There are several clinical studies that 
proved the efficacy of selenium to treat several diseases and this power of selenium 
is due to its antioxidant activity [52]. Earlier selenium was considered as toxic as it 
caused poisoning in both human and animal but later studies proved that deficiency 
of the same can create numerous problems in both animal and humans. Glucose 
metabolism can be maintained using small concentration of selenium as it can 
mimic insulin action, but the exact mechanism of this mimicking is not understood, 
reports depicts that activation of protein which is responsible for insulin signaling 
cascade can be done by selenuium [53].

By activating kinases, sodium selenate and sodium selenite which are inorganic 
selenium are involved in insulin signaling cascade. Selenate can increase glucose 
uptake and are involved in insulin receptor phosporylation. Insulin like activity cab 
be shown by selenium is because of their glucose tolerance anf their ability to alter 
the gluconeogenic activity. There are studies which shows the combined treatment 
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has shown that resveratrol supplementation reduces plaque development in animal 
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brains and other neurodegenerative diseases. Oral resveratrol significantly reduced 
brain plaque in the hypothalamus (−90%), striatum (−89%), and medial cortex 
(−48%) of mice [56].

Oral doses of resveratrol in humans are thought to minimize beta amyloid 
plaque, which is linked to aging changes in the brain. Researchers believe that resve-
ratrol’s ability to chelate Cu++ is one mechanism for plaque eradication. It appears 
to be a promising bioactive natural molecule with possible applications in phyto-
therapy or pharmacology, based on current knowledge [57]. Moreover, diabetic rats 
given resveratrol (5 mg kg1 b.w. d1) orally for 30 days had significantly lower blood 
glucose, blood urea, serum uric acid, serum creatinine, glycosylated hemoglobin, 
and reduced functions of pathophysiological enzymes including aspartate trans-
aminase (AST), alkaline phosphatase (ALP) and alanine transaminase (ALT). The 
antihyperglycemic properties of resveratrol are also demonstrated by improvements 
in plasma insulin and hemoglobin levels. According to recent studies, resveratrol 
can be an important therapeutic agent used to treat diabetes [58].

9. Cyanidins

They are primarily found in red-blue colored fruits, tomatoes, rice, potatoes, 
beans, and red wines, implying that we consume substantial quantities of these 
compounds on a regular basis from plant-based diets [59]. This anthocyanin was 
isolated from black rice, which contains high levels of cyanidin 3-glucoside, and its 
protective effect on insulin sensitivity was tested in cultured adypocytic cells which 
were exposed to tumor necrosis factor alpha (TNF-α) [60].

Adipocyte dysfunction is closely linked to the development of obesity and insu-
lin resistance. The control of kinase expression by adypocites cells is an essential 
target for obesity prevention and insulin sensitivity improvement [61]. The effects 
of cyanidin 3-glucoside on hydrogen peroxide or TNF-induced insulin resistance 
were found to be dose-dependent. The intracellular development of ROS and the 
activation of Jun N-terminal kinases were reduced when adipocytes cells were 
pretreated with cyanidin 3-glucoside [62].

By controlling the glucose transporter 4 (GLUT-4) and retinol binding protein 
4 systems, cyanidin 3-glucoside increases insulin sensitivity. Since retinol binding 
protein 4 expression is reduced in diabetic mice, cyanidin 3-glucoside lowers blood 
glucose levels and increases insulin sensitivity. Eventually, cyanidin 3-glucoside has 
been shown to protect rat brains fed ochratoxin A in a recent study [63].

Adipocyte glucose uptake and GLUT4 membrane translocation were increased 
by cyanidin-3-glucoside and its key intestinal metabolite protocatechuic acid, 
according to a study conducted [64]. There were also huge rise in nuclear PPAR 
activity, as well as adiponectin and GLUT4 output.It’s important to note that PPAR 
inhibition reversed the polyphenol-induced increases in adiponectin and GLUT4, 
implying that PPAR is directly involved in this phase. As a result of PPAR activa-
tion, cyanidin-3-glycoside and protocatechuic acid, its key intestinal metabolite, 
can exert insulin-like activities, indicating a causal relationship between this 
transcription factor and adiponectin and GLUT4 upregulation [65].

10. Antioxidant response against oxidative stress

Beta cell dysfunction which can be caused by oxidative stress which can lead 
to diabetic condition is mainly due to the poor or in efficient antioxidant defense 
mechanism. There should be a proper balance between oxidants and antioxidant 
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which is required for survival of cells and thus a healthy life. The degree to which 
component of cells that persist in oxidative state define the redox states, whereby 
oxidative stress can be prevented by a reducing environment. Therefore such a 
reducing environment should be maintained and this can be done by antioxidant 
enzymes such as SOD and catalase that can be useful in removing reactive oxygen 
species which gives more strength to the statement that endogenous antioxidant 
enzymes can stand against the negative role played by reactive oxygen species. Main 
antioxidant enzyme that helps in minimizing the oxidative stress are SOD, catalase 
and GPX [66].

The antioxidant enzymes including SOD and catalase can reduce the sus-
ceptibility of pancreatic islet to oxidative stress. Catalase can protect against the 
expression of pro-inflammatory cytokines. Thus can also protect the pancreatic 
islet against hydrogen peroxide and streptozotocin and cytokine toxicity [67]. It 
is also noted that difference in level of mitochondrial enzyme and increment in 
production of beta cells can alter susceptibility to dysfunction and development 
of diabetes. Antioxidant such as vitamin C, alpha-lipoic acid can act as cofactor in 
metabolic mitochondrial energy and can reduce the level of reactive oxygen species 
and reactive nitrogen species in pancreatic islet cells [68].

Alpha lipoic acid can reduce oxidizing forms of antioxidant including vitamin 
E and vitamin C and can increase the levels of GSH by increasing cysteine uptake 
resulting positive therapeutic advantage in diabetes. It can also improve glucose 
disposal that helps in reducing body weight that will be beneficial for diabetic obese 
patients. Lipoic acid can reduce ubiquinone which is an important component 
of mitochondrial respiratory complex [69]. There are also several plants derived 
flavonoids that has a broad spectrum of bioactivity. They show biochemical and 
pharmacological characteristics which matches antioxidant properties. Some of 
these include quercetin ginseng, curcumin. The above mentioned flavonoid can 
limit the production of reactive oxygen species, regulation of cell signaling which is 
then can result in reducing oxidative stress and controlling diabetes [70].

Vegetables and fruits hold a very high nutritional value and there are several 
studies that talk about the foods that are rich in antioxidants. There are evidences 
that states that antioxidant rich fruits and vegetables intake can reduce the risk of 
type-2 diabetes. As these fruits and vegetables are rich in the antioxidant content 
they can contribute to the reduction of oxidative stress. Fruits and vegetables are 
good source of alphalinolenic acid nd omega 3 poly unsaturated fatty acid [71].

These are several medicinal plants which has been used for the treatment of type 
2 diabetes for past years. There are more than 800 plants which shows antioxidant 
properties and thus have been using for the treatment of diabetes [72]. With the 
advancement in the technologies there has been a rapid increment in researching on 
anti-diabetic plants. Which came out with new herbs and their principles activity 
working in their anti-diabetic properties. There are plants by products that show 
anti-diabetic characteristics. Lignans, flavanoids, terpenoids are some among 
them [73].

11. Conclusion

Diabetes is a metabolic disorder which is caused due to impaired insulin 
secretion. When the beta cells are normal they respond to nutrients and insulin 
resistance by secretion of insulin in a higher mode which can balance the glucose 
intolerance. Type-2 diabetes is due to the deleterious effect of beta cells. There are 
many evidences which states that high level of glucose can lead to the generation of 
reactive oxygen species which can intern cause oxidative stress.
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according to a study conducted [64]. There were also huge rise in nuclear PPAR 
activity, as well as adiponectin and GLUT4 output.It’s important to note that PPAR 
inhibition reversed the polyphenol-induced increases in adiponectin and GLUT4, 
implying that PPAR is directly involved in this phase. As a result of PPAR activa-
tion, cyanidin-3-glycoside and protocatechuic acid, its key intestinal metabolite, 
can exert insulin-like activities, indicating a causal relationship between this 
transcription factor and adiponectin and GLUT4 upregulation [65].

10. Antioxidant response against oxidative stress

Beta cell dysfunction which can be caused by oxidative stress which can lead 
to diabetic condition is mainly due to the poor or in efficient antioxidant defense 
mechanism. There should be a proper balance between oxidants and antioxidant 
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which is required for survival of cells and thus a healthy life. The degree to which 
component of cells that persist in oxidative state define the redox states, whereby 
oxidative stress can be prevented by a reducing environment. Therefore such a 
reducing environment should be maintained and this can be done by antioxidant 
enzymes such as SOD and catalase that can be useful in removing reactive oxygen 
species which gives more strength to the statement that endogenous antioxidant 
enzymes can stand against the negative role played by reactive oxygen species. Main 
antioxidant enzyme that helps in minimizing the oxidative stress are SOD, catalase 
and GPX [66].

The antioxidant enzymes including SOD and catalase can reduce the sus-
ceptibility of pancreatic islet to oxidative stress. Catalase can protect against the 
expression of pro-inflammatory cytokines. Thus can also protect the pancreatic 
islet against hydrogen peroxide and streptozotocin and cytokine toxicity [67]. It 
is also noted that difference in level of mitochondrial enzyme and increment in 
production of beta cells can alter susceptibility to dysfunction and development 
of diabetes. Antioxidant such as vitamin C, alpha-lipoic acid can act as cofactor in 
metabolic mitochondrial energy and can reduce the level of reactive oxygen species 
and reactive nitrogen species in pancreatic islet cells [68].

Alpha lipoic acid can reduce oxidizing forms of antioxidant including vitamin 
E and vitamin C and can increase the levels of GSH by increasing cysteine uptake 
resulting positive therapeutic advantage in diabetes. It can also improve glucose 
disposal that helps in reducing body weight that will be beneficial for diabetic obese 
patients. Lipoic acid can reduce ubiquinone which is an important component 
of mitochondrial respiratory complex [69]. There are also several plants derived 
flavonoids that has a broad spectrum of bioactivity. They show biochemical and 
pharmacological characteristics which matches antioxidant properties. Some of 
these include quercetin ginseng, curcumin. The above mentioned flavonoid can 
limit the production of reactive oxygen species, regulation of cell signaling which is 
then can result in reducing oxidative stress and controlling diabetes [70].

Vegetables and fruits hold a very high nutritional value and there are several 
studies that talk about the foods that are rich in antioxidants. There are evidences 
that states that antioxidant rich fruits and vegetables intake can reduce the risk of 
type-2 diabetes. As these fruits and vegetables are rich in the antioxidant content 
they can contribute to the reduction of oxidative stress. Fruits and vegetables are 
good source of alphalinolenic acid nd omega 3 poly unsaturated fatty acid [71].

These are several medicinal plants which has been used for the treatment of type 
2 diabetes for past years. There are more than 800 plants which shows antioxidant 
properties and thus have been using for the treatment of diabetes [72]. With the 
advancement in the technologies there has been a rapid increment in researching on 
anti-diabetic plants. Which came out with new herbs and their principles activity 
working in their anti-diabetic properties. There are plants by products that show 
anti-diabetic characteristics. Lignans, flavanoids, terpenoids are some among 
them [73].

11. Conclusion

Diabetes is a metabolic disorder which is caused due to impaired insulin 
secretion. When the beta cells are normal they respond to nutrients and insulin 
resistance by secretion of insulin in a higher mode which can balance the glucose 
intolerance. Type-2 diabetes is due to the deleterious effect of beta cells. There are 
many evidences which states that high level of glucose can lead to the generation of 
reactive oxygen species which can intern cause oxidative stress.
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Therefore beta cells become worse with respect to insulin secretion. In addition 
to that the production of reactive oxygen species can lead to the activation of several 
signaling pathway. Thus low antioxidant defense can lead to oxidative stress and 
beta cell dysfunction. Antioxidant treatment can increase the defense capacity to 
fight against oxidative stress. Hydrogen peroxide molecules play roles in insulin 
secretion.

This paper focused on antioxidant as a therapy for the treatment of diabetes. As 
there is no clear evidence on how the antioxidant work on curing the disease, but all 
the possible mechanisms are discussed here. Evidences from the experiments shows 
that oxidative stress can lead to dysfunction of beta cells. Redox status change and 
depletion in antioxidant occur during this stress and lead to reactive oxygen species 
production.
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Abstract

Breast cancer remains one of the most frequent cancers affecting women 
globally. The incidence of breast cancer is rising due to improved screening and 
awareness, and there is epidemiological data signifying an interaction among 
environmental and biological risk factors in the development and progress of breast 
cancer. There is substantial experimental data of the protective effect of micronu-
trient antioxidants for breast cancer via alteration of many signaling pathways and 
molecular events including inducing apoptosis, and inhibition of breast cancer cell 
proliferation and invasion. The main focus of this review is to examine past and 
current epidemiological evidence that suggests that nutritional micronutrients 
with antioxidant properties in dietary or supplemental form may be beneficial in 
protecting women against breast cancer and affect outcomes.

Keywords: breast cancer, risk, antioxidants, micronutrients, mortality, recurrence, 
dietary, intake

1. Introduction: breast cancer

1.1 Etiology of breast cancer and role of oxidative stress

Breast cancer remains one of the most frequent cancers affecting women globally. 
In 2018, 2.1 million new cases were reported, accounting for approximately one in 
every four cases of cancer among women [1]. Breast cancer accounted for almost 15% 
of cancer-related deaths in women in 2018 [2]. It is more common in the developed 
world, with highest incidence in regions such as Europe and Northern America [1]. 
However, mortality rates are higher in developing regions such as Africa [1]. Breast 
cancer is linked to numerous risk factors including family history, gene mutations, 
obesity, hormonal therapy, and alcohol consumption [3] but a recognizable risk pro-
file is not usually present in most women who develop the disease [4]. Even though 



17

Chapter 2

Micronutrient Antioxidants in 
the Chemoprevention of Breast 
Cancer and Effect on Breast 
Cancer Outcomes
Donovan McGrowder, Fabian Miller, 
Chukwuemeka Nwokocha, Cameil Wilson-Clarke, 
Melisa Anderson, Lennox Anderson-Jackson  
and Lowen Williams

Abstract

Breast cancer remains one of the most frequent cancers affecting women 
globally. The incidence of breast cancer is rising due to improved screening and 
awareness, and there is epidemiological data signifying an interaction among 
environmental and biological risk factors in the development and progress of breast 
cancer. There is substantial experimental data of the protective effect of micronu-
trient antioxidants for breast cancer via alteration of many signaling pathways and 
molecular events including inducing apoptosis, and inhibition of breast cancer cell 
proliferation and invasion. The main focus of this review is to examine past and 
current epidemiological evidence that suggests that nutritional micronutrients 
with antioxidant properties in dietary or supplemental form may be beneficial in 
protecting women against breast cancer and affect outcomes.

Keywords: breast cancer, risk, antioxidants, micronutrients, mortality, recurrence, 
dietary, intake

1. Introduction: breast cancer

1.1 Etiology of breast cancer and role of oxidative stress

Breast cancer remains one of the most frequent cancers affecting women globally. 
In 2018, 2.1 million new cases were reported, accounting for approximately one in 
every four cases of cancer among women [1]. Breast cancer accounted for almost 15% 
of cancer-related deaths in women in 2018 [2]. It is more common in the developed 
world, with highest incidence in regions such as Europe and Northern America [1]. 
However, mortality rates are higher in developing regions such as Africa [1]. Breast 
cancer is linked to numerous risk factors including family history, gene mutations, 
obesity, hormonal therapy, and alcohol consumption [3] but a recognizable risk pro-
file is not usually present in most women who develop the disease [4]. Even though 



Antioxidants - Benefits, Sources, Mechanisms of Action

18

curative therapy is promising following early detection, approximately 30% of 
cases diagnosed at early stages will progress to metastatic disease [5]. Furthermore, 
cases of disseminated disease are almost always untreatable and radical prophylactic 
mastectomy remains the only primary preventative measure [6]. These challenges 
have spawned a shift in the treatment paradigm of the disease, which has led to major 
treatment advancements and improved palliative care. However, drug resistance and 
adverse side effects are common nuisances of current therapy [7]. Therefore, new 
approaches to breast cancer management with treatments that have minimal harmful 
effects and can retard tumor progression are required.

To determine effective treatment approaches for breast cancer, it may be 
worthwhile to elucidate the complexity of the tumor microenvironment. It has 
been suggested that impaired mitochondrial metabolism may be a feature of tumor 
progression [8]. Additionally, it has been reported that a hallmark feature of mito-
chondrial dysfunction is the generation of reactive oxygen species (ROS) which 
may cause pro-tumorigenic outcomes such as DNA damage and genomic instability 
[8]. Reactive oxygen species include molecules such as superoxide anion, hydrogen 
peroxide, hydroxyl radical and singlet oxygen. They are involved in cell signaling 
through second messenger pathways in both cancer cells and their normal counter-
parts [9]. It was reported that various cancers are characterized by overproduction 
of ROS that can increase pro-tumorigenic signaling, cell survival and DNA aberra-
tions [10]. Similarly, another study reported that elevated ROS levels is necessary to 
support and sustain metastasis [11].

Oxidative stress is widely considered to play a major role in the initiation and 
pathogenesis of breast cancer [12]. It refers to the imbalance between ROS produc-
tion and clearance favoring decreased clearance and a pro-oxidant environment 
caused by either an overproduction of ROS or decreased antioxidant activity [13]. 
In breast cancer, a vast majority of stromal fibroblasts becomes activated follow-
ing exposure to oxidative stress resulting in hydrogen peroxide production which 
triggers tumorigenic changes in breast epithelial cells [12]. A plethora of high 
energy nutrients and growth factors are also produced which fuels metastasis [12]. 
Congruently, it was reported that higher levels of oxidative stress biomarkers such 
as malondialdehyde and oxidized glutathione were found in breast cancer patients 
compared to control subjects [14]. The human body comprises an antioxidant 
defense system which exerts its function by generating antioxidants including the 
catalases, glutathione peroxidases and superoxide dismutase which offer protective 
effects by metabolizing and scavenging free radicals to inhibit and minimize tissue 
damage [15]. It is important to note that despite the presence of an endogenous anti-
oxidant system, DNA damage ensues and accumulates throughout life and could 
considerably contribute to the initiation and progression of cancers [16]. Given 
the accumulation of evidence supporting the role of ROS in the pathogenesis of 
breast cancer, there is a possibility that dietary micronutrient antioxidants may be 
useful to counteract oxidative stress induced cancer. Moreover, it was reported that 
antioxidant supplement use among breast cancer patients was 45–80% [17].

This paper will review information in the literature on the relationship between 
dietary and supplement micronutrient antioxidants including vitamins C and E and 
their association with the risk of breast cancer as well as outcomes such as disease 
recurrence and mortality.

2. Method of article selection

A literature search was conducted for all English language literature published 
before December 2020. The search was conducted using the electronic databases, 
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including PubMed, Embase, Web of Science, and Cochrane Library. The search 
strategy included keywords such as breast cancer, epidemiology, incidence, risk, 
recurrence, mortality, vitamin E, vitamin C, carotenoids, flavonoids and green 
tea. The authors include many interventional and observational studies that have 
reported findings of dietary and supplemental micronutrient antioxidants, breast 
cancer incidence, and progression. The majority of these studies focused on vita-
mins E and C, carotenoids, specifically beta- and alpha-carotene, lycopene as well 
as the flavonoids, flavonols and isoflavones.

3. Epidemiological evidence of vitamins as antioxidants

3.1 Vitamin C

3.1.1 Vitamin C and breast cancer risk

Vitamin C is a naturally occurring essential micronutrient that is soluble in water 
and its antioxidant properties involve neutralizing reactive oxygen species as well as 
other free radicals [18]. Investigational experiments and epidemiologic findings on 
vitamin C and breast cancer risk are still inconclusive and reviews of data have sug-
gested both detrimental and protective effects on overall risk of breast cancer [19]. 
Prospective studies on vitamin C intake and breast cancer risk have yielded diverse 
findings [20–23]. A recent meta-analysis reported that dietary vitamin C but not 
supplements was associated with a lesser risk of breast cancer incidence (RR = 0.89; 
95% CI: 0.82–0.96) [20]. In the European Prospective Investigation into Cancer and 
Nutrition Study of 7,502 primary invasive breast cancer cases with a median follow-
up time of approximately 9 years, multivariate analyses showed that vitamin E and 
C were not related with breast cancer risk in postmenopausal and premenopausal 
women. However, high intake of vitamin C was associated with decreased breast 
cancer risk in postmenopausal women utilizing exogenous hormones [21]. Earlier, 
in the Netherlands Cohort Study comprising of 62,573 women with 650 incident 
breast cancer cases identified after a follow-up of 4.3 years, dietary Vitamin E and 
vitamin C supplement use did not influence breast cancer risk, but there a small 
reduction in risk with increasing dietary intake of vitamin C particularly at the 
highest quintile [22]. Correspondingly, findings from the Women’s Health Initiative 
Observational Study which followed 84,805 women for approximately 8 years with 
2,879 incident invasive cancer cases ascertained, showed a weak positive association 
of breast cancer risk with total and supplemental vitamin C particularly among 
postmenopausal women (Table 1) [23].

Other prospective studies showed increased breast cancer risk with dietary 
or supplemental vitamin C. Using a large cohort of 2,482 invasive breast cancer 
cases in 57,403 postmenopausal Women, Cadeau et al. examine the association 
between vitamin C supplement use and breast cancer risk while bearing in mind 
dietary vitamin C intake, and found no relation with the overall risk, but females 
in the fourth quartile of vitamin C intake from foods had a 32% increase in breast 
cancer risk [24]. Published in 2011, a meta-analysis of 51 studies comparing highest 
with the lowest vitamin C intake from supplements may be associated with higher 
breast cancer risk [25], but it was noted that the overall result was influenced by a 
single large study [23]. In this same meta-analysis, dietary and total vitamin E, and 
dietary vitamin A significantly decreased breast cancer risk for cohort studies, but 
the results became nonsignificant when case–controlled studies were pooled [25]. 
Notably, Sharhar et al. examined relations between oxidative stress and antioxidant 
status in 57 newly diagnosed breast cancer cases and found poor antioxidant status 
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Nutrition Study of 7,502 primary invasive breast cancer cases with a median follow-
up time of approximately 9 years, multivariate analyses showed that vitamin E and 
C were not related with breast cancer risk in postmenopausal and premenopausal 
women. However, high intake of vitamin C was associated with decreased breast 
cancer risk in postmenopausal women utilizing exogenous hormones [21]. Earlier, 
in the Netherlands Cohort Study comprising of 62,573 women with 650 incident 
breast cancer cases identified after a follow-up of 4.3 years, dietary Vitamin E and 
vitamin C supplement use did not influence breast cancer risk, but there a small 
reduction in risk with increasing dietary intake of vitamin C particularly at the 
highest quintile [22]. Correspondingly, findings from the Women’s Health Initiative 
Observational Study which followed 84,805 women for approximately 8 years with 
2,879 incident invasive cancer cases ascertained, showed a weak positive association 
of breast cancer risk with total and supplemental vitamin C particularly among 
postmenopausal women (Table 1) [23].

Other prospective studies showed increased breast cancer risk with dietary 
or supplemental vitamin C. Using a large cohort of 2,482 invasive breast cancer 
cases in 57,403 postmenopausal Women, Cadeau et al. examine the association 
between vitamin C supplement use and breast cancer risk while bearing in mind 
dietary vitamin C intake, and found no relation with the overall risk, but females 
in the fourth quartile of vitamin C intake from foods had a 32% increase in breast 
cancer risk [24]. Published in 2011, a meta-analysis of 51 studies comparing highest 
with the lowest vitamin C intake from supplements may be associated with higher 
breast cancer risk [25], but it was noted that the overall result was influenced by a 
single large study [23]. In this same meta-analysis, dietary and total vitamin E, and 
dietary vitamin A significantly decreased breast cancer risk for cohort studies, but 
the results became nonsignificant when case–controlled studies were pooled [25]. 
Notably, Sharhar et al. examined relations between oxidative stress and antioxidant 
status in 57 newly diagnosed breast cancer cases and found poor antioxidant status 
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as indicated by low plasma vitamin C which elevated by two to three times the 
breast cancer risk [26].

The findings of reduced breast cancer incidence with vitamin C consumption 
was more evident in case–control studies. In Nurses’ Health Study involving 
a large cohort of 83,234 women where 2,697 incident cases of invasive breast 
cancer was identified after 14 years, the associations between vitamins A, C and 
E, fruit and vegetables, and specific carotenoids and breast cancer risk were 
examined. There was a weakly inverse association between dietary vitamin A 
and breast cancer risk in premenopausal women and strong inverse association 
with increasing quartiles of dietary vitamin C, alpha-carotene and beta-carotene 
among premenopausal women who had a positive family history of breast cancer 
[27]. Likewise, a case–control study conducted in Korea comprising 224 incident 
breast cancer cases and 250 matched controls establish that vitamin C and beta-
carotene intake were associated with decreased breast cancer risk, thus possibly 
lowered incidence in Korean women [28]. Moreover, in an earlier case–control 
study of 297 breast cancer cases matched with 311 control subjects, there was a 
significant reduction in breast cancer risk with beta-carotene, alpha-tocopherol 
and vitamin C when the lowest quartile was used as reference and odds ratios 
adjusted for the highest quartile [29] (Table 1). Conversely, no evidence of 
association between dietary or total vitamin C intake and breast cancer risk in the 
UK Dietary Cohort Consortium pooled analysis involving a nested case–control 
study [30], nor between dietary and supplement vitamin C intake and breast 
cancer risk in a large prospective study of 89,494 women during eight years of 
follow-up [31].

3.1.2 Vitamin C and survival outcomes

Cancer chemoprevention in vitro studies have demonstrated that vitamin C 
in pharmacological concentrations is cytotoxic to numerous type of cancer cells 
including ovarian and pancreatic while not affecting normal cells [32].

Globally, there is increasing use of vitamins among cancer patients and in the 
UK Women’s Cohort Study comprising 12,453 females, there was self-reported 
frequently high dose vitamin C supplement intake use among breast cancer 
patients [33]. Furthermore, a number of epidemiologic studies have investigated 
the association between dietary vitamin C, vitamin C supplements and survival 
outcomes subsequent to breast cancer diagnosis. In a meta-analysis of prospective 
studies, post-diagnosis vitamin C supplement use was associated with decreased 
risk for breast cancer-specific (RR = 0.85, 95%CI: 0.74–0.99) and total mortal-
ity (RR = 0.81, 95%CI: 0.72–0.91) while dietary intake was also statistically 
significant for these two survival outcomes [34]. It was noted that in the Swedish 
Mammography Cohort Study comprising of 3,405 females with invasive breast can-
cer there was a marginal significant association between dietary vitamin C intake 
and all-cause mortality, but no association between supplement use subsequent to 
diagnosis and breast cancer-specific mortality [35].

Nevertheless, the findings are not consistent with intake of dietary vitamin C 
stated to decrease mortality risk in some studies [36, 37], while no relation in other 
epidemiologic studies [38–40]. There are also other prospective studies, which 
have investigated the relationship between vitamin C supplement use and breast 
cancer survival [17, 41, 42], and recently there is a published meta-analysis of 
observational studies [20]. In this meta-analysis, pooled results from 69 studies, 
the hazard risk for all-cause mortality was 0.82 (95% CI: 0.74–0.91), breast cancer 
recurrence 0.81 (95% CI: 0.67–0.99) and breast cancer-specific mortality 0.78 (95% 
CI: 0.69–0.88) [20].
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3.1.3 Vitamin C use during chemotherapy and radiation therapy

There are apprehensions that supplement use, mainly antioxidants might 
decrease the cytotoxicity of chemotherapy and make it less operative [43]. Dietary 
antioxidant supplementation with radiation treatment and conventional chemo-
therapy have yielded conflicting results and many randomized clinical trials have 
reported deceased therapy-related side effects [44, 45]. There is data that attest to 
the protective effect of tumor cells as well as healthy cells by antioxidants since they 
neutralize reactive oxygen species and other free radical generated by some forms 
of chemotherapy and radiotherapy, thus reducing efficacy and ultimately survival 
[46, 47]. In the Breast Cancer Enrolled in a Cooperative Group Clinical Trial 
(SWOG S0221), Ambrosone et al. assessed associations between dietary antioxi-
dant supplement (vitamins C, E and A as well as coenzyme Q and carotenoids) 
before and during chemotherapy (doxorubicin, paclitaxel and cyclophosphamide) 
treatment and survival outcomes. The use of any of the dietary supplements such 
as vitamin C resulted in a 41% higher hazard of recurrence of marginal signifi-
cance, with a comparative but lesser association with mortality [48]. The authors 
suggested that patients should exercise caution when contemplating the use of 
supplement vitamin C during chemotherapy [48].

Conversely, epidemiologic studies have demonstrated improved usefulness of 
numerous cancer therapeutic agents with less adverse side effects when adminis-
tered concomitantly with antioxidants [49]. Interesting, in a recent study it was 
found that vitamin C increased the therapeutic window of bromodomain and 
extra-terminal inhibitors thereby improving their efficacy for treating patients with 
aggressive triple negative breast cancer [50].

3.2 Vitamin E

3.2.1 Vitamin E and breast cancer risk

The role of dietary and vitamin E supplements in preventing breast cancer still 
remains unclear [51]. Previous research have demonstrated that there is a lack of 
any consistent association between vitamin E and the risk of breast cancer [52]. In 
a large population-based case–control study conducted in Canada that examined 
antioxidants intakes from diet and supplements and their potential breast cancer 
risk, 10 years or more supplementation with vitamin E was associated with reduced 
breast cancer risk (OR = 0.75, 95% CI: 0.58–0.97). However, no significant effect of 
dietary vitamin E intake or from supplementation less than 10 years was observed 
[53] (Table 1). Likewise, Fulan et al. conducted a meta-analysis of 51 studies on 
vitamin E intake and found that dietary vitamin E significantly decreased breast 
cancer risk, but there was no significant dose–response relationship in the higher 
intake of vitamin E [25]. An earlier case–control study comprising 297 breast cancer 
cases and 311 control subjects conducted in the United States found a significant 
reduction in breast cancer risk associated with high intake of dietary vitamin E 
(OR = 0.55; 95% CI: 0.34–0.88). However, no association was observed between 
vitamin E supplement intake and breast cancer risk [29]. Notably, findings from 
the Shanghai Breast Cancer Study suggests that vitamin E supplements may confer 
safeguard against breast cancer (OR = 0.80; 95%CI, 0.60–1.00) among Chinese 
women who had low dietary intake [54]. In addition, there were other studies that 
corroborated these finding including an inverse association of dietary vitamin E 
with breast cancer risk in a hospital-based case–control study of Chinese women 
[55] and vitamin E significantly decreased breast cancer risk in a case–control study 
comprising Greek women [56].
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UK Women’s Cohort Study comprising 12,453 females, there was self-reported 
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cancer survival [17, 41, 42], and recently there is a published meta-analysis of 
observational studies [20]. In this meta-analysis, pooled results from 69 studies, 
the hazard risk for all-cause mortality was 0.82 (95% CI: 0.74–0.91), breast cancer 
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However, there are a number of prospective and case–control studies that 
reported no association between dietary and/or supplement vitamin E intake 
and breast cancer risk [22, 31, 57]. Verhoeven et al. reported findings from the 
Netherlands Cohort Study, a large prospective cohort research that examined the 
relationships between various vitamins, vegetables and fruits with breast cancer 
risk and found no strong evidence of dietary vitamin E intake in the etiology of 
breast cancer [22]. An earlier large prospective study found that large intake of 
dietary vitamin E did not protect from breast cancer (OR = 0.99, 95%CI: 0.83–1.19) 
[31]. Results from other studies on dietary or supplemental vitamin E intake 
demonstrated similar null association [58, 59]. These include: a case–control by 
Wang et al. that did not find any meaningful association of dietary vitamin E intake 
with breast cancer risk [60], no association of higher dietary intake of vitamin E (in 
early adult life) among postmenopausal women in the Nurses’ Health Study II [57], 
and meta-analysis of 26 studies that found no effect of vitamin E supplementation 
on breast cancer risk on reviewing data from five cohort and four case–control 
studies [61].

3.2.2 Vitamin E use during chemotherapy and radiation therapy

Over the last decade the use of antioxidant supplements after breast cancer 
diagnosis and during treatment significantly increased and has become quite com-
mon among survivors [53, 61]. In a review of the literature on non-herbal nutrition 
supplements use in relieving symptoms induced by chemotherapy or radiation 
treatment, Samuels et al. showed that a number of studies suggest that antioxidant 
supplements use comprising glutamine, vitamin E and acetyl-L-carnithine pos-
sibly might decrease the occurrence and severity of paclitaxel-induced neuropathy 
[62]. In a comprehensive review of the 22 prospective studies by Greenlee et al. 
in 2009 that examined the association between use of antioxidant supplements 
(vitamin E as well as multivitamins, vitamin C, antioxidant combinations, soy 
isoflavones, melatonin, glutathione, or glutamine) and patient outcomes, there 
were no single antioxidant supplement during conventional breast cancer therapy 
that had a significant effect on recurrence, tumor response, toxicities, or survival. 
The authors indicated that findings from limited studies proposed that vitamin E 
decrease the hot flashes in patients treated with hormonal therapy and glutamine 
for oral mucositis [17]. In a more recent study, Huang et al. assessed the associations 
of dietary intake of fish, fruit and vegetable supplemented with vitamins E and B, 
and post-therapy cognitive recovery in 1,047 patients with breast cancer enrolled in 
the Shanghai Breast Cancer Survival Study. Higher dietary intake and supplement 
use were associated with greater cognitive scores at 36 months post-diagnosis thus 
improvement in post-therapy mental recovery [63].

3.2.3 Vitamin E and survival outcomes

Globally, the consumption of dietary supplements including vitamins and 
multivitamins/multi-minerals is increasing more so among females than males 
[64, 65]. However, there are only few studies that have examined vitamin E 
supplementation and survival outcomes in breast cancer patients. A well-designed 
prospective population-based prospective cohort study comprised of 4,877 females 
diagnosed with invasive breast cancer in China reported that vitamin E as well as 
multivitamin use were beneficial in improving survival and mortality rates. There 
was a 22% decreased recurrence risk and 18% lower mortality risk in females 
who use vitamin E supplement within 6 months after breast cancer diagnosis 
[42] (Table 2). Likewise, in the Life After Cancer Epidemiology (LACE) Study 
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comprising of 2,264 females with early-stage breast cancer, 81% use antioxidants 
post-diagnosis. The regular use of vitamin E was concomitant with reduced risk of 
disease recurrence (HR = 0.71, 95%CI: 0.54–0.94) and diminished risk for all-cause 
mortality (HR = 0.76, 95%CI: 0.58–1.00) [41] (Table 2). Similarly, data from the 
After Breast Cancer Pooling Project showed that vitamin E was associated with 
reduced risk of breast cancer recurrence (RR = 0.88; 95%CI 0.79–0.99) [66]. The 
findings of a case–control study comprising 385 post-menopausal breast cancer 
patients performed in the United States corroborated previous reports as the use of 
antioxidant supplement (vitamins E or C, selenium or β-carotene) was associated 
with decreased breast cancer-specific death [37]. While these results suggest that 
antioxidants supplement use may have a protective effect and improve breast cancer 
survival, there were concerns of recall bias and the legitimacy of the exposure 
assessment. Furthermore, a recent systematic review and meta-analysis comprising 
randomized clinical trials and observational studies showed that vitamin E signifi-
cantly reduced total mortality (RR = 0.76, 95% CI: 0.64–0.90) and breast cancer 
recurrence (RR = 0.69, 95% CI: 0.55–0.85) [67] (Table 3).

3.3 Multivitamins

3.3.1 Multivitamins use during chemotherapy and radiation therapy

Despite over thirty years of research examining dietary antioxidant supplement 
use during radiation therapy and conservative chemotherapy, there are significant 
disagreements regarding the effectiveness of this complementary therapy [68, 69]. 
Encouraging results from many randomized control trials confirmed that the con-
comitant administration of supplementation antioxidants with radiation therapy 
and chemotherapy decreases side effects related to treatment [70]. However, some 
studies have suggested that antioxidant supplementation may guard malignant 
tumor cells from the pro-oxidant effects such as oxidative injury produced by 
chemotherapeutic agents and radiation treatment [71, 72].

The quality of life and performance of normal daily activities can be negatively 
impacted by chemotherapy-induced peripheral neuropathy [73]. Using data from 
the Diet, Exercise, Lifestyle, and Cancer Prognosis (DELCaP) study, Zirpoli et 
al. reported that the use of multivitamins prior to diagnosis was associated with 
decreased symptoms of chemotherapy-induced peripheral neuropathy while use dur-
ing therapy was slightly related with this outcome [74]. However, in a recent study, 
Jung et al. reported findings from the population-based Mamma Carcinoma Risk 
Factor Investigation (MARIE) study and noted that pre and post-diagnosis supple-
ment use among of 2,223 postmenopausal women diagnosed with non-metastatic 
breast cancer was 36% and 45% respectively. The use of antioxidants throughout 
radiation therapy and chemotherapy was associated with higher total mortality risk 
(HR = 1.64; 95% CI: 1.01–2.66) and exacerbated recurrence-free survival (HR = 1.84; 
95% CI: 1.26–2.68) [75]. The was also no relations between post-diagnosis use of 
supplement and disease prognosis, and the authors suggests that breast cancer 
patients should not use antioxidants during radiation therapy and chemotherapy [75].

3.3.2 Multivitamins and survival outcomes

The natural activity of dietary and supplement antioxidants is due to a number 
of factors comprising the existing level of oxidative stress, collaborations of anti-
oxidants, and the level of antioxidants present in cells [45]. The consumption of 
vitamin supplements among breast cancer patients post-diagnosis is quite com-
mon [76]. There are prospective studies that have demonstrated that multivitamin 
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consumption improve survival rates in breast cancer patients [66, 77]. In the After 
Breast Cancer Pooling Project, Poole et al. examined the associations between 
post-diagnosis supplement use (multivitamins, vitamin E, D, C and B) and survival 
outcomes such as breast cancer-specific mortality, total disease mortality and 
risk of breast cancer recurrence in four cohorts of 12,019 patients in China and 
the United States. Using multivariate models, antioxidant supplement use (mul-
tivitamins, vitamin E or, C) was associated with improved survival as there was a 
16% reduced risk of total mortality but not related with disease recurrence [66]. 
The findings of the Life After Cancer Epidemiology study that comprised of 2,236 
women diagnosed with early-stage breast cancer indicate that multivitamin use 
may be valuable in improving breast cancer outcomes as frequent use prior to and 
after diagnosis was associated with non-significant reduced death from any cause 
and disease recurrence. In addition, the protective effect was for only breast cancer 
survivors treated by both radiation and chemotherapy, and radiation only and those 
who ate more fruits and vegetable and engaged in physical exercise had improved 
overall survival [77]. Notably, a recent systematic review and meta-analysis com-
prising randomized clinical trials and observational studies reported that multivi-
tamin use lower breast cancer recurrence, and these findings were mostly based on 
observational studies while more randomized clinical trials are required to justify 
any recommendation for the dietary supplement use [67].

Conversely, in a large retrospective cohort study of breast cancer patients 
belonging to the British Columbia Cancer Agency followed for 68 months, an 
administered regimen mega-dose vitamin/mineral supplements non-significantly 
increase the hazard ratios for disease-free survival and breast cancer-specific 
mortality. However, limitations include absence of critical information on use 
of over-the-counter vitamins, treatment compliance and possible selection bias 
[78]. Moreover, in a multicenter study of 3,081 early-stage breast cancer patients, 
although dietary supplement users had acceptable intakes of micronutrients, 
vitamin use and mineral intake was not concomitant with all-cause mortality.

4. Epidemiological evidence of carotenoids as antioxidants

4.1 Fruit, vegetables and breast cancer risk

Epidemiologic studies have suggested that increased fruit and vegetable intake is 
associated with lower risk of breast cancer [79]. Supporting evidence is provided by 
findings from a pooled analysis of eight prospective cohort studies where total fruit 
and vegetable intake was associated with decreased breast cancer risk (RR = 0.93, 
95% CI: 0.86–1.00; Ptrend = 0.12) when comparing the highest with the lowest quar-
tiles [80]. Recent systemic review and meta-analysis indicated that high intakes of 
vegetables and fruits were associated with lower risks of breast cancer [81, 82], while 
a large-scale study demonstrated that the same may be related with improved overall 
survival among primary breast cancer patients [83]. However, a large prospective 
study such as the European Prospective Investigation into Cancer and Nutrition did 
not find a relationship between fruit and vegetable intake, and breast cancer risk [84].

4.2 Carotenoids

4.2.1 Alpha-carotene, beta-carotene intake and breast cancer risk

Carotenoids such as alpha-carotene, beta-carotene, lycopene and beta-crypto-
xanthin are found in fruits and in dark green leafy vegetables as well as in yellow 
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consumption improve survival rates in breast cancer patients [66, 77]. In the After 
Breast Cancer Pooling Project, Poole et al. examined the associations between 
post-diagnosis supplement use (multivitamins, vitamin E, D, C and B) and survival 
outcomes such as breast cancer-specific mortality, total disease mortality and 
risk of breast cancer recurrence in four cohorts of 12,019 patients in China and 
the United States. Using multivariate models, antioxidant supplement use (mul-
tivitamins, vitamin E or, C) was associated with improved survival as there was a 
16% reduced risk of total mortality but not related with disease recurrence [66]. 
The findings of the Life After Cancer Epidemiology study that comprised of 2,236 
women diagnosed with early-stage breast cancer indicate that multivitamin use 
may be valuable in improving breast cancer outcomes as frequent use prior to and 
after diagnosis was associated with non-significant reduced death from any cause 
and disease recurrence. In addition, the protective effect was for only breast cancer 
survivors treated by both radiation and chemotherapy, and radiation only and those 
who ate more fruits and vegetable and engaged in physical exercise had improved 
overall survival [77]. Notably, a recent systematic review and meta-analysis com-
prising randomized clinical trials and observational studies reported that multivi-
tamin use lower breast cancer recurrence, and these findings were mostly based on 
observational studies while more randomized clinical trials are required to justify 
any recommendation for the dietary supplement use [67].

Conversely, in a large retrospective cohort study of breast cancer patients 
belonging to the British Columbia Cancer Agency followed for 68 months, an 
administered regimen mega-dose vitamin/mineral supplements non-significantly 
increase the hazard ratios for disease-free survival and breast cancer-specific 
mortality. However, limitations include absence of critical information on use 
of over-the-counter vitamins, treatment compliance and possible selection bias 
[78]. Moreover, in a multicenter study of 3,081 early-stage breast cancer patients, 
although dietary supplement users had acceptable intakes of micronutrients, 
vitamin use and mineral intake was not concomitant with all-cause mortality.

4. Epidemiological evidence of carotenoids as antioxidants

4.1 Fruit, vegetables and breast cancer risk

Epidemiologic studies have suggested that increased fruit and vegetable intake is 
associated with lower risk of breast cancer [79]. Supporting evidence is provided by 
findings from a pooled analysis of eight prospective cohort studies where total fruit 
and vegetable intake was associated with decreased breast cancer risk (RR = 0.93, 
95% CI: 0.86–1.00; Ptrend = 0.12) when comparing the highest with the lowest quar-
tiles [80]. Recent systemic review and meta-analysis indicated that high intakes of 
vegetables and fruits were associated with lower risks of breast cancer [81, 82], while 
a large-scale study demonstrated that the same may be related with improved overall 
survival among primary breast cancer patients [83]. However, a large prospective 
study such as the European Prospective Investigation into Cancer and Nutrition did 
not find a relationship between fruit and vegetable intake, and breast cancer risk [84].

4.2 Carotenoids

4.2.1 Alpha-carotene, beta-carotene intake and breast cancer risk

Carotenoids such as alpha-carotene, beta-carotene, lycopene and beta-crypto-
xanthin are found in fruits and in dark green leafy vegetables as well as in yellow 
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and orange vegetables [85]. The chemo-prevention and protective potential of 
carotenoids lies in their antioxidant, retinoic and anti-proliferative activities and 
obstructing estrogen signaling of 17β-estradiol, with subsequent weakening of the 
properties of malignancies such as breast cancer that are hormone-dependent [86]. 
There are a number of studies that have examined the relation of breast cancer risk 
with dietary and/or supplemental consumption of carotenoids [87–89]. In a large 
population-based case–control study consisting of 5,707 women with incident 
invasive breast cancer (3,516 postmenopausal women and 2,363 premenopausal 
women), there were inverse associations observed among premenopausal women 
for high levels of alpha-carotene (OR = 0.82, 95% CI: 0.68–0.98) and beta-carotene 
(OR = 0.81, 95% CI: 0.68–0.98) but not for postmenopausal women [90] (Table 1). 
Likewise, in the Women’s Health Initiative Observational Study, high dietary beta-
carotene intake (RR = 0.78; 95% CI: 0.66–0.94; Ptrend = 0.021) and elevated alpha-
carotene (RR = 0.83; 95% CI: = 0.70–0.99; Ptrend = 0.019) were inversely related to 
risk of estrogen receptor (ER)-positive and progesterone receptor (PR)-positive 
breast cancer. However, supplemental or total beta-carotene were not related to 
breast cancers demarcated by PR and ER status [23]. In an earlier population-based 
case–control study conducted in Canada, Nkondjock et al. found decreased risk 
for beta-carotene for those who never used hormone replacement therapy [89] but 
increased breast cancer risk associated with significantly high serum levels of alpha-
carotene (OR = 2.40; 95% CI: 0.90–6.41) in premenopausal women.

These findings were corroborated by a review study that systematically sum-
marized the associations between beta-carotene and alpha-carotene, and breast 
cancer risk. In the meta-analysis that comprehensively review the associations 
between carotenoids and breast cancer, higher intakes of dietary beta-carotene 
significantly decreased breast cancer risk by 6.0% (RRpooled = 0.94; 95% CI: 
0.88–1.00) and dietary alpha-carotene lower the risk by 9.0% when the cohort 
studies were pooled. Furthermore, significant dose–response associations were 
seen in both the higher intake of dietary and total beta-carotene with decreased 
breast cancer risk when considering cohort studies and case–control studies [91] 
(Table 3). There are other observational studies that have confirmed an inverse 
relationship of dietary or supplemental alpha-carotene or beta-carotene with risk 
of breast cancer [27, 87, 92, 93].

However, there are few studies that have reported null association between 
the carotenoids and breast cancer risk [84, 88, 94]. Terry et al. found no clear 
association between alpha-carotene and beta-carotene, and breast cancer risk 
in a large cohort of women who were registered in the Canadian National Breast 
Screening Study [88]. In subsequently large prospective study of women enrolled 
in the European Prospective Investigation Into Cancer and Nutrition there was 
no association of dietary beta-carotene with breast cancer risk, although beta-
carotene supplement demonstrated a protective effect against lobular breast cancer 
(IRR = 0.72; 95%CI: 0.57–0.91] [84]. This study also found no association between 
overall breast cancer and any micronutrients, while some effects were shown when 
stratifying by breast cancer subtypes [84]. Finally, there is another study that have 
reported null association between the carotenoids and breast cancer risk [95].

4.2.2  Serum and plasma levels of carotenoids (alpha-carotene, beta-carotene) and 
breast cancer risk

Blood vitamin intakes are regarded as biomarkers of the consumption of veg-
etables and fruits [96]. Plasma or serum levels of antioxidants such as vitamin E 
are thought to be related to breast cancer risk but results from prospective and case 
control studies remain inconclusive [97]. In a nested case–control study comprising 
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1,502 incident breast cancer cases and 1,502 controls within the European 
Prospective Investigation into Cancer and Nutrition cohort, plasma vitamin E level 
was not statistically associated with ER negative or ER positive breast cancer [98]. 
Epplein et al. earlier published a nested case–control study, a sub-cohort of the 
Multiethnic Cohort Study which demonstrated that multiethnic women with breast 
cancer were more likely to have lower levels of vitamin E than matched controls 
[99]. Notably, a meta-analysis of 40 studies by Hu et al. summarize the associa-
tions between plasma levels of vitamins A, C and E, and breast cancer risk and 
observed significant relationship between plasma vitamin E levels and breast cancer 
incidence (ORpooled = 0.42, 95% CI: 0.25–0.72, p = 0.001). The authors suggested 
that severe vitamin E could increase breast cancer risk [100]. Furthermore, even 
though there was an association between serum vitamin E [biomarker of fruit and 
vegetable intake, (OR = 0.68, 95% CI: 0.41–1.10)] in the E3N-EPIC Study, it was not 
statistically significant (Ptrend = 0.26) [101].

However, there are findings from studies that do not support plasma or serum 
levels of vitamin E being associated with reduced risk of breast cancer [54, 102]. 
In a nested case–control comprising of 365 incident breast cancer cases and 726 
individually matched control women within the prospective population-based 
Shanghai Women’s Health Study, there was no association between plasma levels 
of vitamin E and reduced breast cancer risk, although the authors noted that there 
may be protective effects among sub-groups of women [54]. Likewise, in an earlier 
case–control study nested in a prospective cohort from the Breast Cancer Serum 
Bank in Missouri, United States no evidence of the protective effect of vitamin E 
was observed for breast cancer, although carotenoids such as lycopene and beta-
cryptoxanthin may protect against breast cancer [103]. There are other studies that 
have reported null findings in the relationship between serum or plasma levels of 
vitamin E and breast cancer risk [102, 104]. These include: no association between 
plasma vitamin E levels and breast cancer risk in the Nurses’ Health Study [105] and 
no significant association of plasma vitamin E levels in a nested case-referent study 
conducted in Sweden [106].

5. Epidemiological evidence of flavonoids as antioxidants

5.1 Flavonols and breast cancer risk

Flavonoids are an assembly of naturally occurring phenolic compounds located 
in vegetables and fruits and are classified into 6 main sub-classes based on the 
complexity of their structure. They include flavanones, flavones, flavonols, flavan-
3-ols, isoflavanones and anthocyanins [107]. Investigational studies have suggested 
that flavonoids such as flavonols, flavones and flavanones possess preventative 
biological activity on breast carcinogenesis and is protective against commence-
ment and development of tumor [108]. Nevertheless, epidemiological data regard-
ing the associations between these flavonoid biomarkers and risk of breast cancer is 
inadequate and is very much needed to evaluate the definite effects of flavonoids in 
humans [109].

There is epidemiological evidence determined by prospective cohort study and 
case-study designs that have suggested an associations between dietary and supple-
mental flavonoids intake and breast cancer risk [110, 111]. In a recent case–control 
study that examined the relationship between breast cancer risk and total and 
subclasses of flavonoids, higher dietary intakes of total flavonoids (OR = 0.66, 95% 
CI: 0.54–0.82), flavonols (OR = 0.51, 95% CI: 0.41–0.63) were inversely associated 
with breast cancer risk [110] (Table 1). No significant relationship was observed 
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and orange vegetables [85]. The chemo-prevention and protective potential of 
carotenoids lies in their antioxidant, retinoic and anti-proliferative activities and 
obstructing estrogen signaling of 17β-estradiol, with subsequent weakening of the 
properties of malignancies such as breast cancer that are hormone-dependent [86]. 
There are a number of studies that have examined the relation of breast cancer risk 
with dietary and/or supplemental consumption of carotenoids [87–89]. In a large 
population-based case–control study consisting of 5,707 women with incident 
invasive breast cancer (3,516 postmenopausal women and 2,363 premenopausal 
women), there were inverse associations observed among premenopausal women 
for high levels of alpha-carotene (OR = 0.82, 95% CI: 0.68–0.98) and beta-carotene 
(OR = 0.81, 95% CI: 0.68–0.98) but not for postmenopausal women [90] (Table 1). 
Likewise, in the Women’s Health Initiative Observational Study, high dietary beta-
carotene intake (RR = 0.78; 95% CI: 0.66–0.94; Ptrend = 0.021) and elevated alpha-
carotene (RR = 0.83; 95% CI: = 0.70–0.99; Ptrend = 0.019) were inversely related to 
risk of estrogen receptor (ER)-positive and progesterone receptor (PR)-positive 
breast cancer. However, supplemental or total beta-carotene were not related to 
breast cancers demarcated by PR and ER status [23]. In an earlier population-based 
case–control study conducted in Canada, Nkondjock et al. found decreased risk 
for beta-carotene for those who never used hormone replacement therapy [89] but 
increased breast cancer risk associated with significantly high serum levels of alpha-
carotene (OR = 2.40; 95% CI: 0.90–6.41) in premenopausal women.

These findings were corroborated by a review study that systematically sum-
marized the associations between beta-carotene and alpha-carotene, and breast 
cancer risk. In the meta-analysis that comprehensively review the associations 
between carotenoids and breast cancer, higher intakes of dietary beta-carotene 
significantly decreased breast cancer risk by 6.0% (RRpooled = 0.94; 95% CI: 
0.88–1.00) and dietary alpha-carotene lower the risk by 9.0% when the cohort 
studies were pooled. Furthermore, significant dose–response associations were 
seen in both the higher intake of dietary and total beta-carotene with decreased 
breast cancer risk when considering cohort studies and case–control studies [91] 
(Table 3). There are other observational studies that have confirmed an inverse 
relationship of dietary or supplemental alpha-carotene or beta-carotene with risk 
of breast cancer [27, 87, 92, 93].

However, there are few studies that have reported null association between 
the carotenoids and breast cancer risk [84, 88, 94]. Terry et al. found no clear 
association between alpha-carotene and beta-carotene, and breast cancer risk 
in a large cohort of women who were registered in the Canadian National Breast 
Screening Study [88]. In subsequently large prospective study of women enrolled 
in the European Prospective Investigation Into Cancer and Nutrition there was 
no association of dietary beta-carotene with breast cancer risk, although beta-
carotene supplement demonstrated a protective effect against lobular breast cancer 
(IRR = 0.72; 95%CI: 0.57–0.91] [84]. This study also found no association between 
overall breast cancer and any micronutrients, while some effects were shown when 
stratifying by breast cancer subtypes [84]. Finally, there is another study that have 
reported null association between the carotenoids and breast cancer risk [95].

4.2.2  Serum and plasma levels of carotenoids (alpha-carotene, beta-carotene) and 
breast cancer risk

Blood vitamin intakes are regarded as biomarkers of the consumption of veg-
etables and fruits [96]. Plasma or serum levels of antioxidants such as vitamin E 
are thought to be related to breast cancer risk but results from prospective and case 
control studies remain inconclusive [97]. In a nested case–control study comprising 
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1,502 incident breast cancer cases and 1,502 controls within the European 
Prospective Investigation into Cancer and Nutrition cohort, plasma vitamin E level 
was not statistically associated with ER negative or ER positive breast cancer [98]. 
Epplein et al. earlier published a nested case–control study, a sub-cohort of the 
Multiethnic Cohort Study which demonstrated that multiethnic women with breast 
cancer were more likely to have lower levels of vitamin E than matched controls 
[99]. Notably, a meta-analysis of 40 studies by Hu et al. summarize the associa-
tions between plasma levels of vitamins A, C and E, and breast cancer risk and 
observed significant relationship between plasma vitamin E levels and breast cancer 
incidence (ORpooled = 0.42, 95% CI: 0.25–0.72, p = 0.001). The authors suggested 
that severe vitamin E could increase breast cancer risk [100]. Furthermore, even 
though there was an association between serum vitamin E [biomarker of fruit and 
vegetable intake, (OR = 0.68, 95% CI: 0.41–1.10)] in the E3N-EPIC Study, it was not 
statistically significant (Ptrend = 0.26) [101].

However, there are findings from studies that do not support plasma or serum 
levels of vitamin E being associated with reduced risk of breast cancer [54, 102]. 
In a nested case–control comprising of 365 incident breast cancer cases and 726 
individually matched control women within the prospective population-based 
Shanghai Women’s Health Study, there was no association between plasma levels 
of vitamin E and reduced breast cancer risk, although the authors noted that there 
may be protective effects among sub-groups of women [54]. Likewise, in an earlier 
case–control study nested in a prospective cohort from the Breast Cancer Serum 
Bank in Missouri, United States no evidence of the protective effect of vitamin E 
was observed for breast cancer, although carotenoids such as lycopene and beta-
cryptoxanthin may protect against breast cancer [103]. There are other studies that 
have reported null findings in the relationship between serum or plasma levels of 
vitamin E and breast cancer risk [102, 104]. These include: no association between 
plasma vitamin E levels and breast cancer risk in the Nurses’ Health Study [105] and 
no significant association of plasma vitamin E levels in a nested case-referent study 
conducted in Sweden [106].

5. Epidemiological evidence of flavonoids as antioxidants

5.1 Flavonols and breast cancer risk

Flavonoids are an assembly of naturally occurring phenolic compounds located 
in vegetables and fruits and are classified into 6 main sub-classes based on the 
complexity of their structure. They include flavanones, flavones, flavonols, flavan-
3-ols, isoflavanones and anthocyanins [107]. Investigational studies have suggested 
that flavonoids such as flavonols, flavones and flavanones possess preventative 
biological activity on breast carcinogenesis and is protective against commence-
ment and development of tumor [108]. Nevertheless, epidemiological data regard-
ing the associations between these flavonoid biomarkers and risk of breast cancer is 
inadequate and is very much needed to evaluate the definite effects of flavonoids in 
humans [109].

There is epidemiological evidence determined by prospective cohort study and 
case-study designs that have suggested an associations between dietary and supple-
mental flavonoids intake and breast cancer risk [110, 111]. In a recent case–control 
study that examined the relationship between breast cancer risk and total and 
subclasses of flavonoids, higher dietary intakes of total flavonoids (OR = 0.66, 95% 
CI: 0.54–0.82), flavonols (OR = 0.51, 95% CI: 0.41–0.63) were inversely associated 
with breast cancer risk [110] (Table 1). No significant relationship was observed 
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between the flavins, flavan-3-ol monomers and flavanols, and breast cancer risk 
[110]. These findings are compatible with those of a large case–control study 
conducted in Italy, where decreased breast cancer risk was found for flavonols 
(OR = 0.80, Ptrend 0.06) and flavones (OR = 0.81, Ptrend = 0.02), but not for flavan-
3-ols, flavanones, isoflavones and anthocyanidins [111]. Similarly, in a subsequent 
case–control study of United States women reduced breast cancer risk was related 
with high dietary uptake of flavones (OR = 0.61, 95% CI: 0.45, 0.83), flavonols 
(OR = 0.54, 95% CI: 0.40–0.73) and flavan-3-ols in postmenopausal women. The 
authors suggested that consuming sufficient amount of these flavonoids could be 
beneficial to these women in the chemoprevention of breast cancer [112] (Table 1). 
Notably, in a recent hospital-based case–control, higher levels of serum flavonols 
(OR = 0.52, 95% CI 0.38–0.70) and flavanone (OR = 0.45, 95% CI: 0.34–0.60) were 
significantly associated with decreased breast cancer risk [113]. The outcomes of 
these studies corroborated those of other case–control studies [114, 115] which 
supported the protective influence of high dietary intake of flavonols and flavones 
against breast cancer particularly among postmenopausal females.

The findings from prospective cohort studies are not so favorable regarding 
the chemo-preventative actions of flavonoids. In a meta-analysis of epidemiologic 
studies comprising 6 prospective cohort and 6 case–control studies, higher dietary 
intake of flavones (RR = 0.83, 95% CI: 0.76–0.91), flavonols (RR = 0.88, 95% CI: 
0.80–0.98) decreased breast cancer risk although there were no significant rela-
tion of flavanones, flavan-3-ols and anthocyanins particularly in post-menopausal 
women [116] (Table 3). However, The Nurses’ Health Study II investigated the 
effect of dietary flavonols on breast cancer risk, and found a non-significant null 
association with a risk ratio of 0.94 (95% CI: 0.72–1.22, Ptrend = 0.54) that was 
reported for flavonol-rich foods. Furthermore, dietary intakes of flavonol contain-
ing foods such as beans and lentils were inversely associated with breast cancer 
risk but this was not observed for onions, apples, blueberries tea, green pepper 
and broccoli [117]. There was also no association and thus no protective effects 
against breast cancer risk for increased intake of flavanones [118–120], flavanols 
[118, 119], flavonols [118–120], flavones [118], anthocyanidins [118] as well as 
total flavonoids [118–122].

5.2 Soy isoflavones and breast cancer risk

Isoflavones are a subclass of flavonoids and are found in legumes such as soybeans 
and soy products. These polyphenolic compounds are derived from plants and the 
three main isoflavones are daidzin, glycitin and genistin [123]. Globally the consump-
tion of soy and soy products is increasing as the health benefits due to their biological 
actions including estrogenic and anti-estrogenic properties, inhibition of tumor 
proliferation, antioxidant, anti-inflammatory and lower risk for cardiovascular dis-
ease [124, 125]. Notwithstanding potential mechanisms from experimental studies, 
epidemiological evidence from case–control and prospective cohort studies regard-
ing association of soy food and isoflavone, and breast cancer risk provide unreliable 
results [126–128].

In The Shanghai Breast Cancer Survival Study that assessed bone fracture 
incidence and its relationship with soy food consumption among breast cancer 
patients, high soy isoflavone intake was concomitant with decreased risk among 
both peri- and premenopausal subjects (HR = 0.22, 95% CI: 0.09–0.53) but no asso-
ciation for postmenopausal subjects [129] (Table 1). Similarly, a recent study that 
examined the relationship between isoflavone intake and hereditary breast cancer 
risk, reported that high intake of this flavonoid was inversely related with luminal A 
breast cancer hazard in women who are BRCA2 mutation carriers [130]. Conversely, 
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in a large prospective study comprising women from the Epidemiologique aupres de 
Femmes de la Mutuelle Generale de l’Education Nationale (E3N) cohort, there was 
no relation between past consumption of soy isoflavones supplement and breast 
cancer risk (HR = 1.36, 95% CI: 0.95–1.93) particularly among premenopausal 
patients [131]. Furthermore, in this study, there were contrasting associations of 
soy supplements with estrogen receptor-positive (HR = 0.78, 95%CI: 0.60–0.99) 
and estrogen receptor-negative (HR = 2.01, 95%CI: 1.41–2.86) breast cancer risk 
[131]. In another contemporary study, null association was observed between 
breast cancer risk and soy products containing isoflavones in a large cohort study of 
North American women although greater dairy milk intakes were associated with 
increased breast cancer risk, after adjusted for consumption [132]. The authors sug-
gested that caution should be exercised when viewing existing guidelines for dairy 
milk intake [132].

There are meta-analyses that have indicated that higher levels of soy products 
and isoflavones with lower incident breast cancer risk [133, 134]. In a meta-analysis 
of 35 studies soy isoflavone intake has a protective effect in that it is inversely 
associated with breast cancer for both pre- (OR = 0.59, 95%CI: 0.48–0.69 and post-
menopausal women (OR = 0.59, 95%CI: 0.44–0.74) particularly in Asian women 
while no evidence of a relationship in Western women [135] (Table 3). Nonetheless, 
in a previous meta-analysis of prospective cohort studies, there was no significant 
association between high (versus low) intake of isoflavones (RR = 0.99, 95% 
CI: 0.91–1.09) and moderate (versus low) intake of isoflavones (RR = 0.99, 95% 
CI = 0.92–1.05) and breast cancer risk, indicating that women with high dietary 
intake of soy isoflavones may experience decreased breast cancer incidence [136]. 
Support for the null finding was observed in a large Multiethnic Cohort study of 
women with a wide range of soya intake level and who were followed for 13 years, 
where no statistically association was detected between overall breast cancer risk 
and high dietary isoflavone intake (HR = 0.96, 95% CI: 0.85–1.08). The authors 
posited that higher consumption may be protective for Japanese American, Latina 
and African American women [137]. Notably, a recent publication of the China 
Kadoorie Biobank (CKB) study which involved a dose–response meta-analysis 
of dietary data of soy intake over a follow-up period of 10 years, the relative risk 
for high soy isoflavones consumption was 1.00 (95% CI: 0.81–1.22) [138]. A 3% 
decreased breast cancer risk for each 10 mg/day increment of soy isoflavones was 
observed. The results suggests that soy isoflavone was not related with breast cancer 
risk though increased intake may be beneficial in preventing breast cancer [138].

There are not many case–control studies that investigated the relation between 
soy isoflavone intake and breast cancer risk. In a case–control study conducted 
in Japan, increasing intake of isoflavone significantly reduced breast cancer risk 
in premenopausal women (OR = 0.44; 95% CI: 0.22–0.89), while no significant 
association was observed among postmenopausal women [139]. This shows the 
need to conduct more case–control studies in order to afford a clearer picture on the 
relationship between soy products and breast cancer incidence.

5.3 Soy proteins and soy isoflavones and breast cancer outcomes

There are studies that have examined the association between soy products 
and isoflavones intake and breast cancer survival, however the results are not 
definitive [140–142]. There are prospective cohort and meta-analyses studies 
that have reported significant inversely association between soy protein and soy 
isoflavones and breast cancer survival outcomes. In looking at prospective stud-
ies, The Shanghai Breast Cancer Survival Study comprised of 5,033 surgically 
treated breast cancer patients that were followed for 3.9 years. High soy protein 
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between the flavins, flavan-3-ol monomers and flavanols, and breast cancer risk 
[110]. These findings are compatible with those of a large case–control study 
conducted in Italy, where decreased breast cancer risk was found for flavonols 
(OR = 0.80, Ptrend 0.06) and flavones (OR = 0.81, Ptrend = 0.02), but not for flavan-
3-ols, flavanones, isoflavones and anthocyanidins [111]. Similarly, in a subsequent 
case–control study of United States women reduced breast cancer risk was related 
with high dietary uptake of flavones (OR = 0.61, 95% CI: 0.45, 0.83), flavonols 
(OR = 0.54, 95% CI: 0.40–0.73) and flavan-3-ols in postmenopausal women. The 
authors suggested that consuming sufficient amount of these flavonoids could be 
beneficial to these women in the chemoprevention of breast cancer [112] (Table 1). 
Notably, in a recent hospital-based case–control, higher levels of serum flavonols 
(OR = 0.52, 95% CI 0.38–0.70) and flavanone (OR = 0.45, 95% CI: 0.34–0.60) were 
significantly associated with decreased breast cancer risk [113]. The outcomes of 
these studies corroborated those of other case–control studies [114, 115] which 
supported the protective influence of high dietary intake of flavonols and flavones 
against breast cancer particularly among postmenopausal females.

The findings from prospective cohort studies are not so favorable regarding 
the chemo-preventative actions of flavonoids. In a meta-analysis of epidemiologic 
studies comprising 6 prospective cohort and 6 case–control studies, higher dietary 
intake of flavones (RR = 0.83, 95% CI: 0.76–0.91), flavonols (RR = 0.88, 95% CI: 
0.80–0.98) decreased breast cancer risk although there were no significant rela-
tion of flavanones, flavan-3-ols and anthocyanins particularly in post-menopausal 
women [116] (Table 3). However, The Nurses’ Health Study II investigated the 
effect of dietary flavonols on breast cancer risk, and found a non-significant null 
association with a risk ratio of 0.94 (95% CI: 0.72–1.22, Ptrend = 0.54) that was 
reported for flavonol-rich foods. Furthermore, dietary intakes of flavonol contain-
ing foods such as beans and lentils were inversely associated with breast cancer 
risk but this was not observed for onions, apples, blueberries tea, green pepper 
and broccoli [117]. There was also no association and thus no protective effects 
against breast cancer risk for increased intake of flavanones [118–120], flavanols 
[118, 119], flavonols [118–120], flavones [118], anthocyanidins [118] as well as 
total flavonoids [118–122].

5.2 Soy isoflavones and breast cancer risk

Isoflavones are a subclass of flavonoids and are found in legumes such as soybeans 
and soy products. These polyphenolic compounds are derived from plants and the 
three main isoflavones are daidzin, glycitin and genistin [123]. Globally the consump-
tion of soy and soy products is increasing as the health benefits due to their biological 
actions including estrogenic and anti-estrogenic properties, inhibition of tumor 
proliferation, antioxidant, anti-inflammatory and lower risk for cardiovascular dis-
ease [124, 125]. Notwithstanding potential mechanisms from experimental studies, 
epidemiological evidence from case–control and prospective cohort studies regard-
ing association of soy food and isoflavone, and breast cancer risk provide unreliable 
results [126–128].

In The Shanghai Breast Cancer Survival Study that assessed bone fracture 
incidence and its relationship with soy food consumption among breast cancer 
patients, high soy isoflavone intake was concomitant with decreased risk among 
both peri- and premenopausal subjects (HR = 0.22, 95% CI: 0.09–0.53) but no asso-
ciation for postmenopausal subjects [129] (Table 1). Similarly, a recent study that 
examined the relationship between isoflavone intake and hereditary breast cancer 
risk, reported that high intake of this flavonoid was inversely related with luminal A 
breast cancer hazard in women who are BRCA2 mutation carriers [130]. Conversely, 
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in a large prospective study comprising women from the Epidemiologique aupres de 
Femmes de la Mutuelle Generale de l’Education Nationale (E3N) cohort, there was 
no relation between past consumption of soy isoflavones supplement and breast 
cancer risk (HR = 1.36, 95% CI: 0.95–1.93) particularly among premenopausal 
patients [131]. Furthermore, in this study, there were contrasting associations of 
soy supplements with estrogen receptor-positive (HR = 0.78, 95%CI: 0.60–0.99) 
and estrogen receptor-negative (HR = 2.01, 95%CI: 1.41–2.86) breast cancer risk 
[131]. In another contemporary study, null association was observed between 
breast cancer risk and soy products containing isoflavones in a large cohort study of 
North American women although greater dairy milk intakes were associated with 
increased breast cancer risk, after adjusted for consumption [132]. The authors sug-
gested that caution should be exercised when viewing existing guidelines for dairy 
milk intake [132].

There are meta-analyses that have indicated that higher levels of soy products 
and isoflavones with lower incident breast cancer risk [133, 134]. In a meta-analysis 
of 35 studies soy isoflavone intake has a protective effect in that it is inversely 
associated with breast cancer for both pre- (OR = 0.59, 95%CI: 0.48–0.69 and post-
menopausal women (OR = 0.59, 95%CI: 0.44–0.74) particularly in Asian women 
while no evidence of a relationship in Western women [135] (Table 3). Nonetheless, 
in a previous meta-analysis of prospective cohort studies, there was no significant 
association between high (versus low) intake of isoflavones (RR = 0.99, 95% 
CI: 0.91–1.09) and moderate (versus low) intake of isoflavones (RR = 0.99, 95% 
CI = 0.92–1.05) and breast cancer risk, indicating that women with high dietary 
intake of soy isoflavones may experience decreased breast cancer incidence [136]. 
Support for the null finding was observed in a large Multiethnic Cohort study of 
women with a wide range of soya intake level and who were followed for 13 years, 
where no statistically association was detected between overall breast cancer risk 
and high dietary isoflavone intake (HR = 0.96, 95% CI: 0.85–1.08). The authors 
posited that higher consumption may be protective for Japanese American, Latina 
and African American women [137]. Notably, a recent publication of the China 
Kadoorie Biobank (CKB) study which involved a dose–response meta-analysis 
of dietary data of soy intake over a follow-up period of 10 years, the relative risk 
for high soy isoflavones consumption was 1.00 (95% CI: 0.81–1.22) [138]. A 3% 
decreased breast cancer risk for each 10 mg/day increment of soy isoflavones was 
observed. The results suggests that soy isoflavone was not related with breast cancer 
risk though increased intake may be beneficial in preventing breast cancer [138].

There are not many case–control studies that investigated the relation between 
soy isoflavone intake and breast cancer risk. In a case–control study conducted 
in Japan, increasing intake of isoflavone significantly reduced breast cancer risk 
in premenopausal women (OR = 0.44; 95% CI: 0.22–0.89), while no significant 
association was observed among postmenopausal women [139]. This shows the 
need to conduct more case–control studies in order to afford a clearer picture on the 
relationship between soy products and breast cancer incidence.

5.3 Soy proteins and soy isoflavones and breast cancer outcomes

There are studies that have examined the association between soy products 
and isoflavones intake and breast cancer survival, however the results are not 
definitive [140–142]. There are prospective cohort and meta-analyses studies 
that have reported significant inversely association between soy protein and soy 
isoflavones and breast cancer survival outcomes. In looking at prospective stud-
ies, The Shanghai Breast Cancer Survival Study comprised of 5,033 surgically 
treated breast cancer patients that were followed for 3.9 years. High soy protein 
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intake was inversely associated with breast cancer recurrence (HR = 0.68, 95%CI: 
0.64–0.87) and all-cause mortality (HR = 0.71, 95%CI: 0.54–0.92) among women 
with either estrogen receptor-positive or -negative breast cancer [143] (Table 2). In 
an earlier prospective study of 256 Chinese women, elevated soy isoflavones intake 
was associated with reduced risk of breast cancer mortality (OR = 0.25, 95% CI: 
0.09–0.54) and high soy protein was also concomitant with significant decreased 
breast cancer risk (OR = 0.38, 95% CI: 0.17–0.86) [144] (Table 2). In another study 
published in the same year involving 339 Korean women, dietary soy isoflavones 
was inversely related with breast cancer recurrence in HER2-positive breast cancer 
patients (HR = 0.23, 95%CI: 0.06–0.89) while no effect was observed with total soy 
intake [145].

The findings from systematic and meta-analysis of prospective cohort and 
case–control studies are also inconsistent. In a meta-analysis of protective studies, 
soy isoflavones intake was inversely linked with risk of breast cancer incidence 
(RR = 0.89, 95% CI: 0.79–0.99) and also inversely concomitant with risk of breast 
cancer recurrence (RR = 0.84, 95% CI: 0.70–0.99) [146] (Table 3). Likewise, 
Nachvak et al. conducted a systematic review and dose–response meta-analysis of 
23 prospective cohort studies and reported that a 9% reduced risk of breast cancer-
specific mortality for each 10 mg/day increase in soy isoflavones intake and a 12% 
decrease in the same survival outcome for each 5-g/day elevation of soy protein 
intake [147]. On the other hand, Qiu and Jiang conducted a systematic review and 
meta-analysis of 12 studies that explored the relationship between soy and isofla-
vones intake and breast cancer survival and recurrence. Pre- and post-diagnosis 
of soy and isoflavones intake were associated with minor reduction in risk of 
breast cancer recurrence (HR = 0.84 95% CI: 0.71–0.98) and breast cancer specific 
survival (HR = 0.89 95% CI: 0.74–1.07). Stratified analyses revealed no significant 
relationship between post-diagnosis soy and isoflavones consumption with over-
all survival (HR = 0.80, 95% CI: 0.62–1.04), and breast cancer specific survival 
(HR = 0.83, 95%CI: 0.64–1.07) [141].

5.4 Lycopene and breast cancer risk

The consumption of fruits and vegetables particularly those containing lycopene 
may offer protection against different types of cancers including breast cancer. 
There are a number of prospective and case–control studies that examined the rela-
tionship between dietary lycopene and breast cancer risk. In a case–control study 
conducted among Chinese women comprising of 122 primary breast cancer cases 
and 632 age-matched healthy females, high intake of dietary lycopene was statisti-
cally strongly associated with lower breast cancer risk (adjusted OR = 0.26, 95% CI: 
0.14–0.46) [93] (Table 1). In the Women’s Health Initiative Observational Study 
comprising 84 805 women with reported 2,879 incident breast cancer cases during 
a follow-up period of 7.6 years, high intake of dietary lycopene non-significantly 
reduced breast cancer risk by 15% (RR = 0.85; 95% CI: 0.73–1.00; Ptrend = 0.064) 
in ER+ and PR+ breast cancer among post-menopausal women [23]. Also, a Swiss 
case–control study comprising 289 incident breast cancer cases and 442 controls 
reported a significant inverse association for lycopene with breast cancer risk 
(OR = 0.64) [148].

However, there are both prospective and case–control studies that have found 
null association between dietary lycopene and breast cancer risk. In a case–control 
study of Chinese women involving of 561 cases and 561 age-matched control 
high intake of lycopene was not associated with breast cancer risk (0.89, 95% CI: 
0·61–1·30) [118]. Likewise, in another case–control study of non-Hispanic White 
and Hispanic women there was no association and therefore no protective effect of 
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dietary lycopene on breast cancer risk [60]. Furthermore, there are other studies of 
dietary lycopene intake including prospective cohort [57, 88, 105, 146], case–con-
trol [149] and meta-analysis [91] that have found no association of lycopene with 
breast cancer risk.

Epidemiologic studies evaluating whether circulating lycopene is associated with 
breast cancer risk have yielded equivocal answers. A nested case–control study con-
ducted comprising 295 breast cancer cases and 295 age- and race-matched controls 
demonstrated significantly strong inverse association of high levels of lycopene 
with the risk of developing breast cancer [97]. In another case–control study among 
women in the United States (46 breast cancer cases and 63 controls), there was a 
strong inverse association of lycopene (OR = 0.32, 95% CI: 0.11 -, 0.94) in breast 
adipose tissue and risk of breast cancer [150] (Table 1). Likewise, a pilot case–con-
trol study of Caucasian and African American women found a weak inverse relation 
between plasma lycopene concentration and risk of breast cancer (Simon et al., 
2000). The findings of these study were in agreement with that of a comprehensive 
pooled analysis of 8 prospective cohort studies conducted by Eliassen and col-
leagues. They found serum or plasma levels of lycopene significantly lower the risk 
of breast cancer patients by 22% (RR = 0.78, 95% CI: 0.62–0.99, Ptrend = 0.02) [151] 
(Table 3).

Others studies with findings in consonant with an inverse association between 
serum or plasma levels of lycopene and breast cancer risk include two case–control 
studies that showed deceased risk among females with elevated mammographic 
density [152] and blood donors [103] and a nested case–case control in the Nurses’ 
Health Study [153]. Likewise, in a nested case–control study, stepwise increase 
in plasma lycopene levels were not associated (RR = 0.95, 1.15, 0.93, 1.00 (refer-
ence, P trend = 0.86) with decreased breast cancer risk in older and middle-aged 
females [154].

5.5 Lutein and zeaxanthin and breast cancer risk

There are a few epidemiologic studies that have investigate the protective 
effect of dietary lutein and zeaxanthin on breast cancer incidence [90, 119, 155]. 
A case–control study of Chinese women found that lutein/zeaxanthin reduced 
breast cancer risk by 51% (OR = 0·49, 95% CI: 0·34–0·71) particularly among pre-
menopausal women and those exposed to second-hand smoke [119]. In an earlier 
large population-based case–control study of United States residents, an inverse 
association was shown for higher consumption of lutein/zeaxanthin (OR = 0.83, 
95% CI 0.68–0.99, Ptrend = 0.02) and breast cancer risk among postmenopausal 
women [90]. Likewise, Bae conducted a pooled analysis of eighteen prospective 
cohort studies and reported that lutein/zeaxanthin demonstrated protective effect 
on ER- and PR+ as well as ER-/PR- breast cancer [155].

However, a case–control study of Chinese women demonstrated that high 
dietary lutein/zeaxanthin were not inversely associated with breast cancer risk 
[93]. Similarly, in a large cohort study of Canadian women Terry et al. reported 
no clear association between dietary intake of lutein/zeaxanthin and risk of breast 
cancer [88]. In a later meta-analysis involving 33 studies, high dietary intake of 
lutein/+zeaxanthin offered no protective effect and thus no significant association 
with breast cancer risk [91].

In addition to epidemiological studies that have discovered the anti-cancer 
potential of dietary lutein/zeaxanthin, there are a few research that investigated 
the protective role of this circulating antioxidant. Serum or plasma levels of lutein/
zeaxanthin are more suitable biological indicators of the amount of these flavonol 
available for chemo-preventative action [156]. In a case–control study conducted 
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intake was inversely associated with breast cancer recurrence (HR = 0.68, 95%CI: 
0.64–0.87) and all-cause mortality (HR = 0.71, 95%CI: 0.54–0.92) among women 
with either estrogen receptor-positive or -negative breast cancer [143] (Table 2). In 
an earlier prospective study of 256 Chinese women, elevated soy isoflavones intake 
was associated with reduced risk of breast cancer mortality (OR = 0.25, 95% CI: 
0.09–0.54) and high soy protein was also concomitant with significant decreased 
breast cancer risk (OR = 0.38, 95% CI: 0.17–0.86) [144] (Table 2). In another study 
published in the same year involving 339 Korean women, dietary soy isoflavones 
was inversely related with breast cancer recurrence in HER2-positive breast cancer 
patients (HR = 0.23, 95%CI: 0.06–0.89) while no effect was observed with total soy 
intake [145].

The findings from systematic and meta-analysis of prospective cohort and 
case–control studies are also inconsistent. In a meta-analysis of protective studies, 
soy isoflavones intake was inversely linked with risk of breast cancer incidence 
(RR = 0.89, 95% CI: 0.79–0.99) and also inversely concomitant with risk of breast 
cancer recurrence (RR = 0.84, 95% CI: 0.70–0.99) [146] (Table 3). Likewise, 
Nachvak et al. conducted a systematic review and dose–response meta-analysis of 
23 prospective cohort studies and reported that a 9% reduced risk of breast cancer-
specific mortality for each 10 mg/day increase in soy isoflavones intake and a 12% 
decrease in the same survival outcome for each 5-g/day elevation of soy protein 
intake [147]. On the other hand, Qiu and Jiang conducted a systematic review and 
meta-analysis of 12 studies that explored the relationship between soy and isofla-
vones intake and breast cancer survival and recurrence. Pre- and post-diagnosis 
of soy and isoflavones intake were associated with minor reduction in risk of 
breast cancer recurrence (HR = 0.84 95% CI: 0.71–0.98) and breast cancer specific 
survival (HR = 0.89 95% CI: 0.74–1.07). Stratified analyses revealed no significant 
relationship between post-diagnosis soy and isoflavones consumption with over-
all survival (HR = 0.80, 95% CI: 0.62–1.04), and breast cancer specific survival 
(HR = 0.83, 95%CI: 0.64–1.07) [141].

5.4 Lycopene and breast cancer risk

The consumption of fruits and vegetables particularly those containing lycopene 
may offer protection against different types of cancers including breast cancer. 
There are a number of prospective and case–control studies that examined the rela-
tionship between dietary lycopene and breast cancer risk. In a case–control study 
conducted among Chinese women comprising of 122 primary breast cancer cases 
and 632 age-matched healthy females, high intake of dietary lycopene was statisti-
cally strongly associated with lower breast cancer risk (adjusted OR = 0.26, 95% CI: 
0.14–0.46) [93] (Table 1). In the Women’s Health Initiative Observational Study 
comprising 84 805 women with reported 2,879 incident breast cancer cases during 
a follow-up period of 7.6 years, high intake of dietary lycopene non-significantly 
reduced breast cancer risk by 15% (RR = 0.85; 95% CI: 0.73–1.00; Ptrend = 0.064) 
in ER+ and PR+ breast cancer among post-menopausal women [23]. Also, a Swiss 
case–control study comprising 289 incident breast cancer cases and 442 controls 
reported a significant inverse association for lycopene with breast cancer risk 
(OR = 0.64) [148].

However, there are both prospective and case–control studies that have found 
null association between dietary lycopene and breast cancer risk. In a case–control 
study of Chinese women involving of 561 cases and 561 age-matched control 
high intake of lycopene was not associated with breast cancer risk (0.89, 95% CI: 
0·61–1·30) [118]. Likewise, in another case–control study of non-Hispanic White 
and Hispanic women there was no association and therefore no protective effect of 
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dietary lycopene on breast cancer risk [60]. Furthermore, there are other studies of 
dietary lycopene intake including prospective cohort [57, 88, 105, 146], case–con-
trol [149] and meta-analysis [91] that have found no association of lycopene with 
breast cancer risk.

Epidemiologic studies evaluating whether circulating lycopene is associated with 
breast cancer risk have yielded equivocal answers. A nested case–control study con-
ducted comprising 295 breast cancer cases and 295 age- and race-matched controls 
demonstrated significantly strong inverse association of high levels of lycopene 
with the risk of developing breast cancer [97]. In another case–control study among 
women in the United States (46 breast cancer cases and 63 controls), there was a 
strong inverse association of lycopene (OR = 0.32, 95% CI: 0.11 -, 0.94) in breast 
adipose tissue and risk of breast cancer [150] (Table 1). Likewise, a pilot case–con-
trol study of Caucasian and African American women found a weak inverse relation 
between plasma lycopene concentration and risk of breast cancer (Simon et al., 
2000). The findings of these study were in agreement with that of a comprehensive 
pooled analysis of 8 prospective cohort studies conducted by Eliassen and col-
leagues. They found serum or plasma levels of lycopene significantly lower the risk 
of breast cancer patients by 22% (RR = 0.78, 95% CI: 0.62–0.99, Ptrend = 0.02) [151] 
(Table 3).

Others studies with findings in consonant with an inverse association between 
serum or plasma levels of lycopene and breast cancer risk include two case–control 
studies that showed deceased risk among females with elevated mammographic 
density [152] and blood donors [103] and a nested case–case control in the Nurses’ 
Health Study [153]. Likewise, in a nested case–control study, stepwise increase 
in plasma lycopene levels were not associated (RR = 0.95, 1.15, 0.93, 1.00 (refer-
ence, P trend = 0.86) with decreased breast cancer risk in older and middle-aged 
females [154].
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menopausal women and those exposed to second-hand smoke [119]. In an earlier 
large population-based case–control study of United States residents, an inverse 
association was shown for higher consumption of lutein/zeaxanthin (OR = 0.83, 
95% CI 0.68–0.99, Ptrend = 0.02) and breast cancer risk among postmenopausal 
women [90]. Likewise, Bae conducted a pooled analysis of eighteen prospective 
cohort studies and reported that lutein/zeaxanthin demonstrated protective effect 
on ER- and PR+ as well as ER-/PR- breast cancer [155].

However, a case–control study of Chinese women demonstrated that high 
dietary lutein/zeaxanthin were not inversely associated with breast cancer risk 
[93]. Similarly, in a large cohort study of Canadian women Terry et al. reported 
no clear association between dietary intake of lutein/zeaxanthin and risk of breast 
cancer [88]. In a later meta-analysis involving 33 studies, high dietary intake of 
lutein/+zeaxanthin offered no protective effect and thus no significant association 
with breast cancer risk [91].

In addition to epidemiological studies that have discovered the anti-cancer 
potential of dietary lutein/zeaxanthin, there are a few research that investigated 
the protective role of this circulating antioxidant. Serum or plasma levels of lutein/
zeaxanthin are more suitable biological indicators of the amount of these flavonol 
available for chemo-preventative action [156]. In a case–control study conducted 
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among Chinese women, there was a significantly strong inverse association of 
high serum levels of lutein/zeaxanthin with breast cancer risk (OR = 0·26, 95% CI: 
0·17–0·38) [157]. Likewise, a nested case–control study comprising 604 incident 
breast cancer cases and 626 controls in the Nurses’ Health Study found that circu-
lating lycopene, alpha-carotene and beta-cryptoxanthin were concomitant with 
a significant 40% - 50% decrease in the risk of breast cancer (Ptrend < 0.05) [152]. 
These findings were corroborated by a comprehensive analysis of 8 cohort studies 
where lutein/zeaxanthin was significantly inversely associated with breast cancer 
risk (RR = 0.84, 95% CI: 0.70–1.01, Ptrend = 0.05) [151]. Interestingly, in a nested 
case–control study (270 breast cancer cases, 270 matched controls) the risk of 
breast cancer increased due to low blood levels (OR = 2.08, 95% CI: 1.11–3.90) [158].

However, In a nested case–control study (1502 breast cancer cases and 1502 
individually matched controls) conducted within the European Prospective 
Investigation into Cancer and Nutrition cohort, there was no statistical association 
of plasma levels of lutein with of ER- breast tumors [98]. Supporting evidence was 
also observed in a case–control cohort (201 breast cancer cases and 290 referents) 
where plasma concentrations of lutein was significantly inversely related with 
breast cancer risk in premenopausal women [106].

5.6 Quercetin and breast cancer risk

The number of epidemiological research involving quercetin and potential 
relationship with breast cancer risk is lacking. In a linkage of multi-centered case–
control studies conducted in Italy (comprising 10,000 incident breast cancer cases 
and 16,000 controls) high intake of flavonols including quercetin was inversely 
associated with breast cancer risk (OR = 0.80) [158]. Similarly, in an earlier large-
case control study also conducted in Italy (2,569 incident breast cancer cases and 
2,588 controls), increasing consumption of flavonols decreased breast cancer risk 
by 20% (OR = 0.80; Ptrend, 0.06) [111]. The findings of another large case–control 
study comprising Greek women was consistent with these two previous results 
where a strong significant inverse relationship of daily flavonols in fruit comprising 
quercetin with breast cancer risk [114]. Higher intake of quercetin reduced breast 
cancer risk by 38% (RR = 0.62, 95%CI: 0.37–1.03, P = 0.25) and the relation was 
stronger when modification was made in lieu of other dietary sources with a lower 
risk of 46% (RR = 0.54, 95%CI: 0.30–0.95, P = 0.14) [120]. Lastly, in a meta-
analyses of 6 case–controls and 6 prospective cohort studies, breast cancer risk due 
to high intake (compared with low consumption) of flavonols such as quercetin 
declined by 12% in females (RR = 0.88, 95% CI: 0.80–0.98). It was also observed 
that further analyses of 3 case–control studies, high flavonol intake (compared 
with low consumption) was associated with decreased breast cancer risk in post-
menopausal women [116].

6. Green tea

6.1 Green tea intake and breast cancer risk

Green tea is a product of dry tea leaves of the plant Camellia sinensis, and numer-
ous pre-clinical and epidemiologic studies have been conducted examining the 
possible protective effect of green tea from various types of human cancers includ-
ing breast carcinoma [159]. Epidemiologic studies have described a protecting effect 
of green tea consumption against the initiation and progression of breast cancer, 
although the results has not being conclusive. A case–control study (1009 incident 
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breast cancer cases and 1009 age-matched controls) of regular green tea (dried 
green tea leaves per annum) consumption in a dose-dependent manner significantly 
reduced breast cancer risk [(OR = 0.87, 95% CI: 0.73–1.04) for 1–249 g; (OR = 0.68, 
95% CI: 0.54–0.86) for 250–499 g and (OR = 0.59, 95 CI: 0.45–0.77) for 500–749 g, 
Ptrend < 0.001) [160]. Likewise, in a population-based, case–control study of Asian 
women with breast cancer (501 breast cancer patients and 594 controls), there was 
a significant trend of reducing risk with cumulative amount of green tea consump-
tion ([OR = 0.71, 95% CI: 0.51–0.99) and (OR = 0.53, 95% CI: 0.35–0.78) for 
0–85.7 ml and > 85.7 ml of green tea per day respectively] [161]. These findings were 
corroborated by a population-based case–control study of Chinese women in which 
regular green tea mildly decreased breast cancer risk by 18% (OR = 0.88; 95% CI: 
0.79–0.98). It was observed that a dose-dependent association existed with the 
quantity of green tea intake per month and catechol-O-methyltransferase rs4680 
genotypes did not modify the relationship [162].

Two other nested case–control studies are consistent with the protective effect 
of green tea consumption. Yuan et al. piloted a nested case–control study (297 
incident breast cancer cases and 665 controls) inside the Singapore Chinese Health 
Study and found that frequent green tea consumption significantly decreases breast 
cancer risk in women with high angiotensin-converting enzyme activity (OR = 0.33, 
95%CI: 0.13–0.82, Ptrend = 0.039) [163]. In an earlier nested case–control study 
(380 incident breast cancer cases and 662 controls) also within the Singapore 
Chinese Health Study, women with low folate intake and daily or weekly green tea 
consumption had a 55% reduced breast cancer risk (OR = 0.45, 95% CI: 0.26–0.79, 
Pinteraction = 0.02). Green tea consumption was not associated with breast cancer risk 
at high folate intake and the authors suggested that inhibition of the folate intake 
may be a possible mechanism which account for the protective effect of green tea 
against breast carcinoma [164].

There are two meta-analyses that support the reduction of breast cancer inci-
dence and recurrence due to green tea consumption. A meta-analysis of studies by 
Ogunleye et al. of breast cancer recurrence and risk comprising 5,617 cases showed 
that increased green tea intake (greater than 3 cups/day) was inversely related with 
breast cancer recurrence (RRpooled = 0.73, 95%CI: 0.56–0.96 [165] (Ogunleye et al., 
2010). An analysis of only case–control studies showed that the inverse relation-
ship was preserved (RRpooled = 0.81, 95%CI: 0.75–0.88) while there was no protec-
tive effect and therefore null association of breast cancer risk among prospective 
cohort studies [165]. There was additional supportive evidence in a more recent 
meta-analysis of 13 studies (5 case–control and 8 cohort studies comprising of 
63,810 women) where a statistically significant inverse association existed between 
green tea consumption and breast cancer incidence with a 15% risk reduction 
(ORpooled = 0.85, 95% CI: 0.80–0.92, p = 0.0001) [166]. Analysis of only case–con-
trol studies also showed a significant inverse relationship with a 19% decrease in the 
risk of breast cancer (ORpooled = 0.81, 95%CI: 0.74–0.88, p = 0.000) [166].

The results of prospective cohort studies demonstrating a protective effects 
against breast cancer were less conclusive with some of the studies reporting null 
association. In a prospective cohort study of the Hospital-based Epidemiologic 
Research Program in Japan, there was reduced breast cancer recurrence among 
subjects who consumed 3 or more cups of green tea (HR = 0.69, 95%CI: 0.47–1.00), 
particularly in stage I disease (HR = 0.43, 95%CI: 0.22–0.84) [167]. In the Shanghai 
Women’s Health Study, a large population based study comprising 74,942 Chinese 
females, subjects who began drinking green tea less than or at 25 years of age were 
less likely to develop breast cancer (HR = 0.69, 95% CI: 0.41–1.17) [168]. However, 
in a later population-based prospective cohort study also conducted in Japan, there 
was no association of breast cancer risk and green tea consumption (> 5 or more 
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cups/day; HR = 1.12, 95%CI: 0.81–1.56; Ptrend = 0.60) [169]. Green tea intake was not 
associated with a reduced breast cancer risk in another prospective study conducted 
in Japan [170] and in 2 prospective studies piloted among 35,004 Japanese women 
(RR = 0.84, 95%CI: 0.57–1.24; > 5 cups/day) [171].

6.1.1 Epigallocatechin-3-gallate intake and breast cancer risk

Epigallocatechin-3-gallate is a natural antioxidant and it has been reported to be 
more efficient at arresting reactive oxygen species and other radical than vitamin 
C and E [172]. Experimental studies have demonstrated that epigallocatechin-
3-gallate, the biologically active and most abundant tea catechins displays antican-
cer and chemotherapeutic effects against breast cancer [173]. Epidemiologic studies 
relating to epigallocatechin-3-gallate are lacking. In a nested case–control study 
(144 incident breast cancer cases and 288 age-matched controls) in the Japan Public 
Health Center-based Prospective Study, elevated plasma levels of epigallocatechin-
3-gallate along with epicatechin-3-gallate, epicatechin and epigallocatechin 
were not associated with reduced breast cancer risk [epigallocatechin-3-gallate 
(OR = 1.21, 95%CI: 0.52–2.80; Ptrend = 0.53)] [169]. In another study published three 
years ago, green tea extract capsules comprising 843 mg epigallocatechin-3-gallate 
administered for 1 year decreased mammographic density in healthy postmeno-
pausal women [174]. Interesting, epigallocatechin-3-gallate (400 mg capsules, 3 
times/day for 2–8 weeks) orally administered to breast cancer subjects undergoing 
radiotherapy potentiate the effectiveness of the treatment as evident by decreased 
metalloproteinase-9 and metalloproteinase-2 activities and elevated serum concen-
tration of vascular endothelial growth factor [175].

The few reports of epidemiologic evidence of epigallocatechin-3-gallate and 
inconclusive findings in prospective studies suggests that further exploration of its 
probable chemo-preventative.

7. Discussion and conclusion

The epidemiological evidence shown by a number of case–control, prospec-
tive cohort studies as well as meta-analysis and systematic reviews presented does 
support the view that nutritional micronutrients with antioxidant properties in 
dietary or supplemental form may be beneficial in protecting women against breast 
cancer. However, there are studies that have demonstrated null association between 
the dietary and supplemental micronutrients, and the risk or survival outcomes of 
breast cancer. Thus overall the findings are inconsistent and epidemiological data 
on some of the antioxidants as it relates to breast cancer outcomes such as recur-
rence, and breast cancer-specific and all-cause mortality is inadequate.

Notably, there is substantial evidence which is well documented in the litera-
ture of the protective action and modification of many signaling pathways and 
molecular events by these antioxidants inducing apoptosis, inhibition of breast 
cancer cell proliferation and invasion, and preventing angiogenesis and metas-
tasis. However, the findings of epidemiological results are somewhat disappoint-
ing and are not concurrent with experimental results for most of these natural 
antioxidants. There are limiting factors which negatively impact epidemiological 
association studies such as genetic, confounding lifestyle, samples sizes, possible 
selection bias in case–control studies, the length of intervention, possible recall 
bias in retrospective studies, not accurately measuring dietary intake in pro-
spective studies, interaction among different micronutrients which may nullify 
individual effect among others.
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Nevertheless, despite the inconsistencies, the findings of the chemo-preven-
tative effects of vitamins, flavonoids and green tea presented in this review are 
encouraging. There need to be more large-scale and randomized controlled studies 
to investigate the association of these antioxidants and outcomes such as breast can-
cer recurrence, and breast cancer-specific mortality. More studies investigating the 
dietary intake of these antioxidants with sub-types of breast cancer, namely ER and 
PR status among both premenopausal and postmenopausal women is warranted. 
The elucidation of the mechanism of action by which these antioxidants decrease 
breast cancer risk may be helpful in recognizing sub-groups who could benefit from 
the consumption of these antioxidants with better dietary endorsements for the 
prevention of breast cancer.

Furthermore, the finding that the inhibition of folate intake may be a possible 
mechanism which account for the protective effect of green tea against breast 
cancer is noted. Large prospective randomized control trials are warranted as they 
could provide definitive information on the beneficial or harmful effects of green 
tea intake on breast cancer development.
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Role of Antioxidants 
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of Male Infertility
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Peter Michael Jankowski and Mohamad Eid Hammadeh

Abstract

Nutritional utilization of antioxidants, such as vitamins C, E, ß-Carotene and 
micronutrients, such as folate and zinc, have been shown to be critically essential 
for normal semen quality and reproductive function. However, it is still, a large 
knowledge gap exists concerning the role of antioxidants on semen parameters 
and the role in treatment of male subfertility. Therefore, the current review article 
designed to find out the positive effect of antioxidants on semen quality, alterations 
in physiological functions of spermatozoa and infertility treatment It is advisable 
that patients with oxidative DNA disruption should be asked to take a simple course 
of antioxidants prior to undertaking assisted reproduction treatment (ART). In 
conclusion, antioxidant may be employed as a potent antioxidant and may improve 
infertility treatment outcomes with ART.

Keywords: antioxidants, male infertility, semen quality, ART

1. Introduction: The impact of oxidative stress on spermatozoa

ROS include a broad category of species including: a) Oxygen free radicals, such 
as superoxide anion (O2), hydroxyl radical (OH) and hyperoxyl radical (HOO). 
b) Non radical species, such as hypochlorous acid (HOCl) and hydrogen peroxide 
(H2O2). c) Reactive nitrogen species and free nitrogen radicals such as nitroxylion, 
nitrous oxide, peroxynitrite, etc. [1–3]. These ROS are generated during normal 
aerobic metabolism and their level increases under stress which reflects a basic 
health danger. Mitochondrion is the primary cell organelle involved in ROS produc-
tion. Besides, several endogenous cells and cellular components contribute towards 
the initiation and propagation of ROS [4, 5].

Overproduction of ROS or the deficiency of antioxidants provokes an imbalance 
between the per-oxidation and the anti-oxidation in the normal human body. This 
phenomenon is termed as Oxidative stress [6–8].

Subsequently, it leads to alterationsin peroxidation of lipid membranes of 
sperm, disrupting the structure of membrane receptors, enzymes, transport 
proteins, and causes an increase in the level of DNA fragmentation of sperm [9] 
(Figure 1).

ROS have a significant effect on the sperm plasma membrane and subsequent 
functional integrity of the sperm resulting in a loss of acrosome reaction [11], 
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the sperm potential for fertilization [12], sperm motility and vitality [13, 14] as well 
as impair the sperm capacitation [15] (Figure 1).

Both seminal plasma and spermatozoa contain antioxidant systems able to 
detoxify the harmful effects of ROS. The imbalance between total antioxidant 
capacity and ROS generationin seminal fluid presents oxidative stress and is 
strongly correlated with male infertility [16].

In addition, insufficient penetration of the sperm into the oocyte in oligo-
spermia men with elevated levels of ROS has been identified [7]. Moreover, ROS 
concentrations are considerably elevated in semen samples from infertile men as 
compared with those of healthy controls, which has suggests that infertile men may 
benefit highly from antioxidant supplementation [17].

Several lifestyle, stress, and environmental factors encourage excessive free 
radical generation and oxidative stress, including: Air pollution, cigarette smoke, 
alcohol intake, toxins, bacterial, fungal, or viral infections, radiation, including 
extensive sun bathing, intense and lengthy exercise, which provoke tissue damage, 
antioxidant deficiency and finally enormous intake of antioxidants, such as vita-
mins C and E etc.

Hammadeh presented that the oxidative stress and smoking markers, (ROS), 
malondialdehyde, 8-Hydroxyguanosine (8-OHdG) and cotinine were significantly 
higher (P < 0.010) in smokers as compared to non-smokers [18].

In a second study, both fertile and infertile smokers presented elevated seminal 
ROS level [19].

Alcohol, known as ethyl alcohol or ethanol; EtOH, promotes ROS. These ROS 
ultimately interact with macromolecules, among them membrane lipids, generat-
ing aldehydes such as 4-Hydroxynonenal (4-HNE) and Malondialdehyde (MDA). 
It is also known that aldehydes and ROS can directly interact with both proteins 
and DNA, ultimately leading to transcription-repression of concrete genes. In 
fact, the impactof ROS and aldehydes seems to serve as key factor for these altera-
tions, partially affirmed by the fact that intake of antioxidants prevents these 
EtOH-induced cellular alterations [20].

The effect of oxidative stress on sperm quality has been studied extensively 
and estimated to be the problem in 25–87% of male infertility cases [21]. Another 
major driving hypothesis states that these conditions, by increasing reactive oxygen 
species (ROS) and nitrogen species (RONS), are capable of altering the balance 
of the redox status of both the steroidogenic cell population and the germ line cell 

Figure 1. 
Role of reactive oxygen species in male reproduction [10].
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populations, causing the disruption of the hypothalamic–pituitary–testicular axis 
and the impairment of sperm quality [22].

Therefore, the human body has developed a very concise defense system in 
which antioxidants play a very important role. Antioxidants are capable of decreas-
ing the generation of free radicals, slowing or inhibiting the oxidation and repairing 
the damage [23]. Mirończuk-Chodakowska also presented that ROS can serveas 
mediators and regulators of cell metabolism and apoptosis [23].

2.  Antioxidants and the sperm quality (count, motility and morphology) 
and function

Sperms are especially susceptible to oxidative damages due to the presence of 
excessive amounts of polyunsaturated fatty acids in the plasma membrane, making 
them highly vulnerable for lipid peroxidation by ROS, causing decreased flexibility 
of the sperm membrane and decreased tail motion [24]. Besides, the cytoplasm is 
extracted during the final stages of spermatogenesis, leaving behind the spermato-
zoa alone without these important enzymes to protect them from ROS altering the 
sperm DNA [24].

A Significant positive correlation has also been described between levels of 
reactive oxygen species (ROS) and percentage of spermatozoa with several types of 
abnormalities such as, abnormal heads, acrosome abnormalities, mid piece anoma-
lies, cytoplasmic droplets and tail defects [25].

In previous studies, it has been demonstrated that the generation of reactive 
oxygen species has been linked with loss of motility and a reduced capacity for 
sperm–oocyte fusion [26].

In addition, seminal oxidative stress is rather negatively correlated with  
sperm count, function, and motility, adversely interfering with fusion required for 
 successful fertilization [27].

Prospective studies have indicated that men with elevated levels of ROS have 
seven times less chance of fertilizing in comparison with men with low ROS levels. 
Moreover, ROS results in sperm cell damage and its high values have a negative 
correlation with sperm number and motility [28].

Other studies reveal that sperm exposed to elevated levels of ROS show reduc-
tion in viability and motility as confirmed through both conventional assessment 
and the utilization of computer-assisted sperm motility analysis [29, 30].

Antioxidant supplements are commercially available to assist treat male infertil-
ity, but research on its impact on semen quality and rates of pregnancy and live 
birth are rather very limited and controversial.

The male reproductive condition can be enhanced by supplementation of 
beneficial elements such as zinc or selenium which provide positive changes in 
sperm count and motility [31]. Melatonin, beta-carotene, or luteine also maintain 
high semen quality [32, 33]. Several studies have affirmed that higher intake of 
vitamin E, vitamin C, and beta –cartotine, is linked with improved sperm count 
motility, in both fertile and infertile men [34, 35].

Also, spermatozoa are dependent on antioxidants which already present in 
seminal plasma as ascorbic acid (vitamin C), α-tocopherol (vitamin E), glutathione 
(GSH), amino acids (taurine and hypotaurine), albumin, carnitine and carot-
enoids [36].

A clinical trial on the impact of antioxidants on male factor infertility enrolled 
a population of 171 couples. The male partner presented at least one abnormal 
reading concentration, mobility, morphology and DNA quality; the female partners 
presented normal fertility test results. Men received a placebo or an antioxidant 
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supplement comprising of vitamins C, E, D, selenium, L-carnitine, zinc, folic acid 
and lycopene from three to six months [37].

In this study, no statistically significant differences in sperm concentration, mobil-
ity, morphologically normal sperm and DNA quality between the placebo and anti-
oxidant groups after three months have been observed. Moreover, live birth rates did 
not differ at six months between the antioxidant (15%) and placebo (24%) groups.

3. Antioxidants and sperm DNA fragmentation and apoptosis

Spermatozoa chromatin is relatively tightly packed due to the positively charged 
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Antioxidants utilized as dietary supplements removed free radicals and decrease 
the degree of oxidative insult by improving the cellular redox equilibrium [52].

Several studies demonstrated positive results in the therapy of patients with 
moderate DNA damage exploiting oral antioxidants [42, 53, 54].

Greco and colleagues reportedan enhancement in DNA damage in 76% of 
patients with moderate DNA damage (≥15%) after oral intake with vitamins [53].

The beneficial impact of raised antioxidant consumption on sperm concentra-
tion and motility in the infertile patient population with no effect on sperm DNA 
integrity has also been observed [55].

The advantages of antioxidant therapy in male infertility are rather inconclusive 
with both a positive effect [53, 54] and no significant effect reported [56]. Also, 
Silver analyzed a cohort of fertile men and did not report any relationships between 
dietary antioxidant consumption (vitamins C, E or ß-carotene) and sperm DNA 
damage [56].

Treatment with antioxidant supplements is generally related with decreased 
levels of sperm DNA integrity and/or increased fertility potential [57].

The impactof these antioxidants in prohibiting sperm from endogenous ROS, 
gentle sperm processing and cryopreservation has yet not been established [58].

It is advisable that patients with oxidative DNA disruption should be asked 
to take a simple course of antioxidants prior to under taking assisted reproduc-
tion treatment. The utilization of antioxidants in decreasing sperm oxidative 
stress has been the topic of some 20 clinical trials over the last decade for a 
review [59].

Systematic review involving 29 studies evaluated the impact of oral antioxidant 
therapy on fertility outcomes and affirmed an overall positive effect of antioxidant 
supplementation on basic semen parameters, advanced sperm function, results of 
assisted reproductive therapy (ART), and live birth rate [60].

Oral supplementation of a either a single antioxidant or a combination of anti-
oxidants such as L-carnitine, L-acetyl carnitine, N-acetyl-cysteine, Coenzyme Q10, 
selenium, vitamin C, vitamin E, and lycopene has been reported to enhance semen 
parameters and sperm DNA integrity in idiopathic infertile men [61].

4. Types of antioxidants

Seminal plasma comprises of a number of antioxidant enzymes, such as, 
superoxide dismutase, glutathione peroxidase, glutathione reductase, and catalase, 
and also include non-enzyme antioxidants, such as vitamin C, vitamin E, beta 
carotenes, carotenoids, flavonoids and metal binding proteins such as albumin, 
ferritin, coenzyme Q10 and myoglobin, which serve as antioxidant by inactivating 
pro-oxidant transition metal ions (Figure 2) [62–64].

The non- enzymatic antioxidants may protect the spermatozoa from oxidative 
DNA and membrane disruption by decreasing the singlet oxygen and the detrimen-
tal effect of lipid peroxidation on sperm [65].

4.1 Enzymatic natural antioxidants

The male reproductive system has an endogenous antioxidant for shielding 
spermatozoa from oxidative insult and these are categorized into enzymatic and 
non-enzymatic [1]. The enzyme system includes ssuperoxide dismutase (SOD), 
glutathione peroxidase/reductase and catalase acting as a defense against lipid 
peroxidation in mammalian sperm. The malfunction of these enzyme activities 
could lead to a loss of the cell function [66].
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These enzymes catalytically eliminate reactive oxygen species from biological 
systems. Sperm themselves predominantly channel this enzymatic antioxidant 
[66]. Spermatozoa comprising of low intracellular antioxidant activity include 
superoxide dismutase (SOD), nuclear glutathione peroxidase (GPx), peroxiredoxin 
(PRDX), thioredoxin (TRX), and thioredoxin reductase (TRD) [67].

4.1.1 N-acetyl-cystein (NAC)

NAC serves as a precursor of glutathione (GSH) and has thus been employed as 
an antioxidant in many studies and trials.

The most important studies which demonstrate positive impact with  
varying doses in vitro are those reported by Baker et al., Oedaet al., and Lopes  
et al., [68–70].

Baker et al., witnessed decreased ROS generation and enhanced motility with 
doses ranging from 1 to 10 mmol [68]. Oeda et al. reported preserved motility with 
doses from 0.1 to 15 mg/ml [69] and Lopes et al. reported decreased DNA dam-
age with 0.1 mmol of NAC [70]. The three most relevant in vivo studies provided 
conflicting outcomes: Comhaire et al., did not find any enhancement in sperm 
parameters after 3 months’ administration of NAC (600 mg for 21 days) [71]; 
whilst the same dosage seemed to enhance sperm motility, volume, viscosity and 
oxidative status according to Ciftci et al., [72]. In another trial conducted on 468 
patients with idiopathic OAT treated for 6 months with 600 mg/day of NAC or 
200 mg/day of selenium or both, an enhancement in sperm count, motility and 
morphology was observed, with additive beneficial impact when both therapies 
were dispensed [73].

Figure 2. 
Enzymatic and non-enzymatic antioxidants.
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4.1.2 Glutathione peroxidase (GPx4)

Like peroxidase, Gpx4 is a member of the large family of peroxide reducing 
enzymes that employs glutathione as electron donor [74].

GPX4 exploits thiols in nuclear protein to reduce glutathione and may function 
as a redox regulation of sperm motility activation [75].

Sakai et al., found a correlation between undue production of glutathione 
peroxidase (GPx4) and infertility due to inhibition of ROS generation. GPx4 is not 
only an essential antioxidant enzyme required for sperm motility; it also plays a 
key role prior to capacitation [76]. However, while GPx4 shields sperm apoptosis, 
it decreases ROS which is an important factor for capacitation. Naturally occur-
ring mutations in the human GPX4 gene have been related to the pathogenesis of 
oligoasthenozoospermia [77].

4.1.3 L-Glutathion (GSH)

GSH is one of the most essential endogenous antioxidant, implicated in sustain-
ing the antioxidant balance in human tissues and directly engaged in the removal 
of ROS [78].

Due to its widely recognized antioxidant characteristics, GSH has been explored 
as a possible therapy for infertile patients. In vitro studies performed by Griveau 
and Le Lannou and by Lopes et al. have demonstrated a protective impact of 
10 mmol of GSH against DNA damage caused by ROS [70, 79].

In vivo studies, two trials performed by (Lenzi et al.; Lenzi et al.,) revealed 
that GSH exerted a positive, statistically significant impact on sperm parameters 
[80, 81]. The first, Lenzi et al., discovered that 600 mg of GSH dispensed every 
other day for 2 months increased the motility and morphology in 21 men treated 
with varicocele or male accessory gland infection [82]. The second, performed the 
following year on 10 infertile men with the same attributes, led to similar outcomes, 
although a significant upsurge in sperm concentration was also observed [80, 81].

Tail-beat frequency and the shielding effect of 5–10 and 1–10 mmol GSH in vitro 
against the disruption of sperm motility by activated polymorphonuclear leuko-
cytes has been reported [68, 83].

Parinaud et al., investigated the impact of Sperm-Fit, an antioxidant solution 
comprising of glucose and GSH, on sperm motility and showed that motility was 
well-preserved in leukocyte spermic samples, thus enhancing the possibility of 
recovering motile sperm after liquefaction and centrifugation [84].

Raijmakers et al., reported the presence of substantial amounts of GSH in the 
seminal plasma of both fertile and subfertile men. However, the median GSH 
concentrations were remarkable higher in fertile men in comparison with subfertile 
men. Furthermore, the concentrations of GSH in seminal plasma were directly cor-
related with sperm motility and inversely correlated with sperm morphology [85].

4.1.4 Superoxide dismutase (SOD)

There is some consensus on the helpful impacts of SOD on lipid peroxida-
tion in vitro. A plethora of studies, published in last two decades of 20th century 
i.e. between 1991 and 1998, (for a review Lombardo et al.,) described enhanced 
motility and decreased lipid peroxidation in samples dosed with between 87.7 and 
500 IU ml of SOD [86]. Similarly, Kovalski et al. reportedthat the incorporation of 
1 mg of SOD conserved motility [87].

In the contrary, other found no decreasein lipid peroxidation after the in corpo-
ration of between 100 and 500 IU ml SOD [88]. Besides, some investigators could 
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not affirm the impact of SOD on semen quality and sperm fertilizing potential [89]. 
However, the amount of endogenous antioxidants such as superoxide dismutase 
and catalase were also observed to be lower in smokers in comparison with fertile 
non-smokers [19, 90].

A direct correlation between the SOD activity and sperm damage and sperm 
motility was endorsed by several researchers [7].

4.1.5 Catalase (CAT)

Catalase represents one of the most effective natural enzymes which catalyzes 
the conversion of H2O2 into H2O and O2. CAT could play an essential role in male 
fertility and could turn out to be an excellent target for male infertility diagnosis.

In vitro investigations confirmed the positive impact of catalase in doses ranging 
from 0.008 to 0.1 mg/ml or from 50 to 2000 IU/ml on motility, peroxidation and 
DNA disruption [70, 79, 87].

However, Twigg et al., reported that the addition of 250, 500 or 2000 IU/ml of 
catalase to sperm samples did not provide any effect on lipid peroxidation. In the 
same study, no enhancement was observed in lipid peroxidation after the supple-
mentation of albumin at a dose of 0.3–10% [88].

Other researcherse valuated the effects produced by different types of antioxi-
dant therapies on semen quality in infertile males via measurement of CAT activity 
on seminal plasma through exogenous H2O2 degeneration. The results revealed that 
catalase activity improved after the administration of antioxidant treatments when 
compared to control samples without antioxidant administration [91–93].

Moreover, Catalase has also been shown to play a crucial role in male fertility. 
Its antioxidant activity prevents the upsurge of oxidative stress which can cause 
damage in sperm level, and accordingly, to reduced fertility. However, even though 
consensus prevails among most authors on the correlation of this scavenger with 
male fertility, it has only been investigated to a very limited degree of extent in this 
field [94].

4.1.6 Coenzyme Q10

A very strong relationship has been described to occur between sperm count, 
motility, and ubiquinol concentration in seminal fluid [95].

Lewin and Lavon employed coenzyme Q10 both in vivo and in vitro and 
revealed that the incorporation of 50 mmol in vitro caused a significant improve-
ment in motility, whilst in vivo incorporation of 60 mg/day for almost four months 
resulted in an enhancement in the fertilization rate but did not provide any impact 
on motility, morphology or concentration in 17 patients with decreased fertiliza-
tion rates after in vitro fertilization with intracytoplasmic sperm injection for male 
factor infertility [96].

A stimulating in vivo study conducted on 60 patients with idiopathic astheno-
zoospermia who were provided with either placebo or 200 mg daily of coenzyme 
Q10 showed a remarkable advancement in motility after 6 months of treatment; 
this enhancement was markedly decreased after a period of 3 months in treated 
subjects [97].

The exogenous incorporation of CoQ10 enhances both ubiquinone and ubiqui-
nol levels in semen and can be useful in increasing sperm kinetic features in patients 
suffering from idiopathic asthenozoospermia [97].

CoQ10 biosynthesis is highly active in the testes and elevated levels of ubiquinol 
are found in sperm [98, 99]. Gvozdjakova et al., revealed a direct relationship 
between seminal plasma CoQ10 total concentration and sperm motility [100].
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4.2 Non-enzymatic/synthetic/dietary supplements

4.2.1 Vitamin A

The name vitamin A includes both preformed vitamin A (retinol and its 
esters) and pro vitamin A carotenoids (mostly α-carotene, β-carotene, and 
β-cryptoxanthin). Retinol can be oxidized to retinal in a reversible manner, which 
provides all of the biological implications of retinol; or even further oxidized to 
retinoic acid, which represents the primary active metabolite of vitamin A [101].

Pro-vitamin A carotenoids can be endogenously transformed into retinoic 
acid whilst other carotenoids, including lutein, zeaxanthin, and lycopene, are not 
precursors of vitamin A but contain antioxidant capacity. Carotenoids are naturally 
found in fruits and vegetable. They impart the yellow, red and orange pigment in 
plant [102].

The most important phytochemical in the carotenoid family is lycopene which 
among the carotenoids, ranks as one of the most highest quencher of singlet 
oxygen. A combination of carotenoids, however, is highly potent as compared to 
individual compounds [103].

In in vitro models, β-carotene may act both as an antioxidant or a prooxi-
dant, depending upon the redox status of the biological environment in which it 
acts [104].

Comhaire et al., investigated the impact of a combination therapy of 180 mg day 
vitamin E and 30 mg day b-carotene on a group of 27 infertile men: ROS generation 
decreased significantly, although no significant enhancement in semen parameters 
was observed [71].

Zareba et al., evaluated the effect of regular carotenoid intake on the enhance-
ment of sperm quality in 189 young, healthy men. They evaluated semen volume, 
total sperm count, motility, and morphology after a period on antioxidant rich diet 
and observed that beta-carotene and lutein utilization elevated sperm motility [33]. 
However, high exploitation of some vitamins, such as vitamin A, may cause adverse 
reproductive outcomes [105].

4.2.1.1 Lycopene

Lycopene is one of the several constituents of the carotenoid family. Provitamin 
A carotenoids can be endogenously transformed into retinoic acid whilst other 
carotenoids, including lutein, zeaxanthin, and lycopene, which are not the precur-
sors of vitamin A but contain antioxidant capacity. Lycopene exhibits good antioxi-
dant activity includes singlet oxygen and free radical scavenging [106].

The presence of lycopene in human semen has been confirmed and its quantity 
can be enhanced after dietary intake with a natural source of Lycopene [107]. Also, 
very little is known about the efficacy of carotenoids, particularly that of lycopene—
a potent antioxidant and singlet oxygen quencher [108].

Zini et al., preincubated washed sperm suspensions with and without lycopene 
followed by incubation with H2O2 and presented a significant decrease in sperm 
mobility and significant elevation of sperm DNA defragmentation in lycopne 
untreated samples whilst the treated samples showed a significant decrease in 
sperm DNA defragmentation [109].

Ghyasvand et al., performed another study to evaluate the levels of lycopene, 
beta-carotene and retinol in serum and their relationship with sperm DNA disrup-
tion and lipid peroxidation in infertile and normo-spermic males, and concluded 
that lycopene, beta-carotene, and retinol can decrease sperm DNA fragmentation 
and lipid peroxidation via their antioxidant effect [110].
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4.2.1.2 Lutein and zeaxanthin

Comhaire et al., conducted a study involving 30 subfertile men which were 
treated with 16 mg a day of astaxanthin, a carotenoid which is not transformed into 
vitamin A in humans, for 3 months and did not find any, significant enhancement 
in concentration, motility, morphology or volume in the 11 treated men compared 
with the 19 control patients [111].

Intriguingly, Ming-Chieh Li, et al., found an unusual and unexpected inverse 
relationship of β-carotene administration from foods and of lutein and zeaxanthin 
administration with live birth rates. Within the observed administration ranges, 
total consumption of vitamins A, C and E before initiating infertility treatment 
with ART was not correlated with live birth rates [112].

4.2.2 Vitamin B (folic acid)

Folic Acid is a B-vitamin which is necessary for the synthesis of DNA and 
transfer of RNA.

The micronutrients folate and zinc are closely related with semen quality. Blood 
plasma and seminal plasma levels of folate are positively related with sperm concen-
tration and count [113, 114].

Moreover, folic acid, the synthetic form of folate, effectively scavenges oxidizing 
free radicals and inhibits lipid peroxidation [115].

The evidence on the impact of folate on fertility is unclear. Wong et al., reported 
that in vivo utilization of folic acid, alone or combined with zinc sulphate (5 and 
66 mg day respectively), enhanced sperm concentration and count in their formerly 
discussed controlled trial. The results were, however, significant only for the 103 
infertile men involved in the study, whilst the 107 fertile men did not present any 
enhancement in sperm parameters [116].

Also, nutritional utilization of antioxidants, such as vitamins C and E, and 
β-carotene, and micronutrients, such as folate and zinc, have been shown to be 
critically essential for normal semen quality and reproductive function as con-
firmed by a large number of studies in both animals and humans [55].

Ebisch et al., showed that administration of zinc and folic acid enhancesnot only 
sperm quality but also the outcome of varicocelectomy [117].

Other researchers have revealed that a low folate concentration in seminal 
plasma is correlated with increased sperm DNA damage in infertile men [118].

Schisterman et al., designed and conducted a trial involving 2,370 couples plan-
ning infertility treatments. The men were assigned arbitrarily and received either 
a placebo or a daily supplement comprising of 5 milligrams of folic acid and 30 
milligrams of zinc. The results indicated that the live births did not alter significantly 
among the two groups: 404 (34%) in the supplement group and 416 (35%) in the 
placebo group. Similarly, the groups did not show difference among various semen 
parameters, such as sperm motility, morphology and total count. However, the frac-
tion of sperm DNA fragmentation was elevated in the supplement group (29.7%), 
when compared to the placebo group (27.2%). Men in the supplement group also pre-
sented an elevated proportion of gastrointestinal symptoms, when compared to the 
placebo group: abdominal discomfort (6% vs. 3%), nausea (4% vs. 2%) and vomiting 
(3% vs. 1%). The authors reported that these dietary supplements have a very little to 
no impact on fertility and may even provoke mild gastrointestinal symptoms [119].

4.2.3 Vitamin C

Ascorbic acid represents the main natural water-soluble antioxidant and is an essen-
tial dietary nutriment. This water-soluble antioxidant is an essential dietary nutrient.
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Beside, its high potency for scavenging ROS [120], Vit-C serves as an excellent 
source of electrons, providing an electron to free radicals such as superoxides and 
hydroxyls radicals, which decreases their reactivity and damages [121].

Ascorbic acid exhibits both antioxidant and prooxidant properties depending 
upon the amount [122]. As an exogenous antioxidant in semen, ascorbic acid played 
a very crucial role in controlling the oxidative stress [47].

In an extensive study comprising of 30 infertile but healthy men, daily intake 
of 200 mg and 100 mg vitamin C enhanced sperm count by 112 and 140 percent 
respectively. Intriguingly the concentration of ascorbic acid in the seminal plasma is 
10-fold higher than the serum [123].

The concentration of ascorbic acid in the seminal plasma was observed to be 
negatively correlated with reactive oxygen species activity in sperm of infertile 
men, and the reduced ascorbic acid intake was correlated with an elevated oxidative 
damage in the sperm of healthy men [124].

Hughes et al., reported the significance of vitamins C (300-600 mmol/l) and 
E (30–60 mmol/l) in protecting sperm DNA integrity in Percoll preparations; 
however, this combination has generated contrasting outcomes with excessive DNA 
damage, which is likely associated to pro-oxidant effects [125].

Donnelly et al. reported decreased H2O2-induced ROS production and DNA 
damage after the utilization of both vitamin C (300 and 600 mmol/l) and vitamin E 
(40 and 60 mmol/l) to normozoospermic and asthenozoospermic samples [126].

Vitamin C acts as a cofactor for various key enzymes. It assists in the metabolic 
processes of folic acid, tyrosine and tryptophan [127]. In cells, ascorbic acid inter-
acts with glutathione in maintaining the reduced form of tocopherol [128].

Kini et al., reported a significant increase in the testicular GSH and SOD 
level but a reduction in testicular MDA level after pre-treatment of rats with 
Vitamin-C before cadmium chloride exposure [129]. Similar outcomes were 
observed by Behairy et al. [130]. In addition, vitamin C is vital in protecting from 
oxidative damage to the sperm and steroid cells of the Leydig cells and in the 
sperm chamber [131].

A potent and combined action of vitamin C and E has been observed to protect 
the spermatozoa against peroxidative insult and DNA fragmentation [132].

Vitamin C reduces the inter chain disulphide bridges in protamines opening 
the cysteine net and subsequently causing DNA decondensation in spermatozoa 
[54, 133, 134].

4.2.4 Vitamin D

Vitamin D plays a significant role in regulating both male and female fertil-
ity [135]. The quality of spermatozoa strongly dependen upon vitamin D [136]. 
Vitamin D is also responsible for retaining sperm motility [137]. Low fertility 
rates have also been credited to low vitamin D levels in the serum of males [138]. 
Vitamin D deficiency, in contrast, decreases the probabilities of success when 
undergoing assisted reproductive technology [139–141]. Islamian et al. investi-
gated the combined effect of vitamin D complement and docosahexaenoic acid 
on oxidative stress indices of semen in asthenospermic men. The outcome showed 
that the combined treatment with fatty acid complement, docosahexaenoic 
acid and vitamin E in asthenospermic men decreased oxidative stress in seminal 
plasma [142].

4.2.5 Vitamin E (α-tocopherol)

Vitamin E represents a fat-soluble antioxidant molecule which serves as a major 
chain breaking antioxidant in membranes.
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Numerous studies were conducted on vitamin E. The first clinical tri-
als showed that vitamin E supplementation increase the fertilization rates by 
decreasing lipid peroxidation potential [143]. Kodama et al., reported elevated 
sperm concentration and decreased DNA damage in 36 infertile patients who 
underwent 2 months of therapy with vitamin E (200 mg day), vitamin C 
(200 mg day) and glutathione (GSH; 400 mg day), with no significant enhance-
ment in motility or morphology [144].

Similarly, in another study in which a co-administration of vitamin E and 
selenium for six months resulted in a significant increase in sperm motility and 
a decreased percentage of defective spermatozoa in comparison with pre-sup-
plementation period [145, 146]. Besides, it has also been reported that vitamin E 
decreases the oxvidative damage resulting an increase in the fertilization rate [71].

A plethora of research has been dedicated to show that antioxidants such as 
vitamins E and C and carnitines assist in reducing oxidative stress by quench-
ing free radicals [42]. Greco et al. showed a significant enhancement in 38 men 
with increased sperm DNA fragmentation after 2 months of combined therapy 
comprising of 1 g of vitamin C and 1 g of vitamin E daily: clinical pregnancy and 
implantation rates presented a remarkable increase after the second attempt in 
comparison with an initial failed intracytoplasmic sperm injection attempt before 
treatment [53].

Also, vitamin E as an antioxidant may directly quench free radicals and together 
with CoQ10 shield lipid membranes from peroxidative insult [147].

Moslemi et al., showed that supplementation of vitamin E can significantly 
decrease lipid peroxidation in seminal plasma, enhance sperm motility and boost 
pregnancy occurrence [148].

However, in a Meta-analysis, four studies confirmed that it had a very little or no 
impact on semen parameters, whilst beneficial effects were shown in the remaining 
18 studies [86].

4.2.6 Carnitine

The antioxidant activity of carnitines shields against lipid peroxidation of cells 
membrane, stimulating a large number of in vivo trials examining their impact on 
sperm parameters.

In the trial conducted by Costa and colleagues [149], 3 g day of L-carnitine 
was provided to 100 asthenozoospermic men. After 4 months of treatment, a 
significant enhancement in sperm concentration, motility and morphology was 
observed.

Balercia et al., evaluated various doses of L-carnitine and acetyl-L-carnitine (3 g 
of L-carnitine, 3 g of acetyl-L-carnitine, or 2 g L carnitine and 1 g acetyl-L-carni-
tine daily), showing enhanced sperm motility in asthenozoospermic subjects [150].

Also, Carnitine supplementation has been reported to enhance sperm concen-
tration, mobility, viability, morphology, and total antioxidative capacity [151].

In contrast, Sigman et al., did not find any enhancements in semen parameters 
in 26 men diagnosed with asthenozoospermia and underwent 6 months of therapy 
with L-carnitine and L-acetyl-carnitine with 2 and 1 g day, respectively [152].

Gvozdjáková et al., demonstrated a beneficial impact of treatment with a com-
bination of different antioxidants (carnitine with ubiquinol, vitamins E and C) on 
sperm density, which improved by 39.8% after 3 months of therapy and by 78.0% 
after 6 months of therapy and sperm motility was enhanced. Sperm pathology 
reduced in 25.8% after 3-month treatment [153].
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4.2.7 Flavonoids

Flavonoids comprise of a very large heterogeneous group of benzopyran deriva-
tives found naturally in fruits, vegetables, and herbs. This group of plant antioxi-
dants has many beneficial health effects.

Flavonoids exhibit a positive health effect in cancer and neurodegenerative 
diseases, owing to their innate free radical-scavenging activities [154].

These flavonoid glycosides serve as extremely potent free radical scavengers 
[155, 156]. Some of the most popular and well-known antioxidant flavonoids also 
serve as prooxidants even when a transition metal is available [157].

Quercetinis one of the most abundant natural flavonoids found in a large variety 
of fruits and vegetables [158, 159].

The pentahydroxy flavone protect from oxidative injury and cell death by 
scavenging free radicals, donating hydrogen compound, quenching singlet oxygen, 
and shielding lipid peroxidation or chelating metal ions [160].

4.2.8 Selenium

Selenium is a very important trace mineral which is highly essential for the 
human body, including the immune system, cognitive function, and male and 
female fertility.

According to the United States Office of Dietary Supplements, it participates in 
the metabolism of thyroid hormone and DNA synthesis, and protects against infec-
tion and oxidative damage.

Selenium significantly contributes in the construction of the mitochondrial 
protective shield in sperm cells and interferes with the condition and function of 
sperm, and is potent in the treatment of impaired fertility [161].

Searching for a concrete proof of the advantages of in vivo selenium therapy is 
problematic, since various studies with a range of dosages have resulted in conflict-
ing results.

Iwanier and Zachara did not find any positive impact after 3 months of therapy 
with selenium at a dose of 200 mg day in 33 subfertile men [162].

In 1998, Scott and his colleagues executed a trial on a group of 64 men (compris-
ing of 46 men diagnosed with OAT and 16 classified as subfertile), dispensing sele-
nium alone or in combination with vitamins A, C and E at daily doses of 100 mg, 
1 mg, 10 mg and 15 mg respectively. No significant enhancement was observed 
in sperm concentration even after 3 months, although motility was increased in 
treated subjects [163].

However, most of the other studies have claimed enhancements in several 
parameters after several months of combined therapy with selenium and other 
antioxidants.

Vezina et al., reported that combination of selenium and vitamin E enhanced the 
sperm motility, morphology and viability, and the concentration, however, did not 
alter significantly, as previously discussed [145].

Keskes-Ammar et al., and Safarinejad employed a combination therapy—sele-
nium and vitamin E in the former and selenium and NAC in the latter—which 
enhanced the motility in both studies and improved the sperm count and morphol-
ogy in the latter [73, 164].

Besides, it has been demonstrated that Selenium is a fundamental element for 
semen quality and plays an important function in keeping reproductive  
condition [31, 48].



65

Role of Antioxidants Supplementation in the Treatment of Male Infertility
DOI: http://dx.doi.org/10.5772/intechopen.95891

4.2.7 Flavonoids

Flavonoids comprise of a very large heterogeneous group of benzopyran deriva-
tives found naturally in fruits, vegetables, and herbs. This group of plant antioxi-
dants has many beneficial health effects.

Flavonoids exhibit a positive health effect in cancer and neurodegenerative 
diseases, owing to their innate free radical-scavenging activities [154].

These flavonoid glycosides serve as extremely potent free radical scavengers 
[155, 156]. Some of the most popular and well-known antioxidant flavonoids also 
serve as prooxidants even when a transition metal is available [157].

Quercetinis one of the most abundant natural flavonoids found in a large variety 
of fruits and vegetables [158, 159].

The pentahydroxy flavone protect from oxidative injury and cell death by 
scavenging free radicals, donating hydrogen compound, quenching singlet oxygen, 
and shielding lipid peroxidation or chelating metal ions [160].

4.2.8 Selenium

Selenium is a very important trace mineral which is highly essential for the 
human body, including the immune system, cognitive function, and male and 
female fertility.

According to the United States Office of Dietary Supplements, it participates in 
the metabolism of thyroid hormone and DNA synthesis, and protects against infec-
tion and oxidative damage.

Selenium significantly contributes in the construction of the mitochondrial 
protective shield in sperm cells and interferes with the condition and function of 
sperm, and is potent in the treatment of impaired fertility [161].

Searching for a concrete proof of the advantages of in vivo selenium therapy is 
problematic, since various studies with a range of dosages have resulted in conflict-
ing results.

Iwanier and Zachara did not find any positive impact after 3 months of therapy 
with selenium at a dose of 200 mg day in 33 subfertile men [162].

In 1998, Scott and his colleagues executed a trial on a group of 64 men (compris-
ing of 46 men diagnosed with OAT and 16 classified as subfertile), dispensing sele-
nium alone or in combination with vitamins A, C and E at daily doses of 100 mg, 
1 mg, 10 mg and 15 mg respectively. No significant enhancement was observed 
in sperm concentration even after 3 months, although motility was increased in 
treated subjects [163].

However, most of the other studies have claimed enhancements in several 
parameters after several months of combined therapy with selenium and other 
antioxidants.

Vezina et al., reported that combination of selenium and vitamin E enhanced the 
sperm motility, morphology and viability, and the concentration, however, did not 
alter significantly, as previously discussed [145].

Keskes-Ammar et al., and Safarinejad employed a combination therapy—sele-
nium and vitamin E in the former and selenium and NAC in the latter—which 
enhanced the motility in both studies and improved the sperm count and morphol-
ogy in the latter [73, 164].

Besides, it has been demonstrated that Selenium is a fundamental element for 
semen quality and plays an important function in keeping reproductive  
condition [31, 48].



Antioxidants - Benefits, Sources, Mechanisms of Action

66

4.2.9 Zinc

Zinc is an important micronutrient which also serves as a multifunctional co-
factor for more than 80 metallo enzymes involved in DNA transcription and protein 
synthesis [117]. Moreover, zinc finger proteins are extensively involved in the 
genetic expression of steroid hormone receptors [165], and it also has antioxidant 
[166] and anti-apoptotic properties [167].

An interesting correlation was also revealed between the level of Zn in serum 
and semen in oligozoospermic infertile men, with significantly decreased levels of 
Zn in serum and semen of men with fertility problems [168]. Zinc levels in seminal 
plasma have also been positively correlated with sperm concentration and motility 
in the literature [169, 170].

The Zinc in seminal plasma also serves as antioxidant and anti-bacterial agent 
which shields the semen from heavy metals accumulation [171].

Two studies were published in which ZnSO4 was utilized: in the first,  
500 mg/day of Zinc sulphate (ZnSO4) was dispensed to 100 asthenozoospermic 
men for 3 months, and a significant upturn in sperm count, motility and mem-
brane integrity was observed [172]. The second study, published 10 years later, 
employed a combination of drugs and Zinc sulphate (ZnSO4) has been postulated 
as an infertility treatment, although only a few studies have shown its impact on 
semen parameters when applied in vivo [173].

Wong et al. observed an elevated sperm count and enhanced semen concentra-
tion in a controlled trial with 103 infertile and 107 fertile men who had consumed 
5 mg folic acid and 66 mg ZnSO4 per day for 6 months, either alone or in combina-
tion but no enhancements in any of the sperm parameters, most notably concentra-
tion were observed [116].

Due to its key role in the processes of DNA compaction, administration of this 
micronutrient i.e. Zn was very successful in enhancing sperm morphology and 
DNA integrity in patients suffering from prostate abnormalities [174, 175].

High seminal Zn levels may provide harmful effect on the spermatozoa-zona 
pellucida-induced acrosome reaction in normozoospermic men [176].

Zinc, is extensively involved in processes of reproduction, not only in the 
hormone metabolism but also in sperm formation and in the regulation of sperm 
viability and motility [31].

4.2.10 Manganese (Mn)

Manganese (Mn2+) is one of the most abundant element which is widely distrib-
uted in soil, air, water, and food [177].

It is known by its ability to quench the superoxide anions and hydroxyl radicals 
and due to its chain breaking capacity [178].

The structural flexibility induced by Mn2+ is also vital for enzyme dynamics, 
since Mn is crucial for RNA polymerization [179].

Therefore, Manganese is an essential metal which serves as a co-factor for 
several enzymes and plays several important biological functions [180]. Mn2+ may 
stimulate the enzymes of glutathione cycle and interact with the total thiols (TSH), 
glutathione reduced (GSH), glutathione oxidized (GSSG) contents in human 
spermatozoa. It reduces the generation of thiobarbituric acid reactive substances. 
In several organisms, elevated intracellular manganese shields against oxidative 
damage via unknown pathways [181].

Few studies have evaluated the impact of Mn exposure on male reproductive 
health. Lafond et al., showed that decreased Mn levels in seminal plasma from men 
with diminished sperm densities [182]. Besides, Mn2+ is a very potent stimulator of 
sperm motility through the stimulation of adenylate cyclase activity [183].
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In addition, Manganese accelerates the progressive motility of human washed 
sperm in a time and dose dependent manner [184]. Moreover, it is proposed that 
anti-oxidative activity of Mn2+ stabilizes the plasma membrane, thereby sustaining 
the membrane integrity and viability [185].

Also, Mn is a necessary element for humans, but although it has several crucial 
functions for normal reproductive health, overexposure to Mn2 may be harmful to 
reproductive health [176, 186].

4.2.11 Pentoxyfilline (PTX)

PTX is a derivative of xanthine and a methylxanthine, it is a vasodilating com-
pound which increases red blood cell deformability, prevents from inflammatory 
reactions and decreases blood viscosity by avoiding platelet aggregation [187].

Pentoxifylline serves as a phosphodiesterase inhibitor and shields the cells from 
lipid peroxidation by H2O2, therefore it may be helpful to minimize H2O2 induced 
embryo damage and improve IVF outcome [188].

Controversial outcomes were presented in various studies. Some studies 
reported that the pentoxifylline exerts a beneficial effect on sperm parameters, 
by decreasing the superoxide anion generation [189–191] or by minimizing lipid 
peroxidation [191, 192]. However, Twigg et al., did not find any enhancement in 
lipid peroxidation after the utilization of 3.6 mmol/l of pentoxifylline [88].

Safarinejad carried out a randomized controlled trial on a population compris-
ing of men with idiopathic Oligoasthenoteratozoospermie (OAT). He investigated 
the response of semen parameters to supplementation with 400 mg of PTX twice 
daily for a 24-week therapy phase followed by a 12-week therapy-free period. The 
outcomes of that study revealed a significant enhancement in seminal parameters 
such as concentration, motility, and morphology [91].

It was also reported that PTX exhibited a positive impact on ICSI outcomes, 
including fertilization, embryo quality, and pregnancy rates, in asthenozoospermic 
patients [187].

In conclusion, antioxidants intake separately or combined for at least three 
monthes is advisable for patients who planning to undergoing ART therapy.
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Antioxidants in Female 
Reproductive Biology
Banashree Nath and Hirok Roy

Abstract

Human female reproductive biology is a complex system and its pathologies are 
varied. However, majority of the pathologic processes involves the role of reactive 
oxygen species (ROS). Imbalance between the ROS and antioxidants results in oxi-
dative stress (OS). OS is the pathognomonic factor in various female reproductive 
system ailments. OS contributes to the pathophysiology of infertility, pregnancy 
related complications, endometriosis, ovarian cancers, etc. Evidence of elevated 
oxidative stress biomarkers can be found in various inflammatory conditions. 
Numerous strategies have been postulated for management of OS related pathologic 
conditions. Antioxidants supplementation may play a crucial in prevention and 
management of these conditions. However, robust evidence is needed to support 
the role of antioxidants supplementation in various female reproductive disorders.

Keywords: free radicals, oxidative stress, cellular damage, antioxidants, female 
reproductive tract diseases

1. Introduction

Oxygen is vital for sustaining life. However, its damaging effect on living cells 
through production of reactive oxygen species is a paradox of cell metabolism [1]. 
These free radicals with unpaired electrons are toxins that are produced as the body 
cells uses oxygen to sustain for processing food or reacting to the environment. 
They have damaging effect through adverse reactions to various components of 
the cell [2].

Antioxidants also called “free-radical scavengers”, are biological and chemical sub-
stances that fights the damage to cells caused by free radicals produced in our body. 
These are metabolites and enzymes that either prevent formation of free radicals or 
clear them from the body before they exert harmful effects on the integral compo-
nents of cell such as DNA, proteins and lipids [1, 3]. Ineffective elimination of free 
radicals leads to oxidative stress. Oxidative stress is the pathognomonic factor in vari-
ous female reproductive system ailments. Diverse effects of free radicals on female 
reproductive system are subject to location, concentration and the extent of exposure 
to these molecules [4]. Oxidative stress can affect manifold physiological mecha-
nisms such as oocyte maturation, fertilization, implantation, embryo development 
and hence contributes to the pathophysiology of pregnancy related complications, 
endometriosis, polycystic ovarian disease, unexplained infertility and gynecological 
cancers [5]. The objective of this chapter is to discuss the influence of antioxidants in 
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different physiological processes to maintain healthy female reproductive function 
and their role in the prevention of various diseases of the female genital tract.

2. Free radicals

Free radicals are products of normal cellular metabolism with an unpaired 
electron which makes them highly reactive and unstable [6, 7]. They have high 
tendency to react with other molecules to initiate a chain of reactions resulting 
in cellular damage and disease [8]. They are mainly of two types: reactive oxygen 
 species (ROS) and reactive nitrogen species (RNS).

2.1 Reactive oxygen species

Reactive oxygen species (ROS) comprise of mainly three types: (a) superoxide 
anion (O2

−), (b) hydrogen peroxide (H2O2), and (c) hydroxyl radical (HO•) pro-
duced due to partial reduction of oxygen [8]. Endogenous sources of free radicals 
and other ROS in the body originate from the basic reactions of metabolism essen-
tial for sustenance of life while exogenous sources are essentially due to hazardous 
exposure to X-rays, ozone, cigarette smoking, air pollutants, certain drugs and 
pesticides, and industrial chemicals [9]. Origin of endogenous free radicals may be 
from: mitochondria, xanthine oxidase, peroxisomes, inflammation, phagocytosis, 
arachidonate pathways, exercise, ischemia/reperfusion injury [10]. Enzymatic and 
nonenzymatic reactions both give rise to free radicals in the body. Most of enzy-
matic reactions occur in respiratory chain, phagocytosis, prostaglandin synthesis 
and cytochrome P-450 system [11] while nonenzymatic reactions are those of 
oxygen with organic compounds and ionizing reactions [12].

ROS have been associated with a number of diseases of female reproductive tract 
as their presence in ovaries, [13–17], fallopian tubes [18] and embryos [19] have 
been established in various animal and human studies. ROS has been implicated 
in the regulation of integral functioning of female reproductive organs viz. oocyte 
maturation, ovarian steroidogenesis, embryo metabolism, corpus luteal function 
and luteolysis [13, 14, 20].

ROS are formed from normal cellular metabolism and comprises of oxygen ions, 
free radicals and peroxides. They take part in chemical reactions that remove their 
unpaired electron. Either an increase in levels of ROS or a decline in the antioxidant 
defence system of cells causes oxidative stress that induces direct or indirect ROS-
mediated macro molecular damage of nucleic acids, proteins, and lipids. This has 
significant implications in pathogenesis of carcinogenesis [21], neurodegeneration 
[22, 23], atherosclerosis, diabetes [24], and aging [25]. ROS is assumed to regulate 
signalling of cellular pathways by which it may contribute to tumour metastasis 
by gene activation [26]. The knowledge of chemo-interactive processes occurring 
between the ROS and various molecules involved in the cellular signalling pathways 
is crucial for understanding the pathogenesis of oxidative stress. Redox reaction 
between different protein residues and the ROS is the core component of this 
chemo-interactive process. This redox reaction results in the oxidation of cysteine 
residues on proteins to form reactive sulfenic acid (−SOH). Further oxidation of 
sulfenic acid (−SOH) results in the formation of sulfinic (−SO2H) or sulfonic  
(−SO3H) acid or sulfenamide (in presence of nitrogen). Oxidation of these protein 
components results in various ultrastructural changes and/or functional alteration. 
Some of these alterations are reversible with the aid of antioxidant defence mecha-
nism viz. thioredoxin pathways but rest of the alteration especially involving the 
generation of sulfonic acid results in permanent damage [2].
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2.2 Reactive nitrogen species (RNS)

Nitric oxide–derived compounds, which includes nitroxyl anion, nitrosonium 
cation, higher oxides of nitrogen, S-nitrosothiols, and dinitrosyl iron complexes are 
reactive nitrogen species (RNS). RNS are considered to modulate the physiologic 
processes of many living cells which may include smooth muscle cells, cardio-
myocytes, platelets, and nervous and juxtaglomerular cells. Nitric oxide (NO) is 
formed when L-arginine is converted to L-citrulline by nitric oxide synthase (NOS) 
[27–29]. NO plays a vital role in modulating diverse physiological mechanisms 
such as relaxation of arterial and venous smooth muscles and inhibition of platelet 
 aggregation but excess of NO may not have favourable consequences [28, 30]. 
NO with an unpaired electron is highly reactive and can induce harmful effects to 
proteins, carbohydrates, nucleotides and lipids. Along with synergistic effects from 
other mediators of inflammation, this free radical can cause tissue damage, inflam-
mation and adhesions by inducing nitrosative stress [28].

Nitrosative stress has been linked to inflammatory vascular disease in pregnant 
women such as preeclampsia where the pathognomonic features include hyperten-
sion along with generalized endothelial dysfunction, proteinuria, and foetal growth 
restriction [31]. There is surge in production of nitric oxide due to vascular inflam-
mation induced by shed membrane particles of leukocytes and platelets along with 
elevated levels of microparticles from plasma membrane of apoptotic or activated 
circulating cells or cells of the vascular wall [32, 33] resulting in generation of pro-
inflammatory proteins. Platelet microparticles more precisely are pro-inflammatory 
and hence contribute markedly for nitrosative stress in the vascular wall [34].

3. Antioxidants

To combat the adverse effect of oxidative stress, human body has evolved vari-
ous defense mechanisms viz. preventive and repair mechanisms, physical defenses, 
and antioxidant system. Antioxidants can be chemically described as any molecule 
that can donate electron/s or act as a reducing agent in a redox reaction resulting 
in conversion of a reactive molecule in to a relatively stable and inert substances. 
Antioxidants by its virtue as an electron donor can react with ROS, resulting in sup-
pression of oxidative stress [35]. However, this simple way to describe “antioxidants” 
cannot be justified and it has much wider connotations and complexity. The ability 
of a molecule to participate in a redox reaction with a ROS is not only the distinguish-
ing feature for an antioxidant. There are numerous molecules which can interact with 
a ROS resulting from the modulation of inflammatory cascades. Inhibitor molecules 
for NADPH oxidase and lipoxygenases as well as cofactors for antioxidant enzymes, 
and metal chelators which can negate the ROS levels, can also be termed as antioxi-
dants. However, it should be remembered that in an appropriate environment, many 
of these antioxidants may function as a prooxidant due the inherited redox potential 
of these substances [36, 37]. Hence, proper understanding of these diverse molecules 
is critically needed prior to formulating rational antioxidant therapies. Antioxidants 
can broadly be classified as enzymatic and non-enzymatic as depicted in Table 1.

Antioxidants, both endogenous and exogenous in origin, counteracts free 
radicals mediated injury in an interactive and synergistical ways (Table 2) [38].

3.1 Enzymatic antioxidants

Enzymatic antioxidants are endogenously synthesized molecules and are more 
efficacious as free radical scavenging role. These antioxidants have transition 
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metal core which are capable of transfer of electrons essential for redox reaction 
with ROS and thereby, effectively neutralizing the adverse effects of ROS. These 
endogenously produced enzymes include superoxide dismutase enzymes (SODs), 
glutathione peroxidase, catalases, and glutathione oxidase.

Superoxide dismutase: SOD is an enzyme system that catalyzes the of the super-
oxide (O2−) radical into ordinary molecular oxygen (O2) and hydrogen peroxide 
(H2O2). SODs are group of metalloproteins and its enzymatic functions were 
first discovered by Irwin Fridovich and Joe McCord at Duke University in 1968 
[39]. There are various isoforms of this enzyme but in humans, it exists mainly 
in three isoforms viz. SOD1, SOD2 and SOD3. SOD1 is located in the cytoplasm, 
SOD2 is predominantly found in the mitochondria, and SOD3 is extracellular. 
The genes are located on chromosomes 21, 6, and 4, respectively (21q22.1, 6q25.3 
and 4p15.3-p15.1). SOD1 is a dimer, whereas SOD2 and SOD3 are tetramers. SOD1 
contains a core of two metal cofactors comprising of copper (Cu) and zinc (Zn). 
Mitochondrial SOD2 contains manganese and is encoded by nuclear DNA. SOD3, 
the extracellular enzyme, Cu-Zn has in its reactive center.

ROS Neutralizing antioxidants

Hydroxyl radical Vitamin C, Glutathione, Flavonoids, Lipoic acid

Superoxide radical Vitamin C, Glutathione, Flavonoids, Superoxide dismutase

Hydrogen peroxide Vitamin C, Glutathione, beta carotene, Vitamin-E, flavonoids, lipoic acid

Lipid peroxides Beta-carotene, Vitamin-E, Ubiquinone, flavonoids, Glutathione peroxidase

Table 2. 
ROS and Neutralizing Antioxidants.

Enzymatic antioxidants Non-enzymatic antioxidants

Superoxide dismutases (SOD) a. Endogenous Antioxidants

Peroxidases • Bilirubin

Catalases • Uric acid

Thioredoxin (Trx) system • NADPH and NADH

• Thiols, e.g., glutathione, N-acetyl cysteine

• Ubiquinone

b. Dietary Antioxidants & micronutrients

• Vitamin A, C, E and the B complex, Zinc, Selenium

• Beta carotene and other carotenoids

• Polyphenols, e.g., flavonoids, flavones

c. Metal Binding Proteins

• Albumin (copper)

• Ferritin (iron)

• Myoglobin (iron)

• Transferrin (iron)

• Metallothionein (copper)

• Ceruloplasmin (copper)

Table 1. 
Classification of antioxidants.

87

Antioxidants in Female Reproductive Biology
DOI: http://dx.doi.org/10.5772/intechopen.95937

Glutathione peroxidase: It belongs to a large class of enzyme system called 
peroxidases. The primary biochemical function of glutathione peroxidase (GPx) 
is the conversion of lipid hydroperoxides to their corresponding alcohols and to 
reduce free hydrogen peroxide to water, which is the crucial function as an anti-
oxidant. GPx exists in eight different isoforms in humans and contains selenium 
as its reactive core. It is a tetrameric enzyme with the exception of GPx4 which is a 
monomeric enzyme.

Catalases: It is an iron containing enzyme which catalyzes the biotransformation 
of hydrogen peroxide to non-reactive water and oxygen.

Apart from these endogenous enzymatic antioxidants, thioredoxin plays a 
central role in humans as a defensive response to ROS. They act as antioxidants by 
facilitating the reduction of other proteins by cysteine thiol-disulfide exchange. 
They also play an important role in cell survival [40].

3.2 Nonenzymatic antioxidants

Nonenzymatic antioxidants comprises of various exogenous dietary nutrients 
as well as endogenous compounds. They may act directly as an antioxidant or as an 
adjuvant to others molecules which participates in redox reaction.

Vitamin C and vitamin E plays a central role as defense mechanism against 
ROS. They act synergistically as a redox buffer to reduce the impact of oxidative 
stress imposed by various ROS. Vitamin C neutralizes superoxide radicals as well 
as other singlet oxygen species. Vitamin E is a potent scavenger of peroxyl radi-
cals. α-tocopherol has the most potent antioxidant capabilities compared to other 
tocopherols due to the fact that H+ donating ability of different tocols increases in 
efficiency with greater ring methyl substitution. Thiols like glutathione is another 
endogenous antioxidant found in humans and is also can be found in oocytes 
and embryos in abundant amount. They exert their effect by virtue of its thiol 
component of cysteine residue which take part in the redox reaction. Moreover, 
glutathione can act as a cofactor for several antioxidant enzymes viz. glutathione 
peroxidase (GPx) and glutathione transferase [41]. Various micronutrients like Zn, 
Se, Cu aids the enzymatic antioxidants to counter the ill-effects of OS. Metal bind-
ing proteins like transferrin and ceruloplasmin combines with free iron ions which 
is a vital component of redox reaction (Fenton). Bilirubin is a tetrapyrrole pigment 
which possesses potent antioxidant and anti-inflammatory properties. This remark-
able antioxidant activity appears likely to stem largely from the inhibitory action 
of unconjugated bilirubin over common isoforms of NADPH oxidase, which is an 
active participant of superoxide-generating reactions [42–44]. Another endogenous 
molecule bearing potent antioxidant property is uric acid. Uric acid is an efficient 
oxygen radical scavenger. At physiological concentrations, urate reduces the oxo-
heme oxidant formed by peroxide reaction with hemoglobin, thereby, protecting 
the erythrocytes from lysis due to lipid peroxidation.

4. Female reproductive diseases

The prooxidants and antioxidants work in synchrony to maintain a balance in 
the milieu of cellular metabolism. When this mechanism fails, oxidative stress is the 
sequelae. Prooxidant generation is influenced by cyto- chrome P450, and the corpus 
luteum is presumed to be one of its key sources [45]. The crucial role of free radicals 
in regulating the various physiological reproductive processes renders its influence 
on the oocytes, sperm, and embryos and their microenvironments. These changes 
in microenvironment has a direct bearing on follicular fluid, hydro salpingeal fluid, 
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and peritoneal fluid which substantially determine the oocytes quality, interaction 
between sperm and oocyte, implantation of embryo and its early development 
[46–48]. Hence oxidative stress can affect the prospects of a favourable pregnancy 
and is also attributed to pathophysiology of endometriosis, hydrosalpinges, poly-
cystic ovary syndrome (PCOS), and unexplained subfertility [49].

4.1 Female subfertility

World Health Organization (WHO) defines Infertility or subfertility as the 
“failure to achieve a clinical pregnancy after 12 months or more of regular unpro-
tected sexual intercourse” [50]. With 48.5 million couples infertile globally [51], it is 
a health concern spread worldwide in which female factors are assumed to contrib-
ute to 40–50% percent of cases [52, 53]. Ovulatory dysfunction, tubal and pelvic 
pathology, endometriosis, and poor egg quality are among the most common causes 
of female subfertility while reproductive age and body mass index (BMI) are vital 
demographic determinants [54]. Notwithstanding the evidence of obvious patholo-
gies, role of toxic products produced during oxidative stress in the occurrence of 
female subfertility is well established [55, 56].

ROS however has dual role. It may serve as key modulating agent in numerous 
physiological processes while in excess may cause cellular damage. The equivalence in 
the body is maintained by appropriate levels of antioxidants and hence determining 
the levels of the antioxidants as total antioxidant capacity (TAC) has been investigated 
in many studies [57–59]. Ovulation is one of key physiologic process in female that 
is evidenced by high numbers of macrophages and neutrophilic granulocytes in the 
follicle wall along with fast metabolism of granulosa cells. This gives high probability 
of ROS generation which may be essential for oocyte development and consequent 
progression to embryo. ROS are assumed to influence oocyte maturation [60] lute-
olysis [61, 62] progesterone secretion by the corpus luteum [63, 64] ovulation and 
follicular atresia [65]. ROS are linked to single follicle generation by stimulating atretic 
regression of the cohort of newly grown follicles through its action on granulosa cells 
to exhaust its reactivity to gonadotrophic hormones and steroidogenic function [65]. 
Pasqualotto et al. [66] found positive correlation of lipid peroxidation (LPO) and total 
antioxidant capacity (TAC) in pooled FF to pregnancy rate hence concluding high 
levels of LPO do promote oocyte and embryo development and enhance their quality.

Several studies have documented benefits of supplementary antioxidants in such 
cases with diverse methods of action. Vitamin E is assumed to improve epithelial 
growth in blood vessels and in the endometrium [67]. N- acetyl-cysteine improves 
cervical mucus for sperm penetration and also helps in ovulation [68]; L-arginine 
increases endometrial blood flow for successful implantation [69]; Myo-inositol 
improves ovarian function by decreasing levels of androgen and increasing sen-
sitivity to insulin [70] while PUFAs promotes prostaglandin and steroid hormone 
synthesis apart from contributing to formation of cell membranes of the sperm 
and oocyte essential for fertilisation [71]. Even in Assisted reproductive technol-
ogy, ROS may arise from cumulus cells, leucocytes, and culture media. Hence IVF 
cycles will yield better results if patients are screened for oxidative stress levels 
[72]. Culture medium are supplemented with antioxidants like β-mercaptoethanol, 
protein, vitamin E, vitamin C, cysteamine, cysteine, taurine and hypotaurine, 
and thiols to enhance the growth and maturation of embryos by downplaying the 
effects of ROS. ROS are scavenged by antioxidants and subsequently exert favour-
able effects by reducing blastocyst degeneration, embryo apoptosis and increasing 
hatching of blastocysts. Improvement of sperm morphology and preimplantation 
embryo development as well as reduction of developmental defects are reported 
with inclusion of antioxidants in the treatment protocol of infertile patients [73].
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4.2 Endometriosis

Endometriosis is defined as the presence of endometrial tissue outside of 
uterine cavity which lead to chronic inflammatory reaction [74]. It affects 6–10% 
of women in the general female population and is prevalent in 30–45% of patients 
with infertility or chronic pelvic pain [75, 76]. It is one of the most widespread 
gynaecological diseases and women present mostly with significant cyclic pelvic 
pain that escalate just prior to starting of menses and subside with onset of blood 
flow. In a few atypical cases, patients may not have any complaint and hence poses 
a dilemma for diagnosis [77]. This oestrogen dependent female pelvic pathology is 
mainly diagnosed by laparoscopy or laparotomy and confirmed by histopathologi-
cal examination of retrieved pelvic tissues [78].

There are innumerable theories of the pathophysiology of endometriosis. The 
origin of OS in endometriosis is assumed to be induced by apoptotic endometrial 
tissue which get implanted in peritoneal cavity through retrograde menstrua-
tion. This tissue along with menstrual effluent are assumed to be antigenic and 
activate macrophages. Consequently, the number and activity of macrophages in 
the peritoneal fluid (PF) increase that phagocytose antigens. This results in release 
of inflammatory cytokines such as interleukin (IL) 2, 4, 10, TNF-a and IFN-g 
[79, 80] and serum and peritoneal IL-33 in cases of deeply infiltrating endometrio-
sis [81]. Increased inflammatory activity is known to cause OS [82]. Apart from 
macrophages, there is upregulation of transcription factor NF-kB in endometriosis 
[83–85] which can activate many genes to further increase inflammation and 
promote progression of the disease [86]. ROS damage the fragile mesothelium thus 
facilitating adhesion and implantation of the endometrial cells to further promote 
progression of the disease [87]. Hence elevated Oxidative stress could be cause or 
a consequence of one of this debilitating diseases of females of reproductive age 
group [8].

Despite endometriosis being a disease with benign pathology, there are features 
in endometriosis identical to cancer such as the invasion of tissues, tendency to 
evade programmed cell death, distal spread and high propensity of angiogenesis. 
[88] which renders its close association to ROS reported in numerous studies 
[89, 90]. The essential feature of angiogenesis and immunity to apoptosis com-
mon to both endometriosis and tumorigenesis results in accelerated proliferation 
rate subsequently producing increased ROS. The pathogenesis of cellular dam-
age by ROS in both endometriosis and cancer cells is same. ROS acts as a second 
messenger of cell proliferation [91] by activating MAPK signalling pathways to 
accelerate cell proliferation. Hence this linkage between ROS and cell proliferation 
in cancer illustrates the definite role of elevated ROS in modulating cell prolifera-
tion in endometriosis. To elucidate the fact, NgÔ et al. [91] used purified stromal 
and epithelial cells from ovarian endometrioma and ectopic endometrium of 
endometriosis to create cell lines. The experiment showed endometriotic cells 
had high OS levels with increased ROS production and decreased catalase levels. 
There was increased cellular proliferation and activation of ERK1/2. A group 
of enzymes called MMPs also contribute to increase ROS in the pathogenesis of 
endometrial disease. MMPs facilitate implantation of ectopic endometrial cells 
by degrading the extracellular matrix of the peritoneal mesothelium [92]. Hence 
the recent strategies to reduce oxidative stress for effective treatment of endome-
triosis in preference to creating non-oestrogen environment by pharmacological 
intervention has been gaining evidence. Studies showed there is decrease in 
symptoms with antioxidant (vitamin E, vitamin C, zinc and selenium) intake [93] 
as well as improvement in antioxidant markers with antioxidant rich diet [94]. 
Aminoguanidine through OS reduction prevent adhesion to peritoneal surface. 



Antioxidants - Benefits, Sources, Mechanisms of Action

88

and peritoneal fluid which substantially determine the oocytes quality, interaction 
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improves ovarian function by decreasing levels of androgen and increasing sen-
sitivity to insulin [70] while PUFAs promotes prostaglandin and steroid hormone 
synthesis apart from contributing to formation of cell membranes of the sperm 
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and thiols to enhance the growth and maturation of embryos by downplaying the 
effects of ROS. ROS are scavenged by antioxidants and subsequently exert favour-
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There are a number of compounds that can act as antioxidants and can manifest 
its favourable effects in improving the symptoms of endometriosis.

Vitamin C is required for carrying out diverse physiological processes of the 
body. Humans and other primates acquire it from exogenous sources that acts as 
co-factor for a number of enzymes, most notably hydroxylases involved in collagen 
synthesis apart from being an effective antioxidant. Vitamin E is a lipid-soluble 
antioxidant that scavenges peroxyl radical to eliminate the effect of free radicals and 
get transformed to tocopheryl radical that is subsequently reduced by a hydrogen 
donor (as Vitamin C) to return to its reduced state [95].

Resveratrol is a natural polyphenolic flavonoid having antineoplastic, anti-
inflammatory and antioxidant properties [96]. It is synthesized by plants following 
exposure to ultraviolet radiation. Its anti-inflammatory effect is mediated through 
inhibition of cytokines (tumor necrosis factor-a, IL-6, IL-8), VEGF and monocyte 
chemotactic protein 1. It inhibits production of ROS by monocytes, macrophages 
and lymphocytes and regulate cell proliferation and apoptosis by inhibiting NF-kB 
[97]. It reduces VEGF levels to prevent angiogenesis [98]. Resveratrol is already 
used in the treatment of several clinical conditions such as cardiovascular diseases, 
cancer, type-2 diabetes mellitus and neurodegenerative diseases and is being 
explored for its impact in the treatment of endometriosis.

Melatonin is secreted by pineal gland predominantly during the night and has 
potent antioxidant effects. It is also shown to stimulate antioxidant enzymes [99]. 
It can induce down-regulation of MMPs. Hence its mode of action as antioxidant 
in endometriosis can range from scavenging toxic free radicals [100] to regulating 
levels of MMPs in ectopic and eutopic endometrial tissue [101, 102]. It can also act 
as antioxidant enzymes stimulator [99].

N-acetyl-L-cysteine (NAC) is another antioxidant which is precursor of gluta-
thione [103] and is found to inhibit proliferation of endometrial cells [104, 105]. 
It acts through its ability to limit tissue invasion [106] and suppression of NF-kB 
activation which acts as a transcriptional factor in the pathophysiology of endome-
triosis [107]. Its other mode of action is linked to activation of the immune system 
by increasing IL-2 levels and the expression of CD25 on T cells [107] apart from 
expression of membrane TNF-a expression [103].

Xanthohumol is extracted from Humulus lupulus (species of flowering plant of 
Cannabaceae) and has antioxidant and anti-inflammatory properties. Rudzitis-
Auth et al. suggested Xanthohumol if taken through dietary supplements is effec-
tive for selective treatment of endometriotic lesions [108]. It acts by inhibition of 
NF-kB signaling pathway [109] as well as decreasing production of NO by through 
suppressing of NO synthase [110].

Epigallocatechin-3-gallate (EGCG) is another antioxidant found in green tea 
which has also antimitotic and antiangiogenic properties [111]. The effect of EGCG 
on endometriosis is studied both in vitro and in vivo and is assumed to reduce OS 
by VEGF reduction and inhibition of angiogenesis. It also inhibits cell proliferation, 
migration and invasion of endometrial cells [112].

4.3 Pre-ecclampsia

Pre-ecclampsia involves gradual development of hypertension (systolic blood 
pressure ≥ 140 mm Hg and/or diastolic blood pressure ≥ 90 mm Hg), or deteriora-
tion of pre-existing hypertension, proteinuria (300 mg/L or more in 24 h), general-
ized oedema, and sometimes blood clotting disorders occurring after 20 weeks of 
gestation [113]. Severe preeclampsia may progress to eclampsia and the HELLP 
syndrome, which involves haemolysis, elevated liver enzymes and low platelets. The 
spectrum of these hypertensive disorders can impose serious foetal morbidity like 
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intrauterine growth restriction and preterm births which has further implications 
of early neonatal death and infant mortality. The pathophysiology of pre-eclampsia 
still remains a subject of research. The existing theories suggest incomplete cyto-
trophoblast invasion into the spiral arteries in the uterus that causes malformed 
placenta leading to deficient perfusion of placenta. Role of antiplatelet agents and 
calcium supplements to delay this process are being studied [114, 115]. This inad-
equate placental perfusion may induce OS with decline in concentrations of anti-
oxidants in plasma and placenta [116, 117]. This complemented with inflammatory 
response of body cause damage to endothelial cells resulting in signs and symptoms 
of pre-eclampsia. Antioxidants prevent oxidation of proteins and enzymes, destroy 
free radicals, and preserve the integrity of cellular membrane [118]. Hence dietary 
or therapeutic antioxidant supplements in women can possibly eliminate the delete-
rious effects of OS and uteroplacental endothelial damage evident in preeclampsia. 
A few recent meta-analysis however failed to show any beneficial role of antioxi-
dant therapy on prevention of PE [119, 120]. More trials are needed to establish the 
effect of antioxidants on pre-eclampsia and to provide evidence-based information 
on its adverse effects and long-term consequences on the growth and development 
of the children.

4.4 Peripheral neuropathy in obstetrics

Pregnant women are prone to a number of neuropathic syndromes due to 
physical changes resulting from enlargement of the uterus and the gradual growth 
of the foetus. The subsequential postural changes and nutation of the pelvic girdle 
and vertebrae due to high concentrations of relaxin released from the tenth week of 
gestation gives rise to low back pain and entrapment neuropathies. Analgesic drugs 
and surgery being contraindicated in pregnancy, the best approach to treat such 
morbidity in pregnancy remains a dilemma. Rehabilitation therapies and neuro-
protectors in such cases have proved effective in relieving pain and paraesthesia 
of peripheral neuropathies [121]. Role of antioxidants as neuroprotective agents 
are investigated lately. One of such agent is alpha-lipoic acid (ALA) which acts as 
a powerful antioxidant in the body. It exerts its functions in every cell and tissue 
in the body due to its solubility in both water and fat. This potent antioxidant can 
modulate many inflammatory pathways through its inhibitory effect on production 
of vascular and intracellular adhesion molecules (VCAM-1 and ICAM-1), reducing 
the expression of CD4 on blood mononuclear cells, secretion of tumour necrosis 
factor (TNF)-∝ and inhibition of natural killer (NK) cells [122]. It also has direct 
inhibitory action on the transcription factor NF-κB which regulates the expression 
of various genes associated with inflammatory response and cell apoptosis [123]. 
Hence supplementation with ALA by virtue of its antioxidant and anti-inflamma-
tory action has been shown to relieve pain and paraesthesia in patients with sciatica, 
carpal tunnel syndrome and diabetic neuropathy [124–127].

ALA supplementation at doses of up to 2400 mg/day and intravenous adminis-
tration of 600 mg/day seemed to be safe in humans [123]. The safety of this potent 
antioxidant in pregnant women are yet to be established, however several studies 
have credited its role in the prevention of premature rupture of membranes, threat-
ened miscarriage and gestational diabetes [128].

4.5 Gynecological (ovarian, endometrial and cervical) cancers

Gynaecological cancers present a diagnostic challenge in early stage since the 
symptoms appear mostly when the disease has metastasized. Two third cases are 
diagnosed in advanced stage accounting for high fatality-to-case ratio among all 
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malignancies in women [129]. The process of carcinogenesis occurs in multiple 
steps starting from normal cell to pre-cancerous stage and finally to an early stage 
of cancer [130]. A single cell undergoes sequential events in the form of initiation, 
promotion and progression to finally turn cancerous. ROS can act in all the three 
stages to stimulate carcinogenesis [131].

Initiation is the first stage of carcinogenesis and is executed as a consequence 
of an irreversible genetic alteration, that may be either simple mutations, trans-
versions, transitions, and/or small deletions in DNA. DNA damage by oxidation 
can also occur through hydroxyl radical produced from H2O2. Increased oxidative 
stress may deplete the endogenous antioxidant reserves and activate endonucleases 
resulting in DNA fragmentation [130]. The second stage of promotion is revers-
ible and it mediates promoter-receptor interactions to influence expression of the 
genome. Tumour promoters induce production of oxygen radical by modulating 
metabolic processes of cells. These oxygen radicals through modulation of gene 
associated with proliferation or cell death can induce the expression of mutated cell 
clones. However low levels of oxidative stress can promote cell division and tumour 
growth whereas high levels have cytotoxic effects and can hinder cell proliferation 
[131, 132]. In the ultimate stage of progression there is karyotypic instability and 
malignant growth. Progression is characterized by expeditious proliferation of cells, 
elusion from immune suppression, tissue invasion and metastasis [133]. Genesis of 
abundant free radicals along with increase in the level of oxidized DNA bases dur-
ing oxidative stress may incite some tumours to mutate, inhibit anti-proteases and 
cause damage to local tissues [134]. In fully developed cancer cells, these modified 
DNA bases may induce genetic instability and metastatic propensity [135].

Diverse natural substances have been recognised to have role in cancer preven-
tion [136] and treatment [137] when supplemented with chemotherapy, radio-
therapy, and surgery. The drugs used in radiotherapy and chemotherapy can cause 
diverse tissue and organ damage through generation of free radicals which can also 
induce carcinogenesis [138]. Several studies reported that using antioxidants with 
anticancer drug therapy can significantly decrease these cellular damages and is 
associated with reduced risk of all-cause mortality and recurrence risk [138, 139].

However, many natural antioxidants may depict conflicting properties in cancer 
cells. The actions vary according to their concentration. With the possibility of 
antioxidants causing direct damage to DNA and the cell, speculations are arising 
on the role of antioxidant in the causation of cancer [140]. Recent studies suggest 
supplementation of antioxidants in high doses may have ill effects on health. The 
association of high doses of beta- carotene with lung cancer in smokers and high 
doses of vitamin E with that of prostate cancer are some examples of health hazards 
of antioxidants [141].

Hence the biological characteristics of natural antioxidants are assumed being 
beneficial or harmful depending on their concentration. The natural substances 
exhibit their antioxidant potential in lower concentration by increasing the expres-
sion of ROS scavengers while higher concentration can generate oxidative stress.

4.6 Polycystic ovarian disease

Polycystic ovary syndrome (PCOS) is a major public health disorder affect-
ing 5–21% of women in reproductive age group. This most common endocrine 
disorder among reproductive-aged women has multitude of manifestations that 
includes reproductive (hyperandrogenism, hirsutism, anovulation, infertility, and 
menstrual disturbance), metabolic (obesity, diabetes mellitus and cardiovascular 
risk), and psychological (mood disorders and decreased quality of life) components 
[142]. Several studies undertaken still fail to unravel the pathophysiology of PCOS 
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with theories attributing the clinical phenomenon to oxidative stress, inflamma-
tion, endothelial injury and genetic mechanisms. Markers of OS are considerably 
elevated in patients with PCOS and are assumed to play significant role in its 
pathogenesis [143]. NAC (N-acetyl-cysteine) is an antioxidant which can influence 
insulin receptor activity and its secretion [144] and also has negative effects on 
apoptotic activity and can lower homocysteine levels [145]. NAC has shown favour-
able effects on ovulation induction in PCOS women and can be used as an adjuvant 
to drugs for ovulation induction [146].

4.7 Diabetes in pregnancy

Gestational diabetes mellitus can pose risk for subsequent development of later-
onset DM, metabolic syndrome, and cardiovascular disease [147]. Prevalence of 
diabetes is nearly 1–14% of pregnancies [148, 149]. Diabetes is a disease condition 
that could result in production of free radicals through glucose oxidation, altera-
tions in antioxidant defence system, lipid peroxidation, non-enzymatic glycation 
of proteins and oxidative destruction of glycated proteins [150–151]. Marked 
deficiency in antioxidant activity have also been reported during the development 
of gestational diabetes [152]. Levels of antioxidants such as selenium, zinc, and 
vitamin E are reported to be reduced in GDM [152, 153]. Even adequate intake 
of antioxidants through diet improves total antioxidant status (TAS) and overall 
health condition [154].

There are several means by which elevated blood glucose levels induce excess 
production of ROS [154–156]. High glucose levels during pregnancy can also bring 
teratogenic changes in foetus through chemical modification and complex rear-
rangements of DNA. These are brought about by glycation products from elevated 
glucose levels hence reflecting the significance of genomic injury that can disturb 
embryonic development. The deficiency states of membrane lipids, changes in 
biological prostaglandin cascade and the formation of excess free radicals bring 
about dysmorphogenesis in fetus in diabetic pregnancy [157]. There is decrease 
in antioxidant defence in women with GDM due to accelerated lipid peroxidation 
causing membrane damage. Lipid peroxidation generate hydroperoxides that 
alters prostaglandin cascade of biosynthesis and may contribute to the morbidity 
by impairing the antioxidant defence system [158, 159]. GDM also induces oxida-
tive stress in the foetus. Hence Increasing antioxidant intake during pregnancy 
remains an important part of promoting health status during pregnancy. Ahmed 
M. Maged et al reported lowered use of insulin dose for control of blood sugar with 
antioxidants supplementation in women with GDM. There was markedly improved 
neonatal outcome with decrease in NICU admission and less cases with RDS [160].

4.8 Abortion

Normal early pregnancy is subject to increase in oxygen concentration with 
more chances of ROS formation. This occurs from enzymes of respiratory reactions 
where electrons leak within the mitochondria. The syncytiotrophoblast by virtue 
of its position on the villous surface is highly vulnerable to OS due to direct expo-
sure to high intervillous PO2. The syncytiotrophoblast consequently suffer loss of 
function and degeneration. The vulnerability is also high due to lower concentration 
of antioxidant enzymes in the syncytiotrophoblast when compared to other villous 
tissues during early pregnancy. Even high levels of antioxidants needed to neutral-
ize and scavenge excessive ROS in women with recurrent abortion contributes to its 
pathogenesis apart from free radicals formed during the process. Studies reported 
there is elevated levels of lipoperoxides and significantly decreased vitamin A, E, 
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and beta carotene in women with recurrent pregnancy loss thus indicating that OS 
may be implicated in the occurrence of recurrent abortion. Studies further reported 
deficient glutathione peroxidase activity in women with recurrent abortion com-
pared to non-pregnant woman or healthy pregnancies [161–163]. Even concentra-
tion of selenium in the hair samples of women with recurrent abortion were found 
to be significantly lower when compared to healthy viable pregnancies [164].

With many studies affirming OS in the pathogenesis of recurrent abortion, 
supplementation of antioxidants during pregnancy have gained importance. 
Optimum dietary intake of antioxidants like vitamins C, E, and A, lycopenes, 
selenium compounds, lipoic acid, and ubiquinones have a role in the prevention of 
cellular damage and hence in the occurrence of recurrent pregnancy loss by scav-
enging ROS. Vitamin C and E are two antioxidants most explored and suggested 
to have beneficial role in scavenging free radicals and hence reduce the effects 
of OS in women with pregnancy loss. Both vitamins have been found to increase 
in normal pregnancy and decrease in conceptions with complications implying 
their use and consumption while balancing the OS found in such circumstances. 
However, the determination of appropriate dose and type of antioxidant is essential 
to prove its favourable effects without causing any harmful effects on the mother or 
 foetus [165, 166].

5. Conclusion

Free radicals and oxidative stress are assumed to influence diverse physiological 
functions in reproduction, as well as in conditions such as infertility, endometriosis, 
PCOS, abortion, hydatidiform mole, foetal embryopathies, peripheral neuropathy 
of pregnancy and other pregnancy complications such as GDM, IUGR and pre-
eclampsia. In-vivo evaluation of oxidative stress is still not accurately possible to 
assess. With many studies reporting role of OS in the physiological processes of 
reproductive tract, the lowest essential measure of ROS for sustenance of life which 
is well tolerated need to be specified. Extensive research on the role of different 
biomarkers in predicting the effects of ROS in averting the complications discussed 
above shall prove valuable. The effects of antioxidant therapy in preventing compli-
cations in deficient and sufficient individuals is indeed subject of research.
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Abstract

Mitochondrial reactive oxygen species (ROS) are involved in diabetic liver disease 
development. Diabetes impairs complex I activity and increases ROS production in 
liver mitochondria. The complex I produces ROS in forward electron transfer (FET) 
or in reverse electron transfer (RET) modes depending on the site of electron transfer 
blocking and the availability of respiratory substrates. Complex I activity depends 
on the phospholipid cardiolipin and the redox state of reactive thiols in the enzyme. 
Neither the underlying factors leading to complex I dysfunction nor the mode of ROS 
production have been elucidated in liver mitochondria in diabetes. We tested in liver 
mitochondria from streptozotocin (STZ) -induced diabetic rats if the addition of car-
diolipin or β-mercaptoethanol, a thiol reducing agent, recovers complex I activity and 
decreases ROS production with substrates inducing ROS production in FET or RET 
modes. Decreased complex I activity and enhanced ROS generation in FET mode was 
detected in mitochondria from diabetic rats. Complex I activity was fully restored 
with the combined treatment with cardiolipin plus β-mercaptoethanol, which also 
abated ROS generation in FET mode. This suggest that therapies restoring cardiolipin 
and reducing mitochondrial thiols might be useful to counteract impaired complex I 
activity and excessive ROS production in liver mitochondria in diabetes.

Keywords: diabetes, liver disease, electron transport chain, free radicals, NADH 
dehydrogenase

1. Introduction

Hyperglycemia causes liver injury in diabetic rats by inducing apoptosis via 
ERK1/2, p38, and NF-κB pathways [1]. These proteins can be activated by ROS [2]. 
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The sources of ROS in the diabetic liver includes activated NADPH oxidases [3] and 
the mitochondrial electron transport chain (ETC) [4]. Mitochondrial ROS are essen-
tial for the development diabetic liver injury, as evidenced by the therapeutic effect 
of mitochondria-targeted antioxidants on non-alcoholic fatty liver disease (NAFLD) 
[5], which is the manifestation of liver disease in the metabolic syndrome [6].

Diabetes impairs complex I activity in the ETC of liver mitochondria, leading 
to electron leak and increased ROS production [7–9]. The complex I is a large, 
L-shaped, multimeric protein that oxidizes NADH via a flavin mononucleotide 
(FMN) located at the soluble arm of the complex. Electrons are transferred then 
through a series of Fe-S clusters to a ubiquinone molecule placed in a binding site 
at the interface of the soluble and membrane arms of the complex I [10]. Complex 
I activity depends on interactions with the anionic phospholipid cardiolipin, 
enabling the access of ubiquinone molecules to its binding site and stabilizing the 
formation of channels for protonation pathways in the ubiquinone-binding site 
[11]. Lipid peroxidation, a key feature in the diabetic liver [12], modifies the spatial 
orientation of cardiolipin in the inner mitochondrial membrane, altering specific 
interactions between protein domains and cardiolipin [13]. Therefore, lipid per-
oxidation may disrupt electron transfer in the complex I by impairing cardiolipin 
function. Another factor decreasing complex I activity is the reversible oxidation of 
reactive thiols, which occurs by a drop in the ratio of reduced-to-oxidized glutathi-
one (GSH/GSSG) in mitochondria. Complex I activity can be recovered by increas-
ing the levels of GSH with a thiol reducing agent [14].

Decreased complex I activity lead to increased mitochondrial ROS production. ROS 
are produced in FET mode when NADH is oxidized by FMN but electron transfer is 
blocked at the ubiquinone-binding site in the complex I [15]. ROS may be also produced 
in RET mode when high succinate concentrations reduces the pool of ubiquinone and 
forces reverse electron flow from the ubiquinone-binding site to the FMN [16].

Previously, we have observed that diabetes exacerbates lipid peroxidation 
and decreases GSH/GSSG ratio in liver mitochondria [9]. As these events causes 
oxidative damage in cardiolipin and the oxidation of thiol groups in the complex I, 
respectively, the hypothesis of this study is that impaired complex I activity in liver 
mitochondria of diabetic rats may be restored by the in vitro treatment with cardio-
lipin and a thiol reducing agent. To address this hypothesis, we have treated isolated 
liver mitochondria from type 1, STZ-induced diabetic rats with β-mercaptoethanol, 
a thiol reducing agent [17], or with exogenous cardiolipin, which restitutes normal 
cardiolipin levels in mitochondria [18]. The results show that β-mercaptoethanol 
or cardiolipin partially restored complex I activity, while the combination of these 
agents fully recovers complex I activity. Moreover, diabetes increased ROS produc-
tion in the complex I only in FET mode, which was inhibited by the combined treat-
ment with β-mercaptoethanol plus cardiolipin. These results are discussed in the 
context of known structure–activity relationships for complex I and the importance 
of impaired liver metabolism in the development of insulin resistance.

2. Materials and methods

2.1 Animals and experimental groups

Male Long-Evans rats weighing 300–350 g were housed in a bioterioum with 
controlled temperature and 12 h/12 h dark/light cycles. The rats were fed ad libitum 
with a standard rodent chow (Laboratory Rodent Diet 5001, LabDiet, St. Louis, 
MO, USA) plus free access to water. Before diabetes induction, the animals were 
fasted overnight. Type 1 diabetes was induced by an intraperitoneal injection of 
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45 mg/Kg STZ. Five days later, blood glucose was measured and the animals with 
glucose levels ≥150 mg/dL were selected for the study. Blood glucose levels were 
assessed with an Accu-Chek glucometer (Roche DC México S.A de C.V.). All the 
procedures with animals were carried out in accordance with Federal Regulations 
for the Use and Care of Animals (NOM-062-ZOO-1999) issued by the Mexican 
Ministry of Agriculture.

2.2 Mitochondria isolation

After 90-days diabetes, rats were fasted by 12 h before the sacrifice. Rats were 
decapitated, the liver was extracted, weighted, and placed in a medium with 
220 mM mannitol, 70 mM sucrose, 2 mM MOPS and 1 mM EGTA (pH 7.4). The 
liver was cut in small fragments, washed, and homogenized with in a Potter-
Elvehjem homogenizer. The liver homogenate was centrifuged at 314 x g for 10 min. 
The supernatant was recovered and centrifuged at 4410 x g for 10 min. From this 
centrifugation, the supernatant was discarded, and the pellet was washed and 
resuspended with a medium containing 220 mM mannitol, 70 mM sucrose and 
2 mM MOPS (pH 7.4), and centrifuged at 6350 x g for 10 min. Finally, supernatant 
from the later centrifugation was discarded and the pellet was resuspended in 
500 μL of the latter medium. All the centrifugations were carried out at 4°C. The 
concentration of mitochondrial protein was assessed by the Biuret method.

2.3 Addition of cardiolipin to isolated mitochondria

Cardiolipin liposomes were fused with liver mitochondria to increase the con-
tent of this phospholipid in mitochondrial membranes as reported elsewhere [18]. 
Briefly, 1.7 mg cardiolipin (Sigma-Aldrich, St. Louis, MO, USA) was added to 1 mL 
25 mM KH2PO4 (pH 6.7). To obtain liposomes, this mixture was subjected to six 
cycles of sonication at 40 W for 2.5 min each with a Branson 450 sonifier (Branson 
Ultrasonics, Danbury, CT USA) under a N2 stream. Then, 1 mL of freshly prepared 
liposomes were mixed with 1 mg mitochondrial protein in 25 mM KH2PO4 buffer 
with constant stirring for 40 min. Mitochondria were centrifuged at 13684 x g for 
20 min to eliminate cardiolipin excess. Mitochondria were resuspended in 25 mM 
KH2PO4 buffer, and centrifuged again for 10 min at 13684 x g. The pellet was recov-
ered and resuspended in a medium with 250 mM sucrose and 10 mM Tris (pH 7.4).

2.4 Measurement of complex I activity and treatments with β-mercaptoethanol

Mitochondria were solubilized with Triton X-100 as reported previously [9]. 
Detergent-solubilized mitochondrial protein (0.1 mg/mL) was placed in a quartz 
cuvette with 1 mL 50 mM KH2PO4 buffer (pH 7.6) and incubated with 1 mM KCN 
and 1 μg antimycin A. After 5 min, 5 mM potassium ferricyanide was added as elec-
tron acceptor and the absorbance was registered at 340 nm for 1 min in a Shimadzu 
UV2550 spectrophotometer (Kyoto, Japan). Next, 1 mM NADH was added and the 
changes in the absorbance were further registered for 4 min. Complex I activity was 
calculated from the slopes of the time-traces of NADH oxidation. Mitochondria 
fused with cardiolipin liposomes were used to determine the effect of exogenously 
added cardiolipin on complex I activity. For complex I determinations in the pres-
ence of a thiol reductant, mitochondria were incubated 15 min before complex I 
assay in 50 mM KH2PO4 buffer (pH 7.6) with 25 or 50 μM β-mercaptoethanol [19]. 
To evaluate the effect of cardiolipin plus β-mercaptoethanol on complex I activity, 
mitochondria were first fused with cardiolipin liposomes and then treated with 
50 μM β-mercaptoethanol by the procedures described above.
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fused with cardiolipin liposomes were used to determine the effect of exogenously 
added cardiolipin on complex I activity. For complex I determinations in the pres-
ence of a thiol reductant, mitochondria were incubated 15 min before complex I 
assay in 50 mM KH2PO4 buffer (pH 7.6) with 25 or 50 μM β-mercaptoethanol [19]. 
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mitochondria were first fused with cardiolipin liposomes and then treated with 
50 μM β-mercaptoethanol by the procedures described above.
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2.5 Determination of ROS production

ROS generation was assessed in isolated mitochondria by measuring the oxida-
tion of the fluorescent probe 2′,7′-dichlorodihydrofluorescein (H2DCF) as previ-
ously described [9], except that some modifications in the experimental conditions 
were made to identify the mode by which ROS were produced. To assess ROS 
production in complex I by FET mode, 10 mM glutamate-malate was added as sub-
strate and the fluorescence of H2DCF was followed for 20 min. To determine ROS 
production in the complex I by RET mode, 10 mM succinate was added as substrate 
and the fluorescence was followed for 20 min. ROS production upstream complex I 
(i.e. in the complex II - complex IV segment of the ETC) was assessed by inhibiting 
RET with rotenone, a complex I inhibitor, and using succinate as substrate [16], 
after which the changes in fluorescence were evaluated for 20 min. The rate of ROS 
generation was expressed like the change in arbitrary units of fluorescence (ΔF) per 
min−1 per mg mitochondrial protein−1.

2.6 Statistical analysis

The number of independent experiments using different samples is indicated 
in the legend to each figure. The results are expressed as the mean ± standard 
error. Statistical differences between means were analyzed with Student’s t-test 
(P < 0.05), using the Sigma Plot (v11.0) software (Systat Software, Inc., San Jose, 
CA, USA).

3. Results

3.1 Blood glucose and relative liver weight

After 90 days of diabetes induction, blood glucose levels in control and diabetic 
rats were 98.2 and 347.1 mg/dL, respectively, (Figure 1A). Moreover, the liver 
weight in diabetic rats was 1.3- fold higher than in control rats (Figure 1B). This 
effect was more accentuated when liver-to-body weight ratios were compared, as 
the value of this parameter was almost two - fold higher in the diabetic rats than in 
the control animals (Figure 1C). These results confirm the presence of hyperglyce-
mia and a pathologic phenotype in the livers of STZ-induced diabetic rats.

3.2 Effects of β-mercaptoethanol and cardiolipin on complex I activity

The effect of diabetes on complex I activity of liver mitochondria is shown in 
the Figure 2. Complex I activity was 1.8 – fold lower in the mitochondria of diabetic 
rats than in mitochondria from the control group. On the other hand, isolated mito-
chondria from diabetic rats were incubated with 25 or 50 μM β-mercaptoethanol 
to evaluate at what extent thiol reduction recovers the activity of the complex 
I (Figure 2A). Both β-mercaptoethanol concentrations partially recovered the 
enzymatic activity, being this effect statistically significant only with 50 μM of 
β-mercaptoethanol. Thus, 50 μM of β-mercaptoethanol was chosen for the follow-
ing experiments. Of note, β-mercaptoethanol concentrations higher than 50 μM 
impaired complex I activity (data not shown).

Liver mitochondria from diabetic rats were incubated with cardiolipin to deter-
mine at what extent this phospholipid recovers complex I activity in diabetic rats 
(Figure 2B). It can be observed that cardiolipin addition restored complex I activity 
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Figure 1. 
Effects of diabetes on blood glucose levels (A), liver weight (B) and relative liver weight (C). Data are 
presented as the mean ± standard error of n ≥ 4. *P < 0.05 vs. control group (Student’s t-test).

Figure 2. 
Recovery of complex I activity in liver mitochondria from diabetic rats by the incubation with 
β-mercaptoethanol (β-ME) (A), cardiolipin (CL) (B), or cardiolipin plus 50 μM β-mercaptoethanol (CL+ 
β-ME) (C). Data are presented as the mean ± standard error of n ≥ 6. *P < 0.05 vs. control; #P < 0.05 vs. 
Diabetes (Student’s t-test).



Antioxidants - Benefits, Sources, Mechanisms of Action

110

2.5 Determination of ROS production

ROS generation was assessed in isolated mitochondria by measuring the oxida-
tion of the fluorescent probe 2′,7′-dichlorodihydrofluorescein (H2DCF) as previ-
ously described [9], except that some modifications in the experimental conditions 
were made to identify the mode by which ROS were produced. To assess ROS 
production in complex I by FET mode, 10 mM glutamate-malate was added as sub-
strate and the fluorescence of H2DCF was followed for 20 min. To determine ROS 
production in the complex I by RET mode, 10 mM succinate was added as substrate 
and the fluorescence was followed for 20 min. ROS production upstream complex I 
(i.e. in the complex II - complex IV segment of the ETC) was assessed by inhibiting 
RET with rotenone, a complex I inhibitor, and using succinate as substrate [16], 
after which the changes in fluorescence were evaluated for 20 min. The rate of ROS 
generation was expressed like the change in arbitrary units of fluorescence (ΔF) per 
min−1 per mg mitochondrial protein−1.

2.6 Statistical analysis

The number of independent experiments using different samples is indicated 
in the legend to each figure. The results are expressed as the mean ± standard 
error. Statistical differences between means were analyzed with Student’s t-test 
(P < 0.05), using the Sigma Plot (v11.0) software (Systat Software, Inc., San Jose, 
CA, USA).

3. Results

3.1 Blood glucose and relative liver weight

After 90 days of diabetes induction, blood glucose levels in control and diabetic 
rats were 98.2 and 347.1 mg/dL, respectively, (Figure 1A). Moreover, the liver 
weight in diabetic rats was 1.3- fold higher than in control rats (Figure 1B). This 
effect was more accentuated when liver-to-body weight ratios were compared, as 
the value of this parameter was almost two - fold higher in the diabetic rats than in 
the control animals (Figure 1C). These results confirm the presence of hyperglyce-
mia and a pathologic phenotype in the livers of STZ-induced diabetic rats.

3.2 Effects of β-mercaptoethanol and cardiolipin on complex I activity

The effect of diabetes on complex I activity of liver mitochondria is shown in 
the Figure 2. Complex I activity was 1.8 – fold lower in the mitochondria of diabetic 
rats than in mitochondria from the control group. On the other hand, isolated mito-
chondria from diabetic rats were incubated with 25 or 50 μM β-mercaptoethanol 
to evaluate at what extent thiol reduction recovers the activity of the complex 
I (Figure 2A). Both β-mercaptoethanol concentrations partially recovered the 
enzymatic activity, being this effect statistically significant only with 50 μM of 
β-mercaptoethanol. Thus, 50 μM of β-mercaptoethanol was chosen for the follow-
ing experiments. Of note, β-mercaptoethanol concentrations higher than 50 μM 
impaired complex I activity (data not shown).

Liver mitochondria from diabetic rats were incubated with cardiolipin to deter-
mine at what extent this phospholipid recovers complex I activity in diabetic rats 
(Figure 2B). It can be observed that cardiolipin addition restored complex I activity 

111

Thiol Reduction and Cardiolipin Improve Complex I Activity and Free Radical Production…
DOI: http://dx.doi.org/10.5772/intechopen.95112

Figure 1. 
Effects of diabetes on blood glucose levels (A), liver weight (B) and relative liver weight (C). Data are 
presented as the mean ± standard error of n ≥ 4. *P < 0.05 vs. control group (Student’s t-test).

Figure 2. 
Recovery of complex I activity in liver mitochondria from diabetic rats by the incubation with 
β-mercaptoethanol (β-ME) (A), cardiolipin (CL) (B), or cardiolipin plus 50 μM β-mercaptoethanol (CL+ 
β-ME) (C). Data are presented as the mean ± standard error of n ≥ 6. *P < 0.05 vs. control; #P < 0.05 vs. 
Diabetes (Student’s t-test).
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without reaching the activity of the control group. In contrast to the individual 
treatment with β-mercaptoethanol or cardiolipin, the combined treatment with 
these agents fully recovered complex I activity (Figure 2C). These results suggest 
that impaired complex I activity in mitochondria from diabetic rats may be fully 
counteracted by supplying cardiolipin and restoring the redox state of mitochon-
drial thiols.

Figure 3. 
ROS production in liver mitochondria in FET mode with glutamate/malate as substrate (A), in RET mode 
with succinate as substrate (B), and in RET mode blocked with rotenone (C). Data are presented as the 
mean ± standard error of n = 6. *P < 0.05 vs. control group (Student’s t-test).

Figure 4. 
Effect of cardiolipin (CL) plus 50 μM β-mercaptoethanol (β-ME) on ROS production in FET mode in liver 
mitochondria from diabetic rats. Data are presented as the mean ± standard error of n = 6. *P < 0.05 vs. 
Control; #P < 0.05 vs. Diabetes (Student’s t-test).
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3.3 Effect of respiratory substrates on ROS production by complex I

ROS production was determined in isolated liver mitochondria in FET mode 
using glutamate/malate as substrate for complex I (Figure 3A), in RET mode using 
succinate as complex II substrate (Figure 3B), and with succinate plus rotenone 
(an inhibitor of the ubiquinone-binding site in the complex I) for blocking ROS 
production in the complex I by RET (Figure 3C). In FET mode, ROS production 
increased 1.4 - fold in mitochondria from diabetic rats in comparison to mitochon-
dria from control rats (Figure 3A). No statistically significant changes in ROS 
production were observed neither in RET mode (Figure 3B), nor when RET was 
blocked with rotenone (Figure 3C).

A 19 – fold decrease in ROS production in FET mode was observed in mito-
chondria from diabetic rats treated with cardiolipin plus β-mercaptoethanol when 
compared with mitochondria from diabetic rats without any addition (Figure 4). 
These results indicate that diabetes increases ROS production in FET mode, which 
may be prevented by reducing mitochondrial thiols and supplying mitochondria 
with cardiolipin.

4. Discussion

The results show that, under our experimental conditions, STZ-induced diabetic 
rats developed hyperglycemia and abnormal liver weight (Figure 1). These events 
were accompanied by decreased complex I activity (Figure 2) and increased ROS 
generation in FET mode (Figure 3), which was reverted by the in vitro treatment 
with cardiolipin plus β-mercaptoethanol (Figure 4). Increased liver weight has been 
identified as an alteration characterizing liver disease [20]. Moreover, increased 
blood markers of liver injury have been observed in STZ-induced diabetic rats [1]. 
All these data indicate that diabetic rats in this study developed liver disease.

There is a close relationship between the development of liver disease and the 
presence of mitochondrial dysfunction [21]. This agrees with enhanced liver weight 
(Figure 1B and C), decreased complex I activity (Figure 2A), and higher ROS 
production (Figure 3A) observed in liver mitochondria from diabetic rats. There 
are two main mechanism modulating complex I activity: the first one is the revers-
ible oxidation of reactive thiols in cysteine residues due to decreased mitochondrial 
GSH/GSSG ratio. The inhibition of the complex I by thiol oxidation can be reversed 
in vitro by increasing the concentration of GSH via the addition of thiol reducing 
agents like dithiothreitol [14]. β-mercaptoethanol is another agent that reduces GSSG 
to GSH [17], besides, it restores the activity of the ETC complexes after an oxida-
tive insult [19]. Therefore, the partial recovery of complex I activity with 50 μM 
β-mercaptoethanol (Figure 2A) suggests that thiol oxidation in the complex I is part 
of the mechanism explaining complex I inhibition by diabetes. The second mechanism 
inhibiting complex I activity is the loss of cardiolipin due to peroxidative damage. An 
approach to recover impaired complex I activity after cardiolipin loss is the exogenous 
addition of this phospholipid to isolated mitochondria [18]. This strategy partially 
recovered complex I activity in liver mitochondria of diabetic rats (Figure 2B).

The partial recovery of complex I activity with either β-mercaptoethanol or 
cardiolipin led us to think that the combined treatment with these two agents may 
drive to full recovery of complex I activity in liver mitochondria from diabetic rats, 
which was confirmed in the experiment of the Figure 2C. These data suggest that 
diabetes impaired complex I activity by promoting both the oxidation of reac-
tive thiols in the complex I and the peroxidation of cardiolipin. This suggestion is 
supported by previous data showing decreased GSH/GSSG ratios and increased 
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without reaching the activity of the control group. In contrast to the individual 
treatment with β-mercaptoethanol or cardiolipin, the combined treatment with 
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ROS production in liver mitochondria in FET mode with glutamate/malate as substrate (A), in RET mode 
with succinate as substrate (B), and in RET mode blocked with rotenone (C). Data are presented as the 
mean ± standard error of n = 6. *P < 0.05 vs. control group (Student’s t-test).

Figure 4. 
Effect of cardiolipin (CL) plus 50 μM β-mercaptoethanol (β-ME) on ROS production in FET mode in liver 
mitochondria from diabetic rats. Data are presented as the mean ± standard error of n = 6. *P < 0.05 vs. 
Control; #P < 0.05 vs. Diabetes (Student’s t-test).
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to GSH [17], besides, it restores the activity of the ETC complexes after an oxida-
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addition of this phospholipid to isolated mitochondria [18]. This strategy partially 
recovered complex I activity in liver mitochondria of diabetic rats (Figure 2B).

The partial recovery of complex I activity with either β-mercaptoethanol or 
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lipid peroxidation in liver mitochondria from STZ-induced diabetic rats [9]. As 
mentioned before, decreased GSH levels lead to the oxidation of reactive thiols in 
the complex I [14], while lipid peroxidation affects negatively both the structure 
and function of cardiolipin in the inner mitochondrial membrane [13].

We acknowledge that one of the main limitations of this study is that we did 
not measure neither cardiolipin levels nor the redox status of thiols in the complex 
I. Nevertheless, we believe that our results give a clue about the role of cardiolipin 
and thiol oxidation in the mechanism of complex I inhibition by diabetes, since the 
experimental approaches used in this study to replenish cardiolipin in mitochondria 
and to reduce thiols in complex I have been previously validated by direct determina-
tions of both cardiolipin and the redox state of thiols in complex I [14, 18]. On the 
other hand, there are conflicting studies showing increased complex I activity [22], 
enhanced content of cardiolipin [23], and decreased superoxide production by com-
plex I [24] in liver mitochondria from STZ-induced diabetic rats. However, it must 
be pointed out that diabetes was induced in these studies by a shorter, 8 to 9 -weeks 
period, in comparison with the 12-weeks period used in this study. Thus, it can be 
hypothesized that the mechanisms responsible for such adaptive responses seen in 
shorter periods of diabetes might be impaired at longer time periods like in this study.

The complex I produces ROS in FET mode due to electron leak during electron 
transfer from NADH to ubiquinone. ROS are also produced in the complex I by 
RET mode when electrons are forced to flow from ubiquinol to NAD+ [25]. ROS are 
produced at least in two different sites of the complex I, one situated at the ubi-
quinone-binding site (IQ), and the other one located at the flavin mononucleotide 
(FMN)-binding site (IF) [16]. The significant increase in ROS levels in mitochon-
dria from diabetic rats only with a substrate for complex I (Figure 3A), suggests 
that diabetes causes an alteration in the complex I that stimulates ROS production in 
FET mode. This mode of ROS production occurs when electron transfer to ubiqui-
none is blocked at the IQ site [16]. In this regard, the access of ubiquinone to the IQ 
site is thought to occur via a cardiolipin-dependent mechanism [11]. The recovery 
of complex I activity (Figure 2) and the decrease in ROS production (Figure 4) 
observed with cardiolipin, suggest that diabetes disrupt electron transfer at the IQ 
site by a mechanism involving lipid peroxidation, as suggested by the increased 
levels of lipid peroxidation found in a previous work in liver mitochondria from 
STZ-induced diabetic rats [9]. Therefore, impaired electron flow in the IQ site 
would drive to a more reduced state of the redox centers upstream the IQ site (i.e. 
the iron–sulfur clusters and the FMN in the complex I), leading to electron leak and 
ROS generation, while the replenishment of mitochondria with cardiolipin might 
improve both the architecture of the IQ site and electron transfer to ubiquinone, 
decreasing in this way the electron leak and ROS production.

The inhibition of the complex I during diabetes is not trivial as this enzyme is 
the main mechanism to maintain high NAD+/NADH ratios [26]. High NAD+ levels 
activates sirtuins proteins, whose deacetylase activity enhances lipid and glucose 
catabolism and the antioxidant defenses in the liver [27]. On the contrary, low NAD+ 
levels impair hepatic catabolism and increases oxidative stress, leading to the devel-
opment of liver disease and insulin resistance [28]. This reflect the importance of 
preserving optimal rates of NADH oxidation by the complex I in the diabetic liver, 
which, according to our results, might be achieved by strategies simultaneously aug-
menting the levels of cardiolipin and GSH. In this regard, it has been demonstrated 
that linoleic acid supplementation increases cardiolipin levels in cultured fibroblasts 
depleted of cardiolipin [29] and increases complex I activity in HeLa cells [30]. On 
the other hand, phytochemicals like betaine and β-sitosterol have counteracted the 
negative impact of liver toxicants like ethanol or carbon tetrachloride on the levels 
of mitochondrial GSH [31, 32]. Therefore, the concomitant targeting of cardiolipin 
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and mitochondrial GSH and its impact on both the complex I function and hepatic 
lipid metabolism deserves further investigation, given the central role of defective 
hepatic lipid metabolism in peripheral insulin resistance in diabetes [33].

5. Conclusions

Diabetes induced anormal liver weight in STZ-induced rats, accompanied of 
mitochondrial alterations in the ETC such as decreased complex I activity and 
increased ROS production in FET mode. These mitochondrial abnormalities were 
corrected by the in vitro treatment with cardiolipin plus β-mercaptoethanol, which 
suggest that alterations in the content of cardiolipin and thiol oxidation may be 
underlying causes of these mitochondrial alterations. On this basis, is proposed that 
therapies counteracting mitochondrial alterations in cardiolipin and thiol oxidation 
might be useful to ameliorate hepatic disturbances elicited by diabetes.
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hepatic lipid metabolism in peripheral insulin resistance in diabetes [33].

5. Conclusions

Diabetes induced anormal liver weight in STZ-induced rats, accompanied of 
mitochondrial alterations in the ETC such as decreased complex I activity and 
increased ROS production in FET mode. These mitochondrial abnormalities were 
corrected by the in vitro treatment with cardiolipin plus β-mercaptoethanol, which 
suggest that alterations in the content of cardiolipin and thiol oxidation may be 
underlying causes of these mitochondrial alterations. On this basis, is proposed that 
therapies counteracting mitochondrial alterations in cardiolipin and thiol oxidation 
might be useful to ameliorate hepatic disturbances elicited by diabetes.
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Chapter 6

Antioxidant and Oxidative Stress
Betül Çalişkan and Ali Cengiz Çalişkan

Abstract

Antioxidants are compounds that eliminate oxidative stress in biological systems. 
Oxidative stress is caused by various radicals formed in the system as a result of 
oxygen entering the biological system. Structures with unpaired electron are either 
free radicals or radical ions. Antioxidants neutralize free radicals or radical ions due 
to the unpaired electron in their structure. The radical ions formed as a result of oxi-
dation is removed from the system without damaging the biological system with the 
effect of antioxidants. There are many free radicals and radical ions. Among these 
radical groups are radical ions formed by oxygen which are important for biological 
systems. Antioxidants are responsible for the destruction of such radicals.

Keywords: antioxidant, oxidative stress, free radical, radical ions

1. Introduction

1.1 Oxidative stress

Oxidative stress is described as the disturbance of the balance between prooxi-
dants (free radicals) and antioxidants. Oxidative stress occurs with the effect of free 
radicals and oxidants. Free radicals have unpaired electrons. Therefore, they create 
the oxidation process in the body. Oxidation causes an oxidative stress to occur. 
Oxidation processes and free radicals are constantly formed in the body. Oxidation 
is a process that can be harmful or beneficial. If the increase in free radicals is not 
balanced with antioxidants, the ground is prepared for the harmful process. It plays 
an important role in the development of diseases as it causes various damages. It 
creates DNA, lipid and protein damage.

Aging is an inherent mechanism existing in all living cells. There is a decline in 
organ functions progressively along with the age-relateddisease development. The 
twomost important theories related to aging are free radical and mitochondrial 
theories, and these have passed through the test of time. There is claim by such 
theories that a vicious cycle is generated within mitochondria wherein reactive 
oxygen species (ROS) is produced in increased amount thereby augmenting the 
damage potential [1–6].

The effect of oxidative stress and the interaction of aging and age-related 
diseases are shown in Figure 1 [2].

Oxidative stress and disease development are shown in Figure 2 [3].
Prooxidants are subtances that trigger oxidative stress. Prooxidants are reactive 

oxygen species (ROS). Prooxidants are studied in two groups. These are exog-
enous prooxidants and endogenous prooxidants. The exogenous prooxidants are 
studied in six groups. These are pathogens, drugs, toxicants, dietary ingredients, 
environmental pollution and climate. The endogenous prooxidants are studied 
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enous prooxidants and endogenous prooxidants. The exogenous prooxidants are 
studied in six groups. These are pathogens, drugs, toxicants, dietary ingredients, 
environmental pollution and climate. The endogenous prooxidants are studied 
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in seven groups. These are endogenous metabolites, drug metabolites, cellular 
metabolism, ion flux, anxiety, pathophysiology and ischemia.

Antioxidants are studied in two groups. These are endogenous antioxidants and 
exogenous antioxidants. Endogenous antioxdants are studied under two groups. 
These are enzymatic antioxidants and non-enzymatic antioxidants. Dietary antioxi-
dants derived from fruits, vegetables and grains are exogenous antioxidants.

Contact of living cells with oxygen leads to the formation of reactive oxygen 
species. Reactive oxygen species are listed in Table 1 [1–5].

Figure 1. 
Effect of oxidative stress and the interaction of aging and age-related diseases.

Figure 2. 
Oxidative stress and disease development.
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2. Prooxidants

Reactive oxygen species that cause oxidative stress are called prooxidants. 
Prooxidants occur for a variety of reasons. These may be internal or external causes. 
Prooxidants are of two types, exogenous and endogenous.

2.1 Exogenous prooxidants

2.1.1 Pathogens

Pathogens are divided into four groups. These are bacteria, virus, fungus and 
parasite.

2.1.2 Drugs

Common over-the-counter drug like analgesic (paracetamol) or anticancerous 
drug (methotrexate) causes oxidative stress.

2.1.3 Toxicants

Toxicants are the man-made harmful substances such as insecticides and many 
other industrial chemicals which are released to the environment by human activi-
ties. Carcinogens, mutagens, allergens, neurotoxin and endocrine disrupters are 
the different types of toxicants 2 [7]. As an external factor, various toxicants cause 
oxidative stress.

O −.
2 Superoxide radical

O −. 2
2 Peroxide

H O2 2 Hydrogen peroxide

HO. Hydroxyl radical

OH− Hydroxyl ion

O1
2 Singlet oxygen

HOO. Hydroperoxyl radical

LOOH Alkylhydroperoxide

LOO. Alkylperoxyl radical

LO. Alkoxyl radical

ClO− Hypochlorite ion

Fe O+4 Ferryl ion

Fe O+5 Periferryl ion

NO. Nitric oxide

HOCl Hypochlorous acid

GSOO. Glutathione thiylperoxyl radical

GSO .
2 Sulfonyl radical

GSO. Sulfinyl radical

GSO OO.
2 Sulfonyl-peroxyl radical

Table 1. 
Reactive oxygen species.
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2.1.4 Dietary ingredients

Dietary ingredients are divided into four groups. These are lipids, carbohydrates, 
highly processed food and antioxidants.

2.1.5 Environmental pollution

Environmental pollution are divided into three groups. These are transition 
metals, pesticides and drug residues.

2.1.5.1 Transition metals

These are magnesium, iron, copper, zinc, and so forth.

2.1.5.2 Pesticides

These are BHC, DDT, and so forth.

2.1.5.3 Drug residues

Drug residues cause environmental pollution and trigger oxidative stress.

2.1.6 Climate

Climatic effects such as extreme heat, extreme cold etc. cause oxidative stress.

2.1.7 Cigarette smoke

Cigarette smoke accumulates neutrophils and macrophages in the lungs. 
Therefore, it is a factor that activates the oxidant mechanism in the body [8].

2.1.8 Ozone exposure

The exposure of the body’s airways to ozone causes lipid peroxidation and 
neutrophil flow in the airway epithelium [9].

2.1.9 Hyperoxia

Hyperoxia is the condition in which the lungs and other tissues have higher 
oxygen levels. It causes reactive oxygen species (ROS) and reactive nitrogen species 
(RNS) to form in the body [10, 11].

2.1.10 Ionizing radiation

Ionizing radiation transforms hydroxyl radical, superoxide and organic radicals 
into hydrogen peroxide and organic hydroperoxides by the effect of O2  . These 
hydroperoxide species react with redox active metal ions such as Fe and Cu. Thus, 
they cause oxidative stress [12, 13].

2.1.11 Heavy metal ions

Heavy metal ions such as cadmium, mercury, nickel, lead and arsenic cause 
reactive oxygen species in the body.
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2.2 Endogenous prooxidants

2.2.1 Endogenous metabolites

Endogenous metabolites are defined as substrates or products of approximately 
one thousand nine hundred metabolic enzymes encoded in our genome [14–16]. 
There are several studies showing that most of these metabolites are toxic. These 
toxic metabolites are classified depending on the method of introducing toxicity 
to cells. They are expressed as ROS-producing metabolites, reactive metabolites, 
metabolite analogues, excitotoxins, and not established/unknown biology.

2.2.2 Drug metabolites

Drug metabolism is the term used to describe the biotransformation of phar-
maceutical substances in the body so that they can be eliminated more easily. The 
majority of metabolic processes that involve drugs occur in the liver, as the enzymes 
that facilitate the reactions are concentrated there. The purpose of metabolism in 
the body is usually to change the chemical structure of the substance, to increase the 
ease with which it can be excreted from the body. Drugs are metabolized through 
various reactions including: Oxidation, reduction, hydrolysis, hydration, conjuga-
tion, condensation, isomerization [17].

2.2.3 Cellular metabolism

Cellular metabolism is chemical reactions that occur in living things. They are 
controlled biochemical reactions in metabolism. Biochemical reactions provide 
growth, proliferation and preservation of structures.

Thanks to the chemical reactions that occur in metabolism, one chemical 
is transformed into another chemical under the influence of various enzymes. 
Enzymes direct chemical processes in living things and are indispensable for living 
things. Enzymes design down to the finest detail the process of homeostasis called 
the cell’s response to environmental changes.

Cellular metabolism is examined as two processes as anabolism and catabolism. 
Anabolism is referred to as the constitutive metabolic process. In other words, it is 
a metabolic process in which a cell uses energy to build various molecules such as 
enzymes and nucleic acids and to maintain the necessary vital activities. Anabolism 
consists of three basic stages: The first is the process of making precursors such as 
amino acids, monosaccharides, isoprenoids, and nucleotides. Second, it includes the 
process by which precursors such as amino acids, monosaccharides, isoprenoids, 
and nucleotides are activated to reactive forms. Third, it involves the process by 
which these precursors combine to form complex molecules.

Catabolism constitutes the second part of the metabolic process. It is the process 
by which complex molecules are broken down by the cell. Reactions in catabolism 
provide the energy and substances needed by reactions in anabolism. Catabolic reac-
tions are generally exothermic reactions. Catabolism is divided into several subgroups. 
These are carbohydrate catabolism, fat catabolism and protein catabolism [18].

2.2.4 Ion flux

Ion channels are pore-forming proteins that warrant controlled and directed 
flux of ions through membranes. Temporal and spatial coordination of ion 
movements is essential for a wide range of physiological processes including the 
generation and propagation of the membrane action potential that is critical for 
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the biomechanical activity of muscle cells. Despite their well-established canoni-
cal electrophysiological functions in the heart, recent findings have demonstrated 
that ion channels also might feature ion flux independent functions during heart 
development and morphogenesis long before acting as ion-conducting pores [19].

2.2.5 Anxiety

Tension and apprehension cause anxiety. Anxiety disorders can cause low 
antioxidant defenses and increased oxidative damage to proteins, lipids and nucleic 
acids pores [20].

2.2.6 Pathophysiology

Pathophysiology means the examination of the causes of the disease, the vari-
ous effects caused by the disease, and the abnormal changes in body functions that 
occur with the disease process. Research in the field of pathophysiology has often 
focused on physical, mental or psychophysiological states that are directly related to 
disease processes. Topics such as changes in the endocrine system, changes in certain 
neurotransmitters, or changes in inflammatory parameters related to the activity of 
the immune system are examples of research in the field of pathophysiology [21].

2.2.7 Ischemia

Ischemia is any reduction in blood flow resulting in decreased oxygen and nutrient 
supplies to a tissue. Ischemia may be reversible, in which case the affected tissue will 
recover if blood flow is restored, or it may be irreversible, resulting in tissue death [22].

2.2.8 Physical exercise

Several studies have demonstrated that intense physical exercise causes oxidative 
stress in animals and humans, being possibly related, for instance, to fatigue and 
tissue lesions [23].

2.2.9 Antioxidants

There are a number of reasons why high concentrations of antioxidants may be 
harmful. At high concentrations, antioxidants may act as pro-oxidants, increasing 
oxidation; protect dangerous cells (such as cancer cells) as well as healthy cells; 
reduce the health benefits of exercise; have unwanted side effects, such as nausea 
and headaches, or even reach toxic levels [1–5, 24].

3. Antioxidants

Antioxidants are examined under two headings as natural and synthetic. Natural 
antioxidants are examined in two groups as enzymatic and non-enzymatic antioxidants.

3.1 Synthetic antioxidants

Synthetic antioxidants make up only one analogue (type) of natural anti-
oxidants and are developed to mimic the most effective analogue of the natural 
antioxidant. Butylated hydroxyanisole (BHA), butylated hydroxytoluene (BHT), 
ethoxyquin, propyl gallat and tertiary butylhydroxyquinone (TBHQ ) are some of 
the synthetic antioxidants.
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3.2 Natural antioxidants

3.2.1 Exogenous antioxidants

Exogenous antioxidants are prinicipal dietary antioxidants from fruits,  
vegetables and grains. Exogenous antioxidants are studied in ten groups.

3.2.1.1 Vitamins

Vitamins are examined in two groups as vitamin C and vitamin E.

3.2.1.2 Trace elements

Trace elements are examined in two groups as zinc and selenium.

3.2.1.3 Carotenoids

Carotenoids are examined in four groups as β-carotene, lycopene, lutein and 
zeaxanthin.

3.2.1.4 Phenolic acids

Chlorogenic acids, gallic acid, cafeic acid, etc. constitute phenolic acids.

3.2.1.5 Flavonols

Quercetin (and their glucosides), kaempferol (and their glucosides) and  
myricetin (and their glucosides) constitute flavonols.

3.2.1.6 Flavanols

Proanthocyanidins and catechins constitute flavanol.

3.2.1.7 Anthocyanidins

Cyanidin (and their glucosides) and pelagonidin (and their glucosides) consti-
tute anthocyanidins.

3.2.1.8 Isoflavones

Genistein (and their glucosides), daidzein (and their glucosides) and glycitein 
(and their glucosides) constitute isoflavones.

3.2.1.9 Flavanones

Naringenin (and their glucosides), eriodictyol (and their glucosides) and 
hesperetin (and their glucosides) constitute flavanones.

3.2.1.10 Flavones

luteolin (and their glucosides) and apigenin (and their glucosides) constituteflavones.
The beneficial and harmful effects of exogenous antioxidants are shown in 

Figure 3 [4].
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3.2.2 Endogenous antioxidants

Endogenous antioxidants are studied in two groups: enzymatic antioxidants and 
non-enzymatic antioxidants.

3.2.2.1 Enzymatic antioxidants

Enzymatic antioxidants are studied in five groups.

3.2.2.1.1 Superoxide dismutase (SOD)

Superoxide dismutase (SOD) is enzyme detoxifying superoxide  
radical (O −.

2 ).

3.2.2.1.2 Catalase (CAT) and glutathione peroxidase (GPx)

Catalase (CAT) and glutathione peroxidase (GPx) are enzymes involved in the 
detoxification of peroxides (CAT against H O2 2  and GPx against both 
H O2 2  and ROOH ).

3.2.2.1.3 Glutathione reductase

Glutathione reductase is enzyme involved in the regeneration of glutathione.

3.2.2.1.4 Thioredoxin reductase

Thioredoxin reductase is enzyme involved in the protection against protein 
oxidation.

Figure 3. 
Beneficial and harmful effects of exogenous antioxidants.
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3.2.2.1.5 Glucose-6-phosphate dehydrogenase

Glucose-6-phosphate dehydrogenase is enzyme involved in the regeneration 
of NADPH.

3.2.2.2 Non-enzymatic antioxidants (principal intracellular reducing agents)

Glutathione (GSH), uric acid, lipoic acid, NADPH, coenzyme Q , albumin and 
bilirubin make up the non-enzymatic antioxidant class [1–5].

4. Conclusion

Oxidative stress is a condition that occurs with the increase of free radicals. 
Free radicals tend to increase in the body for various reasons. This situation may 
be caused by exogenous reasons or by various changes in the body (endogenous). 
As a result of the oxidation process in the body, reactive oxygen species (ROS) are 
formed. In addition to reactive oxygen species, reactive nitrogen species are also 
formed in the body. The oxidation process begins with the introduction of food into 
the body. Oxidation is a process that can be both beneficial and harmful. Oxidation 
triggers the formation of free radicals, ie reactive oxygen species. If antioxidants 
do not come into play as a balance element in the body, the increase in free radicals 
damages the body and causes the formation of the disease process. Depletion of 
various substances in the body due to age also triggers the formation of reactive 
oxygen species and the emergence of various diseases. Antioxidants can be various 
external substances, as well as various enzymes in the body and non-enzymatic 
substances in the body. With the effect of antioxidants, free radicals are prevented 
from causing DNA, lipid and protein damage.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Abstract

Natural antioxidant compounds have different mechanisms of treatment and 
prevention against various diseases due to their richest ingredients. There are  
several antioxidants used today, such as phytogenic ingredients, flavonoids, capsa-
icin, spirulina, beta-glucan, polyphenol etc. Besides the outbreak of diseases, the 
ability to scavenge oxidative conditions of the natural antioxidants have been nota-
bly important. Thereby, therapeutic strategies of diseases have been interested by 
researchers. Try to seek a kind of effects of natural antioxidants to various diseases, 
especially viral or pandemic diseases are being important nowadays. This chapter 
we’ll mention about how to viral or pandemic disease’s effects on oxidative status in 
both animals and humans, and what kind of phytochemical ingredients would be a 
positive effect on. At the same time, the latest advances about these natural antioxi-
dant compounds and pharmaceuticals will be critically highlighted and discussed 
with newest literatures.

Keywords: natural antioxidants, phytogenic ingredients, essential oils, pandemic, 
vitamins

1. Introduction

Antioxidants either endogenous or exogenous are essential substances to 
regulate the oxidative process. The endogenous antioxidants known as glutathione, 
glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD), 
have an inhibition role on free radicals during oxidation [1]. Nevertheless, either 
these antioxidant mechanisms are inadequate or for a better healthy life, exog-
enous antioxidants should be preferred [2]. The exogenous antioxidants which are 
especially called natural antioxidants such as vitamins, flavonoids, polyphenols, 
minerals, plants and phytochemicals, are derived from foods and medicinal plants. 
Over the years, the relationship between natural antioxidants and health has been 
discussed due to their important efficiencies. Generally, natural antioxidants have 
a wide range of effects especially antioxidant, antimicrobial, anticancer, immu-
nomodulatory, and antiviral [3–5]. Belong these, natural antioxidants have been 
drawing great attention for scientific studies.

There are several multidisciplinary studies with natural antioxidants that have 
focused on human and animal experiments. The researchers have examined to 
understand the mechanisms of antioxidants on oxidative stress. They have been 
widely documented the knowledge of free radicals with antioxidants by identifying 
the oxidative stress pathway, cellular efficiencies and general health impact [6, 7]. 
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Besides, although higher clinical complications have been observed in diseases, the 
mechanisms for the use of natural antioxidants are still not fully understood.

Since the past century, there have been essential diseases needed to determine 
how diseases progress and how the world could control them. Environmental 
factors, insufficient water, climate changes or new viruses influence the spread of 
contagious disease, and thereby cause epidemics. Nevertheless, The World Health 
Organization (WHO) has been still working on epidemiological studies to identify 
the possible sources of outbreaks, and to observe the pathogens spread from one 
region to different regions of the world [8]. Throughout history, there have been 
many significant pandemics recorded in human history. Some examples of the most 
up to date are Influenza virus (H1N1), Severe Acute Respiratory Syndrome (SARS), 
the Middle East Respiratory Syndrome (MERS), Ebola, Zika, Yellow Fever, Cholera, 
Malaria, and Tuberculosis [9].

Today, in response to pandemics, people have been transformed into plants and 
phytochemicals to protect their health. Also, researchers have advocated that these 
natural foods could meet antioxidant protection. However, studies are still ongoing. 
This chapter aims to summarize the essential natural antioxidants, their mechanism, 
and their effects on pandemic diseases.

2. The reality of diseases in the 21st century

In recent years, climate change, lack of safe drinking water, poor living condi-
tions and food insecurity have been the main causes of illness, epidemics and 
pandemics. Besides, there are also many chemicals or toxins, which can contaminate 
food, drink, and medicines that cause death, injury or harm to organs. The WHO 
reported that besides environmental changes, many diseases can occur in animals 
and can be transmitted if animals and people come into close contact, for example, 
animal husbandry, wildlife trade, etc. Also, urbanization and air travel are essential 
factors for outbreaks nowadays. First and foremost, flights across the world can 
cause illness in other countries. This means that the pathogen has a new home, and a 
pandemic is realized within hours [8].

The WHO indexed the 21st century’s serious diseases, which threaten public 
health and have no therapeutic strategies, especially vaccines or new medicines, in 
2018. Some important as follows: Influenza virus (H1N1), Severe Acute Respiratory 
Syndrome (SARS), Middle East Respiratory Syndrome (MERS), Ebola, Zika, Yellow 
Fever, Cholera, Malaria, Tuberculosis. It was also reported that in the 21st century, 
epidemics can spread faster and farther than ever. Besides that, the last announced 
one, coronavirus-disease 2019 (COVID-19), was accepted as a pandemic disease by 
the WHO.

The global strategy is to eliminate and eradicate these illnesses through vaccines 
or medical investments. The WHO also recommends fresh foods and healthy nutri-
tion during pandemics, which positively affect immunity [10]. The key vision of the 
relationship between nutrition, their role in immunity, and stress management was 
highlighted. Recent advances are also being critically demonstrated in antioxidant 
compounds, herbal ingredients, and pharmaceutical products with literature. The 
coronavirus diseases such as MERS, SARS, and COVID-19, it was reviewed that 
vitamin C, D and E, have an important role in the regulation of T cell differentia-
tion in immunity [11]. Also, Leite Diniz et al. [12] reviewed that several natural 
antioxidants can have antiviral properties on metabolic modulation, and can treat 
the clinical symptoms in SARS, MERS, and COVID-19.

Nevertheless, it was reviewed that some herbal remedies such as geranium, 
green tea, pomegranate or Echinacea may be safer than drugs against influenza 
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infections due to the anti-inflammatory, antibacterial and antioxidant activities of 
herbs and their extracts [13]. Also, it was showed that all these herbs and extracts 
have potential effects on respiratory complications and pro-inflammatory cyto-
kines. Kaihatsu et al. [14] reported that natural phenolic compounds and coffee 
ingredients can inhibit the influenza virus by possessing radical scavenging activ-
ity. Moreover, flavonoids in citrus fruits have anti-inflammatory and antioxidant 
activities on the pulmonary system which showed by a bronchial epithelium model 
study [15].

The effect of thyme and its volatile oils may affect the penetration of the virus 
into the host cell or block viral proteins that are necessary for the virus to enter 
the host cells. Thyme may also act as an antiviral against intracellular viruses. In 
the meantime, evidence shows that natural compounds have plays a key role in 
alternative treatments to fight SARS-CoV-2. Recently determined that SARS-CoV-2 
has spike glycoprotein consisted of two units. The first unit initiating virus attach-
ment to the host cell surface and the second unit responsible for the virus-host 
membrane. Subunits are of great clinical importance as inhibition of the receptor 
binding domain which is the first step to hinder viral infections. Studies have shown 
that carvacrol, anethole, cinnamaldehyde, thymol, camphene, pulegone, ocimene 
and menthol showed good binding affinities and those natural compounds may 
contribute to the stability of the complex protein ligand [16, 17].

Furthermore, the potential effects of marine algal antioxidants on viral diseases 
has been reported [18]. Besides, some researchers reported that natural foods and 
natural compounds can have antibacterial and antiviral effects on cellular and 
molecular pathways, and thereby immunity is improved in several outbreaks such 
as Ebola, Cholera, Malaria and Tuberculosis [19–21].

Pandemics are old as humanity as well as natural antioxidants. Several natural 
foods and antioxidants have been used for healthy nutrition. However, the impact 
of several pandemics in the last century, there has been a growing interest between 
healthy food, nutrition, natural antioxidants and disease. Researchers studied the 
new therapeutic possibilities of the natural antioxidant for this purpose.

3. Life related to free radicals, oxidative stress and antioxidants

A healthy life is associated with the oxidative status of the organism. In a cellular 
mechanism, the oxidative process starts with oxygen generation to energy. Thereby, 
free radicals occur as a consequence of energy in mitochondria. The rest products 
are reactive oxygen species (ROS) and reactive nitrogen species (RNS) which have a 
role in toxicological and pathological conditions. On the contrary, both ROS and RNS 
positively affect the cellular mechanism and immune system when they are at low 
levels, which means a normal metabolic process. Free radicals produce against stress 
conditions and antioxidants during the normal healthy condition, which is also called 
homeostasis. So, the body tries to maintain the oxidant and antioxidant balance.

Oxidative stress markers, ROS and RNS, produce homeostasis through enzy-
matic and non-enzymatic reactions. Enzymatic reactions include cellular oxidase 
system like peroxidase, NADPH oxidase, hydrogen peroxidase. On the other side, 
the non-enzymatic process is based on organic compounds of the organism; for 
example, oxidative phosphorylation in mitochondria [22, 23]. ROS and RNS are 
formed from endogenous and exogenous sources that belong to several physiologi-
cal and psychological mechanisms. Endogenous sources are generally occurring 
by immune cell activation, infection, excessive exercise, aging, or mental stress. 
However, environmental pollutants, drugs, heavy metals or radiation are exogenous 
sources, and are metabolized in free radical processes [22, 24].
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The oxidative mechanism interacts with the antioxidant, endogenous, or 
exogenous mechanism. Both antioxidant mechanisms are capable of neutral-
izing free radicals and protecting the body. Endogenous antioxidant activity is 
the organism’s first defensive system against free radicals. SOD, GPx, glutathi-
one reductase, and CAT are the most important endogenous antioxidant in a 
healthy organism. Exogenous antioxidants are nutrients produced from foods 
and supplements, particularly vitamins E and C, flavonoids, phytochemicals, 
and certain essential plant-based antioxidants. These compounds can inactivate 
oxidizing agents and also inhibit inflammatory activation. They can modulate 
the enzymatic process and inflammatory mediators, including cytokines and 
peptides [25].

4. Oxidative stress in diseases

Oxidative stress, which includes significant bodily activities, is an imbalance 
between the oxidizing and antioxidant processes. If the oxidative stress cannot be 
regulated, several damages occur in an organism. While free radicals and oxidants 
are in excess production, antioxidant reactions are limited, thereby oxidative 
stress is generated. Several membranes or cellular structures and systems are also 
adversely affected by this status. Cellular proteins, lipids, lipoproteins, DNA or 
RNA, and oxidizing compounds, and also critical systems such as cardiovascular, 
neurological, or immunity, are damaged. For instance, the chains of free radicals 
react, and the peroxidation of lipids exists. Besides, protein damage affects the 
structure of the cell membrane as well as the lower antibody output. Also, enzyme 
activity is reduced due to proteins and occurs in several molecular and cellular 
mutations. These changes reflect body systems, and diseases can be occur [25].

There are several significant diseases reviewed for oxidative stress in both 
humans and animals (Figure 1). Cancer is one of the most important one, creates 
complex changes in an organism such as chromosomal defects or induced free radi-
cals activation. Another critical disease is cardiovascular disease related to stress, 
hypertension, hypercholesterolemia, diabetes, etc. Studies showed that cardiac 
structure changes, especially heart failure, hypertrophy, ischemia, or atherosclero-
sis, generate oxidative stress [26, 27]. Nevertheless, oxidative status and its genera-
tion have been described for neurological, pulmonary, and other diseases. It was 
reported that loss of neuron production and progression stimulates the oxidative 
process, thereby neurological diseases are presented [28]. The pulmonary diseases 

Figure 1. 
Oxidative stress related diseases.
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are qualified by inflammation and activation of redox transcript factors [29]. Also, 
researchers have been studied the generation of ROS and RNS in autoimmune and 
renal diseases, or several other diseases [30–32]. The importance of the immune 
system is interested in low antibody production and low protein which concluded in 
increasing the risks of diseases. Besides that, macrophages’ infiltration of activated 
immune cells causes inflammation and oxidative damage [30]. Nevertheless, some 
drugs, heavy metals, or lipid peroxidation molecules are accepted as strong free 
radicals inducers [33]. The fact that oxidative stress has a large place during inflam-
mation and diseases is inevitable.

Oxidative stress has a crucial role in disease onset and development. During 
viral infections, there may be an increase in the production of oxidizing species 
not neutralized by the antioxidant system, causing oxidative stress that promotes 
cell damage [34–36]. However, it was reviewed that in viral diseases, viruses 
can control oxidative stress on their benefits in cellular replication [37]. Viruses 
especially can change the activation of the immune system signaling pathway in 
oxidative status [38, 39]. ROS and RNS production are triggered by cytokines, 
and thereby, cell death occurs due to the imbalance between the production of 
reactive species and the host’s anti-oxidative status. Also, RNA viruses bring 
about changes in the body’s antioxidant defense system. Viruses are responsible 
for this by affecting enzymes like SOD and CAT, as well as lowering ascorbic acid, 
carotenoids and reduced glutathione [40–42]. Recently, in a pandemic disease 
COVID-19, lung damage occurs due to the release of pro-inflammatory cytokines, 
which alter the oxidative stress [43]. Zhao [44] also determined that another 
immune response of pro-inflammatory cytokines against oxidative stress is 
activated phagocytes cells in COVID-19. Nevertheless, generated oxidative stress 
is also associated with nucleic acid damage in viral mutations. It was reported that 
human coronavirus disease (HCoVs) and SARS are identified by genetic muta-
tions, and also mutations in spike protein [45]. Nevertheless, influenza viruses 
have been demonstrated with induced oxidative stress with the activation of 
the Nrf2 pathway in nuclear translocation, and expression in alveolar epithelial 
cells [46]. Similarly, the hepatitis C virus (HCV) has been linked with genes and 
phosphorylation of Nrf2 [47]. It was reviewed that the Nrf2 pathway has a critical 
inhibition role of viral genes [37].

Management of pathogenic effects of viral diseases can be described by the 
mutual interaction between oxidant and antioxidant status control. Therefore this 
interaction is also associated with a healthy environment, balanced nutrition, and 
exogenous antioxidants.

5. The truth regarding antioxidants

The antioxidant process begins with oxidation when it damages a free radical 
compound, and then it follows by attempting to restore the body. An antioxidant 
may act as a pro-oxidant, which has generated ROS and RNS into two ways; break-
ing the chain and preventing it [48]. A chain breaking antioxidant may stabilize the 
formation of free radicals in the oxidative state, e.g., lipid peroxidation. Vitamins 
C and E, or carrots may be accepted in these anti-oxidants that break the chain. On 
the other hand, endogenous antioxidant enzymes such as glutathione, GPx, CAT, 
and SOD, may inhibit the initiation and propagation steps, consequently delaying 
the oxidant process.

Along with current literature, there have been several natural antioxidants 
reviewed for diseases or pandemic diseases [12, 49]. Each of these antioxidant 
properties is the neutralization capability of oxidative stress (Table 1).
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5.1 Vitamins

Vitamins, C, E and beta-carotene, which also called as primary antioxidants, 
have the beneficial effect either in health or diseases. Nevertheless, excessive doses 
of vitamins can be harmful rather than safe. So there has been ongoing research 
on nutritional antioxidants. WHO recommends antioxidants for malnutrition, 
disease, and pandemic-related needs [10]. Besides, nutritionists have endorsed 
antioxidant foods for humans first, while they have also pointed out that supple-
ments may help.

Vitamins E and C have a higher antioxidative capacity among vitamins. Vitamin 
E (also known as tocopherol or alpha-tocopherol) has been reported to protect 
cellular membranes from lipid peroxide. Studies have suggested that vitamin E may 
be used in breast cancer, arthritis, some cardiovascular and neurological diseases. 
Besides, it was determined that the long-term use of vitamin E is acceptable as 
being available. Sources of vitamin E include vegetable oils, walnuts, cereals, eggs, 
poultry, and meat [50].

Nonetheless, vitamin C, called ascorbic acid, is essential for carnitine, neu-
rotransmitter biosynthesis, and collagen. This vitamin has antioxidant, anti-carci-
nogenic, and immunomodulatory effects, which has also reduced the incidence of 
cancers. Also, vitamin C acts alongside vitamin E to quench free radicals. Vitamin C 
is found throughout natural sources such as fruits, vegetables, and tomatoes [51].

Beta-carotene, which is an active ingredient of pro-vitamin A, is a powerful anti-
oxidant. Beta-carotene has the potential to quench oxygen during oxidative stress. 
This pro-vitamin has an antioxidant effect on cardiovascular diseases and cancer 
in particular. Beta-carotene comprises many foods, mainly green plants, spinach, 
carrots, oils, mangoes, apricots, and a watermelon [52, 53]. Another essential 
carotenoid, lycopene, is a vegetable nutrient that has protective effects on pulmo-
nary cells and cancer. Lycopene was shown to be capable of balancing free radicals. 
The best source of lycopene is cooked tomato, juice, and sauce [54]. What are more, 
more red and pink fruits have this vitamin, like watermelon, grapefruit.

High doses of vitamins are recommended for using safely during pandemics. It 
was reported that especially Vitamin C has used for the treatment of cardiovascular, 
pulmonary disease as well as sepsis or nephropathy. It was evaluated that vitamin C 
can improve the mechanical ventilation of patients [55].

5.2 Minerals

There are several antioxidant minerals, in particular, selenium, zinc, copper, and 
iron. Selenium is an essential mineral in several vegetables, mushrooms, meat, and 

Natural Antioxidants

Vitamins Minerals Plants Phtyochemicals

Vitamin E Selenium Garclic Polyphenols

Vitamin C Zinc Ginger Flavonoids

Beta carotene Copper Thyme Carotenoids

Lycopene Iron Echinacea

Spirulina

Liquorice
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Natural antioxidants.
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seafood, with anticarcinogenic and immunomodulatory effects. Selenium also plays 
a crucial role in thyroid function, gastrointestinal, cardiovascular, and pulmonary 
diseases [48]. Selenium contains about 35 antioxidant proteins, which reduce 
free radicals and allow cytoprotective antioxidant genes [56]. The mineral targets 
hydrogen peroxide and transforms it into water.

The other minerals Mn, Cu, Zn, and Fe, can maintain the endogenous antioxi-
dants. Fe and Cu can suppress free radicals’ formation by keeping bound to trans-
port proteins. A high dose of Fe may negatively affect Zn′s absorption to damage the 
immune system. It was reported that the increase of Zn in the cell has an antiviral 
effect in COVID-19 [57]. Also, Te Velthuis et al. [58] determined that a low dose of 
Zn inhibits replicating the virus in SARS.

Nevertheless, Cu is an essential mineral for cellular respiration, iron metabo-
lism, and reducing oxidative stress. It was observed that Cu has an antiviral effect 
in some diseases such as COVID-19, human immunodeficiency virus (HIV), or 
bronchitis [59, 60]. On the other hand, according to some kinds of literature, Fe and 
Cu may be toxic due to an increase of viral replication and mortality in diseases, for 
example, HIV or COVID-19 [60]. Therefore, it was accepted that Cu and Fe must be 
taken in sufficient doses for the biological mechanism [61].

As the pandemic diseases continuing, humans should boost their immune system 
by taking sufficient minerals. Optimal nutrition can exist with dietary nutrient 
intake including especially vitamins and minerals.

5.3 Plants and phytochemicals

Earlier scientific studies have shown that commonly used wild edible plants, 
spices and herbal teas have high antiviral activity against a variety of viruses. There 
is also evidence that some of these drugs are used for various types of coronavirus 
diseases as potential phyto antiviral agents [62].

Natural antioxidants can alternate the multiple pathological processes in oxidative 
stress, primarily oxidative damage, inflammation, genetic changes, growth factors, 
etc. It was reviewed that natural antioxidants, mostly plants, and phytochemicals, 
can improve either oxidant status or antioxidant capacity [12]. Several plants are 
alternative medicines, such as ginger, garlic, curcumin, thyme, licorice, Echinacea 
purpurea or Spirulina, etc. These plants are recommended to strengthen immunity 
and reduce oxidative status. It was reported that these medicinal plants have essential 
roles in pandemic diseases, especially HIV, SARS and, COVID-19 [62–64].

Garlic, which is the most crucial spice worldwide, has a remarkably enhanced 
immune system booster. It may boost the activity of natural killer cells during 
immune deficiency. This medicinal herb has been approved as a therapeutic agent 
for homeostasis [65]. Furthermore, garlic has been used against cancer and cardio-
vascular disease [66]. This interesting spice, which has been used as a seasoning 
herb and traditional medicine in immunity and viral diseases, has several com-
pounds such as saponin, cardio glycoside, and flavonoids [67–69]. Antiviral effects 
in garlic depend on inhibition of viral replication effects, viral protein synthesis, 
and viral DNA polymerization [70]. Also, garlic and its extracts have been shown 
to improve CAT and GPx enzymes and act as a collector of hydroxyl radicals [71]. 
It was reviewed that garlic and its extracts may be an alternative medicinal herbs 
against COVID-19 [72].

Ginger is a well-known herb with several effects such as treating sickness, colic, 
and appetite, controlling gastrointestinal problems, and respiratory infections. It is 
also accepted as a neuroprotectant, antidiabetic, anti-inflammatory, antioxidant, 
antiviral, and anticancer [73, 74]. This herb can maintain homeostasis by cooling 
the body, and reduce high fever. It was also reported that ginger shows its effect by 
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inhibiting productions of nitric oxide and superoxide [75, 76]. Chang et al. [77] 
reported that ginger can block the viral attachment in respiratory epithelium, and is 
effective in human respiratory syncytial virus.

A blue-green microalga named Spirulina is a popular superfood with several 
beneficial effects such as antioxidant, antiviral, immunomodulatory, etc. [5]. It was 
reported that Spirulina could inhibit viral replication by blocking replication [78]. 
Hernández-Corona et al. [79] found that Spirulina inhibited the viral cell penetra-
tion and replication in a virus disease named herpes simplex virus type-1 (HSV-1). 
It was reviewed that the antiviral features of Spirulina are belonged to acidic 
polysaccharides extract such as calcium spirulina. Moreover, studies suggested 
that Spirulina may be safe for managing influenza outbreaks, however, additional 
investigations are needed [80–82].

Essential oils are aromatic oily liquids derived from plant material. These natural 
products have been widely used, in particular fragrances, cosmetics, aromatherapy, 
and herbal medicine, spices, nutrition, and agriculture. Essential oils have a known 
biological activity, including antibacterial, antiviral, anti-fungal, and anti-inflam-
matory effects [83].

Echinacea purpurea, a popular natural food worldwide, includes essential oils, 
flavonoids, tannin, saponin, betain, etc. According to studies, this herbal medicine 
can reduce the symptoms of respiratory diseases. Antiviral and immunomodulatory 
effects in SARS and COVID-19 have been reported [84, 85].

Thyme, curcumin, and licorice have been used for decades safely for both thera-
peutic and treatments. The ingredients of the essential oils of the origanum species 
were linalol, γ terpinene, p-cymenon, thymol and myrcene. Thymus’s essential 
oil consists primarily of thymol. Other components found other than thymol are 
carvacrol, linalyl acetate, linalool, γ-terpinene, p-cymene and geraniol. Numerous 
studies have been carried out over the application of detected phenolic compounds 
as an antioxidant and antiviral activities have been tested, and it shows the antiviral 
effects against respiratory syncytial virus, Coxsackie virus, and herpes simplex 
virus type 1 [86]. Zhang et al. [86] reported that a significant ingredient of thyme 
has antiviral and antioxidant features. Curcumin is an active supplement to inhibit 
the activation of cytokines and neutrophils in the lungs. Many clinical studies have 
evaluated its effect on inflammation, immunity, microbial, and viral conditions 
[87]. It was also reported that curcumin could induce the glutathione level as a scav-
enger of free radicals [37]. On the other hand, an exciting herb named licorice can 
grow in many geographical structures worldwide. It was reported that licorice could 
reduce hepatocellular damage in hepatitis B and C. Nevertheless, it has an antiviral 
effect on HIV and SARS virus [88]. Also, licorice has an immunomodulatory effect, 
and it can induce respiratory activity [89]. It was determined that licorice shows 
these activities by its extracts named triterpene, saponins, and flavonoids [90].

Scientific studies on different species of cistus have shown that different species 
of the plant contain useful phytochemical products. Plant-derived polyphenols have 
been shown to be strong antioxidant, antibacterial, antifungal, anti-inflammatory, 
anti-viral, cytotoxic and anti-cancer properties with potential health benefits 
[91]. Cistus creticus is a naturally occurring plant native to Turkey with phenolic 
substances and flavonoids. Plant-derived polyphenols are strong antioxidants, and 
have protective effects on DNA. Various reports have appeared on the antiviral and 
antibacterial potential, including several reports describing the antiviral activity of 
polyphenols against the parainfluenza 3 virus [92].

Begun to be remembered with the existence of human beings, the olive was 
the symbol of peace and healthy life in every period of life from antiquity. Olive 
leaf traditionally used against hypertension, diuretic, antipyretic, appetizing and 
against constipation [93]. The olive leaf contains much more oleuropein than other 
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parts. It has demonstrated that it is a phytochemical active against numerous  
diseases. Principal active constituents of the olive leaf are oleanolic acid and cal-
cium elenolate compounds. These compounds have been shown to have anti-viral 
activity against many viruses such as parainfluenza, herpes simplex, pseudorabies, 
polioviruses (type-1, −2, and − 3), rhinoviruses, mycoviruses, coxsackievirus [94].

Phytochemicals are produced in plants, which are also referred to as naturally 
occurring plant chemicals. Several studies have demonstrated that flavonoids or 
phytochemicals may block these diseases’ enzymatic activities [12, 95]. The most 
significant phytochemical compounds, polyphenols, flavonoids, and carotenoids, 
have been identified as antioxidants [96]. Polyphenols referred to as resveratrol and 
ellagic acid, are natural compounds in green tea, red wine, whole grains, grapes, 
and berries. They have potent antioxidants, metabolic, and cardiovascular effects. 
They can inhibit the proliferation of lung cancer cells by increasing autophagy 
[97, 98]. Resveratrol and ellagic acid may also help protect DNA and balance cell 
cycles. Also, it was reported that there is insufficient information on side effects and 
efficacy. Hence, traditional treatments need to be discussed before treatment.

Nevertheless, it was reported that flavonoids have an inhibition role in mac-
rophages against inflammatory cytokines production in viral diseases [99]. There 
are some crucial plants included flavonoids, such as green tea, grapes, apples, and 
Ginkgo biloba. Also, the richest flavonoids, catechin and quercetin, are found in 
green tea. Catechin in green tea has anti-inflammatory features, which increases 
the glucocorticoids in pulmonary diseases, especially in the lung [100]. Quercetin is 
extracted from some plants such as Rubus fruticosus, Passiflora subpeltata, Hypericum 
perforatum, or Lagerstroemia. It was reported that quercetin could inhibit oxidative 
stress by increased endogenous antioxidants SOD, CAT, and GPx, and decreased 
lipid peroxidation. This flavonoid can also improve the function of non-enzymatic 
antioxidants such as vitamin C and E, and glutathione [101–103]. It was reported 
that another green tea metabolite named gallocatechin could reduce nitric oxide 
synthesis and oxidative status, and increase antioxidant capacity, especially catalase 
level [104, 105]. Ginkgo biloba, another popular herb, is a bioflavonoid compound, 
and also its extract named amentoflavone has a high antioxidant capacity, especially 
for lung diseases due to its improvement effect on SOD and glutathione [106]. 
Besides, some foods such as carrots, cabbage, and apple, which has luteolin, causes 
an increase in glutathione, SOD, and CAT. Luteolin also can improve lipid peroxida-
tion during oxidative status in cancer and lung diseases [107].

Plant carotenoids were considered in terms of their role as mediators of free 
radicals through oxidation or oxygenation [108]. Furthermore, carotenoids act 
as chemical quench, which is necessary for the antioxidant function. They may 
reduce the risk of disease, in particular cancer and cardiovascular disease. The most 
important carotenoids are lycopene, lutein, zeaxanthine, beta-carotene found in 
tomatoes, carrots and watermelon.

Traditional medicinal herbs are rich compounds used in the development of medi-
cines. They have centuries of experience with the use of herbal remedies for prevention 
and treatment. There are many medicinal herbs scattered geographically throughout 
the world. As such, further investigations are necessary to identify differences.

6. Future perspectives

Several clinical approaches have been agreed upon to deal with oxidative stress. 
Lately, for healthy living, the use of antioxidant supplements has been targeted to 
provide adequate homeostasis for humans and animals in many diseases or pan-
demics. Besides the prevention strategies such as isolation, hygiene, and control, 



Antioxidants - Benefits, Sources, Mechanisms of Action

138

inhibiting productions of nitric oxide and superoxide [75, 76]. Chang et al. [77] 
reported that ginger can block the viral attachment in respiratory epithelium, and is 
effective in human respiratory syncytial virus.

A blue-green microalga named Spirulina is a popular superfood with several 
beneficial effects such as antioxidant, antiviral, immunomodulatory, etc. [5]. It was 
reported that Spirulina could inhibit viral replication by blocking replication [78]. 
Hernández-Corona et al. [79] found that Spirulina inhibited the viral cell penetra-
tion and replication in a virus disease named herpes simplex virus type-1 (HSV-1). 
It was reviewed that the antiviral features of Spirulina are belonged to acidic 
polysaccharides extract such as calcium spirulina. Moreover, studies suggested 
that Spirulina may be safe for managing influenza outbreaks, however, additional 
investigations are needed [80–82].

Essential oils are aromatic oily liquids derived from plant material. These natural 
products have been widely used, in particular fragrances, cosmetics, aromatherapy, 
and herbal medicine, spices, nutrition, and agriculture. Essential oils have a known 
biological activity, including antibacterial, antiviral, anti-fungal, and anti-inflam-
matory effects [83].

Echinacea purpurea, a popular natural food worldwide, includes essential oils, 
flavonoids, tannin, saponin, betain, etc. According to studies, this herbal medicine 
can reduce the symptoms of respiratory diseases. Antiviral and immunomodulatory 
effects in SARS and COVID-19 have been reported [84, 85].

Thyme, curcumin, and licorice have been used for decades safely for both thera-
peutic and treatments. The ingredients of the essential oils of the origanum species 
were linalol, γ terpinene, p-cymenon, thymol and myrcene. Thymus’s essential 
oil consists primarily of thymol. Other components found other than thymol are 
carvacrol, linalyl acetate, linalool, γ-terpinene, p-cymene and geraniol. Numerous 
studies have been carried out over the application of detected phenolic compounds 
as an antioxidant and antiviral activities have been tested, and it shows the antiviral 
effects against respiratory syncytial virus, Coxsackie virus, and herpes simplex 
virus type 1 [86]. Zhang et al. [86] reported that a significant ingredient of thyme 
has antiviral and antioxidant features. Curcumin is an active supplement to inhibit 
the activation of cytokines and neutrophils in the lungs. Many clinical studies have 
evaluated its effect on inflammation, immunity, microbial, and viral conditions 
[87]. It was also reported that curcumin could induce the glutathione level as a scav-
enger of free radicals [37]. On the other hand, an exciting herb named licorice can 
grow in many geographical structures worldwide. It was reported that licorice could 
reduce hepatocellular damage in hepatitis B and C. Nevertheless, it has an antiviral 
effect on HIV and SARS virus [88]. Also, licorice has an immunomodulatory effect, 
and it can induce respiratory activity [89]. It was determined that licorice shows 
these activities by its extracts named triterpene, saponins, and flavonoids [90].

Scientific studies on different species of cistus have shown that different species 
of the plant contain useful phytochemical products. Plant-derived polyphenols have 
been shown to be strong antioxidant, antibacterial, antifungal, anti-inflammatory, 
anti-viral, cytotoxic and anti-cancer properties with potential health benefits 
[91]. Cistus creticus is a naturally occurring plant native to Turkey with phenolic 
substances and flavonoids. Plant-derived polyphenols are strong antioxidants, and 
have protective effects on DNA. Various reports have appeared on the antiviral and 
antibacterial potential, including several reports describing the antiviral activity of 
polyphenols against the parainfluenza 3 virus [92].

Begun to be remembered with the existence of human beings, the olive was 
the symbol of peace and healthy life in every period of life from antiquity. Olive 
leaf traditionally used against hypertension, diuretic, antipyretic, appetizing and 
against constipation [93]. The olive leaf contains much more oleuropein than other 

139

Natural Antioxidants to the Rescue?
DOI: http://dx.doi.org/10.5772/intechopen.96132

parts. It has demonstrated that it is a phytochemical active against numerous  
diseases. Principal active constituents of the olive leaf are oleanolic acid and cal-
cium elenolate compounds. These compounds have been shown to have anti-viral 
activity against many viruses such as parainfluenza, herpes simplex, pseudorabies, 
polioviruses (type-1, −2, and − 3), rhinoviruses, mycoviruses, coxsackievirus [94].

Phytochemicals are produced in plants, which are also referred to as naturally 
occurring plant chemicals. Several studies have demonstrated that flavonoids or 
phytochemicals may block these diseases’ enzymatic activities [12, 95]. The most 
significant phytochemical compounds, polyphenols, flavonoids, and carotenoids, 
have been identified as antioxidants [96]. Polyphenols referred to as resveratrol and 
ellagic acid, are natural compounds in green tea, red wine, whole grains, grapes, 
and berries. They have potent antioxidants, metabolic, and cardiovascular effects. 
They can inhibit the proliferation of lung cancer cells by increasing autophagy 
[97, 98]. Resveratrol and ellagic acid may also help protect DNA and balance cell 
cycles. Also, it was reported that there is insufficient information on side effects and 
efficacy. Hence, traditional treatments need to be discussed before treatment.

Nevertheless, it was reported that flavonoids have an inhibition role in mac-
rophages against inflammatory cytokines production in viral diseases [99]. There 
are some crucial plants included flavonoids, such as green tea, grapes, apples, and 
Ginkgo biloba. Also, the richest flavonoids, catechin and quercetin, are found in 
green tea. Catechin in green tea has anti-inflammatory features, which increases 
the glucocorticoids in pulmonary diseases, especially in the lung [100]. Quercetin is 
extracted from some plants such as Rubus fruticosus, Passiflora subpeltata, Hypericum 
perforatum, or Lagerstroemia. It was reported that quercetin could inhibit oxidative 
stress by increased endogenous antioxidants SOD, CAT, and GPx, and decreased 
lipid peroxidation. This flavonoid can also improve the function of non-enzymatic 
antioxidants such as vitamin C and E, and glutathione [101–103]. It was reported 
that another green tea metabolite named gallocatechin could reduce nitric oxide 
synthesis and oxidative status, and increase antioxidant capacity, especially catalase 
level [104, 105]. Ginkgo biloba, another popular herb, is a bioflavonoid compound, 
and also its extract named amentoflavone has a high antioxidant capacity, especially 
for lung diseases due to its improvement effect on SOD and glutathione [106]. 
Besides, some foods such as carrots, cabbage, and apple, which has luteolin, causes 
an increase in glutathione, SOD, and CAT. Luteolin also can improve lipid peroxida-
tion during oxidative status in cancer and lung diseases [107].

Plant carotenoids were considered in terms of their role as mediators of free 
radicals through oxidation or oxygenation [108]. Furthermore, carotenoids act 
as chemical quench, which is necessary for the antioxidant function. They may 
reduce the risk of disease, in particular cancer and cardiovascular disease. The most 
important carotenoids are lycopene, lutein, zeaxanthine, beta-carotene found in 
tomatoes, carrots and watermelon.

Traditional medicinal herbs are rich compounds used in the development of medi-
cines. They have centuries of experience with the use of herbal remedies for prevention 
and treatment. There are many medicinal herbs scattered geographically throughout 
the world. As such, further investigations are necessary to identify differences.

6. Future perspectives

Several clinical approaches have been agreed upon to deal with oxidative stress. 
Lately, for healthy living, the use of antioxidant supplements has been targeted to 
provide adequate homeostasis for humans and animals in many diseases or pan-
demics. Besides the prevention strategies such as isolation, hygiene, and control, 



Antioxidants - Benefits, Sources, Mechanisms of Action

140

nutrition, mostly natural antioxidants, is essential for improving antiviral activity 
against viral and pandemic diseases such as SARS, COVID-19 and, HIV etc.

Natural antioxidants have been used in many therapeutic practices because of 
their enzyme inhibition and their inhibitory effect on viral protein receptors. In 
addition, natural antioxidants may enhance immunity during diseases. As well, 
they have been the subject of multidisciplinary studies [109]. The WHO also 
acknowledged that there was insufficient evidence of herbal medicines for the 
treatment or treatment of viral diseases in humans, especially COVID-19 [110].

7. Conclusion

Throughout history, there have been significant pandemic diseases such as the 
1918 influenza pandemic (H1N1 virus), HIV and COVID-19. During pandemics, 
nutrition is as important as health, hygiene, or self-isolation standards. To that end, 
predominantly natural antioxidants have been used in therapeutic practices. Many 
herbal medicines, plants, and their extracts have inhibitory effects on pandemic 
diseases or their symptoms. These nutrients have been investigating their immune-
modulating, antiviral, and antioxidant effects for decades. However, all these effects 
of natural antioxidants are not equal. Research into the health performance of these 
nutrients is therefore necessary.
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Chapter 8

An Antioxidant Defense System 
in Radiation-Resistant Bacterium 
Deinococcus geothermalis against 
Oxidative Stress
Chanjae Lee, Min K. Bae and Sung-Jae Lee

Abstract

A radiation-resistant bacterium, Deinococcus geothermalis has various stress 
response mechanisms, including antioxidation. Features that maintain vitality at high 
radiation doses include the following: enzymatic scavengers of ROS such as catalase, 
SOD, and peroxidase; strain-specific DNA repair systems such as Deinococcal unique 
proteins; non-enzymatic responses such as manganese complexes, carotenoids, and 
DNA-binding proteins. This chapter summarizes the primary response mechanism 
by redox balance centered on the cystine transporter. It also reviews action charac-
teristics of DNA-binding protein Dps and a putative LysR family protein, and effects 
on loss of function of the carotenoid biosynthesis genes by transposition of insertion 
sequences. Environmental adaptation and molecular evolution of radiation-resistant 
bacterium are also considered to explain the potentials of molecular behavior induced 
by oxidative stress.

Keywords: cystine ABC transporter, Dps, LysR regulator, oxidative stress,  
redox-potential, transposition

1. Introduction

The radiation-resistant bacterium of genus Deinococcus is an essential resource 
for research to understand responses to oxidative stress and mechanisms for recov-
ering direct double-strand break damage to DNA caused by gamma-radiation [1–3]. 
High gamma-ray resistance is caused by the unique DNA-damage repair proteins 
and various protective mechanisms in these radiation-resistant Deinococcus bacteria  
[4–6]. Many researchers have studied the properties of their unique proteins. 
These studies have expanded our scientific understanding [7–9]. Technological 
advances have recently been made to understand life phenomena through genomics, 
metabolomics, and proteomics studies [10–12]. Despite the remarkable progress 
in recent omics studies, it is still difficult to fully understand these cell recovery 
characteristics from various cellular stress damages. The accumulation of various 
creative research results will eventually lead to a complete understanding of such 
characteristics.

Only 20% of DNA damage is directly caused by radiation. In comparison, 
the remaining 80% is indirectly caused by reactive oxygen species (ROS) such as 
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superoxide and hydroxyl radicals which are chemically reactive molecules that 
can damage cell structures such as cell membrane, proteins, and nucleic acids 
(DNA and RNA) [1, 10]. Bacteria have a natural ROS scavenging system composed 
of enzymatic antioxidants (e.g. catalase, peroxidase, superoxide reductase, and 
superoxide dismutase (SOD)), and non-enzymatic antioxidants (e.g. intracellular 
manganese, pyrroloquinoline quinone, carotenoids), small antioxidant thiols  
(e.g. cystine, bacillithiol, or mycothiol), and DNA-protecting proteins [2, 13–15].

Specific regulators tightly control many stress response defense systems. 
Enzymatic ROS scavengers are regulated by the global transcriptional regula-
tor OxyR, a LysR family regulator [16–20]. OxyR of Deinococcus radiodurans is a 
1-Cys-type that can activate the transcription of genes encoding catalase (katE), 
ferrous iron transporter (feoB), and iron(III) dicitrate transporter (drb0125). It 
is also a repressor of dps and mntH transcription to control antioxidant functions 
and Mn/Fe ion homeostasis [21].

These gene regulation systems are also susceptible to intracellular redox balance 
through specific ABC transporters and chemical modification of low-molecular-
weight (LMW) thiol compounds using unique enzyme reactions. The cystine 
importer is one of the redox controlling ABC transporters [22–25]. It could sense 
the redox balance and affect gene regulation for enzymatic defense through the 
OxyR activation [15, 20]. There are also some exceptional OxyR regulons in 
bacteria [26–28].

This redox balance affects various enzymatic and chemical modification 
processes through a progressive transformation. For example, acetylation is a 
conserved modification used to regulate various cellular pathways such as gene 
expression, protein synthesis, detoxification, and virulence. Acetyltransferase 
enzymes can transfer an acetyl moiety, usually from acetyl coenzyme A (AcCoA), 
onto a target substrate, thereby modulating the activity or stability [29]. Gcn5-
related N-acetyltransferase (GNAT) members can acetylate the amino group of 
an extensive range of substrates. They are classified into three groups: (1) small 
molecule acetyltransferases such as aminoglycosides and mycothiol; (2) peptide 
acetyltrandferases such as the peptidoglycan that is part of the cell wall; and 
(3) protein acetyltransferases such as the histone family [30]. In Gram-positive 
Actinomycetes and Firmicutes, alternative LMW thiols such as mycothiol (MSH) and 
bacillithiol (BSH) play related as glutathione surrogates of Gram-negative bacteria, 
respectively [31].

As antioxidant substances, carotenoid compounds also act as scavengers of ROS. 
Deinococcales species generally have a reddish color phenotype due to carotenoid 
biosynthesis. The metabolic pathway in Deinococcus is well conserved and industri-
ally applicable [32].

As one of bacterial nucleoid proteins in gene expression specificity of growth 
phase-dependent manner, Dps (DNA-binding protein from starved cells) is ini-
tially suppressed at the exponential cell growth phase. It is then expressed in large 
quantities in the stationary growth phase to become the major protein [33, 34]. 
These sequential nucleoid protein transitions and overexpression of a particular 
protein demonstrate the function of a defense mechanism that can protect against 
cell damage during stress due to increased ROS and reduced nutrients that cells can 
consume. Dps proteins are found almost ubiquitously in bacterial genomes. Each 
bacterial genome contains species-specific Dps genes. Dps has multifaceted roles 
such as DNA binding, iron sequestration, and ferroxidase activity in various stress 
responses [35–37]. Dps was described initially in Escherichia coli as a protein that 
could protect the bacteria in a malnourished environment by DNA-binding [38]. 
Dps has a shell-like structure with a spherical hollow cavity in the center. This hol-
low cavity of Dps acts as an iron storage compartment and iron sequestration that 
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is important in iron detoxification and homeostasis. Dps is a small DNA-binding 
protein having approximately 150 to 300 amino acid residues with a positive charge 
along the entire chain. While Dps is a significant protein when it is over-expressed, 
Dps plays another essential role in condensing and protecting the stationary-phase 
nucleoid from severe environmental stress such as oxidative and radioactive dam-
ages [34, 39, 40]. Therefore, many bacteria express more than one Dps depending 
on environmental factors around them. How the condensed DNA is untangled 
when proteins are expressed remains unclear. It merits further studies.

Bacterial insertion sequence (IS) elements consist of a gene encoding trans-
posase (one or two), terminal inverted repeats (TIR), and direct repeats (DR). 
Their lengths are less than 3 kb [41, 42]. According to the database of IS finding 
platform such as ISfinder, IS types vary [43]. IS densities are significantly less 
in chromosomes than in plasmids in bacteria. Perhaps plasmids are the primary 
IS carrier [44]. These IS elements can be transferred by high temperature, 
γ-irradiation, oxidative stress, and substances that could damage DNA and result in 
gene breakdown [45–47]. Regulation of IS transposition is also affected by various 
factors such as transcriptional repressors and inhibitors, ribosome frameshifting, 
methylation, mRNA stability, and target sequences [48–51]. Gene breakdown by 
transposition of IS elements does not just have deleterious aspects. IS-mediated 
gene inhibition offers various advantages such as virulence, antibiotic/xenobiotic 
resistance, metabolism, and small promoter obtained by IS migration in the 
genome of a strain [52].

A comprehensive paper on D. radiodurans’s antioxidant mechanism and 
control systems of specific regulator proteins in response to oxidation stress has 
been published during the preparation of this chapter [53]. Here, we will focus 
on antioxidation mechanisms in Deinococcus geothermalis, a radiation-resistant 
bacterium used within the research destination’s scope [54]. We characterized the 
cystine importer and used transcriptomics analysis to detect the critical players 
in intracellular antioxidant responses. The putative Dps protein and LysR family 
regulator’s functional role was then determined and IS transposition events were 
selected on carotenoid biosynthesis path defect (Figure 1). Understanding the 

Figure 1. 
WordCloud analysis of our owns four published papers [25, 55, 61, 62] by the WordCloud generator 40 quantity 
of MonkeyLearn.
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is important in iron detoxification and homeostasis. Dps is a small DNA-binding 
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Dps plays another essential role in condensing and protecting the stationary-phase 
nucleoid from severe environmental stress such as oxidative and radioactive dam-
ages [34, 39, 40]. Therefore, many bacteria express more than one Dps depending 
on environmental factors around them. How the condensed DNA is untangled 
when proteins are expressed remains unclear. It merits further studies.
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been published during the preparation of this chapter [53]. Here, we will focus 
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Figure 1. 
WordCloud analysis of our owns four published papers [25, 55, 61, 62] by the WordCloud generator 40 quantity 
of MonkeyLearn.
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sophisticated antioxidant system of living organisms is a problematic and chal-
lenging study like a puzzle game.

2. An antioxidant defense system in a radiation-resistant bacterium

2.1 A cystine importer, redox balance and control of gene expression

D. geothermalis contains a cystine importer as a substrate-binding protein 
and a membrane permease Dgeo_1986-87 which is highly expressed at the late 
exponential growth phase [25, 55]. Its intracellular total thiol level is affected 
by the expression level of this cystine importer. Deinococcus has specific genes 
that can repair when DNA is damaged. Using dgeo_1986-87 a cystine importer 
disrupted mutant strain, we have detected the expression levels of unique 
DNA repair proteins, pprA, ddrA, and ddrB. These DNA repair proteins were 
highly up-regulated under oxidative stress conditions induced by 50 mM H2O2 
[55]. However, when cystine importer expression is enhanced in a mutant 
Dgeo_1985R strain, DNA repair proteins are entirely down-regulated [25]. 
The increased intracellular thiol concentration strongly repressed the expres-
sion level of these DNA repair-related unique genes, excluding recA gene in 
Deinococcus through overexpressed cystine transporter. Therefore, unique 
DNA repair proteins in Deinococcus are controlled by redox potential levels. 
If there is a direct controlling system for unique DNA repair genes, maybe it 
is repressed by the reduced redox potential through the cystine transporter’s 
overexpression.

In general, the primary antioxidant enzyme, e.g. catalase, is highly induced 
by an oxidative stress condition. It is positively controlled by a global transcrip-
tional regulator OxyR [16]. In D. radiodurans, the redox sensor OxyR has a single 
cysteine residue in the active site. It controls the expression of catalase and iron/
manganese uptake proteins positively [21]. However, in D. geothermalis wild-type 
and Δdgeo_1986-87 cystine importer disrupted strain, expression level of oxyR is 
strongly induced. OxyR is not proportionally affected on catalase expression level. 
Thus, OxyR is not a positive regulator of catalase.

The strain’s cystine transport has been found to be dependent on the growth 
phase. In other words, some features are often expressed in the latter half of 
the exponential phase. In a mutant with the importer gene removed, it reacts 
relatively sensitive to oxidative stress. However, if the importer is overexpressed, 
its resistance to hydrogen peroxide is increased. A mutant that artificially over-
expression the importer shows increased resistance to hydrogen peroxide without 
being affected by catalase expression, which results from an increase in the content 
of total thiol entering the cell through the cystine importer [15]. Therefore, the 
intracellular reduction state through enhancing thiol contents is a primary defense 
system of D. geothermalis against oxidative stress without induction of enzymatic 
ROS defense factors.

2.2 Hints from transcriptomic analysis

We performed transcriptomic analysis using RNA-Seq technology to define 
functional roles of bacterial TrmB (Dgeo_1985), Dps (Dgeo_0257), a cystine 
importer (Dgeo_1986-87), and LysR family regulator (Dgeo_2840). We con-
structed target gene disrupted mutants. Expression levels of all genes at OD600 
4.0 as a late exponential growth phase in mutants were then compared to those in 
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wild-type D. geothermalis [55]. Data have been deposited in NCBI’s Gene Expression 
Omnibus. They are accessible through GEO series accession number GSE151903.

First, a transcriptomic study was done to compare gene expression levels 
between wild-type and cystine importer deleted mutant of D. geothermalis. Genes 
up-regulated more than 3.0-fold of log value are listed in Table 1. Both CRISPR-Cas 
system gene clusters, Dgeo_0233-38 gene cluster and Dgeo_0956-65 gene cluster, 
were up-regulated 35.1-105.5-fold and 10.3-65.2-fold, respectively. Iron transporter 
Dgeo_2443 and 2444 genes were up-regulated 4.69 and 12.42-fold, respectively. 
Three gene clusters for GCN5, Dgeo_0369-70, 2125, and 2313, were up-regulated 
12.53, 3.73, and 11.2-fold, respectively. Four MFS transporters, Dgeo_0249, 0530, 
1968, and 2330, were up-regulated 3.75, 6.41, 5.57, and 3.22-fold, respectively. Four 
ABC transporters, Dgeo_0543, 0647, 1805, and 2581, were up-regulated 3.34, 6.96, 
8.03, and 3.6-fold, respectively.

Δdgeo_0257 and Δdgeo_2840 mutant strains were revealed many no effect and 
several fluctuated patterns. The CRISPR-Cas system’s slightly upregulated expres-
sion was also found in the LysR family regulator Dgeo_2840 disrupted mutant, but 
not in a putative Dps gene Dgeo_0257 disrupted mutant. In the case of Δdgeo_2840 
mutant, a different iron transporter dgeo_1370 was up-regulated 3.35-fold. 
However, gene expression levels of GCN5 and MFS transporter gene clusters were 
not affected in Δdgeo_0257 or Δdgeo_2840 mutant strain. When the intracellular 
redox potential was reduced through disruption of a cystine importer, why these 
gene clusters with several distinct physiological functions showed dramatic overex-
pression? Do they somehow have a relationship with antioxidant responses? These 
questions are interesting. Future studies in this field of antioxidation research are 
needed. We focused on two antioxidant biosynthesis pathways for bacillithiol and 
mycothiol because these pathways are related to up-regulated GCN5 gene clusters.

Gene clusters Genes △dgeo_1986-87 △dgeo_0257 △dgeo_2840

CRISPR-Cas Dgeo_0233-38 35.1–105.6 — 3.36

Dgeo_0956-65 10.3–65.2 — 4.59–5.46

Iron
transporter

Dgeo_1370 — — 3.35

Dgeo_2443-44 4.69–12.42 — —

GCN5 Dgeo_0369-70 12.53 — —

Dgeo_2125 3.73 — —

Dgeo_2313 11.2 — —

MFS
transporter

Dgeo_0249 3.75 — —

Dgeo_0530 6.41 — —

Dgeo_1968 5.57 — —

Dgeo_2330 3.22 — —

ABC
transporter

Dgeo_0543 3.34 0.35 1.62

Dgeo_0647 6.96 1.54 —

Dgeo_1805 8.03 — —

Dgeo_2581 3.60 0.69 —

RpiR family Dgeo_2822 — — 3.20

Dgeo_2619 0.20 0.29 0.28

Table 1. 
Transcriptomics analysis for some target genes among wild-type and mutants.



Antioxidants - Benefits, Sources, Mechanisms of Action

154

sophisticated antioxidant system of living organisms is a problematic and chal-
lenging study like a puzzle game.

2. An antioxidant defense system in a radiation-resistant bacterium

2.1 A cystine importer, redox balance and control of gene expression

D. geothermalis contains a cystine importer as a substrate-binding protein 
and a membrane permease Dgeo_1986-87 which is highly expressed at the late 
exponential growth phase [25, 55]. Its intracellular total thiol level is affected 
by the expression level of this cystine importer. Deinococcus has specific genes 
that can repair when DNA is damaged. Using dgeo_1986-87 a cystine importer 
disrupted mutant strain, we have detected the expression levels of unique 
DNA repair proteins, pprA, ddrA, and ddrB. These DNA repair proteins were 
highly up-regulated under oxidative stress conditions induced by 50 mM H2O2 
[55]. However, when cystine importer expression is enhanced in a mutant 
Dgeo_1985R strain, DNA repair proteins are entirely down-regulated [25]. 
The increased intracellular thiol concentration strongly repressed the expres-
sion level of these DNA repair-related unique genes, excluding recA gene in 
Deinococcus through overexpressed cystine transporter. Therefore, unique 
DNA repair proteins in Deinococcus are controlled by redox potential levels. 
If there is a direct controlling system for unique DNA repair genes, maybe it 
is repressed by the reduced redox potential through the cystine transporter’s 
overexpression.

In general, the primary antioxidant enzyme, e.g. catalase, is highly induced 
by an oxidative stress condition. It is positively controlled by a global transcrip-
tional regulator OxyR [16]. In D. radiodurans, the redox sensor OxyR has a single 
cysteine residue in the active site. It controls the expression of catalase and iron/
manganese uptake proteins positively [21]. However, in D. geothermalis wild-type 
and Δdgeo_1986-87 cystine importer disrupted strain, expression level of oxyR is 
strongly induced. OxyR is not proportionally affected on catalase expression level. 
Thus, OxyR is not a positive regulator of catalase.

The strain’s cystine transport has been found to be dependent on the growth 
phase. In other words, some features are often expressed in the latter half of 
the exponential phase. In a mutant with the importer gene removed, it reacts 
relatively sensitive to oxidative stress. However, if the importer is overexpressed, 
its resistance to hydrogen peroxide is increased. A mutant that artificially over-
expression the importer shows increased resistance to hydrogen peroxide without 
being affected by catalase expression, which results from an increase in the content 
of total thiol entering the cell through the cystine importer [15]. Therefore, the 
intracellular reduction state through enhancing thiol contents is a primary defense 
system of D. geothermalis against oxidative stress without induction of enzymatic 
ROS defense factors.

2.2 Hints from transcriptomic analysis

We performed transcriptomic analysis using RNA-Seq technology to define 
functional roles of bacterial TrmB (Dgeo_1985), Dps (Dgeo_0257), a cystine 
importer (Dgeo_1986-87), and LysR family regulator (Dgeo_2840). We con-
structed target gene disrupted mutants. Expression levels of all genes at OD600 
4.0 as a late exponential growth phase in mutants were then compared to those in 

155

An Antioxidant Defense System in Radiation-Resistant Bacterium Deinococcus geothermalis…
DOI: http://dx.doi.org/10.5772/intechopen.95658

wild-type D. geothermalis [55]. Data have been deposited in NCBI’s Gene Expression 
Omnibus. They are accessible through GEO series accession number GSE151903.

First, a transcriptomic study was done to compare gene expression levels 
between wild-type and cystine importer deleted mutant of D. geothermalis. Genes 
up-regulated more than 3.0-fold of log value are listed in Table 1. Both CRISPR-Cas 
system gene clusters, Dgeo_0233-38 gene cluster and Dgeo_0956-65 gene cluster, 
were up-regulated 35.1-105.5-fold and 10.3-65.2-fold, respectively. Iron transporter 
Dgeo_2443 and 2444 genes were up-regulated 4.69 and 12.42-fold, respectively. 
Three gene clusters for GCN5, Dgeo_0369-70, 2125, and 2313, were up-regulated 
12.53, 3.73, and 11.2-fold, respectively. Four MFS transporters, Dgeo_0249, 0530, 
1968, and 2330, were up-regulated 3.75, 6.41, 5.57, and 3.22-fold, respectively. Four 
ABC transporters, Dgeo_0543, 0647, 1805, and 2581, were up-regulated 3.34, 6.96, 
8.03, and 3.6-fold, respectively.

Δdgeo_0257 and Δdgeo_2840 mutant strains were revealed many no effect and 
several fluctuated patterns. The CRISPR-Cas system’s slightly upregulated expres-
sion was also found in the LysR family regulator Dgeo_2840 disrupted mutant, but 
not in a putative Dps gene Dgeo_0257 disrupted mutant. In the case of Δdgeo_2840 
mutant, a different iron transporter dgeo_1370 was up-regulated 3.35-fold. 
However, gene expression levels of GCN5 and MFS transporter gene clusters were 
not affected in Δdgeo_0257 or Δdgeo_2840 mutant strain. When the intracellular 
redox potential was reduced through disruption of a cystine importer, why these 
gene clusters with several distinct physiological functions showed dramatic overex-
pression? Do they somehow have a relationship with antioxidant responses? These 
questions are interesting. Future studies in this field of antioxidation research are 
needed. We focused on two antioxidant biosynthesis pathways for bacillithiol and 
mycothiol because these pathways are related to up-regulated GCN5 gene clusters.

Gene clusters Genes △dgeo_1986-87 △dgeo_0257 △dgeo_2840

CRISPR-Cas Dgeo_0233-38 35.1–105.6 — 3.36

Dgeo_0956-65 10.3–65.2 — 4.59–5.46

Iron
transporter

Dgeo_1370 — — 3.35

Dgeo_2443-44 4.69–12.42 — —

GCN5 Dgeo_0369-70 12.53 — —

Dgeo_2125 3.73 — —

Dgeo_2313 11.2 — —

MFS
transporter

Dgeo_0249 3.75 — —

Dgeo_0530 6.41 — —

Dgeo_1968 5.57 — —

Dgeo_2330 3.22 — —

ABC
transporter

Dgeo_0543 3.34 0.35 1.62

Dgeo_0647 6.96 1.54 —

Dgeo_1805 8.03 — —

Dgeo_2581 3.60 0.69 —

RpiR family Dgeo_2822 — — 3.20

Dgeo_2619 0.20 0.29 0.28

Table 1. 
Transcriptomics analysis for some target genes among wild-type and mutants.



Antioxidants - Benefits, Sources, Mechanisms of Action

156

2.3 Mycothiol as a major under oxidation state

D. geothermalis genome contains 28 GNAT proteins [56]. Four GNAT genes, 
dgeo_0369-0370, 2125, and 2313, contribute to its redox-balancing regulation. In 
Δdgeo_1986-87 mutant, these four GNAT genes were up-regulated over 3.0-fold 
(Table 1). Dgeo_2125 is an acetyltrans_3 family member. However, its function has 
not been characterized yet. Dgeo_0370 is a putative phosphinothricin acetyltrans-
ferase, a broad-spectrum herbicide that acts as a competitive inhibitor of gluta-
mine synthetase. Dgeo_0369 is a putative RimI which is a S18 ribosomal protein 
acetylation enzyme. Dgeo_2313 is a putative mycothiol synthase MshD (Table 2). 
Thus, Dgeo_2313 is a gene direct-related to redox potential because mycothiol acts 
as a total thiol balance. Mycothiol is the main LMW thiol in most Actinomycetes, 
including Mycobacterium tuberculosis [31]. MshD and MshC were strongly induced 
in Δdgeo_1986-87 mutant with the absence of hydrogen peroxide. However, when 
hydrogen peroxide was present, MshD expression was strongly down-regulated to 
be under 0.3-fold.

Somehow, intracellular redox potential affects these GNAT regulations. If two 
artificial conditions such as oxidation and reduction are provided, the expression 
levels of redox potential-dependent GNAT genes would be detected. These vari-
able expression levels of GNAT genes will provide stress response control. At the 
moment, the physiological roles of these four GNAT proteins remain unclear. In 
general, proteins in the GNAT superfamily have broad-spectrum physiological 
functions. Their amino acid sequence identities are very low. Thus, predicting their 
functional roles through protein sequence similarities is difficult.

How about expression levels of bacillithiol (BSH) biosynthesis-related genes in 
the transcriptome of D. geothermalis? The genome of D. geothermalis contains BSH 
biosynthesis enzymes BshA (Dgeo_1099; BSH biosynthesis glycosyltransferase), 
BshB1 (Dgeo_2305; BSH biosynthesis deacetylase), BshC (Dgeo_1276; BSH bio-
synthesis cysteine-adding enzyme), and BstA (Dgeo_1829; BSH transferase) as 
Drad BSH-related genes. It also contains BSH reductase (Dgeo_2331; YpdA) and 
bacilliredoxin (Dgeo_1464; YtxJ). Despite all genes involved in BSH biosynthesis 
and degradation pathway, expression levels of these genes were not affected in 
the intracellular oxidation state of Δdgeo_1986-87 strain. However, they might be 
affected by other stressors such as heat shock and hydrogen peroxide treatment.

2.4 Dps and its mysterious roles

D. radiodurans have two paralogous Dps proteins, each known to play a different 
role. DrDps1 (DR2263) binds to both linear and coiled DNA. However, DrDps2 
(DRB0092) preferentially binds to coiled DNA, forming different conformation of 
protein-DNA complexes to protect DNA against ROS, although its protection occurs 
at different iron to protein ratios. The difference between two DrDps could result 
from the fact that DrDps1 has higher iron oxidation rate in the presence of hydrogen 

Genes △dgeo_1986-87 △dgeo_0257 △dgeo_2840

MshA (Dgeo_2307) 0.79 0.98 0.69

MshB (Dgeo_1021) 1.14 1.00 1.10

MshC (Dgeo_1714) 10.78 0.88 1.36

MshD (Dgeo_2313) 11.2 1.21 0.99

Table 2. 
Expression levels of MSH biosynthesis-related genes.
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peroxide and higher affinity to bind DNA than DrDps2 [37]. In summary, DrDps1 
may function in DNA metabolism, while DrDps2 may protect against exogenously 
derived ROS [57].

D. geothermalis has two Dps proteins homologous to Dps proteins of D. radio-
durans. Dgeo_0281 is homologous to DrDps1 (DR_2263). The novel Dgeo_0257 has 
been proposed to be one of Dps DNA-binding proteins in D. geothermalis. It prob-
ably has different roles from DrDps1 homologous protein, Dgeo_0281. Dgeo_0257 
shares 72% amino acid sequence identity to DR_0528 of D. radiodurans, suggesting 
the need for research as another candidate protein of DrDps. The DrDps2 (DR_
B0092) did not share any significant sequence identities with proteins of D. geother-
malis. Dgeo_0281 and Dgeo_0257 share only 11.5% amino acid sequence identity, 
lower than 16% amino acid sequence identity shared between DrDps1 and DrDps2.

We prepared both dps genes disrupted mutant strains, Δdgeo_0257 and 
Δdgeo_0281, and they were more susceptible to H2O2 than the wild-type strain. The 
novel putative Dps Dgeo_0257 might play a role in DNA protection and antioxidant 
reactions such as Dgeo_0281. DNA-binding capacities of purified Dgeo_0257 and 
Dgeo_0281 proteins were then determined by electrophoretic mobility shift assay 
(EMSA). Gel filtration assay was also performed for conformational determination 
[58]. Dgeo_0257 protein has a 5-fold higher DNA-binding affinity than Dgeo_0281. 
Interestingly, both Dps proteins were found to have similar metal-sensing behavior 
(Figure 2). When ferrous ion was present, Dps proteins could not bind to DNA. 
Their DNA-binding activity was found to be non-specific for DNA sequence. To 
determine the physiological functions of these two Dps proteins, we performed 
quantitative real-time (qRT)-PCR analysis for both dgeo_0257 and dgeo_0281 genes 
in wild-type, Δdgeo_0257, and Δdgeo_0281 mutant strains at different growth phase 
in a time-course study. Surprisingly, the dgeo_0281 gene was early expressed at 
OD600 2.0. Its expression then gradually reduced at OD600 4.0 and 8.0. However, 
dgeo_0257 was dramatically induced in a stationary phase at OD600 8.0. Thus, we 
predicted that both Dps proteins of D. geothermalis had growth phase-dependent 
specificity.

2.5 Active transposition of insertion sequences under oxidative stress condition

Various selectable approaches have detected transposition events of ISs. For 
example, ISDra2 was induced by irradiation, causing the thyA (thymidylate syn-
thase) gene to be destroyed in D. radiodurans. As a result, thyA mutant became 

Figure 2. 
Illustration of DNA protection and iron detoxification roles of two Dps proteins in D. geothermalis.
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Dgeo_0281 proteins were then determined by electrophoretic mobility shift assay 
(EMSA). Gel filtration assay was also performed for conformational determination 
[58]. Dgeo_0257 protein has a 5-fold higher DNA-binding affinity than Dgeo_0281. 
Interestingly, both Dps proteins were found to have similar metal-sensing behavior 
(Figure 2). When ferrous ion was present, Dps proteins could not bind to DNA. 
Their DNA-binding activity was found to be non-specific for DNA sequence. To 
determine the physiological functions of these two Dps proteins, we performed 
quantitative real-time (qRT)-PCR analysis for both dgeo_0257 and dgeo_0281 genes 
in wild-type, Δdgeo_0257, and Δdgeo_0281 mutant strains at different growth phase 
in a time-course study. Surprisingly, the dgeo_0281 gene was early expressed at 
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2.5 Active transposition of insertion sequences under oxidative stress condition

Various selectable approaches have detected transposition events of ISs. For 
example, ISDra2 was induced by irradiation, causing the thyA (thymidylate syn-
thase) gene to be destroyed in D. radiodurans. As a result, thyA mutant became 

Figure 2. 
Illustration of DNA protection and iron detoxification roles of two Dps proteins in D. geothermalis.
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resistant to trimethoprim [47, 59]. In the case of antibiotic-resistant phenotype, a 
certain IS element was integrated into rsmG gene disrupted by ISTth7 of IS5 family 
in Thermus thermophilus, resulting in streptomycin-resistance [60].

The genome of D. geothermalis contains a total of 73 ISs. Deinococcus species were 
found to have pink or reddish colored colonies. However, D. geothermalis wild-type, 
Dps-like gene disrupted mutant (Δdgeo_0257 mutant), and LysR gene disrupted 
mutant (Δdgeo_2840 mutant) were found to have white-colored colonies under an 
oxidative stress condition. The reason was that phytoene desaturase function of 
Dgeo_0524 as a carotenoid pathway-related gene was interrupted by the transposi-
tion of each IS element: ISDge6 for Δdgeo_2840 mutant, ISDge7 for Δdgeo_0257 
mutant, and ISDge11 for wild-type (Figure 3) [32, 61, 62]. Among down-regulated 
genes in RNA-seq, two genes (dgeo_0928 and dgeo_1785) were disturbed by ISDge5 
in the Δdgeo_0257 mutant strain. A new biomarker for finding transposition loci 
with antibiotic streptomycin-resistance was also used easily to selecting colonies on 
streptomycin contained media. When the ISDge6 element was inserted into the rsmG 
gene (dgeo_2335) encoding ribosomal RNA small subunit methyltransferase and a 
point mutation or frameshift mutation on rsmG gene occurred, mutant strains were 
resistant to 50 μg/ml streptomycin (prepared manuscript). In the current discovery, 
ISDge5, ISDge6, ISDge7, and ISDge11 were all replicating transposition modes through 
PCR detection of target genes. We found that each IS element was transposed, 
explicitly depending on DNA-binding proteins from these active transposition 
events. There is an open question. Although the genome of D. geothermalis contains 
a high copy number of IS elements such as ISDge2, ISDge3, ISDge4, and ISDge13, 
transposition events have not been found yet. Nevertheless, in the case of ISDge2, its 
transposase gene expression was strongly induced by oxidative stress. Thus, it is a 
big challenge to detect DNA-binding protein-dependent IS transposition occurrence. 
We can imagine that when the environmental factor is changed from oxidative stress 
to others such as other source radiations, gravity, pressure, and certain chemicals, 
specialized IS elements might be transposed into other loci in the genome.

3. Conclusion

As a model for oxidative stress response, Deinococcus species is a beneficial 
model organism to understand its survival strategies in the presence of harsh 

Figure 3. 
Brief scheme of metabolic pathway (A) and the ISs integrated loci in the gene cluster for carotenoid 
biosynthesis (B).
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Abstract

Cancer is a major cause of mortality around the world, representing about 13% 
of deaths on the planet. Among the available cancer treatments, chemotherapy 
is most frequently utilized compared to other treatments such as surgery and 
radiotherapy. Many dietary antioxidants have proven to effectively prevent oxida-
tive stress, which has been noted in many disease pathogeneses, including cancer. 
However, during chemotherapy or radiotherapy treatment of cancer patients, 
antioxidants are used as an adjuvant treatment. The use of a proof-based technique 
is advised in determining the supplements most suited to cancer patients. Though 
there are numerous opinions about the dangers and advantages of antioxidants, it 
is reasonable to conclude that side effects caused by antioxidants, for now, remain 
unclear for patients during cancer treatment, aside from smokers during radiother-
apy. In this report, details of the effectiveness of antioxidants on cancer treatment 
aiding in the reduction of cancer therapy side effects are discussed.

Keywords: antioxidants, chemotherapy, dietary supplements, polyphenolics, 
radiotherapy

1. Introduction

Cancer is a wide collection of diseases that can begin in practically any organ 
or tissue of the body when abnormal cells develop and move beyond their space to 
attack surrounding areas and also spread to different organs [1]. There are numer-
ous types of cancer such as breast cancer, skin cancer, bone cancer, lung cancer, 
colon cancer, prostate cancer and if left untreated, it results in serious harm and 
could eventually lead to death [2]. Different causes of cancer include hereditary 
variables, way of life, diet, exposure to various kinds of synthetic compounds, and 
radiation. The American Cancer Society has estimated the number of new cancer 
cases for the year 2020 in the United States is 1,806,590 cases and 606,520 deaths. 
Previously, the cancer death rate increased up until the year 1991, at which point, 
the numbers dropped ceaselessly from 2017, bringing about a general decrease of 
about 29% which is equivalent to 2.9 million fewer cancer deaths than as projected. 
This was attributed to the long-term decrease in death rates for the 4 main cancer 
types (colorectal, prostate, breast, and lung cancer) [3]. Among the reasons that 
can be mentioned for the reduction in the mortality rate of cancer patients are the 



Antioxidants - Benefits, Sources, Mechanisms of Action

164

[59] Mennecier S, Servant P, Coste G, 
Bailone A, Sommer S. Mutagenesis 
via IS transposition in 
Deinococcus radiodurans. Mol 
Microbiol. 2006;59:317-325. DOI: 
10.1111/j.1365-2958.2005.04936.x.

[60] Gregory ST, Dahlberg AE. 
Transposition of an insertion sequence, 
ISTth7, in the genome of the extreme 
thermophile Thermus thermophiles HB8. 
FEMS Microbiol Lett. 2008;289:187-192. 
DOI: 10.1111/j.1574-6968.2008.01389.x.

[61] Lee C, Choi N, Bae MK, 
Choo K, Lee S-J. Transposition of 
insertion sequences was triggered by 
oxidative stress in radiation-resistant 
bacterium Deinococcus geothermalis. 
Microorganisms. 2019;7:446. DOI: 
10.3390/microorganisms7100446.

[62] Lee C, Choo K, Lee S-J. Active 
transposition of insertion sequences 
by oxidative stress in Deinococcus 
geothermalis. Front Microbiol. 
2020;11:558747. DOI:10.3389/
fmicb.2020.558747.

165

Chapter 9

The Two Sides of Dietary 
Antioxidants in Cancer Therapy
Musbau Adewumi Akanji, Heritage Demilade Fatinukun,  
Damilare Emmanuel Rotimi, 
Boluwatife Lawrence Afolabi and Oluyomi Stephen Adeyemi

Abstract

Cancer is a major cause of mortality around the world, representing about 13% 
of deaths on the planet. Among the available cancer treatments, chemotherapy 
is most frequently utilized compared to other treatments such as surgery and 
radiotherapy. Many dietary antioxidants have proven to effectively prevent oxida-
tive stress, which has been noted in many disease pathogeneses, including cancer. 
However, during chemotherapy or radiotherapy treatment of cancer patients, 
antioxidants are used as an adjuvant treatment. The use of a proof-based technique 
is advised in determining the supplements most suited to cancer patients. Though 
there are numerous opinions about the dangers and advantages of antioxidants, it 
is reasonable to conclude that side effects caused by antioxidants, for now, remain 
unclear for patients during cancer treatment, aside from smokers during radiother-
apy. In this report, details of the effectiveness of antioxidants on cancer treatment 
aiding in the reduction of cancer therapy side effects are discussed.

Keywords: antioxidants, chemotherapy, dietary supplements, polyphenolics, 
radiotherapy

1. Introduction

Cancer is a wide collection of diseases that can begin in practically any organ 
or tissue of the body when abnormal cells develop and move beyond their space to 
attack surrounding areas and also spread to different organs [1]. There are numer-
ous types of cancer such as breast cancer, skin cancer, bone cancer, lung cancer, 
colon cancer, prostate cancer and if left untreated, it results in serious harm and 
could eventually lead to death [2]. Different causes of cancer include hereditary 
variables, way of life, diet, exposure to various kinds of synthetic compounds, and 
radiation. The American Cancer Society has estimated the number of new cancer 
cases for the year 2020 in the United States is 1,806,590 cases and 606,520 deaths. 
Previously, the cancer death rate increased up until the year 1991, at which point, 
the numbers dropped ceaselessly from 2017, bringing about a general decrease of 
about 29% which is equivalent to 2.9 million fewer cancer deaths than as projected. 
This was attributed to the long-term decrease in death rates for the 4 main cancer 
types (colorectal, prostate, breast, and lung cancer) [3]. Among the reasons that 
can be mentioned for the reduction in the mortality rate of cancer patients are the 



Antioxidants - Benefits, Sources, Mechanisms of Action

166

various techniques being used for treatment such as chemotherapy, surgery, and 
radiotherapy. Various kinds of cancer can proceed in abnormal ways, develop at 
different rates, and react to treatment differently, hence, each cancer treatment is 
focused on the specific cancer type. Cancer therapy used in the treatment of cancer 
patient includes surgery, chemotherapy, radiotherapy and more recently antioxi-
dant have been proposed to benefit cancer patients during cancer therapy [2].

Antioxidants are substances that can neutralize the production of free radicals 
and counteract the oxidation process. Antioxidants can be classified based on their 
source; endogenous source (enzymes) and exogenous diets (carotenoids, flavo-
noids, phenolics, minerals, and vitamins) [4]. Antioxidants are naturally found 
abundant in dietary sources, and their consumption possesses great health benefits 
[5]. The use of dietary antioxidants mitigates oxidative stress which contributes 
majorly to several diseases. Plant nutrients including organic products, vegetables, 
tea, grains, red wine, nuts, spices, and flavors give a huge sum and variety of anti-
oxidants by preventing diseases. Dietary antioxidants are also a complex mixture 
of minerals (selenium, zinc, or copper) and micronutrients (vitamins A, C, and E) 
[6]. There are recommended antioxidants intake either as a diet with antioxidant 
activities or combined with antioxidant enzymes. Metals such as iron, zinc, man-
ganese, copper, and selenium are considered cofactors of various enzyme antioxi-
dants, and some nutrients (β-carotene, α-tocopherol, ascorbic acid, and folic acid) 
as sequestrate of reactive oxygen species (ROS) [7]. In light of this, this review 
discusses dietary antioxidants in cancer therapy in light of merits and demerits.

2. Oxidative stress

A free radical is a particle capable of existing independently and has at least one 
unpaired electron in its outer shell. Most free radicals are profoundly reactive and 
unsteady as a result of the number of electrons. Therefore, they rapidly react with 
different substances to attain stability. Free radical attacks the nearest steady par-
ticle and acquire its electron, meanwhile, the attacked particle can turn into a free 
radical by loosing its electron and start a chain reaction course harming the living 
cells. Examples of free radicals are superoxide anion, lipid alkoxyl, lipid peroxide, 
lipid peroxyl, and hydroxyl radical. Reactive oxygen species (ROS) are radical 
subordinates, for example, hydrogen peroxide and singlet oxygen [8]. Free radicals 
are fundamentally reactive oxygen species (ROS) or reactive nitrogen species (RNS) 
comprising of singlet oxygen, hydrogen peroxide, superoxide radicals, intermediary 
nitrite, and nitric oxide (NO) [9]. The primary reactive oxygen species (ROS) are 
the superoxide (O2-), singlet oxygen (O2), hydrogen peroxide (H2O2), hydroxyl 
radicals (HO-), peroxyl and alkoxyl radicals (ROS- and RO-), and natural peroxides 
(ROOH). In the event of cellular damage caused by free radicals, for example, 
involving cellular amino acids, lipids, and DNA, reactive oxygen species (ROS) 
can activate enzymatic and non-enzymatic cell reactions, with the possibility of 
tampering with different metabolic processes and interfering with gene expression 
among other things.

Oxidative stress is an aftereffect of a variation in reactive oxygen species (ROS) 
and antioxidant resistances. Oxidative stress takes control of the development and 
function of the cell which can contribute to the pathogenesis of various conditions 
like neurodegenerative sickness, Parkinson’s dementia, diabetes, cancer, immune 
system ailments, Alzheimer’s ailment, cardiovascular diseases, carcinogenesis, 
asthma [10]. Oxidative stress predisposes cellular harm through oxidation of 
proteins, nucleic acids, and lipid, structural adjustment of the membranes, the 
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harm induced may extend to the organs and become systemic [11]. Countering 
the effect of free radicals can be through a large intake of dietary antioxidants and 
specific antioxidant supplements as part of the diet. Though, some reports have 
suggested that combining several antioxidants is more viable in the long-term than 
single antioxidant substances. Therefore, antioxidants provide a great advantage in 
improving personal health by hindering several diseases conditions [12].

2.1 Antioxidants

Antioxidants act as scavengers of free radical or reactive oxygen species (ROS) 
and avert oxidation leading to several disease conditions. An antioxidant hinders the 
oxidation of lipids, DNA, sugar, and proteins at low concentrations. Antioxidants 
are found in plants, numerous foods, and some are synthesized in the body [13, 14]. 
In recent times, there has been increased utilization of natural products and reports 
have indicated that consumption of vegetables and fruits that contains antioxidants 
might be related to the decreased frequency of diseases activated by reactive oxygen 
species (ROS), such as cardiovascular diseases, cancer, etc. Oxidative stress and its 
damaging effects can be averted through the consumption of naturally occurring 
antioxidants [15]. Polyphenols and carotenoids (natural antioxidants) reveal natural 
activities as anti-atherosclerosis, anti-aging, anti-inflammatory, and anticancer [16]. 
Antioxidants function in the body to promote health and strength, particularly dur-
ing old age. They ensure protection from damage to the tissues, and skin caused by 
the production of free radicals. In industries, they help to expand the food shelf-life 
and are added in the skin-care products for anti-aging purposes [13].

The antioxidant system comprises of enzymatic and non-enzymatic anti-
oxidants. Among the enzymatic antioxidants, are superoxide dismutase (SOD), 
glutathione peroxidase (GPx), and catalase (CAT). The non-enzymatic antioxidant 
also contributes to the cellular redox balance, examples include hormones such as 
estradiol, melatonin, as well as certain nutrients, for example, vitamins E and C [17].

The antioxidants are grouped into three fundamental classes:

1. The principal line guard antioxidants which involve superoxide dismutase 
(SOD), glutathione reductase (GR), catalase (CAT), and minerals like Zn, Se, 
and Cu, etc.

2. The second line safeguard antioxidants which involve glutathione (GSH), 
flavonoids, carotenoids, vitamin C, vitamin E, etc.

3. The third line safeguards antioxidants which involve a complex combination of 
chemicals responsible for fixing the damaged DNA, proteins, oxidized lipids, 
and peroxides. Examples are DNA repair enzymes, methionine sulphoxide 
reductase, protease, lipase, transferases, and so on [10].

2.2 Dietary antioxidants

Dietary antioxidants are substances found in food and it ensures the protection 
of cells, tissues, and DNA against oxidative harm of free radicals. Dietary antioxi-
dant supplements involve protein, starch, sodium, fiber, fat as well as minerals and 
vitamins. Dietary antioxidants having both antioxidant and pro-oxidant impacts 
involve nutrients (tocopherol, carotenoids, pro-vitamin A, ascorbic acid, basic 
micronutrients with physiological roles) and also involve phytochemicals and 
polyphenols. In a review, dietary consumption of anthocyanins (an antioxidant 
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found in berries) was revealed about 8% decrease in hypertensive condition [18]. 
Dietary nutrients have also shown significant improvement in bodily functions such 
as brain health, improved nervous system metabolism, and so on [19].

Since scientific evidence established the role of free radicals in the pathogenesis 
of diseases such as cardiovascular diseases, cancer among others, there have been 
considerable studies towards natural antioxidant properties to ameliorate such 
effects. The dietary antioxidant can have useful impacts on the body by scavenging 
free radicals and also the redox potential if they are available in tissues at adequate 
concentrations. For some dietary phytochemicals, direct antioxidants intake for 
some disease condition might be less significant to health than others as well as its 
consequences on cell signaling and gene expression [20]. There is a concern that the 
global consumption of fruits and vegetables is insufficient, leading to a decreased 
intake of antioxidants and predisposes to degenerative diseases [21].

2.3 Examples of dietary antioxidants and their sources

2.3.1 Vitamin C

Vitamin C (ascorbic acid) is vital to the health of the body by acting as an 
intense scavenger of radical. Ascorbic acid is a water-soluble vitamin and a huge 
supplement for quick intestinal absorption. It is needed for the collagen synthesis 
in the body, essential in regulating norepinephrine from dopamine and function in 
tyrosine digestion. Insufficient intake of vegetables and fruits, the main sources of 
vitamin C, can prompt the inadequacy of this crucial nutrient in the body. Ascorbic 
acid is quickly exhausted and oxidized during oxidative stress. Examples of natural 
sources rich in vitamin C are grapefruits, pineapple, cherries, citrus fruits, potatoes, 
pepper, strawberries, gooseberry, broccoli, kiwi fruit, and paprika, etc. [22].

2.3.2 Vitamin D

Vitamin D is a fat-soluble vitamin known to assume an important role in bone 
and calcium homeostasis and function as an anti-inflammatory agent since it 
represses invulnerable the expression of cell cytokine and prompts monocyte/
macrophage to emit molecules which have a firm antibiotic impact. Its insufficiency 
can expand the danger of infectious diseases. Almost 95% of vitamin D is gathered 
in the epidermis of the skin on exposure to the sun, the rest is gotten from different 
dietary sources. In food, oily fish contains the largest amount of vitamin D, other 
sources include milk, orange, etc. [22].

2.3.3 Vitamin E

Vitamin E also called tocopherol is a fat-soluble vitamin. Vitamin E has an 
extremely wide capacity of preserving biological membrane and nucleic acids in the 
body from the attacks of free radicals. Vitamin E is rich in vegetables, vegetable oil, 
almonds, walnuts, etc. Vitamin E has been discovered to have repressive capacity on 
tumors [23].

2.3.4 Flavonoids

Plants have numerous flavonoids essential to mitigate the development of 
diseases. Basic flavonoids compounds involve anthocyanins, isoflavones, flavones, 
etc. Flavonoids destroy the free radicals by transforming them into phenolic radicals 
(inactive) after providing hydrogen to lipid compound radicals. Foods containing a 
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large number of flavonoids involve herb, onions, blueberries, banana, and all citrus 
fruits, etc. [23].

2.3.5 Carotenoids

These are dietary antioxidants that have exhibited action of photoprotection. 
In plants, these compounds are found in the photosynthetic parts where they are 
classified as extra light-collecting shades and shield from harm caused by sunlight. 
The photoprotective impacts of carotenoid-rich eating routine have been researched 
for its capacity to diminish the erythema (skin redness) size upon UV radiation 
exposure, though an extended period is necessary for a successful mediation. 
Among carotenoids, beta-carotene, lycopene, and lutein are gotten from various 
plant sources, for example, tomato, carrots, etc. [24].

2.3.6 Polyphenols

There has been developing interest upheld by various epidemiological tests, 
on the possible gainful impacts of polyphenols on brain health. Polyphenol is 
micronutrients abundant in plant-determined nourishment which is also strong 
antioxidants. Fruits and beverages, for example, coffee, cocoa, and tea, and so 
on are significant dietary sources of polyphenols. Polyphenols are noted for their 
neuroprotective activities; protecting neurons against damage induced by neuro-
toxins, can suppress neuroinflammation, and the possibility to advance memory, 
learning, and psychological capacity. Recent evidence suggests that their beneficial 
impact includes a reduction in oxidative stress, an increase in defensive signaling, 
prompting the expression of genes that encode antioxidant enzymes, neurotrophic 
factors, and protective protein [7].

3. Cancer

Cancer is a major medical issue globally and is the second leading cause of death 
in the United States. A century ago, cancer was not all that normal, however, since 
the last few decades, its frequency has been rising alarmingly, presumably because 
of our evolving way of life and habits. Cancer is among the most dreaded illnesses 
of the 20th century and grows forward with the increasing rate in the 21st century. 
Cancer is the abnormal development of cells. Cancers are made of small cells that 
have lost the capacity to stop developing and can emerge from any body structure 
or organ. Caner is not easily detected in its early stages but might be recognized by 
chance via a laboratory test or radiological routine test [25].

Cancer is a general term used in describing a group of diseases portrayed 
through independent development and the spread of a somatic clone. In this light, 
cancer must approach different cell pathways that empower it to disregard the 
typical requirements on cell development, change the local microenvironment to 
support its growth, attack through tissue boundaries, spread to different organs, 
and avoid immune system observation. No single cell program coordinates these 
behaviors, rather, there is a wide mass of pathogenic abnormalities from which 
singular cancers draw their combination, the shared traits of macroscopic features 
across tumors give a false representation of a huge heterogeneous scene of cell 
abnormalities [1].

Any time a cell divides, errors during the DNA replication process suggest that 
new mutations are present in the genomes of the daughter cells. Epigenetic marks 
(e.g. DNA methylation) are also replicated with limited precision. Larger-scope 
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Among carotenoids, beta-carotene, lycopene, and lutein are gotten from various 
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new mutations are present in the genomes of the daughter cells. Epigenetic marks 
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chromosol or part-chromosome losses or modifications [somatic copy number 
alternation (SCNAs)] and other structural modifications also occur at a standard 
frequency in many cancers. It is naturally occurring in the genetic modification that 
records the history of the cells in the tumor and since tumors are clonally derived; 
the entire cells in the tumor will carry the mutations in the main cancer cell, thus 
later-emerging subclones are recognizable by their sharing of a specific arrange-
ment of variants, therefore, the order of clone advancement can be constructed by 
comparing the arrangement of mutation present in various cell tumor [26]. Cancer 
cells to meet their energy requirements, they depend on aerobic metabolism and 
also combined fatty acids, proteins, and nucleotides. Therefore, there is a constant 
need to expand the glucose supply needed to uphold diseases like diabetic-related 
hyperglycemia [27].

3.1 Cancer types

3.1.1 Lung cancer

Lung cancer is the most dangerous tumor, and the principal reason for cancer 
death worldwide in both genders combined. Globally, lung cancer occurrence and 
mortality on the general populace are essentially dictated by tobacco usage, the 
fundamental etiological factor in lung carcinogenesis [28]. The hazard factors for 
lung cancer involve ecological and hereditary hazard factors, all of which have an 
impact on tumor advancement and additionally influence patients’ treatment [29]. 
Ladies have some unique hazard factors for lung cancer compared to men, and lung 
tumors in ladies have different pathologic conduct, results, and visualization in 
comparison to lung cancer growth in men [30]. The viability of lung cancer growth 
screening, utilizing computed tomography (CT) or chest X-ray (CXR), involving 
extra aides or not, such as sputum cytology, has been explored in various studies as 
asymptomatic at-risk populations [31].

3.1.2 Breast cancer

Breast cancer is the commonest cancer analyzed in the female population 
(excluding skin cancer) and reported the second highest cause of death among 
ladies after lung cancer [32]. There have been numerous analytic techniques for 
diagnosing early-stage breast cancer such as biopsy, breast MI, MRI, PET, ultra-
sonography, and mammography [33]. There are various hazardous factors, for 
example, sex, maturing, estrogen, family history, gene mutation, and an unhealthy 
lifestyle, which can contribute to the risk of breast cancer. Most breast cancers occur 
in ladies and the quantity of cases is multiple times more in ladies than that of men 
[34]. Various treatments can be utilized, for example, targeted therapy, hormonal 
therapy, radiation treatment, surgery, and chemotherapy [35].

3.1.3 Prostate cancer

Prostate cancer is another deadly cancer diagnosed in men and the fifth-highest 
cause of death around the world. Prostate cancer might show no symptoms in the 
beginning phase, regularly has slow movement, and may require little or even no 
treatment. Problems with urination have been the most common issue, however, 
records indicate that it may emerge from prostatic hypertrophy [36]. Screening for 
prostate cancer is initiated by measuring prostate-specific antigen (PSA) protein 
levels in the blood. A raised prostate-specific antigen (PSA) level indicates prostate 
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cancer and other conditions, such as inflammation of the prostate and amplified 
prostate [37]. Prostate cancer has more victims of older men. Numerous patients 
with prostate cancer in the beginning stages obtain good results after various treat-
ments involving prostatectomy, radiation therapy, hormonal therapy, etc. [38].

3.1.4 Colon cancer

Colon cancer is the third most commonly diagnosed and second deadliest 
cancer for all genders joined. Natural affiliations and hereditary are the main risk 
factors. In patients, screening colonoscopy is required for tissue biopsy neurotic 
affirmation of colon carcinoma, such as baseline computed tomography (CT) 
of the chest, mid-region, and pelvis, and carcinoembryonic antigen (CEA) are 
favored cost-effective [39]. Chemotherapy and Surgery are the fundamental treat-
ment choices for colon cancer, depending on the cancer stages and tumor area, as 
well as the health qualities of the patients [40].

3.1.5 Pancreatic cancer

Pancreatic cancer is one of the highest causes of cancer deaths in developed 
nations and one of the deadliest cancers worldwide. The two-fundamental tumors; 
pancreatic endocrine tumors (less than 5% of cases) and pancreatic cancer are 
adenocarcinoma (about 85% of cases) [41]. Finding the tumor at a treatable stage 
is extremely difficult, patients do not usually show symptoms and tumors do not 
show sensitivity or signals to help in early discovery [42].

Other types of cancer including skin cancer, kidney cancer, lymphoma, bone 
cancer, leukemia, liver cancer, etc.

3.2 Causes

Cancer is caused by changes to the DNA within cells which are influenced by 
factors such as unhealthy diet, alcohol intake, tobacco use, infections, genetic 
tendency, ionizing radiation, toxins, obesity, inactive lifestyle, and other environ-
mental factors [43] (Figures 1 and 2).

3.3 Cancer therapy

Cancer is among the primary causes of deaths globally, and in the previous 
years, numerous researches have concentrated on discovering new treatments other 
than the customary treatments which carry side effects. There are still numerous 
issues that must be addressed to improve cancer treatment, though much advance-
ment has been accomplished in medication [44]. The number of cancer survivors 
continues to grow in the United States, notwithstanding the general declining 
age-normalized rates in men and stable rates in women. This shows an expanding 
number of new cancer analysis methods coming from the developing population as 
well as an increase in cancer survival due to advances in early detection and treat-
ment. Many cancer survivors must adapt to the physical impacts of cancer and its 
treatment, possibly prompting functional and intellectual exhaustion [45]. There 
are numerous types of cancer treatment techniques based on the type of cancer and 
stage it has progressed to. There is no specific treatment or procedure rivaling can-
cer, in some cases, the treatment plan may utilize a mix of the treatment techniques 
to have a more effective treatment. Every one of the techniques has its side effect on 
the patient [46].
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3.2 Causes
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tendency, ionizing radiation, toxins, obesity, inactive lifestyle, and other environ-
mental factors [43] (Figures 1 and 2).
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than the customary treatments which carry side effects. There are still numerous 
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3.3.1 Available cancer treatments

3.3.1.1 Surgery

Treatment of cancer by surgery is usually operated on non-hematological cancers. 
By surgical technique, the specialist expels the cancer tissues from the body. The surgi-
cal methodology can give a total or fractional fix for cancer. There might be side effects 
of the surgery based on the kind of cancer and the patients’ health status. If cancer is 
metastasized to different areas of the body, at that point expelling cancer by the surgi-
cal process is impossible. The development of the cancer cells follows the Halstedian 
model of cancer progression where the tumors begin developing locally and spreading 
to the lymph nodes and the rest of the body. The treatment of cancer by surgery should 
be possible to cancers that are limited to an area and the tumor is small in size [47].

3.3.1.2 Chemotherapy

The technique of chemotherapy is done using drugs, generally known as anti-
cancer medications, to destroy or pulverize the cancer cells. These medications 

Figure 1. 
Estimation of new cancer cases and deaths by sex, specifically the ten Main types of cancer in the United States, 
2020. Estimates are regulated to the closest 10 and avoid basal cell, squamous cell skin tumors, and cancer which 
have not undergone metastasis except for urinary bladder [43].

Figure 2. 
Estimated amount of US cancer survivors. Evaluations exclude cancer which has not undergone metastasis, 
except for urinary bladder and exclude basal cells or squamous cell skin cancer [45].
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interfere with the development of tumors and even damage the cancer cells. 
Chemotherapy is commonly considered a powerful technique for the treatment of 
cancer, though it can cause extreme side effects as it can also damage healthy cells or 
tissues. The side effects caused by chemotherapy depend on the type of cancer, its 
areas, and the patients’ reaction to the specific kinds of chemotherapy treatment. 
The side effects on the cancer patient do not represent the viability of the treatment 
and disappear once the treatment process is finished. For the most part, chemother-
apy medicines are recommended to a subject in an estimated amount over a time 
frame. In some cases, chemotherapy is administered at least two different medica-
tions at a time, this method is known as combination chemotherapy [48].

3.3.1.3 Immunotherapy

Immunotherapy is a technique for cancer treatment that causes the immune 
system to fight cancer. This is otherwise called biologic therapy, which excites the 
immune system of the patient to fight cancer. Several studies have been conducted 
on immunotherapy for treating cancer, for example, monoclonal antibodies that 
block specific protein work by constraining to cancer cells, which train the immune 
system to perceive and fight the cancer cells. This technique for treatment does 
not have any significant side effects. Immunotherapy is divided into two principle 
immunotherapeutic; passive and active. The grouping depends on the component 
of the therapeutic agent utilized, as well as the status of the patients’ immune 
system. The passive immunotherapeutic is utilized in cancer patients with feeble, 
unresponsive, or low responsive immune systems. To apply active immunothera-
peutic, the patients’ immune system should be able to react strongly when opposed, 
be adequately stimulated, and resolve effector capacities [49].

3.3.1.4 Radiation therapy

Radiation therapy utilizes high portions of ionizing radiation to kill cancer cells 
and destroy the tumor tissues. This treatment is regularly utilized as a medical 
procedure to evacuate or lessen the size of the tumors. The radiation treatment is 
usually administered externally and internally to the target area and can be harmful 
to ordinary cells and prompt a reaction from ordinary cells because of these ionizing 
radiations. The radiation treatment utilizes unique equipment to carry estimated 
portions of radiation to the cancer cells. The radiation treatment destroys tumor 
cells by damaging their DNA either directly or by harming free radicals inside the 
cells which can hence damage the DNA. This treatment utilizes high energy ionizing 
radiation, for example, x-rays. This treatment has significant side effects that have 
different approaches in both grown-ups and children [50].

3.3.1.5 Hormone therapy

The hormone treatment fights cancer by evolving the number of hormones in 
the body to treat particular types of cancer that depend on the chemicals to develop 
and spread. This treatment technique is utilized for treating cancers of the breast, 
reproductive system, and prostate. The side effects depend on the type of cancer, 
age, sex, and the sort of medication utilized in the treatment [51].

3.3.1.6 Targeted therapy

The targeted treatment of cancer focuses on the cells that re-empower the cancer 
cells to develop, separation, and spread. The targeted treatment utilizes specific 
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agents for the deregulated proteins of cancer cells. The small atoms of targeted 
therapy medication are inhibitors of enzymatic areas on the change, overexpressed, 
or critical proteins inside the cancer cells [52].

Other treatments include bone marrow transplant, cryoablation, and  
radiofrequency ablation.

4. Roles of dietary antioxidants in cancer therapy

Numerous types of cancer have been associated with the relation between 
free radicals and DNA which can cause harmful impacts on the cell cycle and also 
prompt dire threats. Antioxidants in suitable portions indicate that they have 
a generally good effect in making the tumors progressively responsive towards 
chemotherapy and radiation therapy. They can repress the development of tumors 
specifically without interfering with typical cells. Antioxidants can ensure protec-
tion against the toxicity caused by chemotherapy by hindering cell expansion. 
Additionally, antioxidants have demonstrated to hold an advantageous ability to 
decrease harm by oxidative stress, lessening the issues joined with the production of 
ROS and neurodegenerative issues [53].

ROS are chemically reactive particles containing oxygen, created by cellular 
metabolism. A moderate amount of ROS assumes a fundamental role in managing 
cell multiplication and cell survival. Nonetheless, an increase in ROS levels can 
harm cell components, for example, lipids, proteins, and DNA causing an imbal-
ance between cell reduction–oxidation (redox) conditions and cause disturbance of 
homeostasis. Constantly, increased reactive oxygen species (ROS) prompt extreme 
cell harm and lead to carcinogenesis by regulating cell signaling such as cell expan-
sion, angiogenesis, and metastasis [54].

There are two kinds of antioxidant dosages utilized in cancer treatment; a preven-
tive low portion, which restrains typical cells as well as tumor cells from developing, 
and a remedial high portion, which restrains the development of cancer cells without 
impacting typical cells. Ongoing tests demonstrated that certain conditions should 
be met before involving antioxidants in chemotherapy. Moreover, they do not hinder 
but improve the cytotoxic effect of chemotherapy while protecting the typical tissue 
which subsequently increases the patients’ survival and therapeutic response [55].

Research has indicated that 35% of cancer can be prevented by dietary adjust-
ments. Fruits and vegetables, which are wealthy in antioxidants, act defensively 
against some types of cancer. Plant nutrients that contain polyphenols have dem-
onstrated to be viable antioxidant agents for the body, they appear to oppose cancer 
growth in prostate, lung, breast, tongue, gastric, larynx, and colon cancers [56]. 
Besides, supplements such as nutrients and minerals can lessen the risk of cancer 
by stimulating antioxidant activity, restraining the multiplication of cancerous 
cells, tending to DNA methylation, and advancing cell-cycle capture. In patients 
recently treated for cancer, a healthy eating routine rich in fruits and vegetables 
can alter biomarkers of cancer growth [57]. Notably, the redox status of the cancer 
cell which is under stress is not the same as the ordinary cell. Ordinary cells keep up 
cell homeostasis by the endogenous antioxidant mechanism which perfectly makes 
redox balance between the beginning and end of an overabundance of reactive 
oxygen species (ROS). Unfortunately, the remedial technique utilized in cancer 
treatment could cause an increased ROS level and also increases the endogenous 
ROS threshold level in cancer cells and may render ordinary cells of certain organs 
such as the kidney, liver, and heart ineffective against oxidative toxicity caused 
by oxidative stress. However, current research aims to distinguish the properties 
which may improve oxidative stress in cancer cells and protect ordinary cells from 
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oxidative harm. Extensive research conducted in recent years has indicated that 
plant-based nutrients have a high substance of phytochemicals such as flavonoids 
and polyphenols with chemopreventive properties that focus on some key factors 
associated with the improvement of cancer [58].

Some chemo-preventive compounds having antioxidant properties have been 
noted to have the potential to mitigate the cytotoxic effect of radiation treatment in 
cancerous cells while reducing its harm to ordinary cells and tissues. In such a man-
ner, different research has demonstrated that phytochemicals soy isoflavones such 
as glycitein, show anti-carcinogenic properties to an extent using their antioxidant 
activities, and can be utilized as powerful radio-sensitizers to improve the viability 
of radiotherapy-mediated suppression of the development and metastatic capacity 
of tumors. As cancer patients experience treatment some unfavorable side effects 
may develop such as weight reduction, or loss of appetite, and so on [59].

4.1 The equivocal of dietary antioxidants in cancer therapy

The ability of antioxidants to shield the cells from ROS created the premise of 
its production in food supplement enterprise, with the increase in the scientific lit-
erature on its helpful impacts and wide acknowledgment among the general public. 
Nonetheless, present research in cancer shows two different aspects of antioxidants. 
Antioxidants are both helpful as a treatment system for the cancer patient and also 
involve harmful impacts of expanding the cancer cell growth [60].

DNA protection utilizing antioxidant therapy has been a productive choice for 
clinical trials. Flavonoids and phenolic acid are being noted as effective agents against 
the side effects of chemotherapy. A strong antioxidant such as coenzyme Q is mainly 
applied as a treatment in cancer, inflammation, and maturing. Application of coen-
zyme Q , for example on human epidermal cells, ensures protection against cell death 
initiated by reactive oxygen species (ROS) [61]. Supplements of vitamin C, one of the 
most abundant dietary antioxidants, have been found to ensure protection against 
oxidative harm caused by tobacco smoking reducing the risk factor of cancer. The 
relation between reactive oxygen species and cancer initiation is long-established. 
Other than the significant levels of ROS in environmental carcinogens such as tobacco 
smoking, reactive oxygen species (ROS) have been demonstrated to be basic for the 
transformation of cells caused by a gene that can transform a cell into a tumor cell or a 
loss of tumor suppressors. For instance, the downregulation of the p53 gene (a tumor 
suppressor) prompts increased reactive oxygen species (ROS) levels and antioxidant-
related medications hinder tumor formation in mice lacking this gene. Though every 
tumor is unique and the role of reactive oxygen species (ROS) and antioxidants can 
differ depending on hereditary, epigenetic, and environmental variation [62].

Discovery is being made implying that the impact which antioxidants have 
on cancer patients is truly harmful. It is important to note that a few antioxidants 
do behave as pro-oxidants under certain conditions. Another study showed that 
the b-carotene, a likely antioxidant, should be utilized cautiously, clear from its 
extremely reactive carotenoid radical development during the searching system of 
free radicals. The investigation indicated that the carotenoid radical structure which is 
scavenged through vitamin C can have harmful impacts on the initiation of cancer by 
UV-radiation with altering levels of vitamin C. The research implies that when anti-
oxidants are taken by healthy persons, they present gainful impacts, however, when 
there is a beginning of tumor development, high portions of antioxidants should be 
avoided to stop the increase in expansion of tumor cells. It is also important to note 
that the antioxidants utilized as the cream can turn unstable through the responses 
related to UV-radiation which can prompt harmful impacts. These facts raise issues 
concerning antioxidant treatment, a potential solution could be the intake of selected 
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antioxidants according to the cancer cells movement and utilizing standard eating 
routine involving such antioxidants instead of the intake of direct supplements [14].

Adequate verification is required to determine the efficacy of different antican-
cer agents combined with antioxidant supplements. In a recent study, no reports 
have shown that they cause cancer growth or an increase in mortality rate. However, 
if antioxidant supplements are to be utilized as aids for cancer patients, more 
research is required for the combination of cancer therapy and dietary supplement. 
The use of unauthorized supplements should be avoided [60].

5. Conclusion

There is uncertainty in determining whether antioxidants may have positively 
affected cancer treatment outcomes or prevent the harmful impacts of chemo-
therapy and radiotherapy. At first, it is important to consider all options of treat-
ment and some patients are usually in good condition to endure the side effects of 
antioxidants. On second thought, some patients are not ready to endure the side 
effects of antioxidants, and to use treatment certain to work to some degree is 
more advisable. However, to be able to manage the side effects, these conditions 
should be revised; the dosage and types of antioxidants, the background and 
condition of the patient, and type of cancer and anticancer therapy. It is advisable 
to utilize a proof-based technique to choose the most appropriate supplement for 
cancer patients. Even though there are many opinions on the good and bad of 
antioxidants, it is difficult to clinically conclude that dietary antioxidants enhance 
therapeutic toxicities and also, there is no evidence of dietary antioxidant causing 
harm with cancer treatment, aside from smokers experiencing radiotherapy.

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

177

The Two Sides of Dietary Antioxidants in Cancer Therapy
DOI: http://dx.doi.org/10.5772/intechopen.94988

References

[1] The, I. C. G. C, of Whole, T. P. C. 
A, Genomes Consortium, Pan-cancer 
analysis of whole genomes. Nature. 
2020;578:(7793), 82. DOI: 10.1038/
s41586-020-1969-6.

[2] Subrahmanyam V, Ramachandran, 
R. P, Significance of Dietary 
Antioxidants in Averting Cancer. J 
Carcinogen Mutagen. 2011;2:127. DOI: 
10.4172/2157-2518.1000127.

[3] Siegel R. L, Miller K. D, Jemal A, 
Cancer statistics, CA: a cancer journal 
for clinicians. 2020;70:1:7-30. DOI: 
10.3322/caac.21590.

[4] He L, He T, Farrar S, Ji L, 
Liu T, Ma X, Antioxidants maintain 
cellular redox homeostasis by 
elimination of reactive oxygen 
species. Cellular Physiology and 
Biochemistry. 2017;44:2:32-553. DOI: 
10.1159/000485089.

[5] Yeung A. W. K, Tzvetkov N. T,  
El-Tawil O. S, Bungǎu S. G, 
Abdel-Daim M. M, Atanasov, A. G, 
Antioxidants: scientific literature 
landscape analysis. Oxidative medicine 
and cellular longevity, 2019;2-13. DOI: 
10.1155/2019/8278454.

[6] Goni I, Hernandez-Galiot A, 
Intake of Nutrient and Non-Nutrient 
Dietary Antioxidants. Contribution 
of Macromolecular Antioxidant 
Polyphenols in an Elderly 
Mediterranean Population. Nutrients. 
2019;11:9:2165. DOI: 10.3390/
nu11092165.

[7] Lalkovicova M, Danielisova V, 
Neuroprotection and antioxidants. 
Neural regeneration 
research, 2016;11:6:865. DOI: 
10.4103/1673-5374.184447.

[8] Arulselvan P, Fard M. T, 
Tan W. S, Gothai, S, Fakurazi S, 
Norhaizan M. E, Kumar S. S, Role of 

antioxidants and natural products in 
inflammation. Oxidative medicine 
and cellular longevity. 2016;4-16. DOI: 
10.1155/2016/5276130.

[9] Rahimi-Madiseh M, Malekpour- 
Tehrani A, Bahmani M, Rafieian- 
Kopaei M, The research and 
development on the antioxidants in 
prevention of diabetic complications. 
Asian Pacific journal of tropical 
medicine. 2016;9:9:825-831. DOI; 
10.1016/j.apjtm.2016.07.001.

[10] Sindhi V, Gupta V, Sharma K, 
Bhatnagar S, Kumari R, Dhaka N, 
Potential applications of antioxidants–A 
review. Journal of Pharmacy Research. 
2013;7:9:828-835. DOI: 10.1016/j.
jopr.2013.10.001.

[11] Domazetovic V, Marcucci G, 
Iantomasi T, Brandi M. L, Vincenzini M. 
T, Oxidative stress in bone remodeling: 
role of antioxidants. Clinical Cases 
in Mineral and Bone Metabolism. 
2017;14:2:209. DOI: 10.11138/
ccmbm/2017.14.1.209.

[12] Alam M. N, Bristi N. J,  
Rafiquzzaman M, Review on in vivo 
and in vitro methods evaluation 
of antioxidant activity. Saudi 
pharmaceutical journal. 2013;21:2:43-
152. DOI: 10.1016/j.jsps.2012.05.002.

[13] Aversa R, Petrescu R. V, Apicella A, 
Petrescu F. I, One can slow down the 
aging through antioxidants. American 
Journal of Engineering and Applied 
Sciences. 2016;9:4. DOI: 10.3844/
ajeassp.2016.1112.1126.

[14] Sarangarajan R, Meera S, 
Rukkumani R, Sankar P, Anuradha G, 
Antioxidants: Friend or foe? Asian 
Pacific Journal of Tropical Medicine. 
2017;10:12:1111-1116. DOI: 10.1016/j.
apjtm.2017.10.017.

[15] Olas B, Berry phenolic antioxidants–
implications for human health? 



Antioxidants - Benefits, Sources, Mechanisms of Action

176

Author details

Musbau Adewumi Akanji1, Heritage Demilade Fatinukun2,  
Damilare Emmanuel Rotimi2, Boluwatife Lawrence Afolabi2 and  
Oluyomi Stephen Adeyemi2*

1 Department of Biochemistry, University of Ilorin, Ilorin, Nigeria

2 Department of Biochemistry, Medicinal Biochemistry and Toxicology Laboratory, 
Landmark University, Omu-Aran, Nigeria

*Address all correspondence to: yomibowa@yahoo.com

antioxidants according to the cancer cells movement and utilizing standard eating 
routine involving such antioxidants instead of the intake of direct supplements [14].

Adequate verification is required to determine the efficacy of different antican-
cer agents combined with antioxidant supplements. In a recent study, no reports 
have shown that they cause cancer growth or an increase in mortality rate. However, 
if antioxidant supplements are to be utilized as aids for cancer patients, more 
research is required for the combination of cancer therapy and dietary supplement. 
The use of unauthorized supplements should be avoided [60].

5. Conclusion

There is uncertainty in determining whether antioxidants may have positively 
affected cancer treatment outcomes or prevent the harmful impacts of chemo-
therapy and radiotherapy. At first, it is important to consider all options of treat-
ment and some patients are usually in good condition to endure the side effects of 
antioxidants. On second thought, some patients are not ready to endure the side 
effects of antioxidants, and to use treatment certain to work to some degree is 
more advisable. However, to be able to manage the side effects, these conditions 
should be revised; the dosage and types of antioxidants, the background and 
condition of the patient, and type of cancer and anticancer therapy. It is advisable 
to utilize a proof-based technique to choose the most appropriate supplement for 
cancer patients. Even though there are many opinions on the good and bad of 
antioxidants, it is difficult to clinically conclude that dietary antioxidants enhance 
therapeutic toxicities and also, there is no evidence of dietary antioxidant causing 
harm with cancer treatment, aside from smokers experiencing radiotherapy.

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

177

The Two Sides of Dietary Antioxidants in Cancer Therapy
DOI: http://dx.doi.org/10.5772/intechopen.94988

References

[1] The, I. C. G. C, of Whole, T. P. C. 
A, Genomes Consortium, Pan-cancer 
analysis of whole genomes. Nature. 
2020;578:(7793), 82. DOI: 10.1038/
s41586-020-1969-6.

[2] Subrahmanyam V, Ramachandran, 
R. P, Significance of Dietary 
Antioxidants in Averting Cancer. J 
Carcinogen Mutagen. 2011;2:127. DOI: 
10.4172/2157-2518.1000127.

[3] Siegel R. L, Miller K. D, Jemal A, 
Cancer statistics, CA: a cancer journal 
for clinicians. 2020;70:1:7-30. DOI: 
10.3322/caac.21590.

[4] He L, He T, Farrar S, Ji L, 
Liu T, Ma X, Antioxidants maintain 
cellular redox homeostasis by 
elimination of reactive oxygen 
species. Cellular Physiology and 
Biochemistry. 2017;44:2:32-553. DOI: 
10.1159/000485089.

[5] Yeung A. W. K, Tzvetkov N. T,  
El-Tawil O. S, Bungǎu S. G, 
Abdel-Daim M. M, Atanasov, A. G, 
Antioxidants: scientific literature 
landscape analysis. Oxidative medicine 
and cellular longevity, 2019;2-13. DOI: 
10.1155/2019/8278454.

[6] Goni I, Hernandez-Galiot A, 
Intake of Nutrient and Non-Nutrient 
Dietary Antioxidants. Contribution 
of Macromolecular Antioxidant 
Polyphenols in an Elderly 
Mediterranean Population. Nutrients. 
2019;11:9:2165. DOI: 10.3390/
nu11092165.

[7] Lalkovicova M, Danielisova V, 
Neuroprotection and antioxidants. 
Neural regeneration 
research, 2016;11:6:865. DOI: 
10.4103/1673-5374.184447.

[8] Arulselvan P, Fard M. T, 
Tan W. S, Gothai, S, Fakurazi S, 
Norhaizan M. E, Kumar S. S, Role of 

antioxidants and natural products in 
inflammation. Oxidative medicine 
and cellular longevity. 2016;4-16. DOI: 
10.1155/2016/5276130.

[9] Rahimi-Madiseh M, Malekpour- 
Tehrani A, Bahmani M, Rafieian- 
Kopaei M, The research and 
development on the antioxidants in 
prevention of diabetic complications. 
Asian Pacific journal of tropical 
medicine. 2016;9:9:825-831. DOI; 
10.1016/j.apjtm.2016.07.001.

[10] Sindhi V, Gupta V, Sharma K, 
Bhatnagar S, Kumari R, Dhaka N, 
Potential applications of antioxidants–A 
review. Journal of Pharmacy Research. 
2013;7:9:828-835. DOI: 10.1016/j.
jopr.2013.10.001.

[11] Domazetovic V, Marcucci G, 
Iantomasi T, Brandi M. L, Vincenzini M. 
T, Oxidative stress in bone remodeling: 
role of antioxidants. Clinical Cases 
in Mineral and Bone Metabolism. 
2017;14:2:209. DOI: 10.11138/
ccmbm/2017.14.1.209.

[12] Alam M. N, Bristi N. J,  
Rafiquzzaman M, Review on in vivo 
and in vitro methods evaluation 
of antioxidant activity. Saudi 
pharmaceutical journal. 2013;21:2:43-
152. DOI: 10.1016/j.jsps.2012.05.002.

[13] Aversa R, Petrescu R. V, Apicella A, 
Petrescu F. I, One can slow down the 
aging through antioxidants. American 
Journal of Engineering and Applied 
Sciences. 2016;9:4. DOI: 10.3844/
ajeassp.2016.1112.1126.

[14] Sarangarajan R, Meera S, 
Rukkumani R, Sankar P, Anuradha G, 
Antioxidants: Friend or foe? Asian 
Pacific Journal of Tropical Medicine. 
2017;10:12:1111-1116. DOI: 10.1016/j.
apjtm.2017.10.017.

[15] Olas B, Berry phenolic antioxidants–
implications for human health? 



Antioxidants - Benefits, Sources, Mechanisms of Action

178

Frontiers in pharmacology. 2018;9:78. 
DOI: 10.3389/fphar.2018.00078.

[16] Xu D. P, Li Y, Meng X,  
Zhou T, Zhou Y, Zheng J, Li H. B, 
Natural antioxidants in foods and 
medicinal plants: Extraction, assessment 
and resources. International journal of 
molecular sciences. 2017;18:1:96. DOI: 
10.3390/ijms18010096.

[17] Addor F. A. S. A, Antioxidants 
in dermatology. Anais brasileiros de 
dermatologia. 2017;92:3:356-362. DOI: 1 
0.1590/abd1806-4841.20175697.

[18] Peluso I, Dietary Antioxidants: 
Micronutrients and Antinutrients in 
Physiology and Pathology. 2019;4:6. 
DOI: 10.3390/antiox8120642.

[19] Huang Q , Liu H, Suzuki K, Ma S, 
Liu C, Linking what we eat to our mood: 
A review of diet, dietary antioxidants, 
and depression. Antioxidants. 
2019;8:9:376. DOI: 10.3390/
antiox8090376.

[20] Gordon M. H, Significance of 
dietary antioxidants for health. 
International Journal of Molecular 
Sciences. 2012;13:1:173-179. DOI: 
10.3390/ijms13010173.

[21] Varadharaj S, Kelly O. J, Khayat R. 
N, Kumar P. S, Ahmed N, Zweier J. 
L, Role of dietary antioxidants in the 
preservation of vascular function 
and the modulation of health and 
disease. Frontiers in cardiovascular 
medicine. 2017;4:64. DOI: 10.3389/
fcvm.2017.00064.

[22] Kaur G, Kathariya R, Bansal S,  
Singh A, Shahakar D, Dietary 
antioxidants and their indispensable 
role in periodontal health. Journal of 
food and drug analysis. 2016;24:2:239-
246. DOI: 10.1016/j.jfda.2015.11.003.

[23] Li S, Chen G, Zhang C, Wu M, 
Wu S, Liu Q , Research progress of 
natural antioxidants in foods for the 

treatment of diseases. Food Science and 
Human Wellness. 2014;3:3-4:110-116. 
DOI: 10.1016/j.fshw.2014.11.002.

[24] Petruk G, Del-Giudice R, Rigano, 
M. M, Monti D. M, Antioxidants 
from plants protect against skin 
photo aging. Oxidative medicine and 
cellular longevity. 2018;2;6. DOI: 
10.1155/2018/1454936.

[25] Roy P. S, Saikia B. J, Cancer 
and cure: A critical analysis. Indian 
journal of cancer. 2016;53:3:441. DOI: 
10.4103/0019-509X.200658.

[26] Graham T. A, Sottoriva A, Measuring 
cancer evolution from the genome. The 
Journal of pathology. 2017;241:2:183-191. 
DOI: 10.1002/path.4821.

[27] Avgerinos K. I, Spyrou N, 
Mantzoros C. S, Dalamaga M, Obesity 
and cancer risk: Emerging biological 
mechanisms and perspectives. 
Metabolism. 2019;92:121-135. DOI: 
10.1016/j.metabol.2018.11.001.

[28] Malhotra J, Malvezzi M, Negri E, 
La-Vecchia C, Boffetta P, Risk factors 
for lung cancer worldwide. European 
Respiratory Journal. 2016;48:3:889-902. 
DOI: 10.1183/13993003.00359-2016.

[29] Tsao A. S, Scagliotti G. V, Bunn J. P. 
A, Carbone D. P, Warren G. W, Bai C, 
Adusumilli P. S, Scientific advances in 
lung cancer 2015. Journal of Thoracic 
Oncology. 2016;11:5:613-638. DOI: 
10.1016/j.jtho.2016.03.012.

[30] De Groot P. M, Wu C. C, Carter B. 
W, Munden R. F, The epidemiology of 
lung cancer. Translational lung cancer 
research. 2018;7:3:220. DOI: 10.21037/
tlcr.2018.05.06.

[31] Blandin-Knight S, Crosbie P. 
A, Balata H, Chudziak J, Hussell T, 
Dive C, Progress and prospects of early 
detection in lung cancer. Open biology. 
2017;7:9:170070. DOI: 10.1098/
rsob.170070.

179

The Two Sides of Dietary Antioxidants in Cancer Therapy
DOI: http://dx.doi.org/10.5772/intechopen.94988

[32] DeSantis C, Siegel R, Bandi P, 
Jemal, A, Breast cancer statistics, 2011. 
CA: a cancer journal for clinicians. 
2011;61:6:408-418. DOI: 10.3322/
caac.20107.

[33] Wang L, Early diagnosis of breast 
cancer. Sensors. 2017;17:7:1572. DOI: 
10.3390/s17071572.

[34] Sun Y.S, Zhao Z, Yang Z.N, Xu F, 
Lu H.J, Zhu Z.Y, Shi W, Jiang J, Yao P.P, 
Zhu H.P, Risk factors and preventions 
of breast cancer. International journal 
of biological sciences. 2017;13:11:1387. 
DOI: 10.7150/ijbs.21635.

[35] Akram M, Iqbal M, Daniyal M, 
Khan A. U, Awareness and current 
knowledge of breast cancer. Biological 
research. 2017;50:1:33. DOI: 10.1186/
s40659-017-0140-9.

[36] Rawla P, Epidemiology of prostate 
cancer. World journal of oncology. 
2019;10:2:63. DOI: 10.14740/wjon1166.

[37] Grossman D. C, Curry S. J, 
Owens D. K, Bibbins-Domingo K, 
Caughey A. B, Davidson K. W, Krist A. 
H, Screening for prostate cancer: US 
Preventive Services Task Force 
recommendation statement. Jama. 
2018;319:18:1901-1913. DOI: 10.1001/
jama.2018.3710.

[38] Fujita K, Hayashi T, Matsushita M, 
Uemura M, Nonomura N, Obesity, 
inflammation, and prostate cancer. 
Journal of Clinical Medicine. 2019; 
8:2:201. DOI: 10.1001/jama.2016.5989.

[39] Recio-Boiles A, Waheed A, Cagir B, 
Cancer, colon. In StatPearls [Internet]. 
StatPearls Publishing. Treasure Island 
(FL): StatPearls Publishing. 2020. 
https://www.ncbi.nlm.nih.gov/books/
NBK470380/.

[40] Hu T, Li Z, Gao C. Y, Cho C. H, 
Mechanisms of drug resistance in colon 
cancer and its therapeutic strategies. 
World journal of gastroenterology. 

2016;22:30:6876. DOI: 10.3390/
jcm8020201.

[41] Ilic M, Ilic I, Epidemiology of 
pancreatic cancer. World journal of 
gastroenterology. 2016;22:44:9694. DOI: 
10.3748/wjg.v22.i30.6876.

[42] Kleeff J, Korc M, Apte M, 
La-Vecchia C, Johnson C. D, Biankin A. 
V, Neoptolemos J. P, Pancreatic cancer. 
Nature reviews Disease primers. 
2016;2:1:1-22. DOI: 10.1038/
nrdp.2016.22.

[43] Siegel R. L, Miller K. D, Jemal A, 
Cancer statistics, 2020. CA: a cancer 
journal for clinicians. 2020;70:1:7-30. 
DOI: 10.6004/jnccn.2020.0032.

[44] Pucci C, Martinelli C, 
Ciofani G, Innovative approaches for 
cancer treatment: current perspectives 
and new challenges. 
Ecancermedicalscience. 2019;13:5-13. 
DOI: 10.3332/ecancer.2019.961.

[45] Miller, K. D, Nogueira L, 
Mariotto A. B, Rowland J. H, Yabroff K. 
R, Alfano C. M, Siegel R. L, Cancer 
treatment and survivorship statistics, 
2019. CA: a cancer journal for clinicians. 
2019;69:5:363-385. DOI: 10.3322/
caac.21551.

[46] Roma-Rodrigues C, Mendes R, 
Baptista P. V, Fernandes A. R, Targeting 
tumor microenvironment for cancer 
therapy. International journal of 
molecular sciences. 2019;20:4:840. DOI: 
10.3390/ijms20040840.

[47] Tringale K. R, Pang J, Nguyen Q . 
T, Image-guided surgery in cancer: 
A strategy to reduce incidence of 
positive surgical margins. Wiley 
Interdisciplinary Reviews: Systems 
Biology and Medicine. 2018;10:3:e1412. 
DOI: 10.1002/wsbm.1412.

[48] Wang J. J, Lei K. F, Han F, Tumor 
microenvironment: recent advances 
in various cancer treatments. Eur. Rev. 



Antioxidants - Benefits, Sources, Mechanisms of Action

178

Frontiers in pharmacology. 2018;9:78. 
DOI: 10.3389/fphar.2018.00078.

[16] Xu D. P, Li Y, Meng X,  
Zhou T, Zhou Y, Zheng J, Li H. B, 
Natural antioxidants in foods and 
medicinal plants: Extraction, assessment 
and resources. International journal of 
molecular sciences. 2017;18:1:96. DOI: 
10.3390/ijms18010096.

[17] Addor F. A. S. A, Antioxidants 
in dermatology. Anais brasileiros de 
dermatologia. 2017;92:3:356-362. DOI: 1 
0.1590/abd1806-4841.20175697.

[18] Peluso I, Dietary Antioxidants: 
Micronutrients and Antinutrients in 
Physiology and Pathology. 2019;4:6. 
DOI: 10.3390/antiox8120642.

[19] Huang Q , Liu H, Suzuki K, Ma S, 
Liu C, Linking what we eat to our mood: 
A review of diet, dietary antioxidants, 
and depression. Antioxidants. 
2019;8:9:376. DOI: 10.3390/
antiox8090376.

[20] Gordon M. H, Significance of 
dietary antioxidants for health. 
International Journal of Molecular 
Sciences. 2012;13:1:173-179. DOI: 
10.3390/ijms13010173.

[21] Varadharaj S, Kelly O. J, Khayat R. 
N, Kumar P. S, Ahmed N, Zweier J. 
L, Role of dietary antioxidants in the 
preservation of vascular function 
and the modulation of health and 
disease. Frontiers in cardiovascular 
medicine. 2017;4:64. DOI: 10.3389/
fcvm.2017.00064.

[22] Kaur G, Kathariya R, Bansal S,  
Singh A, Shahakar D, Dietary 
antioxidants and their indispensable 
role in periodontal health. Journal of 
food and drug analysis. 2016;24:2:239-
246. DOI: 10.1016/j.jfda.2015.11.003.

[23] Li S, Chen G, Zhang C, Wu M, 
Wu S, Liu Q , Research progress of 
natural antioxidants in foods for the 

treatment of diseases. Food Science and 
Human Wellness. 2014;3:3-4:110-116. 
DOI: 10.1016/j.fshw.2014.11.002.

[24] Petruk G, Del-Giudice R, Rigano, 
M. M, Monti D. M, Antioxidants 
from plants protect against skin 
photo aging. Oxidative medicine and 
cellular longevity. 2018;2;6. DOI: 
10.1155/2018/1454936.

[25] Roy P. S, Saikia B. J, Cancer 
and cure: A critical analysis. Indian 
journal of cancer. 2016;53:3:441. DOI: 
10.4103/0019-509X.200658.

[26] Graham T. A, Sottoriva A, Measuring 
cancer evolution from the genome. The 
Journal of pathology. 2017;241:2:183-191. 
DOI: 10.1002/path.4821.

[27] Avgerinos K. I, Spyrou N, 
Mantzoros C. S, Dalamaga M, Obesity 
and cancer risk: Emerging biological 
mechanisms and perspectives. 
Metabolism. 2019;92:121-135. DOI: 
10.1016/j.metabol.2018.11.001.

[28] Malhotra J, Malvezzi M, Negri E, 
La-Vecchia C, Boffetta P, Risk factors 
for lung cancer worldwide. European 
Respiratory Journal. 2016;48:3:889-902. 
DOI: 10.1183/13993003.00359-2016.

[29] Tsao A. S, Scagliotti G. V, Bunn J. P. 
A, Carbone D. P, Warren G. W, Bai C, 
Adusumilli P. S, Scientific advances in 
lung cancer 2015. Journal of Thoracic 
Oncology. 2016;11:5:613-638. DOI: 
10.1016/j.jtho.2016.03.012.

[30] De Groot P. M, Wu C. C, Carter B. 
W, Munden R. F, The epidemiology of 
lung cancer. Translational lung cancer 
research. 2018;7:3:220. DOI: 10.21037/
tlcr.2018.05.06.

[31] Blandin-Knight S, Crosbie P. 
A, Balata H, Chudziak J, Hussell T, 
Dive C, Progress and prospects of early 
detection in lung cancer. Open biology. 
2017;7:9:170070. DOI: 10.1098/
rsob.170070.

179

The Two Sides of Dietary Antioxidants in Cancer Therapy
DOI: http://dx.doi.org/10.5772/intechopen.94988

[32] DeSantis C, Siegel R, Bandi P, 
Jemal, A, Breast cancer statistics, 2011. 
CA: a cancer journal for clinicians. 
2011;61:6:408-418. DOI: 10.3322/
caac.20107.

[33] Wang L, Early diagnosis of breast 
cancer. Sensors. 2017;17:7:1572. DOI: 
10.3390/s17071572.

[34] Sun Y.S, Zhao Z, Yang Z.N, Xu F, 
Lu H.J, Zhu Z.Y, Shi W, Jiang J, Yao P.P, 
Zhu H.P, Risk factors and preventions 
of breast cancer. International journal 
of biological sciences. 2017;13:11:1387. 
DOI: 10.7150/ijbs.21635.

[35] Akram M, Iqbal M, Daniyal M, 
Khan A. U, Awareness and current 
knowledge of breast cancer. Biological 
research. 2017;50:1:33. DOI: 10.1186/
s40659-017-0140-9.

[36] Rawla P, Epidemiology of prostate 
cancer. World journal of oncology. 
2019;10:2:63. DOI: 10.14740/wjon1166.

[37] Grossman D. C, Curry S. J, 
Owens D. K, Bibbins-Domingo K, 
Caughey A. B, Davidson K. W, Krist A. 
H, Screening for prostate cancer: US 
Preventive Services Task Force 
recommendation statement. Jama. 
2018;319:18:1901-1913. DOI: 10.1001/
jama.2018.3710.

[38] Fujita K, Hayashi T, Matsushita M, 
Uemura M, Nonomura N, Obesity, 
inflammation, and prostate cancer. 
Journal of Clinical Medicine. 2019; 
8:2:201. DOI: 10.1001/jama.2016.5989.

[39] Recio-Boiles A, Waheed A, Cagir B, 
Cancer, colon. In StatPearls [Internet]. 
StatPearls Publishing. Treasure Island 
(FL): StatPearls Publishing. 2020. 
https://www.ncbi.nlm.nih.gov/books/
NBK470380/.

[40] Hu T, Li Z, Gao C. Y, Cho C. H, 
Mechanisms of drug resistance in colon 
cancer and its therapeutic strategies. 
World journal of gastroenterology. 

2016;22:30:6876. DOI: 10.3390/
jcm8020201.

[41] Ilic M, Ilic I, Epidemiology of 
pancreatic cancer. World journal of 
gastroenterology. 2016;22:44:9694. DOI: 
10.3748/wjg.v22.i30.6876.

[42] Kleeff J, Korc M, Apte M, 
La-Vecchia C, Johnson C. D, Biankin A. 
V, Neoptolemos J. P, Pancreatic cancer. 
Nature reviews Disease primers. 
2016;2:1:1-22. DOI: 10.1038/
nrdp.2016.22.

[43] Siegel R. L, Miller K. D, Jemal A, 
Cancer statistics, 2020. CA: a cancer 
journal for clinicians. 2020;70:1:7-30. 
DOI: 10.6004/jnccn.2020.0032.

[44] Pucci C, Martinelli C, 
Ciofani G, Innovative approaches for 
cancer treatment: current perspectives 
and new challenges. 
Ecancermedicalscience. 2019;13:5-13. 
DOI: 10.3332/ecancer.2019.961.

[45] Miller, K. D, Nogueira L, 
Mariotto A. B, Rowland J. H, Yabroff K. 
R, Alfano C. M, Siegel R. L, Cancer 
treatment and survivorship statistics, 
2019. CA: a cancer journal for clinicians. 
2019;69:5:363-385. DOI: 10.3322/
caac.21551.

[46] Roma-Rodrigues C, Mendes R, 
Baptista P. V, Fernandes A. R, Targeting 
tumor microenvironment for cancer 
therapy. International journal of 
molecular sciences. 2019;20:4:840. DOI: 
10.3390/ijms20040840.

[47] Tringale K. R, Pang J, Nguyen Q . 
T, Image-guided surgery in cancer: 
A strategy to reduce incidence of 
positive surgical margins. Wiley 
Interdisciplinary Reviews: Systems 
Biology and Medicine. 2018;10:3:e1412. 
DOI: 10.1002/wsbm.1412.

[48] Wang J. J, Lei K. F, Han F, Tumor 
microenvironment: recent advances 
in various cancer treatments. Eur. Rev. 



Antioxidants - Benefits, Sources, Mechanisms of Action

180

Med. Pharmacol. Sci. 2018;22:3855-
3864. DOI: 10.3390/ijms20040840.

[49] Papaioannou N. E, 
Beniata O. V, Vitsos P, Tsitsilonis O, 
Samara P, Harnessing the immune 
system to improve cancer therapy. 
Annals of translational medicine. 
2016;4:14:4-14. DOI: 10.21037/
atm.2016.04.01.

[50] Baskar R, Itahana K, Radiation 
therapy and cancer control in 
developing countries: Can we save more 
lives? International journal of medical 
sciences. 2017;14:1:13. DOI: 10.7150/
ijms.17288.

[51] Deli T, Orosz M, Jakab A, Hormone 
replacement therapy in cancer 
survivors–review of the literature. 
Pathology & Oncology Research. 
2019;1-16. DOI: 10.1007/
s12253-018-00569-x.

[52] Ke X, Shen L, Molecular targeted 
therapy of cancer: The progress and 
future prospect. Frontiers in Laboratory 
Medicine. 2017;1:2:69-75. DOI: 10.1016/j.
flm.2017.06.001.

[53] Gummadi P, Role of Antioxidants 
on Cancer and Neurodegenerative 
Disorders. Journal of Medical & 
Health Science. 2016;5:3:1-6. DOI: 
10.2174/157015909787602823.

[54] Kim S. J, Kim H. S, Seo Y. R, 
Understanding of ROS-inducing 
strategy in anticancer therapy. Oxidative 
Medicine and Cellular Longevity. 2019. 
DOI: 10.1155/2019/5381692.

[55] Ammar H. O, Shamma R. N, 
Elbatanony R. S, Khater B, Antioxidants 
in Cancer Therapy: Recent Trends 
in Application of Nanotechnology 
for Enhanced Delivery. Scientia 
Pharmaceutica. 2020;88:1:5. DOI: 
10.3390/scipharm88010005.

[56] Singh K, Bhori M, Kasu Y. A, 
Bhat G, Marar T, Antioxidants as 

precision weapons in war against 
cancer chemotherapy induced toxicity–
Exploring the armoury of obscurity. 
Saudi Pharmaceutical Journal. 
2018;26:2:177-190. DOI: 10.1016/j.
jsps.2017.12.013.

[57] Liu Z, Ren Z, Zhang J, Chuang C. C, 
Kandaswamy E, Zhou, T, Zuo L, Role 
of ROS and nutritional antioxidants 
in human diseases. Frontiers in 
physiology. 2018;9:477. DOI: 10.3389/
fphys.2018.00477.

[58] Fatima S, Cancer Treatment with 
Pro and Antioxidant Agents. CPQ 
Cancer. 2018;1:4:01-06.

[59] Thyagarajan A, Sahu R. P, Potential 
contributions of antioxidants to cancer 
therapy: immunomodulation and 
radio sensitization. Integrative cancer 
therapies. 2018;17:2:210-216. DOI: 
10.1177/1534735416681639.

[60] Yasueda A, Urushima H, Ito T, 
Efficacy and interaction of antioxidant 
supplements as adjuvant therapy 
in cancer treatment: a systematic 
review. Integrative cancer 
therapies. 2016;15:1:17-39. DOI: 
10.1177/1534735415610427.

[61] Chowdhury W, Arbee S, Debnath S, 
Bin Zahur S, Akter S, Potent Role of 
Antioxidant Molecules in Prevention 
and Management of Skin Cancer. J 
Clin Exp Dermatol Res. 2017;8:3. DOI: 
10.4172/2155-9554.1000393.

[62] Walton E. L, The dual role of ROS, 
antioxidants and autophagy in cancer. 
Biomedical Journal. 2016;39:2:89-92. 
DOI: 10.1016/j.bj.2016.05.001.

181

Chapter 10

Antioxidant and Infertility
Huda Mahmood Shakir

Abstract

Unexplained sub-fertility is commonly identified if couples fail to conceive after 
1 yr. of everyday unprotected sexual intercourse even though investigations for ovu-
lation, tubal patency and semen evaluation are ordinary. Many previous studies had 
shown that oxidative stress plays an important role in human fertility. Free radicals 
are neutralized by an elaborate antioxidant defense system. In a healthy body, pro-
oxidants and antioxidants maintain a ratio and a shift in this ratio towards pro-oxi-
dants gives rise to oxidative stress. There are two types of antioxidants in the human 
body: enzymatic and non-enzymatic antioxidants. Under normal conditions, 
antioxidants convert ROS to H2O to prevent overproduction of ROS. All cells in the 
human body are capable of synthesizing glutathione specially the liver. Free radicals 
appear to have a physiological role in female reproductive system in many different 
processes such as: oocyte maturation, fertilization, luteal regression, endometrial 
shedding and progesterone production by the corpus luteum. Protection from ROS 
is afforded by scavengers present in both male and female reproductive tract fluids, 
as well as in seminal plasma elevated concentrations of ROS in these environments 
may have detrimental effects on the spermatozoa, oocytes, sperm oocyte interac-
tion and embryos both in the Fallopian tube and the peritoneal cavity; therefore 
oxidative stress modulates a host of reproductive pathologies affecting natural 
fertility in a woman’s life.

Keywords: ROS, reactive oxygen species, OS, oxidative stress, NO, nitric oxide,  
NO2, nitrogen dioxide, MDA, malondiadehyde

1. Introduction

Reproductive failure is a significant public health concern. Infertility, carries 
significant personal, societal and financial consequences. One of the most impor-
tant and underappreciated reproductive health problems in developing countries is 
the high rate of infertility and childlessness.

Causes of infertility can be found in about 90% of cases, about 10% of patients 
do not know why they can not conceive this is called unexplained infertility [1].

Unexplained infertility is a diagnosis of exclusion, when the standard investiga-
tion of both the female and male partner has ruled out other infertility diagnosis.

A couple is considered to have unexplained infertility if the woman ovulated 
and had a normal and hysterosalpingogram, and the man a normal semen analysis. 
Critical factors to be considered in evaluating and managing unexplained infertility 
are the duration of infertility and female age [2].

In case of unexplained infertility, any form of treatment is speculated.
A period of three years of unexplained infertility is generally accepted as mini-

mum duration before active intervention is considered.
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Empirical treatment with clomiphene,intrauterine insemination are used in 
treatment of unexplained infertility, if failed, invitro fertilization is considered.

Because female ovary is the source of oocytes and regulating hormones, free 
radicals in the gynecologic environment is likely to be an important mediator of 
conception. Recently there is a growing evidence of possible role of highly reactive 
products of oxygen, termed free radicals, in infertility [3].

A free radical is any atom (e.g. oxygen, nitrogen) with at least one unpaired elec-
tron in the outermost [4]. Free radicals are neutralized by an elaborate antioxidant 
defense system. In a healthy body, pro-oxidants and antioxidants maintain a ratio 
and a shift in this ratio towards pro-oxidants gives rise to oxidative stress [3].

In this case free radical species which are unstable and highly reactive, will 
become stable by acquiring electrons from nucleic acids, lipids, proteins, carbo-
hydrates or any nearby molecule causing a cascade of chain reactions resulting in 
cellular damage and diseas [5]. Because free radicals are unstable, and difficult to 
measure, traditional indices of oxidative stress include downstream markers of oxi-
dative damage to macromolecules such as lipids, proteins and DNA. Oxidative stress 
is also indirectly assessed by estimating capacity for antioxidant defense in serum, or 
other body fluids. Such measures include assessment of enzymatic antioxidant activ-
ity and individual assessment of circulating non-enzymatic antioxidant levels [6].

Successful initiation of pregnancy requires the ovulation of a mature oocyte, 
production of competent sperm, proximity of sperm and oocyte in the reproductive 

Figure 1. 
Role of oxidative stress in fertility.
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tract, fertilization of the oocyte, transport of the conceptus into the uterus, and 
implantation of the embryo into a properly prepared, healthy endometrium. A 
dysfunction in any one of these complex biological steps can cause infertility [7].

Free radicals can affect the female fertility potential in number of ways which 
can contribute negatively to a number of reproductive processes including follicu-
logenesis, oocyte maturation, sperm DNA damage, necrozoospermia, asthenosper-
mia, endometriosis [8]. High levels of ROS play an important role in the etiology 
of male and female infertility. It has been proposed that the imbalance between 
antioxidants and ROS, favoring the latter, is responsible for increased OS levels 
that induce infertility [9]. Fissore et al [10] have found that OS is associated with 
maternal aging and postovulatory aging of the ova. The Role of oxidative stress in 
fertility is shown in Figure 1.

The role of Oxidative Stress in female reproductive diseases and infertility 
is under intense investigations [8]. Whenever there is imbalance in the levels of 
ROS and antioxidants, damage can occur to oocytes and embryos through various 
pathological mechanisms [11].

2. Role of free radicals in unexplained infertility

2.1 Free radicals

A free radical is any atom (e.g. oxygen, nitrogen) with at least one unpaired 
electron in the outermost shell [4].

Free radical atoms are unstable and highly reactive. They become stable by 
acquiring electrons from nucleic acids, lipids, proteins, carbohydrates or any nearby 
molecule causing a cascade of chain reactions resulting in cellular damage and 
disease [5]. The terms free radical and ROS are commonly used in an interchange-
able manner, despite the fact that not all ROS are free radicals [12]. For example, 
hydrogen peroxide (H2O2) is considered a ROS but it is not a free radical since it 
does not contain unpaired electrons. In addition, there is a sub-class of free radicals 
derived from nitrogen [13].

There must be a balance between oxidants and antioxidants, generation of an 
excess of free radical results in oxidative stress [14].

2.2 Types of free radical species

There are two major types of free radical species: reactive oxygen species (ROS) 
and reactive nitrogen species (NOS).

2.3 Reactive oxygen species (ROS)

The Oxygen centered free radicals are class of powerful oxidants in the human 
body. The most common ROS include: the superoxide anion (O2

−), the hydroxyl 
radical (OH·), singlet oxygen (1O2), and a number of related species, such as 
hydrogen peroxide (H2O2), that do not themselves contain unpaired electrons but 
are often involved in the generation of free radicals [15].

2.4 Reactive nitrogen species

The two common examples of reactive nitrogen species are nitric oxide (NO) 
and nitrogen dioxide (NO2). Nitric oxide is a highly reactive free radical results in 
cells and tissues damage [16].
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2.5 Sources of free radicals in human body

The main four endogenous normal sources appear to account for most of the 
oxidants produced by cells; are aerobic respiration in mitochondria, Phagocyte, 
Peroxisomes and Cytochrome P450 enzymes. Exogenous sources may significantly 
increase the large endogenous oxidant load which include: Iron and copper salts [17]; 
smoking and alcohol; normal diets (fried food, caffien) [18]; radiation, sunlight; 
pollution and xenobiotics (Drugs,pesticides, anesthetics,andindustrial solvents) [19].

2.6 Pathological damage of free radicals

Interaction of free radicals with other compounds results in a chain reactions of 
oxidation and reduction which ultimately can lead to cellulardamage [6].

Oxidation of DNA molecules, for example, can result in mutation where as 
oxidation of protein can result in protein cross-linking and loss function [20].

Reactive oxygen species can attack polyunsaturated fatty acids of the cell 
membrane leading to a chain of chemical reactions called lipid peroxidation and 
this will lead to decrease structural fluidity of these compounds, thus resulting in 
loss of integrity of cellular membranes [6]. It is possible to measure the extent of 
peroxidative damage by estimatingthe stable end products of lipid peroxidation 
such as MDA (malondiadehyde) [3].

2.7 Types of antioxidants

There are two types of antioxidants in the human body: enzymatic and  
non-enzymatic antioxidants [11]:

2.7.1 Enzymatic antioxidants

Enzymatic antioxidants are also known as natural antioxidants. They are mainly 
composed of:

• Superoxide dismutase.

• Catalase.

• Glutathione peroxidase.

Antioxidant enzymes may act in a coordinate manner to defend living tissue 
from oxidant [21].

Superoxide dismutase is a protein dimer,destroys the free radical superoxide by 
converting it to peroxide [22].

Catalase is a hemoprotein enzyme of the oxidoreductase class that catalyzes the 
convertion of hydrogen peroxide to water and oxygen, active H2O2 [23].

Glutathione peroxidase, is a tetramer protein containing selenium, and uses 
glutathione as a co-substrate. Glutathione peroxidase is a cytosolic enzyme and 
also eliminates H2O2; but, in comparison to catalase, has a wider range of substrates 
including lipid peroxides. Glutathione peroxidase primarily functions to detoxify 
low levels of H2O2 in the cell [24].

2.7.2 Non-enzymatic antioxidants

Non-enzymatic antioxidants are also known as synthetic antioxidants or dietary 
supplements. The body’s complex antioxidant system is influenced by dietary intake 
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of antioxidant vitamins and minerals such as vitamin C, vitamin E, selenium, zinc, 
glutathione and beta carotene [11].

2.7.2.1 Vitamin C (Ascorbic acid)

Vitamin C is a water soluble vitamin found in many fruit and vegetable.
Vitamin C is required for optimal functions of number of enzymes;deficiency 

cause scurvy and poor wound repair. It is also considered a chain breaking antioxi-
dant that stops the propagation of the peroxidative process. Vitamin C also helps 
recycle oxidized vitamin E and glutathione, It is an unstable,easily oxidized acid 
and can be destroyed by oxygen, alkaline and high temperature. Humans cannot 
synthesize vitamin C, so they take it from exogenous supplement or diet found in 
many fruit and vegetable [25].

Tocopherol and Glutathione (GSH),also rely on vitamin C for regeneration back 
to their active isoforms. The relationship between vitamin C and Glutathione is 
unique. Vitamin C reduces GSH back to the active form. Once reduced, Glutathione 
will regenerate vitamin C from its oxidized state. Vitamin C protects the DNA of 
the cells from the damage caused by free radicals and mutagens. It prevents harmful 
genetic alterations within cells [26, 27].

2.7.2.2 Vitamin E

Vitamin E is the collective name for a set of at least eight related tocopherols and 
tocotrienols compounds with similar biological antioxidants activity. Vitamin E is 
the first line of defense against lipid peroxidation. Moreover, it plays a very impor-
tant function in lending red blood cells flexibility as they make their way through 
the arterial network and helps prolong the life of erythrocytes, immune function, 
and has positive effects in the fertility [28].

Vitamin C regenerates Vitamin E and Vitamin C is,in turn by regenerated 
glutathione [29].

2.8 Antioxidant defense system

Organisms have developed efficient protective mechanisms against excessive 
accumulation of free radicals called antioxidants [30].

Free radicals are neutralized by an elaborate antioxidant defense system. In a 
healthy body, pro-oxidants and antioxidants maintain a ratio and a shift in this 
ratio towards pro-oxidants gives rise to oxidative stress. Whenever ROS levels 
become pathologically elevated, antioxidants begin to work and help minimize 
the oxidative damage, repair it or prevent it [31]. An antioxidant can be defined 
as any substance that, when present at low concentration compared to those of 
an oxidizable substance, significantly delays or prevents the oxidation of that 
substrate [32].

Under normal conditions, antioxidants convert ROS to H2O to prevent overpro-
duction of ROS.

The different possible mechanisms by which antioxidants may offer protection 
against free radical damage include:

• Prevention of formation of free radicals.

• Interception of free radicals by scavenging the reactive metabolites and 
converting them to less reactive molecules.
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• Facilitating the repair of damage caused by free radicals.

• Providing a favorable environment for effective functioning of other  
antioxidants [33].

2.9 Oxidative stress in female reproduction

• The presence of oxidant and antioxidant systems in various reproductive 
tissues has evoked great interest in the role of OS in human reproduction. The 
role of ROS and antioxidants in relation to female reproductive function has, in 
contrast, received relatively little attention [8].

• Oxidative stress influences the entire reproductive span of women’s life and 
even thereafter (i.e. menopause).

• Free radicals appear to have a physiological role in female reproductive 
system in many different processes such as: oocyte maturation, fertilization, 
luteal regression, endometrial shedding and progesterone production by the 
corpus luteum [34]. Protection from ROS is afforded by scavengers pres-
ent in both male and female reproductive tract fluids, as well as in seminal 
plasma [35].

2.9.1 Free radicals, antioxidants, and reproductive processes in women

The production of a viable oocyte is modulated by a complex interaction of 
endocrine, paracrine and autocrine factors, leading to follicular maturation, 
granulosa cell maturation, ovulation and luteinization [36]. Elevated concentra-
tions of ROS in these environments may have detrimental effects on the sper-
matozoa, oocytes, sperm oocyte interaction and embryos both in the Fallopian 
tube and the peritoneal cavity;therefore oxidative stress modulates a host of 
reproductive pathologies affecting natural fertility in a woman’s life [37]. Free 
radicals plays a role in the physiology of ovarian function [36]. They may have a 
regulatory role in oocyte maturation, folliculogenesis, ovarian steroidogenesis 
and luteolysis. There is a delicate balance between ROS and antioxidant enzymes 
in the ovarian tissues [11]. Vitamin C deficiency characteristically produces ovar-
ian atrophy and extensive follicular atresia [36]. Glutathione has been identified 
as critical for oocyte maturation and formation of the male sperm pronucleus 
(PN) [4]

• Glutathione in mature oocytes is thought to be a highly relevant biochemical 
marker for the viability of mammalian oocytes [38]. Hence, Follicular ROS 
initiate apoptosis; whereas follicular Glutathione, in addition to FSH, protect 
against apoptosis in cultured pre-ovulatory rat follicles [39]. The secreted 
Glutathione would protect oocytes against excessively produced ROS that 
occurs during the ovulation, thus maintaining fertilization potency [40].

• [41] observe that integrity of the antioxidant defenses within the different 
stages of oocyte development may contribute significantly to the overall qual-
ity of the oocytes. One consequence of an excess of ROS in the ovary may be 
plasma membrane damage of the oocytes. The significance of such damage for 
female fertility, however, is unknown.
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• Glutathione peroxidase may also maintain low levels of free radicals inside the 
follicle and thus play an important role in gametogenesis and fertilization [11]. 
Glutathione is considered the major source of redox potential in the oocyte [14].

• Oocytes are also rich in glutathione reductase [24].

• Reactive oxygen species are produced during luteal regression [28]. Because 
the corpus luteum produces much of the progesterone; ROS are produced as a 
byproduct [28]. The detoxification of the produced ROS by GSH in conjunc-
tion with antioxidative enzymes would be particularly important for the 
corpus luteum and surrounding cells (Figure 2) [42].

Reactive oxygen species may act as important mediators in hormone signaling, 
ovarian steroidogenesis and germ cell function [43].

Oxidative stress may affect theca-interstitial cells by inducing their prolifera-
tion and growth. Higher doses of Oxidative stress inhibited the proliferation of the 
theca-interstitial cells while antioxidants stimulate the release of gonadotrophins 
from the adenohypophysis [44].

Cells involved in steroidogenesis such as theca cells, granulosa lutein cells, and 
hilus cells show stronger oxidative enzyme activity [45]. Over-exposure of the 
ovary to H2O2 causes the LH receptor to uncouple from adenyle cyclase, thereby 
impairing protein synthesis and cholesterol utilization by mitochondria [28].

Data suggest that vitamin C has defined functions in hormone secretion, gamete 
protection, and gonadal tissue remodeling [26]. Steroidogenesis appears to be 
ascorbate-dependent [27] and the reduced concentrations of antioxidants often 
coincide with poor fertilization success rates [46].

Reactive oxygen species therefore play a role in the formation of the corpus 
luteum and steroidogenesis. Imbalance in redox leading to luteal regression that 
results in lack of luteal support to pregnancy [37].

Endogenous NO system exists in the fallopian tubes [36]. NO has a relaxing effect 
on smooth muscles and it has similar effects on tubular contractility. Deficiency 
of NO may lead to tubal motility dysfunction, resulting in retention of the ovum, 

Figure 2. 
Reactive oxygen species in folliculogenesis in women ovary [43].
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delayed sperm transport and infertility. Increased NO levels in the fallopian tubes are 
cytotoxic to the invading microbes and also may be toxic to spermatozoa [11].

In male, ROS cause infertility by two principal mechanisms:

• Reactive oxygen species damage the sperm membrane which, in turn, reduces 
the sperm’s motility and ability to fuse with the oocyte.

• Damage sperm DNA, compromising the paternal genomic contribution to the 
embryo [13].

The percentage of sperm with DNA damage is negatively correlated with the 
fertilization rate [47]. Oocytes can repair DNA damage to some extent, but when 
the damage is severe, embryo death and miscarriages can occur.

The inability of sperm to fuse with an oocyte appears to be due to the effects of 
ROS on the sperm membrane. As a result of lipid peroxidation process, spermatozoa 
are unable to initiate the necessary biochemical reactions associated with acrosome 
reaction, zona pellucida binding and oocyte penetration [29].

In addition, ROS brings about changes in the endometrium that prepare it for 
implantation [36]. Nitric oxide functions as an important vasodilator, neurotrans-
mitter, regulator of implantation [8] and may also contribute as an anti-platelet 
agent during implantation [48].

3. The effect of some factors on free radicals levels

3.1 Body weight

The effects of body weight and weight change on OS have only recently been 
investigated. More studies on this topic are needed, since both inadequate and exces-
sive energy intakes have been associated with reduced fertility among women [49].

Research has focused on the effects of energy intake on hormonal patterns and 
menstrual cycles, ovulatory dysfunction and later age at menarche have been asso-
ciated with both low and high body mass index (BMI, calculated as kg/m2), energy 
intake and high levels of physical activity [50].

3.2 Age

It has been suggested that the age-related decline in fertility is modulated by OS. 
Moreover, there is an age related decline in the number and quality of follicles in 
females [51].

Several studies have investigated if there is an age-associated increase in the 
generation of oxidants by mitochondria [11]. Free radical activity of human fol-
licular fluid increases with age [10] as does apoptosis (programmed cell death) of 
human granulosa and cumulus cells [9]. Carbone,et al. [52] find that a reduction 
in the expression of glutathione and CAT activity is demonstrated in older women 
compared with young controls. Yeh et al. [53] show alterations in antioxidant 
defense with age. It is hypothesized that diminished antioxidant status may induce 
apoptosis during luteal regression and lead to decreased progesterone synthesis.

3.3 Smoking

Smoking is known to decrease fertility in women [51], likely through an increase 
in OS. A history of smoking is associated with high levels of oxidative stress [36]. 
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The oxides of nitrogen (NO) in cigarette smoke damage macromolecules and deplete 
antioxidant. This is likely to contribute significantly to the pathology of smoking [11].

Dietary intakes of smokers; however, are different from non-smokers, confound-
ing this relationship [11]. It is found that intrafollicular exposure to cigarette smoking 
metabolites was associated with a significant increase in follicular lipid peroxidation 
and decrease in the local antioxidative potential [3]. Smoking significantly reduced 
glutathione peroxidase concentration in the follicular fluid [24]. Consequently, OS 
imbalance may be responsible for impaired folliculogenesis in female smokers [43].

4. Overcoming OS in female infertility

Oxidative stress can be overcome by reducing generation of ROS or increasing 
the amounts of antioxidants available [11]. So prior to the treatment of female infer-
tility, ROS levels should be assessed. By estimating ROS levels, it may be possible to 
identify the causes of infertility, especially in cases of idiopathic infertility [43]. It 
is important to identify the source of increased ROS generation [3]. Patients with 
history of smoking should be advised to stop smoking. In addition, Any exposure 
to drugs, toxic substances and radiation should be checked and patients should be 
advised to stop exposure to them.

Infections of the reproductive tract should be treated with appropriate anti-
biotics [11]. Initially, specific therapeutic options directed against the etiological 
cause of raised ROS should be tried [3]. After treating the primary cause, patients 
can be advised to take antioxidant supplementation. Antioxidants can be started 
directly when a specific etiology cannot be identified (unexplained infertility) [43]. 
Considerable interest has been generated in the use of antioxidants to overcome the 
adverse and pathological results of OS. Some studies that used nutritional supple-
ments and antioxidants, like vitamin C supplementation to protect against ROS and 
OS. However, there is a lack of consensus on the type and dosage of antioxidants 
to be used [3]. In vivo antioxidants may be helpful in smoker infertile women [24]. 
A study, impact of a nutritional supplement, containing vitamin E, iron, zinc 
and selenium, is examined. The patients receiving the supplement experienced 
a significant increase in ovulation rates and pregnancy rates compared with the 
placebo group [28]. Indirect evidence of the importance of OS and its control with 
antioxidant intake is provided by studies that have shown that preconceptional 
multivitamin supplementation may enhance fertility, perhaps by increasing men-
strual cycle regularity [44] or via prevention of ovulatory disorders [46]. In general, 
when supplemental vitamins C and E are given to older mice, the age-associated 
reduction in ovulation is partially prevented [51]. There is sufficient evidence to 
hypothesize that diet, particularly its constituent antioxidants, and OS may influ-
ence the timing and maintenance of a viable pregnancy [4].

5. Conclusion

• Assessment of OS as a cause of unexplained female infertility must be carried 
out to discriminate OS infertility from other causes of infertility.

• There is inverse significant relationship between GSH level with age and dura-
tion of infertility increment in patients with unexplained infertility.

• There is an inverse significant relationship between Vitamine C and age  
increment in patients with unexplained infertility.
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Chapter 11

The Role of Lycopene in Chronic 
Lung Diseases
Emilio Balbuena, Junrui Cheng and Abdulkerim Eroglu

Abstract

Lycopene, a naturally occurring non-provitamin A carotenoid pigment, is 
responsible for the red to pink colors in tomato, watermelon, red bell peppers, and 
pink guava. There are many health benefits attributed to lycopene including but not 
limited to its antioxidant activity. According to the American Lung Association’s 
State of Lung Cancer, lung cancer is still the leading cause of cancer death in the 
United States. Other chronic lung diseases such as asthma, emphysema, and chronic 
obstructive pulmonary disease are high prevalence. This chapter summarizes lyco-
pene’s protective role against lung diseases in both in vitro and in vivo studies. While 
it has been demonstrated that circulating lycopene can be used as a biomarker for 
several lung diseases, further studies are warranted to establish that. We aim to pro-
vide insights into how lycopene can remedy for lung diseases, including lung cancer.

Keywords: lycopene, lung diseases, oxidative stress, lung cancer, antioxidants, 
carotenoids

1. Introduction

1.1 Lycopene: chemical definition and metabolism

Lycopene, a major dietary carotenoid pigment responsible for the red color, 
is synthesized by plants and microorganisms [1]. It is mostly found in tomatoes 
and tomato products, albeit there is a small amount of lycopene in few other 
fruits, including watermelon, papaya, guava, and pink grapefruit [2]. Lycopene 
is one of the six most abundant carotenoids (others being α-carotene, β-carotene, 
β-cryptoxanthin, lutein, and zeaxanthin) in circulation in humans [3]. It has been 
shown that lycopene exerts cancer-preventive or chemopreventive properties 
against several cancer types, including prostate, lung, and colon cancers [4].

Lycopene has a chemical formula of C40H56, tetraterpene comprised of eight 
isoprene units that are purely containing carbon and hydrogen [5]. Lycopene can 
undergo isomerization from trans to cis by heat, light, and chemical reactions, 
although the all-trans isomeric form is the main isomer in nature [6].

Lycopene can be cleaved via two pathways (Figure 1). It can be metabolized by 
central cleavage, catalyzed by beta-carotene-15,15′-oxygenase (BCO1), yielding 
apo-15′-lycopenal [7]. It also can be metabolized by eccentric cleavage, catalyzed 
by beta-carotene-9′,10′-oxygenase (BCO2) yielding apo-10′-lycopenal, which 
can be either further oxidized into apo-10′-lycopenoic acid or reduced to apo-10′-
lycopenol [8]. It has also been shown apo-lycopenals at various chain lengths can 
also be derived from the absorption of apo-lycopenals directly from food [9].
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1.2 Lycopene: its antioxidant function

Lycopene is a linear, unsaturated hydrocarbon carotenoid with eleven and two 
unconjugated double bonds, making it highly reactive against oxygen and free 
radicals [10]. Lycopene displays the highest physical quenching rate constant of 
singlet oxygen (kq = 31 × 109 M−1 s−1) in vitro, while rate constants for α-carotene, 
β-carotene, and lutein were 19, 14, and 8, respectively [10]. Also, lycopene’s anti-
oxidant activity in liposomes was found to be greater than α-tocopherol [11]. It 
is worth highlighting its high quenching rate constant of singlet oxygen because 
lycopene’s concentration in the circulation is 0.7 μM in humans. Lycopene can 
also scavenge hypochlorous acid, a precursor of free radicals in respiratory stress 
pathology [12]. It has been documented that tomato products with olive oil 
increased human plasma antioxidant activity [13]. The authors used the Ferric 
Reducing Antioxidant Power (FRAP) assay, a quantitative assay for measuring the 
antioxidant potential, to demonstrate the antioxidant activity of tomato products 
with olive oil, and it was increased from 930 to 1118 mmol/L [13]. Finally, lycopene 
could enhance the production of endogenous antioxidant enzymes, e.g., gluta-
thione peroxidase (Gpx), glutathione reductase (GR), and superoxide dismutase 
(SOD) [14].

1.3 Lycopene: its dietary intake and bioavailability

Although lycopene can be consumed through various sources, processed tomato 
products (e.g., ketchup, tomato source, tomato juices, tomato extract) are the 
major dietary lycopene source in the United States [15]. Indeed, the mean lycopene 
content in these products is more than 90% [16]. The average lycopene intake in the 
U.S. is 6.6–10.5 mg/day in males and 5.7–10.4 mg/day in females [17].

Dietary lycopene intake amount is not always correlated with circulating 
lycopene levels because multiple factors can affect its bioavailability. Processed 
tomato products, for example, contain more lycopene than fresh fruits and veg-
etable [18]. While the lycopene content in ketchup is 9.9–13.44 mg lycopene/100 g 
[19], lycopene content in fresh tomatoes ranges from 1.82–11.9 mg/100 g wet weight 
[20]. Also, lycopene is more bioavailable in processed foods than in raw materials 
since the transformation of the all-trans isomer into the cis-isomer renders lycopene 
elevated solubility in bile acids [21, 22]. Since lycopene is a lipid-soluble compound, 
a diet with high levels of lipids may increase lycopene bioavailability. It has been 
shown that the addition of avocado to salad significantly increased lycopene 
absorption in humans, although the increase of lycopene bioavailability was not 
correlated with avocado co-consumption in a dose–response manner [23].

There has been growing research interest in genetic variant studies in recent 
years and the association between genetic variation and lycopene bioavailability. 

Figure 1. 
Central and eccentric cleavage of lycopene. Oxidative cleavage of lycopene at the central 15, 15′ double bond is 
catalyzed by beta-carotene-15,15′-oxygenase 1 (BCO1) leading to the generation of two molecules of apo-15′- 
lycopenal [7]. Eccentric cleavage takes place at the 9′-10′ double bond and is catalyzed by beta-carotene-9, 
10′-oxygenase 2 (BCO2) yielding apo-10′-lycopenal [8].
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In a study with 33 subjects, researchers revealed that 72% of the variance in the 
postprandial plasma lycopene response was explained by 28 single nucleotide 
polymorphisms (SNPs) in 16 genes [24]. Among these genes, ATP binding cassette 
subfamily a member 1 (ABCA1), lipoprotein lipase (LPL), insulin-induced gene 2 
(INSIG2), solute carrier family 27 member 6 (SLC27A6), lipase C (LIPC), cluster 
of differentiation 36 molecule (CD36), and apolipoprotein B (APOB) play critical 
roles in cellular lipid intake and transportation, indicating that the bioavailability 
of lycopene is likely to depend on lipid metabolism. Another study found that 
although SNP genotypes were unrelated to usual dietary lycopene intake, two BCO1 
SNPs predicted the plasma lycopene changes after subjects were given the same 
amount of tomato juice [25]. Such finding is intriguing because the activity of BCO1 
is lower than BCO2 toward non-provitamin A carotenoids such as lycopene [26], so 
further studies are warranted to explore the underlying mechanism by which BCO1 
SNPs led to different postprandial lycopene response.

Lycopene is widely distributed in various tissues in humans. However, the distri-
bution is uneven, with liver, adipose tissue, testes, adrenal glands, and circulating 
blood being the major storage pools [27, 28] while lung and kidney have relatively 
low lycopene concentration [19]. It has been shown that familial resemblances were 
found in plasma lycopene, indicating that lycopene distribution variance is due to 
genetic and environmental factors [29]. Cigarette smoke, for example, decreased 
plasma carotenoid concentrations in humans [30, 31]. A lower serum lycopene 
concentration was reported in ever-smokers than in never-smokers [32], and lyco-
pene concentration was even substantially lower in smokers who take more than 
three cigarettes per day [33]. Other factors, including aging, air pollution, and the 
initiation of diseases such as cardiovascular disease and diabetes, may also deplete 
lycopene levels due to increased oxidative stress and elevated reactive oxygen spe-
cies (ROS) [34, 35]. While numerous studies reported the lycopene levels in patients 
with lung diseases, there is a gap in providing the overall picture. Therefore, our 
current work aims to shed light on the association between lung diseases and 
lycopene concentration and how lycopene supplementation affects lung disease 
initiation/development, offering further research directions.

2. Lycopene and lung diseases

2.1 In vitro and in vivo evidence

2.1.1 Asthma

Asthma is characterized as the narrowing or blockage of the airways, leading to 
breathing difficulties like shortness of breath, coughing, or wheezing. The onset of 
asthma is associated with elevated pulmonary inflammation, which characteristi-
cally involves airway infiltration of related inflammatory cells through the activa-
tion of Th2-type lymphocytes, eosinophils, and mast cells [36]. A combination of 
these immunological activities with genetic and environmental factors can lead to 
the progression of asthma.

To investigate strategies to potentially mitigate the effects of asthma, two in vivo 
studies utilized dietary lycopene supplementation within a murine model induced 
with this lung condition. These studies involved intraperitoneal (i.p.) injection 
of ovalbumin (OVA) to induce airway inflammation in BALB/c mice and demon-
strated that subsequent lycopene supplementation of 8 and 16 mg/kg body weight 
(BW)/day alleviated such inflammatory cell infiltration into the bronchoalveolar 
lavage fluid (BALF) [37] as well as into the lung tissue and blood supply [38].
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1.3 Lycopene: its dietary intake and bioavailability
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tomato products, for example, contain more lycopene than fresh fruits and veg-
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since the transformation of the all-trans isomer into the cis-isomer renders lycopene 
elevated solubility in bile acids [21, 22]. Since lycopene is a lipid-soluble compound, 
a diet with high levels of lipids may increase lycopene bioavailability. It has been 
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There has been growing research interest in genetic variant studies in recent 
years and the association between genetic variation and lycopene bioavailability. 

Figure 1. 
Central and eccentric cleavage of lycopene. Oxidative cleavage of lycopene at the central 15, 15′ double bond is 
catalyzed by beta-carotene-15,15′-oxygenase 1 (BCO1) leading to the generation of two molecules of apo-15′- 
lycopenal [7]. Eccentric cleavage takes place at the 9′-10′ double bond and is catalyzed by beta-carotene-9, 
10′-oxygenase 2 (BCO2) yielding apo-10′-lycopenal [8].
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In a study with 33 subjects, researchers revealed that 72% of the variance in the 
postprandial plasma lycopene response was explained by 28 single nucleotide 
polymorphisms (SNPs) in 16 genes [24]. Among these genes, ATP binding cassette 
subfamily a member 1 (ABCA1), lipoprotein lipase (LPL), insulin-induced gene 2 
(INSIG2), solute carrier family 27 member 6 (SLC27A6), lipase C (LIPC), cluster 
of differentiation 36 molecule (CD36), and apolipoprotein B (APOB) play critical 
roles in cellular lipid intake and transportation, indicating that the bioavailability 
of lycopene is likely to depend on lipid metabolism. Another study found that 
although SNP genotypes were unrelated to usual dietary lycopene intake, two BCO1 
SNPs predicted the plasma lycopene changes after subjects were given the same 
amount of tomato juice [25]. Such finding is intriguing because the activity of BCO1 
is lower than BCO2 toward non-provitamin A carotenoids such as lycopene [26], so 
further studies are warranted to explore the underlying mechanism by which BCO1 
SNPs led to different postprandial lycopene response.

Lycopene is widely distributed in various tissues in humans. However, the distri-
bution is uneven, with liver, adipose tissue, testes, adrenal glands, and circulating 
blood being the major storage pools [27, 28] while lung and kidney have relatively 
low lycopene concentration [19]. It has been shown that familial resemblances were 
found in plasma lycopene, indicating that lycopene distribution variance is due to 
genetic and environmental factors [29]. Cigarette smoke, for example, decreased 
plasma carotenoid concentrations in humans [30, 31]. A lower serum lycopene 
concentration was reported in ever-smokers than in never-smokers [32], and lyco-
pene concentration was even substantially lower in smokers who take more than 
three cigarettes per day [33]. Other factors, including aging, air pollution, and the 
initiation of diseases such as cardiovascular disease and diabetes, may also deplete 
lycopene levels due to increased oxidative stress and elevated reactive oxygen spe-
cies (ROS) [34, 35]. While numerous studies reported the lycopene levels in patients 
with lung diseases, there is a gap in providing the overall picture. Therefore, our 
current work aims to shed light on the association between lung diseases and 
lycopene concentration and how lycopene supplementation affects lung disease 
initiation/development, offering further research directions.

2. Lycopene and lung diseases

2.1 In vitro and in vivo evidence

2.1.1 Asthma

Asthma is characterized as the narrowing or blockage of the airways, leading to 
breathing difficulties like shortness of breath, coughing, or wheezing. The onset of 
asthma is associated with elevated pulmonary inflammation, which characteristi-
cally involves airway infiltration of related inflammatory cells through the activa-
tion of Th2-type lymphocytes, eosinophils, and mast cells [36]. A combination of 
these immunological activities with genetic and environmental factors can lead to 
the progression of asthma.

To investigate strategies to potentially mitigate the effects of asthma, two in vivo 
studies utilized dietary lycopene supplementation within a murine model induced 
with this lung condition. These studies involved intraperitoneal (i.p.) injection 
of ovalbumin (OVA) to induce airway inflammation in BALB/c mice and demon-
strated that subsequent lycopene supplementation of 8 and 16 mg/kg body weight 
(BW)/day alleviated such inflammatory cell infiltration into the bronchoalveolar 
lavage fluid (BALF) [37] as well as into the lung tissue and blood supply [38].
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Lycopene treatment at both of these dosages decreased the expression of eosino-
phil peroxidase (EPO) and the gelatinolytic activity of matrix metalloproteinase-9 
(MMP-9) caused by the i.p. injection of OVA [37]. Lycopene administration at 
both dosages also inhibited the OVA-specific release of Th2-associated cytokines 
interleukin-4 (IL-4) and interleukin-5 (IL-5) [37, 38]. The data presented in these 
studies revealed that dietary lycopene intervention could inhibit the infiltration of 
inflammatory immunocytes and alleviate asthma’s pathogenesis and progression.

2.1.2 COPD and emphysema

Chronic obstructive pulmonary disease (COPD) is a coined term that governs 
a group of inflammatory lung conditions such as bronchiolitis and emphysema 
[39]. Bronchiolitis involves fibrosis-related obstruction of small air passages, while 
emphysema is characteristic of alveolar enlargement and alveolar wall damage. 
COPD symptoms commonly consist of a chronic cough, shortness of breath, excess 
phlegm or sputum, and chest tightness [40].

One of COPD’s most prevalent risk factors is cigarette smoking, which can be 
usefully incorporated into in vivo studies to investigate potential remedies to allevi-
ate proinflammatory symptoms and this chronic condition’s progression. Due to its 
documented antioxidant capabilities, lycopene treatment can be utilized to reduce 
the oxidative stress induced by cigarette smoke. A study utilizing a ferret model 
investigated the efficacy of dietary lycopene stimulation upon both bronchiolitis 
and emphysema-related aspects of COPD [41]. Through i.p. injection of tobacco 
carcinogen nicotine-derived nitrosamine ketone (NNK) at 200 mg/kg BW/day and 
cigarette smoke exposure five days a week for four months, the COPD model was 
established in ferrets. Lycopene was administered via 10% w/w beadlets at a low 
dosage of 2.2 mg/kg BW/day and a high dosage of 6.6 mg/kg BW/day over 22 weeks. 
Following this exposure and treatment period, the findings illustrated that the high 
dose of lycopene decreased the incidence of NNK/cigarette smoke-induced bron-
chiolitis and emphysema in ferrets [41].

Tackling the issue of emphysema in particular, two in vivo studies investigated 
the antioxidant/anti-inflammatory efficacy of dietary lycopene supplementation on 
chronic cigarette smoke exposure alone in murine models. Lycopene administration 
at 25 and 50 mg/kg BW/day in C57BL/6 mice appeared to alleviate the detrimental 
effects of chronic cigarette smoke exposure (12 cigarettes/day) over 60 days [42]. 
Lycopene treatment at both dosages appeared to have improved redox balance 
and decreased lipid peroxidation and DNA damage; activities of SOD, catalase 
(CAT), and glutathione (GSH) were increased via lycopene treatment. Lycopene 
also decreased interleukin-10 (IL-10), tumor necrosis factor-alpha (TNF-α), and 
interferon-gamma (IFNγ) levels at both dosages. On the other hand, the weight loss 
that occurred due to the smoke exposure was not recovered by lycopene treatment 
at either dosage. The same research team had previously conducted a short-term 
smoke exposure study [43] for just five days, not long enough to establish emphy-
sema, that employed the same dosages of lycopene treatment (25 and 50 mg/kg 
BW/day). This earlier study described that lycopene administration decreased 
neutrophil initiation and macrophage influx into the BALF as well as similarly 
decreased levels of IL-10, TNF-α, and IFNγ at both dosages.

Another in vivo study investigated the association of age-related progression 
with emphysema development within a senescence-accelerated mouse (SAM) 
model [44]. Utilizing the SAM model that mimics the senile mouse lung, the 
study aimed to determine if the dietary lycopene supplementation could prevent 
the onset of emphysema through chronic cigarette smoke exposure (30 min/day, 
five days/week, for eight weeks). Tomato juice (containing 5 mg of lycopene) 
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administration in place of tap water was shown to have an inhibitory effect on the 
onset of cigarette smoke-induced emphysema.

Collectively, dietary lycopene supplementation appears to have alleviating 
effects upon chronic obstructive pulmonary disease, cigarette smoke-induced 
bronchiolitis, and emphysema due to its potent antioxidant and anti-inflammatory 
activities.

2.1.3 Acute lung injury

Acute lung injury (ALI) is an acute inflammatory pulmonary disorder that 
causes endothelial and epithelial barrier disruption, leading to compromised 
alveolar-capillary membrane integrity [45]. Factors such as lung infection, aspira-
tion, sepsis, trauma, and shock can contribute to ALI’s onset. Due to the loss of the 
alveolar-capillary membrane integrity, further complications characteristic of ALI 
can involve increased pulmonary edema permeability, increased infiltration of 
neutrophils, and increased release of pro-inflammatory cytotoxic mediators.

Several in vivo studies have been conducted utilizing dietary lycopene supple-
mentation to determine potential treatment in alleviating the damage associated 
with acute lung injury. One method of generating ALI in these animals was 
through the administration of lipopolysaccharide (LPS). One study investigated 
the synergistic protective efficacy of lycopene and matrine, an alkaloid found in 
kinds of Sophora plants, against LPS-induced ALI compared to the corticosteroid 
dexamethasone (DEX) in BALB/c mice [46]. Mice were intraperitoneally injected 
with DEX (5 mg/kg BW), matrine (25 mg/kg BW), lycopene (100 mg/kg BW), or 
a combination of the matrine + lycopene treatments for seven days before a final 
dosage of LPS (5 mg/kg BW). Following 6 hours after LPS administration, the 
combined treatment of matrine and lycopene appeared to have similar beneficial 
effects. Furthermore, the combined treatment inhibited NF-κB p65 activity and 
reduced the expression of malondialdehyde (MDA), myeloperoxidase (MPO), 
interleukin-6 (IL-6), and TNF-α while simultaneously upregulating GSH.

Sarcandra glabra (SG), an herb native to Southeast Asia which is used for treating 
various oxidative stress diseases, was incorporated within another study in conjunc-
tion with lycopene to combat LPS-induced ALI in a rat model [47]. The rats were 
treated similarly as the other study with supplementation of SG (2.5 mg/kg BW) and 
lycopene (5 mg/kg BW) individually or in combination for two weeks before LPS 
(6 mg/kg BW) administration. Like the study involving matrine, the combination 
of SG and lycopene led to a significant decrease in LPS-induced histopathological 
injuries, as well as reduced levels of IL-6, TNF-α, NF-κB, and mitogen-activated 
protein kinase (MAPK). Furthermore, the combination treatment increased anti-
oxidative activity and helped reverse the abnormal metabolism back towards normal 
status. Courtesy of the findings from these studies, lycopene treatment has the 
potential to alleviate LPS-induced acute lung injury. As lipopolysaccharide is not 
the only way to induce acute lung injury, other studies have incorporated alternative 
methods to study lycopene’s effect. A study investigated the effects of Redivio® 
capsules (lycopene in 10% fluid suspension) against oleic acid (OA)-induced ALI in 
Wistar rats [48]. Over five weeks, the rats were treated with 100 mg/kg BW/day OA 
and 20 mg/kg BW/day lycopene. Lycopene supplementation decreased neutrophilic 
infiltration and decreased perivascular and alveolar edema. Lycopene treatment also 
decreased serum and tissue MDA, serum and tissue SOD, and increased tissue CAT 
levels; however, there was no effect on serum and tissue Gpx. ALI can additionally 
be brought on by hyperoxia, which was investigated in a study involving newborn 
rats that were housed in conditions of normoxia (ambient air) or hyperoxia and 
supplemented with 50 mg lycopene in olive oil/kg BW/day for 11 days [49]. Despite 
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Lycopene treatment at both of these dosages decreased the expression of eosino-
phil peroxidase (EPO) and the gelatinolytic activity of matrix metalloproteinase-9 
(MMP-9) caused by the i.p. injection of OVA [37]. Lycopene administration at 
both dosages also inhibited the OVA-specific release of Th2-associated cytokines 
interleukin-4 (IL-4) and interleukin-5 (IL-5) [37, 38]. The data presented in these 
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dosage of 2.2 mg/kg BW/day and a high dosage of 6.6 mg/kg BW/day over 22 weeks. 
Following this exposure and treatment period, the findings illustrated that the high 
dose of lycopene decreased the incidence of NNK/cigarette smoke-induced bron-
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Tackling the issue of emphysema in particular, two in vivo studies investigated 
the antioxidant/anti-inflammatory efficacy of dietary lycopene supplementation on 
chronic cigarette smoke exposure alone in murine models. Lycopene administration 
at 25 and 50 mg/kg BW/day in C57BL/6 mice appeared to alleviate the detrimental 
effects of chronic cigarette smoke exposure (12 cigarettes/day) over 60 days [42]. 
Lycopene treatment at both dosages appeared to have improved redox balance 
and decreased lipid peroxidation and DNA damage; activities of SOD, catalase 
(CAT), and glutathione (GSH) were increased via lycopene treatment. Lycopene 
also decreased interleukin-10 (IL-10), tumor necrosis factor-alpha (TNF-α), and 
interferon-gamma (IFNγ) levels at both dosages. On the other hand, the weight loss 
that occurred due to the smoke exposure was not recovered by lycopene treatment 
at either dosage. The same research team had previously conducted a short-term 
smoke exposure study [43] for just five days, not long enough to establish emphy-
sema, that employed the same dosages of lycopene treatment (25 and 50 mg/kg 
BW/day). This earlier study described that lycopene administration decreased 
neutrophil initiation and macrophage influx into the BALF as well as similarly 
decreased levels of IL-10, TNF-α, and IFNγ at both dosages.

Another in vivo study investigated the association of age-related progression 
with emphysema development within a senescence-accelerated mouse (SAM) 
model [44]. Utilizing the SAM model that mimics the senile mouse lung, the 
study aimed to determine if the dietary lycopene supplementation could prevent 
the onset of emphysema through chronic cigarette smoke exposure (30 min/day, 
five days/week, for eight weeks). Tomato juice (containing 5 mg of lycopene) 
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administration in place of tap water was shown to have an inhibitory effect on the 
onset of cigarette smoke-induced emphysema.

Collectively, dietary lycopene supplementation appears to have alleviating 
effects upon chronic obstructive pulmonary disease, cigarette smoke-induced 
bronchiolitis, and emphysema due to its potent antioxidant and anti-inflammatory 
activities.

2.1.3 Acute lung injury

Acute lung injury (ALI) is an acute inflammatory pulmonary disorder that 
causes endothelial and epithelial barrier disruption, leading to compromised 
alveolar-capillary membrane integrity [45]. Factors such as lung infection, aspira-
tion, sepsis, trauma, and shock can contribute to ALI’s onset. Due to the loss of the 
alveolar-capillary membrane integrity, further complications characteristic of ALI 
can involve increased pulmonary edema permeability, increased infiltration of 
neutrophils, and increased release of pro-inflammatory cytotoxic mediators.

Several in vivo studies have been conducted utilizing dietary lycopene supple-
mentation to determine potential treatment in alleviating the damage associated 
with acute lung injury. One method of generating ALI in these animals was 
through the administration of lipopolysaccharide (LPS). One study investigated 
the synergistic protective efficacy of lycopene and matrine, an alkaloid found in 
kinds of Sophora plants, against LPS-induced ALI compared to the corticosteroid 
dexamethasone (DEX) in BALB/c mice [46]. Mice were intraperitoneally injected 
with DEX (5 mg/kg BW), matrine (25 mg/kg BW), lycopene (100 mg/kg BW), or 
a combination of the matrine + lycopene treatments for seven days before a final 
dosage of LPS (5 mg/kg BW). Following 6 hours after LPS administration, the 
combined treatment of matrine and lycopene appeared to have similar beneficial 
effects. Furthermore, the combined treatment inhibited NF-κB p65 activity and 
reduced the expression of malondialdehyde (MDA), myeloperoxidase (MPO), 
interleukin-6 (IL-6), and TNF-α while simultaneously upregulating GSH.

Sarcandra glabra (SG), an herb native to Southeast Asia which is used for treating 
various oxidative stress diseases, was incorporated within another study in conjunc-
tion with lycopene to combat LPS-induced ALI in a rat model [47]. The rats were 
treated similarly as the other study with supplementation of SG (2.5 mg/kg BW) and 
lycopene (5 mg/kg BW) individually or in combination for two weeks before LPS 
(6 mg/kg BW) administration. Like the study involving matrine, the combination 
of SG and lycopene led to a significant decrease in LPS-induced histopathological 
injuries, as well as reduced levels of IL-6, TNF-α, NF-κB, and mitogen-activated 
protein kinase (MAPK). Furthermore, the combination treatment increased anti-
oxidative activity and helped reverse the abnormal metabolism back towards normal 
status. Courtesy of the findings from these studies, lycopene treatment has the 
potential to alleviate LPS-induced acute lung injury. As lipopolysaccharide is not 
the only way to induce acute lung injury, other studies have incorporated alternative 
methods to study lycopene’s effect. A study investigated the effects of Redivio® 
capsules (lycopene in 10% fluid suspension) against oleic acid (OA)-induced ALI in 
Wistar rats [48]. Over five weeks, the rats were treated with 100 mg/kg BW/day OA 
and 20 mg/kg BW/day lycopene. Lycopene supplementation decreased neutrophilic 
infiltration and decreased perivascular and alveolar edema. Lycopene treatment also 
decreased serum and tissue MDA, serum and tissue SOD, and increased tissue CAT 
levels; however, there was no effect on serum and tissue Gpx. ALI can additionally 
be brought on by hyperoxia, which was investigated in a study involving newborn 
rats that were housed in conditions of normoxia (ambient air) or hyperoxia and 
supplemented with 50 mg lycopene in olive oil/kg BW/day for 11 days [49]. Despite 
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the expected antioxidant effects of lycopene in these conditions, this treatment 
did not improve hyperoxia-induced injury as MDA, SOD, and IL-6 levels were not 
changed; interleukin-1β (IL-1β) and Gpx levels were not affected by hyperoxia or 
lycopene.

2.1.4 Pulmonary fibrosis

Lung fibrosis, or idiopathic pulmonary fibrosis (IPF), is considered an inter-
stitial lung disease. It involves alveolar epithelial damage and scarring of the lungs 
due to excess deposition of extracellular matrix by myofibroblasts [50]. The alveolar 
epithelial degradation is considered an indicative initiating factor of IPF, and the 
associated damage can lead to interstitial pneumonia. Patients with IPF have a 20% 
higher risk of developing lung cancer, which can take approximately 2–4 years to 
reach end-stage respiratory insufficiency [51]. In this case, a treatment regime is 
quite crucial to shunt this detrimental progression.

Bleomycin (BLM), a polypeptide antitumor agent, can mimic lung fibrosis’s 
pathological effects and can be incorporated within studies to study treatment 
efficacy. One in vivo study utilized this model via intratracheal instillation of BLM 
(4 mg/mL) in Sprague–Dawley rats to induce IPF [52]. Lycopene extracted from 
tomatoes was administered over 28 days at a dosage of 5 mg/kg BW/day appeared 
to alleviate the damage attributed to BLM-induced oxidative stress partially. 
Such lycopene treatment inhibited the extent of free radical injury, fibrosis, and 
alveolitis. Furthermore, supplemental lycopene decreased plasma and tissue levels 
of TNF-α and decreased plasma levels of MDA and nitric oxide (NO). Since lung 
fibroblasts can contribute to the onset of pulmonary fibrosis, this cell type can be 
studied within an in vitro context to identify methods of regulating their abnormal 
activity. Two in vitro studies capitalized on this cell line type by inducing DNA dam-
age in Chinese lung fibroblasts, V79 cells, through peroxynitrite administration [53] 
and catechol estrogen [54]. The cells were pre-treated with β-carotene and lycopene 
at concentrations of 0–5 μM and 0–10 μM 24 hours before the damage. The treat-
ment of these carotenoids decreased the DNA damage in these fibroblast cells by 
inhibiting single-strand breaks [53, 54] and decreasing the inflammation oxidative 
stress [53].

2.1.5 Lung cancer

Lung cancer is the leading cause of cancer mortality in the United States, con-
stituting nearly one fourth of all cancer deaths [55]; thus bringing about the need 
to finding remedies in any way possible. In terms of carotenoid treatment, supple-
mentation of lycopene and its metabolites may demonstrate some anti-cancer 
efficacy within both in vitro and in vivo settings by inhibiting carcinoma severity 
and progression; such a trend has been seen in multiple cell types including pros-
tate, breast, hepatoma, stomach, colon and oral cancer cells [56–58]. In the studies 
regarding lung cancer, the models typically involve lung cancer cell lines, cigarette 
smoke exposure, and the administration of carcinogenic agents. As non-small cell 
lung cancer (NSCLC) accounts for the most lung cancer-related deaths, various in 
vitro studies have utilized cell lines that characterize this cell type. In these cases, 
lycopene and its metabolites appeared to be a potent inhibitor of cancer cell growth 
and proliferation [59–62], even more so than either α- carotene or β-carotene [59], 
by arresting the cell cycle at the G1 checkpoint [62]. In cigarette smoke-induced 
oxidative stress, the formation of reactive oxygen species (ROS) could lead to dam-
age of cellular macromolecules, notably to genomic DNA that can cause mutations. 
Like in the case of the Chinese hamster fibroblasts [50], lycopene’s antioxidant 
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potential was shown as its capability to quench ROS and upregulate enzymes related 
to base excision repair, such as DNA glycosylases [63].

Through the classic model of cancer-induction via cigarette smoke exposure in 
vivo, treatment of lycopene at both a low dose (1.1 mg/kg BW/day) and a high dose 
(4.3 mg/kg BW/day) for nine weeks reduced the extent of lung squamous metaplasia 
via apoptosis in a ferret model [64]. The apoptosis was attributed to the upregulation 
of plasma insulin-like growth factor binding protein-3 (IGFBP-3) levels and reduc-
tion of the IGF-1/IGFBP-3 ratio.

An alternate method of inducing tumorigenesis in animal models can be 
achieved through the administration of carcinogenic agents like benzo[a]pyrene 
(BaP), NNK, and dimethylhydrazine (DMH) [62–64]. An in vivo study utilized 
the DMH method of tumor-induction via subcutaneously injecting 20 mg/kg BW 
DMH into B6C3F1 mice, the F1 generation of a cross between C57BL/6 J females 
and C3H/HeJ males [65]. For 32 weeks, the mice were administered with DMH 
twice a week for five weeks and then lycopene (25 or 50 ppm in drinking water) 
starting at week 21. After this treatment period, anticancer effects were primarily 
seen in males as the high lycopene dose (50 ppm) decreased DMH-related tumor 
development and decreased multiplicities for lung adenomas and carcinomas [65]. 
Another two in vivo studies utilized the treatment of lycopene-enriched tomato 
oleserin (LTO) in models involving tumorigenesis induction via BaP only [66] or 
BaP and NNK [67]. In one of those particular studies, a proprietary MutaMouse 
model consisting of the F1 generation of a cross between BALB/c and DBA/2 mice 
was injected with 125 mg/kg BaP and treated with LTO (3.7% lycopene) at different 
doses in their diets (7 and 14 g LTO/kg diet, 0.5 and 1.0 mmol lycopene/kg diet). 
However, the BaP-induced lung mutagenesis was found to have increased with LTO 
supplementation, especially at the high dosage [66]. On the other hand, a study 
incorporating BaP and NNK-induced carcinogenesis into A/J mice investigated the 
effect of LTO (5.9% lycopene) at different doses in their diets (185 ppm, 1850 ppm, 
9260 ppm). In this case, there was no overall effect on the weight gain or survivabil-
ity of the mice; furthermore, none of the LTO-enriched treatments given before, 
during, or after BaP and NNK administration had any effect on tumor incidence or 
multiplicity [67]. The minimal or lack of effect that lycopene has on these carcino-
genic agents may indicate that this carotenoid’s anticancer efficacy is better suited 
against cigarette smoke exposure, possibly due to its antioxidant properties.

While lycopene is typically utilized within these carotenoid treatment studies, 
its metabolites have shown some anticancer efficacy, especially apo-10′-lycopenoic 
acid. In a joint in vitro and in vivo study, apo-10′-lycopenoic acid was shown to 
inhibit cell cycle progression in non-small cell lung cancer (NSCLC) and lung 
tumor multiplicity in A/J mice [62]. Approaching the in vitro aspect, normal human 
bronchial epithelial cells (NHBE), BEAS-2B-immortalized normal bronchial epi-
thelial cells, and non-small cell lung cancer, A549 cells, were treated with 0–10 μM 
apo-10′-lycopenoic acid for five days; this treatment regime appeared to have 
decreased cyclin E and inhibited cell cycle progression from G1 to S phases as seen 
with lycopene previously [59]. Furthermore, cell cycle mediators (p21 and p27) 
were increased, indicating promoted mediation of checkpoint regulation.

Lycopene also appears to be involved in tumorigenesis suppression through 
several pathways, such as inhibiting NF-κB, activating sirtuin-1, or modulating 
reverse cholesterol transport mechanism by inhibiting 3-hydroxy-3-methylglu-
taryl–coenzyme A (HMG-CoA) reductase expression [1, 68, 69]. Furthermore, 
lycopene and its metabolites have been shown to upregulate retinoic acid receptor 
β (RARβ) activation [63], leading to reduced cell proliferation, increased apop-
tosis [70], and enhanced gap junction communication (GJC) by upregulating 
connexin-43 (Cx43) [63, 71].
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tomatoes was administered over 28 days at a dosage of 5 mg/kg BW/day appeared 
to alleviate the damage attributed to BLM-induced oxidative stress partially. 
Such lycopene treatment inhibited the extent of free radical injury, fibrosis, and 
alveolitis. Furthermore, supplemental lycopene decreased plasma and tissue levels 
of TNF-α and decreased plasma levels of MDA and nitric oxide (NO). Since lung 
fibroblasts can contribute to the onset of pulmonary fibrosis, this cell type can be 
studied within an in vitro context to identify methods of regulating their abnormal 
activity. Two in vitro studies capitalized on this cell line type by inducing DNA dam-
age in Chinese lung fibroblasts, V79 cells, through peroxynitrite administration [53] 
and catechol estrogen [54]. The cells were pre-treated with β-carotene and lycopene 
at concentrations of 0–5 μM and 0–10 μM 24 hours before the damage. The treat-
ment of these carotenoids decreased the DNA damage in these fibroblast cells by 
inhibiting single-strand breaks [53, 54] and decreasing the inflammation oxidative 
stress [53].

2.1.5 Lung cancer

Lung cancer is the leading cause of cancer mortality in the United States, con-
stituting nearly one fourth of all cancer deaths [55]; thus bringing about the need 
to finding remedies in any way possible. In terms of carotenoid treatment, supple-
mentation of lycopene and its metabolites may demonstrate some anti-cancer 
efficacy within both in vitro and in vivo settings by inhibiting carcinoma severity 
and progression; such a trend has been seen in multiple cell types including pros-
tate, breast, hepatoma, stomach, colon and oral cancer cells [56–58]. In the studies 
regarding lung cancer, the models typically involve lung cancer cell lines, cigarette 
smoke exposure, and the administration of carcinogenic agents. As non-small cell 
lung cancer (NSCLC) accounts for the most lung cancer-related deaths, various in 
vitro studies have utilized cell lines that characterize this cell type. In these cases, 
lycopene and its metabolites appeared to be a potent inhibitor of cancer cell growth 
and proliferation [59–62], even more so than either α- carotene or β-carotene [59], 
by arresting the cell cycle at the G1 checkpoint [62]. In cigarette smoke-induced 
oxidative stress, the formation of reactive oxygen species (ROS) could lead to dam-
age of cellular macromolecules, notably to genomic DNA that can cause mutations. 
Like in the case of the Chinese hamster fibroblasts [50], lycopene’s antioxidant 
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potential was shown as its capability to quench ROS and upregulate enzymes related 
to base excision repair, such as DNA glycosylases [63].

Through the classic model of cancer-induction via cigarette smoke exposure in 
vivo, treatment of lycopene at both a low dose (1.1 mg/kg BW/day) and a high dose 
(4.3 mg/kg BW/day) for nine weeks reduced the extent of lung squamous metaplasia 
via apoptosis in a ferret model [64]. The apoptosis was attributed to the upregulation 
of plasma insulin-like growth factor binding protein-3 (IGFBP-3) levels and reduc-
tion of the IGF-1/IGFBP-3 ratio.

An alternate method of inducing tumorigenesis in animal models can be 
achieved through the administration of carcinogenic agents like benzo[a]pyrene 
(BaP), NNK, and dimethylhydrazine (DMH) [62–64]. An in vivo study utilized 
the DMH method of tumor-induction via subcutaneously injecting 20 mg/kg BW 
DMH into B6C3F1 mice, the F1 generation of a cross between C57BL/6 J females 
and C3H/HeJ males [65]. For 32 weeks, the mice were administered with DMH 
twice a week for five weeks and then lycopene (25 or 50 ppm in drinking water) 
starting at week 21. After this treatment period, anticancer effects were primarily 
seen in males as the high lycopene dose (50 ppm) decreased DMH-related tumor 
development and decreased multiplicities for lung adenomas and carcinomas [65]. 
Another two in vivo studies utilized the treatment of lycopene-enriched tomato 
oleserin (LTO) in models involving tumorigenesis induction via BaP only [66] or 
BaP and NNK [67]. In one of those particular studies, a proprietary MutaMouse 
model consisting of the F1 generation of a cross between BALB/c and DBA/2 mice 
was injected with 125 mg/kg BaP and treated with LTO (3.7% lycopene) at different 
doses in their diets (7 and 14 g LTO/kg diet, 0.5 and 1.0 mmol lycopene/kg diet). 
However, the BaP-induced lung mutagenesis was found to have increased with LTO 
supplementation, especially at the high dosage [66]. On the other hand, a study 
incorporating BaP and NNK-induced carcinogenesis into A/J mice investigated the 
effect of LTO (5.9% lycopene) at different doses in their diets (185 ppm, 1850 ppm, 
9260 ppm). In this case, there was no overall effect on the weight gain or survivabil-
ity of the mice; furthermore, none of the LTO-enriched treatments given before, 
during, or after BaP and NNK administration had any effect on tumor incidence or 
multiplicity [67]. The minimal or lack of effect that lycopene has on these carcino-
genic agents may indicate that this carotenoid’s anticancer efficacy is better suited 
against cigarette smoke exposure, possibly due to its antioxidant properties.

While lycopene is typically utilized within these carotenoid treatment studies, 
its metabolites have shown some anticancer efficacy, especially apo-10′-lycopenoic 
acid. In a joint in vitro and in vivo study, apo-10′-lycopenoic acid was shown to 
inhibit cell cycle progression in non-small cell lung cancer (NSCLC) and lung 
tumor multiplicity in A/J mice [62]. Approaching the in vitro aspect, normal human 
bronchial epithelial cells (NHBE), BEAS-2B-immortalized normal bronchial epi-
thelial cells, and non-small cell lung cancer, A549 cells, were treated with 0–10 μM 
apo-10′-lycopenoic acid for five days; this treatment regime appeared to have 
decreased cyclin E and inhibited cell cycle progression from G1 to S phases as seen 
with lycopene previously [59]. Furthermore, cell cycle mediators (p21 and p27) 
were increased, indicating promoted mediation of checkpoint regulation.

Lycopene also appears to be involved in tumorigenesis suppression through 
several pathways, such as inhibiting NF-κB, activating sirtuin-1, or modulating 
reverse cholesterol transport mechanism by inhibiting 3-hydroxy-3-methylglu-
taryl–coenzyme A (HMG-CoA) reductase expression [1, 68, 69]. Furthermore, 
lycopene and its metabolites have been shown to upregulate retinoic acid receptor 
β (RARβ) activation [63], leading to reduced cell proliferation, increased apop-
tosis [70], and enhanced gap junction communication (GJC) by upregulating 
connexin-43 (Cx43) [63, 71].
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3. Lycopene and lung diseases in human

To conclude the association between circulating lycopene and lung diseases, we 
performed a systematic review and meta-analysis by following the PRISMA guide-
line [72]. We conducted a comprehensive search of the following electronic data-
bases: MEDLINE, Web of Science, EMBASE, and Google Scholar from inception 
up to November 8, 2020. We employed an integration of Medical Subject Heading 
(MeSH) terms and/or keywords to article-searching in these databases. The search 
terms are listed as follows:

(“lung diseases”[MeSH Terms (MeSH), title or abstract (ti/ab)] OR 
((“lung”[MeSH] OR “lung”[All Fields]) AND “cancer*”[MeSH Terms]) OR 
“pulmonary disease, chronic obstructive”[MeSH, ti/ab] OR “pulmonary 
disease, chronic obstructive”[MeSH, ti/ab] OR “pulmonary disease, chronic 
obstructive”[MeSH, ti/ab] OR (“pulmonary emphysema”[MeSH, ti/ab] OR 
“emphysema”[MeSH, ti/ab]) OR “asthma”[MeSH, ti/ab] OR “acute lung 
injur*”[MeSH] OR “cystic fibrosis”[MeSH, ti/ab] OR “pulmonary fibrosis”[MeSH, 
ti/ab]) AND “lycopene”[MeSH, ti/ab].

3.1 Methods

3.1.1 Eligibility

We used these inclusion criteria while carrying out a meta-analysis and systematic 
review:

• patients with confirmed lung diseases including asthma, acute lung injuries, 
emphysema, COPD, lung fibrosis, and lung cancer;

• used one of the following study designs: randomized controlled trial (RCT), 
cohort study, case–control study, nested case–control study, and cross-
sectional study;

• reported circulating lycopene level, dietary lycopene intake, dietary consump-
tion of lycopene-enriched foods (e.g., tomato products);

• outcomes related to the incidence or development of lung diseases;

• provided statistical reports

When multiple studies included subjects from the same cohort, only the publi-
cation reported the most updated results were selected. In vitro studies and animal 
studies were excluded. Review articles were also excluded.

3.1.2 Data extraction

Data extraction was performed by two independent researchers (J. Cheng, A. 
Eroglu) by utilizing a structured form. A third investigator (E. Balbuena) would 
be involved if discrepancies occurred. The following information was collected 
from eligible studies: study characteristics (author, year of the study, study design, 
name of the cohort), subject characteristics (a type of lung disease, subject age), 
treatment information, and primary results, which included means, comparison of 
the groups, relative ratio (RR)/odds ratio (OR)/hazard ratio (HR), and the measure 
of variability (95% confidence interval and p-value). For studies that used both 
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univariate analysis and multivariate analysis, only the multivariate analysis results 
were extracted. A table was constructed (Table 1) to summarize the data.

3.1.3 Statistical analysis

We only included the studies that reported OR/RR/HR and 95% confidence 
interval to perform statistical analysis. Studies that failed to provide such informa-
tion were excluded from meta-analysis but were still included in our systematic 
review with detailed information listed in Table 1. According to the rare disease 
assumption, the prevalence of lung diseases is low, and the relative risk approaches 
the odds ratio [73]. Therefore, we reported all risk estimates in our current meta-
analysis as OR for simplicity. With the possibility that the variance between the 
studies was caused by heterogeneity, the pooled ORs of the risk of lung diseases 
were estimated using a random-effects model. Two-tailed p-values <0.05 were 
considered statistically significant. We performed statistical analyses by employing 
RevMan 5.4.1.

3.2 Results

The process of study selection was displayed in the flow chart (Figure 2). The 
search for the four databases yielded 105 articles, of which 101 were eventually 
screened (Figure 2). Forty-eight articles were included for final screening after 
we excluded 53 in vitro or animal studies. Among them, 11 articles were excluded 
with various rationales: the exposure is not lycopene-related (N = 1), outcomes 
are not related to lung diseases (N = 3), review articles (N = 3), full text unavail-
able (N = 1), or studies that used the same cohort (N = 4) which led to 37 papers 
included in this systematic review (Figure 2).

3.2.1 Asthma

A total of 13 articles reported the relation between asthma and lycopene 
concentration, or dietary lycopene intake [74–86]. Among them, 9 studies are 
observational studies: cross-sectional (N = 1), nested case–control (N = 1), or 
case–control studies (N = 7) [74–82], whereas other studies are randomized clinical 
trials (RCTs) [83–86].

In total, eight case–control (including nested case–control) studies included 
1,280 current asthma patients and explored circulating lycopene levels in cases 
versus matched controls. Additionally, one cross-sectional study with 218 subjects 
reported the association between serum lycopene concentration and asthma 
severity [77]. In four studies, a significantly lower circulating lycopene concentra-
tion was observed in cases than in healthy controls [76–79]. Nevertheless, other 
case–control studies reported similar circulating lycopene levels in asthma patients 
than the matched control group, indicating that the risk of asthma was unrelated 
to circulating lycopene levels [74, 75, 81, 82]. Such discrepancy might be due to 
the heterogeneity of disease characteristics. Wood et al. showed a trend of higher 
plasma lycopene concentration in asthma patients with airway hyper-responsive-
ness [80]. It was also reported that plasma lycopene concentration was higher in 
atopic asthma subjects than in non-atopic asthma subjects [76]. Therefore, a high 
proportion of hyper-responsive asthma patients or atopic asthma patients may 
decrease the probability of observing a significant difference.

Two studies reported the correlation between circulating lycopene concentra-
tion and the severity of asthma. Forced expiratory volume in one second (FEV1) is 
defined as the volume of breath exhaled during a forced breath within one second. 
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To conclude the association between circulating lycopene and lung diseases, we 
performed a systematic review and meta-analysis by following the PRISMA guide-
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Eroglu) by utilizing a structured form. A third investigator (E. Balbuena) would 
be involved if discrepancies occurred. The following information was collected 
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univariate analysis and multivariate analysis, only the multivariate analysis results 
were extracted. A table was constructed (Table 1) to summarize the data.

3.1.3 Statistical analysis

We only included the studies that reported OR/RR/HR and 95% confidence 
interval to perform statistical analysis. Studies that failed to provide such informa-
tion were excluded from meta-analysis but were still included in our systematic 
review with detailed information listed in Table 1. According to the rare disease 
assumption, the prevalence of lung diseases is low, and the relative risk approaches 
the odds ratio [73]. Therefore, we reported all risk estimates in our current meta-
analysis as OR for simplicity. With the possibility that the variance between the 
studies was caused by heterogeneity, the pooled ORs of the risk of lung diseases 
were estimated using a random-effects model. Two-tailed p-values <0.05 were 
considered statistically significant. We performed statistical analyses by employing 
RevMan 5.4.1.

3.2 Results

The process of study selection was displayed in the flow chart (Figure 2). The 
search for the four databases yielded 105 articles, of which 101 were eventually 
screened (Figure 2). Forty-eight articles were included for final screening after 
we excluded 53 in vitro or animal studies. Among them, 11 articles were excluded 
with various rationales: the exposure is not lycopene-related (N = 1), outcomes 
are not related to lung diseases (N = 3), review articles (N = 3), full text unavail-
able (N = 1), or studies that used the same cohort (N = 4) which led to 37 papers 
included in this systematic review (Figure 2).

3.2.1 Asthma

A total of 13 articles reported the relation between asthma and lycopene 
concentration, or dietary lycopene intake [74–86]. Among them, 9 studies are 
observational studies: cross-sectional (N = 1), nested case–control (N = 1), or 
case–control studies (N = 7) [74–82], whereas other studies are randomized clinical 
trials (RCTs) [83–86].

In total, eight case–control (including nested case–control) studies included 
1,280 current asthma patients and explored circulating lycopene levels in cases 
versus matched controls. Additionally, one cross-sectional study with 218 subjects 
reported the association between serum lycopene concentration and asthma 
severity [77]. In four studies, a significantly lower circulating lycopene concentra-
tion was observed in cases than in healthy controls [76–79]. Nevertheless, other 
case–control studies reported similar circulating lycopene levels in asthma patients 
than the matched control group, indicating that the risk of asthma was unrelated 
to circulating lycopene levels [74, 75, 81, 82]. Such discrepancy might be due to 
the heterogeneity of disease characteristics. Wood et al. showed a trend of higher 
plasma lycopene concentration in asthma patients with airway hyper-responsive-
ness [80]. It was also reported that plasma lycopene concentration was higher in 
atopic asthma subjects than in non-atopic asthma subjects [76]. Therefore, a high 
proportion of hyper-responsive asthma patients or atopic asthma patients may 
decrease the probability of observing a significant difference.

Two studies reported the correlation between circulating lycopene concentra-
tion and the severity of asthma. Forced expiratory volume in one second (FEV1) is 
defined as the volume of breath exhaled during a forced breath within one second. 
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Forced vital capacity (FVC) is the full air exhaled in the entire timeframe [87]. A 
low percentage predicted FEV1/FVC ratio is an indicator of reduced pulmonary 
function. Ochs-Balcom et al. reported a lack of association between serum lycopene 
concentration and %FEV1/FVC ratio in 22 asthma cases, indicating that circulating 
lycopene concentration is not correlated with pulmonary function [77]. Similarly, 
Wood et al. depicted that plasma lycopene concentration was similar in moderate 
asthma patients than patients with severe asthma [80]. Also, no difference was 
found in plasma lycopene levels between asthma controlled or partly controlled 
patients vs. uncontrolled patients [80], indicating that circulating lycopene levels 
are unrelated to asthma development.

Four RCTs supplemented asthma patients with lycopene or lycopene-enriched 
foods to investigate the effect of dietary lycopene on asthma [83–86]. They 

Figure 2. 
Flow diagram of study selection according to the PRISMA guideline.

Figure 3. 
Forest plots for lung cancer risk in (A) subjects with lower lycopene intake vs. subjects with higher lycopene 
intake, and (B) subjects with lower circulating lycopene levels vs. subjects with higher circulating lycopene 
levels.
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examined their pulmonary function at the end of the study [83–86]. Two stud-
ies addressed exercise-induced asthma, where researchers gave asthma patients 
lycopene at a dosage of 30 mg/d for one week [80, 81]. Although one study found 
that lycopene supplementation increased %FEV1 [83], Falk et al. failed to observe 
any significant differences in pulmonary function indicators between patients with 
lycopene supplementation and the placebo group [84]. Such inconsistency may have 
resulted from the inadequate intensity of the exercise challenge in the study. In the 
study by Falk et al., the participants performed an eight-minute treadmill exercise 
at a load of 85% of the predicted maximal heart rate [84]. Such intensity may not 
be strenuous enough to induce exercise-induced bronchoconstriction, especially 
in physically active people [88]. Also, only 19 subjects were included in the trial, 
leading to a loss of power. Therefore, additional studies with larger samples size and 
higher exercise challenges are warranted to examine the effect of lycopene supple-
mentation on exercise-induced asthma.

With a growing interest in investigating the synergistic effect of various 
antioxidants on lung diseases, Wood et al. provided the subjects with a 10-day 
low antioxidant diet, followed by either placebo or tomato extract (or tomato 
juice) supplementation that contains 45-mg lycopene for another ten days [85]. 
As a result, the low antioxidant diet significantly increased sputum neutrophils, 
decreased with tomato juice or tomato extract supplementation [85]. Furthermore, 
a reduced level of sputum neutrophil elastase activity was found in patients supple-
mented with tomato extract [85]. The neutrophil elastase released by neutrophils 
is a serine proteinase that may act as a biomarker of inflammation and pathogen 
invasion [89]. Since this enzyme is involved in lung tissue destruction, by inhibiting 
neutrophil elastase activity, tomato extract supplementation may hinder pulmonary 
inflammation, subsequently mitigate the swell of the airways and decrease mucus 
production [90], leading to alleviated asthma manifestations. Indeed, in a follow-up 
study with 137 subjects, Wood et al. portrayed decreased levels of plasma C-reactive 
protein (CRP), IL-6, and IL-1β in the asthma patients who consumed tomato 
extract that contains 45 mg/d lycopene [86]. Intriguingly, the repeated-measures 
analysis by time point showed a reduced risk of disease exacerbation in the patients 
with tomato extract supplementation compared to the placebo group. Additionally, 
the decrease of %FEV1 and %FVC from baseline was only observed in the placebo 
group, but not in the tomato extract-supplemented group [86].

Collectively, the results generated from these clinical trials did not show a con-
sistent association between circulating lycopene and the initiation or development 
of asthma. Besides, there is a lack of evidence that dietary lycopene supplementa-
tion alleviating asthma progression. Whole foods that contain a high concentration 
of lycopene, such as tomato extract, showed beneficial efficacies against asthma. 
However, both RCTs subjects had a low-antioxidant diet at baseline to deplete their 
antioxidant levels, meaning that a similar alleviating effect may not be observed 
in people with normal circulating antioxidant concentrations. It is also important 
to note that tomato extract and tomato juice are high in lycopene and other anti-
oxidants, such as ascorbic acid or β-carotene. Thus, lycopene itself may lack the 
capability of mitigating asthma. It should be noted that the combination of lyco-
pene with other antioxidants produces a synergistic effect that can further inhibit 
pulmonary inflammation and lessen asthma manifestations.

3.2.2 COPD

Both asthma and COPD cause swelling in the airways and difficulties to 
breathe [91]. Several studies focused on tackling COPD and asthma-COPD overlap 
syndrome (ACOS) due to the similarities between the two diseases.
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At the end of article screening, two case–control studies, one cross-sectional 
study, and one prospective study depicted the association between circulating 
lycopene concentration and COPD [75, 77, 81, 92]. Overall, 105 COPD patients and 
21 ACOS patients were included in the case–control studies [77, 81], whereas the 
cross-sectional study included 218 subjects (68 asthma patients, 121 COPD patients, 
and 29 ACOS patients). The prospective study used the data from the Third 
National Health and Nutrition Examination Survey (NHANES III), recruiting 1,492 
COPD patients [75].

In one case–control study, Kodama et al. reported a significantly lower 
plasma lycopene concentration in the COPD subjects than the healthy controls 
[81]. However, such an association was not observed in the ACOS subjects [81]. 
Interestingly, another case–control study did not find any differences in plasma 
lycopene levels between the COPD patients and the controls [92]. However, they 
demonstrated a positive correlation between plasma lycopene concentration and 
blood oxygenation saturation in COPD patients [92], indicating that circulating 
lycopene concentration may be related to COPD severity. Similarly, the cross-
sectional study conducted by Ochs-Balcom et al. also reported that serum lycopene 
concentration was positively associated with %FVC, but not %FEV1 or %FEV1/
FVC ratio [77]. In 2014, Ford et al. reported that although the COPD patients and 
the healthy controls appeared to have similar serum lycopene levels, they observed 
an inverse correlation between serum lycopene concentration and all-cause mortal-
ity among people with obstructive lung function [75]. With a large sample size 
and prospective study design, these findings highlighted the possibility that serum 
lycopene concentration could be a potential biomarker predicting COPD’s develop-
ment and prognosis.

3.2.3 Lung cancer

In total, 19 studies met our inclusion criteria and provided information on 
lycopene and lung cancer [32, 93–110]. Among them, there are 8 case–control 
studies that included 2,226 lung cancer patients [93, 95, 99, 100, 104, 105, 107, 
110], 6 nested case–control studies that included 1,951 lung cancer cases  
[32, 94, 98, 102, 106, 108], and 5 prospective studies that included 218,251 
subjects [96, 97, 101, 103, 109].

Among the studies that reported the association between lycopene intake and 
lung cancer risk, nine studies provided detailed study estimates [95, 96, 101–106, 
108] (Figure 3A). Our meta-analysis results showed that the meta-OR of lung 
cancer with a higher dietary lycopene intake was 0.79 (95% CI: 0.71–0.88, overall 
P < 0.0001). The p-value of the Chi-squared (Chi2) test is 0.52, and the between-
study variance (I2) for lung cancer incidence is 0%, meaning that there was a 
minimum of heterogeneity in the studies. Two case–control studies found that 
lycopene or lycopene-enriched tomato juice’s daily consumption was lower in lung 
cancer cases than in healthy controls [93]. In contrast, the Singapore Chinese Health 
Study failed to observe a significant correlation between lycopene dietary intake 
and lung cancer risk [109]. Multiple factors may contribute to the non-significant 
findings. In the case–control studies, studies that used the Food Frequency 
Questionnaire (FFQ ) to collect lycopene intake frequencies may undergo recall 
bias, which led to a loss of power. It is also likely to observe a significant difference 
in lycopene consumption between cases and controls by including subjects who had 
a low baseline circulating lycopene level or dietary lycopene intake. Rohan et al. 
observed significantly different lycopene intake between the cases and the controls 
when the subjects’ daily lycopene intake was between 983 μg to 1,050 μg [102]. 
However, by including the subjects who reported a baseline daily dietary lycopene 
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intake at 15.8 mg to 16.9 mg, which is about twice the amount of average daily 
lycopene intake in the U.S. [17], Shareck et al. found the dietary lycopene intake was 
comparable between the cases and the controls [104].

Three case–control studies [93, 99, 107] and three nested case–control studies 
[32, 94, 97] reported the association between circulating lycopene concentration 
and lung cancer risk. Two studies provided estimates [32, 98], thus were included in 
the meta-analysis. Since Ito et al. only reported the estimates in the male and female 
subgroups [98], we pooled the two subgroups and another study [32] to explore the 
relationship between circulating lycopene concentration and lung cancer risk by 
performing the meta-analysis. Our results showed that the meta-odds ratio of lung 
cancer with a higher circulating lycopene level was 0.47 (95% CI: 0.30–0.73, overall 
P = 0.0007), with the Chi2 p-value at 0.84, and the I2 at 0% (Figure 3B). Such data 
indicates that a higher circulating level of lycopene is correlated with a lower risk 
of lung cancer. Intriguingly, the other three studies that were not included in the 
meta-analysis consistently showed that lung cancer cases had a significantly lower 
circulating lycopene concentration than the healthy controls [93, 99, 110]. Only 
one study reported a similar lycopene concentration in lung cancer subjects and 
the controls [94]. One possible explanation for this negative result is that Comstock 
et al. did not stratify the subjects according to the stage of lung cancer. Although 
serum lycopene concentration was comparable in the early stage patients and 
the advanced stage patients, serum lycopene concentration was more significant 
between the advanced lung cancer patients and the healthy controls [99]. If the 
majority of the patients included by Klarod et al. were cancer patients at an early 
stage, the difference of circulating lycopene level between the cases and the controls 
would be unapparent. One prospective study showed that serum lycopene concen-
tration was lower in the lung cancer deaths than in the cancer survivors; however, 
such difference disappeared after the researchers adjusted the model for sex, age, 
smoking habit, and serum levels of total cholesterol and alanine aminotransferase 
(ALT) activity [97] suggesting that the association between lycopene and lung 
cancer mortality might be influenced by multiple factors, which warrants further 
investigation.

In conclusion, we found consistent reports showing that dietary lycopene intake, 
or the consumption of lycopene-enriched foods, was inversely related to lung 
cancer risk. Our systematic review and meta-analysis showed that the circulating 
lycopene level might be a potential biomarker predicting lung cancer risk.

4. Concluding remarks

We summarized the association between circulating lycopene and chronic lung 
diseases in a comprehensive manner. To accomplish this task, we first have screened 
both in vitro reports and in vivo animal models to delineate lycopene’s role in chronic 
lung diseases including asthma, COPD, emphysema, acute lung injury, pulmonary 
fibrosis, and lung cancer. Dietary lycopene intervention could potentially decrease 
the infiltration of pro-inflammatory cytokines in ovalbumin-induced airway 
inflammation in a murine model of asthma [37, 38]. Lycopene was also found to 
inhibit smoke-induced bronchitis and emphysema through reverse cholesterol 
transport in the COPD model in ferrets [41]. In a murine model (C57BL/6 mice) for 
emphysema, lycopene administration lessened the detrimental effects of chronic 
cigarette smoke exposure [42]. Lycopene treatment was found to ease LPS-induced 
acute lung injury (ALI) in murine animal models [46], BALB/c mice, and LPS-
induced ALI in a rat model [47]. Lycopene extracted from tomatoes could reduce 
the burden of lung fibrosis’s pathological effects in a rodent study [52]. In terms of 
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et al. did not stratify the subjects according to the stage of lung cancer. Although 
serum lycopene concentration was comparable in the early stage patients and 
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cancer risk. Our systematic review and meta-analysis showed that the circulating 
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diseases in a comprehensive manner. To accomplish this task, we first have screened 
both in vitro reports and in vivo animal models to delineate lycopene’s role in chronic 
lung diseases including asthma, COPD, emphysema, acute lung injury, pulmonary 
fibrosis, and lung cancer. Dietary lycopene intervention could potentially decrease 
the infiltration of pro-inflammatory cytokines in ovalbumin-induced airway 
inflammation in a murine model of asthma [37, 38]. Lycopene was also found to 
inhibit smoke-induced bronchitis and emphysema through reverse cholesterol 
transport in the COPD model in ferrets [41]. In a murine model (C57BL/6 mice) for 
emphysema, lycopene administration lessened the detrimental effects of chronic 
cigarette smoke exposure [42]. Lycopene treatment was found to ease LPS-induced 
acute lung injury (ALI) in murine animal models [46], BALB/c mice, and LPS-
induced ALI in a rat model [47]. Lycopene extracted from tomatoes could reduce 
the burden of lung fibrosis’s pathological effects in a rodent study [52]. In terms of 
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lung cancer, lycopene could decrease the extent of squamous metaplasia in a ferret 
model using the conventional method of induction of lung cancer by cigarette 
smoke [64]. Alternative models using carcinogenic agents were not definitive in 
showing its chemoprevention capabilities [62–67].

Next, we conducted a systematic review and meta-analysis to reveal the link 
between lycopene concentration and lung diseases in clinical trials using multiple 
electronic databases. While several case–control studies reported markedly lower 
lycopene concentration in asthma patients [76–79], others found that asthma pro-
gression was not related to lycopene in the circulation [74, 75, 77, 80–82], suggesting 
that the association between asthma and lycopene concentrations in humans was 
not conclusive. We came across several epidemiological studies, including case–
control, cross-sectional, and prospective studies, to demonstrate the association 
between lycopene concentration in the circulation and COPD in our meta-analysis. 
These trials reported similar lycopene concentrations in healthy subjects vs. COPD 
patients [75, 77, 81, 92]. Finally, we found that dietary lycopene is inversely asso-
ciated with lung cancer risk, particularly in subjects with low lycopene in their 
circulation [93, 102, 104]. Furthermore, circulating lycopene displayed a significant 
association between advanced lung cancer patients and early-stage patients [99].

5. Future perspective

Overall, our comprehensive review in this chapter provides convincing evidence 
on the role of lycopene in chronic lung diseases including lung cancer. This chapter 
also contributes confirmatory data to the as yet unsettled proof on the hypothesized 
associations between lycopene in circulation and lung diseases. The health benefits 
of lycopene can be attributed to its antioxidant function as highlighted in this 
chapter. Lycopene can be used as a preventive and therapeutic compound by itself 
or in combination with other compounds to improve lung diseases. Further inves-
tigations and well-designed clinical trials are needed to confirm whether there is a 
casual relation between the disease and the circulating lycopene in humans.
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Abstract

Diabetic retinopathy is the leading cause of blindness and visual disability 
globally among working-age adults. Until recently, diabetic eye disease is primarily 
regarded by its microvasculature complications largely characterized by progressive 
retinopathy and macular edema. However, a growing body of evidence suggests that 
hyperglycemia-induced oxidative stress and inflammation play an integral role in 
the early pathogenesis of diabetic retinopathy by potentiating retinal neurodegen-
eration. The onset of type 2 diabetes mellitus starts with insulin resistance leading 
to insulin deficiency, hyperglycemia, and dyslipidemia. Which in turn enhances the 
pro-oxidant and pro-inflammatory pathways. Additionally, various poor dietary 
behaviors along with obesity worsen physiological state in diabetics. However, 
decreased levels and depletion of the endogenous antioxidant defense system in the 
retina can be sufficiently augmented via carotenoid vitamin therapy. Therefore, 
dietary supplementation of antioxidant micronutrients particularly macular 
carotenoids lutein, zeaxanthin and meso-zeaxanthin that promote retinal health and 
optimal visual performance, may serve as an adjunctive therapy in the management 
of diabetic eye disease.

Keywords: carotenoids, macular pigment, macular pigment optical density, MPOD, 
lutein, zeaxanthin and meso-zeaxanthin, diabetes, diabetic eye disease,  
diabetic retinopathy

1. Introduction

The prevalence of diabetes is endemic in the United States and developed countries. 
According to the 2018 reports it is estimated that the United States has more than 31 
million adults diagnosed with diabetes [1]. Diabetes prevalence remains underesti-
mated with approximately one in four individuals that have diabetes are undiagnosed 
[1]. There are various forms of diabetes and individuals with Type 2 diabetes (T2DM) 
account for 90–95% of all cases of diabetes within the US [1]. The incidence of diabetes 
is also likely to increase with 88 million individuals are diagnosed to be pre-diabetic 
who have potential ongoing subclinical damage [1]. The prevalence of diabetes mellitus 
in the US is predicted to reach 36 million by the year 2045 and will continue to pose a 
significant global health problem [2].
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Nearly half a billion people are currently living with diabetes globally, and the 
total number of cases is projected to surge by 25% (578 million) in 2030 [3, 4] and 
to 700 million by the year 2045 [3–5]. Diabetes is severely underdiagnosed condi-
tion with one in two people (50.1%) currently living with the condition are unaware 
[3, 4] . The International Diabetes Foundation estimates the socioeconomic burden 
of diabetes to be USD 760 billion and potentially increase to USD 845 billion by 
2045 [2]. The global estimates of socioeconomic burden are predicted to rise in 
response to the increasing prevalence of diabetes, improved survival rates (longer 
life expectancy with the condition), and consequently prolonged duration of 
diabetes mellitus [3, 4, 6–8].

Diabetic retinopathy (DR) is characterized by the hallmark feature of retinal 
capillary degeneration that could lead to, significant visual impairment. The 
natural history of unmanaged or poorly managed diabetic retinopathy leads to 
proliferative retinopathy (PDR) and/or macular edema [9, 10]; contingent upon 
the disease-severity, these complications may arise individually or simultaneously. 
DR affects roughly one in three individuals with diabetes and its severity is closely 
linked to both the duration of diabetes and the glycemic load [5, 6, 11, 12]. It is 
estimated that 4.1 million individuals in the US are afflicted with DR, and 899,000 
of which are affected by vision-threatening retinopathy [1]. The global prevalence 
of DR is estimated to affect 146 million adults and projected to reach 191 million 
by 2030 [3, 4, 8]. Currently, DR remains a leading cause of irreversible, yet pre-
ventable, vision loss among adults and is associated with a poorer quality of life, 
increased susceptibility for developing further complications, and considerable rise 
in healthcare expenditures [5, 12].

1.1 Diabetic retinopathy

Clinically, retinopathy is routinely graded upon its presenting clinical features 
during ophthalmic examination in accordance with the International Clinical 
Disease Severity Scale for DR [7, 10, 13–16]. The five-stage disease severity classifi-
cation system (Table 1) was created using prior clinical trials: the Early Treatment 
Diabetic Retinopathy Study (ETDRS) and the Wisconsin Epidemiological Study 
of DR (WESDR) [14–17]. The stages of non-proliferative diabetic retinopathy 
(NPDR) are based on the severity of microvascular abnormalities limited to the 
surface of the retina; in addition to reflecting the patients’ risk of developing more 

Disease Severity 
Scale

Clinical Features

No apparent 
retinopathy

No fundus abnormalities

Mild NPDR Microaneurysms only

Moderate NPDR More than just MAs, but less than severe NPDR

Severe NPDR Any of the following: (with no signs of PDR) extensive DBH in each of 4 quadrants 
(+20/quadrant), venous beading in at least 2 quadrants, and/or IRMA in at least 1 
quadrant

PDR One or more of the following: neovascularization, tractional retinal detachment, or 
vitreous/preretinal hemorrhage

NPDR = non-proliferative diabetic retinopathy; MA = microaneurysms; PDR = proliferative diabetic retinopathy; 
DBH = dot blot hemorrhages; IRMA = intraretinal microvascular abnormalities.

Table 1. 
International clinical disease severity scale for diabetic retinopathy [14].
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advanced, vision-threatening retinopathy. Examination of NPDR by ophthal-
moscopy may reveal the presence of microaneurysms, hard exudates, intraretinal 
hemorrhages (“dot and blot” shaped), and intraretinal microvascular abnormalities 
(such as tortuous sinus shunt vessels) [14, 15, 17].

Progressive oxidative injury in NPDR is evident within the vasculature, by the 
presence of acellular capillaries and endothelial apoptosis. This injury is further 
exaggerated within local tissue by the onset of capillary nonperfusion and vascular 
occlusion that may develop in the disease [13, 18, 19]. The resultant retinal injury 
due to ischemia further exacerbate pro-oxidant and pro-inflammatory mechanisms 
by compromising oxygenation of the metabolically demanding retinal neurons. 
This in turn promotes angiogenesis through the release of vascular endothelial 
growth factor (VEGF) [13, 18–20]. The retinal neurodegeneration induced by 
hypoxia can be observed by the presence of abnormal fluffy white patches known as 
cotton wool spots, upon fundoscopic examination [19]. The ensuing retinal neovas-
cularization indicates the clinical progression of NPDR into the advanced-stages of 
PDR. These aberrant new blood vessels are fragile and ineffective in restoring tissue 
perfusion because they grow from the retinal surface and towards the posterior pole 
of the vitreous cavity [7, 10, 13, 16]. Thus, subsequent risk of acute vision loss is 
evaluated on the extent of neovascular proliferations, particularly on/near the optic 
disc, which perniciously emanate from the steady vasculature of the retina.

Diabetic macular edema (DME) develops when fragile or damaged capillary 
beds leak and cause thickening of macula due to fluid accumulation. Alterations in 
the microvasculature such as endothelial cell proliferation and retinal pericyte nec-
robiosis gradually enhance the vascular permeability, which ultimately causes the 
breakdown of the blood-retinal barrier [13, 18]. The progressive deposition of fluid 
and proteins can amass on or under the macula which can be clinically examined by 
optical coherence tomography (OCT), identifying areas of diffuse retinal thicken-
ing or hard exudates, indicating the extent of focal leakage [21, 22]. Alternatively, 
onset of macular edema can occur during any stage of retinopathy (NPDR or PDR) 
leading to vision loss [6, 13].

Traditionally, diabetic eye disease has largely been considered to be a micro-
vascular end-organ complication of diabetes mellitus. The severity of retinopathy 
correlates with the susceptibility of further complications such a peripheral 
neuropathy, nephropathy and cardiovascular disease [6, 11, 12, 23–25]. It is 
established that chronic hyperglycemia promotes oxidative injury in the highly-
susceptible retina; in part due to high metabolic demands and constant light 
exposure [26, 27]. However, a growing body of evidence strongly implicates retinal 
neurodegeneration is potentiated by pro-oxidant and pro-inflammatory processes 
during the early pathogenesis of DR. Indications of retinal dysfunction that can be 
detected in diabetic patients even prior to manifestation of clinical signs of reti-
nopathy [6, 12, 19, 25, 27–31]. Appropriately, the American Diabetes Association 
defines DR as a highly tissue-specific neurovascular complication and has identi-
fied several modalities of management of disease and its progression [7, 11, 28].

The body’s inherent defense against oxidative damage, involving the neutral-
ization of reactive oxygen species (ROS), relies upon the interplay between both 
endogenous and exogenous antioxidants to maintain redox homeostasis [27, 32]. 
The interdependence between hyperglycemia, oxidative stress, and changes in redox 
homeostasis are essential facets in the pathology of diabetic retinopathy [26, 32]. In 
particular, exogenous antioxidants such as vitamin C, vitamin E and xanthophyll 
carotenoids (including lutein, zeaxanthin and meso-zeaxanthin) possess signifi-
cant antioxidant and anti-inflammatory effects on the retina [32]. Studies have 
demonstrated the clinical benefits in visual performance associated with dietary 
supplementation of carotenoids and antioxidants, such as the Age-Related Eye 
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Disease Study 2 (AREDS-2) and various other studies [33–36]. Despite similarities 
in pathogenesis of macular degeneration and diabetic retinopathy involving oxida-
tive damage in the retina, only a limited number of studies have concentrated on 
the relationship between dietary carotenoids intake to influence pathophysiology in 
diabetes mellitus.

Recently, the onset of diabetes in experimental murine models consistently 
demonstrated a significant increase in pro-oxidant and pro-inflammatory mol-
ecules, such as malondialdehyde, oxidatively damaged DNA, and VEGF [37–45]. 
Importantly, administration of antioxidants including lutein and/or zeaxanthin 
was demonstrated to effectively prevent, and in some cases reverse, the hyper-
glycemia-induced changes in oxidative stress and inflammation [37–42, 45]. The 
beneficial effects of lutein and zeaxanthin were shown to augment the endogenous 
antioxidant defense system by improving retinal concentrations of glutathione 
(GSH) and glutathione peroxidase (GPx) [37–39, 42]. The antioxidant and anti-
inflammatory effects of lutein and zeaxanthin were also shown to attenuate the 
microvascular abnormalities that characterize DR pathology, in addition to pro-
tecting the retina against accelerated vasoregression that may proceed alterations 
in the vasculature [37–44, 46].

To date, only a limited number of observational [26, 32, 47–53], and random-
ized-controlled trials [35, 54] have investigated the association of macular pigment 
optical density (MPOD) levels in diabetic eye disease. Generally, the evidence 
suggests that MPOD levels are lower in individuals with diabetes when compared 
to healthy controls [48, 51], and some studies indicate MPOD status may differ 
between types of diabetes (type 1 and type 2) [26, 32, 50]. MPOD depletion was 
also negatively correlated with the presence of retinopathy in T2DM [26, 32, 50] and 
may be attributed in part due to oxidative stress [49]. These findings are promising 
and begs for additional investigation to substantiate the beneficial role of carotenoid 
vitamin therapy in the management of diabetic eye disease.

2. Biomarkers and its importance in clinical care

Sensible, relatively inexpensive techniques to evaluate the status of macular 
carotenoids can serve as important biomarkers in monitoring retinal health in indi-
viduals with diabetes and increased risk of retinal neurodegeneration. Biomarkers 
serve as important tools with significant potential for innovating novel drugs and 
substantiating the safety and efficacy of available therapies [55, 56]; however, their 
application is not limited to clinical research and extends into improving clinical 
practice and establishing public health guidelines. The concept of biomarkers is 
delusively simple, with which a single biomarker may satisfy the criteria for several 
different purposes; therefore, it is critical to establish scientific justification how a 
particular biomarker will be defined according to its situation-specific application. 
Thus, several categories of biomarkers have been established by the FDA-NIH’s 
“Biomarkers, EndpointS, and other Tools (BEST)” resource, described in more 
detail elsewhere [55, 57]. Moreover, by establishing the context of use, this directly 
expounds the nature, objective and methodology intended for utilizing a biomarker 
within a particular setting [55, 57, 58].

Advancements in retinal imaging modalities have allowed MPOD status to  
serve as a biomarker in multiple settings for diabetic retinal disease, including:  
(1) prognostic biomarker for screening individuals with sub-clinical disease with 
no overt retinopathy; (2) identification of surrogate biomarkers for the prediction 
of low MPOD in T2DM; and (3) monitoring biomarker for evaluating the efficacy 
of carotenoid supplementation on DR. The depletion of MPOD in diabetes has been 
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consistently reported in a number of cross-sectional studies, and some suggest that 
low MPOD may be a potential clinical feature of T2DM [26, 32, 48–51]. Studies 
have demonstrated significant correlations between MPOD and central subfield 
thickness, retinal volume, and photoreceptor outer segment length in diabetic and 
healthy controls [59–61]; thus, clinical measurements of MPOD levels may serve an 
important role in early-detection of retinal neurodegeneration and prognosticating 
treatment outcomes. Furthermore, one study identified possible surrogate biomark-
ers including smoking status, hypertension, and vitamin D insufficiency, that may 
predict low MPOD in T2DM [32]. Alternatively, serial MPOD measurements have 
been used as a monitoring biomarker to assess the benefits of the antioxidant micro-
nutrients on visual performance and features of NPDR in Type 1 (T1DM) and T2DM 
[35]. Based on the systematic review conducted MPOD is found to be a prognostic, 
surrogate and monitoring biomarker as defined by the FDA-NIH [55].

3. Role of MPOD in the management of diabetic eye disease

3.1 MPOD basics

The macular pigment is comprised of three lipid-soluble carotenoids: including 
lutein, zeaxanthin, and meso-zeaxanthin [62, 63]. They are responsible for the fovea’s 
yellow pigmentation and are densely concentrated within the photoreceptor axons, 
the inner plexiform layer and the outer plexiform layer at the center of the macula 
[62–66]. The carotenoids, lutein and zeaxanthin, cannot be synthesized de novo 
within the eye, and can only be acquired through dietary intake; found primarily in 
leafy green vegetables, like spinach and kale, and egg yolks [63, 67–69]. A biochemi-
cal isomer of zeaxanthin called meso-zeaxanthin is found in the macula. Meso-
zeaxanthin in the eye is a byproduct of conversion of lutein in the retinal pigment 
epithelium (RPE). Several studies have demonstrated that oral supplementation of 
these carotenoids can greatly improve their levels within the serum [63, 67, 70] and 
can be retained in the human retina for a sustained period of time [71].

Macular carotenoids are quantified by the macular pigment optical density 
(MPOD) and are associated with maintaining retinal health and optimal visual 
performance; suggesting that MPOD levels may serve as an important biomarker in 
health and diseased states [63, 65, 69, 72]. Research suggests that carotenoids serve 
to protect the retina, specifically the macula, via two proposed methods: 1) they act 
as a filter against blue light, and 2) they reduce oxidative stress and inflammation 
in the retinal tissue [63, 69, 72–76]. The macular pigment attenuates the amount 
of blue light that reaches the photoreceptor cells, due to the peak wavelength of 
MPOD’s absorption spectrum (peak ~460 nm) which lies within the range of blue 
light on the visible light spectrum (400-500 nm); and may provide some preserva-
tion and improvement in visual function [62, 76, 77]. Short wavelengths of blue 
light are of high energy, which can prompt the formation of ROS and induce oxida-
tive injury; causing damage to the lipid bilayer of cell membranes, proteins and 
DNA, and cause mitochondrial dysfunction leading to cellular necrosis [63, 74–78]. 
Thus, the neuroprotective capabilities of the macular carotenoids in the retina, 
namely MPOD levels, have led researchers to further investigate the role of MPOD 
levels and its depletion in various ocular diseases.

3.2 Measuring MPOD

Techniques to quantify MPOD levels may also serve as susceptibility/risk bio-
markers for diabetic eye disease, prior to indications of retinopathy that become 
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Disease Study 2 (AREDS-2) and various other studies [33–36]. Despite similarities 
in pathogenesis of macular degeneration and diabetic retinopathy involving oxida-
tive damage in the retina, only a limited number of studies have concentrated on 
the relationship between dietary carotenoids intake to influence pathophysiology in 
diabetes mellitus.

Recently, the onset of diabetes in experimental murine models consistently 
demonstrated a significant increase in pro-oxidant and pro-inflammatory mol-
ecules, such as malondialdehyde, oxidatively damaged DNA, and VEGF [37–45]. 
Importantly, administration of antioxidants including lutein and/or zeaxanthin 
was demonstrated to effectively prevent, and in some cases reverse, the hyper-
glycemia-induced changes in oxidative stress and inflammation [37–42, 45]. The 
beneficial effects of lutein and zeaxanthin were shown to augment the endogenous 
antioxidant defense system by improving retinal concentrations of glutathione 
(GSH) and glutathione peroxidase (GPx) [37–39, 42]. The antioxidant and anti-
inflammatory effects of lutein and zeaxanthin were also shown to attenuate the 
microvascular abnormalities that characterize DR pathology, in addition to pro-
tecting the retina against accelerated vasoregression that may proceed alterations 
in the vasculature [37–44, 46].

To date, only a limited number of observational [26, 32, 47–53], and random-
ized-controlled trials [35, 54] have investigated the association of macular pigment 
optical density (MPOD) levels in diabetic eye disease. Generally, the evidence 
suggests that MPOD levels are lower in individuals with diabetes when compared 
to healthy controls [48, 51], and some studies indicate MPOD status may differ 
between types of diabetes (type 1 and type 2) [26, 32, 50]. MPOD depletion was 
also negatively correlated with the presence of retinopathy in T2DM [26, 32, 50] and 
may be attributed in part due to oxidative stress [49]. These findings are promising 
and begs for additional investigation to substantiate the beneficial role of carotenoid 
vitamin therapy in the management of diabetic eye disease.

2. Biomarkers and its importance in clinical care

Sensible, relatively inexpensive techniques to evaluate the status of macular 
carotenoids can serve as important biomarkers in monitoring retinal health in indi-
viduals with diabetes and increased risk of retinal neurodegeneration. Biomarkers 
serve as important tools with significant potential for innovating novel drugs and 
substantiating the safety and efficacy of available therapies [55, 56]; however, their 
application is not limited to clinical research and extends into improving clinical 
practice and establishing public health guidelines. The concept of biomarkers is 
delusively simple, with which a single biomarker may satisfy the criteria for several 
different purposes; therefore, it is critical to establish scientific justification how a 
particular biomarker will be defined according to its situation-specific application. 
Thus, several categories of biomarkers have been established by the FDA-NIH’s 
“Biomarkers, EndpointS, and other Tools (BEST)” resource, described in more 
detail elsewhere [55, 57]. Moreover, by establishing the context of use, this directly 
expounds the nature, objective and methodology intended for utilizing a biomarker 
within a particular setting [55, 57, 58].

Advancements in retinal imaging modalities have allowed MPOD status to  
serve as a biomarker in multiple settings for diabetic retinal disease, including:  
(1) prognostic biomarker for screening individuals with sub-clinical disease with 
no overt retinopathy; (2) identification of surrogate biomarkers for the prediction 
of low MPOD in T2DM; and (3) monitoring biomarker for evaluating the efficacy 
of carotenoid supplementation on DR. The depletion of MPOD in diabetes has been 
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consistently reported in a number of cross-sectional studies, and some suggest that 
low MPOD may be a potential clinical feature of T2DM [26, 32, 48–51]. Studies 
have demonstrated significant correlations between MPOD and central subfield 
thickness, retinal volume, and photoreceptor outer segment length in diabetic and 
healthy controls [59–61]; thus, clinical measurements of MPOD levels may serve an 
important role in early-detection of retinal neurodegeneration and prognosticating 
treatment outcomes. Furthermore, one study identified possible surrogate biomark-
ers including smoking status, hypertension, and vitamin D insufficiency, that may 
predict low MPOD in T2DM [32]. Alternatively, serial MPOD measurements have 
been used as a monitoring biomarker to assess the benefits of the antioxidant micro-
nutrients on visual performance and features of NPDR in Type 1 (T1DM) and T2DM 
[35]. Based on the systematic review conducted MPOD is found to be a prognostic, 
surrogate and monitoring biomarker as defined by the FDA-NIH [55].

3. Role of MPOD in the management of diabetic eye disease

3.1 MPOD basics

The macular pigment is comprised of three lipid-soluble carotenoids: including 
lutein, zeaxanthin, and meso-zeaxanthin [62, 63]. They are responsible for the fovea’s 
yellow pigmentation and are densely concentrated within the photoreceptor axons, 
the inner plexiform layer and the outer plexiform layer at the center of the macula 
[62–66]. The carotenoids, lutein and zeaxanthin, cannot be synthesized de novo 
within the eye, and can only be acquired through dietary intake; found primarily in 
leafy green vegetables, like spinach and kale, and egg yolks [63, 67–69]. A biochemi-
cal isomer of zeaxanthin called meso-zeaxanthin is found in the macula. Meso-
zeaxanthin in the eye is a byproduct of conversion of lutein in the retinal pigment 
epithelium (RPE). Several studies have demonstrated that oral supplementation of 
these carotenoids can greatly improve their levels within the serum [63, 67, 70] and 
can be retained in the human retina for a sustained period of time [71].

Macular carotenoids are quantified by the macular pigment optical density 
(MPOD) and are associated with maintaining retinal health and optimal visual 
performance; suggesting that MPOD levels may serve as an important biomarker in 
health and diseased states [63, 65, 69, 72]. Research suggests that carotenoids serve 
to protect the retina, specifically the macula, via two proposed methods: 1) they act 
as a filter against blue light, and 2) they reduce oxidative stress and inflammation 
in the retinal tissue [63, 69, 72–76]. The macular pigment attenuates the amount 
of blue light that reaches the photoreceptor cells, due to the peak wavelength of 
MPOD’s absorption spectrum (peak ~460 nm) which lies within the range of blue 
light on the visible light spectrum (400-500 nm); and may provide some preserva-
tion and improvement in visual function [62, 76, 77]. Short wavelengths of blue 
light are of high energy, which can prompt the formation of ROS and induce oxida-
tive injury; causing damage to the lipid bilayer of cell membranes, proteins and 
DNA, and cause mitochondrial dysfunction leading to cellular necrosis [63, 74–78]. 
Thus, the neuroprotective capabilities of the macular carotenoids in the retina, 
namely MPOD levels, have led researchers to further investigate the role of MPOD 
levels and its depletion in various ocular diseases.

3.2 Measuring MPOD

Techniques to quantify MPOD levels may also serve as susceptibility/risk bio-
markers for diabetic eye disease, prior to indications of retinopathy that become 
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clinically evident. Meanwhile, more expensive and advanced imaging modalities 
such as OCT, can play a more significant role in prognosticating outcome or deter-
mining course of treatment [79]. Several methods have been described aiming to 
effectively quantify levels of MPOD non-invasively in clinical settings; categorized 
by either psychophysical (subjective) or objective techniques [65, 69, 80]. In brief, 
these techniques are differentiated by patient-response, or participation required 
from the individual being evaluated, and requiring minimal participant-involvement 
to collect measurements, respectively [65, 69, 80, 81].

The clinical measurements of MPOD levels are primarily heterochromatic 
flicker photometry (HFP) [65, 69, 80, 82–84]. HFP technology is based on a stimu-
lus of light, alternating between two wavelengths, that differ according to the reti-
nal absorption spectrum of macular pigments (400-540 nm); a short-wavelength 
blue light maximally absorbed by the pigments, and a longer-wavelength (green) 
stimuli with minimal absorption [65, 69, 81]. Briefly, current HFP devices collect 
measurements in the fovea by adjusting the intensity of the target-stimuli, which is 
perceived as flickering light, according to the participant’s involvement indicating 
the appearance of flickering light; estimating the level of MPOD as the difference in 
responsive sensitivity (of blue- and green-wavelength flicker) required at the fovea 
[65, 69, 81, 83, 85–87]. Thus, individuals with higher MPOD would require greater 
intensity blue light (perceive less blue light) at foveal measurements as a result of 
higher concentrations of macular pigment in the fovea [65, 69, 81, 88].

Objective techniques such as reflectometry [89–94], fundus autofluorescence 
[95–97] and resonance Raman spectroscopy [66, 98, 99], are all non-invasive, in vivo 
imaging modalities that can quantitatively measure levels of macular pigment 
[69, 80]. Briefly, measurements collected by fundus reflectance can be performed 
with a digital fundus camera integrated with a reflection photometer or a spectrom-
eter to quantify and analyze the light reflected from the retina and choroid [88, 90, 
92, 93, 96, 100, 101]. Similarly, dual-wavelength confocal scanning laser ophthal-
moscopy (cSLO) can collect measurements reliably by using the autofluorescence of 
lipofuscin deposits in the RPE as an indirect measure of MPOD, while concurrently 
generating a 3-D topographical map of the retina [22, 95–97, 101, 102]. The reso-
nance Raman spectroscopy is an optical technique that elicits an extraordinarily, 
resonance-enhanced Raman spectra of the macular carotenoids, in a molecule-
specific manner, upon excitation by blue (488 nm) argon laser [66, 99, 103, 104].

The topic of debate for more than three decades, each technique exhibits unique 
advantages along with clinical limitations that have been discussed in more detail 
elsewhere [80, 95, 96, 100, 102]. The heterochromatic flicker photometry is the 
current gold standard of MPOD measurement.

3.3 Procedure of systematic review on carotenoids and diabetic eye disease

A systematic review was performed and published articles on the topic were 
identified using database searches from PubMed and Web of Science indexes. We 
identified all relevant publications which reported on the association between 
diabetic retinopathy and MPOD/carotenoids (lutein and/or zeaxanthin and/or 
meso-zeaxanthin), from human and animal studies prior to 21 December 2020. The 
search query terms used include ‘carotenoids’, ‘lutein’, ‘zeaxanthin’, ‘macular pig-
ment’, ‘macular pigment optical density AND diabetic eye disease’, ‘macular pig-
ment optical density AND diabetic retinopathy’, and ‘MPOD AND diabetes’. Initial 
entries were selected based on titles and abstracts available in English. Eligible 
full-text publications were scanned and retrieved in regard to carotenoid levels or 
supplementation and diabetic retinopathy. Clinical studies evaluating carotenoids 
levels in diabetes had to quantify either serum concentrations of lutein and/or 
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zeaxanthin, or measure levels of MPOD using validated, repeatable measurement 
techniques. Studies were considered eligible only on diabetic retinopathy and 
diabetic macular edema. Other types of diabetic eye diseases were excluded.

3.4 Carotenoids in the management of diabetic eye disease (Animal Studies)

The therapeutic benefits of macular carotenoids have been documented in 
diabetic murine models, investigating the molecular mechanisms underlying the 
onset of hyperglycemia-linked retinopathy; in particular, the protective effects of 
lutein (L) and/or zeaxanthin (Z) on the progression of retinal neurodegeneration 
[37–45]. Data from these reports are consistent in providing further evidence that 
administration of L and Z may delay or prevent the onset of DR by counteract-
ing the proposed causative factors including oxidative stress (by attenuating ROS 
production with a concomitant regeneration of endogenous antioxidants), in 
addition to ameliorating inflammation and augmenting neuroprotection of retinal 
tissue. Administration of the drug Alloxan or Streptozotocin (STZ), which are 
toxic glucose-analogs that preferentially amass within the pancreatic beta cells that 
produce insulin, are commonly used for inducing diabetes mellitus in mice and 
rats, which will later develop retinopathy [37–43, 105–107]. Genetic murine mod-
els, including the leptin-receptor deficient (db/db) mice, spontaneously develop 
hyperglycemia and obesity at 4–8 weeks of age [44, 45, 106, 107]. A summary of the 
experimental animal models evaluating the effects of carotenoids administration on 
diabetic eye disease is outlined in Table 2.

Hyperglycemia-induced oxidative damage has been strongly considered the 
causative factor in the onset and development of diabetic retinopathy; resulting 
from the proliferation of pro-oxidant stressors if left untreated. Following the onset 
of diabetes in mice and rats, there was a significant increase in retinal markers of 
oxidative stress including: malondialdehyde, lipid peroxide, oxidatively-modified 
DNA (8-hydroxy-2’deoxyguanosine, 8-OHdG), and nitrotyrosine [37–40, 42]. 
However, reports were consistent in demonstrating that administration of antioxi-
dants (L and/or Z) ameliorated the diabetes-induced increase in these markers of 
oxidative stress, comparable to levels observed from control animals. Furthermore, 
one study evaluated the effects of an AREDS-based formula containing antioxidant 
micronutrients which were shown to attenuate the rise in expression of oxida-
tive stress-related genes modulated by chronic hyperglycemia [38, 40, 108, 109]. 

Study Design  
(DM induced by)

L and/or Z Effect of L/Z on Outcomes

Arnal et al. [37] Rats (STZ) L prevented loss of retinal thickness

Kowluru et al. [39] Rats (STZ) Z ameliorated rise in 8-OHdG

Kowluru et al. [40] Rats (STZ) L and Z significantly reduced total ROS levels

Muriach et al. [42] Mice (A) L restored levels of GSH and GPx

Sasaki et al. [43] Mice (STZ) L prevented cell loss in GCL & INL

Tang et al. [44] Mice (db/db) L and Z* improved central retinal thickness

Yu et al. [45] Mice (db/db) L and Z* enhanced mitochondrial biogenesis

DM = diabetes mellitus; L = lutein; Z = zeaxanthin; STZ = streptozotocin; A = Alloxan; db/db = leptin-
receptor deficient; 8-OHdG = oxidatively modified DNA; ROS = reactive oxygen species; GSH = glutathione; 
GPx = glutathione peroxidase; GCL = ganglion cell layer; INL = inner nuclear layer.
* = Wolfberry.

Table 2. 
Effects of carotenoids lutein and/or zeaxanthin in experimental animal models for diabetic eye disease.
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clinically evident. Meanwhile, more expensive and advanced imaging modalities 
such as OCT, can play a more significant role in prognosticating outcome or deter-
mining course of treatment [79]. Several methods have been described aiming to 
effectively quantify levels of MPOD non-invasively in clinical settings; categorized 
by either psychophysical (subjective) or objective techniques [65, 69, 80]. In brief, 
these techniques are differentiated by patient-response, or participation required 
from the individual being evaluated, and requiring minimal participant-involvement 
to collect measurements, respectively [65, 69, 80, 81].

The clinical measurements of MPOD levels are primarily heterochromatic 
flicker photometry (HFP) [65, 69, 80, 82–84]. HFP technology is based on a stimu-
lus of light, alternating between two wavelengths, that differ according to the reti-
nal absorption spectrum of macular pigments (400-540 nm); a short-wavelength 
blue light maximally absorbed by the pigments, and a longer-wavelength (green) 
stimuli with minimal absorption [65, 69, 81]. Briefly, current HFP devices collect 
measurements in the fovea by adjusting the intensity of the target-stimuli, which is 
perceived as flickering light, according to the participant’s involvement indicating 
the appearance of flickering light; estimating the level of MPOD as the difference in 
responsive sensitivity (of blue- and green-wavelength flicker) required at the fovea 
[65, 69, 81, 83, 85–87]. Thus, individuals with higher MPOD would require greater 
intensity blue light (perceive less blue light) at foveal measurements as a result of 
higher concentrations of macular pigment in the fovea [65, 69, 81, 88].

Objective techniques such as reflectometry [89–94], fundus autofluorescence 
[95–97] and resonance Raman spectroscopy [66, 98, 99], are all non-invasive, in vivo 
imaging modalities that can quantitatively measure levels of macular pigment 
[69, 80]. Briefly, measurements collected by fundus reflectance can be performed 
with a digital fundus camera integrated with a reflection photometer or a spectrom-
eter to quantify and analyze the light reflected from the retina and choroid [88, 90, 
92, 93, 96, 100, 101]. Similarly, dual-wavelength confocal scanning laser ophthal-
moscopy (cSLO) can collect measurements reliably by using the autofluorescence of 
lipofuscin deposits in the RPE as an indirect measure of MPOD, while concurrently 
generating a 3-D topographical map of the retina [22, 95–97, 101, 102]. The reso-
nance Raman spectroscopy is an optical technique that elicits an extraordinarily, 
resonance-enhanced Raman spectra of the macular carotenoids, in a molecule-
specific manner, upon excitation by blue (488 nm) argon laser [66, 99, 103, 104].

The topic of debate for more than three decades, each technique exhibits unique 
advantages along with clinical limitations that have been discussed in more detail 
elsewhere [80, 95, 96, 100, 102]. The heterochromatic flicker photometry is the 
current gold standard of MPOD measurement.

3.3 Procedure of systematic review on carotenoids and diabetic eye disease

A systematic review was performed and published articles on the topic were 
identified using database searches from PubMed and Web of Science indexes. We 
identified all relevant publications which reported on the association between 
diabetic retinopathy and MPOD/carotenoids (lutein and/or zeaxanthin and/or 
meso-zeaxanthin), from human and animal studies prior to 21 December 2020. The 
search query terms used include ‘carotenoids’, ‘lutein’, ‘zeaxanthin’, ‘macular pig-
ment’, ‘macular pigment optical density AND diabetic eye disease’, ‘macular pig-
ment optical density AND diabetic retinopathy’, and ‘MPOD AND diabetes’. Initial 
entries were selected based on titles and abstracts available in English. Eligible 
full-text publications were scanned and retrieved in regard to carotenoid levels or 
supplementation and diabetic retinopathy. Clinical studies evaluating carotenoids 
levels in diabetes had to quantify either serum concentrations of lutein and/or 
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zeaxanthin, or measure levels of MPOD using validated, repeatable measurement 
techniques. Studies were considered eligible only on diabetic retinopathy and 
diabetic macular edema. Other types of diabetic eye diseases were excluded.

3.4 Carotenoids in the management of diabetic eye disease (Animal Studies)

The therapeutic benefits of macular carotenoids have been documented in 
diabetic murine models, investigating the molecular mechanisms underlying the 
onset of hyperglycemia-linked retinopathy; in particular, the protective effects of 
lutein (L) and/or zeaxanthin (Z) on the progression of retinal neurodegeneration 
[37–45]. Data from these reports are consistent in providing further evidence that 
administration of L and Z may delay or prevent the onset of DR by counteract-
ing the proposed causative factors including oxidative stress (by attenuating ROS 
production with a concomitant regeneration of endogenous antioxidants), in 
addition to ameliorating inflammation and augmenting neuroprotection of retinal 
tissue. Administration of the drug Alloxan or Streptozotocin (STZ), which are 
toxic glucose-analogs that preferentially amass within the pancreatic beta cells that 
produce insulin, are commonly used for inducing diabetes mellitus in mice and 
rats, which will later develop retinopathy [37–43, 105–107]. Genetic murine mod-
els, including the leptin-receptor deficient (db/db) mice, spontaneously develop 
hyperglycemia and obesity at 4–8 weeks of age [44, 45, 106, 107]. A summary of the 
experimental animal models evaluating the effects of carotenoids administration on 
diabetic eye disease is outlined in Table 2.

Hyperglycemia-induced oxidative damage has been strongly considered the 
causative factor in the onset and development of diabetic retinopathy; resulting 
from the proliferation of pro-oxidant stressors if left untreated. Following the onset 
of diabetes in mice and rats, there was a significant increase in retinal markers of 
oxidative stress including: malondialdehyde, lipid peroxide, oxidatively-modified 
DNA (8-hydroxy-2’deoxyguanosine, 8-OHdG), and nitrotyrosine [37–40, 42]. 
However, reports were consistent in demonstrating that administration of antioxi-
dants (L and/or Z) ameliorated the diabetes-induced increase in these markers of 
oxidative stress, comparable to levels observed from control animals. Furthermore, 
one study evaluated the effects of an AREDS-based formula containing antioxidant 
micronutrients which were shown to attenuate the rise in expression of oxida-
tive stress-related genes modulated by chronic hyperglycemia [38, 40, 108, 109]. 

Study Design  
(DM induced by)

L and/or Z Effect of L/Z on Outcomes

Arnal et al. [37] Rats (STZ) L prevented loss of retinal thickness

Kowluru et al. [39] Rats (STZ) Z ameliorated rise in 8-OHdG

Kowluru et al. [40] Rats (STZ) L and Z significantly reduced total ROS levels

Muriach et al. [42] Mice (A) L restored levels of GSH and GPx

Sasaki et al. [43] Mice (STZ) L prevented cell loss in GCL & INL

Tang et al. [44] Mice (db/db) L and Z* improved central retinal thickness

Yu et al. [45] Mice (db/db) L and Z* enhanced mitochondrial biogenesis

DM = diabetes mellitus; L = lutein; Z = zeaxanthin; STZ = streptozotocin; A = Alloxan; db/db = leptin-
receptor deficient; 8-OHdG = oxidatively modified DNA; ROS = reactive oxygen species; GSH = glutathione; 
GPx = glutathione peroxidase; GCL = ganglion cell layer; INL = inner nuclear layer.
* = Wolfberry.

Table 2. 
Effects of carotenoids lutein and/or zeaxanthin in experimental animal models for diabetic eye disease.
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Similarly, two clinically distinct features of early-stage retinopathy, microvascular 
lesions and retinal capillary degeneration, were prevented following treatment with 
alpha-lipoic acid, a micronutrient with antioxidant properties commonly included 
in carotenoid supplements for clinical use, such as the EyePromise Diabetes Visual 
Function Supplement Study (DVS; DiVFuSS) formulation by ZeaVision (MO, USA) 
[33, 38, 110–112]. Supplementation treatment with L and Z prevented increase 
in total retinal ROS levels in rats, suggesting they may prevent the continuation 
of superoxide free radical production caused by hyperglycemia and subsequent 
progression of retinopathy [41, 108, 113].

The supplementation of L and Z also attenuates retinal expression of endo-
plasmic reticulum stress biomarkers like BiP (binding-immunoglobulin protein), 
PERK (protein kinase RNA-like ER kinase), ATF6 (activating transcription 
factor 6), and activate caspase-12, in diabetic mice [42, 44]. The administration 
of L and Z also prevented diabetes-induced dysfunction of the mitochondria and 
damage to mitochondrial DNA (mtDNA), which was confirmed by enhanced 
expression of mtDNA-encoded proteins of the electron transport chain [41]. 
Wolfberry, a traditional Asian fruit containing large amounts of diester forms of 
L and Z protected against mitochondrial stress and markedly enhanced retinal 
expression of proteins involved in mitochondrial biogenesis [44, 45, 114]. Thus, 
L and Z reduced oxidative injury on retinal mitochondria by possibly restoring 
the effective transfer of electrons during oxidative phosphorylation and attenu-
ating mitochondrial dysfunction.

The metabolic correlates of diabetes, such as insulin resistance, insulin defi-
ciency, hyperglycemia and hyperlipidemia have been linked with inhibition of the 
endogenous antioxidant defense system, caused by overwhelming generation of 
pro-oxidant stressors and compromised antioxidant capacity. Restoration of endog-
enous antioxidant levels, such as GSH, GPx and manganese superoxide-dismutase 
(MnSOD) are essential for nutrient metabolism, regulation of gene expression, free 
radical neutralization and inhibition of pro-inflammatory pathways [115–120]. In 
the diabetic retina, regeneration of GSH is compromised by reduced GPx activity 
and redox cycle [121, 122]; however, L and/or Z reversed the hyperglycemia-
induced impairment in GSH and GPx activity in the retina [37–39, 42]. Similarly, 
diabetic impairment of total antioxidant capacity was sufficiently prevented 
with supplementation of L and Z [41] along with restoration of MnSOD activity 
and mRNA expression following administration of AREDS-based micronutrient 
formula [39, 40, 44].

Carotenoids may prevent the development of DR by suppressing pro-inflam-
matory pathways activated by overexpressed superoxide free radicals and oxidative 
injury which are significant contributors in this low-grade chronic inflammatory 
condition [115, 116, 118]. Metabolic and oxidative insults associated with hyper-
glycemia can promote induction of inflammation, and concurrently, inflammatory 
processes can induce oxidative stress. Administration of antioxidants (including 
L and Z) has been demonstrated to inhibit increased-activation of retinal redox-
sensitive nuclear transcriptional factor-B (NF-kB), an important transcriptional 
regulator of cytokines and growth factors [38, 41, 42, 123–126]; in addition to 
suppression of pro-inflammatory cytokine, interleukin-1β [41, 124]. Increases in 
pro-angiogenic factors such as VEGF, which significantly contribute to the neovas-
cularization of PDR, were effectively prevented by L and Z in both rats and mice 
[39, 41, 45, 126]. However, increased levels of VEGF also play a significant role 
in the early-stages of retinopathy, by enhancing cell permeability of vascular and 
non-vascular retinal cells [116, 118–120, 126, 127]. Impaired glutamate metabolism 
in glial cells, resulting from diabetes, may lead to vascular instability in adjacent 
blood vessels [128, 129]; these changes in glial cell permeability often occur rapidly 
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as a result of hyperglycemia, contributing to neural degeneration and may result in 
DME [127–129]. Thus, the protective effects of L and Z are effectual in attenuating 
multiple inflammatory response pathways and may preserve the retina from adap-
tive changes in microvasculature.

Clinical findings of early-stage retinopathy are currently characterized by patho-
genic alterations in retinal vasculature, represented by microvascular abnormalities 
like vasoregression, along with choroidal occlusion and leakage [127, 130]. However, 
there is growing evidence in animal models that alterations in non-vascular cells 
(such as Mullers, bipolar, amacrine, and photoreceptor cells) are evident prior to 
the development of vascular abnormalities [131, 132]. The effects of L in retinal 
ischemic/reperfusion injury, a clinical feature of PDR, demonstrated improvements 
in cell viability and enhanced survival of Muller glial cells [133, 134]. Meanwhile, 
accelerated decline of total retinal thickness, including the inner nuclear layer 
(INL), outer nuclear layer (ONL), inner plexiform layer (IPL) and ganglion cell 
layer (GCL; thickness and cell number) were sufficiently prevented by L and/or Z 
in experimental murine models [37, 43, 44]. Significant thinning of the photorecep-
tor layer (inner segment and outer segment) and structural abnormalities (nuclear 
distribution) of the ONL were prevented by L and Z (wolfberry) in db/db mice [44]. 
The alterations in retinal histology, caused by diabetes mellitus, are closely linked 
with apoptotic oxidative injury in vascular cells; observed in humans and animals. 
Prevention of capillary cell apoptosis, determined by terminal deoxyribonucleotide 
transferase-mediated dUTP nick-end labeling (TUNEL)-staining, and increases in 
degenerative (acellular) capillaries, was achieved by L and/or Z; regarded as a sur-
rogate endpoint for DR-therapeutic development and hallmark sign of early-stage 
NPDR, respectively [37–41, 43, 111, 112]. Thus, the neuroprotective potential of L and 
Z in maintaining the retina, an integral part of the central nervous system, is essential 
in preventing neural degeneration and irreversible vision loss.

Visual performance dysfunction caused by retinal degeneration, observed by 
electroretinogram (ERG) in the inner retinal layers, show a decrease in oscilla-
tory potentials (OPs; OP3 and total OPs) in diabetic mice [43]; similar functional 
impairment observed clinically in early-stage retinopathy [135–137]. Similarly, the 
neuroprotective effects of L and Z were observed in ERG recordings which indi-
cated the preservation of b-wave latency and a-wave/b-wave amplitudes, restoring 
retinal dysfunction induced by diabetes [37, 41–43]. Synaptophysin, a synaptic 
vesicle protein that plays an important role in neuronal synaptic network activity, 
is also reduced in diabetic retina [43]; which is caused by chronic activation of 
pro-oxidant extracellular signal-regulated kinase (ERK) [138, 139]. In the retina 
of hyperglycemia-induced mice, administration of L preserved synaptophysin 
protein and suppressed ERK activation. This provides evidence of neuroprotec-
tive potential of L to help maintain synaptic activity [43, 137]. Furthermore, 
supplementation of L demonstrated enhanced preservation of neural activity by 
restoring expression levels of retinal neurotrophic factor, BDNF (brain-derived 
neuronal trophic factor) [43]; an important mediator of synaptic network activ-
ity and cell survival in the inner retinal and ganglion cell layers [140–143]. The 
neuroprotective benefits of L and Z observed in animal models may be explained 
by supporting cell survival and increased viability and thus, enhancing overall 
visual function.

There are some limitation to the findings from animal models. Briefly, lack of 
studies on the effects of L and Z in non-murine models, restricts the translative 
potential for clinical use due to species differences between humans and rodents; 
namely, absence of the macula in these animals [144, 145]. Retinal preservation 
and neuroprotection with L and/or Z were observed in some [38, 42–45] but not 
all [37, 39–41] studies, independent of any change in hyperglycemic status and 
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thus, interpretation of these findings must be exercised with prudence. Moreover, 
the dosage of L and Z tested in experimental models is typically inflated to sig-
nificantly higher amounts than those observed in clinical application to achieve 
a dose-dependent effect, which may prompt the necessity for renewed clinical 
trials to determine safety and toxicity of these carotenoids in larger amounts. It is 
not an exaggeration to conclude that these animal model experiments of diabetes 
provide substantial evidence in support of the putative anti-angiogenic and anti-
inflammatory benefits of carotenoids lutein and zeaxanthin in protecting against 
retinal neurodegeneration.

3.5 Carotenoids in the management of diabetic eye disease (Clinical Studies)

To date, a limited number of studies have examined the complex association of 
macular carotenoids levels and diabetic eye disease in individuals with type 1 and 
type 2 diabetes [26, 32, 35, 47–54]. Studies evaluating the relationship between 
serum levels of L and Z and DR demonstrated that: (1) serum concentrations 
of L and Z were lower in patients with DR when compared to healthy controls; 
(2) higher plasma concentrations of non-pro-vitamin A carotenoids (including 
lycopene, L and Z) were associated with lower risk of developing or progression of 
retinopathy in T2DM, after adjusting for potential confounders; (3) supplementa-
tion with carotenoid vitamin therapy may improve visual function and features of 
macular edema in patients with DR [47, 54]. It is known that carotenoid levels in 
the plasma are positively correlated with concentrations in the macular pigment 
[71, 146]. However, there are limitations when measuring serum levels to evaluate 
the effects of L and Z on DR, namely that their concentrations are almost entirely 
dependent upon relatively-recent dietary-behaviors; fluctuations that can occur in 
response to dietary intake of high-glycemic index foods and/or sugar-sweetened 
beverages [147–150]. Moreover, these dietary habits, similar to those in the Western 
diet, have been attributed largely to the prevalence and onset of the metabolic 
syndrome [147–149, 151, 152].

Several studies investigated the putative role of L and Z in attenuating the 
pathogenesis of DR by evaluating levels of MPOD in cohorts that included both 
type 1 and type 2 diabetes [26, 32, 35, 48–53]. The findings from these reports 
suggest the following: (1) MPOD levels are lower in patients with diabetes, in 
particular T2DM, than healthy individuals; (2) in T2DM, MPOD was inversely 
associated with several behavioral, anthropometric, and novel serum biomarkers 
such as vitamin D insufficiency; (3) MPOD levels can be augmented with dietary 
supplementation in patients with diabetes (type 1 and 2) [26, 32, 47–53]. Generally, 
reports are consistent suggesting MPOD levels are significantly lower in individu-
als with diabetes, and a negative correlation has been indicated between severity 
of diabetic maculopathy and level of macular carotenoids [48, 49, 51]. The type of 
diabetes also had a statistically significant difference on MPOD when accounting 
for other covariates (including history of smoking, hypertension and bodyweight) 
[26, 32, 50]. Current smoking status and increased adiposity are potential predic-
tors of low MPOD in diabetes [26, 32] and concomitantly, one study found low 
serum vitamin D (≤50 nmol/L; P = 0.006) was significantly correlated with MPOD 
in T2DM after multivariate regression analysis [32]. The DiVFuSS study demon-
strated that carotenoid supplementation, which included antioxidant micronu-
trients such as alpha-lipoic acid and vitamin D3, can significantly improve MPOD 
levels (mean increase of 27% in participants on active supplement) and measures 
of visual function in patients with diabetes (with no retinopathy) and those with 
mild to moderate NPDR [35, 109, 153].
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Evidence suggests that the MPOD depletion may be a clinical feature of T2DM, 
however, the proposed causal mechanisms may elucidate distinct contributing 
factors in the development of diabetic retinopathy; mechanistic associations with 
MPOD status that may differ between type 1 and type 2. Metabolic comorbidi-
ties observed in T2DM including increased adiposity and dyslipidemia, primarily 
characterized by reduced high-density lipoprotein (HDL) and hypertriglyceride-
mia, may substantially compromise the bioavailability of dietary carotenoids. Thus, 
diminished transport and assimilation of serum L and Z into the macular pigment 
may be directly represented by low MPOD levels [154–161]. Not surprisingly, L and 
Z are regularly deposited into visceral and subcutaneous adipose tissue, major body 
sites for carotenoids, which may make them less available to retinal tissue. In fact, 
reports have demonstrated higher percentages of body fat and body mass index 
(BMI) are inversely associated with MPOD levels [155, 158, 162–164]. Adipose 
concentrations of macular carotenoids vary according to the body site, coordinated 
by the hormonally-regulated deposition and mobilization of fatty acids, with 
demonstrably elevated levels in abdominal fat [164–166]; which may also explain 
sex-based differences observed in MPOD levels [154, 161]. Metabolic correlates like 
dyslipidemia may further contribute to low MPOD in T2DM by compromising the 
transport of plasma carotenoids to the retina in consequence of increased serum 
triglycerides to HDL (TG/HDL) ratio concurrent with worsening insulin resistance 
[166–168]. Furthermore, evidence suggests that serum carotenoids are predomi-
nantly transported by HDL particles and retinal absorption of L and Z is mediated 
by a ‘piggy-back’ mechanism involving scavenger receptor class B type-1 (SR-1B) in 
the RPE [157, 159, 169].

The depletion of MPOD in T2DM or poorly controlled T1DM is likely 
dependent upon the complex interplay between the development of metabolic 
perturbations including increased adiposity, dyslipidemia, insulin deficiency and 
hyperglycemia and the oxidative stress and inflammation induced by diabetes 
mellitus. Traditionally, adipose tissue has mainly been considered in the context of 
energy storage, however, they produce a variety adipocytokines and inflammatory 
mediators and has been suggested to function like a metabolically-active immune 
organ [170, 171]. In fact, increased intra-abdominal fat is a crucial determinant of 
the atherogenic lipid profile in T2DM with obesity, and research indicates visceral 
adipose tissue may be the principal mediator of inflammation associated with 
diabetes [172–174]. Therefore, this chronic low-grade inflammatory disease in turn 
exacerbates oxidative injury, causing a positive feedback loop between oxidative 
stress and inflammation, which may lead to compounding depletion of macular 
pigment concentrations [35, 115, 152, 175–177]. The elevated serum concentrations 
of a marker for total systemic oxidative stress in-vivo, 8-OHdG, have been posi-
tively correlated with BMI in T2DM [173, 177]. It is suggested that the metabolic 
correlates and comorbidities frequently associated with T2DM (or poorly con-
trolled T1DM) contribute significantly to the onset and progression of retinopathy 
into PDR.

Results from these [26, 32, 35, 48–53] clinical studies that have investigated the 
implications of MPOD on diabetic eye disease are promising, but not without limi-
tations: (1) with one exception [26], individuals with T1DM and T2DM were evalu-
ated and analyzed homogeneously in comparison to controls; (2) only a limited 
number of studies evaluated cohorts based on status of DR; (3) relatively small and 
unequal sample sizes (of individuals with diabetes and controls) in multiple studies; 
(4) with one exception [35], studies were only observational in nature. Additional 
research is necessary to further elucidate the potentially different associations that 
may exist between MPOD status and T1DM and T2DM.
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4. Conclusions

Diabetic retinopathy is the most common microvascular complication of diabe-
tes mellitus and DR remains the leading cause of preventable blindness in devel-
oped countries among working-age adults. It appears chronic hyperglycemia has 
significant deleterious effects on the endogenous defense systems, resulting in the 
depletion of macular carotenoids lutein, zeaxanthin and meso-zeaxanthin, in addi-
tion to other potent antioxidants that are pertinent for maintaining retinal health. 
Additionally, the metabolic correlates of diabetes negatively impact concentrations 
of macular pigments, however, carotenoid vitamin therapy has shown promising 
results in augmenting MPOD levels and visual performance. To this accord, regu-
larly measuring MPOD may be well suited for monitoring retinal neurodegenera-
tion brought on by diabetes and screening at-risk patients before clinical features 
of retinopathy become apparent. Meanwhile, routine management of established 
risk factors such as poor glycemic control, obesity and hypertension are critical in 
preventing or delaying the progression of DR. However, there is tremendous need 
for both timely and functional prophylactic measures that can be implemented 
before irreversible loss of vision begins. Finally, carotenoid vitamin therapy shows 
great promise with increasing evidence both in animal and human studies, further 
clinical investigations must be performed to assess its full potential in the manage-
ment of diabetic eye disease.
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Chapter 13

Antioxidant Activity: The 
Presence and Impact of Hydroxyl 
Groups in Small Molecules of 
Natural and Synthetic Origin
Mohammed Ali Al-Mamary and Ziad Moussa

Abstract

Polyhydroxylated natural phenolic compounds, especially those with low 
molecular weights, are characterized by their ability to eliminate free radicals as 
they act as strong antioxidants. The various types of phenolic compounds represent 
the most important natural antioxidants in addition to some vitamins. The chemical 
structures of these compounds is discussed in details with their action mechanisms 
to remove free radicals and prevent many incurable and malignant diseases. In 
addition to these natural compounds, the last two decades have witnessed increased 
attempts by many scientific groups and research centers to synthesize chemical 
compounds in large quantities to mimic these natural compounds, but at a lower 
cost and greater biological effectiveness. Herein, we conduct a chemical survey of 
relevant synthetic compounds containing the hydroxyl groups prepared in chemical 
laboratories and studied for their biological efficacies, such as their effectiveness as 
antioxidants, as well as the mechanism of elimination of free radicals.

Keywords: antioxidants, hydroxyl Groups, natural antioxidants, synthetic 
antioxidants, small-molecules antioxidants

1. Introduction

1.1 Free radicals

Free radicals are chemical species such as atoms or group of atoms with an odd 
(unpaired) number of electrons. They are produced due to splitting weak bonds. 
The biological free radicals, such as reactive oxygen species (ROS) and reactive 
nitrogen species (RNS), are usually produced in our bodies. It is known that free 
radicals are very reactive and may quickly react with other chemical entities (atoms 
or molecules) by capturing the required electron to gain stability. There are two 
types of biologically important reactive species. The first type contains oxygen and 
is known as reactive oxygen species (ROS), while the second type contains nitrogen 
and is known as reactive nitrogen species (RNS). Both ROS and RNS can be classi-
fied into radicals and non-radical species.
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1.1.1 Reactive oxygen species (ROS)

ROS can be classified into two types, radical species and non-radical species. 
The most important ROS radicals are: superoxide anion radical (O2

.–), hydroxyl 
radical (.OH), alkoxyl radical (RO.), lipid peroxide radical (ROO.), and hydroper-
oxy radical (HOO.). While the non-radicals ROS are: hydrogen peroxide (H2O2), 
singlet oxygen (1O2), ozone (O3), organic peroxide (ROOH), and hypochlorous 
acid (HOCl).

1.1.1.1 Superoxide anion radical

It is important to emphasize that the mitochondria is the main source of the 
most active biological ROS [1–5] such as superoxide anion radical (O2

.−), hydrogen 
peroxide (H2O2) and hydroxyl radical (.OH). Thus, the initial reactive oxygen spe-
cies (O2

.−) is produced due to the reduction of free oxygen by some electrons leaking 
out from the electron transport chain during the process of oxidative phosphoryla-
tion. This particle is relatively stable intermediate and considered as the precursor 
for most important ROS. The reduction of free oxygen by electrons in mitochondria 
can be illustrated as follows: O2 + e− → O2

.−. In addition, the superoxide anion 
radical may be produced in a process of oxygen reduction by enzymatic systems in 
mammalian cells as follows [6]:

.
2 2O e NADPD oxidase or xanthine oxidase or cytochrome P450 O .− −+ + − →  (1)

The superoxide anion radical and hydrogen peroxide are formed in vivo, in the 
brain, and the central nervous system (CNS). It is known that several areas in the 
brain contain high amount of iron which stimulates free radical reactions.

1.1.1.2 Hydroxyl radical (.OH)

The superoxide anion and hydrogen peroxide can be converted rapidly to 
hydroxyl radical (.OH), which is known as the most reactive and destructive radical 
in biological system. This radical is quickly produced via Fenton [7] and Haber-
Wiess reactions as follows [8, 9]:

 ( )2 . 3
2 2H O Fe OH OH Fe Fenton reaction+ − ++ → + +  (2)

 ( ).
2 2 2 2

.O H O OH OH O Haber Weiss reaction− −+ → + + −  (3)

The reaction of H2O2 with Fe+2 and Cu+ metal ions which are typically com-
plexed with certain intracellular proteins such as ferritin and ceruloplasmin, 
respectively [7], occurs due to stress conditions, which means an excess of 
superoxide anion radical (O2

.−). This phenomenon releases free ions (Fe+2) from 
ferritin which in turn reacts with H2O2 according to Fenton reaction to produce 
hydroxyl radical (.OH). This free radical can strongly react with biomolecules such 
as DNA, proteins, lipids, and carbohydrates and cause severe damage to the cells 
than any other ROS [10]. The. OH is the most destructive free radical and can more 
easily penetrate the phospholipid bilayer than O2

.−, which is negatively charged. 
When ·OH is generated by Fenton reaction, the extent of its formation is largely 
determined by the availability and location of the metal ion catalyst. One feature 
of ·OH is that it leads to the generation of another radical, so when it reacts with 
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a molecule, a new free radical is generated. However, the new free radical usually 
has lower reactivity than the hydroxyl radical (·OH). The ·OH attacks all proteins, 
DNA, polyunsaturated fatty acids (PUFA) in membranes, and almost any biologi-
cal molecule it encounters [10]. The hydroxyl radical (·OH) can be obtained by 
another reaction in neutrophils, where HOCl reacts with superoxide anion radical 
[11, 12] as follows:

 . .
2 2HOCl O OH O Cl− −+ → + +  (4)

The hydroxyl radical (.OH) is the strongest oxidant produced in biological 
systems. It reacts very rapidly and indiscriminately with most biological targets 
present at its site of formation.

1.1.1.3 Lipid peroxide radical (ROO.) and alkoxyl radical (RO.)

Peroxy radicals (ROO.) and alkoxy radicals (RO.) are moderately strong  
oxidants. Lipid peroxidation starts with abstraction of H-atom by .OH, or by RO. 
to form alkyl radical (R.), then oxygen (O2) is added to alkyl radical to generate 
peroxyl radical (ROO.). Lipid peroxidation or the oxidative destruction of PUFA 
containing methylene groups (-CH2-) comprise the main targets [13]. This process 
can be illustrated in three steps as follows:

 ( )+ → +. .
2RH OH R H O Initiation step  (5)

 + →. .
2R O ROO  (6)

Then, peroxyl radical reacts with another polyunsaturated fatty acid (RH) to 
remove H-atom:

 ( )+ → +. .RH ROO R ROOH Propagation step  (7)

Finally, to terminate lipid peroxidation, the following reaction takes place:

 ( )+ → + +. . . 1
2ROO ROO ROH RO O Termination step  (8)

It is clear that lipid peroxidation leads to the formation of alkyl (R.), peroxyl 
(ROO.), and alkoxyl (RO.) radicals. Generally, lipid hydroperoxide (ROOH) is 
relatively stable, but in the presence of Fe and Cu ions, it causes the formation of 
alkoxy and peroxy radicals [14, 15].

 + ++ → +3 . 2ROOH Fe RO Fe  (9)

 + ++ → +2 . 3ROOH Fe ROO Fe  (10)

The reactivity of RO. and ROO. is related to the presence of substituents at the 
α-carbon. As a result, the presence of an electron-withdrawing group increases the 
reactivity, while the presence of an electron-donating group decreases it. Thus, 
aromatic ROO. and RO. must be less reactive because of single electron delocaliza-
tion. These free radicals react with biomolecules by abstracting H-atom [16, 17].
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oxy radical (HOO.). While the non-radicals ROS are: hydrogen peroxide (H2O2), 
singlet oxygen (1O2), ozone (O3), organic peroxide (ROOH), and hypochlorous 
acid (HOCl).

1.1.1.1 Superoxide anion radical

It is important to emphasize that the mitochondria is the main source of the 
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mammalian cells as follows [6]:
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brain, and the central nervous system (CNS). It is known that several areas in the 
brain contain high amount of iron which stimulates free radical reactions.
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The superoxide anion and hydrogen peroxide can be converted rapidly to 
hydroxyl radical (.OH), which is known as the most reactive and destructive radical 
in biological system. This radical is quickly produced via Fenton [7] and Haber-
Wiess reactions as follows [8, 9]:
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The reaction of H2O2 with Fe+2 and Cu+ metal ions which are typically com-
plexed with certain intracellular proteins such as ferritin and ceruloplasmin, 
respectively [7], occurs due to stress conditions, which means an excess of 
superoxide anion radical (O2

.−). This phenomenon releases free ions (Fe+2) from 
ferritin which in turn reacts with H2O2 according to Fenton reaction to produce 
hydroxyl radical (.OH). This free radical can strongly react with biomolecules such 
as DNA, proteins, lipids, and carbohydrates and cause severe damage to the cells 
than any other ROS [10]. The. OH is the most destructive free radical and can more 
easily penetrate the phospholipid bilayer than O2

.−, which is negatively charged. 
When ·OH is generated by Fenton reaction, the extent of its formation is largely 
determined by the availability and location of the metal ion catalyst. One feature 
of ·OH is that it leads to the generation of another radical, so when it reacts with 

255

Antioxidant Activity: The Presence and Impact of Hydroxyl Groups in Small Molecules…
DOI: http://dx.doi.org/10.5772/intechopen.95616

a molecule, a new free radical is generated. However, the new free radical usually 
has lower reactivity than the hydroxyl radical (·OH). The ·OH attacks all proteins, 
DNA, polyunsaturated fatty acids (PUFA) in membranes, and almost any biologi-
cal molecule it encounters [10]. The hydroxyl radical (·OH) can be obtained by 
another reaction in neutrophils, where HOCl reacts with superoxide anion radical 
[11, 12] as follows:

 . .
2 2HOCl O OH O Cl− −+ → + +  (4)

The hydroxyl radical (.OH) is the strongest oxidant produced in biological 
systems. It reacts very rapidly and indiscriminately with most biological targets 
present at its site of formation.

1.1.1.3 Lipid peroxide radical (ROO.) and alkoxyl radical (RO.)

Peroxy radicals (ROO.) and alkoxy radicals (RO.) are moderately strong  
oxidants. Lipid peroxidation starts with abstraction of H-atom by .OH, or by RO. 
to form alkyl radical (R.), then oxygen (O2) is added to alkyl radical to generate 
peroxyl radical (ROO.). Lipid peroxidation or the oxidative destruction of PUFA 
containing methylene groups (-CH2-) comprise the main targets [13]. This process 
can be illustrated in three steps as follows:

 ( )+ → +. .
2RH OH R H O Initiation step  (5)

 + →. .
2R O ROO  (6)

Then, peroxyl radical reacts with another polyunsaturated fatty acid (RH) to 
remove H-atom:

 ( )+ → +. .RH ROO R ROOH Propagation step  (7)

Finally, to terminate lipid peroxidation, the following reaction takes place:

 ( )+ → + +. . . 1
2ROO ROO ROH RO O Termination step  (8)

It is clear that lipid peroxidation leads to the formation of alkyl (R.), peroxyl 
(ROO.), and alkoxyl (RO.) radicals. Generally, lipid hydroperoxide (ROOH) is 
relatively stable, but in the presence of Fe and Cu ions, it causes the formation of 
alkoxy and peroxy radicals [14, 15].

 + ++ → +3 . 2ROOH Fe RO Fe  (9)

 + ++ → +2 . 3ROOH Fe ROO Fe  (10)

The reactivity of RO. and ROO. is related to the presence of substituents at the 
α-carbon. As a result, the presence of an electron-withdrawing group increases the 
reactivity, while the presence of an electron-donating group decreases it. Thus, 
aromatic ROO. and RO. must be less reactive because of single electron delocaliza-
tion. These free radicals react with biomolecules by abstracting H-atom [16, 17].
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1.1.1.4 Hydroperoxyl radical (HOO.)

Hydroperoxyl radical, also known as perhydroxyl radical (HOO.), is formed due 
to the reversible reaction occurring between superoxide anion radical and proton. 
This reaction takes place in cells as follows:

 − ++ ↔• •
2O H HOO  (11)

The pKa of this radical is 4.88 [18]. At pH 7.2 in the cytoplasm, a small amount 
of this radical (1% of O2

•−) exists as HOO. [19]. Perhaps for this reason, many 
researchers presumed that HOO• has little or no role in initiation of lipid peroxi-
dation [20]. In comparison with other oxidants, HOO• shows high specificity in 
reaction with PUFA, linoleic (C18:2), and linolenic (C18:3) acids [21].

1.1.2 Non-radicals of ROS

1.1.2.1 Singlet oxygen

The singlet oxygen (1O2) is a potent oxidizing agent, because it can react with 
different macromolecules such as DNA [22], and is responsible for lipid peroxida-
tion of membrane and other tissues [23]. It is generated in cells, specifically in 
neutrophils and eosinophils [24, 23]. In addition, this particle can be formed by 
enzymatic reactions [25–27]. This reactive particle is produced due to the activation 
of molecular oxygen to two excited states. In the first excited state, oxygen has two 
electrons with opposite spins in the same ᴨ* orbital, while in the second excited 
state oxygen has one electron in each of two degenerate ᴨ* orbitals. However, singlet 
oxygen in the first excited state is extremely reactive in comparison with other 
excited states like the triplet state. Allen [28] suggested the mechanism for the pro-
duction of singlet oxygen from H2O2 and Cl− in the presence of the myeloperoxidase 
(MPO) enzyme as follows:

 + −+ + + → +2 2 2H O H Cl MPO HOCl H O  (12)

 1
2 2 2 2H O HOCl H O H Cl O+ −+ → + + +  (13)

1.1.2.2 Hydrogen peroxide (H2O2)

Hydrogen peroxide is generated via an enzymatic reaction where the reactive 
superoxide anion radical is rapidly converted by an antioxidant enzyme called 
superoxide dismutase (SOD). The new formed oxygen species H2O2 is less reactive. 
Thus, hydrogen peroxide is formed as follows by SOD:

 .
2 2 2 22O 2H SOD H O H O− ++ + → +  (14)

It is clear that, in the dismutation reaction (an oxidation–reduction process), 
two superoxide anion radicals are involved. In this reaction, one superoxide anion 
radical is oxidized to oxygen while the other is reduced to hydrogen peroxide 
[29]. The latter (H2O2) is relatively stable and membrane permeable so this non-
radical species can diffuse inside the cell and can be removed by mitochondrial 
antioxidant enzymatic systems such as catalase (CAT) and glutathione peroxidase 
(GPx) [30, 31].
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 2 2 2 22H O cat O 2H O+ → +  (15)

 + + → +2 2 x 22 H O 2GSH GP GSSG 2H O  (16)

As illustrated, glutathione peroxidase (GPx) removes hydrogen peroxide (H2O2) 
by oxidizing two glutathione molecules (GSH) to produce oxidized glutathione 
disulfide (GSSG). It is clear that the three SOD, CAT, and GPx enzymes show 
synergistic effect in the scavenging of superoxide anion radical (O2˙−). The in vivo 
destruction effects of hydrogen peroxide (H2O2) result due to the presence of transi-
tion metals or enzymes, such as heme-peroxidase. The destruction of H2O2 leads to 
the formation of other more reactive oxidants such as.OH, NO., and HOCl. Thus, 
reaction of hydrogen peroxide with Cu1+ and Fe2+ leads to the production of. OH. 
On the other hand, in phagocytic cells, myeloperoxidase uses its substrate H2O2 to 
generate HOCl. The release of MPO during phagocytosis may play an important 
role in microbial elimination [32].

1.1.2.3 Ozone (O3)

Ozone gas (O3) exists in polluted atmosphere and the inhalation of this gas by 
human may lead to lung injury and inflammation. In living organisms, ozone is 
thought to be formed due to oxidation of H2O to H2O2 in the presence of antibodies 
[33]. Thus, antibodies use H2O as an electron source, facilitating its addition to 1O2 
to generate dihydrogen trioxide (H2O3), which is converted to ozone [34].

 + → → +1
2 2 3 2 2H O O HOOOH O H O  (17)

Ozone reacts with fatty acids, cholesterol, amino acids and DNA. The lung is the 
most affected organ due to exposure to ozone. The effect of ozone on tissues occurs 
via free radical mechanisms [35–37]. The ozone radical anion then reacts with a 
proton to form the hydroxyl radical and oxygen as follows [36].

 − ++ → +. .
3 2O H HO O  (18)

1.1.2.4 Hypochlorous acid (HOCl)

This species (HOCl) is generated in neutrophils by the reaction of Cl − with 
H2O2, which is catalyzed by the enzyme myeloperoxidase [38]. It is illustrated as 
follows:

 .
2 2H O Cl MPO HOCl OH−+ + → +  (19)

The hypochlorous acid is considered to be a very reactive oxidizing agent. So, 
it may affect different biomolecules and may destroy phagocytized pathogens by 
causing oxidative damage to their biomolecules which include proteins [39], DNA 
[40], and lipids [41]. On the other hand, the overproduction of HOCl can lead to 
many health problems such as atherosclerosis and cancer [42, 38].

1.1.3 Reactive nitrogen species (RNS)

Reactive nitrogen species (RNS) can be found in biological systems as free 
radical species and non-radical species. However, the most common RNS radical 
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1.1.1.4 Hydroperoxyl radical (HOO.)

Hydroperoxyl radical, also known as perhydroxyl radical (HOO.), is formed due 
to the reversible reaction occurring between superoxide anion radical and proton. 
This reaction takes place in cells as follows:

 − ++ ↔• •
2O H HOO  (11)

The pKa of this radical is 4.88 [18]. At pH 7.2 in the cytoplasm, a small amount 
of this radical (1% of O2

•−) exists as HOO. [19]. Perhaps for this reason, many 
researchers presumed that HOO• has little or no role in initiation of lipid peroxi-
dation [20]. In comparison with other oxidants, HOO• shows high specificity in 
reaction with PUFA, linoleic (C18:2), and linolenic (C18:3) acids [21].

1.1.2 Non-radicals of ROS

1.1.2.1 Singlet oxygen

The singlet oxygen (1O2) is a potent oxidizing agent, because it can react with 
different macromolecules such as DNA [22], and is responsible for lipid peroxida-
tion of membrane and other tissues [23]. It is generated in cells, specifically in 
neutrophils and eosinophils [24, 23]. In addition, this particle can be formed by 
enzymatic reactions [25–27]. This reactive particle is produced due to the activation 
of molecular oxygen to two excited states. In the first excited state, oxygen has two 
electrons with opposite spins in the same ᴨ* orbital, while in the second excited 
state oxygen has one electron in each of two degenerate ᴨ* orbitals. However, singlet 
oxygen in the first excited state is extremely reactive in comparison with other 
excited states like the triplet state. Allen [28] suggested the mechanism for the pro-
duction of singlet oxygen from H2O2 and Cl− in the presence of the myeloperoxidase 
(MPO) enzyme as follows:

 + −+ + + → +2 2 2H O H Cl MPO HOCl H O  (12)

 1
2 2 2 2H O HOCl H O H Cl O+ −+ → + + +  (13)

1.1.2.2 Hydrogen peroxide (H2O2)

Hydrogen peroxide is generated via an enzymatic reaction where the reactive 
superoxide anion radical is rapidly converted by an antioxidant enzyme called 
superoxide dismutase (SOD). The new formed oxygen species H2O2 is less reactive. 
Thus, hydrogen peroxide is formed as follows by SOD:

 .
2 2 2 22O 2H SOD H O H O− ++ + → +  (14)

It is clear that, in the dismutation reaction (an oxidation–reduction process), 
two superoxide anion radicals are involved. In this reaction, one superoxide anion 
radical is oxidized to oxygen while the other is reduced to hydrogen peroxide 
[29]. The latter (H2O2) is relatively stable and membrane permeable so this non-
radical species can diffuse inside the cell and can be removed by mitochondrial 
antioxidant enzymatic systems such as catalase (CAT) and glutathione peroxidase 
(GPx) [30, 31].

257

Antioxidant Activity: The Presence and Impact of Hydroxyl Groups in Small Molecules…
DOI: http://dx.doi.org/10.5772/intechopen.95616

 2 2 2 22H O cat O 2H O+ → +  (15)

 + + → +2 2 x 22 H O 2GSH GP GSSG 2H O  (16)

As illustrated, glutathione peroxidase (GPx) removes hydrogen peroxide (H2O2) 
by oxidizing two glutathione molecules (GSH) to produce oxidized glutathione 
disulfide (GSSG). It is clear that the three SOD, CAT, and GPx enzymes show 
synergistic effect in the scavenging of superoxide anion radical (O2˙−). The in vivo 
destruction effects of hydrogen peroxide (H2O2) result due to the presence of transi-
tion metals or enzymes, such as heme-peroxidase. The destruction of H2O2 leads to 
the formation of other more reactive oxidants such as.OH, NO., and HOCl. Thus, 
reaction of hydrogen peroxide with Cu1+ and Fe2+ leads to the production of. OH. 
On the other hand, in phagocytic cells, myeloperoxidase uses its substrate H2O2 to 
generate HOCl. The release of MPO during phagocytosis may play an important 
role in microbial elimination [32].

1.1.2.3 Ozone (O3)

Ozone gas (O3) exists in polluted atmosphere and the inhalation of this gas by 
human may lead to lung injury and inflammation. In living organisms, ozone is 
thought to be formed due to oxidation of H2O to H2O2 in the presence of antibodies 
[33]. Thus, antibodies use H2O as an electron source, facilitating its addition to 1O2 
to generate dihydrogen trioxide (H2O3), which is converted to ozone [34].

 + → → +1
2 2 3 2 2H O O HOOOH O H O  (17)

Ozone reacts with fatty acids, cholesterol, amino acids and DNA. The lung is the 
most affected organ due to exposure to ozone. The effect of ozone on tissues occurs 
via free radical mechanisms [35–37]. The ozone radical anion then reacts with a 
proton to form the hydroxyl radical and oxygen as follows [36].

 − ++ → +. .
3 2O H HO O  (18)

1.1.2.4 Hypochlorous acid (HOCl)

This species (HOCl) is generated in neutrophils by the reaction of Cl − with 
H2O2, which is catalyzed by the enzyme myeloperoxidase [38]. It is illustrated as 
follows:

 .
2 2H O Cl MPO HOCl OH−+ + → +  (19)

The hypochlorous acid is considered to be a very reactive oxidizing agent. So, 
it may affect different biomolecules and may destroy phagocytized pathogens by 
causing oxidative damage to their biomolecules which include proteins [39], DNA 
[40], and lipids [41]. On the other hand, the overproduction of HOCl can lead to 
many health problems such as atherosclerosis and cancer [42, 38].

1.1.3 Reactive nitrogen species (RNS)

Reactive nitrogen species (RNS) can be found in biological systems as free 
radical species and non-radical species. However, the most common RNS radical 
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is nitric oxide radical (NO.) and nitrogen dioxide (NO2). On the other side, the 
important non-radical RNS is peroxynitrite ion (ONOO−). Generations of these 
reactive species is discussed below.

1.1.3.1 Nitric oxide (NO .)

Nitric oxide free radical (NO.) is an endogenous free radical synthesized in the 
presence of nitric oxide synthase (NOS) that oxidizes L-arginine to L-citrulline 
[43]. In this reaction, one of the guanidino nitrogen atoms is oxidized to form NO.. 
This process is shown below:

 +− + + + → − + +.
2L Arginine O NADPH NOS L Citrullin NO NADP  (20)

The NO. radical can diffuse easily and has the ability to reach many intracel-
lular targets and cause biological damage [44]. The enzyme nitric oxide synthase 
(NOS) is found in different cells such as vascular endothelial cells, smooth muscle 
cells, platelets, neuronal cells, macrophages, and neutrophils [45]. In addition, this 
radical plays an important role in biological tissues such as vasodilation, memory, 
neuronal response, among others [46–50].

1.1.3.2 Peroxynitrite (OONO−) and Other Reactive Nitrogen Species

This nitrogenous species is generated due to reaction of superoxide anion radical 
(O2

−.) with nitrogen oxide radical (NO.) radical as follows:

 − −+ →. .
2O NO ONOO  (21)

It is noted that at physiological pH (7.4), peroxynitrite exists in equilibrium with 
peroxynitrous acid, ONOOH [51].

 − ++ ↔ONOO H ONOOH  (22)

Then, peroxynitrous acid (ONOOH) is subjected to homolysis to produce 
hydroxyl radical (OH•) and nitrogen dioxide radical (NO2

.), which may rearrange to 
form nitrate (NO3

−).

 − + − + + ↔ ↔ + → + 
. .

2 3ONOO H ONOOH HO NO NO H  (23)

The ONOO− is a very reactive anion, even more so than the particle (NO. and 
O2

•−) from which it is formed [52–54]. The peroxynitrite anion can cross biological 
membranes and interact with most critical biomolecules [55]. Thus, it can cause 
oxidation of lipids, and proteins via oxidation of methionine and tyrosine residues 
and can oxidize DNA to generate nitroguanine [56]. Under most biological condi-
tions, ONOO- and ONOOH exist in equilibrium [57]:

 ONOO H ONOOH− ++ ↔  (24)

Indeed, protonation weakens the O–O bond in ONOOH and leads to homolytic 
cleavage to generate hydroxyl radicals (.OH) and nitrogen dioxide (.NO2), two 
strongly oxidizing/hydroxylating and nitrating species, respectively.
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 → +.
2ONOOH NO .OH  (25)

As a nucleophile, a central reaction of peroxynitrite in biology is the addition 
of the anion to carbon dioxide (CO2) to yield a nitrosoperoxocarboxylate adduct 
(ONOOCO2) that undergoes fast homolysis to NO2 and [58–60].

 .
2 2 2 3ONOO CO ONOOCO NO CO− − −+ → → +  (26)

1.2 Antioxidants

An antioxidant is any substance that has the ability to prevent, inhibit, or delay 
the oxidation of other substances. In biological systems, antioxidants play a very 
important roles in removing free radicals such as ROS and RNS, and consequently 
reduce oxidative stress. Antioxidant molecules can be classified based on the type of 
mechanistic defense they offer:

1.2.1 Antioxidants suppressing formation of free radicals

These are endogenous antioxidant enzymes like superoxide dismutase (SOD), 
catalase (CAT) and glutathione peroxidase (GPx). These enzymes efficiently sup-
press or prevent the formation of free radicals and other ROS in tissues. Thus, SOD 
removes superoxide anion radical as follows:

 .
2 2 2 22O 2H SOD H O H O− ++ + → +  (27)

On the other hand, CAT reduces formed H2O2 to water and oxygen:

 + → +2 2 2 22 H O cat O 2H O  (28)

The GPx enzyme system detoxifies H2O2 by catalyzing its reduction using 
glutathione (GSH) as a sacrificial reductant to produce one molecule of oxidized 
glutathione (GSSG). Thus, the enzymes SOD, CAT, and GPx, work collectively to 
prevent the effect of O2˙−.

 + + → +2 2 x 22 H O 2GSH GP GSSG 2H O  (29)

In addition, Fe and Cu ions are included to this type of defense, since these ions 
bind proteins such as transferrin and caeruloplasmin and prevent them from free 
radical formation. Generally, any chemical compound having two or more of the 
following functional groups: –OH, –SH, –COOH, –PO3H2, C=O, –NR2, –S– and 
–O– may have chelating activity [61]. The mechanism of metal ion chelation with 
some natural phenolics such as protocatechuic acid and anthocyanins is shown in 
Figure 1.

Transition metal ions (Fe+2 and Cu+) make complex species with different types 
of phenolic compounds such as flavonoids containing multiple hydroxyl groups 
(polyhydroxylated). The involvement of these ions in the formation of complexes 
prevents the Fenton reaction which leads to the formation of hydroxyl radical (.OH) 
which is considered as the most dangerous ROS.

 ( )n . n 1
2 2H O M HO HO M M Fe or Cu+ − ++ → + + =  (30)
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membranes and interact with most critical biomolecules [55]. Thus, it can cause 
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and can oxidize DNA to generate nitroguanine [56]. Under most biological condi-
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 ONOO H ONOOH− ++ ↔  (24)
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strongly oxidizing/hydroxylating and nitrating species, respectively.
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 → +.
2ONOOH NO .OH  (25)

As a nucleophile, a central reaction of peroxynitrite in biology is the addition 
of the anion to carbon dioxide (CO2) to yield a nitrosoperoxocarboxylate adduct 
(ONOOCO2) that undergoes fast homolysis to NO2 and [58–60].

 .
2 2 2 3ONOO CO ONOOCO NO CO− − −+ → → +  (26)

1.2 Antioxidants

An antioxidant is any substance that has the ability to prevent, inhibit, or delay 
the oxidation of other substances. In biological systems, antioxidants play a very 
important roles in removing free radicals such as ROS and RNS, and consequently 
reduce oxidative stress. Antioxidant molecules can be classified based on the type of 
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removes superoxide anion radical as follows:

 .
2 2 2 22O 2H SOD H O H O− ++ + → +  (27)

On the other hand, CAT reduces formed H2O2 to water and oxygen:

 + → +2 2 2 22 H O cat O 2H O  (28)

The GPx enzyme system detoxifies H2O2 by catalyzing its reduction using 
glutathione (GSH) as a sacrificial reductant to produce one molecule of oxidized 
glutathione (GSSG). Thus, the enzymes SOD, CAT, and GPx, work collectively to 
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 + + → +2 2 x 22 H O 2GSH GP GSSG 2H O  (29)

In addition, Fe and Cu ions are included to this type of defense, since these ions 
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–O– may have chelating activity [61]. The mechanism of metal ion chelation with 
some natural phenolics such as protocatechuic acid and anthocyanins is shown in 
Figure 1.

Transition metal ions (Fe+2 and Cu+) make complex species with different types 
of phenolic compounds such as flavonoids containing multiple hydroxyl groups 
(polyhydroxylated). The involvement of these ions in the formation of complexes 
prevents the Fenton reaction which leads to the formation of hydroxyl radical (.OH) 
which is considered as the most dangerous ROS.

 ( )n . n 1
2 2H O M HO HO M M Fe or Cu+ − ++ → + + =  (30)
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1.2.2 Antioxidants that repair damage resulting from the action of free radicals

This type of antioxidants are enzymes which are involved in repairing dam-
age due to the effects of free radicals on biomolecules (DNA, proteins, lipids and 
carbohydrates). These enzymes prevent the accumulation of toxic substances 
resulting from destruction of biomolecules in body tissues. Examples of this type 
of enzymatic antioxidants include the DNA repair enzyme systems (polymerases, 
glycosylases and nucleases), and proteolytic enzymes (proteinases, proteases and 
peptidases) located in both, cytosol and mitochondria of mammalian cells.

1.2.3 Antioxidants that utilize signals for the formation of free radicals

This type of antioxidants use the signals, which are required for the formation 
of free radicals. As a result, the signal generated from the formed free radical causes 
the formation and transport of the appropriate antioxidant to the appropriate and 
required site [62].

1.2.4 Antioxidants scavenging free radicals

This type of scavenging antioxidants can directly neutralize free radicals by two 
mechanisms, either by donating a hydrogen free radical (H.) or donating an elec-
tron (e−). These mechanisms can be illustrated as follows:

 − + → − +. .Ar OH R Ar O RH  (31)

In the preceding mechanism, the antioxidant donates a hydrogen free radical 
(H.) to scavenge free radicals, and the antioxidant (Ar-OH) itself becomes a free 
radical, though not as biologically harmful.

 + − +− + → − + → − +. . .Ar OH R Ar OH R Ar O H  (32)

The second mechanism involves one-electron transfer where the antioxidant 
donates an electron to the free radical and becomes itself a radical cation. Generally, 
the new radicals are more stable and can be easily neutralized and made completely 

Figure 1. 
Mechanism of metal ion chelation with some natural phenolics.
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harmless and removed easily from biological systems. Many antioxidants such as 
ascorbic acid, uric acid, glutathione, vitamin E, and other natural compounds like 
polyhydroxyphenolic compounds belong to this class. This type of antioxidants are 
usually small molecules containing hydroxyl groups either of natural or synthetic 
origin. The importance of these compounds prompted us to review them in details.

2. Small antioxidant molecules containing hydroxyl groups

There are many studies that have shown the biological effectiveness of phenolic 
compounds as natural antioxidants. They play very important roles in the preven-
tion of dangerous diseases such as cancers, heart diseases, diabetes and others. 
There is a need for simple molecules capable of neutralizing free radicals respon-
sible for what is known as oxidative stress, the lead cause of dangerous diseases 
like cancers, heart disease, diabetes and others. Antioxidants play a critical role in 
biological systems in getting rid of free radicals and work to prevent the phenom-
enon of oxidative stress. The most available natural antioxidants exist in plants such 
as fruits, vegetables, and medicinal plants. Herein, we present an overview of the 
natural and synthetic phenolic compounds acting as antioxidants.

2.1 Natural antioxidants containing hydroxyl groups

2.1.1 Phenols

Simple phenols are known as compounds containing at least one hydroxyl group 
attached to an aromatic ring which comprises the basic skeleton. The most impor-
tant compounds under this class are: phenol, catechol, resorcinol, and phloroglu-
cinol. Generally, phenols are widely distributed in plants and play very important 
roles in human health because of their ability to neutralize free radicals due to their 
hydroxyl groups. It is considered that these simple phenols along with other pheno-
lic compounds can inhibit and prevent cancer diseases in humans (Figure 2) [63].

The study by Spiegel et al. [64] has shown that the most active of simple natural 
phenols as antioxidants were those containing more than one hydroxyl group in the 
ortho position of the aromatic ring. This suggests that the most active antioxidant 
compound is catechol since it contains two hydroxyl groups in the ortho position. 
This could be attributed to the bond dissociation energy (BDE) of O-H which is 
typically used to evaluate the activity of an antioxidant to neutralize free radicals 
[65–67]. Thus, the weaker the O-H BDE, the faster the reaction of antioxidant with 
the free radical. In other words, the weaker the BDE of O-H in phenols, the easier it 
will be to transfer an H-radical to deactivate the free radical. The antioxidant activ-
ity of catechol and hydroquinone is illustrated as shown in Figure 3.

2.1.2 Phenolic acids: hydroxybenzoic and hydroxycinnamic acids

Phenolic acids are also known as phenol carboxylic acids (Figure 4). There are 
two important groups of natural phenolic acids which are hydroxybenzoic acids and 
hydroxycinnamic acids. These are derived from benzoic and cinnamic acid, respec-
tively. The molecular structural features of phenolic acids, such as the numbers and 
positions of the hydroxyl groups in relation to the carboxyl functional group, esteri-
fication, and glycosylation great impacts their antioxidant properties. Many studies 
[68, 69] have shown that the antioxidant activity of phenolic acids and their esters 
was enhanced substantially when the number of hydroxyl (-OH) and methoxy 
(-OCH3) groups increased. On the other hand, the carboxyl group has an electron 
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There is a need for simple molecules capable of neutralizing free radicals respon-
sible for what is known as oxidative stress, the lead cause of dangerous diseases 
like cancers, heart disease, diabetes and others. Antioxidants play a critical role in 
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attached to an aromatic ring which comprises the basic skeleton. The most impor-
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cinol. Generally, phenols are widely distributed in plants and play very important 
roles in human health because of their ability to neutralize free radicals due to their 
hydroxyl groups. It is considered that these simple phenols along with other pheno-
lic compounds can inhibit and prevent cancer diseases in humans (Figure 2) [63].

The study by Spiegel et al. [64] has shown that the most active of simple natural 
phenols as antioxidants were those containing more than one hydroxyl group in the 
ortho position of the aromatic ring. This suggests that the most active antioxidant 
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This could be attributed to the bond dissociation energy (BDE) of O-H which is 
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2.1.2 Phenolic acids: hydroxybenzoic and hydroxycinnamic acids

Phenolic acids are also known as phenol carboxylic acids (Figure 4). There are 
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(-OCH3) groups increased. On the other hand, the carboxyl group has an electron 
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Figure 3. 
Mechanism of action of natural phenolic antioxidants by transfer of hydrogen free radical (H•).

Figure 4. 
Benzoic acid and the related hydroxybenzoic acids.

Figure 2. 
Natural phenolic antioxidants containing hydroxyl groups.
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withdrawing effect, making the H-atom less available to be donated. However, the 
antioxidant activity of hydroxylated cinnamates are greater than that of benzo-
ates [70–72]. The antioxidant activities of different hydroxybenzoic acids such as 
4-hydroxybenzoic acid, 3,4-dihydroxybenzoic acid, and 3,4,5-trihydroxybenzoic 
acid were shown to be dependent on the number and position of attached hydroxyl 
groups to the aromatic ring [73]. Based on bond dissociation energy of O-H group, 
the dihydroxybenzoic acid has greater antioxidant activity than monohydroxy-
benzoic acid. It was observed that the BDE for -OH at 3-position is greater than the 
BDE of -OH at 4-position, as a result the abstraction of H-atom from the 4-position 
becomes easier than abstraction from the 3-position. Thus, it can be concluded that 
in 3,4-dihydroxybenzoic acid, the ability to abstract H-atom from the 4-position is 
easier than the 3-position. On the other hand, gallic acid (3,4,5-trihydroxybenzoic 
acid) showed lower antioxidant activity than that of 3,4-dihydroxybenzoic acid. 
This phenomenon could be attributed to the formation of a weak intramolecular 
H-bond between the -OH at 4-position and -OH at 5-position [74]. The obtained 
theoretical BDE of the -OH groups in gallic acid were in the order 4-OH ≤ 5-OH ˂ 
3-OH, which indicates that the removal of H-atom is easier from 4-OH and 5-OH. 
Both of these values in gallic acid become lower than that of 4-hydroxybenzoic acid. 
Thus, the introduction of two hydroxyl groups at 3-position and 5-position signifi-
cantly increases the antioxidant activity [73].

Similarly, the antioxidant activities of hydroxycinnamic acids (Figure 5) are 
related to their hydroxyl groups. The study of relationship between antioxidant 
activities and structures of hydroxycinnamic acids was carried out by Chen and Ho 
[74]. The BDE value of O-H group is a good indicator to evaluate the antioxidant 
activity of an antioxidant. Thus, the weaker the O-H bond, the greater the ability of 
an antioxidant to neutralize free radicals. In addition, phenolic molecules bearing 
two hydroxyl groups in o-position relative to one another showed high antioxidant 
activities [75–77] as observed with caffeic acid. On the other hand, replacement of 
one hydroxyl group by methoxy group as in ferulic acid leads to lower antioxidant 
activity [65–67, 75–80]. Therefore, the BDE value of O-H would be expected to 
follow the following order: caffeic acid ˂ ferulic acid ˂ p-coumaric acid. As a result, 
the antioxidant activities of these acids will be in the order: caffeic acid ˃ ferulic 
acid ˃ p-coumaric acid. However, it is important to remember that the removal of 
H-atom from caffeic acid could arise from m-OH and p-OH to form free radicals. 
Consequently, the resulting free radical due to removal of the H-atom from p-OH 
would be more stable because of resonance where the electron is delocalized over 
the whole molecule, but in the case of removal of the H-atom from m-OH, the 
unpaired electron cannot be delocalized over the whole molecule since it cannot 
cross the propenoic tether [81].

2.1.3 Flavonoids

The flavonoids consist of a large group of low-molecular weight polyphenolic 
substances, benzo-γ-pyrone derivatives (Figure 5). The basic structural feature of 
all flavonoids is the flavane (2-phenyl-benzo-γ-pyran) nucleus, a system of two ben-
zene rings (A and B) linked by an oxygen-containing pyran ring (C). According to 
the degree of oxidation of the C ring, the hydroxylation pattern of the nucleus, and 
the substituent at carbon 3, flavonoids can be categorized into the following sub-
classes: flavones, isoflavones, flavanols (catechins), flavonols, flavanones, antho-
cyanins, and proanthocyanidins. Flavonols differ from flavanones by a hydroxyl 
group at the C3 position and by a C2–C3 double bond. Anthocyanidins differ from 
the other flavonoids by possessing a charged oxygen atom in the C ring (Table 1).
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Figure 5. 
Cinnamic acid and hydroxycinnamic acids.

Entry Types of flavonoids Examples

1 Flavanone

2 Flavan-3-ol

3 Flavone

4 Flavonol

5 Anthocyanidin

6 Isoflavone

Table 1. 
Types of flavonoids.
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Flavonoids are secondary metabolites and mainly distributed in the plant 
kingdom such as green and black tea, coffee, vegetables, fruits, olive oil, red wine, 
white wines, and chocolate [82–92]. They are consumed in milligrams per serv-
ing of these plant sources. Many researchers have shown that flavonoids possess 
different biological activities which include vasodilating, anti-allergenic, antiviral, 
and anti-inflammatory actions [93–95]. However, the antioxidant activity of these 
compounds attracted the most interest because, in addition to their ability to 
scavenge free radicals, they also reduce or prevent free radical formation.

The capability of antioxidant activities of flavonoids is mainly related to their 
chemical structures. Many previous investigations attributed the high antioxidant 
activities of these compounds to the presence and positions of hydroxyl groups 
attached to the A and B rings and/or to the C2 = C3 double bond in conjugation with 
the carbonyl group at 4-position, and the -OH group at 3-position [93, 94, 96]. On 
the other hand, the replacement of hydrogen atom by a saccharide at 3-position to 
form a glycosidic bond, the antioxidant activity decreases. The radical scavenging 
efficiency of flavonoids is related to their phenolic hydroxyl groups which follow the 
mechanism of H-atom transfer or the single electron transfer followed by sequential 
electron transfer-proton transfer (SETPT) [97–100]. As in the case of phenolic 
acids, the antioxidant activity of flavonoids, is based on the value of the dissociation 
energy of the O-H bond [67, 97, 101]. The study by Quan et al. [102] showed that the 
dissociation energy of C-H at 3-position in some flavonoids appeared to be lower 
than that of the dissociation energy of O-H. As a result, the antioxidant activity 
might be due the donation of H-atom from C-H at 3-position. However, the mecha-
nism of antioxidant activity via H-atom transfer from the -OH group appeared to be 
the most significant [102]. Generally, flavonoids as antioxidants may act by differ-
ent mechanisms such as hydrogen atom transfer, single electron transfer, and transi-
tion metal chelation. These mechanisms are shown below in Figures 6–9. Figure 6 
shows the proposed mechanism of radical scavenging activity of cyanidin by Nimse 
and Palb [103] following HAT mechanism.

2.1.3.1 -Hydrogen atom transfer (HAT)

The flavonoid quercetin is found in many plants and foods and in notable 
quantities especially in onions, red wine, green tea, apples, berries, and others. 

Figure 6. 
Proposed mechanism of radical scavenging activity of cyanidin by Nimse and Palb [103].
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Figure 8. 
Proposed mechanism of single electron transfer by Leopoldini et al. [104].

The proposed mechanism of superoxide anion radical scavenging activity of 
quercetin by Nimse and Palb [103] is shown in Figure 7.

The proposed mechanism of single electron transfer by Leopoldini et al. [104] 
for single electron transfer (SET) and transition metal chelation (TMC) are shown 
in Figures 8 and 9.

2.1.3.2 Single electron transfer (SET)

2.1.3.3 Transition metal chelation (TMC)

Flavonoids with their multiple hydroxyl groups and the carbonyl group at the 4 
position on ring C may offer several available sites for metal chelation. The ability of 
flavonoids to chelate Fe and Cu ions is related to their indirect antioxidant activities. 
This property of flavonoids is attributed to their multiple hydroxyl groups and the 
carbonyl group at 4-position [104].

Figure 9. 
Proposed metal–quercetin chelation by Leopoldinia et al. [104].

Figure 7. 
Proposed mechanism of superoxide anion radical scavenging activity of quercetin by Nimse and Palb [103].
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2.1.4 Stilbenes

The Stilbene family includes several compounds [105] among which resveratrol, 
pterostilbene, and piceatannol are the main representatives, characterized by a trans 
double bond connecting the phenolic rings (Figure 10).

Stilbene compounds are part of a group of natural polyphenols occurring in 
plant kingdom such as grapes [106], peanuts [107], and berries [108]. Resveratrol 
(3, 5, 4′-trihydroxy-trans-stilbene), which is found in grapes, showed different 
biological activities including antidiabetic, antiobesity, and neuroprotective 
properties against Alzheimer’s disease (AD) [109]. In addition, other stilbenes 
have shown additional activities as antimicrobials and antioxidants [110]. 
Different studies have shown that piceatannol (4′, 5′, 3, 5-tetrahydroxystilbene) 
expresses a wide spectrum of biological activities: anti-inflammatory, anticar-
cinogenic, antiviral, antioxidative, neuroprotective and estrogenic properties, 
and antioxidant activities [111–117]. A study by Hussein [118] demonstrated the 
strong ability of resveratrol to scavenge free radicals using different tests. The 
mechanism of antioxidant activity of resveratrol was proposed to be as follows 
(Figure 11).

2.2 Synthetic antioxidants containing hydroxyl groups

Synthetic antioxidants are usually used as food preservatives to prevent lipid 
oxidation [119]. The well-known synthetic antioxidants are butylated hydroxy-
anisole (BHA), butylated hydroxytoluene (BHT), and t-butyl-hydroxyquinone 

Figure 10. 
Stilbene and its related polyphenolic derivatives.

Figure 11. 
Proposed mechanism of resveratrol antioxidant activity [118].
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Figure 8. 
Proposed mechanism of single electron transfer by Leopoldini et al. [104].

The proposed mechanism of superoxide anion radical scavenging activity of 
quercetin by Nimse and Palb [103] is shown in Figure 7.
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2.1.3.2 Single electron transfer (SET)
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Figure 9. 
Proposed metal–quercetin chelation by Leopoldinia et al. [104].

Figure 7. 
Proposed mechanism of superoxide anion radical scavenging activity of quercetin by Nimse and Palb [103].
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(TBHQ ). These antioxidants stop the free radical chain of oxidative reactions via 
the donation of an H-atom radical from the phenolic -OH attached to the aromatic 
rings (Figure 12). The new formed radicals become stable and do not initiate or 
propagate further oxidation of lipids [120].

The progressively more sterically hindered BHT and the related BHA operated as 
radical terminators in a similar fashion to TBHQ (Figure 13).

Another type of radical quencher is shown in Figure 14 where the generated 
phenoxy radical is stabilized by intramolecular hydrogen bond.

The presence of a bulky group introduces steric hindrance in proximity to 
the radical center, decreasing the rate of further propagation reactions. Another 
example which illustrates the increase in antioxidant activity is the presence of an 
extra hydroxyl group at the ortho or para position of the hydroxyl group of phenol. 
The stability of the phenoxy radical in this case is enhanced by the formation of an 
intramolecular hydrogen bond. Other studies [121–123] described the synthesis of 
different compounds like aromatic Schiff bases and aromatic hydrazones contain-
ing hydroxyl groups attached to different positions in the aromatic rings. These 
compounds were designed to mimic as much as possible natural phenolic com-
pounds such as stilbene and chalcones. The number of hydroxyl groups and their 
locations in the aromatic rings play an important role in the antioxidant activity. 
The mechanism of antioxidant activity can be illustrated as follows and involves the 
donation of hydrogen radical (Figure 15).

Figure 13. 
Oxidation of BHT and BHA via donation of a hydrogen radical from a phenolic hydroxyl group.

Figure 12. 
Antioxidant action of t-butyl-hydroxyquinone as a radical terminator via the donation of a hydrogen radical 
and subsequent radical delocalization by resonance.
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3. Oxidative stress

Oxidative stress is a phenomenon occurring in living systems and is related to the 
presence of free radicals (oxidants) and antioxidants (reductants). When we talk 
about free radicals in biological systems, we mean two types: reactive oxygen species 
(ROS) and reactive nitrogen species (RNS). Imbalance between free radicals and 
antioxidants (endogenous and exogenous) in biological systems creates a state know as 
oxidative stress. In this case, the present antioxidants cannot remove the ROS and RNS 
from living species. As a result, excess free radicals can negatively impact different 
biological processes, leading to the destruction of cell membrane, blocking pathways 
of major enzymes, stopping cell division, destruction of DNA, and halting energy 
production [124–126]. On the other hand, free radicals appear to be necessary for some 
processes in living organisms since they destroy bacteria by phagocytes (granulocytes 
and macrophages). In addition, ROS can be beneficial for the maintenance of homeo-
stasis as well as other cellular functions [125, 127]. Again, it is important to remember 
that the primary free radicals are superoxide anion radicals O2

. − and hydroxyl radical. 

OH which are derived from molecular oxygen (O2). High levels of these radicals may 
cause different biological problems which may lead to cancer, stroke (Reuter et al., 
2010) [126], myocardial infarction, diabetes, and other significant conditions [128].

It is not easy to avoid the exposure of free radicals and consequently oxidative 
stress. However, the increase of consumption of natural antioxidants through diet 
may help to decrease the production of free radicals. In other words, to prevent oxi-
dative stress, it is highly recommended to consume enough amounts of vegetables, 
fruits, medicinal plants, and honey to ensure sufficient supplementation of natural 
antioxidants [129–133].

4. Conclusion

To maintain normal health and avoid incurable diseases such as cardiovascu-
lar disease, cancer diseases, diabetes, among other, it is necessary to protect the 

Figure 14. 
Generation of a phenoxy radical with intramolecular hydrogen bond shown.

Figure 15. 
Proposed mechanism for the action of aromatic hydrazones via H radical donation.



Antioxidants - Benefits, Sources, Mechanisms of Action

268

(TBHQ ). These antioxidants stop the free radical chain of oxidative reactions via 
the donation of an H-atom radical from the phenolic -OH attached to the aromatic 
rings (Figure 12). The new formed radicals become stable and do not initiate or 
propagate further oxidation of lipids [120].

The progressively more sterically hindered BHT and the related BHA operated as 
radical terminators in a similar fashion to TBHQ (Figure 13).

Another type of radical quencher is shown in Figure 14 where the generated 
phenoxy radical is stabilized by intramolecular hydrogen bond.

The presence of a bulky group introduces steric hindrance in proximity to 
the radical center, decreasing the rate of further propagation reactions. Another 
example which illustrates the increase in antioxidant activity is the presence of an 
extra hydroxyl group at the ortho or para position of the hydroxyl group of phenol. 
The stability of the phenoxy radical in this case is enhanced by the formation of an 
intramolecular hydrogen bond. Other studies [121–123] described the synthesis of 
different compounds like aromatic Schiff bases and aromatic hydrazones contain-
ing hydroxyl groups attached to different positions in the aromatic rings. These 
compounds were designed to mimic as much as possible natural phenolic com-
pounds such as stilbene and chalcones. The number of hydroxyl groups and their 
locations in the aromatic rings play an important role in the antioxidant activity. 
The mechanism of antioxidant activity can be illustrated as follows and involves the 
donation of hydrogen radical (Figure 15).

Figure 13. 
Oxidation of BHT and BHA via donation of a hydrogen radical from a phenolic hydroxyl group.

Figure 12. 
Antioxidant action of t-butyl-hydroxyquinone as a radical terminator via the donation of a hydrogen radical 
and subsequent radical delocalization by resonance.

269

Antioxidant Activity: The Presence and Impact of Hydroxyl Groups in Small Molecules…
DOI: http://dx.doi.org/10.5772/intechopen.95616

3. Oxidative stress

Oxidative stress is a phenomenon occurring in living systems and is related to the 
presence of free radicals (oxidants) and antioxidants (reductants). When we talk 
about free radicals in biological systems, we mean two types: reactive oxygen species 
(ROS) and reactive nitrogen species (RNS). Imbalance between free radicals and 
antioxidants (endogenous and exogenous) in biological systems creates a state know as 
oxidative stress. In this case, the present antioxidants cannot remove the ROS and RNS 
from living species. As a result, excess free radicals can negatively impact different 
biological processes, leading to the destruction of cell membrane, blocking pathways 
of major enzymes, stopping cell division, destruction of DNA, and halting energy 
production [124–126]. On the other hand, free radicals appear to be necessary for some 
processes in living organisms since they destroy bacteria by phagocytes (granulocytes 
and macrophages). In addition, ROS can be beneficial for the maintenance of homeo-
stasis as well as other cellular functions [125, 127]. Again, it is important to remember 
that the primary free radicals are superoxide anion radicals O2

. − and hydroxyl radical. 

OH which are derived from molecular oxygen (O2). High levels of these radicals may 
cause different biological problems which may lead to cancer, stroke (Reuter et al., 
2010) [126], myocardial infarction, diabetes, and other significant conditions [128].

It is not easy to avoid the exposure of free radicals and consequently oxidative 
stress. However, the increase of consumption of natural antioxidants through diet 
may help to decrease the production of free radicals. In other words, to prevent oxi-
dative stress, it is highly recommended to consume enough amounts of vegetables, 
fruits, medicinal plants, and honey to ensure sufficient supplementation of natural 
antioxidants [129–133].

4. Conclusion

To maintain normal health and avoid incurable diseases such as cardiovascu-
lar disease, cancer diseases, diabetes, among other, it is necessary to protect the 

Figure 14. 
Generation of a phenoxy radical with intramolecular hydrogen bond shown.

Figure 15. 
Proposed mechanism for the action of aromatic hydrazones via H radical donation.



Antioxidants - Benefits, Sources, Mechanisms of Action

270

Author details

Mohammed Ali Al-Mamary1 and Ziad Moussa2*

1 Department of Chemistry, Faculty of Applied Science, Taiz University, 
Republic of Yemen-Taiz

2 Department of Chemistry, College of Science, United Arab Emirates University, 
Al Ain, United Arab Emirates

*Address all correspondence to: zmoussa@uaeu.ac.ae

existing balance between free radicals and antioxidants in biological systems. 
Naturally the human body has means of internal defense to neutralize free radicals. 
These means of defense are represented by a group of biological molecules known 
as antioxidant enzymes. In addition, there are a number of small molecules such 
as urea, bilirubin, vitamin E, vitamin A, and others. These simple molecules play 
a positive role in eliminating free radicals. However, when the internal system fails 
to get rid of free radicals, a supply of external antioxidants, especially those from 
natural sources, is needed to remove excess free radicals. There are many anti-
oxidants in nature especially those that contain hydroxyl groups such as phenolic 
compounds, such as phenolic acids (derivatives of hydroxybenzoic and hydroxy 
cinnamic acids), flavonoids, stilbenes, chalcones and others. These compounds 
are found in fruits, vegetables and medicinal herbs. There are some chemically 
prepared antioxidants in laboratories which use is almost limited to the food and 
pharmaceutical industries. However, there are many attempts to manufacture 
antioxidants that mimic those found in nature, especially those containing hydroxyl 
groups, in the hope of obtaining compounds at the lowest cost, safe to use, and in 
large quantities.
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Abstract

Vitamin C is a supplement used orally by several people globally. It may help in 
many other conditions, like sepsis, which is caused by an infection that leads to an 
imbalanced immune response involving pro (e.g., TNF-α, IL-1, IL-2, IL-6) and anti-
inflammatory (e.g., IL-10, IL-4, IL-7) cytokines. Ascorbic acid is an antioxidant 
and acts against reactive oxygen species. At the same time, this vitamin influences 
cellular immune signaling, avoiding exacerbated transcription of pro-inflammatory 
cytokines. Very high intravenous doses have already shown to be beneficial in septic 
patients. Some clinical trials are still running to evaluate the real impact of vitamin 
C in this condition. To the moment, the combination of low-dose corticosteroids, 
high-dose parenteral ascorbate, and thiamine seems to be the most effective 
 supportive treatment that could help septic patients recover.

Keywords: vitamin C, sepsis, emergency, Intensive Care Unit

1. Introduction

Vitamin C is a well-known potent antioxidant essential to various biological 
processes such as carnitine synthesis, neurotransmitter synthesis, hormone syn-
thesis, and tyrosine metabolism. Furthermore, it stabilizes collagen and acts in iron 
absorption on the intestinal tract. Nevertheless, much is still discussed on its role 
in common cold, pneumonia, stress-related disorders, metabolic syndrome, and 
sepsis. Sepsis is a dysregulated host response to an infection that triggers the release 
of both pro and anti-inflammatory cytokines throughout its course. This “cytokine 
storm” is responsible for systemic septic symptoms such as vasodilatation, which 
leads to hypotension and hypoxia. Also, there is the activation of the clotting cas-
cade leading to disseminated intravascular coagulation (DIC). This hemodynamic 
instability associated with high immune response makes sepsis a deadly disease. 
Having such nonspecific symptoms, treating sepsis is also problematic. However, 
the great majority of protocols include antimicrobial and fluid therapy, vasopres-
sors, and inotropic agents. Using anticoagulants and corticosteroids is debated and 
varies according to symptoms and local protocols. The use of vitamin C in sepsis 
treatment is also a highly discussed subject, and there are many clinical trials ongo-
ing trying to associate a better outcome with the help of vitamin C in high doses. 
Considering that sepsis leads to a depletion in vitamin C because of the increased 
need for reactive oxygen species (ROS) and the elevated cytokine release, it is fair 
to assume that supplementing it in high doses might help improve septic symptoms 
since it scavenges those oxygen-free radicals.



Antioxidants - Benefits, Sources, Mechanisms of Action

280

plasma antioxidant capacity in 
humans: cause, consequence, or 
epiphenomenon? Free Radical Biology 
and Medicine. 2006; 41 (12): 1727-1746, 
2006. doi: 10.2174/1381612054065783

[132] Boeing H, Bechthold A,  
Bub A, Ellinger S, Haller D, 
Kroke A, Leschik-Bonnet E, Müller MJ, 
Oberritter H, Schulze M, Stehle P, 
Watzl B. Critical review: vegetables 
and fruit in the prevention of chronic 
diseases,European Journal of Nutrition. 
2012; 51 (6): 637-663. doi: 10.1007/
s00394-012-0380-y

[133] Crowe FL, Roddam AW, T. J. Key 
TJ et al. Fruit and vegetable intake and 
mortality from ischaemic heart disease: 
results from the European Prospective 
Investigation into Cancer and Nutrition 
(EPIC)-Heart study. European Heart 
Journal. 2011; 32 (10):1235-1243. doi: 
10.1093/eurheartj/ehq465

281

Chapter 14

Vitamin C and Sepsis
Adriana Françozo de Melo, Giulia Oliveira Timo  
and Mauricio Homem-de-Mello

Abstract

Vitamin C is a supplement used orally by several people globally. It may help in 
many other conditions, like sepsis, which is caused by an infection that leads to an 
imbalanced immune response involving pro (e.g., TNF-α, IL-1, IL-2, IL-6) and anti-
inflammatory (e.g., IL-10, IL-4, IL-7) cytokines. Ascorbic acid is an antioxidant 
and acts against reactive oxygen species. At the same time, this vitamin influences 
cellular immune signaling, avoiding exacerbated transcription of pro-inflammatory 
cytokines. Very high intravenous doses have already shown to be beneficial in septic 
patients. Some clinical trials are still running to evaluate the real impact of vitamin 
C in this condition. To the moment, the combination of low-dose corticosteroids, 
high-dose parenteral ascorbate, and thiamine seems to be the most effective 
 supportive treatment that could help septic patients recover.

Keywords: vitamin C, sepsis, emergency, Intensive Care Unit

1. Introduction

Vitamin C is a well-known potent antioxidant essential to various biological 
processes such as carnitine synthesis, neurotransmitter synthesis, hormone syn-
thesis, and tyrosine metabolism. Furthermore, it stabilizes collagen and acts in iron 
absorption on the intestinal tract. Nevertheless, much is still discussed on its role 
in common cold, pneumonia, stress-related disorders, metabolic syndrome, and 
sepsis. Sepsis is a dysregulated host response to an infection that triggers the release 
of both pro and anti-inflammatory cytokines throughout its course. This “cytokine 
storm” is responsible for systemic septic symptoms such as vasodilatation, which 
leads to hypotension and hypoxia. Also, there is the activation of the clotting cas-
cade leading to disseminated intravascular coagulation (DIC). This hemodynamic 
instability associated with high immune response makes sepsis a deadly disease. 
Having such nonspecific symptoms, treating sepsis is also problematic. However, 
the great majority of protocols include antimicrobial and fluid therapy, vasopres-
sors, and inotropic agents. Using anticoagulants and corticosteroids is debated and 
varies according to symptoms and local protocols. The use of vitamin C in sepsis 
treatment is also a highly discussed subject, and there are many clinical trials ongo-
ing trying to associate a better outcome with the help of vitamin C in high doses. 
Considering that sepsis leads to a depletion in vitamin C because of the increased 
need for reactive oxygen species (ROS) and the elevated cytokine release, it is fair 
to assume that supplementing it in high doses might help improve septic symptoms 
since it scavenges those oxygen-free radicals.



Antioxidants - Benefits, Sources, Mechanisms of Action

282

All things considered, this chapter intends to shed light on the pathophysiol-
ogy of sepsis, and its current treatments, vitamin C’s biochemical and therapeutic 
properties, and the pieces of evidence from clinical trials that applied vitamin C to 
treat sepsis and its outcomes.

2. Sepsis

2.1 Pathophysiology, molecular pathways, and mediators of sepsis

Sepsis is an overreaction to infections, resulting in multiple organ failure and 
septic shock, frequently leading to death [1]. Sepsis is commonly associated with a 
super systemic inflammatory condition followed by an immunosuppression phase 
in which secondary infections typically occur [2]. First sepsis models were devel-
oped using animal experiments after confirmation in human volunteers. Bacterial 
debris can stimulate an acute rise of pro-inflammatory cytokines, implying that this 
was the cause of the sepsis-associated organ failure. Guided by these results, several 
different proposed therapies failed to achieve a substantial positive outcome [3, 4]. 
Following the overwhelming inflammatory process, an intense anti-inflammatory 
reply leads to a lack of immune response, lymphopenia, and a high propensity for 
developing infections [5]. This information had provided the basis of the supposi-
tions that the initial hyperinflammatory condition advances to a following immu-
nosuppression [2]. Pro-inflammatory (as IL-6 and TNF) and anti-inflammatory (as 
IL-10) cytokines are elevated and death-related in septic patients [6].

After innate recognition of conserved microbial patterns, a substantial inflam-
matory response begins. The recognition, usually through Toll-Like receptors, leads 
to the activation of cytokines, growth factors and chemokines [7]. After CD4 T 
cells activation (Figure 1), both pro and anti-inflammatory cytokines are released 
[4]. The reason why CD4 T cells response is pro (Th1) or anti (Th2) inflammatory 
is supposed to be related to the size of the bacterial inoculum, pathogen type, and 

Figure 1. 
Immune activation following microbial exposition or cellular damage. NF-κB: Nuclear Factor-κB; PAMP: 
Pathogen-associated molecular pattern; DAMP: Damage-associated molecular pattern; TLR: Toll-like 
Receptor; IL: Interleukin; TNF-α: Tumor Necrosis Factor-α; IFN-γ: Interferon-γ; PD-1: Programmed cell death 
protein 1.
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the infected organ [8–11]. A more intense inflammatory response with higher 
cytokine levels is associated with severe sepsis situations. The spectrum of organic 
reactions is more intense, as well. General vasodilation, capillary leak, and lessened 
circulating fluid volume lead to blood clotting and multiple organ malfunction or 
failure [7].

2.2 Therapeutics of sepsis

The earlier the sepsis or septic shock diagnosis is achieved, the higher are the 
recovery chances. Broad-spectrum antibiotics (piperacillin/tazobactam, vanco-
mycin, anidulafungin) are initiated while culture and antibiogram results are not 
available. Clindamycin associated with a β-lactam scheme can be recommended to 
avoid streptococcal toxic shock. Once the pathogen is identified and its susceptibil-
ity to antibiotics is defined, early interruption should be performed, depending on 
the patient’s improvement [2, 12].

Supportive therapy is needed in virtually all cases. Fluid resuscitation, inotropic 
(e.g., dobutamine), and vasopressor agents (e.g., norepinephrine) are the most 
common, effective, and widespread therapies [13].

Other therapies have been studied over the years, but few or controversial results 
were obtained. Corticosteroids are frequently associated with septic shock therapy. 
Several randomized controlled trials focused on this issue, and some meta-analysis 
evaluated the outcomes. Considering all observed flaws of the trials (heterogeneity 
across studies, doses, the uncertainty of the statistical approach, time of observa-
tion, among others), the meta-analysis showed a small benefit using low doses of 
corticosteroids for a more extended period [14–20]. International Guidelines for 
Management of Sepsis and Septic Shock recommend corticosteroid therapy only 
if fluid resuscitation and vasopressor administration are not enough to restore 
patients’ stability. Intravenous hydrocortisone (200 mg/day) and continuous evalu-
ation of blood glucose and sodium (corticosteroids may induce hyperglycemia and 
hypernatremia) are the clinical guidance in those cases [12].

Anticoagulant therapy would be beneficial to oppose the disseminated intra-
vascular coagulation that happens in sepsis conditions. However, antithrombin use 
did not show evidence to lower the mortality rate and was more prone to bleeding 
development [12, 21, 22]. On the other hand, thrombomodulin and heparin showed 
some positive effects on the mortality rate and reduced bleeding risk [23, 24].

Immunoglobulins are still controversial in sepsis. Studies using intravenous 
immunoglobulins could not show benefits on septic shock or sepsis conditions 
[25–29]. However, the majority of studies use a small sample size, so more extensive 
studies are still needed to evaluate its effectiveness [12, 29].

To the present, numerous researches are trying to achieve a satisfactory result 
for septic shock or sepsis. However, a long list of failures is along with all the tries. 
There is a rationale behind Vitamin C usage in these cases, and this chapter will 
then discuss what is already known and what still needs investigation.

3. Vitamin C

3.1 Redox potential

Vitamin C (VitC, ascorbate) is an antioxidant vitamin. This classification is 
based on the emission of solvated electrons in aqueous media. In organisms, this 
process can be enzymatically induced. VitC quickly loses electrons in aqueous 
media, forming ascorbate free radicals. This is why ascorbate is classified as a very 
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potent electron donor. Peroxyl radicals may be formed under oxygenated condi-
tions, by the reaction of solvated electrons with oxygen in aerated solutions [30].

Ascorbate can directly scavenge free radicals or restore other redox systems like 
α-tocopherol or glutathione (Figure 2). Simultaneously, it is vital to the activity of 
several iron and copper-dependent enzymes [31]. VitC and monodehydroascorbate 
radicals have low electron reduction potentials [32] to reduce more common radicals 
present in metabolic conditions.

It is well established that a severe dietary undersupply of vitamin C will result in 
scurvy. But vitamin C has also a role as a cofactor in several enzymes. It takes part 
in carnitine synthesis, which is essential for the transport of fatty acids into mito-
chondria for ATP generation [33, 34]; in the biosynthesis of norepinephrine from 
dopamine [35, 36], peptide hormones [37, 38], and tyrosine metabolism [39, 40]; in 
collagen synthesis, increasing its stability [41–43]; finally, it acts in nonheme iron 
absorption on the intestinal tract [44].

However, ascorbic acid’s role in preventing or treating common and complex 
diseases is still uncertain. Even the widely held assumption that ascorbic acid is a 
significant biological antioxidant and has a prominent role in disease prevention has 
not been definitively validated [45, 46].

3.2 Evaluation of vitamin C therapeutic efficacy

Hundreds of studies have been published over the years on vitamin C’s effects 
and its roles in preventing or treating several diseases. There have been many 
controversial outcomes from this association, whether they are positive or negative. 
Table 1 presents the reviews that summarize those outcomes.

Nevertheless, when they are critically analyzed, one can realize they show many 
inconsistencies regarding the methodology. Recently, Lykkesfeldt interestingly 
analyzed some more expressive clinical trials and unraveled many of the study’s 
limitations and flaws, as described below, which should be avoided in future 
researches in this field [59] (Table 2).

Figure 2. 
Antioxidant network. Ascorbate plays a central role in the human antioxidant system. ROS: Reactive Oxygen 
Species; R·: Free Radical; DHAR: Dehydroascorbate Reductase; GPX: Glutathione Peroxidase; GSSG: 
Glutathione Disulfide; GR: Glutathione Reductase.
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Considering the lack of high-quality data to evaluate the efficacy of ascorbate 
in less severe or more chronic conditions, it is fair to assume that an acute and 
severe disease such as sepsis is a hard-to-evaluate condition. Vitamin C in sepsis has 
some particularities such as a diverse route of administration and a peculiar dose–
response relationship. The scientific rationale behind this therapeutic proposal to 
sepsis is discussed in the rest of this chapter.

Effect Conclusion of the study Reference

Cardiovascular 
protection

Vitamin C deficiency is associated with a higher risk of 
cardiovascular disease (CVD) mortality.

[47]

High vitamin C intake from supplements is associated with an 
increased risk of CVD mortality in postmenopausal women with 
diabetes.

[48]

Population with optimal plasma levels of VitC has no benefit from 
supplementation. People with VitC deficiency have a higher risk of 
developing CVD.

[49]

Neurologic 
protection

Antiexcitotoxic, neuromodulator, and neurotrophic effects 
of ascorbic acid over the CNS are critical for neuroprotective 
strategies. Clinical trials have demonstrated that ascorbate 
supplementation produces beneficial results for depression and 
anxiety. More controlled clinical trials are still necessary to better 
understand the action mechanisms in stress-related disorders.

[50]

Metabolic syndrome A direct positive effect of vitamin C alone on Metabolic syndrome 
needs to be confirmed in animals and human populations. 
Combination of vitamin C with other antioxidants may be 
worthwhile in managing Metabolic syndrome.

[51]

Common cold (CC) 
treatment and 
prevention

In adults, the duration of colds was reduced by 8% and in children 
by 14%. The severity of colds was also reduced by vitamin C 
administration during the cold process. No reliable effect of vitC 
was seen on the duration or severity of colds in the therapeutic 
trials.

[52]

Regular supplementation has shown that ascorbate reduces the 
duration and severity of CC.

[53]

Supplementation with vitamin C appears to be able to both prevent 
and treat respiratory and systemic infections.

[54]

Pneumonia 
treatment and 
prevention

Due to the small number of included studies and the low quality of 
the existing evidence, data is uncertain about the effect of vitamin 
C supplementation on preventing and treating pneumonia.

[55]

Exercise recovery Vitamin C supplementation attenuates the oxidative stress (lipid 
peroxidation) and inflammatory response (IL-6) to a single 
exercise bout. No effects of vitamin C supplementation were found 
on creatine kinase (CK), C-reactive protein (CRP), cortisol levels, 
muscle soreness, and muscle strength.

[56]

Cancer treatment Ascorbate can be positive as a pro-oxidative factor as well. VitC 
would promote the removal of 8-Oxo-2′-deoxyguanosine from 
DNA by upregulation of repair enzymes due to pro-oxidative 
properties. Vitamin C showed protection against radiation-induced 
cell damage.

[57]

No clinically relevant positive effect of vitamin C in cancer 
patients on the overall survival, clinical status, quality of life, and 
performance status. The quality of the evaluated studies, however, 
is low. Small advantages were more associated to intravenous than 
oral administration.

[58]

Table 1. 
Summary of reviews about therapeutic evidence associated with VitC.
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potent electron donor. Peroxyl radicals may be formed under oxygenated condi-
tions, by the reaction of solvated electrons with oxygen in aerated solutions [30].
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Figure 2. 
Antioxidant network. Ascorbate plays a central role in the human antioxidant system. ROS: Reactive Oxygen 
Species; R·: Free Radical; DHAR: Dehydroascorbate Reductase; GPX: Glutathione Peroxidase; GSSG: 
Glutathione Disulfide; GR: Glutathione Reductase.
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peroxidation) and inflammatory response (IL-6) to a single 
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on creatine kinase (CK), C-reactive protein (CRP), cortisol levels, 
muscle soreness, and muscle strength.
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Cancer treatment Ascorbate can be positive as a pro-oxidative factor as well. VitC 
would promote the removal of 8-Oxo-2′-deoxyguanosine from 
DNA by upregulation of repair enzymes due to pro-oxidative 
properties. Vitamin C showed protection against radiation-induced 
cell damage.
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is low. Small advantages were more associated to intravenous than 
oral administration.
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3.3 Dose-response in supplementation versus high dose

Sepsis is a condition associated with VitC deficiency because of its high con-
sumption due to enhanced reactive oxygen species (ROS) production. Ascorbate 
supplementation is thus necessary, and the best results are thought to be achieved 
through high intravenous doses [60, 61]. The absorption, distribution, metabolism, 
and excretion (ADME) of vitC in humans are distinct from other small molecules.

3.3.1 Pharmacokinetics of vitamin C

3.3.1.1 Oral and intravenous administration

In biological systems, VitC exists in two main chemical forms (Figure 3), the 
reduced and predominant ascorbate anion and the oxidized dehydroascorbate 
(DHA). Due to the DHA reductase activity (Figure 2), virtually every cell can 
recycle DHA. Therefore, total ascorbate is considered the sum of VitC and DHA. 
The membrane transport can be performed by three possible mechanisms: passive 
or facilitated diffusion and active transport, the most relevant of the three [62].

Orally, VitC is absorbed by the saturable mucosal sodium-dependent Vitamin 
C transporter 1 (SVCT1) [60]. Ascorbate oral absorption is limited, achieving a 
plateau after 200-300 mg (Figure 4). SVCT transporters are widely distributed 
throughout organs and are responsible for most VitC passage across membranes, 
even against a concentration gradient [63–65].

Concern Trouble Resolution

Measurement of 
Vit C intake vs. 
status

Focus on VitC intake rather than its status. 
Even large cohort studies used estimates of 
micronutrient intakes from self-reported 
questionnaires or diaries. Lack of precision due 
to recall error, loss of vitamin from storage and 
preparation, diet change over time, and possible 
different polymorphisms.

Retrieving blood samples 
from fasted individuals.

Lack of stability Fasted blood samples can be obtained, but there 
are significant challenges in correlating vitamin C 
status to disease risk. This is due to the lability of 
ascorbate. Ascorbate is quickly oxidized ex vivo, 
and the resulting oxidation products are quickly 
degraded or metabolized

Process samples in a cold 
(4 °C) environment. Avoid 
hemolysis. Choose HPLC 
with electrochemical 
detection.

Study Design Random Controlled Trials may require very long 
intervention periods to accumulate sufficient 
disease endpoints. This perspective is needed 
to observe an accumulated preventive potential 
of a lifelong VitC intake of both placebo and 
intervention groups up to the trial. This issue 
has been completely neglected in the available 
literature.

Perform multicentric 
randomized follow-up 
clinical trials.

Healthy Enrolee 
Effect

A tendency towards recruiting health-conscious, 
self-motivated subjects eating a healthy diet 
already rich in micronutrients, with higher 
exercise frequency and lower disease rate than the 
background population.

Work with more significant 
samples, baseline adjustment 
among groups, previous 
genetic evaluation

Table 2. 
Concerns about clinical trials performed to evaluate ascorbate efficacy on diseases, according to Lykkesfeldt 
[59] (modified by the authors).
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Some SVCT polymorphisms have already been identified, which may be associated 
with a critical pharmacokinetic variation. Some of those SVCT alleles are supposed to 
lead to permanent ascorbate deficiency (plasma concentrations <23 μM) [62].

Humans do not synthesize vitC, so the oral ingestion of food is the primary 
source of vitC. There is enough ascorbate for healthy individuals in the average 
diets that contain food rich in it. However, pathologic conditions associated with 
low ascorbate levels may need supplementation to achieve the minimum plasma 
concentrations [62].

Intravenously, plasma levels of ascorbic acid continuously increase, produc-
ing plasma levels up to 70-fold higher than the maximum oral doses, achieving 
the millimolar concentration [66]. A linear relationship between dose and Cmax 

Figure 3. 
VitC chemical forms in biological systems – Redox cycle. MDHA: Monodehydroascorbate radical. DHA: 
Dehydroascorbate.

Figure 4. 
VitC oral absorption and distribution. ASC: Ascorbate, SVCT1 and 2: sodium-dependent Vitamin C 
transporter 1 and 2, DHA: Dehydroascorbate.
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Study Design Random Controlled Trials may require very long 
intervention periods to accumulate sufficient 
disease endpoints. This perspective is needed 
to observe an accumulated preventive potential 
of a lifelong VitC intake of both placebo and 
intervention groups up to the trial. This issue 
has been completely neglected in the available 
literature.

Perform multicentric 
randomized follow-up 
clinical trials.
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Effect
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self-motivated subjects eating a healthy diet 
already rich in micronutrients, with higher 
exercise frequency and lower disease rate than the 
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Some SVCT polymorphisms have already been identified, which may be associated 
with a critical pharmacokinetic variation. Some of those SVCT alleles are supposed to 
lead to permanent ascorbate deficiency (plasma concentrations <23 μM) [62].

Humans do not synthesize vitC, so the oral ingestion of food is the primary 
source of vitC. There is enough ascorbate for healthy individuals in the average 
diets that contain food rich in it. However, pathologic conditions associated with 
low ascorbate levels may need supplementation to achieve the minimum plasma 
concentrations [62].

Intravenously, plasma levels of ascorbic acid continuously increase, produc-
ing plasma levels up to 70-fold higher than the maximum oral doses, achieving 
the millimolar concentration [66]. A linear relationship between dose and Cmax 

Figure 3. 
VitC chemical forms in biological systems – Redox cycle. MDHA: Monodehydroascorbate radical. DHA: 
Dehydroascorbate.

Figure 4. 
VitC oral absorption and distribution. ASC: Ascorbate, SVCT1 and 2: sodium-dependent Vitamin C 
transporter 1 and 2, DHA: Dehydroascorbate.
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(maximum concentration plasma level) was observed in doses up to about 70 g/m2, 
leading to nearly 50 mM plasma levels. Apparently, the pharmacokinetic of vitC 
changes from zero to first-order after high-dose intravenous administration [62].

3.3.1.2 Distribution

Intracellular levels of ascorbate vary between 0.5 to 10 mM, which is 
much higher than the 50–80 μM usually found in healthy individuals’ plasma. 
Simultaneously, human erythrocytes can turn DHA to VitC and keep an intracel-
lular ascorbate level similar to that of plasma. This recycling ability of the red blood 
cells is essential as an antioxidant reserve [62].

As it happens at the absorption phase, distribution depends on active trans-
port as well. Ascorbate exits the bloodstream and crosses the organ’s cell mem-
branes through SVCT2 carriers (Figure 4). Yet, even in the steady-state achieved 
concentration after regular ascorbate dosage, different tissues present highly 
diverse concentrations. This may happen because of distinct levels of SVCT2 
expression [62].

3.3.1.3 Metabolism

Metabolism of VitC is essentially associated with the redox cycle involved with 
the antioxidant function (Figure 3). As previously cited, ascorbate is an electron 
donor, and it can reduce free radicals (Figure 2) by oxidizing itself to the stable 
radical monodehydroascorbate (MDHA). This radical can react to another equal, 
providing an ascorbate molecule and the DHA metabolite that can be reduced, as 
mentioned before, to ascorbate through DHA reductase activity [62].

3.3.1.4 Excretion

VitC is a highly water-soluble (about 330 g/L) small molecule (about 8 Å large, 
176.1 g/mol), it has a pKa of 4.2, and is almost insoluble in hydrophobic organic sol-
vents [67]. Like other molecules with similar solubility, ascorbate is filtered through 
the glomerulus and is concentrated after water resorption. At this time, local pH 
drops to five, leading to an increase of the non-ionized ascorbic acid fraction. 
However, passive reabsorption does not occur because of the highly hydrophilic 
characteristic of the molecule. In the proximal tubules, the reuptake of ascorbate is 
controlled by the saturable active transporter SVCT1. In individuals with saturated 
plasma levels, supplemental vitC is excreted quantitatively [68].

After high-dose intravenous administration, vitC is rapidly eliminated through 
glomerular filtration. Reuptake is non-significant under this condition, and the 
half-life is constant, about two hours (after discontinuation of infusion), and 
first-order kinetic applies to this case. In about 16 h, physiological levels are back to 
normal [62, 69–71].

3.3.1.5 Pharmacokinetics in critically ill patients

Critically ill patients, such as those in septic shock conditions, have an increased 
ascorbate turnover, needing a dose many folds higher (oral or intravenous) than 
would be expected to saturate a healthy person. Systemic inflammation and 
severe pressure due to oxidative stress increase VitC consumption [61, 72, 73]. 
Mathematically predicted plasmatic ascorbate values are much higher than what is 
achieved in critically ill patients, suggesting that pharmacokinetics in this group of 
patients is changed.
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3.4 Vitamin C in septic conditions

In sepsis conditions, the mitochondrial impairment may be a relevant route to 
cell death and organ collapse. Anomalies in the citric acid cycle and reduction of the 
fatty acid’s beta-oxidation seem to be a characteristic aspect of this mitochondrial 
disorder [74].

While ascorbate is transported across membranes through SVCT’s proteins, 
DHA can be transported by glucose transporters GLUT1, 3, and 4 [75]. DHA is 
transported into the mitochondria by GLUT1 and converted to ascorbate (Figure 5), 
where it works as an antioxidant, avoiding damage to the organelle [76]. Ascorbate 
can also act as a cofactor to the mitochondrial Trimethyllysine dioxygenase (TMLD) 
enzyme, responsible for the first L-carnitine synthesis, needed for the β-oxidation of 
fatty acids [77].

The heart is a vital organ that may be affected by sepsis. Proteolysis, mitochon-
drial injury, and calcium homeostasis dysfunction are expected consequences of 
the oxidative myocyte damage. Experimental models show that supplementa-
tion of the redox scavengers can diminish cardiac disorder [78]. Ascorbate can 
decrease apoptosis and improve mitochondrial integrity in myocytes through 
the blockage of the mitochondrial permeability transition pore opening, limiting 
calcium profusion [79].

VitC can achieve high concentrations in leukocytes, especially lymphocytes and 
macrophages. In other defense cells, VitC acts to improve chemotaxis, stimulating 
interferon expression, and promoting lymphocyte proliferation. In neutrophils, 
ascorbate increases phagocytic capacity and oxidative burst, and decreases NET 
(neutrophil-extracellular-trap) formation [61, 80].

VitC can mediate immune modulation. VitC inhibits nuclear Factor Kappa-B 
(NF-κB) activation. The mechanism that underlies this suppression involves the 
blockade of the TNFα-induced activation of NIK (NFκB-inducing kinase) and 

Figure 5. 
Vitamin C multiple anti-inflammatory mechanisms. DHA: Dehydroascorbate, ASC: Ascorbate, GLUT: 
Glucose Transporter, (H)TML(D): (Hydroxy) Trimethyllysine (Dioxygenase), CPT1: Carnitine 
Palmitoyltransferase 1, LCFA: Long-Chain Fatty Acids; LACS: Long-Chain Acyl-CoA Synthetase, TNFR: 
Tumor Necrosis Factor Receptor, NF-κB: Nuclear Factor Kappa-light-chain-enhancer of activated B cells, 
NIK: NF-κB-Inducing Kinase, NEMO: NF-κB Essential Modulator, IKKα and β: IκBα and β kinases, PI3K: 
Phosphoinositide 3-Kinase, Nrf2: Nuclear Factor Erythroid 2-Related Factor 2, HO-1: Heme Oxygenase 1, 
HMGB1 - High Mobility Group Box 1.
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(maximum concentration plasma level) was observed in doses up to about 70 g/m2, 
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changes from zero to first-order after high-dose intravenous administration [62].
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much higher than the 50–80 μM usually found in healthy individuals’ plasma. 
Simultaneously, human erythrocytes can turn DHA to VitC and keep an intracel-
lular ascorbate level similar to that of plasma. This recycling ability of the red blood 
cells is essential as an antioxidant reserve [62].

As it happens at the absorption phase, distribution depends on active trans-
port as well. Ascorbate exits the bloodstream and crosses the organ’s cell mem-
branes through SVCT2 carriers (Figure 4). Yet, even in the steady-state achieved 
concentration after regular ascorbate dosage, different tissues present highly 
diverse concentrations. This may happen because of distinct levels of SVCT2 
expression [62].

3.3.1.3 Metabolism

Metabolism of VitC is essentially associated with the redox cycle involved with 
the antioxidant function (Figure 3). As previously cited, ascorbate is an electron 
donor, and it can reduce free radicals (Figure 2) by oxidizing itself to the stable 
radical monodehydroascorbate (MDHA). This radical can react to another equal, 
providing an ascorbate molecule and the DHA metabolite that can be reduced, as 
mentioned before, to ascorbate through DHA reductase activity [62].

3.3.1.4 Excretion

VitC is a highly water-soluble (about 330 g/L) small molecule (about 8 Å large, 
176.1 g/mol), it has a pKa of 4.2, and is almost insoluble in hydrophobic organic sol-
vents [67]. Like other molecules with similar solubility, ascorbate is filtered through 
the glomerulus and is concentrated after water resorption. At this time, local pH 
drops to five, leading to an increase of the non-ionized ascorbic acid fraction. 
However, passive reabsorption does not occur because of the highly hydrophilic 
characteristic of the molecule. In the proximal tubules, the reuptake of ascorbate is 
controlled by the saturable active transporter SVCT1. In individuals with saturated 
plasma levels, supplemental vitC is excreted quantitatively [68].

After high-dose intravenous administration, vitC is rapidly eliminated through 
glomerular filtration. Reuptake is non-significant under this condition, and the 
half-life is constant, about two hours (after discontinuation of infusion), and 
first-order kinetic applies to this case. In about 16 h, physiological levels are back to 
normal [62, 69–71].

3.3.1.5 Pharmacokinetics in critically ill patients

Critically ill patients, such as those in septic shock conditions, have an increased 
ascorbate turnover, needing a dose many folds higher (oral or intravenous) than 
would be expected to saturate a healthy person. Systemic inflammation and 
severe pressure due to oxidative stress increase VitC consumption [61, 72, 73]. 
Mathematically predicted plasmatic ascorbate values are much higher than what is 
achieved in critically ill patients, suggesting that pharmacokinetics in this group of 
patients is changed.
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While ascorbate is transported across membranes through SVCT’s proteins, 
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where it works as an antioxidant, avoiding damage to the organelle [76]. Ascorbate 
can also act as a cofactor to the mitochondrial Trimethyllysine dioxygenase (TMLD) 
enzyme, responsible for the first L-carnitine synthesis, needed for the β-oxidation of 
fatty acids [77].
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drial injury, and calcium homeostasis dysfunction are expected consequences of 
the oxidative myocyte damage. Experimental models show that supplementa-
tion of the redox scavengers can diminish cardiac disorder [78]. Ascorbate can 
decrease apoptosis and improve mitochondrial integrity in myocytes through 
the blockage of the mitochondrial permeability transition pore opening, limiting 
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macrophages. In other defense cells, VitC acts to improve chemotaxis, stimulating 
interferon expression, and promoting lymphocyte proliferation. In neutrophils, 
ascorbate increases phagocytic capacity and oxidative burst, and decreases NET 
(neutrophil-extracellular-trap) formation [61, 80].

VitC can mediate immune modulation. VitC inhibits nuclear Factor Kappa-B 
(NF-κB) activation. The mechanism that underlies this suppression involves the 
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IKKβ kinases (Figure 5) [81]. Further modulation is provided by the VitC induced 
decrease in the late pro-inflammatory cytokine HMGB1 (high mobility group box 1) 
secretion and through the lowering of histamine levels [82, 83].

3.4.1 Clinical trials: vitamin C and sepsis or other critically ill conditions

Table 1 shows studies that were performed to evaluate VitC efficacy in many 
pathological conditions. In critically ill patients, several clinical trials have already 
been completed or are still ongoing. Until December 2020, 39 studies involving 
ascorbate and some critically ill conditions were registered at the United States 
National Library of Medicine (NLM) databank clinicaltrials.gov. The list with all 
referred studies and links to the clinicaltrials.gov forms are available at the end of 
this chapter.

To the present date, 25 of the cited trials are already finished, 12 are ongoing, 
and two will begin in 2021. Twelve of these studies tested VitC alone, with no other 
experimental therapeutics except the usually applied in sepsis cases (i.e., antimicro-
bial and fluid therapy, vasopressors, and inotropic agents). Seventeen trials used a 
combination of hydrocortisone, ascorbate, and thiamine (HAT).

Ten studies experimented a combination of VitC with a corticosteroid only (2 
trials) or VitC with VitB1 (5 trials) or VitC in combination with some other thera-
peutic agent (3 trials). Even if there is no consensus about intravenous doses to be 
used in critically ill patients, 23 of the 39 trials employed 6 g/day doses, mostly in a 
6 h-interval regimen (1.5 g each). Five studies used doses below 6 g/day, and nine 
studies used doses above 6 g/day, mostly in a protocol of 200 mg/kg/day in a 6 h 
interval regimen (about 14 g/day to a 70 kg patient).

Sadly, from the 25 already finished trials, only 5 reported their results to clini-
caltrials.gov or published them in a peer-reviewed journal. One of those was a 
pharmacokinetic study [84], so no outcomes were evaluated. The other four studies 
that reported results were called REDOXS [85], ORANGES [86], VITAMINS [87], 
and CITRIS-ALI [88].

REDOXS used ascorbate in 1.5 g/day dose administered enterally associated 
with glutamine and other antioxidants. The study was planned to evaluate gluta-
mine associated with a pool of antioxidants effect on critically ill patients. Results 
reported no difference when compared to placebo for the primary endpoint (28-day 
mortality rate).

ORANGES was a study intended to evaluate the HAT protocol in septic patients. 
They evaluated almost 70 patients (in each group) in a protocol that involved 6 g/day 
ascorbate (1.5 g per dose) for a maximum of 4 days after ICU admission. The study 
concluded that HAT could decrease the duration of shock, but not the 28-day mortal-
ity rate in patients with sepsis, probably due to ascorbate administration (they had an 
arm of the study that received only corticosteroids).

VITAMINS used the same HAT and ascorbate dosage as described above. 
They evaluated about 100 patients (in each group). The difference between the 
ORANGES trial is the control group. While ORANGES intervention in control was 
essentially placebo, the VITAMINS used a corticoid and thiamine (when clinicians 
evaluated its need). VITAMINS results indicate that treatment with intravenous 
ascorbate, hydrocortisone, and thiamine, did not significantly improve the dura-
tion of mortality rate and discontinuation of vasopressor administration over 
seven days.

The CITRIS-ALI trial evaluated the administration of VitC alone in sepsis, 
associated with acute respiratory distress syndrome (ARDS) patients, in a dose of 
200 mg/kg/day (about 14 g/day to a 70 kg patient). The primary outcome evaluated 
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the change in the Sequential Sepsis Related Organ Failure Score (SOFA) and two 
plasma biomarkers (C-reactive protein and thrombomodulin). The study assessed 
groups of about 80 patients. Circa 65% of patients (from both control and treat-
ment groups) received corticosteroids during the study, and the mortality rate 
was significantly lower in the VitC group. However, since this outcome was not a 
primary outcome, the authors did not consider it in this study. Authors concluded 
that patients with sepsis and ARDS did not have an improvement in organ dysfunc-
tion scores, nor did they have altered markers of inflammation and vascular injury 
after a 96-hour infusion of vitamin C compared with placebo.

Outside the clinicaltrial.gov, several studies have investigated the use of IV 
ascorbate in critically ill patients. Cases of trauma, severe burn, and septic shock 
were evaluated, in various dosage schemes, from 7 g until 110 g/day. No severe 
adverse effects related to the vitamin C infusion were reported in any of the stud-
ies. A decrease in the incidence of multiple system organ failure, trends to reduced 
mortality, and ICU stay length was the usual results achieved [89–91].

One of the most commented studies about the effects of the HAT approach, 
and maybe the reference for several of the clinical trials, was published by Dr. 
Marik from Eastern Virginia Medical School in 2017 [92]. This study proposed 
the early HAT protocol using ascorbate IV (1.5 g every 6 h for 4 days or until ICU 
discharge), hydrocortisone (50 mg every 6 h for 7 days or until ICU discharge), 
as well as IV thiamine (200 mg every 12 h for 4 days or until ICU discharge). VitC 
is administered as an infusion over 30 to 60 min and mixed in a 100 mL solution 
of either dextrose 5% in water or normal saline. Dr. Marik’s results showed that 
early use of intravenous VitC, with hydrocortisone and thiamine, would be used 
effectively to prevent progressive organ impairment, including acute kidney dam-
age, and reduce patients’ mortality with severe sepsis and septic shock. However, 
the published work evaluated a small sample, and as the authors say at the end 
of the manuscript, additional studies are required to confirm their preliminary 
findings [92].

High doses of IV ascorbate, thiamine, and glucocorticoids can reduce pro-
inflammatory mediators, ROS, and decrease immunosuppression. Thiamine 
is useful to energy production as a precursor of thiamine pyrophosphate and 
acts as an antioxidant. Thiamine is essential because ascorbate may cause oxa-
late accumulation in the kidneys, and the concomitant use can prevent it since 
thiamine pyrophosphate is a cofactor required for the oxidation of glyoxylate to 
carbon dioxide by the enzyme glyoxylate aminotransferase. Thiamine deficiency 
increases the conversion of glyoxylate to oxalate. At the same time, thiamine 
deficiency is common in septic patients and is associated with an increased risk of 
death [61, 93].

The VitC in critically ill patients is still a dilemma to be solved. There is a 
rationale behind its use that seems to be optimal. HAT therapy’s premise is the use 
of a combination of drugs that aim at multiple sectors of the patient’s response to 
an infectious agent, synergistically restoring the impaired immune system, avoid 
damage due to oxidants, and restore mitochondrial activity. However, to evaluate 
the clinical features and impact of this scheme, most of the studies performed were 
small, doses used between trials were highly different, and the risk of bias was usu-
ally uncertain or high. Secondary outcomes need bigger sample sizes, and so were 
yet harder to evaluate. The studies’ duration was not uniform, so the follow-up and 
comparison analysis were possible only to the longest available time in each trial. 
Finally, the heterogeneity between treatment schemes made comparisons hard. 
Isolated analysis of VitC ignores any synergistic effects that could be seen with HAT 
therapy [94].
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adverse effects related to the vitamin C infusion were reported in any of the stud-
ies. A decrease in the incidence of multiple system organ failure, trends to reduced 
mortality, and ICU stay length was the usual results achieved [89–91].

One of the most commented studies about the effects of the HAT approach, 
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the published work evaluated a small sample, and as the authors say at the end 
of the manuscript, additional studies are required to confirm their preliminary 
findings [92].

High doses of IV ascorbate, thiamine, and glucocorticoids can reduce pro-
inflammatory mediators, ROS, and decrease immunosuppression. Thiamine 
is useful to energy production as a precursor of thiamine pyrophosphate and 
acts as an antioxidant. Thiamine is essential because ascorbate may cause oxa-
late accumulation in the kidneys, and the concomitant use can prevent it since 
thiamine pyrophosphate is a cofactor required for the oxidation of glyoxylate to 
carbon dioxide by the enzyme glyoxylate aminotransferase. Thiamine deficiency 
increases the conversion of glyoxylate to oxalate. At the same time, thiamine 
deficiency is common in septic patients and is associated with an increased risk of 
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rationale behind its use that seems to be optimal. HAT therapy’s premise is the use 
of a combination of drugs that aim at multiple sectors of the patient’s response to 
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damage due to oxidants, and restore mitochondrial activity. However, to evaluate 
the clinical features and impact of this scheme, most of the studies performed were 
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ally uncertain or high. Secondary outcomes need bigger sample sizes, and so were 
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Isolated analysis of VitC ignores any synergistic effects that could be seen with HAT 
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Trial name Internet link to the trial

High-dose Intravenous Vitamin C as an 
Adjunctive Treatment for Sepsis in Rwanda

https://clinicaltrials.gov/ct2/show/NCT04088591

Outcome Following Vitamin C 
Administration in Sepsis

https://clinicaltrials.gov/ct2/show/NCT01590303

VICTAS Vitamin C, Thiamine, and Steroids 
in Sepsis

https://clinicaltrials.gov/ct2/show/study/NCT03509350

Hydrocortisone, Vitamin C, and Thiamine 
for the Treatment of Sepsis and Septic Shock

https://clinicaltrials.gov/ct2/show/NCT03258684

Therapy With Hydrocortisone, Ascorbic 
Acid, Thamine in Patients With Sepsis

https://clinicaltrials.gov/ct2/show/NCT04160676

Vitamin C & Thiamine in Sepsis https://clinicaltrials.gov/ct2/show/NCT03592277

Vitamin C Infusion for Treatment in Sepsis 
and Alcoholic Hepatitis

https://clinicaltrials.gov/ct2/show/NCT03829683

Vitamin C, Vitamin B1 and Steroid in Sepsis https://clinicaltrials.gov/ct2/show/NCT04039815

Effect of Intravenous Vitamin Con SOFA 
Score Among Septic Patients

https://clinicaltrials.gov/ct2/show/NCT04137276

Ascorbic Acid, Corticosteroids, and 
Thiamine in Sepsis (ACTS) Trial

https://clinicaltrials.gov/ct2/show/NCT03389555

Pilot Study on the Use of Hydrocortisone, 
Vitamin c and Thiamine in Patient With 
Sepsis and Septic Shock

https://clinicaltrials.gov/ct2/show/NCT04111822

Vitamin C, Thiamine, Cyanocobalamine, 
Pyridoxine and Hydrocortisone in Sepsis

https://clinicaltrials.gov/ct2/show/NCT04197115

4. Conclusions

Vitamin C is a powerful antioxidant that takes part in many vital biological 
processes. Due to its properties, it has been proposed that VitC could improve 
sepsis and septic shock symptoms. Because of its pharmacokinetics, it is impera-
tive that ascorbic acid is administered IV in high dosage to explore its full potential 
in sepsis. Furthermore, the inclusion of hydrocortisone and thiamine to compose 
the HAT protocol has shown to improve patients outcomes in some clinical trials. 
Nevertheless, there is still much debate on whether the HAT protocol can actually 
exert this improvement. To further investigate this proposal, trials should increase 
sample sizes and come to an agreement on treatment schemes so they can be accu-
rately compared, in addition to sharing the results of the research on Clinical Trials.
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The Effect of Vitamin C, Thiamine and 
Hydrocortisone on Clinical Course and 
Outcome in Patients With Severe Sepsis and 
Septic Shock

https://clinicaltrials.gov/ct2/show/NCT03335124

Effect of Anti-inflammatory and Anti-
microbial Cosupplementations in Traumatic 
ICU Patients at High Risk of Sepsis

https://clinicaltrials.gov/ct2/show/NCT04216459

Ascorbic Acid and Thiamine Effect in Septic 
Shock

https://clinicaltrials.gov/ct2/show/NCT03756220

ASTER (Acetaminophen and Ascorbate 
in Sepsis: Targeted Therapy to Enhance 
Recovery)

https://clinicaltrials.gov/ct2/show/study/NCT04291508

ViCiS (Vitamin C to Reduce Vasopressor 
Dose in Septic Shock)

https://clinicaltrials.gov/ct2/show/NCT03835286

Vitamin C and Septic Shock https://clinicaltrials.gov/ct2/show/NCT03338569

Comparative, Between Triple Therapy 
Regimen to Hydrocortisone Monotherapy in 
Reducing the MR in Septic Shock Patients

https://clinicaltrials.gov/ct2/show/study/NCT04508946

Outcomes of Septic Shock Patients Treated 
With a Metabolic Resuscitation Bundle 
Consisting of Intravenous Hydrocortisone, 
Ascorbic Acid and Thiamine

https://clinicaltrials.gov/ct2/show/NCT03913468

LOVIT (Lessening Organ Dysfunction With 
Vitamin C)
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Vitamin C, Thiamine and Hydrocortisone for 
the Treatment of Septic Shock

https://clinicaltrials.gov/ct2/show/NCT03872011

CORVICTES (Vitamin C, Hydrocortisone 
and Thiamine for Septic Shock)

https://clinicaltrials.gov/ct2/show/NCT03592693

CORVICTES-ΥΜ (Vitamin C, Steroids, and 
Thiamine, and Cerebral Autoregulation and 
Functional Outcome in Septic Shock)

https://clinicaltrials.gov/ct2/show/NCT03649633

Effect of IV Vitamin C, Thiamine, and 
Steroids on Mortality of Septic Shock
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Thiamine, Vitamin C and Hydrocortisone in 
the Treatment of Septic Shock
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Effects of Glucocorticoid Combined 
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Microcirculation in Severe Septic Shock

https://clinicaltrials.gov/ct2/show/NCT03821714

Clinical Trial of Antioxidant Therapy in 
Patients With Septic Shock
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STASIS (Steroids, Thiamine and Ascorbic 
Acid in Septic Shock)

https://clinicaltrials.gov/ct2/show/NCT04134403

HYVITS (Evaluation of Hydrocortisone, 
Vitamin C and Thiamine for the Treatment 
of Septic Shock)

https://clinicaltrials.gov/ct2/show/NCT0338050

AVoCaDO (Administration of Intravenous 
Vitamin C in Novel Coronavirus Infection 
(COVID-19) and Decreased Oxygenation)

https://clinicaltrials.gov/ct2/show/NCT04357782
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Chapter 15

Phytochemical Antioxidants:  
Past, Present and Future
Yasuko Sakihama and Hideo Yamasaki

Abstract

Most diseases that are difficult to prevent and cure are “syndromes” that are 
governed by multiple components with complicated interactions. Whatever the 
cause of such diseases, overproduction of harmful reactive oxygen species (ROS) 
can often be observed in progression of the disease. Under such conditions, the 
cells may be challenged by “oxidative stress” due to excessively generated oxidants. 
Antioxidants can be defined as chemical compounds that scavenge ROS or free 
radicals over-produced in the cells under oxidative stress conditions. The plant pig-
ments flavonoids and betalains, rich in fruits and vegetables, are reactive not only 
with ROS but also with reactive nitrogen species (RNS) and possibly with reactive 
sulfur species (RSS). Here, we provide an overview of updates on the antioxidative 
functions of the plant pigments along with some prospects for future research on 
phytochemical antioxidants.

Keywords: flavonoid, betalain, reactive oxygen species (ROS), reactive nitrogen 
species (RNS), reactive sulfur species (RSS)

1. Introduction

Fruits and vegetables are appreciated as “healthy foods” compared with beef 
or pork meat. Many epidemiological studies as well as clinical investigations 
have suggested that a vegetable-based diet is beneficial in preventing chronic 
diseases including cancer, coronary heart disease, stroke and hypertension [1, 2]. 
Meanwhile, traditional herbal medicines have used specific plant species that con-
tain phytochemicals exhibiting pharmacological activities [3]. Novel compounds 
have been isolated from such plants and they have been chemically synthesized for 
pharmaceutical production [4]. Nobody doubts that edible plants are beneficial in 
human health.

In “western” medicine, a disease can be defined as dysfunction of a physiological 
mechanism. Based on this concept, a drug in general is presumed to act on a specific 
component of a physiological mechanism. In many cases, these are inhibitors of 
enzymes or transporters, showing the “one-to-one” relationship between drug and 
target molecule. While recent drug designs have drastically changed due to a rapid 
development of computer technology [5] as well as gene therapy [6], the hunt for 
novel bioactive compounds contained in plants is still active for new drug discovery.

The “one-to-one” philosophy in medicine and pharmacology works well, if the 
cause of a disease is ascribed to a single component such as a protein or an enzyme. 
However, most diseases that are difficult to prevent and cure are “syndromes” that 
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are governed by multiple components with complicated interactions. Whatever the 
cause of such diseases, overproduction of harmful reactive oxygen species (ROS) 
can often be observed in progression of the disease. Under such conditions, the cells 
may be challenged by “oxidative stress” due to excessively generated oxidants. The 
oxidative stress potentially impairs cellular functions eventually leading to death 
[7, 8]. This is a common biological feature that can be seen in all living organisms 
including bacteria, fungi, plants and animals. Living organisms have evolved to 
cope with the oxidative stress induced by biotic (pathogen attack or biological 
interactions) and abiotic (or environmental) stresses. Thus, under stress condi-
tions, living organisms need to control cellular ROS levels for their survival. In this 
context, antioxidant systems are essential in any living organisms. This is a biologi-
cal rationale for the importance of antioxidants in prevention and cure of diseases 
in humans.

Plant antioxidant research shows a history of twists and turns. Some early 
studies had suggested concepts opposite to the present recognition. Plant antioxi-
dants had sometimes even been considered to be toxic or carcinogenic to animals. 
Contradictory reports in the old literatures may lead non-specialists to a state of 
confusion. Thus, to follow the current state of research advances in phytochemical 
antioxidants, understanding its historical background is of help for non-specialists 
and new researchers. Highlighting the research progress of plant pigments flavo-
noids and betalains, here, we provide an overview of phytochemical antioxidants 
with some prospects for future research.

2. Historical perspective of plant antioxidants

2.1 The vitamin that prevents the disease of age of discovery

A retrospective of the history of research on plant antioxidants needs to go 
back to the age of discovery. When voyagers such as Magellan, Columbus, Vasco da 
Gam and Cook were sailing over the world’s oceans, more than three times as many 
sailors died due to the mysterious disease “scurvy” as soldiers died in the American 
Civil War [9]. For hundreds of years, the cause of the disease had not been clari-
fied and there had been no cure for this disease of sailors [10]. In 1747, James Lind 
working as a naval surgeon at sea on the HMS Salisbury conducted “clinical trials” 
of potential cures for the disorder. In Treatise of the Scurvy published in 1753, he 
reported that there was no effect with the potential remedies vinegar, mustard, 
garlic purges, elixir of vitriol, but citrus fruits (orange and lemon) showed a 
significant cure effect [11]. It is now known that scurvy is caused by a vitamin C 
(L-ascorbate) deficiency due to a lack of fresh fruits and vegetables.

Historically, antioxidant and vitamin studies have developed independently in 
chemistry and health science, respectively. In chemistry, antioxidants were defined 
as chemical compounds that can suppress oxidation reactions. In early studies, 
oxidation was observed as absorption of molecular oxygen in a reaction such as 
polymerization reaction of natural rubber. On the other hand, a vitamin (the name 
“vitamine, vital + amine” was the original proposal and it was later renamed to 
“vitamin”) was defined as an organic nutrient that is essential for human health 
care. The major recognized vitamins are vitamin A, B1, B2, B3, B5, B6, B7, B9, B12, 
C, D, E, and K. The biochemical requirements of these vitamins were revealed after 
their chemical identifications. Among these vitamins, vitamin A, C and E have been 
highlighted again in the late 20th century due to their antioxidant activities that 
potentially reduce the oxygen toxicity.
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2.2 The oxygen toxicity and ROS

Although molecular oxygen (O2) is required for respiration in animals, a high 
concentration or high partial pressure of oxygen often damages the central ner-
vous and pulmonary systems, which leads to disease or death. Oxygen toxicity in 
the central nervous system and that in pulmonary system had been referred to as 
the Paul Bert effect and the Lorrain Smith effect, respectively [12]. Although the 
toxicity of oxygen itself was implied by Joseph Priestley in 1774 (dephlogisticated 
air at that time) [13], the modern style of experimental science has been opened up 
by Bert (1833–1886), the Father of Aviation of Medicine [14, 15]. In his La Pression 
Barometrique (1878), Bert described that a high partial pressure of breathing oxygen 
(hyperoxia) can lead to death of animals, the first experimental demonstration for 
the toxicity of pure oxygen [14]. Since his pioneering discovery had not been appre-
ciated for a long time, unfortunately, eye damage (retinopathy of prematurity) to 
premature infants frequently occurred due to the use of pure oxygen [16].

The biochemical basis of the oxygen toxicity is ascribed to overproduction of 
reactive oxygen species (ROS) in cells. The ROS firstly produced in cells is mostly 
superoxide radical (O2

−), which is the reaction product of the one electron reduction 
of molecular oxygen (O2) [17]. Whereas chemists have known the inorganic reaction 
that produces O2

− from O2, the biological relevance of the reaction had not been con-
sidered in biochemistry. At that time most biochemists were fascinated by the oxida-
tive phosphorylation that is the final step of ATP synthesis in aerobic respiration. For 
mitochondrial ATP synthesis, the presence of O2 is prerequisite to drive the respiratory 
electron transport. Therefore, the toxicity of O2 had been overlooked. The discovery 
of the enzyme superoxide dismutase (SOD) that destroys O2

− is a landmark in the 
research history of oxygen toxicity [18]. The discovery of the antioxidant enzyme SOD 
has drastically changed our recognition: O2 might be toxic for living organisms.

To prevent oxygen toxicity, it has been revealed that antioxidant enzyme systems 
are essential for the survival of all living organisms, including humans. The ROS 
O2

− and H2O2 can be removed by the enzymatic reactions of SOD and peroxidases, 
but other unstable ROS molecules, hydroxyl radicals (•OH) for example, cannot 
be destroyed by those enzymatic reactions. These molecules are scavenged by 
antioxidants. Vitamin A or carotenoid can scavenge singlet oxygen (1O2) that could 
be produced in the eyes or skin under ultraviolet (UV) light [19]. Vitamin E, or 
𝛼𝛼- tocopherol, can react with the ROS radicals produced in lipophilic environments 
such as in lipid membranes. Vitamin C (ascorbate) serves as a universal reduc-
ing power to the antioxidant enzyme systems while the ascorbate molecule itself 
scavenges various types of ROS (except H2O2) by its spontaneous reactions [20]. It is 
important to note that humans need to acquire these essential antioxidant vitamins 
(A, C, E) from dietary foods, largely from fruits and vegetables.

2.3 Vitamin P concept and plant pigments

Historically, there was a short-lived Vitamin P concept. Albert Szent-Györgyi, a 
Nobel prize winner who isolated ascorbate, demonstrated that flavonoid glycosides 
rich in citrus fruits can behave similar to ascorbate in maintaining capillary perme-
ability [21]. Based on his observations, Szent-Györgyi proposed that the plant 
flavonoids, as a group of plant pigments, are also essential nutrients and referred 
to them as vitamin P (permeability) [22]. However, this vitamin P concept did not 
gain broad acceptance due to the chemical diversity of flavonoids. More recently, his 
idea that flavonoids can complement the function of ascorbate has been renewed 
with the development of the antioxidant hypothesis.
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Plant fruits and flowers display beautiful colorations ranging from blue to red. 
These plant colorations are produced with three major pigments i.e., chlorophylls, 
carotenoids and flavonoids. In plants, biological functions of chlorophylls and 
carotenoids have been known as the photosynthetic pigments that absorb light 
energy to drive photosynthesis. In contrast, only the visual attraction for flower 
pollinators such as bees or butterflies had been proposed as a biological function of 
colored flavonoids for a long time [23]. The chemical diversity of flavonoids found 
across plant species had made it difficult to consider common physiological or 
biochemical functions. Conversely, the huge chemical diversity of flavonoids was 
useful for plant taxonomy until amino acid or DNA sequence information available.

In 1990s, red anthocyanin, a flavonoid subgroup, was highlighted to account for 
the paradoxical epidemiological observation termed the “French paradox”. French 
people have a relatively low incidence of coronary heart disease even though they 
consume a diet relatively rich in saturated fats [24]. Researchers were interested 
in anthocyanins and polyphenols contained in red wine that may suppress heart 
disease through their antioxidant activities [24]. Similarly, the longevity of Japanese 
people was explained by their daily consumption of green tea rich in catechin, 
another subgroup of flavonoid [25, 26]. These epidemiological reports have stimu-
lated biochemical screening of natural antioxidants contained in plants.

To date, health science, biochemistry, botany and other different field of studies 
have been integrated into antioxidant research. A timeline for antioxidant research 
of phytochemicals is summarized in Figure 1.

3. Plant pigment flavonoid

3.1 Flavonoids in plants

Flavonoids are representative secondary metabolites of land plants. The pigments 
commonly accumulate in epidermal cells of the organs such as in flowers, leaves, 
stems, roots, seeds and fruits [27, 28]. Flavonoids are found as glycosidic forms 
(glycosides) and non-glycosidic forms (aglycones). Subcellular localization of the 
glycosides is largely confined to hydrophilic regions such as vacuoles and apoplasts. 
The aglycones are localized in lipophilic regions e.g., oil glands and waxy layers.

Figure 1. 
A timeline of antioxidant research of phytochemicals. Flavonoids are major plant pigments that are widely 
appreciated as natural antioxidants. Historically, antioxidant studies, vitamin studies and flavonoid studies 
have independently progressed in health science, biochemistry and botany, respectively. These different lines of 
studies have been integrated into the present plant antioxidant studies.
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The term “flavonoid” originated from its yellow color (the Latin word flavus 
means yellow). Bioactive flavonoids such as flavones and flavonols are sometimes 
referred as to “bioflavonoids”. Figure 2 shows the basic structures of flavonoids. 
The general structure of flavonoids includes a C6-C3-C6 carbon skeleton with 
two phenyl rings (A- and B-rings) and a heterocyclic ring (C-ring). Based on the 
structure of the aglycones, flavonoids can be classified into subgroups: chalcone, 
flavanone, flavone, isoflavone, flavonol, and anthocyanidin (Figure 3). According 
to the IUPAC nomenclature, flavonoids are recommended to be subcategorized into 
flavonoids (bioflavonoids), isoflavonoids and neoflavonoids [29]. Since this classi-
fication has yet not been widely adopted, in this chapter, traditional phytochemical 
names and classifications are used to avoid confusions. Most of these subgroups 
show yellowish coloration while anthocyanins exhibit multiple colorations depend-
ing on the aglycone structure, the presence of metal, pH and conjugation with other 
molecules (Figure 3).

Common glycosylation positions are the 7-hydroxyl in flavones, isoflavones and 
dihydroflavones; the 3- and 7- hydroxyl in flavonols and dihydroflavones; the 3- and 
5-hydroxyl in anthocyanidins [30]. The typical sugars involved in glycoside formation 
are glucose, galactose, rhamnose, xylose and arabinose. In addition to the glycosyl-
ation, methylation, isoprenylation and dimerization occur at those positions [30]. 

Figure 2. 
Chemical structures of flavonoids. Chemical structures of flavonoids include a C6-C3-C6 carbon skeleton with 
two phenyl rings (A- and B-rings) and a heterocyclic ring (C-ring). Left, the basic structures of a flavone, 
isoflavone and flavonol. Right, the basic structures of anthocyanin. The –R on the rings can be replaced by other 
molecules including sugars to make a huge variety of chemical structures of flavonoids.

Figure 3. 
Representative flavonoid subgroups. Based on the aglycone structures, flavonoids can be classified into flavone, 
isoflacone, flavonol, chalcone and anthocyanidin. Representative flavonoids with parenthesis along with 
apparent visual colorations are shown.
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Chemical structures of flavonoids. Chemical structures of flavonoids include a C6-C3-C6 carbon skeleton with 
two phenyl rings (A- and B-rings) and a heterocyclic ring (C-ring). Left, the basic structures of a flavone, 
isoflavone and flavonol. Right, the basic structures of anthocyanin. The –R on the rings can be replaced by other 
molecules including sugars to make a huge variety of chemical structures of flavonoids.

Figure 3. 
Representative flavonoid subgroups. Based on the aglycone structures, flavonoids can be classified into flavone, 
isoflacone, flavonol, chalcone and anthocyanidin. Representative flavonoids with parenthesis along with 
apparent visual colorations are shown.
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These modifications produce a huge structural diversity of flavonoids. More than 
9,000 chemical structures of flavonoids have been reported to date [31].

Enzymes and genes involved in flavonoid biosynthesis have been identified  
[27, 32–35]. Figure 4 shows an outline of biosynthetic pathways of the major sub-
classes of flavonoids. Flavonoids are synthesized from phenylalanine, an aromatic 
amino acid produced in the shikimate pathway. Phenylalanine is sequentially 
metabolized by phenylalanine ammonia-lyase (PAL), cinnamate 4-hydroxylase, and 
4-coumarate CoA ligase to 4-coumaroyl CoA. This 4-coumaroyl CoA and 3 molecules 
of malonyl CoA are condensed by chalcone synthase to form the flavonoid chalcone 
(yellow). Chalcone is isomerized to the flavanone naringenin (colorless) by chalcone 
isomerase. Naringenin is further converted to flavones (pale yellow) and isoflavone 
(pale yellow) catalyzed by flavone synthase and isoflavone synthase, respectively. 
Naringenin is hydroxylated to dihydroflavonol by flavanone 3-hydroxylase and 
further metabolized to flavonol (yellow) by flavonoid synthetase. Dihydroflavonol is 
converted to anthocyanidin (red, red-violet or blue-violet), an aglycone of anthocy-
anin, by dihydroflavonol 4-reductase and anthocyanidin synthase. Anthocyanidin is 
glycosylated by UDP-glycose-dependent glycosyltransferase. Manipulation of those 
genes has been challenged to change of flower or fruits coloration [28].

3.2 Antioxidant activity of flavonoids

Antioxidant activity or antioxidant capacity of flavonoids has been experimen-
tally evaluated with either assays based on hydrogen atom transfer (HAT) reaction 
or assays based on electron transfer [36]. There are several protocols or assays 
that have been proposed. The ORAC (oxygen radical absorbance capacity), TRAP 
(total radical trapping antioxidant parameter) and crocin bleaching assays are 
based on HAT. TEAC (Torolox equivalent antioxidant capacity), ABTS (2,2′-azino-
bis-(3-ethyl-benzthiazoline-6-sulfonic acid)) and DPPH (1,1-diphenyl-2-picryl-
hydrazyl) assays are based on the electron transfer activity. Among these protocols, 
the DPPH assay has been widely used for plant materials because it is an easy and 
accurate method suitable for measuring antioxidant activity of fruits, vegetable 
juices or plant extracts [36]. Inhibition of the lipid peroxidation reaction is also a 
measure to assess the antioxidant activity of plant polyphenols [37].

Figure 4. 
An outline of flavonoid biosynthesis pathways in plants. The synthesis of the flower pigment anthocyanins 
requires multiple steps including the shikimate pathway, phenylpropanoid pathway, via chalone and flavanone. 
The number of required enzymatic steps reflects the evolutional order of the pigments.

311

Phytochemical Antioxidants: Past, Present and Future
DOI: http://dx.doi.org/10.5772/intechopen.95627

In addition to the reactions with model radical substrates, it has been demon-
strated that flavonoids can directly react with a various type of ROS. The flavonol 
quercetin was demonstrated to show quenching activity for the singlet oxygen 
(1O2), a non-radical ROS molecule [38]. The flavonol kaempferol [39] and the 
anthocyanidin cyanidin [40] in vitro were shown to scavenge superoxide radical 
(O2

−). The flavonol quercetin was reported to scavenge hydroxyl radicals (•OH) 
produced by radiolysis of water [41, 42]. The flavonols rutin and quercetin were 
demonstrated to scavenge the hydroperoxide of linoleic acid (LOO•) to inhibit lipid 
peroxidation [43]. It is now evident that flavonoids are natural plant antioxidants 
contained in fruits and vegetables.

In principle, the OH groups on the aromatic rings of flavonoids are responsible 
for the antioxidant or free radical scavenging activity. Most antioxidant flavonoids 
share the catechol structure with two hydroxy groups (-OH) and/or the double 
bond between C2-C3 and carbonyl structure [44, 45]. Antioxidant flavonoids sat-
isfying such criteria bear multiple hydroxy groups in a molecule, thereby the name 
of “polyphenols” being synonymously used for plant antioxidants by the public. It 
should be noted that polyphenol structure can be found not only in flavonoids but 
also in other plant phenolic compounds such as hydroxycinnamic acid [35].

When polyphenols scavenge ROS, either through a direct chemical reaction 
or as an electron donor for an enzymatic reaction, polyphenolic compounds are 
oxidized and phenoxyl radicals are generated [46]. The phenoxyl radicals are 
unstable, forming dimers or polymers as a result of spontaneous reaction. Tannin 
and lignin are the polymerization products of such phenoxyl radical reactions. 
In the presence of reductant such as ascorbate, the phenoxyl radicals produced 
are rapidly regenerated into their parent compounds [46]. The enzyme monode-
hydroascorbate reductase (MDAR) was demonstrated to regenerate flavonoids 
from their phenoxyl radicals, a possible recycling system of antioxidants [47]. In 
plants, it has been proposed that flavonoids complement the ascorbate antioxidant 
system [35].

4. Betalain in red beets and cactus

4.1 Structures and biosynthesis of betalains in plants

Plant coloration can be mostly attributed to spectral property of the colored 
flavonoids, i.e., anthocyanidins. The plant pigment betalains are exceptional. The 
term “betalain” comes from the Latin name of the common beet (Beta vulgaris) 
from which betalains were first extracted. Betalains are a class of tyrosine-derived 
pigments that are distributed in only 13 families of Caryophyllales order such as 
red beet (Amaranthaceae) and cactus (Cactaceae), and in some fungi [48], where 
they replace anthocyanin pigments [32]. To date, anthocyanins and betalains 
have never been detected jointly in plant tissues [48]. The biological meaning of 
the mutually exclusive relationship between betalains and anthocyanidins is still 
unknown [49, 50].

Betalains are immonium derivatives of betalamic acid [4-(2-oxoethylidene)-1,2,3,4-
tetrahydropyridine-2,6-dicarboxylic acid] [48]. Betalains are classified into two groups: 
betacyanin (red-violet) and betaxanthin (yellow) as shown in Figure 5. Betacyanin 
is a conjugate with cyclo-dopa and its glycoside, while betaxanthin is a conjugate with 
amino acid or amine (Figure 5).

In contrast with flavonoids, biosynthetic pathway of betalains in plants has 
not been fully clarified [32, 50, 51]. Hydroxylation of tyrosine by tyrosinase or 
polyphenol oxidase produces L-dopa, which is catalyzed by 4,5-dopa dioxygenase 
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for the antioxidant or free radical scavenging activity. Most antioxidant flavonoids 
share the catechol structure with two hydroxy groups (-OH) and/or the double 
bond between C2-C3 and carbonyl structure [44, 45]. Antioxidant flavonoids sat-
isfying such criteria bear multiple hydroxy groups in a molecule, thereby the name 
of “polyphenols” being synonymously used for plant antioxidants by the public. It 
should be noted that polyphenol structure can be found not only in flavonoids but 
also in other plant phenolic compounds such as hydroxycinnamic acid [35].
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pigments that are distributed in only 13 families of Caryophyllales order such as 
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polyphenol oxidase produces L-dopa, which is catalyzed by 4,5-dopa dioxygenase 
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to form betalamic acid, the basic common skeleton of betalains. Cyclo-dopa, a 
component of betacyanin, had been considered to be formed by spontaneous 
chemical reaction after L-dopa is oxidized to dopaquinone by tyrosinase. Recently, 
the cytochrome P450 CYP76AD1 has been identified as the enzyme which catalyzes 
the conversion of L-dopa to cyclo-dopa, a novel biosynthesis route [52]. CYP76AD1 
is a bifunctional enzyme that catalyzes tyrosine hydroxylation as well as cyclo-dopa 
synthesis. This P450 enzyme appears to play important roles not only in betacyanin 
synthesis but also in betalain synthesis. Furthermore, CYP76AD6 that catalyzes 
only tyrosine hydroxylation has also been reported [53]. No enzyme for condens-
ing the obtained betalamic acid with a cyclo-dopa or an amino acid/amine has been 
found to date; instead, these condensations likely occur by a spontaneous reaction 
to form betacyanin or betaxanthin, respectively. Betacyanin usually accumulates 
as a glycoside, and two routes are estimated for glycosylation: cyclo-dopa being 
condensed with betalamic acid after it is glycosylated and cyclo-dopa and betalamic 
acid being condensed to be betacyanin and then glycosylated. Both are catalyzed by 
glucosyltransferases [54].

4.2 Antioxidant functions of betalains

Similar to flavonoids, betalains exhibit antioxidant or radical scavenging 
activity [55, 56]. In contrast with flavonoids, however, the chemistry of the 
antioxidant mechanism of betalains is less understood. It has been suggested that 
the common skeleton betalamic acid may contribute to their antioxidant activi-
ties [57–59]. Phenolic hydroxy group in cyclo-dopa moiety of betacyanin and the 
amino acid/amine portion of betaxanthin may increase the radical scavenging 
activities of betalamic acids [58]. Betalains can act as an electron donor for the 
enzyme peroxidases to detoxify hydrogen peroxide (H2O2) [60]. In food chem-
istry it has been suggested that the degradation of betalains during storage is 
suppressed in the presence of ascorbate, suggesting that betalain radicals formed 
by the oxidation might be reduced by ascorbate back to the parent molecules, 
similar to flavonoids.

Figure 5. 
Structures and biosynthesis pathways of betalains. Betalains are synthesized from L-tyrosine via L-dopa. The 
intermediate betalamic acid is condensed with cyclo-dopa glycoside or amino acid/amine to betacyanin and 
betaxanthin, respectively.
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5. Reactions of the phytochemicals with RNS and RSS

5.1 RNS and RSS

It is now evident that plant antioxidants remove ROS and free radicals that 
increase under oxidative stress conditions within cells. In addition to ROS, new 
players behaving similar to ROS have recently been identified, namely, reactive 
nitrogen species (RNS) and reactive sulfur species (RSS) [61]. As ROS refers to a 
group of reactive molecular species originating from molecular oxygen (O2), RNS 
and RSS are named for the groups of reactive molecular species derived from nitric 
oxide (NO) and hydrogen sulfide (H2S), respectively. Both NO and H2S are simple 
gaseous molecules that had initially been appreciated within the life sciences only 
for their toxicity [62]. Recent investigations have confirmed that NO and H2S are 
essential biomolecules synthesized in plants and animals. RNS and RSS are involved 
in the regulation of a variety of physiological processes. Along with carbon mon-
oxide (CO), NO and H2S are categorized as “gasotransmitters” [62]. Until recently, 
many enzymes that produce NO and H2S have been identified in plants, animals 
and bacteria.

It is important to note that NO and H2S are involved not only in physiologi-
cal regulations (positive effect) but also in dysfunctions or disorders (negative 
effect). Similar to ROS, unregulated RNS and/or RSS production potentially 
causes dysfunction of metabolism under biotic as well as abiotic stress condi-
tions, leading to sickness or death in humans [17]. Although a limited number of 
studies are available on anti-RNS and anti-RSS functions of phytochemicals, it 
has been reported that flavonoids and betalains could remove RNS and possibly 
RSS too.

NO reacts rapidly with O2
− to produce the RNS peroxynitrite (ONOO−) following 

the reaction:

 − −+ →O NO ONOO2   (1)

ONOO− at physiological pH is unstable and is in rapid equilibrium with its 
conjugate acid, peroxynitrous acid (ONOOH, pKa 6.8) [63]. In early studies, NO 
was considered to act as an antioxidant because NO removes O2

− from a solution 
as the consequence of the spontaneous reaction. However, this is half-side of a 
coin since the reaction product ONOO− attacks proteins and nucleic acids. The 
nitrated amino acid 3-nitrotyrosine (3-NO2-Tyr) is produced when ONOO− reacts 
with tyrosine residues of proteins, which potentially disturbs enzyme activities 
that may lead dysfunction of metabolism, a situation referred as to “nitrosa-
tive stress” [64]. It is now widely accepted that ONOO− is a major cytotoxic 
agent of RNS.

H2S is synthesized in plants and animals by multiple enzyme systems [62]. 
Biogenic H2S production is involved in various physiological mechanisms as a 
signaling molecule [62]. Analogous to ROS and RNS, H2S (or HS−) produces 
many reactive molecular species such as persulfide, polysulfide, polysulfane 
and others [65]. These RSS modify thiol (-SH) groups of the cysteine residue of 
proteins and change enzymatic activities, resulting in both positive regulation 
and negative inhibition. Uncontrolled overproduction of RSS is a potential risk 
to damage the cells. Although there is yet little evidence to confirm that flavo-
noids and betalains scavenge RSS, results of epidemiological studies imply that 
dietary phytoantioxidants also contribute to reduce the cytotoxicity of RSS in 
humans [66].
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5.2 Chemical reactions with RNS and RSS

Plant phenolic compounds, such as anthocyanin [67, 68] and p-hydroxybenzoic 
acid [69], have been reported to scavenge ONOO− [70]. Betalains also react with 
ONOO− [71, 72]. As the consequence of these reactions, the phytochemical antioxi-
dants inhibit the ONOO−-induced L-tyrosine nitration and DNA damage [35, 71]. 
In flavonoids, -OH group at the C3 position of the C-ring has been proposed to be 
involved in the ONOO− scavenging activity [69, 73]. As the result of the reaction 
with ONOO−, the phytochemical antioxidants are nitrated [74]. These in vitro stud-
ies have suggested that flavonoids and betalains potentially protect the cells from 
the nitrosative stress that may induce disorders or mutations [75, 76].

Reactions of the phytochemicals that contribute to reduce the toxicity of RSS 
are largely unknown. The plant phenolic hydroxycinnamic acids are known to be 
sulfated by sulfotransferases highly expressed in the human liver and intestine 
[66]. Flavonoids act as inhibitors of the human sulfotransferases (SULTs) [66]. In 
plants, sulfate esters of flavonoids are rare compounds [77, 78] that are found in 
species occurring coastal and swampy areas as well as arid habitats [78]. Functions 
of sulfated flavonoids in plants and animals are not clear [79]. Sulfated flavonoids, 
such as quercetin 3-sulfate or quercetin persulfate, have been demonstrated with 
animals to show antioxidant activity, anti-inflammatory activity, antitumor activity 
and anticoagulant activity [80–83]. These different lines of studies may imply that 
sulfated phytochemicals might be associated with physiological regulations in stress 
tolerance or disease in plants and animals. Although, at present, it must be a specula-
tion to consider specific reactions of flavonoids and betalains with RSS, it is promis-
ing that the future investigations of S-containing phytochemicals including sulfated 
flavonoids or sulfoflavonoids will open up a new research field in life sciences.

6. Antioxidant phytochemicals in human health

In modern science, a great number of studies have suggested health benefits of 
vegetable-based diets for humans. Many compounds identified from plants have 
been tested to evaluate their biochemical or pharmacological actions in prevention, 
mitigation and cure of diseases. According to the “one-to-one” principle, researchers 
have searched for novel bioactive phytochemicals that interact with specific target 
enzymes or molecules associated with disorders or diseases. The pharmacokinetic 
action of antioxidants, however, does not follow the “one-to-one” principle. The 
actual target is not a specific enzyme or protein but ROS. Since production of ROS is 
exclusively involved in any types of diseases including cancer, antioxidant activity of 
phytochemicals has attracted attention not only from researchers but also from the 
public due to their perceived “cure-all” actions. Nowadays, the antioxidant hypoth-
esis described above has been accepted as the most probable explanation for the 
health benefits of vegetable-based diets.

Recent progress in medical science has clarified that unregulated RNS and RSS 
production are observed in many disorders or diseases, echoing findings from ROS 
research. Although a little is known how plants and animals might regulate RNS and 
RSS in the cells to achieve a fine balance, there is accumulating evidence to support 
the hypothesis that phytochemical antioxidants, such as flavonoids and betalains, 
also reduce the toxicity of RNS and RSS. The occurrence of nitrated flavonoids as 
well as sulfated flavonoids may imply the possible associations of the phytochemi-
cal antioxidants with RNS and/or RSS metabolisms in plants and animals. In this 
context, the term “antioxidant” for phytochemicals may need to be given a new 
name to reflect the latest research findings.
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In 2020, more than million people died due to the coronavirus disease 2019 
(COVID-19) pandemic. There is no promising specific drug or treatment (as of 
December 2020) for the severe hospitalized patients. A “cytokine storm” occurs 
in severe cases of COVID-19 and the anti-inflammatory steroid dexamethasone 
has been applied to lower mortality [84]. COVID-19 and the common “cold” both 
present a syndrome of disease states. It seems unrealistic to rely on a single drug or 
chemical to cure the disease. In prevention of the infection, ascorbate and vegeta-
bles appears to be effective. The antioxidant flavonoids can reduce inorganic nitrite 
(NO2

−) to generate NO in an acidic solution [85]. The vegetable diets and beverages 
such as the beet juice have been reported to prevent hypertension probably because 
of increase in NO bioavailability due to nitrite-dependent NO production [2, 86]. 
It is likely that vegetable-based foods and beverages could prevent or mitigate 
COVID-19 through their phytochemical antioxidant activities along with their 
provision of nitrate/nitrite supplementation [84, 87].

7. Prospects for future research

Oxygen toxicity can be attributed ultimately to the biological evolution of 
oxygenic photosynthesis. In the ancient earth, H2S and NO concentrations are 
considered to have been much higher than the present day due to active volcanism 
[62]. The concentration of these “old” gasses fell down following the evolutional 
development of oxygenic photosynthesis in cyanobacteria [62]. It is presumed that 
most living organisms that were dominant at that time went extinct but some of 
them successfully developed antioxidant systems to cope with new oxic environ-
ments. The survivors from the lethal environments are the ancestors of the present 
animals. Even for plants, a high partial pressure of O2 made by photosynthesis is yet 
a great risk. To protect the photosynthetic apparatus, green plants have developed 
their unique antioxidant systems along with creation of many types of antioxidant 
molecules [88]. The left panel of Figure 6 represents a conceptual illustration for 
ROS, RNS and RSS in biological evolution in the earth history from past to the 

Figure 6. 
The ONS gradient in evolution and habitats. In plants, antioxidants can be found abundantly in leaves 
where oxygenic photosynthesis occurs, with a risk of overproduction of ROS. If oxidative stress is defined as a 
condition of disturbance of the fine-tuned redox balance, knowing the interplays among ROS, RNS and RSS is 
important for understanding cellular homeostasis. Oxygen tension would alter the best balance for each living 
organism in the field where there is the ONS (O2-NO-H2S) gradient from surface to the deep in soils, which 
also reflects the order of their evolutional development (from ancient to the present) [54].
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5.2 Chemical reactions with RNS and RSS

Plant phenolic compounds, such as anthocyanin [67, 68] and p-hydroxybenzoic 
acid [69], have been reported to scavenge ONOO− [70]. Betalains also react with 
ONOO− [71, 72]. As the consequence of these reactions, the phytochemical antioxi-
dants inhibit the ONOO−-induced L-tyrosine nitration and DNA damage [35, 71]. 
In flavonoids, -OH group at the C3 position of the C-ring has been proposed to be 
involved in the ONOO− scavenging activity [69, 73]. As the result of the reaction 
with ONOO−, the phytochemical antioxidants are nitrated [74]. These in vitro stud-
ies have suggested that flavonoids and betalains potentially protect the cells from 
the nitrosative stress that may induce disorders or mutations [75, 76].

Reactions of the phytochemicals that contribute to reduce the toxicity of RSS 
are largely unknown. The plant phenolic hydroxycinnamic acids are known to be 
sulfated by sulfotransferases highly expressed in the human liver and intestine 
[66]. Flavonoids act as inhibitors of the human sulfotransferases (SULTs) [66]. In 
plants, sulfate esters of flavonoids are rare compounds [77, 78] that are found in 
species occurring coastal and swampy areas as well as arid habitats [78]. Functions 
of sulfated flavonoids in plants and animals are not clear [79]. Sulfated flavonoids, 
such as quercetin 3-sulfate or quercetin persulfate, have been demonstrated with 
animals to show antioxidant activity, anti-inflammatory activity, antitumor activity 
and anticoagulant activity [80–83]. These different lines of studies may imply that 
sulfated phytochemicals might be associated with physiological regulations in stress 
tolerance or disease in plants and animals. Although, at present, it must be a specula-
tion to consider specific reactions of flavonoids and betalains with RSS, it is promis-
ing that the future investigations of S-containing phytochemicals including sulfated 
flavonoids or sulfoflavonoids will open up a new research field in life sciences.

6. Antioxidant phytochemicals in human health

In modern science, a great number of studies have suggested health benefits of 
vegetable-based diets for humans. Many compounds identified from plants have 
been tested to evaluate their biochemical or pharmacological actions in prevention, 
mitigation and cure of diseases. According to the “one-to-one” principle, researchers 
have searched for novel bioactive phytochemicals that interact with specific target 
enzymes or molecules associated with disorders or diseases. The pharmacokinetic 
action of antioxidants, however, does not follow the “one-to-one” principle. The 
actual target is not a specific enzyme or protein but ROS. Since production of ROS is 
exclusively involved in any types of diseases including cancer, antioxidant activity of 
phytochemicals has attracted attention not only from researchers but also from the 
public due to their perceived “cure-all” actions. Nowadays, the antioxidant hypoth-
esis described above has been accepted as the most probable explanation for the 
health benefits of vegetable-based diets.

Recent progress in medical science has clarified that unregulated RNS and RSS 
production are observed in many disorders or diseases, echoing findings from ROS 
research. Although a little is known how plants and animals might regulate RNS and 
RSS in the cells to achieve a fine balance, there is accumulating evidence to support 
the hypothesis that phytochemical antioxidants, such as flavonoids and betalains, 
also reduce the toxicity of RNS and RSS. The occurrence of nitrated flavonoids as 
well as sulfated flavonoids may imply the possible associations of the phytochemi-
cal antioxidants with RNS and/or RSS metabolisms in plants and animals. In this 
context, the term “antioxidant” for phytochemicals may need to be given a new 
name to reflect the latest research findings.
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In 2020, more than million people died due to the coronavirus disease 2019 
(COVID-19) pandemic. There is no promising specific drug or treatment (as of 
December 2020) for the severe hospitalized patients. A “cytokine storm” occurs 
in severe cases of COVID-19 and the anti-inflammatory steroid dexamethasone 
has been applied to lower mortality [84]. COVID-19 and the common “cold” both 
present a syndrome of disease states. It seems unrealistic to rely on a single drug or 
chemical to cure the disease. In prevention of the infection, ascorbate and vegeta-
bles appears to be effective. The antioxidant flavonoids can reduce inorganic nitrite 
(NO2

−) to generate NO in an acidic solution [85]. The vegetable diets and beverages 
such as the beet juice have been reported to prevent hypertension probably because 
of increase in NO bioavailability due to nitrite-dependent NO production [2, 86]. 
It is likely that vegetable-based foods and beverages could prevent or mitigate 
COVID-19 through their phytochemical antioxidant activities along with their 
provision of nitrate/nitrite supplementation [84, 87].

7. Prospects for future research

Oxygen toxicity can be attributed ultimately to the biological evolution of 
oxygenic photosynthesis. In the ancient earth, H2S and NO concentrations are 
considered to have been much higher than the present day due to active volcanism 
[62]. The concentration of these “old” gasses fell down following the evolutional 
development of oxygenic photosynthesis in cyanobacteria [62]. It is presumed that 
most living organisms that were dominant at that time went extinct but some of 
them successfully developed antioxidant systems to cope with new oxic environ-
ments. The survivors from the lethal environments are the ancestors of the present 
animals. Even for plants, a high partial pressure of O2 made by photosynthesis is yet 
a great risk. To protect the photosynthetic apparatus, green plants have developed 
their unique antioxidant systems along with creation of many types of antioxidant 
molecules [88]. The left panel of Figure 6 represents a conceptual illustration for 
ROS, RNS and RSS in biological evolution in the earth history from past to the 

Figure 6. 
The ONS gradient in evolution and habitats. In plants, antioxidants can be found abundantly in leaves 
where oxygenic photosynthesis occurs, with a risk of overproduction of ROS. If oxidative stress is defined as a 
condition of disturbance of the fine-tuned redox balance, knowing the interplays among ROS, RNS and RSS is 
important for understanding cellular homeostasis. Oxygen tension would alter the best balance for each living 
organism in the field where there is the ONS (O2-NO-H2S) gradient from surface to the deep in soils, which 
also reflects the order of their evolutional development (from ancient to the present) [54].
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present. The order (ROSRNSRSS) can be found in ecological niches from 
surface to deep such as in soils (Figure 6, right). In the case of plants grown in the 
field, leaves are in oxic environments and roots are in hypoxic environments where 
there exists a gradient of O2, NO and H2S. Taking into account that sulfated plant 
phenolic compounds are found in plants inhabiting harsh environments, we con-
sider it plausible that novel bioactive phytochemicals associated with RNS and RSS 
metabolisms might be found in the roots grown in such hypoxic environments [89].

8. Conclusions

Flavonoids and batalains are natural antioxidants that mitigate oxidative stress 
in plants and animals. In life sciences, oxidative stress can be defined as an imbal-
ance of pro-oxidants and antioxidants in cells. Oxidative stress can be also defined 
as a disruption of redox signaling and control, emphasizing the importance of a 
dynamic but fine-tuned redox balance in cellular homeostasis [90]. According to 
this new definition, the ROS scavenging activity may be just a part of the pleiotropic 
functions of phytochemicals. Flavonoids and betalains could tune a fine redox 
balance through modulating the interplays among ROS, RNS and RSS. We are now 
entering into the next stage of plant “antioxidant” research.

Acknowledgements

We thank Dr. Michael Cohen at the Sonoma State University for his critical read-
ing of the manuscript. This work was partly supported by JSPS KAKENHI Grant 
Number JP19K06339 to H.Y.

Conflict of interest

The authors declare no conflict of interest.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

317

Phytochemical Antioxidants: Past, Present and Future
DOI: http://dx.doi.org/10.5772/intechopen.95627

[1] Van Duyn MAS, Pivonka E. 
Overview of the health benefits of 
fruit and vegetable consumption for 
the dietetics professional. Journal of 
the American Dietetic Association. 
2000; 100 (12): 1511-1521. 10.1016/
s0002-8223(00)00420-x

[2] Sundqvist ML, Larsen FJ, 
Carlstrom M, Bottai M, Pernow J, 
Hellenius ML, et al. A randomized clinical 
trial of the effects of leafy green 
vegetables and inorganic nitrate on 
blood pressure. American Journal of 
Clinical Nutrition. 2020; 111 (4): 749-
756. 10.1093/ajcn/nqaa024

[3] Patwardhan B, Warude D, 
Pushpangadan P, Bhatt N. Ayurveda 
and traditional Chinese medicine: a 
comparative overview. Evidence-Based 
Complementary and Alternative 
Medicine. 2005; 2 (4): 465-473. 10.1093/
ecam/neh140

[4] He M, Yan X, Zhou J, Xie G. 
Traditional Chinese medicine database 
and application on the web. Journal of 
Chemical Information and Computer 
Sciences. 2001; 41 (2): 273-277.

[5] Åqvist J, Medina C, Samuelsson J-E. 
A new method for predicting binding 
affinity in computer-aided drug design. 
Protein Engineering, Design and 
Selection. 1994; 7 (3): 385-391.

[6] Verma IM, Weitzman MD. Gene 
therapy: twenty-first century medicine. 
Annual Review of Biochemistry. 
2005; 74: 711-738. 10.1146/annurev.
biochem.74.050304.091637

[7] Sies H, Berndt C, Jones DP. Oxidative 
stress. Annual Review of Biochemistry. 
2017; 86: 715-748.

[8] Finaud J, Lac G, Filaire E. Oxidative 
stress: Relationship with excerise and 
training. Sports Medicine. 2006; 36 (4): 
327-358.

[9] Lamb J. Scurvy: The disease of 
discovery: Princeton University Press; 
2018.

[10] Magiorkinis E, Beloukas A, 
Diamantis A. Scurvy: past, present and 
future. European Journal of Internal 
Medicine. 2011; 22 (2): 147-152.

[11] Bartholomew M. James Lind’s 
treatise of the scurvy (1753). 
Postgraduate Medical Journal. 2002; 78 
(925): 695-696.

[12] Morgan AP. The pulmonary 
toxicity of oxygen. Anesthesiology: 
The Journal of the American Society of 
Anesthesiologists. 1968; 29 (3): 570-578.

[13] Yamasaki H. Nitric oxide research 
in plant biology: its past and future. 
In: Magalhaes JR, Singh RP, Passos LP, 
editors. Nitric oxide signaling in higher 
plants. Houston: Studium Press; 2004. 
p. 1-23.

[14] Colin J. Paul Bert. NASA technical 
memorandum. 1978; NASA TM 75599.

[15] Johnson ME. The History and 
Development of Aviation Medicine. 
Journal of the National Medical 
Association. 1943; 35 (6): 194.

[16] Saugstad OD. Oxygen and 
retinopathy of prematurity. Journal of 
Perinatology. 2006; 26 (1): S46-S50.

[17] Valko M, Leibfritz D, Moncol J, 
Cronin MT, Mazur M, Telser J. Free 
radicals and antioxidants in normal 
physiological functions and human 
disease. The International Journal of 
Biochemistry & Cell Biology. 2007; 39 
(1): 44-84.

[18] McCord JM, Fridovich I. Superoxide 
dismutase an enzymic function for 
erythrocuprein (hemocuprein). Journal 
of Biological Chemistry. 1969; 244 (22): 
6049-6055.

References



Antioxidants - Benefits, Sources, Mechanisms of Action

316

Author details

Yasuko Sakihama1 and Hideo Yamasaki2*

1 Research Faculty of Agriculture, Hokkaido University, Sapporo, Japan

2 Faculty of Science, University of the Ryukyus, Okinawa, Japan

*Address all correspondence to: yamasaki@sci.u-ryukyu.ac.jp

present. The order (ROSRNSRSS) can be found in ecological niches from 
surface to deep such as in soils (Figure 6, right). In the case of plants grown in the 
field, leaves are in oxic environments and roots are in hypoxic environments where 
there exists a gradient of O2, NO and H2S. Taking into account that sulfated plant 
phenolic compounds are found in plants inhabiting harsh environments, we con-
sider it plausible that novel bioactive phytochemicals associated with RNS and RSS 
metabolisms might be found in the roots grown in such hypoxic environments [89].

8. Conclusions

Flavonoids and batalains are natural antioxidants that mitigate oxidative stress 
in plants and animals. In life sciences, oxidative stress can be defined as an imbal-
ance of pro-oxidants and antioxidants in cells. Oxidative stress can be also defined 
as a disruption of redox signaling and control, emphasizing the importance of a 
dynamic but fine-tuned redox balance in cellular homeostasis [90]. According to 
this new definition, the ROS scavenging activity may be just a part of the pleiotropic 
functions of phytochemicals. Flavonoids and betalains could tune a fine redox 
balance through modulating the interplays among ROS, RNS and RSS. We are now 
entering into the next stage of plant “antioxidant” research.
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Chapter 16

Broad Efficacy of Scavenging Free 
Radicals: Cordyceps sp.
Loknath Deshmukh, Rajendra Singh and Sardul Singh Sandhu

Abstract

Scavenging free radical potency of cordycepin is the major bioactive segment 
extricated from Cordyceps species. In some new years, Cordyceps has gotten grow-
ing thought inferable from its distinctive restorative/pharmacological tests. This 
assessment reviews continuous explores on the counter oxidant impacts and the 
associated analyses of Cordyceps species. The results from our review show that 
Cordyceps of the cordycepin applies protective effects against hostile to oxidant 
injury for certain, afflictions including constant obstructive pneumonic infection 
(COPD), hepatitis, asthma, cerebral paralysis, Parkinson’s illness (PD), coronary 
course sickness (CAD), Alzheimer illness, respiratory failure, malignancy infection, 
maturing, waterfalls, and mind brokenness. Cordyceps coordinates the NF-κB, RIP2/
Caspase-1, Akt/GSK-3β/p70S6K, TGF-β/Smads, and Nrf2/HO-1 hailing pathways 
among others of cordycepin. A couple of assessments focusing in on Cordyceps 
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fore proposing its capacity to treat COVID-19 and other viral defilements. From 
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are thusly entomopathogenic life forms. The name Cordyceps begins from the Latin 
words line and ceps, meaning ‘club’ and ‘head’, independently. From a genuine 
perspective “summer grass, winter worm”, Chinese caterpillar development, is the 
Chinese name given to the complex of hatchlings and parasites [1–3] which this 
helpful mushroom has been found ordinarily at high heights of around 14,000 ft. 
in the Himalayan territories including Nepal, China, Bhutan, Thailand, Tibet, and 
India [4]. The Cordyceps asgenusment consolidates more than 400 species, among 
which Cordyceps species have been used generally for millennia in China as a food, 
tonic, and natural drug for various prosperity related issues, for instance, kidney 
and lung brokenness, weakness, and exhaustion [5, 6]. This development lives in 



Antioxidants - Benefits, Sources, Mechanisms of Action

324

a general sense on the highest point of the hatchling of one explicit genus of moth, 
Hepialus armoricanus, and yet is unexpectedly found creating on other moth spe-
cies [7]. It is generally called ‘Dong Chong Xia Cao’ in Chinese and ‘Tockukaso’ in 
Japanese, implying ‘winter-frightening little animal and summer-plant’ because of 
the creating cycle: the development at first parasitizes the hatchling of specific spe-
cies Hepiaidae, outlining a parasitic complex that includes the leftover pieces of the 
caterpillar and the stroma of the creature [8]. Cordyceps are a stunning cordycepin 
wellspring of bioactive metabolites that show various clinically asserted advan-
tages for human prosperity. Since people have an inclination towards trademark/
home grown medicines, the usage of Cordyceps as a trademark remedial mushroom 
is unpreventable [9]. The bio metabolite cordycepin was first isolates from the 
matured supply of the therapeutic mushroom Cordyceps militaris [10]. Which is 
an entomopathogen creature that grows parasitically on lepidopteron hatchlings 
and bug pupae. The family Cordyceps is prominent in standard Chinese medicine 
and shows a variety of clinical prosperity impacts including hostile to diabetic, 
immunomodulatory, against oxidant, against oxidant, anticancer, cardiovascular 
effects, against fibrotic, and against microbial exercises [11–13]. Cordyceps sp. has 
been represented to have a various extent of pharmacological effects of which, 
its antitumor, against angiogenic, and antagonistic to oxidative properties are for 
the most part examined [14, 15]. Growing considers showing that it applies solid 
malignant growth counteraction specialist exercises in different cell types including 
macrophages, chondrocytes, glial, and lung epithelial cells [16]. Then, at that point, 
against oxidant impacts are furthermore found in liver, and LPS-impelled excep-
tional lung injury, alcohol started Hyperlipidemia, ominously vulnerable asthma, 
doxorubicin-instigated, cardiotoxicity, irritation actuated osteoporosis, and 
cerebral ischemia–reperfusion injury when various animal mice models are used 
[17–19]. With a rising income in cordycepin, the usage of assistant changes to block 
the metabolic speed and augmentation efficiency has been explored [20]. There are 
as of now a gigantic number of studies zeroing in on its enemy of oxidant impacts; 
regardless, an aggregate and productive overview of composing is inadequate. In 
this review, we surveyed the late enemy of oxidant focuses on cordycepin to choose 
its future perspective as an enemy of oxidant drug and to clarify its critical enemy 
of oxidant systems of activity.

2. Oxidative stress and damage to nucleic acid, protein and lipids

Oxidative mischief to nucleic acid (DNA), proteins, and various macromol-
ecules gathers with age and has been conjectured to be a major, yet by all record 
not the sole, sort of endogenous damage inciting developing [6, 21, 22]. Superoxide 
(0₂), hydrogen peroxide (H₂0₂), and hydroxyl progressive (− OH), which are 
mutagens conveyed by radiation, are also results of normal processing [12, 23]. 
Endogenous oxidants similarly hurt proteins and lipids [24] have demonstrated 
that the activity of proteolytic mixtures that hydrolyze oxidized proteins isn’t fit 
thwart an age-related augmentation of oxidized proteins. In two human diseases 
related with inauspicious developing, Werner issue, and progeria, oxidized proteins 
increase at tons higher rate than is common [25]. Lipid peroxidation offers to rise to 
mutagenic lipid epoxides, lipid hydro-peroxides, lipid alkoxyl and peroxyl fanat-
ics, and enals (a,4-unsaturated aldehydes) [26]. Singlet oxygen, a high-energy 
and mutagenic sort of oxygen, are frequently conveyed by the move of energy 
from light, the respiratory burst from neutrophils, or lipid peroxidation [27]. 
Animals have different malignancy avoidance specialist securities, yet since these 
watchmen aren’t incredible, some DNA is oxidized. Oxidatively hurt DNA is fixed 
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by intensifies that remove the wounds, which are then released inside the pee. 
Strategies are made to take a gander several of those separated hurt bases inside the 
pee of model rodents and others [28], basically all of which show up on the grounds 
that the free base from a fix by glycosylases. We check that the quantity of oxidative 
hits to DNA per cell daily is around 100,000 inside the model rodents and around 
10,000 inside the human. DNA-fix synthetics capably dispense with most, yet not 
all, of the wounds outlined [6, 29–31] for instance, the significant change repeat in 
human lymphocytes, of which the responsibility of oxidative DNA bruises is dark, 
is around numerous occasions more vital in elderly people than in youths [32]. 
Mitochondrial DNA (mtDNA) from rat liver has in more than numerous occasions 
the level of oxidative DNA hurt than does nuclear DNA from an indistinguish-
able tissue [16, 33]. This extension could be because of a shortfall of mtDNA fix 
proteins, a shortfall of histones getting mtDNA, and subsequently the closeness of 
mtDNA to oxidants delivered during natural cycle. The cell shields itself against this 
high speed of mischief by a uniform turnover of mitochondria, thusly presumably 
killing those hurt mitochondria that produce extended oxidants. Notwithstanding 
this turnover, oxidative wounds appear to gather with age in mtDNA at a prefer-
able rate over in nuclear DNA [34, 35]. Fluorescent tones, which are accepted to be 
relied upon somewhat to crosslinks among protein and lipid peroxidation things, 
moreover increase with age [36]. The significance of oxidative DNA wounds in 
illness and developing is highlighted by the presence of express fix glycosylases that 
separate these injuries from DNA. Because of 8-oxo-2′- deoxy-guanosine, a physical 
issue molded from oxidative mischief to guanine stores in DNA, loss of a particular 
glycosylase development prompts a reasonable extension inside the unconstrained 
change rate [12, 20, 37, 38], exhibiting the trademark mutagenic ability of this DNA 
sore. Various other oxidative DNA injuries are probably going to be huge too [39].

3. Sources and effects of cordycepin

Cordyceps sp. cordycepin (3′-deoxyadenosine) prominent as purine or pyrimi-
dine nucleobase adenosine, cytidine, and guanosine straightforward that have par-
ticular sort of bioactivities [40]. The cordycepin will be changed over into 5′-mono, 
di, and triphosphates and thusly obstruct the advancement of ribose-phosphate 
pyrophospho kinase and 5-phosphoribosyl-1-pyrophosphate amido-transferase in 
the again purines biosynthesis, just as the nucleic acids, mix causing the counter 
metastatic, antitumor and antimicrobial results [12, 41, 42]. Similarly, cordycepin 
with its enemy of leukemic limit normally get along with adenosine deaminase 
inhibitor and this will cause the inhibitory effect on happen which serves to analogs 
of 2′, 5′-oligoadenylate towards the human immunodeficiency contamination 
illness [43]. Immense degree refined of mycelial through designed can be used as 
another wellspring of cordycepin on account of its limited total in a typical source. 
Tow stage control of deteriorated oxygen or development of NH4+ to the brought 
down medium can help with working on the formation of cordycepin [44]. Despite 
creation using development advancement, cordycepin could be in like manner 
conveyed misleadingly. In any case, the manufactured blend has some hindrance, 
for instance, the trouble of the cycle and the utilization of gigantic volume of 
normal solvents which decrease the allure of this cycle [18, 45]. Exploration that the 
lifestyle created on xylose showed high creation yield of cordycepin on dry biomass. 
Standing out xylose from other carbon sources, a lot of essentially up-coordinated 
characteristics in xylose were progressed in pentose and glucoronate interconver-
sion, and cordycepin biosynthesis [46]. The place of the current examination was 
to choose if cordycepin controls duplication, development, and angiogenesis in a 
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human umbilical vein endothelial (huve) cell line and in a hepatocellular carcinoma 
(hcc) cell line [47–49]. MTT was used to study cell development. Apoptosis was 
poor somewhere near stream cytometry (propidium iodide recoloring). Transwell 
and wound repairing measures were used to research the movement and interrup-
tion of hcc cell line and huve cells. Angiogenesis in huve cells was studied using a 
chamber advancement test. Cordycepin immovably smothered hcc cell line and 
huve cell increase in a dose- and time-dependent way. Cordycepin activated huve 
cell apoptosis in a dose-dependent way (2,000 μg/ml, 50.20 ± 1.55% versus 0 μg/
ml, 2.62 ± 0.19%, P < 0.01) [50–53]. The genome-wide transcriptome assessment 
showed 8747 imparted characteristics in the glucose and sucrose social orders 
created under light-programming and faint conditions. Cordycepin curbed cell 
improvement and set off apoptosis in U87MG cells with wild-type p53, yet not in 
T98G cells with freak type p53 [54, 55] (Figure 1).

4. Fruiting body and secondary metabolites action

The entomopathogenic development Cordyceps species is a consumable 
mushroom with numerous drug/therapeutic properties. Numerous past research 
analyzed the cell reinforcement exercises that of the refined where refined fruiting 
collection of Cordyceps sinensis and Cordyceps militaries class [56, 57]. Methanolic 
concentrate of Cordyceps sp. was tasted when exercises for its antibacterial, cancer 
prevention agent, antifungal, and antiproliferative properties in different human 
cell lines. The methanolic concentrate of Cordyceps showed to thwart lipid per-
oxidation, have reducing force and search free radicals [58]. The assessment was 
coordinated under research facilities produce Cordyceps sp. improvement, with five 
Selenium (Se) different centers (μg g−1) and three sorts of Selenium components 
like selenate. Cordyceps can hold inorganic component from the compound and 
overhaul it to normal Selenium blends in fruiting bodies [59–62]. As per Yamaguchi 
and partners the concentrates investigated, the high temperature water discrete 
(70°C for 5 min) demonstrated the best without oxygen extremist searching 
activity. Moreover, when low-thickness lipoprotein (LTL) was incubated with 
macrophages inside seeing copper dichloride (1 mM), the high temperature water 
eliminate demonstrated a strong inhibitory effect against lipid peroxidation in 

Figure 1. 
Chemical structure of Cordycepin and Adenosine [40].
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medium and resulting assortment of cholesteryl ester in macrophages [63–66]. As 
per the as of late examinations, the fruiting body tests were set up in four particular 
model plans, which were flawless fruiting bodies, cut fruiting bodies, dried powder, 
and dried unpleasant concentrate [67, 68]. The real proportion of the adenosine and 
cordycepin obsessions in fresh fruiting bodies was inspected by world class liquid 
chromatography [69]. These optimal models gave a coefficient of confirmation of 
assumption, standard botch of figure, inclination, and waiting farsighted deviation, 
which were independently 0.95, 16.60 mg kg−1, −8.57 mg kg−1, and 5.04 for adenos-
ine conjecture, and 0.98, 181.56 mg kg−1, −1.05 mg kg−1, and 8.9 for cordycepin 
gauge by Singpoonga and partners [70].

There is uncommon potential for the creation of metabolites from Cordyceps 
species, this is one phase towards finding and depicting with the bounty of nuclear 
essential assortment in this genera. Presented here is the essential chromosome 
level social affair of a genome from the Cordyceps genera. This get-together and 
assessment has revealed that Cordyceps militaris has seven chromosomes containing 
a wealth of value bunches for optional metabolite creation that entomopathogenic 
sort. With this genome, further assessment and depiction of the discretionary 
metabolites conveyed by Cordyceps militaris might benefit from outside input 
through genome based procedures including heterologous explanation of value 
gatherings. Of the 36 quality gatherings recognized using the antiSMASH and 
SMURF computations, three gatherings are found to have a genuine degree of 
equivalence with bunches from various life frames that produce a known molecule 
[58, 62, 71, 72].

5. Anti-oxidant potency

5.1 Antioxidants secure against disease

Different affirmation parts inside the living being have advanced to restrict the 
degrees of open oxidants and the underhandedness they cause to the human body 
[73]. Among the protections are compounds, for example, glutathione peroxidase, 
catalase, and superoxide dismutase. The glutathione S-transferases inactivate 
responsive electrophilic mutagens, including the aldehyde delayed consequences of 
lipid peroxidation. There are also different partner guards, for example, sequestra-
tion of H202-production engineered substances in peroxisomes and chelation of 
any free iron or copper salts in transferrin and ferritin or ceruloplasmin to keep 
away from Fenton science. O2, in any case, can pass on iron from ferritin [65, 74]. 
Oxidized DNA is fixed by a development of glycosylases that are unequivocal for 
express oxidized bases and perhaps by questionable extraction fix compounds. 
Without cell division, these oxidative wounds are discarded from DNA sensibly 
and the change rate is kept to a base [20, 75]. Oxidized proteins are destroyed by 
proteases. Lipid hydroperoxides are crushed by glutathione peroxidase. Basically 
these safeguards show up, clearly, to be inducible, as are most different sorts of 
watchmen i.e., the sums increment because of hurt. There is enormous making 
exhibiting that cells react to low degrees of radiation, and oxidative mutagen, 
by beginning infection aversion expert shields that help to promise them against 
change by gigantic levels of radiation [44, 68, 71]. In spite of the defensive impacts 
of endogenous enzymatic harm evasion expert safeguards, utilization of dietary cell 
fortresses shows up, evidently, to be fundamental. Food sources created all along, 
fundamental wellspring of cell fortresses in the eating schedule, are associated with 
a cut down hazard of degenerative issues [76]. Square and her associates have really 
inspected various numbers amasses in the epidemiological forming that relate, with 
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mushroom with numerous drug/therapeutic properties. Numerous past research 
analyzed the cell reinforcement exercises that of the refined where refined fruiting 
collection of Cordyceps sinensis and Cordyceps militaries class [56, 57]. Methanolic 
concentrate of Cordyceps sp. was tasted when exercises for its antibacterial, cancer 
prevention agent, antifungal, and antiproliferative properties in different human 
cell lines. The methanolic concentrate of Cordyceps showed to thwart lipid per-
oxidation, have reducing force and search free radicals [58]. The assessment was 
coordinated under research facilities produce Cordyceps sp. improvement, with five 
Selenium (Se) different centers (μg g−1) and three sorts of Selenium components 
like selenate. Cordyceps can hold inorganic component from the compound and 
overhaul it to normal Selenium blends in fruiting bodies [59–62]. As per Yamaguchi 
and partners the concentrates investigated, the high temperature water discrete 
(70°C for 5 min) demonstrated the best without oxygen extremist searching 
activity. Moreover, when low-thickness lipoprotein (LTL) was incubated with 
macrophages inside seeing copper dichloride (1 mM), the high temperature water 
eliminate demonstrated a strong inhibitory effect against lipid peroxidation in 

Figure 1. 
Chemical structure of Cordycepin and Adenosine [40].
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medium and resulting assortment of cholesteryl ester in macrophages [63–66]. As 
per the as of late examinations, the fruiting body tests were set up in four particular 
model plans, which were flawless fruiting bodies, cut fruiting bodies, dried powder, 
and dried unpleasant concentrate [67, 68]. The real proportion of the adenosine and 
cordycepin obsessions in fresh fruiting bodies was inspected by world class liquid 
chromatography [69]. These optimal models gave a coefficient of confirmation of 
assumption, standard botch of figure, inclination, and waiting farsighted deviation, 
which were independently 0.95, 16.60 mg kg−1, −8.57 mg kg−1, and 5.04 for adenos-
ine conjecture, and 0.98, 181.56 mg kg−1, −1.05 mg kg−1, and 8.9 for cordycepin 
gauge by Singpoonga and partners [70].

There is uncommon potential for the creation of metabolites from Cordyceps 
species, this is one phase towards finding and depicting with the bounty of nuclear 
essential assortment in this genera. Presented here is the essential chromosome 
level social affair of a genome from the Cordyceps genera. This get-together and 
assessment has revealed that Cordyceps militaris has seven chromosomes containing 
a wealth of value bunches for optional metabolite creation that entomopathogenic 
sort. With this genome, further assessment and depiction of the discretionary 
metabolites conveyed by Cordyceps militaris might benefit from outside input 
through genome based procedures including heterologous explanation of value 
gatherings. Of the 36 quality gatherings recognized using the antiSMASH and 
SMURF computations, three gatherings are found to have a genuine degree of 
equivalence with bunches from various life frames that produce a known molecule 
[58, 62, 71, 72].

5. Anti-oxidant potency

5.1 Antioxidants secure against disease

Different affirmation parts inside the living being have advanced to restrict the 
degrees of open oxidants and the underhandedness they cause to the human body 
[73]. Among the protections are compounds, for example, glutathione peroxidase, 
catalase, and superoxide dismutase. The glutathione S-transferases inactivate 
responsive electrophilic mutagens, including the aldehyde delayed consequences of 
lipid peroxidation. There are also different partner guards, for example, sequestra-
tion of H202-production engineered substances in peroxisomes and chelation of 
any free iron or copper salts in transferrin and ferritin or ceruloplasmin to keep 
away from Fenton science. O2, in any case, can pass on iron from ferritin [65, 74]. 
Oxidized DNA is fixed by a development of glycosylases that are unequivocal for 
express oxidized bases and perhaps by questionable extraction fix compounds. 
Without cell division, these oxidative wounds are discarded from DNA sensibly 
and the change rate is kept to a base [20, 75]. Oxidized proteins are destroyed by 
proteases. Lipid hydroperoxides are crushed by glutathione peroxidase. Basically 
these safeguards show up, clearly, to be inducible, as are most different sorts of 
watchmen i.e., the sums increment because of hurt. There is enormous making 
exhibiting that cells react to low degrees of radiation, and oxidative mutagen, 
by beginning infection aversion expert shields that help to promise them against 
change by gigantic levels of radiation [44, 68, 71]. In spite of the defensive impacts 
of endogenous enzymatic harm evasion expert safeguards, utilization of dietary cell 
fortresses shows up, evidently, to be fundamental. Food sources created all along, 
fundamental wellspring of cell fortresses in the eating schedule, are associated with 
a cut down hazard of degenerative issues [76]. Square and her associates have really 
inspected various numbers amasses in the epidemiological forming that relate, with 
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unimaginable consistency, the deficit of good use of verdant food assortments to 
destructive advancement rate. The quarter of everybody with low dietary affirma-
tion of food assortments created beginning from the soonest stage twofold the 
infection rate for most kinds of hurtful turn of events (lung, larynx, oral melan-
choly, throat, stomach, colon and rectum, bladder, pancreas, cervix, and ovary) 
when stuck out and the quarter from high attestation [14, 40, 77]. Information on 
the genus of perilous improvement known to be associated with compound levels 
are not as reliable and show less affirmation by food sources created beginning 
from the most punctual stage: chest disease the defensive impact was about 30% 
[78]. The expense of after effects of the soil is an immense factor in agitating use. 
Less fortunate individuals spend a more raised level of their remuneration on food, 
eat less consequences of the soil, and have more confined future than all the more 
wealthy individuals [79]. A basic partner of thriving in this century was made 
pesticides, which very diminished the expense of food creation and guaranteed that 
by a wide margin the vast majority of the harvests planted would be eaten by people 
as opposed to bugs [80]. Planned pesticide stores don’t show up in everybody to be a 
huge defense compromising turn of events.

5.2 Birth defects, childhood tumour and oxidation

Oxidative stresses in sperm DNA are extended products number when levels of 
dietary ascorbate are insufficient to keep unique fluid ascorbate at an adequate level 
[81]. A sizable level of the few country people ingests lacking levels of dietary ascor-
bate, particularly single folks, destitute individuals, and smokers [82]. The oxidants 
in tobacco smoke channel the cell fortifications in plasma. Smokers should eat 2–3 
times more ascorbate than non-smokers to achieve a comparable level of ascorbate 
in the blood [83], nonetheless, they only sometimes do. In assessments of sperm 
from smokers and non-smokers [84] the amount of sperm and the degree of motile 
sperm decay basically in smokers, and this reducing was dependent upon the part 
and term of smoking. Paternal smoking, explicitly, appears to in-wrinkle the peril 
of birth distortions and youth threatening development in successors [85, 86]. One 
expects, and discovers, much greater obligation to the germ-line change rate from 
the father than from the mother, with the age of the father being a huge peril factor 
[87, 88]. As such, inadequate eating regimens (and smoking) of fathers appear to 
achieve hurt not only to their own DNA yet moreover to the DNA of their sperm, an 
effect that may resonate down individuals later on and new age [81, 89, 90].

5.3 Cardiovascular system diseases

Coronary vein illness (CAD) is a condition reliant upon various factors or causes 
diligent vascular provocative bruises that lead to the start of cardiovascular frame-
work infections [91]. Atherosclerotic coronary illness related irritation is mediated 
by great for combustible cytokines, provocative hailing pathways, bioactive lipids, 
and bond particles [92]. Extended extension and development of cardio vascular 
smooth muscle cells also intercede in the beginning and development of CAD [93]. 
Cordyceps controls the duplication of aortic smooth muscle cells (RatAOSMCs) 
in the carotid stock course of inflatable hurt Sprague–Dawley rodent model. In 
addition, in collagen type I-incited RatAOSMCs, Cordycepin (3′- deoxyadenosine) 
famously controls the inception of MMP-2 and - 9 and the surge of particles [94]. 
Myocardial ischemia–reperfusion (I/R) injury is a cardiovascular sickness caused 
in view of an outrageous prevention in coronary blood adaptability. It can provoke 
tissue hypoxia, cell decay, organ brokenness, and even apoptosis in outrageous con-
ditions [95]. 3′- deoxyadenosine applies cardio-defensive effects against I/R-started 
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rat heart injury; its arrangement of action can be credited to the obstacle of Bax, 
isolated caspase-3 enunciation, the ascent of Bcl-2 verbalization, and activation 
of the Akt/GSK-3β/p70S6K hailing pathways. Plus, Cordyceps sp. in like manner 
grows the affirmation of the disease anticipation specialist protein HO-1 [93, 96]. 
In a mouse cardiovascular exchange model, Cordyceps 3′- deoxyadenosine got 
together with ECDI-SPs has an immense effect in lessening the production of good 
for combustible cytokines including IL-1β, IL-6, IL-17, and TNF-α, growing the 
release of quieting cytokines IL-10 and TGF-β, and upsetting Th17 and progressing 
Tregs, then, at that point ECDI-SPs monotherapy alone [92]. All things considered, 
Cordyceps could ease up disturbance activated by CAD through impeding the 
extension and development of smooth muscle cells similarly as tweaking diverse 
related cytokines and chemokines and the assertion of record factors. Additionally, 
Cordyceps applies therapeutic ramifications for myocardial ischemia–reperfusion 
(I/R) injury by obstructing cell apoptosis, lessening the making of positive for red 
hot cytokines, and overseeing safe cell limits [97].

5.4 Central nervous system diseases

Parkinson’s affliction is a neurodegenerative disease that shows as an improve-
ment issue, in which degeneration and loss of dopaminergic neurons of the 
substantia nigra are the brand name features. Oxidative pressing factor and neuro-
aggravation accept critical parts in the pathogenic frameworks of Parkinson’s disor-
der [98–100]. In a continuous report, cordycepin is found to direct the motor issues 
in MPTP-treated Parkinsonism rodents and seemed to apply neuroprotective effects 
through easing up bothering and oxidative pressing factor response. Likewise, such 
neuroprotective effects may be connected with the limitation of the TLR/NF-κB 
hailing pathway in MPTP-started Parkinson’s disorder rodents and LPS-incited BV2 
cells [101]. Stroke is perhaps the most notable ailments in cerebrovascular affliction 
and can be clinically isolated into two genuss: ischemic and hemorrhagic. Extreme 
ischemic stroke is responsible for 80%, in light of everything, and the fundamental 
wellspring of failure and end from one side of the planet to the other. Recovery of 
circulation system (reperfusion) and contravention of cell injury (neuroprotection) 
are two potential treatment frameworks got in the organization of strokes [102, 
103]. Extending evidence suggests that a blazing response is related with stroke 
and contributes by and large to mind injury [104]. In a MCAO-started preliminary 
frontal cortex injury model with pathogenesis taking after that of human ischemic 
stroke, cordycepin applies neuroprotective effects by preventing the outpouring of 
MMP-3, lessening glutamate and aspartate levels, working on the development of 
SOD, and reducing MDA levels [105]. The standardized Cordyceps in improved con-
centrate of C. militaris, which contains 8.2% (w/w) cordycepin, on a very basic level 
reduces the attack of ED-1-and MPO-positive searing cells into ischemic wounds, 
diminishes infarct volume, and debilitates cerebral edema and blood–mind limit 
hurts in MCAO rodents [102, 105, 106]. Likewise, cordycepin quite eases up frontal 
cortex edema, neurological lacks, and perihematomal tissue hurt after ICH, joined 
by an immense decline in the statement of HMGB1. Foolishly, cordycepin applies 
a neuroprotective effect in ICH models possibly through the prevention of NLRP3 
inflammasome commencement [107]. Another assessment shows that cordycepin 
can enough get BBB genuineness by recovery of tight crossing point proteins, relief 
of close by exacerbation, and restriction of NOX activity [108].

Different sclerosis is a provocative demyelinating disease of the central tangible 
framework depicted by motor brokenness, neuro-aggravation, glial-cell institu-
tion, loss of foster oligodendrocytes, and axonal injury [109]. The CPZ-prompted 
demyelination model has been by and large used to assessment MS, especially in 
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destructive advancement rate. The quarter of everybody with low dietary affirma-
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[81]. A sizable level of the few country people ingests lacking levels of dietary ascor-
bate, particularly single folks, destitute individuals, and smokers [82]. The oxidants 
in tobacco smoke channel the cell fortifications in plasma. Smokers should eat 2–3 
times more ascorbate than non-smokers to achieve a comparable level of ascorbate 
in the blood [83], nonetheless, they only sometimes do. In assessments of sperm 
from smokers and non-smokers [84] the amount of sperm and the degree of motile 
sperm decay basically in smokers, and this reducing was dependent upon the part 
and term of smoking. Paternal smoking, explicitly, appears to in-wrinkle the peril 
of birth distortions and youth threatening development in successors [85, 86]. One 
expects, and discovers, much greater obligation to the germ-line change rate from 
the father than from the mother, with the age of the father being a huge peril factor 
[87, 88]. As such, inadequate eating regimens (and smoking) of fathers appear to 
achieve hurt not only to their own DNA yet moreover to the DNA of their sperm, an 
effect that may resonate down individuals later on and new age [81, 89, 90].

5.3 Cardiovascular system diseases

Coronary vein illness (CAD) is a condition reliant upon various factors or causes 
diligent vascular provocative bruises that lead to the start of cardiovascular frame-
work infections [91]. Atherosclerotic coronary illness related irritation is mediated 
by great for combustible cytokines, provocative hailing pathways, bioactive lipids, 
and bond particles [92]. Extended extension and development of cardio vascular 
smooth muscle cells also intercede in the beginning and development of CAD [93]. 
Cordyceps controls the duplication of aortic smooth muscle cells (RatAOSMCs) 
in the carotid stock course of inflatable hurt Sprague–Dawley rodent model. In 
addition, in collagen type I-incited RatAOSMCs, Cordycepin (3′- deoxyadenosine) 
famously controls the inception of MMP-2 and - 9 and the surge of particles [94]. 
Myocardial ischemia–reperfusion (I/R) injury is a cardiovascular sickness caused 
in view of an outrageous prevention in coronary blood adaptability. It can provoke 
tissue hypoxia, cell decay, organ brokenness, and even apoptosis in outrageous con-
ditions [95]. 3′- deoxyadenosine applies cardio-defensive effects against I/R-started 
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rat heart injury; its arrangement of action can be credited to the obstacle of Bax, 
isolated caspase-3 enunciation, the ascent of Bcl-2 verbalization, and activation 
of the Akt/GSK-3β/p70S6K hailing pathways. Plus, Cordyceps sp. in like manner 
grows the affirmation of the disease anticipation specialist protein HO-1 [93, 96]. 
In a mouse cardiovascular exchange model, Cordyceps 3′- deoxyadenosine got 
together with ECDI-SPs has an immense effect in lessening the production of good 
for combustible cytokines including IL-1β, IL-6, IL-17, and TNF-α, growing the 
release of quieting cytokines IL-10 and TGF-β, and upsetting Th17 and progressing 
Tregs, then, at that point ECDI-SPs monotherapy alone [92]. All things considered, 
Cordyceps could ease up disturbance activated by CAD through impeding the 
extension and development of smooth muscle cells similarly as tweaking diverse 
related cytokines and chemokines and the assertion of record factors. Additionally, 
Cordyceps applies therapeutic ramifications for myocardial ischemia–reperfusion 
(I/R) injury by obstructing cell apoptosis, lessening the making of positive for red 
hot cytokines, and overseeing safe cell limits [97].

5.4 Central nervous system diseases

Parkinson’s affliction is a neurodegenerative disease that shows as an improve-
ment issue, in which degeneration and loss of dopaminergic neurons of the 
substantia nigra are the brand name features. Oxidative pressing factor and neuro-
aggravation accept critical parts in the pathogenic frameworks of Parkinson’s disor-
der [98–100]. In a continuous report, cordycepin is found to direct the motor issues 
in MPTP-treated Parkinsonism rodents and seemed to apply neuroprotective effects 
through easing up bothering and oxidative pressing factor response. Likewise, such 
neuroprotective effects may be connected with the limitation of the TLR/NF-κB 
hailing pathway in MPTP-started Parkinson’s disorder rodents and LPS-incited BV2 
cells [101]. Stroke is perhaps the most notable ailments in cerebrovascular affliction 
and can be clinically isolated into two genuss: ischemic and hemorrhagic. Extreme 
ischemic stroke is responsible for 80%, in light of everything, and the fundamental 
wellspring of failure and end from one side of the planet to the other. Recovery of 
circulation system (reperfusion) and contravention of cell injury (neuroprotection) 
are two potential treatment frameworks got in the organization of strokes [102, 
103]. Extending evidence suggests that a blazing response is related with stroke 
and contributes by and large to mind injury [104]. In a MCAO-started preliminary 
frontal cortex injury model with pathogenesis taking after that of human ischemic 
stroke, cordycepin applies neuroprotective effects by preventing the outpouring of 
MMP-3, lessening glutamate and aspartate levels, working on the development of 
SOD, and reducing MDA levels [105]. The standardized Cordyceps in improved con-
centrate of C. militaris, which contains 8.2% (w/w) cordycepin, on a very basic level 
reduces the attack of ED-1-and MPO-positive searing cells into ischemic wounds, 
diminishes infarct volume, and debilitates cerebral edema and blood–mind limit 
hurts in MCAO rodents [102, 105, 106]. Likewise, cordycepin quite eases up frontal 
cortex edema, neurological lacks, and perihematomal tissue hurt after ICH, joined 
by an immense decline in the statement of HMGB1. Foolishly, cordycepin applies 
a neuroprotective effect in ICH models possibly through the prevention of NLRP3 
inflammasome commencement [107]. Another assessment shows that cordycepin 
can enough get BBB genuineness by recovery of tight crossing point proteins, relief 
of close by exacerbation, and restriction of NOX activity [108].

Different sclerosis is a provocative demyelinating disease of the central tangible 
framework depicted by motor brokenness, neuro-aggravation, glial-cell institu-
tion, loss of foster oligodendrocytes, and axonal injury [109]. The CPZ-prompted 
demyelination model has been by and large used to assessment MS, especially in 
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investigating de-and re-myelination in the corpus callosum. Cordycepin mitigates 
CPZ-prompted incidental effects in mice by protecting motor brokenness, propelling 
re-myelination, stifling glial-cell incitation, lessening the outpouring of the steady 
of combustible cytokines, IL-1β and IL-6, and growing the levels of the quieting 
cytokine IL-4 [101, 106, 110]. All around, cordycepin is useful in Parkinson’s infection 
and applies its possessions generally by reducing oxidative pressing factor and against 
oxidant bothering through the TLR/NF-κB hailing pathway. Besides, cordycepin 
could further develop stroke by diminishing the infarct volume, reducing cerebral 
edema, controlling the levels of the connected cytokines, and obstructing the com-
mencement of the NLRP3 inflammasome. Additionally, cordycepin applies impacts 
on MS through protecting motor brokenness, propelling re-myelination, stifling glial-
cell incitation, and dealing with the steady of and against oxidant cytokines [111].

5.5 Dietary antioxidants

The effect of dietary affirmation of the malignant growth anticipation specialist’s 
ascorbate, tocopherol, and carotenoids is difficult to disentangle by epidemiological 
assessments from other critical supplements and trimmings in verdant food sources 
[112, 113]. Taking everything into account, a couple of conflicts suggest that the dis-
ease avoidance specialist content of results of the dirt is a critical ally of their protective 
effect. Biochemical data, discussed above, show that oxidative damage is gigantic and 
is likely going to be the major endogenous mischief to DNA, proteins, and lipids [114]. 
Oxidative damage to sperm DNA is extended when dietary ascorbate is inadequate. 
Epidemiological assessments and intervention fundamentals on neutralization of 
harmful development and cardiovascular disease in people taking malignancy coun-
teraction specialist supplements are interesting, notwithstanding, greater examina-
tions ought to be done [115]. Clinical starters using disease anticipation specialists will 
be the essential test for an enormous number of considerations inspected here [116]. 
Studies on oxidative instruments and the investigation of infection transmission on 
malignant growth anticipation specialist protection for individual degenerative ail-
ments are discussed underneath. Little particle dietary disease counteraction special-
ists [112, 117], for instance, supplement C (ascorbate), supplement E (tocopherol), 
and carotenoids have made explicit interest as adversaries of malignancy causing 
specialists and as shields against degenerative sicknesses [118]. Most carotenoids have 
cell support development, particularly against singlet oxygen, and many, including/ 
- carotene, can be utilized to supplement A (retinal) [119]. Earlier papers have called 
attention to different as of late dismissed physiological cell fortifications, including 
urate, bilirubin, carnosine, and ubiquinol [120]. Ubiquinone (CoQ1o), for example, is 
the fundamental little molecule for delivery electrons in mitochondria for the period of 
energy [121]. Its reduced construction, ubiquinol, is an amazing disease counteraction 
specialist in films [122]. Optimal levels of dietary ubiquinone/ubiquinol could be of 
importance in an enormous number of degenerative contaminations.

5.6 Respiratory system diseases

Cordyceps has been seemed to apply against oxidant impacts in exploratory 
models of avionics course provocative contaminations including extremely touchy 
asthma and intense lung injury [123]. Ominously vulnerable asthma is a continu-
ous provocative sickness of the flight course divider that is depicted by means of 
aeronautics course aggravation, flying course divider overhauling, organic liquid 
hypersecretion, and avionics course hyper-responsiveness [12, 124]. It is credited to 
the infiltration of leukocytes including lymphocytes, eosinophils and neutrophils 
into the lungs. Also, the tallness of Th2 cytokines, for instance, IL-4, IL-5, and 
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IL-13, and extended levels of IgE are watched [38, 123, 125]. T accomplice type 
2 (Th2) cells and the cytokines conveyed by them are clinically associated with 
the presentation of a wide range of asthma and are the fundamental drivers of 
extremely touchy asthma. The Th2 cytokine pathway is one of the rule centers in 
developing new prescriptions for asthma [126]. Cordyceps sp. has been all around 
archived by different assessment social affairs and is known to have expected 
therapeutic properties for the treatment of ominously defenseless asthma [127].

Cordycepin concedes the release of allergen-unequivocal IgE, eotaxin, and 
ICAM-1, decreases the BAL fluid Th2 cytokines IL-4, IL-5, and IL-13 levels, and 
tightens ovalbumin-driven cup cell hyperplasia, organic liquid hypersecretion,  
and AHR in a bit subordinate way in the ovalbumin-incited mouse exploratory 
easily affected asthma model [128]. Carelessly, cordycepin has against asthmatic 
properties including the deterrent of Th2-type responses, no doubt through inter-
fering with the MAPKs and NF-κB hailing course pathways. In another assessment, 
cordycepin is appeared to basically subdue an ovalbumin-affected augmentation 
in eosinophil check; it smothers IL-17A and fabricates IL-10 cytokine levels in the 
BALF, and supports [129]. Treg responses and covers Th17 responses in ovalbumin-
honed mice [130]. In an ovalbumin-started rat model of steady asthma, cordycepin 
tightens immunoglobulin IgE, eases up the avionics course divider thickness, and 
reduces eosinophils and neutrophils in the BALF. Noticeably, cordycepin decreases 
the upregulation of IL-5, IL-13, and TNF-α in the BALF, and controls the develop-
ment of A2AAR mRNA and the decay of TGF-β1 explanation. Besides, Cordyceps 
when co-controlled with glucocorticoids shows synergistically huge feasibility 
in quelling avionics course remodeling [123, 131]. From these results it might be 
derived that cordycepin applies medicinal effects in negatively powerless asthma 
by upsetting eotaxin verbalization, conveying cytokines, and dealing with the 
Th1/Th2 balance. The ideal for combustible cytokines TNF-α, IL–1β, IL-6, IL-8, 
and IL-18 are among the most reassuring biomarkers for predicting bleakness and 
mortality [132]. LPS-impelled ALI models resemble certain features of human ALI; 
Cordyceps is found to exceptionally decrease neutrophil gathering and MPO activ-
ity in lung tissues, decay the production of provocative cytokines including TNF-α, 
IL-6, and IL-1β, and debilitate lung disturbance in this model apparently by the 
sanctioning of Nrf2 and upregulation of HO-1 verbalization [133]. The inhibi-
tory effect of cordycepin on TNF-α and IL-6 emanation is debilitated by before 
association of SnPP, an amazing HO-1 inhibitor, including that cordycepin gives 
protection against ALI through inception of HO-1. Extraordinarily, cordycepin 
treatment constructs the combination of IL-10, which insistently oversees distur-
bance [126, 130, 132]. These examinations suggest that cordycepin can ease up ALI 
by lessening the social affair of neutrophils and the production of strong of red 
hot cytokines. SARS-CoV-2, the causative microorganism of Coronavirus Disease 
2019 (COVID-19), has caused a pandemic of respiratory infirmity all throughout 
the planet. The quick famous replication is fundamentally associated with gigantic 
provocative cell entrance and raised strong of combustible cytokine/chemokine 
responses. Raised levels of the cytokines GCSF, IP10, MCP1, MIP1A, and TNF-α, 
are perceived in the plasma of patients who test positive for COVID-19, show-
ing the cytokine storm that is connected with contamination earnestness [134]. 
Adenosine is an amazing regulator of disturbance, which intervenes its effects on 
cells by interfacing with four particular receptor subtypes, explicitly, A1, A2A, 
A2B, and A3 [135]. In particular, the impelling of adenosine receptors A2A and A3 
could cause quieting impacts, which are intervened by the covering of steady of 
combustible cytokines [136]. These revelations showed the capacity of cordycepin 
in the treatment of COVID-19, hence, it was invaluable to moreover research its 
enemy of oxidant component activity.
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and applies its possessions generally by reducing oxidative pressing factor and against 
oxidant bothering through the TLR/NF-κB hailing pathway. Besides, cordycepin 
could further develop stroke by diminishing the infarct volume, reducing cerebral 
edema, controlling the levels of the connected cytokines, and obstructing the com-
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[112, 113]. Taking everything into account, a couple of conflicts suggest that the dis-
ease avoidance specialist content of results of the dirt is a critical ally of their protective 
effect. Biochemical data, discussed above, show that oxidative damage is gigantic and 
is likely going to be the major endogenous mischief to DNA, proteins, and lipids [114]. 
Oxidative damage to sperm DNA is extended when dietary ascorbate is inadequate. 
Epidemiological assessments and intervention fundamentals on neutralization of 
harmful development and cardiovascular disease in people taking malignancy coun-
teraction specialist supplements are interesting, notwithstanding, greater examina-
tions ought to be done [115]. Clinical starters using disease anticipation specialists will 
be the essential test for an enormous number of considerations inspected here [116]. 
Studies on oxidative instruments and the investigation of infection transmission on 
malignant growth anticipation specialist protection for individual degenerative ail-
ments are discussed underneath. Little particle dietary disease counteraction special-
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IL-13, and extended levels of IgE are watched [38, 123, 125]. T accomplice type 
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5.7 Cataracts and antioxidants

Cararacts departure is the most generally perceived action in the overall around 
(65.5 million consistently) with expenses of more than 98.45 billion dollars [137, 138], 
has actually investigated the imperative confirmation that Cataract have an oxidative 
etiology and that dietary cell fortifications can prevent their game plan in individuals 
[139]. Five epidemiological examinations that have investigated the effect of dietary 
cell fortifications on Cataract show strong insurance effects of ascorbate, tocopherol, 
and carotenoids [140, 141]. Those individuals taking regular upgrades of ascorbate or 
tocopherol had around 33% the risk of making Cataract. Smoking, a genuine oxida-
tive pressing factor, is a huge peril factor for Cataract, and radiation, an oxidative 
mutagen, is striking to cause Cataract [142]. Eye proteins show an extended level of 
methionine sulfoxide with age, and proteins in human Cataract have >60% of their 
methionine stores oxidized [143]. Pregnant mice depleted of glutathione, the essen-
tial sulfhydryl disease avoidance specialist in cells, produce any kind of future family 
with Cataract [144]. The most reassuring hindrance framework against Cataract 
radiates an impression of being to extend dietary malignancy anticipation specialists 
(cell reinforcement specialists) and to lessen smoking [145].

5.8 Brain dysfunction and antioxidants

Biochemical assessments recommend that oxidation may be huge in different 
brain pathologies [146]. A few epidemiological assessments are dependable with 
a guarded effect of verdant food varieties or cell fortifications [147] in different 
neurological pathologies, including mind ischemia, Parkinson disease, and familial 
amyotrophic level sclerosis (Lou Gehrig’s disorder), a degenerative issue of motor 
neurons [148, 149]. Ischemic scenes free iron, a critical stimulus in reactions form-
ing oxygen progressives; iron chelators diminish neuron incident after this injury 
[150]. In individuals encountering Parkinson’s ailment, oxidative DNA hurt is raised 
inside mind districts rich in dopaminergic neurons (E. Overvik, J. Sanchez-Ramos, 
and B.N.A., unpublished work) [151]. The most convincing confirmation so far 
for an association between neurological issues and oxygen progressive improve-
ment is the strong alliance found between familial amyotrophic sidelong sclerosis 
and changes in the Cu/Zn superoxide dismutase quality, suggesting that oxygen 
progressives might be obligated for the specific degeneration of motor neurons 
occurring in this deadly sickness [152–155]. The cautious piece of superoxide 
dismutase against frontal cortex injury due to ischemia is maintained by the finding 
that its overproduction is guarded in a transgenic mouse model [156]. Considering 
the similar cautious effects against ischemia-activated brain injury by limitation 
of NO turn of events, and the continuous evidence involving these two radical 
species in cytotoxicity of neuronal cells [157, 158], without a doubt peroxynitrite, a 
historic oxidant molded from the mix of Oj and NO (1%), expects a huge capacity 
in neuronal injury following ischemia and reperfusion [159].

6. Lack of side effects

Cordyceps containing bioactive compounds with lower health risk. A month after 
oral association of Cordyceps (5 mg/kg), the hematology, blood science, and hypo-
chondriac changes of the rodents show no basic changes are comparable to those of 
the conventional rodents. Furthermore, the Ames test exhibits that Cordyceps is a 
non-mutagenic compound [160, 161]. Another report in mice shows that Cordyceps 
shows slight destructiveness when controlled at oral doses of 20 mg/kg for 21 days 
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[162]. Cordyceps is found to apply unsafe effects when controlled at a part of 8 mg/
kg for 3 days. Signs of toxicity, for instance, wasting and detachment of the guts are 
not seen when Cordyceps is overseen at a bit of 2 mg/kg or lower [163]. What’s more, 
following 3 days of intravenous imbuements association of Cordyceps (20 mg/kg) in 
beagle canines, Cordyceps shows no prescription related toxic substance levels, dis-
playing the security profile of Cordyceps [164]. Cordyceps is noxious just to hurtful 
threat cells and doesn’t show cytotoxicity toward strong cells, subsequently showing 
it’s anything but a foe of infection expert [165, 166]. In any case, a previous report 
communicates that Cordyceps shows toxicity toward sound erythrocytes and maybe 
starts feebleness in patients with harm when used in chemotherapy [167]. Despite 
these promising prosperity profiles, comprehensive preclinical toxicological assess-
ments on Cordyceps ought to be coordinated and further checked for their effects.

7. Pharmacodynamics

Being a Cordyceps species simple, physiologic and biochemical impacts of medica-
tions (specifically, drug tranquilizes), the metabolic and pharmacodynamics profiles 
of Cordyceps cordycepin resemble those of adenosine. In vivo breaks down recom-
mend that Cordyceps can be utilized to 30-deoxyinosine coming about in light of 
the fast deamination by Adenosine deaminase, or may go through phosphorylation 
by adenosine kinase to be changed over into 30-deoxyadenosine mono-, di-, and 
triphosphate [168]. It has been suggested ahead of time that 30-deoxyinosine is an 
inactive metabolite, while 30-deoxyadenosine triphosphate is the powerful moiety 
at risk for the accommodating effects of Cordyceps [169]. A continuous report shows 
that 30-deoxyinosine can be changed over to the unique moiety, 30-deoxyadenosine 
triphosphate, in mammalian cells [170]. In addition, the pharmacokinetics and 
bioavailability examinations of Cordyceps show that it is held and released rapidly 
in rodents. Cordyceps has a short removal half-life (t1/2) of 1.6 min at a bit of 10 mg/
kg when overseen intravenously. In the meantime, the region under the curve, most 
noteworthy obsession, and the opportunity of Cordyceps have been made plans to 
be 38.5 ± 10.3 min μg/ml, 3.1 ± 0.9 μg/l and 2.1 ± 1.2 L/min/kg, independently [171]. 
In a biopharmaceutical assessment study, Cordyceps is seemed to have low protein 
official, high plasma breathing space, low vulnerability, and high hepatic first-pass 
sway in vitro, which can explain the shortfall of its oral bioavailability [172].

8. Conclusion and future perspectives

As a working fragment of customary Chinese drug, Cordyceps species has been 
seen to have expansive enemy of oxidant and safe managerial effects of cordycepin. 
The sensitive rule of provocative safe response is another course for the improve-
ment of imaginative meds for the treatment of resistant framework ailments. 
Cordyceps species has shown its probable accommodating motivating force in vari-
ous red hot contamination models, for instance, asthma, Parkinson’s, rheumatoid 
joint torment, atherosclerosis, pneumonia, hepatitis, and atopic dermatitis. Many 
hailing pathways including MAPKs, TGF-β/Smads, and NF-κB, Nrf2/HO-1, and 
Akt/GSK-3β/p70S6K check out the disturbance cycle in various afflictions/infec-
tions [173]. As of late investigations, RNA-seq demonstrated 1088 differentially 
imparted characteristics among CMsA and CMsB social events. Furthermore, 
oxidative phosphorylation-related Gene reasoning terms were up-overseen in 
CMsB social affairs. Additionally, the eventual outcomes of fundamental examina-
tion (FTIR range, monosaccharide sythesis, periodate oxidation) and bioactivity 
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appraisal guessed that C. militaris polysaccharides had higher β-(1 → 6)- glucan 
substance and malignancy counteraction specialist practices in CMsB social occa-
sions [174]. Similarly, the water remove (CW) contained the on a very basic level 
most significant substance of cordycepin, phenolics, and flavonoids, which were at 
risk for cell support activity. CW was the most grounded disease avoidance special-
ist. CW had for all intents and purposes indistinguishable 2,2′-diphenyl-1-picryl-
hydrazyl progressive looking through activity and lipid peroxidation restriction to 
l-ascorbic corrosive (96.9 ± 3.1%) and alpha-tocopherol (87.2 ± 1.0%). worked on 
the adequacy of CW, had no cytotoxicity sway and no skin irritation, conveyed the 
most CW (0.9 ± 0.0% w/w after 24 h), and passed on the most raised CW into the 
skin layer (33.5 ± 0.7% w/w) by Marsup and colleagus [175].

As indicated by zhu and associates examined the cell support activity related 
with the polysaccharides from Cordyceps cicadae (CP). To moreover research which 
of the division of CP had the best strength, in here, the in vitro cell support and in 
vivo against developing activities of the parts CP30–CP80 of CP were evaluated. 
The in vitro malignancy avoidance specialist development results revealed that 
every one of the divisions (for instance CP30–CP80) were incredible with CP70 
as the most grounded. Conspicuously, CP70 postponed the future of Drosophila 
(P < 0.05), extended the activities of catalase (CAT) and glutathione peroxidase 
(GSH-Px) (P < 0.01), and subdued the plan of malondialdehyde (MDA) (P < 0.01). 
Also, CP70 upregulated the enunciation level of cell support related characteristics 
CAT, SOD1 and MTH in Drosophila (P < 0.05). These results showed that CP70 
may draw out the future of Drosophila through the up-rule of the verbalization 
level of cell support related characteristics CAT, SOD1 and MTH in Drosophila. 
Thusly, polysaccharides from Cordyceps cicadae have gigantic malignant growth 
anticipation specialist and threatening to developing activities, and could be exam-
ined as another dietary upgrade to ruin the developing cycle [176].

In this assessment, the NBW-liquid maturing system was first settled to evaluate 
the effects of NBW on mycelia of Cordyceps militaris. The most raised mycelium 
center (3.90 mg/mL) and crude polysaccharides extraction yield (12.76%) were 
obtained in 25%-NBW (v/v) gathering. The malignancy counteraction specialist 
activities of mycelia were on a very basic level progressed after supplementa-
tion with NBW. The polysaccharides from 25%-NBW, 75%-NBW, and half NBW 
bundles showed the most grounded DPPH progressive, ABTS radical scrounging 
works out, and diminishing power, independently, achieving the most raised 
progressive looking through rate (practically 100% at 1.2 mg/mL), the least IC50 
regard (1.09 mg/mL) and the most raised OD regard (2.13 at 2.0 mg/mL) [177].

In any case, there are still some data openings and limitations in energy research. 
First thing, most assessments revolve around the cell level; accordingly, more in vivo 
assessments in various animal models that appear as though human fanatical condi-
tions and clinical applications are expected to support the sufficiency of Cordyceps 
in treating diverse blazing diseases and clarifying its nuclear parts. Second, a couple 
of examinations show that Cordyceps has staggering enemy of oxidant and safe 
authoritative contacts with less outcomes. Regardless, broad preclinical toxicologi-
cal screens and clinical security research on Cordyceps are at this point inadequate. 
Accordingly, construct more productive assessments to survey the effects of its 
estimations on pharmacological activity and choose destructiveness so it will in 
general be used safely. Likewise, pharmacodynamics and active analyzes show that 
Cordyceps has a short half-life and vulnerable oral bioavailability generally in view of 
the quick deamination by adenosine deaminase (ADA), which confines its applica-
tions in affliction countering and treatment. Along these lines, the impediment of 
cordycepin to ADA addresses a basic issue which ought to be tended to in future 
assessment. Lately, this issue has been tended to through the mix of cordycepin and 
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ADA inhibitors to design ADA-safe cordycepin subordinates using nanotechnology 
or scaled down atom movement systems to fight ADA-resistance. These systems may 
be important for growing the oral bioavailability of cordycepin. Essential change is 
a promising system for procuring cordycepin auxiliaries with a respectable accom-
modating effect and high bioavailability. Appropriately, the insightful arrangement 
of new Cordyceps auxiliaries is of unfathomable vitality for the headway of new meds 
later on. With everything taken into account, more assessments are relied upon to 
progress cordycepin bioavailability and accomplish an amicability between its toxi-
cological security and remedial practicality. This review intends to plot the medicinal 
potential and possible frameworks of Cordyceps in various provocative ailments and 
to give the reason to its use in the incredible treatment of searing issues (Figure 2).
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Figure 2. 
Showing research output: Cordyceps militaris have broad spectrum free radical scavenging activity with their 
improved strains (P#01, P#02, F02).
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ADA inhibitors to design ADA-safe cordycepin subordinates using nanotechnology 
or scaled down atom movement systems to fight ADA-resistance. These systems may 
be important for growing the oral bioavailability of cordycepin. Essential change is 
a promising system for procuring cordycepin auxiliaries with a respectable accom-
modating effect and high bioavailability. Appropriately, the insightful arrangement 
of new Cordyceps auxiliaries is of unfathomable vitality for the headway of new meds 
later on. With everything taken into account, more assessments are relied upon to 
progress cordycepin bioavailability and accomplish an amicability between its toxi-
cological security and remedial practicality. This review intends to plot the medicinal 
potential and possible frameworks of Cordyceps in various provocative ailments and 
to give the reason to its use in the incredible treatment of searing issues (Figure 2).
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Chapter 17

One Health and the Positive 
Effects of Alaskan Blueberries
Vincent F. Lembo and Cheryl A. Frye

Abstract

One Health is a principle that takes into account the interactions of humans, 
animals, the surrounding environment, and how they affect each other. In order to 
examine this concept in an experimental paradigm, the effects and benefits of wild 
Alaskan blueberries were compared to those from the continental United States 
(Lower-48 states) in human and animal studies. Blueberries have been hailed as a 
superfood for years now due to their high antioxidant levels and the positive effects 
they have on cardiovascular health and overall health and well-being. We hypoth-
esize that although they are both beneficial, wild Alaskan blueberries have a greater 
positive effect on health and well-being than those from the lower 48. First, teachers 
and staff at the Anne Wien Elementary School in Fairbanks Alaska were provided 
with Alaskan and Lower-48 blueberries and asked to log the effects each coded 
sample had on their mental and physical health compared to a 5-day control period 
without blueberries. There was a significant stepwise positive effect of respondents 
reporting higher self-ratings of well-being overall. Alaskan blueberries significantly 
improved self-ratings of well-being compared to those from Lower-48 blueberries, 
albeit those blueberries did improve well-being compared to no blueberries. This 
experiment was replicated at a control site contemporaneously. The following year it 
was also replicated by participating teachers and staff at William S. Hackett Middle 
School in Albany, New York, as well as a control site. Further, lab rats, whose diets 
were supplemented with with Alaskan blueberries, performed better in exploratory 
and cognitive tests than did rats whose diets were supplemented with Lower-48 
blueberries (who, similar to the previous trials, performed better than rats whose 
diets had not been supplemented at all). These findings suggest that blueberries 
have an overall positive effect on self-rated wellness in people and cognitive perfor-
mance in lab rats and that Alaskan blueberries have a particularly greater and more 
beneficial effect. Whether this is due to greater antioxidant effects associated with 
higher altitude or fewer endocrine-disrupting contaminants in Alaska compared to 
the Lower-48 States is unknown and subject to ongoing investigation.

Keywords: antioxidants, cholesterol, triglycerides, low density liposaccharides,  
high blood pressure, hypercholesterolemia, cognitive decline, neurosteroids

1. Introduction

Consumption of fruits and vegetables is often correlated with brain and heart 
health and cancer prevention. One way that fruits and vegetables have beneficial 
effects on health is through their antioxidant actions. Not all fruits and vegetables 
are the same in terms of their antioxidant actions. When scientists tested 143 
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effects on health is through their antioxidant actions. Not all fruits and vegetables 
are the same in terms of their antioxidant actions. When scientists tested 143 
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different plants for their antioxidant power: blueberries scored 4669 > cherries were 
3747 and prune juice came in at 2036; avocado was at 1922; grapefruit had a power 
score of 1640, spinach was 1513 and raw broccoli was 1510 and pineapple was a low 
385. These results on an ORAC scale compare items among food groups that show 
relative antioxidant activity. ORAC is a measure of water-soluble antioxidant levels 
and does not distinguish among those antioxidants that have benefits to humans and 
those that do not. It is simply an overall estimate of antioxidant activity in a particu-
lar experiment. Due to the limited utility of this index, the USDA’s Nutrient Data 
Laboratory (NDL) removed the ORAC database from the NDL website [1].

Wild berries contain an impressive array of bioactive phytochemical com-
pounds, which collectively present a range of biological activities targeting key 
mechanisms involved in healthy tissue development and aging [2, 3]. The human 
health-relevant bioactive properties of wild berries can be primarily attributed 
to their considerable diversity of polyphenolic constituents, typically exhibiting 
antioxidant, anti-inflammatory, and antimicrobial capabilities [4, 5]. The Nurses’ 
Health Study evaluated 16,000 participants regarding cognitive decline and con-
sumption of berries over a 20-year period. Greater intakes of flavonoids particularly 
from strawberries and blueberries were associated with slower cognitive decline in 
older adults [6]. This again supports the beneficial effects of blueberries.

Wild blueberries (Vaccinium angustifolium) are rich sources of polyphenols (e.g. 
flavonols, phenolic acids, anthocyanins) and decrease the risk of cardiovascular and 
degenerative diseases [7]. Memory function and mood in older adults with memory 
decline was improved by regular consumption of wild blueberries [8].

Various wild berry species endemic to Alaska and the circumpolar North that 
exhibit unique medicinal properties have long been appreciated by indigenous 
Arctic communities. Berry picking is a cherished tradition among all Alaskans that 
provides important physical and recreational activities for young and old alike. It 
has been an integral part of subsistence activities for thousands of years. Alaska is 
rich in wild edible berries that provide essential nutrients, especially vitamin C, and 
antioxidants for northern climates.

Interspecific differences, as well as environmental factors, such as geographic 
location and climatic variation, substantially influence the accumulation of 
berry phytochemicals and thus likely alter their profile of health-related bioac-
tivities [9–11].

These experiments were designed to test the hypotheses that (1) wild blueberries 
would have beneficial short-term effects effect on healthy individuals (2) blueber-
ries from Alaska would be more effective than those from the lower 48 (3) these 
effects would be seen across groups and species.

2. Methods

The protocol for Experiment 1 was approved by the Principal of Anne Wien 
Elementary School. All participants were volunteers and signed an informed consent 
indicating that they would comply with the guidelines of the experiment. At any time, 
volunteers could drop out as non-participants and their data would not be included.

2.1  Comparing effects of wild Alaskan blueberries to those from the lower 48 
for effects on stress, mood, and affective function in people in Fairbanks, 
Alaska

The Native Alaskan blueberries used in this experiment were hand-picked by the 
authors, and their associates, the summer before the experiment began, and frozen 
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at −20 degrees Fahrenheit. These were low bush blueberries of large size, which are 
known to have high antioxidant value. The store-bought blueberries were purchased 
fresh from the local grocery store (Fred Meyers, Fairbanks, Alaska) around the 
same time. Half cup portions were prepackaged and labeled (A or B) and then 
placed in a refrigerator in the faculty lounge in the experimental locations.

2.1.1 Procedures for examining effects of blueberries

Experiment 1: In the first experiment, teachers and staff members at Anne 
Wien Elementary School (https://www.k12northstar.org/annewien) were provided 
with two samples of blueberries: hand-picked Alaskan blueberries, labeled A, and 
store-bought blueberries, labeled B, and surveys (see Figure 1) for them to answer 
after consuming the blueberries for 5 days or no blueberries control. This experi-
ment was three weeks long. Participants consumed ½ a cup of one type of blueber-
ries every day for one work week, repeated that process the next week with the 
other type of blueberries, and completed another survey after a third control week 
where no blueberries were consumed. Participants were allowed to use any sample 
any given week, so long as they only used that sample (or no sample) for the full 
work week and completed the other two sample weeks in the remaining time.

Custom surveys were created to enable participants to fully document the effects, 
positive, negative, or lack thereof, of the blueberries on their mental and physical 
health and well-being. Datasheets were turned in to the research supervisor at each site 
each week. There were 7 participants from Anne Wien Elementary (Fairbanks, AK) 
and 6 from an alternate site in Fairbanks (https://www.uafarc.com/overview), as well 
as 7 more from Hackett Middle School (Albany, NY) and 5 more from an alternate site 
in Albany later on for replication in the lower 48 States. (Experiment 2).

The protocol for Experiment 2 was approved by the principal of Hackett Middle 
School, all participants were volunteers and signed an informed consent indicating that 
they would comply with the guidelines of the experiment. At any time, volunteers could 
drop out as non-participants and their data would not be included.

Experiment 2: Comparing Effects of Wild Alaskan Blueberries to those from the 
Lower 48 for effects on Stress, Mood, and Affective Function in People in Albany, 
New York.

Experiment 2 was identical in procedure to experiment 1, the difference was 
the population that was tested. Experiment 2 took place at Hackett Middle School 
(https://www.albanyschools.org/schools/hackett/index) in Albany, New York about 
a year after experiment 1.

Experiment 3: Comparing Effects of Wild Alaskan Blueberries to those from the 
Lower 48 for effects on Stress, Mood, and Affective Function in Long-Evans Rats.

The University of Alaska Fairbanks Institutional Animal Care and Use 
Committee approved the animal care and experimental procedures (IACUC assur-
ance number 497513).

2.2 Rats

2.2.1 Husbandry

Long-Evans rats were housed in polypropylene cages with wood shavings in a 
temperature (22 ± 1°C) and humidity (60–80%) controlled room of the Biological 
Research and Diagnostics (BiRD) Facility vivarium on a reversed 12:12 h dark-light 
cycle. Pups were weaned at 19–21 days of age and housed with same-sex littermates 
until the end of all experiments. Food (Purina Mills, Rat Diet, St. Louis, MO) and 
water were available ad libitum. Rats were also provided ½ cup blueberries from 
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385. These results on an ORAC scale compare items among food groups that show 
relative antioxidant activity. ORAC is a measure of water-soluble antioxidant levels 
and does not distinguish among those antioxidants that have benefits to humans and 
those that do not. It is simply an overall estimate of antioxidant activity in a particu-
lar experiment. Due to the limited utility of this index, the USDA’s Nutrient Data 
Laboratory (NDL) removed the ORAC database from the NDL website [1].

Wild berries contain an impressive array of bioactive phytochemical com-
pounds, which collectively present a range of biological activities targeting key 
mechanisms involved in healthy tissue development and aging [2, 3]. The human 
health-relevant bioactive properties of wild berries can be primarily attributed 
to their considerable diversity of polyphenolic constituents, typically exhibiting 
antioxidant, anti-inflammatory, and antimicrobial capabilities [4, 5]. The Nurses’ 
Health Study evaluated 16,000 participants regarding cognitive decline and con-
sumption of berries over a 20-year period. Greater intakes of flavonoids particularly 
from strawberries and blueberries were associated with slower cognitive decline in 
older adults [6]. This again supports the beneficial effects of blueberries.

Wild blueberries (Vaccinium angustifolium) are rich sources of polyphenols (e.g. 
flavonols, phenolic acids, anthocyanins) and decrease the risk of cardiovascular and 
degenerative diseases [7]. Memory function and mood in older adults with memory 
decline was improved by regular consumption of wild blueberries [8].

Various wild berry species endemic to Alaska and the circumpolar North that 
exhibit unique medicinal properties have long been appreciated by indigenous 
Arctic communities. Berry picking is a cherished tradition among all Alaskans that 
provides important physical and recreational activities for young and old alike. It 
has been an integral part of subsistence activities for thousands of years. Alaska is 
rich in wild edible berries that provide essential nutrients, especially vitamin C, and 
antioxidants for northern climates.

Interspecific differences, as well as environmental factors, such as geographic 
location and climatic variation, substantially influence the accumulation of 
berry phytochemicals and thus likely alter their profile of health-related bioac-
tivities [9–11].

These experiments were designed to test the hypotheses that (1) wild blueberries 
would have beneficial short-term effects effect on healthy individuals (2) blueber-
ries from Alaska would be more effective than those from the lower 48 (3) these 
effects would be seen across groups and species.

2. Methods

The protocol for Experiment 1 was approved by the Principal of Anne Wien 
Elementary School. All participants were volunteers and signed an informed consent 
indicating that they would comply with the guidelines of the experiment. At any time, 
volunteers could drop out as non-participants and their data would not be included.

2.1  Comparing effects of wild Alaskan blueberries to those from the lower 48 
for effects on stress, mood, and affective function in people in Fairbanks, 
Alaska

The Native Alaskan blueberries used in this experiment were hand-picked by the 
authors, and their associates, the summer before the experiment began, and frozen 
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at −20 degrees Fahrenheit. These were low bush blueberries of large size, which are 
known to have high antioxidant value. The store-bought blueberries were purchased 
fresh from the local grocery store (Fred Meyers, Fairbanks, Alaska) around the 
same time. Half cup portions were prepackaged and labeled (A or B) and then 
placed in a refrigerator in the faculty lounge in the experimental locations.

2.1.1 Procedures for examining effects of blueberries

Experiment 1: In the first experiment, teachers and staff members at Anne 
Wien Elementary School (https://www.k12northstar.org/annewien) were provided 
with two samples of blueberries: hand-picked Alaskan blueberries, labeled A, and 
store-bought blueberries, labeled B, and surveys (see Figure 1) for them to answer 
after consuming the blueberries for 5 days or no blueberries control. This experi-
ment was three weeks long. Participants consumed ½ a cup of one type of blueber-
ries every day for one work week, repeated that process the next week with the 
other type of blueberries, and completed another survey after a third control week 
where no blueberries were consumed. Participants were allowed to use any sample 
any given week, so long as they only used that sample (or no sample) for the full 
work week and completed the other two sample weeks in the remaining time.

Custom surveys were created to enable participants to fully document the effects, 
positive, negative, or lack thereof, of the blueberries on their mental and physical 
health and well-being. Datasheets were turned in to the research supervisor at each site 
each week. There were 7 participants from Anne Wien Elementary (Fairbanks, AK) 
and 6 from an alternate site in Fairbanks (https://www.uafarc.com/overview), as well 
as 7 more from Hackett Middle School (Albany, NY) and 5 more from an alternate site 
in Albany later on for replication in the lower 48 States. (Experiment 2).

The protocol for Experiment 2 was approved by the principal of Hackett Middle 
School, all participants were volunteers and signed an informed consent indicating that 
they would comply with the guidelines of the experiment. At any time, volunteers could 
drop out as non-participants and their data would not be included.

Experiment 2: Comparing Effects of Wild Alaskan Blueberries to those from the 
Lower 48 for effects on Stress, Mood, and Affective Function in People in Albany, 
New York.

Experiment 2 was identical in procedure to experiment 1, the difference was 
the population that was tested. Experiment 2 took place at Hackett Middle School 
(https://www.albanyschools.org/schools/hackett/index) in Albany, New York about 
a year after experiment 1.

Experiment 3: Comparing Effects of Wild Alaskan Blueberries to those from the 
Lower 48 for effects on Stress, Mood, and Affective Function in Long-Evans Rats.

The University of Alaska Fairbanks Institutional Animal Care and Use 
Committee approved the animal care and experimental procedures (IACUC assur-
ance number 497513).

2.2 Rats

2.2.1 Husbandry

Long-Evans rats were housed in polypropylene cages with wood shavings in a 
temperature (22 ± 1°C) and humidity (60–80%) controlled room of the Biological 
Research and Diagnostics (BiRD) Facility vivarium on a reversed 12:12 h dark-light 
cycle. Pups were weaned at 19–21 days of age and housed with same-sex littermates 
until the end of all experiments. Food (Purina Mills, Rat Diet, St. Louis, MO) and 
water were available ad libitum. Rats were also provided ½ cup blueberries from 
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Alaska or the lower 48 or none (as a control) each day for 4–5 days leading up to 
their anticipated 5th day of proestrus when they were tested.

2.2.2 Estrous cycle

Female rats in proestrus were used for the study. The proestrus stage was 
determined daily by both visual and vaginal cytology methods. Vaginal cytology 
was performed on those females that showed visual signs of proestrus. The females 
for which proestrus was confirmed through cytology were subjected to behavioral 
testing the same day. This procedure was conducted daily until the desired sample 

Figure 1. 
This figure depicts the survey used by the participants of each trial to record the effects (or lack of effects) that 
each sample of blueberries, as well as no blueberries, has had on them. This survey was completed at the end of 
each trial week by each participant and is completely anonymous. Several measures were provided for the user 
to describe and show how they felt after each trial week including a list of pronouns that the participant could 
choose best reflects them that week and survey questions that would help identify if blueberries were having a 
positive or negative effect on the participant. Demographic information was also collected for each participant.

355

One Health and the Positive Effects of Alaskan Blueberries
DOI: http://dx.doi.org/10.5772/intechopen.94738

sizes were achieved for a specific test. When the females cycled to their next proes-
trus, which was typically on the 4th or the 5th day, they were subjected to the next 
behavioral test in the schedule and this cycle was continued until all behavioral tests 
were completed. Typically, the no blueberry control week was the interval washout 
period between tests 1 and 3, which were randomized to blueberry condition.

2.2.3 Experimental design

All female rats were at least 60 days old at the start of the experiment. All 
behavioral tests were done in the dark phase of the light–dark cycle. For females, 
behavioral tests were conducted every 4–5 days depending on their cycle stage. All 
females underwent behavioral tests once every 5–10 days: open field (on day 5 or 
10) and novel object recognition (on day 15 or 20). A minimum gap of 5 days for 
females between the two behavioral tests minimized the behaviors interfering with 
each other. An observer blind to the conditions of experimental animals and the 
hypothesized outcome of the study collected all data.

2.2.4 Open field

Behavior in the open field is used as a measure of exploration, anxiety, and 
locomotor behavior [12, 13]. The open field (76 cm x 57 cm x 35 cm) has a 48-square 
grid floor (6 x 8 squares, 9.5 cm/side): there is an overhead light illuminating the 
central squares (all but the 24 perimeter squares were considered central). Behavior 
was recorded by the ANYMaze video-tracking program (Stoelting Co., IL, USA). 
The apparatus was cleaned before and after each test. Per previous methods, rats 
were placed in the open field and the path of their exploration was recorded for five 
minutes. The number of squares entered by rats in the center or periphery of the 
grid was calculated and these data were added together to yield the total number 
of squares entered. Prior reports indicate that total square entries in this task are 
robustly modulated by the hormonal status of female rats and by steroid-sensitive 
manipulations [14–16]. Because the current study utilized a sample of female 
rats that were all matched on the phase of estrous cycle, motor differences were 
expected to be minimized. Thus, central square entries were utilized as an index of 
anti-anxiety, and total square entries as an index of thigmotaxis, and motor behav-
ior. Additionally, engaging in this task provides habituation for object recognition, 
which occurs in the same box on the following days.

2.2.5 Object recognition

The object recognition task is a working memory task that primarily relies on 
cortical functioning and, to a lesser extent, hippocampal functioning [17–19]. This 
task was used as modified from previously published methods [20–22]. During 
training, rats are placed in a white open field (76 cm x 57 cm x 35 cm) in a brightly-lit 
testing room. Rats are allowed 3 min to explore the open field, which contains two 
identical objects in adjacent corners. These objects were colored spherical shapes 
(plastic toys in the shape of oranges). The time spent investigating the two identical 
objects (plastic toys) within a 5 cm distance in the open field arena was recorded for 
3 min with the ANYMaze video tracking program (Stoelting.co, Chicago, IL). Rats 
were then taken out of the arena and returned to their holding cages for 4 hrs. After 
4 hrs., one of the objects was replaced with a novel object of different shape and 
size, and animals were then reintroduced into the arena and allowed to explore the 
objects for 3 min. Time spent exploring the familiar and novel objects were recorded. 
The preference of one object over another was assessed through the Recognition 
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sizes were achieved for a specific test. When the females cycled to their next proes-
trus, which was typically on the 4th or the 5th day, they were subjected to the next 
behavioral test in the schedule and this cycle was continued until all behavioral tests 
were completed. Typically, the no blueberry control week was the interval washout 
period between tests 1 and 3, which were randomized to blueberry condition.

2.2.3 Experimental design

All female rats were at least 60 days old at the start of the experiment. All 
behavioral tests were done in the dark phase of the light–dark cycle. For females, 
behavioral tests were conducted every 4–5 days depending on their cycle stage. All 
females underwent behavioral tests once every 5–10 days: open field (on day 5 or 
10) and novel object recognition (on day 15 or 20). A minimum gap of 5 days for 
females between the two behavioral tests minimized the behaviors interfering with 
each other. An observer blind to the conditions of experimental animals and the 
hypothesized outcome of the study collected all data.

2.2.4 Open field

Behavior in the open field is used as a measure of exploration, anxiety, and 
locomotor behavior [12, 13]. The open field (76 cm x 57 cm x 35 cm) has a 48-square 
grid floor (6 x 8 squares, 9.5 cm/side): there is an overhead light illuminating the 
central squares (all but the 24 perimeter squares were considered central). Behavior 
was recorded by the ANYMaze video-tracking program (Stoelting Co., IL, USA). 
The apparatus was cleaned before and after each test. Per previous methods, rats 
were placed in the open field and the path of their exploration was recorded for five 
minutes. The number of squares entered by rats in the center or periphery of the 
grid was calculated and these data were added together to yield the total number 
of squares entered. Prior reports indicate that total square entries in this task are 
robustly modulated by the hormonal status of female rats and by steroid-sensitive 
manipulations [14–16]. Because the current study utilized a sample of female 
rats that were all matched on the phase of estrous cycle, motor differences were 
expected to be minimized. Thus, central square entries were utilized as an index of 
anti-anxiety, and total square entries as an index of thigmotaxis, and motor behav-
ior. Additionally, engaging in this task provides habituation for object recognition, 
which occurs in the same box on the following days.

2.2.5 Object recognition

The object recognition task is a working memory task that primarily relies on 
cortical functioning and, to a lesser extent, hippocampal functioning [17–19]. This 
task was used as modified from previously published methods [20–22]. During 
training, rats are placed in a white open field (76 cm x 57 cm x 35 cm) in a brightly-lit 
testing room. Rats are allowed 3 min to explore the open field, which contains two 
identical objects in adjacent corners. These objects were colored spherical shapes 
(plastic toys in the shape of oranges). The time spent investigating the two identical 
objects (plastic toys) within a 5 cm distance in the open field arena was recorded for 
3 min with the ANYMaze video tracking program (Stoelting.co, Chicago, IL). Rats 
were then taken out of the arena and returned to their holding cages for 4 hrs. After 
4 hrs., one of the objects was replaced with a novel object of different shape and 
size, and animals were then reintroduced into the arena and allowed to explore the 
objects for 3 min. Time spent exploring the familiar and novel objects were recorded. 
The preference of one object over another was assessed through the Recognition 
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Percentage, which is the time spent on the novel object relative to the time spent on 
both novel and familiar objects: [RI = TN/(TN + TF) x 100] where TN is time spent 
on the novel object and TF is time spent on the familiar object). A greater percent-
age of time spent exploring the novel object as a function of the total amount of 
time spent exploring both objects during testing (duration spent with novel object/
(duration spent with novel object + duration spent with familiar object) Å x 100) is 
considered an index of enhanced cognitive performance in these tasks.

2.2.6  Statistical analyses: one-way repeated measure analyses of variance  
was utilized to examine the effects of the condition (Blueberries) on  
self ratings

Post hoc analyses to determine group differences consisted of repeated t-tests 
with Bonferroni-corrections. Results are only reported for effects where the overall 
ANOVAs were significant, at the alpha level of 0.05, which was the case for each 
experiment. Overall effects and specific group differences are described below and 
in the tables and figures and their legends.

3. Results

Experiment 1a: Self-reports of health and wellness of middle-aged elementary 
school teachers in Fairbanks, Alaska were significantly greater following 5 days of 
consumption of Alaskan blueberries compared to blueberries from the Lower-48, 
which still had a beneficial effect compared to no blueberry consumption.

Self-reports of beneficial effects on stress, anxiety, and cognition are reported 
among women participants in Fairbanks, Alaska (demographics in Table 1 left side, 
far) after 5 days of consumption of Alaskan blueberries > Lower-48 blueberries > 
no blueberries. Repeated measures analysis of variance revealed that there was an 
overall interaction between the type of blueberries and effects on self-ratings. Post 
hoc analyses revealed consumption of Alaskan berries resulted in higher ratings 
overall than did berries from the Lower-48 or no consumption of berries. This 
effect was seen for ratings of calmness, feelings of being well-balanced, and ability 
to maintain control and stay on top of things. Notably, self-reports of cognitive 
benefits of blueberries from Alaska, as well as the Lower-48, were not different but 
were significantly higher than the consumption of no berries among the partici-
pants at Anne Wien Elementary School. See Figure 2.

Experiment 1b: Demographics are described in Table 1 (left center). Self-
reports of health and wellness of young adult lab workers in Fairbanks, Alaska 
were significantly greater following 5 days of consumption of Alaskan blueberries 
compared to blueberries from the Lower-48, which still had a beneficial effect 
compared to no blueberry consumption.

To confirm and extend these findings, the experiment was replicated at an 
alternative site in Fairbanks (see Table 1, left middle, for demographics). There 
were even greater statistically significant interactions between types of blueberries 
and effects on self-reports at this alternative site than at Anne Wien Elementary 
School. Ratings for weeks following consumption of Alaskan blueberries > Lower-
48 blueberries >no blueberries for self-reports of feelings of calmness, being 
well-balanced, in control, on top of things, cognitive benefits. Thus, women in 
Alaska who consumed blueberries for 5 days experienced beneficial effects as per 
their self-ratings. The magnitude of these effects was greater at the alternative site. 
See Figure 3.
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Experiment 2a: Self-reports of health and wellness of middle-aged middle 
school teachers in Albany, New York were significantly greater following 5 days of 
consumption of Alaskan blueberries compared to blueberries from the Lower-48, 
which still had a beneficial effect compared to no blueberry consumption.

Self-reports of beneficial effects on stress, anxiety, and cognition are reported 
among women participants in Albany, New York after 5 days of consumption of 
Alaskan blueberries > Lower-48 blueberries > no blueberries. One-way, repeated 
analysis of variance revealed that there were overall interactions between the type 
of blueberries and effects on self-ratings. Some of the same patterns were observed 
among the participants at Hackett Middle School (Albany, NY) that were previ-
ously seen at Anne Wien Elementary (Fairbanks, AK). In particular, self-reports 
of feeling well-balanced, as well as in control and on top of things were higher in 
participants when they consumed Alaskan blueberries for a week compared to when 
they consumed Lower-48 blueberries or no blueberries. Demographics are reported 
in Table 1 center-right. See Figure 3 for results.

Fairbanks, AK Albany, NY

Location Anne-Wien 
Eiementary School

Alternate site Hackett 
Middle School

Albany, NY

Alternate site

n = of participants 7 8 6 5

Age (avg. years) 42.3 33.6 40.0 48.7

Education (avg. 
years)

15.3 14.7 16.0 15.4

Ethnicity 5 Caucasian
2 Native Alaskan

3 Caucasian
2 Native 
Alaskan

2 Biracial
1 African 
American

2 Caucasian
2 African 
American
2 Latina

3 Caucasian
1 African 
American

1 Native Alaskan
1 Native 

American

Table 1. 
The mean average demographics obtained from the Anne-Wien elementary school and the alternative site 
in Fairbanks (Byrd animal facility staff at U Alaska Fairbanks) on the left side. On the right side are the 
demographics for the Hackett middle School in Albany and the alternative site in Albany, NY (Comprehensive 
Neuropsychological Services).

Figure 2. 
This figure represents the mean + standard error of the mean of self-ratings in several categories by each 
participant in Fairbanks, Alaska at Anne-Wien Elementary School. This figure shows a significant overall 
effect of treatment (blueberries) to increase ratings of calm, a sense of well-balanced and ability to control 
surroundings and stay on top of things, except for self-ratings of cognitive benefit compared to consumption of 
no blueberries. Furthermore, consumption of wild Alaskan blueberries (orange) increased the participant’s 
rating in each of the aforementioned categories compared to Lower-48 berries (gray) or no berries (blue).
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Percentage, which is the time spent on the novel object relative to the time spent on 
both novel and familiar objects: [RI = TN/(TN + TF) x 100] where TN is time spent 
on the novel object and TF is time spent on the familiar object). A greater percent-
age of time spent exploring the novel object as a function of the total amount of 
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in the tables and figures and their legends.
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Experiment 1a: Self-reports of health and wellness of middle-aged elementary 
school teachers in Fairbanks, Alaska were significantly greater following 5 days of 
consumption of Alaskan blueberries compared to blueberries from the Lower-48, 
which still had a beneficial effect compared to no blueberry consumption.

Self-reports of beneficial effects on stress, anxiety, and cognition are reported 
among women participants in Fairbanks, Alaska (demographics in Table 1 left side, 
far) after 5 days of consumption of Alaskan blueberries > Lower-48 blueberries > 
no blueberries. Repeated measures analysis of variance revealed that there was an 
overall interaction between the type of blueberries and effects on self-ratings. Post 
hoc analyses revealed consumption of Alaskan berries resulted in higher ratings 
overall than did berries from the Lower-48 or no consumption of berries. This 
effect was seen for ratings of calmness, feelings of being well-balanced, and ability 
to maintain control and stay on top of things. Notably, self-reports of cognitive 
benefits of blueberries from Alaska, as well as the Lower-48, were not different but 
were significantly higher than the consumption of no berries among the partici-
pants at Anne Wien Elementary School. See Figure 2.

Experiment 1b: Demographics are described in Table 1 (left center). Self-
reports of health and wellness of young adult lab workers in Fairbanks, Alaska 
were significantly greater following 5 days of consumption of Alaskan blueberries 
compared to blueberries from the Lower-48, which still had a beneficial effect 
compared to no blueberry consumption.

To confirm and extend these findings, the experiment was replicated at an 
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were even greater statistically significant interactions between types of blueberries 
and effects on self-reports at this alternative site than at Anne Wien Elementary 
School. Ratings for weeks following consumption of Alaskan blueberries > Lower-
48 blueberries >no blueberries for self-reports of feelings of calmness, being 
well-balanced, in control, on top of things, cognitive benefits. Thus, women in 
Alaska who consumed blueberries for 5 days experienced beneficial effects as per 
their self-ratings. The magnitude of these effects was greater at the alternative site. 
See Figure 3.
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Experiment 2a: Self-reports of health and wellness of middle-aged middle 
school teachers in Albany, New York were significantly greater following 5 days of 
consumption of Alaskan blueberries compared to blueberries from the Lower-48, 
which still had a beneficial effect compared to no blueberry consumption.

Self-reports of beneficial effects on stress, anxiety, and cognition are reported 
among women participants in Albany, New York after 5 days of consumption of 
Alaskan blueberries > Lower-48 blueberries > no blueberries. One-way, repeated 
analysis of variance revealed that there were overall interactions between the type 
of blueberries and effects on self-ratings. Some of the same patterns were observed 
among the participants at Hackett Middle School (Albany, NY) that were previ-
ously seen at Anne Wien Elementary (Fairbanks, AK). In particular, self-reports 
of feeling well-balanced, as well as in control and on top of things were higher in 
participants when they consumed Alaskan blueberries for a week compared to when 
they consumed Lower-48 blueberries or no blueberries. Demographics are reported 
in Table 1 center-right. See Figure 3 for results.

Fairbanks, AK Albany, NY

Location Anne-Wien 
Eiementary School

Alternate site Hackett 
Middle School

Albany, NY

Alternate site

n = of participants 7 8 6 5

Age (avg. years) 42.3 33.6 40.0 48.7

Education (avg. 
years)

15.3 14.7 16.0 15.4

Ethnicity 5 Caucasian
2 Native Alaskan

3 Caucasian
2 Native 
Alaskan

2 Biracial
1 African 
American

2 Caucasian
2 African 
American
2 Latina

3 Caucasian
1 African 
American

1 Native Alaskan
1 Native 

American

Table 1. 
The mean average demographics obtained from the Anne-Wien elementary school and the alternative site 
in Fairbanks (Byrd animal facility staff at U Alaska Fairbanks) on the left side. On the right side are the 
demographics for the Hackett middle School in Albany and the alternative site in Albany, NY (Comprehensive 
Neuropsychological Services).

Figure 2. 
This figure represents the mean + standard error of the mean of self-ratings in several categories by each 
participant in Fairbanks, Alaska at Anne-Wien Elementary School. This figure shows a significant overall 
effect of treatment (blueberries) to increase ratings of calm, a sense of well-balanced and ability to control 
surroundings and stay on top of things, except for self-ratings of cognitive benefit compared to consumption of 
no blueberries. Furthermore, consumption of wild Alaskan blueberries (orange) increased the participant’s 
rating in each of the aforementioned categories compared to Lower-48 berries (gray) or no berries (blue).
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Experiment 2b: Self-reports of health and wellness of middle-aged office 
workers in Albany, New York were significantly greater following 5 days of con-
sumption of Alaskan blueberries, compared to blueberries from the Lower-48.

There were even greater statistically significant interactions between types 
of blueberries and effects on self-reports at this alternative site than at Hackett 
Middle School in Albany, NY. Ratings for weeks following consumption of Alaskan 
blueberries > Lower-48 blueberries ≥ no blueberries for self-ratings of feelings of 
calmness, well-balanced. See demographics in Table 1 and ratings in Table 2.

Experiment 3: Female Long-Evans rats whose diets were supplemented by 
Alaskan blueberries > Lower-48 blueberries > no supplement (control) were 
significantly more active, less anxious, and performed better in a novel object 
recognition task.

There were 8 female Long-Evans rats in each of the 3 trial groups. Those who had 
5 days of access to Alaskan blueberries made more total entries (245 entries) into the 
brightly lit open field than did those with access to blueberries from the Lower-48 
(223 entries), as well as those with no blueberry supplementation (196 entries) in a 

Self-ratings-alternative sites

Fairbanks-bird animal facility 
UAlaska

Albany-comprehensive 
neuropsychological services

Blueberry 
Source

None Lower 48 Alaskan none Lower 48 Alaskan

Self-Ratings

Calmness 2.1 3.3 4.2 1.5 2.3 3.6

Well Balanced 1.6 2.5 3.6 1.8 2.9 4.3

Able to Control 1.5 2.3 3.8 1.3 2.4 2.7

On Top of 
Things

2.5 3.5 4.5 1.9 2.7 3.5

Cognitive 
Benefit

2.9 4.2 5.4 2.4 3.2 3.9

Table 2. 
The mean average self-ratings obtained from the Fairbanks (n = 8) and Albany sites alternative site (n = 5) 
after 5 days of no consumption blueberries, lower 48 or Alaskan blueberries.

Figure 3. 
This figure represents the mean + standard error of the mean of self-ratings in several categories by each 
participant in Albany, New York at Hackett Middle School. This figure shows a significant overall effect of 
treatment (blueberries) to increase ratings wild Alaskan blueberries (orange) to overall increase participant’s 
rating in each of the aforementioned categories compared to Lower-48 berries (gray) or no berries (blue).
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5-minute period. The number of central entries (all but peripheral squares) during 
this 5-minute task was also greater for rats with access to Alaskan blueberries (120 
entries) than rats whose diets were supplemented with blueberries from the Lower-
48 (113 entries) as well as rats whose diets were not supplemented (93 entries). The 
number of inner 8 entries (central squares of open field) during this 5-minute task 
was greater for rats with access to Alaskan blueberries (25 entries) compared to rats 
whose diets were supplemented with blueberries from the Lower-48 (19 entries), as 
well as rats whose diets were not supplemented (13 entries). When rats were tested 
in the novel object recognition task, those consuming Alaskan berries spent 70% of 
their time than the novel object, whereas rats consuming Lower-48 berries spent 
only 61% of their time with the object. Rats whose diets were not supplemented 
spent the least amount of time, 51% (no greater than chance levels), with the novel 
object during testing (See Figure 4).

4. Discussion

The results of these experiments were consistent with the proposed hypotheses. 
First, blueberry consumption had beneficial short-term effects on healthy individuals. 
Blueberries had positive effects on the Alaskan participants’ health and well-being 
after 5 days of consumption. This was also observed in the Albany cohorts. Participants 
consuming blueberries rated their levels of calm, well-balanced, ability to control 
themselves, and stay on top of things, and cognitive benefit, higher than when they 
consumed no berries. Second, this effect was seen more obviously when participants 
consumed Alaskan blueberries. They rated themselves even higher in the aforemen-
tioned categories than when they consumed Lower-48 blueberries. This effect was not 
identical; however, in New York, data from participants show an effect of blueberries 
but not a statistically significant difference between Alaskan blueberries and berries 
from the Lower-48. Third, blueberries had similar patterns of effects in rats. Notably, in 
more global tasks, such as total entries and central entries in an open field, there was an 
effect of blueberries, irrespective of their source, to improve performance among rats. 
However, in more challenging tasks, such as the Inner 8 entries and the percent of time 
with novel object, consumption of Alaskan blueberries had a greater effect than did 
those from the lower-48. In summary, short term consumption of blueberries can have 

Figure 4. 
This figure represents the scores in several tasks by Long-Evans laboratory rats at the BiRD Animal Research 
and Development facility at UAF as their diets were supplemented with Lower-48 or Alaskan blueberries, or 
no berries at all similar to human participants in the first trials. This figure shows that blueberries increase the 
number of total entries as well as central entries, Inner8 entries, and time spent with a novel object compared to 
consumption of no blueberries. Furthermore, consumption of wild Alaskan blueberries (orange) increased the 
rat’s scores in each of the aforementioned categories compared to Lower-48 berries (gray) or no berries (blue).
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Experiment 2b: Self-reports of health and wellness of middle-aged office 
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Self-ratings-alternative sites

Fairbanks-bird animal facility 
UAlaska

Albany-comprehensive 
neuropsychological services

Blueberry 
Source

None Lower 48 Alaskan none Lower 48 Alaskan

Self-Ratings
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Well Balanced 1.6 2.5 3.6 1.8 2.9 4.3
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2.5 3.5 4.5 1.9 2.7 3.5
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Table 2. 
The mean average self-ratings obtained from the Fairbanks (n = 8) and Albany sites alternative site (n = 5) 
after 5 days of no consumption blueberries, lower 48 or Alaskan blueberries.

Figure 3. 
This figure represents the mean + standard error of the mean of self-ratings in several categories by each 
participant in Albany, New York at Hackett Middle School. This figure shows a significant overall effect of 
treatment (blueberries) to increase ratings wild Alaskan blueberries (orange) to overall increase participant’s 
rating in each of the aforementioned categories compared to Lower-48 berries (gray) or no berries (blue).
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whose diets were supplemented with blueberries from the Lower-48 (19 entries), as 
well as rats whose diets were not supplemented (13 entries). When rats were tested 
in the novel object recognition task, those consuming Alaskan berries spent 70% of 
their time than the novel object, whereas rats consuming Lower-48 berries spent 
only 61% of their time with the object. Rats whose diets were not supplemented 
spent the least amount of time, 51% (no greater than chance levels), with the novel 
object during testing (See Figure 4).

4. Discussion

The results of these experiments were consistent with the proposed hypotheses. 
First, blueberry consumption had beneficial short-term effects on healthy individuals. 
Blueberries had positive effects on the Alaskan participants’ health and well-being 
after 5 days of consumption. This was also observed in the Albany cohorts. Participants 
consuming blueberries rated their levels of calm, well-balanced, ability to control 
themselves, and stay on top of things, and cognitive benefit, higher than when they 
consumed no berries. Second, this effect was seen more obviously when participants 
consumed Alaskan blueberries. They rated themselves even higher in the aforemen-
tioned categories than when they consumed Lower-48 blueberries. This effect was not 
identical; however, in New York, data from participants show an effect of blueberries 
but not a statistically significant difference between Alaskan blueberries and berries 
from the Lower-48. Third, blueberries had similar patterns of effects in rats. Notably, in 
more global tasks, such as total entries and central entries in an open field, there was an 
effect of blueberries, irrespective of their source, to improve performance among rats. 
However, in more challenging tasks, such as the Inner 8 entries and the percent of time 
with novel object, consumption of Alaskan blueberries had a greater effect than did 
those from the lower-48. In summary, short term consumption of blueberries can have 

Figure 4. 
This figure represents the scores in several tasks by Long-Evans laboratory rats at the BiRD Animal Research 
and Development facility at UAF as their diets were supplemented with Lower-48 or Alaskan blueberries, or 
no berries at all similar to human participants in the first trials. This figure shows that blueberries increase the 
number of total entries as well as central entries, Inner8 entries, and time spent with a novel object compared to 
consumption of no blueberries. Furthermore, consumption of wild Alaskan blueberries (orange) increased the 
rat’s scores in each of the aforementioned categories compared to Lower-48 berries (gray) or no berries (blue).
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beneficial effects among some individuals. Further, the consumption of blueberries 
from Alaska had a more amplified effect than did berries from the Lower-48. Among 
Long Evans laboratory rats, Lower-48 or Alaskan blueberries increased motor activity 
and central entries (all non-peripheral squares) compared to control rats that did not 
consume any blueberries. However, rats consuming Alaskan blueberries made more 
Inner-8 entries, indicating that they were significantly bolder than rats that consumed 
Lower-48 blueberries or none at all. They also showed greater recollection and memory 
skills in the object recognition task than did those that consumed Lower-48 blueberries 
or none.

As mentioned in previous studies, blueberries as well as other fruits and veg-
etables have been linked to improving memory function as well as mood in older 
adults [23–25]. Our findings confirm and extend previous findings that blueberries 
can be beneficial to staving off cardiovascular disease, cognitive decline, and other 
age-related deleterious effects when consumed as part of a lifestyle. Here we show 
that short-term consumption of blueberries, 5 days of consumption, has perceived 
cognitive benefit among women age 30–55. Our participants’ self-ratings of their 
perceived cognitive benefit from short term consumption of blueberries, as well as 
high ratings in other categories, such as their ability to remain calm and well-bal-
anced, show that short term consumption of blueberries has the ability to improve 
mood and mental well-being among women age 30–55. Further, in our third 
experiment, healthy adult rats’ performances benefited from blueberry consump-
tion to have enhanced motor function, exploratory behavior, anti-anxiety effects, 
and learning. These latter findings are clearly objective, as they are not self-ratings 
and they demonstrate cross-species performance effects. Together, these findings 
confirm and extend the previous literature that older individuals can benefit from 
blueberry consumption as part of their lifestyle to indicate that short-term con-
sumption of blueberries improves self-ratings of neurotypical women age 30–55 as 
well as objective effects on performance in rats. Another explanation may be that 
people in Alaska have greater access and exposure to foods with higher antioxidant 
levels than do people from the Lower 48 [26].

Consumption of Alaskan blueberries seemed to have a greater effect among par-
ticipants in Alaska compared to participants in New York. An important question to 
ask is, what underlies this effect? One explanation could be that experiment 1 was 
conducted in Fairbanks, Alaska at the end of the winter season. This time of year in 
Alaska is also known as breakup and is associated with higher rates of suicide. There 
is tension in communities throughout Alaska caused by long harsh winters, and 
fresh blueberries may have had a greater effect on the moods and mental well-being 
of consumers during this sensitive time. Experiment 2 was conducted almost a full 
year later in Albany, New York, where the winters are much less harsh and dark. 
There may be some confounding variables due to these time frames. For example, 
the wild Alaskan blueberries had to be frozen for a longer period of time between 
experiments, 8 months for Experiment 1, versus 20 months, which may have caused 
a depletion in the potency of the Alaskan berries.

Another interesting finding relating to group differences was that the Alaskan 
blueberries had a greater effect among the office workers controls compared to the 
teachers in both control cohorts in Fairbanks and Albany. A likely explanation for 
this is that the office workers had a much calmer work environment than did the 
schoolteachers. They had greater control over their scope of work and when they 
engaged in their work activities, compared to being on a rigorous schedule with a 
limited break time that was preset and absolute. Further, office workers were not 
responsible for or surrounded by 20–30 children each day. They had a much qui-
eter work environment. As such, the blueberries may have had a greater effect on 
individuals who were in a position to feel greater effects of the blueberries because 
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they could engage in other behaviors to enhance their wellbeing (such as listening 
to music, while at work engaging in brief meditation activities, having time for 
self-care).

All experiments have limitations, one possible limitation of this experiment 
was that the pool of participants was small, only 6–8 participants in each experi-
ment. However, the fact that significant results were observed and replicated 
across multiple domains indicates the power and consistency of the effects shown 
in all 5 experiments. This limitation was out of our control because all participants 
were volunteers, and some participant’s data were excluded because they did not 
participate in all 3 trial weeks. Another limitation is that a large majority of the 
participants in both trials were women, and mostly fell into the 30–55-year-old age 
range. A more diverse population next time might verify the results and show that 
the consumption of blueberries, especially wild Alaskan berries, are beneficial to 
everyone, and not just these populations. The notion that beneficial effects were 
seen in male rats suggests that this is a highly conserved effect and could be repli-
cated on other populations. Another factor considered in this study is that living in 
Alaska is much closer to the earth and people in Alaska are much more affected by 
their environment. Experiences such as having 20 hours of sunlight each day in the 
summer and 20 hours of darkness in the winter have significant effects on mental 
and cognitive health and well-being. Also, the food that they eat is more likely to 
directly affect them; many Alaskans do not eat a strictly market diet but consume 
fish, game, and berries.

Blueberries are known to have a number of phytochemicals that contain 
several bioactive compounds that cause different physiological effects. One phyto-
chemical are flavanols that contain the bioactive compounds Epicatechin-gallates, 
Procyanidins, and Catechin [27–30]. The physiological and pharmacological effects 
of these compounds include activities of antioxidants that increase free-radical 
scavenging, decrease the hypothalamic inflammation of microglia overactivation 
in the brain, and improve cognition. Further, other phytochemical effects include 
activities at phenolic acids, including the bioactive compounds phenolic acid and 
ferulic acid, which can have antioxidant and anti-inflammatory properties, as 
well as improve cognition and stave off neurodegeneration [31]. Blueberries are 
considered a functional food, which is defined as one that has clinically proven 
health benefits. Bioactive compounds such as flavonoids can suppress the release 
of cytokines such as IL-1beta and TNF-alpha from activated microglia. Flavonoids 
also affect nitric oxide synthase, inhibit activation of NADPH-oxidase, and down-
regulate pro-inflammatory transcription factors including NF-kappa B which plays 
a role in intestinal responses through caffeic acid. NF-kappa B influences intestinal 
inflammatory responses through flavonoids’ actions in part involving caffeic 
acid which inhibits the expression of TNF-alpha, IL-beta, CO-2, INOS, and other 
inflammatory factors [32–34].

An important question is how do blueberries have beneficial effects through the 
mechanisms described above? Particularly relevant to this study are Vitamins D, A, 
E, and K (fat-soluble vitamins). Vitamin D is considered a (neuro) steroid that has 
effects on calcium, metabolism, and absorption of calcium and phosphorus from 
the intestine. Vitamin D exerts many other biological effects including processes 
involved in brain development and neuronal activity [35]. Deficiency in Vitamin 
D is considered a risk factor for neuropsychiatric disorders, including post partum 
depression, major depression and schizophrenia [36–39]. It causes alterations in 
brain structure and in dopamine and glutamate signaling, which are hallmarks of 
depression, anxiety, drug abuse and schizoaffective disorders. Functional foods 
rich in micronutrients that have the ability to stimulate PPAR, in addition to exert 
important anti-inflammatory actions may also induce significant mood- elevating 
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beneficial effects among some individuals. Further, the consumption of blueberries 
from Alaska had a more amplified effect than did berries from the Lower-48. Among 
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etables have been linked to improving memory function as well as mood in older 
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can be beneficial to staving off cardiovascular disease, cognitive decline, and other 
age-related deleterious effects when consumed as part of a lifestyle. Here we show 
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cognitive benefit among women age 30–55. Our participants’ self-ratings of their 
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high ratings in other categories, such as their ability to remain calm and well-bal-
anced, show that short term consumption of blueberries has the ability to improve 
mood and mental well-being among women age 30–55. Further, in our third 
experiment, healthy adult rats’ performances benefited from blueberry consump-
tion to have enhanced motor function, exploratory behavior, anti-anxiety effects, 
and learning. These latter findings are clearly objective, as they are not self-ratings 
and they demonstrate cross-species performance effects. Together, these findings 
confirm and extend the previous literature that older individuals can benefit from 
blueberry consumption as part of their lifestyle to indicate that short-term con-
sumption of blueberries improves self-ratings of neurotypical women age 30–55 as 
well as objective effects on performance in rats. Another explanation may be that 
people in Alaska have greater access and exposure to foods with higher antioxidant 
levels than do people from the Lower 48 [26].

Consumption of Alaskan blueberries seemed to have a greater effect among par-
ticipants in Alaska compared to participants in New York. An important question to 
ask is, what underlies this effect? One explanation could be that experiment 1 was 
conducted in Fairbanks, Alaska at the end of the winter season. This time of year in 
Alaska is also known as breakup and is associated with higher rates of suicide. There 
is tension in communities throughout Alaska caused by long harsh winters, and 
fresh blueberries may have had a greater effect on the moods and mental well-being 
of consumers during this sensitive time. Experiment 2 was conducted almost a full 
year later in Albany, New York, where the winters are much less harsh and dark. 
There may be some confounding variables due to these time frames. For example, 
the wild Alaskan blueberries had to be frozen for a longer period of time between 
experiments, 8 months for Experiment 1, versus 20 months, which may have caused 
a depletion in the potency of the Alaskan berries.

Another interesting finding relating to group differences was that the Alaskan 
blueberries had a greater effect among the office workers controls compared to the 
teachers in both control cohorts in Fairbanks and Albany. A likely explanation for 
this is that the office workers had a much calmer work environment than did the 
schoolteachers. They had greater control over their scope of work and when they 
engaged in their work activities, compared to being on a rigorous schedule with a 
limited break time that was preset and absolute. Further, office workers were not 
responsible for or surrounded by 20–30 children each day. They had a much qui-
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they could engage in other behaviors to enhance their wellbeing (such as listening 
to music, while at work engaging in brief meditation activities, having time for 
self-care).

All experiments have limitations, one possible limitation of this experiment 
was that the pool of participants was small, only 6–8 participants in each experi-
ment. However, the fact that significant results were observed and replicated 
across multiple domains indicates the power and consistency of the effects shown 
in all 5 experiments. This limitation was out of our control because all participants 
were volunteers, and some participant’s data were excluded because they did not 
participate in all 3 trial weeks. Another limitation is that a large majority of the 
participants in both trials were women, and mostly fell into the 30–55-year-old age 
range. A more diverse population next time might verify the results and show that 
the consumption of blueberries, especially wild Alaskan berries, are beneficial to 
everyone, and not just these populations. The notion that beneficial effects were 
seen in male rats suggests that this is a highly conserved effect and could be repli-
cated on other populations. Another factor considered in this study is that living in 
Alaska is much closer to the earth and people in Alaska are much more affected by 
their environment. Experiences such as having 20 hours of sunlight each day in the 
summer and 20 hours of darkness in the winter have significant effects on mental 
and cognitive health and well-being. Also, the food that they eat is more likely to 
directly affect them; many Alaskans do not eat a strictly market diet but consume 
fish, game, and berries.

Blueberries are known to have a number of phytochemicals that contain 
several bioactive compounds that cause different physiological effects. One phyto-
chemical are flavanols that contain the bioactive compounds Epicatechin-gallates, 
Procyanidins, and Catechin [27–30]. The physiological and pharmacological effects 
of these compounds include activities of antioxidants that increase free-radical 
scavenging, decrease the hypothalamic inflammation of microglia overactivation 
in the brain, and improve cognition. Further, other phytochemical effects include 
activities at phenolic acids, including the bioactive compounds phenolic acid and 
ferulic acid, which can have antioxidant and anti-inflammatory properties, as 
well as improve cognition and stave off neurodegeneration [31]. Blueberries are 
considered a functional food, which is defined as one that has clinically proven 
health benefits. Bioactive compounds such as flavonoids can suppress the release 
of cytokines such as IL-1beta and TNF-alpha from activated microglia. Flavonoids 
also affect nitric oxide synthase, inhibit activation of NADPH-oxidase, and down-
regulate pro-inflammatory transcription factors including NF-kappa B which plays 
a role in intestinal responses through caffeic acid. NF-kappa B influences intestinal 
inflammatory responses through flavonoids’ actions in part involving caffeic 
acid which inhibits the expression of TNF-alpha, IL-beta, CO-2, INOS, and other 
inflammatory factors [32–34].

An important question is how do blueberries have beneficial effects through the 
mechanisms described above? Particularly relevant to this study are Vitamins D, A, 
E, and K (fat-soluble vitamins). Vitamin D is considered a (neuro) steroid that has 
effects on calcium, metabolism, and absorption of calcium and phosphorus from 
the intestine. Vitamin D exerts many other biological effects including processes 
involved in brain development and neuronal activity [35]. Deficiency in Vitamin 
D is considered a risk factor for neuropsychiatric disorders, including post partum 
depression, major depression and schizophrenia [36–39]. It causes alterations in 
brain structure and in dopamine and glutamate signaling, which are hallmarks of 
depression, anxiety, drug abuse and schizoaffective disorders. Functional foods 
rich in micronutrients that have the ability to stimulate PPAR, in addition to exert 
important anti-inflammatory actions may also induce significant mood- elevating 
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properties, although the underlying mechanisms are not fully understood. PPAR 
might work in synergism with stimulation of neurosteroid biosynthesis to exert 
their beneficial effects by decreasing inflammation and relieving mood symptoms.

In summary, these experiments revealed that five days of blueberry consump-
tion has beneficial effects on middle-aged women in Fairbanks, Alaska, as well as 
Albany, New York. The initial study in Fairbanks, Alaska (during “breakup sea-
son”), revealed a greater sensitivity and responsiveness to Alaskan blueberries than 
those from the Lower-48. Albeit, the second experiment, conducted in Albany, 
New York, showed a beneficial effect of blueberry consumption but not a differen-
tial effect between wild Alaskan and store-bought berries from the Lower-48. This 
may be due to the decomposition of antioxidants, flavonoids, and other important 
health factors caused by freezer storage for a full year. Our third experiment, using 
an animal model, conducted over the summer between the two human experi-
ments, revealed beneficial effects of both Alaskan and Lower-48 blueberries when 
given as a supplement to male Long Evans rats. The rats that consumed blueberries 
had improved motor skills and exploratory behavior, irrespective of the source of 
blueberries. However, in more challenging tasks, such as entries into the Inner 8 
squares in an open field (an anti-anxiety measure) and performance on the object 
recognition task, Alaskan blueberries had a greater effect on performance than 
did berries from the Lower-48 or no berries. To address the mechanism underly-
ing these effects, we will be extracting the bioactive compounds and creating an 
Alaskan elixir to reassess their relative efficacy of Alaskan blueberries versus those 
from the Lower-48 on people as well as animal subjects.

5. Conclusion

In conclusion, it seems that blueberries can have short term effects as functional 
foods when consumed by individuals over a 5-day period. The precise mechanisms 
underlying these effects are unclear, however, differences between Fairbanks 
and Albany suggest that blueberries from a higher altitude may be more effective 
because they contain more flavonoids and more antioxidant effects. The beneficial 
effects of flavonoids may be mediated in part through actions of neurosteroids, such 
as Vitamin-D, allopregnanolone, 3α diol, which can inhibit deleterious effects of 
activation of PPAR and other physiological and pharmacological effects [34].
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Chapter 18

Antioxidant Properties of Alpine 
Plant
Vijay Laxmi Trivedi and Mohan Chandra Nautiyal

Abstract

Alpines are the exceptional regions of the world’s biomes. They have unique 
climatic and topographic conditions; they are the habitat of some of the highly 
specialized flora and fauna. The harsh environmental conditions and extreme 
fluctuations in them on a seasonal and diurnal basis created extremely stressful 
situations for the alpine plants. Such stress causes damage to biochemical struc-
tures and compounds of the plant cells leads to the production of free radicals, 
i.e. reactive oxygen species (ROS), which can further damage the plant cells or 
tissues. Alpine plants protect themselves from those ROS efficiently by their highly 
competent enzymatic and non-enzymatic antioxidant system. In general, this 
protection increases in alpine plants with altitudes; however, some exceptions are 
also reported. Antioxidant compounds viz. ascorbic acid, tocopherol, glutathione, 
carotenoids found in alpine flora in higher concentrations as compared to low land 
plants. Phenolic compounds protected the alpine plants from UV induced ROS by 
screening the UV radiations and blocking their entries in the cell’s mesophyll. This 
higher antioxidant potential of the alpine plants is highly beneficial for the human 
being as most alpine plants are the sources of some life-saving drugs.

Keywords: enzymes, non-enzymatic compounds, UV radiation, medicinal plants, 
freeze–thaw cycles, flavonoids

1. Introduction

Alpine biomes of the world are characterized by their unique features and 
usually lie between an altitude of about 10,000 feet (3,000 meters) and where 
the snow line of a mountain begins. The Alpine and Arctic biomes cover 16% 
of the earth’s surface area. Testolin et al. [1], based on regional tree line models, 
estimated their extent to 3.56 Mkm2, corresponding to 2.64% of the total land area 
outside Antarctica. Asia hosts almost three-fourths of the global alpine area with 
2.59 Mkm2, followed by South America (15%; 0.55 Mkm2), North America (9%; 
0.32 Mkm2), and Europe (2%; 0.08 Mkm2), while Oceania and Africa together 
contribute to only 1% of the global alpine area. The climate of the alpine regions is 
dynamic and changes as you move above the lower to higher elevations. The most 
prominent environmental factor, i.e. the temperature normally drops by about 
10 °C for every 1000 meters as we go up a mountain. The alpine regions experience 
a long and cold winter season that lasts about nine months in some alpine areas of 
the world from around October to May. Temperatures in summer normally ranges 
from 40 to 60 °F and may last from June to September. Temperature shows very 
high fluctuations and can normally drop from warm to freezing within a day. The 



Antioxidants - Benefits, Sources, Mechanisms of Action

366

[30] A.B. Ward, H. Mir, N. Kapur, 
D.N.Gales, P.P. Carriere, S. 
SinghQuercetin inhibits prostate 
cancer by attenuating cell survival and 
inhibiting anti-apoptotic pathways. 
World J. Surg. Oncol., 16 (1) (2018), p. 
108

[31] Mallik S.B., Mudgal J., 
Nampoothiri M., Hall S., Anoopkumar- 
Dukie S., Grant G. Caffeic acid 
attenuates lipopolysaccharide-
induced sickness behaviour and 
neuroinflammation in mice. Neurosci. 
Lett. 2016;632:218-223.

[32] Ward et al., 2018 A.B. Ward, 
H. Mir, N. Kapur, D.N. Gales, P.P. 
Carriere, S. Singh Quercetin inhibits 
prostate cancer by attenuating cell 
survival and inhibiting anti-apoptotic 
pathwaysWorld J. Surg. Oncol., 16 (1) 
(2018),

[33] Wang et al., 2018J. Wang, P. 
Um, B.A. Dickerman, J. Liu Zinc, 
magnesium, selenium and depression: 
a review of the evidence, potential 
mechanisms and implications Nutrients, 
10 (5) (2018)

[34] Matrisciano F, Pinna G. PPAR and 
functional foods: Rationale for natural 
neurosteroid-based interventions for 
postpartum depression. Neurobiol 
Stress. 2020 Apr 19;12:100222. doi: 
10.1016/j.ynstr.2020.100222. PMID: 
32426424; PMCID: PMC7226878.

[35] D. Eyles, T. Burne, J. McGrath 
Vitamin D in fetal brain development. 
Semin. Cell Dev. Biol., 22 (6) (2011),  
pp. 629-636

[36] S. Amini, R. Amani, S. Jafarirad, 
B.Cheraghian, M. Sayyah, A.A. 
HemmatiThe effect of vitamin D 
and calcium supplementation on 
inflammatory biomarkers, estradiol 
levels and severity of symptoms in 
women with postpartum depression: a 
randomized double-blind clinical trial 
Nutr. Neurosci., 3 (2020), pp. 1-11

[37] M.J. SzpunarAssociation of 
antepartum vitamin D deficiency 
with postpartum depression: a clinical 
perspective Publ. Health Nutr. (2019), 
pp. 1-6

[38] D.M. Zhu, W. Zhao, B. Zhang, 
Y. Zhang, Y. Yang, C. Zhang, et 
al.The relationship between serum 
concentration of vitamin D, total 
intracranial volume, and severity 
of depressive symptoms in patients 
with major depressive disorder Front. 
Psychiatr., 10 (2019), p. 322

[39] J.J. McGrath, D.W. Eyles, 
C.B.Pedersen, C. Anderson, P. Ko, 
T.H.Burne, et al.Neonatal vitamin D 
status and risk of schizophrenia: a 
population-based case-control study 
Arch. Gen. Psychiatr., 67 (2010), pp. 
889-894

367

Chapter 18

Antioxidant Properties of Alpine 
Plant
Vijay Laxmi Trivedi and Mohan Chandra Nautiyal

Abstract

Alpines are the exceptional regions of the world’s biomes. They have unique 
climatic and topographic conditions; they are the habitat of some of the highly 
specialized flora and fauna. The harsh environmental conditions and extreme 
fluctuations in them on a seasonal and diurnal basis created extremely stressful 
situations for the alpine plants. Such stress causes damage to biochemical struc-
tures and compounds of the plant cells leads to the production of free radicals, 
i.e. reactive oxygen species (ROS), which can further damage the plant cells or 
tissues. Alpine plants protect themselves from those ROS efficiently by their highly 
competent enzymatic and non-enzymatic antioxidant system. In general, this 
protection increases in alpine plants with altitudes; however, some exceptions are 
also reported. Antioxidant compounds viz. ascorbic acid, tocopherol, glutathione, 
carotenoids found in alpine flora in higher concentrations as compared to low land 
plants. Phenolic compounds protected the alpine plants from UV induced ROS by 
screening the UV radiations and blocking their entries in the cell’s mesophyll. This 
higher antioxidant potential of the alpine plants is highly beneficial for the human 
being as most alpine plants are the sources of some life-saving drugs.

Keywords: enzymes, non-enzymatic compounds, UV radiation, medicinal plants, 
freeze–thaw cycles, flavonoids

1. Introduction

Alpine biomes of the world are characterized by their unique features and 
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of the earth’s surface area. Testolin et al. [1], based on regional tree line models, 
estimated their extent to 3.56 Mkm2, corresponding to 2.64% of the total land area 
outside Antarctica. Asia hosts almost three-fourths of the global alpine area with 
2.59 Mkm2, followed by South America (15%; 0.55 Mkm2), North America (9%; 
0.32 Mkm2), and Europe (2%; 0.08 Mkm2), while Oceania and Africa together 
contribute to only 1% of the global alpine area. The climate of the alpine regions is 
dynamic and changes as you move above the lower to higher elevations. The most 
prominent environmental factor, i.e. the temperature normally drops by about 
10 °C for every 1000 meters as we go up a mountain. The alpine regions experience 
a long and cold winter season that lasts about nine months in some alpine areas of 
the world from around October to May. Temperatures in summer normally ranges 
from 40 to 60 °F and may last from June to September. Temperature shows very 
high fluctuations and can normally drop from warm to freezing within a day. The 
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alpine biome is usually dry, with an average precipitation of 12 inches (30 cm) each 
year. Topographical specialization such as physical gradients, rough terrain, and 
relative isolation, mountains created attitudinally segregated life zones, and harsh 
climatic factors of the regions make them very special and unique habitats of some 
wonderful floras around the world. However, to grow in such a harsh environment, 
they must have to cope up with the related constraints, including reduced O2 and 
CO2, strong winds, high solar irradiance, shallow rocky soils, low temperatures, and 
low water and nutrient contents, UV radiation, large temperature variations, etc. 
[2]. Combinations of high-altitude environmental stress lead to increased reactive 
oxygen species (ROS) production, which increases the risk of oxidative damages in 
the alpine floras. For performing the vital life functions, alpine flora must quench 
those ROS. Thus, the alpine flora showed specific adaptations such as accumulation 
of the secondary metabolites (SMs). Several enzymes such as ascorbate peroxidase, 
catalase, superoxide dismutase, and glutathione reductase, etc., and other specific 
molecules such as carotenoids, xanthophylls, etc., play an important role in the pro-
tection of alpine flora from the ROS. In this chapter, we will adress the challenges 
related to ROS production and protection from them in alpine plants.

2. Challenges of alpine habitats that leads to ROS production

Reduced or lower partial pressures of physiological gases (Atmospheric pressure 
is reduced from sea level values of c. 1000 h Pa (1 bar) by c. 10% for every 1000 m 
in elevation.), and other associated factors, for example, lower temperatures, cor-
respondingly more precipitation falling as snow, and less atmospheric attenuation 
of radiation affected the life processes of the alpine plants. Temperature directly 
affects the plant metabolism by affecting them at the molecular viz. DNA, proteins 
or supramolecular viz. membranes, chromosomal structures [3]. The chilling 
temperature causes decreased activities of several enzymes, including the kinases, 
carboxylases, etc. involved in respiration and photosynthetic processes. Further 
lowering of the temperature beyond the freezing point leads to the cessation of 
the vascular functions. Other cytosolic damages involve the complications like the 
formation of embolisms or cavitation in the xylem and injury to cell membranes.

Along with this alpine region experiences unusually higher diurnal temperature 
fluctuations, the temperature may range from 0–18 °C from dawn to dusk, on these 
conditions, leaf temperatures might increase up to 35 °C and lower up to −7 °C to 
28 °C. The freeze–thaw cycles operated in plants due to fluctuating diurnal and 
seasonal temperature may inactivate the PS II and catalase [4] and can enhance 
the ROS formation in the alpine flora. Radiations affect the alpine environments 
positively and negatively; for example, positive longwave radiation balance warms 
leaves in the cool alpine, but the more common negative longwave balance cools 
minimum temperatures in an already cool environment. Visible shortwave (solar) 
radiation drives photosynthesis and warms leaves but can also cause photochemical 
problems [5]. The most destructive radiations in the alpine region are ultraviolet 
radiation that may cause photochemical damage and other somatic and molecular 
damages in the alpine flora. High irradiation coupled with low temperature and 
other stresses leads to the photosynthesis machinery’s photoinhibition and halts in 
synthesis, transport, and storage of the resources. Desiccation is also a profound 
problem in the alpine plants that are experienced by the plants either in winters 
due to the freezing lead complications in the plants viz. root damage, loss of xylem 
conductivity, ice formation inside the plants, and in the summer when warmer 
temperatures can intensify the leaf-to-air vapor deficit and further stimulated the 
desiccation stress [6]. All the above factors lead to the formation of the ROS that 
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may lead to damage to the general cellular structure and loss of function and block 
of basic metabolism and repair processes [7], and control of ROS formation and 
ROS detoxification might be of key importance for the survival of alpine plants.

3. ROS protection in alpine plants

Plants operated several mechanisms to quench the ROS based on the enzymes 
and several other compounds, including several primary and secondary metabo-
lites. Antioxidative enzymes enhanced their activities, and other lipid and 
water-soluble compounds, which serve as antioxidants, increase the tolerance in 
plants to several stresses responsible for ROS productions [8, 9]. Alpine plants also 
adopted numerous biochemical strategies to quench the ROS that may damage 
the lipid membrane generated during the physiological process. These strategies 
included oxidation of superoxide by cascades of enzymatic reactions and accumu-
lation of the compounds like carotenoids, a-tocopherol, ascorbic acid, glutathi-
one, flavonoids, etc. [10–12]. Mostly high altitudinal ecotypes consisted of higher 
antioxidants than their lower altitudinal counterparts mainly due to combined 
effect and higher light intensities and lower temperature as compared to lower 
elevations [13, 14].

3.1 Enzymatic antioxidant protection in alpine plants

The enzymatic antioxidative defense system is the cascade of the many enzymes; 
some of them catalyzes the ROS degradation [superoxide dismutase (SOD, EC 
1.15.1.1), catalase (CAT, EC 1.11.1.6), guaiacol peroxidase (POX, EC 1.11.1.7), 
glutathione peroxidase (GPX, EC 1.11.1.9), etc.] and other’s regenerated the soluble 
antioxidants [ascorbate peroxidase (APX, EC 1.1.11.1), monodehydro ascorbate 
reductase (MDAR, EC 1.6.5.4), dehydroascorbate reductase (DHAR, EC 1.8.5.1), 
and glutathione reductase (GR, EC 1.8.1.7)] [15]. Alpine flora showed an increase 
in many of these enzymes, such as CAT, SOD, APX, DHAR, GR [16, 17] but some 
plants also showed a contradictory pattern. For example, the SOD, GR, and CAT 
activities were higher in the leaves of Soldanella alpina but lower in leaves of 
Ranunculus glacialis [18]. Other plants also showed the range of the variations in 
antioxidant enzyme activities; for example, extremely higher antioxidant enzyme 
activities were found in high altitudinal ecotypes of Soldanella pusilla moderate 
in Poa laxa, Carex curvula and lower in Taraxacum alpinum, Dryas octopetala, and 
some other species [6, 18, 19]. For example, Polygonum viviparum showed increased 
antioxidant enzyme’s activities as the altitude increases in the Tianshsan Mountain 
[20]. During the winter acclimation and spring rewarming, the role of the antioxi-
dant enzymes becomes more prominent, especially in the perennial plants where 
roots also efficiently takes part in ROS quenching as found in roots of perennial 
grasses Poa sphyondylodes, Bromus inermis, Bromus sinensis, Elymus nutans [21]. In 
alpine plants, antioxidant enzymes are also involved in the freezing resistance [22] 
and protected the plants from the ROS produced due to the freeze–thaw cycles of 
the alpine habitats.

3.2 Non-enzymatic antioxidant

Non-enzymatic antioxidant comprises the major cellular redox buffers which 
interact with various cellular constituents includes the compounds like ascorbic 
acid (AA), glutathione (γ-glutamyl-cysteinyl-glycine, GSH), tocopherol, carot-
enoids, and phenolic compounds. These commands also served as the cofactors 
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seasonal temperature may inactivate the PS II and catalase [4] and can enhance 
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positively and negatively; for example, positive longwave radiation balance warms 
leaves in the cool alpine, but the more common negative longwave balance cools 
minimum temperatures in an already cool environment. Visible shortwave (solar) 
radiation drives photosynthesis and warms leaves but can also cause photochemical 
problems [5]. The most destructive radiations in the alpine region are ultraviolet 
radiation that may cause photochemical damage and other somatic and molecular 
damages in the alpine flora. High irradiation coupled with low temperature and 
other stresses leads to the photosynthesis machinery’s photoinhibition and halts in 
synthesis, transport, and storage of the resources. Desiccation is also a profound 
problem in the alpine plants that are experienced by the plants either in winters 
due to the freezing lead complications in the plants viz. root damage, loss of xylem 
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lites. Antioxidative enzymes enhanced their activities, and other lipid and 
water-soluble compounds, which serve as antioxidants, increase the tolerance in 
plants to several stresses responsible for ROS productions [8, 9]. Alpine plants also 
adopted numerous biochemical strategies to quench the ROS that may damage 
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antioxidants than their lower altitudinal counterparts mainly due to combined 
effect and higher light intensities and lower temperature as compared to lower 
elevations [13, 14].
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reductase (MDAR, EC 1.6.5.4), dehydroascorbate reductase (DHAR, EC 1.8.5.1), 
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in many of these enzymes, such as CAT, SOD, APX, DHAR, GR [16, 17] but some 
plants also showed a contradictory pattern. For example, the SOD, GR, and CAT 
activities were higher in the leaves of Soldanella alpina but lower in leaves of 
Ranunculus glacialis [18]. Other plants also showed the range of the variations in 
antioxidant enzyme activities; for example, extremely higher antioxidant enzyme 
activities were found in high altitudinal ecotypes of Soldanella pusilla moderate 
in Poa laxa, Carex curvula and lower in Taraxacum alpinum, Dryas octopetala, and 
some other species [6, 18, 19]. For example, Polygonum viviparum showed increased 
antioxidant enzyme’s activities as the altitude increases in the Tianshsan Mountain 
[20]. During the winter acclimation and spring rewarming, the role of the antioxi-
dant enzymes becomes more prominent, especially in the perennial plants where 
roots also efficiently takes part in ROS quenching as found in roots of perennial 
grasses Poa sphyondylodes, Bromus inermis, Bromus sinensis, Elymus nutans [21]. In 
alpine plants, antioxidant enzymes are also involved in the freezing resistance [22] 
and protected the plants from the ROS produced due to the freeze–thaw cycles of 
the alpine habitats.

3.2 Non-enzymatic antioxidant

Non-enzymatic antioxidant comprises the major cellular redox buffers which 
interact with various cellular constituents includes the compounds like ascorbic 
acid (AA), glutathione (γ-glutamyl-cysteinyl-glycine, GSH), tocopherol, carot-
enoids, and phenolic compounds. These commands also served as the cofactors 
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of the various enzymes involved in ROS quenching [23]; along with this, these 
compounds also participate in UV protection.

3.2.1 Ascorbic acid

L-ascorbic acid (L-AA or vitamin C) is the most important antioxidant found in 
the plants that also takes part in various physiological and developmental processes 
in the plants protected critical macromolecules from the ROS. Alpine plants are 
very specific about the L-AA, and some contain extremely high L-AA content. For 
example in the young leaves of Soldanella alpina [12] and Polygonum viviparum 
[20] reported a very high L-AA range. In few alpine species, ascorbate/L-AA is the 
major C metabolite after sucrose; for example, in the leaves of S. alpina [12] in such 
plant species majority of L-AA found outside the chloroplasts [18]. Although in 
some alpine flora relatively lower level of L-AA was reported, such as in Ranuculus 
glacialis and Homogyne alpina, and most of their L-AA content was reported to pres-
ent in the chloroplasts. The importance of ascorbic acid in antioxidant protection 
was determined by Wildi and Lutz [19]. They found an increasing level of antioxi-
dant content in some alpine plant species as the altitude increases. The role of the 
ascorbic acid is most prominent in this increase where they correlated this increase 
to increase in light intensity as altitude increases. The concentration of L-AA within 
an alpine plant species also reflected the diurnal variations. The rhythm of L-AA 
concentration was reported to go along with light intensity; hence the lowest L-AA 
was observed at the time of lowest light intensities and lowest temperature in some 
alpine plants [19].

3.2.2 Glutathione

Glutathione is a tripeptide (γ-glutamyl-cysteinyl-glycine; γ-Glu-Cys-Gly) with 
long hydrophilic groups and a key low molecular weight non-protein thiol com-
pound known to play a crucial role as an antioxidant [24]. Glutathione also helps 
in the regeneration of other antioxidants, ascorbic acid and tocopherol, it is the 
substrate of dehydroascorbate reductase that catalyzes the regeneration of reduced 
ascorbate, which is the substrate for ascorbate peroxidase regenerated α-tocopherol 
while detoxifying of H2O2 and arresting lipid peroxidation reactions [25, 26]. 
Potentially higher glutathione synthesis was observed in many plant species in 
stress conditions, especially in high light intensities, chilling, or freezing tempera-
tures, as reviewed by Tausz [27] and Hasanuzzaman et al. [28]. Alpine plants did 
not show uniformity in the presence of glutathione concentrations; for example, it 
was higher in Taraxacum alpinum and Soldanella alpina and comparatively lower in 
the Homogyne alpina and Ranunculus glacialis. In general, the alpine plant showed 
an increase in glutathione concentrations with increasing altitudinal gradients [19], 
as found in S. alpina and R. glacialis [26]. Diurnal variations were also observed in 
studied alpine flora where with increased glutathione concentrations during the 
morning and maximum during the mid-day and the concentration decline continu-
ously in the afternoon and reached a minimum in the night [19]. Wildi and Lutz 
[19] also reported the diurnal fluctuations in the glutathione concentration in the 
alpine plant-like T. alpinum and H. alpina, which depend on the light intensities and 
the temperature differences. Glutathione plays an important role in the chilling and 
freezing protection along with other antioxidants from low temperature in the non- 
acclimatized plants as well as the acclimatized [29, 30]. Glutathione also plays an 
important role in increasing the alternative antioxidative scavenging by ascorbate 
and enzymes like catalase [26], and the glutathione status also acts as a signal or 
modulator for stress response in the plants [25, 31].
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3.2.3 Tocopherols and tocotrienols

Tocopherols and tocotrienols, collectively termed tocochromanols are lipid- 
soluble molecules with a polar chromanol ring and a hydrophobic polyprenyl side 
chain [32]. They are synthesized in the shikimate and 1-deoxy-D-xylulose 5-phosphate 
(DOXP) pathways. The tocopherols are the tocochromanols having a fully saturated 
side chain. In contrast, tocotrienols are with an unsaturated side chain, and the natu-
rally occurring form of tocopherols viz. α, β, γ, and δ is determined by the number of 
methyl groups in the chromanol ring. Tocochromanols participate in the quenching 
of peroxyl radicals and other ROS [33] and an important thylakoid-bound radical 
scavenger. The levels of tocopherols are generally high in some alpine and arctic 
plants; however, some exceptions are also present, for example, leaves of Ranunculus 
glacialis in which it is extremely low [19]. However, range of the variations was also 
observed in the tocopherols in the alpine plants [12, 18, 19] for example, Sickel et al. 
[34] showed the range of concentrations of the tocopherols in the dominants fodder 
species of the alpine pastures of the Norwegian alpine region from 2 to 664 μg g−1 DW 
as the lowest level in Avenella flexuosa and tocopherol pool in all studied species was 
dominated by α-tocopherol. However, Vaccinium myrtillus showed relatively higher 
γ-tocopherol [34]. Tocopherol concentration also showed the diurnal rhythm in alpine 
plants. That was light and temperature-dependent in the study of the Wildi and Leutz 
[19], in which midday was represented by higher tocopherol concentrations and lower 
during the night. The fluctuations in the a-tocopherol content may be due to the rapid 
turnover of this compound. The plants react with rapid changes in the level of tocoph-
erols to the slight differences in the environment (e.g., shading and chilling) [19, 35]. 
Light conditions affected the levels of tocopherols in the plants, and plants are grown 
in higher light exposer generally have higher tocopherol levels than plants from shady 
habitats. Concentrations of tocopherols increase typically with increasing altitudes 
in alpine plants as found in Soldanella alpina leaves in which a-tocopherol content 
showed a 2-fold increase at 2000 m as compared to 1000 m [19]. Tocopherol plays 
an important role in cold hardening, chilling, and freezing resistance in the various 
plants, including the alpine flora, as reported in Scots pine, where cold acclimatized 
older needles contain higher a-tocopherol levels than younger ones [36]. γ-tocopherol 
may also play an important role as an antioxidant in tissue that exhibits desiccation 
stress and an indicator of senescence and senescence-related changes.

3.2.4 Carotenoids

Carotenoids are lipophilic pigment and antioxidants which can quench the ROS 
like toxic oxygen and hydroxyl radicals [37] and broadly classified as hydrocarbon 
carotenes (included α-carotene, β-carotene, γ-carotene, lycopene, phytoene, and 
phytofluene) and oxygenated xanthophyll (lutein, zeaxanthin, β-cryptoxanthin, 
astaxanthin, and fucoxanthin) [38, 39]. Carotenoids are the parts of the light-
harvesting complexes (LHC) and play a prominent role as photo-protectant by 
harvesting light efficiently along with chlorophyll [40] and quench the ROS before 
these species initiate the oxidative damage. The carotenoids quench the excess 
light energy and subsequently the ROS production via active non-photochemical 
quenching (NPQ ) or by the dissipation of heat [40, 41]. Singlet oxygen formation 
at the PSII may damage the D1 protein of the PSII during photo-inhibition and initi-
ate the lipid peroxidation in the chloroplast and carotenoids along with tocopherol 
protect chloroplast from this peroxidation [41, 42] and among all the carotenoids 
zeaxanthin reported to have the higher antioxidant capacity [43]. Singlet oxygen 
produced due to the low temperature-induced photoinhibition is reported either 
efficiently scavenged or its formation is avoided, which have a high implication on 
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of the various enzymes involved in ROS quenching [23]; along with this, these 
compounds also participate in UV protection.
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an increase in glutathione concentrations with increasing altitudinal gradients [19], 
as found in S. alpina and R. glacialis [26]. Diurnal variations were also observed in 
studied alpine flora where with increased glutathione concentrations during the 
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ously in the afternoon and reached a minimum in the night [19]. Wildi and Lutz 
[19] also reported the diurnal fluctuations in the glutathione concentration in the 
alpine plant-like T. alpinum and H. alpina, which depend on the light intensities and 
the temperature differences. Glutathione plays an important role in the chilling and 
freezing protection along with other antioxidants from low temperature in the non- 
acclimatized plants as well as the acclimatized [29, 30]. Glutathione also plays an 
important role in increasing the alternative antioxidative scavenging by ascorbate 
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astaxanthin, and fucoxanthin) [38, 39]. Carotenoids are the parts of the light-
harvesting complexes (LHC) and play a prominent role as photo-protectant by 
harvesting light efficiently along with chlorophyll [40] and quench the ROS before 
these species initiate the oxidative damage. The carotenoids quench the excess 
light energy and subsequently the ROS production via active non-photochemical 
quenching (NPQ ) or by the dissipation of heat [40, 41]. Singlet oxygen formation 
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the alpine plants due to their low-temperature habitat. Under high light intensi-
ties, ROS production increases at PSI, including hydrogen peroxide (H2O2) and 
singlet oxygen at the PSII in the chloroplast [41]. Alpine plants are exposed to very 
high light intensities in their habitats. In that scenario role of carotenoids became 
most prominent from ROS protection in such high light intensities and, along with 
other antioxidants, carotenoids such as zeaxanthin, neoxanthin, and lutein [43] 
efficiently quenching ROS in alpine plants. That’s why sun-exposed plants of higher 
altitude are characterized by the higher ratio of Chl a/b and b-carotene/xantho-
phyll accompanied and a lower ratio of Chl/Car, which results mainly from higher 
contents of xanthophylls and is interpreted as a higher capacity for non-radiative 
dissipation of excitation energy and antioxidative protection by carotenoids [6]. 
ROS are highly reactive and therefore accelerate photoinhibition through direct oxi-
dative damage to PS II. However, the highly variable carotenoid content, especially 
the zeaxanthin contents reported in alpine plants, for example, a study by Streb 
et al. [18], reported a very high level of carotenoids and xanthophyll cycle pigments 
in leaves of Soldanella alpine and Homogyne alpina as compared to Ranunculus 
glacialis leaves. Oncel et al [44], in their study also reported the presence of the high 
b-carotene and xanthophyll in the alpine plants, and among the various alpine plant 
forms the higher b-carotene content was reported in tree and brush as compared to 
the herbaceous plants. The diurnal variations observed in the pigment content and 
carotenoids in alpine plants represented a light-dependent control study by Wildi 
and Leutz [19], showed all carotenoids except lutein and neoxanthin were showed 
diurnal rhythm in selected high alpine plant species. An increase in carotenoid con-
tent, especially the xanthophyll cycle pigments, also reported in the alpine plants as 
reported by Wildi and Leutz [19]. However, no effect of altitude in R. glacialis, and 
even decrease in some species such as in Dryas octopelata was reported. Seasonal 
variations also observed in the carotenoid content as reported by Gonzalez et al. 
[45] in Polylepis tarapacana where carotenoids content increase with altitude and 
exhibited seasonal variations, and the highest value recorded in winter. Hence 
increased carotenoids content in alpine and high altitudinal plants as a safety valve 
venting the excessive PAR energy before it can damage the photosynthetic system 
[46] against the large amounts of solar energy coupled with a low temperature in 
the alpine habitats [43, 47] along with their role in photosynthesis.

3.2.5 Phenolic compounds

Phenolics or polyphenols are the compounds found in plants that belong to sec-
ondary metabolites of the plants. Plant phenolics mainly belong to aromatic metab-
olites with one or more acidic phenolic hydroxyl groups. Their structure ranges 
from simple phenols such as salicylic acid to complex polymers such as suberin and 
lignin. Phenolics in plants included hydroxycinnamic acids (HCAs), flavonoids, 
anthocyanins, and tannins that are widely distributed in the plant kingdom to the 
classes that are limited taxonomic distribution such as isoflavones, stilbenes, cou-
marins, furanocoumarins, and styrylpyrones [48]. Phenolics have several functions 
in plants; they are an integral part of some structural components of the plants, 
component of plant–animal interactions, plant–plant interactions, act as signal-
ing molecules, screening of highly visible and UV light, pathogens defenses, and 
general protection against oxidative stress [49, 50]. The role of phenolic compounds 
in the alpine became most important, especially for protecting against the harmful 
UV- radiations that are abundant in alpine regions and increase with elevation [51]. 
Mostly higher content of phenolic compounds was reported in alpine plants than 
the plants of the lower altitudes, and the reason for this was sighted there need 
to adapt to the harsh changing environment [52]. The phenolic compounds may 
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also compensate for the lowering of the radical scavenging activity when tempera-
tures become very low in alpine habitats [53]. Phenolic compounds showed great 
diversity in the interspecies and intra-species level; such variations were reported 
by Lefebvre et al. [54] on three alpine species Dryas octopetala, Rhododendron 
ferrugineum, and Vaccinium myrtillus, where flavonoid content and its diversity is 
very high in Rhododendron ferrugineum. In vitro evaluation of the phenolic content in 
extracts of several alpine plants represented their high antioxidant protection, such as 
in Potentilla fulgens [55]. A study in Gaultheria trichophylla an alpine Himalayan plant 
showed a positive correlation between the altitude with total phenolics, tannins, fla-
vonoids, and flavonols, and a direct relationship with the antioxidant potential of the 
extract prepared from the species [56]. Seasonal variation in total phenolics in Acorus 
calamus and antioxidant activity was reported by Bahukhandi et al. [57]. This high 
phenolic content and diversity may be responsible for medicinal properties of some 
of the high valued plants of alpine areas such as Nardostachys jatamansi, Aconetum, 
Picroriza Kurroa, Rheum sp., Hippophae sp., etc. [58]

4.  Freeze and thaw cycle, ROS production and antioxidant protection in 
alpine plants

Alpine plants have to cope with the phase shifts that are frequent events in the 
alpine regions, mainly the freeze–thaw cycles that can happen daily during the 
late winter to early spring. The freezing–thawing cycle (FTC) is a phenomenon in 
which the soil undergoes repeated freezing and melting due to seasonal or diurnal 
temperature change [59]. Alpine habitats are represented by the various growth 
forms such as small prostrate woody shrubs, grasses, sedges, tussocks, herbaceous 
perennials and annuals, cushion plants, etc. Some of them experienced the diurnal 
freeze–thaw cycles, and some escaped the seasonal cycle, mainly the herbaceous 
annuals. Still, almost all of them faced the diurnal freeze–thaw as well as freeze–
thawing cycles in spring or autumn [52]. In the alpine regions the most important 
environmental phenomenon that enflunces the vegetation growth and survival is 
the freeze–thaw cycle. This cycling causes major complications in plants, such as 
injuries due to the leakage of cellular solutes [physico-molecular perturbations in 
cell membranes, and oxidative injury to macromolecules due to cellular accumula-
tion of reactive oxygen species (ROS; e.g., superoxide, singlet oxygen, etc.)] [60]. 
In the alpine areas, plants mostly experienced two kinds of freeze–thaw moments. 
One is due to extreme day-night temperature variation, mainly during September–
October. The other occurs from November to April, where the temperature is 
freezing in November and increasing in April [21]. Zhou et al. [21] analyzed four 
grass species from the alpine region for seasonal fluctuation in ROS and antioxi-
dant protection. They found that this freeze–thaw cycle in the autumn destroyed 
the aerial part of those grasses due to the membrane damage, loss of membrane 
integrity, and higher electrolyte and lipid peroxidation [21]. This lipid peroxidation 
resulted due to the decrease in the antioxidant enzyme activities assayed in their 
work and leads to senescing process. Although roots of those perennial grasses 
resistant to such freeze–thaw cycle induced ROS with the help of their highly effi-
cient antioxidant enzyme system. Most of the alpine herbaceous perennial plants 
survived winter with rhizomes, stolons, or other underground storage organs. 
Those organs may have high antioxidant enzyme activities; besides this, they are 
rich in secondary metabolites, which also ensures antioxidant protection to them. 
Complications of the freeze–thaw cycles are more challenging for the alpine woody 
shrubs, where roots and evergreen leaves have to experience and overcome these 
freeze–thaw cycles. The diurnal freeze–thaw cycle can also affect the reproductive 
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Antioxidants - Benefits, Sources, Mechanisms of Action

374

shoots of several woody and herbaceous plants [61]. Somehow, natural antioxidant 
protection, either enzymatic or non-enzymatic, is genetically or environmentally 
induced in the alpine plants to protect them from diurnal and seasonal freeze–thaw 
cycles. However, the climate changing scenario disturbing this protection, such as 
unusual late spring frosts, early fall frosts events, a warmer- fall than normal, leaves 
the alpine plants in the vulnerable stages and subjected them to recurrent freeze–
thaw conditions leads to more damage to plants due to more ROS production and 
little antioxidant protection.

5.  Ultraviolet radiations ROS production and antioxidants in alpine 
plants

High ultraviolet radiations are the characteristic feature of the alpine regions 
[62]. That can be quite stressful to the alpine lives because of shade-devoid envi-
ronments and high albedo due to the snow. Increasing UV doses affected the vital 
processes in plants such as productivity, carbon assimilation, stomatal function, etc. 
[63] that becomes more relevant when the ozone layer is depleting continuously. 
Exposure to higher UV radiations leads to the production of free radicals or ROS 
and other chemically active harmful molecules in the cells that can bring damage 
to the membrane lipids, nucleic acids proteins including enzymes, etc. [47, 64]. 
However, alpine plants are protected naturally from the UV radiation’s harmful 
impact with its enzymatic and non-enzymatic equipment. Accumulation of the 
phenolic compounds such as flavonoids and derivatives of the phenylpropanoid, 
induction of photo-repair system either prevent the UV from penetrating the cells 
or help to cells to overcome all the UV driven difficulties. An increase in UV-B 
absorbing compounds such as pigments like carotenoids, chlorophylls, flavonoids 
contents was observed in alpine plants with increasing altitude as well as in dif-
ferent seasons [65]. Chanishvili [65] screened various alpine plants, for example, 
Tripholium pratense, Plantago major Taraxacum officinale, Achillea millefolium, 
Polygonum aviculare for antioxidant compounds content for different altitudes with 
different level of UV radiations and concluded that the numbers of stress factors in 
the alpine interacted with UV radiation stress with these plants and the mechanisms 
of these plant to adapt in such conditions are species-specific [65]. An antioxidant 
like glutathione, ascorbic acid, phenolic compounds efficiently protect these plants 
from UV induced ROS, but the protection mechanism or level was species-specific. 
In the comparison of the herbaceous species, other alpine or subalpine life forms 
generally have a higher screening capacity of UV radiations [66] leads to more 
ROS formation in herbaceous plants due to increased penetration of the UV radia-
tions in the underlying mesophyll [67]. In an artificial UV simulation experiment, 
it was observed that in some alpine plants such as Carex firma, Dryas octopetala, 
Ranunculus alpestris, Salix retusa several striking changes were observed, such as 
the reduction in glutathione content in most of the studied species. In contrast, 
other antioxidants such as ascorbic acids, tocopherols, flavonoids seemed to remain 
unaffected, which means alpine plants are genetically fixed to cope up with such 
conditions [68].

6. Alpine plants antioxidant and medicinal importance

The alpine plants are packed with antioxidants, and enzymatic as well as non-
enzymatic antioxidant makes them quench the ROS produced due to the stressful 
conditions. Human utilizes this potential of these unique floras for their purposes 
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like food and medicines. The popularity of antioxidants as food and nutraceu-
ticals is increasing globally, and there is a continuous spike in the research on 
plant-based antioxidants and their medicinal potentials. Several alpine plants 
were used in various traditional and modern health care systems for their anti-
oxidant activities, which comprises their other properties such as anti-cancerous, 
immune-modulatory, anti-stress, etc. A range of studies are available on the 
alpine plants’ antioxidant potential [56, 57, 58, 69] and revived by Bhatt et al. [70]. 
Alpine plants from the Himalayan region are most remarkable for their medicinal 
properties plants like Picrorhiza kurrooa [71, 72] Aconitum sp. [72, 73], Polygonum 
bistorta [73, 74] Nardostachys jatamansi [75], etc.

7. Conclusion

Unique features of the alpine habitats make them home to some of the extraor-
dinary flora and fauna in the world. In their habitats, alpine plants experience 
extremely stressful conditions, which causes the production of the free radicals or 
ROS species in them. However, these plant species genetically or phenotypically 
adapted to scavenge those ROS. Enzymatic as well non-enzymatic antioxidant 
system efficiently protecting the alpine floras, although this protection is species-
specific, as a generalized feature the antioxidant potential in alpine plants increase 
with altitudes. Alpine vegetation showed a range of variation in the antioxidant 
protection plants like Ranunculus glacialis has very low antioxidant protection 
despite this, the plant species can survive in some of the highest altitudes of 
the world. On the other hand, species like Soldanella alpina showed very high 
antioxidant potential with high ascorbic acid, glutathione, phenolic, and other 
antioxidants. Alpine plants adapted to diurnal as well as seasonal fluctuations to 
ROS production due to the fluctuating environmental conditions of their habitats, 
especially during the daily freeze–thaw cycle of the early spring and late winter as 
well as the seasonal cycle. However, the changing climate is interfering with this 
seasonal acclimation. For example, a heatwave during the winter can deacclima-
tized the dormant buds of woody alpine trees, and a cold wave during summer 
may destroy the reproductive shoots. All these disturbances interrupt the ROS- 
antioxidant protection dynamics in those alpine plants. Most of the alpine floras 
are currently facing extinction due to climate change scenarios and anthropogenic 
activities, and we need to protect those unique habitats and related flora and fauna.
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Chapter 19

Use of Selected Antioxidant-Rich 
Spices and Herbs in Foods
Perçin Karakol and Emin Kapi

Abstract

Free radicals are chemicals that play a role in the etiopathogenesis of  
ischemia–reperfusion injury. To prevent or reduce this damage, many protective 
or therapeutic antioxidants are used effectively in alternative medicine. These 
antioxidants include immunological or pharmacological agents, vitamins, food 
and herbal products, and spices. Herbs and spices have been used for a long time 
as coloring or preservative agents by adding to the content of foods, and at the 
same time to increase the nutritional value of foods. More recently, the nutritional 
effects of herbs and spices have become more perceived and the area of   interest for 
these products has increased. Concordantly, the biological contents of herbs and 
spices have begun to be studied in more detailed way at the cellular and molecular 
level. Sample plants are classified according to different chemical families, with 
the diet. Therefore, they have different levels of antioxidant capacity. These 
products also have potent anti-inflammatory, antihypertensive, glucoregulatory, 
antithrombotic, anticarcinogenic and so forth effects. These properties are used in 
the treatment of some chronic diseases. In this review, the antioxidant properties 
of various herbs and spices used to add flavor to foods or to extend their shelf life 
have been examined in the light of large-scale nutritional epidemiological studies, 
in vitro cellular/animal studies and clinical trials.

Keywords: antioxidant, food, herb, plant, review, spice, supplement

1. Introduction

It is known that cell or tissue damage is related to free reactive oxygen radicals 
(ROS; reactive oxygen species) and associated nitrogen degradation products 
[1–5]. These radicals are high-energy molecules that have free electrons in their 
outer orbits, and can easily interact with other molecules and cause DNA dam-
age. These molecules are continuously produced in the human body secondary to 
some detoxification processes, phagocytosis and energy production. Although the 
healthy human body has the capacity to neutralize these radicals, the balances may 
change in the direction of increasing the ROS ratio and reducing the antioxidant 
capacity due to the reasons such as environmental conditions and diet, so oxida-
tive stress develops [6]. There are many different types of ROS, and many cellular 
and organ system level pathologies occur in the body depending on these products 
[2, 7, 8]. Various antioxidant compounds are used in medicine to prevent these 
pathologies [1, 2, 9, 10]. These compositions include various immunological and 
pharmacological agents, vitamins, fruits, vegetables, food supplements, herbal 
products, or spices [1, 2, 4, 11].
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Many types of herbs and spices have generally safe ingredients for human 
health and their benefits have been known for a long time [10–13]. These benefits 
include facilitation of digestion, anti-inflammatory, antirheumatic, antisclerotic, 
antimalarial, antimicrobial, antiviral, immunomodulatory, antiallergic, antiaging, 
antidiabetic, radioprotective, antioxidant, and antiproliferative/anticarcinogenic 
effects [4, 9–20]. Because of these benefits, they are used in many acute and chronic 
diseases (diabetes, dyslipidemia, hypertension, cancer, cardiovascular and neuro-
degenerative disease, liver cirrhosis, arthritis, asthma, obesity, metabolic syndrome, 
etc.) [9, 10, 12–14, 19, 21, 22]. In addition, herbs and spices are used in order to 
increase the nutritional value, flavor and aroma of foods, have protective properties 
during storage and extend the shelf life of foods [3, 5, 9, 11–14, 21, 23–26]. Thanks 
to the spices added to foods, the lipids in the food are protected against oxidative 
deterioration and the formation of oxidant substances is delayed.

Antioxidant materials can be classified under two main headings, which are 
synthetic and natural [5, 12]. Synthetic antioxidants are widely used in the market. 
However, it has been determined that these synthetic products have harmful effects on 
human health in the long term, and cause teratogenic/carcinogenic effects. Therefore, 
consumers prefer foods that contain natural antioxidant agents. Concordantly, over 
time, herbs and spices with natural antioxidant properties were replaced by synthetic 
products [4]. These so-called “natural antioxidants” are claimed to be more effective 
than synthetic ones. The origins and uses of natural antioxidants are diverse. In this 
review, the main properties of herbs and spices with known antioxidant properties are 
studied to be presented.

2.  General properties of herbs and spices with natural antioxidant 
effects

Many bioactive foodstuffs originate from herbs [2]. These substances are 
generally called as “phytochemicals” [2, 5]. Most of these phytochemicals are redox 
active molecules so that they have antioxidant features [2].

Many herbs and spices with antioxidant effects are from the “labiatae (lamia-
ceae)” family. Most of the herbs in this family have been used in traditional treat-
ments to cure various diseases from ancient times until today. Besides, it has areas 
of use in the food, cosmetics and perfumery industries [27].

Herbs and spices contain organic sulfur, tannin, alkaloid, phenolic diterpene, 
diketone, polyphenol, polyphenylpropanoid, vitamin, flavonoid and anthocyanin 
compounds, and they have a protective effect against oxidizing agents [12–14, 27–29]. 
It is stated that this protective effect is mostly related to the “flavonoid” and “phenolic” 
content of the herbs and spices [3, 4, 9, 12, 13].

It has been suggested that being fed with a flavonoid-containing diet efficiently 
reduces the risk of chronic diseases [9, 10, 21]. These effects of flavonoids have been 
reported to be related to oxidative stress defense at the molecular level [9, 30–32]. 
Flavonoids scavenge and neutralize free radicals [32]. Numerous articles have been 
published on this subject, especially in the last two decades. In these studies, very 
detailed investigations have been made especially on the structures and biological 
activities of flavonoids [4, 9, 21, 33–35].

Phenolic compounds act with redox reactions [32]. The ratio of phenolic 
component is an important variable on the antioxidant activity of the  
product [3–5, 9, 10, 12, 26].

It has been reported that the antioxidant capacity of these products is approxi-
mately 10 times higher than that of fresh fruits and vegetables [9, 32]. Parallel to 
the progress made by modern medicine in the last decade, studies to determine 

385

Use of Selected Antioxidant-Rich Spices and Herbs in Foods
DOI: http://dx.doi.org/10.5772/intechopen.96136

the bioactive components in herbs have gained momentum. Although the chemi-
cal structures of most herbal components have been described in detail, tests and 
molecular studies on their bioactive roles are still ongoing [9, 21, 36–39].

3. Antioxidant-affected plants

In the Figure 1, natural herbs with potent antioxidant features and which are 
most commonly used are listed.

3.1 Rosemary (Rosemarinus officinalis)

This plant, in the “lamiaceae/labiatae” family, is a polyphenol-containing plant 
with small pointed leaves, which grows particularly in the Mediterranean region 
[9, 12–14, 21, 27, 40]. The plant can reach 1–2 meters in height. It has an aromatic 
structure and does not shed its leaves in winter. Especially in spring, white-blue 
flowers bloom with leaves [14, 27]. Its leaves taste bitter [27]. It is used in making 
salads or tea [40].

This plant is used as an antioxidant and preservative, especially in the food 
industry [12, 14, 27, 41–43]. In addition, it can be consumed in the form of soap, 
perfume and lotion [27]. Its use for food preservation is for the lipid component in 
food. When used as a food preservative, it has been determined that rosemary does 
not spoil the organoleptic contents of foods [12].

There are studies indicating that the antioxidant capacity of rosemary is closely 
related to the techniques in production [44]. It has been reported that the antioxi-
dant effect of rosemary depends primarily on its type, harvest time, type of treat-
ment, environmental and ecological characteristics of the environment it grows 
[27]. The way rosemary is given is also an important parameter in its effectiveness. 
It has been reported that the encapsulated form of rosemary essential oil exhibited 
more antimicrobial effects compared to the standard essential oil form [12].

Carnosol, carnosic acid, phenolic diterpene, phenolic acid, rosmanol, epirosma-
nol, rosmarinic acid, caffeic acid ester, tosemaridiphenol, 3- (3,4 dihydroxyphenyl) 
lactic acid, flavonoids (apigenin, diosmin, luteolin), tannins provide antioxidant 
properties to the plant [9, 11–13, 27, 40, 45]. Rosemary also contains essential oils 
(cineole, pinene, camphor) [13]. The dominant components in its structure are 

Figure 1. 
Natural herbs with potent antioxidant features and which are most commonly used.
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Figure 1. 
Natural herbs with potent antioxidant features and which are most commonly used.
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rosmarinic and carnosic acid [12, 13, 27]. Carnosic acid and carnosol are responsible 
for 90% of the antioxidant effect. These components reduce cell membrane dam-
age by 40–50%. Both components also reduce DNA damage due to dietary oxidant 
agents [13]. The antioxidant activity of carnosic acid has been compared with syn-
thetic antioxidants such as butylated hydroxytoluene (BHT), butylated hydroxyani-
sole (BHA) and tertiary butyl hydroquinone (TBHQ ), and it has been proved that 
carnosic acid has a stronger antioxidant effect than these molecules [12].

There are many studies on rosemary in the literature. Akgül et al. determined 
that rosemary is among the most powerful antioxidants [46]. It has been stated 
that rosemary extract increases the antioxidant status and defense of aged rats [13]. 
Similarly, in another study, the antioxidant effect of 32 different plants and spices 
on lard was investigated, and rosemary was detected to be among the most impor-
tant antioxidants [47]. In another study in which 15 different types of spices were 
tried in sausages, it was observed that one of the products with the most important 
antioxidant effect was rosemary [48]. In a study examining the effect of rosemary 
on foods prepared with some fish species, it was observed that rosemary signifi-
cantly reduced the level of malondialdehyde in fish-containing foods. In a study 
on the oxidative stability of ground sardines, rosemary extract was determined to 
have an antioxidative effect over a 5-month period [27]. Rıznar et al. examined the 
antioxidant activity at 3 different temperatures (4, 12, 25 °C) by adding rosemary 
extract to chicken sausages, and observed high antioxidant effects during storage 
at all temperatures [49]. Lopez-Bote et al. indicated that rosemary extract is highly 
effective in preventing lipid peroxidation in chicken meat stored at −20 ° C for 
6 days [50]. In a study of alloxan-induced diabetic rats, intraperitoneal injection of 
rosemary for 7 days decreased in blood glucose levels [40]. In a similar study, after 
administration of 100 mg/kg rosemary extract in diabetic rat models, a significant 
decrease in blood glucose level and an increase in serum insulin concentration were 
achieved [13].

The properties of rosemary include hepatoprotective, antiangiogenic, 
anti-inflammatory, antioxidant, antimicrobial, antidiabetic, antihypertensive, 
antithrombotic, antiproliferative, and anticarcinogenic effects [4, 13, 14, 40]. 
Its anti-inflammatory effect is thought to be because of decreased macrophage 
viability, inducible nitric oxide synthase (iNOS) protein expression and nitric oxide 
(NO) production. Rosemary can also contribute to the treatment of hypertension. 
Increased urinary volume and excretion of sodium, potassium, and chloride were 
found in healthy rats given rosemary extract daily for 7 days orally [40]. It also 
improves endothelial function with its antithrombotic effect [13]. Carnocic acid has 
an inhibitory effect on liver fibrosis [14]. Rosemary extract has been determined to 
have detoxifying properties on toxic chemical-related liver damage and cirrhosis 
in experimental animal models. In the experiments performed in mice, it was 
observed that fatty liver associated with obesity was decreased by giving 200 mg/kg 
of rosemary leaves after the diet with high fat content [13]. Another effect of rose-
mary is that it is hypolipidemic. In a study conducted on obese rats, it was evaluated 
that feeding a rosemary-rich diet for 64 days caused a decrease in body weight [40]. 
Rosemary extract reduces low density lipoprotein (LDL) cholesterol oxidation. In 
cell culture tests, it has been detected to reduce lipid peroxidation by 38–89% under 
oxidative stress. In a randomized clinical study conducted with rosemary inhalation 
in 140 subjects, it was observed that cognitive assessment and self-assessment mood 
scale levels and cognitive functions increased. In vivo and in vitro studies, rosemary 
extract has been reduced oxidative damage in fat cells on the skin surface. Rosemary 
is therefore a potential candidate for skin treatment. However, clinical studies 
with large series are needed on this subject [13]. Amoah et al. reported that this 
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ingredient is also used in the treatment of atopic dermatitis and seasonal allergic 
rhinoconjunctivitis [51].

3.2 Coriander (Coriandrum sativum)

It is a plant with a flavonoid structure [9]. Coriander leaves and roots are used in 
cooking. Especially the coriander leaf type known as “cilantro” is frequently used 
for this purpose [40].

The roots of this plant contain high levels of chlorogenic acid, caffeoyl deriva-
tives, quercetin-3-O-rutinoside and p-coumaric acid [9, 40].

Several potential benefits of chlorogenic acid have been reported [9]. These 
include antidiabetic, anticarcinogenic, anti-inflammatory and antiobesity effects 
[9, 52, 53]. In streptozotocin-induced diabetic rats, intraperitoneal injection 
of coriander seed extract significantly decreased serum glucose and increased 
insulin secretion in pancreatic β-cells. It was also observed that lipid peroxidation 
and protein oxidation decreased in the subjects given coriander. Coriander roots 
also have a hypolipidemic effect. In a study conducted in obese and hyperlipid-
emic rats, it was presented that total cholesterol, LDL and triglyceride levels were 
reduced in the group given coriander extract orally for 30 days. Additionally, 
serum and erythrocyte antioxidant parameters have been detected to be 
increased [40].

3.3 Dill (Anethum graveolens)

Dill has a flavonoid structure [4, 6]. It is generally consumed during feeding 
with seafood [40]. Fresh dill contains high levels of flavonol glucuronides, chloro-
genic acid quercetin and isorhamnetin [9, 40].

It has antidiabetic potential. Dill given orally for 15 days in diabetic rats induced 
by dexamethasone has been determined to cause a decrease in serum glucose and 
insulin levels. Dill is also hypolipidemic. In rats fed a high-fat diet for 3 weeks, daily 
oral dill was found to cause a decrease in blood total cholesterol, triglyceride and 
LDL levels after 2 weeks [40].

3.4 Bacil (Osimum basilicum)

It is a medium density plant with flavonoid and polyphenol content [9, 40]. Bacil 
leaves are used in the form of a salad or cake dressing [40].

Bacil extract contains significant rosmarinic acid and catechin [40].
In studies on bacil extract, it has been determined that bacil is highly effective in 

preventing metabolic syndrome. Its antidiabetic and anti-inflammatory properties 
are known. The bacil extract also prevents the accumulation of intracellular sorbitol 
by providing aldose reductase inhibition. In this way, it is suggested that it reduces 
vascular osmotic pressure and oxidative stress, which are among diabetic complica-
tions. Due to its dense polyphenol content, it has also been closely associated with 
the reduction of advanced glicosylation products that occur in oxidative stress. It 
is also effective in the regulation of blood pressure. It increases renal function in 
hypertensive rats. Subjects treated with bacil had a decrease in blood urea nitrogen 
concentration and a decrease in creatinine and angiotensin compared to the hyper-
tensive control group [40]. In an experimental study in which cerebral hypoperfu-
sion and ischemia/reperfusion damage was performed in the brain in mice, it was 
found that it reduced the size of cerebral infarct with its antioxidant effect, but also 
increased short-term memory and motor coordination [21].



Antioxidants - Benefits, Sources, Mechanisms of Action

386

rosmarinic and carnosic acid [12, 13, 27]. Carnosic acid and carnosol are responsible 
for 90% of the antioxidant effect. These components reduce cell membrane dam-
age by 40–50%. Both components also reduce DNA damage due to dietary oxidant 
agents [13]. The antioxidant activity of carnosic acid has been compared with syn-
thetic antioxidants such as butylated hydroxytoluene (BHT), butylated hydroxyani-
sole (BHA) and tertiary butyl hydroquinone (TBHQ ), and it has been proved that 
carnosic acid has a stronger antioxidant effect than these molecules [12].

There are many studies on rosemary in the literature. Akgül et al. determined 
that rosemary is among the most powerful antioxidants [46]. It has been stated 
that rosemary extract increases the antioxidant status and defense of aged rats [13]. 
Similarly, in another study, the antioxidant effect of 32 different plants and spices 
on lard was investigated, and rosemary was detected to be among the most impor-
tant antioxidants [47]. In another study in which 15 different types of spices were 
tried in sausages, it was observed that one of the products with the most important 
antioxidant effect was rosemary [48]. In a study examining the effect of rosemary 
on foods prepared with some fish species, it was observed that rosemary signifi-
cantly reduced the level of malondialdehyde in fish-containing foods. In a study 
on the oxidative stability of ground sardines, rosemary extract was determined to 
have an antioxidative effect over a 5-month period [27]. Rıznar et al. examined the 
antioxidant activity at 3 different temperatures (4, 12, 25 °C) by adding rosemary 
extract to chicken sausages, and observed high antioxidant effects during storage 
at all temperatures [49]. Lopez-Bote et al. indicated that rosemary extract is highly 
effective in preventing lipid peroxidation in chicken meat stored at −20 ° C for 
6 days [50]. In a study of alloxan-induced diabetic rats, intraperitoneal injection of 
rosemary for 7 days decreased in blood glucose levels [40]. In a similar study, after 
administration of 100 mg/kg rosemary extract in diabetic rat models, a significant 
decrease in blood glucose level and an increase in serum insulin concentration were 
achieved [13].

The properties of rosemary include hepatoprotective, antiangiogenic, 
anti-inflammatory, antioxidant, antimicrobial, antidiabetic, antihypertensive, 
antithrombotic, antiproliferative, and anticarcinogenic effects [4, 13, 14, 40]. 
Its anti-inflammatory effect is thought to be because of decreased macrophage 
viability, inducible nitric oxide synthase (iNOS) protein expression and nitric oxide 
(NO) production. Rosemary can also contribute to the treatment of hypertension. 
Increased urinary volume and excretion of sodium, potassium, and chloride were 
found in healthy rats given rosemary extract daily for 7 days orally [40]. It also 
improves endothelial function with its antithrombotic effect [13]. Carnocic acid has 
an inhibitory effect on liver fibrosis [14]. Rosemary extract has been determined to 
have detoxifying properties on toxic chemical-related liver damage and cirrhosis 
in experimental animal models. In the experiments performed in mice, it was 
observed that fatty liver associated with obesity was decreased by giving 200 mg/kg 
of rosemary leaves after the diet with high fat content [13]. Another effect of rose-
mary is that it is hypolipidemic. In a study conducted on obese rats, it was evaluated 
that feeding a rosemary-rich diet for 64 days caused a decrease in body weight [40]. 
Rosemary extract reduces low density lipoprotein (LDL) cholesterol oxidation. In 
cell culture tests, it has been detected to reduce lipid peroxidation by 38–89% under 
oxidative stress. In a randomized clinical study conducted with rosemary inhalation 
in 140 subjects, it was observed that cognitive assessment and self-assessment mood 
scale levels and cognitive functions increased. In vivo and in vitro studies, rosemary 
extract has been reduced oxidative damage in fat cells on the skin surface. Rosemary 
is therefore a potential candidate for skin treatment. However, clinical studies 
with large series are needed on this subject [13]. Amoah et al. reported that this 

387

Use of Selected Antioxidant-Rich Spices and Herbs in Foods
DOI: http://dx.doi.org/10.5772/intechopen.96136

ingredient is also used in the treatment of atopic dermatitis and seasonal allergic 
rhinoconjunctivitis [51].

3.2 Coriander (Coriandrum sativum)

It is a plant with a flavonoid structure [9]. Coriander leaves and roots are used in 
cooking. Especially the coriander leaf type known as “cilantro” is frequently used 
for this purpose [40].

The roots of this plant contain high levels of chlorogenic acid, caffeoyl deriva-
tives, quercetin-3-O-rutinoside and p-coumaric acid [9, 40].

Several potential benefits of chlorogenic acid have been reported [9]. These 
include antidiabetic, anticarcinogenic, anti-inflammatory and antiobesity effects 
[9, 52, 53]. In streptozotocin-induced diabetic rats, intraperitoneal injection 
of coriander seed extract significantly decreased serum glucose and increased 
insulin secretion in pancreatic β-cells. It was also observed that lipid peroxidation 
and protein oxidation decreased in the subjects given coriander. Coriander roots 
also have a hypolipidemic effect. In a study conducted in obese and hyperlipid-
emic rats, it was presented that total cholesterol, LDL and triglyceride levels were 
reduced in the group given coriander extract orally for 30 days. Additionally, 
serum and erythrocyte antioxidant parameters have been detected to be 
increased [40].

3.3 Dill (Anethum graveolens)

Dill has a flavonoid structure [4, 6]. It is generally consumed during feeding 
with seafood [40]. Fresh dill contains high levels of flavonol glucuronides, chloro-
genic acid quercetin and isorhamnetin [9, 40].

It has antidiabetic potential. Dill given orally for 15 days in diabetic rats induced 
by dexamethasone has been determined to cause a decrease in serum glucose and 
insulin levels. Dill is also hypolipidemic. In rats fed a high-fat diet for 3 weeks, daily 
oral dill was found to cause a decrease in blood total cholesterol, triglyceride and 
LDL levels after 2 weeks [40].

3.4 Bacil (Osimum basilicum)

It is a medium density plant with flavonoid and polyphenol content [9, 40]. Bacil 
leaves are used in the form of a salad or cake dressing [40].

Bacil extract contains significant rosmarinic acid and catechin [40].
In studies on bacil extract, it has been determined that bacil is highly effective in 

preventing metabolic syndrome. Its antidiabetic and anti-inflammatory properties 
are known. The bacil extract also prevents the accumulation of intracellular sorbitol 
by providing aldose reductase inhibition. In this way, it is suggested that it reduces 
vascular osmotic pressure and oxidative stress, which are among diabetic complica-
tions. Due to its dense polyphenol content, it has also been closely associated with 
the reduction of advanced glicosylation products that occur in oxidative stress. It 
is also effective in the regulation of blood pressure. It increases renal function in 
hypertensive rats. Subjects treated with bacil had a decrease in blood urea nitrogen 
concentration and a decrease in creatinine and angiotensin compared to the hyper-
tensive control group [40]. In an experimental study in which cerebral hypoperfu-
sion and ischemia/reperfusion damage was performed in the brain in mice, it was 
found that it reduced the size of cerebral infarct with its antioxidant effect, but also 
increased short-term memory and motor coordination [21].



Antioxidants - Benefits, Sources, Mechanisms of Action

388

3.5 Fennel

This plant species belonging to the “foenicuum vulgare” species and often called 
“fennel” belongs to the “apiaceae” family [14]. It is consumed in salads, sauces, 
bread making, together with fish products and in the form of tea [40]. This product 
is a type of plant that is used quite often in alternative medicine. Although it often 
grows in the Mediterranean, it is known that it grows in different parts of the world 
today [14].

It contains fenchone, estragole, anise aldehyde, trans-anethole, and essential 
oils [14]. This ingredient gives fennel its unique smell and taste [5]. The most 
concentrated flavonoid in its composition is quercetin [40].

It has antibacterial, antifungal, antioxidant, hepatoprotective, antidiabetic, 
antineoplastic, and anti-inflammatory effects [14, 40, 54]. Anise aldehyde content 
of fennel is responsible for the hepatoprotective effect [14]. The reducing effect of 
fennel consumption on systemic complications of diabetes is through aldose and 
aldehyde reductase inhibition [40]. Studies have proved that F. vulgare accelerates 
the removal of harmful waste from the body by increasing body excretion. The anti-
cancer potential of fennel seed methanolic extract (FSME) has been observed to be 
due to its reduction in oxidative stress in human MCF-7 and HepG-2 cell lines [14]. 
Fennel bulb has an antihyperlipidemic effect. In a study conducted on mice, it was 
observed that 24 hours after fennel bulb administration, a decrease was achieved in 
total cholesterol, triglyceride, LDL and ApoB levels [40]. In the experimental study 
conducted on Swiss albino mice by Mohamad et al., it was reported that oxidative 
stress decreased in subjects who were given 100 mg/kg FSME intraperitoneally, and 
they were protected from Ehrlich Ascites Carcinoma (EAC) associated with ROS 
[55]. In another study, it has been proved that fennel extract administered orally to 
mice reduces arachidonic acid-related ear edema [40].

3.6 Bay leaves (Laurus nobilis)

Laurus nobilis is a plant that is often grown in southern Europe and used in 
cooking. It contains flavonoids such as quercetin, kaempferol and sesquiterpen in 
particular [40].

It is especially known for its antidiabetic effect. Its hypolipidemic effect has been 
demonstrated in several in vivo studies. Bay leaf extract has been increased glucose 
uptake in rat epididymal adipocytes by acting like insulin. Besides, it causes a 
decrease in total plasma cholesterol level in hypercholesterolemic people. It inhibits 
ApoA1 glycation, oxidation of LDL particles and uptake of oxidized LDL particles 
from macrophages, in in vitro studies. Bay leaf additionally has an anti-inflamma-
tory effect. Bay leaf extract reduces interleukin-6 (IL-6) production and cyclooxy-
genase-2 (COX-2) protein expression, particularly in stimulated macrophages [40]. 
It has also been detected to reduce the rate of cell death and cerebral infarction after 
cerebral ischemia in rats [21].

3.7 Sage (Salvia officinalis)

It is in the fragrant herbs class that forms the “salvia” genus from the “lamiacea” 
family. It is also known as “Ammi majus” and “salvia”. It grows a lot in Asian and 
European countries [27]. The dried form of the leaves, which are furry and whitish, 
can be boiled like tea and can be used to add taste and flavor to meat dishes [27, 40].

It is dense in terms of polyphenols. It is particularly rich in phenolic and rosma-
rinic acid [40]. The most important phenolic components in the structure of sage, 
which has antioxidant effect, are carnosol, carnosic acid and rosmanol [27].
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It has an antihyperlipidemic effect [40]. Fasseas et al. reported that lipid 
peroxidation decreased in meats treated with sage extract, but this effect may 
vary depending on storage temperature and time [56]. In streptozotocin-induced 
diabetic rats, it was observed that sage extract given intraperitoneally caused 
a decrease in serum glucose level after 3 hours, but it was shown that it did not 
cause any change in serum insulin level. However, it has been shown to contribute 
positively to glucose management in healthy subjects. Serum glucose levels have 
been decreased in healthy subjects given oral sage for 14 days. Experimental studies 
have been conducted on the potential anti-inflammatory effect of sage and positive 
results have been obtained. Inflammation at the injection site was observed to be 
reduced by administering sage one hour before injection of carrageenan or formalin 
to rats [40]. In a study conducted on people between the ages of 65 and 80 with mild 
or moderate Alzheimer’s disease, another type of salvia called “salvia lavandulaefo-
lia” was used for 4 months and significant improvement was obtained in cognitive 
functions. Thus, this product is thought to have the feature of increasing “speed of 
memory” in healthy volunteers. In a comparative study conducted between “Salvia 
officinalis” (aroma form) and “salvia lavandulaefolia” (oil form), it was detected 
that Salvia officinalis increased cognitive and emotional characteristics and memory 
quality more [21].

In a study of industrial microwave exposure of sage, it was examined that there 
was no change in the antioxidant properties of this plant [50].

3.8 Green tea

It is an antioxidant and anti-inflammatory product with flavonol structure [21]. 
It is an important component of many diets, due to its high antioxidant content [2].

Major flavonoids in green tea are monomer catechins, epigallocatechin gallate 
(EGCG), epigallotechin, epicatechin (EC), epicatechin-3-gallate (ECG) and epi-
cathechin (EGC) [2, 26]. EGCG is the most active and the most concentrated com-
ponent in green tea [26]. It makes up 43% of total phenol [4, 26]. Most of the stated 
effects of green tea are related to the EGCG component. EGCG presents its antioxi-
dant, anti-inflammatory effect by reducing COX-2 overexpression. The polyphenol 
content constitutes approximately 35% of its dry weight. Compared to black tea, 
green tea has a higher proportion of catechins [26].

Green tea is a herb known to have positive effects on age-related chronic diseases, 
cardiovascular diseases, cancer, obesity, diabetes, and neurodegenerative patholo-
gies. In many epidemiological studies, it has been suggested that green tea consumed 
daily reduces morbidity and mortality due to chronic diseases [26].

3.9 Parsley (Petroselinum crispum/Petroselinum neapolitanum)

It is an antioxidant herb with a very high flavonoid content [9, 21, 40]. It mainly 
contains apigenin [40].

It was observed that parsley, which was given parsley extract and administered 
orally to streptozotocin-induced diabetic rats for 28 days, caused a decrease in the 
level of glucose in the circulation. In addition, parsley also has an anti-inflammatory 
effect. One hour after oral administration of parsley extract in rats with paw edema 
induced by carrageenan, a decrease in edema was observed in the area where car-
rageenan injection was applied. Another benefit of parsley consumption is that it 
contributes to the treatment of hypertension. In a study conducted on healthy rats, 
it has been presented that oral administration of parsley extract leads to an increase 
in urinary output after 5 hours and an increase in excretion of sodium, potassium 
and chlorine with urine [40].
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3.10 Garlic/Chive (Allium schoenumprasum)

It is a herb that has always had a place in traditional and modern diets [21]. 
Garlic, also known as “Allium sativum”, is a plant belonging to the “amaryllidaceae” 
family that can be used prophylactically or in treatment in both the food industry 
and alternative medicine [14, 21].

Bioactive ingredients include organosulfide compounds such as allicin, ajoene, 
S-allyl-L-cysteine, dallyltrisulfide (DATS) [13]. Dallyltrisulfide (DATS), which is 
found in the composition of garlic, is also an important phenolic component [14].

It has various pharmacological activities accepted in the medical literature [14]. 
These include antioxidant, immunostimulant, antineoplastic, anti-inflammatory, 
antihypertensive, antithrombotic, antibacterial, antifungal and antiviral  
activities [13, 14, 21].

Its anti-inflammatory property is due to inhibition of nuclear factor κB (NFκB) 
(transcription factor regulating inflammatory response) activation, iNOS and 
COX-2 expression. In in vitro and in vivo animal studies, garlic has been determined 
to strengthen immune function, stimulate lymphocyte proliferation, increase 
interferon-γ (IFN-γ) release, increase macrophage phagocytosis function and 
natural killer (NK) cell activity [13]. Garlic has been reduced TNFα-induced ROS 
and NFκB activation on human umbilical vein endothelial cells. It has been proved 
that the anti-inflammatory effect of garlic or garlic oil derivatives is due to NO sup-
pression in induced macrophages. However, it has reduced endotoxin-induced iNOS 
activity in rat intestinal mucosa and weaken monocyte chemoattractant protein-1 
by IL-6 induced by macrophage-secreted factors in human preadipocytes [21].

In some studies, it has been observed that garlic has positive effects, especially 
in cardiovascular diseases [13, 14]. It is known that it slows down the atherosclerotic 
process, reduces the risk of heart attack and infarction, prevents fat accumulation 
in blood vessels, inhibits LDL cholesterol oxidation, reduces total cholesterol, 
increases HDL, and has positive effects on endothelial function [10, 13]. There are 
studies reporting the antioxidant effect of garlic, especially in elderly and hyper-
tensive persons [10, 21]. It has reduced systolic blood pressure by 5.5% [10]. Garlik 
extracts have also reduced oxidative stress and contribute to vascular remodel-
ing in rats given sucrose-containing water [21]. Other effects include decreasing 
blood glucose levels [10, 13, 21]. In a study conducted on rats fed with fructose for 
8 weeks, it was demonstrated that the metabolic syndrome was attenuated, insulin 
sensitivity was increased, and oxidative stress was reduced by giving garlic homog-
enized with water. In addition, garlic has neuroprotective effects in Alzheimer’s 
disease [21]. In rats, it reduces the infract size in rats following edema and ischemia/
reperfusion injury after transient global brain ischemia [13, 21]. It has a learning 
and memory strengthening effect. Garlic has been detected to prevent Abeta-
induced neurotoxicity and apoptosis and protect neurons [13]. In the absence of 
any stress environment, a significant increase in memory was observed in rats given 
garlic after 21 days of oral use [21]. It is known that garlic has beneficial effects on 
respiration and digestion. Garlic is also used in some skin diseases and parasitic 
infections. DATS, which is in the composition of garlic, has an effect that inhibits 
tumorigenesis. It achieves this effect through the Wnt/β-catenin signaling pathway. 
Thus, it is known to affect SW480 and DLD-1 colorectal cancer cells [14].

3.11 Clove (Eugenia caryophyllata/Syzygium aromaticum)

Clove (Eugenia caryophyllata) comes from the “mirtaceae” family, a medium-
sized (8–12 m) tree that grows on the Maluku Islands in Eastern Indonesia. 
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It consists of leaves and buds. It is a widely used herb that is often combined with 
foods. Cloves are generally used in meat and rice dishes. In North Indian cuisine, 
cloves are used in almost every side dish, often mixed with curry. Previously used 
only as a food preservative, this herb continues to be used increasingly due to its 
antioxidant properties [57].

The biocomponents of this plant, which has a dominant scent, are phenolic 
compounds (ferulic, caffeic, ellagic, and salicylic acids) such as flavonoids (quer-
cetin and kaempferol), β-caryophyllene, eugenol, hydroxybenzoic acids, hydroxy-
namic acids and hydroxyphenyl propenes [57, 58].

Its most prominent effect as a food preservative is its antibacterial and antioxi-
dant effect. In addition, its antifungal, antiviral, spasmolytic, sedative, analgesic, 
local anesthetic and anticarcinogenic effects are also important. There are literature 
data indicating that clove increases microcirculation, lowers body temperature, 
provides a hypotensive effect, and may reduce cardiovascular risks and arterial 
sclerosis [59]. Local anesthetic effects are among the reasons that are frequently 
recommended by dentists. It is thought to act by depressing nociceptors, which are 
sensory receptors that play a role in pain perception [60]. Clove also inhibits pros-
taglandin biosynthesis and the release of leukotrienes in the inflammatory pathway 
through its potent COX-1 and 2 inhibitory activity [61].

Clove oil has antibacterial activity thanks to its β-caryophyllene and eugenol 
content. Bacteria with which it is effective include campylobacter jejuni, Escherichia 
coli, salmonella enteritica, Listeria monocytogenes and Staphylococcus aureus. 
Antifungal effects have also been reported on Candida albicans, trichophyton 
rubrum, microsporum canis, tricophyton mentagrophytes, fusarium monoliforme, 
microsporum gypseum, fusarium oxysporum, epidermophyton floccosum, mucor 
species, microsporum gypseum and aspergillus [58, 62].

3.12 Thyme/Oregano (Thymus vulgaris/Oreganum vulgare)

It is a member of the “lamiaceae” family. Although there are many species of the 
thymus genus, the more common one is “Thymus vulgaris”, native to Italy and the 
Western Mediterranean. Oregano grows largely in temperate regions and is rare in 
Africa. Different studies have concluded that the use of oregano improves stability 
and reduces lipid oxidation throughout the shelf life of foods (meat, meat products, 
milk, fish or fish products). This property makes thyme an enriched functional 
food source [63].

Thyme includes monoterpene polyphenols such as thymol and p-cymene, with 
the most particular component being carvacrol, and other monoterpenes such as 
-pinene, 1,8-cineol, camphor, linalool and borneol [9, 21, 63]. Flavonoid content is 
quite high [21]. The common feature of the thyme types widely used in the industry 
is that they contain essential oil and the main components of these essential oils are 
thymol and carvacrol. These substances are phenolic compounds that give thyme its 
unique scent and give it antioxidant properties [27].

Thyme is a nutritional antioxidant that stands out with its antidiabetic, anti-
bacterial and anticarcinogenic effects. The basis of its antimicrobial activity is the 
free hydroxyl group, its hydrophobicity and the presence of a phenol moiety [64]. 
Similarly, the presence of phenol is responsible for its antispasmodic and antitussive 
effects. There are also both animal studies and in vitro studies on its anthelmintic 
effects [65]. In in vitro studies, the effect of thyme oil on antibiotic-resistant entero-
coccus and escherichia strains, especially staphylococcus and pseudomonas strains 
has been presented. It is highly effective on biofilms, and its antibacterial effects are 
associated with direct penetration into the cell wall and matrix [66].
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3.10 Garlic/Chive (Allium schoenumprasum)
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4. Antioxidant-affected spices

In the Figure 2, natural spices with potent antioxidant features and which are 
most commonly used are listed.

4.1 Saffron (Crocus)

Saffron, also known as “Crocus sativus”, is a spice belonging to the “iridaceae” 
family. It is also called as “red gold” since it is a very precious spice in food and 
medicine. It is among the most valuable spices in the world [14]. It is one of the 
most important phytochemical carotenoids [14, 21].

Crocin/Crocetin is the most important bioactive molecule in substance of saffron. 
This molecule has the effect of reducing tumor growth [14].

It has potent antioxidative and anti-inflammatory effects. It has been observed 
that crocetin significantly reduces insulin resistance, corrects hyperinsulinemia, 
dyslipidemia and hypertension in rats that are given fructose. It reduces the oxida-
tive damage associated with ischemia/reperfusion in the rat hippocampus. After 
chronic cerebral hypoperfusion in rats, it has been determined that the extracts of 
crocin and crocetin increase spatial cognitive abilities. A double-blind study reported 
significant improvement in cognitive function in individuals with Alzhemier’s 
disease after 16 weeks of saffron use [21].

4.2 Curcumin (Turmeric/Eugenol/Curcuma longa)

Its use in traditional medicine, especially in dermatological diseases, in eastern 
societies, especially in China and India, is based on approximately 4,000 years. 
This product, which is accepted as a combination of plants that have a place in 
religious rituals in ancient times, is collected in its roots and stems and then 
reproduces by giving seeds again [20]. Originally, this spice, which comes from 
the ginger family, has been recognized to have a healing effect on many disease 

Figure 2. 
Natural spices with potent antioxidant features and which are most commonly used.
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progression, although some remained only in the clinical trial phase. However, the 
transition from traditional medicine to modern plug was not difficult. This spice 
with flowers and broad leaves grows in tropical climates. Its color and taste are used 
by putting it in pasta, rice, vegetables, meat dishes and salads. The Food and Drug 
Administration (FDA) has confirmed that curcumin is a compound “generally 
considered safe”. Curcumin has been proven to be sensitive to light, so it is recom-
mended that biological samples containing curcumin should be protected from 
light [67]. Studies are underway to increase its bioavailability after oral ingestion, 
as its absorption from the gastrointestinal tract is poor and most of it is excreted in 
the feces [68].

Biologically active component of “Curcuma longa” is lipophilic, yellow-orange 
colored curcumin (diferuloylmethane). It is also referred to “Indian saffron” 
because of its specific color. Its antioxidant properties are due to the methoxy, phe-
noxy and carbon–carbon double bonds in its structure. Even though its metabolic 
rate and elimination are high, its bioavailability is limited. However, in the develop-
ment phase of many diseases, cytokines, it plays an important role by regulating 
growth factors, kinases, transcription factors and enzymes. Its molecular activity 
on signal transduction and redox reactions has always been a curiosity. High-level 
methoxylation and low-level hydrogenation of curcumin content increase free radi-
cal scavenging ability [68].

Curcumin is one of the spices with the highest antioxidant and anti-inflammatory 
component [2, 12]. The antioxidant effect of curcumin is based on reducing TNFα 
and IL-1 expression and establishing balance with ROS. Curcumin, other than 
being beneficial for wound healing, also has an antibacterial effect by controlling 
the inflammatory response. Curcumin induces apoptosis of inflammatory cells and 
thus shortens the inflammatory phase. It accelerates healing by increasing collagen 
synthesis and fibroblast migration in the early phase of wound healing. However, 
forms suitable for topical use are not yet available. In vivo and in vitro studies on this 
subject continue. Therefore, it is much more effective to add oral forms of curcumin 
to the diet for wound healing at this stage [69]. Studies have shown that the effects of 
curcumin on the processes of Alzheimer’s, diabetes mellitus, obesity, neurodegenera-
tive diseases, osteoarthritis, and oncogenesis give promising results [20]. There are 
studies showing that curcumin reduces the proliferation and invasion of tumor cells 
[70]. It has been examined that curcumin is a biologically active agent that increases 
cancerous cell apoptosis in head–neck, pancreatic and colorectal cancer patients 
[70–73]. Curcumin is also a good source of ω-3 fatty acids and α-linolenic acid. It pre-
vents atherosclerosis by reducing the level of LDL in the blood, preventing lipoper-
oxidation, and reducing cholesterol levels [74]. It is mostly because of this effect that 
it is used as a common cooking spice in developed countries where the consumption 
of saturated fatty acids is greatly increased. Curcumin supplementation is recom-
mended for foods during both prevention and treatment of cardiovascular diseases in 
which atherosclerosis plays a major role. Curcuminoids reduced blood sugar, partly 
due to their effect of reducing free fatty acids, and in addition, in studies on rodent 
models, they prevent the reduction in antioxidant capacity caused by diabetes. As 
a result, it has been reported to have an antidiabetic effect in patients with insulin-
resistant type-II diabetes and in in-vivo studies [75, 76].

4.3 Cumin (Cumin aldehyde/Cuminum cyminum)

Cumin (Cuminum cyminum) is a well-known culinary spice that is often used 
in mealtimes. It is a small herbaceous product belonging to the “apiaceae” family. 
Its oblong-shaped seeds have a strong aromatic scent and a warm bitter flavor. It 
is widely grown in Central Asia, Pakistan, India, Iran and China. It is traditionally 
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used as an antiseptic agent. It is also widely used in digestive disorders such as 
dyspepsia and diarrhea [72].

Its bioactive components are terpenes, phenols and flavonoids. Thanks to 
these components, it has been proven that it has free radical scavenging and metal 
chelating properties [77].

It is a spice with anti-inflammatory and antioxidant properties [12]. Animal 
studies are available showing the hypolipidemic and antidiabetic effects of cumin 
[78]. Experimental studies have been conducted to support the effect of cumin 
on renal ischemia–reperfusion injury [79, 80]. It also has antibacterial and potent 
antimicrobial activity [66, 77]. Cumin seeds also have immunostimulating, gastric 
protective, hepatoprotective, nephroprotective, and neuroprotective activities [81].

4.4 Cinnamon (Cinnam aldehyde/Cinnamomum zeylanicum):

Cinnamon comes from the “lauraceae” family, and its leaves and shells as a spice 
have been in the world trade for centuries. Cinnamon is mostly obtained from the 
bark of the “Cinnamomum zeylanicum” tree originating from South and Southeast 
Asia. The most specific feature of cinnamon, which is an evergreen tree, is its aro-
matic scent. Cinnamon, which is also widely traded, is frequently consumed in Iran 
in the form of traditional tea. It is used to prevent lipid oxidation of bakery products 
such as cakes, so that it prevents the taste of foods [82].

The antioxidant activity is estimated to be due to the polysaccharide known as 
“daruchini” derived from cinnamon bark. Thanks to “arabinogalactan” and “glu-
can” in its structure, it loses protons and gives a radical scavenging effect [83].

It is a spice with a pronounced antioxidant and anti-inflammatory effect [12]. 
It has been observed that consuming it especially in tea form is beneficial in the 
treatment of diseases related to oxidative stress. It has also been presented to 
have a sedative effect in many human studies [83]. Cinnamon, acting like insulin, 
increases insulin receptor kinase activity and stimulates glycogen synthase activity. 
Thus, it exerts antidiabetic effect [82, 84]. Spices such as cinnamon have started to 
be included in prescriptions as an additional treatment, due to the toxic side effects 
of diabetes medications and balance problems due to long-term use. In these stud-
ies, which accelerated the development of multiple antibiotic resistances, antibacte-
rial effects on factors such as bacillus subtilis, Staphylococcus aureus, Bacillus cereus, 
Escherichia coli, salmonella typhi, Pseudomonas aeruginosa, Listeria monocytogenes, 
and fungal effects such as aspergillus monocytogenes, aspergillus monocytogenes 
are also known [85]. In addition, NF-κB, which is known to be effective in cancer 
development acts an anticancer by inhibiting the production of IL-1β and TNF-α. 
Cinnamon is beneficial in lowering triglycerides and LDL cholesterol by affecting 
the blood lipid profile through the poliphenols in its structure [86]. The effect of 
polyphenols here is achieved by inhibiting hepatic lipid peroxidation. In this way, 
by cleaning hydroxy and fatty acid radicals and chelates, providing the metabolic 
balance of fat and carbohydrates, cinnamon has turned into a functional nutrition.

4.5 Ginger (Zingiber officinale roscoe):

Ginger (Zingiber officinale roscoe) comes from the “zingiberaceae” family, and 
especially its roots are among the most widely used functional spices in the world. 
With a slightly bitter but strong aroma, this root can be used in powder or ground 
form. It can be consumed in brine, drying, canned or fresh [20].

“Oleoresin” obtained from its roots contains various bioactive molecules. 
Among these are terpenes, polysaccharides, lipids, but especially gingerol, physi-
ological effects are the most intense [20, 87]. The proportion of gingerol is higher 
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in fresh ginger than the dried form, so consuming fresh is more important for its 
antioxidant effect [20]. Ginger extract is also a natural and potent antioxidant com-
pared to synthetic antioxidants, with a high Fe+3-effective chelating capacity [88].

Studies mention the effects of ginger on cardioprotective, anti-inflammatory, 
neuroprotective, antinausea and antiobesity. Its anti-inflammatory effects have 
been demonstrated in the treatment of osteomyelitis, arthritis and rheumatism 
[89]. Ginger, which has increased glutathione levels and suppress lipid peroxi-
dation during its anti-inflammatory effects, is widely used as a food flavor in 
developed countries for colds, migraine attacks and gastrointestinal disorders. Its 
antimicrobial effects are related to its lipophilic property, making the fungal walls 
and cytoplasmic membrane permeable. Antibacterial effects on species such as 
Staphylococcus aureus, Streptococcus pyogenes, Streptococcus pneumoniae and hae-
mophilus have been proved on various animal and human studies. The most stable 
metabolite, 6-gingerol derivative, has been observed to have an antinause effect by 
blocking 5-hydroxy tryptophan and serotonin-mediated vagal afferent neurons in 
patients used after chemotherapy, nephrectomy and cesarean operations [90, 91].

4.6 Black Pepper (Piper nigrum)

Black pepper is a product that belongs to the “piparaceae” family and is called as 
“Piper nigrum” [14]. It is obtained from the ripe fruits of Piper nigrum L [27]. Black 
pepper has a very common pharmaceutical use in the world [14]. It is cultivated 
in tropical regions, especially in India, Malaysia, Asia and Indonesia [12, 27]. It is 
among the best-selling spices on the market in some countries like India [14, 92].

Black pepper contains five phenolic acids (piperettine, piperanine, pipery-
lin A, piperolein B and pipericine) amide with antioxidant effects [12, 13, 27]. 
Additionally, it contains alkamides, piptigrine, wisanine and dipiperamide [13]. 
These phenolic components have a damaging effect by preventing the growth 
of the bacterial membrane, and their antimicrobial activity occurs through this 
mechanism [12]. These compounds are non-greasy, odorless, tasteless and exhibit 
stronger antioxidant activity than α-tocopherol [27]. The composition in the form 
of essential oil has antimicrobial activity [12]. The quality of black pepper varies 
depending on piperine causing bitterness and the essential oils responsible for its 
aroma [12, 27]. Piperine is a green crystalline clear substance that was first isolated 
in 1819. This alkaloid is a compound that gives the pepper its bitterness. The nature 
of piperine, which is its active basic component, is known in detail, and its effec-
tiveness in alternative medicine has been clearly proven [13, 14, 21]. Its content, 
piperine, is a bioactive component with known beneficial effects on human health 
[13, 14]. Piperine is absorbed by passive diffusion in the gastrointestinal tract and 
has a short clearance time [13]. In a study of industrial microwaving of black pep-
per, it was determined that no change was observed in the antioxidant properties of 
this herb [50].

It has antioxidant, antimicrobial and antipyretic properties [27]. 
Antidepressant, antifungal, anti-inflammatory, analgesic, anticarcinogenic, 
antithyroid activities are some of the important pharmacological effects of black 
pepper [13, 14, 93]. Its anti-inflammatory effect has been detected on rats in many 
experimental studies. Black pepper accelerates the digestion process, increases 
digestive enzymes, gastric acid and bile acid secretion, and shortens the food transit 
time. It has anti-depressant-like effect by regulating neurotransmitter metabolism, 
causing an increase in behavioral/cognitive effects [13]. Piperine significantly 
reduces cell death, brain edema, and post-reperfusion proinflammatory cytokines 
in rats. It has decreased hippocampal cell death after ethylcholine aziridinium ion 
administration in rats [21]. Piperine has reduced arthritis pain in animal models. 
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used as an antiseptic agent. It is also widely used in digestive disorders such as 
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It has been observed that consuming it especially in tea form is beneficial in the 
treatment of diseases related to oxidative stress. It has also been presented to 
have a sedative effect in many human studies [83]. Cinnamon, acting like insulin, 
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Additionally, it contains alkamides, piptigrine, wisanine and dipiperamide [13]. 
These phenolic components have a damaging effect by preventing the growth 
of the bacterial membrane, and their antimicrobial activity occurs through this 
mechanism [12]. These compounds are non-greasy, odorless, tasteless and exhibit 
stronger antioxidant activity than α-tocopherol [27]. The composition in the form 
of essential oil has antimicrobial activity [12]. The quality of black pepper varies 
depending on piperine causing bitterness and the essential oils responsible for its 
aroma [12, 27]. Piperine is a green crystalline clear substance that was first isolated 
in 1819. This alkaloid is a compound that gives the pepper its bitterness. The nature 
of piperine, which is its active basic component, is known in detail, and its effec-
tiveness in alternative medicine has been clearly proven [13, 14, 21]. Its content, 
piperine, is a bioactive component with known beneficial effects on human health 
[13, 14]. Piperine is absorbed by passive diffusion in the gastrointestinal tract and 
has a short clearance time [13]. In a study of industrial microwaving of black pep-
per, it was determined that no change was observed in the antioxidant properties of 
this herb [50].

It has antioxidant, antimicrobial and antipyretic properties [27]. 
Antidepressant, antifungal, anti-inflammatory, analgesic, anticarcinogenic, 
antithyroid activities are some of the important pharmacological effects of black 
pepper [13, 14, 93]. Its anti-inflammatory effect has been detected on rats in many 
experimental studies. Black pepper accelerates the digestion process, increases 
digestive enzymes, gastric acid and bile acid secretion, and shortens the food transit 
time. It has anti-depressant-like effect by regulating neurotransmitter metabolism, 
causing an increase in behavioral/cognitive effects [13]. Piperine significantly 
reduces cell death, brain edema, and post-reperfusion proinflammatory cytokines 
in rats. It has decreased hippocampal cell death after ethylcholine aziridinium ion 
administration in rats [21]. Piperine has reduced arthritis pain in animal models. 
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Piperine supplementation reduces muscle damage when given before and after 
exercise. Piperine reduces histamine release and eosinophil infiltration in animal 
models. However, it suppresses allergic airway inflammation and airway hypersen-
sitivity. Piperine increases energy expenditure in animal experiments, activates the 
sympathetic nervous system, causes thermogenesis, increases catecholamine levels, 
and activates adrenal sympathetic nerves [13]. In a study, it was examined that lipid 
peroxidation was delayed in pork meat with the addition of black pepper [13, 94]. 
Piperine prevented lipid accumulation in mouse macrophages. Alternatively, it has 
been determined to transform into foamy cells in animal studies, which can reduce 
fat accumulation in the arterial wall [13].

4.7 Red Chili/Chili Pepper (Capsicum annum)

Red chili is a product belonging to the “solanaceae” family [14].
“Capsaicin” is the primary bioactive substance of red chili pepper [14, 21]. 

Capsaicin is an alkaloid. It constitutes 50–70% of total capsaicinoids. It contains 
20–25% dihydrocapsaicin and 0.2–2% capsaicinoid [10]. Among its recently 
discovered ingredients are capsiate and dihydrocapsiate [13].

The beneficial effects of red pepper have been documented long before. In 
vitro and experimental studies of red pepper and capsaicin have proved potential 
antioxidant and anti-inflammatory effects of it against oxidative stress in various 
tissues and organs [13]. This spice type has the ability to induce apoptosis in major 
type cancers. It has been presented that capsaicin treatment in gastic cancer cells 
(MGC-803) and cervical cancer cells (HeLa) prevented the G1 phase in cell cycle 
analysis. In an experimental study performed in athymic mice, it was indicated 
that tumor growth in prostate cancer cells (LNCaP) was reduced in subjects given 
5 mg/kg orally [14]. In another study conducted in vitro, it has been determined 
that it has a protective effect on rat hippocampal neurons, reduces hippocampal 
death after global ischemia, decreases the size of cerebral infarction after bilateral 
arterial occlusion in mice, and decreases the infraction volume in neonatal rats 
ligated in unilateral carotid arteries after hypoxia [21]. However, capsaicin regulates 
energy metabolism and has beneficial effects on the cardiovascular system, with its 
antioxidant and antiplatelet effects. In a clinical study conducted on humans, it was 
determined that 5 grams of red pepper (Capsicum frutescens) lowered blood glucose 
levels and maintained healthy insulin levels. In the short-term use of red pepper, 
it has been observed that body mass index contributes to management, decreases 
energy and fat intake, increases body heat production (thermogenesis), increases 
body metabolic rate, decreases the conversion of fat cells to mature cells (adipogen-
esis) and increases fat oxidation. Capsaicin has been detected to be gastroprotective 
in patients with peptic ulcer disease. Capsaicin reduces acid secretion, induces 
alkaline mucous stimulation (particularly by affecting gastric mucosal blood flow) 
and contributes to ulcer healing [13].

5. Comparison of natural antioxidant-affected herbs and spices

In a study comparing antioxidant effects, it was stated that the strongest anti-
oxidant effect was in rosemary and curcumin, followed by herbs such as cinnamon, 
saffron, sage, and thyme [2, 27, 46].

Shahidi et al. asserted that the antioxidant activities of clove, sage, thyme and 
ginger in meat oil were concentration-dependent [95]. They stated that among 
these substances, the most effective was clove, and the least effective spices were 
ginger and thyme [95].
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Pizzale et al. found that, on average, the antioxidant activity of sage species 
(Salvia officinalis and fruticosa) was higher than thyme species (Origanum onites and 
indercedens) in their study [96].

Another study proved that chloroform extract of dried musk sage (Salvia 
sclarea) has higher antioxidant activity than acetone extract, and both extracts have 
higher total antioxidant activities than α-tocopherol [27].

Nakatani et al. determined that black pepper is more effective than synthetic 
antioxidants such as BHT and BHA [97].

In another study, the antioxidant properties of curcuminoids were investigated, 
and it was determined that the antioxidant capacity of these extracts was equivalent 
to ascorbic acid [98].

When evaluated in terms of the density of total phenolic compounds, it has been 
observed that rosemary and thyme have higher phenolic content than other herbs. 
Also, it was presented that fresh plants have more intense phenolic content than 
dried plants [9].

Correspondingly, it is thought that the most potent antioxidants are fresh 
rosemary and curcumin, and it may be suggested to increase the consumption of 
these products.

6. Antioxidant combinations

Since each spice contains a wide range of phenols, many of them can provide 
synergistic effects with each other. The formulations of different herbs and spices 
were tested in vivo and in vitro, and their antimicrobial effects were compared [12].

It is predicted that the antioxidant effect increases significantly when thyme 
essential oil and vitamin E are mixed in half so that there is a synergistic effect 
between thyme essential oil and vitamin E [27].

It has been indicated that meats are effectively protected against Listeria monocy-
togenes with the combined use of curcumin and thyme [12].

In an experimental animal study, it was observed that when capsaicin (0.015%) 
was given alone and in combination with curcumin, it reduced triglyceride levels by 
12% and 21% in animals given a high fat diet [13].

Since piperine increases the absorption of various drug and food sources, it 
increases their bioavailability when used with other antioxidants. It increases the 
absorption of compounds such as coenzyme-Q, curcumin and polyphenol. For 
example, bioavailability of curcumin increases by 154% when it is given with 
20 mg/kg piperine in animal studies. Piperine shows its effect by decreasing the 
intestinal and hepatic metabolism of curcumin. In some studies, it has been pre-
sented that piperine increases the bioavailability of resveratrol in vivo by inhibiting 
its metabolism. In this way, it ensures that additional resveratrol doses are not 
required [13].

Therefore, the combined use of herbs and spices with appropriate formulations 
can be recommended.

7. Conclusion

Herbs and spices used in cooking, increasing the nutritional value of foods and 
extending the storage time are highly interesting compounds with antioxidant 
properties due to their bioactive content, showing beneficial effects on human 
health. Interest in natural antioxidants in plants around the world is increasing day 
by day, with the widespread use of natural additives in the food industry. Therefore, 
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The beneficial effects of red pepper have been documented long before. In 
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tissues and organs [13]. This spice type has the ability to induce apoptosis in major 
type cancers. It has been presented that capsaicin treatment in gastic cancer cells 
(MGC-803) and cervical cancer cells (HeLa) prevented the G1 phase in cell cycle 
analysis. In an experimental study performed in athymic mice, it was indicated 
that tumor growth in prostate cancer cells (LNCaP) was reduced in subjects given 
5 mg/kg orally [14]. In another study conducted in vitro, it has been determined 
that it has a protective effect on rat hippocampal neurons, reduces hippocampal 
death after global ischemia, decreases the size of cerebral infarction after bilateral 
arterial occlusion in mice, and decreases the infraction volume in neonatal rats 
ligated in unilateral carotid arteries after hypoxia [21]. However, capsaicin regulates 
energy metabolism and has beneficial effects on the cardiovascular system, with its 
antioxidant and antiplatelet effects. In a clinical study conducted on humans, it was 
determined that 5 grams of red pepper (Capsicum frutescens) lowered blood glucose 
levels and maintained healthy insulin levels. In the short-term use of red pepper, 
it has been observed that body mass index contributes to management, decreases 
energy and fat intake, increases body heat production (thermogenesis), increases 
body metabolic rate, decreases the conversion of fat cells to mature cells (adipogen-
esis) and increases fat oxidation. Capsaicin has been detected to be gastroprotective 
in patients with peptic ulcer disease. Capsaicin reduces acid secretion, induces 
alkaline mucous stimulation (particularly by affecting gastric mucosal blood flow) 
and contributes to ulcer healing [13].

5. Comparison of natural antioxidant-affected herbs and spices

In a study comparing antioxidant effects, it was stated that the strongest anti-
oxidant effect was in rosemary and curcumin, followed by herbs such as cinnamon, 
saffron, sage, and thyme [2, 27, 46].

Shahidi et al. asserted that the antioxidant activities of clove, sage, thyme and 
ginger in meat oil were concentration-dependent [95]. They stated that among 
these substances, the most effective was clove, and the least effective spices were 
ginger and thyme [95].
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Pizzale et al. found that, on average, the antioxidant activity of sage species 
(Salvia officinalis and fruticosa) was higher than thyme species (Origanum onites and 
indercedens) in their study [96].

Another study proved that chloroform extract of dried musk sage (Salvia 
sclarea) has higher antioxidant activity than acetone extract, and both extracts have 
higher total antioxidant activities than α-tocopherol [27].

Nakatani et al. determined that black pepper is more effective than synthetic 
antioxidants such as BHT and BHA [97].

In another study, the antioxidant properties of curcuminoids were investigated, 
and it was determined that the antioxidant capacity of these extracts was equivalent 
to ascorbic acid [98].

When evaluated in terms of the density of total phenolic compounds, it has been 
observed that rosemary and thyme have higher phenolic content than other herbs. 
Also, it was presented that fresh plants have more intense phenolic content than 
dried plants [9].

Correspondingly, it is thought that the most potent antioxidants are fresh 
rosemary and curcumin, and it may be suggested to increase the consumption of 
these products.

6. Antioxidant combinations

Since each spice contains a wide range of phenols, many of them can provide 
synergistic effects with each other. The formulations of different herbs and spices 
were tested in vivo and in vitro, and their antimicrobial effects were compared [12].

It is predicted that the antioxidant effect increases significantly when thyme 
essential oil and vitamin E are mixed in half so that there is a synergistic effect 
between thyme essential oil and vitamin E [27].

It has been indicated that meats are effectively protected against Listeria monocy-
togenes with the combined use of curcumin and thyme [12].

In an experimental animal study, it was observed that when capsaicin (0.015%) 
was given alone and in combination with curcumin, it reduced triglyceride levels by 
12% and 21% in animals given a high fat diet [13].

Since piperine increases the absorption of various drug and food sources, it 
increases their bioavailability when used with other antioxidants. It increases the 
absorption of compounds such as coenzyme-Q, curcumin and polyphenol. For 
example, bioavailability of curcumin increases by 154% when it is given with 
20 mg/kg piperine in animal studies. Piperine shows its effect by decreasing the 
intestinal and hepatic metabolism of curcumin. In some studies, it has been pre-
sented that piperine increases the bioavailability of resveratrol in vivo by inhibiting 
its metabolism. In this way, it ensures that additional resveratrol doses are not 
required [13].

Therefore, the combined use of herbs and spices with appropriate formulations 
can be recommended.
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Herbs and spices used in cooking, increasing the nutritional value of foods and 
extending the storage time are highly interesting compounds with antioxidant 
properties due to their bioactive content, showing beneficial effects on human 
health. Interest in natural antioxidants in plants around the world is increasing day 
by day, with the widespread use of natural additives in the food industry. Therefore, 
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herbs and spices have become the most important focus of research for the study of 
natural antioxidants.

Since ancient times, herbs and spices have been used in alternative medical 
treatments due to their antimicrobial, anti-inflammatory and antioxidative effects. 
Although the use of herbs and spices in food and treatment has been available for 
a long time, research on this subject is limited to the recent past. In addition to the 
poor antioxidant features of animal origin foods, the antioxidant power of plant-
based foods is much higher.

There are over 1.000 known antioxidant phytochemicals. Although they are 
very small in terms of weight and volume, they have a feature of increasing the 
value and antioxidant content of foods. Thanks to the studies conducted on this 
subject, the application strategies of phytochemical antioxidants in the diet can be 
determined, and chronic diseases related to oxidative stress such as cancer, cardio-
vascular diseases, hypertension, hyperlipidemia, inflammation and diabetes can be 
prevented or their effects can be reduced.

Various synthetic and natural products are used in the food industry to cope 
with dietary oxidative stress. Hence, there is a need for optimized studies of natural 
antioxidant products that can be used as food preservatives in the food industry. 
Thus, the natural storage times and nutritional values   of foods can be increased.
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Various synthetic and natural products are used in the food industry to cope 
with dietary oxidative stress. Hence, there is a need for optimized studies of natural 
antioxidant products that can be used as food preservatives in the food industry. 
Thus, the natural storage times and nutritional values   of foods can be increased.
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Abstract

Cinnamomum zeylanicum is one of the oldest spices used for culinary purposes in 
Asian countries. Its extracts have demonstrated a positive impact on controlling the 
progression of disease pathologies due to antioxidant, anti-inflammatory, antimi-
crobial, anticancer, anti-mutagenic, anti-tyrosinase and antidiabetic characteristics. 
C. zeylanicum also has its unique variations which makes it necessary to distinguish 
it from other species of cinnamon. Phenolic compounds such as cinnamaldehyde, 
eugenol, carvacrol, cinnamic acetate and thymol are the main compounds that can be 
found in essential oils of C. zeylanicum. However, cinnamaldehyde and eugenol act 
as the main bioactive antioxidant compounds found in C. zeylanicum because of their 
active functional groups in the structures. There are many examples of the use of C. 
zeylanicum extracts for medicinal purposes, specifically cinnamon metabolite proan-
thocyanidins which suppress inflammatory compounds and help pathways such as 
insulin signaling. Moreover, the bioactive compounds in essential oils of this plant are 
used against many pathogenic (including food-borne) and spoilage bacteria.

Keywords: Alzheimer’s disease, Ayurveda, cinnamaldehyde, Ceylon cinnamon, 
eugenol

1. Introduction

Cinnamomum zeylanicum (family Lauraceae), known as ‘Ceylon cinnamon’ or 
‘true cinnamon’, grows as an ever-green tree native to Sri Lanka (earlier Ceylon), 
and India including other regions of tropical Indochina and Madagascar  
(Figure 1). This is one of the oldest traditional spice species used for culinary 
purposes in South Asian countries [1, 2]. Additionally, according to toponymi-
cal and historical evidence, C. zeylanicum has been used for medicinal purposes 
since the establishment of Aryan settlements in the Anuradhapura kingdom 
[3]. Moreover, the indigenous species of Ceylon cinnamon has been used in the 
Ayurveda system of Sri Lanka [3, 4]. Ethnopharmacological studies show that 
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C. zeylanicum has gained more importance in Ayurveda and folklore medicine 
as it can be used in concoctions and decoctions. The inner bark of C. zeylanicum 
is used for medicine preparation in flatulence control, indigestion and in flu-
prevention in the Sri Lankan Ayurveda system. C. zeylanicum has also been found 
in various other folklore treatments against inflammation of eyes, dyspnoea, 
leucorrhoea, rheumatism, neuralgia, wounds, toothache and diabetes [4–6].

C. zeylanicum and it extracts have demonstrated their ability to have a posi-
tive impact on controlling the progression of disease pathologies in modern times 
as well. This is mainly due to the functional properties of C. zeylanicum and its 
compounds behaving as antioxidant, anti-inflammatory, antimicrobial, anticancer, 
anti-mutagenic, anti-tyrosinase and antidiabetic agents [1, 2]. In fact, Ceylon 
cinnamon is considered one of the few plants in the world that have made it to the 
modern pharmacy in the form of pills, powders, oils and ointments.

A striking resemblance in terms of appearance exists between different 
Cinnamon varieties. In particular, C. zeylanicum is sometimes confused with other 
varieties resulting in incorrect information being disseminated about the functional 
properties and bioactive compounds. To avoid consequences of these similarities, as 
well as due to the lack of data about the antioxidant properties of the plant and the 
importance of this information to its folkloristic use and pharmacological activities, 
it was deemed necessary to address the morphological features and antioxidant 
properties of C. zeylanicum in detail in this chapter, as well as the culinary and tra-
ditional uses, and the phytochemical composition and pharmacological activities.

2. Morphological features of Cinnamomum zeylanicum

C. zeylanicum has its unique variations which are quite useful in distinguishing 
it from other species of cinnamon. It is generally grown in loamy, lateritic, and 

Figure 1. 
Typical Cinnamomum zeylanicum tree (a), leaf (b), and processed bark (c) in Sri Lanka.
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silver sand soil and can grow up to 12 m in height. The morphological features 
which enable the identification of the varieties of C. zeylanicum from other species 
of Cinnamon based on leaf traits are shown in Table 1 [7]. While the deep vein 
distribution appears to be common to all Cinnamon species, the color change of the 

Type Leaf shape Leaf color Leaf 
size

Venation References

Cinnamomum 
zeylanicum  
(Sri Wijaya)

Acute Red leaves 
when young
And deep 
green when 
matured.

Small to 
medium

Deep vein 
distribution 
pattern present.

[7, 8]

Cinnamomum 
zeylanicum  
(Sri Gemunu)

Ovate to 
elliptic

Red leaves 
when young 
and dark 
green when 
matured.

Medium 
to large

Deep vein 
distribution 
pattern present

[8]

Cinnamomum 
cassia

Lanceolate Red leaves 
when young.

Small to 
medium

Deep veins [9]

Cinnamomum 
burmannii

Ovate-oblong Pale greenish 
brown 
leaves.

Small to 
medium

Deep veins [10]

Cinnamomum 
tamala

Elliptic-
oblong, ovate

Slightly 
pinkish 
when 
young and 
green when 
matured.

Small to 
medium

Deep veins.
Three-nerved 
from close above 
the base almost 
to the apex

[11]

Table 1. 
Morphological traits of leaves of varieties of cinnamon.

Type of 
Cinnamon

Color Texture Layers 
when 
rolled

Fragility Odor Taste References

Cinnamomum 
zeylanicum

Tan 
brown

Thin, 
soft and 
papery

Multiple 
layers 
and curls 
inward 
from both 
edges.

Fragile Exotic 
aroma

Mild 
sweet

[4, 12]

Cassia Cinnamon Reddish 
dark 
brown

Thick 
and 
rough

Few 
layers 
and curls 
inward 
from one 
edge.

Harder to 
break

Mild 
aroma

Spicy [4, 12]

Cinnamomum 
burmannii

Light 
reddish 
brown

Thin and 
soft

One layer Fragile Strong 
aroma

Marginal 
bitter and 
astringent

[12]

Cinnamomum 
loureiroi Nees

Reddish 
brown

Thin and 
rough

Few 
layers

Harder to 
break

Strong 
aroma

Slightly 
bitter and 
astringent

[4, 12]

Table 2. 
Significant differences in the bark of Cinnamomum zeylanicum and in other species of cinnamon.
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C. zeylanicum has gained more importance in Ayurveda and folklore medicine 
as it can be used in concoctions and decoctions. The inner bark of C. zeylanicum 
is used for medicine preparation in flatulence control, indigestion and in flu-
prevention in the Sri Lankan Ayurveda system. C. zeylanicum has also been found 
in various other folklore treatments against inflammation of eyes, dyspnoea, 
leucorrhoea, rheumatism, neuralgia, wounds, toothache and diabetes [4–6].

C. zeylanicum and it extracts have demonstrated their ability to have a posi-
tive impact on controlling the progression of disease pathologies in modern times 
as well. This is mainly due to the functional properties of C. zeylanicum and its 
compounds behaving as antioxidant, anti-inflammatory, antimicrobial, anticancer, 
anti-mutagenic, anti-tyrosinase and antidiabetic agents [1, 2]. In fact, Ceylon 
cinnamon is considered one of the few plants in the world that have made it to the 
modern pharmacy in the form of pills, powders, oils and ointments.

A striking resemblance in terms of appearance exists between different 
Cinnamon varieties. In particular, C. zeylanicum is sometimes confused with other 
varieties resulting in incorrect information being disseminated about the functional 
properties and bioactive compounds. To avoid consequences of these similarities, as 
well as due to the lack of data about the antioxidant properties of the plant and the 
importance of this information to its folkloristic use and pharmacological activities, 
it was deemed necessary to address the morphological features and antioxidant 
properties of C. zeylanicum in detail in this chapter, as well as the culinary and tra-
ditional uses, and the phytochemical composition and pharmacological activities.

2. Morphological features of Cinnamomum zeylanicum

C. zeylanicum has its unique variations which are quite useful in distinguishing 
it from other species of cinnamon. It is generally grown in loamy, lateritic, and 

Figure 1. 
Typical Cinnamomum zeylanicum tree (a), leaf (b), and processed bark (c) in Sri Lanka.
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silver sand soil and can grow up to 12 m in height. The morphological features 
which enable the identification of the varieties of C. zeylanicum from other species 
of Cinnamon based on leaf traits are shown in Table 1 [7]. While the deep vein 
distribution appears to be common to all Cinnamon species, the color change of the 

Type Leaf shape Leaf color Leaf 
size

Venation References

Cinnamomum 
zeylanicum  
(Sri Wijaya)

Acute Red leaves 
when young
And deep 
green when 
matured.

Small to 
medium

Deep vein 
distribution 
pattern present.

[7, 8]

Cinnamomum 
zeylanicum  
(Sri Gemunu)

Ovate to 
elliptic

Red leaves 
when young 
and dark 
green when 
matured.

Medium 
to large

Deep vein 
distribution 
pattern present

[8]

Cinnamomum 
cassia

Lanceolate Red leaves 
when young.

Small to 
medium

Deep veins [9]

Cinnamomum 
burmannii

Ovate-oblong Pale greenish 
brown 
leaves.

Small to 
medium

Deep veins [10]

Cinnamomum 
tamala

Elliptic-
oblong, ovate

Slightly 
pinkish 
when 
young and 
green when 
matured.

Small to 
medium

Deep veins.
Three-nerved 
from close above 
the base almost 
to the apex

[11]

Table 1. 
Morphological traits of leaves of varieties of cinnamon.

Type of 
Cinnamon

Color Texture Layers 
when 
rolled
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edges.

Fragile Exotic 
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Mild 
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[4, 12]
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and 
rough
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layers 
and curls 
inward 
from one 
edge.

Harder to 
break

Mild 
aroma

Spicy [4, 12]

Cinnamomum 
burmannii

Light 
reddish 
brown

Thin and 
soft

One layer Fragile Strong 
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Marginal 
bitter and 
astringent

[12]
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loureiroi Nees

Reddish 
brown

Thin and 
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Few 
layers

Harder to 
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Strong 
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Slightly 
bitter and 
astringent

[4, 12]

Table 2. 
Significant differences in the bark of Cinnamomum zeylanicum and in other species of cinnamon.
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Type of Cinnamon Flower color Arrangement References

Cinnamomum zeylanicum Greenish In panicles [10, 13]

Cinnamomum cassia White In panicles [13]

Cinnamomum burmannii Whitish Yellow In panicles [14]

Cinnamomum tamala Yellow In panicles [13]

Table 3. 
Variations of flower and inflorescence in Cinnamomum zeylanicum and other kinds of cinnamon.

leaves from red to deep green and a larger size help to distinguish the C. zeylanicum 
from C. cassia, C. burmannii and C. tamala.

The Cinnamon bark of C. zeylanicum is where most of the bioactive compounds 
exist, and, there are certain traits which help identify the plant, based on bark 
characteristics which are shown in Table 2 [4, 12]. However, it is also shown that 
the bark of C. zeylanicum in powder form is practically impossible to distinguish 
from other wild species of cinnamon due to its identical appearance – a character 
which is often misused by Cinnamon producers for adulteration. In these instances, 
an analytical method or a microscope is essential for the identification of Ceylon 
Cinnamon in its powdered form. However, the aroma from C. zeylanicum is more 
fragrant and exotic than other varieties. Owing to continued exposure to the  
plant, traditional Cinnamon growers would have the best sense of distinguishing  
C. zeylanicum from other varieties simply based on the aroma of the bark.

Flowers of C. zeylanicum are greenish in color and are arranged in panicles both 
from the axial or apex [10, 13, 14]. Variations in the Cinnamon flowers based on 
the different varieties are shown in Table 3. C. zeylanicum flowers have a noticeable 
green hue which would set it apart from flowers of other Cinnamon varieties.

3. Antioxidant properties and beneficial effects

Antioxidants are known as substances or compounds, that delay/stop the 
oxidation by ceasing the damage caused by free radicals. They are able to easily 
interact with free radicals by oxidation, and generally, the reaction occurs either 
in single or multi-step fashion. Antioxidants can also react through single electron 
transfer, hydrogen atom transfer or by chelating transitional metals. Moreover, 
antioxidants in the biological systems occur as enzymatic and non-enzymatic forms 
at both extracellular and intracellular environments [2, 15, 16]. The balance of 
free radicals and antioxidant defense mechanisms is critically important in health 
aspects from the perspective of mitigating oxidative stress [17–20]. Oxidative stress, 
which is induced by free radicals, is associated with many chronic diseases such as 
cancer, osteoporosis, diabetes and coronary heart disease [2, 4, 16, 21]. Reactive 
oxygen species (ROS) induce oxidative stress and are responsible for the cumula-
tive damage imparted on DNA, lipids, proteins and other molecules, subsequently 
resulting in even permanent damage [17–19, 22]. Many spices, fruits and vegetables 
have already been identified as rich in antioxidant compounds such as polyphenols, 
vitamins, flavonoids and carotenoids [23–25]. Moreover, antioxidant-rich foodstuff 
are good sources to combat and prevent the incidence of many chronic diseases 
associated with oxidative stress [23].

C. zeylanicum is rich in phenolic compounds. These compounds and their 
activities are defined by their structure (reactive benzene rings), which is directly 
linked with quenching radicals in biological systems [17, 22, 26]. Cinnamaldehyde, 
eugenol, carvacrol, cinnamic acetate and thymol are the main phenolic compounds 
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that can be found in essential oils of C. zeylanicum [27, 28]. Characterization of 
phenolic compounds in C. zeylanicum revealed that it can improve hyperlipidemia; 
possibly by lowering cholesterol production, and suppressing lipid peroxidation 
[1]. Among the parts used in the C. zeylanicum tree for various medicinal purposes, 
the bark demonstrated the highest antioxidant activity compared to the leaves and 
flowers [2]. However, essential oils appear to have the greatest antioxidant activity 
compared to leaves, bark and extracts from other parts of the plant [18].

Peroxynitrite (ONOO-) is a compound capable of reacting with almost every 
class of biomolecules due to formation of NO2• and OH• radicals via degrada-
tion. These radicals can promote oxidative damage to blood vessels, skin, heart, 
lungs, kidney, and brain. Eugenol – a component of the active oils extracted from 
Cinnamon was found to be effective in preventing peroxynitrite-induced damage 
in vitro. However, the concentration of eugenol present in active oil extracts differ 
depending on the Cinnamon variety it was extracted from, with C. zeylanicum 
activity demonstrating the highest. Therefore, from a pure peroxynitrite inhibitory 
standpoint, Cinnamon oil extracts with a high eugenol content can be classified as a 
spice to inhibit the activity of radicals NO2• and OH• [29].

Besides, many studies have been conducted to assess the antioxidant proper-
ties of C. zeylanicum with extractions from different parts of the tree, under 
both in vitro and in vivo conditions [2, 19]. Multiple studies have exposed the 
total antioxidant capacity and its beneficial results such as a decrease in blood 
lipid peroxide levels through the improvement of hepatic antioxidant enzyme 
activities [2, 19, 25], and lowered risks of male infertility, and inflammatory 
diseases [17]. A study done with swiss albino mice by using Cinnamon 0.25% and 
Cardamom 0.5%, orally administered at doses of 100 ml/mouse/day, observed 
that azoxymethane induced colon carcinogenesis could be significantly controlled 
by inhibiting lipid peroxidation and enhancing Glutathione-S-transferase (GST) 
activity in liver and colon [30].

In addition to the health benefits, these antioxidants have been used as a 
primary additive or preservative especially in food industries to prevent or delay 
the spoilage of food rich in fats and oils [23] and for enhancement flavor [19]. 
Nowadays, many food industries are concerned with producing food which is 
less toxic, have fewer health risks and contain a smaller number of synthetic 
compounds during processing. Therefore, plant-derived antioxidants, especially 
those coming from C. zeylanicum, has commanded the attention of manufacturers 
and consumers [2, 26, 27]. The natural compounds, which are characterized by 
their antioxidant properties have shown great potential in terms of their health 
benefits (Table 4) [22, 27]. Additionally, these antioxidant compounds are used 
as substitutes for the synthetic ones such as butylated hydroxytoluene (BHT) and 
butylated hydroxy anisole (BHA) [22, 27, 34]. Studies have also revealed that when 
C. zeylanicum is used as an antioxidant in food, it enhances antioxidant enzymes 
and remove the ROS, while decreasing malondialdehyde which is naturally pres-
ent during situations of elevated oxidative stress [17]. C. zeylanicum compounds 
appear to withstand severe processing conditions as well, since a study has shown 
that irradiation – which is used frequently to preserve foods these days, does not 
affect the antioxidant properties of C. zeylanicum extracts [15]. This indicates its 
suitability as a food preservative [15, 35]. Moreover, C. zeylanicum is used in the 
pharmaceutical industry as a nutraceutical. It is also used in the essence industries 
due to its fragrance to produce foods, perfumes and drugs [2, 22, 23].

In terms of the bioactive antioxidant compounds present in C. zeylanicum, cin-
namaldehyde and eugenol act as the main bioactive antioxidant compound because 
of their active functional groups in the structures [36]. Health benefits of antioxi-
dant compounds present in C. zeylanicum are listed in Table 5.
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characteristics which are shown in Table 2 [4, 12]. However, it is also shown that 
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which is often misused by Cinnamon producers for adulteration. In these instances, 
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Cinnamon in its powdered form. However, the aroma from C. zeylanicum is more 
fragrant and exotic than other varieties. Owing to continued exposure to the  
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C. zeylanicum from other varieties simply based on the aroma of the bark.

Flowers of C. zeylanicum are greenish in color and are arranged in panicles both 
from the axial or apex [10, 13, 14]. Variations in the Cinnamon flowers based on 
the different varieties are shown in Table 3. C. zeylanicum flowers have a noticeable 
green hue which would set it apart from flowers of other Cinnamon varieties.

3. Antioxidant properties and beneficial effects

Antioxidants are known as substances or compounds, that delay/stop the 
oxidation by ceasing the damage caused by free radicals. They are able to easily 
interact with free radicals by oxidation, and generally, the reaction occurs either 
in single or multi-step fashion. Antioxidants can also react through single electron 
transfer, hydrogen atom transfer or by chelating transitional metals. Moreover, 
antioxidants in the biological systems occur as enzymatic and non-enzymatic forms 
at both extracellular and intracellular environments [2, 15, 16]. The balance of 
free radicals and antioxidant defense mechanisms is critically important in health 
aspects from the perspective of mitigating oxidative stress [17–20]. Oxidative stress, 
which is induced by free radicals, is associated with many chronic diseases such as 
cancer, osteoporosis, diabetes and coronary heart disease [2, 4, 16, 21]. Reactive 
oxygen species (ROS) induce oxidative stress and are responsible for the cumula-
tive damage imparted on DNA, lipids, proteins and other molecules, subsequently 
resulting in even permanent damage [17–19, 22]. Many spices, fruits and vegetables 
have already been identified as rich in antioxidant compounds such as polyphenols, 
vitamins, flavonoids and carotenoids [23–25]. Moreover, antioxidant-rich foodstuff 
are good sources to combat and prevent the incidence of many chronic diseases 
associated with oxidative stress [23].

C. zeylanicum is rich in phenolic compounds. These compounds and their 
activities are defined by their structure (reactive benzene rings), which is directly 
linked with quenching radicals in biological systems [17, 22, 26]. Cinnamaldehyde, 
eugenol, carvacrol, cinnamic acetate and thymol are the main phenolic compounds 
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that can be found in essential oils of C. zeylanicum [27, 28]. Characterization of 
phenolic compounds in C. zeylanicum revealed that it can improve hyperlipidemia; 
possibly by lowering cholesterol production, and suppressing lipid peroxidation 
[1]. Among the parts used in the C. zeylanicum tree for various medicinal purposes, 
the bark demonstrated the highest antioxidant activity compared to the leaves and 
flowers [2]. However, essential oils appear to have the greatest antioxidant activity 
compared to leaves, bark and extracts from other parts of the plant [18].

Peroxynitrite (ONOO-) is a compound capable of reacting with almost every 
class of biomolecules due to formation of NO2• and OH• radicals via degrada-
tion. These radicals can promote oxidative damage to blood vessels, skin, heart, 
lungs, kidney, and brain. Eugenol – a component of the active oils extracted from 
Cinnamon was found to be effective in preventing peroxynitrite-induced damage 
in vitro. However, the concentration of eugenol present in active oil extracts differ 
depending on the Cinnamon variety it was extracted from, with C. zeylanicum 
activity demonstrating the highest. Therefore, from a pure peroxynitrite inhibitory 
standpoint, Cinnamon oil extracts with a high eugenol content can be classified as a 
spice to inhibit the activity of radicals NO2• and OH• [29].

Besides, many studies have been conducted to assess the antioxidant proper-
ties of C. zeylanicum with extractions from different parts of the tree, under 
both in vitro and in vivo conditions [2, 19]. Multiple studies have exposed the 
total antioxidant capacity and its beneficial results such as a decrease in blood 
lipid peroxide levels through the improvement of hepatic antioxidant enzyme 
activities [2, 19, 25], and lowered risks of male infertility, and inflammatory 
diseases [17]. A study done with swiss albino mice by using Cinnamon 0.25% and 
Cardamom 0.5%, orally administered at doses of 100 ml/mouse/day, observed 
that azoxymethane induced colon carcinogenesis could be significantly controlled 
by inhibiting lipid peroxidation and enhancing Glutathione-S-transferase (GST) 
activity in liver and colon [30].

In addition to the health benefits, these antioxidants have been used as a 
primary additive or preservative especially in food industries to prevent or delay 
the spoilage of food rich in fats and oils [23] and for enhancement flavor [19]. 
Nowadays, many food industries are concerned with producing food which is 
less toxic, have fewer health risks and contain a smaller number of synthetic 
compounds during processing. Therefore, plant-derived antioxidants, especially 
those coming from C. zeylanicum, has commanded the attention of manufacturers 
and consumers [2, 26, 27]. The natural compounds, which are characterized by 
their antioxidant properties have shown great potential in terms of their health 
benefits (Table 4) [22, 27]. Additionally, these antioxidant compounds are used 
as substitutes for the synthetic ones such as butylated hydroxytoluene (BHT) and 
butylated hydroxy anisole (BHA) [22, 27, 34]. Studies have also revealed that when 
C. zeylanicum is used as an antioxidant in food, it enhances antioxidant enzymes 
and remove the ROS, while decreasing malondialdehyde which is naturally pres-
ent during situations of elevated oxidative stress [17]. C. zeylanicum compounds 
appear to withstand severe processing conditions as well, since a study has shown 
that irradiation – which is used frequently to preserve foods these days, does not 
affect the antioxidant properties of C. zeylanicum extracts [15]. This indicates its 
suitability as a food preservative [15, 35]. Moreover, C. zeylanicum is used in the 
pharmaceutical industry as a nutraceutical. It is also used in the essence industries 
due to its fragrance to produce foods, perfumes and drugs [2, 22, 23].

In terms of the bioactive antioxidant compounds present in C. zeylanicum, cin-
namaldehyde and eugenol act as the main bioactive antioxidant compound because 
of their active functional groups in the structures [36]. Health benefits of antioxi-
dant compounds present in C. zeylanicum are listed in Table 5.
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Antioxidants compounds Activity Reference

Cinnacassiol, eugenol, camphene, coumarin, 
cinnamaldehyde, cinnamic acid and 
gamma-terpinene

Against high cholesterol diet 
toxicity

[17]

Cinnamaldehyde and other compounds of Cinnamon Activity against the production
of nitric oxide and the 
expression of inducible nitric 
oxide.

[23, 37]

Eugenol Against peroxynitrite induced 
nitration and lipid peroxidation.

[23]

Essential oil rich in eugenol, (E)- cinnamaldehyde, 
and linalool

[37]

Cinnamaldehyde and trans-cinnamaldehyde Anti-tyrosinase activity. [17, 23]

Cinnamate Improves hyperlipidemia and 
decrease triglyceride levels.

[1]

Cinnamaldehyde Reduce visfatin-induced breast 
cancer.

[38]

Cuminaldehyde Inhibition of proliferation and 
apoptosis induction.

[38]

Table 5. 
Antioxidant properties of bioactive compounds present in C. zeylanicum.

There are other demonstrated beneficial properties of C. zeylanicum. 
Acetaminophen is an over-the-counter antipyretic-analgesic drug. It exhibits anti-
inflammatory properties at therapeutic doses. However, it also causes hepatotoxicity 

C. zeylanicum 
plant product 
type or parts

Main Antioxidant compounds Properties or benefits Reference

Essential oils Cinnamaldehyde, eugenol, 
thymol, carvacrol, safrole, 
menthol, 1,8-cineole, 
α-terpineol, p-cymene

As agro-food natural 
antioxidants to conserve fatty 
foods used in all formulations 
containing fats, as food 
additives and as a natural food 
preservative.

[26]

Essential oils Cinnamaldehyde, α-pinene, 
eugenol, β-caryophyllene, and 
eucalyptol

high inhibitory effect
against β-carotene 
discoloration, suppress lipid 
oxidation
reaction, and as a food 
preservative.

[31]

Essential oils Cinnamaldehyde, eugenol and 
carvacrol

As feed additives and 
potential alternative to 
antibiotics in poultry 
industry.

[32]

Essential oil Cinnamaldehyde and cinnamic 
acetate

inhibition of 2-hexenal 
oxidation

[28]

Essential oil Cinnamaldehyde and 
trans-cinnamaldehyde

As a drug in phytotherapy 
disease treatment.

[33]

Cinnamon  
(C. zeylanicum) 
tea

Trans-cinnamaldehyde Decrease blood lipid 
peroxides, increase 
antioxidant capacity and total 
thiol molecules.

[19]

Table 4. 
Antioxidant compounds of C. zeylanicum products and their properties.
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and nephrotoxicity at large doses. Trials conducted by supplementing high doses 
of Cinnamon with acetaminophen in four rat groups discovered that pre-treatment 
with Cinnamon significantly ameliorated cellular alterations and apoptosis [39].

Tauopathy neurodegeneration is a subset of diseases involving a trademark 
neurofibrillary tangling. Hyperphosphorylation in the microtubular protein known 
as tau results in the protein disassociating from the microtubules and forming 
insoluble aggregates. These neurofibrillary tangles of tau are believed to be one 
of the possible central pathologies of Alzheimer’s disease. Cinnamon extract was 
found to effectively inhibit the aggregation of human tau in vitro. The activity was 
attributed to a proanthocyanidin trimer and cinnamaldehyde. The same study 
observed that while the Cinnamon extract inhibited the aggregation of tau, not all 
polyphenols in the Cinnamon extract are active in the inhibitory process. Therefore, 
the inhibitory activity cannot be linked to the general antioxidant properties of the 
extract. However, the studies were performed in vitro, raising concerns about the 
bioavailability of compounds. Regardless, this study has set the stage and qualified 
Cinnamon extract for additional testing in clinical trials [40].

Cinnamon extract also exhibited significant gastroprotective effects in a study 
performed with Wistar albino rats. Gastric lesions were induced via an orally 
administered indomethacin solution. A Cinnamon suspension was administered 
30 min prior to the oral indomethacin, and the animals were sacrificed 6 hours after 
the treatment. The results found a significant decrease in basal gastric acid secretion 
and ulcer protective effects across a range of models [41].

4. Bioactive compounds

C. zeylanicum antioxidant compounds are found in many of parts of the  
plant such as leaves, buds, flowers, fruits, bark, root bark and oils. Additionally,  
C. zeylanicum is also rich with volatile compounds, most of which act as antioxidants. 
C. zeylanicum contains cinnamyl acetate, eugenol, trans-cinnamaldehyde (the main 
component of Cinnamon flavor), cymene, cinnacassiol, cineol, camphene, catechins, 
coumarin cinnamic acid and gamma-terpinene, terpinolene, and α-thujene, 
α-terpineol, linalool, l-borneol, E-nerolidol, pinene, phyllandrene, proanthocy-
anidins, safrole, tannins constituting polymeric 5,7,3,4-tetrahydroxy-tetrahydroxy 
flavan-3-4-diol units, α-cubene and resins [1, 17, 23]. In addition, most of the 
compounds are mainly derived from cinnamyl, hydrolyzed phenol, tannins, phenyl-
propanoids and terpenoids compounds [42]. There are several other bioactive com-
pounds listed in Table 6, according to the type of extraction using different parts of 
the C. zeylanicum tree [26]. However, eugenol, benzyl benzoate, linalool and eugenyl 
acetate are reported as the common antioxidants of C. zeylanicum species [27].

Among the bioactive constitutes of C. zeylanicum, cinnamaldehyde and trans-
cinnamaldehyde are considered as the major compounds, especially concerning 
anti-tyrosinase activity [17]. The spicy and fragrance characters of C. zeylanicum 
is mainly due to cinnamaldehyde [23]. Based on the richness of bioactive com-
pounds and its medicinal properties, C. zeylanicum is used traditionally to provide 
aroma and essence compounds. It is also used as an antioxidant, anti-inflamma-
tory, anti-hyperglycemic, anti-lipidemic, antidiabetic, anticancer, antitumor, 
anthelmintic, anti-aflatoxigenic, antifungal and antimicrobial agent medicinally 
[1, 29, 32, 43–47]. There are many examples of its use for medicinal purposes 
such as Cinnamon metabolite proanthocyanidins which suppresses inflammatory 
compounds helping pathways such as insulin signaling. Moreover, essential oil 
bioactive compounds are used against many pathogenic (including food-borne) 
and spoilage bacteria [17, 31, 46].
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and nephrotoxicity at large doses. Trials conducted by supplementing high doses 
of Cinnamon with acetaminophen in four rat groups discovered that pre-treatment 
with Cinnamon significantly ameliorated cellular alterations and apoptosis [39].

Tauopathy neurodegeneration is a subset of diseases involving a trademark 
neurofibrillary tangling. Hyperphosphorylation in the microtubular protein known 
as tau results in the protein disassociating from the microtubules and forming 
insoluble aggregates. These neurofibrillary tangles of tau are believed to be one 
of the possible central pathologies of Alzheimer’s disease. Cinnamon extract was 
found to effectively inhibit the aggregation of human tau in vitro. The activity was 
attributed to a proanthocyanidin trimer and cinnamaldehyde. The same study 
observed that while the Cinnamon extract inhibited the aggregation of tau, not all 
polyphenols in the Cinnamon extract are active in the inhibitory process. Therefore, 
the inhibitory activity cannot be linked to the general antioxidant properties of the 
extract. However, the studies were performed in vitro, raising concerns about the 
bioavailability of compounds. Regardless, this study has set the stage and qualified 
Cinnamon extract for additional testing in clinical trials [40].

Cinnamon extract also exhibited significant gastroprotective effects in a study 
performed with Wistar albino rats. Gastric lesions were induced via an orally 
administered indomethacin solution. A Cinnamon suspension was administered 
30 min prior to the oral indomethacin, and the animals were sacrificed 6 hours after 
the treatment. The results found a significant decrease in basal gastric acid secretion 
and ulcer protective effects across a range of models [41].

4. Bioactive compounds

C. zeylanicum antioxidant compounds are found in many of parts of the  
plant such as leaves, buds, flowers, fruits, bark, root bark and oils. Additionally,  
C. zeylanicum is also rich with volatile compounds, most of which act as antioxidants. 
C. zeylanicum contains cinnamyl acetate, eugenol, trans-cinnamaldehyde (the main 
component of Cinnamon flavor), cymene, cinnacassiol, cineol, camphene, catechins, 
coumarin cinnamic acid and gamma-terpinene, terpinolene, and α-thujene, 
α-terpineol, linalool, l-borneol, E-nerolidol, pinene, phyllandrene, proanthocy-
anidins, safrole, tannins constituting polymeric 5,7,3,4-tetrahydroxy-tetrahydroxy 
flavan-3-4-diol units, α-cubene and resins [1, 17, 23]. In addition, most of the 
compounds are mainly derived from cinnamyl, hydrolyzed phenol, tannins, phenyl-
propanoids and terpenoids compounds [42]. There are several other bioactive com-
pounds listed in Table 6, according to the type of extraction using different parts of 
the C. zeylanicum tree [26]. However, eugenol, benzyl benzoate, linalool and eugenyl 
acetate are reported as the common antioxidants of C. zeylanicum species [27].

Among the bioactive constitutes of C. zeylanicum, cinnamaldehyde and trans-
cinnamaldehyde are considered as the major compounds, especially concerning 
anti-tyrosinase activity [17]. The spicy and fragrance characters of C. zeylanicum 
is mainly due to cinnamaldehyde [23]. Based on the richness of bioactive com-
pounds and its medicinal properties, C. zeylanicum is used traditionally to provide 
aroma and essence compounds. It is also used as an antioxidant, anti-inflamma-
tory, anti-hyperglycemic, anti-lipidemic, antidiabetic, anticancer, antitumor, 
anthelmintic, anti-aflatoxigenic, antifungal and antimicrobial agent medicinally 
[1, 29, 32, 43–47]. There are many examples of its use for medicinal purposes 
such as Cinnamon metabolite proanthocyanidins which suppresses inflammatory 
compounds helping pathways such as insulin signaling. Moreover, essential oil 
bioactive compounds are used against many pathogenic (including food-borne) 
and spoilage bacteria [17, 31, 46].
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Parts of C. zeylanicum Antioxidant compounds Reference

Essential oil • Cinnamaldehyde

• Trans-Cinnamaldehyde

• Camphor

• Cinnamyl-acetate

• Caryophyllene

• Carvacrol

• Caryophyllene oxide

• Eugenol

• E-nerolidol

• b-caryophyllene

• Guaiol

• Terpinolene

• Thymol

• Safrole

• Menthol

• 1,8-cineole

• α-terpineol

• p-cymene

• Trans α-bergamotene

• Linalool

• L-borneol

• L-bornyl acetate

• Geraniol

• Bornyl acetate

• α-cubebene

• 𝛼𝛼-terpineol

• 𝛼𝛼-thujene

• γ-elemene

• α-copaene

[23, 26, 28].

Oils from the buds • Mono and sesquiterpenes [28]

Leaves • Cinnamaldehyde

• Eugenol

[23, 36]

Cinnamon Bark • Cinnamaldehyde

• Eugenol

• Linalool

• Safrole

• Pinene

• Phyllandrene

• Cymene

• Cineol

• Tannins constituting polymeric 
5,7,3,4-tetrahydroxy-tetrahy-
droxy flavan-3-4-diol units

• Catechins

• Proanthocyanidins

• Resins

[23, 36]
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5. Conclusion

Based on the evidence presented above, it is only pertinent to identify C. zeyl-
anicum as a potent disease-preventing herb due to its superior antioxidant power. 
While most of the bioactive compounds responsible for this functional property 
have been isolated and identified, it is evident that the compounds vary with the 
variety of the plant, environmental conditions as well as the analytical method used 
for the characterization process. Thus, it is inevitable that more potent antioxidant 
compounds can be discovered in C. zeylanicum. Even though currently considered 
as a spice and a traditional medicinal herb, C. zeylanicum has the potential to serve 
as the source for generating compounds for clinical trials for further evaluation of 
efficacy and ability to prevent specific diseases.

Parts of C. zeylanicum Antioxidant compounds Reference

Root Bark • Camper [23, 36]

Flowers and fruits and in lower 
amounts in buds

• Trans-Cinnamaldehyde

• Terpene hydrocarbons

• alpha-Bergamotene

• alpha-Copaene

• Oxygenated terpenoids

• (E)-Cinnamyl acetate

• trans-alpha-Bergamotene

• Caryophyllene oxide

[23, 28, 36]

Table 6. 
Bioactive compounds find in the C. zeylanicum species.
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Chapter 21

Dietary Phytochemicals: As a 
Natural Source of Antioxidants
Manju Singh Makhaik, Arvind K. Shakya and Raosaheb Kale

Abstract

Since time immemorial, plants are used as the source of food and medicine. It can 
be traced back to the start of humanity. Bringing plant-based food, such as fruits, 
vegetables, and whole grains, rich in phytochemicals, with beneficial nutrients, 
opens the door for healthy living. The health benefits are partly attributed to the 
compounds which possess antioxidants. Several epidemiological observations have 
shown an opposite relationship between consumption of plant-based foods, rich in 
phytochemicals, and many diseases including cancer. The majority of the ailments 
are related to oxidative stress induced by free radicals. Free radicals are extremely 
unstable with a very short half-life, highly reactive molecule which leads to oxidative 
damage to macromolecules such as proteins, DNA, and lipids. Free radical induced 
cellular inflammation appears to be a major contributing factor to cause aging, and 
degenerative diseases such as cancer, cardiovascular diseases, diabetes, hepatic 
diseases, renal ailments, and brain dysfunction. Free radicals have been caught up in 
the pathogenesis of several diseases. Providentially, free radical formation is con-
trolled naturally by phytochemicals, through their antioxidant potential which plays 
a key role in preventing many diseases including cancer by suppressing oxidative 
stress-induced DNA damage. Keeping these facts in mind, an attempt has been made 
to highlight the oxidative stress, enzymatic and non-enzymatic antioxidant, dietary 
phytochemicals and their role of in disease prevention and cure.

Keywords: Oxidative stress, antioxidants, reactive oxygen species,  
antioxidant enzymes, phytochemicals

1. Introduction

Life threatening diseases such as cardiovascular diseases, neurodisorders, diabe-
tes, and cancers are world health problems and account for morbidity and mortal-
ity to millions of people. These diseases/disorders are mainly linked to oxidative 
stress due to free radical induced toxicity. The free radicals (oxidants) are unstable 
species with a very short half-life, but they are highly reactive metabolites which are 
harmful to normal functions of the cells and body. They produce oxidative damage 
toward macromolecules like proteins, DNA, and lipids. In general, the reactive oxy-
gen species circulating in the body tend to react with the electron of other molecules 
in the body and these also affect various enzyme systems and cause DNA damage 
which may further contribute to oxidative damage and inflammatory diseases and 
conditions such as cancer, ischemia, aging, adult respiratory distress syndromes, 
rheumatoid arthritis, etc. Oxidative stress occurs as result of an imbalance between 
free radicals and antioxidant defense system. A plant-based diet protects against 
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chronic oxidative stress-related diseases. Many researchers reported that dietary 
fruits, vegetables, and grains apply a protective effect against the development of 
these chronic diseases [1–4]. This protective role can be predominantly credited 
to the phytochemicals in them, which are defined as bioactive non-nutrient com-
pounds in fruits, vegetables, grains, and other parts [5]. Antioxidants or inhibitors 
of oxidation are compounds that retard or prevent the oxidation in general, and 
prolong the life of the oxidizable matter.

Plants kingdom contains variable chemical families and amounts of antioxi-
dants. It has been hypothesized that antioxidants from dietary plants may contrib-
ute to the beneficial health effects. Among these, routine dietary sources are also 
easily available and more suitable for dietary interventions.

The need is to identify and generate awareness about these sources, which can 
be rated from top to down regarding antioxidant potential. The people who are 
habitual of consuming these vegetables and fruits in their routine diet are proved 
to be less suffered by various chronic diseases [6], and studies have also endorsed 
the long-term health impact of consuming these plant based diets. This chapter 
presents certain information about oxidative stress, antioxidant categories, phyto-
chemicals, and their role in prevention and cure of several diseases.

2. Free radicals and oxidative stress

Free radicals are highly reactive species because they have unpaired electrons which 
seek an electron to stabilize the molecule. Free radicals can be generated by a variety 
of sources which can be classified as endogenous (within the body) and exogenous 
sources (outside the body). They are essential intermediates in natural processes and 
readily react with other molecules result in oxidative stress. Figure 1 represents the 
generation of free radicals. Reactive oxygen species (ROS) is a collective term which 
include hydroxyl radical (OH•), perhydroxyl radical (HO2•), hypochlorous acid 
(HOCl), superoxide anion radical (O2•¯), hydrogen peroxide (H2O2), singlet oxygen 
(1O2), nitric oxide radical (NO•), hypochlorite radical (OCl•), peroxynitrite (ONOO), 

Figure 1. 
Overview of generation of reactive oxygen species (free radicals).
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and different lipid peroxides. Reactive nitrogen species (RNS) such as ONOO¯ and 
NO• are formed by the reaction of nitric oxide with O2•¯ while RSS are easily produced 
from thiols through a reaction with ROS [7, 8]. Though, the free radicals are produced 
naturally by normal process of metabolism and lifestyle also influences their produc-
tion in the body such as smoking, exposure of toxic chemicals, alcohols and fried 
foods. Although, cells have antioxidant defense system (antioxidant enzymes) to 
encounter harmful effects of free radicals. These free radicals are linked to the diseases 
such as cardiovascular, neurodisorders, diabetes, liver diseases, cancer and aging.

An imbalance between antioxidant defense system and reactive oxygen species 
result in oxidative stress which further leads to necrosis and cell damage. Cells 
experience oxidative stress when they are exposed with excess level of free radicals 
(ROS) as result of depletion of antioxidant level within cells. Free radicals contain 
uneven number of electrons which can harm biomolecules by producing lipid 
peroxides, protein carbonyls and various degenerative changes that can cause DNA 
damage and apoptotic events which lead to damage cell’s survival capacity and 
finally cause cell death. Cells use endogenous and exogenous antioxidants defense 
mechanism to detoxify these reactive products.

2.1 Oxidative stress and cellular damage

Reactive oxygen species (ROS) are typical by-products of cellular metabolism, 
playing a role as secondary messengers and influencing different normal physi-
ological functions of the body. In some cases, oxidative stress is also useful for 
intracellular signaling which is necessary for physiological adaptation of the body.

Furthermore, there is growing evidence supporting the role of ROS in numerous 
pathological conditions, that is, diseases (Figure 2). The paired character of ROS 
with their beneficial and detrimental characteristics indicates the sophistication 
of their specific roles at a biological compartment and the difficulties in attaining 
applicable procedures to treat ROS-related diseases. From basic science research to 
clinical trials, the biomedical scientific society has promptly progressed toward an 
improved interpretation of ROS-metabolizing systems and their impact on specific 

Figure 2. 
Impact of free radicals on cellular system.
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generation of free radicals. Reactive oxygen species (ROS) is a collective term which 
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Figure 1. 
Overview of generation of reactive oxygen species (free radicals).
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and different lipid peroxides. Reactive nitrogen species (RNS) such as ONOO¯ and 
NO• are formed by the reaction of nitric oxide with O2•¯ while RSS are easily produced 
from thiols through a reaction with ROS [7, 8]. Though, the free radicals are produced 
naturally by normal process of metabolism and lifestyle also influences their produc-
tion in the body such as smoking, exposure of toxic chemicals, alcohols and fried 
foods. Although, cells have antioxidant defense system (antioxidant enzymes) to 
encounter harmful effects of free radicals. These free radicals are linked to the diseases 
such as cardiovascular, neurodisorders, diabetes, liver diseases, cancer and aging.

An imbalance between antioxidant defense system and reactive oxygen species 
result in oxidative stress which further leads to necrosis and cell damage. Cells 
experience oxidative stress when they are exposed with excess level of free radicals 
(ROS) as result of depletion of antioxidant level within cells. Free radicals contain 
uneven number of electrons which can harm biomolecules by producing lipid 
peroxides, protein carbonyls and various degenerative changes that can cause DNA 
damage and apoptotic events which lead to damage cell’s survival capacity and 
finally cause cell death. Cells use endogenous and exogenous antioxidants defense 
mechanism to detoxify these reactive products.

2.1 Oxidative stress and cellular damage

Reactive oxygen species (ROS) are typical by-products of cellular metabolism, 
playing a role as secondary messengers and influencing different normal physi-
ological functions of the body. In some cases, oxidative stress is also useful for 
intracellular signaling which is necessary for physiological adaptation of the body.

Furthermore, there is growing evidence supporting the role of ROS in numerous 
pathological conditions, that is, diseases (Figure 2). The paired character of ROS 
with their beneficial and detrimental characteristics indicates the sophistication 
of their specific roles at a biological compartment and the difficulties in attaining 
applicable procedures to treat ROS-related diseases. From basic science research to 
clinical trials, the biomedical scientific society has promptly progressed toward an 
improved interpretation of ROS-metabolizing systems and their impact on specific 

Figure 2. 
Impact of free radicals on cellular system.
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conditions. The free radicals often involve in cell–cell communication, apoptosis, 
ion transportation, and gene expression [8].

Oxidation is a normal and necessary process that takes place in the body. Whereas, 
oxidative stress, on the other hand, takes place when there’s an imbalance between 
oxidants and antioxidants within the body due to lack of antioxidants or increased 
production of free radicals (ROS) [9, 10]. Free radicals due to unpaired electrons can 
start oxidation to biomolecules i.e. carbohydrates, proteins, lipids, and nucleic acids. 
These consequences can lead to heart disease, inflammatory disease, cancer, diabetes 
mellitus, Alzheimer’s disease, autism, and to the aging process [7, 11].

2.2 Antioxidant defense system

Antioxidants are molecule that reduce and prevent the harmful effect of free 
radicals. Humans have a complex antioxidant protection system, which func-
tions interactively and synergistically to neutralize free radicals. There are several 
antioxidant enzymes that can neutralize free radicals and ROS. These enzymes 
form the body’s endogenous defense mechanisms from free radicals to protect 
the cell. Enzymatic defense system mainly includes enzymes such as glutathione 
peroxidases, superoxide dismutase and catalase, which decrease the concentration 
of the most harmful ROS whereas non-enzymatic antioxidants are vitamins C and 
E, β-carotene, uric acid and glutathione.

Antioxidant enzymes are important protein components that offer protection 
against ROS via removing potential oxidants/transferring ROS/RNS into relatively 
stable compounds [11]. For optimum catalytic activity, these enzymes require 
micronutrient cofactors such as Se, Fe, Cu, Zn, and Mn [12]. The following three 
antioxidant enzymes play significant roles in protecting cells from oxidative stress:

2.2.1 Superoxide dismutases (SOD)

Mc Cord and Fridovich first discovered this enzyme in 1969. Superoxide Dismutase 
(SOD), is the best known and perhaps most important of the antioxidant enzymes. It 
converts the harmful free radicals superoxide to the less active peroxide, which then can 
be further converted by other antioxidant enzyme (catalase) into water. The enzyme 
dismutase converts two molecules of superoxide radical to form H2O2 and O2. The SOD 
family consists of four metallo forms which require copper, zinc, one manganese and 
one iron Cu for their free radical detoxifying activity. ZnSOD is found in the cytosol 
of most eukaryotic cells [13]. A different form of Cu, ZnSOD is found in extracellular 
fluids (EC), where it is called EC-SOD [14, 15]. The two superoxide radicals converted 
into hydrogen peroxide and oxygen during the catalytic reaction of SOD.

This is important, because free radicals are highly active and unstable, and will 
attack any molecule in the body. Organ or tissue damage can occur whenever pro-
duction of free radicals exceeds to that of scavenger enzymes such as SOD, which 
are the first-line defense system of the body’s tissues.

2.2.2 Catalase (CAT)

Catalase is localized exclusively in peroxisomes and deals with the large amount 
of H2O2 present in them. It requires iron as a cofactor to degrade hydrogen peroxide 
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to water and oxygen. Human CAT composes four identical subunits of 62 kDa [16]. 
It’s optimum pH lies in the alkaline range. At the subcellular level, CAT is found 
mostly in perxoisomes (80%) and cytosol (20%), and deals with a large amount of 
hydrogen peroxides (H2O2) present in them.

2.2.3 Glutathione peroxidase (GPx)

Gutathione peroxidase (GPx) is a group of cytosolic enzymes which contains 
a single selenocysteine residue, in which selenium is covalently bound in its active 
site. This selenium dependent enzyme which converts hydroperoxides to H2O where 
GSH represent reduced state and GSSH represent the glutathione disulfie (oxidized 
state) [17].

2.2.4 Non-enzymatic antioxidants

The non-enzymatic antioxidants also play important role to neutralize intracel-
lular free radicals which are discussed as follows:

2.2.4.1 Glutathione

Glutathione (GSH) is present in all plant and animal cells and is a tripeptide 
(glutamyl-cysteinyl-glycine). The cysteine provides an exposed free sulphydryl 
group (SH) that is highly reactive, providing an abundant target for radical attack. 
It is mainly synthesized in the liver [18] and exists in several redox forms, among 
which the most predominant is the reduced glutathione. GSH is a hydrosoluble 
antioxidant present in high cellular concentrations (1–10 mM) in the nucleus, 
mitochondria, and cytoplasm. GSH is involved in several lines of defense against 
ROS. First, the thiol group confers GSH with the ability to protect other thiol func-
tions in proteins against oxidative damage [19]. Thiol groups (-SH) are widespread 
and highly reactive chemical entities in cells. They make complex with metal ions, 
participate in oxidation reactions by getting oxidized themselves to sulfonic acids, 
and form thiol radicals and disulfides [20].

2.2.4.2 Uric acid

Uric acid (UA) is a strong reducing agent (donates electrons) which acts as a pow-
erful antioxidant and scavenge the singlet oxygen and radicals. Normally in humans, 
one of the main antioxidants in plasma is uric acid.UA is a hydrophilic antioxidant 
generated during the metabolism of purine nucleotides and accounts nearly for 66% 
of the total oxygen scavenging activity in the blood serum. Mammals and humans 
are capable of producing UA, making it the most predominant aqueous antioxidant 
present in humans [21, 22] with an approximate blood level of 3.5–7.5 mg/dL. UA is 
an effective metabolite that can stop free radicals produced by xanthine oxidase (XO) 
in catalysis reaction of xanthine and hypoxanthine [23]. UA gives cellular protection 
from oxidants, which related to a variety of physiological situation [24, 25].
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In addition, there are diverse dietary foods and medicinal plants which are rich 
sources of vitamins and phytochemicals, provide additional protection to the body 
against oxidative stress. The major among those antioxidants are vitamin E, Vitamin 
A, vitamin C and flavonoids, carotenoids, lipoic acids and tannins etc.

2.2.4.3 Vitamin E

Vitamin E is exogenous (lipid-soluble antioxidant) and must be obtained 
through diet in small amounts since the organism cannot synthesize it. Its bio-
synthesis is restricted to plants, photosynthetic algae, and certain cyanobacteria. 
It plays a vital role in protecting membranes from oxidative damage and thus its 
primary activity is to trap peroxy radicals in cellular membranes. It inhibits the lipid 
peroxidation induced by free radicals [26]. α-Tocopherol is the most active form of 
vitamin E that has antioxidant activity and immune functions. It has been revealed 
to be a more effective free radical scavenging vitamins that prevent peroxynitrite-
induced lipid peroxidation and inflammatory reactions [27].

2.2.4.4 Vitamin C

Vitamin C (L-ascorbic acid) is an optically-active hydrosoluble antioxidant 
which scavenges free radicals from a variety of sources. It bears a highly acidic 
hydroxyl group (pKa = 4.2) known to be completely ionized at neutral pH [28, 29]. 
It acts as an antioxidant and reducing agent by donating electrons to various enzy-
matic and nonenzymatic reactions. It reduces the transition metal ions of several 
biosynthetic enzymes, thus preventing biological oxidation of macromolecules. 
Interestingly, it also functions as an enzyme cofactor [23].

2.2.4.5 Vitamin A

Vitamin A, a lipid soluble vitamin, is localization within the lipophilic compart-
ment of membranes and lipoproteins. It has free radicals scavenging feature and 
thus play important role in human health. It has been shown to be essential for 
many physiological processes, such as cell metabolism, reproduction, embryonic 
development, immunity and bone metabolism, in all vertebrates [30–32]. It is 
essential for vision. The retinal and retinoic acid are the dietary components of 
vitamin A [33].

2.2.4.6 Carotenoids

Carotenoids are important antioxidants for plants and animals which are pres-
ent in fruits and vegetables. Carotenoids are known to be very efficient physical 
and chemical quenchers of singlet oxygen (1O2), as well as potent scavengers 
of other reactive oxygen species (ROS) [34–36]. This is of special significance, 
because the uncontrolled generation and concomitant increase of ROS level in the 
body results in “oxidative stress”, an essential contributor to the pathogenic pro-
cesses of many diseases. Carotenoids have a protective role against ROS-mediated 
disorders, such as cardiovascular diseases, cancer as well as photosensitive or 
eye-related disorders.

2.2.4.7 Lipoic acid

Lipoic acid is one of the most versatile antioxidants known. Aside from its ability 
to function in both aqueous and lipid media, lipoic acid is capable of neutralizing 
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a wide variety of free radicals: singlet oxygen, superoxides, peroxyl and hydroxyl 
radicals, hypochlorite, and peroxynitrite [37]. These radicals are believed to play a 
significant role in disease processes such as hardening of the arteries (atherosclero-
sis), cancer, cataract formation and diabetes.

2.2.4.8 Flavonoids

Flavonoids are rich source of antioxidants, which are low-molecular-weight 
phenolic compounds. They are broadly present in fruits, vegetables and certain 
beverages. They belong to a class of plant secondary metabolites. Flavonoids are, 
in particular, important antioxidants that can act as reducing agents, free radical 
scavenger, hydrogen donors, and singlet oxygen quenchers. In addition, they have 
also metal chelating potential [38]. Their structures and impact on human health is 
discussed in details in subsequent sections.

2.2.4.9 Tannins

Tannins are naturally found in a variety of edible and inedible plants, including 
tree bark, leaves, spices, nuts, seeds, fruits, and legumes. They are potentially very 
important antioxidants. Plants produce them as a natural defense against pests. 
Tannins also give color and flavor to plant foods. Tannins are phenolics such as 
flavan-3-ols: (−)-epicatechin and (+)-catechin. Hydrolysable tannins are heteroge-
neous polymers compound for example phenolic acids and gallic acid (3,4,5trihy-
droxyl benzoic acid) [23, 39].

3. Phytochemicals: classification and dietary sources

The basic skeleton of polyphenols is made up of 15 carbon chain that arranged 
in two aromatic rings A and B connected by a unit of carbon–carbon bridge and it 
can also form ring C. They have conjugated double bonds and functional groups 
(hydroxyl or other substituents). Flavonoid can occur as a form in aglycones, 
glycosides and methylated derivatives in plants. They are present in all parts of 
plant such as stem, root, flower and leaf and seed. The structure of phytochemicals 
possesses functional groups such as hydroxyl groups (OH), aromatic compounds 
(CH), Carbonyl and carboxylic groups (CO) and organosulfur groups (SO). The 
major class of phytochemicals are polyphenols and caratenoids. Based on hetero-
cyclic ring structure, flavonoids are divided into six chemical structures: flavones, 
flavonols, flavanones, catechins, or flavanols, anthocyanidins and isoflavones 
(Figure 3) [40].

The dietary sources of different phytochemicals are given in Table 1.
Polyphenols are known for their unique property of activation at multiple 
levels, through the modulation of A mitogen-activated protein kinase (MAPK), 
protein kinase B (PKB), and NF-κB signaling pathways, inhibiting the produc-
tion of inflammatory cytokines and chemokines, suppressing the activity of 
cyclooxygenase (COX) and Inducible nitric oxide synthase (iNOS) and thus 
decreasing the production of free radicals. Several phytochemicals including 
genistein, curcuminoids, and catechins are known to suppress the activation 
of Akt, thus, inhibiting cancer cell growth. Some phenols like resveratrol, 
curcumin, and green tea catechins have been shown to suppress COX-2 giving 
the benefit of decreasing the production of reactive oxygen species (ROS) [41]. 
The health benefits of functional foods and nutraceuticals fortified with natural 
polyphenols. Flavonoids exert many biological and pharmacological properties 
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for instance, cardioprotective inflammatory, antiviral, anti-cancer, anti-diabetic 
and cytoprotective etc.

4.  Biological role of phytochemical antioxidants in prevention and cure 
of several chronic diseases

Oxidative stress is accountable for pathogenesis of several human diseases, 
including CVD, certain types of cancers, and aging [42, 43]. Antioxidant phyto-
chemicals play a therapeutic role against chronic diseases caused by oxidative stress 
[44]. The schematic overview of the therapeutic properties of flavonoid-rich foods 
is given in Figure 4. The phytochemicals are the recent area of drug research to 

Phytochemical 
Class

Phytochemical constituents Major dietary food sources

Flavones Luteolin and Apigenine Celery, chill paper and green 
vegetables

Flavonols Quercetin, kaempferol Garlic, onion, Raw Broccoli, 
onion, chill paper, Parsely, 
Blueberries

Flavanones HesperetinTangeretin Carrot, Grapefruit juice, citrus 
fruit,

Isoflavones Genistein, Daidzein Soybean, tofu soymilk and black 
bean

Flavanols Epicatechinecatechin and epigallocatechin Tea, fruits and cocoa Chocolate

Anthocyanins Cyanidin, delphinidin, malvidin, peonidin, 
petunidin, and pelargonidin

Strawberries Green vegetable and 
fruits

Table 1. 
Dietary phytochemicals and their sources.

Figure 3. 
Basic flavonoid structure.
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find the promising herbal drug for the treatment of various human diseases such as 
diabetes, cancer, tuberculosis, malaria and viral diseases etc.

Edible fruits and vegetable have medicinal properties with antioxidant potential. 
They contain various types of phytochemicals which are proven to reduce the impact of 
various diseases. The dietary fruits such as strawberries, citrus fruits or green vegeta-
bles, cereals are rich source of vitamins and phytochemicals [45]. The medicinal plant 
rich in flavonoids have been reported to have antioxidant potential [46]. α-tocopherol is 
good free radicals scavenging vitamins that reduced the oxidative stress in the body and 
prevents the aging process. Consumption of dietary plants lessens the development of 
life style related diseases because they are rich in polyphenols an show synergistic effect 
on metabolic pathway of diseases cells [47]. In addition, polyphenols may enhance the 
antioxidant defense system against free radical induced toxicity [48]. Many medici-
nal plant are known to provide defensive role against microbial and viral infections 
[49, 50]. Pathogens and oxidative stress can cause chronic inflammation that assist in 
the pathogenesis ofmany chronic diseases including CVD, cancers, neurodegenerative 
diseases, diabetes [51–53]. Most antioxidant phytochemicals have been scientifically 
investigated for their anti-inflammatory action, hepatoprotective, cardioprotective, 
neuro-protective and anticancer and antidiabetes and antimalerial and antiaging 
effects. Phytochemicals including resveratrol, anthocyanins, and curcumin etc. are 
known to have medicine like properties that mediate protection via inhibition of lipid 
peroxidation, lower the prostaglandin production and modulate the nuclear factor-κB 
activity, enzyme inhibition, as well as improve the immunity [54]. Usually, the phyto-
chemicals have strong antioxidant abilities as well as anti-inflammatory action, which 
account for other bioactivities with health benefits [55].

Though, the phytochemicals have been reported to exert wide range of biological 
activities. These include:

4.1 Cardioprotective activity

Cardiovascular disease (CVD) is common health problem in modern society and 
is the leading cause of morbidity and mortality worldwide. Rising blood pressure 

Figure 4. 
The schematic overview of the therapeutic properties of flavonoids.



Antioxidants - Benefits, Sources, Mechanisms of Action

428

for instance, cardioprotective inflammatory, antiviral, anti-cancer, anti-diabetic 
and cytoprotective etc.

4.  Biological role of phytochemical antioxidants in prevention and cure 
of several chronic diseases

Oxidative stress is accountable for pathogenesis of several human diseases, 
including CVD, certain types of cancers, and aging [42, 43]. Antioxidant phyto-
chemicals play a therapeutic role against chronic diseases caused by oxidative stress 
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Phytochemical 
Class

Phytochemical constituents Major dietary food sources
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Table 1. 
Dietary phytochemicals and their sources.

Figure 3. 
Basic flavonoid structure.
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Cardiovascular disease (CVD) is common health problem in modern society and 
is the leading cause of morbidity and mortality worldwide. Rising blood pressure 
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and atherosclerosis diseases are common heart problem in all age group of people. 
The modern medicine and treatment can reduce the symptoms of the CVD but allo-
pathic treatment sometime produce adverse side effect on the body. The adequate 
intake of phytochemical rich food can reduce the impact of CVD [56]. The phyto-
chemicals constituents such as Epicatechin, catechin, garlic, Apigenin, luteolin are 
known to possess cardioprotective properties. Dietary foods containing flavonoids 
can suppress the cholesterol and lipoproteins to protect the heart.

Catechin is a known flavonoid found in green tea, Camellia sinensis. Many experi-
mental and clinical studies have recently reported that catechin has multiple cardiovas-
cular health benefits such as prevention of atherosclerosis, hypertension, endothelial 
dysfunction, ischemic heart diseases, and cardiomyopathy. It protects normal heart 
function by decreasing oxidative stress and reducing the inflammatory events [57].

Lutein is a bioactive flavonoid possesses good efficacy as an anti-oxidative, anti-
tumor, and anti-inflammatory properties [58]. Recent scientific studies have reported 
the lutein has cardiac protective effects in vitro and in vivo. Epicatechin and procyani-
dins have been reported to have good cardioprotective health benefits [59].

Allicin is one of the key ingredients of Allium sativum (Garlic) said to be good 
regulator of blood pressure and hypertension. It is an organosulfure phytochemi-
cal and possesses many medicinal properties such as anticancer, antidiabetic, 
hepatoprotective and cardioprotective. Many research reports suggested that 
allicin has shown positive effects on the heart and it can lower high cholesterol 
levels against atherosclerosis. People use raw garlic to get some relief from blood 
pressure [60].

4.2 Hepatoprotective activity

Nowadays, hepatic diseases are common concern in modern societies due 
to the unhealthy eating habits and over consumption of synthetic medicines, 
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pathogen infection and environmental pollutants. Jaundice and cirrhosis are 
the most common liver diseases. There are many edible plant and fruits which 
keep liver healthy against drug induced liver toxicity. The plants contain 
many hepatoprotective phytochemicals such as resveratrol; saponin, Gallic 
acid,  emodin, and tannin provide protection to liver against free radical 
induced damage.

Gallic acid well known flavonoid is found in fruits like pomegranates, 
gooseberry and strawberries and other plant foods, is one of the well-studied 
phytochemical. It shows antioxidant, anti-inflammatory, hepatoprotective, 
antimutagenic, and anticancer properties. It has been investigated for its 
hepatoprotective activity against ethanol, Carbon tetrachloride (CCL4) and 
paracetamol-induced hepatotoxicity [61]. Both have shown protection of liver 
against drug induced hepatotoxicity. Consumption of dietary fruits contain 
ellagicangallic can cure the liver problems. These flavonoids have restored the 
normal level of hepatic markers i.e. bilirubin, aminotransferases, lipid peroxides, 
and improve the antioxidant defense system.

Silymarin is a well-known Hepatoprotective plant having many flavono-
lignan. Experimental studies reported that silymarin has improved the level 
of hepatic enzymes and reversed the normal cellular structure of liver against 
drug induced hepatotoxicity. It is used for treatment of alcoholic fatty liver, 
jaundice, viral hepatitis and drug-induced liver diseases. Many researchers 
across the world reported Hepatoprotective activity of silymarin against the 
carbon tetrachloride, alcohol, paracetamol, galactosamine and thioacetamide 
toxicity [62, 63]. Several scientific evidences and clinical studies suggested that 
Silibinin, is a main bioactive flavonoid which has antioxidant, hepatoprotective 
and  anti-inflammatory properties [64].

4.3 Neuroprotective activity

Alzheimer’s disease (AD) is a chronic brain disorder generally seen in the elderly 
people. Oxidative stress and neuroinflammation can account for neurodegenera-
tive diseases like Alzheimer’s and Dementia (memory loss). A dietary food such 
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as walnut is a rich source of many antioxidants (vitamin E and folate), minerals 
(selenium) and phytochemicals including flavonoids, phenolic acid (ellagic acid), 
and proanthocyanidins etc. Experimental evidence suggested that walnuts have 
anti-inflammatory effect which may show the synergistic effect to reduce the risk 
of neurogenerative disorders and enhance the activeness of neurotransmitter in 
brain cells. Withaferin A is the main active ingredient of Ayurvedic medicinal plant 
Withania somnifera. It is an oldest medicine used to treat various neurodegenrative 
diseases [65, 66]. The root extracts of W. somnifera has been reported to possess free 
radical scavenging properties [67] and is associated to induce the Neurons & Glial 
Cells [68, 69]. The root extract of W. somnifera is reported to induce outgrowth in 
SK-N-SH cells [70].

Bacopamonnieri is known as Brahmi an herbal nutraceutical herb which is 
popular for brain tonic or nootropic agent which is described for use of memory 
improvement, epilepsy, insomnia, and anxiolytic in Ayurveda. It is rich source 
of various phytochemicals such as bacoside A, bacoside B, bacopasaponins, 
D-mannitol, apigenin, luteonin, brahmine, herpestine, hydrocotyline. In addition, 
sapogeninjujubacogenin, pseudojuju, bacogenin are the major ingredient of B. 
moneieri. Latest research reports indicated that B. monnieri has neuroprotective 
effect against brain inflammation and Alzheimer’s disease [71].

4.4 Anti-inflammatory activity

Inflammation is a normal phenomenon of the body upon pathogen infection. 
The inflammation is characterized by physical appearance like swelling, redness, 
heat, pain, and loss of function. It is the series of transformation of infection site as 
a result of immunological response [72]. Flavonoids intake can inhibit the cyclooxy-
genase pathway involved in the inflammatory process.

Curcuma longa (turmeric) is popular spice used in making home food. It is the 
oldest traditional medicine for the treatment of various health problem, joint pain, 
inflammatory conditions and cancer and diabetes and liver ailments. Its consump-
tion provides healing effect to cure infection and inflammation in the body. The 
curcumin is main active component of Curcuma longa which has various medicinal 
properties such as hepatoprotecctive, anticancer and antidiabetic and anti-inflam-
matory. It is the efficient antioxidant that reduces the level of oxidative stress caused 
by toxic elements [73].
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Ginger is a popular edible root of Zingiberofficinale plant. It is widely used for 
treatment of cough and cold due to its anti-inflammatory property. Gingerols is 
the main bioactive compounds of ginger. It has reduced the level of inflammation 
markers cytokines and tumor necrosis factors.

4.5 Anticancer activity

Cancer, a disease is characterized by uncontrolled cell division [74, 75]. Many 
flavonoids have shown to possess the anticancer properties. There are many dietary 
flavonoids such as apigenin, karmpferol, quercetin and resveratrol showed the anti-
cancer effect against various cancers such as breast, lung, liver, skin, blood, colon, 
prostate, pancreatic, cervical, oral, and stomach by modulating the signal pathway 
of apoptosis. The experimental results showed the protective efficacy of flavonoids 
on cancer cells by modulating the pathway of cell cycles. The molecular mechanism 
of flavonoid is due their antiproliferation activity, cell cycle arrest, inhibition of 
P53 protein and down regulation of tyrosin kinases. Flavonoids are evidenced to be 
effective chemopreventive agents.

Apigenin is plant derived flavonoid belonging to the flavone structural class. It 
is found in several edible vegetables and fruits. It has been reported as anticancer 
molecule in vitro and invivo experiments. It showed promising antioxidative and 
antiproliferation effect against cancer disease [76, 77].

Kaempferol is very effective herbal medicine and present in grapes and onion. 
It has antioxidant and anticarcinogenic activity. It acts as a chemopreventive agent 
against metastasis and angiogenesis. In vitro studies reported that Kaempferol was 
found to have good cytotoxic effect on cancer cells. It is reported to reduce prolif-
eration of cancer cells by arrest cell cycle events of various cell lines such as glioblas-
toma leukemia, lung cancer, and breast adenocarcinoma [78].

Quercetin is one of the dietary flavonoids, which suppresses tumor growth 
by inhibiting protein tyrosine kinase (PTK). Fruits and vegetables are having 
an enormous amount of quercetin, which have been used as cancer chemo-
preventive agents. The mechanism of action of flavonoids is dues their inter-
phase arrest, heat-shock protein inhibition, tyrosine kinase inhibition, down 
regulation of p53 protein, inhibition of Ras protein, and expression of Ras 
protein [79].
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4.6 Antidiabetic activity

Diabetes is one of the emerging health disease caused by metabolic abnor-
malities of carbohydrate. The presence of higher blood sugar level in blood and 
urine is the main the sign of the diabetes. There are many dietary flavonoids 
such as bitter guard, fenugreek leaves and seeds and Curry Leaves or KadiPatta 
that exert anti-diabetic effects by targeting various cellular signaling pathways 
in pancreas, liver, skeletal muscle, and white adipose tissue sources, that can 
reduce the higher blood sugar level in diabetic patient. These dietary foods are 
rich source of phytochemicals that can reverse the abnormal sugar level into 
normal level.

Morin, a natural flavonoid, is found in the edible plant Moringaoleifera. Its oral 
consumption for 30 days significantly improved the blood sugar level, glucose 
intolerance, and promotes the pancreas to release sufficient insulin in the body. It 
also inhibits the insulin resistance [80].

Rutin is a glycosylated flavonoid found in the citrus fruits. The anti-diabetic 
effects of rutin have been experimentally evaluated and suggested the rutin has 
good antidiabetic efficacy. It enhances the glucose uptake by the suppression of 
tissue gluconeogenesis resulting in lowering glucose level in blood. It can activate 
insulin secretion from β-cells. It also decreases the free radical formation produced 
due to higher glucose level [81].
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4.7 Antiviral activity

G. glabra or Licorice is a traditional remedy for the treatment of liver diseases 
like jaundice. Glycyrrhizin is an active biocompound in the licorice root, that has 
antioxidant, anti-inflammatory and hepatoprotective and antiviral activity. It also 
prevents oxidative damage produced by oxidative stress. Scientific studies reported 
that Glycyrrhizin can inhibit the growth of hepatitis A and hepatitis C virus and 
effectively control the viral replication [82].

Naringin is a citrus dietary favonoid found in tomatoes, grapefruit and orange 
and known to have positive biological effect on human health as antioxidant, anti-
inflammatory, and antiviral. It was found that Naringin can reduce the viral growth 
in the cell culture. It also investigated to have antiviral effect against HSV-1 and 
HSV-2 [83].

Quercetin, a naturally occurring dietary flavonoid, is well known to ameliorate 
chronic diseases and aging processes in humans, and its antiviral properties have 
been investigated in numerous studies. In silico and in vitro studies demonstrated 
that quercetin can interfere with various growth stages of the coronavirus replica-
tion cycle [84].

Epigallocatechin-3-gallate (EGCG), is a principal tea derived catechin which 
know have many pharmacological properties like cardioprotective, haptoprotective 
and antiviral. Many research studied confirmed that EGCG has antiviral protective 
effect against influenza virus [85–87]. It has experimentally shown the protection 
against DNA and RNA viruses [88].

Silymarin has also shown the promising antiviral effect against hepatitis C and 
B virus [89].

4.8 Antiparasitic activity

Parasites are organism that live in the another organism called host. They use 
other organism to survive and get food from them. The common parasite that live on 
or in human body are scabies (skin mites), threadworm (stomach), and hookworm 
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(gut worms). Parasites are microscopic organisms such asprotozoa, helminths, and 
ectoparasites that cause diseases such as malaria and leishmaniasisin human [90, 91].

Many plant derived phytochemicals have been tested for their antiparasite 
activity. Quinine is an alkaloid isolated from the Cinchona species is well known 
effective herbal medicine for its antimalarial properties. It is used to treat malaria 
disease. Another popular alkaloid, artemisinin is a quite useful for the treatment of 
maleria diseases. Artemisinin is an active component of Artemisia annua has been 
investigated for it antimalarial activity [92].

4.9 Antiaging activity

Aging is a well-established risk factor for a wide range of diseases such as neuro-
degenerative diseases, and presently, there is no effective treatment for age-related 
neurodegenerative diseases [93].

Grapes and citrus fruits have a high content of polyphenols which showed free radi-
cal scavenging activity [94]. Curcumin and vitamin E are promising antiaging com-
pounds that may delay the symptoms of aging. Vitamin E is lipid soluble antioxidants 
that scavenges the peroxide radical and stop the chain reaction of free radicals which 
are involved in aging process [95]. Being a efficient antioxidant and anti-inflammatory 
molecules, curcumin is modulated cellular senescence involved in aging [96, 97].

4.10 Renoprotective activity

Chronic kidney disorders are common world health problem including India. 
People with chronic diabetes are at risk of diabetonephropathy. Nephrotoxicity can 
occur by chemotherapy treatment with cisplatin medicine which causes the oxida-
tive stress and inflammation in kidney [98].

Medicinal plants are used traditionally in ethnomedicine for the treatment of 
kidney disease. Bryophyllumpinnatum, is commonly known as Pattharcaṭṭa, is popu-
lar medicine for kidney stone and urinary insufficiency. Some plant derived flavo-
noids are used in combination as a herbal formulation to cure the kidney diseases 
[99]. Some antioxidants like kaemferol [100], catechin [101], and quercitrin [102] 
have been reported to have renoprotective effect.

5. How do phytochemicals work?

Medicinal plants are natural source of phytochemical antioxidants that are 
known to prevent different diseased states. The medicinal plants contain phyto-
chemical ingredients as source of antioxidants. Phytochemicals are antioxidants 
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compounds that inhibit or delay onset of biological oxidation. They are nitrogenous 
cyclinphytols compounds which possess functional groups such as hydroxyl groups, 
ketone groups and aldehyde. Phytochemicals work at different level to provide 
protection and boost the body defense mechanism against oxidative stress.

5.1 Antioxidant

Antioxidants are such anti molecules which work against oxidation reaction. 
It means they prevent oxidation of biomolecules caused by free radicals. Many 
phytochemicals work as antioxidant helping to scavenge free radicals. They donate 
electron to stabilize the free radicals in order to maintain the imbalance between 
antioxidant defense system and free radicals. The phytochemicals are subtle mol-
ecules or compounds that work like as an antioxidant.

5.2 Hormonal action

Some phytochemical can influence the hormonal activity in the body. Genistein 
a soy isoflavones, it works like estrogen hormone which inhibit the menopausal hot 
flushes in some women [103].

5.3 Biological action

Different phytochemicals play different role in the biological system. There 
are many different groups of phytochemicals which all have different chemical 
structures which may induce different health benefits. Caroteniods may inhibit the 
cancer cell growth and reduce the risk of cardiovascular disease and boost immu-
nity. Dietary anthocyanins may help lower the high blood pressure. Phytochemicals 
as an antioxidant scavenge the free radicals and reduce the oxidative damage.

6. Summary

Oxidative stress has been linked to the various chronic diseases including cardio-
vascular diseases (CVD), cancer, neurological disorders, hepatic diseases, diabetes 
and aging. Free radicals (reactive oxygen species and reactive nitrogen species) are 
accountable for the pathogenesis of such diseases. Free radicals that naturally pro-
duced by the normal process of metabolism are generally neutralized by antioxidant 
enzymes (SOD, catalase and GPx) and non-antioxidants molecules i.e. GSH, uric 
acid and phytochemicals. Sedentary life style factors may accelerate the free radical 
formation that create imbalance between the antioxidant defense system and oxida-
tive stress which leads to inflammation, necrosis and eventually cell death. Vitamins 
A, E and C are the primary major antioxidant vitamins which play a significant role 
in physiological functions of the body. Scientific reports suggested that medicinal 
plants contain thousands of phytochemicals (alkaloids, flavonoid, carotenoids and 
tannins, isoflavones and glycosides etc.) that possess antioxidant properties as well 
as biological activities. Dietary fruits and vegetables provide such vital molecules 
to our body. Many research studies reported that adequate intake of vegetables and 
fruits may prevent or reduce the symptoms of chronic diseases caused by oxidative 
stress or pathogens. Antioxidant phytochemicals are considered to be responsible 
for these health benefits. They often possess efficient antioxidant properties that 
neutralize the free radicals as well as anti-inflammatory action. Phytochemicals 
possess drug like effect and they are considered as therapeutic medicine which are 
the basis of other bioactivities and health benefits. Flavonoids, alkaloid, carotenoids 
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and anthocyanins are the major groups of phytochemicals that possess many 
pharmacological properties such as anticancer, anti-aging, anti-diabetic, hepato-
protective, anti-microbial, antiviral and neuroprotective. Due to variety of pharma-
cological properties, phytochemicals are considered as neutraceuticals. Medicinal 
plants are rich sources of antioxidants that are known to prevent different diseased 
states. Phytochemicals are nitrogenous cyclinphytols compound that are rich mostly 
in functional groups such as hydroxyl groups (OH), aromatic compounds (CH), 
Carbonyl and carboxylic groups (CO) and organosulfur groups (SO). Their func-
tional group can donate electron to stabilize the free radicals in order to maintain 
the imbalance between antioxidant defense system and oxidative stress.

There are many different subclasses of phytochemicals which all have different 
chemical structures responsible for different positive health effects. Scientific com-
munities across the world focusing on the alternative medicinal system in exploring 
the natural ingredients to be used in the food and food products for the preven-
tion of human diseases. Herbal based medicine can be more safe, convenient and 
efficient as dietary components for the prevention or treatment of human diseases.
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Chapter 22

Biosynthesis and Regulation of 
Antioxidant Flavonolignans in 
Milk Thistle
Samantha Drouet and Christophe Hano

Abstract

Mature fruits (achenes) of milk thistle (Silybum marianum (L.) Gaertner, 
Asteraceae) accumulate high amounts of silymarin, a complex mixture of bioac-
tive antioxidant flavonolignans deriving from taxifolin. Their biological activities 
in relation with human health promotion and disease prevention have been well 
described. The conditions of their biosynthesis in planta, however, have long been 
elusive and thus tend to be a limiting factor for their future applications. Significant 
advances in understanding their biosynthesis and regulation have been made over 
the last decade and are outlined in the current chapter.

Keywords: Silybum marianum, flavonolignans, silymarin, biosynthesis, regulation

1. Introduction

Plant products, as food or as an “herbal medicine” preparation have been used 
by humans throughout history with varying success to prevent and/or cure vari-
ous diseases [1]. Neanderthals had already understood the importance of plants in 
their diet but also their medicinal capacity [2]. For centuries, medicine has relied 
heavily on the use of plants. In many countries, traditional medicines, based on 
medicinal plants, are an essential part of their health system [3]. Some of these 
medicinal plants are still today, either collected from the wild or cultivated to 
ensure their availability for industry or traditional medicine. Nowadays, the badly 
named “weeds” such as thistles, nettle or burdock, represent a significant part 
of agricultural production [4]. These weeds are considered as pests, yet they are 
medicinal plants traditionally used for their beneficial properties. There is indeed a 
strong potential for the use of these plants as sources of pharmaceutical or cosmetic 
antioxidants [4]. In particular, the craze for silymarin from milk thistle is directly 
linked to the biological properties of this mixture. Silymarin is a complex mixture 
of bioactive flavonolignans accumulated in mature fruits (achenes) of milk thistle. 
Numerous biological activities, in particular hepatoprotective, anti-proliferative, 
immunomodulatory, anti-inflammatory and antioxidant, have demonstrated the 
high potential of these compounds [5, 6].

Free radicals, including superoxide radical (O2
−•), hydroxyl radical (OH−•), 

hydrogen peroxide (H2O2) and peroxide radical (ROO−•), are implicated in liver dis-
ease [7, 8]. These reactive oxygen species (ROS) are produced through biochemi-
cal processes (cell metabolism) or induced by inflammatory diseases, cancers, 
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or treatments such as radiotherapy or chemotherapy [9]. ROS play an important 
role in many signaling pathways (proliferation, cell activation, migration, etc.). 
However, when they are produced in large quantities in certain cellular compart-
ments, they can become harmful to the body. This phenomenon is called “oxida-
tive stress”. To protect themselves, cells respond by regulating the production of 
cellular antioxidants such as glutathione (GSH) and/or the activity of antioxidant 
enzymes such as superoxide dismutase (SOD) and catalase (CAT), glutathione 
peroxidase (GPx) [9, 10].

The abilities of silibinin (mixture of silybin A and B), which are among the 
main flavonolignans accumulated in S. marianum fruits, to fight certain oxida-
tive stresses or oxidants such as superoxide anion radicals, hydrogen peroxide, 
hydroxyl radical and hypochlorous acid (HOCl) was studied [11–13]. The mix-
ture of silybins does not seem to be a good O2

−• scavenger and no reaction with 
hydrogen peroxide has been shown. On the other hand, these flavonolignans 
react rapidly in free solution with OH−• radicals [11]. Besides, in lymphocytes of 
patients with cirrhosis, in vitro incubation with silymarin markedly increases the 
expression of superoxide dismutase (SOD) [10]. Silymarin also helps increase the 
glutathione content in the cell leading to inhibition of lipid peroxidation, which 
enhances membrane stability [14].

The silymarin mixture also reduces oxidative stress induced by UV in epider-
mal and dermal cells. In certain skin conditions, it therefore exerts on humans a 
chemo-preventive effect on oxidative stress induced by solar UV rays (photo-aging 
and photo-carcinogenesis) [15–17]. Systemic and local administration of silymarin 
to burns is effective against oxidative damage (and morphological alterations) 
induced by sunburns to rat skin [18]. The study of the individual effect of some 
silymarin compounds has shown some differences. Other flavonolignans from 
milk thistle, isosilybin and silydianin, protect against glutathione depletion, ROS 
generation and activation of caspase-3 which plays a central role in the activation 
of apoptotic cell death. Both silychristin and silydianin only seem to reduce the 
levels of caspase-3 [19].

Hemisynthetic derivatives of silybins were found to be the effective radical 
scavengers and lipid peroxidation inhibitors [20–23].

The biological activities in relation with human health promotion and disease 
prevention of the antioxidant milk thistle flavonolignans are well described. 
However, the conditions of their biosynthesis in plants are still unclear and have 
been a limiting factor for their potential developments. During the last decade, 
studies have paved the way toward a better understanding of the biosynthetic 
regulation of these flavonolignans during the maturation of S. marianum fruit. 
Providing important insights to better control the production of these medici-
nally important antioxidant compounds. This chapter summarizes these major 
outcomes.

2. Botanical description of Silybum marianum

Milk Thistle, S. marianum (L. Gaertner) is one of the oldest known medicinal 
plants belonging to the Asteraceae family. It was described and named by Carl von 
Linné, then replaced in the current classification by Joseph Gaertner in 1791. The 
term Silybum designates, in Greek and Latin, an edible thistle, as for the qualifier 
marianum, it would be linked to the Virgin Mary. Legend has it that during her jour-
ney from Judea to Herod’s escape, the Virgin Mary sheltered herself under a grove of 
thistles with the infant Jesus, where she breastfed him. Her breast milk would then 
have fallen on the leaves of thistles, hence the characteristic white mottling of this 
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species. This legend could be the origin of the use of milk thistle to promote lacta-
tion, although its effectiveness in this area has never been demonstrated. Within 
the plant kingdom, S. marianum is an angiosperm (Magnoliophytes) commonly a 
flowering, fruit-bearing plant or Magnoliopsida (formerly dicotyledonous). The 
biological aspects of milk thistle (phenotype, life cycle) will be discussed in this 
section, followed by its worldwide distribution and its characteristics. Although this 
Asteraceae is considered a weed, it is valuable because of its interesting biological 
properties and antioxidant activities, in particular for applications in medicine, 
cosmetics, or even in the food industry.

Milk thistle is an annual or biennial herbaceous plant native to the 
Mediterranean basin. Due to its ecological abundance, this plant is considered as a 
common, even invasive species, it is nevertheless valuable. S. marianum can grow 
over a meter in height and diameter (at its base). Its stem is grooved, with a slightly 
cottony internal pith and branched at its top. This plant can be identified by its 
green leaves, marbled with white stripes, with an elliptical, toothed and thorny 
blade (Figure 1).

There is a plethora of thistles in the world, possessing similar morphological 
characteristics (Figure 2). Depending on the stage of development, it will be more 
or less easy to determine precisely the plant species. Indeed, many specific traits are 
unique to the flower or inflorescence, such as color or size. It is important to respect 
the “keys” of morphological identification. These taxonomic keys, based on aspects 
of fruits, flowers, stems, are often used as the main elements for the identification 
of most genera of plants [25]. The number, size, hairiness and shape of the organs 
often distinguish closely related species. In order not to confuse milk thistle with 
other species, flavonolignans could be used as taxonomic markers. It is important 
to have a critical look at different botanical, molecular and chemical techniques for 
the authentication of plant material for cosmetic applications. Molecular or phyto-
chemical criteria are sometimes necessary, particularly when plants arrive crushed, 
as is customary in the industry. Identification, as well as the authentication of 
species, requires a wide range of technical knowledge and skills. It is easy to confuse 
one species with another, if only certain morphological characters, assumed to be 
specific to a species, are observed [25].

Figure 1. 
Silybum marianum, redrawn from Bonnier and Douin, 1990 [24].
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S. marianum is native to southern Europe, specifically the mountains of the 
Mediterranean region, western Asia, and Russia, from where it has spread to most 
temperate regions of the world (Figure 3). This plant has also been introduced 
widely outside its natural range, such as North America, Japan, Iran, Australia, 
and New Zealand, and is now found all over the world. In some parts of the world, 
it is considered an invasive species, notably in Israel, Australia, Tasmania and 
Kansas in the USA [26]. S. marianum was introduced to the United States as an 
ornamental/medicinal plant and is also believed to have been introduced to the 
Pacific Northwest through the importation of contaminated hay. It is probably this 
species that Darwin calls the “giant pampas thistle” in his journal of the Voyage of 
the Beagle, 1831–1836 [27].

Figure 2. 
Example of plant species that can be confused with S. marianum, all from the Asteraceae family.
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Speaking of the abundance of these species and their invasiveness, Darwin says, 
“There were immense beds of the thistle, as well as of the cardoon [i.e., Cynaria 
cardunculus]; the whole country, indeed, may be called one great bed. The two sorts 
[i.e., S. marianum and Cynaria cardunculus (artichoke and cardoon, edible and 
cultivated)] grow separate, each plant in company with its own kind. The cardoon 
is as high as a horse’s back, but the Pampas thistle is often higher than the crown 
of the rider’s head. To leave the road for a yard is out of the question; and the road 
itself is partly, and in some cases entirely closed” reported in Bulletin of the Torrey 
Botanical Club [27]. Milk thistle is also cultivated for industry and the produc-
tion of large-scale pharmaceutical raw materials, in Austria (Waldviertel region), 
Germany, Hungary, Poland, China and Argentina, but also in France in the Loire 
Valley region.

Most medicinal plants can be harvested from the wild, but their cultivation 
ensures their availability for industry. Both traditional and biotechnological breed-
ing techniques can be applied to improve yield and uniformity [4]. Conventional 
methods of plant breeding can improve both agronomic and medicinal character-
istics [28] and in particular increase the content of active compounds. The time of 
harvest depends on the maturity stage of the considered crop. Flowering in flower 
heads is spread over time, maturation is not simultaneous throughout the plan [4], 
which is the general case with non-domesticated plants. In Poland, Andrzejewska 
and Sadowska [29] reported that the harvest of S. marianum should take place 
around the last days of July or early August when 40–50% of the inflorescences 
were in flower. After harvesting, the achene pappus should be removed with a knife 
and the harvested achenes should be dried at 50 °C at 8% humidity [30]. Carrier 
et al., [31] found that the highest silymarin content came from the late stages of 
development when the achenes are dark brown or even black [4]. Harvesting should 
be done just before the flower heads start to tear, for this an ordinary combine can 
be used. The large thorns present on the stems, leaves and inflorescences of milk 
thistle make manual harvesting of flower heads an extremely unpleasant task. 
However, in terms of efficiency, it is much better to harvest thistle flower heads 
manually rather than by machine, otherwise the yield and quality of the seeds could 
be compromised.

Milk thistle has been called an invasive plant because of its rapid growth and 
low requirement in terms of nutrients or the environment. This plant tends to 

Figure 3. 
Distribution of S. marianum, in green the native species and in purple the introduced species.
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Figure 3. 
Distribution of S. marianum, in green the native species and in purple the introduced species.
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grow outside its range, potentially contaminating other crop fields. S. marianum 
grows in compact groups and makes access to some paths or roads difficult due 
to its thorns. This plant can reach over 1 meter in height. This creates shadows for 
nearby plants (especially fodder species), helps to reduce their development, causes 
native vegetation to move or, in the worst case, causes them to wither. Introduced 
non-native thistles can invade an area, substitute for native plants, reduce crop yield 
or create problems for animals, when these plants infest a field or pasture. One of 
the problems with controlling thistles is that they are difficult to distinguish and to 
eradicate. Milk thistle reproduces thanks to the numerous achenes scattered in the 
soil. They can remain viable for up to nine years. These fruits are carried by rain, 
water and the movements of animals. Milk thistle can quickly invade native vegeta-
tion in natural areas. Uncontrolled, it can produce four tons of plant material every 
4,000m2, leaving little room for other plants. For example, in Australia, Milk thistle 
was introduced as a medicinal plant. It quickly proliferated across the country, as far 
as Tasmania. The situation quickly became worrying. The species was quickly rec-
ognized as an invasive plant, leading to its inclusion as noxious grass in Australian 
and English legislation of 1851 and 1856 [32].

3. Phytochemical considerations on Silybum marianum

Milk thistle fruit extract contains 65–80% silymarin and 20–35% fatty acids, 
including linoleic and palmitic acid [33], but also many flavonoids (quercetin, 
kaempferol, apigenin, taxifolin) and phenolic compounds. Besides, around 38% 
of carbohydrates (mainly starch) and up to 23% of protein can be found, as well 
as some amines (tyramine, histamine). Silymarin is a mixture of polyphenolic 
molecules comprising seven closely related flavonolignans (silybin A, silybin B, 
isosilybin A, isosilybin B, silychristin, isosilychristin, silydianin) and a flavonoid 
(taxifolin).

Pelter and Haensel were the first, in 1968, to propose the generic term “flavo-
nolignan” to designate these hybrid molecules of natural origin [34]. According 
to the definition recommended by the “International Union of Pure and Applied 
Chemistry” (IUPAC), the structure of flavonolignans is defined by the condensa-
tion of a C6C3C6 flavonoid unit with one or more C6C3 lignan precursors [35]. The 
precursors of lignans can be found under the general name of the unit phenylpro-
pane (also called monolignols) which are generally in the form of hydroxycinnamic 
alcohol (Figure 4).

Silibinin, a semi-purified fraction of silymarin, is mainly a mixture of 2 diaste-
reomers, silybin A and silybin B, in an almost equimolar ratio (close to 1:1) [36]. 

Figure 4. 
Structure of a phenylpropane unit (A) and a flavonoid (B).
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The silymarin content in fruits strongly depends on the selected ecotype. The 
geographical location of the crop (physical properties of the soil, weather condi-
tions), as well as the agronomic conditions (sowing period, fertilization, irrigation, 
harvest period, seed maturity), greatly influence the composition of the flavonolig-
nans constituting silymarin [37–39]. It is thanks to its compounds that this plant has 
been used for over 2,000 years in the European Pharmacopeia, making it one of the 
oldest medicinal plants in the Pharmacopeia.

Milk thistle is the model plant for the study of flavonolignans. The silymarin 
contained in the extract of milk thistle fruit, is used in diverse pharmaceutical and 
nutraceutical preparations. For example, Legalon® is used in the treatment of acute 
and chronic liver conditions. This mixture of several flavonolignans and a flavonoid 
account for 65–80% of the extract from the fruit of S. marianum. The constituents 
of silymarin are silybin, isosilybin, silychristin and silydianin [34, 40–43]. These are 
the best known and most studied flavonolignans in the literature. These compounds 
are produced by the condensation of taxifolin and coniferyl alcohol.

In 1968, when the German phytochemist Hildebert Wagner and his colleagues 
described the mixture of flavonolignans extracted from milk thistle, only silybins, 
isosilybins, silydianin and silychristin had been characterized [44]. The different 
isomers were described later. What was initially described as a “simple” mixture of 
4 molecules, actually turned out to be much more complex. In this mixture, most of 
the silymarin compounds are (regio)isomers and therefore contain the same num-
ber of atoms, but linked in different ways. Silybins and isosilybins are stereoiso-
mers. These isomeric molecules differ in the three-dimensional orientations of their 
atoms, they are therefore diastereomers [45]. To date, by taking into account the 
various isomeric forms, nearly 23 flavonolignans have been identified in the genus 
Silybum [46]. Their structural similarity made the identification of these isomers 
difficult, especially by NMR, where their 1H and 13C spectra are similar, and no 
characteristic signal makes it possible to distinguish the three-dimensional orienta-
tions [47]. The different diastereomers were not isolated and fully characterized 
until 2003. These compounds were separated by column chromatography on silica 
gel, reverse phase HPLC, followed by recrystallization [48]. After the improvement 
of the various techniques and equipment, the study of silybins and isosilybins 
was facilitated, in particular by approaches based on chemistry, the generation of 
analogues, X-ray crystallography (to verify the structures of the four main isomers) 
and the development of tools making it possible to discern and quantify flavonolig-
nans by 1H NMR spectroscopy, despite almost identical spectra [49, 50] (Figure 5).

Isosilybin C and isosilybin D also exist (Figure 6). The regiochemistry of 
these two compounds is similar to that of isosilybin A and isosilybin B. The major 
structural difference between these compounds and the other flavonolignans lies in 
their 1,3,5 substitution profile in the aromatic ring derived from the lignan precur-
sor [47]. These two compounds are present in small quantities in the mixture of 
flavonolignans of milk thistle. They are therefore more rarely studied or analyzed in 
extracts from this plant.

The other three silymarin flavonolignans are silychristin, isosilychristin, and 
silydianin. These are the structural isomers of the compounds mentioned above. 
Among these 3 compounds, only silychristin was characterized as two diastereoiso-
mers (silychristin A and silychristin B) (Figure 7).

The coupling, considered as non-stereo-selective, of taxifolin and coniferyl 
alcohol gives the two pairs of diastereomers (silybins and isosilybins). It is there-
fore not surprising to observe the existence of two diastereomers of silychristin 
in silymarin [51]. However, unlike silibinin (silybin A + silybin B) and isosilibinin 
(isosilybin A + isosilybin B) whose ratio between diastereomers varies according to 
the considered ecotype [52, 53], the silychristin A/silychristin B diastereomeric ratio 
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is largely unbalanced, about 95: 5 in favor of silychristin A [51]. To date, no diaste-
reoisomers of silydianin or isosilychristin have been reported. However, due to the 
low content of silychristin B, it is highly likely that a diastereomer of isosilychristin 
is also present but at a trace level. The presence of silydianin diastereomers cannot 
be excluded. However, the cyclic and compact structure of this molecule places 
these stereocenters close to the pre-existing stereocenters of taxifolin, which could 
explain the high stereoselectivity of this compound [51].

4. Flavonolignans biosynthesis in Silybum marianum

Most of the studies on flavonolignans focus on their pharmacological use and 
the chemistry of silymarin. In comparison, their biosynthesis remains less. Two 
different branches of the phenylpropanoids biosynthetic pathway are involved in 
the biosynthesis of their precursors, those of monolignols and flavonoids. In the 
case of the flavonolignans of purple milk thistle, the oxidative coupling allow-
ing these molecules to be obtained occurs via the condensation of taxifolin and 
coniferyl alcohol. The reaction would take place via a radical coupling mechanism 

Figure 5. 
Chemical structure of the diastereomers of silybin and isosilybin. Complete structural assignments in C-2, C-3, 
C-7 ‘and C-8’ of these flavonolignans have thus been possible. The stereochemistry of these diastereomers was 
determined in the form of silybin A: 2R, 3R 7'R, 8'R; silybin B: 2R, 3R, 7′S, 8′S; isosilybin A: 2R, 3R, 7′R, 8′R; 
and isosilybin B: 2R, 3R, 7’S, 8’S [48].

Figure 6. 
Chemical structure of other isosilybins present in minor amounts in milk thistle extract.

Figure 7. 
Chemical structure of silychristin diastereomers.
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by oxidizing enzymes forming radicals, such as peroxidases or laccases, in a similar 
way to the formation of monolignol radicals and polymerization, during ligni-
fication [38, 45]. The synthesis would therefore involve three pathways: that of 
monolignols, that of flavonoids, and finally that specific to flavonolignans, which 
begins with the coupling of a flavonoid and a monolignol, possibly followed by 
intramolecular rearrangements.

Flavonolignans are produced mainly by oxidative coupling between a mono-
lignol (generally coniferyl alcohol and a flavonoid). Their biosynthetic pathway 
includes a common element, p-coumaroyl-CoA, a key metabolite and precursor 
of multiple compounds, such as stilbenes, lignans, but also many phenolic com-
pounds. The shikimate pathway generates the main metabolic flow of the flavonoid 
pathway. It provides the systemic phenylpropanoids pathway with a link with the 
primary metabolism in the form of l-phenylalanine [54]. The first enzyme act-
ing on l -phenylalanine is l-phenylalanine ammonia lyase (PAL), followed by 
cinnamate 4-hydroxylase (C4H) and then p-coumarate-CoA ligase (4CL). These 
enzymes represent the first steps in the phenylpropanoid pathway and convert 
l-phenylalanine into a variety of secondary metabolites: lignin, lignans, coumarins, 
stilbenes and flavonoids [54–56].

The monolignols pathway allows the formation of various precursors, necessary 
for the formation of multiple phenylpropanoid compounds, such as lignin, lignans, 
neolignans, coumarins, flavonoids, stilbenes, etc. [57–61]. This pathway plays a 
central role in the secondary metabolism of plants [62]. Monolignols are synthe-
sized from l-phenylalanine by the general route of phenylpropanoids. Several 
enzymatic steps are involved to obtain coniferyl alcohol, used in the biosynthesis 
of flavonolignans from purple milk thistle. Coniferyl alcohol is derived from the 
reduction of cinnamic acid by a NADPH-dependent reaction with coenzyme A, fol-
lowed by aromatic hydroxylation and methylation (OMT). Then, the feruloyl-CoA 
is reduced by the enzyme cinnamoyl-CoA reductase to coniferyl aldehyde. The final 
step in the synthesis of coniferyl alcohol is catalyzed by cinnamyl alcohol dehydro-
genase (CAD). This enzyme also catalyzes the final step in monomer biosynthesis, 
also synthesizing p-coumaryl alcohol and sinapyl alcohol. Monolignols are mainly 
known to be the precursors of lignin. The main components of lignin are derived 
from hydroxycinnamyl alcohols (or monolignols), such as coniferyl alcohol, sinapyl 
alcohol and p-coumaryl alcohol (usually present in minor amounts). The existence 
of these three monolignols is responsible for the significant structural variety of 
lignin within plant species [63]. The units resulting from these monolignols, when 
incorporated into the lignin polymer, are called guaiacyl (G), syringyl (S) and 
p-hydroxyphenyl (H) units and play a crucial role in the process of lignification. 
Lignin is one of the most common biopolymers along with cellulose [45, 64]. These 
three alcohols are also involved in the synthesis of certain flavonolignans, at pres-
ent, the contribution of p-coumaryl alcohol and sinapyl alcohol remains largely 
less widespread than that of coniferyl alcohol. However, interest in flavonolignans 
continues to increase and there is no indication that other flavonolignans, derived 
from these two alcohols, will not be discovered.

Flavonoids include more than 9,000 known structures [54] and are found in 
almost all plant tissue [65]. The flavonoid pathway is a major branch of the phen-
ylpropanoid pathway and therefore has the same enzymes, PAL, C4H and 4CL, 
involved in the early stages of the phenylpropanoid pathway, to obtain monolignols. 
Generally, in plants, chalcones are not the end products. These compounds go 
through several enzymatic steps before giving rise to other classes of flavonoids, 
such as dihydroflavonols, flavanols or anthocyanins, the main water-soluble pig-
ments of flowers and fruits [66]. Certain classes of flavonoids, (namely isoflavones, 
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flavones, pro-anthocyanidins and flavonols) represent secondary branches of the 
flavonoid pathway and are derived from intermediates that allow the formation of 
anthocyanins [66]. Flavonoids play a large number of roles and perform certain 
functions [67–70]: 1) pigmentation of flowers, fruits and seeds, 2) protection 
against ultraviolet rays, 3) defense of plants against pathogens, microorganisms,  
4) plant fertility and pollen germination.

In S. marianum, the precursor of silymarin, the flavanonol taxifolin, belongs to 
the flavonoids. After being formed through the phenylpropanoid, p-coumaroyl-
CoA serves as a starting precursor for the biosynthesis of flavonoids. The p-couma-
royl-CoA molecule is associated with 3 units of malonyl-CoA, thanks to chalcone 
synthase (CHS) which catalyzes the reaction to give the naringenin chalcone [45]. 
The latter is a chalcone containing two aromatic rings. Subsequent cyclization 
results in other flavonoids [71].

In the next step, chalcone isomerase (CHI) converts chalcones into flavanones 
(naringenin, eriodictyol and dihydrotricin) and vice versa. For the rest of the 
biosynthesis leading to the flavanonols, the naringenin obtained can be hydroxyl-
ated twice, (once in the C3 position and a second time in the C3’ position) to 
obtain taxifolin (2,3-dihydroquercetin). The synthesis of taxifolin involves two 
enzymes flavanones-3-hydroxylases (F3H and F3’H) which allow the two succes-
sive hydroxylation steps from naringerin. The F3H enzyme belongs to the family 
of 2-oxoglutarate-dependent dioxygenases. It is highly conserved in plant species 
[72, 73]. Hydroxylation at the C3 position of flavanones to dihydroflavonols has 
been demonstrated in a wide variety of plant species, including Petunia hybrida, 
Antirrhinum majus or Zea mays [74, 75].

Silymarin flavonolignans are supposed derived from taxifolin and coniferyl 
alcohol by one of the two proposed mechanisms: 1) the traditional Freudenburg 
hypothesis or 2) Althagafy’s proposal.

The Freudenburg hypothesis suggests an oxidative coupling reaction between 
taxifolin and coniferyl alcohol, induced by the formation of free radicals, and 
probably catalyzed by an enzyme of the peroxidase or laccase type, known to 
generate radicals [52]. Mechanically, the reaction assumes the formation of two 
distinct radicals, one at the phenoxyl group of taxifolin, and the other at the side 
chain of coniferyl alcohol, leading to a very reactive quinone methide intermedi-
ate [45]. The free radical of taxifolin therefore couples with the quinone methide 
radical, generated from coniferyl alcohol, to produce a molecule via a mechanism 
which is neither regio- nor enantioselective [76, 77]. The last step in biosynthesis 
is therefore a thermodynamically controlled nucleophilic attack, of a free intramo-
lecular hydroxyl group, on the quinone methide nucleus of the monolignol part. 
Some rearrangement and cyclization are necessary to lead to the two molecules of 
diastereomeric flavonolignans, called silybins A and B. The O-β coupling step is 
neither regio- nor enantioselective [42, 45, 78]. Similar radical coupling could also 
result in the formation of regioisomers, isosilybin A and isosilybin B isolated from 
S. marianum [71].

Besides the regioisomer of silybin, two other isomers, silychristin and silydianin, 
having different binding modes between dihydroflavonol and coniferyl alcohol, 
have been described. In both cases, these two molecules are derived from a mesomer 
of the free radical derived from taxifolin [52].

Silychristin illustrates another structural variant of flavonolignans, with the 
formation of a furan nucleus [71]. This structure would be obtained via a mesom-
erism of the taxifolin radical which differs from that allowing the synthesis of 
silybins and isosilybins. There is a resonance form of taxifolin where the unpaired 
electron is located on the carbon of the B ring at position 4′ depending on the 
original 4-hydroxyl [76]. It is this difference in the resonance shape of taxifolin that 

457

Biosynthesis and Regulation of Antioxidant Flavonolignans in Milk Thistle
DOI: http://dx.doi.org/10.5772/intechopen.96783

allows the formation of the furan ring. In the case of silydianin, the mesomerism 
of taxifolin is analogous to that allowing the production of silybins and isosilybins, 
with the unpaired electron located on the carbon of the B ring at position 3′ [76]. 
But its unique and more complex structure suggests a more complicated mechanism 
[76]. Indeed, the only significant difference here lies in the formation of two new 
C-C bonds during the radical coupling during which the product cyclizes again, 
thus creating a bi-cyclo structure [79]. Subsequently, an intramolecular attack of an 
enolate on quinone methide (hemiacetalization) occurs, thus forming the original 
ketone-hemiketal structure of silydianin [76, 79].

However, Althagafy suggests, based on a biomimetic synthesis of the 4 major 
flavonolignans of silymarin (silybins and isosilybins), that the latter would be pro-
duced by a different mechanism, via the coupling of coniferyl alcohol and taxifolin 
[80]. There would be the formation of an intermediate quinone methide, via an 
oxidation causing the loss of an electron on the coniferyl alcohol. This intermediate 
would then add to taxifolin, via one of its hydroxyl groups, at the level of its cat-
echol part. A second oxidation would allow the synthesis of silybins and isosilybins 
constituting silymarin. This is contrary to the mechanism proposed by Freudenburg 
for this process. Althagafy et al. [80], exclusively studied oxidative couplings car-
ried out using silver (I) oxide (Ag2O) instead of enzyme, to form flavonolignans. It 
is postulated that a similar reaction mechanism could occur in the biosynthesis of 
flavonolignans in vivo.

Although the Althagafy hypothesis is shown to be functional in vitro, it does not 
offer any hypothesis on the mechanism of silydianin or silychristin biosynthesis. 
This second hypothesis focuses exclusively on silybins and isosilybins, which are the 
major components of silymarin.

The protein(s) responsible for the formation of flavonolignans, during the 
oxidative coupling step between taxifolin and coniferyl alcohol, remains to be 
identified. As stated above, the reaction could take place via a radical coupling 
mechanism by the intervention of oxidative radical-forming enzymes, such as 
peroxidases or laccases [38]. These enzymes are associated with the formation of 
monolignol radicals, with polymerization during lignification and lignan synthesis 
[38]. These two types of enzymes cause electron loss by catalyzing the oxidation 
of phenolic substrates [61], especially monolignols such as coniferyl alcohol, 
p-coumaryl alcohol and alcohol. Sinapylic thus leading to the formation of radicals 
with a view to their polymerization [81]. Peroxidases are among the most common 
and widespread enzymes. Many peroxidases incorporate an iron-porphyrin (heme) 
derivative at the heart of their active site. They can catalyze the oxidation of a wide 
variety of organic compounds using hydrogen peroxide (H2O2) [82]. The most 
studied function of peroxidases is their role in the polymerization of lignin (poly-
mer constituent of the plant cell wall). Peroxidases have been shown to catalyze the 
polymerization of lignin monomers (p-coumaryl alcohol, coniferyl alcohol, and 
sinapyl alcohol) in vitro to form a lignin-like polymer [83]. Peroxidases are very 
widespread, especially in Arabidopsis where around 73 different peroxidase genes 
have been identified [84, 85]. So far, the expression of 23 peroxidases has been 
studied in different organs of this plant [85]. Numerous examples of functional 
characterization in vivo confirm this role in planta [86]. A peroxidase potentially 
involved in the formation of flavonolignans could be structured in the same way 
as class III peroxidases [45, 87]. Extracellular peroxidases are believed to be also 
responsible for the oxidation of taxifolin [88, 89]. Laccases are widely distributed 
oxidases, harboring a multi-copper center, among plants, insects and fungi [90]. 
They are mainly monomeric, dimeric or tetrameric glycoproteins [91]. These 
enzymes catalyze oxidations on a wide variety of organic and inorganic substrates, 
in particular mono-, di- and polyphenols, with simultaneous reduction of oxygen to 
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flavones, pro-anthocyanidins and flavonols) represent secondary branches of the 
flavonoid pathway and are derived from intermediates that allow the formation of 
anthocyanins [66]. Flavonoids play a large number of roles and perform certain 
functions [67–70]: 1) pigmentation of flowers, fruits and seeds, 2) protection 
against ultraviolet rays, 3) defense of plants against pathogens, microorganisms,  
4) plant fertility and pollen germination.
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the flavonoids. After being formed through the phenylpropanoid, p-coumaroyl-
CoA serves as a starting precursor for the biosynthesis of flavonoids. The p-couma-
royl-CoA molecule is associated with 3 units of malonyl-CoA, thanks to chalcone 
synthase (CHS) which catalyzes the reaction to give the naringenin chalcone [45]. 
The latter is a chalcone containing two aromatic rings. Subsequent cyclization 
results in other flavonoids [71].
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enzymes flavanones-3-hydroxylases (F3H and F3’H) which allow the two succes-
sive hydroxylation steps from naringerin. The F3H enzyme belongs to the family 
of 2-oxoglutarate-dependent dioxygenases. It is highly conserved in plant species 
[72, 73]. Hydroxylation at the C3 position of flavanones to dihydroflavonols has 
been demonstrated in a wide variety of plant species, including Petunia hybrida, 
Antirrhinum majus or Zea mays [74, 75].

Silymarin flavonolignans are supposed derived from taxifolin and coniferyl 
alcohol by one of the two proposed mechanisms: 1) the traditional Freudenburg 
hypothesis or 2) Althagafy’s proposal.

The Freudenburg hypothesis suggests an oxidative coupling reaction between 
taxifolin and coniferyl alcohol, induced by the formation of free radicals, and 
probably catalyzed by an enzyme of the peroxidase or laccase type, known to 
generate radicals [52]. Mechanically, the reaction assumes the formation of two 
distinct radicals, one at the phenoxyl group of taxifolin, and the other at the side 
chain of coniferyl alcohol, leading to a very reactive quinone methide intermedi-
ate [45]. The free radical of taxifolin therefore couples with the quinone methide 
radical, generated from coniferyl alcohol, to produce a molecule via a mechanism 
which is neither regio- nor enantioselective [76, 77]. The last step in biosynthesis 
is therefore a thermodynamically controlled nucleophilic attack, of a free intramo-
lecular hydroxyl group, on the quinone methide nucleus of the monolignol part. 
Some rearrangement and cyclization are necessary to lead to the two molecules of 
diastereomeric flavonolignans, called silybins A and B. The O-β coupling step is 
neither regio- nor enantioselective [42, 45, 78]. Similar radical coupling could also 
result in the formation of regioisomers, isosilybin A and isosilybin B isolated from 
S. marianum [71].

Besides the regioisomer of silybin, two other isomers, silychristin and silydianin, 
having different binding modes between dihydroflavonol and coniferyl alcohol, 
have been described. In both cases, these two molecules are derived from a mesomer 
of the free radical derived from taxifolin [52].

Silychristin illustrates another structural variant of flavonolignans, with the 
formation of a furan nucleus [71]. This structure would be obtained via a mesom-
erism of the taxifolin radical which differs from that allowing the synthesis of 
silybins and isosilybins. There is a resonance form of taxifolin where the unpaired 
electron is located on the carbon of the B ring at position 4′ depending on the 
original 4-hydroxyl [76]. It is this difference in the resonance shape of taxifolin that 
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allows the formation of the furan ring. In the case of silydianin, the mesomerism 
of taxifolin is analogous to that allowing the production of silybins and isosilybins, 
with the unpaired electron located on the carbon of the B ring at position 3′ [76]. 
But its unique and more complex structure suggests a more complicated mechanism 
[76]. Indeed, the only significant difference here lies in the formation of two new 
C-C bonds during the radical coupling during which the product cyclizes again, 
thus creating a bi-cyclo structure [79]. Subsequently, an intramolecular attack of an 
enolate on quinone methide (hemiacetalization) occurs, thus forming the original 
ketone-hemiketal structure of silydianin [76, 79].

However, Althagafy suggests, based on a biomimetic synthesis of the 4 major 
flavonolignans of silymarin (silybins and isosilybins), that the latter would be pro-
duced by a different mechanism, via the coupling of coniferyl alcohol and taxifolin 
[80]. There would be the formation of an intermediate quinone methide, via an 
oxidation causing the loss of an electron on the coniferyl alcohol. This intermediate 
would then add to taxifolin, via one of its hydroxyl groups, at the level of its cat-
echol part. A second oxidation would allow the synthesis of silybins and isosilybins 
constituting silymarin. This is contrary to the mechanism proposed by Freudenburg 
for this process. Althagafy et al. [80], exclusively studied oxidative couplings car-
ried out using silver (I) oxide (Ag2O) instead of enzyme, to form flavonolignans. It 
is postulated that a similar reaction mechanism could occur in the biosynthesis of 
flavonolignans in vivo.

Although the Althagafy hypothesis is shown to be functional in vitro, it does not 
offer any hypothesis on the mechanism of silydianin or silychristin biosynthesis. 
This second hypothesis focuses exclusively on silybins and isosilybins, which are the 
major components of silymarin.

The protein(s) responsible for the formation of flavonolignans, during the 
oxidative coupling step between taxifolin and coniferyl alcohol, remains to be 
identified. As stated above, the reaction could take place via a radical coupling 
mechanism by the intervention of oxidative radical-forming enzymes, such as 
peroxidases or laccases [38]. These enzymes are associated with the formation of 
monolignol radicals, with polymerization during lignification and lignan synthesis 
[38]. These two types of enzymes cause electron loss by catalyzing the oxidation 
of phenolic substrates [61], especially monolignols such as coniferyl alcohol, 
p-coumaryl alcohol and alcohol. Sinapylic thus leading to the formation of radicals 
with a view to their polymerization [81]. Peroxidases are among the most common 
and widespread enzymes. Many peroxidases incorporate an iron-porphyrin (heme) 
derivative at the heart of their active site. They can catalyze the oxidation of a wide 
variety of organic compounds using hydrogen peroxide (H2O2) [82]. The most 
studied function of peroxidases is their role in the polymerization of lignin (poly-
mer constituent of the plant cell wall). Peroxidases have been shown to catalyze the 
polymerization of lignin monomers (p-coumaryl alcohol, coniferyl alcohol, and 
sinapyl alcohol) in vitro to form a lignin-like polymer [83]. Peroxidases are very 
widespread, especially in Arabidopsis where around 73 different peroxidase genes 
have been identified [84, 85]. So far, the expression of 23 peroxidases has been 
studied in different organs of this plant [85]. Numerous examples of functional 
characterization in vivo confirm this role in planta [86]. A peroxidase potentially 
involved in the formation of flavonolignans could be structured in the same way 
as class III peroxidases [45, 87]. Extracellular peroxidases are believed to be also 
responsible for the oxidation of taxifolin [88, 89]. Laccases are widely distributed 
oxidases, harboring a multi-copper center, among plants, insects and fungi [90]. 
They are mainly monomeric, dimeric or tetrameric glycoproteins [91]. These 
enzymes catalyze oxidations on a wide variety of organic and inorganic substrates, 
in particular mono-, di- and polyphenols, with simultaneous reduction of oxygen to 
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water by 4 electrons from their multi-copper center [92]. These oxidases play a role 
in the degradation, but also in the formation of polymers of lignin, by promoting 
the oxidative coupling of monolignol units [45]. In comparison with peroxidases, 
besides the different structural aspects, laccases are generally considered to have a 
lower oxidative power than that of peroxidases [93].

The proposed biosynthetic sequence leading to flavonolignans accumulation in 
S. marianum fruit is summarized in Figure 8.

A recent study on the spatial organization of silybin biosynthesis in S. marianum 
demonstrated, through biomimetic synthesis, that peroxidase and laccase can both 

Figure 8. 
Partial scheme of the silymarin (SILM) flavonolignans biosynthesis pathway in S. marianum. Flavonolignans 
are mainly accumulated in mature achenes (yellow box). In red are presented genes potentially involved 
in this pathway: PAL (l-phenylalanine ammonia-lyase), CAD (cinnamyl alcohol dehydrogenase), CHS 
(chalcone synthase), flavanone 3-dioxygenase (F3H), flavone 3′-hydroxylase (F3’H), LAC (laccases) and 
POX (peroxidases). The dotted arrows indicate a single step, while dashed arrows indicate several steps in the 
metabolic pathway while the full arrows indicate direct synthesis of the compound through an enzyme.
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catalyze silybin synthesis [94]. This study was further developed by identifying, 
through an RNAseq sequencing study, five peroxidase candidates involved in the 
production of silybins and isolybins. Among these, APX1 (ascorbate peroxidase 1) 
exhibits distinct peroxidase activity and the ability to synthesize silybins [94]. This 
first step provides a better understanding of the biosynthesis of silybin and other 
flavonolignans. Despite these encouraging results, it is still unknown, at this time, 
whether peroxidases are the only enzymes involved in the final stage of flavonolig-
nan biosynthesis [88, 89]. Based on these results, two different coupling modes can 
be suggested, depending on the type of flavonolignan obtained. One would involve 
a classic, simple coupling, while the other would be a more complex coupling, with 
complementary proteins depending on the flavonolignans synthesized, suggesting 
the possible intervention of dirigent proteins (DIRs).

The two mechanisms proposed above are radical types. They are therefore, a 
priori, non-stereospecific and non-regioselective, which implies a wide variety 
of possibilities at the coupling level, and therefore of the isomers formed. Based 
on this information, the diastereomers of silybin and isosilybin are described as 
equimolar mixtures reflecting the lack of stereospecificity of the initial radical 
couplings [76, 95]. Among the available experimental data, none confirms the 1: 1 
ratio between these diastereoisomeric couples [31, 37, 88, 96, 97]. Also, the theory 
of random radical coupling cannot explain the proportions obtained in the mix-
ture of silymarin, since in certain genotypes, silydianin is practically non-existent 
[37, 88, 97]. An important question then arises on the biosynthetic pathway of 
flavonolignans [45] is how to explain the strong disparities observed during the 
quantification of the constituents of silymarin in the fruits of various origins of 
milk thistle since 3 distinct chemotypes have already been described in S. mari-
anum based on their phytochemical diversity in silymarin [37–39, 52].

The in-depth study of these chemotypes could provide important information 
on the biosynthetic pathways leading to the different flavonolignans of silyma-
rin. This could allow relational models to be established, based on the levels of 
metabolites in chemotypes, to infer the presence of steps in a metabolic pathway 
[88]. To study flavonolignans from a scientific point of view, it would be interest-
ing to understand the underlying mechanism allowing to obtain the different 
chemotypes and positional isomers in S. marianum, and more generally. Despite 
the hypotheses made and studied about the biosynthesis of flavonolignans, little 
investigation has been carried out on how the proportional differences of isomers 
arise, and how the plant differentiates them [45]. In 1995, the discovery of DIRs by 
Davin and Lewis opened up new perspectives on how free radical coupling of plant 
phenols is controlled in the production of lignans and lignin [98]. DIRs, by their 
abundance, would be the first essential elements of phenoxy-radical couplings. The 
first action hypotheses of these proteins concerned the stereoselective biosynthesis 
of (+)-pinoresinol from coniferyl alcohol monomers. Coniferyl alcohol (or the 
resulting radical) was oriented and directed by a DIR and allowed specific synthesis 
of (+)-pinoresinol during bimolecular coupling [99]. Until recently, DIRs were not 
considered as enzymes, due to their lack of oxidative activity. The proper binding 
and orientation of the substrate radicals appeared sufficient for DIR activity. In 
2016, the structure of the AtDIR6 from Arabidopsis thaliana confirms that DIRs are 
actively involved and that they have a catalytic function in the cyclization step of 
the quinone methide intermediate [45, 100, 101]. This has been attributed to the 
active donation of protons by the formation of hydrogen bonds or by acid catalysis 
[100]. Other DIRs have been identified, notably in Arabidopsis thaliana, with DIR 
responsible for the enantioselective synthesis of (−)-pinoresinol [102]. Other DIRs 
have been described in other plant species including flax [103], Schisandra  
[102, 104] or Isatis indigotica [105]. In Gossypium hirsutum (cotton), a leader protein 
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water by 4 electrons from their multi-copper center [92]. These oxidases play a role 
in the degradation, but also in the formation of polymers of lignin, by promoting 
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besides the different structural aspects, laccases are generally considered to have a 
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catalyze silybin synthesis [94]. This study was further developed by identifying, 
through an RNAseq sequencing study, five peroxidase candidates involved in the 
production of silybins and isolybins. Among these, APX1 (ascorbate peroxidase 1) 
exhibits distinct peroxidase activity and the ability to synthesize silybins [94]. This 
first step provides a better understanding of the biosynthesis of silybin and other 
flavonolignans. Despite these encouraging results, it is still unknown, at this time, 
whether peroxidases are the only enzymes involved in the final stage of flavonolig-
nan biosynthesis [88, 89]. Based on these results, two different coupling modes can 
be suggested, depending on the type of flavonolignan obtained. One would involve 
a classic, simple coupling, while the other would be a more complex coupling, with 
complementary proteins depending on the flavonolignans synthesized, suggesting 
the possible intervention of dirigent proteins (DIRs).

The two mechanisms proposed above are radical types. They are therefore, a 
priori, non-stereospecific and non-regioselective, which implies a wide variety 
of possibilities at the coupling level, and therefore of the isomers formed. Based 
on this information, the diastereomers of silybin and isosilybin are described as 
equimolar mixtures reflecting the lack of stereospecificity of the initial radical 
couplings [76, 95]. Among the available experimental data, none confirms the 1: 1 
ratio between these diastereoisomeric couples [31, 37, 88, 96, 97]. Also, the theory 
of random radical coupling cannot explain the proportions obtained in the mix-
ture of silymarin, since in certain genotypes, silydianin is practically non-existent 
[37, 88, 97]. An important question then arises on the biosynthetic pathway of 
flavonolignans [45] is how to explain the strong disparities observed during the 
quantification of the constituents of silymarin in the fruits of various origins of 
milk thistle since 3 distinct chemotypes have already been described in S. mari-
anum based on their phytochemical diversity in silymarin [37–39, 52].

The in-depth study of these chemotypes could provide important information 
on the biosynthetic pathways leading to the different flavonolignans of silyma-
rin. This could allow relational models to be established, based on the levels of 
metabolites in chemotypes, to infer the presence of steps in a metabolic pathway 
[88]. To study flavonolignans from a scientific point of view, it would be interest-
ing to understand the underlying mechanism allowing to obtain the different 
chemotypes and positional isomers in S. marianum, and more generally. Despite 
the hypotheses made and studied about the biosynthesis of flavonolignans, little 
investigation has been carried out on how the proportional differences of isomers 
arise, and how the plant differentiates them [45]. In 1995, the discovery of DIRs by 
Davin and Lewis opened up new perspectives on how free radical coupling of plant 
phenols is controlled in the production of lignans and lignin [98]. DIRs, by their 
abundance, would be the first essential elements of phenoxy-radical couplings. The 
first action hypotheses of these proteins concerned the stereoselective biosynthesis 
of (+)-pinoresinol from coniferyl alcohol monomers. Coniferyl alcohol (or the 
resulting radical) was oriented and directed by a DIR and allowed specific synthesis 
of (+)-pinoresinol during bimolecular coupling [99]. Until recently, DIRs were not 
considered as enzymes, due to their lack of oxidative activity. The proper binding 
and orientation of the substrate radicals appeared sufficient for DIR activity. In 
2016, the structure of the AtDIR6 from Arabidopsis thaliana confirms that DIRs are 
actively involved and that they have a catalytic function in the cyclization step of 
the quinone methide intermediate [45, 100, 101]. This has been attributed to the 
active donation of protons by the formation of hydrogen bonds or by acid catalysis 
[100]. Other DIRs have been identified, notably in Arabidopsis thaliana, with DIR 
responsible for the enantioselective synthesis of (−)-pinoresinol [102]. Other DIRs 
have been described in other plant species including flax [103], Schisandra  
[102, 104] or Isatis indigotica [105]. In Gossypium hirsutum (cotton), a leader protein 
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has been characterized. It is involved in the stereoselective coupling of hemigossy-
pol in the formation of the terpene (+)-gossypol [106, 107]. In 2018, the study of 
the leader proteins of Linum usitatissimum made it possible to highlight around 
forty DIRs in the flax genome [103] and to identify new conserved motifs linked to 
functions specific biochemicals. The mechanism of reactions by oxidative coupling 
leading to the accumulation of different steroisomers in the synthesis of flavonolig-
nans and lignans, in S. marianum, makes possible the hypothesis of the involvement 
of DIRs [53, 108].

5. Regulation of flavonolignans biosynthesis in Silybum marianum

The genes, the expression of which has been studied in milk thistle, are the 
genes involved in the formation of precursors to taxifolin and coniferyl alcohol. The 
mixture of flavonolignans from Milk Thistle mainly accumulates in the pericarp of 
the fruit of milk thistle. It is therefore necessary to wait several months for the plant 
to produce its fruits and the molecules of interest. Experiments have shown that the 
accumulation of silymarin in the fruits of S. marianum is associated with the ripen-
ing process. The study of gene expression in milk thistle fruit is very recent. So far, 
it has only concerned 5 genes, involved in the pathway of flavonoids biosynthesis, 
CHS [109, 110], CHI, F3H, F3’H and CAD [108, 111]. The objective was to verify 
their roles in the biosynthesis of flavonolignans. These first functional studies 
showed the potential association of these genes in the synthesis of silymarin, 
because their expression coincides with the accumulation of taxifolin in fruits. In 
addition, induction of the CAD gene appears to be necessary for the accumulation 
of silymarin in ripe fruits [108, 111].

Recently, Drouet et al. [108] precisely described development stages of fruit to 
study the kinetics of accumulation of silymarin constituents during fruit ripening 
(Figure 9). During fruit maturation, the accumulation profiles of the silymarin 
components were evaluated by LC–MS analysis at each of the development stages 
identified [108]. Reference genes have been identified, selected and validated to 
allow accurate gene expression profiling of candidate biosynthetic genes [108]. 
Enzyme activity and biosynthetic gene expression indicated a possible in situ 
biosynthesis of silymarin from l-Phenylalanine during fruit ripening [108]. The 
gene expression profiles were well correlated with silymarin kinetic accumulation 
and preferential location in pericarp during S. marianum fruit maturation, reach-
ing maximum biosynthesis when desiccation occurs [108]. This observation led us 
to consider the possible involvement of abscisic acid (ABA), a key phytohormone 
in fruit ripening control, for which accumulation timing and location during fruit 
ripening were consistent with the potential regulation of the silymarin accumula-
tion. This possible transcriptional regulation of silymarin biosynthesis by ABA was 
further supported by the presence of ABA-responsive cis-acting elements in the 
silymarin biosynthetic gene promoter regions studied [108].

Biotechnological approaches have been used to increase the production of 
these molecules in vitro. The in vitro culture of a plant is a possible source of sec-
ondary metabolites. The use of in vitro models makes it possible to overcome the 
constraints of plant growth and makes it possible to have a biomass containing the 
molecules of interest more quickly. The cell models used aim to increase the yields 
of flavonolignans, by optimizing their biosynthesis. The main objective is therefore 
to modify the expression of one or more genes, or/and to elicit cultures, to over-
come the steps limiting the accumulation of these compounds in the biosynthetic 
pathway [111]. However, one of the major constraints is the limited information 
available on the coupling of flavonolignans, for the genes and proteins involved.
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S. marianum in vitro cultures can constitute an alternative and renewable 
source of this natural product. However, the concentration of silymarin in this 
type of crop is often lower than that found naturally in fruit [111, 112]. A higher 
accumulation was observed in cell suspensions obtained from calli [113]. To 
obtain silymarin in sufficiently high concentrations for commercial purposes, 
techniques have been proposed to stimulate its production in calli and cultured 
cells of S. marianum, via the use of elicitors or by the addition of precursors. The 
elicited systems are a starting point in improving the production of silymarin for 
industrial purposes. Elicitation is one of the most effective approaches to increase 
the yield of secondary metabolites in in vitro cultures [114]. It modulates the rates 
of biosynthesis and accumulation [112, 115]. The use of stress mediators such as 
methyl jasmonate, exposure to certain lights [116, 117], auxin, [118], yeast extracts, 
chitosan [119], cyclodextrin, strongly induce the extracellular accumulation of 
coniferyl alcohol and Silymarin [111, 120]. The “feeding” experiments consisting 
in providing the initial substrates to increase the content of flavonolignans are less 
conclusive. Coniferyl alcohol added to cultures allows for a significant and more 
surprisingly increase in silydianin, but no other component of silymarin has been 
detected [121].

Hairy root cultures have multiple advantages, in particular their genetic/
biochemical stability and the ability to rapidly produce large biomasses [112]. 

Figure 9. 
Development stages of the S. marianum achene defined according to their morphological characteristic.  
(A) Six achene developmental stages were defined. For the developmental stages 4, 5 and 6 achenes 
were manually dissected to allow the visualization of both seed and pericarp. The capitula morphology 
corresponding to each defined achene developmental stage is presented. Note that the capitula morphology 
is not predictive of the fruit developmental stage. (B) Morphological features of achene maturation during 
time such as achene, seed, and pericarp length, dry weight (DW) and day of flowering (DAF). Each value 
represents means ± SD of n = 10 independent sampling.
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come the steps limiting the accumulation of these compounds in the biosynthetic 
pathway [111]. However, one of the major constraints is the limited information 
available on the coupling of flavonolignans, for the genes and proteins involved.
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Hairy roots are roots of plant tissue obtained by genetic transformation using a 
bacteria naturally present in the soil, Agrobacterium rhizogenes. Hairy root cultures 
of S. marianum have been established [122–124]. Elicitation experiments have 
been undertaken on this model. Salicylic acid is effective in increasing the content 
of flavonolignans, the content of linoleic acid and the activity of lipoxygenase 
(an important enzyme in jasmonate biosynthesis) in hairy root crops [125]. It is 
therefore likely that elicitation by salicylic acid regulates the jasmonate pathway 
which in turn mediates the accumulation of silymarin [125].

A recent and comprehensive review summarized these different biotechnologi-
cal strategies [126].

6. Conclusions

Many experiments have provided a deeper understanding of the biosynthesis 
and control of silymarin flavonolignans from S. marianum over the last decade. 
However, to completely take advantage of their multiple biological activities, 
including antioxidant activity, for pharmaceutical and/or cosmeceutical uses, this 
view is still partial and further study is needed. To allow a better understanding of 
the biosynthetic steps leading to these flavonolignans, more detailed enzymatic and 
genetic studies are therefore needed. Only a thorough and comprehensive under-
standing of the metabolic regulation of these pathways in S. marianum can make 
it possible to identify andpromote their accumulations, the limiting steps and key 
points toward their regulation on which it will be possible to act.
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Chapter 23

Reappraisal of Dietary 
Phytochemicals for Coronavirus 
Infection: Focus on Hesperidin 
and Quercetin
Paolo Bellavite

Abstract

Food polyphenols constitute a large family of substances with beneficial properties 
in a large group of communicable and non-communicable diseases. These compounds 
support and improve the body’s defences against oxidative stress and are helpful in 
the prevention of pathologies related to metabolic syndrome. Furthermore, they 
exhibit anti-inflammatory, antiviral, and antimicrobial properties. This chapter draws 
attention to certain nutritional components such as hesperidin and quercetin, which 
are emerging as good candidates for a complementary beneficial effect in the case of 
diseases caused by viruses, including COVID-19. These nutraceuticals have a complex 
mechanism of action, which involves both cellular defence against oxidative stress and 
the modulation of inflammation, which although normally is a defence, repair and 
activation mechanism of the immune system, it can elude its controls and become a 
systemic and destructive pathology (cytokine storm, respiratory distress syndrome). 
Furthermore, recent in silico simulation tests suggest that both hesperidin and quer-
cetin may interfere with SARS-CoV-2 by binding to cell receptors and the proteolytic 
enzymes involved in its replication. In addition to the inhibitory effects on the virus 
at cellular level, the two flavonoids can have indirect effects in respiratory infectious 
diseases as they prevent or improve metabolic and vascular comorbidities that can 
complicate the clinical course. This brief review focuses on biochemical and pharma-
cological mechanisms of action of polyphenols in the context of the revaluation of 
dietary approaches to the prevention and treatment of infectious diseases caused by 
viruses, with a special application to COVID-19.

Keywords: hesperidin, quercetin, citrus flavanones, functional food, nutraceuticals, 
respiratory virus, oxidative stress, SARS-CoV-2, COVID-19, metabolic syndrome, 
Nrf2

1. Introduction

In modern medicine and chiefly in the approach infectious diseases, nutrition 
seems to be a neglected or at least underestimated aspect, although it is recognised 
that it often plays an important role in the prevention of various diseases, including 
infectious ones [1, 2]. Flavonoids are abundant functional substances in plants with 
potential health benefits and are used as valuable food components or as supple-
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Abstract

Food polyphenols constitute a large family of substances with beneficial properties 
in a large group of communicable and non-communicable diseases. These compounds 
support and improve the body’s defences against oxidative stress and are helpful in 
the prevention of pathologies related to metabolic syndrome. Furthermore, they 
exhibit anti-inflammatory, antiviral, and antimicrobial properties. This chapter draws 
attention to certain nutritional components such as hesperidin and quercetin, which 
are emerging as good candidates for a complementary beneficial effect in the case of 
diseases caused by viruses, including COVID-19. These nutraceuticals have a complex 
mechanism of action, which involves both cellular defence against oxidative stress and 
the modulation of inflammation, which although normally is a defence, repair and 
activation mechanism of the immune system, it can elude its controls and become a 
systemic and destructive pathology (cytokine storm, respiratory distress syndrome). 
Furthermore, recent in silico simulation tests suggest that both hesperidin and quer-
cetin may interfere with SARS-CoV-2 by binding to cell receptors and the proteolytic 
enzymes involved in its replication. In addition to the inhibitory effects on the virus 
at cellular level, the two flavonoids can have indirect effects in respiratory infectious 
diseases as they prevent or improve metabolic and vascular comorbidities that can 
complicate the clinical course. This brief review focuses on biochemical and pharma-
cological mechanisms of action of polyphenols in the context of the revaluation of 
dietary approaches to the prevention and treatment of infectious diseases caused by 
viruses, with a special application to COVID-19.

Keywords: hesperidin, quercetin, citrus flavanones, functional food, nutraceuticals, 
respiratory virus, oxidative stress, SARS-CoV-2, COVID-19, metabolic syndrome, 
Nrf2
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important in modulating the immune system and defending cells from the oxidative 
stress associated with infection.

Flavonoids are hydroxylated polyphenolic compounds based on the structure of 
the 15-carbon backbone of the parent flavone (2-phenyl-1,4-benzopyrone), which 
consists of two phenyl rings (A and B) and a heterocyclic ring (C) (Figure 1A). They 
can be divided into various classes based on their molecular structure and according 
to the C-ring replacements scheme: flavones, flavonols, isoflavones, anthocya-
nins, flavanols and flavanones. More than 4,000 varieties of flavonoids have been 
identified.

In the human diet, flavonols are widespread with quercetin standing out among 
them (Figure 1B). The most represented flavanone is hesperetin (Figure 1C) which 
is found in citrus fruits in glycosylated form as hesperidin (Figure 1D). Flavanones 
lack a double bond between C2 and C3 and this makes them chiral in the C2 posi-
tion. Chirality implies that the B ring is not planar like in flavonols and is twisted 
with respect to the A-C rings. Such a difference in molecular orientation is relevant 
because it can affect the way the different flavonoids interact with their biological 
targets and therefore their bioactive properties.

Quercetin [International Union of Pure and Applied Chemistry (IUPAC) name: 
2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxychromen-4-one, with a molecular weight 
of 302.23 g/Mol] contains five hydroxyl groups linked in position 3,5,7,3′ and 4′ to 
the basic flavonol skeleton. In plants and as a consequence of biotransformation by 
the intestinal bacterial flora, some of these hydroxyl groups are glycosylated and 
constitute the main derivatives of quercetin. Hesperidin (with a molecular weight 
610.6 g/Mol) is a glycosylated derivative of hesperetin [IUPAC name: (2S)-5,7-
dihydroxy-2-(3-hydroxy-4-methoxyphenyl)-2,3-dihydrochromen-4-one, with a 
molecular weight of 302.28 g/Mol], with a 6-O-(alpha-L-rhamnopyranosyl) -beta-
D-glucopyranosyl disaccharide in position 7 via a glycosidic bond.

Figure 1. 
Molecular structure of flavone (A), quercetin (B), hesperetin (C) and hesperidin (D).
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The structure–activity studies show that the antioxidant and anti-free radical 
properties of flavonoids are due to the ketone group, the double bond between the 
2 and 3 carbons, the 3′, 4′-catechol and the 3-hydroxyl moiety in the flavonoid 
skeleton (the latter two are present in quercetin but not in hesperidin) [3]. The 
C2-C3 double bond extends the π conjugation to the carbonyl group in the C ring, so 
the radical elimination capacity of unsaturated flavonoids is greater than saturated 
structures, such as flavanones [4]. The antiradical capacity of flavonols in aqueous 
solvents is mainly exerted by the mechanism of electron transfer with sequential 
proton loss, associated with the C3 hydroxyl group, or of electron-proton transfer 
in the catechol component. Therefore, the type of substitution of the B ring is also 
considered as a determinant of the antiradical potency of flavonoids [4].

Many of the biological effects of flavonoids appear to be related to their ability 
to modulate receptors, enzymes, cell signalling cascades, rather than to a direct 
antioxidant effect. In fact, the maximum concentrations of flavonoids that can be 
reached in the blood with very high intakes (~ 2 μmol/L) are much lower than the 
concentrations of other antioxidants, such as ascorbic acid (~50 μmol/L) uric acid 
(200–400 μmol/L) and glutathione (700–1500 μmol/L). The functional interaction 
between flavonoids and enzymes or receptors occurs through hydrogen bonds and 
hydrophobic interactions with key amino acids of targeted proteins. For example, 
an inhibition of the activity of the enzyme xanthine oxidase by quercetin is exerted 
thanks to hydroxyl groups of C5 and C4 [5], and the anti-inflammatory activity 
depends not only on the number of free hydroxyl groups, but also on the methyl 
group [6]. Here the binding capacity of quercetin and hesperidin to some important 
proteins of the SARS-CoV-2 virus will be described in more detail.

In fresh orange juice the hesperidin content represents about 30 mg per 100 ml 
[7], but it is found in greater quantities in the white part of the peel [8]. Quercetin 
is widely present in the plant kingdom [9, 10] with an average daily consumption of 
25–50 milligrams [11], up to about 250 mg per day in “high-consumers” of fruit and 
vegetables [12].

Both hesperidin and quercetin have long been known for their antioxidant, anti-
inflammatory and anti-lipemic properties. This review will focus on their effects 
in viral infections, with special prominence on the recently exploded COVID-19 
pandemic and its SARS-CoV-2 responsible virus. With the outbreak of COVID-19 
and the scientific world’s focus on the search for preventive, antiviral and immu-
nomodulatory substances, other particularly interesting characteristics of dietary 
phytochemicals have emerged. Many studies have highlighted the importance of 
the intracellular redox state as a new target for natural or synthetic drugs aimed at 
blocking both viral replication and excess inflammation [13, 14]. It has therefore 
been suggested that early flavonoid treatment may be a way to restore redox bal-
ance, prevent cell damage and the resulting inflammatory storm that causes lung 
damage with respiratory dysfunction [15–18].

Although there is still no clinical evidence of efficacy for COVID-19, the two 
flavonoids are emerging as some of the most capable substances of specifically 
inhibiting binding to cellular receptors of the SARS-CoV-2 virus and its replication 
[8, 14, 19–21]. A recent randomised study, which appeared in as a preprint version, 
suggests that quercetin, administered together with vitamin C, could help health 
care workers in the prevention of SARS-CoV-2 infection [22].

Here we will examine the known mechanisms of action of hesperidin and 
quercetin, taking SARS-CoV-2 as a paradigm, and without neglecting to mention 
the important properties of these natural substances for health care in general. 
Following a logical order, the various passages of the disease will be dealt with 
starting from cellular infection to clinical consequences, specifying the points 
where these flavonoids could act.
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2. Effects at cellular level

Tests on laboratory animals have shown the ability of flavonoids to inhibit 
infection by various viruses such as herpes simplex-1, parainfluenza and respiratory 
syncytial virus [23, 24], poliomyelitis-1 [25], rhinovirus [26, 27], hepatitis C [28], 
rotavirus [29], influenza [30–36], SARS-coronavirus-1 [37]. Here we will examine 
recent evidence regarding the SARS-CoV-2 virus in more detail.

Coronaviruses are a group of single-stranded RNA viruses with a corona-like 
morphology, mainly causing enteric and respiratory diseases of varying extents. 
Once the first mucosal barriers and possible intervention of the immune system 
have been overcome, the viruses enter the cell via specific receptors, the nucleic acid 
is then expressed causing various intracellular changes, including replication into 
multiple copies and various types of damage to the host cell. In each of these steps 
it is possible to imagine the action of compounds that tend to block entry or slow 
down replication and its pathological consequences (Figure 2).

2.1 Receptor binding and entry

The internalisation of SARS-CoV-2 in human cells is mediated by the binding 
of the virus’ spike glycoprotein (S) to its receptor on cell membranes, which is the 
angiotensin converting enzyme 2 (ACE2) [38, 39]. ACE2 is expressed in many tis-
sues including the lung, liver, heart, colon, oesophagus, intestine, kidney, and even 
the brain, which is consistent with the variety of cell types that can be infected, 
and the variety of symptoms reported in COVID-19 patients [40–45]. The S protein 
has two subunits, the first of which contains a receptor binding domain (RBD), 
which is responsible for binding to ACE2. Binding and entry are also favoured by 
the presence of a polybasic cleavage site between the two subunits of the spike and 
by proteolytic enzymes attached to the receptor, of which trans membrane serine 
protease-2 (TMPRSS2) is particularly important.

The discovery that the hesperidin molecule has a chemical–physical struc-
ture suitable for binding to the spike of the SARS-CoV-2 virus (* 1 in Figure 2) 
has recently aroused scientific interest [14, 46–51]. Wu et al. [46] used in silico 

Figure 2. 
Intracellular cycle of the SARS-CoV-2 virus. Green asterisks and numbers indicate the points of the flavonoid 
actions described in the text.
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simulation techniques to screen 1066 natural substances with a potential antiviral 
effect, plus 78 antiviral drugs already known in the literature. Of all of them, 
hesperidin was the most suitable for binding to the SARS-CoV-2 spike, wedging 
into the shallow middle sulcus of the RBD, where some hydrophobic amino acids, 
including Tyr436, Try440, Leu442, Phe443, Phe476, Try475, Try481 and Tyr49 
form a hydrophobic pocket to contain the compound.

Various authors have confirmed the affinity of hesperidin for the RBD frag-
ment of the spike protein and its ability to hinder the binding with ACE2 or to 
make the interaction unstable (Figure 3) [52, 53]. The anchoring of hesperidin is 
stabilised by two hydrogen bonds (shown with green lines in Figure 3) with the 
amino acids Phe457 and Glu455 on the spike protein. According to other in silico 
screening studies, hesperidin also has an affinity for TMPRSS2 protease, which is 
involved in the functioning of the receptor when the vesicle is internalised with 
the virus [54, 55].

Molecular dynamics simulations and energy landscape studies revealed that 
other flavonoids such as fisetin, quercetin and kaempferol bind to the ACE2-spike 
complex with favourable free energy [56]. Another group reported studies show-
ing that quercetin has a high affinity for viral spikes, blocking the sites of interac-
tion with cellular receptors [19]. According to other authors who followed a gene 
expression approach [57], quercetin is identifiable as one of the highest scoring 
natural substances, altering the expression of numerous human genes that encode 
SARS-CoV-2 protein targets, including ACE2.

2.2 Proteolysis and assembly

A second theoretical site of flavonoid action is the main protease that allows 
the processing of the first proteins transferred from the viral genome (point *2 in 
Figure 1).

After interacting with membrane receptors and their associated proteases, the 
viral particle is internalised by means of a vesicle formed by the same membrane, 
the shell of which is then removed, allowing the release of the genomic RNA into 
the cytoplasm. The coding sequences of the genomic RNA are translated into pp1a 

Figure 3. 
Binding of the ACE2 protein with the spike in the presence of hesperidin. The RBD fragment of the spike 
protein (331–524) is shown in red, and the hesperidin molecule in the stick model and human ACE2 is shown 
in blue. Figure created using a diagram component from the cited work [52] with authorisation from Creative 
Commons.
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and pp1ab proteins, which are then broken down by a proteolytic process for a total 
of 16 non-structural proteins. The main enzyme that carries out this transformation 
is called 3-chymotrypsin-like protease (3Clpro) or major protease (Mpro) by vari-
ous authors and is in fact the target of many chemical antiviral drugs.

Some non-structural proteins then form a replication complex that uses genomic 
(+) RNA as a template. Eventually, the subgenomic RNAs produced through tran-
scription are translated into structural proteins that will form new viral particles. 
For this purpose, structural proteins are incorporated into the membrane and the 
nucleocapsid N protein combines with the RNA produced through the replication 
process to become a nucleoprotein complex. The various components fuse into 
the complete viral particle in the Golgi endoplasmic reticulum apparatus, which is 
finally excreted in the extracellular region.

A strong affinity of hesperidin to Mpro has been discovered by various authors 
[46, 47, 50] in the screening of thousands of potential molecules using molecular 
docking techniques. Hesperidin binds with hydrogen bonds to various amino acids, 
mainly Thr24, Thr25, Thr45, His4, Ser46, Cys145 [50]. An important precedent 
exists when the authors investigated natural compounds capable of inhibiting 
Mpro of the SARS virus [37], using cell-based proteolytic cleavage assays. Out of 
seven phenolic compounds tested, hesperetin inhibited proteolytic activity effi-
ciently with an IC50 of 8.3 μmol/L. Since the coronavirus main protease structure 
and active site conformation are preserved despite sequence variations [51], it is 
conceivable that the inhibitory effect of hesperidin, previously observed in the 
SARS virus, could also be exploited in SARS-CoV-2. Furthermore, hesperidin binds 
to structural protein 16 (nsp16) of the coronavirus, which is a methyltransferase 
dependent on S-adenosyl methionine [58]. This protein plays an important role in 
viral replication and prevents recognition by the innate immune system.

Quercetin has also been shown to inhibit the Mpro of the SARS-CoV [59], 
MERS-CoV [60] and SARS-CoV-2 [61] coronaviruses. The binding points of 
quercetin and hesperetin on SARS-CoV-2 Mpro are partially different [19]: the first 
in fact binds to Glu288, Asp289 and Glu290, while the second to Glu290, Asp289, 
Lys5. Furthermore, hesperetin, naringenin and kaempferol bind to the regulatory 
site Leu286, which quercetin does not do. All this suggests that the different mol-
ecules do not overlap as a pharmacological activity on the Mpro, but can synergise.

An even more recent study [62] confirms the affinity of quercetin to Mpro 
using the measurement of the enzymatic activity. Evidence of its inhibitory effect 
was obtained with a fairly low dose of quercetin (7.7 μmol/L). Figure 4 shows the 
molecular complex formed by quercetin bound in the cavity that constitutes the 
active site of Mpro (in blue), in the most favourable position to inhibit the protein 
enzymatic activity in order to block the replication of the coronavirus.

Da Silva et al. [63] have expanded the search for molecules interacting with 
Mpro to a series of flavonoid glycosides using a molecular docking approach. The 
interactions and binding affinity with the protease by quercetin and even more by 
its glycosidic derivatives quercetin-3-O-rutinoside (rutin), quercetin-3-O-glucuro-
nide, quercetin-3′- O-sulphate, quercetin-7-O-glucuronide, quercetin-7-O-sulfate 
were thus predicted. It should be noted that the absorbed flavonoids normally 
undergo extensive metabolism in the epithelial cells of the small intestine and in 
the liver. Metabolites conjugated with the methyl, glucuronate and sulphate groups 
are the predominant forms present in plasma [64–66]. Quercetin has also been 
indicated as one of the substances capable of binding and thus inhibiting RNA-
dependent RNA polymerase, an essential enzyme in the replication of viral RNA in 
the host cell [63].

Russo et al. [20] further confirmed the ability of known flavonoids (e.g. quer-
cetin, baicalin, luteolin, hesperetin, gallocatechin gallate, epigallocatechin gallate) 
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to inhibit the key proteins involved in the infectious cycle of SARS-CoV-2. They 
suggested that flavonoids and their derivatives, due to their pleiotropic activities 
and lack of systemic toxicity, may represent target compounds to be tested in future 
clinical trials to enrich the arsenal of drugs against coronavirus infections.

2.3 Oxidative stress

Oxidative stress is an important cell pathology mechanism which is involved in 
many diseases, including those caused by viruses. Viral respiratory infections are 
generally associated with the production of cytokines, inflammation, cell death and 
other pathophysiological processes, which could be linked to increased production 
of reactive oxygen species (ROS), redox imbalance and oxidative stress.

Many lines of evidence suggest that viral infections are accompanied by signs 
of increased production of ROS, presence of oxidation products in blood plasma 
and urine, and reduced antioxidant capacity [67]. This pathological and patho-
genic phenomenon has been observed in the infection of viruses such as hepatitis 
B [68], hepatitis C [69], influenza [70] and SARS-CoV-2 [71]. In the latter, ROS 
could also determine an unfavourable evolution in elderly subjects with low 
antioxidant capacity [72, 73], perhaps because the intracellular redox environ-
ment alters the presentation of antigens [74] and the expression of ACE2 [75, 76]. 
In fact, the severity and mortality risk of SARS-CoV-2 or COVID-19 have been 
associated with age [73].

Studies have shown that the ability of viral envelope glycoproteins to fuse to 
the surface of a cell membrane depends on the disulphide-thiol balance of the cell, 
even if the binding of coronaviruses to cell receptors seems rather insensitive to 
these parameters [77]. It seems possible that the oxidation of thiols to disulphides, 
under an oxidative stress mechanism, increases the affinity of spike proteins for 
the ACE2 receptor and, therefore, increases the severity of COVID-19 [75]. In 
this regard, reduced glutathione (GSH) may also have direct anti-SARS-CoV-2 
potential: in fact, a computational study indicates that the binding of the spike 
protein to ACE2 is at its highest when the ACE2-sulfur groups are in the form 
of disulphides and are altered when they are fully reduced to thiols: therefore a 
pro-oxidant environment with low levels of GSH would favour the cellular entry 
of viruses [75, 78].

Figure 4. 
Representation of the quercetin molecule (in orange) within the active site of the Mpro of the SARS-CoV-2 
virus. Developed by Bruno Rizzuti on the basis of the study of which he is co-author [62]. Reproduction 
authorised by the author.
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In the course of viral diseases, analgesic and antipyretic drugs are widely used, 
and of these one of the most common is paracetamol (acetaminophen). However, 
the fact that this drug depletes glutathione reserves and can worsen oxidative stress 
is not always taken into account [78, 79]. This type of biochemical modifications 
can decrease the antiviral defences [80] or complicate the course especially in 
patients with abnormal liver tests or liver failure [81, 82].

As described in the Introduction, flavonoids have a molecular structure capable 
of participating in redox reactions and free radical scavenging, which are involved 
in the biochemical phenomena described here and in the cellular pathology result-
ing from viral infection (point * 3 in Figure 2). Hesperidin contributes signifi-
cantly to antioxidant defence systems and has been reported to act as an effective 
agent against superoxide and hydroxyl radicals [83], while hesperetin inhibits 
the production of nitric oxide by lipopolysaccharide (LPS)-stimulated microglial 
cells [84].

Quercetin also acts as a free radical scavenger, donating two electrons to oxidised 
species which are reduced. When this occurs with the transfer of one electron at a 
time, a semiquinonic intermediate molecule is formed. This antioxidant activity of 
quercetin is exploited in synergy with vitamin C, thanks to the ability of ascorbate 
to recycle the flavonol molecule, protecting it from oxidation and recycling its oxi-
dised quinonic form after the scavenger action on free radicals [85]. In addition to 
ascorbic acid, glutathione is also important for maintaining quercetin in its reduced 
and therefore functional form and preventing the risk that quercetin quinone, in 
turn, may oxidise the thiol groups of proteins [86, 87].

Figure 5. 
Oxidative stress induced by several pathogenic factors (top part) and cellular defensive effects of flavonoids, 
functioning as direct free radicals scavengers in synergy with ascorbate and other liposoluble vitamins (A, E) 
and as stimulants of the Nrf2/ARE pathway. O2-: Superoxide anion; H2O2: hydrogen peroxide; °OH: hydroxyl 
radical; LO2H: Lipid hydroperoxide; LPS: lipopolysaccharide; Keap1: Kelch-like ECH-associated protein 
1; Nrf2: nuclear factor erythroid 2–related factor 2; Maf: musculoaponeurotic fibrosarcoma element; ARE: 
antioxidant response element.
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Various in vitro and in vivo studies have shown that the antioxidant activity 
of hesperidin and quercetin is not limited to their scavenger activity, but actually 
increases cellular defences against oxidative stress through the signalling path 
Nrf2/ARE [88–95] (Figure 5).

The nuclear factor erythroid 2–related factor 2 (Nrf2) is of primary importance 
because it regulates gene expression through a promoter sequence known as the 
antioxidant response element (ARE). Normally Nrf2 is attached to another protein 
called Kelch-like ECH-associated protein 1 (Keap1) and is rapidly degraded through 
the ubiquitination and proteasome system, without performing any functions. On 
the other hand, in the presence of ROS, Nrf2 detaches from Keap1, is phosphory-
lated and translocates to the nucleus, where it combines with a small musculoapo-
neurotic fibrosarcoma (Maf) protein to form a dimer and binds to the antioxidant 
response element upstream of the promoter. This ARE + Nrf2 dimer then initiates 
the messenger RNA transcription of a series of target genes such as those encoding 
antioxidant enzymes (“Antioxidant systems” in Figure 5).

The ability of hesperidin to fight damage from toxic oxygen radicals and 
stimulate the expression of Nrf2 has been reported by various authors in other 
experimental models namely in hepatocarcinogenesis [96], hepatotoxicity [97], 
neuroinflammation and neurodegeneration [91, 98–102]. The protective effects 
of quercetin in neurodegenerative disorders and cerebrovascular diseases, dem-
onstrated both in in vitro and in vivo studies are also largely linked to its ability to 
stimulate the defences against oxidative stress [103].

3. Organ failure and systemic pathology

Once they have reproduced in the cells of the entry tissues and overcome the 
first barriers of innate defences, the viruses spread to target organs and cause 
various types of clinical consequences in different individuals. It is known that 
the severity of COVID-19 as well as other viral respiratory infections is related to 
many different parameters (age, gender, nutritional status, comorbidities, etc.) and 
that people with pre-existing conditions such as diabetes, hypertension, and lung, 
heart and kidney diseases (all diseases in which ROS play a pathogenetic role) are 
at increased risk of developing severe effects. In serious cases, endothelial dysfunc-
tion, coagulopathy and pulmonary thrombosis cause hypoxia, mitochondrial chain 
abnormalities, mitochondrial dysfunction, oxidative stress, DNA damage [104, 
105]. Another mechanism that links systemic inflammation syndrome and oxidative 
stress is hyperferritinemia, which often characterises COVID-19 [106, 107].

These mechanisms are involved in the extensive systemic lesions observed 
during severe complications associated with influenza. It has therefore been 
suggested that agents with antioxidant properties could be drugs of choice for 
the treatment of patients with such severe complications [108]. N-acetylcysteine, 
which supports glutathione and thus the main antioxidant defence systems [109], 
was used with good results in influenza syndromes [110] and acute respiratory 
distress syndrome (ARDS) [111], and it was suggested as a potential therapeutic 
agent for COVID-19 [112–114].

Figure 6 summarises the main critical points of the SARS-CoV-2 virus in the 
whole body and the possible interventions of the two flavonoids considered here, 
based on the knowledge acquired so far in other types of systemic and metabolic 
disorders.

Experimental evidence showed that treatment with hesperidin safeguards the 
aged rat’s heart by increasing the levels of the Nrf2 factor and the activity of enzy-
matic antioxidants [115]. The same group showed a protective effect of hesperetin 
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on experimental heart failure in the rat [116]. The authors conclude that it is con-
ceivable that hesperetin could be a potential therapeutic candidate that enhances 
Nrf2 signalling and thereby improves cardiac remodelling. Results from another 
study show the beneficial effects of citrus flavanones in the liver of aged rats, where 
nirangerin and hesperidin prevented the age-related decrease in catalase, superox-
ide dismutase and glutathione reductase [117].

The mechanism of ischemia–reperfusion liver injury was studied in a murine 
model by measuring oxidative stress indicators, serum enzymes and inflamma-
tion indices [118]. Hesperidin (100–400 mg/kg) significantly improved liver 
ischemia–reperfusion injury measured by serum alanine aminotransferase levels, 
reduced malondialdehyde content, but it increased superoxide dismutase, catalase, 
glutathione peroxidase levels. Furthermore, hesperidin significantly alleviated the 
expression levels of TNF-α, IL 6 and IL-1β. Hesperidin (100 mg/kg) protects rats 
from liver damage and dyslipidaemia caused by cadmium chloride [119].

The antioxidant effect of quercetin was studied in a two-week, randomised, 
crossover-controlled intervention trial [120]. Fourteen individuals ingested 2 
capsules (total 1 g/d) of quercetin or a placebo. Blood samples were collected 
before, after 2 weeks of supplementation and after a period of strenuous exercise. 
Quercetin significantly reduced erythrocyte lipid peroxidation levels and suscep-
tibility to haemolysis induced by free radicals, while no differences were found in 
antioxidant enzyme activities and glutathione homeostasis between the two groups. 
After a single period of intense exercise, quercetin supplementation improved redox 
status as assessed by the reduced glutathione/oxidised glutathione ratio and by 
thiobarbituric acid reactive substances levels in both erythrocytes and plasma.

3.1 Excess inflammation

During the spread of the virus in the tissues (first of all in the lung) and systemi-
cally (lymph, blood, immune system, coagulation, kidney, liver), an inflamma-
tory reaction develops which can be clinically very serious, especially in patients 

Figure 6. 
Diagram of the major systemic effects of COVID-19. The asterisks show the possible operation points of the 
flavonoids, as discussed in chapter 2 (*1, *2, *3) and in this chapter (*3, *4 and *5).
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with comorbidities. Excessive and “vicious” inflammation can be mediated by a 
distorted activation of the cytokine network, by coagulation disorders, even by a 
paradoxical excess of the immune reaction (autoimmunity, cytotoxic lymphocytes) 
[121]. Oxidative stress and excess inflammation are linked, as shown in Figure 6 
(points *3 e *4). Autoimmune phenomena are also likely to be involved in the attack 
on the cell infected with SARS-CoV-2, which could have implications both in the 
clinical course of the disease [122, 123] and in the safety of vaccines [124].

The two flavonoids which are reviewed here have a remarkable ability to modu-
late local and systemic inflammatory responses, through various mechanisms. 
Hesperidin showed antioxidant activity in rats after an intense training programme 
and, at the same time, alleviated cytokine secretion by stimulated macrophages 
[125, 126]. Furthermore, the administration of hesperetin has been shown to sig-
nificantly reduce the levels of myeloperoxidase, malondialdehyde (a marker of lipid 
peroxidation) and inflammation in experimental models of colitis [127] and hepatic 
trauma [128]. A study on macrophage cells in culture induced by bacterial endo-
toxin (LPS) clearly highlighted the main molecular effects of hesperetin capable of 
modulating inflammation [129].

One of the most frequently used experimental models is LPS-induced pneumo-
nia in mice, which somewhat mimics ARDS. Three separate studies have shown that 
hesperidin (in doses between 10 and 200 mg/kg) significantly reduces the accumu-
lation of fluid in the lung and proinflammatory cytokines [130–132]. The protective 
and anti-inflammatory effect of hesperidin or hesperetin was also demonstrated in 
rats with acute lung injury induced by mechanical ventilation [133] and lung infec-
tion with the H1N1 influenza virus [36]. Finally, hesperidin has anti-inflammatory 
and antioxidant effects in chronic obstructive pulmonary disease (COPD) caused 
by smoking, reducing the levels of IL-6, IL-8 and malondialdehyde [134].

Quercetin is a powerful antioxidant but also acts as an enzymatic inhibitor 
in a series of mechanisms involved with inflammation [135]. In LPS-stimulated 
macrophages, quercetin treatment inhibited NF-kB activation and proinflamma-
tory cytokines [136]. A randomised, parallel-group, controlled polycentric study 
showed the efficacy of a dietary supplement based on quercetin (150 mg), perilla 
dry extract (80 mg) and vitamin D3 (5 μg) in preventing allergic rhinitis flare-ups 
in children [137, 138].

The antiallergic property of quercetin has been explored in the laboratory set-
ting by studying the secretory response of activated mast cells in both human and 
animal models [139–143], and by evaluating the release of histamine from human 
basophils [144, 145]. This flavonol inhibits several protein tyrosine and serine/
threonine kinases involved in signal transduction in inflammatory cells [26, 103, 
139, 146–148]. These inhibitory properties on the release of histamine could also 
be interesting for COVID-19, given that the pulmonary mast cells are involved in 
the phenomenon of worsening the pulmonary picture in the event of a “cytokine 
storm” [149].

A meta-analysis of seven randomised trials sought to quantify the effect of 
quercetin on inflammatory mechanisms in vivo by measuring plasma C-reactive 
protein (CRP) concentrations. Meta-analysis showed a significant reduction in 
circulating CRP levels following supplementation with quercetin, especially at 
doses of 500 mg /day or more and in patients with CRP <3 mg/l [150].

3.2 Comorbidities

Since COVID-19 is a multi-organ disease and has more serious clinical conse-
quences in patients with pulmonary, intestinal, hepatic and cardiovascular comorbid-
ities, it is conceivable that its clinical course may profit from the multiple beneficial 
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effects of hesperidin and quercetin in systemic pathologies of this type (point * 5 in 
Figure 6). Epidemiological studies have reported an inverse relationship between 
citrus flavonoid intake and the risk of cardiovascular disease [151, 152]. From a care-
ful review of the literature [153], the use of natural antioxidant polyphenols seems 
to be an excellent approach as they have strong antioxidant and anti-inflammatory 
properties.

A constellation of risk factors for cardiovascular disease is called metabolic 
syndrome (MetS), whose determining factors are, in order of importance: weight, 
genetics, ageing and lifestyle [154]. The criteria for defining MetS are based on the 
presence of 3 out of 5 factors, including obesity, elevated triglycerides, reduced 
HDL-C, elevated blood pressure and elevated fasting glucose [155]. It has been 
shown that individuals with these characteristics are also commonly prone to 
a chronic, low-grade inflammatory states. Oxidative stress phenomena are also 
involved in MetS, probably due to the disturbance of the nutrient metabolism at the 
mitochondrial level [154].

In this context, it is interesting to note that good results have been obtained in 
clinical studies with the integration of orange juice, polyphenols and particularly 
with both hesperidin and quercetin, with antioxidant and antihypertensive effects, 
and by regulating glucose metabolism and lipid profiles. A recent experimental 
study showed that hesperidin (15 or 30 mg/kg) improved biochemical alterations 
and cardiac dysfunction in a high-fat diet-induced MetS model in rats [156].

Soy isoflavones, citrus products, hesperidin and quercetin improved lipid metabo-
lism [157]. Rizza et al. [158] performed a randomised, placebo-controlled study to 
investigate whether oral administration of hesperidin (500 mg once daily for 3 weeks) 
improves endothelial function in individuals with MetS. As a measure of efficacy, 
they measured the difference in flow-mediated dilation of the brachial artery between 
subjects receiving placebo or hesperidin. In the clinical study, hesperidin treat-
ment increased flow-mediated dilation and decreased the circulating inflammatory 
biomarkers (highly sensitive C-reactive protein, serum amyloid A protein, soluble 
E-selectin). The authors concluded that hesperidin recovers endothelial dysfunction 
and reduces circulating markers of inflammation. Such vasculoprotective actions may 
explain the beneficial cardiovascular effects of citrus fruit consumption.

A double-blind study documented the beneficial effects of hesperidin supple-
mentation (500 mg/day) on blood pressure and inflammatory markers in type 2 
diabetes [159]. The mechanisms by which hesperidin could contribute to blood 
pressure control are associated with improvements in endothelial function, 
oxidative stress and inflammation [160]. In a study with a parallel group design, 
49 patients with MetS received either 500 mg of hesperidin or a placebo, twice 
daily for 12 weeks [155]. Hesperidin led to a significant decrease in serum levels 
of glucose, insulin, triglycerides, total cholesterol, low density lipoprotein choles-
terol, TNF-α and high sensitive-CRP. The data on the antihypertensive effect of 
hesperidin is more uncertain but recently Valls et al. published a study on healthy 
volunteers in which they actually showed an antihypertensive effect of orange juice 
enriched with hesperidin [152].

A systematic review has highlighted the potential antidiabetic action of citrus 
flavonoids and their molecular mechanisms based on in vitro and in vivo studies 
[161]. The research identified 38 articles, mostly on experimental animals, which 
reported that citrus flavonoids regulate glycaemic control biomarkers, lipid profiles, 
kidney function, liver enzymes and antioxidant enzymes, and modulated signalling 
pathways related to glucose uptake and insulin sensitivity that are involved in the 
pathogenesis of diabetes and its related complications. Citrus flavonoids, therefore, 
are promising antidiabetic candidates, while their antidiabetic effects have yet to be 
verified in upcoming human studies.
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Quercetin supplementation also may have positive effects among patients with 
MetS and related disorders [162]. A meta-analysis identified 9 studies on this 
topic, which showed overall that quercetin supplementation did not affect fasting 
plasma glucose or insulin resistance. However, in the subgroup analysis, quercetin 
supplementation slightly but significantly reduced fasting glucose in studies lasting 
8 weeks and using quercetin in doses equal to or > 500 mg/day. Better effects were 
found in individuals <45 years of age. Regarding lipid levels, a meta-analysis of 9 
clinical studies [163] found a significant reduction in LDL in overweight and obese 
human subjects who took doses ≥250 mg/day of quercetin for rather extended 
periods, reaching a total dose of ≥14,000 mg; however, HDL cholesterol, triglycer-
ide and total cholesterol levels remained unchanged (p > 0.05).

The supplementation of nutrition with quercetin on blood pressure and endo-
thelial function among patients with MetS was investigated with a meta-analysis 
[164]. The authors found a significant reduction in systolic blood pressure but not 
diastolic pressure.

Finally, the health of the intestine cannot be neglected, which is an organ 
where viral infections tend to be found, and it is also fundamental because the 
release of endotoxins (LPS) due to an increased mucosa permeability or intestinal 
dysmicrobism could enhance systemic inflammatory reactions. It has been argued 
that the interaction between the lung and gut could lead to a vicious cycle of lung 
and intestinal inflammation which may be a potential factor leading to the death 
of patients with COVID-19 [165]. Citrus flavanones may have an impact on the 
intestinal microbiome, exerting beneficial effects on the intestinal barrier function 
and gastrointestinal inflammation [166]. In intervention studies on volunteers, 
orange juice positively modulated the composition and metabolic activity of the 
microbiota, increasing the population of Bifidobacterium spp. and Lactobacillus 
spp. [167] or of Lactobacillus spp., Akkermansia spp. and Ruminococcus spp. 
according to other authors [168], suggesting that orange juice showed a prebiotic 
effect, modulating the intestinal microbiota by improving blood sugar and the lipid 
profile. In a recent review [169], it was highlighted how the beneficial effects of hes-
peridin on cardiovascular risk factors can be partly attributed to the modulation of 
the intestinal microbiota. Based on the current evidence, some of the contradictory 
effects of hesperidin in human studies are in part due to the interindividual vari-
ability of hesperidin in its bioavailability. Quercetin also has a profound influence 
on the intestinal microbiome, which in turn modulates its bioavailability [170].

In conclusion, the results indicate that supplementation with hesperidin or quer-
cetin may have mild antihypertensive effects, improve metabolic lipid abnormali-
ties and inflammatory status in patients with MetS. All these beneficial effects can 
only be reflected in a more favourable clinical course when viral infectious diseases 
cause systemic disorders involving oxidative stress and inflammation.

4. Conclusions

The scientific literature is filled with works that support the beneficial effects 
of citrus flavonoids and quercetin on viral respiratory diseases, including COVID-
19, and there are several possible mechanisms by which this effect is carried out 
(Figure 7).

Inhibition of cellular infection can occur through the intercalation of these 
molecules between viruses and receptors and by inhibition of intracellular replica-
tion. This phenomenon could have a protective role especially in the oral cavity and 
in the gastrointestinal system, where the concentrations of the active ingredients 
are undoubtedly higher than in the blood after intestinal absorption and diffusion 
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in the body. Furthermore, the two flavonoids are able to prevent cell damage due to 
the virus by enhancing the antioxidant defences through the Nrf2 system and by the 
direct scavenger action.

The close relationship between cell damage/death and inflammation means 
that a positive effect can be expected in mitigating the systemic consequences of an 
inflammation that has eluded controls. Finally, hesperidin and quercetin can exert 
an indirect beneficial effect, favouring carbohydrate and lipid metabolism, improv-
ing general health conditions and thus preventing comorbidities that are contribu-
tory causes of the most serious complications. All the experimental models cited 
here would make it plausible for an increase in the consumption of flavonoid-rich 
foods, or flavonoid supplementation during periods of increased commitment of 
the body defences, to help the immune system in the fight against virus infections. It 
is therefore desirable that further suitable clinical studies are conducted to investi-
gate the potential of these natural substances and to define effective dosages.
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Chapter 24

Evolutionary Strategies of 
Highly Functional Catalases 
for Adaptation to High H2O2 
Environments
Isao Yumoto, Yoshiko Hanaoka and Isao Hara

Abstract

Enzymatic evolutionary strategies for adaptation to a high H2O2 environment 
have been evaluated using catalases with high catalytic efficiency isolated from two 
H2O2-tolerant bacteria, Exiguobacterium oxidotolerans and Psychrobacter piscatori. The 
entrance size of the narrow main channel in catalase has been estimated by deter-
mining the formation rate of the intermediate state of peracetic acid (b), which is a 
larger substrate than H2O2 versus that of catalase activity with H2O2 (a) (calculated 
as b/a). The ratio of b/a in E. oxidotolerans catalase (EKTA) is much higher than that 
of P. piscatori catalase (PKTA). To elucidate the structural differences between the 
catalases, the amino acids present in the main channel have been compared between 
the two catalases and other catalases in the database. The combination of amino 
acid residues, which contribute high catalytic efficiency in the narrow main chan-
nel of EKTA were different from those in PKTA. In this review, we discuss strategic 
differences in the elimination of high concentration of H2O2 owing to differences 
in the phylogenetic positions of catalases. In addition, we describe the relationships 
between the environmental distributions of genera involved in H2O2-resistant bacte-
ria and their catalase functions based on the main channel structure of catalase.

Keywords: H2O2-tolerant bacteria, Exiguobacterium, Psychrobacter, Vibrio, catalase, 
narrow main channel, bottleneck size

1. Introduction

Oxygen is important for metabolism, acting as a terminal electron acceptor in 
aerobic bacteria, and these bacteria produce intracellular reactive oxygen species 
(ROS), such as hydrogen peroxide (H2O2), superoxide (O2•−), and hydroxyl radical 
(OH•) as by-products of oxygen metabolism [1–4]. H2O2 is not a strongly harmful 
substance; however, the presence of H2O2 in bacterial cells may lead to the genera-
tion of harmful ROS, such as OH•, via the Fenton reaction. Therefore, the presence 
of catalase is critical for the protection of cellular components, such as DNA, RNA, 
proteins, and lipids, from strongly harmful OH• [5–7]. Moreover, the production of 
intracellular catalases is important for the metabolism of aerobic microorganisms to 
conduct their metabolisms.
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Bacteria possess catalases for the elimination of toxic by-products of oxygen 
metabolism produced inside the cells and for preserving their niches by eliminating 
the H2O2 produced by host organisms [8–10]. This function is important, particu-
larly for pathogenic and symbiotic microorganisms or microorganisms needing to 
maintain their niches in the host. In such cases, bacterial catalases may have evolved 
during interactions with the host (to degrade active oxygen species generated by the 
host for parasites elimination) or parasitic/symbiotic microorganisms (to elimi-
nate active oxygen species generated by the parasites/symbionts). For example, 
Aliivibrio fischeri (formerly Vibrio fischeri) exhibits a symbiotic relationship with 
the host squid by colonising the light-emitting organs of the squid. The host squid 
possesses a protective mechanism associated with the production of H2O2 to prevent 
the colonization of unfavourable pathogenic bacteria. In contrast, A. fischeri pro-
duces highly efficient catalase in the periplasmic space to eliminate H2O2 produced 
by the host squid. Thus, production of catalase in the vicinity of the cell surface is 
important for helping microorganisms to establish their niche.

The oral biofilm community consists of various microorganisms, including foe 
and companion bacteria and functions to maintain the ecological balance among 
constituents [11]. Among these community members, Streptococcus gordonii is 
known to produce H2O2 to expel its competitors. Additionally, Veillonella atypica 
is able to support the growth of the obligate anaerobe, Fusobacterium nucleatum 
under microaerophilic conditions and can also protect the microorganism from 
S. gordonii via production of catalase. Thus, extracellular catalase production is 
important for protection not only of the niche of the producer but also of other 
companion microorganisms to facilitate the formation of microbial communities 
within biofilm.

Catalase is commonly observed in various aerobic bacteria. Bacteria that do 
not possess catalase cannot grow on the agar plates owing to the presence of H2O2 
on agar plates [12]. However, many bacterial strains have been isolated from agar 
plates, suggesting that these bacteria likely express catalase and these bacteria 
are likely to encounter H2O2. Moreover, these data suggest that H2O2 may be 
ubiquitously present in various environments in which many microorganisms 
live. Accordingly, investigation of the molecular strategies through which catalase 
eliminates H2O2 in various physiological, ecological, and taxonomic background is 
essential.

In this review, we evaluate the relationships between catalase evolution and 
structural changes in the main channel structure of catalases, based on various 
catalases including those isolated from H2O2- tolerant bacteria. In addition, con-
sidering the taxonomic backgrounds of H2O2-tolerant bacteria, we compared the 
main channel structures of catalases derived from the same genera of H2O2-tolerant 
bacteria and discussed the reasons for the distribution of these H2O2-tolerant 
bacteria. This systematic approach will bring deeper understanding in strategic 
evolutionary changes in bacterial catalases and strategic bacterial distributions in 
the environment.

2. Phylogeny of catalases

The dismutation of H2O2 in microorganisms occurs mainly via three phyloge-
netically unrelated catalases: monofunctional catalase, catalase-peroxidase, and 
Mn-catalase [2, 13]. Here, we focus on monofunctional catalases.

Bacterial monofunctional catalases are classified into clades 1–3 according 
to phylogenetic analysis based on their amino acid sequences [14, 15]. Clade 1 
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catalases contain approximately 500 amino acid residues per subunit and are 
mainly of plant origin, except a subgroup that is of bacterial origin, including 
Firmicutes group A and Proteobacterial minor group (Sinorhizobium clade). 
Clade 2 catalases, which exhibit larger molecular masses than catalases from other 
clades, consist of approximately 750 amino acid residues. The catalases in this 
clade originated from fungi, bacteria including Actionbacteria, Bacteroides, and 
Proteobacteria (Polaromonas, Burkholderia and Akkermansia) and archaea. Clade 3 
catalases, with nearly 500 residues per subunit, occur in fungi, bacteria including 
Chloroflexi, Firmicutes group B and Proteobacteria, fungi, and some eukaryotes. 
Reports have shown that pathogenic or symbiotic bacteria possess only one clade 
3 catalase (e.g., Haemophilus influenzae, Neiseria gonorrhoeae, and A. fischeri 
[described above]). These catalases evolved through interactions between the 
host and parasite. Moreover, many prokaryotic clade 3 catalases exhibit distinct 
NADP(H) binding compared with clade 1 catalases, discrimination of catalases 
between the two clades based on apparent molecular features and enzymatic 
characteristics is difficult.

3. Reaction mechanisms of catalases

Catalase consists of four identical subunits and each subunit, each of which 
possesses heme b or d at the reaction centre. The catalytic reaction cycle consists of 
the following two steps. The first step involves the formation of compound I, which 
is produced by oxidation of Fe3+ (Fe3+ Pro) in the heme moiety to an oxoiron (IV) 
porphyrin π-cation radical species, Fe4+ = O Pro+•, by the first reacted H2O2 molecule 
[16]. During this reaction, the oxygen–oxygen bond in the peroxide (R–O–O–H) 
bound to the heme, that is the first H2O2 molecule, is cleaved heterolytically. As a 
result, one oxygen binds to the ion with the by-product of a water molecule. This 
reaction intermediate, compound I, is subsequently reduced by second reaction 
of H2O2 to the resting state (Fe3+ Pro). This reaction leads to the production of 
molecular oxygen (O2) and water molecules (H2O) [17, 18]. Compound I can also be 
observed if organic peroxides are used as substrates instead of H2O2. The compound 
I formation rate decreases as the molecular size of the substrates increases (i.e.,  
H2O2 ˃ CH3COO2H). Therefore, estimation of the compound I formation rate may 
be an indicator of the size of the bottleneck structure of the narrow main channel, 
which is directly accessible to the reaction centre, heme.

4. Characteristics of H2O2-resistant bacteria

Catalase is important for cellular protection intra- and extracellular elimina-
tion of H2O2. Because H2O2-tolerant microorganisms may evolve in artificially 
high H2O2 environments, we have studied H2O2-tolerant microorganisms and their 
catalases. First, strain S-1T can survive downstream of drain pools (sedimenta-
tion tank [8°C, 1.5–6 mM]) from herring egg processing factory, which uses 
H2O2 as a breaching agent [19, 20]. This strain was identified as a new species, 
Vibrio rumoiensis S-1T. The growth temperature range of strain S-1T is 2–34°C. The 
catalase activity of cell extracts of strain S-1T was found to be 4000–8000 U/mg 
protein, which was one or two orders of magnitude higher than those of Alcaligenes 
faecalis, Corynebacterium glutamicum, and Pseudomonas fluorescens. Strain S-1T 
possesses only one type of clade 3 catalase, which accounts for 1.8% of the protein 
in cell extracts. The isolate produces catalase not only inside the cell but also in 
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in cell extracts. The isolate produces catalase not only inside the cell but also in 



Antioxidants - Benefits, Sources, Mechanisms of Action

506

the periplasmic space and on the cell surface [21–24]. Therefore, V. rumoiensis  
S-1T cells exhibit catalase activity, and expression of catalase on the surface of  
V. rumoiensis cells may help to protect the cell in high H2O2 environments. 
According to several reports on symbiotic or pathogenic strains involving the 
genus Vibrio and its related genus Aliivibrio, strain S-1T was predicted to be derived 
from marine environments or organisms.

Strain T-2-2T, an H2O2-tolerant microorganism, was isolated from the upstream 
region of a water treatment system (pretreatment tank to decrease H2O2 con-
centration [8°C, 6–38 mM]) of a herring egg processing factory [25]. The isolate 
was identified as a new species, E. oxidotolerans T-2-2T. The growth temperature 
range of this strain was 4–40°C (optimum 34°C). The cell extract of strain T-2-2T 
exhibited catalase activity of 28,000 U/mg protein and catalase accounted for 6.5% 
of protein in the cell extract. The bacterium produced catalase (E. oxidotolerans 
[EKTA]) both intercellularly and extracellularly [26–29]. The immunolocaliza-
tion of catalase suggests that the enzyme is present on the inner surface of the 
cells [28]. Catalase that bind to the cell surface and localise to the inner surface 
are also important for defence against extracellular H2O2 in E. oxidotolerans T-2-2T. 
The localisation of catalase changes from inside of the cells to the cell surface as 
the culture period is extended. The catalase is induced by H2O2 stimulation prior 
to initiation of growth and low aeration growth condition [27, 29]. Thus, catalase 
activity is required inside the cells and is essential for extracellular defence as the 
cell age increases. Exiguobacterium spp. are distributed in various environments, 
including marine environments [30, 31]. Therefore, strain T-2-2T may have origi-
nated from marine environments or organisms. Additionally, although strain T-2-2T 
possesses a catalase gene sequence belonging to clade 2, only clade 1 catalase can be 
purified [32].

Strain T-3-2T, an H2O2-tolerant microorganism, was isolated from the upstream 
of the water treatment system (pretreatment tank to decrease H2O2 concentration 
[8°C, 6–38 mM]) of a herring egg processing factory [33]. The growth temperature 
range of strain T-3-2T is 0–30°C, and the localisation of catalase has not yet been 
clarified. However, strain T-3-2T exhibits high resistance against H2O2. The isolate 
was identified as a new species, P. piscatorii T-3-2T and cell extracts of strain T-3-2T 
exhibit much higher catalase activity (12,000 U/mg protein) than those of other 
stains belonging to the same genus, including Psychrobacter nivimaris (15 U/ mg 
protein), Psychrobacter proteolyticus (29 U/mg protein) and Psychrobacter aquamaris 
(1800 U/mg protein). Strain T-3 belongs to P. piscatorii as well [34, 35] and exhibits 
higher catalase activity (19,700 U/mg), with catalase accounting for 10% of all 
proteins in the cell extract. Several reports have described Psychrobacter spp. were 
isolated from marine origins [36]; therefore, it is possible that strains T-3-2T and 
T-3 originated from marine environments or organisms. Although the strain T-3 
possesses catalase gene sequences belonging to clade 2, only clade 3 catalase can be 
purified [32].

5. Characteristics of catalases from H2O2-resistant bacteria

Catalases derived from H2O2-tolerant microorganisms in clade 3 and clade 1 have 
been purified from V. rumoiensis S-1T, P. piscatorii T-3, and from E. oxidotolerans 
T-2-2T. The kinetic parameters (kcat/Km) of these catalases were higher or equivalent 
to the highest values comparing with those of catalases reported by Switala and 
Loewen (2002) [37]. In addition, these catalase activities exhibited distinctive 
temperature dependencies comparing with ordinary catalase such as Micrococcus 
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luteus catalase (MLC) and bovine liver catalase (BLC) [32]. These characteristics 
reflect the environmental conditions in which these bacteria were isolated (8°C, 
1.5–38 mM H2O2). Thus, multiple environmental factors (including low tempera-
ture and high H2O2) have affected the characteristics of enzymes via evolutionary 
and/or environmental selection processes.

The catalase from V. rumoiensis S-1T (VKTA) can be purified by two steps of 
anion-chromatography and one step of gel filtration chromatography [25]. The 
purified VKTA exhibits 395,000 U/mg protein under standard reaction conditions 
(30 mM H2O2, pH 7), with a Vmax and Km of 8.0 × 105 μmol H2O2/μmol heme/s 
and 35 mM for H2O2, respectively, as determined spectrophotometrically. The 
catalytic efficiency kcat/Km of VKTA is 2.3 × 107/s/M, which is the highest among 
reported clade 3 catalases owing to the low Km value [31]. Additionally, because 
of the fragility of V. rumoiensis S-1T cells, high affinity to H2O2 and high catalytic 
efficiency are required for protection of the cells. It is known that catalase activity 
is not as dependent on temperature as the activity of ordinary enzymes. Moreover, 
VKTA exhibits an obvious temperature dependence between 10°C and 70°C with an 
optimum temperature at 40°C. The amino acid sequence of VKTA contains active 
sites (H61, T100 and N134), proximal sites of heme (Y344 and R351), and binding sites 
for the distal region of heme (V102, T124 and F139). VKTA possesses NADPH- binding 
sites (H180, R189, V288 and K291). The active site containing “T100” is unique compared 
with that of the other catalases listed in Figure 1. Indeed, other catalases contain an 
“S residue at this position”, making the site less hydrophobic. However, the effect of 
this amino acid substitution on the function is unknown.

EKTA can be purified by two steps of anion-chromatography and one step of gel 
filtration chromatography. The purified EKTA exhibits an activity of 430,000 U/mg 
protein under standard reaction condition [26] with a Vmax and Km of 1.5 × 106 μmol 
H2O2/μmol heme/s and 40 mM for H2O2, respectively, as determined by spectropho-
tometry [28]. The catalytic efficiency kcat/Km of EKTA is 3.8 × 107/s/M, which is the 
highest among reported clade 1 catalases owing to the high kcat and low Km values. 
EKTA exhibits a temperature dependency between 10°C and 70°C with an optimum 
temperature of 45°C. Catalase activity decreases from 100–60% as the temperature 
increases from 45–50°C and then is further decreased to approximately 10% at 
70°C. Moreover, this catalase exhibits the highest temperature sensitivity among 
the three catalases purified from the three H2O2- tolerant bacteria. The amino acid 
sequence of EKTA contains active sites (H56, S104 and N138), proximal sites of heme 
(Y339 and R346) and binding sites for the distal region of heme (V97, T119 and F142), 
as shown in Figure 1. There is no NADPH-binding site in the amino acid sequence 
of this catalase. These important residues for catalase activity are well conserved 
in EKTA.

The catalase from P. piscatorii T-3 (PKTA) can be purified by one step of anion-
chromatography and one step of hydrophobic chromatography [35]. The purified 
PKTA exhibits an activity of 222,000 U/mg protein under standard reaction condi-
tions, with Vmax and Km of 2.4 × 105 μmol H2O2/μmol heme/s and 75 mM for H2O2, 
respectively. The catalytic efficiency kcat/Km of PKTA is 3.2 × 106/s/M as determined 
with O2 electrode [34]. PKTA exhibits a temperature dependency between 10°C and 
80°C with an optimum temperature of 45°C. The activity decreases at temperature 
over 50°C, showing approximately 10% at 70°C and complete deactivation at 85°C. 
The amino acid sequence of PKTA contains active sites (H65, S104 and N138), proxi-
mal sites of heme (Y348 and R355), and binding sites for the distal region of heme 
(V106, T128 and F143). This PKTA also contains NADPH-binding sites (H184, R193, V292 
and K295), as shown in Figure 1. These important residues for catalase activity are 
well conserved in PKTA.
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(1800 U/mg protein). Strain T-3 belongs to P. piscatorii as well [34, 35] and exhibits 
higher catalase activity (19,700 U/mg), with catalase accounting for 10% of all 
proteins in the cell extract. Several reports have described Psychrobacter spp. were 
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possesses catalase gene sequences belonging to clade 2, only clade 3 catalase can be 
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5. Characteristics of catalases from H2O2-resistant bacteria

Catalases derived from H2O2-tolerant microorganisms in clade 3 and clade 1 have 
been purified from V. rumoiensis S-1T, P. piscatorii T-3, and from E. oxidotolerans 
T-2-2T. The kinetic parameters (kcat/Km) of these catalases were higher or equivalent 
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luteus catalase (MLC) and bovine liver catalase (BLC) [32]. These characteristics 
reflect the environmental conditions in which these bacteria were isolated (8°C, 
1.5–38 mM H2O2). Thus, multiple environmental factors (including low tempera-
ture and high H2O2) have affected the characteristics of enzymes via evolutionary 
and/or environmental selection processes.

The catalase from V. rumoiensis S-1T (VKTA) can be purified by two steps of 
anion-chromatography and one step of gel filtration chromatography [25]. The 
purified VKTA exhibits 395,000 U/mg protein under standard reaction conditions 
(30 mM H2O2, pH 7), with a Vmax and Km of 8.0 × 105 μmol H2O2/μmol heme/s 
and 35 mM for H2O2, respectively, as determined spectrophotometrically. The 
catalytic efficiency kcat/Km of VKTA is 2.3 × 107/s/M, which is the highest among 
reported clade 3 catalases owing to the low Km value [31]. Additionally, because 
of the fragility of V. rumoiensis S-1T cells, high affinity to H2O2 and high catalytic 
efficiency are required for protection of the cells. It is known that catalase activity 
is not as dependent on temperature as the activity of ordinary enzymes. Moreover, 
VKTA exhibits an obvious temperature dependence between 10°C and 70°C with an 
optimum temperature at 40°C. The amino acid sequence of VKTA contains active 
sites (H61, T100 and N134), proximal sites of heme (Y344 and R351), and binding sites 
for the distal region of heme (V102, T124 and F139). VKTA possesses NADPH- binding 
sites (H180, R189, V288 and K291). The active site containing “T100” is unique compared 
with that of the other catalases listed in Figure 1. Indeed, other catalases contain an 
“S residue at this position”, making the site less hydrophobic. However, the effect of 
this amino acid substitution on the function is unknown.

EKTA can be purified by two steps of anion-chromatography and one step of gel 
filtration chromatography. The purified EKTA exhibits an activity of 430,000 U/mg 
protein under standard reaction condition [26] with a Vmax and Km of 1.5 × 106 μmol 
H2O2/μmol heme/s and 40 mM for H2O2, respectively, as determined by spectropho-
tometry [28]. The catalytic efficiency kcat/Km of EKTA is 3.8 × 107/s/M, which is the 
highest among reported clade 1 catalases owing to the high kcat and low Km values. 
EKTA exhibits a temperature dependency between 10°C and 70°C with an optimum 
temperature of 45°C. Catalase activity decreases from 100–60% as the temperature 
increases from 45–50°C and then is further decreased to approximately 10% at 
70°C. Moreover, this catalase exhibits the highest temperature sensitivity among 
the three catalases purified from the three H2O2- tolerant bacteria. The amino acid 
sequence of EKTA contains active sites (H56, S104 and N138), proximal sites of heme 
(Y339 and R346) and binding sites for the distal region of heme (V97, T119 and F142), 
as shown in Figure 1. There is no NADPH-binding site in the amino acid sequence 
of this catalase. These important residues for catalase activity are well conserved 
in EKTA.

The catalase from P. piscatorii T-3 (PKTA) can be purified by one step of anion-
chromatography and one step of hydrophobic chromatography [35]. The purified 
PKTA exhibits an activity of 222,000 U/mg protein under standard reaction condi-
tions, with Vmax and Km of 2.4 × 105 μmol H2O2/μmol heme/s and 75 mM for H2O2, 
respectively. The catalytic efficiency kcat/Km of PKTA is 3.2 × 106/s/M as determined 
with O2 electrode [34]. PKTA exhibits a temperature dependency between 10°C and 
80°C with an optimum temperature of 45°C. The activity decreases at temperature 
over 50°C, showing approximately 10% at 70°C and complete deactivation at 85°C. 
The amino acid sequence of PKTA contains active sites (H65, S104 and N138), proxi-
mal sites of heme (Y348 and R355), and binding sites for the distal region of heme 
(V106, T128 and F143). This PKTA also contains NADPH-binding sites (H184, R193, V292 
and K295), as shown in Figure 1. These important residues for catalase activity are 
well conserved in PKTA.
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6.  Relationship between the compound formation rate with peracetic 
acid and the bottle neck amino acid residue in the narrow main 
channel

Catalase is known to have high activity owing to its superior substrate  selectivity 
for H2O2. The interactions of substrate molecules larger than H2O2 are strongly 
inhibited due to selection of the substrate by the narrow main channel, which 
reaches the active site. The formation rate of the reactive intermediate (compound I) 
in the reaction of EKTA with peracetic acid is 77 times higher than that of BLC and 
1200 times higher than that of MLC [26]. A comparison of the structural and func-
tional data on EKTA (a clade 1 catalase) with the data for two clade 3 catalases (BLC 

Figure 1. 
Amino acid sequence alignment of EKTA, Exiguobacterium enclense catalase, Exiguobacterium 
aurantiacum catalase, Listeria innocua catalase, Deinococcus radiodurans KatA, PSCF, MLC, Proteus 
mirabilis catalase, Aliivibrio salmonicida (VSC) catalase, Vibrio halioticoli catalase, VKTA, Psychrobacter 
phenylpyruvicus catalase and Psychrobacter cryohalolentis catalase. The amino acid residues involved in 
the narrow main channel are highlighted by green or yellow (bottleneck residues). The active sites are indicated 
in bold font, the proximal sites of heme are marked in blue and the binding sites of distal region of heme are 
marked by underlined text.
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and MLC) revealed that the size of the bottleneck defines the compound I formation 
rate, which corresponds to the size of the substrate molecule. The atom-to-atom 
distance for combinations of amino acid residues showed that, the L149 (BN [bottle-
neck] 2) to I180 (BN4) and D109 (BN1) to M167 (BN3) combinations at the bottleneck 
of EKTA resulted in larger bottleneck sizes than the combinations in BLC and MLC 
[26]. The sizes of the amino acids and the probability of occurrence of the corre-
sponding amino acids (based on a comparison of catalase sequences in the database) 
indicated that M167 may play a key role in determining the size of the bottleneck of 
EKTA. Clade 3 catalases, i.e., BLC and MLC contain W (Phe) in the corresponding 
position of M167 in EKTA. The volume of W (Phe) is 231.7 Å3, whereas that of M 
(Met) is 167.7 Å3 [38, 39]. Therefore, the size of the key residue M167 in EKTA is the 
major reason for the high the compound I formation rate with peracetic acid.

7.  Comparison of amino acid residues in the narrow main channel of 
catalase

The main channel of catalase consists upper and lower narrow parts. The narrow 
part, which is nearer to the reaction centre, heme consists of 14 amino acid residues 
[26] (Figures 1 and 2). The seven residues forming the channel (H56, V97, D109, N129, 
F134, F135 and F142 in EKTA) are well conserved (≥95% homology). V55 is relatively 
highly conserved (≥ 80%) followed by P110 (54%). The other amino acid residues, 
including M145 (approximately 20%), V146 (approximately 30%) and L149 (approxi-
mately 20%) are relatively rarely conserved. Both M167 and I180 are very rarely 
conserved (≤ 3%) among catalases. Among the 14 amino acid residues described 
above, D109 (BN1), L149 (BN2), M167 (BN3) and I180 (BN4) are located in the bottle-
neck structure in between the upper and lower parts of the main channel of catalase. 
Among these four amino acid residues only D109 is well conserved. Therefore, 

Figure 2. 
Structural model of narrow main channels of catalases of VSC [A] and EKTA [B]. Each characteristic amino 
acid residues are indicated by yellow marker. Number for amino acid residues was accordance with Figure 1. 
The amino acid residues of narrow main channels in VSC are the same as VKTA. aThis amino acid residue is 
substituted to “T” in PKTA. bThis amino acid residue is modified as S-dioxymethionine.
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neck] 2) to I180 (BN4) and D109 (BN1) to M167 (BN3) combinations at the bottleneck 
of EKTA resulted in larger bottleneck sizes than the combinations in BLC and MLC 
[26]. The sizes of the amino acids and the probability of occurrence of the corre-
sponding amino acids (based on a comparison of catalase sequences in the database) 
indicated that M167 may play a key role in determining the size of the bottleneck of 
EKTA. Clade 3 catalases, i.e., BLC and MLC contain W (Phe) in the corresponding 
position of M167 in EKTA. The volume of W (Phe) is 231.7 Å3, whereas that of M 
(Met) is 167.7 Å3 [38, 39]. Therefore, the size of the key residue M167 in EKTA is the 
major reason for the high the compound I formation rate with peracetic acid.

7.  Comparison of amino acid residues in the narrow main channel of 
catalase

The main channel of catalase consists upper and lower narrow parts. The narrow 
part, which is nearer to the reaction centre, heme consists of 14 amino acid residues 
[26] (Figures 1 and 2). The seven residues forming the channel (H56, V97, D109, N129, 
F134, F135 and F142 in EKTA) are well conserved (≥95% homology). V55 is relatively 
highly conserved (≥ 80%) followed by P110 (54%). The other amino acid residues, 
including M145 (approximately 20%), V146 (approximately 30%) and L149 (approxi-
mately 20%) are relatively rarely conserved. Both M167 and I180 are very rarely 
conserved (≤ 3%) among catalases. Among the 14 amino acid residues described 
above, D109 (BN1), L149 (BN2), M167 (BN3) and I180 (BN4) are located in the bottle-
neck structure in between the upper and lower parts of the main channel of catalase. 
Among these four amino acid residues only D109 is well conserved. Therefore, 

Figure 2. 
Structural model of narrow main channels of catalases of VSC [A] and EKTA [B]. Each characteristic amino 
acid residues are indicated by yellow marker. Number for amino acid residues was accordance with Figure 1. 
The amino acid residues of narrow main channels in VSC are the same as VKTA. aThis amino acid residue is 
substituted to “T” in PKTA. bThis amino acid residue is modified as S-dioxymethionine.
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variations in amino acid residues, except D109, define the size of the bottleneck struc-
ture and the reaction rate with substrates larger than H2O2. Based on the alignment of 
multiple catalases including other catalases derived from other species belonging to 
the genus Exiguobacterium, there are several common amino acid residues between 
EKTA and Exiguobacterium enclense catalase (M145, V146, L149 and M167). Owing to the 
lower volumes of these residues compared with the corresponding residues in other 
catalases, these residues are thought to be related to the genus-specific efficiency 
catalytic reactions in the presence of high concentrations of H2O2.

In contrast, M 64, I119, L154, N155 and T158 are specific amino acid residues in the 
narrow main channel of PKTA. These amino acid residues are corresponding to 
M60, I115, L150, N151 and V154 in VKTA and catalases from Proteus mirabilis, Aliivibrio 
salmonicida, Psychrobacter phenylpyruvicus and Psychrobacter cryohalolentis catalases. 
Although the activities of the latter two catalases are not known, the other three cat-
alases exhibit high catalytic efficiency for H2O2 [40]. Therefore, these residues are 
specific to the catalase of Proteobacteria and affect the efficiency of these catalases.

8.  Relationship between catalase phylogeny and the main channel 
structure of catalases

The clade 1 catalase EKTA exhibits a higher ratio (b/a = 1.4) of the compound I 
formation rate using peracetic acid (a) to catalase activity using H2O2 (b) than the 
clade 3 catalase PKTA (b/a = 0.0056) [29]. Although the size of the bottleneck of 
PKTA is unknown, the difference in the catalytic characteristics can be attributed to 
the seize of the bottleneck, which this can be ascertained from the amino acid resi-
dues in the bottleneck. In addition to EKTA and PKTA, the b/a ratio was estimated 
using the clade I catalases, Pseudomonas syringae catalase (PSCF) and Deinococcus 
radiodurans catalase and the clade 3 catalases BLC and MLC. Differences in the 
b/a ratio are related to the intensity of the degree of the extended branch in the 
phylogenetic tree of catalase (Table 1 and Figure 3). This indicates that catalases 
from H2O2-tolerant bacteria evolved in different directions depending on the 
bacterial taxonomic phylogenetic position. Thus, the phylogenetic position can be 

EKTA PKTA VKTA

Bottle neck structure

BN2–BN4 L149, M167, I180 V158, W176, T189 V154, W172, V185

The size of BN2–BN4 164.6, 167.7, 164.9 150.6, 231.7, 120.0 150.6, 231.7, 139.1

Enzymatic feature

b/a ratioa 1.4 0.0056 ND

Kinetic parameters for H2O2

Vmax (/s) 1.5 × 106 b 2.4 × 105 c 8.0 × 105 b

Km (mM) 40b 75c 35b

kcat/Km (/M/s) 3.8 × 107 b 3.2 × 106 c 2.3 × 107 b

Cellular features

Percentage of catalase in cell 
extract

6.5% 10% 1.8%

Location of isolation Upstream of the 
drain (6–38 mM 
H2O2)

Upstream of the 
drain (6–38 mM 
H2O2)

Downstream of the drain 
(1.5–6 mM H2O2)

Involved bacteria Gram positive Gram negative Gram negative
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EKTA PKTA VKTA

Phylogeny

Clade 1 3 3

Extended of phylogenetic 
position

Yes Yes Yes

Purified catalase activity  
(U/mg)c

Catalase activity of cell extract 
(U/mg)d

28,000 20,000 7,300

aThe ratio of compound I formation rate using peracetic acid (a) to catalase activity using H2O2 (b).
bDetermined by spectrophotometry.
cDetermined by oxygen electrode analysis.
dStandard reaction conditions of 30 mM H2O2 at pH 7.

Table 1. 
Summary of the characteristics of catalases from H2O2-tolerant bacteria.

Figure 3. 
Phylogenetic position of catalases clades 1–3. The phylogenetic tree was constructed using the Maximum 
Likelihood method and JTT matrix-based model [41]. Multiple alignments of the sequences were performed 
using the MUSCLE program [42]. The numbers in the branches indicate bootstrap percentages based on 500 
replicates. Bar, 0.20 changes per amino acid position. Evolutionary analyses were conducted in MEGA X [13].
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variations in amino acid residues, except D109, define the size of the bottleneck struc-
ture and the reaction rate with substrates larger than H2O2. Based on the alignment of 
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EKTA and Exiguobacterium enclense catalase (M145, V146, L149 and M167). Owing to the 
lower volumes of these residues compared with the corresponding residues in other 
catalases, these residues are thought to be related to the genus-specific efficiency 
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In contrast, M 64, I119, L154, N155 and T158 are specific amino acid residues in the 
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salmonicida, Psychrobacter phenylpyruvicus and Psychrobacter cryohalolentis catalases. 
Although the activities of the latter two catalases are not known, the other three cat-
alases exhibit high catalytic efficiency for H2O2 [40]. Therefore, these residues are 
specific to the catalase of Proteobacteria and affect the efficiency of these catalases.

8.  Relationship between catalase phylogeny and the main channel 
structure of catalases

The clade 1 catalase EKTA exhibits a higher ratio (b/a = 1.4) of the compound I 
formation rate using peracetic acid (a) to catalase activity using H2O2 (b) than the 
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the seize of the bottleneck, which this can be ascertained from the amino acid resi-
dues in the bottleneck. In addition to EKTA and PKTA, the b/a ratio was estimated 
using the clade I catalases, Pseudomonas syringae catalase (PSCF) and Deinococcus 
radiodurans catalase and the clade 3 catalases BLC and MLC. Differences in the 
b/a ratio are related to the intensity of the degree of the extended branch in the 
phylogenetic tree of catalase (Table 1 and Figure 3). This indicates that catalases 
from H2O2-tolerant bacteria evolved in different directions depending on the 
bacterial taxonomic phylogenetic position. Thus, the phylogenetic position can be 

EKTA PKTA VKTA

Bottle neck structure

BN2–BN4 L149, M167, I180 V158, W176, T189 V154, W172, V185

The size of BN2–BN4 164.6, 167.7, 164.9 150.6, 231.7, 120.0 150.6, 231.7, 139.1

Enzymatic feature

b/a ratioa 1.4 0.0056 ND

Kinetic parameters for H2O2

Vmax (/s) 1.5 × 106 b 2.4 × 105 c 8.0 × 105 b

Km (mM) 40b 75c 35b

kcat/Km (/M/s) 3.8 × 107 b 3.2 × 106 c 2.3 × 107 b

Cellular features

Percentage of catalase in cell 
extract

6.5% 10% 1.8%

Location of isolation Upstream of the 
drain (6–38 mM 
H2O2)

Upstream of the 
drain (6–38 mM 
H2O2)

Downstream of the drain 
(1.5–6 mM H2O2)

Involved bacteria Gram positive Gram negative Gram negative
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ascertained based on the amino acid sequences of catalase from Exiguobacterium 
spp. and Psychrobacter spp. However, it has been difficult to discriminate clade 1 
and clade 3 catalase except phylogenetic position based on amino acid sequences. 
Indeed, these catalases can be discriminated based on differences in the catalytic 
efficiency for H2O2 according to the structure of the narrow main channel.

9.  Environmental distribution and catalase function of H2O2-resistant 
bacteria

Results of a screening of bacterial strains adapted to high H2O2 environments 
(8°C, 6–38 mM H2O2), E. oxidotolerans T-2-2T and P. piscatorii T-3T and T-3-2 
were isolated. Some microorganisms have been shown to thrive under extreme 
environments such as high and low temperatures and high and low pH. However, 
Exiguobacterium spp. and Psychrobacter spp. are known widely distributed in polar 
regions, permafrost, deep sea regions, temperate and tropical soils, and ordinary 
marine environments [43, 44]. Therefore, several strains belonging to the genera 
Exiguobacterium and Psychrobacter have been identified as psychrophilic or psychro-
tolerant bacteria. In addition to the cold-adapted variations of these genera, our 
studies revealed that there were variations in the H2O2 tolerance of these genera.

Although these genera exhibit common physiological characteristics and envi-
ronmental distributions, phylogenetic positions are completely different from a tax-
onomical point of view [43]. Gram-positive Exiguobacterium belongs to the phylum 
Firmicutes, class Bacilli, and order Bacillales, whereas Psychrobacter belongs to the 
phylum Proteobacteria, class Gammaproteobacteria, order Pseudomonadales, family 
Moraxellaceae. Dias et al. analysed and compared four genomes of Exiguobacterium 
and Psychrobacter [44] and showed that Psychrobacter exhibited higher genomic 
plasticity, whereas E. antarcticum exhibited a large decrease in genomic content 
without changing its adaptability to cold environments. These results suggest that 
the H2O2 tolerance and molecular features of catalases and their productivities in 
H2O2-tolerant bacteria belonging to Exiguobacterium and Psychrobacter were related 
to the intrinsic genomic architectural dynamics of these taxa.

V. rumoiensis was isolated from an environment containing lower H2O2 con-
centration (1.5–6 mM) than the other two strains. The genus Vibrio and the closely 
related genus Aliivibrio are known for involving species of their pathogenicity and 
symbiosis with marine organisms. Thus, these organisms may have high capacity 
for adaptability to high H2O2 environment. Moreover, bacterial genome analysis 
of six bacterial species belonging to the rumoiensis clade revealed that there are 
ecogenomic signatures inferring the ongoing habit expansion in two strains (V. 
rumoiensis included) [45]. Thus, this microorganism may have adapted to environ-
ments containing high H2O2 by genomic altering specific characteristics.

10. Conclusion and future studies

It has been shown that completely different taxa of bacteria evolve catalases 
in different directions improving productivity of catalases in the same or similar 
environment (i.e., low temperature and high H2O2 concentration). Adaptations to 
environments with high concentration of H2O2 has been achieved by certain groups 
of bacteria, including psychrotolerant bacteria originating from marine environ-
ments, which are widely distributed and can survive under various environmental 
conditions (e.g., low temperature and high H2O2 concentration). This adaptability is 
observed in terms of enzymatic features, productivity and localisation of catalase. 
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Abstract

With the demand for bioproducts that can provide benefits for biotechnology 
sectors like pharmaceuticals, nutraceuticals, and cosmeceuticals, the exploration 
of microalgal products has turned toward extremophiles. This chapter is intended 
to provide an insight to most important molecules from halotolerant species, the 
cyanobacteria Phormidium versicolor NCC-466 and Dunaliella sp. CTM20028 
isolated from Sfax Solar Saltern (Sfax) and Chott El-Djerid (Tozeur), Tunisia. 
These microalgae have been cultured in standard medium with a salinity of 80 PSU. 
The in vitro antioxidant activities demonstrated that extremolyte from Dunaliella 
and Phormidium as, phycocaynin, lipids, and polyphenol compound presents an 
important antioxidant potential.

Keywords: microalgae, halophile, biomolecule, antioxidant properties

1. Introduction

The primary producers of oxygen in aquatic environments are algae, especially 
planktonic microalgae. They play an important role in carbon dioxide (CO2) 
recycling through photosynthesis [1]. Microalgae have been divided into ten groups, 
which refer to the color of the cell including: Cyanobacteria, blue-green algae; 
Chlorophyta, green algae; Rhodophyta, red algae; Glaucophyta; Euglenophyta; 
Haptophyta; Cryptophyta; photosynthetic Stramenopiles; Dinophyta; and 
Chlorarachniophyta [2]. Cyanobacteria are much closer to bacteria in terms of 
structure and their cells lack both nucleus and chloroplasts. Cyanobacteria are 
also known as a source of pigments, chlorophyll (a), phycocyanin, phycoerythrin, 
xanthophyll, and ß-carotene. Microalgae are widely distributed in nature and 
adapted to different environments from fresh to hypersaline water ecosystems. 
Salt lakes in arid regions (sabkhas) and solar salterns are an examples of high salty 
environments inhabited by extremely halophilic microorganisms that include 
halophilic Archaea (halobacteria), halophilic cyanobacteria, and green algae [3–5]. 
These microorganisms must have specific adaptive strategies for surviving in high 
salinity conditions to prevent the loss of cellular water under high osmolarity in 
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hypersaline conditions [6]. Halophiles generally develop two basic mechanisms: (i) 
halobacteria and microalgae accumulate KCl (potassium chloride) in their cells to 
maintain high intracellular salt concentrations, osmotically at least equivalent to 
the external concentrations (the “salt-in” strategy); (ii) other halophiles produce or 
accumulate low molecular weight compounds (osmolyte or compatible solute) that 
have osmotic potential.

Microalgae provide many biotechnology applications in various industrial sec-
tors such as food, cosmetics, pharmaceuticals, energy and environmental indus-
tries. Hyperhalophilic microalgae and their bioproducts, has gained a great deal of 
attention in the last decade. They are well known for their production of high value 
products such as β-carotene, lipids, and omega 3 fatty acids.

There are high demands for novel lead molecules for new classes of pharma-
ceutical and research biochemicals, and in combination, these drivers have led to 
an increased interest in microalgae and cyanobacteria as sources of both bioactive 
natural products.

Cyanobacteria species contain potential products for medicinal [7] and energy 
applications [8]. Some of this group has secondary metabolites that can potentially 
be used as therapeutic agents, such as antivirals, immunomodulators, inhibitors, 
cytostastics and antioxidants [9]. Several natural compounds such as vitamin C, 
tocopherol, and numerous plant extracts have been commercialized as natural 
antioxidants to fight against oxidative stress associated with various chronic 
diseases including atherosclerosis, diabetes mellitus, neurodegenerative disorders, 
and certain types of cancer [10]. Antioxidants are a crucial defense against free 
radical-induced damage [11].

Microalgae are abundant in nature and can be used as a renewable source of 
natural antioxidants [12]. Free radicals including reactive oxygen species (ROS), 
such as superoxide (O2•−), hydroxyle (OH•) and Hydrogen Peroxide (H2O2), and 
reactive nitrogen species (RNS) are generated during normal cellular metabolism. 
These free radicals are highly reactive species and play a dual role in humans as 
both beneficial and toxic compounds depending on their concentration. At low 
or moderate concentration, these reactive species exert beneficial effects on cel-
lular redox signaling and immune function. At high concentration, however, these 
radical species produce oxidative stress, a harmful process that can lead to cell death 
through oxidation of protein, lipid, and DNA [11, 13].

A number of microalgae have been used in the commercial production of pig-
ments with antioxidant properties, for example: astaxanthin from Haematococcus 
pluvialis, ß carotene from Dunaliella salina, as well as phycobiliproteins from 
Arthrosphira and Phorphyridium [12]. The review here in is about antioxidant capac-
ity of the majors compounds extracted from new strain of hyperhalophilic microal-
gae (Dunaliella sp.) from salt lake Chott El-Djerid and cyanobacteria (Phormidium 
versicolor) from Sfax Solar Saltern (Tunisia).

2. Methods of cultivation and antioxidant assays

2.1  Isolation and principal production of the culture of new highly halophilic 
microalgae strains

Although most species of green algae (Chlorophyceae) are moderately 
halophilic, a few of them, including Dunaliella salina, are extremely halophilic 
species [3]. They are responsible for most of the primary production in hypersaline 
environments [4]. Dunaliella salina is the most important species of the genus for 
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beta-carotene production. Several investigations have demonstrated that D. salina 
produces more than 10% of the dry weight [14]. Lutein, chlorophyll, and other 
pigments and carotenoids are also produced by the genus of Dunaliella, under 
the same stressful environmental conditions [15]. Lipids for aquaculture, human 
nutrition, and biodiesel production have also been investigated in Dunaliella 
species [16].

Dunaliella sp. CTM 20028 have been isolated for the first time from Chott El-Djerid 
(Southern Tunisia) with a mean salinity of 142 PSU [17]. Chott El-Djerid (5. 000 km2) 
consists of salty shallow pools and marshes, and it is covered by a large salt pan during 
the dry season (June to August). The water emerges into the Chott El-Djerid trough a 
thinclay aquiclude of Quaternary age [18]. This generally allows temporary flooding of 
the Chott during winter. The climate of the area is arid-saharian with a mean annual 
rainfall between 80 and 140 mm and mean temperature of 21 °C. The elevation of 
the Chott surface is controlled by the position of the water table and the associated 
 capillary fringe [19].

After acclimatation and purification, Dunaliella sp. was cultured in optimized 
f/2 Provasoli medium. Culture was carried out in 200 ml flask at 31 °C, 21 rad/s 
agitation and 54 mmol photon/m2/s continuous illumination intensity supplied by 
cool-white fluorescence tubes and in a saturated atmosphere to 0.1 v/v/m CO2.

Cyanobacteria Phormidium versicolor NCC466 have been isolated from hypersa-
line ponds (75 PSU) of Sfax Solar Saltern (Central Tunisia). The solar saltern stud-
ied is located in the central-eastern coast of Sfax (Tunisia, 34°39’N and 10°42′E), 
and consists of a series of shallow interconnected ponds (20–70 cm depth) extend-
ing over an area of 1.500 ha. The salinity of water ponds varied from 45 to 450 PSU. 
The morphometric characteristics of the Saltern were reported elsewhere [20]. This 
Saltern show high microalgae diversity, 13 diatoms, 26 Dinoflagellates, 5 cyano-
bacteria and 2 Chlorophyceae [5]. Phormidium versicolor was identified according 
to its internal transcribed spacer sequence based on the rDNA sequence (GenBank 
accession number NCC 466). It was grown in 250 mL Erlenmeyer flasks in batch 
containing 100 mL of a modified BG11 medium. The flasks were placed in homeo-
thermic incubator at 25 °C under a light intensity of 100 μM photons m−2 s−1, with a 
14/10 h light/dark cycle for 11 days.

2.2 Extraction of metabolite and in vitro antioxidant evaluation

Total lipids were extracted at the end of the exponential phase of growth of 
Dunaliella’s cells according to the method of [21]. The phycocyanin pigment was 
isolated from P. versicolor using the method developed by [22]. However, the pheno-
lic and total flavonoids content were determined in ethanolic extract according to 
[23, 24], respectively.

2.2.1 In vitro free radical scavenging and antioxidant assays

The antioxidant potential of the lipid extract (LE) of Dunaliella 
from Chott El-Djerid in batch culture was assessed on the basis of the 
2,2-Diphenylpicrylhydrazyl (DPPH) and superoxide anion radical-scavenging 
activities. When DPPH radicals encounter a proton donating substrate, such as an 
antioxidant, the radicals would be scavenged and the absorbance would be reduced 
[25]. Antioxidant potential of C-PC was evaluated by Superoxide (O2•−) scaveng-
ing, Hydroxyl (OH•) and Nitric oxide (NO) scavenging capacity. Moreover, the 
ability of C-phycocyanin to inhibit the lipid peroxidation was assessed using the 
method described by [26].
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The free radical scavenging capacity of phenolic and flavonoids compounds 
extracted from P. versicolor was assessed through DPPH, NO and 2,2-azino-bis-
(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) tests. The antioxidant activities 
of polyphenol were expressed as IC50, defined as the concentration of the these 
compounds required causing a 50% decrease in initial DPPH, NO and ABTS 
concentration.

3. Lipid antioxidant properties of Dunaliella sp. from Chott El-Djerid

Lipid compounds such as wax, fat, fat-soluble vitamins, oil, triacylglycerols, 
phospholipids, co-enzymes (ubiquinone), pigments (carotenoids), and more, could 
be found in plants or animals. Lipids are formed from long-chain hydrocarbons 
and sometimes contain other functional groups of oxygen, phosphorus, nitrogen, 
and sulfur. They are insoluble in water, but soluble in organic solvents such as 
chloroform, hexane, and ether. As invascular plants, microalgae produce both polar 
and neutral lipids. There is a wide range of bio-based lipid products that can be 
harvested from microalgal biomass. Microalgae lipids offer great potential in terms 
of biotechnology applications (e.g. food, food supplements, energy, cosmetics, and 
pharmaceuticals). In functional food, the use of microalgal lipids has already been 
established as an industry. The type and quality of the lipid products depend on 
microalgae species, culture conditions, and recovery methods.

The present study is the first comprehensive in vitro study revealing the protec-
tive effect of the lipidic extract (LE) of the Dunaliella sp. from Chott El-Djerid 
[17]. The in vitro antioxidant activity demonstrated that LE presents an important 
antioxidant potential. The DPPH radical-scavenging activity was investigated at 
different concentrations from 0.1 to 3 mg/mL of the LE. LE exhibited an interest-
ing radical scavenging activity that was concentration dependent (Figure 1A). The 
IC50 value obtained was about 0.1 ± 0.02 mg/mL which, is only 1.4 times higher 
than those of control, ascorbic acid and BHT. The antioxidant effect of Dunaliella 
sp. lipid extract was assessed at aconcentration of 1, 2, and 3 mg/mL. The results 
show that the concentration of 2 and 3 mg/mL of Dunaliella sp. Lipid extract 
indicate a high radical scavenging ability compared with the ascorbic acid and BHT 
and that of 1 mg/mL of LE presents high activity compared with BHT as positive 
standard.

The low IC50 indicates the higher free radical-scavenging ability of Dunaliella 
sp.-LE, which contained a high amount of essential fatty acid [17]. In addition, 
these authors reported that Dunaliella sp.-LE exhibited a strong NBT (Nitroblue- 
terazolium) photoreduction inhibition. Omega-3 EFAs is well documented for the 

Figure 1. 
Antioxidant activities of Dunaliella salina lipid extract (LE) determined by two methods: DPPH-scavenging 
activity (A) and superoxide anion scavenging (B) and compared with synthetic antioxidants: Vitamin C  
(Vit C) and BHT. Data are presented as mean ± SD [17].

523

Antioxidant Properties of Metabolites from New Extremophiles Microalgal Strain…
DOI: http://dx.doi.org/10.5772/intechopen.96777

attenuation of oxidant mediated organ damage induced by various xenobiotics and 
disease states [27]. Moreover [17], stated that LE of D. salina from Chott El-Djerid 
enhance the anticoxidant effect against Ni-induced toxicity by in vitro and in 
vivo test.

4.  Phycocyanin pigments from Phormidium versicolor NCC466 from 
Sfax solar saltern

Phycocyanin (C-PC) isa hetero-oligomer consisting of a grouping of subunits 
that are organized into complexes called « phycobilisomes » [28]. C-PC possess 
a number of unique properties that make it useful colorant, including a higher 
molecular absorbance, fluorescence quantum yields, stable oligomers, and high 
photosatbility [29]. Phycocyanin has primarily been used as natural dye; however, it 
is increasingly being used as nutraceuticals or in ither biotechnological applications 
[29]. However, to the best of our knowledge, the antioxidant capacity of P. versicolor 
phycocyanin fraction (C-PC) has not been proved.

P. versicolor phycocyanin had a strong ability to scavenge free radicals (Figure 2). 
The ability of C-PC to scavenge the O2• − and OH• radicals were measured and 
compared with that of the positive control (ascorbic acid and BHT) (Figure 2(a) 
and (b)). C-PC presented the highest scavenging activity against O2• − and OH• 
radicals ((87.42 and 88.75% at 1 mg. mL−1), respectively). Phycocyanin fractions 
isolated from cyanobacteria species were reported to be very efficient free radical 

Figure 2. 
Antioxidant activity of C-PC extract on (a) superoxide radical, (b) hydroxyl radical, (c) nitric oxide radical 
and (d) inhibition of lipid peroxidation. BHT, ascorbic acid, TROLOX were used as standard. Values are 
presented as mean ± SD (n = 3).
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scavengers and exhibit the highest antioxidant activity [30]. All phycocyanin 
extracts showed fairly moderate to high scavenging capacity against free radicals. As 
for nitric oxide radical (NO•), the C-PC showed a strong NO• scavenging activity 
reaching up to 84.87% (Figure 2c).

Several studies showed that phycocyanin isolated from cyanobacteria species 
exhibited strong antioxidant properties and can be protected cells against oxidative 
stress [31, 32]. Moreover, in vitro studies suggest that phycocyanin of Spirulina 
enhance antioxidant enzyme activity and inhibit lipid peroxidation in cells. The 
effect of P. versicolor phycocyanin (C-PC) on ferrous sulfate induced lipid peroxida-
tion in vitro was illustrated in Figure 2d. Indeed, the inhibition rats of lipid peroxi-
dation of C-PC varied between 37.65 and 82.31%.

The results here in suggested that administration of C-PC in reaction mixture 
significantly inhibited lipid peroxidation. The present finding revealed that C-PC 
had a strong effect and had antagonized action against ferrous sulfate induced lipid 
peroxidation in vitro. In this regards, Thangam et al. [33] showed that phycocyanin 
isolated from Oscillatoria tenuis possesses excellent antioxidant activity against 
DPPH radical, OH• and nitric oxide. Similarly, Ou et al. [31] indicated that Spirulina 
maxima phycocyanin protects human hepatocyte cell line L02 against H2O2 induced 
lipid damage. C-PC from halophilic P. versicolor could be used to produce a natural 
antioxidant complement or added to healthy food products.

5.  Antioxidant properties of polyphenolic compounds from P. versicolor 
NCC466

Polyphenols represent a group of chemical compounds emerging from a 
common intermediate, phenylalanine, or a close forerunner, shikimic acid [34]. 
Polyphenols are able to protect cells from oxidative stress by various mechanisms; 
they can chelate transition metal ions, can inhibit lipid peroxidation by trapping 
the lipid alkoxyl radical, or can directly scavenge molecular species of active oxygen 
[34]. Flavonoids are a class of phenolic metabolites that have strong chelating and 
antioxidant properties [34]. Their tendency to inhibit free radical-mediated events 
is controlled by their chemical structure. This structure–activity relationship has 
been well established in vitro as previously reported [35, 36]. P. versicolor exhibited 
a high amount of phenolics and flavonoids reaching 408 ± 18.8 mg GAE g−1 FW 
and 13,67 ± 0.788 mg QEq g−1 FW, respectively (Table 1). These amounts are 
signficantly higher than those recorded in Dunaliella salina from Sfax Solar Saltern 
[37]. These later recorded 0.086 ± 0.002 mg GAE g−1 FW and 0.006 ± 0.0001 mg 
QEq g−1 FW respectively for phenolics and flavonoids. Total antioxidant capac-
ity (TAC) of phenolics and flavonoids extracted from P. versicolor are high about 
0.94 ± 0.02 mg Eq g-1 FW. The IC50 concentrations DPPH, ABTS and NO scan-
venging were low (0.007 to 0.031 mg. l−1), suggested a high antioxidant activity of 
polyphenols and flavonoids extract from P. versicolor on the ROS (Table 1).

Antioxidant test Polyphenols and flavonoids extract Standard

DPPH (mg. l−1) 0.031 ± 0.08 0.077 ± 0.06 (BHT)

ABTS (mg. l−1) 0.015 ± 0.01 0.098 ± 0.02 (TROLOX)

NO (mg. l−1) 0.007 ± 0.03 0.094 ± 0.01 (Vit C)

Table 1. 
Antioxydant capacity (IC50 concentrations) of phenolics and flavonoids metabolites extracted from 
P. versicolor NCC466. BHT, Trolox and vitamin C represent the standard.
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Abstract

Oxidative stress is an important component of various diseases. It manifests as 
an imbalance caused by an excessive production of reactive oxygen species (ROS) 
which are associated with a deficit of antioxidant activity. This deficit can be the 
consequence of genetic factors, environmental ones, metabolic imbalance, toxicity 
or direct attacks by the accumulation of free radicals. These can induce metabolic 
dysfunction affecting biological macromolecules in their structures or activities. 
From a physiological perspective, the neutralization of free radicals is ensured by 
enzymatic, antioxidant and non-enzymatic defense systems. In the present chapter, 
we will focus on the endogenous enzymatic antioxidant defense system such as 
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPxs), thio-
redoxin (Trx) and paraxonase which play an important role in homeostatic redox 
balance. Also, we will review this set of antioxidants enzymes within different 
pathological states such as diabetes, cancer, autoimmune diseases, cardiovascular, 
Alzheimer’s, Parkinson’s or parasitic diseases such as Leishmaniasis and Malaria.

Keywords: oxidative stress, antioxidant defense, ROS, enzymatic antioxidant, 
pathology

1. Introduction

Oxidative stress is defined as an imbalance between the production of reactive 
oxygen species (ROS) and cellular antioxidant capacities. ROS have long been con-
sidered toxic by-products of normal oxygen metabolisms and they are implicated in 
various pathologies. Yet, their controlled production is an essential mechanism of 
cell signaling that participates in the maintenance of cell homeostasis [1].

As a concept in redox biology and medicine, Oxidative stress was formulated in 
1985 [2]. Currently, as of late 2020, approximately 14,216 publications are presented 
for the term oxidative stress and 3,775 are associated with the term antioxidant 
defense in PubMed. An important component of various diseases, oxidative stress 
can also be said to be the result of a biological inability to detoxify reactive interme-
diates [3]. A large number of methods, such as DNA oxidation, have been developed 
and used in almost all diseases to measure its extent and nature. Findings confirm 
the fact that the paradox of ROS, as these are both toxic products of metabolism, 
and molecules essential for cell signaling and regulation. A moderate and controlled 
production of ROS can lead to a reversible oxidation of the surrounding molecules. 
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In such a case, ROS act as correct second messengers. Conversely, an overproduction 
of ROS or a deficit in defense mechanisms can lead to the appearance of stress which 
causes non-specific and irreversible oxidation of biological molecules, engendering 
dysfunction [1, 4]. The production of free radicals occurs continuously in cells as a 
result of common metabolic processes. However, at high concentrations, whether 
from endogenous pathological stimuli (hyper-LDLemia, hypertension, diabetes, 
etc.) or exogenous sources (environmental pollutants, smoking, etc.), they can lead 
to cell death and disease states via the deterioration of molecular and cellular con-
stituents of the arterial wall [5]. Such a stress can be limited by antioxidant systems, 
followed by a rapid return to a physiological redox state. It can also be prolonged, 
resulting in the creation of a new redox balance of a higher and permanent oxidizing 
level, similar to the one that can be found in chronic pathologies [6].

It is well established that oxidative stress is the main pathophysiological compo-
nent of many human or animal. It participates in pathogenesis as well as the inflam-
mation with which it is often associated. In several serious diseases, especially those 
related to aging, oxidative stress is often the original triggering factor. This is the 
case for cancers, eye pathologies (cataracts and macular degeneration), neurode-
generative diseases (ataxias, lateral sclerosis, Alzheimer’s disease). Familial amyo-
trophic lateral sclerosis is the most illustrative example, since it is caused by a defect 
in the antioxidant enzyme superoxide dismutase gene. In other diseases, oxidative 
stress plays only a secondary role in the onset of the pathology, but participates 
nonetheless in immune or vascular complications. This is the case for infectious dis-
eases such as AIDS, septic shock, diabetes, Parkinson’s disease or kidney failure [7]. 
This is also the case with parasitic diseases. Studies suggest the hypothesis that cel-
lular environments, lifestyle, genetic factors (genetic polymorphism) and metabolic 
state such as hyperglycemia are stimulants that trigger stress. They have shown that 
when the antioxidant defense is diminished or absent, the biological environment 
can no longer counter or adapt to the new physiological situation, and a cascade 
of ROS production reaction is triggered inducing both immune and metabolic 
imbalance, as well as structural and functional altercations of proteins involved 
in antioxidant defense. In the present chapter, we are interested in elements of the 
endogenous enzymatic antioxidant defense system, such as superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GPxs), thioredoxin (Trx) and 
paraxonase which play a role important in the homeostatic redox balance. We will 
discuss the association of endogenous enzymatic defense with certain pathologies 
such as neurodegenerative diseases, autoimmune diseases such as diabetes, cancer, 
cardiovascular diseases, parasitic diseases.

2. Antioxidant defense mecanisms

The production of free radicals in living systems is continuous [8]. Oxygen  
(or dioxygen, O2) is an essential gas to life. It can become reactive, forming superox-
ide (O2 ● −). It is likely to cause damaging effects in the human body via the forma-
tion of free radicals and reactive oxygen species (ROS) [9]. These are much more 
toxic than oxygen itself [10]. However, O2 toxicity and “free radical theory” has 
already been proposed in the literature to explain the aging process [11].

Antioxidant enzymes play a key role in detoxifying free radicals and reducing 
oxidative stress. They are the basis of the scavenging of reactive oxygen species 
(ROS)[12].

Electrons released by the mitochondrial electron transport chain (Mito-ETC) 
and produced by NADPH oxidases (NOX) are the main source of endogenous 
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reactive oxygen species. Coupled with molecular oxygen, they give rise to the pri-
mary free radical and the precursor of the remaining species - superoxide (O2

● −).  
When in reaction with a short-lived nitric oxide (NO●), the superoxide forms a 
highly reactive peroxynitrate (ONOO−) capable of modifying the structure and 
function of proteins. Superoxide dismutase (SOD) converts superoxide to hydro-
gen peroxide (H2O2), which can be converted in several ways. In the presence of 
transition metal ions like Fe2+ (Fenton reaction) or in the context of a reaction 
with superoxide, H2O2 forms a highly reactive hydroxyl radical (OH●) which 
damages lipids, proteins. DNAHydrogen peroxide (H2O2) can also be implicated 
in the oxidation reaction of monomeric glutathione (GSH) to glutathione disul-
fide (GSSG), or that of reduced thioredoxin (Trx red) to oxidized thioredoxin 
(Trx ox) catalyzed by glutathione peroxidase (GPX) or peroxidases involved in 
the renewal of thioredoxin (Trx). The reduced glutathione pool is restored by 
glutathione reductase (GR) which reduces oxidized glutathione via the use of 
NADPH. Thanks to the thiol groups in the cysteine (Cys) residues, glutathione 
and thioredoxin participate in the reduction of oxidized proteins. Their synthesis 
and renewal take place under tight homeostatic control creating a system respon-
sible for the reduction of proteins sensitive to oxidation–reduction in the event of 
oxidative stress (Figure 1). Permeable H2O2 is involved in the signaling process 
and is degraded by catalase, glutathione peroxidase and peroxiredoxin3. Efficient 
regulation of mitochondrial H2O2 via endogenous antioxidant pathways is there-
fore an essential mechanism for maintaining physiological redox signaling and 
homeostasis [13, 14].

The mitochondria is not only one of the main sources of intracellular ROS, it is 
above all the main target. ROS can have a direct effect on mitochondrial activity. An 
induced alteration of mtDNA can alter the functioning of the respiratory chain and 

Figure 1. 
Defense mechanisms of antioxidants. e-: electron; GPxs: glutathione peroxidase, GR: Glutathione reductase, 
GSH: Glutathione, GSSG: Glutathione disulfide ; H2O2 : Hydrogen peroxide, iNOS: nitric oxide synthase; LDL: 
low density lipoprotein; NO● : Nitric oxide ; NOS : nitricoxide synthase ; NOX: NADPH oxidases; NADP: 
Nicotinamide Adenine Dinucleotide Phosphate; O2: Dioxygen; O2 ● − : Superoxide anion; OH●: Hydroxyl 
radical; ONOO●: Peroxynitrite; ONOOH: Peroxynitrite acid; PON: Paraxonase; ROS: reactive oxygenated 
species; SOD: superoxide dismutase; Trx ox: oxidized thioredoxin ; Trx red: reduced Thioredoxin ; Trx: 
thioredoxin; Cu: copper Fe: iron; Zn: zinc; Mn: manganese;Vit: vitamin.
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level, similar to the one that can be found in chronic pathologies [6].
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trophic lateral sclerosis is the most illustrative example, since it is caused by a defect 
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stress plays only a secondary role in the onset of the pathology, but participates 
nonetheless in immune or vascular complications. This is the case for infectious dis-
eases such as AIDS, septic shock, diabetes, Parkinson’s disease or kidney failure [7]. 
This is also the case with parasitic diseases. Studies suggest the hypothesis that cel-
lular environments, lifestyle, genetic factors (genetic polymorphism) and metabolic 
state such as hyperglycemia are stimulants that trigger stress. They have shown that 
when the antioxidant defense is diminished or absent, the biological environment 
can no longer counter or adapt to the new physiological situation, and a cascade 
of ROS production reaction is triggered inducing both immune and metabolic 
imbalance, as well as structural and functional altercations of proteins involved 
in antioxidant defense. In the present chapter, we are interested in elements of the 
endogenous enzymatic antioxidant defense system, such as superoxide dismutase 
(SOD), catalase (CAT), glutathione peroxidase (GPxs), thioredoxin (Trx) and 
paraxonase which play a role important in the homeostatic redox balance. We will 
discuss the association of endogenous enzymatic defense with certain pathologies 
such as neurodegenerative diseases, autoimmune diseases such as diabetes, cancer, 
cardiovascular diseases, parasitic diseases.

2. Antioxidant defense mecanisms

The production of free radicals in living systems is continuous [8]. Oxygen  
(or dioxygen, O2) is an essential gas to life. It can become reactive, forming superox-
ide (O2 ● −). It is likely to cause damaging effects in the human body via the forma-
tion of free radicals and reactive oxygen species (ROS) [9]. These are much more 
toxic than oxygen itself [10]. However, O2 toxicity and “free radical theory” has 
already been proposed in the literature to explain the aging process [11].

Antioxidant enzymes play a key role in detoxifying free radicals and reducing 
oxidative stress. They are the basis of the scavenging of reactive oxygen species 
(ROS)[12].

Electrons released by the mitochondrial electron transport chain (Mito-ETC) 
and produced by NADPH oxidases (NOX) are the main source of endogenous 
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reactive oxygen species. Coupled with molecular oxygen, they give rise to the pri-
mary free radical and the precursor of the remaining species - superoxide (O2
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When in reaction with a short-lived nitric oxide (NO●), the superoxide forms a 
highly reactive peroxynitrate (ONOO−) capable of modifying the structure and 
function of proteins. Superoxide dismutase (SOD) converts superoxide to hydro-
gen peroxide (H2O2), which can be converted in several ways. In the presence of 
transition metal ions like Fe2+ (Fenton reaction) or in the context of a reaction 
with superoxide, H2O2 forms a highly reactive hydroxyl radical (OH●) which 
damages lipids, proteins. DNAHydrogen peroxide (H2O2) can also be implicated 
in the oxidation reaction of monomeric glutathione (GSH) to glutathione disul-
fide (GSSG), or that of reduced thioredoxin (Trx red) to oxidized thioredoxin 
(Trx ox) catalyzed by glutathione peroxidase (GPX) or peroxidases involved in 
the renewal of thioredoxin (Trx). The reduced glutathione pool is restored by 
glutathione reductase (GR) which reduces oxidized glutathione via the use of 
NADPH. Thanks to the thiol groups in the cysteine (Cys) residues, glutathione 
and thioredoxin participate in the reduction of oxidized proteins. Their synthesis 
and renewal take place under tight homeostatic control creating a system respon-
sible for the reduction of proteins sensitive to oxidation–reduction in the event of 
oxidative stress (Figure 1). Permeable H2O2 is involved in the signaling process 
and is degraded by catalase, glutathione peroxidase and peroxiredoxin3. Efficient 
regulation of mitochondrial H2O2 via endogenous antioxidant pathways is there-
fore an essential mechanism for maintaining physiological redox signaling and 
homeostasis [13, 14].

The mitochondria is not only one of the main sources of intracellular ROS, it is 
above all the main target. ROS can have a direct effect on mitochondrial activity. An 
induced alteration of mtDNA can alter the functioning of the respiratory chain and 

Figure 1. 
Defense mechanisms of antioxidants. e-: electron; GPxs: glutathione peroxidase, GR: Glutathione reductase, 
GSH: Glutathione, GSSG: Glutathione disulfide ; H2O2 : Hydrogen peroxide, iNOS: nitric oxide synthase; LDL: 
low density lipoprotein; NO● : Nitric oxide ; NOS : nitricoxide synthase ; NOX: NADPH oxidases; NADP: 
Nicotinamide Adenine Dinucleotide Phosphate; O2: Dioxygen; O2 ● − : Superoxide anion; OH●: Hydroxyl 
radical; ONOO●: Peroxynitrite; ONOOH: Peroxynitrite acid; PON: Paraxonase; ROS: reactive oxygenated 
species; SOD: superoxide dismutase; Trx ox: oxidized thioredoxin ; Trx red: reduced Thioredoxin ; Trx: 
thioredoxin; Cu: copper Fe: iron; Zn: zinc; Mn: manganese;Vit: vitamin.
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trigger a vicious cycle that increases ROS production and oxidative mitochondrial 
damage. Likewise, increased oxidation of mitochondrial membrane phospholipids 
could alter mitochondrial function [15].

3. Endogenous antioxidant enzymes

3.1 Superoxide dismutases

Superoxide dismutase (SOD) is a metalloprotein, representing one of the first 
lines of defense against the deleterious effects of free radicals. Thus, SODs are able 
to eliminate the superoxide anion O2

•− by a disproportionation reaction, forming, 
with two superoxides, one molecule of oxygen and one molecule of hydrogen per-
oxide H2O2. In humans, 3 isoenzymes are described: cytosolic SOD1 (Cu/Zn-SOD), 
mitochondrial SOD2 (Mn-SOD) and extracellular SOD3 (Cu/Zn-SOD) [9, 16, 17]. 
These different forms of SOD elicit similar functions, but the characteristics of their 
quaternary protein structures, their chromosomal locations, their requirements for 
metal cofactors, their gene distributions and their cellular compartmentalisation 
are different from one another [18, 19].

SOD1, or CuZn-SOD (EC 1.15.1.1) was the first enzyme to be characterized. It 
consists of a copper and zinc-containing homodimer found almost exclusively in 
intracellular cytoplasmic spaces [20]. The SOD2, or Mn-SOD (EC 1.15.1.1), exists 
in the form of a tetramer containing manganese. It is a 222 amino acid protein 
with an N-terminal signal sequence of 24 amino acids. This enzyme is found 
exclusively in the mitochondrial matrix [21]. SOD3, or EC-SOD (EC 1.15.1.1), 
is a tetramer containing copper and zinc. It is found exclusively in the extracel-
lular spaces. It is secreted by smooth muscle cells and constitutes the major 
antioxidant system of the arterial wall: its expression and secretion are increased 
by vasoactive factors (histamine, endothelin 1, angiotensin II) and decreased by 
homocysteine [9].

3.2 Catalase

Human catalase [CAT; EC 1.11.1.6] is an endogenous antioxidant enzyme 
of approximately 60 kDa. Its protein structure takes the form of a tetramer 
composed of a complex of 4 identical subunits, each containing 527 amino acid 
residues and a heme group with Fe3

+ [22, 23]. Catalase has been mapped on 
chromosome 11p13. It converts the hydrogen peroxide “H2O2” of reactive oxygen 
species into water “H2O” and oxygen “O2” thus reducing the toxic effects of 
hydrogen peroxide [24].

3.3 Glutathion peroxydase

Glutathione peroxidases (GPx; EC 1.11.1.19) are a family of phylogenetically 
related oxidoreductases distributed in all living domains. GPx is a tetrameric 
selenoprotein, containing seleno-cysteine (Sec) in the active site [25]. It catalyzes 
the reduction of organic hydroperoxides (-ROOH) into alcohol and water groups 
using reduced glutathione (GSH) as a cosubstrate. It can also catalyze the reduction 
of hydrogen peroxide (H2O2) to H2O and oxygen by oxidation of GSH reduced to 
its disulfide (GSSG). Oxidized glutathione (GSSG) can be reduced to GSH by the 
enzyme GSH reductase (GR), via the use of NADPH as a reducing substrate [26, 27]. 
Thus, GPxs protect against oxidative damage and are involved in the detoxification 
of hydrogen peroxide [28].

533

Endogenous Enzymatic Antioxidant Defense and Pathologies
DOI: http://dx.doi.org/10.5772/intechopen.95504

3.4 Paraxonase

The paraoxonase (PON) (EC:3.1.1.2) gene family includes three proteins, PON1, 
PON2 and PON3. PON1 and PON3 are both associated with high density lipoprotein 
(HDL) particles and exert anti-oxidant and anti-inflammatory properties [29]. The 
PON gene is located on the long arm of chromosome 7 in humans [30, 31]. PON 
proteins are all associated with high density lipoprotein (HDL) particles and exert 
anti-oxidant, anti-inflammatory and lipo-lactonase activities [29]. All PON proteins 
are involved in the pathogenesis of several inflammatory diseases including athero-
sclerosis, Alzheimer’s disease, Parkinson’s disease, diabetes and cancer. PON1 is found 
exclusively extracellular and associated only with high density lipoprotein (HDL) 
particles in the circulation, and partly confers the anti-oxidant and anti-inflamma-
tory properties associated with HDL. Studies have shown that intracellular PON pro-
teins; PON2 and PON3 are associated with mitochondria and membranes associated 
with mitochondria, modulate mitochondria-dependent superoxide production and 
prevent apoptosis. In addition, it has been shown that the overexpression of the PON2 
and PON3 genes protects the mitochondria from mitochondrial dysfunction [31].

3.5 Thioredoxine

The thioredoxin (Trx) system is one of the central antioxidant systems in mam-
malian cells, maintaining a reducing environment by catalyzing the flow of elec-
trons from nicotinamide adenine dinucleotide phosphate to Trx reductase in Trx, 
which reduces its target proteins using highly conserved thiol groups. Thioredoxin 
(Trx) is a 12 kD oxidoreductase enzyme containing a dithiol-disulfide active site. 
It is ubiquitous and found in many organisms, from plants and bacteria to mam-
mals. It is located on chromosome 9 in the cytogenic position 9q31.3 [32]. The redox 
cascade of the Trx system is initiated by NADPH+. H+ is generated by the pentose 
phosphate pathway. NADPH+H+ reduces oxidized Trx reductase (TrxR), which 
regenerates the pool of reduced Trx. Reduced Trx helps maintain a reducing envi-
ronment for a number of different proteins [33]. In mammalian cells, there are two 
isoforms of Trx, a cytosolic Trx1 isoform which under certain circumstances can be 
transferred into the nucleus and secreted out of the cell, and the mitochondrial iso-
form Trx2. Unless explicitly stated otherwise. There is also a truncated form of Trx 
(Trx80) which has no redox properties and is not reduced by Trx reductase [33]. 
Trx, as an antioxidant, maintains the balance of redox status bound to thiol and also 
plays a central role in the regulation of redox signaling. Trx detects and responds to 
environmental oxidative stress1. The ROS generated by cellular respiration, metab-
olism and immune response, then modulates the redox status, function and activity 
of its target signaling proteins. Deregulation of such a Trx system affects various 
cellular functions and outcomes such as cell survival and death, leading to human 
diseases including cancer and inflammation [34]. Thioredoxin reductase (rxRs) are 
oxidoreductases necessary for the reduction of the active disulfide site in Trx and 
responsible for maintaining the pool of reduced and active Trx. Additionally, TrxR 
is a selenoprotein, and selenium is required for its expression and activity [33].

4. Pathologies

4.1 Neurodegenerative diseases

Aging is a major risk factor for several common neurodegenerative dis-
eases, including Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), 
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trigger a vicious cycle that increases ROS production and oxidative mitochondrial 
damage. Likewise, increased oxidation of mitochondrial membrane phospholipids 
could alter mitochondrial function [15].
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Superoxide dismutase (SOD) is a metalloprotein, representing one of the first 
lines of defense against the deleterious effects of free radicals. Thus, SODs are able 
to eliminate the superoxide anion O2

•− by a disproportionation reaction, forming, 
with two superoxides, one molecule of oxygen and one molecule of hydrogen per-
oxide H2O2. In humans, 3 isoenzymes are described: cytosolic SOD1 (Cu/Zn-SOD), 
mitochondrial SOD2 (Mn-SOD) and extracellular SOD3 (Cu/Zn-SOD) [9, 16, 17]. 
These different forms of SOD elicit similar functions, but the characteristics of their 
quaternary protein structures, their chromosomal locations, their requirements for 
metal cofactors, their gene distributions and their cellular compartmentalisation 
are different from one another [18, 19].

SOD1, or CuZn-SOD (EC 1.15.1.1) was the first enzyme to be characterized. It 
consists of a copper and zinc-containing homodimer found almost exclusively in 
intracellular cytoplasmic spaces [20]. The SOD2, or Mn-SOD (EC 1.15.1.1), exists 
in the form of a tetramer containing manganese. It is a 222 amino acid protein 
with an N-terminal signal sequence of 24 amino acids. This enzyme is found 
exclusively in the mitochondrial matrix [21]. SOD3, or EC-SOD (EC 1.15.1.1), 
is a tetramer containing copper and zinc. It is found exclusively in the extracel-
lular spaces. It is secreted by smooth muscle cells and constitutes the major 
antioxidant system of the arterial wall: its expression and secretion are increased 
by vasoactive factors (histamine, endothelin 1, angiotensin II) and decreased by 
homocysteine [9].

3.2 Catalase

Human catalase [CAT; EC 1.11.1.6] is an endogenous antioxidant enzyme 
of approximately 60 kDa. Its protein structure takes the form of a tetramer 
composed of a complex of 4 identical subunits, each containing 527 amino acid 
residues and a heme group with Fe3

+ [22, 23]. Catalase has been mapped on 
chromosome 11p13. It converts the hydrogen peroxide “H2O2” of reactive oxygen 
species into water “H2O” and oxygen “O2” thus reducing the toxic effects of 
hydrogen peroxide [24].

3.3 Glutathion peroxydase

Glutathione peroxidases (GPx; EC 1.11.1.19) are a family of phylogenetically 
related oxidoreductases distributed in all living domains. GPx is a tetrameric 
selenoprotein, containing seleno-cysteine (Sec) in the active site [25]. It catalyzes 
the reduction of organic hydroperoxides (-ROOH) into alcohol and water groups 
using reduced glutathione (GSH) as a cosubstrate. It can also catalyze the reduction 
of hydrogen peroxide (H2O2) to H2O and oxygen by oxidation of GSH reduced to 
its disulfide (GSSG). Oxidized glutathione (GSSG) can be reduced to GSH by the 
enzyme GSH reductase (GR), via the use of NADPH as a reducing substrate [26, 27]. 
Thus, GPxs protect against oxidative damage and are involved in the detoxification 
of hydrogen peroxide [28].
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PON2 and PON3. PON1 and PON3 are both associated with high density lipoprotein 
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particles in the circulation, and partly confers the anti-oxidant and anti-inflamma-
tory properties associated with HDL. Studies have shown that intracellular PON pro-
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and PON3 genes protects the mitochondria from mitochondrial dysfunction [31].

3.5 Thioredoxine

The thioredoxin (Trx) system is one of the central antioxidant systems in mam-
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transferred into the nucleus and secreted out of the cell, and the mitochondrial iso-
form Trx2. Unless explicitly stated otherwise. There is also a truncated form of Trx 
(Trx80) which has no redox properties and is not reduced by Trx reductase [33]. 
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plays a central role in the regulation of redox signaling. Trx detects and responds to 
environmental oxidative stress1. The ROS generated by cellular respiration, metab-
olism and immune response, then modulates the redox status, function and activity 
of its target signaling proteins. Deregulation of such a Trx system affects various 
cellular functions and outcomes such as cell survival and death, leading to human 
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oxidoreductases necessary for the reduction of the active disulfide site in Trx and 
responsible for maintaining the pool of reduced and active Trx. Additionally, TrxR 
is a selenoprotein, and selenium is required for its expression and activity [33].

4. Pathologies

4.1 Neurodegenerative diseases

Aging is a major risk factor for several common neurodegenerative dis-
eases, including Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), 
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Alzheimer’s disease (AD) and Huntington’s disease (HD). Recent studies have 
implicated mitochondrial dysfunction and oxidative stress in the aging process 
and also in the pathogenesis of neurodegenerative diseases. In the brain and 
other tissues, aging is associated with progressive impairment of mitochondrial 
function and increased oxidative damage. Three phenomena leading to oxida-
tive stress in the brain, and implicated in neurodegenerative diseases, include 
inhibition of mitochondrial metabolism, neuronal excitotoxicity, and neuroin-
flammation [35].

4.1.1 Parkinson disease

Oxidative stress is an important factor in the Parkinson’s disease (PD) patho-
genesis. The main source of oxidative stress in the genesis of PD is the activation 
of glial cells and dopaminergic neuronal death of the substantia nigra [36, 37]. The 
oxidative imbalance involved in the neurodegenerative processes of PD appears 
to be a multifactorial phenomenon triggered by factors such as aging of the brain, 
genetic predisposition, mitochondrial dysfunction, free radical production and 
environmental toxins [37, 38]. Some studies suggest that although the accumulation 
of ROS plays a key role in the initiation and acceleration of cell death in PD, it is not 
the only cause of cell death in this disorder [39].

The activities of SOD, CAT, glutathione peroxidase (GSH-Px) and glucose-
6-phosphate dehydrogenase (G6PD) have been reported to be significantly lower 
in patients with PD [36, 37]. The production of superoxide has also been found 
to increase considerably when the flow of electrons is inhibited at the level of the 
mitochondrial complex I or III complex [35, 40, 41].

4.1.2 Alzheimer’s disease

Oxidative stress plays a role in Alzheimer’s disease (AD), an age-related multi-
factorial disease leading to loss of cognitive functions [42]. It is characterized by a 
loss of synapses, an increase in the number of senile plaques (SP) and extracellular 
amyloid rich in beta-peptide (Aβ). Metal ions can bind to beta amyloid peptide 
(Aβ) to produce ROS. Thus, the damaged Aβ during the production of ROS, causes 
cellular toxicity and oxidation of neuronal membrane biomolecules and leads to 
disruption of membrane integrity [43]. It has been reported that oxidative stress 
may play a role in the pathogenesis of dementia AD and cerebral ischemia that 
causes vascular dementia (DV) [43]. The presence of early oxidative damage in mild 
cognitive impairment in amnesia (aMCI) has been shown to exist before clinical 
dementia in AD develops [44].

It has been reported that the neurodegenerative process of this disease is linked 
to a cyclical process between impaired energy metabolism, associated with lactate 
production and oxidative stress. Indeed, a decrease in complex IV activity and mito-
chondrial DNA mutations has been identified in patients with AD [40]. In addition, 
oxidative stress may be an early event in AD etiology, since markers of oxidation 
appear in mild cognitive impaired regions of the brain [42]. A strong association 
between low serum CAT, SOD, GPx and PON1 activity and the risk of AD has been 
reported.

4.2 Cardiovascular diseases

Cardiovascular disease is a group of disorders affecting heart and blood vessels. 
In a physiological state, ROS are modulators of signal transduction pathways and 
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gene expression involved in vascular homeostasis. The cells of the vascular wall 
exhibit a physiological redox state that can be disrupted under many pathophysi-
ological circumstances, causing oxidative stress that is deleterious to the cells 
concerned and their vascular functions. The causes of this imbalance are multiple, 
and overlap at least partially the classic cardiovascular risk factors: arterial hyper-
tension, hypercholesterolemia, diabetes, etc. These risk factors are at the origin of 
stimuli responsible for an abnormal production of ROS, in particular by activation 
of NADPH oxidases and of the mitochondrial respiratory chain, a decrease in the 
bioavailability of NO to vasodilator effects. The pro-oxidant imbalance leads to the 
formation of oxidized LDL and multiple cell dysfunctions: release of pro-inflam-
matory factors and factors promoting cell proliferation, process of apoptosis and/or 
necrosis [6].

Several causes can produce an oxidative alteration which ultimately affects 
gene expression. Extracellular signals (cytokines emitted during inflammation, 
for example) are transmitted at the membrane level by receptors. These activate 
oxidases, thus generating H2O2, which acts as a second messenger. Likewise, an 
influx of xenobiotics can activate oxidative metabolism and lead to an overproduc-
tion of H2O2. The resulting modification of the “intracellular redox potential” will 
modulate the activity of certain transcription factors, and lead to a modification of 
gene expression [45] which as a result is partly responsible for the lowering of the 
defense of antioxidant enzymes.

4.3 Auto-immune diseases

Autoimmune disease is a pathological condition characterized by the break-
down of the self-tolerance of the immune system in the body in which genetic and 
environmental factors are involved. Immunological processes against tissues and 
organs lead to increased oxidative stress, and in turn, an imbalance of oxidative 
stress worsens the pathobiology of the disease. This is for example the case in type1 
diabetes, multiple sclerosis or rheumatoid arthritis, systemic lupus erythematosus 
(SLE) and Sjögren syndrome (SS) [46]. Here, we will look at the oxidative stress 
and antioxidant defense relationship in type 1 diabetes (T1D).

T1D is a multifactorial disease and results from the destruction of insulin-
secreting beta cells induced by an autoimmune process [47] with a strong inflam-
matory component [48]. Usually T1D is triggered by individuals with a specific 
genetic predisposition [49]. It is now clear that environmental factors play an 
important role in the development of this disease [50]. T1D involves the generation 
of pro-inflammatory cytokines and reactive oxygen species (ROS) [1]. The genera-
tion of free radicals potentiates the pathogenesis by promoting the destruction of 
cellular components, tissue damage and inflammation [51].

There is an inherent association with stress and the synthesis of reactive 
oxygen species (ROS) by immune cells to directly induce the destruction of B 
cells in the pancreas. However, recent evidence has shown that ROS can not only 
function as effector molecules involved in the pathogenesis of pancreatic β cells, 
but can also promote activation of innate and adaptive immune pathways in T1D 
[52]. Several previous studies have shown that hyperglycemia is associated with a 
decrease in oxidative defense. This confirms the hypothesis that hyperglycemia is 
at the origin of the production of reactive species and the decline in antioxidant 
defense [53, 54]. On the other hand, another study, carried out on endothelial cells 
of human origin, shows that high concentrations of glucose increase the activities 
of anti-oxidant enzymes (SOD, catalase, glutathione-peroxidase) as well as their 
cellular overexpression. This is evidence of an oxidative stress response resulting 
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Alzheimer’s disease (AD) and Huntington’s disease (HD). Recent studies have 
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environmental toxins [37, 38]. Some studies suggest that although the accumulation 
of ROS plays a key role in the initiation and acceleration of cell death in PD, it is not 
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from high glucose levels [55]. It has been reported in poorly balanced diabetic 
patients that erythrocyte SOD is often reduced when the glycation level is high. 
This results in a reduction of enzyme’s activity. Experimental evidence has shown 
that exposure to high concentrations of hydrogen peroxide can damage beta cells 
in the pancreas [56].

4.4 Cancer

It is becoming increasingly evident that ROS play an important role in the biology 
of tumorigenesis. Cancer cells increase ROS production to activate localized pro-
tumorigenic signaling, and balance the increase in ROS with high antioxidant activity 
to maintain redox balance. Nevertheless, mutations associated with different types 
of cancer are often cited as the cause in the increased production of ROS. Hypoxia, 
activation of oncogenes, mutations in mitochondrial DNA, and loss of tumor 
suppressors have all been shown to lead to increased mitochondrial ROS-dependent 
tumorigenesis. Several tumor suppressors such as the “guardian of the genome” P53 
have been shown to have ROS inhibitory functions. In about 50% of cancers, the 
tumor suppressor p53 is lost or mutated [57].

Several studies have shown that there is a strong relationship between inflam-
mation, oxidative stress and cancer. The evolution of tumor metastases depends on 
an oxidative environment and inflammation, thus contributing to long-term cell 
damage and promoting carcinogenesis. Alterations in PON status encompassing 
genotype, activity and/or expression have been demonstrated in cancer patients, as 
well as in various cancer cells in vitro [58]. In recent years, overexpression of PON2 
and PON3 has been observed in cancer cells and it has been proposed that both 
enzymes may be involved in tumor survival and resistance to stress. In addition, a 
lower activity of serum PON1 has been reported in cancer patients [58, 59]. Huang 
et al. found that PON3 is involved in multi-drug resistance in esophageal cancer 
(CE). Drug resistance prevents effective treatment of cancers [60]. As a result, 
blocking the antioxidant defense in tumors decreases their ability to balance oxida-
tive stress and results in cell death [61]. Indeed, several clinical studies on several 
types of cancer have reported low levels of activity of antioxidant enzymes such as 
SOD, GSH and CAT in groups of patients with prostate cancer [62], breast cancer 
[63] et malignant lymphoma in children [64]. Also, another study showed that 
MCF-7 breast cancer cells chronically exposed to ascorbate/menadione become 
resistant (Resox cells) by primarily increasing catalase activity. These data suggest 
that chromatin remodeling is a major regulatory process controlling the expres-
sion of catalase in breast cancer cells when developing resistance to oxidative 
stress [65].

4.5 Parasitic diseases

Infectious diseases are often associated with oxidative stress and an inflam-
matory response. Infection and inflammation trigger a cascade of reactions in the 
host, known as the acute-phase response. Neglected diseases due to the parasitic 
protozoa Leishmania, Trypanosoma and Plasmodium affect millions of people 
worldwide, and the lack of suitable treatments has promoted an ongoing drug 
discovery effort to identify novel nontoxic and cost-effective chemotherapies. 
Leishmaniasis and Malaria are the most important neglected tropical diseases, 
with a disease burden of 0.2 to 0.4 million cases with a mortality rate of 20,000 to 
40,000 reported per year for visceral leishmaniasis [66] and 214 million cases for 
malaria in 2015 and mortality of 1 to 2 million every year [67].
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4.5.1 Oxidative stress and malaria

In response to infection caused by Plasmodium parasites, the natural host 
defense mechanism is activated with involvement of phagocytes (macrophages 
and neutrophils). These, in turn, generate large amounts of ROS and RNS, caus-
ing an imbalance between the formation of oxidizing species and the activity of 
antioxidants. This imbalance is what triggers oxidative stress, which is an important 
mechanism of human hosts in response to infections and, in the case of Malaria, can 
lead to the death of the parasites [68]. Plasmodium spp. are global pathogens with a 
complex life cycle alternating between female Anopheles mosquitoes and vertebrate 
hosts that require the formation of unique zoite forms to invade different cell types 
at specific stages. Once sporozoites enter the host, they infect hepatocytes, and this 
is followed by the asexual cycle in the blood. Sexual forms that develop during the 
blood stage are ingested by a feeding mosquito, completing the cycle [69].

Plasmodium digests hemoglobin within its acidic food vacuole and releases toxic 
ferriprotoporphyrin IX (FP) and ROS [70]. Normally FP polymerizes to hemozoin 
but can also react with O2 to form ROS, superoxide radical (O2

●−) that can be 
reduced to H2O2 by SOD. H2O2 can further be reduced to H2O by either thioredoxin-
dependent peroxidase (TPx) or GST in the parasite or by GST, TPx, GPx, and CAT 
in the host cell. ROS can react with lipids and proteins forming oxidized lipids or 
proteins. During the redox reactions, GSH and TrxSH become oxidized to GSSG 
and thioredoxin disulfide (TrxS2). Both GSSG and TrxS2 are reduced back by GR 
and TrxR, respectively. GSH is also synthesized in a pathway involving c-glutamyl-
cysteinyl ligase (cGCL) and glutathione synthetase (GSH synt). NADPH is recycled 
by the pentose phosphate pathway under enzymes glucose-6-phosphate dehydroge-
nase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD)[71].

4.5.2 Leishmania implementation and oxidative stress

Leishmaniosis are group of parasitic of neglected tropical diseases endemic in 98 
countries. Leishmania spp. are intracellular parasitic protozoa with a complex dige-
netic life cycle requiring a susceptible vertebrate host and a permissive phlebotomus 
insect vector, which allow their transmission. The disease manifestations are from 
self-healing cutaneous lesion to visceral pathology depending on complex interac-
tions between the parasite and the host immune system. The parasite Leishmania 
use Trojan horse strategy when it is transmitted into the circulation system of the 
mammals after the vector sandfly blood meal. The promastigote motile form is 
phagocytized by macrophages and subsequently transform into the nonmotile 
amastigote form. The obligatory intracellular amastigotes reside within phagolyso-
somal vacuoles and adopt sophisticated mechanisms that enable them to avoid the 
hostile defense system of their host organism. The interplay between the parasite 
and its host is a complex process, in which the paramount interest of the parasite is 
to restrict the immune and microbicidal activities of the macrophage, while keeping 
it alive as a nutritional Source [72].

Phagocytosis of microbes leads to a burst of O2
•− production through activation 

of NADPH oxidase [73, 74]. Once inside the host cell, ROS and RNS are the cellular 
major arms against Leishmania. NO is synthesized by nitricoxide synthase (NOS) 
during the conversion of l-arginine to l-citrulline, while O2

•− and other ROS are 
generated by the membrane-bound NADPH-dependent oxidases (NOX) [75].

To deal with this avalanche of oxidative stress molecules and host immune 
response, Leishmania has developed several immune evasion strategies to avoid a 
certain death by oxidative stress. NO production by nitric oxide synthase iNOS is 



Antioxidants - Benefits, Sources, Mechanisms of Action

536

from high glucose levels [55]. It has been reported in poorly balanced diabetic 
patients that erythrocyte SOD is often reduced when the glycation level is high. 
This results in a reduction of enzyme’s activity. Experimental evidence has shown 
that exposure to high concentrations of hydrogen peroxide can damage beta cells 
in the pancreas [56].

4.4 Cancer

It is becoming increasingly evident that ROS play an important role in the biology 
of tumorigenesis. Cancer cells increase ROS production to activate localized pro-
tumorigenic signaling, and balance the increase in ROS with high antioxidant activity 
to maintain redox balance. Nevertheless, mutations associated with different types 
of cancer are often cited as the cause in the increased production of ROS. Hypoxia, 
activation of oncogenes, mutations in mitochondrial DNA, and loss of tumor 
suppressors have all been shown to lead to increased mitochondrial ROS-dependent 
tumorigenesis. Several tumor suppressors such as the “guardian of the genome” P53 
have been shown to have ROS inhibitory functions. In about 50% of cancers, the 
tumor suppressor p53 is lost or mutated [57].

Several studies have shown that there is a strong relationship between inflam-
mation, oxidative stress and cancer. The evolution of tumor metastases depends on 
an oxidative environment and inflammation, thus contributing to long-term cell 
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Infectious diseases are often associated with oxidative stress and an inflam-
matory response. Infection and inflammation trigger a cascade of reactions in the 
host, known as the acute-phase response. Neglected diseases due to the parasitic 
protozoa Leishmania, Trypanosoma and Plasmodium affect millions of people 
worldwide, and the lack of suitable treatments has promoted an ongoing drug 
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disturbed by highlighting the efficiency of this effect or mechanism. Leishmania 
parasites are particularly efficient at disrupting signals that lead to the activation 
and differentiation of CD4+ Th1cells, such as IL-12 and CD40 signaling [76, 77]. 
Leishmania does not express GSH/GR, but its redox metabolism relies on the gluta-
thione conjugate N1,N8-bis(L-γ-glutamyl-L-hemicystinylglycyl) spermidine, also 
known as trypanothione (T(SH)2). Trypanothione disulfide (TS2) is generated 
when T(SH)2 reduces ROS [78]. Trypanothione reductase (TRs) have structural 
analogies with GRs and are also members of the NADPH-dependent flavoprotein 
oxidoreductase family. TR uses NADPH as an electron donor for the reduction of 
T(S)2 [77, 79].

Leishmania does not express catalase and classical selenium-containing glu-
tathione peroxidases, two major hydroperoxide-eliminating enzymes generally 
present in eukaryotes (Krauth-Siegel & comini, 2008). Instead, these organisms’ 
hydroperoxide metabolism was found to depend on tryparedoxin (TXN) and 
peroxiredoxin (PRX) belonging to the peroxiredoxin family of enzymes and 
are pivotal for T(SH)2 to reduce H2O2 [80, 81]. Overexpression of peroxidases 
in Leishmania demonstrated its protective action against oxidative stress, ROS-
induced programmed cell death, and protein damage [82, 83]. The combined 
hydroperoxide and ONOO- metabolizing activities of 2-Cys peroxiredoxins are also 
likely to account for the increased infectivity of Leishmania mutants overexpress-
ing a cytosolic peroxiredoxin, in an ex vivo model of infection [84].

5. Conclusion

The moderate and controlled production of ROS can lead to a reversible oxida-
tion of the surrounding molecules: the ROS then act as true second messengers. 
Conversely, an overproduction of ROS or a deficit in defense systems leads to the 
appearance of stress which causes a non-specific and irreversible oxidation of 
biological molecules, leading to a loss of function [4]. In addition, it is obvious to 
emphasize that individuals do not have the same antioxidant potential depending 
on their eating habits, their lifestyle, their genetic characteristics or the environ-
ment in which they live. As a result, the antioxidant defense may be different 
from one individual to another. In order to counter the ROS attack and adjust the 
redox balance, a repair process is set up for each pathological situation. As a result, 
endogenous defense induces several signaling mechanisms to adapt to the new 
physiological situation.
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Abstract

Plants are constantly facing various threats posed by the biotic and abiotic 
stressors. To survive in these challenged environment, plants evolve a variety of 
defense mechanism. Among the various phytochemicals, secondary metabolites 
(SMs) accumulate higher amount under stressful conditions and initiate signaling 
functions to up-regulation of defense responsive genes. SMs ensures the survival, 
persistence and competitiveness of the plant against the threat generated under 
stressful conditions. Therefore, the signaling functions of SMs to protect the plant 
from biotic and abiotic stressors are getting importance in the recent times. In this 
chapter the contribution of SMs to protect the plant from specific environmental 
stresses has been discussed.

Keywords: reactive oxygen species, environmental stress, biotic and abiotic stress, 
plant tolerance and adaptation, programmed cell death

1. Introduction

A hundred years ago it is reported that primary metabolites (carbohydrates, 
proteins, amino acids, vitamins, acetone, ethanol, etc.), are involved in various life 
functions in plants such as cell division, growth and development, photosynthesis, 
respiration, and reproduction [1]. However, Kossel was the first to define the sec-
ondary metabolites (SMs) as opposed to the primary ones and then concept of SMs 
has been introduced in plant biology [2]. The term metabolite is usually confined to 
tiny molecules and products of metabolism. Plants produce unlimited and manifold 
assortment of organic compounds, the great majority of which do not take part in 
growth and development immediately. These substances commonly referred to as 
SMs, often are differentially distributed among limited taxonomic groups within 
the plant kingdom [3]. In the last decade SMs, low molecular compounds occur-
ring in all living organisms while mostly distributed in plants, became a subject of 
dramatically increasing interest relevant to their outstanding practical implication 
for medicinal, nutritive and cosmetic purposes, as well as to their undebatable 
importance in plant stress physiology [4].

Recent advances of SMs research on plant stress physiology suggesting its 
involvement to the mitigating detrimental effects of various stressors [5, 6]. In 
addition to the protective functions of SMs, they also act as defending molecules of 
primary metabolites such as proteins and nucleic acids from stress-induced dam-
ages [7, 8]. Therefore, physiological modifications such as secondary metabolism 
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adjustment, ion and water balance, minimization of oxidative damage etc. occurred 
in plant body which can provide the phenotypic response of stress tolerance directly 
or indirectly. The stress response could also be a growth inhibition or cell death 
[9–11], which will depend upon how many and which kind of genes are up- or 
down-regulated [12]. However, most of the cases secondary metabolism adjustment 
play an important role in defense mechanism either increasing or decreasing their 
production in plant body. In this chapter the role and involvement of SMs in regula-
tion of various biotic and abiotic stresses in plants has been discussed.

2. Plant responses to stress factors

Plants throughout their life cycle are subjected to various forms of biotic and abi-
otic stresses, as a sessile organism plants lack the ability to escape from that danger 
areas. Plants express responses to stress conditions in three ways. Some plants avoid 
the stress altogether (e.g. ephemeral, short-lived, desert plants), some show suscep-
tibility to stress which may ultimately lead to plant death and some show resistant 
capacity [13]. To defend themselves against diverse stresses, plants have evolved 
complicated and highly regulated systems. To cope with these challenging environ-
ment plants evolve some efficient mechanism such as adjustment in photosynthetic 
rates, stomatal conductance, transpiration, cell wall architecture, remodeling of 
membrane structure, alterations in cell cycle and division rates with overall effect 
on general growth to fine-tune physiology and metabolism of bioactive compounds 
[14]. Initiation of stress and defense responses are mediated by signaling processes 
and pathways which trigger the primary metabolism that provides biosynthetic 
intermediates for secondary metabolism in plant body. These include the stress 
responsive system and the inducible defense system which depends on inducible 
activation of massive defense-related genes, suit of molecular and cellular process as 
well as inducible production of diverse defense-related SMs [15]. Plant accumulate 
a large number of SMs from primary metabolites in cells, and the production of that 
metabolites are regarded as an adaptive capacity in coping with stressful constraints 
during challenging environment [16–18].

3. Mechanism of stress adaptation in plant

Generally, a stress signal transduction pathway comprises the following key 
steps: (i) signal perception; (ii) signal transduction; and (iii) stress response. The 
first step in the activation of signaling cascade for any given stress is the recogni-
tion of stress signals via receptors located on the membrane of plant cell. Recently 
a few research works indicated that various plasma membrane proteins like COLD1 
(Chilling Tolerance Divergence-1) [19], CNGCs (cyclic nucleotide nucleotide-
gated channel), GLR (glutamate-receptor like) channel, histidine kinases, calcium 
channel are the main sensors for stress signaling. After recognition, the receptors 
transmit the signal into downstream through phytohormones and second mes-
sengers such as Ca2+ and ROS [20]. The second messengers, like ROS, trigger the 
activation of another set of ROS-modulated protein kinases (PKs) and protein 
phosphatases (PPs), including MAPK (mitogen-activated protein kinase) cascades, 
CDPKs (calcium-dependent protein kinases), CBLs (calcineurin-B-like proteins), 
CIPK (CBL-interacting protein kinase), and many other PKs as well as PPs such as 
some PP2Cs (protein phosphatase 2Cs). Subsequently, these PKs and PPs deliver the 
information downstream and trigger a series of phosphorylation or dephosphoryla-
tion of transcription factors (TFs), that finally culminates either directly in the 
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expression of functional genes involved in cellular protection, or indirectly in the 
expression of regulatory genes participating in signaling cascades and transcrip-
tional regulation of gene expression.

In addition of the enzymatic (such as superoxide dismutase, catalase, ascorbate 
peroxidase) and non-enzymatic antioxidants (such as ascorbic acid, reduced 
glutathione, α-tocopherol, carotenoids, flavonoids), primary metabolites includ-
ing sugars, amino acids contribute to cellular homeostasis to adapt under stress-
ful conditions [21]. Recently, the research advances supporting that products 
of secondary metabolism are important to alleviate toxic effects of stresses [5] 
through expression of stress responsive genes. Therefore, in presence of stress 
signals accumulated various species of SMs are critically important for adaptation 
and tolerance to the altering environment.

4. Generation and diversity of secondary metabolites in plants

Plant SMs are classified into four major categories. These four categories include 
(i) terpenes (such as carotenoids, sterols, cardiac glycosides and plant volatiles), 
(ii) phenolics (such as lignans, phenolic acid, tannins, coumarins, lignins, stilbenes 
and flavonoids), (iii) nitrogen containing compounds (such as cyanogenic glyco-
sides, alkaloids, and glucosinolates) and (iv) sulfur containing compounds (such 
as glutathione, phytoalexins, thionins, defensins and lectins) [22, 23]. But on the 
basis of biosynthesis pathways plant SMs are usually classified into three chemi-
cally distinct groups [24]. The diverse chemical structures of the SMs determine 
their functions to the medicine and stress adaptation. Three major categories are 
(i) terpenes derived from mevalonic acid pathway [25] and methyl erythritol 
phosphate pathway [26], (ii) phenolics derived from malonic acid pathway or a 
few case shikimic acid pathway [27], (iii) N (Nitrogen) and S (Sulfur) containing 
compounds via tricarboxylic acid cycle or sometimes via shikimic acid pathway. 
Among the pathways of SMs accumulation, shikimic acid, mevalonic acid, phen-
ylpropanoic acid and methyl erythritol phosphate pathways are highly regulated 
under stress stimuli.

5. Terpenes for stress responses in plant

Plants produce various types of SMs, many of which have been subsequently 
exploited by humans for their beneficial roles in a diverse array of biological func-
tions [28]. Terpenes are one of the diverse species of SMs contribute to the various 
biological process in plants. Terpenoids are terpenes with an oxygen moiety and 
additional structural rearrangements. Therefore, these two terms of terpenes and 
terpenoids are used interchangeably. Terpenoids have their roles in plant defense 
against biotic and abiotic stresses or they are treated as signal molecules to attract 
the insects for pollination. The first step of terpenoid biosynthesis is generation 
of C5 unit like as isopentenyl diphosphate (IPP) or dimethylallyl diphosphate 
(DMAPP). On the basis of C5 units, we can classify the terpenoids as C5 (hemiter-
penes), C10 (monoterpenes), C15 (sesquiterpenes), C20 (diterpenes), C25 (sester-
penes), C30 (triterpenes), C40 (tetraterpenes), C40 (polyterpenes) [29–31].

5.1 Terpenes for biotic stress responses

The rate of terpene emission in Pinus sylvestris subsp. nevadensis is increased due 
to attack of the caterpillar of Pine Processionary Moth (PPM). PPM is the main 
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defoliator of pine tree in the mediterranean region. The emission rates of terpenes 
are higher in attacked branches of trees than non-attacked trees. That indicates, 
terpenes are toxic volatile compounds accumulate in plant to provide sufficient 
defense mechanism [32]. Terpenoids can serve as repellents and reduce larval feed-
ing and oviposition by herbivores [33, 34]. Isoprene is volatile organic compound 
and belongs to the terpenoids group. Manduca sexta caterpillars were released to the 
transgenic tobacco plants containing isoprene synthase gene and the wild type of 
which does not emit isoprene. This study showed that isoprene-emitting transgenic 
tobacco plants deters Manduca sexta from feeding [35].

In attack of root feeding herbivore, plant produce various types of metabolites such 
as sesquiterpene lactone taraxinic acid β-D glucopyranosyl ester (TA-G) [36]. The 
main function of these compounds is to protect the plant against below ground herbi-
vore attack. Dandelion (Taraxacum officinale) is known to release secondary metabo-
lite-rich latex from wounded roots which help to protect this plant from its native root 
feeding enemy, larvae of the common cockchafer beetle (Melolontha melolontha). A 
study showed that TA-G-deficient lines lost more main and side root mass than control 
lines after 10 d of feeding by M. melolontha relative to undamaged control plants [37].

5.2 Terpenes for abiotic stress responses

Under abiotic stress conditions volatile terpenes alleviate the effects of oxidative 
stress either through direct reactions with oxidant intercellularly, and alteration 
of ROS signaling. The amphipathic nature of isoprene enhances hydrophobic 
interactions between membrane proteins and lipids [38] which prevents membrane 
disintegration and protein disintegration. In response to oxidative stimuli, mem-
brane bound SMs such as such as tocopherol and carotenoids (zeaxanthin, neoxan-
thin, and lutein) acts as antioxidants and may directly scavenge ROS in response to 
photoinhibition [39–43]. Singlet oxygen generated under oxidative stress considered 
is one of the strong oxidants also removed by the isoprenoids [44]. Oleuropein, a 
member of terpene family SMs, found higher amount of accumulation in leaves 
and roots of olive tree in response to salinity stress. The increase accumulation of 
oleuropein under salinity stress protect the olive tree from the oxidative stress [45]. 
The reason behind this relationship is that oleuropein acts as a glucose-reservoir 
for osmoregulation or high energy-consuming processes required for plant adapta-
tion to salinity. Furthermore, oleuropein may act as an additional constituent of 
the antioxidant defense system of olive trees. Although most studies showed plant 
tolerant mechanism largely depends on the functions of non-volatiles antioxidant 
compounds. However, various volatiles organic compounds of the terpenes family 
have been connected in the protection to abiotic stresses, in particular photooxida-
tive stress, heat stress and ozone stress. In response to ozone and heat stress, plant 
emitting isoprene alleviate ROS accumulation and protected plant from oxidative 
damages. Grapevines are not isoprene emitting plants but other volatiles isoprenoids 
such as monoterpenes emitter grapevine clone showed tolerance to heat stress [46].

Among the terpenes, isoprene (C5) and monoterpene hydrocarbons ameliorate 
abiotic stress in a number of plant species via membrane stabilization and direct 
antioxidant effects. Besides antioxidants properties of isoprene and monoterpene 
hydrocarbons they also rapid react with ozone to reduce its toxicity. A transgenic 
tobacco (Nicotiana attenuata) overexpressing a maize terpene synthase gene 
(ZmTPS10) might protected plants from intermitted heat stress by the accumula-
tion of sesquiterpene hydrocarbons (C15) (E)-ß-farnesene and (E)-α-bergamotene 
[47–49]. Rice seedlings exposed to UV-B radiation and hydrogen peroxide accumu-
lated higher amount of dozens of monoterpenes such as limonene, sabinene and 
myrcene to adapt in the altering environment [50].
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Zealexins and kauralexins are two acidic terpenoid phytoalexins mediate biotic 
damages caused by insect and pathogen in aboveground part of maize plants. 
Recently it is showed that terpenoid phytoalexins also protect root damages under 
abiotic stress factors such as drought and salinity stress. Wild type maize plant 
accumulated terpenoid phytoalexins are positively correlated with the biomass 
accumulation of the plants. On the other side, mutant maize deficient with kaura-
lexin synthesis are sensitive to water deficit condition [51]. Carnosic acid (CA), a 
diterpene protect Labiatae species from water stress-induced oxidative damages in 
combination with that of other low-molecular weight antioxidants (α-tocopherol 
and ascorbate) in chloroplasts [52]. These findings suggest that terpenes protect 
plants from biotic and abiotic stress damages due to their antioxidant properties or 
direct quenching of oxidants.

6. Phenolics for stress responses in plant

Phenolics are one of the most ubiquitous groups of SMs which are synthesize in 
plants and possess biological properties like antifeedant [53], antioxidant, anti-
apoptosis, anti-aging, anticarcinogenic, anti-inflammation, and cell proliferation 
activity. Phenolics consist of an aromatic ring with one or more hydroxyl groups. 
Coumarin, furano-coumarins, lignin, flavonoids, isoflavonoids and tanins are the 
available forms of phenolics. Phenolics are often produced and accumulated in the 
sub-epidermal layers of plant tissues exposed to stress and pathogen attack [54]. 
The concentration of a particular phenolic compound within a plant tissue is depen-
dent on season and may also vary at different stages of growth and development 
[55]. Several internal and external factors, including trauma, wounding, drought 
and pathogen attack, affect the synthesis and accumulation of phenolics [56, 57].

6.1 Phenolics for biotic stress responses

Phenolics are ubiquitous SMs in plants serves as a protective agent, inhibitors, 
natural animal toxicants and pesticides against invading herbivores, nematodes, 
phytophagous insects, and fungal and bacterial pathogens [58, 59]. Among the 
phenolic compounds coumarins are simple phenolic widespread in vascular plants 
and appear to function in different capacities in various plant defense mechanisms 
against insect herbivores and fungi. Several studies in many different plant species 
have shown that coumarins can accumulate in response to infection by a diversity of 
pathogens, including viruses, bacteria, fungi and oomycetes. The extent and timing 
of coumarin accumulation in plant parts have been associated with the level of 
disease resistance [60, 61]. The phenolic compounds ferulic acid and protocatecuic 
acid are accumulated increasingly in rice by the fungal attack to reduce mycotoxin. 
The accumulation of these two phenolics are positively correlated with p-coumaric 
acid and 4-hydroxybenzoic acid to protect plant from mycotoxin [62].

6.2 Phenolics for abiotic stress responses

The accumulation of phenolics in plant tissues is considered as an adaptive 
response of plants to adverse environmental conditions. In response to vari-
ous external stimuli plant cell increases accumulation of phenolic substances. 
Therefore, the degree of interactions between plants and their changing environ-
ments has been a major driving force behind the emergence of specific natural 
products. For example, cold stress increases phenolic production into the cell wall 
in winter rye (Secale cereale) either as suberin or lignin. Lignification and suberin 
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defoliator of pine tree in the mediterranean region. The emission rates of terpenes 
are higher in attacked branches of trees than non-attacked trees. That indicates, 
terpenes are toxic volatile compounds accumulate in plant to provide sufficient 
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which does not emit isoprene. This study showed that isoprene-emitting transgenic 
tobacco plants deters Manduca sexta from feeding [35].

In attack of root feeding herbivore, plant produce various types of metabolites such 
as sesquiterpene lactone taraxinic acid β-D glucopyranosyl ester (TA-G) [36]. The 
main function of these compounds is to protect the plant against below ground herbi-
vore attack. Dandelion (Taraxacum officinale) is known to release secondary metabo-
lite-rich latex from wounded roots which help to protect this plant from its native root 
feeding enemy, larvae of the common cockchafer beetle (Melolontha melolontha). A 
study showed that TA-G-deficient lines lost more main and side root mass than control 
lines after 10 d of feeding by M. melolontha relative to undamaged control plants [37].
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photoinhibition [39–43]. Singlet oxygen generated under oxidative stress considered 
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member of terpene family SMs, found higher amount of accumulation in leaves 
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tion to salinity. Furthermore, oleuropein may act as an additional constituent of 
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tolerant mechanism largely depends on the functions of non-volatiles antioxidant 
compounds. However, various volatiles organic compounds of the terpenes family 
have been connected in the protection to abiotic stresses, in particular photooxida-
tive stress, heat stress and ozone stress. In response to ozone and heat stress, plant 
emitting isoprene alleviate ROS accumulation and protected plant from oxidative 
damages. Grapevines are not isoprene emitting plants but other volatiles isoprenoids 
such as monoterpenes emitter grapevine clone showed tolerance to heat stress [46].

Among the terpenes, isoprene (C5) and monoterpene hydrocarbons ameliorate 
abiotic stress in a number of plant species via membrane stabilization and direct 
antioxidant effects. Besides antioxidants properties of isoprene and monoterpene 
hydrocarbons they also rapid react with ozone to reduce its toxicity. A transgenic 
tobacco (Nicotiana attenuata) overexpressing a maize terpene synthase gene 
(ZmTPS10) might protected plants from intermitted heat stress by the accumula-
tion of sesquiterpene hydrocarbons (C15) (E)-ß-farnesene and (E)-α-bergamotene 
[47–49]. Rice seedlings exposed to UV-B radiation and hydrogen peroxide accumu-
lated higher amount of dozens of monoterpenes such as limonene, sabinene and 
myrcene to adapt in the altering environment [50].
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accumulation of the plants. On the other side, mutant maize deficient with kaura-
lexin synthesis are sensitive to water deficit condition [51]. Carnosic acid (CA), a 
diterpene protect Labiatae species from water stress-induced oxidative damages in 
combination with that of other low-molecular weight antioxidants (α-tocopherol 
and ascorbate) in chloroplasts [52]. These findings suggest that terpenes protect 
plants from biotic and abiotic stress damages due to their antioxidant properties or 
direct quenching of oxidants.

6. Phenolics for stress responses in plant

Phenolics are one of the most ubiquitous groups of SMs which are synthesize in 
plants and possess biological properties like antifeedant [53], antioxidant, anti-
apoptosis, anti-aging, anticarcinogenic, anti-inflammation, and cell proliferation 
activity. Phenolics consist of an aromatic ring with one or more hydroxyl groups. 
Coumarin, furano-coumarins, lignin, flavonoids, isoflavonoids and tanins are the 
available forms of phenolics. Phenolics are often produced and accumulated in the 
sub-epidermal layers of plant tissues exposed to stress and pathogen attack [54]. 
The concentration of a particular phenolic compound within a plant tissue is depen-
dent on season and may also vary at different stages of growth and development 
[55]. Several internal and external factors, including trauma, wounding, drought 
and pathogen attack, affect the synthesis and accumulation of phenolics [56, 57].

6.1 Phenolics for biotic stress responses

Phenolics are ubiquitous SMs in plants serves as a protective agent, inhibitors, 
natural animal toxicants and pesticides against invading herbivores, nematodes, 
phytophagous insects, and fungal and bacterial pathogens [58, 59]. Among the 
phenolic compounds coumarins are simple phenolic widespread in vascular plants 
and appear to function in different capacities in various plant defense mechanisms 
against insect herbivores and fungi. Several studies in many different plant species 
have shown that coumarins can accumulate in response to infection by a diversity of 
pathogens, including viruses, bacteria, fungi and oomycetes. The extent and timing 
of coumarin accumulation in plant parts have been associated with the level of 
disease resistance [60, 61]. The phenolic compounds ferulic acid and protocatecuic 
acid are accumulated increasingly in rice by the fungal attack to reduce mycotoxin. 
The accumulation of these two phenolics are positively correlated with p-coumaric 
acid and 4-hydroxybenzoic acid to protect plant from mycotoxin [62].

6.2 Phenolics for abiotic stress responses

The accumulation of phenolics in plant tissues is considered as an adaptive 
response of plants to adverse environmental conditions. In response to vari-
ous external stimuli plant cell increases accumulation of phenolic substances. 
Therefore, the degree of interactions between plants and their changing environ-
ments has been a major driving force behind the emergence of specific natural 
products. For example, cold stress increases phenolic production into the cell wall 
in winter rye (Secale cereale) either as suberin or lignin. Lignification and suberin 
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deposition increase resistance to cold stress. These cell wall thickenings protect the 
plant from freezing stress. An increase in cell wall thickening could reduce cell col-
lapse during freezing-induced dehydration and mechanical stress, thus providing 
freezing resistance to the plant [63]. Inhibition of root growth was recorded due to 
the accumulation of soluble phenolics and higher lignification in cucumber. Soluble 
phenolic compounds increased with time at chilling temperature but after rewarm-
ing these were decreased slightly. The decreased level in both organs (hypocotyl 
and root) after rewarming may suggest their important role in protection of both 
soybean organs against chilling injury. These compounds may participate in auxin 
metabolism, change membrane permeability, influence respiration and oxidative 
phosphorylation or protein synthesis [64].

Metabolic name of 
phenol

Nature of 
response

Abiotic stress Plant species Reference

Coniferyl alcohol, 
ferulic acid and 
p-coumaric

Increase 
accumulation and 
tolerance level

Nutrient 
deficiency

Reviewed in 
various plant 
species

Ahagnar  
et al. [72]

Chlorogenic acid, 
apigenin and luteolin

Increase 
accumulation and 
tolerance level

Drought stress Capsicum 
annuum L.

Rodríguez-
Calzada  
et al. [73]

Chlorogenic acid, 
rutin, hyperoside, 
isoquercetine, 
quercitrine and 
quercetine

Increased 
accumulation and 
tolerance level

Salinity Hypericum 
pruinatum

Caliskan  
et al. [74]

Protocatecuic acid Increased 
tolerance level

Salinity S. 
macrosiphon

Valifard et al. 
[67]

Flavonols and 
hydroxycinnamic acids

Increase 
accumulation and 
tolerance level

Heat stress, 
salinity stress

Solanum 
lycopersicon cv. 
Boludo

Martinez  
et al. [75]

Chlorogenic acid Increased 
accumulation

Full sunlight V. myrtillus Alqahtani  
et al. [68]

Caffeic acid, p-coumaric 
acid and ferulic acid

Decreased 
accumulation and 
tolerance level

Drought Vitis vinifera L. Kro’l  
et al. [76]

Flavonoids, 
isoflavonoids

Increased 
accumulation, 
become drought 
resistant

Drought 
Arabidopsis 
thaliana

Nakabayashi et 
al. [66]

Quercetin Increased level of 
deposition provide 
protection from 
damaging light

UV F. esculentum Regvar  
et al. [65]

Catechin and quercetin Increased 
accumulation and 
become resistant 
against heavy 
metal

Heavy metal Zea mays L Michalak 
[69]

Lignin or suberin Increased 
deposition and 
become freezing 
resistant

Cold stress/free 
zing

Secale cereal Griffith and 
Yaish [63]

Table 1. 
Nature of responses of phenolic compounds to abiotic stress in some plant species.
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Exposure of ambient solar UV-B radiation to plants in open fields adversely 
affects macromolecules through the generation of ROS. At the same time, plants 
synthesize phenolic compounds, which act as a screen inside the epidermal cell 
layer to defend themselves from this damaging radiation and by adjusting the 
antioxidant systems at both the cell and whole organism level. A comparative accu-
mulation of phenolics were measured after UV irradiation in buckwheat genotypes 
(Fagopyrum esculentum and F. tataricum) and found a specific increase of quercetin 
concentration in F. esculentum [65]. Drought is the major abiotic stress that affects 
plant growth and development and causes losses in agricultural production. As has 
been reported by several studies, phenolics content increased in plants under water 
scarcity to improve drought tolerance in Arabidopsis thaliana [66]. Tolerant and 
sensitive rice cultivars to salinity showed variable amount of phenolic compounds. 
A large increase of total phenolics and the content of protocatechuic acid was 
found in tolerant varieties, whereas in contrast, a markedly reduce was found in 
the susceptible cultivar [67]. In addition, the content of flavonoids and chlorogenic 
acid are positively correlated to the growth-lighting condition in Australian Centella 
asiatica (L.) Urb [68].

Certain flavonoids exhibit the ability to provide heavy metal stress protection by 
transition metals chelation (e.g., Fe, Cu, Ni, Zn), which generates hydroxyl radical 
via Fenton’s reaction revealed that the chelation of these metals in the soil may be an 
effective form of defense against the effects of high metals concentration toxicity. 
The biosynthesis of phenolic compounds that are precursors of lignin intensifies 
under stress conditions [69]. Research on corn plants (Zea mays L.) confirmed 
this phenomenon when grown on soil contaminated with aluminum ions and root 
exudates were found with high levels of catechin and quercetin. Phenolic com-
pounds also contribute to reduce heavy metal toxicity in plants. Cadmium metal-
stressed Brassica juncea plants accumulated higher amount of rutin polyphenol 
than untreated plants to prevent oxidative damages [70]. Phenolic compounds were 
related to the antioxidant activity, and they play a major role in stabilizing lipid 
peroxidation. Actually during stress condition plants become potentially active and 
by releasing phenolic substance, modulating the activities of antioxidants, enzyme 
activities, and radicals scavenging activities demonstrated their active participation 
in oxidative stress management [71]. Some other evidences of nature of responses 
of phenolic compounds to abiotic stress in some plant species are summarized in 
Table 1.

7. N and S containing SMs for stress responses in plant

A large family of N and S containing SMs found in approximately 20% of the 
species of vascular plants, most frequently in the herbaceous dicot and relatively a 
few in monocots and gymnosperms. They include alkaloids, cyanogenic glucosides, 
non-protein amino acids phytoalexins, thionine, defensins and allinin. Most of 
them are biosynthesized from common amino acids.

7.1 N and S containing SMs for biotic stress responses

Alkaloids are nitrogenous organic SMs that have been shown to have antimi-
crobial activity (such as quinolones, metronidazole, or others) through inhibiting 
enzyme activity or other mechanisms. Squalamine, a polyamine alkaloid, acts 
through a detergent-like mechanism of action against gram-negative bacteria, 
leading to the disruption of their outer membranes, and it depolarizes gram-positive 
bacterial membranes [77].
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deposition increase resistance to cold stress. These cell wall thickenings protect the 
plant from freezing stress. An increase in cell wall thickening could reduce cell col-
lapse during freezing-induced dehydration and mechanical stress, thus providing 
freezing resistance to the plant [63]. Inhibition of root growth was recorded due to 
the accumulation of soluble phenolics and higher lignification in cucumber. Soluble 
phenolic compounds increased with time at chilling temperature but after rewarm-
ing these were decreased slightly. The decreased level in both organs (hypocotyl 
and root) after rewarming may suggest their important role in protection of both 
soybean organs against chilling injury. These compounds may participate in auxin 
metabolism, change membrane permeability, influence respiration and oxidative 
phosphorylation or protein synthesis [64].
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Exposure of ambient solar UV-B radiation to plants in open fields adversely 
affects macromolecules through the generation of ROS. At the same time, plants 
synthesize phenolic compounds, which act as a screen inside the epidermal cell 
layer to defend themselves from this damaging radiation and by adjusting the 
antioxidant systems at both the cell and whole organism level. A comparative accu-
mulation of phenolics were measured after UV irradiation in buckwheat genotypes 
(Fagopyrum esculentum and F. tataricum) and found a specific increase of quercetin 
concentration in F. esculentum [65]. Drought is the major abiotic stress that affects 
plant growth and development and causes losses in agricultural production. As has 
been reported by several studies, phenolics content increased in plants under water 
scarcity to improve drought tolerance in Arabidopsis thaliana [66]. Tolerant and 
sensitive rice cultivars to salinity showed variable amount of phenolic compounds. 
A large increase of total phenolics and the content of protocatechuic acid was 
found in tolerant varieties, whereas in contrast, a markedly reduce was found in 
the susceptible cultivar [67]. In addition, the content of flavonoids and chlorogenic 
acid are positively correlated to the growth-lighting condition in Australian Centella 
asiatica (L.) Urb [68].

Certain flavonoids exhibit the ability to provide heavy metal stress protection by 
transition metals chelation (e.g., Fe, Cu, Ni, Zn), which generates hydroxyl radical 
via Fenton’s reaction revealed that the chelation of these metals in the soil may be an 
effective form of defense against the effects of high metals concentration toxicity. 
The biosynthesis of phenolic compounds that are precursors of lignin intensifies 
under stress conditions [69]. Research on corn plants (Zea mays L.) confirmed 
this phenomenon when grown on soil contaminated with aluminum ions and root 
exudates were found with high levels of catechin and quercetin. Phenolic com-
pounds also contribute to reduce heavy metal toxicity in plants. Cadmium metal-
stressed Brassica juncea plants accumulated higher amount of rutin polyphenol 
than untreated plants to prevent oxidative damages [70]. Phenolic compounds were 
related to the antioxidant activity, and they play a major role in stabilizing lipid 
peroxidation. Actually during stress condition plants become potentially active and 
by releasing phenolic substance, modulating the activities of antioxidants, enzyme 
activities, and radicals scavenging activities demonstrated their active participation 
in oxidative stress management [71]. Some other evidences of nature of responses 
of phenolic compounds to abiotic stress in some plant species are summarized in 
Table 1.

7. N and S containing SMs for stress responses in plant

A large family of N and S containing SMs found in approximately 20% of the 
species of vascular plants, most frequently in the herbaceous dicot and relatively a 
few in monocots and gymnosperms. They include alkaloids, cyanogenic glucosides, 
non-protein amino acids phytoalexins, thionine, defensins and allinin. Most of 
them are biosynthesized from common amino acids.

7.1 N and S containing SMs for biotic stress responses

Alkaloids are nitrogenous organic SMs that have been shown to have antimi-
crobial activity (such as quinolones, metronidazole, or others) through inhibiting 
enzyme activity or other mechanisms. Squalamine, a polyamine alkaloid, acts 
through a detergent-like mechanism of action against gram-negative bacteria, 
leading to the disruption of their outer membranes, and it depolarizes gram-positive 
bacterial membranes [77].
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Phytoalexins are S containing SMs, in response to fungal and bacterial patho-
gen, other forms of stress such as mechanical damages accumulate in the infec-
tion sites. The accumulation of phytoalexins limit the spreading of pathogen by 
inducing cell death known as hypersensitive response (HR) in a diverse group of 
plants. Defensins, thionins and lectins S-rich SMs accumulate in pathogen attack 
and external injury. These compounds also showed broad range of inhibition of 
microbial pathogen such as fungi and bacteria [78]. Glucosinolates are sulfur-rich 
SMs, widely synthesized in all vegetable and oilseed species of the order Brassicales 
(Brassica oleracea). The enzyme myrosinase (thioglucosidase) are stored in special 
myrosinase cells. When the tissue damage is commenced due to insect feeding, this 
enzyme comes into contact with glucosinolates and hydrolyses indole glucosinolates 
to produce nitriles and unstable isothiocyanates and aliphatic glucosinolates to 
produce volatile and pungent isothiocyanates. These products have toxic properties 
that inhibits growth (antibiosis) and act as feeding deterrents (antixenosis) against 
a range of insects; from leaf chewing lepidopteran larvae to phloem-feeding aphids 
[79]. Glucosinolate accumulation by the attack of diamondback moth insect on 
cabbage protect the plant by creating toxicity [80].

7.2 N and S containing SMs for abiotic stress responses

Alkaloids are N containing SMs also trigger adaption mechanism of plants. The 
concentration of four kind of alkaloids such as vindoline, catharanthine, vinblastine 
and vincristine significantly increased with the increasing saline concentration but 
the total dry weight to some extent were decreased. The reduction in plant growth 
may be an adaptive response to salt stress which allows the conservation of energy, 
thereby launching the appropriate defense response and also reducing the risk of 
heritable damage [81]. To adapt in the water scarcity stress Senecio jacobaea, Senecio 
aquaticus, and their hybrids increased the accumulation of pyrrolizidine alkaloids 
(PAs) [82]. The influence of drought stress changes the contents of alkaloids 
such as narkotine, morphine, codeine in Papaver somniferum. The comparison to 
the control group demonstrated that alkaloids narkotine and morphine trigger 
tolerance mechanism of plants [83]. The contents of alkaloids such as vindoline, 
catharanthine and vinblastine were significantly increased in the seedling leaves of 
Catharanthus roseus under short exposure of heat stress. Therefore, accumulation of 
alkaloids species under stressful conditions are critically important to adapt in the 
altering environments.

8. Conclusion

Plant tolerance to stresses is jointly controlled by the plants’ anatomy, 
physiology, biochemistry, genetics, development and evolution. In addition 
to the primary metabolites, in response to various stresses either biotic and 
abiotic plants start to synthesize SMs in their cell. As a result, some physiologi-
cal modification such as metabolic adjustment, ion and water balance, regula-
tion of stomatal conductance, activation of different types of antioxidant and 
enzyme occurs which help the plant to increase tolerance level. Plant tolerance 
and adaptation mechanism to stressful conditions are mainly adjusted by the 
modifying primary metabolism pathway. According to the aforementioned data, 
SMs functions on stress adaptation are established in the recent year. Therefore, 
manipulating the generation and action of SMs and the activity of genes respon-
sible for the accumulation of SMs are critically important to enhance the toler-
ance level and adaptability of plants under stressful conditions.
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Phytoalexins are S containing SMs, in response to fungal and bacterial patho-
gen, other forms of stress such as mechanical damages accumulate in the infec-
tion sites. The accumulation of phytoalexins limit the spreading of pathogen by 
inducing cell death known as hypersensitive response (HR) in a diverse group of 
plants. Defensins, thionins and lectins S-rich SMs accumulate in pathogen attack 
and external injury. These compounds also showed broad range of inhibition of 
microbial pathogen such as fungi and bacteria [78]. Glucosinolates are sulfur-rich 
SMs, widely synthesized in all vegetable and oilseed species of the order Brassicales 
(Brassica oleracea). The enzyme myrosinase (thioglucosidase) are stored in special 
myrosinase cells. When the tissue damage is commenced due to insect feeding, this 
enzyme comes into contact with glucosinolates and hydrolyses indole glucosinolates 
to produce nitriles and unstable isothiocyanates and aliphatic glucosinolates to 
produce volatile and pungent isothiocyanates. These products have toxic properties 
that inhibits growth (antibiosis) and act as feeding deterrents (antixenosis) against 
a range of insects; from leaf chewing lepidopteran larvae to phloem-feeding aphids 
[79]. Glucosinolate accumulation by the attack of diamondback moth insect on 
cabbage protect the plant by creating toxicity [80].

7.2 N and S containing SMs for abiotic stress responses

Alkaloids are N containing SMs also trigger adaption mechanism of plants. The 
concentration of four kind of alkaloids such as vindoline, catharanthine, vinblastine 
and vincristine significantly increased with the increasing saline concentration but 
the total dry weight to some extent were decreased. The reduction in plant growth 
may be an adaptive response to salt stress which allows the conservation of energy, 
thereby launching the appropriate defense response and also reducing the risk of 
heritable damage [81]. To adapt in the water scarcity stress Senecio jacobaea, Senecio 
aquaticus, and their hybrids increased the accumulation of pyrrolizidine alkaloids 
(PAs) [82]. The influence of drought stress changes the contents of alkaloids 
such as narkotine, morphine, codeine in Papaver somniferum. The comparison to 
the control group demonstrated that alkaloids narkotine and morphine trigger 
tolerance mechanism of plants [83]. The contents of alkaloids such as vindoline, 
catharanthine and vinblastine were significantly increased in the seedling leaves of 
Catharanthus roseus under short exposure of heat stress. Therefore, accumulation of 
alkaloids species under stressful conditions are critically important to adapt in the 
altering environments.

8. Conclusion

Plant tolerance to stresses is jointly controlled by the plants’ anatomy, 
physiology, biochemistry, genetics, development and evolution. In addition 
to the primary metabolites, in response to various stresses either biotic and 
abiotic plants start to synthesize SMs in their cell. As a result, some physiologi-
cal modification such as metabolic adjustment, ion and water balance, regula-
tion of stomatal conductance, activation of different types of antioxidant and 
enzyme occurs which help the plant to increase tolerance level. Plant tolerance 
and adaptation mechanism to stressful conditions are mainly adjusted by the 
modifying primary metabolism pathway. According to the aforementioned data, 
SMs functions on stress adaptation are established in the recent year. Therefore, 
manipulating the generation and action of SMs and the activity of genes respon-
sible for the accumulation of SMs are critically important to enhance the toler-
ance level and adaptability of plants under stressful conditions.
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Abstract

The significant increase in the world population age, 47 years in 1950 to 73 years 
in 2020, resulted in an increase in aging related diseases as well as in degenerative 
diseases. In consequence, researchers have been focusing in the development of new 
therapies, with a particular emphasis on the use of compounds with antioxidant 
properties, namely phytochemicals, such as polyphenols and carotenoids. Several 
in vitro and in vivo studies have demonstrated the phytochemicals antioxidant 
capacity. Their use is broad, as they can be part of food supplements, medicine and 
cosmetics. The health benefit of antioxidant phytochemicals is an indisputable 
question. Phytochemical properties are highly influenced by the natural matrix as 
well as by extraction process, which have a key role. There are several extraction 
methods that can be applied depending on the chemical properties of the bioactive 
compounds. There is a wide range of solvents with different polarities, which allows 
a selective extraction of the desired target family of compounds. Greener technolo-
gies have the advantage to reduce extraction time and solvent quantity in compari-
son to the most traditional methods. This chapter will focus on the different green 
extraction strategies related to the recovery of antioxidant bioactive compounds 
from natural sources, their nutritional and health potential.

Keywords: bioactive compounds, antioxidants, green technologies, oxidative stress, 
health benefits

1. Introduction

Nowadays, the awareness for the need to have a healthier lifestyle results in a 
higher consumption of natural organic food products and nutritionally rich anti-
oxidants rather than synthetic and processed foods. In the past decade, an increased 
interest in the exploitation of natural ingredients to be used in the food and food 
products was observed. Researchers from all over the world are focusing on alterna-
tive sources of healthy nutrients promoting a safer and convenient diet. There is not 
clear evidence that synthetic antioxidants have toxic effects, although, consumer’s 
interest is moving towards the natural products. Moreover, synthetic antioxidants 
and preservatives in food may lead to lipid peroxidation and deterioration of food 
flavor and quality [1]. Therefore, organic and sustainable processes, the identifica-
tion of new phytochemicals with attractive biological activities, such as antioxidant, 
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clear evidence that synthetic antioxidants have toxic effects, although, consumer’s 
interest is moving towards the natural products. Moreover, synthetic antioxidants 
and preservatives in food may lead to lipid peroxidation and deterioration of food 
flavor and quality [1]. Therefore, organic and sustainable processes, the identifica-
tion of new phytochemicals with attractive biological activities, such as antioxidant, 
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anticancer, antimicrobial, among others, are a hot topic among food researchers 
as well as for food industry aiming to develop new functional and therapeutic 
products.

Natural antioxidants are mainly derived from food, plants and other living 
organisms, such as fruits, vegetables, flowers, cereals, mushrooms, macro and 
micro-algae, spices and traditional medicinal herbs [2]. It is known that exogenous 
antioxidants have a strong potential to inhibit oxidative stress, preventing the lipid 
peroxidation process, and restore the cellular homeostasis [3]. Indeed, most of the 
antioxidant products shown to act as potential therapeutic agents. The consumption 
of antioxidants is highly important not only in prevention but also as an adjunct 
in the treatment of various human pathologies associated with oxidative stress, 
such as diabetes, aging, neurological, cardiovascular, and cancer [4]. In this sense, 
beneficial health effects of antioxidants are directly linked to regular daily intake 
and bioavailability.

The issues created by the increase of the human population, together with a 
reduction in renewable resources, is reflected in the increase of the global demand 
for reuse of industrial biowastes, as well as increasing the use of underexploited 
resources. The growing demand for new or alternative bioactive molecules obtained 
by green and sustainable processes, and decreasing the quantity of biowastes are 
premises for the development of conscious approaches for the valorization of 
phytochemicals from natural sources [5, 6]. Additionally, the development and 
optimization of efficient and intensified process for the recovery and isolation of 
high value phytochemicals are important.

The current chapter is focused on appreciation of different green extraction 
strategies related to the recovery of high value bioactive compounds from natural 
sources, their potential antioxidant activity, and possible nutritional and health 
applications.

2. Green approach in the extraction of antioxidant compounds

The recovery of antioxidant biomolecules or extracts is an important step to 
enable the reuse of natural resources for subsequent application in pharmaceuti-
cal, cosmetic products, food enrichment and preservatives, supplements and 
nutraceuticals.

Usually, bioactive phytochemicals are obtained using solid–liquid extraction, 
the unit operation, and depends on several factors, including the applied extrac-
tion technique, the parameters associated with the technique (such as temperature, 
time, pH and the extraction solvent), and the raw materials composition [7]. 
Extraction process is composed by 4 essential steps: (1) raw material pre-treatment 
(drying, grinding, etc.) to increase surface contact area and solvent penetration; 
(2) extraction with appropriated solvent; (3) post-treatment of the obtained liquid 
extract (filtration, concentration, purification, etc.); (4) solvent removal and its 
reuse [8].

The extraction process, when it is not optimized, is often time and energy 
consuming, induces the use of huge amount of water or petroleum-based sol-
vents (harmful for environment and consumers) and generates large quantity of 
waste [9]. Moreover, the resulting extract may not be safe for the consumers, as 
it may contain residual solvents, contaminants from raw material, or denatured 
compounds due to extreme extraction conditions [5]. In this sense, the extraction 
processes intensification/optimization is necessary. The goal of an intensified pro-
cess is to obtain greater extraction efficiency, high-quality and safe extracts while 
reducing extraction time, energy consumption, number of unit operations, amount 
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anticancer, antimicrobial, among others, are a hot topic among food researchers 
as well as for food industry aiming to develop new functional and therapeutic 
products.

Natural antioxidants are mainly derived from food, plants and other living 
organisms, such as fruits, vegetables, flowers, cereals, mushrooms, macro and 
micro-algae, spices and traditional medicinal herbs [2]. It is known that exogenous 
antioxidants have a strong potential to inhibit oxidative stress, preventing the lipid 
peroxidation process, and restore the cellular homeostasis [3]. Indeed, most of the 
antioxidant products shown to act as potential therapeutic agents. The consumption 
of antioxidants is highly important not only in prevention but also as an adjunct 
in the treatment of various human pathologies associated with oxidative stress, 
such as diabetes, aging, neurological, cardiovascular, and cancer [4]. In this sense, 
beneficial health effects of antioxidants are directly linked to regular daily intake 
and bioavailability.

The issues created by the increase of the human population, together with a 
reduction in renewable resources, is reflected in the increase of the global demand 
for reuse of industrial biowastes, as well as increasing the use of underexploited 
resources. The growing demand for new or alternative bioactive molecules obtained 
by green and sustainable processes, and decreasing the quantity of biowastes are 
premises for the development of conscious approaches for the valorization of 
phytochemicals from natural sources [5, 6]. Additionally, the development and 
optimization of efficient and intensified process for the recovery and isolation of 
high value phytochemicals are important.

The current chapter is focused on appreciation of different green extraction 
strategies related to the recovery of high value bioactive compounds from natural 
sources, their potential antioxidant activity, and possible nutritional and health 
applications.

2. Green approach in the extraction of antioxidant compounds

The recovery of antioxidant biomolecules or extracts is an important step to 
enable the reuse of natural resources for subsequent application in pharmaceuti-
cal, cosmetic products, food enrichment and preservatives, supplements and 
nutraceuticals.

Usually, bioactive phytochemicals are obtained using solid–liquid extraction, 
the unit operation, and depends on several factors, including the applied extrac-
tion technique, the parameters associated with the technique (such as temperature, 
time, pH and the extraction solvent), and the raw materials composition [7]. 
Extraction process is composed by 4 essential steps: (1) raw material pre-treatment 
(drying, grinding, etc.) to increase surface contact area and solvent penetration; 
(2) extraction with appropriated solvent; (3) post-treatment of the obtained liquid 
extract (filtration, concentration, purification, etc.); (4) solvent removal and its 
reuse [8].

The extraction process, when it is not optimized, is often time and energy 
consuming, induces the use of huge amount of water or petroleum-based sol-
vents (harmful for environment and consumers) and generates large quantity of 
waste [9]. Moreover, the resulting extract may not be safe for the consumers, as 
it may contain residual solvents, contaminants from raw material, or denatured 
compounds due to extreme extraction conditions [5]. In this sense, the extraction 
processes intensification/optimization is necessary. The goal of an intensified pro-
cess is to obtain greater extraction efficiency, high-quality and safe extracts while 
reducing extraction time, energy consumption, number of unit operations, amount 
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of water and organic solvents in the process, environmental impact, economic costs 
and quantity of waste generated [8].

In the last decades, the growing interest in the global ecological footprint reduction, 
bioeconomy control and consumer safety, has propel the implementation of innovative 
and clean alternatives in the food, chemical, cosmetic and pharmaceutical industries, 
following the principles of green chemistry and green engineering [10, 11].

Among the various extraction factors, solvents play an important role in extrac-
tion efficiency. The reduction of hazardous solvents is also considered one of the 
priorities of international policies [12]. A suitable solvent is able to obtain safe and 
high-quality ingredients and to preserve the biological effects of the extracted 
compounds. Furthermore, it should be recyclable and reusable, preventing negative 
environmental effects.

Numerous solvents have been used for the extraction of antioxidants from foods, 
marine sources, medicinal plants and agroindustrial wastes [6]. The selection of 
solvents must be based on the chemical nature and polarity of the compounds to be 
extracted, since solvents with different polarities are necessary for the isolation of 
compounds with different chemical structure [5]. For example, most of the phe-
nolics, flavanoids and anthocyanins are hydrosoluble antioxidants. The polar and 
medium polar solvents, such as water, ethanol, methanol, propanol, acetone and 
their aqueous mixtures, are widely used for their extraction [13–15]. Carotenoids 
are lipid-soluble antioxidants, and common organic solvents, such as the mixtures 
of hexane with acetone, ethanol, methanol, or mixtures of ethyl acetate with 
acetone, ethanol, methanol, have been used for extraction [16–18].

A number of new alternatives to conventional techniques (Soxhlet, heat reflux, 
infusion, distillation, etc.), have been proposed to extract target antioxidant com-
pounds from various natural matrices. Table 1 presents a summary of the concept, 
the many benefits of some innovative extraction technologies as well as challenges 
associated with its use in the recovery of antioxidant molecules.

In the following sections some examples of natural matrices used as sources of 
antioxidant compounds using clean and innovative processes will be reported.

3. Natural sources of antioxidants

Fruits and vegetables are highly recommended dietary contents, widely known 
for their health-promoting effects and nutritious values. They got an essential place 
as conventional foods in the history because of their high amount of minerals, 
specifically electrolytes; vitamins, mainly vitamins C and E. Several studies are 
also demonstrating their high phytochemical contents eith antioxidant properties. 
Antioxidants obtained from plants, vegetables and fruits are mostly of terpenes, 
polyphenols, phytosterols, peptides, vitamins and minerals (Figure 1) [34, 35]. 
Antioxidant minerals, such as iron, zinc, selenium, copper, and manganese, act as 
cofactor of many antioxidant enzymes, absence of which may certainly disturb the 
activity of their enzymatic scavenging activity [2].

It has been argued that agri-food residues generated by the use of plants and 
their derivatives might have a negative impact on the environment when they are 
discarded. In developed countries, 42% of food waste is produced by households, 
while 39% losses occur in the food manufacturing industry, 14% in food service 
sector and remaining 5% in retail and distribution [36]. Waste from parts of plants 
such as peel, leaves, stem, seed, and roots generated from agriculture, to industrial 
manufacturing and processing [2]. They constitute a low-cost source of antioxidant 
molecules, which exhibit other biological activities, like antidiabetic, anti-obesity, 
antihypertensive, anticancer, and antimicrobial [13, 37, 38].



Antioxidants - Benefits, Sources, Mechanisms of Action

566

Ex
tr

ac
tio

n 
te

ch
no

lo
gy

C
on

ce
pt

A
dv

an
ta

ge
s

D
is

ad
va

nt
ag

es
Re

fe
re

nc
es

En
zy

m
e a

ss
ist

ed
 ex

tr
ac

tio
n 

(E
A

E)
Th

e m
at

rix
 a

nd
 en

zy
m

e s
ol

ut
io

n 
ar

e l
oa

de
d 

in
to

 an
 

ex
tr

ac
tio

n 
ve

ss
el

 an
d 

pl
ac

ed
 in

 a 
th

er
m

os
ta

te
d 

w
at

er
 

ba
th

 at
 th

e c
er

ta
in

 te
m

pe
ra

tu
re

 an
d 

tim
e.

M
od

er
at

e e
xt

ra
ct

io
n 

co
nd

iti
on

s; 
ec

o-
fr

ie
nd

ly
; s

el
ec

tiv
ity

 d
ue

 to
 th

e s
pe

ci
fic

ity
 

of
 en

zy
m

es
.

Ex
pe

ns
iv

e c
os

t o
f e

nz
ym

es
; a

ct
iv

ity
 

of
 en

zy
m

es
 v

ar
yi

ng
 w

ith
 th

e 
en

vi
ro

nm
en

ta
l f

ac
to

rs
; f

ilt
ra

tio
n 

an
d 

cl
ea

nu
p 

st
ep

 re
qu

ire
d;

 ti
m

e 
co

ns
um

in
g.

[3
, 7

, 2
3]

Pu
lse

d 
el

ec
tr

ic
 fi

el
d 

(P
EF

)
Th

e m
at

er
ia

l i
s p

la
ce

d 
be

tw
ee

n 
tw

o 
el

ec
tr

od
es

. 
Th

e p
ul

se
 am

pl
itu

de
 v

ar
ie

s f
ro

m
 10

0–
30

0 
V/

cm
 to

 
20

–8
0 

kV
/c

m
. T

he
 tr

ea
tm

en
t i

s c
on

du
ct

ed
 at

 ro
om

 
te

m
pe

ra
tu

re
 o

r s
lig

ht
ly

 h
ig

he
r. 

Th
e p

rin
ci

pl
e o

f P
EF

 
ex

tr
ac

tio
n 

is 
to

 in
du

ce
 th

e e
le

ct
ro

po
ra

tio
n 

of
 th

e c
el

l 
m

em
br

an
e,

 th
er

eb
y 

in
cr

ea
sin

g 
th

e e
xt

ra
ct

io
n 

yi
el

d.

Im
pr

ov
es

 ex
tr

ac
tio

n 
an

d 
di

ff
us

io
n;

 
ce

ll 
pe

rm
ea

bi
lit

y;
 m

in
im

iz
e l

os
s o

f 
he

at
 se

ns
iti

ve
 m

ol
ec

ul
es

; s
el

ec
tiv

ity
 o

f 
ex

tr
ac

te
d 

co
m

po
un

ds
.

H
ig

h 
co

nt
ro

l o
f p

ar
am

et
er

s 
as

so
ci

at
ed

 w
ith

 th
e p

ro
ce

ss
 (e

ne
rg

y 
in

pu
t, 

st
re

ng
th

, p
ul

se
s, 

te
m

pe
ra

tu
re

, 
an

d 
ra

w
 m

at
er

ia
l p

ro
pe

rt
ie

s, 
e.g

. 
co

nd
uc

tiv
ity

).

[5
, 9

, 2
9,

 3
0]

H
ig

h 
vo

lta
ge

 el
ec

tr
ic

al
 

di
sc

ha
rg

es
 (H

V
ED

)
It 

is 
an

 ef
fe

ct
iv

e m
et

ho
d 

to
 d

am
ag

e t
he

 ce
ll 

st
ru

ct
ur

e 
an

d 
th

e e
xt

ra
ct

io
n 

of
 v

al
ua

bl
e c

el
lu

la
r c

om
po

un
ds

. 
Th

e f
irs

t s
te

p 
is 

th
e f

or
m

at
io

n 
an

d 
pr

op
ag

at
io

n 
of

 
a c

oi
l o

f a
 n

ee
dl

e e
le

ct
ro

de
 an

d 
th

e f
or

m
at

io
n 

of
 

ga
se

ou
s c

av
iti

es
. T

he
 se

co
nd

 st
ag

e o
cc

ur
s w

he
n 

th
e s

tr
ea

m
er

 re
ac

he
s t

he
 el

ec
tr

od
e p

la
te

 (p
ha

se
 

de
co

m
po

sit
io

n)
.

Ef
fic

ie
nc

y 
of

 ce
ll 

de
st

ru
ct

io
n;

 lo
w

 so
lv

en
t 

co
ns

um
pt

io
n;

 lo
w

 o
pe

ra
tin

g 
te

m
pe

ra
tu

re
 

an
d 

te
m

pe
ra

tu
re

 ri
se

.

Fr
ee

 ra
di

ca
ls 

pr
od

uc
tio

n,
 w

hi
ch

 ca
n 

re
ac

t w
ith

 an
tio

xi
da

nt
 co

m
po

un
ds

, 
th

us
 d

ec
re

as
in

g 
th

ei
r b

io
ac

tiv
y;

 
lo

w
er

 se
le

ct
iv

y;
 sc

al
e-

up
 d

iff
ic

ul
tie

s.

[1
9,

 2
2,

 3
1]

O
hm

ic
 h

ea
tin

g 
(O

H
)

N
on

-p
ul

se
d 

el
ec

tr
ot

ec
hn

ol
og

y 
ce

nt
er

ed
 o

n 
th

e 
co

nv
er

sio
n 

of
 el

ec
tr

ic
 en

er
gy

 in
to

 th
er

m
al

 en
er

gy
 

ba
se

d 
in

 th
e J

ou
le

 ef
fe

ct
 (h

ea
t i

s g
en

er
at

ed
 in

sid
e a

 
co

nd
uc

tiv
e m

at
rix

). 
Th

e v
ol

ta
ge

 ap
pl

ie
d 

in
 th

e O
H

 
pr

oc
es

s n
or

m
al

ly
 v

ar
ie

s b
et

w
ee

n 
40

0 
an

d 
40

00
 V

 
(e

le
ct

ric
 fi

el
d 

fr
om

 0
.0

01
 to

 1 
kV

/c
m

).

Fa
st

 an
d 

ho
m

og
en

eo
us

 h
ea

tin
g;

 re
du

ct
io

n 
of

 en
er

gy
 co

ns
um

pt
io

n 
an

d 
tim

es
; l

ow
 

w
at

er
 an

d 
or

ga
ni

c s
ol

ve
nt

s u
se

; l
ow

 
w

as
te

 g
en

er
at

io
n;

 se
le

ct
iv

ity
 o

f e
xt

ra
ct

ed
 

co
m

po
un

ds
; i

m
pr

ov
es

 ex
tr

ac
tio

n 
an

d 
di

ff
us

io
n 

by
 ce

ll 
pe

rm
ea

bi
lit

y.

H
ig

h 
co

nt
ro

l o
f p

ar
am

et
er

s 
as

so
ci

at
ed

 w
ith

 th
e p

ro
ce

ss
 (s

im
ila

r 
to

 P
EF

 an
d 

H
V

ED
).

[9
, 3

2,
 3

3]

Ta
bl

e 
1.

 
G

ee
n 

te
ch

no
lo

gi
es

 fo
r t

he
 ex

tra
ct

io
n 

of
 a

nt
io

xi
da

nt
 co

m
po

un
ds

 fr
om

 n
at

ur
al

 so
ur

ce
s.

567

Valorization of Natural Antioxidants for Nutritional and Health Applications
DOI: http://dx.doi.org/10.5772/intechopen.96111

of water and organic solvents in the process, environmental impact, economic costs 
and quantity of waste generated [8].

In the last decades, the growing interest in the global ecological footprint reduction, 
bioeconomy control and consumer safety, has propel the implementation of innovative 
and clean alternatives in the food, chemical, cosmetic and pharmaceutical industries, 
following the principles of green chemistry and green engineering [10, 11].

Among the various extraction factors, solvents play an important role in extrac-
tion efficiency. The reduction of hazardous solvents is also considered one of the 
priorities of international policies [12]. A suitable solvent is able to obtain safe and 
high-quality ingredients and to preserve the biological effects of the extracted 
compounds. Furthermore, it should be recyclable and reusable, preventing negative 
environmental effects.

Numerous solvents have been used for the extraction of antioxidants from foods, 
marine sources, medicinal plants and agroindustrial wastes [6]. The selection of 
solvents must be based on the chemical nature and polarity of the compounds to be 
extracted, since solvents with different polarities are necessary for the isolation of 
compounds with different chemical structure [5]. For example, most of the phe-
nolics, flavanoids and anthocyanins are hydrosoluble antioxidants. The polar and 
medium polar solvents, such as water, ethanol, methanol, propanol, acetone and 
their aqueous mixtures, are widely used for their extraction [13–15]. Carotenoids 
are lipid-soluble antioxidants, and common organic solvents, such as the mixtures 
of hexane with acetone, ethanol, methanol, or mixtures of ethyl acetate with 
acetone, ethanol, methanol, have been used for extraction [16–18].

A number of new alternatives to conventional techniques (Soxhlet, heat reflux, 
infusion, distillation, etc.), have been proposed to extract target antioxidant com-
pounds from various natural matrices. Table 1 presents a summary of the concept, 
the many benefits of some innovative extraction technologies as well as challenges 
associated with its use in the recovery of antioxidant molecules.

In the following sections some examples of natural matrices used as sources of 
antioxidant compounds using clean and innovative processes will be reported.

3. Natural sources of antioxidants

Fruits and vegetables are highly recommended dietary contents, widely known 
for their health-promoting effects and nutritious values. They got an essential place 
as conventional foods in the history because of their high amount of minerals, 
specifically electrolytes; vitamins, mainly vitamins C and E. Several studies are 
also demonstrating their high phytochemical contents eith antioxidant properties. 
Antioxidants obtained from plants, vegetables and fruits are mostly of terpenes, 
polyphenols, phytosterols, peptides, vitamins and minerals (Figure 1) [34, 35]. 
Antioxidant minerals, such as iron, zinc, selenium, copper, and manganese, act as 
cofactor of many antioxidant enzymes, absence of which may certainly disturb the 
activity of their enzymatic scavenging activity [2].

It has been argued that agri-food residues generated by the use of plants and 
their derivatives might have a negative impact on the environment when they are 
discarded. In developed countries, 42% of food waste is produced by households, 
while 39% losses occur in the food manufacturing industry, 14% in food service 
sector and remaining 5% in retail and distribution [36]. Waste from parts of plants 
such as peel, leaves, stem, seed, and roots generated from agriculture, to industrial 
manufacturing and processing [2]. They constitute a low-cost source of antioxidant 
molecules, which exhibit other biological activities, like antidiabetic, anti-obesity, 
antihypertensive, anticancer, and antimicrobial [13, 37, 38].
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Marine biodiversity is another underexploited source of natural products. 
Marine resources are gaining the attention of industries such as foods, pharmaceuti-
cals, nutraceuticals, and cosmetics because they have several interesting antioxidant 
molecules and other attractive biotechnological compounds (e.g. polysaccharides, 
pigments, proteins, etc.), making these resources a profound and renewable source 
to investigate novel molecules. Currently, more than 30000 structurally diverse 
secondary metabolites have been isolated from marine sources [39].

Algae are considered the richest source of active compounds with antioxidant 
activity (and other biological activities). They can be used as nutraceuticals, food 
additives and cosmetics. Algae are composed by a complex group of photosynthetic 
organisms with simple reproductive organs, which can be multicellular, known as 
macroalgae or seaweeds, and unicellular named as microalgae [40]. Algae produce 
various secondary metabolites with many antioxidant activities such as pigments 
(phycobiliproteins, chlorophylls and carotenoids), polyphenols (bromophenols, 
flavonoids, phlorotannins and phenolic acids), vitamins (β-carotene and other carot-
enoids), a complex of B vitamins (B1, B2, B3, B5, B6, B7 and B12), vitamin C (ascorbic 
acid), vitamin D and vitamin E (α-tocopherol) [40, 41]. Sulfated polysaccharides are 
nonanimal compounds reported to have antioxidant activities, which can be obtained 
from marine algae and other marine organisms from the phaeophyta group [42]. These 
compounds may be used as hydrocolloids and as nutraceuticals in the food industry.

Iodine (an important mineral from seaweeds), is a key element for hormones 
related with the thyroid, helping in the metabolism regulation [43].

Marine sponges (family Aplysinellidae) are recognized as producers of bromoty-
rosine derivatives, displaying a myriad of biological and pharmacological potentiali-
ties [39]. Many biological compounds previously isolated from some other marine 
organisms such as fish, crustaceans, and their by-products present bioactive potential.

For the past few decades, researchers and industry have been focusing their 
work on the use of by-products or biowastes to obtain products with high added 
value, using innovative and environmentally friendly processes. These products 
can be used as (bio)functional additives, or as a therapeutic alternative in the pre-
vention or treatment of cardiometabolic, cancer and neurodegenerative diseases 
[40, 42, 44, 45].

Figure 1. 
Classification of natural antioxidants.
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Sources Compounds Technologies (Solvents) Bioactivities References

Plants and by-products

Passion fruit 
peel

Carotenoids
Pectin

MAE,UAE
(water, 0live oil
sun flower oil)

Antioxidant
Antimicrobial
Anticancer

[46, 47]

Vine pruning Polyphenols OH, MAE,
(water, ethanol)

Antioxidant
Anticancer

[48, 49]

Grape skins Anthocyanins
Polyphenols

OH, MAE, UAE, EAE, PLE
(water, eutectic solvents)

Antioxidant [50–55]

Colored potato Anthocyanins OH
(water)

Antioxidant
Antimicrobial
Anticancer
Neuroprotective

[15]

Pine bark Polyphenols OH, MAE, UAE, SFE
(CO2, water, ethanol)

Antioxidant
Anticancer
Antimicrobial
Antihyperglycemic

[13, 56–58]

Pine nuts Polyphenols PLE, UAE, MAE
(water)

Antioxidant [59]

Soy beans Proteins
Isoflavones

EAE, UAE, PLE
(eutectic solvents, ionic 
liquid, water, methanol)

Antioxidant
Cardioprotective
Anticancer

[60–63]

Mentha Polyphenols
Essential oil

UAE, SFE, MAE, OH
(water, ethanol, methanol)

Antioxidant [64–66]

Tomato 
by-products

Polyphenols
Pectin
Fatty acids
Carotenoids

MAE, HHP, UAE, PEF, 
SFE, EAE
(hexane, methanol, 
acetone, ethyl lactate)

Antioxidant
Cardioprotective
Antihypertensive
Antidiabetic
Anticancer

[67–71]

Apple peels Pectin
Polyphenols

UAE, SFE
(water)

Antioxidant [72, 73]

Apple seeds Essential oils
polyphenols

PFE, UAE, SFE
(CO2, water)

Antioxidant [74–76]

Brewer’s spent 
grains

Polyphenols,
proteins

PEF, UAE, SFE
(water, ethanol)

Antioxidant [77–79]

Orange peel Pectin
Polyphenols

PEF, MAE
(citric acid)

Antioxidant [37, 80]

Moringa leaves Polyphenols
Vitamin C

PLE
(water)

Antioxidant [81]

Rapeseed oil
Guava oil,

Phytosterols,
Polyphenols
Tocopherols

SFE
(CO2, Euctetic solvents)

Anticholesterolemic
Antioxidant

[82, 83]

Roselle seeds
Black sesame 
seeds

Phytosterols SFE
(CO2, ethanol)

Anticholesterolemic
Antioxidant

[84, 85]

Microalgae

Spirulina 
platensis

Polyphenols
Carotenoids
Phycobiliproteins

OH; MAE; PEF; UAS; EAE
(water, ethanol)

Antioxidant
Antimicrobial
Anticancer
Anti-inflammatory

[86–95]

Heterochlorella 
luteoviridis

Carotenoids
Lipids

OH; UAE
(ethanol)

Antioxidant
Anti-inflammatory

[96, 97]
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Table 2 shows some examples of bioactive molecules from natural sources 
(plants and their by-products and algae), as well as the type of technologies and 
solvents used in the extraction process.

Sources Compounds Technologies (Solvents) Bioactivities References

Chorella 
vulgaris

Carotenoids
Polyphenols

PEF; SFE
(CO2, Water, water: 
ethanol)

Antioxidant
Antimicrobial
Anticancer
Anti-inflammatory

[98–101]

Nannochloropsis 
spp

Carotenoids
Chlorophylls
Polyphenols
Proteins
Lipids

UAE; PEF; PLE
(water, ethanol, dimethyl 
sulfoxide)

Antioxidant
UV-protective
Anti-inflammatory
Anticancer

[102–104]

Phaeodactylum 
tricornutum

Proteins
Pigments
Lipids
Carotenoids
Chlorophylls
Polyphenols

HVED; HHP; PLE, MAE
(water, ethanol, 
chloroform: methanol)

Antioxidant [17, 105]

Neochloris 
oleoabundans

Carotenoids PLE
(ethanol)

Antioxidant [106]

Macroalgae

Gracilaria Sulfated 
polysaccharides

Maceration by liquid 
nitrogen
(sodium acetate buffer)

Antioxidant [42]

Laminaria 
ochroleuca

Fatty acids
Polyphenols

PLE
(hexane, ethyl acetate, 
ethanol and ethanol:water)

Antioxidant
Anti-atherogenic

[107]

Ascophyllum 
nodosum
Laminaria 
japonica
Lessonia 
trabeculate
Lessonia 
nigrecens

Polyphenols MAE
(70% methanol)

Antioxidant
Anti-hyperglycemic

[108]

Fucus serratus
Laminaria 
digitata
Gracilaria 
gracilis
Codium fragile

Polyphenols PLE
(water, ethanol/water, and 
methanol/water)

Antioxidant
Antiproliferative

[40, 109]

Palmaria 
palmata

Proteins
Peptides

EAE
(water)

Antioxidant
Cardioprotective
Anti-inflammatory
Anti-diabetic

[110, 111]

Gelidium 
pusillum

Phycobiliproteins UAE
(phosphate buffer)

Antioxidant
Anticancer
Anti-inflammatory

[112, 113]

MAE, Microwave assisted extraction; UAE, Ultrasound assisted extraction; PLE, Pressurized liquid extraction; 
SFE, Supercritical fluid extraction; HHP, High hydrostatic pressure; EAE, Enzyme assisted extraction; PEF, Pulsed 
electric field; HVED, High voltage electrical discharges; OH, Ohmic heating.

Table 2. 
Green processes for antioxidants recovery from some plants, algae and by-products.
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Currently, phytochemicals are being used in several commercial applications, 
like nutraceuticals, food supplements, cosmetic products, food coloring agents, 
among others. As an example Moringa Olifeira extract is widely used in cosmetics or 
bath cosmetics [114]. Pycnogenol® is trade mark for the French pine bark extract, 
which is used as a food supplement with antioxidant properties [115]. Curcumin 
(Biocurcumax ®, BCM-95® CURCUGREEN®) is used as coloring agent for food and 
cosmetics, as well as a nutraceutical [116].

Multiple cosmetics companies use algae extracts and compounds in their formu-
lations, as an active agent, or a moisturizer, excipient, gelling, thickening, dyes, pig-
ments, preservatives, additives, aroma or fragrance agents. For example, Gracilaria 
species extracts are integrated into various commercial cosmetics, such as hydrogel 
soap from Sealaria® (Kfar Hess, Israel), facial mask by Balinique® (Miami, FL, 
USA), and hydrating cream by Thalasso® (Rosa Graf, Stamford, CT, USA). The 
Chondrus crispus extract enriched in sulphated polysaccharides, Gelcarin® (Dupont 
Nutrition and Biosciences, Wilmington, DEL, USA), to be used in various cosmetic 
products as gelling, thickener and stabilizer agent [43].

β-Carotene was the first high-value product commercially produced from a 
microalga Dunaliella salina with production starting in the 1980s by four produc-
ers—Koor Foods (Nature Beta Technology) in Israel, Western Biotechnology Ltd. 
and Betatene Ltd. in Australia, and Nutralite in the USA [117].

3.1 Enzymes

Antioxidant enzymes, such as superoxide dismutase (SOD), catalase (CAT), and 
glutathione peroxidase (GPx), are considered to be, the first line defense in the cells 
against reactive species like superoxide radical (·O2). SOD, CAT and GPx are indis-
pensable in the antioxidant defense of the body [118]. SOD is an endogenous enzyme 
and the most powerful antioxidant in the cell. As a metalloenzyme SOD requires a 
metal cofactor for its activity (iron,zinc or copper). It catalyzes the conversion of 
two molecules of ·O2 to hydrogen peroxide (H2O2). The level of superoxide dismutase 
decrease with the age. Moreover, the SOD deficiency was connected to a number 
of pathologies in both animals and humans. The daily intake of SOD supplement 
protect the immune system and slow down aging process. CAT is highly efficient 
antioxidant enzyme, located primarily in the peroxisomes but absent in mitochon-
dria of mammalian cells. It catalyzes the reduction of H2O2 to water and molecular 
oxygen, completing the process initiated by SOD. In the mammalian mitochondria 
cells, where the catalase is absent, the breakdown of the hydrogen peroxide to 
water and oxygen is carried out by another enzyme the GPx. GPx is an intracellular 
enzyme, and its activity depends on the micronutrient cofactor selenium [118]. 
Cabbage, brussels sprouts, and broccoli are natural sources of these enzymes [118].

3.2 Proteins and peptides

The protein role in the antioxidant defense system is a result of their direct 
action as precursors of intracellular formation of glutathione [119]. The antioxidant 
potential of fruit and vegetable juices and grain products is comparable to the 
antioxidant potential of milk [119]. Plant proteins are considered the new source of 
antioxidant peptides [120]. Soy milk is soybean-derived product rich in bioactive 
peptides and isoflavones. It is one of the most popular milk-substitutes for individu-
als with lactose-intolerance [121]. Other known plant protein drinks substitutes of 
caw milk are rice milk and almond milk.

Bioactive peptides are present in many fermented and functional foods. The 
bioactive peptides usually have between 2 and 20 amino acids residues and exercise 
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their activities only after being released from the main protein. Bioactive peptides 
can display different activities, e.g. antihypertensive, antioxidant, immunomodula-
tory, anti-inflammatory or antimicrobial, depending on the sequence and amino 
acid composition [122]. Agroindustrial by-products and wastes are being used 
as a source of bioactive peptides. Tomato seeds, containing 28% of protein, were 
subjected to fermentation to obtain different size of peptides [122]. Many times in 
fruit processing the main generated waste is the fruit stone. The alternatives for 
reutilization of these type of waste are few (as fertilizers or fuels). The cherry fruit 
stone contain high values of protein (up to 39%), and is considered a cheap source 
for production of bioactive peptides [123]. The obtained peptide fractions had 
high antioxidant or antihypertensive activities [123]. Phycobiliproteins are water 
soluble protein found in  Rhodophyta (red algae), Cyanobacteria (Spirulina), and 
Cryptophyta (Table 2). These proteins are well known for their strong antioxidant 
and free-radical scavenging activities [124]. Phycobiliproteins are divided in three 
classes phycoerythrin, phycocyanin and allophycocyanin. These proteins constitute 
up to 60% of the total soluble cellular protein in microalgae [125]. Phycobiliproteins 
have high commercial value as natural colorants in the nutraceutical, cosmetic, and 
pharmaceutical industries [124].

Other wastes like, peel, leaves, stem, seeds and roots are generated during har-
vesting, post-harvesting or processing of plants. These wastes are low-cost source 
of antioxidant molecules like terpenes, polyphenols, phytosterols and peptides 
that can exhibit different biological activities including antidiabetic, anti-obesity, 
antihypertensive, anticancer, antiviral and antibacterial [126].

3.3 Terpenes

Terpenes also known as terpenoids or isoprenoids are antioxidant molecules 
formed by the condensation of two subunits of isoprene (C5H8). Moreover, the 
terpenes are classified on the basis of the number of isoprene units (Figure 1). 
Terpenes are the main constituents of essential oils (up to 90%) and are very 
diverse in structure and compounds. Carotenoids are a class of natural lipid-soluble 
pigments that are responsible for the red, yellow, and orange colors found in various 
plants and microorganisms. Carotenoids are tetraterpenes (C-40) classified in 
two groups xanthophylls (lutein, zeaxanthin, and β-cryptoxanthin) and carotenes 
(α-carotene, β-carotene, and lycopene). Carotenoids are beneficial for humans and 
animals demonstrating antioxidant, antidibetic, antihypertensive, anti-inflamma-
tory and anticancer activities [33, 127–129].

3.4 Polyphenols

Polyphenol compounds are secondary metabolites produced in plants as a 
response to different stress conditions. Nowadays more than 8,000 polyphenols 
are known and more than a half correspond to the group of flavonoids. The main 
structure of the phenols is the benzene ring with different OH radicals. According 
to their chemical structure phenolic compounds can be divided in two major groups 
flavonoid and non-flavonoid. The non-flavonoid group includes the phenolic acids 
(hydroxybenzoic acids and hydroxycinnamic acids), stilbenes and lignans. The 
anthocyanins, flavanols, flavonols, flavones, flavanones, isoflavones and tannins are 
flavonoids [5].

Flavonoid consumption is associated with a reduced risk of coronary heart 
disease, stroke and cancer. Rich sources of polyphenol compounds in nature are 
fruits and vegetables, cereals, chocolate, olive oils and beverages such as tea and 
wine (Table 2). Polyphenols are known for their strong antioxidant properties [5]. 
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The strength of their antioxidant activity depends on their interaction with other 
molecules. For example the absorption of polyphenols in human body is enchased 
when there is no sugar molecules attached with them. This means that tea polyphe-
nol have higher absorption than fruit polyphenols because of the high sugar con-
tent. Normally from the total consumed amount of polyphenol only 15% -20% are 
absorbed in the human blood [2]. Moreover, studies demonstrated that the addition 
of milk to tea, a habit common in the United Kingdom, reduces the absorption of 
flavonols and diminish their antioxidant effect [130].

3.5 Vitamins

Vitamins obtained from fruit and vegetables also act as antioxidants. Examples 
are vitamin C and vitamin E. Vitamin C, that is ascorbic acid is powerful anti-
oxidant found in citrus fruits and vegetables such as oranges, lemons, as well as 
tomatoes. Vitamin E is a fat-soluble vitamin found naturally in lipid-rich fruits and 
vegetables, such as olives, sun flower, and nuts [2].

3.6 Phytosterols

Phytosterols are natural bioactive compounds belonging to the group of trit-
erpens. Humans must obtain phytosterols from plant-derived foods, such as nuts, 
seeds, cereals and legumes, vegetable oils, soybean oil, and sunflower oil (examples 
in Table 2) [126]. The most important and abundant phytosterols are β-sitosterol 
(carbon structure C-29), campesterol (C-28), and stigmasterol (C-29) [126, 131]. 
Phytosterols have chemical structures and functions similar to cholesterol, but 
differ from it by an extra methyl or ethyl group at C-24 or a double bond at the C-22 
position [132]. Because of the similarity in the structure, phytosterols can reduce 
cholesterol absorption in the small intestine and thus decreasing blood cholesterol 
levels. Additional known bioactivities of the phytosterols are anticholesterolemic, 
antidiabetic, hepatoprotective, anticancer, antioxidant, antimicrobial and anti-
inflammatory [131, 133].

4. Antioxidant actions of phytochemicals

4.1 In vitro evidence

Oxidation is a natural phenomenon of human cells. Several important biological 
processes need reactive oxygen species (ROS) like superoxide radicals, hydrogen 
peroxide, hydroxyl radicals and singlet oxygen [134, 135]. Without them, protein 
phosphorylation, activation of transcriptional factors, apoptosis or cell differentia-
tion would not occur. The problem lays on the formation/degradation imbalance 
of ROS and/or reactive nitrogen species (RNS) [134, 135]. The cell has intrinsic 
mechanisms to protect itself from excess of ROS/RNS, but only to an extent. If 
the threshold levels are overcome, cellular structures can be damaged like protein 
[134–136], lipids [134, 135, 137], polysaccharides [134, 135, 138] and nucleic acids 
[134, 135, 139]. Several cell mechanisms of defense against oxidative stress have 
been described in the literature [140, 141]. These mechanisms can be divided into 
enzymatic and non-enzymatic. SOD, CAT, GPx, Thioredoxin (TRX), Peroxiredoxin 
(PRX), Glutathione transferase (GST) are endogenous enzymatic mechanisms, 
while All trans retinol 2 (Vitamin A), Ascorbic acid (Vitamin C) and α-Tocopherol 
(Vitamin E) are non-enzymatic endogenous antioxidant mechanism [141]. SOD 
catalyzes de dismutation of the superoxide anion free radical into molecular oxygen 
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their activities only after being released from the main protein. Bioactive peptides 
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3.4 Polyphenols

Polyphenol compounds are secondary metabolites produced in plants as a 
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wine (Table 2). Polyphenols are known for their strong antioxidant properties [5]. 

573

Valorization of Natural Antioxidants for Nutritional and Health Applications
DOI: http://dx.doi.org/10.5772/intechopen.96111

The strength of their antioxidant activity depends on their interaction with other 
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peroxide, hydroxyl radicals and singlet oxygen [134, 135]. Without them, protein 
phosphorylation, activation of transcriptional factors, apoptosis or cell differentia-
tion would not occur. The problem lays on the formation/degradation imbalance 
of ROS and/or reactive nitrogen species (RNS) [134, 135]. The cell has intrinsic 
mechanisms to protect itself from excess of ROS/RNS, but only to an extent. If 
the threshold levels are overcome, cellular structures can be damaged like protein 
[134–136], lipids [134, 135, 137], polysaccharides [134, 135, 138] and nucleic acids 
[134, 135, 139]. Several cell mechanisms of defense against oxidative stress have 
been described in the literature [140, 141]. These mechanisms can be divided into 
enzymatic and non-enzymatic. SOD, CAT, GPx, Thioredoxin (TRX), Peroxiredoxin 
(PRX), Glutathione transferase (GST) are endogenous enzymatic mechanisms, 
while All trans retinol 2 (Vitamin A), Ascorbic acid (Vitamin C) and α-Tocopherol 
(Vitamin E) are non-enzymatic endogenous antioxidant mechanism [141]. SOD 
catalyzes de dismutation of the superoxide anion free radical into molecular oxygen 
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and hydrogen peroxide [141, 142] (Eqs. (1) and (2)). As described by Younus [142] 
this reaction is accompanied by an alternate oxidation–reduction of the metal ions 
present in the active site of SOD.

 ( )n nM SOD O M SOD O+ − +− + → − +1
2 2   (1)

 ( ) ( )n nM SOD O H M SOD H O+ +− +− + + → − +1
2 2 22   (2)

CAT can use iron or even manganese as a cofactor for its enzymatic reactions 
that will lead to the degradation or reduction of hydrogen peroxide to water mol-
ecules and oxygen. This enzyme competes the detoxification process that SOD 
initiated (Eqs. (3)-(5))[118, 143, 144].

 H O O H O→ +2 2 2 22   (3)

 ( ) ( ) ( )H O Fe III E H O O Fe IV E+ − → + = − +2 2 2 .   (4)

 ( ) ( ) ( )H O O Fe IV E H O Fe III E O+ = − + → + − +2 2 2 2.   (5)

GTPx encompasses two independent reactions, the first one is the reduction of 
the enzyme by a hydroperoxide (Eq. (6)) followed by the oxidation to GSH [145].

 GSH ROOH GSSG ROH H O+ → + + 22 2   (6)

 GSH H O GSSG H O+ → +2 2 22 2   (7)

Trx system is composed by Trx and thioredoxin reductase and NADPH. It is 
described that Trx uses cysteines at position 32 and 35 for the enzymatic reac-
tion. In the first reaction (Adenosine monophosphate + sulfite + thioredoxin 
disulphide = 5′-adenylyl+thioredoxin) [141, 146] the N-terminal cysteine of Trx 
acts on the disulphide bond of the substrate protein, leading to the formation 
a mixed disulphide bond between Trx and the substrate protein. Following the 
reaction to the C-terminal cysteine of Trx on the intermediate intermolecular 
disulphide bond, which will form in a disulphide bond in the oxidized Trx 
and the breakdown of the disulphide bond in the reduce substrate (Adenosine 
3′,5′-bisphosphate + sulfite + thioredoxin disulphide = 3′-phosphoadenylyl 
sulphate+thioredoxin) [141, 146]. PRX are antioxidant enzyme with the ability 
to reduce hydroperoxides, organic hydroperoxides and peroxynitrite using Trx as 
electrons donor (Eq. 8) [141, 147].

 R SH ROOH R S S R H O ROH− + = − − − + +22 ` ` `   (8)

The presence of ROS initiates an autocatalytic chain lipid peroxidation of poly-
unsaturated acids, which leads to the formation of toxic electrophilic species and 
free radicals. This reaction may lead to the increase of 4-Hydroxynonenal (4HNE). 

575

Valorization of Natural Antioxidants for Nutritional and Health Applications
DOI: http://dx.doi.org/10.5772/intechopen.96111

GST catalyze conjugation of lipid aldehydes like 4HNE, with GSH are the major 
defense against oxidative stress-induced cytotoxicity (Eq. (9)) [141, 148].

 RX GSH HX R S GSH+ = + − −  (9)

It is not clear if oxidative stress is the onset of degenerative diseases [149], but 
it is well known that it plays a significant role in their progression, like in the case 
of Alzheimer’s disease or vascular dementia [150]. Oxidative stress is also involved 
in other diseases like cancer [151, 152], cardiovascular diseases [153], metabolic 
disorders [154], and even on aging [149, 155]. Therefore, it is necessary to lower the 
ROS/RNS concentration inside the cell to minimize the effect. Antioxidants can act 
by different chemical mechanism: hydrogen atom transfer (HAT), single electron 
transfer (SET) and the ability to chelate transition metals.

Most of the commercially available anti-inflammatory and antioxidant medica-
tion present side effects [156], therefore the interest in natural antioxidants has 
grown considerably for the past years, being the phytochemicals a group of interest.

The characterization of molecules with antioxidant potential is complex, due to 
the inherent complexity of the oxidative reactions that occurs in cells [156]. There 
are several methods to determine the antioxidant potential of a particular substrate. 
Table 3 describes some of the chemical in vitro methods.

The chemical characterization of phytochemicals in terms of their antioxidant 
capacity is only the first step. It is necessary to perform a second screening using 
ex vivo models, like LDL-cholesterol assay [165, 166], supercoiled plasmid pBR322 
DNA Model [166], Haemololysis inhibiton assay [167], 2′,7′-dichlorofluorescin 
diacetate (DCFH-DA) [168].

Several studies have been made regarding the antioxidative properties of phyto-
chemicals, as an example Ferreira-Santos et al. [13] demonstrated that the presence 
of phytochemicals in Pinus bark has antioxidant properties. It has been shown that 
extracts of Moringa oleifera leaves significantly reduced the ROS production induc-
ing by H2O2 in HEK-293 cells [169]. Dilworth et al. presented similar results, it was 
demonstrated that the presence of Moring oleifera extract results in a significant 
decrease of the ROS in HL60 cells after an oxidative insult [170]. Soybean peptide 
also demonstrated similar results, where HepG2 cells in the presence of this com-
pound resulted in a significant decrease on ROS [171]. These are a few of the several 
studies that demonstrate the high potential of phytochemicals.

The third step is to evaluate these molecules in vivo. Pre-clinical tests using 
animal models and human clinical studies are required.

4.2 In vivo evidence

In the literature there are extensive studies regarding phytochemicals impact 
human health, particularly on the prevention of cardiovascular, metabolic, neuro-
degenerative and cancer diseases.

4.2.1 Cardiovascular and metabolic diseases

Cardiovascular diseases are associated with a multiple risk factors like hypercho-
lesterolemia, hypertension, smoking, diabetes, poor diet, stress and physical inac-
tivity. Usually, vegetables like spinach, citrus fruits, soybean oil, sprouts, peppers, 
cereals, spices, whole grain, honey, walnuts and black tea can significantly increase 
the hepatic antioxidant enzymes reduces the risk of cardiovascular diseases. Some 
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and hydrogen peroxide [141, 142] (Eqs. (1) and (2)). As described by Younus [142] 
this reaction is accompanied by an alternate oxidation–reduction of the metal ions 
present in the active site of SOD.
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described that Trx uses cysteines at position 32 and 35 for the enzymatic reac-
tion. In the first reaction (Adenosine monophosphate + sulfite + thioredoxin 
disulphide = 5′-adenylyl+thioredoxin) [141, 146] the N-terminal cysteine of Trx 
acts on the disulphide bond of the substrate protein, leading to the formation 
a mixed disulphide bond between Trx and the substrate protein. Following the 
reaction to the C-terminal cysteine of Trx on the intermediate intermolecular 
disulphide bond, which will form in a disulphide bond in the oxidized Trx 
and the breakdown of the disulphide bond in the reduce substrate (Adenosine 
3′,5′-bisphosphate + sulfite + thioredoxin disulphide = 3′-phosphoadenylyl 
sulphate+thioredoxin) [141, 146]. PRX are antioxidant enzyme with the ability 
to reduce hydroperoxides, organic hydroperoxides and peroxynitrite using Trx as 
electrons donor (Eq. 8) [141, 147].
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The presence of ROS initiates an autocatalytic chain lipid peroxidation of poly-
unsaturated acids, which leads to the formation of toxic electrophilic species and 
free radicals. This reaction may lead to the increase of 4-Hydroxynonenal (4HNE). 
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GST catalyze conjugation of lipid aldehydes like 4HNE, with GSH are the major 
defense against oxidative stress-induced cytotoxicity (Eq. (9)) [141, 148].
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it is well known that it plays a significant role in their progression, like in the case 
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in other diseases like cancer [151, 152], cardiovascular diseases [153], metabolic 
disorders [154], and even on aging [149, 155]. Therefore, it is necessary to lower the 
ROS/RNS concentration inside the cell to minimize the effect. Antioxidants can act 
by different chemical mechanism: hydrogen atom transfer (HAT), single electron 
transfer (SET) and the ability to chelate transition metals.

Most of the commercially available anti-inflammatory and antioxidant medica-
tion present side effects [156], therefore the interest in natural antioxidants has 
grown considerably for the past years, being the phytochemicals a group of interest.

The characterization of molecules with antioxidant potential is complex, due to 
the inherent complexity of the oxidative reactions that occurs in cells [156]. There 
are several methods to determine the antioxidant potential of a particular substrate. 
Table 3 describes some of the chemical in vitro methods.

The chemical characterization of phytochemicals in terms of their antioxidant 
capacity is only the first step. It is necessary to perform a second screening using 
ex vivo models, like LDL-cholesterol assay [165, 166], supercoiled plasmid pBR322 
DNA Model [166], Haemololysis inhibiton assay [167], 2′,7′-dichlorofluorescin 
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Several studies have been made regarding the antioxidative properties of phyto-
chemicals, as an example Ferreira-Santos et al. [13] demonstrated that the presence 
of phytochemicals in Pinus bark has antioxidant properties. It has been shown that 
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also demonstrated similar results, where HepG2 cells in the presence of this com-
pound resulted in a significant decrease on ROS [171]. These are a few of the several 
studies that demonstrate the high potential of phytochemicals.

The third step is to evaluate these molecules in vivo. Pre-clinical tests using 
animal models and human clinical studies are required.

4.2 In vivo evidence

In the literature there are extensive studies regarding phytochemicals impact 
human health, particularly on the prevention of cardiovascular, metabolic, neuro-
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Method Description Determination References

2,2-diphenyl-1-
picrylhydrazyl
(DPPH)

DPPH is a stable free radical that 
in contact with a substrate that 
can donate a hydrogen bond 
forms a non-radical molecule 
Diphenylpicrylhhydrazine.
Scavenging activity mechanism.

Colorimetric [1]

2,2`-azino-bis(3-
ethylbenzothiazoline-6-
sulphonic acid
(ABTS)

In the presence of antioxidant 
ABTS.+ is reduce to ABTS resulting 
in a decrease in color.
Scavenging activity mechanism.

Colorimetric [157, 158]

O2
−· scavenging activity This assay is optimized for 

enzymatic antioxidants and relies 
on the competition kinetics of O2

−· 
reduction of cytochrome C (probe) 
and O2

−· scavenger (sample). 
Not suitable for non-enzymatic 
antioxidants.
Scavenging activity mechanism.

Fluorescence [1]

H2O2 scavenging 
activity

A common assay that claims to 
measure H2O2 scavenging capacity 
of dietary antioxidants uses 
horseradish peroxidase to oxidize 
scopoletin to a nonfluorescent 
product. In the presence of 
antioxidants the oxidation is 
inhibited.
Scavenging activity mechanism.

Fluorescence [1]

Ferric ion reducing 
antioxidant power
(FRAP)

It is based on the ability of 
antioxidants to reduce ferric iron. 
The molecule 2,3,5-triphenyl-1,3,4-
triaza-2-azoniacyclopenta-1,4-
diene chloride (TPTZ) is reduce 
to the ferrous form at a low pH. 
This reduction will result in a color 
change.
Reducing power mechanism.

Colorimetric [158, 159]

Cupric ion reducing 
antioxidant capacity
(CUPRAC)

bis(neocuproine)copper(II) 
chloride (Cu(II)-Nc) chromogenic 
oxidizing agent can react with a 
polyphenol. The reactive Ar-OH 
from the polyphenol are oxidized 
to quinones and Cu (II)-Nc 
reduced to a highly colored Cu 
(I)-Nc chelate.

Colorimetric [158, 160]

Oxygen radical 
absorbance capacity
(ORAC)

Assay is based on the oxidation of a 
fluorescent probe by peroxyl radicals 
by way of a hydrogen atom transfer 
(HAT) process. Peroxyl radicals are 
produced by a free radical initiator, 
which quenches the fluorescent 
probe over time. Antioxidants 
present in the assay work to block 
the peroxyl radical oxidation of 
the fluorescent probe until the 
antioxidant activity in the sample 
is depleted. The remaining peroxyl 
radicals destroy the fluorescence of 
the fluorescent probe.

Fluorescence [161, 162]
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specific fruits, vegetables or legumes can prevent cardiovascular disease induced by 
oxidative stress, due to presence of unique dietary antioxidant components [34].

Already in 1999, a study comprising approximately 100 000 patients in the 
US evaluated over a period of 7 years the outcome of flavonoid intake. The results 
demonstrated that flavonoid consumption was associated with lower risk of 
death with cardiovascular disease [172]. Patel et al. described that cohort studies 
clearly indicate that the consuption of plant-based foods decrease the prevalence 
of cardiovascular diseases [173]. Zhang et al. examinated the relation between soy 
food intake and the incidence of coronary heart disease in a cohort study of 75 000 
and concluded that there is a clear evidence of soy food intake and reduce risk of 
coronary heart disease [174].

Hypertension is characterized by high blood pressure leading to cardiac and 
vascular problems. A study performed in hypertensive rats demonstrated that the 
intake of Moringa oleifera seed powder did not reduce blood pressure, but decreased 
nocturnal heart rate and improved cardiac diastolic function [175]. Another study, 
lycopene diet ameliorates metabolic syndrome, lowering blood pressure, maintains 
normal blood glucose and prevents insulin resistance, ameliorates hypertension, 
vascular function and improves oxidative stress [33].

Diabetes mellitus, a chronic metabolic disease, characterized by elevated levels 
of blood glucose and insufficiency in production and action of insulin is the seventh 
leading cause of death worldwide. Phytochemicals with antioxidant activity like 
cinnamic acids, coumarins, diterpenes, flavonoids, lignans, prophenylphenols, 
monoterpenes, tannins, triterpenes, etc. also proved beneficial to protect diabetes or 
protect diabetic complications [176].

4.2.2 Cancer

Similarly to cardiovascular diseases, the number of reports regarding the ben-
efices of phytochemicals and cancer prevention and treatment are immense. Briefly, 
it has been reported that curcumin, a polyphenol compound that has anticancer 
properties, acting on cell cycle regulation, apoptosis, oncogene expression and 
metastasis [177]. The intake of green tea seem to help in the treatment of patients 
with low grade B-cell tumors [178, 179]. Another phytochemical that demonstrated 
positive results is Panax ginseng (responsible chemical groups, steroid glycosides 
and triterpene saponins). Clinical trials demonstrated that P. ginseng decreases 
cancer incidence and inflammation, particularly that ginseng tea decreases the risk 
of pharynx, larynx, esophagus cancer among others [180]. Some of the reported 
flavonoids (e.g., catechin, apigenin, kaempferol, quercetin, etc) are able to influ-
ence the deregulated processes during cancer development. Thus, flavonoids have 
beneficial effects on health and have the potential for the development of possible 

Method Description Determination References

Total radical-trapping 
antioxidant potential
(TRAP)

It is based on the measurement 
of the fluorescence decay of 
R-phytocoerythrin during an 
oxidation reaction.
Antioxidant activity mechanism.

Chemiluminescence 
quenching

[163, 164]

Thiobarbituric reactive 
substances
(TBARS)

Lipid peroxidation inhibition. Colorimetric 
Fluorescence

[1]

Table 3. 
In vitro assays to evaluate natural substrates antioxidant potential.
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Method Description Determination References
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specific fruits, vegetables or legumes can prevent cardiovascular disease induced by 
oxidative stress, due to presence of unique dietary antioxidant components [34].

Already in 1999, a study comprising approximately 100 000 patients in the 
US evaluated over a period of 7 years the outcome of flavonoid intake. The results 
demonstrated that flavonoid consumption was associated with lower risk of 
death with cardiovascular disease [172]. Patel et al. described that cohort studies 
clearly indicate that the consuption of plant-based foods decrease the prevalence 
of cardiovascular diseases [173]. Zhang et al. examinated the relation between soy 
food intake and the incidence of coronary heart disease in a cohort study of 75 000 
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with low grade B-cell tumors [178, 179]. Another phytochemical that demonstrated 
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and triterpene saponins). Clinical trials demonstrated that P. ginseng decreases 
cancer incidence and inflammation, particularly that ginseng tea decreases the risk 
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Method Description Determination References

Total radical-trapping 
antioxidant potential
(TRAP)

It is based on the measurement 
of the fluorescence decay of 
R-phytocoerythrin during an 
oxidation reaction.
Antioxidant activity mechanism.

Chemiluminescence 
quenching

[163, 164]

Thiobarbituric reactive 
substances
(TBARS)

Lipid peroxidation inhibition. Colorimetric 
Fluorescence

[1]

Table 3. 
In vitro assays to evaluate natural substrates antioxidant potential.
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chemoprotective therapeutic agents for the treatment of cancer. Some dietary flavo-
noids have antitumor activity during in vivo studies and also repress angiogenesis. 
In vitro studies conclude the potential of flavonoid-induced modulation of kinases 
with apoptosis, vascularization, cell differentiation, cell proliferation, etc [181]. For 
example, flavonoids have shown a potential effect in breast cancer as potent inhibi-
tors of aromatase, i.e., cytochrome P450 enzyme complex. Quercetin has shown 
decreased cell proliferation in prostate cancer and cell apoptosis by downregulation 
of heat-shock protein 90 (HSP90) [182].

4.2.3 Neurodegenerative diseases

Neurodegenerative diseases are highly debilitating diseases associated to oxida-
tive stress and inflammatory processes. Several studies have been performed to 
validate the benefices of phytochemicals on the several neurodegenerative diseases, 
like Alzheimer’s, Parkinson’s and multiple sclerosis. Flavonoids have a specific role 
in central nervous system maintaining homeostasis by effecting as antianxiety, 
anticonvulsant, by modulating neuronal oxidative metabolism, and neurotransmit-
ters [183]. Epigallocatechin-3-galate, a polyphenol present in the tea leaves seems to 
delay neurons degeneration [184]. A commercial drug which has in its composition 
Epigallocatechin-3-galate demonstrated to reduce amyloid plaques on an Alzheimer 
disease model [185, 186]. Another study demonstrated that epigallocatechin-
3-galate and tea prevented the loss of cells in substantia nigra in a Parkinson Disease 
model [187]. In a neuronal cell culture model SH-SY5Y cells, the presence of 
epigallocatechin-3-galate has a protective effect [187].

In vitro studies for Parkinson’s, quercetin markedly reduced the apoptosis of 
pheochromocytoma (PC-12) cells and hippocampal neurons. It showed increased 
cell viability and inhibited ROS and MDA production in H2O2-induced toxicity in 
PC-12 cells [183].

Once again curcumin demonstrates to have a positive effect in Alzheimer’s 
disease, as it can bind to amyloid plaques by inhibiting NF-κβ [188]. A different 
study demonstrated that ethanolic turmeric extract (Curcuma longa L.) prevented 
oxidative stress by decreasing the plasma and brain MDA levels and increasing the 
SOD, CAT, and GPx enzyme activities as well as GSH levels in the brain, showing 
neuroprotective effects [189].

Yang et al. [190] reported the neuroprotective effects of Ginkgo biloba extract 
(rich in flavonol glycosides and terpene trilactones) by preventive action on neu-
ronal cell death and enhancement of the function of brain capillary endothelial 
monolayers.

As an example of a carotenoid action, astaxanthin has potent antioxidant, 
anti-inflammatory and neuroprotective properties. Wu and coworkers  
[191] suggested that astaxanthin could alleviate brain aging, which may  
be due to attenuating oxidative stress, ameliorating hippocampus damage and 
increasing brain derived neurotrophic factor levels, preventing age-related 
neurodegenerative diseases.

5. Conclusions and future perspectives

The use of green methodologies and extraction process optimization to obtain 
highly value molecules with antioxidant properties, like terpenes, polyphenolic, 
phytosterols, and bioactive peptides, has increased for the past years. The reduction 
of the environmental footprint and the ability to obtain safe products with high 
industrial interest is fundamental for the future.
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Chapter 29

Recent Advances in Antioxidant 
Capacity Assays
Andrei Florin Danet

Abstract

This work presents a survey of the important antioxidant capacity/activity 
assays applied for a diversity of samples including plant extracts, foods, biological 
material, etc. The published materials are critically discussed, emphasizing the 
recent findings in the field. New and emergent antioxidant capacity assays, such as 
nanoparticles-based assay, are also presented. The discussion includes chemical-
based methods as well as biochemical and cellular assays. Chemical methods 
detailed are radical/ROS-based scavenging assays (the trolox equivalent antioxidant 
capacity (TEAC/ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), oxygen radical 
absorbance capacity (ORAC) assays, chemiluminescence methods, total radical-
trapping antioxidant parameter (TRAP), total oxy radical scavenging capacity 
(TOSC), and β-carotene bleaching assays), non-radical redox potential-based 
assays (ferric reducing antioxidant power (FRAP), cupric reducing antioxidant 
capacity (CUPRAC), nanoparticle-based methods and electrochemical methods), 
metal chelation capacity and total phenolic content tests. The biochemical-based 
assays and in vivo assays discussed include the oxidation of low density lipoprotein 
(LDL), the thiobarbituric acid reactive substances (TBARS) and the cellular anti-
oxidant activity (CAA) assays. While a direct link between the antioxidant capacity 
and health benefits is still a matter of debate, the antioxidant testing methodologies 
presented in this chapter remain valuable for the high efficiency and cost-effective 
evaluation of antioxidants, from compound discovery to quality control.

Keywords: antioxidant, total antioxidant capacity, reactive species, phenolic 
compounds, antioxidant assay, phytochemicals, food analytical method

1. Introduction

Antioxidants are classified in two categories: (1) primary or chain-breaking anti-
oxidants, especially acting by scavenging reactive oxygen species/reactive nitrogen 
species (ROS/RNS) and (2) secondary or preventive antioxidants, that suppress 
the oxidation promoters such as metal ions, singlet oxygen, pro-oxidative enzymes 
and other antioxidants, commonly operating by transition metal ion chelation [1]. 
An antioxidant may operate directly or indirectly: directly by scavenging ROS/RNS 
species or by inhibiting their generation, indirectly, e.g., by up-regulating endog-
enous antioxidant defenses [2, 3]. Antioxidants can be also classified as enzymatic 
and non-enzymatic antioxidants. In the present review we shall discuss only the 
non-enzymatic antioxidants. The efficacy of an antioxidant depends on its antioxi-
dant activity and/or its antioxidant capacity.
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It should be stated from the very beginning that antioxidant activity and anti-
oxidant capacity are two different terms. The antioxidant activity is linked to rate 
constant of an antioxidant against a specified free radical, whereas the antioxidant 
capacity represents the number of moles of a specified free radical, scavenged by an 
individual antioxidant present in the analyzed mixture [4]. Antioxidant activity is 
related especially to the reaction kinetics, whereas antioxidant capacity is related to 
the thermodinamics of the process regarding the oxidative conversion of an antioxi-
dant and is connected with equilibrium constant of the process [5].

The antioxidant assays can target a specific compound (e.g., ascorbic acid, 
vitamin E, uric acid, etc.) or the total antioxidant capacity (TAC) given by the 
combined antioxidant capacities of all substances in a sample.

Antioxidant assays include direct and indirect methods. Direct assays are 
competitive, in which the produced reactive species simultaneously attack a „probe” 
and the antioxidant. Indirect assays are non-competitive, the redox reactions being 
simulated using an artificial probe, whose structural changes are measured by dif-
ferent techniques (spectroscopy, electrochemistry, or other methods).

The most common assays for TAC comprise: (i) the measurement of oxygen radical 
antioxidant capacity (ORAC) using different fluorescent probes [6], (ii) the Trolox 
equivalent antioxidant capacity based on 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulphonic acid) (ABTS) (TEAC/ABTS) [7], (iii) the 2,2-diphenyl-1-picrylhydrazyl 
(DPPH) assay [8], (iv) the ferric reducing antioxidant power (FRAP) test [9], (v) the 
cupric reducing antioxidant capacity (CUPRAC) assay [10] and (vi) Folin–Ciocalteu’s 
phenol reagent reducing capacity (for the content of total phenolics) [11, 12].

Extensive reviews regarding the methods for assaying antioxidant capacity/activity 
could be found in literature [1, 5, 6, 13–19] and a book has also been published recently 
[20] with a focus on the measurement of antioxidant activity and capacity. Several 
papers have discussed the advantages and disadvantages of different antioxidant 
assays, with a focus on method selection for specific requirements [14–16, 21, 22].

There are numerous research articles in literature pertaining to the evaluation of 
antioxidant methodology. However very few discuss the mechanistic steps involved 
in the respective reactions [23, 24]. In depth evaluation of ORAC, ABTS and DPPH 
methods were comprehensively presented [25]. Some important antioxidant assays 
in terms of mechanisms and kinetics of the involved reactions were evaluated 
[6, 14], while the mechanisms, advantages and disadvantages of different antioxi-
dant assays were also described in [18, 26, 27].

A review of the main methods for monitoring the antioxidant capacity/activity 
of lipid-containing samples was presented in [28]. In addition, the determination of 
the antioxidant capacity of lipids via the flow injection analysis (FIA) coupled with 
chemiluminescence detection was specifically discussed in [29].

The role of antioxidants from a pharmaceutical perspective is presented in [30] 
and a review of the methodologies for the determination of biological antioxidant 
capacity in vitro is presented in [31].

Compiled information about antioxidants in terms of the chemistry, legislation 
and their application in foods as preservatives can be found in [32]. The extrapola-
tion of laboratory data relative to the antioxidants’ function and their implications 
on food production and human health, etc. is critically discussed in [33].

Some recent reviews [13, 34, 35] commented on the advance, applications, advan-
tages and disadvantages of total antioxidant capacity assays. The contentions and 
limitations of some largely used antioxidant assays, hints for suitable assay selection, 
emerging techniques in antioxidant testing and future perspectives are provided in [5].

An interesting discussion is presented in [36] about the development of several 
TAC databases of foods, the development of methods for evaluating TAC in the diet, 
the application of TAC databases in epidemiological studies, the application of TAC 
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methods to biological fluids and the correlation between consumption of antioxi-
dant rich-foods and the plasma TAC. The advantages and disadvantages of different 
TAC assays were also summarized.

Unfortunately many studies on TAC have reported disparate results regarding anti-
oxidant capacity measured on the same material in different laboratories even by using 
the same analytical method, or in a particular laboratory by using different methods. 
Such discrepancies could be explained by the fact that the employed methods evalu-
ate different things under various conditions, e.g., some measurements are done in 
homogenous solutions, other in suspensions, some methods evaluate hydrogen atom 
transfer capacity, other evaluate electron transfer capacity, etc.

Consequently, developing standardized antioxidant capacity methods might 
reduce the results spreading. A basic rationale to develop standardized anti-
oxidant capacity methods for food, being provided in [37], which considered 
three candidates assays for standardization, i.e., ORAC, TEAC/ABTS and Folin 
Ciocalteu method.

Radicals are usually quenched by two mechanisms [6, 25], i.e., by transferring 
either an electron (ET) or a hydrogen atom (HAT) to transform the radical to a more 
stable species, albeit sometimes the mentioned mechanisms may not be well distin-
guished [37]. Consequently antioxidant capacity measurements may be in large, cat-
egorized as electron transfer (ET)- and hydrogen atom transfer, (HAT)-based assays.

In ET–electron transfer assays, one or more electrons are transferred to reduce 
the compounds of interest according to the following reaction schemes:

 
• • • • •

2 3ROO AH / ArOH ROO AH / ArOH H O A / ArO H O− + + ++ → + + → +            (1)

 3 2ROO H O ROOH H O− ++ → +   (2)

 ( ) ( )• •M III AH / ArOH AH / ArOH M II+ ++ → +   (3)

HAT–hydrogen atom transfer assays involve the transfer of a H atom to the tar-
get radical and eventual secondary quenching by radical recombination, as follows:

 • • •ROO  AH / ArOH  ROOH  A / ArO+ → +   (4)

 • •ROO  A  ROOA+ →   (5)

where AH = any antioxidant with donatable H, ArOH = phenol or polyphenol, 
M = redox-active metal.

As can be seen from the chemical reactions written above, regardless of the 
mechanism involved (ET or HAT), antioxidants scavenge ROS/RNS generating the 
same end products indifferent to mechanism involved, albeit kinetics and influence 
of system parameters, particularly solvent and pH, and potential for side reactions 
vary [37]. Moreover, HAT and proton coupled ET reactions may occur concur-
rently and the main mechanism in a particular system is determined by antioxidant 
properties and structure, partition coefficient, solvent, etc. [37].

The ET-based methods evaluate an antioxidant’s reducing capacity (also of the 
probe for monitoring the reaction). Mainly HAT-based methods measure competi-
tive reaction kinetics, and the determination is effected taking into account the 
kinetic curves. HAT-based assays mostly involve a synthetic free radical source, 
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an oxidizable probe, and an oxidant. An elaborate description of antioxidant 
mechanisms is well presented in several review papers [6, 13–16, 38].

Antioxidant capacity is expressed as equivalents of a reference antioxidant such 
as trolox, gallic acid, etc., or antioxidant inhibition against oxidation of the probe 
(generated by ROS). Oxidation of the probe is determined by different detection 
techniques, such as: spectrophotometric, fluorimetric, chemiluminescent, EPR, 
amperometric methods, cyclic voltammetry, etc.

A classification of the methods for the assessment of antioxidant capacity/activ-
ity discussed in this work is presented in Table 1.

Classifications Assays References

Chemical based 
assays

Radical/ROS-based 
scavenging assays

HAT/ET 
assays
(Mixed 
mode)

TEAC/ABTS assay [1, 15, 18, 24, 
34]

DPPH assay [1, 15, 34]

HAT assay ORAC assay [1, 15, 25, 37]

Chemiluminescence methods [29, 37, 39, 40]

TRAP assay [13, 15, 41]

TOSC assay [15, 42]

β-Carotene bleaching assay [15, 34, 43]

Non-radical redox 
potential-based assays

ET assay FRAP assay [13, 15, 20, 34]

[21, 35, 44]CUPRAC assay

Nanoparticles based assays

• colorimetric detection, AuNPs- and 
AgNPs-based assays

• electrochemical detection, AuNPs-based 
assays

• magnetic NPs-based assays

[15, 45–47]

[15, 45–47]

[15, 45–47]

[48]

Electrochemical methods

• cyclic voltammetry (CV) based assays

• diferential pulse voltammetry (DPV) 
based assays

• Square wave voltammetry (SWV) based 
assays

• Amperometry, biamperometry-based 
assays

[49–51]

[52, 53]

[54]

[55]

[56–58]

Metal chelation capacity [13, 59]

Total phenolic content (TPC) [60, 61]

Biochemical based 
assays and in vivo 
assays

Oxidation of low density lipoproteins 
(LDL) assay

[18, 62]

The thiobarbituric acid reactive substances 
(TBARS) assay

[18, 63, 64]

Cellular antioxidant activity assay [18, 65, 66]

Table 1. 
Classifications of antioxidant capacity/activity assays.
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2. Chemical based assays

2.1 Radical/ROS scavenging assays

2.1.1 Scavenging ability toward stable free radicals ABTS•+ and DPPH•

2,2′-azino-bis(3-ethylbenzothiazole-6-sulphonate) radical cation, ABTS•+ and 
2,2-diphenyl-1-picrylhydrazyl, DPPH• are colored and stable free radicals that have 
been largely used to measure antioxidant capacity. DPPH• is commercially available, 
but ABTS•+ must be produced from the oxidation of ABTS with chemical reagents 
such as K2S2O8, MnO2, etc. ABTS•+ is soluble in aqueous and in alcoholic media 
(λmax 734 nm), while DPPH• is soluble in different organic solvents (λmax 517 nm, in 
ethanol). The chemical structures of ABTS•+ and DPPH• are presented in Figure 1.

The trolox equivalent antioxidant capacity (TEAC/ABTS) assay based on the 
use of ABTS•+ radical cation and DPPH• radical-based (DPPH) assay are among the 
most used antioxidant capacity assays.

In TEAC/ABTS assays, the antioxidant capacity is evaluated as the capability 
of analyzed sample to diminish the color intensity after reacting with the ABTS•+ 
radical. This assay can be employed for lipophilic as well as hydrophilic compounds. 
The assay is technically simple, being widely applied for screening and habitual 
determinations. Most often, ABTS•+ is produced by oxidation of ABTS with K2S2O8. 
The reaction of antioxidants with ABTS•+ is quite fast. Generally, the measurements 
are done after a fixed period of time. The TEAC/ABTS assays were recently investi-
gated with regards to their basic chemistry, reaction stoichiometry and the reaction 
pathways behind the ABTS/potassium persulfate decolorization assay [24].

A recent review [67] of TEAC/ABTS assays gives a comprehensive insight into 
this approach for evaluating the antioxidant capacity, including different methods 
of ABTS•+ generation, experimental design, and quantification strategies, as well 
as TEAC value data collection obtained using a diversity of samples. Other recent 
reviews regarding both ABTS/TEAC and DPPH assays can be found in [1, 5, 18, 34].

A comprehensive critical evaluation of the TEAC/ABTS, DPPH, and oxygen 
radical absorbance capacity (ORAC) assays, presented in [25] discusses the differ-
ent methods, the intrinsic mechanisms of reactions, the advantages and disadvan-
tages, the limitations and recommendations for applications of the methods.

The TEAC method has several advantages:

• It allows the assessment of a plethora of synthetic as well as natural antioxi-
dants (phenols, peptides, thiols, indols, flavonoids, aminoacids, carotenoids, 
tocopherols, vitamin C, etc.).

• It can be applied over a large pH range.

Figure 1. 
Chemical structures of 2,2′-azino-bis(3-ethylbenzothiazole-6-sulphonate) radical cation, ABTS•+ and 
2,2-diphenyl-1-picrylhydrazyl, DPPH• radical.
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• The solubility of ABTS•+ in buffered and organic media enables measurement 
of both hydrophilic and lipophilic antioxidant activities.

• ABTS is affordable and easy to use.

Disadvantages of TEAC include:

• For some antioxidants different TEAC values may be obtained, depending on 
the way in which ABTS•+ is generated and on the measurement time interval 
selected.

• ABTS•+ (the same is applicable for DPPH•) is a metastable radical that does not 
exist in nature, being a “non-physiological” radical.

• The results of the assays depend on the reaction time. Some antioxidants react 
very fast and completely while other react slowly or combine a mix of fast and 
slow reactions [68].

• In the TEAC the molecular size and steric hindrance is an important character-
istic. The accessibility of polyphenolics with bulky substituents to the radical 
cation ABTS is sterically restricted.

The DPPH assay is low-cost and simple and consequently has been largely used 
in laboratory settings for many applications. The assay is based on measuring the 
decrease of the absorbance of DPPH• radical (at a wavelength of 517 nm) as a result 
of its reaction with antioxidants from the sample. This method was criticized for 
lacking standardization in different stages of the analytical process [37].

The criticism regarding DPPH assay is expressed even harder in [25]:“The DPPH 
reaction has been used as if it is a simplistic chemical “black box” – reagents are 
mixed and a number is generated, and the chemistry occurring between is ignored.” 
In fact, antioxidant reactions with DPPH reagent are actually complex and reaction 
curves show multiple reactivity patterns [69]. DPPH reactions are very sensitive 
to the reaction medium, such as: water and solvent, pH, light exposure, dissolved 
oxygen, pH, etc. [69, 70].

The disadvantages of DPPH assay consist of the following:

• The evaluation of antioxidant capacity by the change in DPPH• absorbance has 
to be carefully evaluated since the absorbance of DPPH• after reaction with an 
analyzed sample may be diminished by some other factors (pH, O2, light, type 
of solvent, etc.).

• Fixed-time assays may undervalue the radical scavenging capacities of slow-
reacting antioxidants.

• Since the ionization of phenols – and consequently the reaction rates – are 
highly influenced by solvent composition and pH, the DPPH assay is not 
adequate to ranking antioxidant compounds and natural extracts.

In essence, the significant shortcomings of both TEAC/ABTS and DPPH assays 
are related to the intricacy of the mechanisms of reaction with antioxidants, the big 
influence of the experimental conditions on the obtained results, and the impor-
tant difference between DPPH• and ABTS•+ chemical structures and those of free 
radicals existing in biological systems.
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2.1.2 Oxygen radical absorbance capacity (ORAC) assay

The ORAC method determines the radical chain breaking capacity of antioxi-
dants by measuring the blocking-up of peroxyl radical generated oxidation. The 
peroxyl radical reacts with a probe (usually fluorescent) to form a non-fluorescent 
product, and the process can be monitored with a good sensitivity by fluorescence. 
Antioxidant capacity is determined by measuring rate and amount of product 
generated over time. Competition between reaction of probe and antioxidants with 
the ROO• radical (or other ROS/RNS) constitute the premise of the assay.

Peroxyl radicals (ROO•) are the main free radicals that act in lipid oxidation in bio-
logical environment under physiological circumstances and in foods. For this reason, 
ORAC assay could be considered to have a biological concern as a reference for anti-
oxidant efficacy. Commonly, 2,2′-azo bis(2-methylpropionamidine) hydrochloride 
(AAPH) is employed as ROO• source that generates peroxyl radical at a known rate at 
incubation in aqueous media. The reactions involved in ORAC assay are as follows:

 •
2 2AAPH O 2ROO N+ → +   (6)

 •
fluorescent non fluorescentROO Probe ROOH Oxidised Probe −+ → +  (7)

 • •ROO AH ROOH A+ → +    (8)

 • •ROO A ROOA+ →   (9)

The antioxidant capacity is measured by a diminished rate and through the 
quantity of product generated over time. A set of fluorescence decay curves can be 
obtained with or without antioxidants. The difference in the area under the curves 
(AUC) between the curves recorded in the presence and in the absence of the oxi-
dant is considered to be a marker of the peroxyl radical scavenging capacity. Usually 
trolox (a standard antioxidant) is employed as reference and the obtained ORAC 

Figure 2. 
ORAC antioxidant capacity of a sample expressed as the net AUC.
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values are provided as trolox equivalents of the tested antioxidants. Data are shown 
as micromoles of trolox equivalents (TE) per liter or per gram of sample (μmol of 
TE/L or μmol of TE/g). The ORAC antioxidant capacity of a sample shown as the 
net area under the curve (AUC) is presented in Figure 2.

ORAC assay is a HAT-based method because it measures the capacity of hydro-
gen atom donating ability of antioxidants. β-phycoerythrin (β-PE), a protein 
obtained from Porphyridium cruentum, was employed as the fluorescent probe in 
the first studies. However, the use of β-PE in antioxidant assays has several short-
comings and can cause false ORAC values. The currently preferred fluorescent 
probes are fluorescein and dichlorofluorescein diacetate [37], as they are more 
stable and less reactive. Nevertheless, fluorescein may undergo undesired fluores-
cence quenching and side reactions [71] and other fluorescent probes have been 
suggested in consequence.

In order to measure both hydrophilic as well as lipophilic antioxidants the initial 
ORAC assay was modified using a solution of 50% acetone/50% water (v/v) and 
7% randomly methylated β-cyclodextrin as a solubility enhancer of the antioxidants 
[72, 73].

The ORAC method has the utility to be a simple and standardized assay, how-
ever, secondary reactions can occur, affecting the reported results. For example, it 
was reported that antioxidant-metal reactions could result in a smaller concentra-
tion of antioxidants and hence to a depreciation of the ORAC value [74].

The ORAC method can be readily automated and it is perhaps the most largely 
recognized of all the antioxidant methods.

2.1.3 Chemiluminescence methods

The fundamental chemistry of chemiluminescence measurements of antioxi-
dants is based on the reaction of ROS/RNS species with special reagents to generate 
species in an excited state that light up (chemiluminescence). The chemical com-
pounds that react with the initiating reactive species diminish the light generation. 
Hence, generally, chemiluminescence measurements for antioxidant capacity assay 
are based on competitive reactions. By changing the oxidant initiator (e.g., O2

•, HO•, 
ROO•, ONOO−, HOCl, 1O2, etc.) it is possible to measure the capacity of quenching 
of different ROS/RNS by an antioxidant [37]. Chemiluminescence is a highly sensi-
tive analytical method. The detection limit is very low, below that of most chemical 
methods. The mainly used chemiluminescence reagents are luminol [37, 75–79], 
lucigenin [39], pholasin (a bioluminescent protein) [80] and peroxyoxalate [81]. 
Luminol is the main commonly employed aqueous chemiluminescent reagent. 
Luminol reacts with an oxidizing agent, hydrogen peroxide (in presence of a 
catalyst) to yield 3-aminophthalate in an excited electronic state, which emits light. 
Antioxidants can quench the produced ROS (by hydrogen peroxide) and diminish 
hydrogen peroxide-induced chemiluminescence.

Chemiluminescence method has been automated in flow-based assays, e.g., flow 
injection analysis (FIA) [29, 76, 79, 82], sequential injection analysis (SIA) [83, 84], 
multi-syringe FIA (MS-FIA) and multi commutation.

A review on antioxidant assays with chemiluminescence detection is presented 
in [40] and other more general reviews of antioxidant assays including methods 
with chemiluminescence detection are presented in [1, 16, 17].

The methods for the determination of lipid hydroperoxides and of the antioxi-
dant capacity of lipids by using flow injection analysis with chemiluminescence 
reagents are reviewed in [29].

The TAC of some Rosmarinus officinalis L. (rosemary) extracts was measured 
by an in batch analytical method based on Co(II)-ethylendiaminetetraacetic acid 
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(EDTA)-induced luminol-hydrogen peroxide chemiluminescence (luminol/Co(II)
EDTA/H2O2) [75]. The method allows for TAC determination in the range 10−5–2.5 
10−3 moles L−1 of gallic acid equivalent. The same in batch method was applied for 
the TAC determination of fruit juices and noncarbonated soft drinks [77] and fruit 
seeds extracts [85].

The luminol/Co(II)EDTA/H2O2 system with chemiluminescence detection was 
used also in a flow injection analysis (FIA) method for the total antioxidant capacity 
determination of wines [79] and culinary and medicinal plants extracts [76].

Amperometric TAC measurements of several plant extracts using an electro-
chemical gold nanozyme-sensor based on the enzyme-like catalytic activity of gold 
nanoparticles [58] were associated with those obtained from a chemiluminescence 
method reported in [75]. A good correlation has been found between the two 
methods (Pearson’s correlation coefficient of 0.958).

A new microfluidic chemiluminescence method for fast determination of the 
TAC of apple and pomegranate juices and honey samples was reported in [86]. The 
method is based on the NaHCO3-H2O2-Co2+ chemiluminescence reaction.

A chemiluminescence-sensing platform for the determination of natural 
antioxidants and imaging of their tissue distribution is reported in [87]. The che-
miluminescence radiation is emitted upon the redox reaction of antioxidants (e.g., 
L-ascorbic acid) with quinones (e.g., menadione), in the presence of luminol.

Different chemiluminescent system that allow the evaluation of both hydro-
philic and lipophilic antioxidants by using the same method were reported. Thus, 
lucigenin–hydrogen peroxide chemiluminescence in 2-propanol has been proposed 
to measure the activity of both hydrophilic and lipophilic antioxidants [88].

A peroxyoxalate–hydrogen peroxide–imidazol–fluorophore system was applied 
in the evaluation of antioxidants in olive oils and honey samples. The system relies 
on a furan dicarboxylate derivative as fluorophore [81].

2.1.4 Other radical/ROS scavenging assays

Total radical-trapping antioxidant parameter (TRAP) assay. This method gener-
ally measures the antioxidant’s capability to interfere with the reaction between 
ROO• (usually generated from AAPH) and a probe. It is relatively complex and 
laborious to perform [39 [37]. An early review of TRAP assay is presented in [89].

A TRAP assay for measuring total plasma antioxidant capacity used 
R-phycoerythrin (red protein pigments from the cells of red algae) as a fluorescent 
probe and AAPH, as ROO• radical generator [41]. Fluorescence quenching was 
measured in absence and in presence of the analyzed antioxidant samples. The 
quantification of antioxidants is based on the duration of the lag phase.

Initiators for ROO• radicals have been produced selectively by azides, enzymes 
(e.g., horseradish peroxidase) [90], or H2O2-hemin [91], etc. Some of the probes 
used in TRAP assays include fluorescein, dichlorofluorescein diacetate [92], 
R-phycoerythrin [93] and luminol [90].

It was reported that an important limitation of the TRAP assay is the use of the 
lag phase for determination of antioxidant capacity because not all antioxidants 
have a clear lag phase [94].

Total oxy radical scavenging capacity (TOSC) assay. The assay is based on 
the determination of antioxidants particularly toward three strong oxidants 
(•OH, ROO•, and ONOO−) [15, 42]. In TOSC assay the oxidation of α-keto-γ-
methiolbutyric acid (KMBA) to ethylene by ROS and ethylene formation was 
determined by head space gas chromatography relative to a reference reaction. 
The antioxidants compete with KMBA for ROS and the formation of ethylene is 
inhibited.
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(EDTA)-induced luminol-hydrogen peroxide chemiluminescence (luminol/Co(II)
EDTA/H2O2) [75]. The method allows for TAC determination in the range 10−5–2.5 
10−3 moles L−1 of gallic acid equivalent. The same in batch method was applied for 
the TAC determination of fruit juices and noncarbonated soft drinks [77] and fruit 
seeds extracts [85].

The luminol/Co(II)EDTA/H2O2 system with chemiluminescence detection was 
used also in a flow injection analysis (FIA) method for the total antioxidant capacity 
determination of wines [79] and culinary and medicinal plants extracts [76].

Amperometric TAC measurements of several plant extracts using an electro-
chemical gold nanozyme-sensor based on the enzyme-like catalytic activity of gold 
nanoparticles [58] were associated with those obtained from a chemiluminescence 
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methods (Pearson’s correlation coefficient of 0.958).
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probe and AAPH, as ROO• radical generator [41]. Fluorescence quenching was 
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R-phycoerythrin [93] and luminol [90].

It was reported that an important limitation of the TRAP assay is the use of the 
lag phase for determination of antioxidant capacity because not all antioxidants 
have a clear lag phase [94].

Total oxy radical scavenging capacity (TOSC) assay. The assay is based on 
the determination of antioxidants particularly toward three strong oxidants 
(•OH, ROO•, and ONOO−) [15, 42]. In TOSC assay the oxidation of α-keto-γ-
methiolbutyric acid (KMBA) to ethylene by ROS and ethylene formation was 
determined by head space gas chromatography relative to a reference reaction. 
The antioxidants compete with KMBA for ROS and the formation of ethylene is 
inhibited.
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The most important drawback of this assay is the long reaction time (hundreds 
of minutes) and the necessity of several chromatographic analyses for each experi-
ment [21].

β-Carotene bleaching assay. This assay employs an aqueous emulsion of linoleic 
acid and β-carotene, which is discolored under the influence of the radicals gener-
ated through the spontaneous oxidation of the fatty acid, owing to exposure to 
dissolved O2, promoted by thermal induction. The measurements are done typically 
at 50 °C. Quantification is based on varying the rate at which β-carotene absorbance 
decays (at a wavelength of about 470–490 nm) in the presence of increasing con-
centrations of the antioxidant or prooxidant under evaluation. The decolorization is 
due to the breaking of π-conjugation by the addition reaction of radicals into a C=C 
bond of β-carotene [34]. The antioxidant capacity/activity is calculated in terms of 
% inhibition with regard to the reference.

An investigation of the experimental conditions that influence β-carotene bleach-
ing assay is presented in [43] and in [95]. The β-carotene bleaching assay can screen 
both lipophilic and hydrophilic samples. It is sensitive to temperature, oxygen, pH 
and solvent effects and is time-consuming (an assay last hundreds of minutes).

2.2 Non-radical redox potential-based assays

2.2.1  Ferric reducing antioxidant power (FRAP) and cupric reducing antioxidant 
capacity (CUPRAC) assays

Ferric reducing antioxidant power (FRAP) and cupric reducing antioxidant capac-
ity (CUPRAC) assays were reviewed in several recent papers [13, 14, 20, 21, 34, 35].

FRAP assay is based on antioxidants to reduce the ferric 2,4,6-tripyridyl-s-
triazine complex [Fe3+−(TPTZ)2]3+ to the blue colored ferrous complex, [Fe2+−
(TPTZ)2]2+ in acidic medium (pH 3.6). Measuring the increase in absorption at 
593 nm monitors this reduction. The antioxidant capacity is expressed as μM Fe2+ 
equivalents or as a standard antioxidant equivalents. The FRAP assay is conducted 
at acidic pH 3.6 in order to prevent iron precipitation.

The reaction detects compounds with redox potentials lower than 0.7 V so FRAP 
is an adequate screen for the capacity to maintain redox status in cells or tissues. 
FRAP cannot measure compounds that act by radical quenching (H transfer), 
specifically bio-thiols (such as glutathione) and proteins [96]. For this reason the 
method is rather inadequate to measure the antioxidant capacity of intracellular 
fluids and human plasma/serum [97, 98].

Because the redox potential of [Fe3+−(TPTZ)2]3+ is similar to ABTS•+ potential 
(0.68 V), similar compounds react in both the FRAP and TEAC assays. The FRAP 
mechanism is totally electron transfer and not mixed ET and HAT, and so in 
association with other antioxidant methods can be very useful in differentiating 
preponderant mechanisms with different antioxidants [37].

FRAP really determine only the reducing capacity based upon the ferric ion, 
which is not relevant to antioxidant capacity physiologically and mechanistically. 
However, in contrast to other assays of TAC, the FRAP method is simple, fast, 
inexpensive and robust and does not necessitate special equipment.

Cupric reducing antioxidant capacity (CUPRAC) assay. The method measures the 
reducing power of antioxidants to convert cupric (Cu2+) to cuprous (Cu+) ion. The 
copper reducing ability is measured by complexation of Cu+ with bathocuproine 
(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) or neocuproine (2,9-dimethyl-
1,10-phenanthroline) the corresponding complexes having absorption maximum 
at 490 nm and 450 nm, respectively [99]. Figure 3 presents the cupric reducing 
antioxidant capacity (CUPRAC) reaction mechanism.
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FRAP and CUPRAC have comparable values with TEAC values (with some 
exceptions) since similar redox potential probes are employed in the assay. The 
original CUPRAC assay has been modified in order to allow analysis of different 
samples, e.g., acetone/water medium containing methyl-β-cyclodextrin has been 
employed for simultaneous assay of hydrophilic and lipophilic antioxidants [100].

In another modified CUPRAC assay, an optical sensor containing immobilized 
CUPRAC reagent Cu2+–neocuproine complex onto a perfluorosulfonate cation-
exchange polymer (Nafion) membrane matrix was developed. The measurements 
of absorbance were done at 450 nm [101].

CUPRAC assay is more selective due to its lower redox potential than that of 
redox couples like Ce 4+/Ce3+ and Fe 3+/Fe2+ [102]. The CUPRAC assay have been 
discussed in a comprehensive review in [44].

2.2.2 Nanoparticles based assays

For the determination of antioxidants, nanoparticles (NPs) can be employed 
as electrochemical or colorimetric probes, components in chemical and biologi-
cal detection systems, and for radical generation. Several reviews regarding TAC 
determination by using NPs can be found in literature [18, 45–47, 103].

Chemical reduction-based nanotechnological assays of colorimetric TAC 
measurements make use of the generation or growth of noble metal nanoparticles 
(AuNPs, AgNPs, etc.) upon reaction of Au3+ or Ag+ salts with antioxidant. The 
strong visible light absorption at a specific wavelength results from the surface 
plasmon resonance absorption of metal nanoparticles.

In a pioneering work, reported in [104] the antioxidant capacity of several phe-
nolic acids was determined from the formation and growth of gold nanoparticles 
(AuNPs). The same experimental approach was employed in [105] to evaluate the 
antioxidant capacity of chrysanthemum extracts and tea beverages.

A comparison of a AgNPs-based method for TAC assays in different rapeseed 
varieties with those of several spectrophotometric methods (total phenolic with 
Folin–Ciocalteu reagent, FRAP and DPPH assays) was performed in [106]. A 
significant correlation (r: 0.59–0.91) was found between the spectrophotometric 
methods and the nanoparticle-based assay.

Another interesting alternative, an optoelectonic tongue based on an array of 
gold and silver nano-particles for analysis of a diversity of natural, synthetic and 
biological antioxidants is described in [107].

A portable nanoparticle based-assay for rapid and sensitive measurement of 
food antioxidants was proposed in [108] based on the use of immobilized ceria 

Figure 3. 
Cupric reducing antioxidant capacity (CUPRAC) reaction mechanism.
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(TPTZ)2]2+ in acidic medium (pH 3.6). Measuring the increase in absorption at 
593 nm monitors this reduction. The antioxidant capacity is expressed as μM Fe2+ 
equivalents or as a standard antioxidant equivalents. The FRAP assay is conducted 
at acidic pH 3.6 in order to prevent iron precipitation.

The reaction detects compounds with redox potentials lower than 0.7 V so FRAP 
is an adequate screen for the capacity to maintain redox status in cells or tissues. 
FRAP cannot measure compounds that act by radical quenching (H transfer), 
specifically bio-thiols (such as glutathione) and proteins [96]. For this reason the 
method is rather inadequate to measure the antioxidant capacity of intracellular 
fluids and human plasma/serum [97, 98].

Because the redox potential of [Fe3+−(TPTZ)2]3+ is similar to ABTS•+ potential 
(0.68 V), similar compounds react in both the FRAP and TEAC assays. The FRAP 
mechanism is totally electron transfer and not mixed ET and HAT, and so in 
association with other antioxidant methods can be very useful in differentiating 
preponderant mechanisms with different antioxidants [37].

FRAP really determine only the reducing capacity based upon the ferric ion, 
which is not relevant to antioxidant capacity physiologically and mechanistically. 
However, in contrast to other assays of TAC, the FRAP method is simple, fast, 
inexpensive and robust and does not necessitate special equipment.

Cupric reducing antioxidant capacity (CUPRAC) assay. The method measures the 
reducing power of antioxidants to convert cupric (Cu2+) to cuprous (Cu+) ion. The 
copper reducing ability is measured by complexation of Cu+ with bathocuproine 
(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) or neocuproine (2,9-dimethyl-
1,10-phenanthroline) the corresponding complexes having absorption maximum 
at 490 nm and 450 nm, respectively [99]. Figure 3 presents the cupric reducing 
antioxidant capacity (CUPRAC) reaction mechanism.

607

Recent Advances in Antioxidant Capacity Assays
DOI: http://dx.doi.org/10.5772/intechopen.96654

FRAP and CUPRAC have comparable values with TEAC values (with some 
exceptions) since similar redox potential probes are employed in the assay. The 
original CUPRAC assay has been modified in order to allow analysis of different 
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discussed in a comprehensive review in [44].
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as electrochemical or colorimetric probes, components in chemical and biologi-
cal detection systems, and for radical generation. Several reviews regarding TAC 
determination by using NPs can be found in literature [18, 45–47, 103].

Chemical reduction-based nanotechnological assays of colorimetric TAC 
measurements make use of the generation or growth of noble metal nanoparticles 
(AuNPs, AgNPs, etc.) upon reaction of Au3+ or Ag+ salts with antioxidant. The 
strong visible light absorption at a specific wavelength results from the surface 
plasmon resonance absorption of metal nanoparticles.

In a pioneering work, reported in [104] the antioxidant capacity of several phe-
nolic acids was determined from the formation and growth of gold nanoparticles 
(AuNPs). The same experimental approach was employed in [105] to evaluate the 
antioxidant capacity of chrysanthemum extracts and tea beverages.

A comparison of a AgNPs-based method for TAC assays in different rapeseed 
varieties with those of several spectrophotometric methods (total phenolic with 
Folin–Ciocalteu reagent, FRAP and DPPH assays) was performed in [106]. A 
significant correlation (r: 0.59–0.91) was found between the spectrophotometric 
methods and the nanoparticle-based assay.

Another interesting alternative, an optoelectonic tongue based on an array of 
gold and silver nano-particles for analysis of a diversity of natural, synthetic and 
biological antioxidants is described in [107].

A portable nanoparticle based-assay for rapid and sensitive measurement of 
food antioxidants was proposed in [108] based on the use of immobilized ceria 
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(cerium oxide) nanoparticles. Due to the reversible oxidation state of cerium Ce3+/
Ce4+ on the NPs surface, nanoceria is capable of changing redox states and surface 
properties after interaction with antioxidants.

Furthermore, a novel chemical sensing array, based on metal oxide nanopar-
ticles (i. e., cerium oxide, titanyl oxalate, TiO2, Fe2O3, ZrO2, ZnO and SiO2) immobi-
lized onto cellulose, was described as a portable and cheap paper-based colorimetric 
assay for polyphenol detection and field evaluation of antioxidant containing 
samples [109].

Last but not least, a novel method was proposed in [110] for evaluating the 
composition of mixtures of natural polyphenolic compounds by using an array of 
nano-oxides sensors and by chemometric analysis of the experimental data.

Some spectrometric and electrochemical nanomaterial-based assays for antioxi-
dant assessment are presented in Table 2.

The nanoparticle-based assays to evaluate antioxidant capacity of natural 
products embody a novel and promising domain melding nanoscience with food 
and health research [18, 47].

Antioxidant Nano-
material

Detection principle Real 
samples

Reference

Spectro-
metric

Total 
polyphenols 
in fat-rich 
samples

AuNPs Detection of 
polyphenols in 
organic medium 
without extraction, 
by AuNPs formation 
at 540 nm

Chocolate,
olive oil

[111]

Polyphenols in 
food

AuNPs Detection of 
polyphenol-mediated 
AuNPs formation 
from extracts via 
LSPR* by UV- visible 
spectroscopy at 
540 nm

Tea, apple, 
pear, wine, 
honey

[112]

Polyphenols AuNPs Au reduction, mild 
conditions, LSPR* 
detection

Fruit 
extracts

[113]

Polyphenols AgNPs AgNPs seed-growth, 
LSPR* detection

Fruit juices, 
olive oils

[114]

Polyphenols AgNPs AgNPs seed-growth, 
LSPR* detection

Ginger [115]

Total catechins 
evaluation

RhNPs RhNPs LSPR* 
shifting

Teas [116]

Polyphenols CdTe QDs** CdTe QDs** 
fluorescence 
quenching inhibition

Teas [117]

Polyphenols Graphene 
QDs

Graphene QDs 
fluorescence 
quenching

Olive oil 
extracts

[118]

Phenolic acids AuNPs on 
paper

Reduction of gold 
ions to AuNPs on 
paper sensors and 
measurement of 
the resultant color 
intensity

Tea, red 
wine

[119]
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2.2.3 Electrochemical methods

Electrochemical techniques emerged as an alternative strategy for a quick, pre-
cise, and cost-effective determination of the TAC of different samples, e.g., foods 
and beverages, plant extracts, etc. They circumvent some of the drawbacks of spec-
trophotometric methods such as long analyses and sample preparation time, the use 
of expensive reagent and undefined reaction time. These methods also enable the 
quantification of the antioxidant compounds, with very good sensitivity [126, 127] 
and sometimes, they permit determinations in the presence of compounds that 
interfere in other methods, such as the case of ascorbic acid in juice [128].

Electrochemical methods for antioxidant capacity/activity evaluation have 
been reviewed in [129] and more recently in [14, 49–51, 130]. The most commonly 
used electrochemical techniques for antioxidant assays in different samples are 

Antioxidant Nano-
material

Detection principle Real 
samples

Reference

Flavonoids Fluorescent 
gold 
nanocluster

Fluorescence 
quenching of 
gold nanoclusters 
imbedded into the 
cavity of bovine 
serum albumin 
tertiary structure

Serum, 
plasma, 
phar-
maceutical 
analysis

[120]

Electro-
chemical

tert-
butylhydro-
quinone 
(TBHQ ) and 
butylated 
hydroxyanisole 
(BHA)

Nano-
carbon
black

Measurements in 
the presence of the 
cationic surfactant 
CPB*** by square 
wave voltammetry 
using a carbon black 
paste electrode

Food 
samples 
and 
biodiesel

[121]

Gallic acid NiAl2O4 
glassy 
carbon 
nano-
composite

Cyclic voltammetry 
and amperometry 
with a NiAl2O4 glassy 
carbon working 
electrode

Food 
samples

[122]

Flavonoids 
(myricetin and 
rutin)

Single- 
walled 
carbon 
nanohorns

Based on host–guest 
supramolecular 
recognition concept

Human 
serum

[123]

Antioxidant 
capacity

Multi-
walled 
carbon 
nanotubes

Chronocoulometry 
at glassy carbon 
electrode modified 
with multi-walled 
carbon nanotubes

Red/white 
wine

[124]

Antiioxidant 
capacity 
(o-diphenols)

Cerium 
(IV)oxide 
NPs

Polyphenols 
oxidation at 
quinones, quinones 
reduction at screen 
printed carbon 
electrode-CeO2(IV)
NPs

Red/white 
wine

[125]

*Laser surface plasmon resonance.
**Quantum dots.
***Cetylpyridinium bromide.

Table 2. 
Spectrometric and electrochemical nanomaterial-based assays for antioxidant assessment.
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composition of mixtures of natural polyphenolic compounds by using an array of 
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cyclic voltammetry, differential pulse voltammetry, square wave voltammetry and 
amperometry.

Cyclic voltammetry (CV) [131]. The half-wave potential (E1/2) of the registered 
cyclic voltammogram indicates a specific constituent in the analyzed sample (its 
ability to donate electrons) whereas the maximum current intensity indicates the 
concentration of a constituent. Antioxidants with similar structures have similar 
electron donating abilities and therefore similar half-wave potentials in cyclic 
voltammetry. Thus, when present in mixtures, they contribute globally to the 
observed features of the sample cyclic voltammogram.

Cyclic voltammetry has been widely used for evaluating the TAC of low-
molecular weight antioxidants present in biological fluids, animal plasma, plants 
and fruits [52].

In [53] the results obtained for the TAC determination of 10 different fruit tea 
infusions using spectrophotometric methods (TEAC/ABTS, FRAP, DPPH and 
Folin–Ciocalteu’s reagent total phenolic content) and by applying the CV method 
were reported comparatively.

In addition, CV has been used to measure the antioxidant capacity of a diversity 
of samples such as different winemaking by-products (pomace, skins, seeds, and 
stems) [132], propolis [133], edible oils [134] and berry fruits [135], among others.

Differential pulse voltammetry (DPV) has been applied for TAC assay of white 
and red wines [54] by using gallic acid as reference. The elaborated method is based 
on gallic acid electro-oxidation at carbon nanotubes-modified carbon paste elec-
trode, at 350 mV (vs. Ag/AgCl) in 0.1 M phosphate buffer solution (pH = 2.50). The 
method enabled a reliable evaluation of the TAC for red and white wine samples, 
when glucose and ascorbic acid do not interfere.

Square wave voltammetry (SWV) has been used to analyze catechins in green 
and black teas [55] obtaining a detection limit of 40 nM for epigallocatechin gallate 
in green teas.

A databank of the content of antioxidants in food products was created based on 
amperometric measurements [56]. The antioxidants were quantified in 1140 food 
products, beverages, etc.

Amperometric, CV and DPV measurements using an electrochemical gold 
nanozyme-sensor [58] (based on the enzyme-like catalytic activity of gold 
nanoparticles), were used to evaluate the TAC of several plant extracts. The results 
of the amperometric measurements were compared to those from a chemilumines-
cence method for TAC assays [75] and a good correlation was found.

Biamperometric determinations are based on the reaction of the analyte with a 
redox pair such as I2/I−, Fe3+/Fe2+, DPPH•/DPPH, [Fe(CN)6]3−/[Fe(CN)6]4−. DPPH•/
DPPH biamperometry was used in the analysis of fruit juices for the determination 
of their TAC, using two identical Pt electrodes [57] and for tea, wine and coffee 
using glassy carbon electrodes [136].

Analytical characteristics of some electrochemical methods applied for the 
determination of antioxidants or total antioxidant capacity are presented in Table 3.

Electrochemical measurements of antioxidant capacity are redox-based meth-
ods with many advantages over conventional chemical assays since they are rapid 
and simple and do not require special chemical reagents or complicated sample 
preparation. Thus, they allow analysis of colored samples that do not permit direct 
evaluation by spectrophotometric techniques (e.g., wine and fruit juice) [150]. 
Electrochemical techniques allow also a large number of experimental parameters 
to be easily controlled and to register important information from a sample (e.g., 
the half-wave potential, the voltammetric charge, peak current intensity, etc.) that 
helps characterize different compounds from a sample [53]. These methods can be 
used to evaluate samples of whatever lipophilicity or hydrophilicity [151].
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cyclic voltammetry, differential pulse voltammetry, square wave voltammetry and 
amperometry.

Cyclic voltammetry (CV) [131]. The half-wave potential (E1/2) of the registered 
cyclic voltammogram indicates a specific constituent in the analyzed sample (its 
ability to donate electrons) whereas the maximum current intensity indicates the 
concentration of a constituent. Antioxidants with similar structures have similar 
electron donating abilities and therefore similar half-wave potentials in cyclic 
voltammetry. Thus, when present in mixtures, they contribute globally to the 
observed features of the sample cyclic voltammogram.

Cyclic voltammetry has been widely used for evaluating the TAC of low-
molecular weight antioxidants present in biological fluids, animal plasma, plants 
and fruits [52].

In [53] the results obtained for the TAC determination of 10 different fruit tea 
infusions using spectrophotometric methods (TEAC/ABTS, FRAP, DPPH and 
Folin–Ciocalteu’s reagent total phenolic content) and by applying the CV method 
were reported comparatively.

In addition, CV has been used to measure the antioxidant capacity of a diversity 
of samples such as different winemaking by-products (pomace, skins, seeds, and 
stems) [132], propolis [133], edible oils [134] and berry fruits [135], among others.

Differential pulse voltammetry (DPV) has been applied for TAC assay of white 
and red wines [54] by using gallic acid as reference. The elaborated method is based 
on gallic acid electro-oxidation at carbon nanotubes-modified carbon paste elec-
trode, at 350 mV (vs. Ag/AgCl) in 0.1 M phosphate buffer solution (pH = 2.50). The 
method enabled a reliable evaluation of the TAC for red and white wine samples, 
when glucose and ascorbic acid do not interfere.

Square wave voltammetry (SWV) has been used to analyze catechins in green 
and black teas [55] obtaining a detection limit of 40 nM for epigallocatechin gallate 
in green teas.

A databank of the content of antioxidants in food products was created based on 
amperometric measurements [56]. The antioxidants were quantified in 1140 food 
products, beverages, etc.

Amperometric, CV and DPV measurements using an electrochemical gold 
nanozyme-sensor [58] (based on the enzyme-like catalytic activity of gold 
nanoparticles), were used to evaluate the TAC of several plant extracts. The results 
of the amperometric measurements were compared to those from a chemilumines-
cence method for TAC assays [75] and a good correlation was found.

Biamperometric determinations are based on the reaction of the analyte with a 
redox pair such as I2/I−, Fe3+/Fe2+, DPPH•/DPPH, [Fe(CN)6]3−/[Fe(CN)6]4−. DPPH•/
DPPH biamperometry was used in the analysis of fruit juices for the determination 
of their TAC, using two identical Pt electrodes [57] and for tea, wine and coffee 
using glassy carbon electrodes [136].

Analytical characteristics of some electrochemical methods applied for the 
determination of antioxidants or total antioxidant capacity are presented in Table 3.

Electrochemical measurements of antioxidant capacity are redox-based meth-
ods with many advantages over conventional chemical assays since they are rapid 
and simple and do not require special chemical reagents or complicated sample 
preparation. Thus, they allow analysis of colored samples that do not permit direct 
evaluation by spectrophotometric techniques (e.g., wine and fruit juice) [150]. 
Electrochemical techniques allow also a large number of experimental parameters 
to be easily controlled and to register important information from a sample (e.g., 
the half-wave potential, the voltammetric charge, peak current intensity, etc.) that 
helps characterize different compounds from a sample [53]. These methods can be 
used to evaluate samples of whatever lipophilicity or hydrophilicity [151].
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A disadvantage of the electrochemical methods of antioxidant capacity deter-
mination in complex media is the difficulty to analyze the macromolecules with 
antioxidant proprieties.

2.3 Metal chelating assay

Metal chelation capacity is evaluated by measuring the chelating effect of anti-
oxidants for metal ions. Fe2+ ions are known to enhance lipid peroxidation trough 
Fenton reaction and also by decomposing lipid hydroperoxides into peroxyl and 
alkoxy radicals, which are more reactive. By Fenton reaction (written below), the 
ferrous ions produce •OH radicals, which are highly reactive, and contribute appre-
ciably to oxidative stress. The resulting hydroxy radicals cause damage to proteins, 
carbohydrates, cellular lipids and nucleic acids leading to cellular damage.

 2 2 +  + +→2+ 3+ -Fe H O Fe OH OH

  (10)

Numerous metal ions such as Cu+, Ti3+, Cr2+, and Co2+ and their complexes in 
their lower oxidation states react with H2O2 in a similar manner as Fe2+, and the 
mixtures of these metal ions with H2O2 were named “Fenton-like” reagents [96].

Metal chelation capability could be used as an indicator of antioxidant capacity. 
Chelating agents stabilizing the oxidized form of the metal ions are effective as 
secondary antioxidants.

Commonly, metal chelation capacity is evaluated by determining the chelating 
effect of antioxidants for ferrous ion [59]. The evaluation of the metal-chelating 
activity of an antioxidant is based on the absorbance measurement of Fe2+-ferrozine 
complex in presence and in absence of the analyzed sample. The decrease in absor-
bance of the solution after the introduction of test sample is related to the metal 
chelation capacity of the sample. The measurements are performed spectrophoto-
metrically at 562 nm [13]. Ethylenediaminetetraacetic acid (EDTA) is generally 
used as a standard metal chelator. Metal chelation capability of different samples is 
expressed as EDTA equivalents.

In [38] the results obtained at the determination of metal chelation capacity 
for a number of antioxidants and extracts are presented. A study regarding the 
standardization of the experimental protocols to evaluate the capability to chelate 
Fe2+ (employing ferrozine as chromogenic reagent) and Cu2+ (employing pyrocat-
echol violet as the chromogen agent) is presented in [152]. This study used 96-well 
microplates and analyzed Brazilian coffees (n = 20).

2.4 Total phenolic content (TPC)

Total phenolic content (TPC) or Folin–Ciocalteu reducing (FCR) assay is an 
important parameter of total antioxidant capacity (TAC) and largely employed for 
evaluation of a diversity of samples. The TPC assay has been used for a long period 
as a measure of total phenolic content in natural products [37]. In this method, TPC 
values are evaluated as equivalents of gallic acid or another phenolic compound, 
e.g., caffeic acid, catechin, ferrulic acid, etc.

The Folin Ciocalteu reagent contains phosphomolybdic/phosphotungstic 
acid complexes, with added lithium sulfate and bromine, in strong basic medium 
(5–10% aqueous Na2CO3, pH 10–12) to generate the phenolate anion [153]. The TPC 
method is based on the measurement of the blue-colored chromophore (λmax = 620–
765 nm) generated as a result of reduction of Folin Ciocalteu reagent with phenols 
from the sample [154]. The reduction site is considered the molybdenum centre in 
the complex (Mo6+ ion is reduced to Mo5+ by phenols).
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A disadvantage of the electrochemical methods of antioxidant capacity deter-
mination in complex media is the difficulty to analyze the macromolecules with 
antioxidant proprieties.

2.3 Metal chelating assay

Metal chelation capacity is evaluated by measuring the chelating effect of anti-
oxidants for metal ions. Fe2+ ions are known to enhance lipid peroxidation trough 
Fenton reaction and also by decomposing lipid hydroperoxides into peroxyl and 
alkoxy radicals, which are more reactive. By Fenton reaction (written below), the 
ferrous ions produce •OH radicals, which are highly reactive, and contribute appre-
ciably to oxidative stress. The resulting hydroxy radicals cause damage to proteins, 
carbohydrates, cellular lipids and nucleic acids leading to cellular damage.

 2 2 +  + +→2+ 3+ -Fe H O Fe OH OH

  (10)

Numerous metal ions such as Cu+, Ti3+, Cr2+, and Co2+ and their complexes in 
their lower oxidation states react with H2O2 in a similar manner as Fe2+, and the 
mixtures of these metal ions with H2O2 were named “Fenton-like” reagents [96].

Metal chelation capability could be used as an indicator of antioxidant capacity. 
Chelating agents stabilizing the oxidized form of the metal ions are effective as 
secondary antioxidants.
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activity of an antioxidant is based on the absorbance measurement of Fe2+-ferrozine 
complex in presence and in absence of the analyzed sample. The decrease in absor-
bance of the solution after the introduction of test sample is related to the metal 
chelation capacity of the sample. The measurements are performed spectrophoto-
metrically at 562 nm [13]. Ethylenediaminetetraacetic acid (EDTA) is generally 
used as a standard metal chelator. Metal chelation capability of different samples is 
expressed as EDTA equivalents.

In [38] the results obtained at the determination of metal chelation capacity 
for a number of antioxidants and extracts are presented. A study regarding the 
standardization of the experimental protocols to evaluate the capability to chelate 
Fe2+ (employing ferrozine as chromogenic reagent) and Cu2+ (employing pyrocat-
echol violet as the chromogen agent) is presented in [152]. This study used 96-well 
microplates and analyzed Brazilian coffees (n = 20).

2.4 Total phenolic content (TPC)

Total phenolic content (TPC) or Folin–Ciocalteu reducing (FCR) assay is an 
important parameter of total antioxidant capacity (TAC) and largely employed for 
evaluation of a diversity of samples. The TPC assay has been used for a long period 
as a measure of total phenolic content in natural products [37]. In this method, TPC 
values are evaluated as equivalents of gallic acid or another phenolic compound, 
e.g., caffeic acid, catechin, ferrulic acid, etc.

The Folin Ciocalteu reagent contains phosphomolybdic/phosphotungstic 
acid complexes, with added lithium sulfate and bromine, in strong basic medium 
(5–10% aqueous Na2CO3, pH 10–12) to generate the phenolate anion [153]. The TPC 
method is based on the measurement of the blue-colored chromophore (λmax = 620–
765 nm) generated as a result of reduction of Folin Ciocalteu reagent with phenols 
from the sample [154]. The reduction site is considered the molybdenum centre in 
the complex (Mo6+ ion is reduced to Mo5+ by phenols).
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TPC assay is operationally simple, reproducible and convenient for evaluation of 
total phenolic for a variety of samples because the reagent is commercially available.

However many non-phenolic compounds e.g., ascorbic acid, aromatic amines, 
sulfur dioxide, some metal ions (Cu+ and Fe2+), etc. can interfere by reducing Folin 
Ciocalteu reagent. Several methodologies have been studied to increase the selectiv-
ity of the TPC method for total phenolic determinations in plant extracts [60].

A critical review of the methods for the assays of TPC in food matrices is pre-
sented in [61]. The review focuses on the most used methods to measure by UV-Vis 
spectrometry the TPC, o-diphenols, flavonoids, flavonols, anthocyanins, and 
tannins. Examples of application of TPC assay for winemaking byproducts (seeds, 
skins, stems, and pomace) and in Venezuelean propolis are given in [155, 156], 
 respectively.

The TPC assay is still widely employed. However solid phase extraction (SPE) 
was considered as clean-up step in only a few cases. When SPE was employed, the 
SPE-FCR assay presented excellent reproducibility [157].

TPC assays are low-cost, simple, do not require expensive equipment and they 
are used largely to evaluate a big diversity of samples.

3. Biochemical-based assays and in vivo assays

3.1 Oxidation of low density lipoprotein (LDL) assay

A review of this assay alongside other assays measuring lipid oxidation can be 
found in [62]. The oxidation of LDL generated by ROS/RNS was studied long ago. 
ROS play an very important role in the initiation, propagation and termination 
reactions of the LDL lipid peroxidation. The lipid peroxidation processes could 
be followed by different methods, e.g., UV spectrophotometry and/or chemilu-
miniscence techniques. As an initiator of LDL oxidation is commonly employed 
cupric sulfate. By using a spectrophotometric methods the formation of diene 
conjugates at 234 nm is measured. By using a chemiluminescence methods the 
emitted radiation is measured as a result of the formation of oxidative products. By 
mixing a cupric sulfate solution with LDL sample, the kinetic profiles correspond 
to the occurrence of a lag phase owing to the existence of endogenous antioxidants 
such as coenzyme Q and vitamin E in the LDL particle. Following the lag time, the 
peroxidation of lipids is measured as an growth of the analytical signal (absorbance 
or chemiluminescence intensity) that finally, after minutes or hours, hit a plateau. 
By adding an antioxidant to the reaction mixture the lag time is enhanced. The 
antioxidant capacity is evaluated by measuring of the lag time. The most important 
advantage of this method is the employment of a biological significant target.

3.2 The thiobarbituric acid reactive substances (TBARS) assay

Two review dedicated exclusively to TBARS assays are presented in [63, 64]. 
Important aspects of the TBARS assay such as state-of-the-art of the method, 
determination in physiological systems, assays in food systems and the employment 
of TBARS in antioxidant evaluation studies are presented in [63].

The thiobarbituric reactive substances (TBARS) assay is frequently used to 
evaluate lipid peroxidation. The method is based on the reaction of malondialde-
hyde (MDA) generated as an advanced product of unsaturated lipid degradation 
under the influence of ROS/RNS, with thiobarbituric acid (TBA) under acidic 
conditions and at high temperature (100 °C) [158]. It is obtained a characteristic 
colored product [MDA-(TBA)2] which is measured spectrophotometrically at 
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532 nm. MDA is a marker of oxidative stress. It is formed from polyunsaturated 
fatty acids (PUFA) with at least three double bonds in their molecule. This method 
is not a selective assay for lipid peroxidation products because TBA reacts with a 
diversity of aldehydes, not only those generated in the lipid peroxidation process 
[14]. The lack of specificity of the method is emphasized by the designation: thio-
barbituric acid reactive substances (TBARS). MDA formation is the most largely 
employed method for lipid peroxidation evaluation. The method was significantly 
enhanced by coupling with HPLC. Several food components such as sugar degrada-
tion products, proteins and Maillard browning products affect the measurements. 
The thiobarbituric acid reactive substances (TBARS) method is widely employed to 
evaluate antioxidant activity and lipid oxidation in a diversity of samples.

3.3 Cellular antioxidant activity (CAA) assay

Cellular-based antioxidant activity assays (CAA) are performed within the cell 
medium and are presumed to be biologically more appropriate than the respec-
tive chemical assays owing to their better representation of the physico-chemical 
characteristics of the medium [159]. At the cellular level the antioxidant outcome 
is not confined only to reactive species scavenging, but imply also gene expression, 
modulation of redox cell signaling and upregulation of detoxifying or antioxidant 
enzymes. Moreover, in order to assay antioxidant capacity/activity it is very impor-
tant to take into consideration some features regarding the bioavailability of an 
antioxidant such as the uptake, the partitioning in membranes and the metabolism. 
CAA assay is very useful for the evaluation of a new antioxidant because the change 
of the redox state at the cellular level (caused by the antioxidant) is strongly influ-
enced by the different cell components.

The principle of CAA is presented in Figure 4. The cell-permeable non-polar  
2 ́,7 ́-dichlorofluorescin diacetate (DCFH-DA) is used as a fluorescence probe. 
Within the cells this molecule is deacetylated by cellular esterases generating a 
polar molecule, 2 ́,7 ́-dichlorofluorescin (DCFH) which is captured in the cells. 
Afterwards, peroxyl radicals produced inside the cells from 2, 2 ́-azo bis(2-amid-
inopropane) dihydrochloride (AAPH) which cross easily the cellular membrane 
oxidize DCFH to form dichlorofluorescein (DCF) which is fluorescent. The fluo-
rescence intensity generated within the cells is related with the extent of oxidation. 
The molecules with antioxidant properties scavenge peroxyl radicals and will 
decrease the generation of fluorescence. Consequently, the antioxidant activity of a 
sample can be evaluated by assessing the decrease in the cellular fluorescence.

Several reviews were published regarding this topic [18, 65, 66]. Based on the 
CAA concept introduced in [160], CAA was used to determine the antioxidant 
capacity of dietary supplements, foods and phytochemicals in cell cultures [159]. 
In this study, human hepatocarcinoma HepG2 cells were loaded with the redox 
sensor DCFH which is oxidized to fluorescent DCF by the ROO• resulted from the 
thermal decomposition of AAPH. Antioxidants diminish the fluorescent radiation 
emitted by DCF. CAA is expressed as μmoles of quercetin equivalents per 100 μmol 
of tested pure compound or per 100 g product (vegetables, fruits, etc.). Several cell 
sorts have been employed for the CAA assay beyond HepG2, e.g., Caco-2 matured 
differentiated intestinal cells [161], human gastric adenocarcinoma cell line AGS 
[162], etc.

Cellular oxidative stress can also be elicited by exposing cell cultures to H2O2 
(in the mM range) and then measuring fluorimetrically the oxidation of the probe 
(DCFH) [163].

Saccharomyces cerevisiae cells were employed in a CAA assay to measure antioxi-
dant capacity of different types of products in living systems [164]. Pretreatment of 
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Several reviews were published regarding this topic [18, 65, 66]. Based on the 
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[162], etc.

Cellular oxidative stress can also be elicited by exposing cell cultures to H2O2 
(in the mM range) and then measuring fluorimetrically the oxidation of the probe 
(DCFH) [163].

Saccharomyces cerevisiae cells were employed in a CAA assay to measure antioxi-
dant capacity of different types of products in living systems [164]. Pretreatment of 
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the cells with different flavonoids [164] or mixtures of polyphenols [165] partially 
diminished the damage generated by H2O2.

S. cerevisiae as a model organism system for the antioxidant activity assessment 
of dietary natural products is reviewed in [65].

An investigation of antioxidant activities of 44 types of dark teas using the 
DPPH, ABTS, FRAP assays, and CAA assay (by using HepG2 cells) is reported in 
[166]. Correlation analysis indicated that there was a significant positive correlation 
between the levels of epigallocatechin gallate and the antioxidant activities evalu-
ated using the ABTS and FRAP assays.

The CAA assay is an adequate and very good technique to measure the perfor-
mance of antioxidants against oxidative stress. In this manner it is evaluated the 
capacity of a compound or a mixture of compounds to exercise an antioxidant 
response at the cellular level and to reduce intracellular oxidative stress, not just 
its capability as a reducing agent or its ROS/RNS scavenging ability. The CAA 
methodology is closer to a biological approach, and an antioxidant is regarded as a 
compound useful to modulate the redox state of the cell.

Figure 4. 
Schematic presentation of cellular antioxidant activity assay. DCFH-DA, _ dichlorofluorescin diacetate; 
DCFH, 2 ́,7 ́-dichlorofluorescin; DCF, dichlorofluorescein; AAPH, 2, 2 ́-azo bis(2-amidinopropane) 
dihydrochloride.
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It is indicated to evaluate the antioxidant capacity of a sample by employing 
several chemical methods and CAA assays. The antioxidant capacities evaluated by 
CAA assays are not related well with their chemical values because the two types of 
methods are affected by very distinct factors.

4. Conclusions

Many studies were published concerning the antioxidant capacity of different 
products. However, with all these research efforts, a direct link between a food TAC 
value and health benefits was not found [12].

Taking into account the vast material published in the literature the following 
conclusion regarding the antioxidat assays can be drawn [14, 15]:

• The expression “total antioxidant capacity” (TAC) correspond to the coop-
erant effect of antioxidants existing in a sample (cumulative and maybe 
synergistic/antagonistic). It is a more adequate term to express the total 
antioxidant capability of a sample than the summation of individual antioxi-
dant constituents.

• It is a stringent need to standardize the TAC assays and to formulate the 
results of measurements as equivalents of a standard material so that to enable 
relevant comparison between different methods and different samples [18].

• Most methods developed for TAC evaluation are not based on well detailed 
investigations of the chemical system involved in measurements (antioxidants 
interactions, pH, effect of solvents, kinetics, etc.) [16, 19].

• Many in vitro antioxidant methods are accomplished at pH values far from 
physiological pH and cannot have much sense for in vivo determinations of 
antioxidant effect.

• It is very useful to add a cellular-based assay to assess the analyzed sample 
capability to generate a cellular antioxidant response, in addition to its ability 
as a good scavenger of ROS/RNS [18].

• Potential mutual action of antioxidants (i.e., synergistic or antagonistic 
effects) or prooxidant actions of antioxidants (e.g., under the influence of the 
composition of the medium) should be taken into account [16, 167].

• For testing natural compounds it is necessary to employ several in vitro 
chemical-based assay that measures various facets of the reactivity of the 
antioxidants toward ROS/RNS [18]. Including a CAA assay is highly recom-
mended [20].

Taking into account our evaluation regarding the state-of-the-art in the field 
of antioxidant capacity/activity assays we consider that the assessment regarding 
this subject expressed in [25] is correct, namely:” Twenty five years of antioxidant 
screening have NOT resolved issues of assay chemistry, standardization, and 
reporting; provided significant insight into chemical mechanisms and factors 
controlling antioxidant action; clearly connected in vitro assay chemistry to in vivo 
actions; established rate constants for reaction of antioxidants with radicals that are 
relevant in foods and biological tissues;...”.
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The in vitro antioxidant assays and the determination of total phenolic content 
employing colorimetric methods are not only used for the evaluation of potential 
beneficial effects of different products. There are also used for the quality control 
of natural products and foods [166, 168] where the antioxidant capacity of com-
mercial samples, evaluated by in vitro assays, can be collated against reference 
materials. Hence, trends can be very valuable for comparing samples from the same 
materials. In food technology, in vitro antioxidant methods and TPC assay may be 
useful to assess, e.g., the antioxidant actions of herbal extracts on lipid-rich foods, 
the effects of processing steps on the stability of phenolic compounds from herbal 
extracts [168] employed to counteract lipid oxidation, or to obtain more antioxidant 
compounds from raw materials. In the area of active packaging, radical scavenging 
assays can contribute to assessing efficiency of antioxidant packaging formulations 
[169]. The in vitro methodologies for antioxidant and TPC assays are applied in 
routine quality control programs by food companies in many countries [170, 171]. 
The methodologies for antioxidant and TPC assays can be considered valuable 
high-throughput, low cost tools used to evaluate and find antioxidant sources and 
for quality control of foods and natural products.

Acknowledgements

This work was supported by a grant of the Romanian Ministry of Education 
and Research, CCCDI - UEFISCDI, project number PN-III-P2-2.1-PED-2019-3945, 
contract 362 PED, within PNCDI III.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

619

Recent Advances in Antioxidant Capacity Assays
DOI: http://dx.doi.org/10.5772/intechopen.96654

[1] Shahidi F, Zhong Y. Measurement 
of antioxidant activity. Journal of 
Functional Foods. 2015;18:757-781. DOI: 
10.1016/j.jff.2015.01.047

[2] Halliwell B. Antioxidant 
characterization - methodology and 
mechanism. Biochemical Pharmacology. 
1995;49(10):1341-1348. DOI: 
10.1016/0006-2952(95)00088-h

[3] Halliwell B, Murcia MA, 
Chirico S, Aruoma OI. Free-radicals 
and antioxidants in food and in vivo 
-what they do and how they work 
Critical Reviews in Food Science and 
Nutrition. 1995;35(1-2):7-20. DOI: 
10.1080/10408399509527682

[4] Amarowicz R, Pegg RB, 
Rahimi-Moghaddam P, Barl B, Weil JA. 
Free-radical scavenging capacity and 
antioxidant activity of selected plant 
species from the Canadian prairies. 
Food Chemistry. 2004;84(4):551-562. 
DOI: 10.1016/s0308-8146(03)00278-4

[5] Apak R. Current Issues in 
Antioxidant Measurement. Journal 
of Agricultural and Food Chemistry. 
2019;67(33):9187-9202. DOI: 10.1021/
acs.jafc.9b03657

[6] Huang DJ, Ou BX, Prior RL. The 
chemistry behind antioxidant capacity 
assays. Journal of Agricultural and Food 
Chemistry. 2005;53(6):1841-1856. DOI: 
10.1021/jf030723c

[7] Re R, Pellegrini N, Proteggente A,  
Pannala A, Yang M, Rice-Evans C.  
Antioxidant activity applying an 
improved ABTS radical cation 
decolorization assay. Free Radical 
Biology and Medicine. 1999;26(9-
10):1231-1237. DOI: 10.1016/
s0891-5849(98)00315-3

[8] Brand-Williams W, Cuvelier ME, 
Berset C. Use of free-radical method 
to evaluate antioxidant activity Food 

Science and Technology-Lebensmittel-
Wissenschaft & Technologie. 
1995;28(1):25-30. DOI:

[9] Benzie IFF, Strain JJ. The ferric 
reducing ability of plasma (FRAP) as 
a measure of “antioxidant power”: The 
FRAP assay. Analytical Biochemistry. 
1996;239(1):70-76. DOI: 10.1006/
abio.1996.0292

[10] Apak R, Guclu K, Ozyurek M, 
Celik SE. Mechanism of antioxidant 
capacity assays and the CUPRAC 
(cupric ion reducing antioxidant 
capacity) assay. Microchimica Acta. 
2008;160(4):413-419. DOI: 10.1007/
s00604-007-0777-0

[11] Berker KI, Olgun FAO, Ozyurt D, 
Demirata B, Apak R. Modified Folin-
Ciocalteu Antioxidant Capacity Assay 
for Measuring Lipophilic Antioxidants. 
Journal of Agricultural and Food 
Chemistry. 2013;61(20):4783-4791. DOI: 
10.1021/jf400249k

[12] Pellegrini N, Vitaglione P, 
Granato D, Fogliano V. Twenty-five 
years of total antioxidant capacity 
measurement of foods and biological 
fluids: merits and limitations. Journal 
of the Science of Food and Agriculture. 
2020;100(14):5064-5078. DOI: 10.1002/
jsfa.9550

[13] Gulcin I. Antioxidants and 
antioxidant methods: an updated 
overview. Archives of Toxicology. 
2020;94(3):651-715. DOI: 10.1007/
s00204-020-02689-3

[14] Apak R, Ozyurek M, Guclu K, 
Capanoglu E. Antioxidant Activity/
Capacity Measurement. 1. 
Classification, Physicochemical 
Principles, Mechanisms, and Electron 
Transfer (ET)-Based Assays. Journal 
of Agricultural and Food Chemistry. 
2016;64(5):997-1027. DOI: 10.1021/acs.
jafc.5b04739

References



Antioxidants - Benefits, Sources, Mechanisms of Action

618

Author details

Andrei Florin Danet
Faculty of Chemistry, University of Bucharest, Bucharest, Romania

*Address all correspondence to: andrei.danet@g.unibuc.ro

The in vitro antioxidant assays and the determination of total phenolic content 
employing colorimetric methods are not only used for the evaluation of potential 
beneficial effects of different products. There are also used for the quality control 
of natural products and foods [166, 168] where the antioxidant capacity of com-
mercial samples, evaluated by in vitro assays, can be collated against reference 
materials. Hence, trends can be very valuable for comparing samples from the same 
materials. In food technology, in vitro antioxidant methods and TPC assay may be 
useful to assess, e.g., the antioxidant actions of herbal extracts on lipid-rich foods, 
the effects of processing steps on the stability of phenolic compounds from herbal 
extracts [168] employed to counteract lipid oxidation, or to obtain more antioxidant 
compounds from raw materials. In the area of active packaging, radical scavenging 
assays can contribute to assessing efficiency of antioxidant packaging formulations 
[169]. The in vitro methodologies for antioxidant and TPC assays are applied in 
routine quality control programs by food companies in many countries [170, 171]. 
The methodologies for antioxidant and TPC assays can be considered valuable 
high-throughput, low cost tools used to evaluate and find antioxidant sources and 
for quality control of foods and natural products.
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