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Preface

Bioactive compounds are widely used in the pharmaceutical industry, food 
processing, and drug, nutraceutical, and cosmetic manufacturing, among 
others. This book examines how to obtain bioactive compounds from different 
sources and their potential industrial uses. New and sophisticated techniques are 
used for obtaining bioactive compounds from different sources such as plants, 
marine life, and microorganisms. Currently, researchers are investigating the 
utilization of fruit and vegetable wastes as good and cheap sources of bioactive 
compounds. The bioactive compounds possess antioxidant, antimicrobial, 
anti-inflammatory, anticancer, and antidepressant properties. The biological 
activity of these compounds is based on the lead or privileged scaffolds present 
in their structure. These different scaffolds include indole, purine, chromone, 
coumarin, benzothiophene, lactone, and so on, and can be modified into multiple 
molecules for different bioactivities. Sesquiterpene lactones (SLs) are an example 
of containing lactone as a privileged scaffold. The 𝛾𝛾-lactone ring, usually with an 
𝛼𝛼-methylene group, is a significant characteristic of SLs. Their molecular structure 
may present hydroxyls, esterified hydroxyls, or epoxide groups. These bioactive 
molecules have direct potent effects on human health.
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Chapter 1

Bioactive Molecules from 
Medicinal Plants as Functional 
Foods (Biscuits) for the Benefit 
of Human Health as Antidiabetic 
Potential
Ashwini Devaraj and Gayathri Mahalingam

Abstract

Functional foods defined as “similar in appearance to a conventional food, 
and is demonstrated to have physiological benefits or reduce the risk of chronic 
disease beyond basic nutritional functions.” The leading role in food industry plays 
ultimately by the functional food. In recent days, the designing of a functional 
food with the incorporation of medicinal plants, which is the natural product is the 
familiar one. The medicinal plants are scientifically proven, lesser side effects, and 
eco-friendly in nature. Many food types are chosen for the development of func-
tional food with the incorporation of medicinal plants. Diabetes mellitus is a major 
chronic disease which affects the basic metabolism of insulin secretion and insulin 
functioning on glucose clearance from the blood stream. The modern inactive life 
style of the population leads to obesity and ultimately results in the major risk of 
diabetes mellitus and other risk factors alongside. The therapeutic alteration for 
DM is to minimize the burden of disease, and the targeted people were advised to 
follow proper physical activity and nutrient intake with healthy weight gain. The 
disease targeted people were recommended with the proper diet intake which aims 
at consuming the functional food with the incorporation of medicinal plants.

Keywords: functional food, medicinal plants, bioactive molecules, diabetes mellitus, 
nutrient intake

1. Introduction

In the recent days, the world has a strong belief in the field of food, which 
directly contributes to the human health. Each and every individual is aware of the 
food intake and its effects to the benefit of the health. The food which contains all 
vital nutrients not only to subside the hunger but also to provide essential nourish-
ment apart from usual benefits. This will improve the physical and mental state of 
the human health in a disease free condition leads to a diet related therapeutic model 
for the lifestyle diseases [1]. Nowadays science and technology has its wide arm in 
every field because of the scientific evidence that proves the benefits and harmful-
ness of certain thing. In food technology also, the consumers see to the scientific 
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evidence and proof for the beneficial effects of that food item to the health. Thus 
in the last few decades, the urge for the healthy combo of food demands the health 
promoting category in the food industry by the consumers [2]. Because of the 
modern life culture, the people are in hurry and fast, they were in need of fast foods 
and lead to change in their lifestyle. Thus, the emergence of lifestyle diseases started 
which is by the lack of physical activity, change in eating habits, taking unhealthy 
food in an unbalanced way and leads to hazardous health ill effects. The basic daily 
 recommended dietary intake of macronutrients in gender wise is listed in Table 1.

Adult male Adult female

Energy (kcal) 2400–3000 2200

Protein(g) 56 50

Vit. A (IU) 900 800

Vit. D (IU) 600 600

Vit. C (IU) 90 75

Vit. E (IU) 15 15

Folate (mcg) 400 400

Ca (mg) 1000 800–1000

Ph (mg) 700 700

Fe (mg) 18 8

Zn (mg) 11 8

I (mg) 18 8

Se (mg) 55 55

Table 2. 
Daily nutritional requirement in gender based on recommended dietary intakes [7].

Nutrients Carbohydrates (g/d) Fat (%K Cal) Protein (g/d) Total fiber (g/d)

Gender/category 
of age

Male

9–13 year 130 34 31

14–18 year 130 52 38

19–30 year 130 25–35 56 38

31–50 year 130 56 38

51–70 year 130 56 30

>70 year 130 56 30

Female

9–13 year 130 34 26

14–18 year 130 46 26

19–30 year 130 20–35 46 25

31-50 year 130 46 25

51-70 year 130 46 21

>70 year 130 46 21

Table 1. 
Recommended daily dietary intake of macronutrients for individuals – gender and age [3].
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Nutrient is the term to be explained or mentioned before the definition of 
bioactive components in and as food. The food is a combination of vital components 
in a proper ratio called balanced diet. The nourishment provided by the food for 
the healthy functioning of the human body is said to be the nutrients [4]. About 
2500 years ago, the tenet “Let food be thy medicine and medicine be thy food,” 
espoused Hippocrates receives interest nowadays. Lifestyle and diet intake are 
common couple factors responsible for major chronic diseases. Major lifestyle 
diseases like cancer, diabetes, osteoporosis, respiratory diseases, cardiovascular 
diseases, gastrointestinal diseases, and obesity, account for 63% annual deaths [5]. 
Non-communicable diseases are coined as lifestyle diseases, which are linked with 
the people nature of living and behavior involved in diet, lifestyle, and environment 
[6]. Thus, the food not only helps to promote health, physical development, and 
growth but also to prevent or treat various disorders and diseases. Some of the daily 
recommended nutritional elements gender wise is listed in Table 2.

2. Diabetes mellitus

Diabetes mellitus is one of the most deadly chronic diseases with metabolic 
disorder which is associated with major life threatening complications. The diabetes 
is a growing global problem which affects the metabolism and results in many 
complications leads tom death at early stages of life. Diabetes is of three types: 
type 1 – non-insulin dependent diabetes, type 2 – insulin dependent diabetes, type 
3 – gestational diabetes. According to international diabetic federation (IDF), type 
2 diabetes is accounting 90% of worldwide diabetes. The prevalence of diabetes in 
2030 is 1.2 billion, where as in 2045, it increases to 1.3 billion unconditionally shown 
in Figure 1. It is mainly because of insulin insufficient secretion to lower the blood 
glucose level because of impairment of pancreatic beta cells. The elevated blood glu-
cose level in the body is because of insulin impairment termed as insulin resistance. 
The major cause of insulin impaired diabetes is due to improper physical activity, 
unhealthy food habits, and increase of obese condition [8]. As defined by WHO, 
the obese condition and overweight of body are the major risk factors for the cause 
of diabetes [5]. The risk factors are directly correlated to the food intake, physical 
inactivity, and modern lifestyle, thus the energy imbalance plays a vital role in the 

Figure 1. 
Prevalence of diabetes worldwide, IDF.
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prevalence of diabetes worldwide. Thus, the improper food habit and inactiveness 
of modern lifestyle inculcate the human life in a dangerous route where the people 
are unaware of diabetes emergence in their life. Prevalence of diabetes is estimated 
by sex among 65–99 years old adult population by IDF in Figure 2 [9].

The major risk factors of type 2 diabetes mellitus are unhealthy eating, lack 
of physical exercise, obesity, and family epigenetics. Thus, the overeating of 
unhealthy food leads to increased body weight because of lack of exercise,  
results in obese condition. This obese condition portrays the beta cell destruction 
results in insulin impairment. It takes many years to exhibit the hyperglycemic 
condition in the body [10]. Various studies show that the high intake of fatty food 
gradually results in the lack of glucose resistant. The intake of unsaturated fatty 
acid is good for diabetic patients while the saturated and the Trans fats are associ-
ated with diabetic risk in a very high ratio. Reduced insulin secretion in the pan-
creas associated with decreased glucose uptake due to insulin excitation in muscles, 
also increased fundamental liver glucose production, thus glucose absorption in 
gastrointestinal tract is increased. This is the pathophysiological structure of type 2 
diabetes  mellitus. It is shown in Figure 3.

2.1 Medicinal plants and DM

As earlier defined by WHO, the cure for diabetes mellitus is possibly from the 
usage of medicinal plants in the form of herbal medicine whose remedies and pro-
portion are involved in the control of the same. The scientific evidence and thera-
peutic application of the medicinal plants is the ultimate goal for the researchers 
and healthcare systems in the management of diabetes [11]. From the olden days, 
the management of severe diseases has its loophole in the potential of some medici-
nal plants which acts as drugs. These are having high belief that the drugs prepared 
from the medicinal plants are lesser side effects, and risk of toxicity is minimal and 
free from harmful effects [12]. Thus, World Health Organization recommends the 
usage of medicinal plants of traditional methods for the management of diabetes 
mellitus because of its lesser side effects when compared to the synthetic drugs. The 
usage of medicinal plants is extensively benefited worldwide for the management of 
various diseases in the pharmaceutical industry. Since plants are the rich source of 
phytochemicals whose benefits are countless and endless. In the pharma industries 
for most of the chronic diseases, the drugs are synthesized by using 50% of the 
medicinal plants from the historical origin [13].

Figure 2. 
Prevalence of diabetes estimated by sex among 65–99 years old adult population [7].
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The complications of diabetes mellitus are countless, which leads to gradual impair-
ment of vital body parts one by one. The challenging part of diabetes is its manage-
ment for maintaining the blood glucose level to normal range. The traditional usage of 
medicinal plants for the management of diabetes because of the bioactive molecules 
present in it which fight against the condition [14]. From the ancient history, the 
medicinal plants are having its main role for the curing of many diseases which paves 
the way for the utilization of the same to the management of diabetes mellitus. Thus, 
our ancestors commonly used the medicinal plants in the food itself, and the leaf, 
stem, fruits, flowers, and roots all are utilized in the management of various diseases. 
This enlightens the idea of using medicinal plants in the management of DM.

3. Bioactive molecules and functional food

The plants whose bioactive molecules are so called phytochemicals, which makes 
the plant to be said as medicinal plant. The medicinal plants contain some potential 
biological properties that help the human beings to get rid of some diseases and 
protect them from hazardous health issues [15]. The application of phytochemicals 
is in many fields such as food industry, health and nutrition, agriculture, and 
pharmaceuticals also. Thus, medicinal plants are having ancient origin for the home 
made treatment and desirable beneficial effects to human health. The bioactive 
molecules are called so because it is the biologically active compounds which give 
additional nutritional value than the primary nutrition. Thus the food contains 
some additional nutritional value because of the bioactive molecules present in it 
said to be known as functional food. The phytochemicals like alkaloids, phenols, 
flavonoids, terpenes and antioxidants, and polyunsaturated fatty acids like omega 3 
fatty acids containing foods are called as functional foods [16].

Figure 3. 
Pathophysiology of type 2 diabetes mellitus.
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According to American dietetic association, functional foods are said to be the 
food and its components which provide some additional nutrition than the basic 
nutrition. Examples for the functional food are the fortified food, enhanced or 
enriched foods which are having good health impact for the growth and develop-
ment [17]. The pharmaceutical compounds than giving as drug form it can be 
provided as nutritional supplement with added advantage [12]. The functional 
food is similar to normal conventional food but beyond normal physiological role, 
it is having additional nutritional content that said to be as enhanced, enriched, 
or fortified food [18]. The functional properties are added in many food products 
like bread, biscuits, powders, mixes, decoction, suranams, also as various forms. 
The addition of nutrient rich food stuff in all the diets like legumes, grains, nuts, 
fruits, and vegetables will eventually result in less glycemic index foods and low fat 
substances which are good for type 2 DM [19]. Various probiotics, prebiotics, and 
also combination of both called symbiotic combo of functional foods are utilized 
[20]. The risk factors of DM and link to food habit are stated in Figure 4.

3.1 Functional food: biscuits

Among various functional foods, biscuits are of having wide range of advantages 
like a product with less moisture content, easily available, less cost, ready to con-
sume at any time, can be prepared as varieties because of changing the proportion 
of the major ingredients. Biscuits can be made in wide functionality and nutritional 
value [21]. Biscuits are rich in cereal and best nutraceutical for delivery health 
benefits to the consumers in a right proportion. It can be used in the daily diet and 
improve the health state of human beings [22]. Biscuits can be available in differ-
ent tastes, and variations also possess prolonged shelf life which suits all age group 
people [23]. In this review, especially biscuits are covered because of its efficacy and 
possess good functional properties in Table 3.

Figure 4. 
Risk factors of DM and link of food intake.
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4. Conclusion

The functional food acts as a bridge between the nutritional diet and healthy 
living. The importance of medicinal plant incorporation is well known by the public 
from the ancient time but they were unaware of it. Nowadays its innovative way of 
incorporation in many kinds of food by means of scientific approach in order to avoid 
all kinds of queries and confusions is well understood. Overall, the maintenance of 
healthy living through nutritional approach is by the consumption of medicinal plant 
incorporated functional food also by having a physical activity to prevent the diseases 
from consuming life and have a healthy weight gain to avoid unnecessary health issues 
and sufferings. The potentiality and consequences of functional food suggest many 
inspiring opportunities on the whole. As a segment of a varied diet, on regular basis at 
effective levels, the consumption of functional food is recommended to major nutri-
tion-related chronic diseases. For effective strategy in health claims, the functional 
food acts as one of the part of it, to maximize health and minimize the disease risk. 
The successful cyclic promo of functional food is depicted in Figure 5. From the novel 
idea in theory form have to cross many barriers like evidence, reviews, marketing, and 
publications results in the final destination the prototype, is product development.
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Chapter 2

Bioactive Molecules from Indian 
Medicinal Plants as Possible 
Candidates for the Management of 
Neurodegenerative Disorders
Uma Ranjan Lal and Snigdha Lal

Abstract

The present review gives an account of various bioactive molecules obtained 
from Indian medicinal plants for neurological degenerative disorders. Emphasis is 
laid on their correlation with the plants used in traditional system of medicine in 
India. The methodology involved in present review was enlisting of medicinal plants 
used for neurodegenerative disorders followed by their chemistry. A correlation with 
the chemical constituents and their recent findings has been done. Many medicinal 
plants such as Aloe vera and Bacopa monnieri have documented correlations and also 
need to be explored more. Molecules like garcinol (34), which was originally an anti-
cancer compound, have good correlation as neuroprotective agent. Likewise many 
plants that have not been explored but are used in traditional system of medicine 
have also been listed. Jaggery and honey, which are used in traditional formulations in 
large quantity, also have natural products that are used as neuroprotective agents. In 
conclusion, a lot more study is required to correlate the medicinal plants and herbal 
formulations to have much more natural products for neurodegenerative disorders.

Keywords: ayurvedic formulations, Indian medicinal plants, aloin, garcinol

1. Introduction

Neurodegeneration is defined as a complex process that involves progres-
sive damage to the brain with neuronal loss leading to incurable and devitalizing 
consequences. The neurons, which get degenerated, are not restored, which result 
in impaired cognition and neurological disorders leading to depression, schizophre-
nia, Alzheimer’s disease, dementia, epilepsy, cerebral ischemia, and parkinsonism 
[1, 2]. These diseases involve various characteristic pathological and molecular 
features affecting neurons in various regions of the brain. Neurodegenerative 
diseases are accelerated by the way we live our daily lives. As per recent report by 
Indian Council of Medical Research (ICMR), the proportion of deaths estimated 
due to lifestyle diseases has increased from 37.09% in 1990 to 61.8% in 2016 [3]. 
Thus, there is an immense need for the development of strategies for its prevention 
as a number of patients suffering from lifestyle diseases are increasing day by day. 
Ayurveda is considered an old age traditional medicine of Indian practice involv-
ing considerable usage of plants and herbal preparations, which are known to cure 
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various disorders. Various classical formulations for neurodegenerative diseases are 
listed in Ayurvedic Formulary of India (AFI), which also provides a file of informa-
tion regarding single drugs of plant, animal, and mineral origin, providing their 
official names and English equivalents for their easy identification [4]. In present 
review, the major plants listed in the formulations indicated as neuroprotective is 
discussed. Present review outlines the chemical constituents and pharmacology of 
the listed plants. The sole aim of present review is to extract the hidden potential 
ancient formulations supported by modern findings so as to enhance their accept-
ability in masses. Further, a systematic approach for their chemical standardization 
is a need as it will be supportive in identifying therapeutic molecules, stating the 
need for combining scientific interpretations and traditional knowledge.

2. Indian medicinal plants and neurodegenerative diseases

The present sections describe plant material along with their chemical constitu-
ents and related pharmacology pertaining to neurodegenerative disorders. Few 
molecules with prominent activity have also been discussed.

3. Aloe vera (L.) Burm.f.

A. vera is a succulent, evergreen, perennial herb, which is being cultivated all over 
the world mainly for the purpose of agricultural and medicinal uses. Anthraquinones 
(aloe-emodin (1), chrysophanol (2), and a bitter reddish-yellow exudate containing 
majorly anthrones (aloin A and B (3)), aloe-emodin (4) [5], and few aloe resins such 
as aloeresin (5) and aloenin (6)) [6] are the major constituents in aloe (Figure 1). 
Aloe-emodin 4 is reported to enhance cognition against scopolamine-induced cogni-
tive impairment in mice [7]. Aloin 3 is shown to decrease intracellular ROS genera-
tion and reduced Ca2+ production, which is responsible for depolarization and death 
of the neuron, suggesting it as a useful and alternative therapy for cerebrovascular 
diseases [8]. A. vera gel demonstrated antioxidant and anti-inflammatory activities 
when given to the rats with sciatic nerve reperfusion injury [9].

Figure 1. 
Structures of compounds present in A. vera.
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4. Terminalia chebula Retz

Terminalia chebula (Combretaceae) commonly called Haritaki, is used in ayurvedic 
formulations, also reported to demonstrate neuroprotective activities. The principle 
constituents in pericarp of T. chebula fruits are phenolics (chebulic acid (7), chebulagic 
acid (8), chebulinic acid (9), ellagic acid (10), gallic acid (11)) [10] and triterpenoid 
glycosides chebuloside II (12) (Figure 2) [11]. Pericarp of fruits of T. chebula consti-
tutes Triphala (one of the popular formulations of ayurvedic system of medicine). 
The methanolic (70%) extract of the fruit Fructus chebulae has been shown to rescue 
cerebral ischemia by protecting neurons from degeneration. The in-vitro study and 
in-vivo studies have shown promising results [12]. Also, there is a promising decrease 
in the levels of malondialdehyde (MDA), NO, and microglial death stimulated by lipo-
polysaccharide (LPS) in the cells after treating with the extract [13]. The underlying 
mechanism might be the inhibition of inflammatory and oxidative processes. T. chebula 
constituents such as chebulagic acid, chebulinic acid, and ellagic acid have shown to be 
neuroprotective on various cell lines by showing its effect on various targets [14–16].

5. Honey and Jaggery

Both Honey and Jaggery are used in making of many ayurvedic preparations, and 
they constitute major part of many formulations [4]. Honey, a sweet and viscous 
substance, is produced by the honey bees (Apis spp.). It contains sugar and others 
such as minerals, proteins, essential oils, and flavonoids. Dietary polyphenols found 
in honey as well as other food and plant materials can prevent neurodegenerative 
disease in various ways [17–22]. These include oxidative protection of neurons [17], 
enhancement of neuronal function and regeneration [18], protection of neurons 
from Aβ-induced neuronal injury and neurotoxicity [19], protection of hippocampal 
cells against nitric oxide-induced toxicity [20], and modulation of neuronal and 
glial cell signaling pathways [21]. Luteolin (13) shows neuroprotective activity via 
prevention of microglia-associated inflammation in the hippocampus of aged rats 
[22]. Other flavonoids such as quercetin (14) and kaempferol (1) have also shown to 
be neuroprotective in various models. Kaempferol’s (15) neuroprotective effect was 
confirmed by the histochemical findings where it prevented the loss of TH-positive 
neurons induced by MPTP [23–25]. Luteolin 13, a flavone, has a significant role in 
treating CNS disorders through various mechanisms [26]. The activity of luteolin 13 

Figure 2. 
Structures of compounds present in T. chebula.
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Figure 3. 
Structures of compounds present in Jaggery and honey.

was also reported at its microglial transcriptome level for the treatment of CNS dis-
orders via anti-inflammatory activity [27]. Pretreatment of mice with luteolin 13 was 
expected to reduce the frequency of seizure in the PTZ mice model [28]. Luteolin 13 
also has the potential to improve the activity of oxygen-glucose deprivation/reperfu-
sion (OGD/R) induced neurons in a dose-dependent manner by enhancing the Na+/
K+-ATPase activity suggesting a potential molecule to treat cerebral ischemia [29]. 
Apigenin (16), a trihydroxyflavone, was reported to inhibit the release of glutamate 
from hippocampal nerve terminals, which might be useful in treating epilepsy [30]. 
The role of apigenin (16) in the treatment of cognition was demonstrated by attenu-
ating the Aβ-induced cytotoxicity in rat cortical neurons but having no intervention 
with oxidative stress. The biological activities of the flavonoids might be due to 
hydroxyl groups at R2 and R3 position influencing various cellular events eventually 
leading to apoptosis [27–30]. Other phenolics such as ferulic acid (17) exert neuro-
protective effect through middle cerebral artery occlusion [31] and by decreasing the 
number of microglia/macrophages after cerebral ischemia/reperfusion injury in rats 
[32]. Chlorogenic acid (18) present in honey exerts a neuroprotective effect against 
methyl mercury-induced apoptosis in pheochromocytoma-12 (PC12) cell lines. It 
prevents the generation of reactive-oxygen species (ROS), suppressing the decreas-
ing action of glutathione peroxidase (GPx) and GSH and attenuating apoptosis by 
the activation of caspase-3 [33] and also inhibits the activity of acetylcholine esterase 
and MDA in the hippocampus as well as in the frontal cortex in mice [34]. Honey as 
such has also shown to be neuroprotective in male Sprague-Dawley rats, and there 
was a decrease in the thiobarbituric acid reactive substance levels in the rats, which 
were pretreated with honey [35]. Chrysin (19) improved the morphological integrity 
of nigrostriatal neurons and increased the endogenous levels of BDNF, S100B, NGF, 
and GDNF in mice striatum improving behavioral and better muscular coordina-
tion [36]. Its lipophilic nature and bioflavonoid nucleus confers an added advantage 
to grow as a compelling therapeutic agent for neurological disorders. Pinocembrin 
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(20) elevated glutamate level, which was an important excitatory neurotransmitter 
produced by global cerebral I/R [37].

Jaggery is used in most of the ayurvedic formulations [4]. Traditionally, it is 
indicated for treating neurodegenerative disorders. The chemistry of sugar cane 
reveals that it is rich in phenolics and their glycosides [38], flavonoid glycosides, 
and flavones [39]. Tricin-7-glucoside (21) was reported to possess neuroprotective 
activity against cerebral ischemia via reduced expression of NF-κB and HMGB1. 
SH-SY5Y cells, which were pretreated with tricin (21a), reduced the apoptosis 
induced by OGD. Attenuation of histopathological damage reduced brain edema 
was reported in animal models of ischemia along with reduced NF-κB and HMGB1 
expression [40]. It also has potential for Alzheimer’s disease [41] (Figure 3).

6. Bacopa monnieri L.

Bacopa monnieri L. (Scrophulariaceae) is notable ayurvedic medicinal plant and 
referred to have impact on brain function and is a neural tonic to improve intel-
ligence and cognition [42]. Normal formulation Illumina® containing B. monnieri 
(leaf dry extract 43%, containing bacoside, 20%) decreased of 8-iso-PFG2α and 
ROS/RNS generation in the rat brain, consequently, decreasing the basal and H2O2 
and amyloid β peptide-incited oxidative stress [43]. In another study, standardized 
extract of B. monnieri (Bacoside A (22) content 82 ± 0.5%) when given in the doses 
of 5 and 10 mg/kg, orally, shows a dose-related increment in superoxide dismutase, 
catalase, glutathione peroxidase activities in the frontal cortex, striatum, and 
hippocampus [44]. B. monnieri, when administered orally, improves cognitive 
impairment and neurodegeneration in rats. Immunohistological recognition of 
superoxide dismutase (Cu/Zn-SOD) and histopathological changes in the CA1 
region of the hippocampus were observed [45]. An extract containing 5% (w/w) 
of the saponins, which contains bacoside A3, bacopasaponin X, bacopasaponin C 
(23), bacopaside II (24), and bacopaside I (25), shows improvements in cognitive 
abilities and neuroprotective impacts in Alzheimer’s disease model [46, 47]. When 
rats treated with bacoside A (22), huge changes were found in the degrees of both 
nonenzymatic and enzymatic antioxidants, which recommends that bacoside A 22 
improves B. monnieri antioxidant status in rat brain [48]. Other saponins such as 
(26-28) reported from this plant have been shown in Figure 4. A survey of 10 years 
of research at Swinburne University done by Con Stough et al. recommends that 
an extract of B. monnieri (CDRI 08: KeenMind) is a safe and effectual cognitive 
enhancer [49]. B. monnieri extract suppressed the generation of free radical levels 
and indicated critical assurance against 3-nitropropionic acid (3-NPA)-mediated 
cytotoxicity in dopaminergic (N27 cell lines) [50]. B. monnieri standard extract 
containing 55.34% of bacosides indicated a defensive impact on ischemia-induced 
memory hindrance and diminished the infarct size in the ischemic brain. It addi-
tionally demonstrated a critical increment in catalase action and exhaustion in lipid 
peroxidation, nitrite, and nitrate activity [51]. Neuronal cell cultures when treated 
with B. monnieri extract shielded neurons from β-amyloid-induced cell toxicity. 
The extract gave protection to cell cultures against glutamate-induced excitotoxic-
ity since it was not able to repress glutamate-mediated toxicity [52]. In Alzheimer’s 
disease animal model (C57/Bl6 mice), B. monnieri extract has decreased lipoxy-
genase action and hydrogen peroxide-induced lipid peroxidation. B. monnieri has 
neuroprotective mechanisms, and it lessens β-amyloid deposits in the brain of 
C57/Bl6 mice Alzheimer’s disease animal model [53]. B. monnieri extract have also 
shown to have protective effect against rotenone induced Parkinson’s disease in 
PC-12 cell lines [54].
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7. Asparagus racemosus Willd.

Methanolic extract of Asparagus racemosus decreased the degrees of cytokines, 
malondialdehyde (as a marker of lipid peroxides formation), and nitric oxide with 
a critical increment in the levels of catalase, superoxide dismutase, and glutathione, 
concluding its neuroprotective activity [55]. Its root extract (100 mg/kg) cured 
region-specific neurodegeneration created in Swiss albino mice [56] and also demon-
strated dose-dependent improvement in memory after histochemical and behavioral 
studies. A noteworthy decrease in transfer latency time and a significant increment 
in acetylcholinesterase (AchE) staining in histochemical identification were observed 
suggesting antioxidant, cholinergic, and neuroprotective properties of A. racemosus 
[57]. EuMil, a formulation containing standardized extracts A. racemosus Willd., has 

Figure 4. 
Structures of compounds present in B. monnieri.
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been used for stress-related problems and has been found to re-establish modified 
degree of nor-adrenaline, 5-hydroxytryptamine, and dopamine normal (100 mg/kg, 
p.o. 14 days) [58]. Withania somnifera and A. racemosus together have shown note-
worthy impacts in cell viability test, lactic dehydrogenase, malondialdehyde, gluta-
thione disulfide, glutathione, nerve growth factor, pro-brain-derived growth factor 
levels, and reactive oxygen species generation [59]. Ovariectomized adult female 
Wistar rats showed noteworthy upregulation of estrogen receptors (ERα and ERβ) in 
hippocampus and frontal cortex area alongside enhancement in the levels of brain-
derived neurotrophic factor. Upregulation of estrogen receptors and enhancement 
in the levels of brain-derived neurotrophic factor can be filled in as proof for neuro-
protective impact of ethanolic concentrate of A. racemosus roots [60, 61]. Significant 
protection is seen after the supplementation of Mentat (BR-16A) is an herbal psy-
chotropic preparation, containing A. racemosus against ethanol withdrawal-induced 
decrease of pentylenetetrazole threshold in rats and mice [62]. Sarsasapogenin, a 
steroidal saponin from A. racemosus, has been studied for neuroprotective impact in 
Alzheimer’s disease. Sarsasapogenin (29) indicated noteworthy restraint of butyryl-
cholinesterase, monoamine oxidase-B, beta-secretase 1, and acetylcholinesterase, key 
enzymes related to the pathogenesis of Alzheimer’s disease. At the point when tested 
against Aβ42 and H2O2-interceded cytotoxicity, sarsasapogenin showed a huge neu-
roprotective impact on PC12 cells. These discoveries recommended that sarsasapoge-
nin can go about as a multi-target directed ligand and as a reasonable lead compound 
for treating different elements engaged with the pathogenesis of Alzheimer’s disease 
[63]. Alterations in the normal levels of neurotransmitters, glutamate, acetylcho-
linesterase, dopamine, and protein because of worldwide cerebral ischemia were 
normalized by standardized A. racemosus Willd. root methanolic extract, appeared 
by the abatement in the degree of glutamate, acetylcholinesterase, and increment in 
dopamine levels and protein levels. Group treated with methanolic root extract of  
A. racemosus Willd. shown 85% neuronal protection in the CA1 area of the hippo-
campus. This demonstrated the cerebroprotective role of A. racemosus Willd. [64].

8. Foeniculum vulgare Mill.

Foeniculum vulgare extract reduced the amnesic effect and memory deficits in mice 
induced due to aging. F. vulgare extract demonstrated inhibition of acetylcholine, and 
in the exteroceptive behavioral model, it increased the step-down latency in mice sig-
nificantly [65]. Fennel essential oil inhalation inhibits beta-amyloid (1-42)-induced 
depression and anxiety and also indicates that it may have further clinical applica-
tions [66]. There were improvements in Parkinson’s disease in the animal model 
produced by F. vulgare Mill. essential oil [67]. Clinically fennel supplementation to 
obese middle-aged women decreased bodyweight, reduction in serum Aβ protein 
along with improvements in cognitive functions and metabolic profiling [68]. It 
normalized the expression levels of oxidative stress markers [Superoxide dismutase 
and Peroxiredoxin-6 (Prdx6)] and APP isoforms (APP common, 770 and 695) and 
also improved the Pb-induced morphological deterioration of cortical neurons [69].

9. Azadirachta indica A. Juss.

Commonly known as Neem in Indian subcontinent, Azadirachta indica has 
been shown to attenuate cisplatin-induced neurotoxicity in rats, and it also had 
neuroprotective effect on cerebral post-ischemic reperfusion and hypoperfusion 
[70, 71]. A. indica extracts have shown to be anti-oxidative and anti-apoptotic 
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neuroprotective in Parkinson-induced functional damage [72]. A. indica standard-
ized leaf extract (total bitters 4.3%) has shown to be neuroprotective in partial 
sciatic nerve injury in rats as evidenced from anti-inflammatory, antioxidant, and 
anti-apoptotic studies [73].

10. Picrorhiza kurroa Royle ex Benth

Picrorhiza kurroa, an ayurvedic herb, has been shown to potentiate photochemo-
therapy in vitiligo [74]. Apocynin (30) from P. kurroa has shown to be neuroprotective 
in vivo [75]. It also shows protective effect in a mouse model of chemically induced coli-
tis [76]. It (4-hydroxy-3-methoxy-acetophenone, 30) mediates long-lasting memory 
recovery, helps in hippocampal neuroprotection, and reduces glial cell activation after 
transient global cerebral ischemia in rats [77]. Interestingly, the concentration of pic-
rosides I (31) and II (32) and apocynin 30 (iridoid rich fraction) in plasma (Cmax) was 
found to be 244.9, 104.6, and 502 ng/ml with half-life (t1/2) 14, 8, and 6 h, respectively 
[78]. P. kurroa also prevents memory deficits by inhibiting NLRP3 Inflammasome 
Activation and BACE1 Expression in 5xFAD Mice [79]. Acylated iridoid glycosides with 
hyaluronidase inhibitory activity from the rhizomes of P. kurroa Royle ex Benth have 
recently been isolated [80]. Therapeutic potentials of plant iridoids in Alzheimer’s and 
Parkinson’s diseases have separately been reviewed recently [81].

11. Berberine from Berberis aristata DC

Berberine (33) has been shown to be neuroprotective through the Nrf2 upregula-
tion and also alleviates rotenone-induced cytotoxicity by antioxidation and activa-
tion of PI3K/Akt signaling pathway in SH-SY5Y cells [82]. Neuroprotective effects 
of berberine have also been confirmed in animal models of Alzheimer’s disease 
[83]. Berberine nanoparticles have shown protective effect against LPS-induced 
neurodegenerative changes [84]. Berberine confers neuroprotection in coping with 
focal cerebral ischemia by targeting inflammatory cytokines [85]. Berberine had also 
shown protective effect against the altered intrinsic properties of the CA1 neurons 
induced by Aβ neurotoxicity [86]. There are many pathways by which berberine acts 
to protect neurons and has recently been reviewed. Authors have concluded that it 
being a potential candidate for combating neurodegenerative diseases [87, 88].

12. Garcinol from Garcinia indica Choisy

Garcinol (34) is one of the major constituents of Garcinia indica (a plant found 
in the region of Western Ghats of India). Garcinol can effectively restore the balance 
between the neurotransmitters glutamate and the γ-aminobutyric acid (GABA), rescue 
neural precursor cells, and promote their rapid growth. It regulates the expressions of 
glutamic acid decarboxylase 65 and GABAA receptors, preventing hyperactivation of 
NMDA receptor and the resultant excitotoxicity. It enhances memory and cognition in 
C57BL/6 mice, significantly lowering epileptic seizure scores [89, 90]. It also serves 
as a strong inhibitor of histone acetyltransferases (HAT), thus contributing protec-
tion against rapid neurodegeneration in parkinsonian brain [91, 92]. Garcinol helps 
in restoration of dopamine potency and has homocysteine lowering ability as well as 
have been shown to counter LDOPA-induced dyskinesia in PD model, demonstrate its 
worthiness as a potential drug candidate against Parkinson’s Disease [93, 94]. Garcinol 
also exhibits desirable anti-cholinesterase properties by inhibiting the enzyme acetyl 
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cholinesterase with an IC50 value of 0.66 μM, and it improves the neuronal count 
in hippocampal regions following administration of pentylenetetrazole (PTZ). In 
cultured rat cortical progenitor cells, garcinol can reduce cell death associated with 
growth factor deprivation. It also promotes neurite outgrowth in epidermal growth 
factor-responsive neural precursor cells and supports the survival of neurons [90]. 
In unilaterally 6-hydroxydopamine (6-OHDA)-lesioned hemi parkinsonian mice, 
5 mg/kg of garcinol co-treatment with L-DOPA effectively controlled the axial, 
limb, and orofacial (ALO) score for dyskinesia analysis. Following the administra-
tion of garcinol, a decreased expression of c-Fos, FRA-2, and ARC genes has been 
visualized [94], which is usually over-activated in L-DOPA induced dyskinesia [95]. 
Moreover, methanolic extract of G. indica, which is known to contain garcinol, 
effectively elevates dopamine level in the striatum and confers neuroprotection to 
dopaminergic neurons in 6-OHDA lesioned experimental rats [96]. Even pharmaco-
logical inhibition of HATs by garcinol can notably suppress MPP+-induced cell death 
due to reduction in ATP content [97]. In silico studies on the molecular interaction 
between garcinol and the active sites of COMT and MAO-B revealed that garcinol can 
potentially inhibit the activity of the two enzymes, similar to their known inhibitors 
[93]. In conclusion, garcinol may prove to be a dependable remedial measure in PD 
therapeutics since its inhibition of MAO-B and COMT can be correlated to increase 
the availability of dopamine as well as prevent the generation of toxic dopamine 
metabolites including homocysteine, 3-omethyldopa, 3-methoxytyramine, and 
3,4- dihydroxyphenylacetaldehyde [98] (Figure 5).

13. Nardostachys jatamansi (D. Don)DC.(Jatamansi)

The plant Nardostachys jatamansi is well exploited in Ayurvedic system of medi-
cine for its role in neurological disorders. Various phytochemicals have been reported 
from this plant by various authors. Its sedative and antidepressant activity, its 
mechanism (inhibition of MAO and GABA), and its role in rat cerebral ischemia have 
been documented [99]. Anticonvulsant activity and neurotoxicity profile of the plant 
have been generated [100]. The extracts of N. jatamansi have been found to attenu-
ate 6-hydroxydopamine-induced parkinsonism in rats, as proven by behavioral, 

Figure 5. 
Structures of compounds present in various plants for neuroprotective activity.
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neurochemical, and immunohistochemical studies [101]. It also improves learning 
and memory in mice. It also has stress modulating antioxidant effect. Its formula-
tion was also found to enhance the learning and memory process in rats [102–104]. 
It has shown neuroprotective efficacy in conjunction with selenium in cognitive 
impairment [105]. N. jatamansi root extract was found to modulate the growth of 
IMR-32 and SK-N-MC neuroblastoma cell lines through MYCN-mediated regula-
tion of MDM2 and p53 [106]. Novel Sesquiterpeniods and Anti-neuroinflammatory 
metabolites from N. jatamansi have also been isolated [107]. Compounds such as 
Desoxo-narchinol A 35 and Narchinol B 36 isolated from N. jatamansi have been 
shown to exert anti-neuroinflammatory effects by upregulating nuclear transcrip-
tion factor erythroid-2-related factor 2/heme oxygenase-1 signaling [108].

14. Other plants

Many plants, which have been used in traditional formulations for neurological 
disorders, need to be phytochemically explored and correlated with the modern 
findings. Table 1 gives the list of those plants with reported neuroprotective 
activity.

Plant name Part used Reports on neuroprotective activity Reference

Fumaria indica 
(Hausskn.) Pugsley

Leaf Significant activity of ethanolic extract on rat 
cognitive dysfunctions. Potential antianxiety 
activity of leaf extract; preclinical study

[109, 110]

Alhagi pseudalhagi 
(M. Bieb) Desv. ex 
B. Keller & Shap.

Whole 
plant

Traditionally used for neuroprotective disorders. 
Compounds having neuroprotective activity 
like flavanone glycosides and alkaloids like 
β-phenethylamine and tetrahydroisoquinoline have 
been reported

[111–114]

Pluchea lanceolata 
(Oliver & Hiern.)

Leaf Protection of hippocampal neurons from 
endothelin-1 induced ischemic injury to ameliorate 
cognitive deficits; protective effect against 
aluminum chloride-induced neurotoxicity in Swiss 
Albino mice; protective effect on LPS-induced 
neuro-inflammation in C6 rat glial cells

[115–117]

Premna mucronata 
Roxb.

Whole 
plant

Luteolin and apigenin are reported, and they are 
reported to be neuroprotective

[118]

Semecarpus 
anacardium L.f.

Fruits Stress induced neuroprotective activity [119]

Sida cordifolia L. Whole 
plant

Ameliorative effect in parkinsonism [120]

Tinospora cordifolia 
(Thunb.) Miers.

Stems Suppresses neuro-inflammation in Parkinsonian 
Mouse Model; potential neuro-regenerative 
candidate against glutamate induced excitotoxicity: 
an in vitro perspective

[121–123]

Trichosanthes dioica 
Roxb.

Rhizome Neuropharmacological properties of root [124]

Strobilianthes 
ciliatus (Nees.)

No such reports —

Table 1. 
List of plants whose exploration is required, as they are used tremendously in traditional system of medicine in 
India.
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15. Conclusions

In present review we focus on evidence to prevent neurodegenerative disorders 
in various studies (in vitro and in vivo). The mentioned medicinal plants play their 
protective roles via increased SOD and catalase levels, restoration of GSH, and 
decreased MDA levels and also protect neurons against ROS as antioxidant activi-
ties. The neuroprotective effects of the mentioned plants occur via reduction of 
inflammatory cytokines as well as enhancement of anti-inflammatory cytokines, 
inhibition of the acetylcholinesterase activity, and decreased MDA levels in the neu-
ral system via modulating GABAergic and glutamatergic neurons and also increas-
ing amount of amino acids and serotonin (5-HT) in the neurotransmitters systems. 
Based on the evidence produced, it is suggested that more exploration of traditional 
formulations is required, and also repurposing in natural products is also required 
to a greater extent, as is evident from recent reports on garcinol and berberine.
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Abstract

Genus Abelmoschus Medik (family - Malvaceae Juss.) comprising about 11 spe-
cies in India. Among which some are cultivated on an economic scale as important 
vegetables and the rest are wild. Apart from cultivated species, wild species of 
Abelmoschus also showed a wide range of phytochemicals and nutritional compo-
nents. Abelmoschus esculentus (L.) Moench an economically important vegetable 
crop popularly known as okra which cultivated throughout the world. Nutritionally, 
okra plays an important role in the human diet because it has enormous value of 
nutritional factors like carbohydrates, protein, fibers, minerals and vitamins, 
including vitamin C. Mucilage obtained from Abelmoschus is natural and digestive 
in nature and used as a tablet binder. The plant shows various pharmacological 
activities like, antioxidants, antidiabetic, antiulcer and antimicrobial. Apart from 
cultivated species, the studies on wild species were carried out and concluded some 
important findings viz. Abelmoschus manihot (L.) Medik. is rich source of various 
secondary metabolites like; hyperin, isoquercetin, myricetin, hibifolin, adenosine 
and stigmasterol. Abelmoschus ficulneus (L.) Wight & Arn. and A. manihot are 
consumed by the local people worldwide. The present chapter is focused on the 
previous work done in genus Abelmoschus in the area of nutrition, phytochemical, 
genetic diversity and breeding.

Keywords: Abelmoschus, okra, phytochemical, nutritional, mucilage

1. Introduction

The word Abelmoschus has meaningful etymology Arabic language “Abu-
al-misk”, means “Father of Musk and Kaab-el-misk means source of musk in 
reference with its musky odor of seeds [1, 2]. Genus is native to Africa, South and 
South East Asia and distributed throughout tropical and subtropical regions of 
the world with center of diversity at South Asia and South-West Pacific region 
[3–5]. Indian subcontinent has been considered as the center of diversity of the 
genus Abelmoschus due to the presence of wide morphological diversity. In India 
Abelmoschus species are found in the dense evergreen forests to open wastelands 
as well as cultivated in gardens and commercial farm. In addition, Abelmoschus 
species are also distributed in various regions from a range of Himalayan Mountain 
[6] to the Southern Peninsular India [7, 8]. About 11 species, 3 sub-species and 
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4 varieties of Abelmoschus are known in India [8]. Due to potential nutritional 
importance okra gain attention to improve nutrition and health status of mankind. 
Sabitha et al. demonstrated anti-diabetic activity through in vitro α-glucosidase and 
α-amylase enzyme inhibitory effect of aqueous extract of the okra peel and seeds 
and concluded that the consumption of okra may help to maintain blood sugar [9]. 
Due to widely use in the arena of food and medicine, the area under cultivation of 
Abelmoschus has progressively increased during last few years [10]. Besides that, 
Abelmoschus species are used for various other purposes like fiber yielding, paper 
making, waste water treatment, substitute for jute and used in the textile industries 
[11]. It is the rich reservoir of essential micronutrients for food fortification process 
e.g.; bread fortification. In this chapter, we have interpreted phyto-constituents 
from Abelmoschus species and their potential roles in human diet and pharmaceuti-
cal applications. Along with that we are also focused on qualitative and quantita-
tive assessment of mucilage and its application in various fields. Further chapter 
revealed genetic diversity, plant breeding and mutation studies of various species 
of Abelmoschus.

2. Phytochemical analysis of genus Abelmoschus

During regular metabolic activities of plant some chemical compounds are 
formed known as phytochemicals. These chemicals are produced by plants for 
their defense mechanism, but many research studies reveals the numerous phyto-
chemicals can be used against many diseases of humans. Phytochemicals are often 
referred as “secondary metabolites” which includes alkaloids, flavonoids, phenols, 
tannins, terpenoids, gums and polysaccharides [12]. Adetuyi et al. analyzed 
Vitamin C, total phenolic content, iron chelating activity and reducing power of 
six varieties of okra cultivated in Nigeria and proved that during storage period 
from 0 to 10 days, the loss of antioxidants percentage were lowest in “Benin” okra 
variety [13]. A variety of phytochemicals and antioxidants have been isolated from 
different Abelmoschus species. The list of phytochemicals isolated from Abelmoschus 
species are depicted in Table 1. A. moschatus solvent extract contains higher level of 
polyphenols and flavonoids which are responsible for antioxidant and other cumu-
lative activities, so it can be used as food and medicine mainly to improve insulin 
sensitivity [19]. The four quercetin derivatives and epigallocatechin were first time 
reported in okra [14]. A. esculentus fruit is rich in phenolics and flavonoids may be 
serve as good source of natural antioxidants [15, 16]. Along with cultivated some 
wild species also rich in antioxidants [20].

2.1 Phytochemical analysis of Abelmoschus seeds

Abelmoschus seeds are the potential source of various nutrients as well as 
having immense biological properties; therefore some researchers focused their 
attention towards the examination of chemical composition and their use in 
the area of nutrition and medicines. Rao reported amino acids, fats, heat labile 
proteins, dietary fibers from seeds and kernels of okra variety “Pusa Swani” [21]. 
Sami et al. carried-out studies on analysis of fatty acids and amino acid from 
the fruit of A. esculentus collected from four localities by GC-MS and amino acid 
analyzer [22]. Camiciuc et al. carried out the GC-MS and NMR spectroscopic 
analysis of essential oil obtained from okra and ambrette seeds and subsequently 
reported the 40 and 35 bio-active compounds respectively [23, 24]. A. moschatus 
species is known for its aromatic compound and it has been used in Chinese 
traditional medicine to cure depression and anxiety. The effect of decoction has 
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been reported to exhibit hypotensive properties [25]. The volatile compounds 
identified from A. moschatus seeds having an odor similar to the musk therefore 
used in perfume and cosmetics formulations [26]. In addition, the cultivated as 
well as wild species of Abelmoschus were also used to study seed oil and fatty acid 
content using GC-MS and structural analysis using TD-NMR [27]. Thirty five 
compounds were identified using GC-MS along with their antibacterial proper-
ties were reported from ambrette seed oil [28].

Name of 
species

Plant 
part

Analytical 
techniques 
used

Solvent Phytochemicals Ref.

A. esculentus 
Cv. Benin, 
Auchi, Ikaro, 
Akure, 
Okeneand 
Lokoja

Fruit Spectroscopy Acetone, 
Methanol, 
Water

Vitamin C, total 
phenolic content, iron 
chelating activity and 
reducing power

[13]

A. esculentus Fruit HPLC and 
NMR

70% 
ethanol, 
hexane, 
methanol

ABTS, Quercetin 
3-O-xylosyl (1 → 2) 
glucoside, quercetin 
3-Oglucosyl (1 → 6) 
glucoside, quercetin 
3-O-glucoside, 
quercetin3-O-(6-O-
malonyl)-glucosideand 
epigallocatechin

[14]

A. esculentus Fruit — Ethanol, 
Water

Carbohydrate, mucilage, 
protein, amino acids, 
fat and oil, flavonoids, 
phenolic compounds, 
tannins, saponins, 
phytosterols, alkaloid, 
glycoside, hypoglycemic 
activity

[11]

A. esculentus 
(25 accessions)

Fruit Spectroscopy Distilled 
water

Total phenolics, 
flavonoids and 
antioxidant contents

[15]

A. esculentus  
(7 accessions)

Fruit Spectroscopy Methanol Total phenolics, 
flavonoids

[16]

A. manihot Flower HPLC Ethanol, 
Methanol

Hyperin, isoquercetin, 
hibifolin, myricetin, 
quercetin-3’-O-
glucoside, and quercetin

[17]

A. manihot Leaf Spectroscopy 
and FTIR

Ethanol Flavonoid and DPPH [18]

A. moschatus Fruit — 70% 
Ethanol

Total phenolic, total 
flavonoids

[19]

A. esculentus, 
A. esculentus 
cv. Phule 
Utkarsha  
A. ficulneus,  
A. manihot

Fruit Spectroscopy Ethanol, 
Methanol, 
Distilled 
water

Total phenolic, total 
flavonoids, DPPH and 
FRAP

[20]

Table 1. 
Phytoconstituents from Abelmoschus taxa.
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2.2 Importance of mucilage in Abelmoschus

Mucilage is the water soluble polysaccharides found in various plant systems 
and in some microorganisms [29]. In present days, there is an immense interest 
have been seen in studying the mucilaginous compounds due to their viscosity and 
pharmaceutical applications like, excipient, tablet binder, thickeners in oral liquids, 
gelling agents, purifiers, protective colloids in suspension gum substitute and 
effluents in rheological engineering [30]. Most of the species from family Malvaceae 
are well-known for their mucilage content and it was studied by Ahmad et al. for 
their properties [31]. The whole plant of Abelmoschus species harbor considerable 
quantity of mucilage, associate mucilage is an acidic polysaccharide composed of 
galacturonic acid, rhamnose, and glucose with the ratio of 1.3:1.0:0.1, respectively 
[32]. Okra mucilage contains a significant amount of carbohydrate, neutral sugars, 
minerals and other complex polysaccharides [33] which medically confirmed that 
mucilage is associated with antimicrobial, antiulcer, hypoglycemic and anticancer 
activities [26].

Mucilage isolated from immature fruits and roots of okra showed significant 
anti-complementary activity and extensive hypoglycemic activities because root 
mucilage possesses side chains composed of D-galactopyranose residues and 
L-rhamnopyranosyl residues in the part of the backbone [34]. Okra mucilage was 
described as water soluble polysaccharide based material which can be further 
modified by grafting acrylamide for the synthesis of green polymeric material and it 
was issued as the biomaterial for waste water treatment as an environment cleaning 
approach [35]. Nair and Fasha analyzed mucilage of A. esculentus and A. moschatus 
and recommended for their used in preparation of pharmaceutical suspensions 
[36]. Apart from the environment cleaning and medicinal values, there are various 
applications discussed, okra mucilage can be utilized for pharmaceutical adjuvant, 
emulsifying agent [37] excipients and binding agent for the formulation of phar-
maceutical dosage using Ibuprofen and Paracetamol tablet [38]. It is also used to 
prepare polyelectrolyte complex with the help of chitosan and used as coating mate-
rial [39]. Okra mucilage is also used as the suspending agent and pharmaceutical 
excipients [40, 41]. Mucoadhesive gel was prepared from okra fruit mucilage and 
used for nasal drug delivery [42].

Abelmoschus stem and Hibiscus leaves mucilage was used to analyze the nutri-
tive values such as moisture, fat, fiber, protein, carbohydrate, and energy value and 
further same mucilage powder was used to prepare idli, upma and roti and evaluate 
for consumer acceptability and nutritive values. These products have great accept-
ableness in terms of texture, color, taste and flavor [43]. Okra mucilage can be 
potentially utilized as the blending mediator in a food emulsion system [44] and 
having biodegradable and non-toxic coagulant property [45]. Apart from these it 
is natural source for edible film production [46] and has excellent potential in food 
packaging [47].

3. Nutritional potential of genus Abelmoschus

Production of nutritionally rich food is the major challenge in the fulfillment 
of healthy diet against tremendous explosion of population. Throughout the year, 
numerous vegetables have been basically examined for their nutritional parameters. 
Nutritionally, okra plays an important role in the human diet because it contains 
carbohydrates, protein, fibers, minerals and vitamins, including vitamin C which 
will fulfill dietary requirements of the body [27]. Some nutritional parameters with 
their quantity were depicted in Table 2.
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Sun dried okra fruits were examined for the nutritional parameters like moisture, 
ash, crude fat, fiber, carbohydrate, protein and microbial composition. Dried okra 
with light deep green and light purple colored had highest carbohydrate (76.8%) and 
crude protein (23.2%) [53]. Effect of different processes like cooking, sun drying of 
okra fruit caused effects on proximate composition and some other parameters like 
loss of vitamin C and nutritional factor [54]. Fruits of cultivated as well as wild taxa 
are the rich in, proximate and mineral composition. The highest fiber content i.e. 
23.49 and 22.90% were isolated from the wild species A. ficulneus and A. manihot 
respectively [20].

Species name Plant 
part 
used

Nutritional parameter Quantity Ref.

A. esculentus, A. 
esculentus cv. Phule 
Utkarsha A. ficulneus, 
A. manihot

Fruit Proximate (Moisture, 
fat, ash, fiber, protein, 
carbohydrate)

2.52–48.47 g/100 g [20]

Mineral Composition  
(B, Ca, Cu, Fe, Mg, Mn, 
Mo, N, P, K, Na, S, Zn)

0.0005–3.51 g/100 g

A. esculentus  
(6 varieties)

Fruit Moisture 88.02–90.13% [48]

Protein 13.61–16.27%

Fiber 10.15–11.63%

Fat 9.03–10.57%

Ash 7.19–9.63%

Mineral (Zn, Fe, Mg, Cl 
and K)

0.87–62.17 mg/100 g

A. esculentus  
(22 accessions)

Fruits Macro elements (Ca, Cl, K, 
Mg and Na)

32.06–319 mg/kg [49]

Micro elements (Al, Cu 
and Mn)

17.8–42.45 mg/kg

Trace elements (As  
and Br)

2.84–34.41 mg/kg

A. esculentus  
(4 accessions)

Fruits Water soluble vitamins 
(B3, B6, B12, C)

1.42–91.20 𝜇𝜇g/100 g [50]

Fat soluble vitamins  
(E, K3)

0.05–1.47 𝜇𝜇g/100 g

A. esculentus  
(8 accessions)

Fruit Moisture 9.69–13.33 g/100 g [51]

Crud protein 10.25–26.16 g/100 g

Ash 5.62–11.30 g/100 g

Crude fiber 11.97–29.93 g/100 g

Crude fat 0.56–1.69 g/100 g

Carbohydrate 36.66–50.97 g/100 g

Mineral (Ca, Fe, K, Zn, 
P, Na)

3.33–318.20 mg/100 g

A. manihot  
(23 accessions)

Leaves Mineral composition (Cl, 
Fe, Mg, Mn, K, Na, Zn 
and Cu)

0.8–635 mg/100 g [52]

Table 2. 
Nutritional potential of Abelmoschus taxa.
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4. Genetic diversity study in Abelmoschus

The accessibility of the genetic diversity and its collection, maintenance and 
conservation is essential for the crop improvement program [55]. Abelmoschus is an 
important genus in terms of nutrition, pharmaceuticals point of view, due to it has 
high industrial and economic importance. Despite that very slight attention has been 
paid to assess genetic diversity of Abelmoschus species at molecular level. The conser-
vation and distribution of the germplasm genetic diversity of Abelmoschus species has 
been studied with the various DNA markers. Techniques based on the genetic mate-
rial such as Random Amplified Polymorphic DNA (RAPD) have been employed to 
assess the genetic diversity in the five species of Abelmoschus [56]. Similarly Martinello 
et al. also successfully employed RAPD marker to study of genetic diversity within 42 
accessions of Abelmoschus species. The study revealed existence of the most important 
genetic heterogeneity in the tested germplasm [57]. RAPD makers were applied over 
the okra accessions which lead to 96% polymorphism [58] along with the phenotypic 
markers [59, 60]. Sequence related amplified polymorphism (SRAP) and phenotypic 
markers determined the genetic diversity of Turkish okra. These markers showed 50% 
polymorphism among the studied germplasm and useful for studying diversity and 
relationships among them and have potential marker aided selection, linkage map-
ping and evolutionary studies [61]. Cross species Simple sequence repeats (SSR) 
primers were used to study genetic diversity of 20 [62], 65 [63] and 24 [64] different 
accessions of okra by different scientists. SSR markers help to discrimination among 
okra accessions and provide vital information for use in the improvement of genomic 
resource in vegetable crop [64]. AFLP markers were separated the Greek landraces 
from other significant pool of variation [65]. Inter simple sequence repeat (ISSR) 
markers and morphological markers were effectively used to study 28 genotypes of 
West African okra [66].

5. Breeding studies

5.1 Mutation breeding in Abelmoschus

Induction of the mutation in plant breeding has become a well-known and 
important tool to supplement current germplasm and improvement of cultivars for 
the expression of specific traits. Several improved crop varieties have been released 
to farmers shows great economic value of the technology of mutation breeding 
[67]. From the past 70 years, near about 2252 mutant varieties from 175 crop plants 
including cereals, pulses, oilseeds, fibers, fruits, vegetables and ornamentals have 
been released in different countries throughout the world [68]. Induced mutations 
using different chemical and physical mutagens were studied by many breeders 
in Abelmoschus. Induction of mutation with the help of gamma radiations, ethyl 
methane sulphonate and diethyl sulphate in Abelmoschus esculentus cv. PusaSawani 
was reported [69] and 35 true breeding mutants were isolated [70]. The physical 
mutagen, Gamma radiations with different doses were useful to induced mutations 
for the screening of yellow vein mosaic disease resistant [71] and to develop agro-
nomical and yield characters in okra [72–76]. Ethyl methane sulphonate was greatly 
affected most of the agronomic and yield characters in M2 generation [77].

5.2 Crossability study among different species of Abelmoschus

Interspecific hybridization plays a vital role in the increasing genetic variation 
by interchanging genetic information in between different species, which is helpful 
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to solve taxonomic relationship and also useful in preparation of genetic linkage 
map [78]. However artificial crossing methods are easy and simple in Abelmoschus 
but the rate of success is still an important constraint in the interspecific hybridiza-
tion. Earlier reports revealed that crossing between cultivated species and wild 
species of Abelmoschus is more difficult. The breeding possibilities among the four 
species and one variety of Abelmoschus were studied [79] by Pal et al. The sterile 
hybrid obtained from the cross between Abelmoschus esculentus (2n = 130) and  
A. tetraphyllus (2n = 138) [80], partially fertile and resistant to yellow vein mosaic 
(YVM) virus was obtained from crossed between A. manihot and A. manihot 
ssp., manihot with the cultivated okra, A. esculentus cv. “PusaSawani” [81]. The 
interspecific crosses seems to be a major cause of variation perceived in cultivated 
species that are, A. esculentus, A. manihot and A. moschatus [82]. During reciprocal 
crosses between A. caillei and A. tetraphyllus 69–76 meiotic bivalents were obtained 
in F1 hybrids [83]. The pollen germination and pollen tube growth behaviour with 
respect to seed set between four species of Abelmoschus revealed that, A. caillei may 
be served as potential connection parent for the transfer of alien gene for the okra 
breeding programmes [84].

6. Conclusion

Abelmoschus is an economically important genus which is distributed worldwide. 
Along with the cultivated species, some of wild species are traditionally used to 
cure many disorders. A. manihot is rich source of phytochemicals and antioxidant 
activities. A. moschatus has great number of phytoconstituents and contains aro-
matic compounds in its seeds which are utilized in perfume industries. Abelmoschus 
species contains mucilage which has several food and medicinal applications. It is 
useful in cleaning the sugar cane juice in jaggery preparation. Isolation and iden-
tification of many compounds from wild species proved to have diverse medicinal 
properties along with extraordinary nutritional potential. A large number of 
intervarietal combinations have been studied, but not much progress has been made 
in the improvement of this genus. As a rich source of phytochemicals and nutrition, 
wild species of Abelmoschus offers opportunities for the development as a substitute 
for cultivated species as a vegetable.

© 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. 
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Abstract

Plants synthesize and preserve a variety of metabolites known as natural
products. Many of them are easily extractable and can be used as starting material
or chemical scaffolds for various purposes, especially in drug discovery. Numbers
of reports have listed valuable candidates with privilege scaffolds currently in active
development as drugs. New compounds with anticancer and antiinfective activities
have been discovered recently, some presented these backbones. The present book
chapter aims to highlight these findings from plants which can be considered
valuable for the development of new drugs against malignant cells and infective
diseases. Interest in anti-infective agents is increasing due to the resistance of
microorganisms to existing drugs and newly emerging infectious diseases. This
resistance is also, nowadays, associated to some forms of cancers. In addition, the
value of plants as essential part in the health care pipeline in low- and middle-
income countries is under consideration even though these countries are almost all
surrounded by a rich and untapped biodiversity. People are always relying on
“modern drugs and treatment” which is unfortunately not affordable to all.
Therefore, the present compilation of data on plant-derived compounds can inspire
the formulation of ameliorated traditional medicines (ATM) against the targeted
diseases and the conservation of species.

Keywords: phytoconstituents, anticancer, antimicrobial, biological cutoff points,
sesquiterpenoid lactones, phenolic compounds

1. Introduction

1.1 General statement

As any other organisms on Earth, plants are said to possess multi-functional prop-
erties. They constitute feedstockmaterials to feed people and are reputed for their uses
in medicines [1, 2]. History of plants has been always related to that of Human.
Reports said Human have always insured their primary health care by using plants
[3–5]. Even with the discovery of technology leading to synthetic drugs with some-
times more efficiency, plants still remain ubiquitous and safe for health concerns.
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Research currently overflows in the literature related to the chemistry and
biology of plants. Interests focus on experimental validation of ethnopharma-
cological uses of certain herb and formulation of plant extracts for a sustainable
health care [1–5]. Therefore, plants are ground, exhausted and evaluated for various
biological activity including properties to inhibit the growth of or to kill microor-
ganisms and tumor cell lines. However, both microorganism and cancer cells
become more and more resistant and remain serious threats for life. As an example,
resistance to penicillin used for the treatment of lung infection ranged from 0 to
51% around the World and between 8 and 65% Escherichia coli associated with
urinary tract infections presented resistance to ciprofloxacin, another antibiotic
(https://www.who.int/health-topics/antimicrobial-resistance). WHO took some mea-
sures to diagnose and eradicate the issue but the problem is still actual and present.

More than half of existing antibiotics and anticancers are from synthesis of
which almost a quarter takes its origin in natural substances isolated from plants,
marine organisms and microorganisms [6]. Nevertheless, plant supply extracts
continue to play a relevant role in human beings daily life. Up to date data show that
plant extracts are reputed in food science where they are used as dietary supple-
ments [6–8]. This practice is prevalent in Europe and North America where the
interest in plants and related materials is rising up. Despite the progress made in the
field of the synthesis of active principles for the formulation of medicaments,
people still rely on natural occurring drugs due to their safety and uniqueness.
The list of valuable substances from plants cannot be exhaustive.

In ancient time, the discovery of salicin, an ortho-O-glucopyranosylpheny-
lethanol, from Salix alba led to the development of the reputed anti-inflammatory
agent aspirin [9, 10]. Morphine, a benzylisoquinoline alkaloid isolated from Papaver
somniferum, is a painkiller quite known in medicine and which also exist under its
derivatives, heroin and codeine [9, 10]. Another alkaloid namely quinine isolated
from Cinchona succirubra has been for long employed to cure malaria and fever
related ailments but since 2004, almost all antimalarial drugs in the markets is made
up of artemisinin isolated from the Chinese medicinal plant Artemisia annua.
Artemisinin is commercialized under various acronyms including arteether,
artesunate or artemether [10, 11]. In other hand, the chemotherapy of breast cancer
uses the drug taxol which is the commercial name for paclitaxel, a diterpene isolated
from Taxus brevifolia. Other compounds like ingenol-3-angelate, from Euphorbia
peplus, known under the acronym Ingenol mebutate or the L-histidine-derived
alkaloid pilocarpine found in Pilocarpus jaborandi are also some drugs used against
other form of cancer [12–14].

Days after days, we keep discovering the deeply wealth of our surrounded
nature. Reports abound in the literature especially on valuable natural compounds
in drug development [6–8]. Most of them highlight natural product scaffolds as
building blocks to the development of other compounds through synthesis [6–8].
A list of priority backbones has even been proposed to lead the development of new
drugs [6].

However, interest in health care could also be to find out natural occurring
compounds with considerable effects and low toxicity which can be introduced in
the actual pipelines of treatment of a disease. That is, the sensibility of the found
natural substance is not strong enough to compete commercial drugs but could be
proposed alongside prescribed medicines because of its safety and availability. This
can actually help in low- or middle-income countries to face certain diseases and
build up a sustainable health care system. One can question how useful was the
discovery of artemisinin for indigenous people if they have to wait years for phar-
maceuticals companies to manufacture the drugs before its consumption. The same
interrogation can also be valid to other discovery from plants, e.g. taxol,
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michellamine B or vinblastine. The plant sources of these active substances are
known but still people from villages are waiting for “modern medicines” to take
care of their respective health problems.

1.2 Problematic of microbial infections nowadays: drug resistance and
climate change

According to WHO microbial infections are said to be the second cause of death
globally, with low- and middle-income countries bearing the greatest burden. They
include bacteria or fungi but viruses and protozoa diseases are also listed in this
category (https://www.who.int/news-room/fact-sheets/detail/antimicrobial-resista
nce). Their origin preceded that of human life on earth [15]. In fact, human comes
from successive mutations and evolution of bacteria [15]. Our body is made up of
more than 100 trillion bacteria [16–18]. Some of them are useful in human life
where they played a critical role in metabolism. However, greater percentage of
them has been found to be harmful. By analogy to what is being said by believers,
“you are dust and will return to dust,” one can also argue that “you are bacteria and
will return bacteria.”

A lot of concerted effort has been put forward since the existence of mankind in
trying to understand the biology of infective pathogens and their control. Some
success has been achieved although there still more room for further research on
this area. Through our constant manipulation and uses of these pathogens together
with huge amount of chemicals, including drugs, we end up developing “new
organisms” with different properties compared to their natural counterparts. In
fact, the original pathogens start developing resistance to the drugs that were
previously used for their eradication, making the problem worse [19–22].

The question of resistance of pathogens to commercialized drugs relies on the
living environment of these small organisms. A misconception of bacteria consid-
ered that they exist as individual organisms [23]. However, things are different.
Bacteria accumulated in colonies to live. They generally stick on a surface and
gathered to survive together [23, 24]. Such a constitution known as biofilm is made
up of bacteria somehow wrapped in a certain liquid (extracellular matrix) with
strange properties. The entire constitution acts as a safety membrane for bacteria.
The so-described making-up of this living organism constitutes the first barrier to
bacteria and therefore the first stage of resistance [25, 26]. Biofilm are quite dis-
tributed in hospitals and nursing homes. They are claimed in household and indus-
trial pipes, biomaterials such as contact lenses, medical devices including implants
and urinary catheters, as well as plant and animal tissues. Cases of bacteria resis-
tance have exploded this last decade especially in those zones [23–26]. This includes
bacteria like Acinetobacter, Pseudomonas and various Enterobacteriaceae (Klebsiella,
E. coli, Serratia and Proteus) which cause severe and often deadly infections such as
bloodstream infections and pneumonia. Bacteria are carried over by devices such as
ventilator systems and blood stream catheters. In high-income countries, 7% of all
hospitalized people will contract some form of infection, including one in three
people in intensive care units. In low- and middle-income countries, this figure rises
to at least 10% of hospitalized people, and up to half of people in intensive care
units, said the WHO (https://www.who.int/news-room/fact-sheets/detail/antimic
robial-resistance).

The World is currently facing an unprecedented rising of temperature, leading
to certain change in habits and behavior. Discussion are mainly focused on how it
could have an impact on human life, as it’s getting colder and colder when it is the
cold season or more and more hot when it is the hot season or even hot when it is
supposed to be cold and vice versa. Politics in every country recommend adopting
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new habits to stop the rising up of the earth temperature. In the meantime, it seems
that no one is caring about changes occurring at microorganism scale. It comes out
that changes occurring in microorganisms due to climate change are not so impor-
tant for us. And yet we should beware at least, the occurrences of the new viruses
Ebola and Corona these last years should make us change our mind on how the
World is changing. New microorganisms would be discovered, and the existing
microorganisms could mutate to more harmful organisms. Fortunately, almost the
same changes are also expected in plant kingdom even though the global warming
and deforestation contribute also to plant extinctions. It is also awaited that new
metabolites are being made as a result of new biosynthetical routes. These metabo-
lites could either be directly active against pathogenic microorganisms or inspire
new synthetical routes in laboratories to reach new drugs and medicines.

1.3 Standard antibacterial and anticancer cutoff points

Discussions are ongoing in the literature between scientists to clearly established
standards for a substance to be considered for further steps in drugs development.
Established standards are rare or inaccessible. The Kuete’s group proposed stan-
dards of evaluating antimicrobial or anticancer properties of secondary metabolites
derived from plants. They established that the antimicrobial activity of a crude
extract can be considered significant when it MIC is below 100 μg/mL, moderate
when between 100 and 625 μg/mL and low when more than 625 μg/mL. For pure
compounds, the activity is considered significant when the MIC is below 10 μg/mL,
moderate when between 10 μg/mL < MIC<100 μg/mL or low when greater than
100 μg/mL. One can notice that these standards are not considering the MIC of
standard commercial drug references. We are not saying that the comparison of
obtained MIC with those of the commercial drug is not necessary but the
abovementioned cut-off points precise the ranges for a plant substance to be con-
sidered as valuable in drug discovery. Likewise, an extract is said to possess a good
cytotoxicity if the IC50 values are below 4 μg/mL, modererate when 4 < IC50

< 20 μg/mL/10 < IC50 < 50 μM and low with IC50 above 100 μg/mL (250 μM)
[14, 15]. While for cancer cell lines the activity of the pure compound is consider
strong when IC50 < 10 μM [20, 21].

Another point of constant intensive discussion remains the relative low activity
of most plant extracts and related constituents against microbial and cancer strains.
Their activities are sometimes hundred- or thousand-fold less than the sensitivity of
existing drugs. Some scientists find these activities not significant enough to be
considered for clinical trials as a phytochemical substance should show comparable
sensitivity with the commercial drugs. However, knowing that most cancer treat-
ments are based on chemotherapy which is, as known, as harmful as the disease, can
natural substances replace synthetic compounds? Likewise, one can also question
infectious disease treatments in the same words. In what extent can we clearly
consider a plant based products in drug development with respect to their activity
against strains of bacteria or tumor cell lines? As mentioned above, the objective is
not to compete with existing drugs developed with many expenditures but simply
to select valuable extracts and phytoconstituents which could be used alongside
actual treatments because of their safety and availability status especially for less
developing countries.

1.4 World sustainable development goals related to the field

In September 2015, the UN adopted a list of 17 goals for a better life on the planet
with emphasis on the quality of life for posterity (https://sustainabledevelopment.
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un.org/?menu=1300). Globally it is recognized that ending poverty and other dep-
rivations must go hand-in-hand with strategies that improve health and education,
reduce inequality, and spur economic growth, by tackling climate change and
working to preserve our oceans and forests are essential for our future as human
beings. In the health sector, people should commit themselves to promote healthy
lively hood and well-being for all at all ages. These are objectives stated in the
Sustainable Development Goal number 3 of the list. Targets within this goal include
ending the preventable deaths of newborns and children and ensuring access to
effective medicines to all.

However, we are still living in a place where basic infections (malaria, typhoid,
diarrhea, cholera and others) can cause death; a World where medicines are too
expensive and inaccessible to everyone; a region where people have to walk more
than 10 Km to expect treatment in a hospital or a World with increasing political
and economic crisis. Nowadays, one should also highlight the increasing resistance
of microbes and other pathogens to existing drugs and the occurrence of new strains
of bacteria and virus. The former has been related to the overuse and misuse of
drugs which modify the living pathogens environment making them used to it, thus
developing tolerances to the used drugs.

One of the alternatives to tackle these challenging issues remain natural remedies
and drugs. Many sources are being investigated but plants remain the most
exploited. Substances from plants are quantitative, affordable, reachable and biolog-
ically recognized and easily metabolized by other organisms. They are environmen-
tally friendly and can thus be promoted ever. Numbers of reports are available in the
literature, highlighting the antimicrobial and anticancer properties of phytoextracts
and products. Extracts can then be standardized and proposed to our fellow popula-
tion to alleviate the cost of various and diverse drugs available in the markets.

1.5 Rationale of this survey

The present research literature aims to review recent plant compounds reported
for their anticancer or antimicrobial properties which constitute valuable candi-
dates to drug development. Our survey covers research reported from 2010. We
only listed compounds with MICs or IC50s < 10 μg/mL for a molarity scale ranging
from 10�6–20 μM. Activities of extracts were not highlighted herein. Both sensitive
and resistant strains were checked out without restriction.

2. Plant-based secondary compounds with antimicrobial properties

Infective diseases are one of the most common illnesses in the World. They are
currently the main concern on earth due to the ongoing Coronavirus (Covid-19)
outbreak. Some pathogens spread out in animals and much of them are not known
so far. But, at one moment or at another, due to our growing familiarization with
wild animals, pathogens can spread within Human kingdom. Research are con-
stantly been done to contain the diseases and come over the pathogens. Most of
them are based on drug discovery, one of the oldest fields of Human concern so far.
Plants constitute the main source of drugs although interests have moved to bioac-
tive microbial constituents in the last decades mainly against microbial infectious.
Owing to the rich biodiversity in our planet, the search for bioactive compounds
from untapped natural resources is among the important ongoing projects.

One of the main constituents of plants with pronounced therapeutic interests
against infective diseases are volatile oil. They are found in almost every organ of a
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plant but are said to be present in high extent in fruits and seeds. The composition
of essential oil consists of monoterpenes and sesquiterpenes paired with aromatic
compounds and lightweight esters, fatty acids, alcohols, ketones and aldehydes.
Some examples include γ-terpinene, carvacrol, p-cymene, thymol, linalool, α-
terpinene, limonene, eucalyptol, geranyl propionate and α- and β-pinene [27].
Owing to their high hydrophobicity, essential oil are said to impair the cell mem-
brane of microbes, increase their membrane permeability and decrease their cyto-
plasmic pH [28]. The so-described abilities explained their significant activity
against bacteria and fungi including resistant strains like Staphylococcus sp. and
Pseudomonas sp. with MIC values approaching 0.01 μg/mL [27]. Volatile oil play
also an essential role in protecting and even preventing biofilm development which
is very important as presented above [29]. However, the same lipophilicity capacity
of essential oil, relevant for their good antiinfective properties, constitutes also their

Family Species (part) Compound name Test microorganisms (MIC
in μg/mL)

Refs.

Guttiferae Garcinia
mangostana

Mangostin A (1) MRSA (6.25 μg/mL), VRE
(3.13 μg/mL)

[30]

Garcinia cowa
(fruits)

B. cereus (0.5 μg/mL), B.
subtilis (0.25 μg/mL), M.
luteus (1.0 μg/mL)

[31]

Garcinia
mangostana

Mangostin Y (2) MSSA (6.25 μg/mL), MRSA
(3.13 μg/mL), VRE (6.25 μg/
mL), VSE (6.25 μg/mL)

[30]

Garcinia cowa
(stem barks)

Cowanol (3) MRSA SK1 (2 μg/mL), S.
aureus (8 μg/mL)

[32]

Cowagarcinone E (4) MRSA SK1 (8 μg/mL)

Garciniacowone (5) MRSA SK1 (2 μg/mL), S.
aureus (2 μg/mL)

Cowanin (6) MRSA SK1 (4 μg/mL)

Garcinia cowa
(fruits)

B. subtilis (4 μg/mL), M.
luteus (4 μg/mL)

[31]

Garcinia cowa
(fruits)

Garcicowanone A (7) B. cereus (0.25 μg/mL), B.
subtilis (2 μg/mL), M. luteus
(4 μg/mL),

9-Hydroxycalabaxanthone
(8)

B. cereus (8 μg/mL), B. subtilis
(2 μg/mL), M. luteus (4 μg/
mL),

B-mangostin (9) B. cereus (0.25 μg/mL), B.
subtilis (4 μg/mL)

Cowagarcinone E (10) B. cereus (4 μg/mL), B. subtilis
(4 μg/mL), M. luteus (8 μg/
mL)

Rubraxanthone (11) B. cereus (2 μg/mL), B. subtilis
(1 μg/mL), M. luteus (2 μg/
mL)

Garcinia
smeathmannii
(stem barks)

1,3,5,8-Tetrahydroxy-2- (3-
methy but-2-enyl)-4- (3,7-
dimethylocta-2,6- dienyl)
xanthone (12)

E. faecalis (8 μg/mL) [33]

Cheffouxanthone (13) E. faecalis (8 μg/mL)

Ananixanthone (14) E. faecalis (2 μg/mL)
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Family Species (part) Compound name Test microorganisms (MIC
in μg/mL)

Refs.

Clusiaceae Allanblackia
gabonensis
(fruits)

Morelloflavone (15) ATCC8739 (8 μg/mL) [34]

Myristicaceae Pycnanthus
angolensis (roots)

Pycnanthulignene A (16) MRSA (9.8 μg/mL) [35]

3,4-Dimethoxy-30,40-
methylenedioxy-7,70-
epoxylignan (17)

M. smegmatis (9.8 μg/mL)

4,5-Dimethoxy-30,40-
methylenedioxy-2,70-
cycloligna-7,70-diene (18)

M. tuberculosis (9.8 μg/mL)

Dioscoreaceae Dioscorea
bulbifera
(Bulbil)

Bafoudiosbulbins C (19) M. smegmatis ATCC700084,
M. tuberculosis ATCC27294
and M. tuberculosis MTCS2
(8 μg/mL)

[36]

Clusiaceae Garcinia nobilis
(stem bark)

4-Prenyl-2-(3,7-dimethyl-
2,6-octadienyl)-
1,3,5,8tetrahydroxyxantho
ne (20)

M. tuberculosis ATCC27294
and M. tuberculosis MTCS2
(8 μg/mL)

[37]

Moraceae Dorstenia manii
(roots)

Dorsmanin C (21) P. aeruginosa PA 01 and E. coli
ATCC 10536 (4 μg/mL)

[38]

Dorsmanin F (22) P. aeruginosa PA 01 and E. coli
ATCC 10536 (4 μg/mL), K.
pneumonia PA01 (8 μg/mL)

Dorsmanin E (23) Candida albicans TCC9002
(8 μg/mL)

Ficus exasperata
(stem bark)

(S)-(�) Oxypeucedanin
hydrate (24)

B. cereus (9.76 μg/mL) [39]

(R)-(+) Oxypeucedanin
hydrate (25)

Trilepisium
madagascariense
(stem bark)

Dihydrokaempferol (26) E. coli ATCC8739 (8 μg/mL) [40]

Rutaceae Fagara
tessmannii
(roots)

Bergenin (27) E.AG102 and K. pneumoniae
ATCC 11296 (4 μg/mL)
E. coli ATCC 8739, K.
pneumoniae ATCC 11296, K.
pneumoniae KP 55, P. stuartii
PS 299645 and P. aeruginosa
PA01 (8 μg/mL)

[41]

Hypericaceae Harungana
madagascariensis
(bark)

Ferruginin (28) E. coli ATCC 10536,
K. pneumoniae K2 and E.
cloacae BM 67 (4 μg/mL)
E. aerogenes ATCC 13048,
E. aerogenes EA 294, P.
aeruginosa PA01 and K.
pneumoniae KP 55 (8 μg/mL)
K. pneumonia ATCC 11296, E.
cloacae BM 47 and E. coli
ATCC 8739, E. aerogenes
ATCC 13048, K.
pneumoniae KP 55, P. stuartii
(8 μg/mL)

[42]

Fabaceae Erythrina
sigmoidea
(leaves)

Neobavaisoflavone (29) E. coli ATCC 8739, E. cloacae
ECC 169, K. pneumoniae KP
55, P. stuartii NAE16 and

[43]
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Family Species (part) Compound name Test microorganisms (MIC
in μg/mL)

Refs.

P. aeruginosa PA01 (8 μg/mL)
P. stuartii ATCC 29916, E.
cloacae BM 47 (4 μg/mL)

Moraceae Milicia excels
(roots and
leaves)

2-(3,5-Dihydroxyphenyl)
benzofuran-5,6-diol (30)

E. coli ATCC 8739, K.
pneumonia ATCC 11296, E.
cloacae BM 47 (4 μg/mL)
E. coli AG 102 and K.
pneumoniae KP 55 (8 μg/mL)

[44–
46]

Candidone (31)

Myristicaceae Myristica
fragrans (seeds)

30,40,7-Trihydroxyflavone
(32)

E. coli ATCC 8739 (8 μg/mL)
P. stuartii ATCC (199645)
(4 μg/mL)

[47, 48]

Hypericaceae Hypericum
roeperianum
(stem Bark)

1,4,6,7-
Tetrahydroxyxanthone (33)

P. aeruginosa PA01 (2 μg/mL) [49]

Fabaceae Entada
abyssinica
(leaves)

Entadanin (34) S. typhimurium (1.56 μg/mL) [50]

Quercitrin (35) S. typhimurium (3.12 μg/mL)

Meliaceae Pseudocedrela
kotschyi (stem
bark)

3,4-Secotirucalla- 4
(28),7,24-trien-3,21- dioic
acid (36)

S. aureus (4 μg/mL) [51]

3,4-Secotirucalla- 4
(28),7,24-trien-3,21- dioic
acid (36) and 3- methyl
ester 3,4- secotirucalla-4
(28),7,24- trien-3,21-dioic
(37) (1:1)

S. aureus (8 μg/mL)

Rubiaceae Crossopteryx
febrifuga (stem
bark)

l8-epi-3β-D-
Glucopyranosylurs- l2,20
(30)diene-27,28- dioic acid
(38)

K. pneumoniae ATCC11296
(8 μg/mL)

[52]

Lamiaceae Leucosceptrum
canum (aerial
part)

4-En-3-keto-stigmasterol
(39)

M. luteus (9.5 μg/mL) [53]

Stigmast-5-en-3-acetate (40) M. luteus (4.2 μg/mL)

40,5,7-Trihydroxy-6
methoxyflavone (41)

M. luteus (6.5 μg/mL)

Leucoperoxyterpene (42) M. luteus (5.4 μg/mL) and
S. minor (5.4 μg/mL)

Caryophyllaceae Silene rubella
(aerial part)

Oleanolic acid (43) VRE (6.36 μg/mL) [54]

Fabaceae Entada
abyssinica
(leaves)

Ursolic acid (44) B. cereus (6.25 μg/mL) [55]

Methicillin-resistant Staphylococcus aureus (MRSA), vancomycin resistant Enterococcus (VRE), methicillin-sensitive
Staphylococcus aureus (MSSA), vancomycin-sensitive Enterococcus (VSE), Staphylococcus aureus (S. aureus), Bacillus
subtilis (B. subtilis), Bacillus cereus (B. cereus), Micrococcus luteus (M. luteus), Mycobacteria smegmatis (M. smegmatis),
Mycobacteria tuberculosis (M. tuberculosis), Pseudomonas aeruginosa (P. aeruginosa), Escherichia coli (E. coli), Klebsiella
pneumonia (K. pneumonia), Candida albicans (C. albicans), Bacillus cereus (B. cereus), Escherichia coli (E. coli),
Klebsiella pneumoniae (K. pneumoniae), Providencia stuartii (P. stuartii), Pseudomonas aeruginosa (P. aeruginosa),
Enterobacter cloacae (E. cloacae), Enterobacter aerogenes (E. aerogenes), Salmonella typhimurium (S. typhimurium),
Staphylococcus aureus (S. aureus), Micrococcus luteus (M. luteus), Streptococcus minor (S. minor), Vancomycin resistant
Enterococcus (VRE).

Table 1.
Examples of plant-based natural products with significant antiinfective properties.
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Figure 1.
Bioactive compounds against infective bacteria and fungi.
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main bottlenecks in drug development because essential oil present a low bioavail-
ability. But when isolated, some of their constituents are water soluble e.g. 1.25 mg/
mL at 25°C for carvacrol (https://pubchem.ncbi.nlm.nih.gov/compound/carvac
rol#section=Solubility) or 1.59 mg/mL at 25°C (https://pubchem.ncbi.nlm.nih.gov/c
ompound/6549) for linalool and are being studied and used as excipient in drug
formulation. Essential oil are however reputed in therapies which promoted local
application, inhalation or bath modes of treatment like aromatherapy [27, 56]. They
are associated to numerous of ailments including depression, indigestion, headache,
insomnia, muscular pain, respiratory problems, skin ailments, swollen joints or
urine complications [56]. Unlike essential oil, secondary metabolites mainly found
in the solid part of a plant extract can present significant activities with considerable
bioavailability and hence, constitute the main research object in natural product
domain.

Since 2010 at least 44 metabolites have been reported with MIC values below
10 μg/mL. Phenolic compounds (1–18, 20–26, 28–35, 41) were the group of com-
pounds mostly active among the metabolites found. Besides, benzophenanthridine
(27), steroids (36–37, 40), pentacyclic triterpenoids (38–39, 43–44) and
diterpenoids (19, 42) have been found active against various infective strains
(Table 1 and Figure 1). Some of the strains studied are among the microbes listed
by WHO as highly harmful and needed new drugs.

3. Plant-based compounds with anticancer features

The chemistry and biology of plants to fight against malignant cells are wide and
diverse. Various classes of metabolites have been reported to possess valuable
anticancer properties. As a recall, taxol, one of the mostly used anticancer drug in
chemotherapy, is a complex diterpene-based metabolite; vinblastine, used in the
therapy of various cancer as well, is made up of terpenic indol-type alkaloids and
artemisinin or parthenolide actually in active clinical trials for cancer drugs possess
a sesquiterpenoid lactone backbone. Since 2010, more than 72 compounds have

Family Species (part) Compound name Cancer cell lines (IC50) Refs.

Asparagaceae Bellevalia eigii
(bulbs)

5,7,30-triihydroxy-40- methoxy
Homoisoflavanone (45)

MDA-MB-435 (1.0 μM) [57]

5,30-dihydroxy-40,7,8-
trimethoxy
Homoisoflavanone (46)

MDA-MB-435 (1.1 μM)

7-O-methyl-30-
hydroxypunctatin (47)

MDA-MB-435 (4–6 μM)

Bellevalia
flexuosa (bulbs)

30-hydroxy-3,9-
dihydroeucomin (48)

MDA-MB-435 (1–6 μM); MDA-
MB- 231 (9–5 μM)

[58]

Asparagaceae Urginea depressa
(whole plant)

Urgineanin A (49) H522-T1 (0–071 μM); A2780
(0.32 μM); A2058 (0.068 μM)

[59]

Urgineanin B (50) H522-T1 (6.78 μM); A2780
(3.4 μM)

Urgineanin C (51) H522-T1 (0.74 μM); A2780
(1.35 μM), A2058 (0.69 μM)

Urgineanin D (52) H522-T1 (0.43 μM); A2780
(0.35 μM), A2058 (0.38 μM)

Urgineanin E (53) A2780 (1.44 μM)

Urgineanin F (54) A2780 (2.3 μM)
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Family Species (part) Compound name Cancer cell lines (IC50) Refs.

Convallariaceae Ophiopogon
japonicus
(tubers)

Homoisopogon A (55) KB (0.51 μM); LU-1 (0.66 μM);
SK- Mel-2 (0.66 μM)

[60]

Ophiopogon
japonicus
(roots)

5,7,40-Trihydroxy-30-
methoxy-6,8-
dimethylhomoisoflavanone
(56)

A549 (6.40 μM) [61]

Methylophiopogonanone B
(57)

A549 (0.84 μM)

Methylophiopogonanone A
(58)

A549 (1.66 μM)

Liliaceae Scilla persica
(bulbs)

Scillapersicene (59) AGS (8.4 μM) [62]

Amaryllidaceae Crinum
zeylanicum
(whole plant)

Ungeremine (60) CCRF-CEM (4.89 μM); MDA-
MB - 231-pcDNA (5.47 μM);
MDA-MB- 231-BCRP (3.67 μM);
HCT116 (p53+/+) (6.45 μM)
HCT116 (p53�/�) (7.06 μM);
U87MG (5.38 μM)

[63]

Euphorbiaceae Macaranga
balansae
(fruits)

6,8-Diprenyl-4-methyl-
naringenin (61)

Pan C1 (7.89 μM) [64]

(2S)-6-Farnesylnaringenin
(62)

P388 (3.27 μg/mL)

6-Farnesyl-30,40,5,7-
tetrahydroxy flavanone (63)

P388 (2.61 μg/mL)

Macaranga
triloba
(inflorescences)

HeLa (1.3 μg/mL), HL-60
(3.3 μg/mL)

[65]

Euphorbiaceae Macaranga
tanarius (fruits)

Vedelianin (64) KB (0.050 μM), MCF-7
(0.050 μM)

[66]

Schweinfurthin E (65) KB (0.050 μM), MCF-7
(0.030 μM)

Schweinfurthin F (66) KB (0.10 μM), MCF-7
(0.12 μM)

Schweinfurthin H (67) KB (0.26 μM)

Thelypteridaceae Cyclosorus
parasiticus
(leaves)

Parasiticin C (68) SW1990 (2.33 μM), MDA-MB-
231 (4.88 μM),
MCF-7 (4.16 μM), HepG2
(1.6 μM), A.549 (5.50 μM),
ALLSIL (6.06 μM)

[67]

20,40-Dihydroxy-60-methoxy-
30,50-Dimethylchalcone (69)

SW1990 (6.64 μM),
MDA-MB-231 (9.67 μM),
MCF-7 (8.49 μM), HepG2
(2.82 μM), A549 (7.89 μM),
ALLSIL (9.50 μM)

Moraceae Artocarpus
obtusus (stem
bark)

Pyranocycloartobiloxanthone
A (70)

HL60 (0.5 μg/mL), K562
(2.0 μg/mL)

[68]

Guttiferae Calophyllum
soulattri (stem
bark)

Soulattrin (71) Raji (1.01 μM/mL), LS174T
(1.25 μM/mL), IMR-32 (0.27 μg/
mL), SK-MEL-28 (0.57 μM/
mL).

[69]

Guttiferae Garcinia
xanthochymus
(stem bark)

1,3,5,6-T etrahydroxy-4,7,8-tri
(3-methylbut-2-enyl)
xanthone (72)

PC-3 (6.8 μM) [70]
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Family Species (part) Compound name Cancer cell lines (IC50) Refs.

Papaveraceae Macleaya
microcarpa
(roots)

Maclekarpine A (73) BGC-823 (0.7 μM) [71]

Maclekarpine C (74) HCT-8 (1.9 μM), Bel-7402
(2.1 μM), A2780 (1.6 μM), A549
(3.4 μM)

Maclekarpine D (75) HCT-8 (1.9 μM), BGC-823
(0.2 μM), A2780 (2.0 μM)

Maclekarpine E (76) BGC-823 (0.1 μM)

6-
Methoxydihydrochelerythrine
(77)

HCT-8 (1.1 μM), Bel-7402
(0.9 μM) BGC-823 (0.8 μM),
A2780 (1.8 μM)

Dihydrosanguinarine (78) HCT-8 (1.3 μM), Bel-7402
(2.3 μM) BGC-823 (0.1 μM),
A2780 (2.1 μM)

Dihydrochelerythrine (79) HCT-8 (1.4 μM), BGC-823
(0.4 μM), A2780 (3.5 μM)

6-Butoxydihydrochelerythrine
(80)

HCT-8 (1.7 μM), Bel-7402
(1.3 μM) BGC-823 (0.7 μM)
A2780 (1.8 μM),

Papaveraceae Bis[6-(5,6-
dihydrochelerythrinyl)] ether
(81)

HCT-8 (1.6 μM), Bel-7402
(2.1 μM) BGC-823 (0.1 μM),
A2780 (1.6 μM),

6-
Methoxydihydrosanguinarine
(82)

HCT-8 (0.5 μM), Bel-7402
(0.5 μM) BGC-823 (0.6 μM),
A2780 (0.5 μM), A549 (0.6 μM)

Amaryllidaceae Zephyranthes
candida (whole
plant)

N-methylhemeanthidine
Chloride (83)

HL-60 (0.91 μM), K562
(1.0 μM), A549 (1.1 μM),
HepG2 (1.5 μM), HT-29
(1.2 μM)

[72]

Hemeanthamin (84) HL-60 (1.4 μM), K562 (2.5 μM),
A549 (2.5 μM), HepG2
(4.8 μM), HT-29 (2.1 μM)

Lycorine (85) HL-60 (1.6 μM), K562 (2.3 μM),
A549 (1.9 μM), HepG2
(3.7 μM), HT-29 (3.2 μM)

N-phenethylcrinasiadine (86) HL-60 (1.6 μM), K562 (2.3 μM),
A549 (1.9 μM), HepG2
(3.7 μM), HT-29 (3.2 μM)

Asparagaceae Bellevalia
flexuosa (bulbs)

Urginin B (87) A2780 (0.011 μM), A2058
(0.060 μM), H522-T1
(0.044 μM)

[59]

Urginin C (88) A2780 (0.041 μM), A2058
(0.076 μM), H522-T1
(0.051 μM)

14β-Bydroxy-19β-oxobufa-
4,20, 22-trienolide-3β-O-β-D-
gluco pyranoside (89)

A2780 (0.024 μM), A2058
(0.048 μM), H522-T1
(0.034 μM)

14β-Hydroxybufa-4,20,22-
trien olide-3β-O-{α-L-
rhamnopyranosyl-[(1 ! 4)-β-
D-glucopyranosyl]-(1 ! 3)-
α-L-rhamnopyranoside} (90)

A2780 (0.111 μM), A2058
(0.18 μM), H522-T1 (0.11 μM)

Asteraceae Leptocarpha
rivularis

Leptocarpin (91) DU-145 (2.0 μM), PC-3
(4.5 μM), HT-29 (3.8 μM),
MCF7 (3.1 μM), MDA-MB-231

[73]
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Family Species (part) Compound name Cancer cell lines (IC50) Refs.

(6.4 μM), CCD 841 CoN
(5.2 μM)

Smallanthus
sonchifolius
(leaves)

Enhydrin (92) CCRF-CEM (3.6 μM) [74]

Uvedalin (93) CCRF-CEM (9.2 μM)

Polymatin B (94) CCRF-CEM (0.8 μM), CEM-
ADR5000 (1.3 μM), MIA-PaCa-
2 (3.7 μM)

Sonchifolin (95) CCRF-CEM (3.1 μM), CEM-
ADR5000 (3.1 μM), MIA-PaCa-
2 (7.4 μM)

8β-Angeloyloxy-9α-hydroxy-
14-oxo-acanthospermolide
(96)

CCRF-CEM (2.2 μM), CEM-
ADR5000 (6.7 μM), MIA-PaCa-
2 (8.9 μM)

Fluctuanin (97) CCRF-CEM (0.6 μM), CEM-
ADR5000 (1.4 μM), MIA PaCa-
2 (4.4 μM)

Ambrosia
cumanensis
(aerial parts)

2,3-Dehydropsilostachyn C
(98)

Jurkat (6.0 μM), U937 (8.0 μM) [75]

Sonchus
palustris (roots)

15-p-
Hydroxyphenylacetyllactucin
(99)

CEM (5.1 μM), BJ (9.8 μM) [76]

15-p-
Methoxyphenylacetyllactucin
(100)

CEM (3.9 μM), BJ (8.4 μM)

Compositae Carpesium
abrotanoides
(whole plant)

Caroguaianolide A (101) MDA-MB-231 (7.96 μM) [77]

Caroguaianolide B (102) MDA-MB-231 (4.25 μM), HGC-
2 (6.47 μM)

Carpesium
abrotanoides
(whole plant)

Caroguaianolide C (103) MDA-MB-231 (2.67 μM), HGC-
2 (4.83 μM)

Akihalin (104) MDA-MB-231 (4.83 μM), HGC-
2 (7.35 μM)

4β-Hydroxy,l0β-
hydroperoxyl,5αh,7αh,8βh-
guaia-1,11(13)- dien-8α,12-
olide (105)

MDA-MB-231 (5.79 μM)

4α-Hydroxy-1βh-guaia-9,11
(13)-dien-12,8α-olide (106)

MDA-MB-231 (4.07 μM), HGC-
2 (8.95 μM)

(3ar,4as,5S,7as,8S,9ar)-5-
Hydroxy-4a,8-dimethyl-
3-methylen-decahy
droazuleno[6,5-b]furan- 2
(3H)-on (107)

MDA-MB-231 (5.32 μM)

Carpesium
faberi (whole
plant)

Guaianodilactones A (108) CCRF-CEM (9.13 μM) [78]

Guaianodilactones C (109) CCRF-CEM (4.74 μM)

Guaianodilactones B (110) CCRF-CEM (2.03 μM)

Asteraceae Inula japonica
(aerial part)

Neojaponicone B (111) Jurkat (5.9 μM), 6 T-CEM
(4.4 μM)

[79]

Inulanolide E (112) Jurkat (5.5 μM), 6 T-CEM
(4.6 μM)

Inulanolide A (113) Jurkat (5.8 μM), 6 T-CEM
(4.3 μM)
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been reported with considerable antiproliferative activity against different cancer
cell lines with IC50 ranging from 0.001–10 μM.

These compounds are distributed in homoisoflavonoids (45–60), isoprenyl-
flavonoids (61–63, 68–70), stilbenoids (64–67), xanthones (71–72), benzophenan-
thridines (73–82), Amaryllidaceae-type alkaloids (83–86), cardenolides (87–90)
and sesquiterpenoid lactones (91–117). Their respective sensibility toward tumor
cell lines are depicted in Table 2 and their respective structures in Figure 2. As
expected, sesquiterpenoid lactones were the most exploited metabolites. They are
reputed for their ability to induce apoptosis in cancer cell lines with good selectivity.
Homoisoflavonoids were the second most important group of compounds found to
exhibit high cytotoxicity herein. The interest in this class of metabolites for anti-
cancer solution is most likely related to their potency as inhibitor of angiogenesis
both in vitro and in vivo, without showing any toxicity [80]. On the other hand,
benzophenanthridines are reputed for their bioavailability because they contained
more often ionic bond besides their bioactivity. Their mode of action in cancer
therapy includes either the inhibition of mitosis via a reaction of the imine bond
with the sulfhydryl nucleophile in protein and enzyme or the enzymatic activities of
DNA Topoisomerase I and Topoisomerase II by implantation into DNA molecules
to retard the fast proliferation of tumor cells [81].

4. Natural products in active development for drug discovery

Knowing the categories of compounds which has been screened and choose for
clinical trials is quite important. It can help redefine our objectives and outlines in
research. However, such information is not accessible easily. Almost all pharma-
ceutical makers keep this information for private uses. Nevertheless, available
reports before 2010 on valuable compounds in development for cancer therapy for
instance can continue to be used and analyze. There are privilege structures with

Family Species (part) Compound name Cancer cell lines (IC50) Refs.

Japonicone Q (114) Jurkat (3.3 μM), 6 T-CEM
(2.7 μM)

Japonicone N (115) Jurkat (2.5 μM), 6 T-CEM
(2.4 μM)

Japonicone S (116) Jurkat (4.5 μM), 6 T-CEM
(3.3 μM)

Japonicone A (117) Jurkat (3.1 μM) 6 T-CEM
(2.2 μM)

Melanoma (MDA-MB-435, A2058 and SK-Mel-2); human non-small-cell lung (H522-T1), ovarian cancer (A2780),
human epidermoid carcinoma (KB), human lung adenocarcinoma (LU-1), breast (MDA-MB-231), gastric (AGS), human
myeloid leukemia (K562), human gastric (SGC-7901), human-lung-tumor (A549). Murine leukemia (P-388), human
pancreatic (Pan C1 and SW1990), human cervical carcinoma (Hela), mouse leukemia (P388), human leukemia (HL-60
and ALL-SIL), mouth epidermal carcinoma cells (KB), breast cancer (MCF-7 and MDA-MB-231) lung cancer (A549),
hepatocellular carcinoma (HepG2), human promyelocytic leukemia (HL60), human chronic myeloid leukemia (K562), B-
lymphocyte (Raji), colon carcinoma (LS174T), human neuroblastoma (IMR-32), skin carcinoma (SK-MEL-28), colon
(HCT-8), liver (Bel-7402), stomach (BGC-823), ovarian (A2780), lung (A549). Myeloid leukemia (HL-60 and K562),
lung (A549), hepatocellular carcinoma (HepG2), colon (HT-29), ovarien (A2780), melanoma (A2058), non-small-cell
lung cancer (H522-T1), lymphoblastic leukemia cell line (CCRF-CEM), resistant T-cell leukemia cell line (CEM-
ADR5000), the pancreatic, carcinoma cell line (MIA PaCa-2)–, and on peripheral blood mononuclear cells (PBMC) from
healthy human subjects, HeLa (cervical carcinoma), Jurkat (T-cell leukemia), and U937 (monocytic leukemia) cell lines,
human acute lymphoblastic leukemia (CEM), and normal human skin fibroblasts (BJ), human breast (MDA-MB-231),
human gastric (HGC-27), human leukemia (CCRF-CEM).

Table 2.
Examples of significant secondary metabolites with antiproliferative properties.
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Figure 2.
Bioactive compounds against cancer cell lines.
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unique structurally subunits which confer to drugs distinctive therapeutic affinities
to a biological system. These core molecules include β-lactam unit like in penicillin;
cyclopentanoperhydrophenanthrene fragment like in testosterone; pyrone, couma-
rins, isoflavone, or chalcone moieties and alkaloids like quinoline, isoquinoline or
indole units.

As an example, since the large-scale screening for anticancer agents launched in
the USA in 1960, more than 3000 sesquiterpene lactones have been reported. Most
of them are with cytotoxic properties. Sesquiterpene lactones are well-known for
their ability to bind sulfhydryl-containing peptides, mainly in proteins, presented as
important route in well- programed death of a cell [82–85]. This property and other
have raised up interests in this class of compounds. Many members of this class are
currently in clinical trials for drug development including parthenolide, artemisinin
or thapsigargin among others.

Another most important class of phytocompounds in cancer therapy is phenolic
compounds. Members of these classes of metabolites are reputed in caspase activa-
tion causing apoptosis in tumor cell lines. Research found that furanocoumarins for
instance in grapefruit showed significant effects towards breast cancer, the second
World leading cause of cancer-related death among Women [86]. In the same line,
coumarine-type of compounds known as calanolides, isolated from Calophyllum
species have been found to be active against lymphoblastic cells infected with HIV-1
[87]. They are currently in clinical trials Phase II to drug development. Likewise, all
other phenolic compounds listed above can also undergo similar interactions with
cancer cells. Anthraquinones, and quinones, in general form the basic core of many
anticancer drugs known as anthracyclines. Resveratrol, a stilbene-like metabolite, is
being continuously checked to explain issues encountered during laboratory trials
against cancer in animal model. However, association of resveratrol with
established anticancer drugs like clofarabine has been proved against mesothelioma
cell lines [88].

5. Conclusion

The World is facing an unprecedented drastic climate change that impacts
negatively not only on human beings but also plants. New metabolism routes have
surely emerged leading to compounds with unprecedented structures for some and
with relevant bioactivities for others. However, nothing is being done to take
advantages of this wealth for our health care always relying on “modern drugs.”We
should start exploring ways to use natural products with anticancer effects along
with standard chemotherapy treatments to increase potency while reducing side
effects of actual drugs. This strategy is currently being used in the USA. We
highlighted relevant bio-sensibility of some compounds and they should now be
investigated as main constituents to a standardization process of their respective
plant extracts. The present survey can also help researchers in developing countries
working on plants, to re-focus their research works.
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Chapter 5

Role of Tea Polyphenols in 
Metabolic Syndrome
Telma Angelina Faraldo Corrêa, 
Adriana Campos Rozenbaum and Marcelo Macedo Rogero

Abstract

Metabolic syndrome (MetS) increases the risk of type 2 diabetes and cardio-
vascular diseases (CVD). Tea (Camellia sinensis), one of the most consumed bev-
erages in the world, is rich in polyphenols, mainly catechins. Tea polyphenols may 
ameliorate obesity by reducing body weight, increasing energy expenditure and 
fat oxidation, stimulating lipolysis, and improving thermogenesis. Tea polyphe-
nols also reduce the risks of type 2 diabetes (T2D), hypertension, hyperlipidemia, 
and inflammation. Results of clinical trials on the effects of the consumption of 
tea beverage, tea extracts, or isolated tea polyphenols on biomarkers of metabolic 
syndrome will be reviewed in this study. The effects of tea polyphenols on antioxi-
dant status and low-grade chronic inflammation and the molecular mechanisms 
involved will also be discussed.

Keywords: Camellia sinensis, catechins, inflammation, insulin resistance, 
dyslipidemia, hypertension, obesity

1. Introduction

Metabolic syndrome (MetS) is a cluster of interrelated prejudicial conditions 
that leads to type 2 diabetes (T2D) and cardiovascular disease (CVD). These condi-
tions include elevated fasting plasma glucose level (hyperglycemia), abdominal/
visceral obesity, dyslipidemia, and hypertension [1, 2]. The International Diabetes 
Federation (IDF) estimates that around 20–25% of the global adult population 
suffer from MetS and are more likely to die from a heart attack or stroke compared 
with people without MetS [1].

Since there is no specific treatment for MetS, individual characteristics must 
be taken into consideration. There is a need for long-term studies to determine 
whether existing and new therapeutic agents benefit patients with MetS, reducing 
the effects of MetS and preventing the appearance of associated diseases and to 
evaluate the potential of novel candidates as effective treatment options [3]. Several 
clinical studies demonstrate that lifestyle modification, especially dietary changes, 
is an effective strategy to reduce several factors responsible for the development of 
MetS. Introducing foods rich in dietary phytochemicals, such as polyphenols, into 
the diet of an individual is an effective lifestyle modification for the prevention of 
several diseases, including MetS [4, 5].

Polyphenols (phenolic compounds), one of the most relevant families of 
phytochemicals with health benefits, are biomolecules found in natural products. 
Several preclinical studies report that some polyphenols exert protective effects in 
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many diseases, including CVD and MetS, both triggered by oxidative stress [6, 7]. 
These compounds present antioxidant and anti-inflammatory properties and may 
be able to delay or prevent MetS by decreasing blood pressure, blood glucose levels, 
and body weight, as well as by improving lipid metabolism [7, 8]. One of the main 
sources of polyphenols is tea prepared from the processed leaves of Camellia sinensis, 
an herbal plant belonging to the Theaceae family. The chemical composition of tea is 
characterized by the presence of polyphenols (especially catechins), phenolic acids, 
amino acids, proteins, and fats. The catechins most commonly found in tea include 
epigallocatechin-3-gallate (EGCG), epigallocatechin (EGC), epicatechin-3-gallate 
(ECG), and epicatechin (EC) (Figure 1). These compounds constitute up to 30% of 
the dry leaf weight. A typical green tea beverage, with 2.5 g of tea leaves and 250 mL 
of hot water, contains 240–320 mg catechins and 60–65% EGCG [7, 9, 10]. Although 
the bioavailability of tea polyphenols is not clearly known, it depends on the 
molecular size and the number of phenolic groups. A review demonstrated that the 
consumption of 2 or 3 cups of tea daily resulted in 0.2–0.3 μM peak plasma levels of 
tea catechins [9, 11]. Notably, the health-promoting properties of green tea are due to 
the presence of the catechins mentioned earlier, mainly because of their antioxidant 
(scavenging of reactive oxygen species, inhibition of the formation of free radicals, 
and lipid peroxidation) and anti-inflammatory effects [10].

2. Tea, obesity, and inflammation

Obesity is a major health concern in the developed and developing world. 
Obesity leads to an inflammatory condition that is directly involved in the etiol-
ogy of CVD, T2D, and certain types of cancer. Furthermore, the accumulation of 
adipose tissue in the abdominal region is a significant risk factor for the develop-
ment of MetS and associated morbidities. It should be noted that inflammation is 

Figure 1. 
Chemical structure of green tea catechins: epicatechin (A), epigallocatechin (B), epicatechin-3-gallate (C), 
epigallocatechin-3-gallate (D).
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a common feature implicated in the pathophysiology of many obesity-associated 
disorders. The inflammatory response in obese and MetS individuals manifests 
systemically and is characterized by a chronic low-intensity reaction, unlike classi-
cal inflammation [12–16].

The anti-inflammatory and anti-obesity effects of Camellia sinensis have been 
associated with its catechin content, and EGCG is the most abundant and pharmaco-
logically active catechin. Green tea, which is more effective than black tea, has been 
shown to significantly alleviate MetS symptoms, such as abdominal adiposity indicated 
by waist circumference in obese subjects. The anti-obesity mechanisms of tea polyphe-
nols are associated with two major mechanisms: (i) decreasing the absorption of lipids 
and proteins in the intestine by tea constituents, thus reducing calorie intake, and (ii) 
activating adenosine monophosphate-activated protein kinase (AMPK) by tea polyphe-
nols that are bioavailable in the liver, skeletal muscle, and adipose tissues. The relative 
importance of these two mechanisms depends on the types of tea and diet consumed by 
individuals. It should be noted that AMPK activation can reduce gluconeogenesis and 
fatty acid synthesis, leading to bodyweight reduction and MetS alleviation [17, 18].

Clinical trials [19–21] verified that green tea reduced body weight and other 
biomarkers linked to MetS (Table 1).

Cellular, animal, and human experiments demonstrated that green tea and 
its major component, EGCG, have anti-inflammatory effects. Moreover, EGCG 

Participants Study type Intervention Outcomes Ref.

35 subjects with 
obesity and 
MetS

Randomized, 
controlled 
prospective trial

Green tea (4 cups/day), 
green tea extract  
(2 capsules and 4 
cups of water/day), or 
placebo for 8 weeks

Both interventions 
↓ body weight and 
BMI. Green tea 
beverage also ↓ lipid 
peroxidation

[19]

70 moderately 
overweight 
subjects

Intervention Green tea extract  
(4 capsules/day—
375 mg of catechins) 
for 12 weeks

↓ Body weight [20]

23 overweight 
subjects

Double-blind 
study

Green tea beverage 
containing 588 mg or 
126 mg catechins for 
12 weeks

↓ Body fat 
parameters

[21]

56 obese, 
hypertensive 
subjects

Double-blind, 
placebo-
controlled trial

1 capsule (379 mg 
green tea extract) or 
placebo for 3 months

↓ TNF-α and CRP 
serum levels
↑ antioxidant status 
and HDL-C
↓ TC, LDL-C, and 
TG

[22]

1.704 
overweight or 
obese subjects

Meta-analysis Green tea/green tea 
extract (126–800 mg 
catechins) for 
12–24 weeks

↓ LDL-C and TC [23]

1356 subjects Meta-analysis EGCG (107 to 857 mg/
day—2 to 8 cups of 
green tea per day) for 4 
to 14 weeks

↓ LDL-C [24]

BMI, body mass index; CRP, C-reactive protein; EGCG, epigallocatechin gallate; HDL-C, high-density lipoprotein 
cholesterol; LDL-C, low-density lipoprotein cholesterol; MetS, metabolic syndrome; TC, total cholesterol; TG, 
triglycerides; TNF-α, tumor necrosis factor-alpha; ↑, Increase; ↓, reduction.

Table 1. 
Clinical trials showing the effects of tea or tea catechins on inflammation, obesity, and lipid profile.
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inhibits the in vitro activation of the transcription factor NF-κB and attenuates the 
IκB-α degradation induced by tumor necrosis factor-alpha (TNF-α) activation. The 
anti-inflammatory mechanism of EGCG seems to be associated with a decrease in 
the activity of the IKK-β protein, involved in the phosphorylation of IκB-α. Because 
of this effect on the NF-κB signaling pathway, catechins can reduce the gene expres-
sion of COX-2. In addition, EGCG demonstrates anti-inflammatory activities in the 
MAPK pathway by inhibiting the phosphorylation of p38. Catechins also reduce 
the gene expression of c-Jun N-terminal kinase (JNK) protein and the transcription 
factor AP-1 [25, 26].

It should be noted that only a limited number of studies on humans provided 
strong evidence related to the anti-inflammatory activity of green tea. One example 
is a double-blind, placebo-controlled trial, in which 56 obese, hypertensive subjects 
received green tea extract or placebo for 3 months [22]. Green tea extract reduced 
diabetes and inflammation risk, increased total antioxidant status, and improved 
the lipid profile.

3. Tea and lipid profile

Hyperlipidemia, characterized by increased levels of total cholesterol (TC) and 
low-density lipoprotein (LDL-C), is a major risk factor for CVD. Several clinical tri-
als demonstrated that the ingestion of polyphenols such as flavonoids and phenolic 
acids can improve the concentrations of TC, LDL-C, and high-density lipoprotein 
(HDL-C) [8].

Green tea beverage consumption and green tea extract supplementation can 
also improve lipid profile, reducing blood TC and LDL-C concentrations, especially 
when used for a long time. These changes are due to the presence of major tea 
polyphenols, namely, the catechins [27, 28]. A study conducted on rats fed with 
atherogenic diet demonstrated that the supplementation with green tea prepara-
tion consisting of 66.5% EGCG and other catechins could decrease plasma TC and 
LDL-C levels and increase plasma HDL-C levels [29]. Another study on rats and 
atherogenic diet indicated that EGCG can significantly reduce TC, LDL-C, very 
low-density lipoprotein cholesterol (VLDL-C), triacylglycerols (TG), and cardiac 
risk ratio values while increasing the concentration of HDL-C [30].

Studies on humans also reported that EGCG can improve lipid profile. Its 
mechanisms may be associated with decreasing the absorption of lipids, inhibiting 
the lipogenesis pathway, and attenuating inflammation [23, 24, 31] (Table 1).

Other green tea catechins may have a beneficial effect on plasma TC and LDL-C 
levels in humans. Kim et al. [32] reviewed 20 trials and verified that the intake of 
green tea catechins, at doses of 145 to 3.000 mg per day, reduced TC by 5.5 mg/dL 
and LDL-C by 5.3 mg/dL, while there were no changes in plasma HDL-C levels.

More importantly, green tea can decrease plasma TC and LDL-C levels in 
overweight or obese people with no side effects, especially with long-term 
consumption [23].

Consumption of green tea extract catechin complex (843 mg of EGCG, 202 mg 
of ECG, 107 mg of EGC, and 107 mg of EC), for 12 months, significantly reduced 
(compared with the placebo group) plasma TC, LDL-C, and non-HDL-C levels in 
postmenopausal women. In hypercholesterolemic participants, green tea extract 
supplementation resulted in a reduction of 8.5% in TC and 12.4% in LDL-C con-
centrations. This study suggests that green tea extract, with high concentrations of 
catechins, may be recommended for lowering cholesterol, especially in those with 
high cholesterol concentrations [33].
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4. Tea and blood pressure

Hypertension is a multifactorial clinical condition characterized by constant 
elevation of systolic blood pressure (SBP) levels ≥140 and/or diastolic blood 
pressure (DBP) ≥ 90 mmHg. It is often associated with metabolic disorders and 
functional and/or structural changes in target organs, aggravated by the presence 
of other risk factors, such as dyslipidemia, abdominal obesity, glucose intoler-
ance, and T2D [34]. Hypertension is one of the leading risk factors for CVD, and 
it is a major cause of premature death worldwide; it affects about 1 billion people 
worldwide [34].

Tea flavonoids can reduce the risk of hypertension and consequently the risk of 
CVD [9, 35]. Catechins act as antioxidants and vasodilators and inhibit endothelial 
dysfunction and thrombogenesis [9, 36]. Catechins might reduce blood pressure by 
enhancing nitric oxide signaling [9]. The health benefits of tea for blood pressure 
were demonstrated in healthy subjects, diabetic subjects, and obese and/or hyper-
tensive subjects [37]. Clinical trials showing the effect of tea on blood pressure are 
summarized in Table 2. It should be noted that several factors may influence the 
effect of tea consumption on blood pressure such as the duration and frequency of 
consumption, dosage, tea bioactive compounds, the evaluated population, and the 
degree of hypertension [37].

4.1 Molecular mechanisms of tea regulating blood pressure

Evidence indicates that vascular superoxide anion inactivates nitric oxide (NO) 
and plays a critical role in the development of hypertension. NO reacts with super-
oxide anion to form peroxynitrite. Peroxynitrite can cause protein tyrosine nitra-
tion, which modifies protein structure and function and affects cell homeostasis, 
oxidizes LDL-C, and leads to reduced activity of endothelial nitric oxide synthase 
(eNOS) [44, 45]. Angiotensin II generates vascular superoxide anion by activat-
ing nicotinamide adenine dinucleotide phosphate (NADPH) oxidase. Superoxide 
anion contributes to increased blood pressure, endothelial dysfunction, vascular 
remodeling, and sodium retention, consequently contributing to the develop-
ment of hypertension (Figure 2). Possibly, green tea extract reduces the risk of 
hypertension by reducing vascular reactive oxygen species (ROS) formation and 
NADPH oxidase activity [37]. In rats, decaffeinated green tea extract stimulated 
the activation of the eNOS via the phosphatidylinositol 3-kinase (PI3-kinase)/Akt 
pathway [46].

Caveolin-1, the major negative regulator of eNOS activity, has its gene expres-
sion attenuated by green tea polyphenols via the activation of extracellular 
signal-regulated kinase 1/extracellular signal-regulated kinase 2 (ERK1/ERK2) 
and inhibition of p38 mitogen-activated protein kinase (MAPK) signaling path-
ways [47].

Another mechanism by which tea consumption can reduce the risk of hyperten-
sion is by inhibiting renin activity. The study conducted by Li et al. [48] showed 
that oolong and black tea extracts inhibited renin activity. The beneficial effect was 
attributed to thearubigins. However, monomeric catechins did not contribute to the 
inhibitory effect promoted by the tea extracts.

Endothelin-1 may contribute to hypertension by enhancing vascular superoxide 
anion production via ETA/NADPH oxidase. Evidence indicates that epigallocat-
echin gallate reduces endothelin-1 expression and secretion from endothelial cells, 
partly via Akt- and AMPK-stimulated forkhead box transcription factor class O1 
(FOXO1) regulation of the endothelin-1 promoter [37].
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Participants Study type Intervention Outcomes Ref.

4579 older Chinese 
(>60 years) 
without 
hypertension or 
antihypertensive 
treatment

Cross-
sectional

Green tea (~90% 
of subjects) 
nonhabitual 
drinkers, l–5x/
week; ≥6x/week

Reduction of 16 and 22% 
with tea consumption 
1–5 times per week and 
≥6 times per week, 
respectively

[36]

20 subjects with 
T2D (mean 
53 years old; BMI, 
30 kg/m2)

Parallel, 
double-blind, 
placebo-
controlled

Decaffeinated 
green tea extract 
(400 mg/ day) 
or placebo for 
12 weeks

No difference in 
blood pressure, 
anthropometric, and 
metabolic parameters 
when compared to 
placebo

[38]

100 mildly 
hypertensive 
patients with 
diabetes

Randomized 
clinical trial

3 g/150 mL 
of sour tea or 
3 g/150 mL of 
green tea (3x/day) 
for 4 weeks

↓ Systolic and diastolic 
blood pressure in both 
groups

[39]

56 obese, 
hypertensive 
subjects

Double-
blind, 
placebo-
controlled 
trial

1 capsule (379 mg 
green tea extract) 
or placebo for 
3 months

↓ Systolic and diastolic 
blood pressure compared 
with placebo

[22]

19 hypertensive 
subjects

Randomized, 
double-blind, 
controlled, 
cross-over 
study

Black tea (129 mg 
flavonoids) or 
placebo (2x/day) 
for 8 days

↓ Systolic (3.2 mmHg) 
and diastolic 
(2.6 mmHg) blood 
pressure and prevented 
blood pressure increase 
after a fat load

[40]

123 prediabetic 
subjects

Randomized 
controlled 
clinical trial

600 mL/day 
of green tea or 
control (warm 
water) for 
14 weeks

↓ Mean arterial pressure
↓ Waist/hip ratio 
compared to control
Did not affect fasting 
plasma glucose nor 
HbA1C level

[41]

1697 subjects 
(22–74 years)

Meta-analysis Green tea (208 
to 1344 mg/day 
of catechin) for 
3–16 weeks

↓ Systolic (1.17 mmHg) 
and diastolic 
(1.24 mmHg) blood 
pressure, no effect of 
caffeine, effect of low 
catechin dose was greater 
than high catechin

[42]

971 overweight 
or obese subjects 
(29–54 years)

Meta-analysis Green tea/
reen tea extract 
(320–1207 mg 
of catechin) for 
3–16 weeks

↓ Systolic and diastolic 
blood pressure in 
normotensive and 
hypertensive subjects. 
Significant reduction 
only for low catechin 
dose (250 mg of EGCG/
day) and intervention 
≥3 months
Caffeine did not 
interfere with the results

[43]

BMI, body mass index; EGCG, epigallocatechin gallate; HbA1C, glycated hemoglobin A1C; T2D, type 2 diabetes; ↓, 
reduction.

Table 2. 
Clinical trials showing the tea effect on blood pressure.
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5. Tea and insulin resistance/diabetes

Insulin resistance is a key feature of MetS and an important risk factor for 
CVD and T2D. Diabetes is a global health issue with high morbidity and mortal-
ity. The global prevalence of diabetes was 8.5% in 2014. In 2016, about 3.7 million 
deaths were caused by high blood glucose levels and diabetes. Almost half of 
the deaths caused by high blood glucose levels occur before the age of 70. T2D is 
linked to insulin resistance, altered lipid profile, hypertension, and endothelial 
dysfunction [49].

Recent evidence indicates that tea consumption improves insulin sensitivity and 
reduces the risk of T2D [9, 50]. Possibly, tea polyphenols act on gut microbiota, 
increase the probiotic species in the intestine, and attenuate the gene expression 
of enzymes involved in gluconeogenesis (phosphoenolpyruvate carboxykinase 
(PEPCK) and glucose-6-phosphatase) and glucose production in the liver, mediated 
by AMPK activation [9].

In vitro, in vivo, and clinical studies have shown that green tea catechins, mainly 
EGCG, have various antidiabetic activities [50–53]. However, some studies have 
shown that there are no beneficial effects of tea on T2D [51, 52, 54, 55] (Table 3).

5.1 Molecular mechanisms of tea regulating insulin resistance/T2D

Green tea enhances glucose-stimulated insulin secretion through the cyclic 
adenosine monophosphate (cAMP)/Akt pathway. Moreover, EGCG could activate 

Figure 2. 
In hypertension, there is excessive ROS generation in endothelial cells induced by angiotensin II. ROS excess 
can stimulate the NF-kB pathway and increase endothelial inflammation. ROS excess may also increase 
LDL-C oxidation and inhibit prostacyclin; superoxide anion reacts with NO to form peroxynitrite, which is 
cytotoxic. The NO loss may reduce vasorelaxation and contribute to endothelial dysfunction and hypertension. 
Green tea extract may inhibit the ROS production as well as Oolong tea and black tea may inhibit renin, and 
consequently angiotensin II. Ang II: angiotensin II; AT1R: angiotensin II type 1 receptor; ICAM-1: intercellular 
adhesion molecule 1; LDL-ox: oxidized LDL-C; NF-kB: nuclear factor kappa B; NO: nitric oxide; ROS: 
reactive oxygen species; VCAM-1: vascular cell adhesion molecule 1. →: stimulation; ⊥: inhibition.
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Participants Study design Outcome Ref.

13 normal subjects and 
11 prediabetic subjects

Randomized, 
double-blind, placebo-
controlled crossover 
study
Placebo, low dose of 
black tea polyphenol 
(110 g) or high dose 
(220 g) of polyphenol + 
sucrose (50 g)
Samples collected at 0, 
30, 60, 90, and 120 min 
from tea intake

Low dose and high dose of 
polyphenol reduced incremental 
blood glucose area under the curve 
(AUC) compared with placebo 
in both normal and prediabetic 
subjects. No significant difference 
between low dose and high dose of 
polyphenol

[56]

92 subjects with T2D 
and lipid abnormalities

Double-blinded, 
randomized and 
placebo-controlled 
clinical trial
500 mg green tea 
extract (3x/day) or 
control (cellulose) for 
16 weeks

↓ Triacylglycerols
↓ HOMA-IR
↑ HDL-C
↑ GLP-1

[57]

49 subjects with 
T2D (average age 
of 65 years; median 
duration of diabetes, 
6 years) 80% of them 
using hypoglycemic 
medication

A double-blind, 
placebo-controlled, 
randomized trial 
Placebo, 375 mg 
or 750 mg/day for 
3 months

Extract of green and black tea did 
not show a hypoglycemic effect

[54]

Overweight or 
obese male subjects 
(40–65 years)

Placebo-controlled, 
randomized trial 
400 mg capsules of 
EGCG or placebo 
(lactose)—2x/day for 
8 weeks

No effect on insulin sensitivity, 
insulin secretion, or glucose 
tolerance

[55]

1584 subjects Meta-analysis
Green tea catechins 
with or without caffeine 
≥12 weeks <12 weeks

↓ Fasting blood glucose
Glucose-lowering effect was 
observed when follow-up 
≥12 weeks

[58]

30 subjects with T2D Randomized controlled 
trial 600 mL/day of 
black tea or 200 mL/day 
of black tea for 12 weeks

↓ HbA1C with 600 mL/day
↓ Pro-inflammatory CD3+ CD4+ 
IL-17+ cells

[59]

56 obese, hypertensive 
subjects

Double-blind, placebo-
controlled clinical trial 
1 capsule/day (379 mg 
of green tea extract) or 
placebo for 3 months

↓ Systolic and diastolic blood 
pressure
↓ Fasting serum glucose
↓ Insulin resistance (HOMA-IR)
↓ TNF-α and CRP
↓ Total antioxidant status
↓ Total cholesterol, LDL-C, and 
triacylglycerols
↑ HDL-C

[22]

68 overweight subjects 
with T2D (20–65 years)

Randomized, 
double-blind, placebo-
controlled clinical trial
1500 mg of 
decaffeinated green tea 
extract/day or placebo 
(cellulose) for 16 weeks

↓ HbA1C, ↓ HOMA-IR, ↑ ghrelin, ↓ 
waist circumference

[60]
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AMPK to improve the shutdown of the insulin stress signal pathway caused by 
serine phosphorylation of insulin receptor substrate-1 (IRS-1), improving insulin 
resistance [50]. High plasma glucose level increases ROS production, while EGCG 
improved insulin resistance by scavenging ROS. ROS plays a key role in increasing 
JNK and IRS-1 serine phosphorylation and reducing the transduction of insulin 
signal [62]. Green tea catechin increases insulin sensitivity by directly activating 
peroxisome proliferator-activated receptor (PPAR) γ [50]. In addition to insulin 
sensitivity, EGCG can also inhibit glucose absorption by competitively binding with 
the sodium-glucose transporter-1 (SGLT-1) in intestinal epithelial cells and enhance 
glucose uptake in muscles and adipocytes via enhancement of the GLUT4 expres-
sion [44, 53].

Most studies showing the beneficial effects of EGCG on glucose homeostasis 
were performed in vitro. EGCG showed an insulin-like activity through the 
reduction of gluconeogenic enzymes (glucose-6-phosphatase and PEPCK) in 
hepatocytes by suppressing their gene expression [51, 52]. In myocytes, green tea 
or EGCG stimulates GLUT4 translocation and glucose uptake via the PI3-kinase/
Akt signaling pathway; alternatively, muscle glucose uptake occurs via AMPK [52]. 
In laboratory animals, EGCG improved insulin sensitivity in peripheral organs 
and inhibited gluconeogenesis [51]. In humans, EGCG can protect pancreatic β 
cell from cytokines, inhibiting the NF-kB activation [63]. Tea also reduces carbo-
hydrate absorption by inhibiting α-amylase, β-glucosidase, and sodium-glucose 
transporters [51, 56].

Black tea rich in theaflavins decreases the risk of T2D by inhibiting obesity 
through AMPK phosphorylation and promoting the browning of white adipose 
tissue [50]. The pro-inflammatory cytokines TNF-α and interleukin (IL)-1 are 
involved in obesity-associated insulin resistance and T2D. Black tea consumption 
has a potential role in downregulating serum TNF-α and IL-1 levels and upregulat-
ing IL-10, an anti-inflammatory cytokine [63].

6. Conclusion

Tea contains polyphenols that may provide an important source of dietary 
antioxidants in humans. Moderate consumption of tea seems to reduce the risk of 
MetS and/or MetS-related diseases. EGCG, the main catechin in tea, presents major 
health benefits. Green tea seems to have the best potential antioxidant effects when 
compared to other teas. It is worth mentioning that most of the studies have not 
demonstrated toxicity due to tea consumption or supplementation; however, fur-
ther research, especially in humans, should be conducted to confirm this property 
and evaluate the underlying mechanisms of action.

Participants Study design Outcome Ref.

66 subjects with T2D 
(32–73 years)

Randomized controlled 
trial Green tea extract 
(456 mg catechin)/
day or control (just 
followed) for 2 months

Blood glucose, HbA1c, insulin 
levels, and HOMA-IR did not differ 
from the control group

[61]

CRP, C-reactive protein; HbA1C, glycated hemoglobin A1C; HDL-C, high-density lipoprotein cholesterol; 
HOMA-IR, homeostasis model assessment of insulin resistance index; GLP-1, glucagon-like peptide 1; LDL-C,  
low-density lipoprotein cholesterol; TNF, tumor necrosis factor; T2D, type 2 diabetes; ↓, Reduction; ↑, increase.

Table 3. 
Studies that showed the effect of tea on insulin resistance and diabetes.
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Chapter 6

Nutraceuticals of Tea (Camellia
sinensis) for Human Health
Kula Kamal Senapati

Abstract

This book chapter describes about the phytochemicals in tea which are signifi-
cantly useful in preparing nutraceutical products. The polyphenols along with other
bioactive compounds present in tea have many pharmacological properties which
attribute to the development of various food products where tea constitutes as an
active ingredient. This chapter also discusses the potential uses of tea and their
bioactive constituents in treatment and prevention of diseases in human which infer
the potentiality of developing and popularizing nutraceuticals of tea.

Keywords: nutraceuticals, phytochemicals, catechins, polyphenols, antioxidant,
therapeutic properties

1. Introduction

Nutraceuticals are promising class of natural products that encompasses the com-
bined terms “nutrition” and pharmaceuticals” which incorporates the characteristics
of both nutritional and pharmaceutical and thus exhibit several health benefits. The
food or food products having nutraceuticals properties can be used as medicine in
addition to nutritional values and have been used to support proper functioning of
the body, treat and prevention of diseases, and increase the life expectancy of human
beings [1–4]. Currently nutraceuticals have been explored in several diseases in
prevention and cure such cancer, diabetics, cardiovascular, diseases etc.

Tea (Camellia sinensis L.) is one of the most popular and widely consumed bever-
age world-wide. Commercially tea is mostly available in three varieties viz. black (red
tea), green and oolong (yellow tea) tea which differ in their physical and chemical
characteristics arised from their different manufacturing process. Black tea consump-
tion is highest in western countries which accounts for around 78% of worldwide
consumption. The green tea is mostly consumed in Japan and china and accounts for
20% whereas oolong tea is consumed 2% only. Black tea is widely consumed in India
and India is one of the largest tea producers in the world and it occupies about 70% of
domestic consumption of the total tea production in the country.

The black tea is fully fermented and known for its characteristics brown liquor
whereas green tea is unfermented and known for its light greenish yellow liquor.
The oolong is semi-fermented and liquor characteristic lies in between the black and
green tea. All the three types differ in their taste and flavor and accordingly their
chemical profiling also varies.

Tea contains a variety of bioactive compounds such as polyphenols, polysaccha-
rides, vitamins, amino acids etc. having medicinal properties which can be used as
food additives in preparation of nutraceuticals [5–8]. Tea is mainly chemically
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characterized by their polyphenolic compounds and their polymeriszed products
along other bioactive compounds in minor quantities.

The polyphenols which are produced by the plant as secondary metabolites
are the major constituents in tea. Other secondary metabolites present in tea are
phenolic acids, purine alkaloids, tannins, flavonols and their glycosides. The poly-
phenols in tea are catechins (C) and their conjugated products viz. epigallocate-
chingallate (EGCG), epigallocatechins (EGC), epicatechingallate (ECG) and
epicatechins (EC) and present in higher quantities in green tea. The other two class
of polyphenols found in black tea are theaflavins (TFs) and thearubigins (TRs)
which are present in significant quantities in black tea and less quantity in oolong
tea. The catechin polyphenols in tea are health-promising due to their antioxidant
properties and are very useful in preparation of nutraceuticals from tea [9–14].

In addition, tea contains other beneficiary substances to our health such as
fluoride, caffeine, minerals, trace elements e.g. manganese, chromium etc. which
also added nutraceutical value of tea and its food additive which also add nutraceu-
tical value of tea or its food additives [15]. Looking to the therapeutic properties of
these phytochemicals in tea, different food products have been prepared with tea or
its extract which are rich in these active ingredients. These products include ready
to drink beverages, instant tea, confections, cereal bars, pet foods, candy etc. So,
there is a huge possibility of using bioactive constituents in tea as food additive
which provide medical or health benefit in prevention and treatment of disease and
thus tea can be potentially used for the development of nutraceuticals.

In this chapter, various bioactive compounds in tea (green, black, oolong and
white teas) and their properties which can be employed as nutraceuticals in the
form of food or part of food products has been discussed. Further, we have
addressed the role of these tea nutraceuticals and their application in prevention
and treatment of various diseases.

2. Phytochemicals in tea

There are a variety of chemicals in tea which are therapeutically important and
they also vary in different types of commercially available teas viz. green, black and
oolong tea. The chemical characteristics of tea are also varying with variation of
plant species, geographic locations, climatic condition, horticultural practices as
well as plucking parameters of the tea leaves [16, 17]. Polyphenols comprises of a
large group of phytochemicals, the major polyphenolic constituents in tea which
account for maximum 30% total dry weight of tea leaves are the flavanols, also
known as catechins. Of these polyphenolic catechins, eight catechins are appeared
in significant quantities which include (+)-catechin, (-)- epicatechin, (-)-
gallocatechin, (-)-epigallocatechin, (-)-catechin gallate, (-)-epicatechin gallate,
(-)-gallocatechin gallate, (-)-epigallocatechin gallate.

Tea beverage is chemically characterized mainly by polyphenolic constituents
(mostly flavonoids) and their polymerized compounds. Four polyphenolic cate-
chins which are in large quantities in green tea are (–)–epigallocatechin- 3-gallate
(EGCG), (–)–epigallocatechin (EGC), (–)–epicatechin-3- gallate (ECG), and (–)–
epicatechin (EC) (Table 1). These catechins are highest in green tea (30-40% in dry
weight) and least in black tea (10% in dry weight) in which catechins undergo
condensation and polymerization into other phenolic compounds theaflavins and
thearubigins during enzymatic oxidation of catechins during fermentation process
of black tea manufacturing [18, 19]. The oolong tea has substantial amount of
catechins with other oligomeric polyphenols [20].
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Apart from polyphenols, there are a number of phytochemicals which are signifi-
cantly important in medicinal use. These phytochemicals are oxyaromatic acids (gal-
lic, caffeic, quinine, chlorogenic and n-coumaric acids, flavonols (Quercetin,
kaempferol, myricetin), pigments (carotenoids, chlorophyll), alkaloids (caffeine, the-
ophylline, theobromine), amino acids, lipids, polysaccharides, vitamins, lignans and
saponins which also attribute to the widely explored medicinal value of tea [21–23].

The major polyphenolic compounds in different types of tea which differ due to
their manufacturing processes are highlighted in Table 2. The white tea is least
processed of all the tea types and thus it intakes maximum polyphenols whereas the
black tea is fully fermented through enzyme mediated oxidation of polyphenols into
oligomeric and polymeric flavanols (theaflavins, thearubigins and other oligomers)
with characteristics flavor and color. In black tea processing, tea leaves (standard
plucking two and a bud) are crushed to undergo enzymatic oxidation (polyphenol
oxidase) and subsequent condensation of tea catechins in to the formation of
theaflavins (TFs) (oligomeric) and thearubigins (TRs) (polymeric) products. This
fermentation process is being limited in case of oolong tea. In green tea this enzy-
matic oxidation is prevented by steaming (or pan-frying) of fresh tea leaves.
Therefore, the green tea infusion contains major quantities of polyphenol catechins
(30-40% dry weight of four major catechins viz. (–)-Epigallocatechin-3-gallate
(EGCG), (–)-epigallocatechin (EGC), (–)-epicatechin-3-gallate (ECG), and (–)-
epicatechin (EC)). Since all major polyphenols are oxidized in black tea, it contains
less amount of catechins (3-10%) along with theaflavins (2-6%), thearubigins
(>20%) and gallic acids in significant quantities. The oolong contains green tea
catechins and less amount of black tea theaflavins and thearubigins due to its partial
fermentation process.

In water extract, all types of tea also contain caffeine in quantity of 2-5%.

3. Nutraceutical properties of tea phytochemicals

The therapeutic properties of tea extract are associated with the polyphenolic
contents which have the highest antioxidant capacity amongst other bio-active
compounds. The green tea extract has higher antioxidant capacity than that of black
tea or oolong tea due the higher quantities of catechin polyphenols viz. EGCG, EGC,
ECG, EC [24]. The EGCG has the highest anti-oxidant activity followed by ECG and
EC whereas EGC has the lowest activity [25]. The EGCG can inhibit the production
of hydrogen peroxide and superoxide radicals by tumor promoter-activated neu-
trophils in our body. Among the three major types of tea (green, black, oolong),
green tea has the highest antioxidant activity and black tea has the lowest one.
The antioxidant activity of green tea and its polyphenols have been studied in a
number of in vitro and in vivo experiments and in most of these researches EGCG
(major constituent in green tea) is well documented and significantly important.
These nonnutritive phytochemicals are potential nutraceuticals and their easy
bioavailability makes their useful consumption in prevention of diseases. The
higher antioxidant properties of black tea are associated with minor quantities of
catechins and other oligomeric polyphenols. In addition to different types of tea
which differ in chemical contents, the health-promising factors of tea also varies
with cultivars to cultivars and their geographic locations. Therefore, it is very
important to determine the bioactivity of tea of different varieties in obtaining
nutraceutical values.

Recent researches have gained attention in therapeutic use of tea polyphenols of
green and black tea in diseases associated to metabolic syndromes. Green tea
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catechins have been explored to antioxidant, anticarcinogenic, anti-inflammatory,
probiotic, anti-inflammatory, thermogenic, and antimicrobial activities. These have
been found to inhibit carcinogenesis of the skin, lung, esophagus, stomach, liver,
small intestine, colon, bladder, prostate, and mammary gland in animal studies
[26]. Black and green tea can protect oxidative damage of red blood cells [27].

Looking in to the various health benefits of tea phytochemicals, tea extracts in
liquid or powder form can be effectively used in food products such as sweets,
biscuits, bread, cake, candies, ready-to-drink beverages as well as other polyphenol
rich food supplements. The tea nutraceuticals are also available in various form of
tablets, capsules and health drinks. In addition, tea also contains other nutritional
substances such as dietary fiber and proteins after polyphenols extraction in tea for
use in nutraceuticals which also give health benefits [28]. Consumption of tea with
lemon juice (ascorbic acid) has manifold benefits in making more accessible of tea
antioxidants (catechins) to get absorbed as well as enhance the iron absorption in
our body [15]. Further, compounds in tea can inhibit iron absorption from foods;
drinking green tea with lemon reduces that effect. The combination of honey with
green tea has been used since very past as they are very effective in healing wounds.
The health-promoting activities of tea also vary cultivar to cultivar and thus it is
important to identify the cultivars having specific bioactivity so as to use the
nutraceutical properties properly. The phytochemicals in tea and their nutraceutical
properties are depicted in Figure 1.

Type
of tea

Processing technique Physio-chemical changes Major polyphenols

Green Withering, steaming (Japan)
or roasting (China), rolling
and drying

Deactivation of enzymes to prevent
fermentation (oxidation of
polyphenol)

Catechins (Flavan-3-
ols)

Black
(red
tea)

Withering, crushing, rolling,
drying

Fermented (in presence of enzymes
(polyphenol oxidase and peroxidase
enzymes)

Catechins, theaflavins,
thearubigins

Oolong Withering, rolling, drying Partially fermented (partial
oxidation)

Catechins, theaflavins,
procyanidins

White Withering, drying Unfermented Catechins

Table 2.
Major polyphenols and processing conditions of different varieties of tea.

Figure 1.
Role and mechanism of nutraceutical properties of tea phytochemicals.
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4. Tea phytochemicals as Nutraceuticals in different diseases

Tea is beneficial in protection and prevention of numerous critical diseases such
as different cancers, diabetes, neurodegenerative and cardiovascular diseases
[29–31]. The polyphenols, the major phytochemicals present in tea are known for
their antioxidant properties due to their abilities to scavenge free radical species
such as hydroxyl radical (OH), hydrogen peroxide (H2O2) and superoxide anion
(O2.�) and thus their consumption confer them as potential cancer chemopreven-
tive agents as well as other free radical induced diseases. The polyphenol extract of
tea has been effectively used in cancer prevention, protection cardiovascular dis-
eases, reduce weight-loss, anti-allergic, prebiotics, osteoarthritis protection etc.
[32, 33]. Green tea extract comprises of nearly 40% of polyphenols of which nearly
25% accounts for different catechins and their gallates of which EGCG is the highest
in quantity (about 11%), the most studied polyphenols in therapeutic properties.
Black tea polyphenols theaflavins, theaflavin gallates (which are dimers of two
different catechins and their gallates) and thearubigins with 2-6% in quantity in
addition to 3-10% of catechins gain attention in different diseases [34].

Herein, we wish to discuss the health benefits of tea in common and major
diseases such as diabetes, cardiovascular diseases, obesity, cancers, as well as others
minor diseases related to microbial and inflammatory types. The role of major
phtochemicals of tea in different diseases is outlined in Table 3.

4.1 Tea phytochemicals in diabetics

Diabetes mellitus, a highly alarming disease worldwide is associated with high
levels of blood glucose other than normal which is associated with insufficient
insulin production or its ineffectiveness.

Polyphenols in green and black tea are very effective in reducing hyperglycemia
and insulin resistance which can manage the blood glucose in diabetes [31, 35, 36].

Thus, tea polyphenols present potential nutraceuticals for various facets of type
2 diabetes mellitus. In type 2 diabetes, insulin tolerance is developed following
major metabolic disorder which led to numerous health complications reducing the
quality of life and increasing the mortality rate [37]. It has become evident from
various in vivo experiments that polyphenol phytochemicals and their additive food
products modulate metabolism of carbohydrates and lipids, reduce hyperglycemia,
insulin resistance, and improve many other metabolic process related to prevention
and suppression of diabetics [35]. Consumption of black or green tea on daily can
suppress the diabetic cataract and lower the glucose level in blood [36]. Similarly

Phytochemicals of tea Health benefits

Polyphenol extract of green tea Cancer prevention, protection cardiovascular diseases,
reduce weight-loss, anti-allergic, prebiotics,
osteoarthritis protection etc.

Epigallocatechin-3-Gallate (EGCG),
Epigallocatechin (EGC), epicatechingallate
(ECG)

Anticancer, cardioprotection, Neuroprotection, Obesity
management, osteoprotection, Anti-inflammation,
Diabetes control and renal protection, Antimicrobial
and skin care etc.

Theaflavins, Thearubigins, bisflavonols Antioxidative, antithrombogenic, and anti-
inflammatory, anti-carcinogenic, anti-mutagenic,
neuroprotective etc.

Table 3.
Role of major phytochemicals of tea in different diseases.
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oolong tea has profound effect in treatment of type 2 diabetes [35]. However,
further clinical study is required to develop nutraceutical products to apply in
diabetic patients for prevention and cure. It was reported in an investigation in
Japan that daily intake of about 6 cups of tea could reduce the diabetes affected
people [38]. Recently, significant contribution of black tea polyphenol viz.
theaflavins and thearubigins were found very effective in oxidative stress related
diseases such as diabetes [31]. Therefore, tea nutraceuticals are very much promis-
ing in control and treatment of diabetes.

It has been reported that polyphenols have the hypoglycemic effects which are
associated in reducing intestinal absorption of dietary carbohydrates affecting glu-
cose metabolism, improvement of β-cell function and insulin action, inducing insu-
lin secretion, and anti-inflammatory and anti-oxidative activity [39].

4.2 Tea photochemicals in cardiovascular diseases

The cardiovascular diseases such as hypertension (high blood pressure), coro-
nary heart diseases (heart attack), cerebrovascular disease (stroke), heart failure,
peripheral vascular diseases, etc. have been increasing day by day. The major causes
of these are foods habits, chemicals used in food and food products, chemicals used
in cultivation as well as lack of awareness.

Green tea consumption has been found to be effective in reduction of cardio-
vascular related disorders through decreased serum cholesterol and triglyceride. It
has been reported in a study carried out in Japan that regular green tea consumption
(≥500 mL) reduced the mortality rate in women in cardio vascular diseases by 31%
as compared to those who consume non-regularly [40].

The green consumption has the effect of reducing the risk of coronary heart
diseases by lowering the hyperlipidemia and total body cholesterol in body [41].
Moreover, EGCG the major catechin in green tea has been shown its usefulness in
cardioprotective effects (inhibiting the formation of cardiac hypertrophy),
antithrombotic and antiplatelet activities which are associated with cardiovascular
diseases [42]. The theaflavin and thearubigins in black tea functional drinks are
valuable against lipid and glucose related abnormalities especially high cholesterol
and LDL levels [31].

4.3 Tea phytochemicals in obesity

Obesity has been considered as a serious concern globally effecting large number
of peoples. It is associated with accumulation of excess body fats which stimulate
various disorders in body such as hypertension, osteoarthritis, hyperlipidemia,
heart attack, etc. [43] It is identified as a major factor in many metabolic syndrome
such as stroke, heart failure, hypertension, diabetics, arthritis, etc.. The oolong tea
food products also were also found to be very effective in decrease of in weight of
obese people [44]. The green tea catechin, EGCG has been found to be beneficial on
obesity [45]. Catechins in tea helps in weight management and consumption of
green tea catechins results significant reduction in body weight in human [46].

4.4 Tea phytochemicals in oral diseases

Tea phytochemicals are useful in treatment and prevention of various types oral
diseases which include tooth decay and oral cancers [47, 48], dental plaque and
dental caries [49]. The tea extract and fluoride in tea can prevent the carcinogenic
activity of oral bacteria such as Escherichia coli, Streptococcus salivarius, and Strepto-
coccus mutans [50].
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4.5 Tea phytochemicals in cancers

Tea nutraceutical acts as powerful antioxidants are very much promising in pre-
vention of cancers. Experimental studies have demonstrated the use of tea bioactive
compounds in prevention of cancers in different organs [51]. The tea catechins has
been found to act as anticarcinogenic and chemopreventive agents. Several animal
model studies in mice showed the inhibiting of chemical induced 4-(methylni-
trosamino)-1-(3-pyridyl)-1-butanone (NNK) tumorigenesis, tumor cell proliferation,
progression of adenoma to carcinoma, as well as lung carcinogenesis. [52]. It has been
conferred from several experimental evidences that tea can be effectively used in
inhibition of carcinogenesis in different parts of our body such as skin, lung, stomach,
esophagus, liver, small intestine, pancreas, colon, bladder, etc. [53]. In these experi-
mental studies it was found that polyphenols in green tea acted on cell apoptosis, cell
proliferation, cell cycle in tumour growth and migration. All these activities resulted
in reduced the risk of certain types cancers such as skin, colorectal, prostate, breast
etc. through their activity in cell apoptosis, cell proliferation, cell cycle in tumour
growth and cell migration. Among four major catechins in green tea, EGCG has been
extensively studied and found to be most effective polyphenols [54]. Theaflavins in
black tea inhibit the DNA damage which is a major cause of induction of cancer [55]
The anti-carcinogenic activity of tea polyphenols is associated with their capacity to
bind with carcinogens and thereby enabled the metabolism. Cancer preventive activ-
ity of black tea is known from the report of induction of apoptosis in human leukemia
cells by black tea and its polyphenols [56]. Black tea is also effective in protecting
immunocytes from tumor-induced apoptosis [57].

4.6 Other applications of tea phytochemicals

Consumption of tea has other several promising-health benefits such as it
decrease the risk of hypertension [58], lowers the risk of osteoporosis, protects

Green tea
supplements

Observed effects In vivo study

Polyphenol extract Increase in hydroxyproline content and catalase activity,
Decrease in protein carbonyl content, Inhibit protein oxidation
induced by UV radiations.

Mice

Aqueous extracts Increase the level of collagen and elastin fibers.
Reduced expression of MMP-3 enzymes.

Mice

Green tea extract Reduce muscle atrophy and mediate insulin resistance, Reduce
fat accumulation and lipid droplets.

Mice, C.
elegans

Epigallocatechin
gallate (EGCG)

Reduce the number of cells affected by sunburn, Maintain
equilibrium during redox reaction.

EGCG Extend lifespan. Drosophila,
C. elegans

Cholinergic acid Delay age-related decline in body movements C. elegans

Theanine Stress resistance and lifespan extension. C. elegans

Crude green tea
extract

Reduction in total body iron. Fruit flies

Table 4.
Effect of green tea on photoaging, stress resistance, neuroprotection and associated health complications: in vivo
studies [67].
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against the risk of hip fractures [59, 60], improves the metabolic activity of the
bacteria in intestinal tract [61].

The bioactive compounds in oolong tea such as polyphenol, caffeine have the
antistress and antioxidant activities which can prevent the diseases related to stress
[62]. The green tea catechin, EGCG is useful in inhibition of HIV infection and HIV-
1 replication and multi-drug resistant Staphylococcus aureus infections [63]. Tea also
shows antifungal activity which is higher in black tea followed by green tea and
white tea [64]. Black is also effective in asthma disease which is ascribed by the
antihistaminic and anti-inflammatory activities of the flavonol glycosides contained
in black tea [65]. Tea extract also shows antiallergic activity by suppressing hista-
mine activity controlling the allergic response including inflammation, urticaria,
mastocytosis, asthma, and dermatitis [66].

Some other beneficial effects of the constituents are antiaging, stress control,
ant-bacterial, anti-viral, and useful in Parkinson’s disease, Alzheimer’s disease etc.
Recently, Tencomnao et al. [67] discussed the results of some in vivo studies on the
effects of green tea supplements on various health benefits such photoaging, stress
resistance, neuroprotection, and associated health complications and some of these
are outlined in Table 4. Some of the major clinical trials on these various health
benefits are depicted in Table 5.

5. Conclusions

This chapter discusses the nutraceutical properties of bioactive compounds in
tea in particular polyphenols and their role in health benefits. The catechins in tea
viz. EGCG, EGC, ECG and EC have therapeutic properties such as antioxidant, anti-
diabetic, anti-microbial, anti-inflammatory as well as anti-cancer properties. The
black tea polyphenols the flavins and thearubigins also show many profound ther-
apeutic values. In addition, oolong tea and white tea are also pharmacologically
important. Therefore, consumption of tea in its various form viz. green tea, black
tea, oolong tea and other food products with tea as active ingredient have been
increased now a days. There are many more food products with tea and or its
extracted components as additive have been developed which includes instant tea
beverage, confections, cereal bars, pet foods etc. Considering the growing interest

Green tea
supplements

Observed effects Clinical study
(human)

Polyphenol
extract

Conjugate metabolites in plasma, blister fluid, and skin biopsy
samples

Consume capsules
of green tea
polyphenols

Green tea
extract

Reduction in the level of cells with sunburn; Lesser DNA damage
when compared to vehicle control; Reduced the prevalence of
Alzheimer’s disease and cognitive impairment; Free radical
scavenging and anti-wrinkle effects

Topical
application

EGCG, EC,
and EGC

Decreased sunburn cells (Lesser activity when compared to the
crude extracts).

Topical
application

Polyphenol
extract

Improvement in facial skin and in controlling erythema Oral supplements
of green tea
polyphenols

Table 5.
Effect of green tea on photoaging, stress resistance, neuroprotection and associated health complications: Clinical
trials [67].
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in nutraceuticals due to their several health values, the aim of the present chapter is
to outline the nutraceutical potential of phytochemicals of tea with their known
therapeutic properties. Due to their ready bioavailability, the possibilities of using
nutraceuticals from tea as natural healers in treatment and prevention of diseases
have been explored.
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Chapter 7

Alkaloids and Their Pharmacology
Effects from Zanthoxylum Genus
Nguyen Xuan Nhiem, Pham Minh Quan
and Nguyen Thi Hong Van

Abstract

Zanthoxylum genus (Rutaceae) comprises about 212 species distributed in warm
temperature and subtropical areas in the worldwide. Zanthoxylum species have been
used in traditional for the treatment of tooth decay, snakebites, blood circulation
problems, stomach problems, inflammation, rheumatic, and parasitic diseases. The
chemical investigations of Zanthoxylum have been studied by many scientists over
the world. Several classes of compounds have been isolated from this genus such as
alkaloids, coumarins, and monoterpenes. Of these, alkaloids are the main compo-
nents and play an important role in Zanthoxylum species. Alkaloids have been
shown the potential promise about biological activities: cytotoxic, antimalarial,
leishmanicidal, anti-inflammatory, analgesic, antiviral, and antibacterial activities.
This chapter will focus on the structure elucidation and pharmacological activities
of alkaloids from Zanthoxylum species. In addition, the absolute configuration of
some alkaloids from Zanthoxylum genus will be also discussed.

Keywords: Zanthoxylum, Rutaceae, alkaloids, 13C-NMR, circular dichroism

1. Introduction

Zanthoxylum genus is one of the biggest genera belonging to the Rutaceae family,
including 212 species in the world and widely distributed in the warm or tropic
temperate zones. Research findings showed that Zanthoxylum genus have many
interesting biological activities such as antifungal, antibacterial, antiviral, antimalar-
ial, anti-inflammatory, antioxidant, tuberculosis, cardiovascular, and liver protec-
tive activities, especially cytotoxic activities. From the Zanthoxylum species, many
compounds have been isolated, including alkaloids, lignans, coumarins, flavonoids,
terpenoids, steroids, etc.; they are the specific classes of compounds in Zanthoxylum
genus. The main components presented in this genus are alkaloids and coumarins,
with significant biological activities, especially anticancer activities. In particular,
this genus contains high levels of benzophenanthridine alkaloids that not only shown
their potential cytotoxic in vitro but also their ability to inhibit tumor in vivo through
many mechanisms, resistant against many pathogenics including MRSA strain
(methicillin-resistant Staphylococcus aureus)—a bacterium caused dangerous infec-
tions in hospital [1] and also shown anti-inflammatory activity [2] (Figure 1).
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2. Alkaloids constituents from Zanthoxylum genus

A total of 35 Zanthoxylum species have been studied and showed the presence of
alkaloids: Z. acanthopodium, Z. ailanthoides, Z. americanum, Z. arborescens, Z.
atchoum, Z. austrosinense, Z. avicennae, Z. bouetense, Z. budrunga, Z. bungeanum, Z.
caribaeum, Z. chiloperone, Z. clava-herculis, Z. colantrillo, Z. coriaceum, Z. culantrillo,
Z. cuspidatum, Z. dimoncillo, Z. fagara, Z. integrifoliolum, Z. lemairei, Z.
monophyllum, Z. myriacanthum, Z. nitidum, Z. ovalfolium, Z. paracanthum, Z.
procerom, Z. rhoifolium, Z. riedelianum, Z. rubescens, Z. schinifolium, Z. simulans, Z.
tingoassuiba, Z. usambarense, and Z. williamsii.

2.1 Benzophenanthridine

Benzophenanthridine alkaloids (1–51) were isolated from Zanthoxylum species.
Of these, nitidine (1), chelerythrine (2), and arnottianamide (48) were found in
almost Zanthoxylum species (Figure 2 and Table 1).

2.2 Aporphines and benzylisoquinolines, and furoquinolines

Aporphines and benzylisoquinolines, and furoquinolines (52–75) were reported
from Zanthoxylum species. Magnoflorine (52), lauriforine (55), skimmianine (69),
γ-fagarine (70), and dictamnine (71) were found in Zanthoxylum species such as Z.
americanum, Z. bouetense, Z. budrunga, Z. caribaeum, Z. clava-herculis, Z.
cuspidatum, Z. dimoncillo, Z. fagara, Z. monophyllum, Z. nitidum, Z. ovalifolium, Z.
rubescens, Z. schinifolium, Z. simulans, Z. usambarense, and Z. williamsii (Figure 3
and Table 2).

Figure 1.
Photographs of the Zanthoxylum species. The images were obtained from http://tropical.theferns.info.
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2.3 Quinolines, quinolones, and quinazolines

There were 19 quinolines, quinolones, and quinazolines (79–97) isolated from
Zanthoxylum species. They are mainly found in Z. simulans and Z. nitidum (Figure 4
and Table 3).

2.4 Indolopyridoquinazolines, acridones, and canthinones

There are 10 indolopyridoquinazolines, acridones, and canthinones (98–107)
isolated from Zanthoxylum plants (Z. atchoum, Z. simulans, and Z. ovalfolium).

Figure 2.
The structures of alkaloids 1–51.
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No. Compound names Sources Ref.

1 Nitidine Z. myriacanthum, Z. williamsii, Z. clava-
herculis, Z. americanum, Z. bouetense, Z.
nitidum, Z. usambarense, Z. ovalifolium, Z.
lemairei, Z. atchoum

[3–18]

2 Chelerythrine Z. williamsii, Z. monophyllum, Z. clava-herculis,
Z. americanum, Z. bouetense, Z. nitidum,
Z. usambarense, Z. simulans, Z. lemairei,
Z. atchoum

[4–8, 11,
13, 14, 17]

3 Fagaridine Z. nitidum, Z. atchoum [6, 17]

4 Isofagandine Z. nitidum [6]

5 Terihanine Z. ovalifolium [10]

6 Isoterihanine Z. ovalifolium [10]

7 11-Nitronitidine Z. atchoum [17]

8 Sanguinarin Z. nitidum [11, 13]

9 Methoxyfagaridine Z. atchoum [17]

10 9-Methoxy chelerythrine
chloride

Z. rubescens [5]

11 8-Methoxynorchelerythrine Z. nitidum [9]

12 8-Methoxysanguinarine Z. nitidum [19]

13 Norchelerythrine Z. nitidum, Z. simulans [17, 20–23]

14 Decarine Z. nitidum, Z. simulans [13, 20–24]

15 N-Nortidine Z. myriacanthum [23, 25]

16 7,9-Dimethoxy-2,3-methylen
dioxybenzophenantridine

Z. myriacanthum [25]

17 Zanthoxyline Z. rhoifolium, Z. nitidum [18, 26]

18 Noravicine [23]

19 Rhoifoline A Z. rhoifolium, Z. nitidum [13, 26, 27]

20 Rhoifoline B Z. rhoifolium [26]

21 6,7,8-Trimethoxy-2,3-methylen
dioxybenzophenantridine

Z. nitidum [11]

22 8-Methoxyisodecarine Z. nitidum [19]

23 Dihydronitidine Z. myriacanthum, Z. nitidum [3, 12]

24 Dihydrochelerythrine Z. coriaceum, Z. nitidum, Z. simulans [9, 11–13, 18,
20, 22, 28]

25 5,6-Dihydro-6-methoxynitidine Z. nitidum [29]

26 6-Acetonyldihydronitidine Z. rhoifolium, Z. nitidum [12, 26, 30]

27 6-Acetonyldihydroavicine Z. rhoifolium [26]

28 6-Acetonyldihydrochelerythrine Z. rhoifolium, Z. nitidum [12, 18,
22, 23, 26]

29 (R)-8-(1-hydroxyethyl)
dihydrochelerythrine

Z. nitidum [9, 23, 31]

30 8-Methoxydihydrochelerythrine Z. nitidum, Z. bungeanum [9, 13, 23]

31 8-Hydroxydihydrochelerythrine Z. nitidum [9, 13, 23]

32 Dihydrochelerythrinyl-8-
acetaldehyde

Z. nitidum [13]
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Until now, only a small number of this class of compounds have been published
(Figure 5 and Table 4).

2.5 Other alkaloids

Amines were mainly found in Z. coriaceum. But tryptamines were only found in
Z. nitidum. 16 amines and 6 tryptamines have been reported (Figure 6 and
Table 5).

3. Biological activities of alkaloids

The abundance and diversity as well as the valuable properties in terms of
chemical compositions and biological activities of the Zanthoxylum genus have
attracted the attention of many research scientists. The studies have shown that the
extracts and alkaloids from Zanthoxylum species have many valuable biological

No. Compound names Sources Ref.

33 Bocconoline Z. nitidum [18]

34 Carboxymethyl
dihydrochelerythrine

Z. nitidum [18, 23]

35 6-Methoxy-7-hydroxydihydro
chelerythrine

Z. nitidum [23]

36 6-Nitro-8-methoxy-7,8-
dihydronitidine

Z. atchoum [17]

37 8-(20-Cyclohexanone)-7,8-
dihydrochelerythrine

Z. nitidum [31]

38 6-Acetonyl-N-methyl-
dihydrodecarine

Z. lemairei, Z. riedelianum, Z. nitidum [14, 18]

39 Ethoxychelerythrine Z. nitidum [32]

40 Zanthomuurolanine Z. nitidum [33]

41 epi-Zanthomuurolanine Z. nitidum [33]

42 Zanthocadinanine A Z. nitidum [33]

43 Zanthocadinanine B Z. nitidum [33]

44 epi-Zanthocadinanine B Z. nitidum [33]

45 epi-Zanthocadinanine A Z. nitidum [22]

46 Oxynitidine Z. nitidum [17, 22]

47 Oxyavicine Z. nitidum, Z. ailanthoides [9, 11,
13, 22, 23]

48 Arnottianamide Z. nitidum, Z. simulans, Z. bungeanum, Z.
ailanthoides, Z. austrosinense

[13, 17,
20–23]

49 Isoarnottianamide Z. nitidum, Z. myriacanthum [13]

50 10-O-demethyl-17-O-
methylisoarnottianamide

Z. lemairei [14]

51 Integriamide Z. nitidum [13]

Table 1.
Benzophenanthridines from Zanthoxylum species.
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activities: anticancer, antibacterial, antifungal, antiviral, anti-inflammatory, and
antioxidant activities. Many trials of biological properties of these species have been
studied and evaluated promising applications in medicine. However, the most
prominent compounds with cytotoxic activity in the genus Zanthoxylum are amides
and alkaloids.

3.1 Cytotoxic activities

In folk medicine, many species of Zanthoxylum are used as drugs to treat cancer,
such as: the people in Kakamega, Kenya use the leaves and roots of Z. gilletii to treat
breast and skin cancers [48]; fruits of Zanthoxylum species are used in Indians and
South Korea for chemopreventive effects [49, 50], while Cameron people use them
to treat anemia disease sickle erythrocytes [51] and Japanese people use as one of the
main components in the traditional medicine daikenchuto to treat gastrointestinal
and chronic diseases [52]. The chloroform-soluble fraction of Z. ailanthoides showed
cytotoxic activity against HL-60 and WEHI-3 cell lines with IC50 values of 73.06
and 42.22 μg/ml, respectively [53].

The methanol, hexane, and chloroform extracts from Z. usambarense were eval-
uated for cytotoxicity against two breast cancer cell lines, MDA-MB-231 and MCF-7
and one brain tumor cell line, U251 using MTT assay [54]. The crude extract of Z.
setulosum collected in Monteverde, Costa Rica showed potent cytotoxic activity
(100% cells killed at 100 μg/ml) on three cancer cell lines, MCF-7, MDA-MB-231,

Figure 3.
The structures of alkaloids 52–78.
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No. Compound names Sources Ref.

Aporphines

52 Magnoflorine Z. fagara, Z. williamsii, Z. monophyllum, Z. clava-
herculis, Z. americanum, Z. usambarense, Z. nitidum

[4, 7, 8, 34]

53 Cocsarmine Z. tingoassuiba [4]

54 Xanthoplanine Z. tingoassuiba [4]

55 Lauriforine Z. fagara, Z. williamsii, Z. clava-herculis, Z.
americanum

[4, 34]

56 N-methyl isocorydine Z. caribaeum, Z. coriaceum [28, 34]

57 Zanthoxoaporphine A Z. paracanthum [35]

58 Zanthoxoaporphine B Z. paracanthum [35]

59 Zanthoxaporphine C Z. paracanthum [35]

60 Liriodenine Z. nitidum [11, 13,
20, 22,
32, 36]

61 (�)-N-acetylanonanine Z. simulans, Z. nitidum [21, 22]

62 N-acetyldehydroanonaine Z. simulans, Z. nitidum [21, 22]

Benzylisoquinolines

63 Berberine Z. caribaeum, Z. monophyllum, Z. clava-herculis [34, 4]

64 Berberubine Z. nitidum [11, 13]

65 Coptisine Z. nitidum [11, 13]

66 (�)-Usambarine Z. usambarense [7]

67 (�)-cis-N-methylcanadine Z. usambarense, Z. nitidum [7, 8]

68 N-methylcanadine Z. coriaceum [28]

Furoquinolines

69 Skimmianine Z. dimoncillo, Z. caribaeum, Z. fagara, Z. williamsii,
Z. americanum, Z. rubescens, Z. bouetense, Z.
simulans, Z. nitidum, Z. atchoum

[4, 5, 17, 21,
22, 29,
34, 37]

70 γ-Fagarine Z. americanum, Z. simulans, Z. nitidum, Z.
cuspidatum

[4, 21,
22, 24,
29, 37]

71 Dictamnine Z. budrunga, Z. ovalifolium, Z. nitidum, Z.
schinifolium, Z. avicennae, Z. acanthopodium

[10, 13,
29, 37, 38]

72 8-Methoxy dictamnine Z. rubescens [5]

73 Robustine Z. simulans, Z. nitidum [21, 24]

74 5-Methoxydictamine Z. ovalifolium, Z. nitidum [10, 29]

75 Haplopine Z. nitidum [37]

76 4-Methoxyfuro[2,3-b]
quinoline-8-O-β-D-
glucopyranoside

Z. nitidum [24]

77 Zanthonitidine A Z. nitidum [24]

78 (+)-N-methylplatydesmine Z. usambarense [7]

Table 2.
Aporphines and benzylisoquinolines, and furoquinolines from Zanthoxylum species.
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and MDA-MB-468 [55]. The methanol extract of Z. avicennae inhibited the highly
metastatic HA22T liver cancer cell migration and invasion effects through PP2A
activation [56]. Most recently, the methanol extract of Z. alatum showed the apo-
ptotic activity on Ehrlich ascites tumor in Swiss albino mice [57].

A screening study of cytotoxic activity of the extracts from 11 species used as
salad in Korea showed that the methanol extract of Z. schinifolium had the strongest
cytotoxic against Calu-6 cell line with the IC50 values < 25.0 μg/ml, meanwhile the
methanol extract of Z. piperitum exhibited antioxidant effects through ability to
arrest radical DPPH. Through the results of this study, the authors suggested that
these salad vegetables can be used as functional foods to support cancer treatment
[58]. The linear fatty acid amides of the sandshool class are the major ingredient
found in seeds of Z. piperitum exhibited cytotoxicity in the A-549 cell line [59].
Glycoprotein from the seeds of Z. piperitum prevented damage to liver tissue caused
by N-nitrosodiethylamine in the experimental mouse model [49].

Thirteen benzophenanthridines were isolated from Z. nitidum by Wang et al.
[23]. The research indicated that 6-methoxy-7-hydroxydihydrochelerythrine
exhibited the moderate cytotoxic activity against A549, Hela, SMMC-7721 and EJ,
with the IC50 values of 27.50, 37.50, 16.95 and 60.42 μM, respectively. 6-
Methoxydihydrochelerythrin and 8-(10-hydroxyethyl)-7,8-dihydrochelerythrine
also showed strong cytotoxicity when tested against the four human cancer cell
lines (A549, Hela, SMMC-7721 and EJ). These results suggested that benzophenan-
thridines may become a valid alternative of potential basis for new anti-
proliferative agents [23]. Methyl 7-(β-D-mannopyranosyloxy)-1H-indole-2-carbox-
ylate (126), methyl 7-[(3-O-acetyl-β-D-mannopyranosyl)oxy]-1H-indole-2-carbox-
ylate (127), and 2-methyl-1H-indol-7-yl β-D-mannopyranoside (128) were isolated
from the ethanol extract of Z. nitidum roots. Biological evaluation revealed that
these alkaloids possess significant cytotoxicities against all the tested tumor cell
lines with the IC50 values of less than 30 μM [46]. Liriodenine (60) was the active
compound against the MCF-7, NCI-H460, and SF-268 cell lines with IC50 values of
2.19, 2.38, and 3.19 μg/ml, respectively [22]. In addition, normelicopidine (101)

Figure 4.
The structures of alkaloids 79–97.
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Figure 5.
The structures of alkaloids 98–107.

No. Compound names Sources Ref.

Quinolines

79 Edulitine Z. simulans, Z. nitidum [21, 24, 37]

80 Lunacridine Z. budrunga [39]

81 Edulinine Z. williamsii, Z. nitidum [4, 37]

82 Tembetarine Z. fagara, Z. usambarense, Z.
nitidum

[4, 7, 8]

83 (R)-(+)-isotembetarine Z. nitidum [8]

84 (�)-Oblongine Z. usambarense [7]

85 Simulenoline Z. simulans [21]

86 Peroxysimulenolin Z. simulans [21]

87 Benzosimulin Z. simulans [21]

88 Zanthodioline Z. simulans, Z. nitidum [21, 24, 37]

89 Zanthosimuline Z. simulans [21]

90 Huajiaosimuline Z. simulans [21]

91 Zanthobisquinolone Z. simulans [21]

Quinolones

92 Flindersine Z. nitidum [22]

93 4-Methoxy-1-methyl-2-quinolone Z. nitidum [22, 24]

Quinazolines

94 1-Methyl-3-(20-phenylethyl)-lH,3Hquinazoline-2,4-dione Z. arborescens [34]

95 1-Methyl-3-[20-(4″-methoxyphenyl) ethyl]-lH,3H
quinazoline-2,4-dione

Z. arborescens [34]

96 Arborine Z. budrunga [38]

97 2-(20,40,60-Trimethyl-heptenyl)-4-quinozolone Z. budrunga [38]

Table 3.
Quinolines, quinolones, and quinazolines from Zanthoxylum species.
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from Z. simulans showed the cytotoxic activities against PC-3M, LNCaP, and Dd2
with the IC50 values of 12.5, 21.1, and 18.9 μg/ml respectively.

Acridone alkaloid derivatives isolated from the roots and fruits of Z. leprieurii
showed the selective moderately active against two cancer cell lines, A549 and
DLD-1 in comparison to normal cell line, WS1 [60]. Liriodenine (60) was also
isolated from Z. nitidum and showed significant cytotoxic activity against three
human cancer cell lines, MCF-7, NCI-H460, and SF-268 with IC50 values of 2.19,
2.38, and 3.19 μg/ml, respectively. A series of benzo[c]phenanthridine alkaloids
isolated from Zanthoxylum species showed significant cytotoxic activities:
huajiaosimuline (90) and zanthosimuline (89) isolated from Z. simulans showed
significant antiplatelet aggregation activity and induced terminal differentiation
with cultured HL-60 cells [61], 7,8-dehydro-1-methoxyrutaecarpine,
norchelerythrine (13), ethoxychelerythrine (39), 6-acetonyldihydrochelerythrine
(29), γ-fagarine (70), skimmianine (69), (�)-matairesinol, and canthin-6-one
(106) isolated from the roots of Z. integrifoliolum exhibited cytotoxic activities on
two human cancer cell lines, P-388 and HT-29 (IC50 values < 4 μg/ml) [62]. A new
benzophenanthridine-type alkaloid, rutaceline isolated from the stem bark powder
of Z. madagascariense and induced cell cycle arrest in the GO/G1 phase, decreased of
cells in S phase as well as induced DNA fragmentation in both cancer cell lines
(human colorectal adenocarcinoma (Caco-2) and the African green monkey kidney
(Vero) cell lines) [63]. Three others alkaloids isolated from the rhizome of Z. capense
exhibited strong anticancer activity in HCT-116 colon carcinoma cell line [64].

Nitidine (1), a specific compound in Zanthoxylum species: Z. myriacanthum,
Z. williamsii, Z. clava-herculis, Z. americanum, Z. bouetense, Z. nitidum,
Z. usambarense, Z. ovalifolium, Z. lemairei, Z. atchoum inhibited gastric tumor cell
growth, induced tumor cell apoptosis in vitro and effectively suppressed the vol-
ume, weight, and microvessel density of human SGC-7901 gastric solid tumors at a
dosage of 7 mg/kg/d (intraperitoneal injection) [15], suppressed the growth and
pro-apoptotic effects on renal cancer cells both in vitro and in vivo [16]. Nitidine
could inhibit breast cancer cell migration and invasion both in vitro and in vivo [65].
Chelerythrine (2) was found in Z. williamsii, Z. monophyllum, Z. clava-herculis,

No. Compound names Sources Ref.

Indolopyridoquinazolines

98 3-Hydroxydehydroevodiamine Z. atchoum [17]

99 Dehydroevodiamine Z. atchoum [17]

100 Evodiamine Z. atchoum [17]

Acridones

101 Normelicopidine Z. simulans [40]

102 Normelicopine Z. simulans [40]

103 Melicopine Z. simulans [40]

104 Melicopidine Z. simulans [40]

105 Melicopicine Z. simulans [40]

Canthinones

106 6-Canthinone Z. ovalfolium [10, 41]

107 5-Methoxycanthin-6-one Z. chiloperone [42]

Table 4.
Indolopyridoquinazolines, acridones, and canthinones from Zanthoxylum species.
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Figure 6.
The structures of alkaloids 108–131.

No. Compound names Sources Ref.

108 Synephrine Z. fagara, Z. culantrillo [4]

109 Candicine Z. clava-herculis,
Z. americanum

[4]

110 Hordenine Z. coriaceum [28]

111 4-(2-N-methyltyraminyl)-(Z)-1,2-epoxy-2-ethylbut-
3-ene

Z. coriaceum [28]

112 Fagaramide Z. rubescens [5]

113 -(2-methoxyethyl)-N,N-dimethyl benzenamine Z. nitidum [43]

114 (+)-Aegiline Z. coriaceum [28]

115 Alfileramine Z. coriaceum, Z. integrifoliolum [28, 44]

116 N0-demethylalfileramine Z. coriaceum [28]

117 N-demethylalfileramine Z. coriaceum [28]

118 N,N0-demethylalfileramine Z. coriaceum [28]

119 Culantraraminol Z. procerom, Z. colantrillo [45]

120 Culantraramine Z. coriaceum [28]

121 N,N0-demethylculantraramine Z. coriaceum [28]
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Z. americanum, Z. bouetense, Z. nitidum, Z. usambarense, Z. simulans, Z. lemairei,
and Z. atchoum. Chelerythrine increased cellular ROS level, leading to endoplasmic
reticulum stress, inactivating STAT3 activities and inducing apoptosis in RCC cells
which were suppressed by NAC, a special ROS inhibitor [66]. Chelerythrine signif-
icantly reduced the gastric ulcer index, myeloperoxidase activities, macroscopic and
histological score in a dose-dependent manner [67].

Magnoflorine (52) could inhibit the apoptosis of the cells stimulated with TNF-
α/IFN-γ. Further animal experiments confirmed that magnoflorine significantly
attenuated the AD-like symptom and inhibited the AD-induced increases in IgE/IL-
4, as compared with positive control [68]. Doxorubicin effects on the inhibition of
migration and invasion of breast cancer cells was significantly promoted by
magnoflorine. Doxorubicin-induced cell distribution in G2/M phase was markedly
elevated when co-treated with magnoflorine. It is observed that apoptosis process
were enhanced through doxorubicin/magnoflorine combinatory treatment rather
than using doxorubicin alone through inducing Caspase-3 cleavage. In addition,
magnoflorine markedly promoted the role of doxorubicin in autophagy induction
by elevating light chain 3 (LC3)-II expression [69].

Liriodenine (60) was commonly found in Zanthoxylum genus. The effect of
liriodenine induced significant apoptosis and suppression of cell growth of the
MCF-7 cell line. The results indicated that the anticancer effects of liriodenine
suppress cell growth and induce the apoptosis of human breast cancer MCF-7 cells
through inhibition of Bcl-2, cyclin D1 and VEGF expression, and upregulation of
p53 expression [70].

Skimmianine (69) significantly inhibit the growth of non-small cell lung cancer
cells and markedly induce apoptosis in non-small cell lung cancer cells [71].

3.2 Inflammatory effects

Inflammation defines as the immune system responses to injury or infection
with foreign organisms such as bacteria and viruses. However, excessive chronic
inflammation represents the basis of inflammatory diseases including rheumatoid
arthritis, diabetes, and chronic hepatitis. Several research groups have reported the

No. Compound names Sources Ref.

122 Integramine Z. integrifoliolum [44]

123 Isoalfileramine Z. coriaceum [28]

124 N,N,N-trimethyltryptamine Z. nitidum [8]

125 N-trimethyltryptamine Z. nitidum [8]

126 Methyl 7-(β-D-mannopyranosyloxy)-1H-indole-2-
carboxylate

Z. nitidum [46]

127 Methyl 7-[(3-O-acetyl-β-D-mannopyranosyl)oxy]-
1H-indole-2-carboxylate

Z. nitidum [46]

128 2-Methyl-1H-indol-7-yl β-D mannopyranoside Z. nitidum [46]

129 4,5-Dihydroxy-1-methyl-3-oxo-2-(trichloromethyl)-
3H-indolium chloride

Z. nitidum [43]

130 Zanthonitiside A Z. nitidum [47]

131 Zanthonitiside B Z. nitidum [47]

Table 5.
Other alkaloids from Zanthoxylum species.
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inflammatory activity of Zanthoxylum genus. In LPS-induced endotoxemic mice,
nitidine (1) increased IL-10 production, suppressed inflammatory responses, and
reduced mortality remarkably. In LPS-stimulated RAW264.7 cells and in peritoneal
macrophages from endotoxemic mice, nitidine significantly enhanced the activa-
tion of Akt, a critical signal transducer for IL-10 production, and inhibition of Akt
prevented nitidine from enhancing IL-10 production and ameliorating endotoxemia
[72]. Chelerythrine (2) markedly suppressed TNF-α, IL-6, and IL-1β production
and oxidative LPS-induced [73]. Chelerythrine was found to inhibit NO production,
pro-inflammatory IL-6 and TNF-α level in serum and gastric mucosal in the mice
exposed to ethanol induced ulceration in a dose-dependent manner [67].
Skimmianine (69) significanly decreased in the mRNA levels of TNF-α and IL-6,
which are upstream events of the inflammatory cascade. The levels of PGE2 and NO
and the activities of COX-2 and 5-LOX were also significantly reduced after
skimmianine treatment [71].

3.3 Antifungal and antibacterial activities

Besides cytotoxic activities, the Zanthoxylum species has also showed antifungal
and antibacterial activities. In traditional medicine, many Zanthoxylum species are
used commonly to treat skin diseases, purulent dermatitis, diarrhea, hepatitis and
nephritis. Aqueous-ethanol 90% extracts of leaves, roots, and stem barks of Z.
leprieurii and Z. xanthoxyloides inhibited the in vitro growth of Candida albicans,
Cryptococcus neoformans and seven filamentous fungi tested [74]. Ethanolic extracts
of the Z. fagara, Z. elephantiasis, and Z. martinicense showed antifungal activity [75].
Antifungal activity was also found in all extracts of leaves, fruits, twigs, bark, and
roots of Z. americanum [76, 77]. Canthin-6-one (106) and 5-methoxycanthin-6-one
(107) are major components in Z. chiloperone showed the broad-spectrum antifun-
gal activity [78, 79]. In addition, benzophenanthridines such as dictamnine (71),
γ-fagarine (70), 5-methoxydictamnine from Z. nitidum [29], liriodenine from
Z. tetraspermum showed significant antifungal activity [80].

The screening in vitro and in vivo activity against the tuberculosis bacterium of
compounds isolated from Z. capense showed that a benzophenanthridine alkaloid,
decarine (14) and a N-isobutylamide N-isobutyl-(2E,4E)-2,4-tetradecadienamide
exhibited antibacterial activity against Mycobacterium tuberculosis H37Rv (MIC
value of 1.6 μg/ml) [81]. 6-Acetonyldihydronitidine (26) and 6-acetonyldihy-
droavicine (27) isolated from the stem bark of Z. tetraspermum [80] and from the
bark and twigs of Z. rhoifolium and Z. tetraspermum [26], showed significant
antibacterial activity.

In particular, benzophenanthridine alkaloids from Zanthoxylum genus exhibited
strong activity against methicillin-resistant Staphylococcus aureus (MRAS) such as:
dihydrochelerythrine (24) from Z. rhetsa [82], decarine (14), norchelerythrine
(13), dihydrochelerythrine (24), 6-acetonyldihydrochelerythrine (28),
tridecanonchelerythrine, and 6-acetonyldihydronitidine (26) from Z. capense [83],
bis-[6-(5,6-dihydro-chelerythrinyl)] ether, 6-ethoxy-chelerythrine, and 4-
methoxy-N-methyl-2-quinolone from Z. monophyllum [83], chelerythrine (2) from
Z. clava-herculis [31]. The polymeric proanthocyanidins from Z. piperitum also
showed antibacterial activity against MRAS [84]. 4-Methoxy-N-methyl-2-quino-
lone from Z. monophyllum exhibited significant inhibitory activity against MRSA
bacteria with the IC50 value of 1.5 μg/ml [1].

Chelerythrine showed strong antibacterial activities against Gram-(+) bacteria,
Staphylococcus aureus, Methicillin-resistant S. aureus, and extended spectrum
β-lactamase S. aureus. Chellerythrine experiments on three bacteria resulted in
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MICs were all 0.156 mg/ml. It suggest the primary anti-bacterial mechanism of this
compound could be originated from the destruction of the channels across the
bacterial cell membranes which lead to protein leakage to the outside of the cell and
its inhibition on protein biosynthesis [85].

3.4 Other biological effect

Besides above mentioned biological activities, the alkaloid from Zanthoxylum
plants also showed antivirus, cardioprotective, liver protective, antidiabetic, and
antimalarial activities. Benzophenanthridine alkaloids, 5,6-dihydro-6-methoxynitidine,
skimmianine, and 5-methoxydictamnine from Z. nitidum showed significant
antiviral activities against hepatitis B virus [29], decarine, γ-fagarine, (+)-
tembamide from the root bark of Z. ailanthoides against HIV with EC50 values
< 0.1 μg/ml [86]. Nitidine showed similar in vitro activity in CQ-sensitive and
resistant strains, and also a satisfying selectivity index (>10) when compared with
a non-cancerous cells line. Nitidine can be considered a potential anti-malarial lead
compound [87].

4. Structure elucidation of benzophenanthridine alkaloids from
Zanthoxylum genus

4.1 NMR methods

Benzophenanthridine alkaloids are the most popular class of compounds isolated
from Zanthoxylum genus. Structures of benzophenanthridines were elucidated by
1H-, 13C-NMR, DEPT, COSY, HSQC, HMBC, NOESY, and ROESY. The absolute
configurations of these compounds were also determined by XRAY, and experi-
mental CD as well as calculated CD.

Study on the structures of benzophenanthridine from Zanthoxylum genus, we
found some following specifics: dioxymethylene group at C-2 and C-3, unsaturated
and saturated bond at N/C-6; some substitutions at C-6 such as sesquiterpenes.
Tables 6 and 7 summarized 13C-NMR characteristics of benzophenanthridine as
follows:

1.When dioxymethylene group at C-2/C-3, 13C-NMR chemical shift was about
102.0 ppm.

2.The N-methyl group at N was confirmed by chemical shift about 50.1–53.0
ppm when the presence of double bond at N/C-6; chemical shift about
41.1–41.2 ppm when the presence of single bond at N/C-6.

3.When C-substitution at C-6, chemical shifts at C-6 appeared around 57.3–66.7
ppm (methine carbon).

4.The positions of methoxy groups at benzophenanthridines normally appear at
C-6, C-7, C-8, and C-9 with chemical shift around 55.7–62.8 ppm. Especially
when the presence of single bond at N/C-6, the chemical shift of methoxy
group at C-6 as 40.9–41.2 ppm.

5.When substitution groups at C-6 appear, they will have additional signals such
as sesquiterpene.
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4.2 Circular dichlorism

Circular dichroism (CD), a spectroscopic technique based on differential
absorption of left- and right-handed circularly polarized light, is ideally disposed to
analyze molecular structure, composition and interactions of chiral systems. Quan-
tum mechanical calculations based on density functional theory (DFT) and its time-
dependent formulation theory (TD-DFT) could be used to determine the theoreti-
cal chiroptical response of all the possible conformations of complexed-structures;

C 1 7 11 12 13 14 19 20 22 24

1 107.3 108.0 104.7 106.2 104.4 104.4 104.7 104.7 104.5 104.2

2 151.0 154.0 147.6 150.4 148.2 147.9 147.6 147.4 147.4 147.1

3 150.5 153.5 147.1 150.3 148.2 148.1 147.0 147.0 145.9 147.7

4 103.9 106.0 102.6 104.7 100.7 100.8 100.6 102.6 101.4 100.6

4a 132.6 123.0 121.1 121.2 126.9 128.3 120.8 121.0 120.0 126.2

4b 152.2 138.0 135.7 132.7 136.9 138.7 152.4 135.8 128.0 142.6

6 134.6 155.0 162.7 163.4 145.5 145.7 164.0 164.3 162.7 48.6

6a 134.5 122.0 119.8 129.2 120.6 121.4 135.9 119.0 126.4 126.1

7 109.7 110.0 150.3 147.0 144.1 142.1 106.6 108.6 145.7 146.0

8 154.2 155.0 152.8 151.1 149.4 147.5 148.2 149.6 148.1 152.2

9 161.4 160.0 118.0 127.0 120.5 123.5 131.1 153.5 126.4 110.9

10 105.6 105.0 117.9 119.1 118.6 118.5 102.6 102.7 118.6 118.6

10a 121.6 133.0 129.0 120.2 127.3 126.4 132.0 128.9 118.1 126.2

10b 128.3 119.0 117.3 126.4 120.0 120.0 116.8 116.7 123.7 123.7

11 120.0 144.0 118.5 117.9 118.4 118.5 118.5 118.3 118.7 120.0

12 131.9 128.0 123.4 132.1 127.6 127.0 123.2 123.2 127.1 123.6

12a 122.3 132.0 131.8 133.9 129.5 129.2 120.9 131.8 129.1 130.8

2,3-OCH2O 104.4 103.0 101.6 103.4 101.4 101.4 101.5 101.5 101.8 100.9

7,8-OCH2O 102.3

8,9-OCH2O 101.9

NCH3 52.2 53.0 50.1 41.2

6-OCH3 40.9 49.7 41.1 41.2 41.2

7-OCH3 61.8 61.5 61.1 60.9

8-OCH3 57.2 58.0 56.7 56.7 56.2 59.9 55.7

9-OCH3 57.9 58.0 56.1

Solv. m m m m d d c c m c

Ref. [71] [17] [9] [19] [72] [72] [26] [26] [19] [72]

c, recorded in chloroform-d1; d, DMSO-d6; m, methanol-d4.

Table 6.
13C-NMR data of benzophenanthridine alkaloids.
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C 26 29 36 37 38 40 41 42 43 44

1 123.3 106.9 106.0 101.2 104.0 105.2 105.1 105.0 104.9 105.0

2 148.7 149.9 152.5 147.6 147.5 148.4 148.4 148.3 148.3 148.4

3 149.0 150.9 152.0 147.9 146.5 148.9 148.8 148.5 148.5 148.8

4 104.3 101.6 101.0 104.2 99.3 101.9 102.0 102.6 102.7 102.4

4a 123.8 128.8 130.5 131.0 123.1 132.1 132.1 132.0 132.0 132.1

4b 130.9 140.0 141.0 140.0 137.8 141.3 141.1 141.1 141.1 141.1

6 60.0 66.7 92.0 56.2 54.3 58.5 57.4 56.6 56.3 57.4

6a 123.5 126.0 121.0 126.2 121.3 131.1 131.1 131.5 131.4 131.3

7 100.4 149.3 112.0 146.7 149.5 147.0 147.0 147.0 147.0 147.1

8 147.5 154.4 150.0 151.9 143.8 153.0 153.0 153.0 153.0 153.0

9 148.2 114.4 150.0 111.3 116.0 112.1 111.8 112.0 112.0 111.9

10 106.4 121.4 110.0 119.1 118.7 119.3 119.3 119.3 119.3 119.2

10a 139.0 127.2 127.0 125.3 130.1 125.8 125.8 125.9 125.9 125.8

10b 127.0 126.7 119.0 123.2 127.4 124.8 124.8 124.8 124.8 124.9

11 119.6 121.9 144.0 119.6 119.5 120.7 120.7 120.8 120.7 120.7

12 110.4 126.7 121.0 123.5 123.6 124.4 124.5 124.4 124.3 124.4

12a 127.3 133.4 130.0 127.4 126.4 128.7 128.7 128.7 128.7 128.6

2,3-OCH2O 101.3 103.4 104.0 101.0 101.0 101.2 101.3 101.3 101.3 101.3

NCH3 42.4 44.2 40.0 42.3 42.4 43.3 43.2 43.2 43.1 43.2

6-OCH3 55.0

7-OCH3 62.8 60.8 60.0 60.9 60.9 61.0 61.0 61.0

8-OCH3 56.1 57.9 57.0 55.7 55.8 55.6 55.7 55.7 55.7

9-OCH3 56.0 57.0

10 148.4 69.3 53.3 47.2 48.2 42.6 50.7 47.9 47.3

20 207.9 20.4 211.9 206.1 21.7 21.6 23.6 23.4 23.6

30 31.5 41.8 30.0 30.8 30.8 29.9 29.5 29.4

40 28.9 135.7 134.6 135.5 136.4 136.3

50 23.8 128.2 128.2 126.0 125.2 125.9

60 30.4 35.2 35.0 38.0 40.3 40.3

70 44.6 44.6 46.7 46.5 47.1

80 20.0 20.0 20.4 17.7 22.3

90 32.4 32.8 34.5 36.3 36.2

100 76.1 76.1 74.3 76.3 76.3

110 43.1 43.0 44.1 44.2 43.4

120 27.4 27.3 26.6 26.2 26.4

130 15.9 15.8 15.6 15.4 15.4

140 22.4 22.2 21.8 21.8 22.0

150 23.0 23.1 23.2 22.3 18.2

100-OCH3 48.1 48.3 48.7 48.4 48.3

Solv. c m m c d p p p p p

Ref. [30] [9] [17] [31] [14] [33] [33] [33] [33] [33]

c, recorded in chloroform-d1; d, DMSO-d6; m, methanol-d4; p, pyridine-d5.

Table 7.
13C-NMR data of benzophenanthridine alkaloids (continued).
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by comparison with the experimental CD spectra. This approach can lead to the
elucidation of possible absolute structure in the absence of X-ray crystallography or
NMR data.

Van et al. isolated four new compounds from Z. nitidum. Of these compounds
130 and 131 have the same constitution. This suggested the aglycone could be
enantiomer. Thus, the absolute configuration at C-11 of 130 and 131were elucidated
by the comparison of its experimental ECD spectra with those calculated spectra.
The TD-DFT calculated ECD spectra [47] of a pair of epimers (130a and 131a) are
shown in Figure 7. The CD spectra of 130 and 131 were found to be similar to 130a
and 131a indicating the absolute configuration at C-11 as R and S, respectively.

Yang et al., isolated five novel dihydrobenzo[c]phenanthridine alkaloids,
zanthomuurolanine (40), epi-zanthomuurolanine (41), zanthocadinanine A (42),
zanthocadinanine B (43), and epi-zanthocadinanine B (44) from Z. nitidum [33].
The absolute configurations of these compounds were determined by XRAY and
also CD spectra.

Zhao et al. isolated a pair of new enantiomeric furoquinoline alkaloids,
zanthonitidine A (77) from Z. nitidum. There is no obvious absorption of electronic
circular dichroism indicated that zanthonitidine A was proposed to be a racemate

Figure 7.
Experimental CD and calculated ECD spectra of 130 and 131 (calculated spectra are shifted by �8 nm).
The figure was cited from Van et al [47].

Figure 8.
Two possible stereochemical structures of 77; experimental ECD spectra of (+)-77/(�)-77 and calculated
ECD spectra of (80R, 90R)/(80S, 90S) of 77. The figure was cited from Zhao et al [24].
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mixture. Thus, they used Chiralpak ID column chromatography to separate the
mixtures to obtain the enantiomers, (+) and (-)-zanthonitidine A. The absolute
configurations of the enantiomers were then determined by comparing the experi-
mental CD to the calculated ECD using TD-DFT of the Gaussian 9.0. By analyzing
ECD spectra at the same theory level, the absolute configurations of (+) and (�)-
zanthonitidine A were evaluated as (80R,90R)-zanthonitidine A and (80S,90S)-
zanthonitidine A [24] (Figure 8).

Overall, experimental and calculated ECD spectra could play an important role
for determine absolute configurations of alkaloids from Zanthoxylum species.

5. Conclusions

Alkaloids are the main constituents of Zanthoxylum species, present in the fruits,
leaves, bark and root of plants. There are different types of skeletons of these
alkaloids, including benzophenanthridines, aporphines, benzylisoquinolines,
furoquinolines, quinolines, quinolones, quinazolines, indolopyridoquinazolines,
acridones, canthinones, amines and tryptamines; in which benzophenanthridines
are the main ingredient. Alkaloids from Zanthoxylum species have been displayed a
variety of valuable biological activities, such as antibacterial, antifungal, antiviral,
anti-inflammatory, antioxidant, cardiovascular protect and especially anti-cancer
effects. Some alkaloids of which shown their potential to become natural healing
agents, this has increasingly attracted scientists’ interest in the genus Zanthoxylum.
The data collected in this chapter has clearly shown that Zanthoxylum alkaloids with
abundance of chemical structures and a wide range of cytotoxic activities on many
the cancer cell lines. These could be good sources of potential cancer chemo-
preventive agents. Further studies should be carried out to know more clearly the
anticancer mechanisms of these alkaloids.
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Chapter 8

Flavonoid-Mediated Modulation 
of CYP3A Enzyme and 
P-Glycoprotein Transporter: 
Potential Effects on Bioavailability 
and Disposition of Tyrosine 
Kinase Inhibitors
Muzaffar Iqbal

Abstract

The consumption of herbal products and dietary supplements along with 
conventional medicines has raised concerns regarding herb-drug interactions. 
The available literature from experimental and clinical studies suggested that 
the consumption of herbs or dietary supplements that modulate efflux proteins, 
especially P-glycoprotein (P-gp) and metabolic enzyme CYP3A, may cause clini-
cally relevant herb-drug interactions by alteration of bioavailability and disposition 
profiles of targeted drug. It has been also hypothesized that both CYP3A and P-gp 
work synergistically to limit systemic exposure of orally administered substrate 
drugs. Many in vitro and in vivo studies suggested that co-administration of flavo-
noids significantly enhances the bioavailability of orally administered drugs, which 
may be due to inhibition of the CYP3A enzyme and P-gp transporter. Recently, a 
large number of orally administered tyrosine kinase inhibitors (TKIs) have been 
clinically approved for cancer chemotherapy, and many are currently estimated to 
be under development. TKIs are all primarily metabolized by CYP3A, and most of 
them are also substrates of P-gp. Numerous studies have suggested that the plasma 
exposure of orally administered TKIs increases when co-administered with other 
drugs due to their dual inhibitory activities against P-gp and CYP3A. However, 
limited data are available regarding the interaction between flavonoids and TKIs. 
The objective of this article is to review the potential role of flavonoids in modula-
tion of CYP3A enzyme and P-gp transporter and their influence on bioavailability 
and disposition of TKIs.

Keywords: flavonoids, tyrosine kinase inhibitors, CYP3A4, P-glycoprotein, 
bioavailability, disposition

1. Introduction

Due to common belief that natural medicines are much safer than synthetic one, 
the use of complementary and alternative medical therapies (CAMs) has become a 
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common trend around the world. It can be used either alone or in combination with 
prescription medicines [1]. According to an estimate of World Health Organization 
(WHO), approximately 80% of the developing countries’ population relies on 
CAMs for their primary healthcare needs [2, 3]. CAMs have been also become 
popular around the developed countries, and this has led to a tremendous growth 
in international herbal drug market for the last 15 years [4–6]. Consumption of 
CAMs is more pronounced in patients diagnosed with cancer or human immune 
virus (HIV) infection, especially with regard to various antidepressant and energy 
treatments to cope with their mental and physiological instability [7]. The bioavail-
ability and the distribution characteristics are the key factor for the therapeutic 
effects of pharmaceuticals at their site(s) of action in the tissue [8]. Due to higher 
consumption of CAMs (herbal extracts and dietary supplements) with prescription 
medicines, there is a growing awareness that herbal remedies and/or phytoconstitu-
ents may affect the bioavailability and disposition characteristics of conventional 
pharmaceuticals [9]. The medical and scientific literature supported by in vitro and 
in vivo laboratory studies including preclinical and clinical trials suggested that 
the co-administration of natural products or its phytoconstituents may affect the 
metabolism and bioavailability of prescription drugs, which significantly increasing 
the risk of serious (clinical) adverse reactions or therapeutic failure. The primary 
mechanisms underlying the herb-drug interactions involve either the induction 
or the inhibition of intestinal drug efflux pumps (including efflux proteins, such 
as P-gp and MRPs) and the intestinal and hepatic metabolism mediated by cyto-
chrome P450 enzymes (CYP3A) [10–12]. Hence, the consumption of herbs that can 
modulate efflux proteins and/or CYP3A may cause clinically relevant herb-drug 
interactions and alter drug bioavailability [13, 14]. Any inhibitory effect of herbal 
extracts/constituents on efflux proteins and/or CYP3A may result in high exposure 
of substrate drugs in plasma and tissue and lead to toxicity, whereas any inductive 
effect may cause low exposure, leading to a decrease in efficacy and treatment 
failure.

The biological effects produced by CAMs are due to the presence of various 
classes of phytochemicals present there, that is, alkaloids, flavonoids, terpenoids, 
carotenoids, polyketides, and phenylpropanoids. Among them, flavonoids have 
attracted much interest due to their numerous pharmacological activities and 
health benefit in the form of their antioxidant, anti-inflammatory, antimutagenic, 
antibacterial, antiangiogenic and enzyme modulatory, antiallergic, and anticancer 
activities [15, 16] and become the main components of herbal products where it 
presents in the form of quercetin, genistein, hypericin, kaempferol, and silibinin. 
There is accumulated evidence in the literature, which confirms that flavonoids 
modulate drug metabolism. Modulation may happen by either (1) altering the 
expression and/or activity of P450 enzymes, (2) affecting the P-gp-mediated cellu-
lar efflux of drugs, and/or (3) inhibiting the intestinal glucuronidation of the drug. 
This evidence confirms that the consumption of flavonoids or flavonoid-containing 
dietary supplements with conventional pharmacotherapeutic regimens should need 
to be examined to avoid drug-flavonoid interactions [17–21].

Among the novel classes of anticancer drug development, small molecule 
tyrosine kinase inhibitors (TKIs) currently represent one of the most promising 
and rapidly expanding groups. Almost 25 TKIs (mostly in oral dosage form) have 
been already approved by international drug agencies, >130 are being evaluated in 
different phases of clinical trials, and many more are in various stages of develop-
ment [22, 23]. Most of TKIs are primarily metabolized by CYP3A4 and also interact 
with P-gp and/or Breast Cancer Resistance Protein (BCRP) where it serves as both 
substrates and inhibitors. Considering the dual roles of TKIs on both CYP3A4 and 
drug transporters (P-gp, BCRP) and its influence in drug disposition, the potential 
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of TKI-drug interactions is an important consideration [24, 25]. In addition, most 
TKIs are being used orally and prescribed for long duration along with other 
medications, which may result in significant drug-drug interactions (DDI). This 
review provides a comprehensive overview of the potential role of flavonoids in 
modulation of CYP3A enzyme and P-gp transporter and their possible influence on 
bioavailability and disposition of tyrosine kinase inhibitors (Figure 1).

2. CYP3A

Cytochrome P450 enzymes (CYP) are the most versatile enzyme system 
involved in detoxification and oxidative metabolism of various endogenous sub-
strates (steroid hormones, lipids, and bile acids) and xenobiotics (drugs, environ-
mental pollutants, and dietary products) [26, 27]. It consists of over 400 isoforms, 
and their activities can be increased or decreased by many drugs either by inducing 
the biosynthesis or by directly inhibiting its activity, which is a major source for 
drug-induced toxicity via DDI. CYP3A enzymes, which constitute the predomi-
nant phase I drug-metabolizing enzymes, are estimated to metabolize between 50 
and 70% of currently administered drugs [28]. Alone CYP3A4, which is the most 
abundant congener of the CYP3A family contributes approximately 30% of hepatic 
CYP activity and more than 70% of intestinal CYP activity [29]. Many drugs used 
in different types of therapies are substrates for CYP3A4, and it is presented at high 
levels in both liver and intestine [30, 31]. Reports from in vitro and in vivo studies 
have already established that naturally occurring dietary supplements and phyto-
constituents can modulate hepatic and enterocytic CYP activity.

CYP inhibition-mediated DDI is widely recognized, and the necessity of the 
enzyme inhibition studies is included in the guidance from the USFDA [32]. 
Usually, two types of CYP inhibition occur: (1) reversible inhibition represented 

Figure 1. 
Schematic layout for prediction of flavonoids in modulation of CYP3A enzyme and P-gp transporter and its 
influence on disposition of TKIs.
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by competitive inhibition, which is concentration-dependent inhibition and  
(2) irreversible inhibition, also called mechanism-based inhibition (MBI), where 
during inhibition process enzyme is inactivated by stable complex formation with 
a metabolite. In MBI, enzyme reduction activity continues until the inactivated 
CYP is replaced by a newly synthesized CYP, the duration of the elevated blood 
concentration of a drug coadministered with a mechanism-based inhibitor is 
longer. Therefore, MBI requires more attention because they have been reported 
to cause unanticipated adverse effects [33, 34].

3. P-gp

P-gp is an adenosine triphosphatase (ATPase) energy-dependent, membrane-
bound protein that belongs to the ABC efflux transporter family [35]. The ABCB1 
gene, which is also known as the multidrug resistance 1 (MDR1), encodes P-gp and 
is responsible for cellular efflux of numerous drugs [36]. It is more prominent in 
various resistant human tumors, where it is believed to be the major factors respon-
sible for multidrug resistant (MDR). P-gp-mediated transport of drugs is saturable, 
ATP-dependent, osmotically sensitive mechanism that generates a concentration 
gradient. In intestines, P-gp expressed in apical side of the epithelial cells where 
it pumps the drug back into the GI lumen resulting in fecal excretion. In liver, it 
presents in canalicular surface of hepatocytes to remove drug and metabolites from 
the interior of the cell. In brain, it is expressed in endothelial cells of blood brain 
barrier and prevented the entry of xenobiotics into brain. In kidney, it is expressed 
in proximal tubes of kidney to efflux drug into urine and in certain hematological 
cells to put drug back into circulation [37–40]. Higher expression of P-gp in excre-
tory organs (liver and kidney) facilitates metabolism of substrate drugs via biliary 
excretion and renal elimination. As an efflux transporter, ABCB1 prevents intestinal 
absorption of orally administered drugs and limits its oral bioavailability. A broad 
range of clinically used drugs are substrate of P-gp, including anticancer agents 
(anthracyclines, vinca alkaloids, epipodophyllotoxins, methotrexate, and taxol) 
[41], cardiac drugs (digoxin and quinidine) [42], protease inhibitors (saquinavir, 
indinavir, and ritonavir) [43], immunosuppressants (cyclosporine) [44], and 
antibiotics (actinomycin D) [45].

4. Interplay between CYP3A and P-gp

Various preclinical and clinical studies have postulated that both CYP3A enzyme 
and P-gp transporter display strong effects in modulation of oral drug bioavail-
ability and elimination of numerous drugs. Both CYP3A and P-gp act in functional 
collaboration during the first-pass elimination of drug [46]. Extensive overlap 
exists between the substrate specificities and the tissue-specific expression patterns 
of P-gp and CYP3A, especially in the liver (hepatocytes) and intestine (enterocytes) 
[47, 48]. It has also been predicted that the orally administered drugs, which are 
dual substrates of P-gp and CYP3A, the back-transportation mechanism by P-gp in 
intestinal epithelial cells, are available for further CYP3A4-mediated metabolism 
within these cells resulting in massive first-pass effects in intestine [49]. The com-
bined action of these two pathways was expected to be more efficient than the sum 
of their individual activities, resulting in synergistic effects of P-gp and CYP3A.

Two mechanistic frameworks have been suggested to support the possible 
synergistic action of P-gp and CYP3A in intestine. Under the first mechanism, 
P-gp acts to decrease the level of intracellular concentration of a substrate drug in 
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enterocytes, thus preventing possible saturation of the CYP3A enzyme by main-
taining the drug within the linear range for metabolic activity. Under the second 
mechanism, the functional effects of P-gp, together with subsequent drug reup-
take, allow the repetition of drug substrate, and therefore, probability of the drug 
to be metabolized increases by prolonged access to enterocyte CYP3A. The above 
cyclic repetition of drugs per se would itself increase the drug metabolism, even 
without considering saturating or nonsaturating conditions for CYP3A [50]. Based 
on above evidence, it is concluded that induction and inhibition of (intestinal) P-gp 
and CYP3A4 are important mechanisms underlying DDIs [51].

The hypothesis of synergistic collaboration between CYP3A and P-gp was 
clarified in a study that showed a dramatic increase in the systemic exposure of 
docetaxel and the risk of intestinal toxicity in P-gp−/−CYP3A−/− double knock-
out mice. After oral administration of docetaxel, 3-fold and 12-fold increases 
in bioavailability were observed in P-gp−/− and CYP3A−/− mice, respectively, in 
comparison with wild-type mice. However, when both of the primary detoxifica-
tion systems were missing, that is, in P-gp−/−CYP3A−/− double knockout mice, 
bioavailability showed a disproportionate increase in >70-fold in comparison with 
wild-type mice [48].

Within the context described above, it is clear that drugs that are dual substrates 
for P-gp and CYP3A are highly susceptible to herb-drug interactions. Therefore, 
the consumption of herbs that modulate efflux transporters and CYP3A may cause 
clinically significant drug-herb interactions and alter drug bioavailability [13, 14]. 
The inhibitory effect of herbs on P-gp and CYP3A may result in increasing the 
drug concentration level in the plasma and tissues, leading to toxicity, whereas any 
inductive effect may result in lowering the concentration level, leading to loss of 
efficacy and/or treatment failure (Figure 2).

5. Regulation of CYP3A and P-gp expression

Pregnane X receptor (PXR) is a highly promiscuous nuclear hormone receptor, 
generally expressed on sites that are important to drug dispositions (e.g., small 
intestine, liver, and kidney). The human orthologue of PXR is also known as steroid 

Figure 2. 
Potential functional relationships between P-gp and CYP3A4 in enterocytes.
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and xenobiotics receptor (SXR) and is coded by NR 112. It has been reported that 
PXR regulates the expression of CYP3A and several other genes encoding protein 
and other enzymes, which involves in drug disposition including P-gp [52, 53]. 
Based on this evidence, Maglich et al. hypothesized that PXR plays a more impor-
tant role in the regulation of drug metabolizing enzymes and drug transporters in 
the small intestines [54]. The observation that PXR regulates both CYP3A and P-gp 
provides further evidence for the argument that these proteins coordinately medi-
ate detoxification of many xenobiotics during oral absorptions [46]. Synold et al. 
were the first to describe coregulation of drug metabolism and efflux via CYP3A 
and P-gp in liver and intestine by the human receptor PXR/SXR. Their results 
indicate that paclitaxel reduces its own oral bioavailability by activating the PXR 
and induces its own metabolism and biliary elimination [55].

6. Experimental models for P-gp and CYP3A-mediated DDI studies

6.1 In vitro model for CYP3A and P-gp studies

The in vitro CYP inhibition study is usually performed in human liver 
microsomes (HLMs) or human liver hepatocytes (HLHs), Caco-2 cell lines, or 
recombinant CYP (rCYP) enzymes [56]. The technology used for CYP inhibition 
includes luminescence, florescence, radiometric, and HPLC or LC-MS/MS assay. In 
florescence and luminescence assays, the metabolism of profluorescent or prolumi-
nescent substrate by CYP enzyme to give their fluorescent or luminescent product, 
respectively, is measured in rCYP enzyme. In radiometric method, the release of 
radiolabel on metabolism of substrate is measured in HLM. In HPLC or LC-MS/MS 
assay, the concentration of substrate/probe drugs is measured in HLM, HLH, and 
rCYP enzymes [57].

The in vitro analyses used for P-gp-mediated efflux studies include cytotoxicity 
assay, accumulation/efflux assays, transport assays, and ATPase assays. In cytotox-
icity assays, the IC50 end point (concentration of P-gp substrates or inhibitors) that 
inhibits the growth of P-gp expressing cells is measured. In accumulation/efflux 
assay, the accumulation of drugs in P-gp expressing cells is measured. In transport 
assays, the permeation of drugs from apical-to-basolateral and basolateral-to-apical 
compartment in polarized epithelial cells is measured, whereas in ATPase assay, the 
stimulation or inhibition of P-gp ATPase enzyme activity in membranes of P-gp 
expressed cells is measured [58, 59].

6.2 In vivo models for CYP3A and P-gp-mediated DDI studies

Various strains of mice (including transgenic and knockout), rats, and nonhu-
man primate (monkey) have been used for CYP3A, P-gp, and dual CYP3A/P-gp-
mediated DDI studies [60].

Since midazolam and triazolam are specifically extensively metabolized by 
CYP3A4 and ketoconazole is a potent inhibitor of CYP3A4, several groups of studies 
used as model for experimental CYP3A-mediated DDI studies. Moreover, mid-
azolam is not a substrate for P-gp, whereas the ketoconazole can effectively inhibit 
both CYP3A and P-gp, which can confirm that the interaction between them can 
be sole attributed to effects on CYP3A. CYP gene knockout and humanized mice 
have been established for CYP3A-mediated drug interaction using midazolam as 
substrate [61]. Several strains of rats are most commonly used for CYP3A-mediated 
drug interaction using midazolam, diltiazem, nifedipine, and doxorubicin as 
substrates [62, 63]. In addition, cynomolgus monkey was also used as model for 
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CYP3A-mediated DDIs; however, its choice is limited due to its high cost, handling, 
and ethical concerns [64].

Valspodar, elacridar, and zosuquidar are more selective P-gp inhibitors and 
thought to be low affinity for CYP enzymes, and other drug transporter proteins are 
commonly used for in vivo DDI studies in mice and rats. The drugs such as pacli-
taxel, cyclosporine, and digoxin are most commonly used as substrates for P-gp-
mediated inhibition. Moreover, Rho123 is attractive probe and has been widely used 
as marker to evaluate P-gp functions because it is not a substrate for CYP3A enzyme 
[65–67]. The cynomolgus monkey has been also used as model to evaluate effect of 
P-gp-mediated DDI using erythromycin and fexofenadine as substrate [64, 68].

The evaluation of flavonoid-mediated DDI by using dual substrates of CYP3A 
and P-gp, inhibitors, and species has been discussed in detail in Section 9 and sum-
marized in Table 1.

7. Flavonoids as P-gp and CYP3A modulators

Flavonoids (a group of polyphenolic compounds) are mainly abundant in 
vegetables and fruits and routinely consume through our common diet and in the 
form of beverages (plant-derived), for example, wine and tea [37]. In addition, they 
are the main constituents of many herbal products/formulations. Structurally, these 
compounds possess a framework consisting of a chromane ring together with an 
aromatic ring that is attached at different positions. Based on various substitutions 
and the oxidation status of the ring C atoms, flavonoids can be categorized into 
various subclasses, including flavones, flavonols, flavonones, flavanols, isoflavones, 
and chalcones. Since the last decade, there has been a drastically increase in scien-
tific work on flavonoids, with >2000 publications/year containing “flavonoids” 
as a keyword found in different literature sources. Flavonoids display antioxidant, 
anticarcinogenic, antiviral, anti-inflammatory, and antiesterogenic properties, and 
high intake of flavonoids has been linked with a reduced risk of cancer, cardiovas-
cular disease, osteoporosis, and other age-related degenerative diseases [37, 69].

Due to the wide range of health benefits of flavonoids and their remarkable 
safety record, numerous herbal preparations containing these compounds are 
marketed in various formulations as dietary supplements. The total daily intake 
of flavonoids in the average US diet has been estimated to be more than 1 g [37]. 
Therefore, the concentration of flavonoid expected to be present is sufficient after 
the ingestion of flavonoids and/or flavonoid-containing supplements, suggesting a 
potential herb-drug interaction.

Thus, the consumption of higher doses of flavonoids is common in daily life, 
and it may increase the risk of pharmacokinetic interactions with clinically used 

Flavonoids Dose-dependent (IC50) 
inhibition of CYP3A4 activity

↑ Cellular accumulation of 
rhodamine (MCF-7/ADR cell)

References

Quercetin 1.97 μM 3–10 μM [83]

Myricetin 7.8 μM 10–30 μM [84]

Baicalein 9.2 μM 1–10 μM [85]

Baicalein 9.2 mM 10–30 μM [86]

Silibinin 1.8 μM — [87]

Table 1. 
In vitro effects of some common flavonoids on CYP3A4 and P-gp activity.
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medicine. This concern is also confirmed by increasing evidence, which showed 
significant or even life-threatening interactions between flavonoids or flavonoid 
containing products and prescription drugs [70, 71].

Initial publications cite various examples of flavonoids as P-gp transport 
inhibitors, thereby affecting the bioavailability and cellular uptake of anticancer 
drugs. These experiments include in vitro analyses of the effects of flavonoids 
on the intracellular accumulation of P-gp substrates using P-gp-overexpressing 
cells and a variety of clinical and animal model studies, especially involving P-gp 
knockout animals [37]. For example, concomitant administration of quercetin 
increased moxidectin oral bioavailability in lambs [72]; oral bioavailability of 
quinine was increased by naringin [73]; cyclosporine by baicalein and its agly-
cone [74]; and paclitaxel by flavones in rats [75]. Similarly, quercetin increased 
the oral bioavailability of paclitaxel and tamoxifen in rats [76, 77] and digoxin 
in pigs, which results in high toxicity [78]. All of these studies indicate that 
flavonoid-P-gp interactions can occur in vivo, resulting in pharmacokinetic 
interactions. In contrast to the above results, several flavonoids appear to induce 
P-gp transport, resulting in a decrease in the bioavailability of substrate drugs. 
For instance, in vitro studies, kaempferol and quercetin, produced inductive 
effects on P-gp efflux [79, 80], and therefore, the consumption of pure herbal 
constituents, which contains hypericin, kaempferol, quercetin, and silibinin 
for 10 days, may produce a significant increase in the expression of P-gp mRNA 
[81]. In vivo studies have also indicated that long-term exposure (14 days) to St. 
John’s wort (a flavonoid-containing herbal product) leads to higher expression 
of MDR1 in the rat intestine [82]. Based on these findings, it has been concluded 
that chronic exposure to some flavonoids induces intestinal expression of P-gp, 
resulting in reduced intestinal drug absorption, possibly due to enhanced drug 
efflux; however, the inhibitory effects on P-gp-mediated efflux are based on 
short-term exposure. Meanwhile, subsequent in vitro and in vivo studies indicate 
that the pharmacokinetic interactions of drugs with flavonoids may result in 
the modulation not only of drug transporters (P-gp) but also of metabolizing 
enzymes, especially CYP3A, that is, dual inhibition of P-gp and CYP 3A. In vitro 
studies confirmed that quercetin, myricetin, baicalein, and silibinin were found 
to produce dose-dependent inhibition of CYP 3A4 activity in CYP inhibition 
assay and increased the cellular accumulation of rhodamine (MCF-7/ADR cell) 
in P-gp transport studies [83–87]. However, in another study, quercetin and 
rutin were found to induce the function of CYP 3A4 and P-gp, which may lead 
to increase the bioavailability of substrate drugs [88]. In vitro effects of some 
common flavonoids on CYP3A4 and P-gp activity are summarized in Table 1. 
In in vivo studies, coadministration of quercetin, baicalein, silibinin, epigal-
locatechein, and kaempeferol increased the bioavailability of oral tamoxifen dose 
dependently through inhibition of P-gp efflux and reduction in the first-pass 
metabolism through inhibition of CYP3A metabolism in the small intestine 
and/or liver [78, 84, 89–91]. Similarly, quercetin, silibinin, naringin, flavone 
(2-phenyl-4H-1-benzopyran-4-one), genistein, and morin also increased the 
oral bioavailability of paclitaxel mainly through inhibition of CYP3A4-mediated 
metabolism in the small intestine and/or liver and inhibition of the P-gp efflux 
in the small intestine [75–77, 92–94]. Additionally, quercetin, myricetin, and 
baicalein also reduced the bioavailability of doxorubicin by similar mechanism 
[83, 84, 95]. Similar results were also produced by morin, quercetin, and niringin 
with diltiazem and baicalein with nimodipine [85, 96–98]. In contrast, reduced 
oral bioavailability of tamoxifen by biochanin A and cyclosporine by quercetin 
and rutin was also reported in rats [88, 99]. In vivo interaction of flavonoids with 
dual substrates of CYP3A4 and P-gp is summarized in Table 2.
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Flavonoids  
(oral dose)

Dual substrate 
of CYP3A and 

P-gp  
(oral dose)

Aimals/
species

Effect on bioavailability parameters References

% change 
in Cmax

% change 
in AUC

Change in 
RBA* (fold)

Quercetin (2.5 
and 7.5 mg/kg)

Tamoxifen 
(10 mg/kg)

Rat ↑23–35 ↑ 34–60 ↑1.35–1.61 [78]

Baicalein  
(0.5, 3, and 
10 mg/kg)

Tamoxifen 
(10 mg/kg)

Rat ↑ 54.8–100 ↑47.6–89.1 ↑1.47–1.89 [86]

Silibinin (0.5, 2.5, 
and 10 mg/kg)

Tamoxifen 
(10 mg/kg)

Rat ↑45.2–78.6 ↑40.2–71.3 ↑1.40–1.72 [87]

Epigallocatechein 
(0.5, 3, and 
10 mg/kg)

Tamoxifen 
(10 mg/kg)

Rat ↑57.1–89.7 ↑48.4–77.0 ↑1.48–1.77 [90]

Kaempeferol (2.5 
and 10 mg/kg)

Tamoxifen 
(10 mg/kg)

Rat ↑48.9–47.7 ↑39.8–47.7 ↑1.40–1.48 [91]

Biochanin A 
(100 mg/kg)

Tamoxifen 
(10 mg/kg)

Rat ↓23.5 ↓32.3 ↓ 1.32 [99]

Quercetin  
(2–20 mg/kg, 
p.o.)

Paclitaxel 
(40 mg/kg)

Rat — — ↑ 1.76–3.29 [76]

Silibinin (0.5, 2.5, 
and 10 mg/kg)

Paclitaxel 
(40 mg/kg)

Rat ↑31.0–52.9 ↑65.8–
101.7

↑1.15–2.02 [87]

Naringin (1, 3, 10, 
and 20 mg/kg)

Paclitaxel 
(40 mg/kg)

Rat — — ↑1.35–1.69 [92]

Flavone 
(2–20 mg/kg)**

Paclitaxel** 
(40 mg/kg)

Rat — — ↑2.4–3.1 [75]

Genistein (3.3 
and 10 mg/kg)

Paclitaxel 
(30 mg/kg)

Rat — — ↑1.26–1.55 [93]

Morin 
(3.3–10 mg/kg)

Paclitaxel 
(30 mg/kg)

Rat ↑ 70–90 ↑30–70 ↑1.32–1.68 [95]

Quercetin (0.6, 3, 
and 15 mg/kg)

Doxorubicin 
(50 mg/kg)

Rat ↑ 35.1–125.7 ↑ 31.2–136 ↑1.33–2.36 [83]

Myricetin(0.4, 2, 
and 10 mg/kg)

Doxorubicin 
(40 mg/kg)

Rat ↑45–105 ↑51–117 — [84]

Baicalein (0.3, 
1.5, and 6 mg/kg)

Doxorubicin 
(40 mg/kg)

Rat — — ↑1.20–1.96 [95]

Morin (1.5, 7.5, 
and 15 mg/kg)

Diltiazem 
(15 mg/kg)

Rat ↑ 30–120 — 1.38–1.80 [96]

Quercetin (2, 10, 
and 20 mg/kg)

Diltiazem 
(15 mg/kg)

Rabbit — — 1.75–2.76 [97]

Naringin (5 and 
15 mg/kg)

Diltiazem 
(15 mg/kg)

Rat — — ↑2.07–2.20 [98]

Quercetin Cyclosporine Rat ↓67.8 ↓43.3 — [88]

Rutin Cyclosporine Rat ↓63.2 ↓57.2 — [88]

Baicalein (0.4, 2, 
and 8 mg/kg)

Nimodipine 
(12 mg/kg)

Rat — — ↑1.39–1.58 [85]

*RBA, relative bioavailability.
**Flavone, 2-phenyl-4H-1-benzopyran-4-one.

Table 2. 
In vivo interaction of some common flavonoids with dual substrates of CYP3A and P-gp.
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8. Significance of flavonoids as P-gp and CYP3A inhibitors

Various experimental and clinical studies confirmed that flavonoids produce 
antioxidant, anti-inflammatory, and anticarcinogenic effects. Studies also con-
firmed that these effects were attributed due to their inhibitions of efflux trans-
porter enzyme (P-gp) and/or drug metabolizing enzyme (CYP3A). Therefore, 
flavonoids as P-gp inhibitor may use with other chemotherapeutic drugs for cancer 
treatment [100]. Occurrence of P-gp protein in various body tissues affects the 
absorption, distribution, metabolism, and excretion of drugs. Therefore, the dual 
effect of anticarcinogenic and P-gp modulation may synergistically act for the 
treatment of cancer [101]. The chemotherapeutic treatment of metastatic brain 
tumors is limited due to its low distribution in brain tissue by blood brain barrier 
and blood-cerebrospinal fluid barrier. P-gp is presented in the apical membranes of 
these cells, and flavonoids can improve the permeation of chemotherapeutic drugs 
by inhibiting the P-gp-mediated efflux [102]. Flavonoids can be used as nontoxic 
P-gp and/or CYP3A inhibitors and by its coadministration could improve the bio-
availability of poorly unavailable drugs, especially for anticancer drugs, by interfer-
ing its clearance or inhibiting its metabolism [103]. P-gp presents in bile canaliculi 
and kidney suggested that it can also play a role in biliary and renal elimination of 
drugs. Coadministration of flavonoids (as P-gp inhibitors) can reduce the clear-
ance of anticancer drugs, for example, vinblastine, doxorubicin, and irinotecan 
[104, 105]. Flavonoids can also play an important role in reversal of MDR in cancer 
chemotherapy. P-gp-associated MDR is a serious concern for limitation of cancer 
treatment. P-gp occurrence in tumor cell has been extensively characterized, and its 
overexpression has been confirmed during relapse. Therefore, it can be concluding 
that P-gp inhibitors (flavonoids) can potentially reverse the MDR during cancer 
chemotherapy [106].

9. Tyrosine kinase inhibitors

The evidence of protein tyrosine kinase enzyme involvement in tumor develop-
ment makes it novel targets for selective chemotherapy and thus target for rational 
design of drug development. Now protein kinases, especially tyrosine kinases, are 
being used as main targets for drug development related to malignancy, resulting in 
the high approval rate of various TKIs by the FDA [24, 107]. Imatinib was the first 
of its kind, which was introduced clinically, followed by various molecules such as 
gefitinib, erlotinib, sorafenib, afatinib, nilotinib, bosutinib, crizotinib, ponatinib, 
lapatinib, sunitinib, and dasatinib, and many more are in pipeline [108]. Although 
mechanism of action of these compounds is same, that is, competitive ATP inhibi-
tion at the catalytic binding site of tyrosine kinases, they differ from each other in 
the spectrum of targeted kinase activity, pharmacokinetic profile, and compound-
specific adverse effects [109]. These TKIs have been developed in oral formulations, 
are administered on a daily basis, and usually prescribed at a fixed dose. Although 
oral administration may be convenient for patients as it can reduce health care costs, 
improve quality of life of patients, and avoid heavy burden of day-stay infusion 
units, this practice also displays a disadvantage, in that the oral bioavailability of 
most of TKIs is highly dependent on their absorption through gastrointestinal tract 
and first-pass hepatic metabolism [25, 107].

Almost all TKIs are rapidly absorbed, and their maximum plasma concentration 
(Cmax) was achieved in 3–6 h after oral administration except sunitinib (6–12 h). 
Food intake has no significant effect on the absorption of imatinib, dasatinib, 
gefitinib, sorafenib, or sunitinib. However, the bioavailability of lapatinib and 
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nilotinib is increased pronouncedly with food intake. Almost all TKIs are high to 
plasma protein (>90%) and therefore extensively distribute into tissues resulting 
in large volume of distribution and prolong terminal half-life. Excretion of TKIs is 
predominantly through feces, and only a small fraction is eliminated with urine. 
Almost all TKIs are dual substrates of CYP3A4 (the most abundant CYP in the 
human liver and intestine) and P-gp efflux transporter, except sorafenib, vande-
tanib, bosutinib, ibrutinib, cabozantinib, regorafenib, and ruxolitinib, which are 
only substrate of CYP3A4, whereas vemurafenib and afatinib, which are effluxed 
by P-gp only [24, 108, 110–121]. Table 3 summarizes the substrate potential of TKIs 
with CYP3A4 and/or P-gp.

10. Drug-drug interaction with TKI

DDIs represent a serious concern, especially for agents that influenced by 
efflux transporters and CYP3A4 enzyme, and can produce clinically relevant 
drug interactions by alteration of its bioavailability. Because the majority of TKIs 

TKIS CYP 3A4 P-gp References

Imatinib √ √ [108, 110, 111]

Gefitinib √ √ [24, 108, 115, 118]

Erlotinib √ √ [24, 118]

Sorafenib √ X [24, 108, 118]

Dasatinib √ √ [24, 108, 118]

Sunitinib √ √ [24, 108, 118]

Lapatinib √ √ [24, 108, 118]

Nilotinib √ √ [24, 108]

Crizotinib √ √ [108, 111, 118]

Vandetanib √ X [108, 111]

Vemurafenib X √ [108, 112, 118]

Axitinib √ √ [108, 111, 118]

Bosutinib √ X [108, 111, 118]

Pazopanib √ √ [108, 111, 118]

Ponatinib √ √ [108, 111, 118]

Dabrafenib √ √ [108, 111, 118]

Cediranib √ √ [114, 118]

Tandutinib NA √ [118]

Ibrutinib √ X [116, 121]

Afatinib X √ [108, 111]

Cabozantinib √ X [108, 111]

Regorafenib √ X [108, 111]

Ruxolitinib √ X [108, 117]

Osimertinib √ √ [120]

Table 3. 
Substrate potential of TKIs with CYP3A4 and/or P-gp.
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are substrate of CYP3A4 and/or P-gp, DDI with CYP3A4 and/or P-gp inhibitors 
and inducers must be taken into account, and they must be used with caution, as 
advised in the package insert. Recently, it has been reported that coprescription 
of those medicines, which may induce or inhibit the metabolic pathways used by 
TKIs, is very high. Overall coprescribing rates of drugs that induce metabolism 
of TKI and may lead to decrease the effectiveness of TKIs ranged from 23 to 57%, 
whereas coprescribing rates of drugs that inhibit metabolism of TKIs and may 
increase its toxicity ranged from 24 to 74% [122]. For example, coadministra-
tion of imatinib with dual inhibitors CYP3A4 and P-gp increases not only the 
plasma concentration but also the intracellular concentration of imatinib. Dual 
inhibitors CYP3A4 and P-gp, such as verapamil fluconazole, itraconazole [123], 
erythromycin, clarithromycin [124], cyclosporine [125], and ketoconazole 
[126], increased the intracellular concentration of imatinib by inhibiting both its 
CYP3A4-mediated metabolism and its efflux through P-gp, which might result 
in increasing its cellular toxicity. Moreover, P-gp-mediated efflux inhibition 
by proton pump inhibitors, such as pantoprazole, has reported to increase the 
brain concentration of imatinib [127]. In contrast, coadministration of CYP3A4 
inducers, such as rifampicin or certain antiepileptics, may lead to a reduction in 
imatinib exposure of up to 74% [24, 110]. Similarly, inhibitors of both CYP3A4 
and P-gp increase both the plasma and intracellular concentrations of dasatinib 
as well, which are also expected to occur for verapamil, erythromycin, clarithro-
mycin, fluconazole, itraconazole [123], cyclosporine [125], and ketoconazole 
[123, 128]. Concomitant administration of the CYP3A4 inducer rifampicin leads 
to a reduction in dasatinib exposure of 80% [24, 129, 130]. The area under curve 
(AUC) of nilotinib is increased 3-fold in healthy subjects receiving ketoconazole 
[130], whereas coadministration of CYP3A4 inducers, such as rifampicin, leads to 
a 4.8-fold reduction in nilotinib exposure [24, 129, 130]. Administration of gefi-
tinib in the presence of rifampicin reduces the AUC of gefitinib by 83%, while in 
the presence of itraconazole, the AUC of gefitinib is increased by 78% [24, 131]. 
Furthermore, coadministration of ketoconazole results in a 3.6-fold increase in 
lapatinib plasma exposure, whereas coadministration of carbamazepine results in 
a decrease in the AUC of lapatinib by 72% [24, 132]. Although the result of above 
studies confirmed the risk of frequent DDIs among TKIs, but did not addressed 
the clinical consequences of these, that is, increased toxicity or therapeutic 
failure. Moreover, in some cases, in spite of knowing, these potential interacting 
combinations could have been intentionally prescribed by physicians because 
they considered the potential benefits to outweigh the risks or because the patient 
had the ability to tolerate these combinations in the past [133]. Since most of 
these TKIs are relatively new, their scientific evidence that supports their DDIs 
is limited. Therefore, it is not unexpected to observe that medical oncologists are 
not able to report TKI DDI pairs, which might have a high probability of causing 
deleterious effects in the treatment of cancer patients [134].

11. Flavonoids and TKI interaction

Compounds that are capable of inhibiting the activity of tyrosine kinase 
receptors (RTKs) are expected to display antiproliferative properties. Various in 
vitro and in vivo studies suggested that most of the flavonoids quercetin, genistein, 
hesperidin, and naringenin have TKI properties, which play a significant role in 
its anticancer effects [135–138]. Due to antiproliferative properties, flavonoids can 
be use along with conventional TKIs in clinical practice and therefore it definitely 
raise concern of pharmacokinetic interaction. So, it is understood that similar to 
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conventional medicines, flavonoids act as dual modulators of CYP3A4 and P-gp, 
which may produce significant effects on the disposition kinetics of TKIs. In spite 
of that, limited data are available relevant to interaction of flavonoids with TKIs 
in the literature. St. John’s wort that contains numerous flavonoids was found 
to increase imatinib clearance by 43% and decrease its AUC and Cmax by 30 and 
29%, respectively [139, 140] in human subjects. Similarly, St. John’s wort may 
also decrease the plasma concentration of dasatinib, and its use is discouraged in 
patients receiving it [141]. Genistein (isoflavone) when administered for 15 days 
significantly decreased the Cmax and AUC of imatinib, whereas its single dose 
did not produce any effects in rats [142]. Silybin, a constituent of silymarin, also 
decreased the AUC of imatinib after multiple dose administration (15 days) in 
rats [143]. However, apigenin in single dose increased the AUC of imatinib but 
decreased it in multiple dose administration (15 days) in rats [144], which sug-
gests that apigenin may act as enzyme inhibitor in single dose and become inducer 
after long-term administration. Epigallocatechin-3-gallate also decreased the Cmax 
and AUC of sunitinib after single dose administration in rats [145]. However, Bas 
100, a novel mechanism-based CYP3A4 inhibitor, isolated from grapefruit juice 
increased 2.1-fold AUC of erlotinib after single dose administration [146]. Similar 

Flavonoids/constituents TKI 
inhibitors

Model Pharmacokinetic 
effects

References

St. John’s wort (300 mg, p.o) Imatinib 
(400 mg, 
p.o.)

Healthy 
volunteers

↓AUC (30%)
↑ Oral clearance 
(43%)

[139]

St. John’s wort (300 mg, p.o) Imatinib 
(400 mg, 
p.o.)

Healthy 
volunteers

↓AUC (30%)
↓ Cmax (29%)

[140]

Genistein (50, 100 mg/kg, p.o.) 
for 15 days

Imatinib 
(30 mg/kg, 
p.o.)

Rat ↓AUC (27–28%)
↓ Cmax (23–25%)

[142]

Genistein (50, 100 mg/kg, p.o.) 
single dose

Imatinib 
(30 mg/kg, 
p.o.)

Rat No effects [142]

Apigenin (165 mg/kg, p.o) for 
15 days

Imatinib 
(30 mg/kg, 
p.o.)

Rat ↓AUC (25%) [144]

Apigenin (165 and 252 mg/kg, 
p.o) single dose

Imatinib 
(30 mg/kg, 
p.o.)

Rat ↑ AUC (25–40%) [144]

Silybin (50 mg/kg, single and 
multiple for 15 days, p.o.

Imatinib 
(p.o.)

Rat ↓ AUC significantly [143]

BAS 100 (10 mg /kg, p.o.) Erlotinib 
10 mg /kg, 
p.o.)

Mice ↑ AUC (2.1 fold) [146]

Epigallocatechin-3-gallate 
(100 mg /kg, p.o.)

Sunitinib 
(30 mg/kg, 
p.o.)

Rats ↓Cmax (47.7%) 
↓AUC (51.5%)

[145]

Grapefruit juice (240 mL), p.o Nilotinib 
(400 mg, 
p.o.)

Healthy 
volunteers

↑ AUC (29%)
↑ Cmax (60%)

[147]

Table 4. 
In vivo pharmacokinetic interaction of flavonoids or flavonoids containing herbal constituents with TKIs.
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effects were produced by the intake of 240 ml of grapefruit juice (an inhibitor of 
CYP3A4 and P-gp), which are shown to increase the nilotinib AUC by 60%, and 
thus, coadministration of nilotinib with grapefruit juice is not recommended 
[147]. Additionally, a case study showed that patients who had already developed 
resistance to gefitinib treatment become responsive after the withdrawal of all 
CAMs [148]. Table 4 summarizes the pharmacokinetic interaction of flavonoids or 
flavonoids containing herbal constituents with TKIs in both experimental animals 
and clinical studies.

12. Conclusions

The CYP3A enzyme accounts approximately 30% of hepatic and more than 70% 
of intestinal CYP activity. P-gp efflux protein is encoded by ABCB1 gene (MDR1) 
and is responsible for cellular efflux of numerous drugs. PXR regulates both CYP3A 
and P-gp and coordinately mediates detoxification of many xenobiotics during oral 
absorptions. The flavonoid constituent-mediated modulation of CYP3A and P-gp 
is the main mechanism through which the bioavailability and disposition of con-
ventional drugs are regulated. The synergistically modulation of CYP3A and P-gp 
by flavonoids may increase the potency of chemotherapeutic drugs. Moreover, it 
increases the permeability of drugs in brain and reduces the MDR in cancer che-
motherapy. Most of the TKIs are oral dosage formulations and also dual substrates 
of CYP3A and P-gp, so the risk of pharmacokinetic interactions with flavonoids is 
expected on concurrent administration. Therefore, there is a compelling need to 
study the cellular and molecular mechanisms involved in the flavonoid-mediated 
modulation of CYP3A and P-gp and their expected impact on the exposure and 
disposition of TKIs. Results from some experimental and clinical studies have 
confirmed the interaction between TKIs and flavonoids, but these unwanted clini-
cal consequences in cancer patients have not been elaborated. However, even small 
changes in drug metabolism and pharmacokinetics of TKIs may lead to therapeutic 
failure or toxicity in cancer patients. Nevertheless, it is a challenging task to deter-
mine the clinical effects of the DDI due to the large interpatient variability in the 
pharmacokinetics of the TKIs.
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Abstract

Cardiovascular diseases represent the main cause of morbidity and mortality 
worldwide. Obesity, sedentary life style, diet, smoking and stress are the principal 
inducers of hypertension, endothelium dysfunction and insulin resistance in the 
developed countries. The latest in vitro and in vivo studies on different type of 
extracts obtained from black-fruited Aronia highlight its excellent cardioprotective 
actions for the prevention and treatment of cardiovascular and metabolic disor-
ders. So, this chapter aims to bring an up-to-date regarding the antioxidant, anti-
inflammatory, anti-atherosclerotic, antiplatelet, blood pressure, glucose and lipid 
reduction properties of black-fruited Aronia, as a possible new therapeutic strategy 
for the primary and secondary prevention of cardiovascular pathologies.

Keywords: black chokeberries, cardioprotective, black-fruited Aronia, antioxidant, 
anti-atherosclerotic, antithrombotic

1.  Black chokeberries: historical background, taxonomy and botanical 
aspects

The use of medicinal plants in the prevention and treatment of diseases is an 
old practice that has been maintained over time and is currently being given special 
attention by scientists, as well as by people aiming to preserve their health or treat 
a disease. In the past, the therapeutic properties of the plants were discovered by 
observing their effects on the animals that ate them [1–3]. People gathered knowl-
edge about the therapeutic effects of plants and several traditional medicines were 
born [4]. At the beginning of the nineteenth century, the first plant compounds 
were isolated and later some of them served as a model for the development of 
synthetic drugs [4, 5]. Plant-derived products are intensively studied and they are 
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important sources in drug discovery [1]. Studies are directed toward the identifica-
tion of mechanisms of action of plant compounds [6], exploiting their capacity of 
reducing the side effects of synthetic drugs [7] and development of new delivery 
systems that can increase the efficacy of phytochemicals [8].

One of the plants whose health benefits led to numerous studies is black choke-
berry, also known as black-fruited Aronia. Its fruits enjoy presently a high recogni-
tion as a health food, despite lacking the historical advantage of other well-known 
rosaceous berry crops (strawberries, raspberries and blackberries). The highly 
regarded berries (botanically: pomes), cultivated in many European countries and 
North America, have an unusual history, which reflects on the taxonomic confu-
sions surrounding the plant.

Unlike other edible plants, black Aronia spread from America to Europe due to 
its decorative interest. The ancestor of today’s cultivated black-fruited Aronia is 
Aronia melanocarpa (Michx.) Elliott, a species that grows wildly in North America 
[9] along with two other Aronia species. The small genus Aronia Medik. (choke-
berry) includes multistemmed, deciduous shrubs that differ in the color and size 
of fruits (pomes), as well as in the pubescence of leaves, stems and inflorescences. 
Three North American and one European species are recognized [10]. Red choke-
berry, A. arbutifolia (L.) Pers., grows up to 3 m tall and has obovate to elliptical 
leaves, which are shiny green on the upper side and tomentose, slightly gray on the 
lower side. The margins are serrated and the tip is short, acuminate. Flowers are 
white, in compound corymbs. In late September to early October, red fruits are 
produced. Black chokeberry, A. melanocarpa (Michx.) Elliott, has a smaller habit 
(up to 1.5 m) and is not pubescent [11]. Its fruits are black, shiny, with a diameter of 
0.8–1.3 cm; they typically ripen in August. A third species native to North America, 
A. prunifolia (Marshall) Rehder, or purple chokeberry, is considered by certain 
authors to be a hybrid between the former two species, a distinct species or a variety 
of black or red chokeberry. It has dark purple to black fruits, and the leaf pubes-
cence is intermediate between A. arbutifolia and A. melanocarpa [12].

A. melanocarpa is cold-hardy member of the Rosaceae family, where it is 
assigned to the Amygdaloideae subfamily and Maleae tribe [13]. Wild-growing 
black chokeberry plants were introduced to Europe in the nineteenth century 
as ornamental shrubs. The first record of the species in Russia (1816) mentions 
black Aronia under the name Mespilus melanocarpa in the catalog of plants of the 
Kremenets Botanical Garden [14]. Soon, it was grown as a cold-resistant ornament 
in other botanical gardens; before the twentieth century, it was however not grown 
for its fruits, which, though edible, are poorly palatable and astringent. The black-
fruited Aronia is cultivated nowadays as a distinct morphology in comparison to its 
wild-growing North American counterparts: its leaves are wider, flowers are larger 
and more numerous, fruits have a larger diameter, and corymbs bear a higher num-
ber of fruits [15]. It has been proposed that this species is the result of breeding and 
selection experiments performed in the early twentieth century by Ivan Michurin, 
and that all Aronia plants cultivated in the former Soviet Union originate from the 
Russian pomologist’s nursery [14]. Then, it spread to other European countries such 
as Poland, Norway, Finland, Sweden or Germany [16]. In 1976, chokeberry was 
introduced to Japan [17]. The distinct differences from its wild-growing progenitors 
and the constancy in characteristics supported the assignment of the large-fruited 
chokeberry to a new species, Aronia mitschurinii A.K.Skvortsov & Maitul [18]. 
Its origin is however not completely elucidated. One of the hypotheses is that the 
species is a hybrid obtained by backcrossing A. melanocarpa with an F1 xSorbaro-
nia hybrid (Sorbus aucuparia × A. melanocarpa). Leonard and co-workers using 
amplified fragment length polymorphism (AFLP) were able to show similarities of 
A. mitschurinii to xSorbaronia hybrids [19]. Further studies with more sensitive and 
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complex tools (like multilocus nuclear data) are proposed in order to firmly estab-
lish the origin of A. mitschurinii [20].

An important feature of the cultivated black-fruited Aronia is its extremely low 
variability due to the apomictic formation of seeds, a process occurring without fer-
tilization of the egg. Plants resulting from apomixis are clones of the mother plant. 
Cultivated varieties of A. mitschurinii, including ‘Nero,’ ‘Viking’ and ‘Galicjanka,’ 
have in fact undistinguishable phenotypes [21] and are tetraploid (2n = 68) [14]. 
On the contrary, ‘Hugin’ and ‘Elata’ cultivars are considered true A. melanocarpa 
genotypes [21].

Taking into account the better understanding of Aronia taxonomy and genetics, 
in recent years, it has become accepted that the cultivated black-fruited Aronia 
berries, which were the subject of most biomedical and phytochemical studies, are 
not A. melanocarpa fruits as reported. Research results should rather be assigned to 
A. mitschurinii, which is the only species used for commercial fruit production [21].

Further developments on the subject of black-fruited Aronia taxonomy should 
certainly lead to a more stable and correct nomenclature of the chokeberry species 
investigated by biomedical research. A unified, proper nomenclature is essential to 
enable researchers to assign correctly a therapeutic activity to A. melanocarpa, A. 
mitschurinii, or even X Sorbaronia mitschurinii, all of them used in various publica-
tions to assign cultivated black-fruited chokeberry.

2. Traditional use of black chokeberries

Although wild-growing black chokeberries (Aronia melanocarpa) were known 
to the North American settlers, the taste of the fruits was dissuading for a use as 
foodstuff. They employed fruits and bark as an astringent. The Forest Potawatomi 
Native Americans used the fruits of this plant in cold treatment and the preparation 
of traditional pemmican [17].

In Russia and Lithuania, the cultivated black chokeberry fruits were used as 
adjuvant treatment for high blood pressure and as anti-atherosclerotic agent [22]. 
Other uses include treatment of hemorrhoids, achlorhydria, avitaminosis and 
convalescence [17].

Because of their astringent taste, black chokeberry fruits are not usually con-
sumed as such, but they are used for the production of juices, wines, teas, jellies or 
syrups, especially in fruit blends [23, 24]. Chokeberry powders are used as a natural 
dye in the food industry [25].

The high content of phenolic compounds, mainly anthocyanins, which are 
responsible for the black color of the fruits, determined an increased interest in 
the medicinal properties of this plant. Aronia ssp. fruits have a higher antioxidant 
activity than other berries. Various studies emphasized antioxidant, anticancer, 
anti-diabetic, anti-inflammatory and hepatoprotective properties for the juice or 
fruit extract, which made cultivated black-fruited Aronia an important health food 
and dietary supplement [26].

3. Phytochemistry

Several analyses have been performed in order to evaluate the organic as well as 
inorganic constituents of black chokeberries. They include the research of the dif-
ferences in the chemical composition of wild vs. cultivated chokeberry [21, 27], the 
influence of the cultivar type [28–30], the degree of fruit maturity [31], fertilization 
[32], the application of biosynthesis regulators [33] and geographic location [34]. 
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Wild Aronia genotypes contain less water and more phenolics and have a higher 
antioxidant activity than cultivated black chokeberries [21]. Typical values for the 
dry weight of cultivated black chokeberry fruits are 17.9–26%; fresh chokeberries 
afford 11.1–17.4% juice and 44.6–50% pomace [35]. The majority (72%) of the 
dry weight is constituted by dietary fiber, higher than other fruits like bilberries 
and currants. The study of dietary fiber with solid-state NMR could show that its 
components are water-insoluble fibers (cellulose, hemicellulose, lignin, cutin and 
pectins), soluble fibers and other constituents, which are valuable antioxidants, 
anthocyanins and procyanidins [36].

The sour taste of Aronia ssp. berries is due to the presence of organic acids, 
mainly malic and citric acids. Their total content is however lower than in other 
berries [37]. Cultivated black chokeberries contain between 5.71 and 19.36% 
reducing sugars [23] and are characterized by a relatively high sorbitol amount 
(median content of 70 g/kg) [34] when compared to other berries. The high sorbi-
tol content, shared as well by rowan berries (Sorbus aucuparia), may be related to 
the possible hybrid nature of cultivated chokeberry. Large-fruited Aronia cultivars 
have been hypothesized to contain the genomes of Aronia melanocarpa and Sorbus 
aucuparia in a ratio of 3:1 [19, 21]. The high sorbitol content has been proposed 
to serve as an analytical tool in the control of juice blends [38]. Another feature 
of the sugar profile in cultivated black chokeberry is the absence of sucrose; its 
presence in black Aronia-based products suggests the addition of sugar or other 
fruits [34].

The lipid content of black cultivated chokeberries is reduced (below 0.2%) [23] 
and is mainly owed to hydrophobic constituents of the skin and seeds. The content 
in proteins is also low, with values of 10.7% in the pomace. The main amino acid was 
glutamic acid (19.8%), followed by aspartic acid (8.9%) and arginine (7.9%) [39].

Regarding the content in minerals, chokeberries may be valuable to complement 
dietary potassium and zinc intake. Among vitamins, Aronia fruits contain vita-
mins B1, B2, B6 and C, pantothenic acid and niacin; the detailed content has been 
extensively reviewed [23, 38].

The analysis of the volatile constituents in Aronia berry juice afforded the 
detection of 74 constituents, of which the most abundant were 3-penten-2-one, 
3,9-epoxy-p-menth-1-ene and benzaldehyde. Among the aroma-active compounds, 
ethyl-2-methyl butanoate, ethyl-3-methyl butanoate and ethyl decanoate could 
account for the “fruity” aroma notes, while nonanal is responsible for the “green” 
notes [40]. The bitter-almond scent of the fruits is due to the presence of amygdalin 
[34]. This compound is a cyanogenic glycoside present in many representatives 
of the Rosaceae family [35]. Interestingly, a recent research aimed at identifying 
compounds, which inhibit adipocyte differentiation, was able to isolate from the 
butanol fraction of a chokeberry extract amygdalin and prunasin as active com-
pounds [41]. These two cyanogenic glycosides suppress the expressions of peroxi-
some proliferator-activated receptor γ, CCAAT/enhancer-binding protein α (C/
EBPα), sterol regulatory element-binding protein 1c, fatty acid synthase (FAS), and 
adipocyte fatty-acid–binding protein (aP2) [42].

The most intensively studied compounds in cultivated black chokeberries are 
phenolic compounds, mainly anthocyanins, procyanidins and phenolic acids. The 
total phenolic content ranges from 3440 mg/100 g dry weight to 7849 mg/100 g dry 
weight, depending on cultivar, ripening stage at harvest, cultivation conditions or 
analytical methods used for the quantification [38]. Analysis of several chokeberry 
cultivars identified a higher polyphenolic content for the fruits of ‘Hugin’ cultivar 
compared to ‘Viking,’ ‘Galicjanka’ and ‘Nero’ cultivars [29]. There are differences 
in the polyphenols content in chokeberry products; for example, the pomace has a 
five-fold higher content compared to juice [16].
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Polymeric proanthocyanidins represent 66% of chokeberry polyphenols, while 
anthocyanins represent about 25%. The fruits contain up to 5181.60 mg/100 g dried 
weight polymeric procyanidins [43]. The constitutive unit is mainly (−)-epicat-
echin and the units are connected by C4▬C6 and C4▬C8 bonds (B-type bonds). The 
degree of polymerization ranges from 2 to 23 units. The main proanthocyanidins 
found in the fruits and bark of chokeberry are dimeric procyanidin B2 and procy-
anidin B5 and trimeric procyanidin C1 (Figure 1) [44].

Anthocyanins are a class of flavonoids that give blue, dark red or purple color of 
the fruits and they are important compounds for the biological activity of choke-
berries [38]. Black chokeberries have a higher content of anthocyanins than other 
berries, such as blackberries, strawberries or red raspberries [45]. Anthocyanins are 
found mainly in fruit skin [46]. They are represented by cyanidin glycosides such as 

Figure 1. 
Chemical structures of polyphenolic compounds from cultivated black-fruited chokeberries. (1) Procyanidin 
B2; (2) procyanidin B5; (3) procyanidin C1; (4) chlorogenic acid; (5) anthocyanins.
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cyanidin-3-glucoside, cyanidin-3-galactoside, cyanidin-3-xyloside and cyanidin-
3-arabinoside [43]. The study of the fruits of black chokeberry, ‘Viking’, ‘Nero’ and 
‘Galicjanka’ cultivars revealed that ‘Nero’ and ‘Viking’ cultivars had higher antho-
cyanin content. Cyanidin-3-galactoside and cyanidin-3-arabinoside are the major 
anthocyanins in chokeberries, while cyanidin-3-xyloside and cyanidin-3-glucoside 
are found in lower amounts [47]. The fruits also contain pelargonidin-3-arabinoside 
and pelargonidin-3-galactoside in trace amounts [17, 38]. Other anthocyanins such 
as cyanidin-3-pentoside-(epi)catechin, cyanidin-3,5-hexoside-(epi)catechin, and 
cyanidin-3-hexoside-(epi)cat-(epi)cat were identified in black chokeberry juice and 
powder [46].

The main phenolic acids in black chokeberries are chlorogenic and neochlo-
rogenic acids. They represent about 7.5% of fruit polyphenols [43]. In addition to 
chlorogenic and neochlorogenic acids, other phenolic acids such as cryptochlo-
rogenic acid, 3-O-p-coumaroylquinic acid and di-caffeic quinic acid have been 
reported in chokeberries [46]. Chokeberry juice contains a greater amount of these 
compounds than pomace [43]. Fruits of ‘Viking’ cultivar and wild chokeberry have 
a higher content of phenolic acids compared to fruits of ‘Nero’ and ‘Galicjanka’ 
cultivars [47].

Chokeberry also contains flavonol glycosides such as quercetin 3-O-galactoside, 
quercetin 3-O-rutinoside, quercetin 3-O-glucoside, quercetin 3-O-arabinoside, 
isorhamnetin 3-O-rutinoside or kaempferol 3-O-glucoside [48]. Other pheno-
lic compounds identified in chokeberry fruits and flowers are the flavanone 
eriodictyol-7-O-β-glucuronide and the flavonols quercetin-3-robinobioside and 
quercetin-3-vicianoside [49]. Even though the fruits were the most investigated for 
the polyphenols in their composition, black chokeberry leaves also contain these 
compounds, with a higher content in the young leaves compared to the old ones 
(Figure 1) [50].

4. Cardioprotective actions: in vivo and in vitro studies: clinical trials

Diseases of the circulatory system were reported to be the main cause of death 
in Europe and America [51, 52]. The affections of the circulatory system are related 
to high blood pressure, smoking, cholesterol and diabetes (the main pathologies of 
modern times), resulting in stroke or ischemic heart disease as the major patholo-
gies causing invalidity and death in the developed countries [53].

Obesity, sedentary lifestyle, diet, smoking and stress are the principal inducers 
of endothelial dysfunction and insulin resistance, which will later induce hyper-
tension and diabetes [54]. Thus, targeting endothelial dysfunction, insulin resis-
tance and the altered metabolic state represents important strategies for decreasing 
the incidence and complications of cardiovascular diseases, as well as the medical 
costs [53, 55].

As well known, the vascular endothelium is the single layer of cells that lines 
the internal lumen of blood vessels [54, 56]. A healthy endothelium is essential 
for the cardiovascular system and is considered nowadays an organ [53, 57]. It 
possesses several important functions such as relaxation of vascular smooth 
muscle cells, inhibition of platelet aggregation, limitation of leukocyte adhesion, 
regulation of the vascular tone, inhibition of vascular smooth proliferation, and 
specialized autocrine and paracrine secretion (producing and secreting vasoac-
tive, vasoprotective, angiogenic, inflammatory and thrombotic/antithrombotic 
molecules) [53, 55, 57]. It also produces growth factors and responds to physi-
cal and chemical signals. The term “endothelial dysfunction” is used not only 
to describe the impaired metabolism of nitric oxide (NO) or the imbalance of 
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endothelium-derived relaxing and constrictor factors, but also to describe an 
aberrant endothelium activation and abnormalities between endothelium and 
leukocytes, platelets and other regulatory molecules [53, 58, 59]. Thus, it plays an 
essential role in the pathogenesis of several cardiovascular (hypertension, athero-
sclerosis, systemic and pulmonary hypertension, etc.), as well as other diseases 
(inflammatory diseases or cancer) (Figure 2) [60–62].

Elevated oxidative stress is another major risk factor of cardiovascular patholo-
gies as an altered metabolic state will increase the reactive oxygen species (ROS) 
production, which will determine an increase in lipid peroxidation, inflammation, 
endothelial dysfunction, platelet aggregation and activation [63]. On endothelial 
cells, oxidative stress has been shown to immediately increase vessel damage. 
Moreover, the lesion caused by oxidative stress can affect the entire body’s organs 
and systems (Figure 2) [64].

Thus, it is important to find new therapeutic strategies to improve endothelial 
function and decrease ROS as strategies for the primary prevention of cardiovascu-
lar diseases in the ever-aging Western societies.

In the last decade, several plant bioactive substances (called nutraceuticals) 
have proven to have outstanding properties, which suggest that they could play an 
important role in preventing the onset and development of chronic diseases. The 
term nutraceutical refers to a natural bioactive compound with several properties, 
such as health promoting, disease preventing or medicinal properties [65].

Cultivated black chokeberry fruits have been discovered to contain an enor-
mous source of bioactive compounds such as antioxidants-especially polyphenols, 
flavonoids (anthocyanins, flavonols and flavanols), vitamins (C and E), minerals 
(potassium, magnesium and calcium), pectins, carotenoids and carbohydrates 
[16]. Moreover, the in vitro and in vivo studies have highlighted its antioxidant 
(one of the richest plants in antioxidants), anti-inflammatory, anti-proliferative, 

Figure 2. 
Main aspects regarding the development of cardiovascular disease events.
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anti-atherosclerotic, hypotensive, antiplatelet, gastroprotective, antimicrobial 
(antibacterial and antiviral), immunomodulatory and anti-tumor profile, mak-
ing it an excellent candidate for the prevention of cardiovascular and metabolic 
disorders [16, 66].

Herein, the main and the latest findings regarding the cardioprotective proper-
ties of cultivated black chokeberry will be presented and discussed (Figure 3).

4.1 Antioxidant properties

There are currently a large number of studies that presents the antioxidant activ-
ity of black chokeberry both in vivo (animal studies and clinical trials) and in vitro 
(isolated cells and cell lines) explaining the capability of different types of extracts 
obtained from this vegetal product to protect against free radicals. Black chokeberry 
fruits are considered to contain a huge level of antioxidants-more precisely vitamin C 
and polyphenols, such as anthocyanins, phenolic acids, tannins, flavanols, flavonols 
and flavonoids [16, 45, 67]. The antioxidant mechanism includes radical scaveng-
ing, inhibition of reactive oxygen and nitrogen species formation, of prooxidant 
enzymes, stimulation of antioxidant ones and most probably cellular signaling to 
manage the enzymes and antioxidant substance levels [68]. The berries highlighted 
the highest antioxidant capacity among other berries and fruits investigated via the 
oxygen radical absorbing capacity (ORAC) assay [28, 38, 69, 70]. Moreover, it was 
noted that the pomace compared with the berries or the juice has a higher antioxidant 
capacity (being five times more concentrated than the juice) and the highest content 
of phenolic compounds (mainly polymeric proanthocyanidins and (−)-epicatechin) 
[43]. On the other hand, Rop et al. [71], showed the same high antioxidant property 
for the fruit product, pomace, fresh berry fruits and juice [16, 71]. An important 
amendment is the fact that the antioxidant activity levels and the polyphenols 
concentration are species dependent [16].

A recent in vivo study, published in 2019, showed the additive effect of choke-
berry and walnut in increasing the expression of antioxidant enzyme genes in the 

Figure 3. 
The main cardioprotective effects of cultivated black chokeberry and its mechanism of action.
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liver and decreasing lipid peroxidation in the liver, serum and kidneys in an aging 
mouse model [72]. The study performed by Jo et al. [73] described that dietary 
supplementation with Aronia extract increased the lifespan and improved the 
oxidative injuries related to the age in Drosophila melanogaster. Other in vitro studies 
outlined an increased antioxidant profile by decreasing the levels of ROS after 
incubation with Aronia melanocarpa bioactive compounds [74, 75]. Moreover, a 
decreased level of plasma lipid peroxidation was observed in vitro, after treatment 
with ziprasidone [76]. The antioxidant effect was also evidentiated in humans, as 
the black chokeberry juice supplementation decreased the exercise-induced oxida-
tive damage to red blood cells in rowers [77].

The antioxidant activity is in general attributed to the polyphenolic compounds 
[3, 78]. It was observed that proanthocyanidin and anthocyanin content in berries, 
as well as neochlorogenic acid, cyaniding 3-arabinoside and (−)-epicatechin, are 
the main substances responsible for this action [71, 79].

4.2 Anti-inflammatoSry effect

Vascular inflammation is a primary key step process underlying endothelial 
dysfunction and later atherosclerosis [59]. It is responsible for endothelial activa-
tion, which will further stimulate the leukocytes’ recruitment [56]. Moreover, it 
is a self-maintaining process, which is mediated through the expression of several 
molecules such as cell adhesion molecules (ICAM and VCAM), cytokines, neutro-
phils, fibrinogen, C-reactive protein, etc. [68]. Apart from endothelial dysfunction, 
it will induce smooth muscle cell migration, vascular calcification, oxidative stress, 
degradation of extracellular matrix and collagen, elastolysis and increased activity 
of metalloproteinases. Vascular inflammation was observed in patients with hyper-
tension, metabolic syndrome, diabetes, infections, preeclampsia, coronary heart 
disease or peripheral arterial disease [58, 62]. Thus, the anti-inflammatory effect 
exhibited by several bioactive natural, synthetic or semi-synthetic compounds is 
important for the prevention of chronic diseases (especially the cardiovascular, 
metabolic and immune system disorders) and also for decreasing their complica-
tions [16]. Supplementation with black chokeberry extract for patients who suffered 
myocardial infarction and are under treatment with statins decreased the plasmatic 
concentration of several inflammatory biomarkers such as C-reactive protein 
(CRP), monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion mol-
ecule (ICAM), vascular cell adhesion molecule (VCAM) and interleukin 6 (IL-6). 
Moreover, adiponectin concentration (an anti-inflammatory cytokine) was found 
to be increased [80]. The study performed by Zapolska-Downar et al., in 2012, on 
TNF-α–treated human aortic endothelial cells (HAECs) highlighted the fact that 
various concentrations of Aronia extract decreased the expression of ICAM-1, 
VCAM-1, the phosphorylation of NF-κB p65 and intracellular ROS production [26].

Other research groups reported that black chokeberry extract induces a vaso-
relaxation of coronary arterial rings, which is dose-dependent and endothelium-
dependent, compared with other extracts (bilberry and elderberry) [81].

Recently, Iwashima et al. [82], showed that Aronia extract decreased TNF-α–
induced monocyte/endothelial adhesion and decreased VCAM-1 expression, 
although it did not affect ICAM-1 expression on a vascular endothelial inflam-
mation model of human umbilical vein endothelial cells (HUVECs). Moreover, it 
lowered the phosphorylation of signal transducer and activator of transcription 
3 (STAT3), its nuclear levels and the interferon regulatory transcription factor-1 
(IRF1) nuclear level. Thus, the researchers concluded that Aronia extract could 
exert an anti-atherosclerotic effect through the inhibition of STAT3/IRF1 pathway 
in vascular endothelial cells [82].
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Lee et al. [83] highlighted the anti-neuroinflammatory effect of an ethanolic 
extract of Aronia in a mouse model of Alzheimer’s disease. Aronia extract signifi-
cantly reduced the generation of NO, as well as mRNA levels of iNOS (inducible 
nitric oxide synthase), COX-2 (cyclooxygenase 2), IL-1β (interleukin-1 beta) and 
TNF-α (tumor necrosis factor alpha), suggesting its neuroprotective effect against 
the development of Alzheimer’s disease [83].

Wei et al. [84] showed that the anthocyanins from black chokeberry delayed the 
degenerative changes of brain, related to aging, in an aged mouse model, possibly 
by reducing inflammation, regulating the balance of redox system and inhibiting 
DNA damage [84].

In another study, it was observed that the administration of Aronia cold-pressed 
juice and oven-dried black chokeberry powder by patients with mildly elevated 
blood pressure levels reduced only the levels of TNF-α and IL-10 and did not influ-
ence other inflammatory markers [85].

The anti-adhesion effect of Aronia extract can be due to the presence of antho-
cyanins (alone or by a synergistic effect), more precisely cyaniding-3-glucoside, 
cyaniding-3-galactoside, cyaniding-3-arabinoside, peonidin-3-glucoside and 
delphinidin-3-glucoside [86].

Moreover, the anti-apoptotic effect of Aronia extract was also showed in an 
animal model of cardiomyoblasts [87]. In diabetic patients, the reversing of athero-
sclerosis development by Aronia polyphenols was also showed through augmenting 
the immune defenses and reducing inflammation, as the extract decreased the 
monocyte and granulocyte levels responsible for inflammation and also the number 
of lymphocytes, thus blocking the formation of atherosclerotic lesions [23, 88].

4.3 Hypotensive properties

Chronic inflammation can lead to cardiovascular diseases characterized by high 
blood pressure levels, altered metabolism of lipids, endothelial dysfunction, oxida-
tive stress, etc. Endothelial dysfunction can be a cause, as well as a consequence of 
hypertension [59]. Thus, due to multiple mechanisms of action, black chokeberry 
can induce a cardioprotection by having positive effects on multiple risk factors for 
cardiovascular diseases (e.g., antioxidant effect, anti-inflammatory, hypolipidemic, 
antithrombotic, etc.) [16, 26, 89].

Over the years, the blood pressure lowering effects of black chokeberry were 
highlighted in several studies and nowadays black chokeberry preparations are 
recommended as a nutritional supplement in the management of essential arterial 
hypertension [16]. In one study, spontaneous hypertensive rats that were treated 
with commercial Aronia extract had decreased blood pressure levels compared with 
controls [90], although the effect was term-limited and maximal 3 h after intake. 
Other studies suggested that Aronia polyphenols could induce a positive effect on 
blood vessels by stimulating NO synthesis in endothelial cells (via activation of 
eNOS), through a mechanism related to ACE inhibitors (angiotensin I-converting 
enzyme inhibitors) and endothelium-dependent [68, 91]. Sihora et al. studied the 
effects of 2 months administration of black chokeberry preparation in patients 
with metabolic syndrome on the activity of ACE. They observed a 25% decrease of 
ACE after 1 month of administration and 30% decrease after the second month. 
Moreover, systolic blood pressure, diastolic blood pressure and CRP levels cor-
related positively with the activity of ACE [92]. The studies performed by Bell et al. 
[81] highlighted the vasoactive and vasoprotective potential of black chokeberry 
extract on the coronary arteries, due to the high concentrations of anthocyanins. 
The following bioactive substances were found to be responsible for the vasorelax-
ation and the endothelial protective effects: coumaric acid (the most potent), ferulic 
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acid, caffeic acid and chlorogenic acid [92]. Moreover, Aronia induced a protective 
action in aorta and coronary arteries against atherogenic changes [93, 94].

A double-blind, placebo-controlled study performed by Naruszewicz et al. [80] 
showed that black chokeberry polyphenols decreased the severity of inflammation in 
patients after myocardial infarction and thus, Aronia can be used as a strategy treat-
ment for the secondary prevention of ischemic heart disease [80]. Black chokeberry 
flavonoids significantly decreased serum 8-isoprostanes and oxidated LDL (formed as 
a consequence of the action of oxidative stress in the vascular wall that are contribut-
ing to the formation of foam cells, the basis of atherosclerotic lesions) [95]. Moreover, 
it decreased the levels of adhesion molecules (ICAM, VCAM and MCP-1) compared 
with the control group and increased the level of adiponectin, an anti-inflammatory 
molecule [80]. Anthocyanins (mostly conjugated cyanidins and chlorogenic acid) 
from black chokeberry juice were found to be potent stimulators of endothelial NO 
formation via Sirc/PI3-kinase Akt pathway, in a study performed by Kim et al. [96].

The study performed by Loo et al. [85] showed that consumption of chokeberry 
products can modestly lower blood pressure levels and decrease low-grade inflam-
mation in hypertensive patients (under no regular use of anti-hypertensive drugs) 
with mildly elevated blood pressure levels.

4.4 Lipid-lowering and anti-obesity effects

Several studies, including large clinical trials, have showed over the time the 
relationship between LDL cholesterol, triglycerides and the development and 
progression of atherosclerosis. Moreover, it is well known that hyperlipidemia is 
one of the major risk factors for developing undesirable cardiovascular events [68]. 
Black chokeberry products had been reported to manifest lipid-lowering proper-
ties and anti-obesity effect in culture cells, in animal as well as in human studies. 
Qin et al. [97] showed that a dose of 10 or 20 mg/kg/body weight of anthocyanin 
attenuates weight gain, decreases triglycerides and cholesterol and modulates 
insulin resistance in Wistar rats under a fructose-rich diet of 6 weeks. Moreover, 
it decreased TNF-α and IL-6 [97]. The black chokeberry pomace administered in 
Polish Merino lambs decreased glucose and total cholesterol levels and increased 
HDL [98]. The juice administered ad libitum for 28 days decreased glucose, insulin 
and body weight in C57BL/6JmsSIc and KK-Ay mice [99]. Another study performed 
by Daskalova et al. [94] on male Wistar rats who received a daily dose of 25 ml com-
mercial juice for 90 days showed a decrease in LDL and also retarded age-related 
changes in the aortic wall. Ciocoiu et al. [100] showed a decrease of total choles-
terol, systolic and diastolic blood pressure levels and an increased HDL value after 
8 weeks administration of an ethanol extract of black chokeberry.

Results from clinical trials have shown that administration of 100 ml juice before 
meal decreased the blood glucose levels of 37 healthy subjects [101]. A 12-week 
randomized, placebo-controlled trial showed that consummation of 500 mg 
Aronia extract although did not changed blood pressure levels or inflammatory 
and oxidative stress biomarkers, it decreased total and LDL cholesterol in healthy 
adults former smokers. The cholesterol-lowering capacity was closely linked with 
cyanidin-3-O-galactoside and peonidin-3-O-galactoside urinary levels [102]. 
Kardum et al. [103] showed that 100 ml of glucomannan-enriched Aronia juice-
based supplement decreased the body mass index, waist circumference and systolic 
blood pressure, concluding that the juice had a positive effect on cellular oxidative 
damage, anthropometric indices of obesity and blood pressure levels.

In 2016, Shin et al. observed that adipogenesis in 3 T3-L1 preadipocytes was 
blocked after administration of a black chokeberry extract. Moreover, the expres-
sion of mRNA levels of some adipogenesis key genes was impacted and that the 
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levels of PPARϒ (peroxisome proliferator-activated receptor ϒ), FABP4 (fatty acid–
binding protein 4), adiponectin, MCP-1 (monocyte chemoattractant protein-1) and 
leptin were decreased [104].

Other studies performed concluded that anthocyanins may contribute to the 
prevention of obesity by lowering the sugar and lipid absorption in the digestive 
system [16, 105]. Although the mechanism underlying the lipid-lowering effect 
is not completely elucidated, it seems that the blocking of cholesterol absorption 
(by flavonoids), increased lipoprotein catabolism (by cyanidin), inhibition of 
3-hydroxy-3-methylglutaryl-CoA reductase and thus decreased synthesis of choles-
terol (by flavonoids) could explain this effect [68].

4.5 Anti-diabetic effect

Several studies describe the hypoglycemic effect of black chokeberry  
[16, 98, 106–108]. Moreover, its property of decreasing the insulin resistance was 
also highlighted. It seems that Aronia extracts can lower the risk factors associ-
ated with insulin resistance, by decreasing inflammation and adipogenesis and by 
modulating several pathways linked to insulin signaling [92, 97]. As a general view, 
metabolic disorders, more specifically plasma glucose and the lipid profile, were 
improved after long-term juice consumption [106–108]. It was observed that poly-
phenolic compounds can decrease blood glucose levels by inhibiting α-glucosidase 
and α-amylase activity and, thus, controlling the postprandial hyperglycemia [16]. 
Anthocyanins (more specifically cyaniding 3-rutinoside) might inhibit intestinal 
α-glucosidase and might slow down the absorption of sugars [106, 109, 110]. 
Moreover, anthocyanins were found to exert a positive action on normalizing the 
carbohydrate metabolism in diabetic patients and rats, throughout several mecha-
nisms such as reversing the beta cells’ integrity and physiology and stimulating the 
release of insulin [111]. Chlorogenic acid was found to be the most potent inhibitor 
of pancreatic α-amylase [16]. Other studies postulated that the antidiabetic effect 
of black chokeberry juice may be due to the cyaniding 3,5-diglucoside inhibition of 
DPP IV (dipeptidyl peptidase IV) [112]. It seems that in humans, black chokeberry 
juice can be an excellent natural alternative therapeutic strategy for the treatment 
of metabolic syndrome disorders, the dose varying from 100 ml to 300 ml per day, 
for at least 3 months [16].

A recent study, published in 2019, showed the anti-adipogenic effect of cyanid-
ing-3-O-galactoside–enriched black chokeberry extract in C57BL/6 obese mice. 
The extract reduced the serum levels of insulin, leptin, triglyceride, LDL and total 
cholesterol and suppressed adipogenesis by decreasing the expression of several key 
proteins [113].

The study performed by Jakovljevic et al. [114] on a rat model with metabolic 
syndrome highlighted the fact that 4-week administration of Aronia extract man-
aged to reduce blood pressure levels and to induce benefits on the heart function. 
It also improved glucose tolerance and oxidative stress levels and attenuated the 
pathological alterations of the liver, thus conferring an excellent cardioprotection, 
alone or in combination with other dietary regimens [114]. A fermented chokeberry 
extract administered for 8 weeks in obese mice decreased weight gain and increased 
glucose tolerance and insulin sensitivity. These results also led to the conclusion that 
the anti-obesity effect was not closely correlated with the cyaniding content [115].

4.6 Effects on erythrocytes

Studies showed that the anti-oxidative effect of black chokeberry may impact 
erythrocyte’s proper functioning [23]. The juice increased the protection against 
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oxidation in erythrocyte membranes of 25 healthy women who drank 100 ml daily 
for 3 months [103]. The same effect (anti-oxidative effect on erythrocytes and 
increased PUFA concentration) was observed in obese women who drank 100 ml 
juice with glucomannan for 4 weeks [103]. Moreover, in patients with hypercho-
lesterolemia, Aronia extract decreased cholesterol level and lipid peroxidation in 
erythrocytes, improved the rheological properties of red cells and increased their 
membrane fluidity [116].

4.7 Effects on neutrophils

As neutrophils produce high concentrations of ROS, this impacts the tissue-
damaging effects of inflammatory reactions. The study performed by Zielinska-
Przyjemska et al. [117] showed that the oxidative metabolism of neutrophils 
decreased after treatment with Aronia juice, both in non-obese and in obese 
patients.

4.8 Antithrombotic properties

Black chokeberry exhibited in vitro strong anticoagulant properties by prolong-
ing blood clotting times (APTT, prolonged PT and TT) and by decreasing the 
maximal velocity of fibrin polymerization in human plasma [16, 118]. Malinowska 
et al. showed its action on clot formation and fibrin lysis in patients with hyperho-
mocysteinemia [74]. Black chokeberry proved to possess properties in inhibiting 
also the platelet aggregation [119], as the extract decreased in vitro several steps of 
platelet activation, such as adhesion of platelets to collagen and platelet aggregation. 
Moreover, it decreased the production of ROS in resting blood platelets and in those 
activated by thrombin [119]. Sikora et al. [92] noted that 1 month of administration 
of Aronia extract in men did not influence the number of platelets in the blood; the 
extract led to prolonging the time required to reach the maximal aggregation. The 
study performed by Ryszawa et al. [120] assessed the effects of Aronia extract on 
ROS production and aggregation in the thrombocytes of smoker patients with high 
cardiovascular risk factors, such as hypertension, diabetes and hypercholesterolemia, 
who had an increased production of ROS, compared with the control group. The 
Aronia supplementation managed to neutralize the difference in ROS production 
between the studied group and the control group and induced significant anti-aggre-
gation effects dependent on the concentration, in both groups, concluding that these 
effects might be independent of its capacity of modulating ROS production [120].

5. Conclusions and perspectives

From all the information presented above, one can conclude that black choke-
berry is an extremely rich source of bioactive molecules that are offering an excel-
lent cardioprotection among other fruits and that can be used in both primary and 
secondary prevention of cardiovascular events. Despite the low bioavailability 
of polyphenols and their variability, they are exceptionally important for their 
health-promoting properties. Based on the present findings, it can be definitely 
included in a healthy daily diet. However, much more research is needed to com-
pletely understand the exact mechanisms as well as the full-length actions of black 
chokeberry, especially in humans. Complete bioavailability studies are required 
concerning Aronia bioactive molecules. Moreover, the investigation of the risk of 
tissue accumulation, as well as appreciation of the risk/benefit ratio in humans, will 
be extremely beneficial. The recommended daily intake should also be established.
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Chapter 10

Production of Medicinal 
Compounds from Endangered 
and Commercially Important 
Medicinal Plants through Cell and 
Tissue Culture Technology for 
Herbal Industry
Hemant Sood

Abstract

Plant cell culture technologies have made possible the production of a wide variety 
of pharmaceuticals such as alkaloids, terpenoids, steroids, saponins, monoterpenes, 
flavonoids and amino acids. The standardization of technologies for the production 
of plant metabolites through cell cultures helps in understanding the biology of their 
biosynthesis and accumulation. Various factors such as physical, chemical, nutri-
tional, and genetic influence the production of metabolites in plant cell cultures. The 
controlled production of plant metabolites through cell cultures provides a suitable 
alternative not only in relieving pressure from natural habitats of plant species but also 
provides conditions suitable for year-round production of metabolites. The production 
of plant metabolites has been enhanced by exposing the cultured cells to biotic and 
abiotic elicitors. Off late, the induction of hairy roots has been found suitable in the 
production of metabolites synthesized in various parts of plants. The lack of proper 
understanding about the biology of biosynthesis of plant metabolites has been a major 
stumbling block, in addition to poor amenability of medicinal and aromatic plant 
species to in vitro conditions. Continuous efforts are required to be made in upscaling 
the production of metabolites on large scale. Least attention has been given towards 
working out the cost-effectiveness of metabolite production through cell cultures.

Keywords: phytochemicals, cell and tissue cultures

1. Introduction

The plant kingdom has provided a wide variety of natural products with diverse 
chemical structures and a vast array of biological activities, many of which found 
applications in health sciences. Over 80% of the approximately 30,000 known 
natural products are of plant origin. In 1985, 3500 new chemical structures were 
identified out of which 2600 were derived from higher plants and 121 clinically 
useful drugs were derived from plants [1]. Plants will continue to provide novel 
products as well as chemical models for new drugs in the near future [2].
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Many of the plant species that produce medicinal herbs have been scientifically 
evaluated for their possible medical applications. The economic importance of phy-
topharmaceuticals in plants has led to their inevitable collection from their natural 
habitats and thus creating environmental and geopolitical instabilities posing a 
threat to their survival. The reckless collection of plants has put several of them 
under the categories of endangered or at the verge of extinction. This has prompted 
industries and scientists to find the alternative technologies for the production of 
phytopharmaceuticals so that the natural habitat of plants can be preserved.

Plant cell cultures have served as potential renewable resources for the produc-
tion of valuable medicinal compounds, flavors, fragrances, pigments, dyes, cosmet-
ics and fine chemicals. All these compounds belong to a group collectively known 
as secondary metabolites. The commercial importance of secondary metabolites 
and the possibilities of their production by means of cell culture technologies have 
gained great interest in the recent years. The current review is a survey and analysis 
of current status of various plant cell culture technologies used for the production 
of medicinally important metabolites. The future prospects of cell culture technolo-
gies in light of successful case studies have been reviewed and possible improve-
ments are suggested.

2. Why plant cell cultures?

The capacity of plant cell, tissue and organ cultures to produce and accumulate 
many of the valuable chemical compounds has been recognized almost since 
the inception of in vitro technology. The strong and growing demand in today’s 
market place for natural, renewable products has refocused attention on in vitro 
cell cultures as potential factories for phytochemical production. The advantage 
of producing plant metabolites in vitro has been in understanding the biology of 
their biosynthetic activity which ultimately can be enhanced by regulating physical, 
chemical, nutritional and genetic parameters. Medicinal compounds localized in 
morphologically specialized tissues or organs of native plants have been produced in 
culture systems not only by inducing specific organized cultures but also by undif-
ferentiated callus/cell cultures.

The advances in plant cell culture technologies has made possible the production 
of a wide variety of pharmaceuticals like alkaloids, terpenoids, steroids, saponins, 
phenolics, flavonoids, and amino acids. The production of plant metabolites through 
cell cultures offer several advantages such as it makes possible to select genotypes 
with higher production of secondary metabolites, which can be generated on a con-
tinuous year round basis under controlled environment. Plant cell cultures eliminate 
potential political boundaries or geographic barriers which are otherwise to the pro-
duction of a crop, such as the restriction of natural rubber production to the tropics 
or anthocyanin pigment production to climates with high light intensity. Many cost 
effective parameters have been tried for their economic production at large scale or 
by possible use of plant cell cultures for biotransformation of natural compounds [3].

3. Production of phytochemicals through cell culture technologies

3.1 Callus/cell suspension

Callus/cell suspension cultures have been the prime focus of various stud-
ies aimed at the production of phytochemicals of not only medicinal value but 
also of other industrially important metabolites. Callus is a proliferating mass 
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of undifferentiated cells, which can be established from different explants of a 
plant species under in vitro conditions on suitable nutrient media. Once the callus 
is derived from high metabolite producing explants, their suspension cultures 
can be established by transferring those calli into liquid media under continuous 
agitation. Zenk [4] successfully established cell lines of different plants capable of 
producing high yields of secondary compounds in cell suspension cultures. The 
production of solasodine from calli of Solanum elaeagnifolium and cephaeline and 
emetine from callus cultures of Cephaelis ipecacuanha were successfully achieved 
[5]. Some of the notable cell culture methods which have been employed for large 
scale production of metabolites are production of taxol from cell suspension 
cultures of Taxus mairei [6]; production of paclitaxel and its related taxanes from 
different Taxus species; production of berberine through cell suspension culture of 
Coptis japonica; production of vincristine and vinblastine from Catharanthus roseus 
[7, 8], and production of taxoids from cell suspension cultures of Taxus cuspidate 
[9] (Table 1).

3.2 Hairy root cultures

Off late, the cultivation of hairy roots has been seen as a sustainable strategy for 
the production of medicinally important metabolites of plants not only due to the 
reason that harvesting roots has been destructive for the plants in nature but also 

Plant species Active ingredient Reference

Agave amaniensis Saponins Andrijany et al. (1999)

Allium sativum L. Alliin Malpathak and David (1986)

Coptis japonica Berberine Suzuki et al. (1988) and 
Morimoto et al. (1988)

Duboisia leichhardtii Tropane alkaloids Yamada and Endo (1984)

Gentiana sp. Secoiridoid glucosides Srrzypezak et al. [10]

Panax ginseng Saponins and sapogenins Furuya et al. [11]

Papaver bracteatum Thebaine Day et al. (1986)

Rauvolfia serpentine × Rhazya stricta 
hybrid plant

3-Oxo-rhazinilam Gerasimenko et al. (2001)

Scutellaria columnae Phenolics Stojakowska and Kisiel (1999)

Tecoma sambucifolium Phenylpropanoid 
glycosides

Pletsch et al. (1993)

Taxus mairei Taxol Wu et al. [6]

Taxus spp. Terpenes, sterols, 
flavonoids

Lish et al. (2002)

Catharanthus roseus Catharanthine Zhao et al. [7, 8]

Panax notoginseng Gensenoside Zhong and Zhong (1995)

Papaver somniferum Morphine and codeine Shia and Doran (1991)

Podophyllum hexandrum royle Podophyllotoxin Chattopadhay et al. [12]

Salvia fruticosa Rosmarinic acid Karam et al. [13]

Picrorhiza kurroa Picroside-1 Sood et al. (2010, 2011) and [14]

Taxus cuspidate Taxoids Ketchum et al. [9]

Table 1. 
Bioactive secondary metabolites produced through shoot/callus cultures/suspension cultures.



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

190

due to the ease of growing hairy roots in mass cultures in the absence of external 
hormones, absence of geotropism and high branching, etc. Furthermore, hairy 
roots produce secondary metabolites for larger periods of time, unlike natural roots 
which are not only in limited supply but are available at specific times in a year. 
For these reasons, switching from culturing natural plant-organs to hairy roots is 
considered as an attractive alternative for the production of many valuable natural 
secondary metabolites [15].

For establishing hairy root cultures, the plants are infected by Agrobacterium 
rhizogenes which induces hairy roots by the transfer of T-DNA from Ri plasmid 
into the plant genome. This ability of A. rhizogenes has led to studies on it as a 
source of root-derived pharmaceuticals [16]. Important metabolites produced 
through hairy roots are serpentine production from Catharanthus roseus, ajma-
licine from Rauvolfia micrantha [17] and ginkgolides from hairy roots of Gingko 
biloba [18]. Large scale production of ginsenoside from Panax ginseng hairy roots 
has been achieved by optimizing organic nutrients in bioreactor for enhancing 
their production. Recent developments have indicated that hairy root culture 
technology has moved from small laboratory scale to a large scale industrial 
production. For example, the German Co. RooTec has been carrying out pro-
duction of camptothecin and podophyllotoxin through hairy root cultures. In a 
cross-species co-culture system, hairy roots of Linum flavum have been found 
to increase the production of podophyllotoxin by 240% in the cell suspensions 
of Podophyllum hexandrum. It has been reported that secondary metabolites 
accumulating in aerial plant have also been accumulated in the hairy roots such as 
artemisinin which was thought to accumulate only in the aerial parts of Artemisia 
annua also accumulated in the hairy roots. Higher production of forskolin in 
transformed roots of Coleus forskolli was achieved by using various concentra-
tions of auxins and auxin conjugates, cytokinins and GA3 [19]. The enhanced 
production of picroside-1 has been reported through hairy root cultures of  
P. kurroa [20].

3.3 Elicitation of phytochemicals production in callus/cell/hairy root cultures

The lower yield of phytochemicals in plant cell cultures prompted researchers 
to look into various other means of enhancing their production. The recognition 
that certain specific secondary metabolites such as phytoalexins are produced by 
plants in response to microorganisms has led to the concept of using such stimu-
lators (known as elicitors) for in vitro cultures. The substances used as elicitors 
can be of biotic or abiotic origin [21]. The plants also elicit the same response 
when challenged by compounds of pathogenic origin [22]. The elicitation of cell 
suspension cultures or hairy root cultures with biotic or abiotic elicitors has been 
found to enhance the rate of production as well as the yields of plant secondary 
metabolites [23].

The biotic elicitors are substances of biological origin, which include fungal 
homogenate, chitosan, microorganisms (Pseudomonas aeruginosa, Bacillus cereus), 
glycoprotein or intracellular proteins whose function are coupled to receptors and 
act by activating or inactivating a number of enzymes or ion channels [24]. Abiotic 
elicitors include physical and chemical stresses such as UV radiations, temperature, 
antibiotics, salts of heavy metals, etc. [22].

Various fungal elicitors including cell wall fragments, polysaccharides, glycopro-
teins and oligosaccharides have been used for the production of secondary metabo-
lites in many plant spp. and their cell cultures. The cell extracts and filtrates of four 
species of fungi were used for the production of taxol from elicited cell cultures 
of Taxus sp. [25]. The cell wall fractions of Aspergillus niger have been used as an 
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elicitor in cell suspension cultures of Taxus chinensis thereby resulting in more than 
two fold increase in taxol yield and about six fold increase in total secretion.

Jasmonic acid (JA) and its methyl esters, methyl jasmonate (MJ) have been 
reported as key signaling compounds in the process of elicitation leading to the 
accumulation of various secondary metabolites. Lu et al. (2001) reported 28 fold 
higher saponin production in the elicited cultures of Panax ginseng by using yeast 
extract and methyl jasmonate as elicitors. Production of many valuable secondary 
metabolites using various elicitors have been reported successfully in various other 
plant species [26–29]. Enhanced production of podophyllotoxin in suspension 
cultures of Linum album was reported by using biotic (yeast extract) and abiotic 
(Ag+, Pb2+ and Cd2+) elicitors.

Methyl jasmonate, vanadyl sulphate and chitosan were used for enhancing the 
production of ginsenoside from hairy root cultures of P. ginseng [23].

Pitta-Alvarez and Giulietti et al. (2000) used jasmonic acid and aluminium 
chloride as elicitors for enhancing the production of scopolamine and hyoscyamine 
in hairy root cultures of Brugmansia candida. Bacterial elicitors like Bacillus cereus, 
Staphylococcus aureus, etc. have been used for enhancing scopolamine production 
from the adventitious hairy roots of Scopolia parviflora (Table 2).

Plant species Secondary 
metabolites

Elicitor Reference

Catharanthus 
roseus

Ajmalicine, 
vincristine, 
vinblastine

a. Pythium sp.
b. Yeast elicitor, MeJA
c. Trichoderma viride
d. Pythium aphanidermatum
e. Jasmonic acid

DiCosmo et al. (1987), 
Menke et al. (1999), Zhao 
et al. [7, 8] and Namdeo 
et al. (2004)

Picrorhiza kurroa Picroside-1 Seaweed extract [14]

Datura 
stramonium

Alkaloids 
(tropane)

Phytophthora megasperma Kurosaki et al. (2001) and 
Dorenburg et al. (1994)

Azadirachta indica Azadirachtin Jasmonic acid, salicylic acid Satdive et al. [30] and Funk 
et al. [31]

Papaver 
somniferum

Codeine, 
morphine

Fungal spores Heinsterin et al. (1985)

Dioscorea deltoidea Diosgenin Rhizopus arrhizus Rokem et al. (1984)

Hyoscyamus niger, 
H. muticus

Hyoscyamine, 
scopolamine

Fungal elicitor, MeJA Singh (1995)

Rauwolfia 
canescens

Raucaffrincine Yeast elicitor, MeJA Gundlach et al. (1992) and 
Parchmann et al. (1997)

Panax ginseng Saponin Oligogalacturonic acid low 
energy ultra sound

Threfal and Whitehead 
(1988) and Hu et al. 
(2003a,b)

Hyoscyamus 
muticus

Sesquiterpenes Rhizoctonia solani Singh (1995)

Lithospermum 
erythrorhizon

Shikonin Endogenous source Fukui et al. [32]

Taxus chinensis Taxol Fungal elicitation Wang et al. (2001)

Taxus brevifolia,  
T. cuspidate

Taxol, Baccatin III Fungal elicitor Yukimuni et al. [33], 
Hefner et al. (1998) and 
Luo et al. (2001)

Table 2. 
Elicitors used for the production of secondary metabolites by cell cultures of medicinal plants.
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3.4  Factors influencing the biosynthesis and accumulation of medicinal 
phytochemicals

Knowledge about biosynthetic pathways for secondary metabolite production 
open avenues for the targeted production of medicinal compounds as reported by 
Varun et al. [34] where he proposed the biosynthetic pathways for the production 
of picroside-1 and picroside-2 of Picrorhiza kurroa an endangered herb of North-
Western Himalayas, having hepatoprotective iridoid compounds. Varun et al. [35, 36] 
optimized preparative RP-HPLC method for the isolation and purification of picro-
sides in Picrorhiza kurroa.

For maximizing the production and accumulation of secondary metabolites 
through plant cell cultures, specific physical conditions such as type and composi-
tion of nutrient media, type and source of explant for initiating cell cultures, 
incubation temperatures and intensity of light, etc. are of paramount importance.

3.5 Culture medium

The tissue culture media are the basic support system for the growth and 
development of plant cell cultured in vitro. The activities of basic primary metabo-
lism are largely influenced by the basal media considered to be common to most of 
the plant species. However, the differentiation or dedifferentiation of plant tissue 
cultures is influenced by the combinations of growth hormones mainly auxins and 
cytokinins (Table 3). The manipulation of media components have been reported 
to influence the biosynthesis and accumulation of secondary metabolites in plant 
cell cultures. Different strategies have been employed for improving secondary 
metabolite production in suspension cultures. The influence of media constitu-
ents and nutrient stress affect the production of diosgenin from callus cultures 
of Dioscorea deltoidea. The production of gentipicroside and swertiamarin was 
enhanced on MS medium supplemented with kinetin, NAA and 3% sucrose in 
suspension cultures of Gentiana davidii [44].

The productivity of picroside-1 was increased by optimizing the concentration 
of nutrients in growth medium and levels of phytohormones in the shoot cultures of 
Picrorhiza kurroa [45, 46]. Elevated sucrose levels from 3 to 6% were favourable in some 
cultures whereas addition of fructose promoted paclitaxel production in Taxus cell 
cultures [6]. Supplementation of MS medium with seaweed extract also contributed in 
enhancement of picroside accumulation in shoot cultures of Picrorhiza species [14].

Plant species Metabolites Reference

Camptotheca acuminate Camptothecin Lorence et al. [37]

Gingko biloba Ginkgolides Ayadi et al. [18]

Gmelina arborea Verbascoside Dhakulkar et al. [38]

Linum flavum Coniferin Lin et al. [39]

Papaver somniferum Morphine, sanguinarine, codeine Le Flem et al. [40]

Panax ginseng Ginsenoside Palazon et al. [23]

Pueraria phaseoloides Puerarin Shi and Kintizos et al. [41]

Rauvolfia micrantha Ajmalicine, ajmaline Sudha et al. [17]

Saussurea medusa Jaceosidin Zhao et al. [42]

Solidago altissima Polyacetylene (cis-dehydromatricaria ester) Inoguchi et al. [43]

Table 3. 
Pharmaceutical metabolites produced by hairy root cultures.
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3.6 Type and source of explant

The type and source of explant has been of major importance in not only 
establishing successful tissue cultures in any plant species but also of significant 
importance in producing phytochemicals in vitro. The prime importance of choos-
ing a right explant for the production of phytochemicals lies in the fact that the 
biosynthesis and accumulation of metabolites is very specific to tissues and organs 
along with their developmental stages. The tissue and developmental specific 
accumulation of phytochemicals thus makes it important that appropriate explant 
be selected for starting plant cell cultures for the production of phytochemicals.

Production of diosgenin has been carried out from cell suspension cultures of 
different explants of Dioscorea doryophora like stem-node, microtuber and intact 
tuber, etc., along with varying concentrations of sucrose in MS liquid media 
supplemented with 2 mg/L 2,4-D (0.3–3.5%). Increase in diosgenin production was 
obtained from tuber derived cell suspensions as compared to intact tuber explant.

Different cell lines were established on B5 medium supplemented with NAA 
by using stem- and needle-derived callus of Taxus mairei and taxol yield of upto 
200 mg/L was obtained in precursor feeded cell suspensions [47].

3.7 Light and temperature

Plants tissue cultures are largely influenced by the quality and duration of light 
treatments. There are various case studies in the literature wherein manipulation 
of light parameters or the temperature regimes has resulted in the alteration in 
the production of secondary metabolites. Zhang et al. (2005) gave heat shocks of 
35–50°C for 30–60 min in the suspension cultures of Taxus yunnanensis for enhanc-
ing the production of paclitaxel. Production was increased to six fold by pretreat-
ment with abscisic acid. The production of swertiamarin and gentipicroside was 
enhanced in cell suspension cultures of Gentiana davidii by incubating at 25°C and 
light intensity of 2.33 Lux [44]. Increase in the concentration of glycyrrhizin was 
found in the root tissue of Glycyrrhiza uralensis grown under red light or under low 
and high intensity of UV-B radiations [48].

3.8 Precursor feeding

Exogenous supply of a biosynthetic precursor to culture medium also 
increases the yield of the desired products. The concept is based on the idea that 
any compound which is an intermediate, or is in the beginning of a secondary 
metabolite biosynthetic route, proves to be a good candidate for increasing the 
final yield of secondary metabolite. Varun et al. [49] has carried out exogenous 
feeding of immediate biosynthetic precursor, i.e., cinnamic acid and catalpol 
in the shoot cultures of Picrorhiza kurroa hence stimulated 4.2 fold production 
of picroside-1. The production of monoterpene alkaloids was increased in cell 
suspension cultures of Catharanthus roseus fed with precursor mevalonic acid, 
secologanin [50]. Callus cultures of Dioscorea balcanica fed with cholesterol, nor-
flurazon as precursors were used for the production of diosgenin, phytosteroids 
[51]. Hallard et al. [52] used secologanin and tryptamine in cell suspension 
cultures of Nicotiana tabaccum for the production of strictosidine. Phenolics 
compounds were elicited from micropropagated plants of Calligonum polygonoi-
des by Owis et al. [53].

Supplementation of media with amino acids has been found to enhance the 
production of indole alkaloids tropane alkaloid in cell suspension cultures [54, 55]. 
Addition of phenylalanine to cell suspension culture of Salvia officinalis enhanced 
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the production of rosmarinic acid. The production of taxol from Taxus cultures was 
also increased by using the same precursor [56]. Nicotinic acid was used as a precur-
sor in the hairy root cultures of Nicotiana rustica for the production of nicotine. 
Hakkinen et al. [57] used hyoscyamine as a foreign substrate for enhancing the 
production of scopolamine in the hairy roots of N. tabaccum and found that 85% of 
the converted scopolamine was released into the medium.

3.9 Genotypic variation

The biosynthesis and accumulation of secondary metabolites or phytochemicals 
of medicinal value is influenced by the genotype of the target plant species [58]. There 
are examples wherein genotypic variations have been reported for phytochemical 
content. However, there has been a technical problem in most of these studies because 
genotype collections are made from different locations, which vary in altitude, 
climatic conditions, etc. thus resulting in variation in accumulation of phytochemi-
cals. It would be highly desirable and practically viable if the influence of genotypic 
variation on phytochemical content is investigated by collecting genotypes of a 
particular plant species and then growing under uniform environmental conditions. 
The variation for metabolite content can be done on those genotypic collections.

3.10 Metabolic engineering for the production of phytopharmaceuticals

True metabolic engineering of plant secondary metabolite pathways has been 
hampered due to the lack of thorough knowledge of biosynthetic pathways and 
their regulatory mechanisms leading to the formation of desired compounds. 
Methods like labeled precursor feeding, induced expression of regulatory genes 
and block competitive pathways and metabolism by antisense genes have been 
used for enhancing the production of desired metabolites. Yun et al. [59] cloned 
the hyoscyamine 6-beta hydroxylase gene (h6h) of Hyoscyamus niger and intro-
duced into Atropa belladonna and collected scopolamine from engineered plant. 
In a later study, Hashimoto et al. (1993) reported fivefold higher concentration 
of scopolamine from A. belladonna hairy roots expressing the same gene than the 
wild-type hairy roots. Increased alkaloid production by overexpression of genes 
encoding key enzymes of tropane alkaloid biosynthesis pathway was reported 
by Palazon et al. [23] and Moyano et al. [60] in Duboisia hybrid, Datura metel 
and Hyoscyamus muticis hairy roots, respectively. Similarly, Zang et al. (2004) 
produced 411 mg/L scopolamine in cultivated hairy roots from the simultane-
ous over expression of pmt and h6h genes in H. niger. Elevated nicotine alkaloid 
production was achieved in Nicotiana tabaccum hairy roots carrying h6h gene 
[57]. Neha et al. [61] reported 2.6 fold increase in picroside-1 production by 
modulating four integrated secondary metabolic pathways, i.e., methyl erythritol 
phosphate, mevalonate, iridoid and phenylpropanoid pathway using seaweed 
extract. Moreover Sharma et al. [62] defined many strategies through metabolic 
engineering for stimulating the production of bio-active compounds from 
medicinal plants.

3.11 Upscaling the production of phytochemicals

The production of phytopharmaceuticals in cell cultures coupled with their 
low yield from natural sources and supply concerns of plant species has renewed 
interest in up scaling cell culture technology for large scale production. Bioreactors 
are the key step towards their commercial exploitation because it provides defined 
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parameters for up scaling the production of phytochemicals or secondary metabo-
lites from plant cell cultures.

Bioreactor is a large culture vessel fitted with microprocessor control unit for 
the control of pH, temperature, light, dissolved oxygen, gas flow rate, agitation 
speed, nutrient factors, cell density for optimal growth or production, handling 
of cultures, nutrient uptake and product harvestation, etc. The success of Mitsui 
Petrochemical Industry Co. Ltd. in Japan in producing shikonin on a commercial 
scale from Lithospermum erythrorhizon and that of Nitto Denko Corp. Japan in 
mass production of Panax ginseng or ginseng cells have demonstrated the practi-
cal feasibility of using cell cultures in the large scale production of secondary 
metabolites of pharmaceutical importance. Commercial companies like Phyton 
and Samyang Genex are successfully producing paclitaxel and its related taxanes 
on large scale [63].

Heble and Chadha (1985) reported the successful cultivation of Catharanthus 
roseus cells in 7–20 L capacity of airlift bioreactor for the production of ajmalicine 
and serpentine by judicious use of air lift and low agitation. Significant amounts of 
sanguinarine were produced in cell suspension cultures of Papaver somniferum using 
bioreactors [64]. Ginseng root tissue cultures in 20 ton bioreactor produced 500 mg/L 
of saponin per day [65]. Hahn et al. [66] have produced gensinoside from adventitious 
root culture of Panax ginseng through large scale bioreactor system. Chattopadhyay 
et al. [12] produced podophyllotoxin through cell cultures of Podophyllum hexandrum 
in a bioreactor.

Different types of culture systems have been successfully used such as airlift 
bioreactors were used for scaling up hairy root production of Astragalus membra-
naceus [67] and Solanum chrysotricum [68] and mist bioreactor for hairy root of 
Tagetes patula [69]. Flow diagram of a process for the production of picrosides from 
Picrorhiza kurroa is given below wherein callus cultures/suspension cultures have 
been established from different explants and accumulation of picrosides is being 
investigated by HPLC [46, 70] (Figure 1).

Figure 1. 
Pictorial representation for picroside-1 production through plant tissue culture.
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3.12  Limitations in cell culture technologies for the production of 
phytochemicals

The research on in vitro production of phytochemicals has been carried for the 
past 20 years, however, there are very few case studies where technologies have 
been upscaled successfully. There has been several shortcomings some of which are 
mentioned below:

3.12.1 General limitations

• Lack of understanding about the physical environmental and genetic factors 
controlling the production of pharmaceuticals

• Low yields of pharmaceuticals in tissue cultures

• Lack of information on cost effectiveness in the production of pharmaceuticals 
through cell cultures

• Poor amenability of most of the plant species producing pharmaceuticals to 
in vitro conditions

• Use of high sugar concentration (3–8%) or addition of elicitors or precursors 
increases the production cost considerably

• Infections due to contamination limit the progress of cell cultures

• Lack of knowledge of various molecular events that occur in secondary 
metabolite biosynthesis

3.12.2 Limitations pertaining to bioreactor conditions

• Cell sedimentation and death due to mass transfer of cells in large vessels limits 
the supply of oxygen and nutrients

• Plant cells are extremely sensitive to shear forces

• Plant cells have very low doubling time (16–24 h) therefore produce less 
biomass and relatively produce small amount of secondary metabolites

• For aeration of cells stirring is needed which sometimes cause damage to cells 
and lower the yield of products

4. Conclusions and future prospects

In spite of bottlenecks in the large scale production of phytopharmaceuticals 
many technological advancements and refinements have been made in the recent 
years right from the selection of high yielding cell lines to manipulation of basic 
chemical, physical and biological parameters. The identification of right explant 
of proper developmental stage, standardization of optimum nutrient medium 
resulting in maximum accumulation of pharmaceuticals, optimization of low-cost 
production technology are some of the areas which warrant immediate attention. 
Knowledge of the biosynthetic pathways of desired compounds in plants as well as 
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in cell cultures is still rudimentary, therefore emphasis need to be made generate 
information based on a cellular and molecular level. Major breakthrough in the 
metabolomics and its integration with genomics and transcriptomics technologies 
will help in discovering potential genes of biosynthetic pathways so that closer 
understanding of the links between different levels in biological systems can lead to 
better understanding of the molecular biology of secondary metabolite production 
in plants.

Acknowledgements

The author is thankful to Prof. R.S. Chauhan, PhD scholars of Plant 
Biotechnology and the administration of the JUIT for providing infrastructural sup-
port in carrying out R&D on phytopharmaceuticals.

© 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. 



198

Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

[1] Payne GF, Bringi V, Prince C, 
Shuler ML. Plant Cell and Tissue 
in Liquid Systems. Munich: Hanser 
Publications; 1991. pp. 1-10

[2] Cox PA, Balick MJ. The ethnobotanical 
approach to drug discovery. Scientific 
American. 1994;270(6):82-87

[3] Ravishankar GA, Ramachandra 
Rao S. Biotechnological production 
of phyto-pharmaceuticals. Journal of 
Biochemistry, Molecular Biology, and 
Biophysics. 2000;4:73-102

[4] Zenk MH. The impact of plant cell 
culture on industry. In: Thorpe TA, 
editor. Frontiers of Plant Tissue Culture 
1978. International Association for Plant 
Tissue Culture, University of Calgary; 
1978. pp. 1-13

[5] Jha S, Sahu NP, Mahato SB. 
Production of the alkaloids emetine 
and cephaeline in callus cultures of 
Cephaelis ipecacuanha. Planta Medica. 
1988;54:504-506

[6] Wu J, Wang C, Mei X. Stimulation of 
taxol production and excretion in Taxus 
spp cell cultures by rare earth chemical 
lanthanum. Journal of Biotechnology. 
2001;85:67-73

[7] Zhao J, Hu Q, Guo Q, Zhu WH. 
Effects of stress factors, bioregulators, 
and synthetic precursor on indole 
alkaloid production in compact callus 
clusters cultures of Catharanthus 
roseus. Applied Microbiology and 
Biotechnology. 2001;55:693-698

[8] Zhao J, Zhu W, Hu Q. Enhanced 
catharanthine production in 
Catharanthus roseus cell cultures by 
combined elicitor treatment in shake 
flasks and bioreactors. Enzyme and 
Microbial Technology. 2001;28:673-681

[9] Ketchum REB, Rithner CD, Qiu D, 
Kim YS, Williams RM, Croteau RB. 

Taxus metabolites: Methyl jasmonate 
preferentially induces production of 
taxoids oxygenated at C-13 in Taxus 
media cell cultures. Phytochemistry. 
2003;62(6):901-909

[10] Skrzypczak L, Wesolowska M, 
Skrzypczak E. Gentiana species XII: 
In vitro culture, regeneration, and 
production of secoirridoid glucosides. 
In: Bajaj YPS, editor. “Biotechnology 
in Agriculture and Forestry”. 21, 
Medicinal and Aromatic Plants IV. 
Berlin, Heidelberg: Springer-Verlag; 
1993. pp. 172-186

[11] Furuya T, Kojima H, Syono K, 
Ishi T, Uotani K, Nishio M. Isolation 
of saponin and sapogenins from callus 
tissue of Panax ginseng. Chemical and 
Pharmaceutical Bulletin. 1973;21:98-101

[12] Chattopadhyay S, Srivastava AK, 
Bhojwani SS, Bisaria VS. Production 
of podophyllotoxin by plant cell 
cultures of Podophyllum hexandrum in 
bioreactor. Journal of Bioscience and 
Bioengineering. 2002;93:215-220

[13] Karam NS, Jawad FM, Arikat NS, 
Shibli RA. Growth and rosmarinic acid 
accumulation in callus, cell suspension, 
and root cultures of wild Salvia 
fruticosa. Plant Cell, Tissue and Organ 
Culture. 2003;73:117-121

[14] Sharma N, Chauhan RS, Sood H. 
Seaweed extract as a novel elicitor 
and medium for mass propagation 
and picroside-1 production in an 
endangered medicinal herb Picrorhiza 
kurroa. Plant Cell Tissue and Organ 
Culture. 2015;122(1):57-65

[15] Shanks JV, Morgan J. Plant ‘hairy 
root’ culture. Current Opinion in 
Biotechnology. 1999;10:151-155

[16] Flores HE, Vivanco JM, 
Loyola-Vargas VM. Radicle 
biochemistry: The biology of 

References



199

Production of Medicinal Compounds from Endangered and Commercially Important Medicinal…
DOI: http://dx.doi.org/10.5772/intechopen.90742

root-specific metabolism. Trends in 
Plant Science. 1999;4:220-226

[17] Sudha CG, Obul Reddy B, 
Ravishanker GA, Seeni S. Production 
of ajmalicine and ajmaline in hairy root 
cultures of Rauvolfia micrantha Hook 
f., a rare and endemic medicinal plant. 
Biotechnology Letters. 2003;25:631-636

[18] Ayadi R, Tremouillaux-Guiller J. 
Root formation from transgenic calli 
of Ginko biloba. Tree Physiology. 
2003;23:713-718

[19] Mukerjee S, Ghosh B, Jha S. Higher 
production of forskolin in genetically 
transformed cultures of Coleus forskohlii 
Briq induced by growth regulators. 
Journal of Plant Biochemistry and 
Biotechnology. 2003;12:81-85

[20] Verma PC, Rahman L, Negi AS, 
Jain DR, Khanuja SPS, Baneerjee S. 
Agrobacterium rhizogenes-mediated 
transformation of Picrorhiza kurroa 
Royle ex Benth: Establishment and 
selection of superior hairy root 
clone. Plant Biotechnology Reports. 
2007;1:169-174

[21] Eilert U. Elicitation: Methodology and 
aspects of application. In: Constabel F, 
Vasil I, editors. Cell Culture and Somatic 
Cell Genetics of Plants. 4th ed. San Diego: 
Academic Press; 1987. pp. 153-196

[22] Yeoman MM, Yeoman CL. 
Manipulating secondary metabolism 
in cultured plant cells. The New 
Phytologist. 1996;134:553-569

[23] Palazon J, Cusido RM, Bonfill M, 
Mallol A, Moyano E, Morales C, et al. 
Elicitation of different Panax ginseng 
transformed root phenotypes for an 
improved ginsenoside production. 
Plant Physiology and Biochemistry. 
2003;41:1019-1025

[24] Veersham C. Elicitation: Medicinal 
Plant Biotechnology. India: CBS 
Publisher; 2004. pp. 270-293

[25] Ciddi V, Srinivasan V, Shuler VML. 
Elicitation of Taxus cell cultures for 
production of taxol. Biotechnology 
Letters. 1995;17:1343-1346

[26] Dong HD, Zhong JJ. Significant 
improvement of taxane production in 
suspension cultures of Taxus chinensis 
by combining elicitation with sucrose 
feed. Biochemical Engineering Journal. 
2001;8:145-150

[27] Hu WW, Yao HU, Zhong JJ. 
Improvement of Panax notoginseng 
cell cultures for production of ginseng 
saponin and polysaccharide by high-
density cultivation of pneumatically 
agitated bioreactors. Biotechnology 
Progress. 2001;17:838-846

[28] Wang W, Zhong JJ. Manipulation 
of ginsenoside heterogeneity in 
cell cultures of Panax notoginseng 
by addition of jasmonates. Journal 
of Bioscience and Bioengineering. 
2002;93:48-53

[29] Yu KW, Gao WY, Hahn EJ, Paek KY. 
Jasmonic acid improves ginsenoside 
accumulation in adventitious root culture 
of Panax ginseng C.A. Mayer. Biochemical 
Engineering Journal. 2002;11:211-215

[30] Satdive RK, Fulzele DP, Epsan S. 
Enhanced production of azadirachtin 
by hairy root cultures of Azadirachta 
indica A. by elicitation and media 
optimization. Journal of Biotechnology. 
2007;128(2):281-289

[31] Funk C, Gugler K, Brodelius P. 
Increased secondary product formation 
in plant cell suspension cultures after 
treatment with a yeast carbohydrate 
preparation (elicitor). Phytochemistry. 
1987;26:401-405

[32] Fukui H, Tani M, Tabata M. 
Induction of shikonin biosynthesis 
by endogenous polysaccharides in 
Lithospermum erythrorhizon cell 
suspension cultures. Plant Cell Reports. 
1990;9:73-76



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

200

[33] Yukimune Y, Tabata H, Higashi Y, 
Hara Y. Methyl jasmonate-induced 
overproduction of paclitaxel and 
baccatin III in Taxus cell suspension 
cultures. Nature Biotechnology. 
1996;14:1129-1132

[34] Kumar V, Chauhan RS, 
Sood H. In vitro production and 
efficient quantification of major 
phytopharmaceuticals in an endangered 
medicinal herb, Swertia chirata. 
International Journal of Biotechnology 
and Bioengineering Research. 
2013;4(5):495-506. ISSN 2231-1238

[35] Kumar V, Sood H, Chauhan RS. 
Detection of intermediates through 
high-resolution mass spectrometry for 
constructing biosynthetic pathways 
for major chemical constituents in a 
medicinally important herb, Swertia 
chirayita. Natural Product Research: 
Formerly Natural Product Letters. 
2015;29(15):1449-1455

[36] Kumar V, Sharma N, Shitiz K, 
Singh TR, Tandon C, Sood H, et al. An 
insight into conflux of metabolic traffic 
leading to picroside-I biosynthesis by 
tracking molecular time course changes 
in a medicinal herb, Picrorhiza kurroa. 
Plant Cell, Tissue and Organ Culture. 
2015;123(2):435-441

[37] Lorence A, Medina-Bolivar F, 
Nessler CL. Camptothecin and 
10-hydroxycamptothecin from 
Camptotheca acuminate hairy rots. Plant 
Cell Reports. 2004;22:437-441

[38] Dhakulkar S, Ganapathi TR, 
Bhargav S, Bapat VA. Induction of 
hairy roots in Gmelina arborea Roxb. 
and production of verbascoside 
in hairy roots. Plant Science. 
2005;169:812-818

[39] Lin HW, Kwok KH, Doran PM. 
Development of Linum flavum hairy 
root cultures for production of 
coniferin. Biotechnology Letters. 
2003;25:521-525

[40] Le Flem-Bonhomme V, Laurain- 
Matter D, Fliniaux MA. Hairy root 
induction of Papaver somniferum var. 
album, a difficult-to-transform plant, 
by A. rhizogenes LBA 9402. Planta. 
2004;218:890-893

[41] Shi HP, Kintzios S. Genetic 
transformation of Pueraria phaseoloides 
with Agrobacterium rhizogenes and 
puerarin production in hairy roots. Plant 
Cell Reports. 2003;21:1103-1107

[42] Zhao D, Fu C, Chen Y, Ma F. 
Transformation of Saussurea medusa for 
hairy roots and jaceosidin production. 
Plant Cell Reports. 2004;23:468-474

[43] Inoguchi M, Ogawa S, Furukawa S, 
Konda H. Production of an allelopathic 
polyacetylene in hairy root cultures 
of goldenrod (Solidago altissima L.). 
Bioscience, Biotechnology, and 
Biochemistry. 2003;67:863-868

[44] Chueh FS, Chen CC, Sagare AP, 
Tsay HS. Quantitative determination 
of secoiridoid glucoside in in vitro 
propagated plants of Gentiana davidii 
var. formosana by high performance 
liquid chromatography. Planta Medica. 
2000;67:70-73

[45] Sood H, Chauhan RS. Different 
tissue culture parameters used for 
increased shoot biomass and its 
enrichment for a medicinal compound, 
picroside-1 in an endangered herb, 
Picrorhiza kurroa Royle ex Benth. 
Bioscientia Medicina. 2011;2(4):13-22

[46] Sood H, Chauhan RS. Biosynthesis 
and accumulation of a medicinal 
compound, picroside-1 in cultures 
of Picrorhiza kurroa Royle ex Benth. 
Plant Cell, Tissue and Organ Culture. 
2010;100:113-117

[47] Lee CY, Lin FL, Yang CT, Wang LH, 
Wei HL, Tsay HS. Taxol production 
by cell cultures of Taxus mairei. In: 
Proceeding of the Symposium on 
Development and Utilization of 
Resources of Medicinal Plants in 



201

Production of Medicinal Compounds from Endangered and Commercially Important Medicinal…
DOI: http://dx.doi.org/10.5772/intechopen.90742

Taiwan; 21 April 1995; Taiwan: Taiwan 
Agricultural Research Institute. TARI 
Special Publication 48; 1995. pp. 137-148

[48] Afreen F, Zobayed SMA, 
Kozai T. Spectral quality and UV-B stress 
stimulate glycyrrhizin concentration 
of Glycyrrhiza uralensis in hydrophonic 
and pot system. Plant Physiology and 
Biochemistry. 2005;439(12):1074-1081

[49] Kumar V, Sharma N, Sood H, 
Chauhan RS. Exogenous feeding of 
immediate precursors reveals synergistic 
effect on picroside-I biosynthesis in 
shoot cultures of Picrorhiza kurroa 
Royle ex Benth. Scientific Reports. 
2016;6:29750. DOI: 10.1038/srep29750

[50] Moreno PRH, van der Heijden R, 
Verpoorte R. Effect of terpenoid 
precursor feeding and elicitation 
on formation of indole alkaloids 
in cell suspension cultures of 
Catharanthus roseus. Plant Cell Reports. 
1993;12:702-705

[51] Savikin-Fodulovic K, Grubisic D, 
Gulafic L, Menkovic N, Ristic M. 
Diosgenin and phytosterols content in 
five callus lines of Dioscorea balcanica. 
Plant Science. 1998;135(1):63-67

[52] Hallard D, Heijden R, 
Verpoorte R, Lopes Cardoso MI, 
Pasqualij G, Memeline J, et al. Suspension 
cultured transgenic cells of Nicotiana 
tabaccum expressing tryptophan 
decarboxylase from Catharanthus 
roseus produce strictosidine upon 
secologanin feeding. Plant Cell Reports. 
1997;17(1):50-54

[53] Owis AI, Abdelwaheb NS, 
Abul-Soad A. Elicitation of phenolics 
from micropropagated endangered 
medicinal plant Calligonum 
polygonoides. Pharmacognosy Magazine. 
2016;12(4):465-470

[54] Silvestrini A, Pasqua G, Botta B, 
Monacelli B, van der Heijden R, 
Verpoorte R. Effect of alkaloid precursor 

feeding on a Camptotheca acuminata cell 
line. Plant Physiology and Biochemistry. 
2002;40:749-753

[55] Whitmer S, Canel C, Hallard D, 
Goncalves C, Verpoorte R. Influence 
of precursor availability on alkaloid 
accumulation by transgenic cell lines of 
Catharanthus roseus. Plant Physiology. 
1998;116:853-857

[56] Fett-Neto AG, Stewart JM, 
Nicholson SA, Pennington JJ, 
Di-Cosmo F. Improved taxol yield by 
aromatic carboxylic acid and amino acid 
feeding to cell cultures of T. cuspidata. 
Biotechnology and Bioengineering. 
1994;44:967-971

[57] Hakkinen ST, Moyano E, 
Cusido RM, Palazon J, Pinol MT, 
Oksman-Caldenty KM. Enhanced 
secretion of tropane alkaloids in 
Nicotiana tabacum hairy roots. Journal of 
Experimental Botany. 2005;56:2611-2618

[58] Sharma TR, Singh BM, Sharma NR, 
Chauhan RS. Identification of high 
podophyllotoxin producing biotypes 
of Podophyllum hexandrum Royle from 
North-Western Himalaya. Journal of 
Plant Biochemistry and Biotechnology. 
2000;9:49-51

[59] Yun DJ, Hasimoto T, Yamada Y. 
Metabolic engineering of medicinal 
plants: Transgenic Atropa belladonna 
an improved alkaloid composition. 
Proceedings of the National Academy 
of Sciences of the United States of 
America. 1992;89:11799-11803

[60] Moyano E, Jouhikainen K, 
Tammela P, Palazon J, Cusido RM, 
Pinol MT, et al. Effect of pmt gene 
overexpression on tropane alkaloid 
production in transformed root 
cultures of Datura metel and 
Hyoscyamus muticus. Journal of 
Experimental Botany. 2003;54:203-211

[61] Sharma N, Kumar V, Chauhan RS, 
Sood H. Modulation of picroside-I 



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

202

biosynthesis in in vitro grown 
elicited shoots of Picrorhiza kurroa. 
Journal of Plant Growth Regulation. 
2016;35(4):965-973

[62] Sharma M, Koul A, Sharma D, 
Swamy MK, Dhar MK. Metabolic 
engineering strategies for enhancing 
the production of bioactive compounds 
from medicinal plants. Natural Bio-
active Compounds. 2019:287-316

[63] Tabata H. Paclitaxel production 
by plant cell culture technology. 
Advances in Biochemical Engineering/
Biotechnology. 2004;87:1-23

[64] Park JM, Yoon SY. Production of 
sanguinarine by suspension culture 
of Papaver somniferum in bioreactors. 
Journal of Fermentation and 
Bioengineering. 1992;74:292-296

[65] Charlwood BV, Charlwood KA. 
Terpenoid production in plant 
cell cultures. In: Harbourne JB, 
Tomas-Barberan FA, editors. Ecological 
Chemistry and Biochemistry of Plant 
Terpenoids. Oxford: Clarendon Press; 
1991. pp. 95-132

[66] Hahn EJ, Kim YS, Yu KW, Jeong CS, 
Paek KY. Adventitious root cultures 
of Panax ginseng C.V. Meyer and 
ginsedoside production through large-
scale bioreactor system. Journal of Plant 
Biotechnology. 2003;5:1-6

[67] Du M, Wu XJ, ding J, Hu ZB,  
White KN, Branford-White CJ. 
Astragaloside IV and polysaccharide 
production by hairy roots of 
Astragalus membranaceus in 
bioreactors. Biotechnology Letters. 
2003;25:1853-1856

[68] Caspeta L, Quintero R, Villrreal ML. 
Novel airlift reactor fitting for hairy root 
cultures: Development and performance 
studies. 2005;21:735-740

[69] Suresh B, Bais HP, Raghavarao KSMS, 
Ravishankar GA, Ghildyal NP. 

Comparative evaluation of bioreactor 
design using Tagetes patula L. hairy 
roots as a model system. Process 
Biochemistry. 2005;40:1509-1515

[70] Sood H, Chauhan RS. Development 
of a low cost micropropagation 
technology for an endangered medicinal 
herb (Picrorhiza kurroa) of north-
western Himalayas. Journal of Plant 
Sciences. 2009;4(2):21-31



Chapter 11

Opium Alkaloids
Mahluga Jafarova Demirkapu and Hasan Raci Yananli

Abstract

Opium alkaloids, derived from crude Papaver somniferum L. plant, are potent
analgesic drugs, but their use is limited because of dependence and withdrawal.
Opium alkaloids activate the mesocorticolimbic dopaminergic system, which pro-
ject from the ventral tegmental area to the nucleus accumbens and medial prefron-
tal cortex, and dopamine is critically important in opioid consumption and
sustaining. The reward effect resulting from the activation of the dopaminergic
system leads to continued opioid consumption and occurs opioid dependence. After
the development of opioid dependence, consumption continues to avoid with-
drawal syndrome. Opioid dependence is accompanied with tolerance, which
requires the use of high doses to achieve the same effect. When tolerance develops,
the chronic consumer continues to use opioid above known toxic doses to produce
the same effect, which can result in death regardless of the type of opioid used. Raw
Papaver somniferum L. has five high-density main opium alkaloids including mor-
phine, noscapine, codeine, thebaine, and papaverine. Some of these alkaloids bind
to classical opioid receptors to produce an opioid-like effect, while the other part
mediates non-opioid effects. This chapter reviews the opiod history, receptors,
mechanism of action, dependence, withdrawal. In addition, general information
about five main opium alkaloids, their effects, uses, routes of administration, phar-
macokinetics, adverse reactions, contraindications; effects on reproduction, preg-
nancy, and lactation were compiled.

Keywords: morphine, noscapine, codeine, thebaine, papaverine

1. Introduction

Opium alkaloids are products obtained from the mature capsules of Papaver
somniferum L. plant in natural way or in laboratory. Although the maintenance of
Papaver somniferum L. is very easy, obtaining opium alkaloids naturally requires a
process. Maturation of capsules occurs in May or June. First, the mature capsules are
incised several times to allow the latex to flow. The exposed white latex turns brown
with the effect of air. The thickened and solidified latex is collected the next day,
dried under suitable conditions and made ready for use [1]. The natural way of
extracting opium alkaloids for medical purposes is dried capsules [2]. The main
opium alkaloids found in raw Papaver somniferum L. and some information are
summarized in Table 1.

1.1 History

Papaver somniferum L. is one of the oldest medicinal plants. The first information
about the production of opium alkaloids is found on Sumerian clay tablets inscribed
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in Cuneiform script in about 3000 BC. The Sumerians, whose culture developed
between the Tigris and Euphrates Rivers in the south of Iraq between 4000 and
3000 BC, called the opium alkaloids “Gil“ (“happiness”) [4].

Opium alkaloids were first isolated in 1803 by Parisian Derosne, and named
‘opium salt’. Friedrich Wilhem Adam Serturner described the ‘opium salt’ in detail
in 1817 and named “morphine', inspired by the Morpheus (Greek god of dreams).
Karl Friedrich Wilhelm Meissner first used the word ‘alkaloid’ in 1818, which we
still use. Opioids were widely used for the first time in the Franco-Prussian War and
the American Civil War for medical purposes. Tincture and pills were preferred for
the purpose of analgesia in wounded soldiers. Repeated use caused opioid depen-
dence on some soldiers, and this event was first described as “soldiers’ disease” [5].

1.2 Opioid receptors

Although morphine and other opioid alkaloids are exogenous substances, they
show agonistic effect by binding to the receptors of endogenous opioids. Opioid
receptors were first described by Beckett and Casy in 1954 [6]. In 1965, Portoghese
and colleagues shared their views on the existence of multiple opioid receptor types
[7]. High-affinity and stereospecific binding sites for opioid alkaloids were also
found in brain in 1973 [8]. The presence of specific opioid receptors led to the
discovery of endogenous ligands. They are enkephalins [9], β-endorphin [10], and
dynorphins [11]. The classic opioid receptors, were discovered in 1976–1977 and
named after the prototypic drugs or tissue used in these studies: μ (mu, for mor-
phine), δ (delta, for deferens), and κ (kappa, for ketocyclazocine) [12, 13]. These
receptors show seven transmembrane domain structures specific to G protein-
coupled receptors, are induced by morphine and antagonized by naloxone, and had
similar analgesic effect. In 1995, the fourth opioid receptor, which is similar in
structure with and closely related to classic opioid receptors, was also discovered
[14, 15]. Fourth opioid receptor initially identified as ORL1 or LY132, it was later
updated to N/OFQ by taking the name of its endogenous ligands (nociceptin/
orphanin FQ) [16]. Although the effects of N/OFQ receptor are not fully known,
they do not have a similar effect on pain as classical opioid receptors, and their
sensitivity to naloxone is very low. σ (sigma), ε (epsilon), and ζ (zeta) receptors and
λ (lambda) site are included in other opioid receptors [17]. The σ receptor, discov-
ered in 1976, is not coupled to G protein, and its effects are not antagonized by
naloxone [12, 18, 19]. The ε receptor is sensitive to β-endorphin [20]. The λ site
regulates cell growth and is not antagonized by naloxone [21, 22]. Further informa-
tion on opioid receptors is summarized in Table 2.

According to the studies, μ receptor was also related with addiction [38], modu-
lation of dopaminergic system [39], learning and memory [40]. The δ receptors
along with μ receptors contribute to emotional sensitivity [41].

Density (avg%) [3] Molecular formula Molecular weight (g/mol)

Morphine 11.4 C17H19NO3 285.34

Noscapine 8.1 C22H23NO7 413.4

Codeine 3.5 C18H21NO3 299.4

Thebaine 3.2 C19H21NO3 311.4

Papaverine 3.1 C20H21NO4 339.4

Table 1.
The main opium alkaloids found in crude Papaver somniferum L. and some information.
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Opioid receptors μ receptor δ receptor κ receptor N/OFQ receptor

Other names OP3, MOP, MOPr,
Mu 1

OP1, DOP,
DOR, DOPr,
DOR-1

OP2, KOP,
KOPr, KOR-1

OP4, KOR-3, NOCIR,
kappa3-related,
MOR-C, nociceptin
receptor ORL, XOR1,
NOP-r, nociceptin/
orphanin FQ, NOPr

Regions
with high
distribution

CNS Thalamus
Caudate putamen
Neocortex
Nucleus accumbens
(NAc)
Amygdala
İnterpeduncular
complex
İnferior and
superior colliculi
[23]

Olfactory bulb
Neocortex
Caudate
putamen
NAc
Amygdala [23]

Cerebral cortex
NAc
Claustrum
Hypothalamus
[23, 24]

Cerebral cortex
Anterior olfactory
nucleus
Lateral septum
Ventral forebrain
Hippocampus
Hypothalamus
Amygdala
Substantia nigra
Ventral tegmental area
(VTA)
Locus coeruleus
Brain stem nuclei [25]

Spinal
cord

Superficial layers dorsal horn of spinal cord [26] Dorsal horn [25]

Non-
CNS

Skin [27]
Immune cells [29]
Pregnant uterus [31]
Gastrointestinal
(GI) tract [32]
Cochleae [34]

Skin [28]
Immune
cells [30]
Pregnant
uterus [31]
GI tract [33]
Cochleae [34]

Skin[28]
Immune
cells [30]
Pregnant
uterus [31]
GI tract [33]
Cochleae [34]

Types of G-protein Primary: Gi/Go
Secondary: Gq/G11

Gi/Go Primary: Gi/Go
Secondary: G12/
G13

Primary: Gi/Go

Endogenous ligands β-endorphin
Enkephalins
Endomorphin-1 and
-2

β-endorphin
Enkephalins

Dynorphin A
Dynorphin B
α-neoendorphin

Nociceptin
Orphanin FQ

Agonists [from
main opium
alkaloids]

Morphine
Codeine

Morphine Morphine

Antagonists Naloxone
Naltrexone

Naloxone
Naltrexone

Naloxone
Naltrexone

[Nphe1]N/OFQ-
(1-13)-NH2

UFP-101

Effects Analgesia
Respiratory
functions
Cardiovascular
functions
GI motility
Neuroendocrine
functions
Immune system
functions
Feeding
Mood
Thermoregulation
[35]

Analgesia [36]
Cardiovascular
functions
GI motility
Mood
Behaviour [15]

Analgesia
Neuroendocrine
functions
Immune system
functions
Diuresis
Feeding [35]

Nociception
Motor and aggressive
behaviours
Reinforcement and
reward
Stress response
Autonomic system
functions
Immune system
functions [37]

Table 2.
Opioid receptors and their properties.
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1.3 Mechanism of action

μ, δ, and κ opioid receptors are distributed in peripheral tissue as well as CNS.
Stimulation of these receptors in the CNS results in analgesia, drowsiness, euphoria,
a sense of detachment, respiratory depression, nausea and vomiting, depressed
cough reflex, and hypothermia. When these receptors are stimulated in peripheral
tissues, miosis, orthostatic hypotension, constipation, urinary retention etc.
emerges.

After stimulation of these Gi/0-coupled opioid receptors, the adenylate cyclase
enzyme is suppressed and the level of cyclic AMP decreases. In addition, the
voltage-gated calcium channels in the axon ends or neuron soma are closed and
intracellular calcium levels are reduced, potassium channels are opened and leading
to an increase in potassium conductance. As a result, inhibition and hyperpolariza-
tion of neurons occurs when opioid receptors are stimulated [42, 43].

Analgesic or antinociceptive effects, which are indicated for use of opioids,
develop at the level of the brain and spinal cord. At the brain level, attenuation of
impulse spread is weakened and the perception of pain is inhibited, and at the spinal
cord level, the transmission of pain impulses is suppressed [44].

1.4 Opioid dependence

Opioid dependence or addiction is a chronic, recurrent disease that changes
neurotransmitter systems in the CNS and affects movement [45, 46]. Opioid
dependence develops in both psychic and physical dependence. Physical opioid
dependence occurs both when used for treatment and as a result of abuse. Opioid
abuse is a relapsing disease with high morbidity and mortality, which is used at
higher doses to produce the same effect due to tolerance. The higher the exposure
time to opioids, the higher the degree of dependence and tolerance. After physical
dependence develops, opioid consumption is maintained to prevent withdrawal
symptoms. So the treatment is long and difficult. For this purpose, opioid agonists
such as methadone, buprenorphine, an opioid antagonist naltrexone or abstinence-
based treatment may be preferred. This disease, referred to as ‘opioid abuse and
opioid dependence’ in the Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition, Text Revision (DSMIV-TR), has been changed to ‘opioid use disor-
der’ in the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5) [47].

The estimated annual prevalence of opioids in 2010 was 0.6–0.8% of the popu-
lation aged 15–64 (26 � 106 to 36 � 106). The estimated annual prevalence of opioid
use is between 0.3 and 0.5% of the adult population (13 � 106 to 21 � 106 past-year
users) [48].

The mesocorticolimbic dopaminergic system, which project from the VTA to the
NAc and medial prefrontal cortex (mPFC) are critically important in opioid depen-
dence [49]. Opioids act on VTA and directly or indirectly cause an increase in
dopamine release in NAc region [50]. In the pathogenesis of opioid dependence, the
presence of a complex mechanism including the dopaminergic system, noradrener-
gic, serotonergic, etc. systems should be considered [51].

1.5 Opioid withdrawal

Withdrawal is a condition that occurs when the use of an exogenous substance
that is used for a long time and develops physical dependence is interrupted. In
opioid dependence, the mesocorticolimbic dopaminergic system activates and
induces dopamine release in the NAc region. The adaptive increase in dopaminergic
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activity in CNS in opioid dependence is suppressed during withdrawal and with-
drawal symptoms appear [52]. In addition to dopamine, different neurotransmitters
and neuromodulators, such as noradrenaline, GABA, vasopressin, substance P,
neuropeptide Y, and nitric oxide, are thought to play a role in the development of
opioid withdrawal [53–55]. In opioid withdrawal syndrome, symptoms such as pain,
insomnia, yawning, tremor, lacrimation, rhinorrhea, sweating, dehydration,
goosebumps, mydriasis, restlessness, anorexia, nausea, vomiting, diarrhea, weight
loss, hyperglycemia, hypotension, decrease in respiratory rate, hyperthermia and
abdominal muscle cramps are seen [45].

2. The main opium alkaloids in raw Papaver somniferum L. and their
pharmacological properties

2.1 Morphine

International Union of Pure and Applied Chemistry (IUPAC) name:
(4R,4aR,7S,7aR,12bS)-3-methyl-2,4,4a,7,7a,13-hexahydro-1H-4,12-
methanobenzofuro[3,2-e]isoquinoline-7,9-diol.

ATC
Code

N-Nervous
system

N02-
Analgesics

N02A-
Opioids

N02AA-Natural opium
alkaloids

N02AA01-
Morphine

Morphine is one of the major opium alkaloids isolated from plant Papaver
somniferum L., produced synthetically and metabolized by codeine and heroin in the
body. It binds to μ, δ, and κ receptors, which are widely distributed in CNS and
peripheral tissue, and produce effects such as analgesia, anxiolysis, euphoria, seda-
tion, respiratory depression, and contraction of smooth muscles of GI tract. Mor-
phine is used in the management of severe pain, treatment of acute pulmonary
edema and anesthetic procedures [56]. It can be administered orally, rectally, intra-
muscularly, intravenously, subcutaneously, epidurally, and intrathecally.

Absorption of morphine is variable, an almost complete absorption mainly done
in the upper intestine as well as in the rectal mucosa. Morphine presents significant
first-pass metabolism and oral bioavailability within 17–33% [57]. Morphine dis-
tributes to brain, skeletal muscle, liver, kidneys, lungs, intestinal tract, and spleen
[58]. Hepatic metabolism occurs via glucuronic acid conjugation primarily to mor-
phine-6-glucuronide (M6G, 10–15%) and morphine-3-glucuronide (M3G, 45–55%).
Other metabolites include morphine-3,6-diglucuronide, morphine-3-ethereal sul-
phate, normorphine, normorphine-6-glucuronide, normorphine-3-glucuronide and
codeine. M6G and normorphine show active analgesic effect by binding to opioid
receptors, but M6G, which is formed more than normorphine, can contribute to
analgesic effect of morphine. M3G does not contribute to the analgesic effect of
morphine, because it has low affinity to opioid receptors [59]. Half-life elimination
is variable according to age group: in neonates 4.5–13.3 h, in children 1–2 h, and in
adults 2–4 h. Excretion occurs with urine (2–12%) and feces (7–10%).

Morphine leads to death in amounts of 0.15–0.2 g (sc) or 0.3–0.4 g (oral) in
adults. Babies and young children are much more susceptible, and death has
been observed at doses of 30 mg [60]. Morphine blood concentration within
10–100 μg/dL is toxically; if it is above 400 μg/dL is lethally [61].

Common adverse reactions are drowsiness, headache, constipation, nausea,
vomiting, urinary retention. Although less common adverse reactions, such as
depression, insomnia, paresthesia, dizziness, anxiety, abnormal dreams, confusion,
seizure, myoclonus, agitation, amnesia, euphoria, pain, dyspnea, hypoventilation,
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respiratory depression, tremor, fever, flu-like symptoms, rhinitis, edema, hypoten-
sion, syncope, palpitations, skin rash, amblyopia, blurred vision, conjunctivitis,
diplopia, miosis, nystagmus, amenorrhea, impotence, gynecomastia, urinary hesi-
tancy, diaphoresis, anorexia, biliary colic, dyspepsia, gastroesophageal reflux dis-
ease, hiccups, xerostomia, anemia, thrombocytopenia can be seen.

Contraindications are hypersensitivity to morphine, significant respiratory
depression, acute or severe bronchial asthma in the absence of resuscitative equip-
ment, GI obstruction.

Effects on reproduction: Prolonged morphine use can cause secondary
hypogonadism, which can lead to infertility in both sexes [62].

Effects on pregnancy: It is known that, morphine crosses the placenta. Morphine
exposure was associated with conoventricular septal defects, atrioventricular septal
defects, hypoplastic left heart syndrome, spina bifid, and gastroschisis within a 4-
month period, 1 month before and 3 months after conception [63]. In addition, the
use of it in the first trimester may reduce fetal heart rate from non-teratogenic
effects [64]. Use of morphine late in pregnancy may result in decreased fetal
breathing movements or withdrawal signs in the newborn [65, 66]. Withdrawal
signs are hypothermia, hyperthermia, diarrhea, vomiting, anorexia, weight gain,
high-pitched crying, hyperactivity, increased muscle tone, increased wakefulness,
abnormal sleep pattern, irritability, sneezing, seizure, tremor, yawning and etc.
[67, 68].

Effects on lactation: Both morphine and an active metabolite, M6G, can be
detected in breast milk [69]. According to previous study, a milk:plasma ratio of
morphine was 2.85, and the estimated maximum concentration in milk was
500 ng/mL [70]. Respiratory depression or drowsiness were not common in infants
of breastfeeding mothers receiving morphine [71]. Although not preferred in lacta-
tion, it should be used as soon as possible and at the lowest dose if necessary [72].

2.2 Noscapine

IUPAC name: (3S)-6,7-dimethoxy-3-[(5R)-4-methoxy-6-methyl-7,8-dihydro-
5H-[1,3]dioxolo[4,5-g]isoquinolin-5-yl]-3H-2-benzofuran-1-one.

ATC
Code

R-
Respiratory
system

R05-Cough and
cold
preparations

R05D-Cough suppressants,
excl. combinations with
expectorants

R05DA-Opium
alkaloids and
derivatives

R05DA07-
Noscapine

Noscapine, also known as narcotine, is the second opioid alkaloid according to
its density in raw Papaver somniferum L. plant, was first isolated by Robiquet in 1817
[73]. Noscapine has no morphine-like effect, no affect on morphine withdrawal and
has mild analgesic effect [74]. It is used to suppress cough frequency and intensity
in bronchial asthma and pulmonary emphysema as it has central antitussive activity
such as codeine [74, 75]. It is thought that noscapine exerts its antitussive effect
through σ receptor which is one of the other opioid receptors. Repeated exposure to
noscapine does not lead to dependence and tolerance to its antitussive effect does
not develop. The potential for antineoplastic treatment is being investigated
because of its antimitotic effect [76]. In the animal study, noscapine increased
histamine release, leading to bronchoconstruction and hypotension, even convul-
sions [77]. There are also studies showing that teratogen [78]. Noscapine is used
orally in the form of a combined preparation to reduce these effects.

Noscapine in terms of antitussive potency, onset, and duration of action is
similar to codeine, one of the main opium alkaloids [74]. Noscapine has a relatively
low bioavailability due to a first-pass metabolism [79]. Noscapine is inactivated by
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converting into meconin and o-demethylated metabolites. Meconin is major urinary
metabolite of noscapine [80].

Adverse reactions are not expected when used in therapeutic doses [74]. When
taken in high doses, drowsiness, headache, nausea, vasomotor rhinitis, conjunctivi-
tis may be seen [81].

Effects on reproduction and pregnancy is unknown.
Effects on lactation: It is thought to have no negative effects on infant [82].

2.3 Codeine

IUPAC Name: (4R,4aR,7S,7aR,12bS)-9-methoxy-3-methyl-2,4,4a,7,7a,13-
hexahydro-1H-4,12-methanobenzofuro[3,2-e]isoquinolin-7-ol

ATC
Code

R-Respiratory
system

R05-Cough
and cold
preparations

R05D-Cough suppressants,
excl. combinations with
expectorants

R05DA-Opium
alkaloids and
derivatives

R05DA04-
Codeine

Codeine, a 3-methylether derivative of morphine, is the third opioid alkaloid
according to its density in the raw Papaver somniferum L. plant, was first isolated by
Robiquet in 1833. Codeine and its metabolite, morphine, act by stimulating opioid
receptors. The main effects are analgesia (lighter than morphine), central antitus-
sive and antidiarrheal effects [83]. It can also do sedation, drowsiness, and respira-
tory depression. Codeine is used in the management of mild to moderate pain, in
the treatment of cough, persistent diarrhea and restless leg syndrome. Codeine is
taken orally and intramuscularly.

Absorption is rapidly in oral use and bioavailability is higher due to less first-pass
metabolism (about 53%). Codeine is distributed to a variety of tissues, with priority
being to the liver, spleen and kidney [84]. Codeine-6-glucuronide, morphine, and
norcodeine is formed as a result of hepatic metabolism. Morphine is then metabo-
lized to M3G and M6G, and contributes to analgesic effects of codeine. The half-life
elimination is about 3 h and excretion is mostly done through urine and with less
feces.

In adults 7–14 mg/kg, in children more than 5 mg/kg intake leads to death [85].
Codeine blood concentration within 20–50 μg/dL is toxically, if it is above 60 μg/dL
is lethally [86].

Abnormal dreams, insomnia, depression, paresthesia, agitation, anxiety, ataxia,
dizziness, disorientation, sedation, euphoria, fatigue, hallucination, headache, bra-
dycardia, tachycardia, circulatory depression, flushing, pruritus, skin rash, urti-
caria, bronchospasm, dyspnea, respiratory depression, abdominal cramps, anorexia,
constipation, diarrhea, nausea, urinary hesitancy, urinary retention, blurred vision,
diplopia, miosis, nystagmus, laryngospasm, muscle rigidity, tremor, hypogonadism,
etc. may occur due to codeine use.

Contraindications are hypersensitivity to codeine, pediatric patients <12 years
of age, postoperative management in pediatric patients <18 years of age who have
undergone tonsillectomy and/or adenoidectomy, significant respiratory depression,
acute or severe bronchial asthma in the absence of resuscitative equipment, GI
obstruction.

Effects on reproduction: Prolonged codeine use can cause secondary
hypogonadism, which can lead to infertility in both sexes [62].

Effects on pregnancy: It is known that, codeine crosses the placenta. The use in the
first trimester can lead to respiratory tract malformation, pyloric stenosis, inguinal
hernia, neural tube defects, cardiac and circulatory system defects, and cleft lip and
palate [63, 87]. The use of codeine late in pregnancy may result in neonatal
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withdrawal syndrome, characterized by tremor, jitteriness, diarrhea, and poor
feding [88].

Effects on lactation: Both codeine and an active metabolite, morphine, can be
detected in breast milk [89]. A milk: plasma ratio of codeine is unknown. Respira-
tory depression, sedation and withdrawal signs can be seen in infants of
breastfeeding mothers receiving codeine [90].

2.4 Thebaine

IUPAC Name: (4R,7aR,12bS)-7,9-dimethoxy-3-methyl-2,4,7a,13-tetrahydro-
1H-4,12-methanobenzofuro[3,2-e]isoquinoline.

Thebaine, also known as paramorphine, which is not used for medicinal
purposes and is used for the production of other opioids, is the fourth opioid
alkaloid according to its density in the raw Papaver somniferum L. plant. Thebaine
exposure can be addictive as in the use of morphine, as well as strychnine-like
convulsions [91].

2.5 Papaverine

IUPAC name: 1-[(3,4-dimethoxyphenyl)methyl]-6,7-dimethoxyisoquinoline

ATC
Code

A-Alimentary
tract and
metabolism

A03-Drugs for
functional
gastrointestinal
disorders

A03A-Drugs for
functional
gastrointestinal
disorders

A03AD-
Papaverine and
derivatives

A03AD01-
Papaverine

G-Genito urinary
system and sex
hormones

G04-Urologicals G04B-Urologicals G04BE-Drugs
used in erectile
dysfunction

G04BE02-
Papaverine

Papaverine, which has no opioid-like effect, is the fifth opioid alkaloid based on
its density in the raw Papaver somniferum L. plant, first isolated from opium by
Merck in 1848. Papaverine affects the heart muscle and vascular smooth muscle by
blocking non-selective phosphodiesterase and calcium channels [92]. Papaverine
suppresses conduction and prolongs the refractory period in the heart. Vasodilata-
tion occurs with direct effect on vascular smooth muscles including coronary and
pulmonary arteries. Papaverine-mediated relaxation in smooth muscles is indepen-
dent of muscle innervation and therefore does not cause paralysis in the muscles.
Papaverine-mediated these effects are more pronounced especially in ischemia with
arteriospasm [93]. Papaverine is used in the treatment of myocardial infarction,
angina, peripheral and pulmonary embolism, peripheral vascular disease, cerebral
angiospastic states. It can also be used in hypertension, urinary incontinence, pros-
tate hyperplasia and erectile dysfunction [94]. Papaverine also has antiviral activity,
which is particularly pronounced against respiratory syncytial virus, cytomegalovi-
rus and HIV [95]. Papaverine is taken orally, intramuscularly, intravenously, and
intra-arterially.

Absorption is nearly total in oral use. Oral bioavailability is higher due to less
first-pass metabolism (about 54%). Papaverine is distributed to a variety of tissues,
with priority being to the adipose tissue and liver. 6-Desmethylpapaverine (6-DMP,
major metabolite) and 40,6-didesmethylpapaverine (4,6-DDMP) is formed as a
result of hepatic metabolism [96]. Half-life elimination is 0.5–2 h. The excretion of
papaverine is through primarily urine [97]. No information on toxic blood concen-
trations is available. The oral median lethal dose in rats is 360 mg/kg, unknown in
humans [98].
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Adverse reactions are flushing, hypertension, tachycardia, headache, malaise,
sedation, abdominal distress, anorexia, constipation, etc.

Use in the complete AV block is contraindicated.
Effects on reproduction and lactation is unknown.
Effects on pregnancy: It is not considered to have a adverse effect on infants.

3. Conclusions

Although information about opium alkaloids was about 3000 BC, it was first
isolated in the 1800s. Opioid-like effects occur after opioid alkaloids bind to con-
ventional opioid receptors, such as μ, δ, and κ. In particular, as a result of the
agonistic effect on μ receptors, strong analgesia, physical dependence, tolerance and
increased dopaminergic activity develop in the mesocorticolimbic system responsi-
ble for dependence. Increased dopaminergic activity in the mesocorticolimbic sys-
tem, is a sign of developing physical dependence, decreases in the absence of opium
alkaloids, leading to withdrawal syndrome. Hypogonadism in opium alkaloids users
supports the idea that it has a suppressive effect on reproduction. In addition to the
risk of teratogenicity, use in both pregnancy and lactation may lead to the develop-
ment of abstinence syndrome in infants.
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Chapter 12

The Characteristics of Korean 
Traditional Post-Fermented Tea 
(Chungtaejeon)
Doo-Gyung Moon

Abstract

The structure of the bacterial community involved in the production of 
oriental traditional post-fermented tea (Chungtaejeon) was investigated using 
16S rRNA gene analysis. The main microorganisms in fermentation process of 
Chungtaejeon are identified as Pantoea sp. and Klebsiella oxytoca. Phylogenetic 
analysis suggested that the taxonomic affiliation of the dominant species in the 
Chungtaejeon was γ-proteobacteria. The bacterial community size was higher 
about 100 times in Chungtaejeon compared with other Korean tea and puer-tea. 
Also, the fungal community size was higher about seven times in the Chungtaejeon 
than in the other post-fermented teas. However, the archaeal community size 
was highest about six times in the Chungtaejeon. Therefore, the bacteria, fungal 
and archaeal community sizes were highest for Chungtaejeon than in the seven 
post-fermented teas. As a result, the microbial communities of Chungtaejeon 
were the largest compared with other teas. The catechin content decreased from 
12.10 to 3.80 mg/g, and epicatechin (EC) and gallic acid contents were increased 
to 28.50 and 8.02 mg/g, respectively, during manufacturing. The Pantoea sp. may 
perform an important role for manufacturing and fermentation to gallic acid from 
catechins of Chungtaejeon.

Keywords: EGCG (epigallocatechin gallate), dominant bacteria, gallic acid, 
γ-proteobacteria

1. The history of Korean tea

Tea plant seeds were brought to Korea from China in 828 CE and planted on 
Jiri Mount in southern Gyeongsang Province. Korean tea history started from the 
Three Kingdoms, Goryeo and Joseon Dynasties to present for about 1200 year-
old tradition. Now, Korean tea culture has been developed to Korean pottery, tea 
books, and people who like tea and lantern festivals, etc. However, Korean people 
employ tea as the symbol for communication, reflection, social justice, loyalty, 
filial piety and manners, etc. Korean Darye translates to “etiquette for tea,” which 
is a way of slowing down and relaxing the mind in everyday life with tea. Almost 
all of South Korea’s tea is grown in the peninsula where people enjoy sea breezes 
from the Korean strait and the East Sea at the Boseong, Hadong, Jeju and Jangheung 
regions. Most of the tea produced is green tea picked up from April to May by 
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hand and machine. Nowadays, green tea (powder green tea), yellow tea, black tea, 
post-fermented tea and blending tea are produced in the southern region and its 
consumption have increased every year.

Byeongcha was popular during the Tang Dynasty (China). It is rapidly spread 
beyond Korean nobles. A small piece of Byeongcha was dug at an ancient tomb of 
Goguryeo. It is the representative of Korean tea, which has developed uniquely 
for long time in terms of Korean climate, custom and preferences. The Borimsa 
temple served as the main during the Three Kingdoms Dynasty. Historical Borimsa 
records about tea in Jangheung [1]. The Chungtaejeon is post-fermented tea that 
is a kind of Byeongcha (mold) and looks similar to the coin that is called Doncha 
(shape).

2. What is Chungtaejeon?

One of the post-fermented teas Chungtaejeon has been developed and 
inherited from Jangheung in southern coastal areas in Korea over 1200 years 
ago. It is an international fermented tea, which has a long history from the Three 
Kingdoms Dynasty to the early modern period of Korea. Chungtaejeon is a kind 
of Byeongcha (mold). It looks similar to a coin and is called Doncha (shape, 
Figure 1). Also, it is named since its color changes to blue during the fermentation 
process.

The historical authenticity of Jangheung Chungtaejeon has been recorded on a 
tombstone in the Borimsa temple. The Borimsa temple served as the main one dur-
ing the Three Kingdoms Dynasty. On the other hand, Goryeo ran 19 tea spots, and 
13 tea spots were in Jangheung [1]. A tea spot is a special production area for tea. 
Each province ran a national tea farm in the country where tea is well harvested, 
and the province governor offered tea as a tribute to the king. Also, Jangheung made 
the best tea of the country during Joseon Dynasty. Nowadays, Chungtaejeon, which 
is world recognized as a luxury tea, has been approved as registered one for art of 
taste (2013), selected as “slow food organization” by international life varieties 
foundation (2014), Japanese international green tea competition best gold medal 
(2008), gold medal (2011), best gold medal (2014), gold medal (2015 and 2019) and 
national important agricultural inheritance (2018) [1].

Figure 1. 
The shape of Chungtaejeon of Korean traditional post-fermentation.
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3. Manufacturing methods of Chungtaejeon

How to make Chungtaejeon? First of all, collect of tea leaves after picking up for 
one bud two to three leaves in tea garden on the clear day, and then dry for 24 hours 
in the room of ventilation and removed after selecting to hard leaves and stems. 
Second, stem the tea leaves in an pot with water vapor for about 5–15 minutes. Third 
or fifth one, grind it in the large wood mortar until pasting it. Fourth, it in bamboo 
mold of coin shape and pre-dry. After that, make holes that are 0.2 cm in diameter 
by needles with bamboo in the center of the mold and dry in the room. Last, fer-
ment it in the pot in the room and store.

Nowadays, people visit Jangheung for their well-being and healing effect by 
making Chungtaejeon.

4. The characteristics of Chungtaejeon

The post-fermented tea has softer taste, an increased anti-bacterial effect, 
antioxidant activity, and lower cholesterol production effects by fermentation of 
microorganisms due to higher amounts of gallic acid, methoxy phenolic compound, 
and polyflavonoids [2–7]. The Chungtaejeon changes to blue color during the 
fermentation process (Figure 1).

The raw tea leaves of wild Camellia sinensis are dried overnight in a well-venti-
lated room. The steaming process is carried out for about 15 minutes after removing 
impurities in the leaves. The steamed tea leaves are pulverized with a motor. After 
pulverization, the coin-shaped tea balls dry for 2–3 days in a well-ventilated room. 
The center of coin-shaped tea ball is punched by bamboo stem and connected by a 
thread to dry it in the sun, ondol room, or shade. Dried Chungtaejeon is kept in a 
pot to prevent loss of aroma and to avoid moisture. We analyzed bacterial commu-
nity from raw leaves to products of a 1-year fermented tea (Figure 2).

Figure 2. 
Flow diagram of PCR-DG-DGGE (double gradient-denaturing gradient gel electrophoresis) analysis for 
microbial communities.
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DNA extractions were carried out in accordance with eukaryotic microalgal 
nucleic acids extration (EMNE) method. The bacterial universal primers 27F (5′-GAG 
TTT GAT CMT GGC TCA G-3′) and 518R (5′-WTT ACC GCG GCT GCT GG-3′) 
were used to amplify the 16S rRNA genes for NGS analysis. The primer sequences and 
PCR conditions for Roche 454 are described in Pitta et al. [8]. After the PCR reaction, 
purification was carried out using PCR purification kit (Biofact, Daejeon, Korea). 
NGS was performed with a Roche 454 GS-FLX plus (454 Life Sciences) according to 
the procedure described by Galan et al. [9]. To compare modified methods with tra-
ditional ones for the overall bacterial communities of the Chungtaejeon, operational 
taxon unit (OTU)-based and phylogeny-based analyses were performed.

Catechins, gallic acid and caffeine contents were analyzed by HPLC (Agilent 
1216 Infinity LC) using column (ZORBAX Eclipse plus C18, 4.6 × 250 mm).

We studied the structure of the fermentation bacterial community of Korean 
traditional post-fermented tea that was investigated by metagenome analysis using 
16S rRNA gene during manufacturing (Table 1). The Acidobacteria was changed 

Figure 3. 
Phylogenetic tree on 16S rRNA gene sequence using the neighbor-joining methods showing the Korean 
traditional post-fermented tea (Chungtaejeon). *: 16S rRNA gene clone library, **:**: DG-DGGE (double 
gradient-denaturing gradient gel electrophoresis).

Figure 4. 
Dominant bacterial OTUs detected in the Korean traditional post-fermented tea (Chungtaejeon) 16S rRNA 
gene clone libraries.
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from 42.86% before steaming raw leaves to 7.55% after steaming and then ranges 
from 2.44% after crushing to 66.6% (9 day). The alpha-probacteria range from 1.89 
to 32.1%. The gamma-probacteria increased from 25.0% before steaming raw leaves 
to 97.6% after crushing and then from 33.3 to 66.6% during forming and fermenta-
tion by manufacturing process. Therefore, dominant bacteria during manufactur-
ing were gamma-probacteria for Chungtaejeon. The microbial community size was 
the largest for Chungtaejeon compared with other teas [10, 11]. Also, phylogenetic 
analysis suggested that the taxonomic affiliation of the dominant species in the 
post-fermented tea was gamma-proteobacteria (Figure 3) for fermentation [10]. 
Our results were similar to the report of Kim et al. [10, 11] during manufacturing of 
Korean traditional post-fermented tea (Table 1).

However, the structure of the bacterial community involved in the production 
of oriental traditional post-fermented tea (Chungtaejeon) was investigated using 
16S rRNA gene analysis (Figure 2). The main microorganisms in fermentation pro-
cess of Chungtaejeon (Figure 1) are identified as Pantoea sp. and Klebsiella oxytoca, 
respectively (Figures 3 and 4). Phylogenetic analysis suggested that the taxonomic 
affiliation of the dominant species in the Chungtaejeon was γ-proteobacteria 
(Figure 3). Comparison of bacterial (A), fungal (B), and archaeal (C) community 

Figure 5. 
Comparison of bacterial (a), fungal (B), and archaeal (C) community size using the real-time PCR from the 
various oriental post-fermented tea (Chungtaejeon). A, D and Puer1 ~ 4 were post-fermented tea for Korea 
and China, respectively.
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size using the real-time PCR from the various oriental post-fermented tea 
(Chungtaejeon), other Korean post-fermented tea and puer-tea from China is 
shown in Figure 5. The bacterial community size was the highest for Chungtaejeon. 
It is higher about 100 times in Chungtaejeon (2.65 × 108 ± 1.35 × 108 copy/ul) 
compared with other Korean tea and puer-tea. Also, the fungal community size 
was higher about seven times in the Chungtaejeon than in the other post-fermented 
teas. However, the archaeal community size was highest about six times in the 
Chungtaejeon. Therefore, the bacteria, fungal and archaeal community size were 
highest for Chungtaejeon in the seven post-fermented teas. As a result, the micro-
bial communities of Chungtaejeon were the largest compared with other teas.

Also, cluster analysis confirmed that microbial population present in both 
Korean and Chinese post-fermented teas groups into the same class [11]. The domi-
nant microorganism present in Korean post-fermented tea was bacterium, while 
for the Chinese post-fermented tea, it was fungus [5–7, 11]. However, dominant 
microorganism different from oriental post-fermented tea by metagenome analysis 
was a acidobacteria and alpha-proteobacteria for Puer 1 and Puer 2, firmicutes for 
Awabancha and gamma-proteobacteria for Chungtaejeon (Table 2).

Tea is classified as green tea, semi-oxidation tea, oxidation tea and post-fermented 
tea, depending on its manufacturing methods. Post-fermented tea has softer taste, an 
increased anti-bacterial effect, antioxidant activity, and lower cholesterol production 
effects by fermentation of microorganisms due to higher amounts of gallic acid. The 
gallic acid content was 1.67 mg/g for green tea and 21.98 mg/g for puer-tea [4, 12–15].

5. The beneficial effects of Chungtaejeon

Tea is one of the most popular beverage that is produced from the tea plant, 
Camellia sinensis (L.) O. Kuntze and is consumed as green, black, Oolong and post-
fermented tea in different parts of the world. The beneficial effects of green tea such 
as cancer, heart disease, and liver disease are related to catechins [16]. Black tea has 
made promising pharmacological effects such as growth promoter, cardioprotector, 
potent cholesterol-lowering effect, antioxidant and antimicrobial, etc. in humans 
for various compounds such as flavonoids (Thearubigins and theaflavins and 
catechins), amino acid (L. theanine), phenolic acids (gallic acid and caffeic acid 
etc.), vitamins, etc. [17]. The Chungtaejeon is post-fermented tea that is produced 
in Korea by microorganisms. Chemical analysis of it demonstrated the presence of 
tannins, flavonoids, glycosides, vitamins, polysaccharides, and volatile oils [18]. 
Also, Chungtaejeon possessed strong antioxidative effects and effectively inhibited 
the cytokine that induces proliferation. Furthermore, it prevents migration of 
human aortic smooth muscle cells (HASMC) by restraining the protein expression 
and enzymatic action of matrix metalloproteinases (MMP-9) [19].

Taxonomy Chungtaejeon Awabancha Puer 1 Puer 2

Acidobacteria 12.2 0.2 50.0 34.6

Firmicutes — 44.7 — 26.6

Alpha-proteobacteria — 5.2 50.0 17.0

Beta-probacteria 1.1 11.5 — 19.3

Epsilonproteobacteria — 0.1 — —

Gamma-proteobacteria 86.7 38.3 — 2.5

Table 2. 
Dominant microorganism different of oriental post-fermented tea by metagenome analysis (%).
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The dominant bacteria, catechins and gallic acid contents during Chungtaejeon 
marking process are analyzed from raw leaves to product. The catechin content 
decreased from 12.10 to 3.80 mg/g, and epicatechin (EC) and gallic acid contents 
were increased to 28.50 and 8.02 mg/g, respectively, during manufacturing 
(Figure 3). Microorganism oxidizes phenolic compounds of tea and leads to 
considerable loss of the catechins and formation of the theaflavins, thearubigins, 
theabrownins and gallic acid [4–7, 13–15]. Our results are similar to decreased 
catechin content and increased gallic acid content during manufacturing and 
fermentation. Lee et al. [20] also report that levels of EC, ECG, EGCG, quinate, 
caffeine and sucrose decreased, whereas gallate and glucose levels increased during 
tea fermentation. Epigallocatechin-3-gallate (EGCG) content was the highest of 
90.2 ± 16.1 mg/g for catechins (Figure 6). EGCG was the major catechin among all 
tea varieties, accounting for about half of the total catechins. Epigallocatechin-3-
gallate is the ester of epigallocatechin and gallic acid. EGCG in tea, which is made 
to green tea, white tea and fermented tea, is a polyphenol under basic research for 
its potential to affect human health and disease such as dietary supplements. The 
catechins such as EGCG most changed to gallic acid during fermentation into puer 
tea [4–7, 12, 14, 15]. The most important pharmacological properties of gallic acid 
are attributed to its antioxidant and anti-inflammatory potentials [12].

Pantoea agglomerans has been concerned to decompose polyphenol tannic acid 
and gallic acid [4–6, 15]. It may perform an important role for manufacturing and 
fermentation into gallic acid from catechins of Chungtaejeon (Figures 3 and 6). The 
gallic acid is the most common member of phenolic acids. Gallic acid or 3,4,5-trihy-
droxybenzoic acid is one of the most abundant phenolic acids in the plant kingdom 
such as black tea and post-fermented tea products. The edible use of gallic acid and 
its ester derivatives is on diverse scientific reports on biological and pharmacologi-
cal activities of these phytochemicals for antioxidant, antimicrobial, anti-inflam-
matory, anticancer, cardioprotective, gastroprotective and neuroprotective effects 
[21]. Also, gallic acid and its derivatives demonstrated a broad range of beneficial 
effects in prevention and/or management of several disorders, also their acceptable 

Figure 6. 
Catechins, gallic acid and caffeine contents after forming of Korean traditional post-fermented tea (mg/g). 
Forming time (4.29), 1 day (4.30), 2 days (5.1), 3 days (5.2). 5 days (5.3), 7 days (5.5), 8 days (5.7), 9 days 
(5.8) and 10 days (5.9). EC (epicatechin), ECG (epicatechin gallate), EGC (epigallocatechin), EGCG 
(epigallocatechin gallate).
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safety and stability profiles, making them significant options to be introduced as 
dietary supplements [22] like Camellia sinensis. Black tea also contains gallic acid.

Black tea has many kinds of biological compounds such as flavonoids [thea-
rubigins (TRs) and theaflavins (TFs) and catechins, amino acid (L. theanine), 
vitamins (A, C, K), phenolic acids (caffeic acid (CA), gallic acid (GA), chlorogenic 
acid (CGA) and carbamic acid], lipids, proteins, volatile compounds, carbohy-
drates, β-carotene and fluoride that are illustrated as having many promising 
pharmacological effects as growth promoter and cardioprotector, having potent 
cholesterol-lowering effect, and being antioxidant and antimicrobial for humans 
[17]. However, Chungtaejeon can be suggested to have beneficial effect in the 
prevention of atherosclerosis [8, 10, 11, 17–20, 22, 23]. It prevents the risk of athero-
sclerosis in rats fed a high-fat atherogenic diet in vivo and vitro [23]. The chemical 
composition of tea leaves consists of tanning substances, flavonols, alkaloids, amino 
acids, enzymes, aroma-forming substances, vitamins, minerals and trace elements 
contained in theaflavins (TFs), thearubigins (TRs) and theabrownins (TBs) needed 
to analyze during manufacturing and fermentation of Chungtaejeon and needed to 
reveal molecular level such as pharmacological value and therapeutic properties for 
human health in the future.

6. How to drink Chungtaejeon

Tea utensils such as brazier, pipkin, bamboo chopsticks, teacup and cooling 
bowl are necessary before boiling and brewing. Also, you can add one piece of 
Chungtaejeon in one pot (about 1 L) before boiling [1]. There are generally two 
methods for drinking. The first way to drink Chungtaejeon is drinking after boil-
ing. You can turn leaves into roasted ones in gentle heat for 3–4 minutes. It has 
sterilization effect, and it adds savory flavor and is a unique flavor. And then, you 
can add Chungtaejeon leaves split in a liter of boiled water. After you boil it for 
more than 5–4 minutes, you can have it thoroughly infused. Therefore, you pour 
boiled water in the tea kettle, and you can add Chungtaejeon leaves split and infuse 
tea sufficiency. Also, you can have it with ginger, yuzu, quince and herbal medicine 
depending on your preference. The second way to drink Chungtaejeon is drinking 
after brewing as follows; roast heat pottery, brassware, and soup bowl or roof file 
slowly and turn them into golden brown so that can be boiled to drink, on the other 
hand, the green smell of tea will diminish and unique aroma and flavor will deepen 
if it is lightly roasted. Also, the color of tea gets better and foreign substances can 
be eliminated. But, tea should be roasted, not burned. Divide it into small pieces 
(division into 3–4 parts) so that roasted Chungtaejeon can be easily brewed. And 
then, pour about 500–600 ml of boiling water at 100°C, and then leave it for more 
than 10 minutes. After that, drink brewed tea using a cup. It can be brewed about 
3–5 times more.
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Chapter 13

The Importance of Tea in the 
Correlation between Caffeine and 
Health
Burhan Başaran

Abstract

This study aims to examine the studies on the correlation between caffeine 
intake of individuals and health and to emphasize the importance of tea for 
health. Caffeine is a substance contained in many foods we frequently consume 
in our daily diets such as tea, coffee, cola, and energy drinks and is generally 
known for its stimulant nature. That is why consumers take caffeine into their 
bodies throughout their lives. The European Food Safety Authority states that 
daily intake of 400 mg (about 5.7 mg/kg bw for 70 kg) caffeine from all sources 
does not create any concern for adults. There is no complete consensus about 
whether caffeine consumption causes various ailments in individuals or whether 
it has a protective effect against contracting various diseases. The literature 
review has revealed that coffee and tea in adults and tea, soft, and energy drinks 
in children and adolescents play an important role in caffeine intake. Tea is a 
plant that is especially rich in phenolic compounds and has many benefits for 
human health. Therefore, for conscious consumers, tea is different from other 
drinks due to caffeine and phenolic compounds and is thought to do more good 
than harm to people.

Keywords: black tea, green tea, white tea, dietary caffeine intake, health

1. Introduction

Tea is produced from Camellia sinensis leaves using various methods and is 
one of the most commonly used beverages throughout history due to its con-
sumption and health properties [1, 2]. Commercial tea is divided into three main 
groups: full fermented black tea, semi-fermented oolong tea, and non-fermented 
green tea according to the production method [3]. Besides these groups, there 
is non-fermented white tea that is produced and consumed mostly in Asia and 
has a higher price than other types of tea [4]. Black tea and green tea are the 
most well-known and consumed types. About 78% of all tea consumed in the 
world is black tea, 20% is green tea and 2% is oolong tea [5]. The physical and 
chemical properties of fresh tea leaves vary depending on many factors such as 
geography, climate, soil, leaf age, and cultivation [6, 7]. Fresh tea leaf consists of 
polyphenol by 36%, carbohydrate by 25%, protein by 15%, lignin by 6.5%, ash 
by 5%, amino acid 4%, lipid by 2%, organic acid by 51.5%, chlorophyll by 0.5%, 
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and carotenoid and volatile compounds by less than 0.1% in dry matter [8]. Fresh 
tea leaf is considered to be one of the plants with the richest amount of phenolic 
compounds [9]. Table 1 shows the phenolic compound contents of different types 
of tea (Table 1).

Tea is also an important source of caffeine which is found naturally in coffee, 
cola, chocolate, cocoa or added as an additive to various energy drinks, medicine 
and cosmetics [11], is the most consumed drink in the world, whose use is increasing 
each passing day, and is considered to be a psychoactive substance [12, 13].

Caffeine is a member of a group known as purine alkaloids which also contain 
3,7-dimethylxanthine (theobromine), 1,7-dimethylxanthine (paraxanthine), and 
methyluric acids. Its chemical formula is C8H10N4O2 and its systematic name is 
known as 1,3,7-trimethylxanthine [14].

Caffeine is largely absorbed by the stomach and small intestine after being 
taken into the body, quickly moves into body cells and reaches the highest level 
in 15 to 60 minutes after crossing the blood-brain barrier. The half-life of caf-
feine varies depending on factors such as puberty, pregnancy, and disease, but 
it is considered to be 5–6 hours in a healthy individual [15, 16]. Metabolites such 
as paraxanthine, theobromine, and theophylline are released as a result of caf-
feine metabolism. Only 10% of caffeine is excreted from the body without being 
metabolized [17].

Caffeine is available at different levels in many foods that we often consume in 
our daily lives. Therefore, it can be easily said that individuals consume caffeine 
regularly every day. However, the prediction that caffeine intake into the body for 
nutrition and short, medium and long-term exposures can lead to various health 
problems has led the scientific world to do research in this area. This study aims to 
examine the studies on the correlation between caffeine intake of individuals and 
health, and to emphasize the importance of tea for health.

Green tea 
(mg/g-km)

Black tea 
(mg/g-km)

Oolong tea 
(mg/g-km)

Total phenolic substance 208.80–236.78 221.75–248.31 87.70–195.6

Total catechin 221.94–234.71 187.84–279.43 16.64–282.75

Total flavone and flavonoid glycosides 4.53–5.43 3.03–5.01 4.09–4.68

EGCG (epigallocatechin agallate) 53.14–126.20 2.42–81.93 16.53–132.54

GC (catechin gallate) 5.05–10.52 0.20–10.82 7.5–8.93

EGC (epigallocatechin) 4.40–97.79 0.71–78.82 12.96–19.94

ECG (epicatechin gallate) 14.19–27.80 0.42–13.02 2.09–46.28

EC (epicatechin) 0.20–28.30 0.10–3.59 2.68–2.77

GCG (gallocatechin gallate) 2.60–48.02 0.09–58.89 49.54–60.92

Gallic acid 0.59–5.20 0.57–5.80 1.30–1.37

Caffeine 15.66–77.30 3.14–83.20 2.58–40.84

Theophylline 0.60–0.80 0.10–0.20 —

Theobromine 0.27–6.0 0.41–4.70 0.72–0.99

Table 1. 
Phenolic compounds of different types of tea [10].



233

The Importance of Tea in the Correlation between Caffeine and Health
DOI: http://dx.doi.org/10.5772/intechopen.93287

2. Nutritional caffeine intake

Today, individuals consume low or high levels of caffeine, often knowingly and 
sometimes unknowingly. Since the production and consumption of caffeine-containing 
foods vary by country, society and individual, it is quite difficult to accurately calculate 
individuals’ nutritional intake of caffeine. Table 2 shows caffeine levels in certain foods 
which are frequently consumed by the general population and considered to be impor-
tant in terms of caffeine content.

Caffeine is very common in nature, and coffee, tea, energy drinks, chocolate, 
and cocoa are accepted as sources of nutritional caffeine intake [22]. Caffeine 
levels in these foods vary according to content, ratio between tea/coffee and water, 
brewing time and other consumption characteristics [23, 24]. In general, coffee 
has a higher caffeine level than other foods. As for tea groups, the caffeine level of 
black tea is higher than other tea types. Caffeine levels are usually at a certain level 
in soft drinks such as cola and energy drinks as they have standard prescriptions 
and production techniques. The caffeine level in chocolate varies according to 
the amount of cocoa it contains. Coffee is also known as the source of nutritional 
caffeine of adults throughout Europe, especially in Finland, Denmark, Sweden 
and Switzerland. In all member states of the European Union, there is a “high 
levels of caffeine” warning on beverage labels containing more than 150 mg/L of 
caffeine [25].

Many institutions and researchers try to estimate nutritional caffeine intake by 
examining dietary habits of individuals. The number of studies conducted in this 
area is quite large and the findings of some studies are given below.

Food group Food subgroup Caffeine level (mg/L or 
mg/kg)

Chocolate Chocolate milk or chocolate beverages 7–67

Chocolate snacks 62–418

Dark chocolate 340–525

Coffee Coffee drink 320–690

Cappuccino 250–315

Espresso coffee 713–1916

Decaffeinated and imitations 11–29

Instant coffee, ready to drink 210–690

Turkish coffee 620–858

Tea Black tea 181–220

Green tea 125–320

White tea 63

Tea (unspecified) 158–234

Instant 47–199

Cola beverages (regular) 79–130

Cola beverages (diet) 109–140

Energy drinks 150–335

Table 2. 
Caffeine levels in some foods [11, 18–21].
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FDA states that a daily intake of 400 mg of caffeine can be considered safe for 
healthy adults. On the other hand, it has declared that some individuals may be 
negatively affected by lower doses of caffeine, and studies will begin to investigate 
the safety of caffeine added to foods, with particular emphasis on children and 
adolescents [18]. Health Canada has specified safe daily caffeine intake for healthy 
adults and pregnant women as ≥400 mg/day and <300 mg/day, respectively. The 
same institution has reported that daily caffeine intake for children of different age 
groups is in the range of 45 to 85 mg/day (45 mg/day for 4–6 years, 62.5 mg/day for 
7–9 years, and 85 mg/day for 10–12 years) [26].

In a study conducted in America with 24,808 individuals between 2001 and 2010, 
it was reported that more than 85% of adults (≥19 years of age) regularly consumed 
caffeine and that their average daily caffeine intake was 180 mg/day. In the same 
study, highest and lowest intake of caffeine was detected in males between the ages 
of 31 and 50 and females between the ages of 19 and 30, respectively, the caffeine 
intake of males (211 mg/day) was more than females (161 mg/day), and 98% of the 
daily caffeine intake came from beverages. The drinks that cause caffeine intake are 
as follows: coffee by 64%, carbonated soft drinks by 18%, tea by 16%, and energy 
drinks by less than 1% [27].

In a study examining the daily caffeine intake of adolescents living in the United 
States between 1999 and 2011, it was reported that more than half of the children 
at ages ranging from 2.5 to 5 and about 75% of children over the age of 5 consumed 
caffeine on a daily basis. The mean daily caffeine intakes of children between the 
ages of 2 and 11 and adolescents between the ages of 12 and 17 were determined 
as and 50 mg/day, respectively. It was reported that the source of caffeine was 
carbonated soft drinks for children under the age of 12 and coffee for children that 
were 12 and older [28].

In another study, daily caffeine intake was calculated as 15, 26, 61, 213, and 
135 mg/day for the general population who were 4–8, 9–13, 14–19, and 51–70 years 
old and those who were 4 years old or younger, respectively. The daily caffeine 
intake is higher in males (196 mg/day) than females (151 mg/day). Although the 
distribution of the drinks that cause daily caffeine intake varies by age, the largest 
contribution is from coffee (64%) and tea (18%) [29].

In another study conducted in the United States, daily caffeine intake was calculated 
as 120 mg/day (1.73 mg/kg body weight/day) for all age groups. The highest caffeine 
intake was in individuals in the 35–49 age range (170 mg/day). Daily caffeine intake in 
pregnant women was estimated to be 58 mg/day. According to the other findings of the 
study, the daily caffeine intake was calculated as 14 mg/day (0.82 mg/kg body weight/
day), 22 mg/day (0.85 mg/kg body weight/day), and 106 mg/day (1.54 mg/kg body 
weight/day) for ages ranging from 1 to 5, 6 to 9, and 20 to 24, respectively. It was 
pointed out that the main source of caffeine was coffee in adults and soft drinks in 
young people. Tea ranked second in both groups [30].

Australian Children’s Nutrition and Physical Activity Survey determined the 
general daily caffeine intake as 18 mg/day in a study on caffeine consumption of 
4487 children and adolescents between the ages of 2 and 16 in 2007. The mean daily 
caffeine intake by age groups was determined as 3, 8, 19, and 42 mg/day for ages 
ranging from 2 to 3, 4 to 8, 9 to 13, and 14 to 16, respectively. It was stated that the 
main source of caffeine was drinks (81%) and that the highest contribution was 
made by soft drinks (31%), coffee (21%) and tea (17%), respectively [31].

In a study conducted in Italy on 1213 adolescents (12–19 years), it was found that 
76% of individuals consumed caffeine on a daily basis and the daily caffeine intake 
was approximately 125 mg/day (2.1 mg/kg body weight/day) [32] while the daily 
caffeine intake was calculated as 79 mg/day and coffee, tea, and soft drinks were 
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listed as the beverages with the highest contribution to the daily caffeine intake in a 
study conducted in England on 2008 individuals of varying ages [33].

3. Caffeine and health

Since foods and beverages containing caffeine are common and easy to reach, 
a very large segment of society regularly consumes caffeine from childhood to 
old age. Just this information once again reveals the importance of caffeine in our 
lives. Therefore, systematic and comprehensive studies should be carried out on 
the effects of nutritional caffeine intake on the health of individuals in the short, 
medium and long term. A lot of research been conducted in this area.

The fatal dose of caffeine in adults is estimated to be 170 mg/kg body weight/day 
[34] and there have been reports of some deaths due to caffeine overdose [35]. There 
is no complete consensus about whether caffeine consumption causes various ail-
ments in individuals or whether it has a protective effect against contracting various 
diseases [36].

One of the areas in which caffeine’s effects on health are most commonly inves-
tigated is the cardiovascular system. There are studies showing that caffeine intake 
by less than 400 mg/day does not have any negative impacts on the cardiovascular 
system [35], high levels of caffeine consumption leads to an increase in morbidity 
and mortality in the cardiovascular system by increasing blood pressure and heart 
rate [37–39], but, despite all this, caffeine has a protective effect [40–42].

Caffeine intake over 300 mg/day has been reported to cause second trimester 
miscarriages, low birth weight, and an increase in the likelihood of stillbirth 
[43–45]. Furthermore, the risk of developing childhood obesity increases by 87% in 
fetuses exposed to caffeine in the womb compared to those not exposed to caffeine 
[46]. However, there are also studies indicating that there is no correlation between 
caffeine intake in pregnancy and premature birth and fertility [47–49].

Positive impacts of caffeine consumed at low or medium levels on health such as 
relieving the airways leading to the lungs of individuals, reducing asthma attacks [50], 
making people feel healthy, reducing the risk of having type 2 diabetes or Parkinson’s 
disease, and healing liver diseases etc. are also mentioned [51–56].

There is not enough evidence in current studies to prove that caffeine consump-
tion is associated with any type of cancer in the short, medium and long term, it 
causes an increase in the number of cancer cases, or that it has a protective effect [57]. 
It has been reported that caffeine intake by less than 400 mg/day does not cause an 
increase in the cancer risk [11, 58, 59].

One of the most important features of caffeine is that it is a psychoactive 
compound. While caffeine less than 400 mg/day is generally considered safe, high 
doses of caffeine taken for a long time lead to caffeine withdrawal syndromes (caf-
feinism) such as headache, low concentration, restlessness, insomnia, irritability, 
decreased learning ability and palpitation [60–64].

The prevailing view in the literature is that caffeine consumption has a detri-
mental effect on an individual’s sleep quality. According to current studies, caffeine 
consumption causes sleep delay, shortening of total sleep time, decreased sleep 
quality, and, as a result, daytime insomnia. It has also been stated that continued 
insomnia leads to more caffeine consumption by people [65–67].

It is stated in a study examining the dose-related effects of caffeine that 
85–250 mg caffeine per day increases the feeling of alertness and contributes to 
increased motivation by decreasing fatigue, higher doses between 250 and 500 mg 
per day may cause restlessness, irritability, insomnia, and anxiety while 15–30 mg/kg 
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body weight/day caffeine may lead to muscle spasms and severe toxic effects on the 
cardiovascular and central nervous system in healthy adults [68].

It has been found that caffeine accelerates metabolism by causing thermogenesis 
and lipid oxidation along with other compounds in food and causes weight loss by 
enabling people to spend more energy [69–72].

Another important feature of caffeine is its negative impact on bone health due 
to its diuretic effect. Excretion of elements such as calcium, magnesium, sodium 
and potassium from the body with urine increases due to high levels of caffeine 
intake. This results in decreased bone mineral density especially in females as well 
as increasing the risk of osteoporosis [73, 74].

4. Decaffeinated foods

Since caffeine is present in foods such as tea, coffee, and chocolate included in 
our daily diet, it is not surprising that the daily caffeine intake recommended for 
both the general society and specific groups is exceeded. Increased caffeine intake is 
known to cause various health problems. This is why caffeine free or decaffeinated 
foods are needed. Significant reduction of caffeine content or removal of caffeine is 
called decaffeination [75]. The first decaffeination process was carried out in 1903 
on coffee beans (coffee beans were moistened with salty water and caffeine was 
removed with benzene) [76]. There are many different methods of caffeine removal 
that differ depending on the type of food. These are:

Caffeine removal by traditional methods: The main traditional methods for 
caffeine removal are the removal of caffeine from food by water, organic solvents 
and supercritical fluids [77].

Caffeine removal by microbial methods: Pseudomonas, Serratia, Stemphylium, 
Penicillium, and Aspergillus species are grown on leaf surfaces, and these microor-
ganisms reduce the caffeine level of the food by decomposing the caffeine [78, 79].

5. Conclusion

Caffeine is a compound that is legal, easy to obtain for the general society, 
socially acceptable to consume, found in many foods in our daily diet, and generally 
known for its stimulant properties. Caffeine, whose consumption has increased 
especially due to the changes in dietary habits in recent years, is a compound that 
still remains popular today. In this sense, both nutritional caffeine intake and the 
correlation between caffeine and health have been studied from many different 
angles. The effects of caffeine consumption on health are still a matter of debate. 
Although caffeine is generally considered safe except for excessive use in adults, 
studies on this subject are still insufficient for children and adolescents.

Individuals’ daily caffeine intake varies depending on many factors such as 
the source of caffeine, age of the individual, breed, dietary habits and culture. In 
general, it can be said that the level of caffeine intake increases in proportion to 
age, and males consume more caffeine than females. It is understood that coffee 
and tea in adults and tea, soft and energy drinks in children and adolescents play an 
important role in caffeine intake.

In the light of the data given in Table 2 and considering the changes in the 
consumption patterns regarding foods in recent years, it can be easily said that 
individuals’ daily caffeine consumption is much more than 400 mg/day which is 
usually considered to be safe. But it should be noted that caffeine intolerance can 
vary from person to person. Even very small amounts of caffeine can negatively 
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affect pregnant women, children, the elderly and individuals who are caffeine intol-
erant. This is why caffeine intake of these individuals should be limited. For this 
purpose, popularizing caffeine-reduced products on the market can be considered 
as a strategy for limiting caffeine intake through nutrition. The literature review 
reveals that tea ranks second in caffeine intake in adults, children and adolescents. 
Therefore, tea plays a significant role in caffeine intake. But tea has significant dif-
ferences distinguishing it from coffee, soft drinks and energy drinks that are other 
sources of caffeine.

Coffee is a drink that is generally perceived as healthy. However, it is also rich 
in acrylamide that was found out to be contained in food in 2002 and identified by 
the International Agency for Research on Cancer (IARC) as a possible carcinogen 
for humans. Carbonated soft drinks and chocolate foods contain many additives in 
addition to high levels of sugar. Many researchers and institutions approach energy 
drinks with suspicion due to very high caffeine content. Early acquaintance of indi-
viduals with carbonated soft drinks and energy drinks also increases the likelihood 
of addiction. In general, it can be said that the dietary quality of individuals who 
consume this type of drink frequently decreases.

Tea is a plant rich in phenolic compounds, especially catechins, and has many 
benefits on human health due to its antioxidant, antibacterial, anticarcinogen, 
antimutagenic, and antiallergic effects. Therefore, for conscious consumers, tea 
is positively different from other foods and drinks due to caffeine and phenolic 
compounds and is thought to do more good than harm to people. Green tea stands 
out among tea types with the lowest content of caffeine and high phenolic content.

© 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. 
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Abstract

Fruit processing contributes significantly to the agricultural exportation of the 
Amazonian; however, it generates large amounts of solid waste, despite its high 
content of bioactive compounds and nutritional properties, and they are discarded 
in the environment. Therefore, in order to add economic value and potential reuse of 
agro-industrial by-products from cocoa, cupuassu, pracaxi, and tucumã, we investi-
gated the chemical characteristics of the seed by-product resulting from the industrial 
extraction of these oils. The investigation of the nutritional and chemical composition 
of by-product was submitted to green extraction, besides other qualitative and quan-
titative techniques for the characterization of the main bioactive compounds. The 
extracts obtained from these by-products had a significant total polyphenol content 
and antioxidant activity. HPLC analysis identified and quantified some flavonoids 
present in these by-products (gallic, caffeic and protocatechuic acid, epigallocatechin-
3-gallate, epicatechin, catechin, and quercetin). The oil from these species is widely 
used in the treatment of skin scarring and inflammation and is also used by the 
cosmetic industry. These results show that these by-products have a great potential 
for use, since they still have bioactive substances in their composition, which could 
alternatively be used in the pharmaceutical, cosmetic, or food industries.

Keywords: by-product, antioxidant activity, flavonoids, reuse, value-added 
applications, Amazonian fruit

1. Introduction

Brazil is currently one of the world’s three largest fruit producers, associated with 
China and India. Brazil makes up 45.9% of world production a year, 2014 accounted 
for approximately 830.4 million tons of fruit [1]; many of them come from the 
Amazon region, where there is a diversity in economic fruit species, with huge agro-
industrial and nutritional potential in the development of new products [2].

In addition, the Amazon region is home to a large biodiversity of plant species 
that produce fruit and oilseeds and stand out for their environmental conditions 
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(climate and soil) [3]. Because it has a huge territorial extension, diverse fauna 
and flora, it is a source of life and income for approximately 200,000 families that 
collect native fruits, whose commercialization is responsible for 10% of the total 
income from extractivism [4]. In this sense, countless native species of fruit plants 
from the Amazon present economic, technological, and nutritional potential.

Given the large production of fruits, mainly for the juice industry, the processing 
of these fruits generates a huge amount of by-products resulting from seeds, peel, 
and part of the fruit pulp, resulting in an amount of about 30–40% of the produc-
tion of these fruits [5]. Given the increase in fruit production, there is an increase 
in the generation of the so-called agro-industrial by-products, which causes an 
economic impact, as there is no proper reuse.

Indeed, some studies report nutrient concentrations in fruit by-products even 
higher than in pulp [6, 7]. The so-called tropical fruit processing by-products have 
been increasingly used as food additives and sources of bioactive compounds such as 
polyphenols [8–10]. In addition, the appropriate reuse of these by-products can reduce 
the environmental impact associated with their disposal, adding value to the entire 
production chain. Thus, the physicochemical characterization of these by-products 
and the quantification of their bioactive compounds are of great concern to add value 
and improve their commercial and industrial reuse, preserving the biome [11, 12].

In the literature, there are several studies related to agro-industrial by-
products from fruits of the amazon region with the objective of finding a sus-
tainable destination, among which are worth mentioning those related to the 
cocoa (Theobroma cacao) [13], cupuassu (Theobroma grandiflorum) [10], pracaxi 
(Pentaclethra macroloba) [14], and tucumã (Astrocaryum vulgare Mart) [15] 
by-products.

These species are native to tropical forests, originating from the Brazilian 
Amazon. Cocoa (Theobroma cacao L.) belongs to the Malvaceae family, has two 
varieties, Criollo and Forastero, and is 15–25 cm long and 8–13 cm in diameter, 
and the pulp is characterized by a thick mass of about from 20 to 40 seeds [16]. 
In 2015–2016, cocoa production was 3.9 million tons, of which 16.96% came from 
America, 73.11% from Africa, and 9.93% from Asia and Oceania. In contrast, in the 
same period, 16 million tons of by-products were generated, with Africa being the 
largest producer (73.12%), followed by America (16.88%), and Asia and Oceania 
(10.00%) [16].

Cupuassu [Theobroma grandiflorum (Willd. Ex. Spreng.) K. Schum.] belongs 
to the genus Theobroma, the latter being composed of 22 species of tropical plants 
from the Americas, including cocoa (Theobroma cacao L.). Among the Amazonian 
fruits, it is the one that brings together the best conditions of industrial use, and 
its pulp has great possibilities of use in the food and cosmetics industry. Due to 
the various applications in cooking, cupuassu has been arousing economic interest 
because its pulp is widely used in home and industrial production of various spe-
cialties. From the seeds, cupulate® is produced. And also in the cosmetics industry, 
its fat is considered an important emollient [10].

Pentaclethra macroloba (Willd.) Kuntze is popularly known as pracaxi, para-
caxi, or paroá-caxi, belonging to the Fabaceae family. The pracaxi is an oilseed 
plant from the Amazon region found in Guyana and some parts of Central 
America [17, 18]. The pracaxi fruit is in the form of a pod of 20–25 cm, curved 
and dark brown in color, when ripe and contains 4–8 seeds [19]. From the seed 
is extracted an oil, which is used in the treatment of ulcers and wounds, besides 
being healing and presenting insecticidal properties against the Aedes aegypti 
mosquito. In the cosmetics industry, it is used in the production of hair products 
[20, 21].
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Tucumã (Astrocaryum vulgare Mart.) is an oleaginous fruit whose mesocarp 
is fibrous and nutritious, yellow-orange in color, rich in lipids and compounds 
such as pro-vitamin A [4]. The by-product of tucumã is also an excellent source of 
carotenoids [4]. The food industry uses its pulp to produce creams and ice creams. 
After obtaining the pulp, the tucumã seed is discarded (tons each year) [22]. The 
cosmetic industry uses tucumã pulp for oil extraction, which is used in skin mois-
turizing cosmetics, body lotions, and hair care products.

Since the waste of Amazonian fruit by-products, and consequently their anti-
oxidant potential, due to the presence of bioactive compounds (e.g., polyphenols) 
(Table 1), it is possible to highlight some alternatives for better use of these by-
products. In this sense, its use as enriched ingredients in food formulations with 
nutritional and functional properties [10] stands out, for supplementation/comple-
mentation in cookies, bread, cereal bars, cakes, and pastes.

Given the high nutritional and economic (underutilized) value of by-products, 
many studies have been conducted with a common goal, their reuse [10, 13, 15, 
23–28]. In this perspective, the valorization of agri-food by-products is presented not 
only as a necessity, but as an opportunity to obtain new products with added value 
and a great impact on the economy of industries. Thus, several authors have demon-
strated that the vast diversity of fruits found in the Brazilian territory, especially the 
Amazon, presents nutritional richness and can be better utilized directly by the popu-
lation and also by the food or cosmetic industries [10, 25, 28, 29]. To this end, further 
studies are needed to better understand the nutritional, functional, and economic 
potential of fruit by-products, especially those found in the Brazilian Amazon.

2. Nutritional composition

Brazilian fruit by-products, particularly those from the Amazon region, need 
further investigation in order to obtain more information on their nutritional 
composition. Relevant data on the chemical composition of those traditionally 
inedible parts such as peel and seeds are even rarer. In addition, large amounts 
of by-products from these fruits are not consumed regularly; among them are 
seeds that are generally wasted in the environment [8]. Therefore, this chapter 
aimed to gather information on the nutritional potential of cocoa (CA), cupuassu 
(CP), pracaxi (PX), and tucumã (TM) seed by-products, with the objective 

Fruit 
abbreviation

Amazonian 
fruit’s species

Parts of 
plants used

Application Main phenolic 
compounds

CA Cocoa. Pulp and 
seed

Food and cosmetics 
industry

Catechin, 
epicatechin and 
gallic acid [13]

CP Cupuassu Pulp and 
seed

Food and cosmetics 
industry

Epicatechin and 
glycosylated 
quercetin [10]

PX Pracaxi Tree bark 
and seed

Ulcers and wounds 
treatment, inseticidal 
and cosmetics industry

Catechin [14]

TM Tucumã Pulp and 
seed

Food and cosmetics 
industry

Gallic acid [15]

Table 1. 
Some by-products of Amazonian fruits: application and predominant biocompounds.
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(depending on the results) of encouraging its consumption by the population, 
taking  advantage of its use as ingredients in animal feed and even human food 
formulations.

The results of the nutritional composition of the CA, CP, PX, and TM by-prod-
ucts are presented in Table 2.

Amazonian fruit by-products: CA, CP, PX, and TM showed important, up-to-
date, and reliable nutritional values on the macronutrient composition of these 
by-products. As expected, because it is organic matter, carbohydrates were the 
most abundant macronutrients in the by-product studied. The CA, CP, PX, and TM 
also presented values of lipids, total fibers, and protein, and considerable energy 
value (Table 2). Thus, the contents of these macronutrients were higher than those 
reported for cupuassu pulp [5]. Protein content was 42% higher than fermented 
or roasted cupuassu seeds and 56% higher than cocoa seeds [7]. Compared to the 
studied by-products, pracaxi presented almost twice the protein content. And the 
by-product of the tucumã seed had the highest total fiber content, which may be 
related to its seed size (up to 22.9 mm in diameter) [30].

Compared to the cupuassu seeds, the cocoa seeds presented 17.74% higher 
protein content, 37.16% carbohydrate content, and 27.25% lipid content, while total 
fiber content was lower 33.41% (Table 2) [10, 13].

Given the above, the CA, CP, PX, and TM seed by-products presented sig-
nificant nutritional values of macronutrients (carbohydrates, proteins, lipids, 
and crude fibers) (Table 2), suggesting the possibility of their reuse by the food 
industry, as a possible food supplement, as it is a great alternative for food product 
enrichment, by increasing its nutritional value with a low-cost raw material and its 
importance as a source of human and animal food.

3. By-product processing

The industrial processing to obtain the industrial by-products (Figure 1) is 
similar; usually this process is performed from the fruit, where the first step is the 
separation of the pulp (Figure 1A), and the seeds are then subjected to a cooking 
process at 65°C for 45 min (Figure 1B,C) and then pressed (Figure 1D) to remove 
crude oil or butter (raw material for the cosmetic industry). Therefore, the resulting 
by-product (residual cake) is usually discarded by the industry, but it can be used 
as a raw material and proceeds to the standardization stage, being added in an oven 
with air circulation (40 ± 2°C) until obtaining of constant weight (Figure 1E). After 
dehydration, it was pulverized and from this extraction is performed (Figure 1F), 
obtaining the biocompounds (Figure 1G) [31–33].

Parameter (g/100 g) CA* CP* PX* TM*

Lipids 33.5 ± 0.5 24.4 ± 0.8 14.9 ± 0.1 15.5 ± 0.4

Proteins 17.3 ± 0.4 14.2 ± 0.3 21.5 ± 0.6 11.1 ± 0.2

Total fibers 15.0 ± 0.4 22.3 ± 0.3 20.9 ± 0.7 41.4 ± 0.7

Carbohydrates
VETa

42.9 ± 0.4
539.8 ± 2.3

26.6 ± 0.5
382.0 ± 2.0

32.9 ± 0.0
352.5 ± 3.3

63.1 ± 0.8
436.4 ± 1.8

VET means energetic value.*Results expressed as mean of triplicates ± standard deviation, expressed on a dry basis.
aValues expressed in (kcal/100 g).

Table 2. 
Nutritional composition of Amazonian fruit by-products: Cocoa (CA) [13], cupuassu (CP) [10], pracaxi 
(PX) [14], and tucumã (TM) [15].
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4. Extractive process

4.1 Green extraction

Green extraction is based on efficient and conscientious use of plant raw materi-
als to ensure an extraction process with better yield conditions. In this sense, this 
model aims to optimize the extractive process and reduce extraction time, number 
of operations, energy consumption, and amount of waste generated and processing 
costs [34].

Good manufacturing practices are in this context to improve the elective param-
eters during the extraction process, in order to optimize the steps during the plant 
cultivation process, ensuring the lowest water consumption and the reduction of 
pesticide and fertilizer use. In addition, it is possible to develop genetic improve-
ment protocols to obtain extracts with the highest concentration of biocompounds 
of industrial interest. Techniques that allow efficient production and a reduction in 
the generation of environmental waste should be pointed out. The use of natural, 
less toxic, easy to degrade solvents or with a lower risk of environmental contami-
nation is one of the most recent bets on the production of new products [34].

4.2 Obtaining the extract

Extracts are preparations obtained from medicinal plant derivatives (powder), 
which may be in liquid (fluid extract), semi-solid (soft extract), or solid (dry 
extract) form. They can be obtained by various methods, as shown in Figure 2 
(Adapted from Silva Junior et al. [35]).

Maceration is an extractive process in which the proportion of vegetable drug 
powder and solvent volume influences the efficiency of the method; generally, the 
ratio 1:5 or 1:10 (plant drug/extract) is used. The plant material will be in contact 
with the solvent at rest in a closed container; at certain time intervals, the mixture 
should be agitated, and the final process time is variable [35, 36].

Percolation is an extractive methodology in which it is obtained by exhaustion. 
Prior to this process, maceration of the plant drug should be performed. To perform 
the technique, in a percolator, the vegetable drug and the solvent must be added. 
The volume should be 1:10 (plant drug/extract). The percolator faucet should be 
opened, and the liquid flow rate varies according to the velocity and can be classified 
as slow (1.0 mL/min), moderate (1.0-3.0 mL/min), and fast (3.0-5.0 mL/min) [36]. 

Figure 1. 
Residue processing and obtaining biocompounds (adapted from González et al. [31]).
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To obtain the extracts of the by-products of CA [32], CP [33], PX [14], and TM [15], 
the percolation methodology was performed.

The standardization of plant material for extracts and their fractions requires 
applying techniques that characterize it to ensure correct use according to quality 
parameters, among which stand out the identification and quantification of the 
main classes of secondary metabolites and chemical markers, as well as investiga-
tion of pharmacological activities of industrial interest [35].

5. Chemical composition

Polyphenols (Figure 3) are the secondary metabolites found mostly in both fruit and 
by-products. Many factors may alter the contents of polyphenols, as well as other bio-
compounds in a plant species, such as the area under cultivation, the maturation time, 
climatic conditions during the cultivation stage, the season of the harvest year, and the 
storage of the crop raw material. In addition, the seeds of CA, CP, PX, and TM during 
their processing go through a heating step, and the temperature used can contribute 
negatively in reducing the levels of the assets [37]. They are derived from phenylpro-
panoids, where their main representatives are phenols, lignins, and flavonoids [6].

Flavonoids are low molecular weight compounds and are derived from benzo- 
g-pyrone, are responsible for the pigmentation of flowers, and protect against dam-
age caused by light, fungi, or parasites. They have a chemical structure consisting 
of 15 carbon atoms, characterized by the presence of a diphenylpropan (C6-C3-C6) 
attached to two benzene rings (A and B), and depending on the oxidation of the 
pyran ring, the ring A is derived from the acetate/malonate route, and ring B is 
derived from phenylalanine, and its name is variable according to ring C [6].

Figure 2. 
Types of extracts and their methods of obtaining.

Figure 3. 
Polyphenol structural formula: A) gallic acid; B) (+)-catechin; C) (−)-epicatechin; D) (−)-epigallocatechin; 
E) vanillic acid; F) protocatechuic acid; G) caffeic acid; H) p-coumaric acid (adapted from Alves [32]).
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5.1 Qualitative analysis

5.1.1  Determination of biocompound contents by ultraviolet spectrophotometry 
(UV: Vis)

Pre-formulation studies are of fundamental importance in relation to quality 
control tests, which are based on analyzes that allow the characterization of the 
raw material for the evaluation of its potential to be used as a finished product asset 
[27]. The characterization of an extract implies the definition of the contents of its 
main chemical constituents, as well as moisture, color, particle size distribution, 
viscosity, and technological properties, ensuring the safety, efficacy and quality 
of a product. When formulating products containing natural actives, the standard 
identification of markers or the development of methods that allow the quantifica-
tion of purified chemical groups before, during, and after the obtaining process is 
essential [38].

There are many qualitative analytical methods used to identify total polyphe-
nol levels (Table 3) such as UV–vis spectrophotometry, where one of the main 
colorimetric methods used is the Folin–Ciocalteu reagent. For the analysis, in a 
25 mL volumetric flask, 4.8 ml of deionized water, 0.2 ml of sample, and 0.5 ml 
of Folin–Ciocalteu reagent are added. To this mixture is added 1.0 mL of 20% 
sodium carbonate solution, and then deionized water should be added to com-
plete the volume of 10 mL and homogenize. The reaction system should be kept 
for 1 hour at room temperature and protected from light. After time, aliquots 
were collected and analyzed by UV–vis spectrophotometer (Perkin Elmer, 
Wellesley, MA, USA) at a wavelength of 725 nm. TP was standardized against 
gallic acid and expressed as micrograms of gallic acid equivalents per gram of 
dried extract (mgGAE/g) [39].

The total flavonoid contents (Table 3) can be determined by spectrophotomet-
ric analysis using aluminum chloride and for the extracts as described by [39, 40] 
for the analysis of CA, CP, PX, and TM, the UV–vis spectrophotometer was used 
(Perkin Elmer, Wellesley, MA, USA) to a wavelength of 510 nm.

5.1.2 Fourier transform infrared spectroscopic profile identification (FT-IR)

Infrared absorption spectroscopy is used in the literature to identify possible 
characteristic functional groups in organic compounds, providing important 
information on the chemical structure of the sample [38].

Samples TP (mg/g) TF (mg/g) Source

CA 229.6 ± 3.24a 0.68 ± 0.02b [13]

CP 50.1 ± 5.30a 5.92 ± 3.40c [10]

PX 2.66 ± 0.01a 0.11 ± 0.25d [14]

TM 1.35 ± 0.08a 0.33 ± 0.01b [15]

Results are expressed as mean triplicate ± standard deviation.
aGAE = gallic acid equivalent.
bEQE = quercetin equivalent.
cECA = catechin equivalent.
dERT = rutin equivalent.

Table 3. 
Total polyphenol (TP) and total flavonoid (TF) content of crude extracts of CA, CP, PX, and TM 
by-products.
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The identification of the functional bands using the Fourier transform infrared 
absorption spectroscopy (Figure 4) was performed in the CA by-product extract, 
where it was possible to observe bands at 1600, 2920, and 3331 cm−1, which cor-
respond to C-C stretching of aromatic ring by phenol group, C-H stretching of 
aromatic ring by phenol group, and O-H stretching of phenol group, respectively 
[27, 41]. In the CP by-product extract, the bands 1037 cm−1 corresponding to acid 
vibrations, 1120 cm−1 alcohol vibrations, 1668 cm−1 esters and sulfonic vibrations, 
and 2931 cm−1 O-H axial deformation of alcohol groups were displayed [33]. In PX, 
bands were shown at 1037, 1384, 1635, and 3448 cm−1 for C-O axial deformation of 
alcohol and phenols, C-H axial deformation vibration of methyl, C〓C axial defor-
mation of carbonyl ring, and −OH deformation vibration of carbohydrates and 
carboxylic acids, respectively [38]. And the TM by-product extract exhibited bands 
at 1403 cm−1 aromatic ring stretching vibration, 1609 cm−1 ketone C〓O stretching 
vibration, and 3381 cm−1 free −OH stretching vibration [42]. All bands observed in 
CA, CP, PX, and TM were correlated to chemical structures present in polyphenols 
[27, 33, 38, 42].

5.1.3 Thermal analysis

Thermogravimetric analysis (TGA) is a technique that assesses the loss in mass of a 
substance as a function of temperature, it allows a variability of results to be observed, 
such as the temperature range at which the sample is degraded, until the temperature 
of the sample remains stable, at which temperature a change in physical state such as 
melting, among others, occurs. In addition, it is possible to plot a derivative on top of 
the TGA curve; this analysis can show which temperature range the greatest loss of 

Figure 4. 
Identification of the functional bands using FT-IR absorption spectroscopy. The extracts of the by-products 
were compressed into Kbr and scanned in the 4000-400 cm−1 wavelength absorption range, with a resolution of 
2.0 cm−1 and a scan number of 20 scans. a) CA [27], b) CP [33], c) PX [14], and d) TM [15].
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mass occurs in [27]. This technique has been used for the evaluation of by-products 
and their extracts, such as CA [27], CP [10], PX [14], and TM [15].

The analysis of behavior and thermal stability can be employed in the quality 
control of raw materials and evaluation in the development of herbal medicines 
[43]. The thermogravimetric analysis (Figure 5) of the CA, CP, PX, and TM 
extracts presented on average three events of mass loss. The first corresponds to the 
evaporation of solvents, such as water. The second event represents successive reac-
tions and may be related to loss of sugars. And the latter confers with the degrada-
tion and carbonization of organic matter from biocompounds [14, 15, 27, 28].

Such analysis is important to evaluate the thermal stability of the extracts, 
bearing in mind that prior knowledge has the purpose of guaranteeing the physi-
cal–chemical stability of the thermal constituents present in the extracts [38, 
44]. The thermogravimetric study makes it possible to obtain information on the 
relationship between humidity and the maximum temperature of stability of the 
extract [44].

5.2 Quantitative analysis

5.2.1 High-performance liquid chromatography (HPLC)

High-performance liquid chromatography is a separation technique that is 
among the main techniques used to determine polyphenol and flavonoid levels. 
Natsume et al. [45] point out that it is possible to carry out the identification and 
quantification of those elements in plant extracts and their derivatives; the analysis 
applied may be: reverse-phase HPLC (RP-LC) and reverse-phase HPLC-mass spec-
trometry (RP-LC/MS), and in particular, when it comes to the genus Theobroma, 
the majority of flavonoids observed in the species were catechin and epicatechin 
(Figure 6).

The literature points to the activity of certain flavonoids (Table 4), such as 
those identified and quantified in CA and CP a possible correlation with interesting 

Figure 5. 
TGA and DTG curves of the by-product extracts obtained at 25 to 600° C at 10° C/ min under N2 atmosphere 
and flow of 50 mL/min: a) CA [28], b) CP [10], c) PX [14], and d) TM [15].
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pharmacological activities, such as cardiac protector [46] reducing oxidative stress 
[47]. The phenolic acids, such as gallic acid, found in CA, CP, and TM, confers 
antioxidant properties both to food and to the body, so they are indicated for the 
treatment and prevention of cancer, cardiovascular diseases, and other illnesses [48]. 
According to Natsume et al. [45], some flavonoids may be related to the reduction of 
the probability of developing atherosclerosis, since the ingestion of these biocompos-
ites contribute to the inhibition of oxidation of low-density lipoprotein (LDL).

Compounds CAa CAb CPa CPb PXa PXb TMa TMb

Gallic acid 9.05 1.10 8.80 0.06 — 10.03 20.0

Protocatechuic acid 17.08 1.12 17.32 0.33 — —

p-coumaric acid — — 29.5 0.01 — —

Catechin 23.20a 11.00 — — 9.0 0.21 —

Epigallocatechin- 
3-gallate

24.80 0.66 25.45 0.07 — —

Epicatechin 24.80a 24.00 25.9 0.21 — —

Glycosylated 
quercetin

— — 35.6 0.28 — —

Quercetinc — — 40.78 0.58 — —
aRetention time (min).
bConcentration (mg/g).
cViewed at 369 nm.

Table 4. 
Polyphenolic compounds detected at 280 nm by HPLC in the extract of CA, CP, and PX by-products and 
UHPLC in the extract of TM by-product [10, 13–15].

Figure 6. 
Chromatograms about the phenolic compounds (280 nm) identified in the extracts of the by-products of 
a) CA [28], where 1—gallic acid, 2—protocatechuic acid, 3—catechin, 4—epigallocatechin-3-gallate, and 
5—epicatechin; b) CP [33], where 1—gallic acid, 2—protocatechuic acid, 3—epigallocatechin-3-gallate, 4—
epicatechin, 5—-p-coumaric acid, and 6—glycosylated quercetin; c) PX [14], where 1—catechin; d) TM [15], 
where 1—gallic acid.
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6. Antioxidant activity

The compounds containing antioxidant activity inhibit and/or diminish the 
effects caused by free radicals, protecting the cells against the harmful effects of 
oxygenated and nitrogenous free radicals, formed during the oxidative process of 
the cells [49]. The evaluation of the antioxidant activity of plant material shall be 
determined by at least two methods, in order to obtain a slightly more complete 
context of this activity [50]. The use of ABTS colorimetric methods, together with 
DPPH, bring better reproducibility and sensitivity [51]. Given this, the antioxidant 
capacity of the raw extracts of the cocoa, cupuassu, pracaxi, and tucumã by-prod-
ucts was evaluated by the ABTS+ and DPPH methods, being performed in triplicate.

Table 5 shows the antioxidant activities of CA, CP, PX, and TM extracts. 
According to the results, CP extract was the one that presented the best antioxidant 
activity, both by the ABTS+ and by the DPPH methods, while the CA presented the 
lowest values, determined by both methods. The four by-product extracts showed 
good results for the ABTS+ method.

These results were higher than those reported in the literature by Leong and 
Shui [52], who achieved values of the radical ABTS+ for some fruits, such as mango, 
passion fruit, pineapple, and guava that were 38.0; 5.5; 7.7; and 20.9 μM Trolox/g, 
respectively.

Studies have demonstrated that the ABTS+ assay can be used to evaluate the 
antioxidant activity of a wide variety of substances [53], being commonly applied to 
determine the antioxidant activity in plants and based on the antioxidant capacity 
to neutralize the ABTS cation radical [54].

The antioxidant capacity values presented by different by-products CA, CP, PX, 
and TM, in addition to the vegetable sample difference, may also be related to dif-
ferent types of plant samples, which lead to different levels of phenolic compounds 
in extracts [55].

The results presented by the different by-products bring perspectives on the use 
of their antioxidant capabilities and may be better used in the development of new 
products.

7. Drying by spray drying

Microencapsulation is a technique that aims to protect the assets, from possible 
causes that produce their instability, such as oxidation, humidity, and photolysis, 
among others. For this purpose, the sample is surrounded by a polymeric layer 
that was denominated an encapsulating agent [13]. Therefore, there are several 
works in this area, which aim to guarantee and/or increase the stability of phenolic 

Extract ABTS+*

μM Trolox/g
DPPH*

μM Trolox/g

CA 225.0 ± 3.46 6.74 ± 0.20

CP 1497.82 ± 5.78 1717.73 ± 5.54

PX 597.23 ± 0.37 599.54 ± 0.01

TM 1247.88 ± 3.60 326.0 ± 1.21
*Results expressed as a mean of triplicate ± standard deviation.

Table 5. 
Values of antioxidant activity, by ABTS and DPPH methods, of raw extracts of CA [13], CP [10], PX [14], 
and TM [15].
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compounds present in tropical fruit by-products, including cocoa, cupuassu, 
pracaxi, and tucumã [13, 28, 56, 57].

Thus, the spray drying technique was chosen for drying and obtaining micro-
encapsulated extract of CA, CP, PX, and TM by-products, in order to protect the 
phenolic compounds against oxidation and environmental factors. For the drying 
of the materials, different conditions of inlet temperature (IT) and feed flow (FF) 
were used, in addition to the encapsulating agents.

To confirm the encapsulation, from the microencapsulated dry extract, the total 
polyphenol (TP) and total flavonoid (TF) contents were determined, besides their 
polyphenol (YTP) and flavonoid (YTF) microencapsulation yields, as well as the 
antioxidant activity by the ABTS+ method. Analysis of scanning electron micros-
copy (SEM) of microparticles from microencapsulated extracts of Amazonian fruit 
by-products was performed.

Table 6 shows the results obtained in the drying of cocoa, cupuassu, pracaxi, 
and tucumã extracts. Maltodextrin was the encapsulating agent for drying all 
extracts of fruit by-products, and a percentage of 5.0% was used. For CA extract, 
chitosan was also used in a percentage of 0.5%. Chitosan was used as a polymer 
for encapsulation as the microparticles formed with the cocoa extract by-product 
because it was used in pisciculture, since maltodextrin is readily soluble in water 
[32]. For the CA and CP extracts, FF = 2.5 and 5.0 mL/min were used, respectively, 
while for both, IT was 170°C. For PX and TM extracts, the FF value was 10 and 
7.5 mL/min, and the IT was 160 and 100°C, respectively.

The TM extract showed the highest values for all methods used in relation to 
the other extracts. It was observed that the higher TP content influenced a higher 
antioxidant activity for all extracts, where the TM extract had the highest content of 
polyphenols and, consequently, higher antioxidant activity by the ABTS+ method. 
Despite the difference in the TP contents for the extracts of CA (80.44 ± 2.84 
mgGAE/g) and CP (38.93 ± 1.24 mgGAE/g), the two presented values of YPT close to 
64.87 ± 0.16% and 67.20 ± 1.90%, respectively.

The CP and TM extracts showed better microencapsulation yields (YPT and YFT), 
being above 50%. The YPT of the CP and TM extracts were close, where 96.50 ± 0.10 
and 93.95 ± 2.62% of the polyphenols were present in the microparticles of the 
extracts, respectively, suggesting that they were not affected by the high tempera-
tures used.

All extracts presented higher antioxidant activities in relation to the studies 
performed by Rezende et al. (129.16–155.24 μM Trolox/g) in the drying of acerola by-
product extract; this may be due to use of gum arabic, along with maltodextrin, as an 
encapsulation agent, besides the plant material used and drying parameters [28, 59].

ME TP* (mgGAE/g) TF* (**) YPT
* (%) YFT

* (%) ABTS+* 
(μMTrolox/g)

CA 80.44 ± 2.84 22.52 ± 2.34 31.98 ± 2.08 64.87 ± 0.16 623.76 ± 20.06

CP 38.93 ± 1.24 11.28 ± 0.37 93.95 ± 2.62 67.20 ± 1.90 435.13 ± 4.1

PX 19.06 ± 0.32 12.46 ± 0.21 31.88 ± 0.02 21.90 ± 0.13 163.28 ± 0.32

TM 130.00 ± 0.024 27.17 ± 0.002 96.50 ± 0.10 83.02 ± 0.01 956.01 ± 7.63
*Results expressed as a mean of triplicate ± standard deviation.
**mgQE/g for microencapsulated CA, PX, and TM extracts; mgCE/g for microencapsulated CP extracts.
ME = microencapsulated extracts; TP = total polyphenols; TF = total flavonoids; YPT and YFT = microencapsulation 
yields of polyphenols and flavonoids, respectively.

Table 6. 
Values of microencapsulated extracts of CA [13], CP [10], PX [14], and TM [15] obtained by spray drying.
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With the drying results of the raw extracts of the Amazonian fruit by-products, 
it was observed that all of them maintained the presence of bioactive compounds 
and also showed antioxidant activity, using maltodextrin as an encapsulating agent.

There are a variety of polymers that can be used in microencapsulation; 
maltodextrin is of natural origin and is used as a wall material for encapsulation of 
various plant extracts because it has advantages such as biocompatibility, biode-
gradability, low toxicity, and reduced moisture in the wall of the microparticle [60].

The SEM analysis was performed for all four by-products in order to verify the 
formation of microparticles after spray drying. In the microencapsulated extract 
of the cocoa by-product (Figure 7a), the microparticles did not present any type 
of cracks and were not very grouped, besides not being rough. For the microen-
capsulated extract of the cupuassu by-product, the microparticles exhibited a very 
regular spherical structure, with low agglomeration, few ruptures, and heteroge-
neous size (Figure 7b), indicating poor structure deformation.

Figure 7c shows the photomicrographs of the microparticles present in the extract 
of the pracaxi by-product, where it is possible to verify that in general, the particles 
presented a spherical shape and rough surface characteristic of particles obtained by the 
spray drying method, which occurred probably during the drying and cooling process 
[56]. The presence of heterogeneous sizes and aggregate formation was also observed.

The microparticles of the microencapsulated extract of the tucumã by-product 
(Figure 7d) showed morphologies with low deformation in their structures and 
heterogeneity. Its external surfaces were without cracks and thus does not lead to 
rupture, which is essential to ensure greater protection of the asset. In general, 
they exhibit regular spherical shapes, although some are rounded, without strong 
agglomeration that may be due to the repulsion of loads, with varied size and pres-
ence of roughness.

8. Industrial application

The reuse of vegetable waste (by-products) is a viable alternative to contribute 
to the production chain segment, reduce costs, and contribute to the reduction of 
environmental contamination [32]. In this context, they have a wide spectrum of 
use in the food, pharmaceutical, cosmetic and veterinary industries.

Figure 7. 
Photomicrograph (SEM) of the microencapsulated extract of Amazonian fruit by-products. a) CA [13]; b) CP 
[10]; c) PX [14], magnification in 1.000x; d) TM, magnification in 5.000x [15].
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The use of residues of certain fruits as raw material in the food industry in place 
of synthetic antioxidants and in the production of food that can be included in 
human food, such as biscuits, breads, cereal bars, cakes, and pastes among other 
products is of great economic interest and has represented an important segment in 
industries [26]. By-products have been used in innovative biotechnological pro-
cesses to obtain enzymes with proteolytic and keratinolytic properties [57].

The exploration of by-products of fruit and vegetable processing, as a source 
of functional compounds and their application in cosmetics, is a promising field, 
used in personal, perfumery, and cosmetics hygiene products [25]. Animal feed 
supplementation is one of the most frequent applications for plant by-products. Its 
indications on the market are pisciculture, poultry, cattle, and pigs [23, 58]. The use 
of nutraceuticals in diets is adopted by improving the development, performance, 
and immunity of the animal. In this segment, enzymes, nucleotides, chitin, chito-
san, vitamins, antioxidants, and plant extracts stand out in this segment [59].

The application is possible, thanks to the levels of nutrients that they possess, 
because they have an expressive amount of protein, nutrients, minerals, and bioac-
tive compounds and ensure good digestibility [33, 60] contributing to generate a 
low-cost product with promising characteristics for its use.

The use of elements with a low-cost and easy access enables the use of by-
products from industrial processing as a strategy to optimize the entire course of 
the productive stage [61]. Several studies use by-products of vegetable origin as a 
raw material for industrial reuse [39, 62]. These matrices present nutrient contents 
significantly interesting for total or partial use in fish feed supplementation [63]. 
Within this perspective, the cocoa and pracaxi extracts from the by-product present 
all the prerequisites to be applied in this market [13, 14].

In this perspective, the elaboration and characterization of flours, from fruit by-
products, have been the object of numerous studies, which point to good nutritional 
characteristics and potential for their application as ingredients in food [33]. Due 
to their nutritional characteristics, cupuassu and tucumã flours emerge as a highly 
desirable food ingredient to enrich other foods [33, 64].

The market is made up of niches of consumers of natural foods (energy prod-
ucts), such as athletes, sportsmen, children, and workers who need to eat caloric 
foods [65]. As a result of the growing interest of consumers for more nutritious 
natural foods, with good intake of carbohydrates, proteins, vitamins, minerals, 
fibers, and an adequate balance of calories, the market for cereal bars has been 
increasing [64].

In view of the above, the extracts obtained from the by-products of cupuassu 
and tucumã can be used in this segment. The by-product of cupuassu can be used 
in the enrichment of multimixture flour, which is incorporated in the feeding of 
children in a state of infant malnutrition, a project already applied by the Sociedade 
Bíblica do Brasil in partnership with the Pastoral da Criança [33] and the by-product 
of tucumã in the preparation of bakery products (in the form of bread and cookies) 
and pasta in the production of cereal bars explored as functional food [15, 64].

9. Conclusions

The cocoa, cupuassu, pracaxi, and tucumã seed by-products presented concen-
trations of macronutrients such as proteins, fibers, total fats, and carbohydrates as 
ingredients potentially to be used as food or animal feed. In addition, these extracts 
showed significant antioxidant activity, and phenolic compounds (including proto-
catechuic acid, gallic acid, caffeic acid, and p-coumaric acid) and flavonoids (quer-
cetin, glucosylated quercetin, epicatechin, catechin, and epigallocatechin-3-gallate) 
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were the most abundant compounds in these extracts. By means of the response 
surface methodology, it was determined that the optimal conditions for the 
microencapsulation of cocoa, cupuassu, and pracaxi seeds by-product extract are: 
IT = 170°C, FF = 2.5 mL/min, and MD = 5.0%; IT = 170°C, FF = 5.0 mL/min, and 
MD = 5.0%; IT = 160°C, FF = 10.0 mL/min and MD = 5.0%, respectively, and opti-
mal conditions for microencapsulation of tucumã seeds IT = 100°C, FF = 7.5 mL/
min, and MD = 5.0%. Under these conditions, the microparticles were obtained 
with good stability and some heterogeneity, with spherical structure, confirming 
the efficiency of the microencapsulation process with the use of maltodextrin as a 
drying adjuvant.

Therefore, it is suggested that the microencapsulated extracts of cocoa, 
cupuassu, pracaxi, and tucumã seed by-products can be used in the food, cosmetic, 
pharmaceutical, and veterinary industries And used as a potential source of nutri-
ents to be deployed as an integrator of alternative human food or animal feed, an 
opportunity in which they acquire economic value and at the same time reducing 
the environmental impact related to their disposal in the environment.
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Chapter 15

Thermodynamics and Kinetics 
of Camellia sinensis Extracts 
and Constituents: An Untamed 
Antioxidant Potential
Douglas Vieira Thomaz

Abstract

Given the relevance of impairing reactive oxygen species (ROS) buildup in 
tissues, the use of exogenous antioxidants is highly regarded as a valid prophylaxis 
against oxidative stress and its deleterious effects on organisms. In this regard, 
Camelia sinensis uses as a remarkable antioxidant source have been reported in 
various folk and standard medicine systems around the world. In this chapter, 
the thermodynamics and kinetics of Camelia sinensis constituents is concisely 
discussed focusing on the implications of its redox profiling toward antioxidant 
capacity. Notwithstanding, the biological repercussion of ROS reduction as well as 
its therapeutic potential is also addressed to provide readers a basic background on 
the relevance of investigating the physicochemical features of medicinal plants.

Keywords: redox, black tea, electrochemistry, free radicals, reactive oxygen species

1. Introduction

1.1 The principles of antioxidant thermodynamics in biological systems

Antioxidant capacity has been described by many authors as an important prop-
erty of phytomedicines due to the extent of biological effects linked to it [1–3]. This 
key feature in plant-based drugs and nutraceuticals is widely exploited by industry 
to increase product appeal as well as to improve the health benefits allegedly prom-
ised by their consumption [3–5]. The main premise behind the antioxidant lore is 
that it counteracts the oxidative stress generated by biological systems [6, 7]. In 
this sense, the regular intake of free radical scavengers would safeguard the proper 
attunement of homeostatic balance by diminishing oxidative stress [8, 9].

The natural workings of biological systems, although quite complex at first 
glance, are based on two simple reactions which quite often occur in close con-
nection to each other [8]. These reactions are reduction and oxidation, commonly 
shortened to redox reactions. The oxidation is based on electrons (e) leaving the 
chemical species (A), as represented in Eq. (1), while reduction is based on a chemi-
cal species (A) accepting electrons (e), as represented in Eq. (2). These reactions 
can occur simultaneously, leading to a redox couple, as showcased in Eq. (3).

   A   0  →  A   +1  + 1  e   −1   (1)
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   A   +1  + 1  e   −1  →  A   0   (2)

   A   0  ↔  A   +1  + 1  e   −1   (3)

Regarding all processes which are related to the occurrence of life, redox reactions 
are deeply important since biological systems feed on the chemical energy produced 
by oxidation [8]. To a certain extent, cells behave quite like thermal power plants, 
thereby “burning” certain nutrients to obtain energy for self-sustainability. This pro-
cess is however imperfect, as oxidation byproducts may be highly reactive, therefore 
degrading functional biomolecules which come in contact with them [5, 9, 10]. These 
reactive byproducts are the often-demonized reactive oxygen species (ROS), which 
include oxygen-bearing free radicals and other reactive compounds [11, 12]. An 
overview of ROS and other reactive chemicals is showcased in Table 1.

Albeit ROS are widely known for their negative effects on organisms, these 
compounds do have remarkable importance to sustain life. Although such statement 
might be seemingly paradoxical, oxidative stress and ROS buildup are essential to 
proper inflammatory response as well as immunologic defense [8, 11, 12]. Moreover, 
the relevance of ROS in the natural workings of cell physiology is still being discov-
ered, since these compounds have been linked to many biochemical pathways and 
cell signaling processes. For instance, superoxide anion showcases affinity to sulfur 
residues bound to iron coordination complexes as the heme in cytochromes, while 
some non-radical ROS may showcase affinity to exposed sulfur-bearing amino acids 
such as cysteine, thence selectively targeting these moieties [11–13]. Therefore, the 
true concept behind antioxidants is not the full disruption of oxidative stress, but 
the balance of this natural phenomenon toward proper homeostasis.

Enzymes Nonenzymatic Proteins

Catalase Bilirubin Lactoferrin

Superoxide dismutase Uric acid Metallothionein

Glutathione peroxidase Glutathione Transferrin

Glutathione reductase Lipoic acid Ceruloplasmin

Thioredoxin reductase Melatonin Ferritin

Table 2. 
Endogenous antioxidants reported in literature.

Non-radical ROS Radical ROS

O2 (oxygen) -.O2 (superoxide anion)

H2O2 (hydrogen peroxide) .OH (hydroxyl)

O3 (ozone) .HO2 (perhydroxyl)

Obtainable through excitation
1O2 (singlet oxygen)

Obs.: Radical ROS are obtainable by sequential single-electron oxidation of water and its oxidation products, 
namely, hydroxyl radical, hydrogen peroxide, superoxide anion, and molecular oxygen. Singlet oxygen is obtainable 
through excitation of molecular oxygen.

Table 1. 
Overview of ROS and other reactive chemicals.



265

Thermodynamics and Kinetics of Camellia sinensis Extracts and Constituents: An Untamed…
DOI: http://dx.doi.org/10.5772/intechopen.92813

Considering that all chemicals showcase intrinsic physicochemical features 
regarding their proneness to undergo redox reactions, the feasibility of antioxidant 
capacity can be linked to the thermodynamics of selected compounds in comparison 
to endogenous antioxidants of both chemical and enzymatic nature [8, 11, 14–16]. 
Thus, the Gibbs free energy, enthalpy and entropy of alleged antioxidants can be 
compared to those of endogenous free radical scavengers and oxireductive enzymes 
in order to assess the thermodynamic feasibility of antioxidant capacity [9, 17, 18]. 
Table 2 showcases the main endogenous antioxidants reported in literature.

The activity of endogenous antioxidants is remarkably high in order to counteract 
the effect of the oxidative stress promoted by cell physiology; however, the presence of 
compounds bearing higher thermodynamic proneness to reduce ROS could safeguard 
the whole biological material in site. This antioxidant capacity can be assessed by many 
methods, such as thermodynamic evaluation through spectrophotometry, electro-
chemistry, and other approaches. However, redox reactions may be dependent on 
mass transfer through solution or other processes which reduce reaction speed, which 
thence raises the importance of also evaluating the kinetics of antioxidant capacity.

2. Basic physicochemical features of Camellia sinensis antioxidants

Camellia sinensis, also known as green or black tea according to its production 
method, is a widely commercialized herb whose therapeutic applications are highly 

Figure 1. 
Known constituents of C. sinensis, gallic acid, and caffeine, which are acknowledged to exert antioxidant 
power, and graphical rendering of HOMO-0 for each constituent. Negative charges are rendered in blue, and 
positive charges are rendered in red.
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regarded in the folk medicine of many regions around the globe [19–23]. This plant 
is acknowledged to harbor a chemically diverse metabolism, and its constituents are 
known to promote strong antioxidant action in biological systems [18, 24]. Figures 1 
and 2 showcase some major constituents of C. sinensis which are known to exert anti-
oxidant action as well as the surface rendering of the first state of their highest occupied 
molecular orbital (HOMO-0) using standard Hückel molecular orbital theory [25, 26].

Figure 2. 
Known flavonoid constituents of C. sinensis, which are acknowledged to exert antioxidant power, and 
graphical rendering of HOMO-0 for each constituent. Negative charges are rendered in blue and positive 
charges are rendered in red.
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As showcased in Figures 1 and 2, the resonance systems promoted by aromatic 
rings in both the flavonoids, as well as gallic acid and caffeine, allow the infer-
ence that the inductive effect of functional groups may be transmitted along the 
molecule [25, 26]. This assumption is supported by both Hückel molecular orbital 
theory and its implications in medicinal chemistry through the vinylogy principle 
[27]. In this sense, all these molecules could undergo redox reactions due to their 
easily excitable electrons in the conjugated aromatic systems (flavonoids) and 
single aromatic ring (gallic acid and caffeine) [25]. Notwithstanding, this interpre-
tation is further corroborated by experimental data as well as by the evaluation of 
their energy gap (ΔE) in comparison to that of other known antioxidants such as 
alpha-tocopherol, which showcase ΔE of 10.2011 eV when analyzed under the same 
method [25, 26, 28, 29]. Table 3 showcases the ΔE of major C. sinensis constituents.

The ΔE of chemical compounds is an important parameter to evaluate the ther-
modynamic feasibility of redox processes; hence lower values suggest easier elec-
tron transfer and therefore higher possibility of occurrence [25, 26]. Nonetheless, 
complex approaches such as density functional theory (DFT) are often employed 
to gather thermodynamic data from ab initio computational models in order to 
investigate the proneness of chemicals to undergo oxidation [28].

3. Thermodynamics of redox systems and ways to explore it

Thermodynamic data obtained through ab initio or empiric/semi-empiric 
approaches such as DFT and Hückel molecular orbital theory can also be combined 
to other physicochemical investigations in order to render more reproducible 
models regarding energy shifts in redox reactions. Among the most associated tech-
niques are quantum chemistry and electrochemistry [28], which provide relevant 
information concerning energy parameters and the kinetics of chemical processes.

When energy levels are concerned, the overall behavior of a system can be inves-
tigated by the fundamental laws of thermodynamics, as summarized in Eq. (4).

  ∆ G = ∆ H − T ∆ S   (4)

wherein ΔG stands for Gibbs free energy, ΔH stands for enthalpy, T stands 
for temperature, and ΔS stands for entropy. Note that all energy parameters are 
approached as variations between different states of the system.

Considering that Gibbs free energy can also be expressed according to Eq. (5), 
we can thence declare the dependence of energy to the equilibrium constant of 
reactions, as showcased in Eqs. (6) and (7).

Constituent HOMO-0 (eV) LUMO-0 (eV) ΔE (∣LUMO-HOMO∣)

Catechin −10.885 1.293 12.178

Epicatechin −10.938 1.254 12.192

Epigallocatechin −10.528 2.382 12.91

Epigallocatechin gallate −10.549 −3.117 7.432

Gallic acid −11.026 −3.01 8.016

Caffeine −9.26 2.047 11.307

Obs.: ΔE also displayed in eV.

Table 3. 
HOMO-0, LUMO-0, and energy gaps (ΔE) for each major C. sinensis constituent.
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  ∆ G = − RTLn  K  eq     (5)

   A  red   ↔  A  ox   + 1  e   −1   (6)

   K  eq   =    A  ox   _  A  red      (7)

wherein R stands for the universal gas constant.
From these relations, both Van’t Hoff and Nernst equation are achievable. Taking 

Nernst equation for instance, one can clearly see how electric potential is a thermo-
dynamic parameter, as showcased in Eqs. (8) and (9).

  ∆ G = − nF ∆ E  (8)

  ∆ E = −   RT _ nF   Ln    A  ox   _  A  red      (9)

wherein n stands for the number transferred electrons in the system and F 
stands for the Faraday constant.

Considering that electric potential is a thermodynamic parameter, the anti-
oxidant capacity is therefore conditioned by both energy levels of oxidized and 
reduced forms and the reaction rate thereby associated. In this context, elec-
trochemical tests such as chronoamperometry and voltammetry can be used to 
investigate the electric potentials associated to redox reactions, as well as the kinetic 
profile they follow [8, 16].

4.  Investigating the basics of Camellia sinensis antioxidant 
thermodynamics and kinetics

Many authors reported that C. sinensis antioxidant power is remarkable due to 
the capacity of its constituents to promptly reduce standard free radicals such as 
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) [18, 24, 30, 31]. Although results are often noteworthy, 
colorimetric tests tend to be biased due to the strong color of C. sinensis extracts, 
which may lead to imprecise results. In this regard, many authors pursued the 
exploration of the redox behavior of this plant using electrochemical methods, 
which may provide less color-biased results due to their unique dependence on 
electron transfer [17, 32, 33].

The electroanalytical investigation of plantstuff is a growing field on science 
due to its promising perspectives regarding the quality control, authenticity, 
and physicochemical characterization of plant secondary metabolites [32–34]. 
Nonetheless, most voltammetric assays can be applied to plants without 
strenuous pretreatment of the vegetal sample [32]. However, given that plant 
secondary metabolites of phenolic origin such as those of C. sinensis showcase 
electrochemical processes which are mainly controlled by mass transfer in the 
bulk solution [17], as well as proneness of oxidation products to undergo adsorp-
tion on electrode surface, a careful electrode surface renewal protocol needs to 
be adopted.

Regarding the basic background on voltammetric studies, these tests involve the 
interpolation of two functions, namely, electric potential versus time (E × t) and 
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electric current versus time (I × t). When graphically displayed, a voltammogram is 
the plot of electric current versus the applied electric potential following a specific 
signal pattern during a defined time interval (I × E). Therefore, any change in elec-
tric current which is non-capacitive by nature can be attributed to redox processes 
taking place in the electrochemical cell [35–37].

During voltammetric investigation, the scanning of electric potential toward 
positive values, aka anodic scan, leads to the visualization of oxidative processes, 
while the reverse scan, aka cathodic scan, leads to the visualization of reduction 
processes [35, 37]. Taking these concepts into account, the redox profiling and elec-
trochemical characterization of both isolated plant constituents and vegetal extracts 
can be elucidated by varying the kind of scan which is being performed [10, 17, 
33, 34]. Figure 3 showcases an example of a cyclic voltammogram presenting a 
response which could be attributed to a reversible redox reaction, while Figure 4 
depicts an overview of the main mechanisms which are involved in the electrooxi-
dation of C. sinensis constituents [7, 27, 38–40].

Literature reports that C. sinensis extracts showcase anodic peaks at electric 
potentials bellow 0.5 V when analyzed under voltammetry [17, 18, 30, 31, 41], 
which is nonetheless a remarkable feature. Considering that most of the endog-
enous antioxidant arsenal operates at electric potentials close to this value, the 
reductive power of C. sinensis constituents is noteworthy, since they could undergo 
oxidation thereby stabilizing ROS or restituting endogenous antioxidants  
[8, 10, 27, 42].

Notwithstanding, many authors showcased evidence of redox reversibility in 
the processes which take place at 0.5 V in C. sinensis extracts, which suggests that 
the antioxidant compounds could undergo followed redox reactions to promote the 
reduction of ROS in biological systems [32, 33]. When compared to voltammetric 
profiles of isolated compounds, C. sinensis voltammograms evidence the richness 
of electroactive compounds which are present in this plant, which further corrobo-
rates to the appeal of this plant in the development of therapeutic and nutraceutical 
products to balance oxidative stress in biological systems.

Figure 3. 
Example of a cyclic voltammogram presenting a response which could be attributed to a reversible reaction.
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5. Conclusions

This chapter aimed to provide readers with a basic background on the relevance 
of investigating the physicochemical features of Camelia sinensis, as well as concisely 
discuss the implications of the redox profiling in the understanding of antioxi-
dant capacity. It was observed that several methods can be used to investigate the 
underlying thermodynamic and kinetic features which are intrinsically linked to 
the antioxidant power of phytomedicines. Moreover, literature extensively reports 
the remarkable antioxidant power of C. sinensis extracts and constituents, therefore 
highlighting the relevance of this plant as an important asset for the development of 
therapeutic and nutraceutical formulations.

Figure 4. 
Main mechanisms involved in the electrooxidation of phenolic compounds which are occurrent in C. sinensis. 
Note that catechol oxidation is reversible, while phenol undergoes irreversible oxidation, leading to both 1,2 and 
1,4 catechol and an electro-polymerized product.

© 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. 
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Chapter 16

Microorganisms as Alternative 
Sources of New Natural Products
Lucía Ortega Cabello

Abstract

Microbial natural products have become important over the last decades due to 
the ability of bacteria and fungi to subsist in different habitats such as marine and 
extreme environments. Microorganisms are able to synthesize new compounds 
with diverse therapeutic activity equal to or better than the activity of compounds 
already known, thus being promising for the treatment of different diseases such as 
cancer or the solution to health problems such as antibiotic resistance. The produc-
tion of microbial natural compounds can be improved by modifying culture media, 
growing conditions, amplifying gene expression or by co-cultivation techniques, 
which are the major challenges in the industrial production of such compounds.

Keywords: microorganisms, antioxidants, antibiotics, antitumor, polymers

1. Introduction

The lack of effectiveness in current therapeutics using already known com-
pounds has made necessary the rediscovery of natural products, either for obtain-
ing new compounds or modifying their structure to improve their activity, where 
plants are the most popular sources.

However, due to seasonal and environmental conditions that influence their 
production, alternative sources have been searched for. Microorganisms have been 
considered as good alternative sources due to the self-sustainability and controllable 
growth conditions such as carbon source, nitrogen source, pH and temperature 
[1, 2], thus leading to the possibility of discovering new compounds.

In this chapter, we will focus on the uses of microbial secondary metabolites as 
antioxidants, antibiotics, antitumor and polymers from mainly Streptomyces genus, 
which have been important in soil bioremediation and biocatalysis for the obtention 
of enantiopure compounds [3–5].

2. Microorganisms as sources of natural products

Since the discovery of penicillin and streptomycin in 1928 and 1943 respectively 
[6, 7], microorganisms have become fascinating alternative sources because of the 
diversity of natural products with new structures to be elucidated and studied for 
biological activity.

Microorganisms can be found in very extreme environments (soil/marine, high/
low temperature, acid/alkaline) [8], with the isolation of these microorganisms being 
a major challenge to date because there are uncultivable microbes, complicating 
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natural product discovery. To overcome this problem, different techniques have 
been applied such as co-cultivation, as well as exploration of isolation techniques 
on natural habitats [9]. Co-cultivation has attracted attention because it can induce 
the biosynthesis of new compounds [10] such as libertellenone A, B, C and D from 
co-cultivating α-proteobacterium and Libertella sp. [11] and stearidonic acid from 
Rhizobium strain 10II and Ankistrodesmus sp. [12].

Terrestrial fungus and actinobacteria are the most important sources of antimi-
crobials, cytotoxic compounds and antioxidants, among others [13]. However, in 
the last few years, marine environment has attracted attention due to the diversity 
and effectivity of natural products [14], such as apratoxins from cyanobacteria 
from the Lyngbya genus used as cytotoxic agents to induce apoptosis [15], as well as 
salinisporamides isolated from Salinispora tropica with activity against human colon 
carcinoma [16].

3. Antibiotics

The inadequate use of current antibiotics has led to antibiotic resistance, which is a 
global threat because of the adaptation rate of microorganisms [17]. Natural product 
discovery as a potential solution to antibiotic resistance has been important if we recall 
the discovery of penicillin and streptomycin. Nevertheless, actinobacteria isolated from 
soil have already been widely exploited, limiting the search of new antibiotics [18].

Due to the latter, the need to search new microorganisms associated with higher 
life forms or from unknown environments such as marine and extreme ecosys-
tems [19, 20], as well as co-cultivation techniques between antagonists strains 
have been useful [21, 22], as the case of the co-cultivation of a Micromonospora 
sp. with a Rhodococcus strain to enhance the production of keyicin [23], as well 
as the co- cultivation of a marine Pestalotia sp. with an unidentified bacteria to 
obtain pestalone which resulted in high activity against Staphylococcus aureus and 
Enterococcus faecium [24].

Among the examples of marine microbial sources is a Streptomyces strain iso-
lated from a marine sediment in India that produced ala-geninthiocin along with 
val-geninthiocin, geninthiocin and staurosporine; all compounds were found to be 
effective against Staphylococcus aureus and Candida albicans [25]. Another example 
is tetrahydroanthra-γ-pyrone from marine Streptomyces sp. (isolated from Binzhou 
shell island), which presented activity against Bacillus subtilis, Staphylococcus aureus 
and Enterococcus faecalis with a minimum inhibitory concentration (MIC) from 3 to 
46 μg/mL [26].

The presence of metals has been explored to increase the production of anti-
biotics, such as the presence of nickel chloride in the cultivation of Streptomyces 
pratensis (isolated from the east coast of China), which enhanced the production 
of angucycline-type antibiotics, with moderate antimicrobial activity against 
Pseudomonas aeruginosa, Klebsiella pneumonia, Escherichia coli and Staphylococcus 
aureus with a MIC of 16 μg/mL [27]. Other minerals that have been tested to 
increase antimicrobial production on other Streptomyces strains are magnesium, 
calcium, manganese, cobalt, copper and iron salts, where copper sulfate and iron 
chloride resulted in the best induction of antimicrobial biosynthesis [28].

The Micromonospora is a genus of actinobacteria known to produce other 
antibiotics such as aminorifamycins and sporalactams with a good antimicrobial 
activity against Mycobacterium tuberculosis [29], as well as phocoenamicins with a 
potent activity against Staphylococcus aureus and Mycobacterium tuberculosis (MIC 
32–64 μg/mL); the differences in their activity are attributed to different functional 
groups in the macrocyclic core [30].
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Marine fungi have been considered as antibiotic sources such as Penicillum sp. 
(isolated from the coast of China), which produced four new compounds (neoc-
itreoviridin, 10z-isocitreoviridinol, penicillstresseol and isopencillstressol) in 
the presence of cobalt. Penicillstresseol and isopencillstressol presented a MIC of 
0.5 μg/mL against Staphylococcus aureus, followed by 10z-isocitroviridinol with a 
MIC value of 1–4 μg/mL, while neocitreoviridin exhibited a strong activity against 
Pseudomonas aeruginosa with a MIC around 4 μg/mL [31].

Marine Engyodontium album (isolated from a sponge) produced six new 
polyketides, where engyodontochone A and engyodontochone B were the ones that 
exhibited the best antimicrobial activity against Staphylococcus aureus, which was 
better than that of chloramphenicol [32].

Emerimicin IV extracted from Emericellopsis minima (isolated from a bay in 
Chile) exhibited a strong antimicrobial activity against Enterococcus faecalis and 
moderate to low activity against Staphylococcus aureus with a MIC value of 12.5 and 
100 μg/mL respectively [33].

Extremophiles have also been useful in the discovery of new antibiotics due to 
the extreme growth conditions such as salinity (>1.0 M NaCl), pH (<5.0, >8.0), 
temperature (1–15°C and >45°C) and pressure (380 atm and >500–1200 atm); such 
conditions can be found on oceans, hypersaline lakes, hot springs and hydrother-
mal vents, among other places [34]. Actinobacteria are known to survive a range 
of the conditions previously reviewed such as the ones isolated from Kazakhstan 
where screening for antagonistic strains against Escherichia coli and Aspergillus 
niger [35].

Co-cultivation techniques have also been used for antibiotic synthesis such 
as Penicillium fuscum with Penicillium camemberti/clavigerum, whose co-culture 
allowed the extraction and purification of new macrolides named berkeleylactones. 
Berkeleylactone A was the one that exhibited the best activity against Staphylococcus 
aureus, Bacillus anthracis, Streptococcus pyogenes, Candida albicans and Candida 
glabrata [36].

4. Antioxidants

Antioxidants are molecules capable of counteracting at low concentrations the 
damage of mainly reactive oxygen and nitrogen species (ROS and RNS), which 
are generated from metabolic pathways such as mitochondrial respiratory chain 
and lipid β-oxidation among others [37, 38]; depending on the ROS/RNS, they 
can attack different targets [39, 40] whether biomolecules such as proteins, lipids 
and nucleic acids or cell organelles [22, 41]. Usually ROS and RNS at moderate 
concentration are useful for defense, signaling mechanisms and cellular matura-
tion [42–45]; however when ROS and RNS concentration are in excess, differ-
ent pathologies can be caused due to oxidative stress by causing tissue damage 
[41, 43, 45, 46].

In this regard actinobacteria have played their role as potential sources of 
antioxidants where [47] isolated Streptomyces strains in the Oman sea presented an 
inhibitory concentration 50 (IC50) that ranges from 356.8 to 566.4 μg/mL against 
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical inhibition.

Growth media is important for the production of antioxidants such as the case 
reported by [48] on Streptomyces variabilis (isolated from the Gulf of Khambhat) 
using six different media: starch casein agar, yeast malt extract agar (ISP2), glyc-
erol asparagine agar (ISP5), inorganic salt agar (ISP4), tyrosine agar (ISP7) and 
gause’ synthetic agar (GSA), and incubated at 30°C for 7–9 days. GSA medium was 
selected because there was a larger quantity of cell mass compared to other media; 
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its metabolites were extracted with ethyl acetate and antioxidant activity was tested 
against DPPH, metal and hydrogen peroxide (H2O2) radical in a concentration 
range from 0.5 to 2.0 mg/mL. The best radical scavenging activity was against H2O2 
radical (64% of antioxidant activity) at a concentration of 0.5 mg/mL.

Specific radical scavengers can be obtained depending on the microorganism 
such as the strain of Streptomyces antioxidans (isolated in the forest of Tanjung 
Lumpur), in a research reported by [49], which exhibited 79.84% of antioxidant 
activity against superoxide radical at an extract concentration of 1.5 mg/mL; 
most compounds present in the extract were pyrazines, fatty acids and a phenolic 
compound. Similar compounds have been found by [50] in a strain of Streptomyces 
monachensis isolated from a mangrove in Malaysia with an antioxidant activity 
against superoxide radical as well as metal chelating activity of 83.80 and 75.50% 
respectively.

Among other antioxidants found on microorganisms extracted due to their 
possible coloring properties are carotenoid pigments mainly used as vitamins in 
the case of carotenes and xanthophylls, which can be found on bacteria (Gordonia 
rubropertincta), yeast (Blakeslea trispora) and microalgae (Haematococcus 
 pluvialis) [51].

In this regard, 50 carbon atom carotenoids identified as bacterioruberin deriva-
tives have been detected as main pigments of Haloterrigena turkmenica grown in 
halobacterium medium, which were tested with DPPH and ferric reducing antioxi-
dant power (FRAP) assays [52].

As mentioned earlier, growth media can influence in the production of anti-
oxidants. Three yeasts isolated from Brazil were tested in different media. The 
highest carotenoid producer was Rhodotorula mucilaginosa in malt and yeast 
extract medium (MYM) followed by glycerol and corn steep liquor (GCSLM) with 
a biomass production of 13.5 and 7.9 g/L and a carotenoid content of 1068.5 and 
224.8 μg/L respectively.

The authors noticed changes in the carotenoid profile with a higher content of 
β-carotene followed by astaxanthin and lutein in MYM (91.8, 6.9 and 1.3% respec-
tively). With GCSLM, astaxanthin and lutein content increased (23.3 and 71.2% 
respectively) and β-carotene content decreased (71.2%).

This change in the carotenoid profile influenced greatly in the antioxidant activ-
ity where the pigments presented antioxidant activity against DPPH, 2.7 and 14.7% 
for MYM and GCSLM respectively. A similar, yet higher behavior was observed 
with 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and FRAP 
[53]. The increase in antioxidant activity could be due to the increase of xanthophyll 
content since the presence of oxygenated moieties in the carotenoid structures 
increases the antioxidant activity [54].

Similar experiments have been carried out by adding bivalent ions such as fer-
rous, calcium, copper and zinc among others as initiators of the Fenton reaction or 
as cofactors for carotenoid biosynthesis [55–57]. However, in a research reported by 
[58], such behavior was not observed on carotenoid pigments from marine strains 
of Rhodococcus and Gordonia genera (isolated from the Gulf of Mexico). However, 
a change in the carotenoid profile was observed on Rhodococcus sp., which may 
improve the antioxidant activity for two reasons:

1. The increase on the selective carotenoids that may present the best antioxidant 
 activity [58].

2. The possible formation of carotenoid-metal complexes, mainly in the 
 oxygenated groups [59].
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These carotenoids were identified as glycosidic carotenoids; such carotenoid 
extracts demonstrated a better antioxidant activity against DPPH radical (IC50 
of 1.07 and 0.09 μg/mL for Rhodococcus sp. and Gordonia sp. respectively) than 
β-carotene (IC50 of 19.59 μg/mL) [60]. Furthermore, these extracts were compared 
against those reported by [61] where the authors calculated an IC50 of 11.6 and 
9.1 μg/mL for carotenoid extracts from two varieties of Bactris gasipae, presenting a 
better antioxidant activity than the bacterial extracts.

Some of these microbial carotenoid pigments are already commercially available 
for their use as supplement like Lycogen™, which is a carotenoid pigment from 
a mutant strain of Rhodobacter sphaeroides [62], which contains spheroidenone, 
bixin (a carotenoid found on Bixa orellana L.) and hydroxyspheroidenone [63, 
64]. Another pigment that is already available is astaxanthin from microalgae 
Haematococcus pluvialis, whose production cost is estimated at $552/Kg, being 
competitive with synthetic carotenoids ($1000/Kg) [65].

5. Antitumor

Tumoral cells are submitted to high levels of ROS and RNS, manifesting uncon-
trolled proliferation, death evasion, angiogenesis, invasiveness and metastasis, 
causing loss of cellular function due to changes in the DNA [66].

The action of ROS and RNS may trigger different factors that stimulate angiogenic 
processes such as the vascular endothelial growth factor inducing proliferation, migra-
tion and tubule formation [67], as well as the induction of epithelial-mesenchymal 
transition by upregulation of transforming growth factor β [68].

In this regard, antioxidants serve as chemopreventive agents on healthy tissue 
while increasing the damage on cancerous cells; this phenomenon has been studied 
on secondary metabolites of plant origin such as soy isoflavone, and polyphenols 
such as resveratrol and hydroxychalcones [69].

Among microbial compounds that presented a correlation between antitumor 
and antioxidant activity were in extracts of Streptomyces malaysiense with com-
pounds identified as pyrrolizidines and deferoxamine, exhibiting antioxidant as 
well as antitumor activities. Deferoxamine, which is listed in the World Health 
Organization’s List of Essential Medicines, presents antioxidant activity by chelat-
ing iron and antitumoral activities [70].

Another interesting example of antitumoral compounds is an already known 
compound that is widely used for breast cancer stage III and IV treatment, which 
is doxorubicin [71], isolated from a mutant strain of Streptomyces peuceticus. 
Doxorubicin works as a DNA intercalating agent by inhibiting the activity of 
topoisomerase II in DNA replication [72].

Since the 1950s there has been an increase in the interest of studying marine 
microbial sources for drug discovery in the area of anticancer drugs such as tetra-
cenoquinocin and 5-iminoarianciamicina, extracted from Streptomyces sp. in 2010, 
which were effective against human cervical carcinoma HeLa cells and myelogenous 
leukemia LH-60 [73].

A similar case is the research reported by [74], where they isolated 32 strains 
from lagoon sediment in Lagos. The strains were identified mostly as Streptomyces 
and Micromonospora. Nine isolates from Streptomyces genus presented cytotoxic 
activity against human acute myelocytic and promyelocytic leukemia, cervical 
carcinoma, human gastric, breast adenocarcinoma cell lines varying their effective-
ness at a concentration below 1 mg/mL. The compounds present in the extracts 
were identified as kigamicin and staurosporine analogues.
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Other kind of compounds found in Streptomyces strains are pyrrolopyrazines 
(found on Streptomyces colonosanans), which presented anticancer activity against 
human colon cancer cell lines [75].

Diketopiperazines from Streptomyces nigra (isolated from a mangrove soil) were 
effective against several human cancer-derived cell lines, while with normal cell 
lines they were inactive at a concentration range of 50–100 μg/mL. Other com-
pound found on Streptomyces nigra was β-carboline, which is a compound widely 
found in plants with anticancer activity against a variety of cancer cell lines that act 
inhibitis DNA topoisomerase as well as intercalates in the DNA strands, changing 
the DNA structure; and tamoxifen [76] which is commonly used to control breast 
cancer after chemo and radiotherapy have been applied to the patient.

Another actinobacteria with discovered antitumor activity is Rhodococcus, 
where [77] a Rhodococcus strain was isolated from a contaminated soil. The extract 
exhibited cytotoxic activity against HepG2 and Hela cell line with an IC50 of 33 and 
73 μg/mL respectively.

Another class of compounds that exhibit antitumor properties are polysac-
charides, which inhibit cell growth and induce apoptosis as well as exert a 
synergistic effect with other chemotherapeutical agents such as doxorubicin 
[78], such as that reported on resveratrol [79, 80]. Examples of these kind of 
compounds are exopolysaccharides (EPs) produced by Bacillus mycoides com-
posed of a sugar mixture containing galactose, mannose, glucose and glucuronic 
acid; such EPs exhibited antitumor activity by observing morphological abnor-
malities in HepG2 and Caco-2 cancer cell lines with an IC50 of 138 and 159 μg/mL 
respectively, while on normal cells the IC50 was 245 μg/mL [81]. A similar activity 
was observed with Bacillus licheniformis EP constituted by glucose, galactose, 
fructose, mannose and galacturonic acid on MCF cancer cell lines with an IC50 
value of 840 μg/mL [82].

It can be observed from both Bacillus species that changes in the polysaccharide 
composition may influence the antitumor activity; as observed by [83] in three 
EPs of Streptococcus thermophilus, two of them were mainly composed by mannose, 
while the other contained mainly glucose with a protein moiety. The latter exhibited 
a higher antitumor activity on HepG2 cells with an IC50 of 313.75 μg/mL, while for 
the other two compounds the antitumor activity was below 50%.

Some Trichoderma species are also able to synthesize EP constituted by man-
nose, glucose, galacturonic acid and glucuronic acid with a mannan core, where the 
antitumor activity was more effective on HeLa cells than on MCF-7 cells by arrest-
ing G2/M phase and inducing apoptosis [84].

Fungal endophytes are another kind of microorganisms that could be used 
as alternative sources of bioactive compounds found in plants. Such as taxol (a 
chemotherapeutic), pestalactams and penicestorids. Taxol was discovered initially 
on Taxus brevifolia, and it presents a similar activity as doxorubicin [85]. Another 
example, camphotecin, found commonly on Campotheca acuminata, was also 
found on Fusarium solani. Camphotecin from Fusarium solani was proved to induce 
apoptosis on Vero cells at a concentration of 30 μg/mL for 24 h with a maximum 
apoptosis of 15% [86].

Endophytic fungi are also able to produce EP with antitumor activity. An 
example is Bionectria ochroleuca whose activity was proved to be effective against 
liver, gastric and colon cancer cell lines in a concentration range from 100 to 
450 μg/mL without exhibiting toxicity in healthy cells [87].

Fungal co-cultivation techniques have also been used in the obtention of antitu-
mor compounds. For example, Isaria felina with Aspergillus sulphureus was used for 
obtaining oxirapentyn L, which exhibited antitumor activity at IC50 greater than 
100 μg/mL [88].



281

Microorganisms as Alternative Sources of New Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.92697

6. Polymers

Biopolymers such as lipopolysaccharides (LPSs), EP and extracellular polymeric 
substances (EPSs) are high-molecular weight substances secreted by microorgan-
isms [89]. In the case of EP, their antitumor properties have been observed in 
some bacteria as well as in endophytic fungi. EPSs are exopolymers, constituted by 
polysaccharides, lipids, proteins and nucleic acids; the composition provides these 
biopolymers unique properties that can be manipulated for a variety of technologi-
cal applications [90].

LPSs from Gram negative bacteria possess a lipid moiety and a glucosamine frac-
tion with phosphate groups to improve membrane stability [91, 92]. Some of these 
LPSs have been studied as flocculating and emulsifying agents; for example, the 
one produced by Trichosporon mycotoxinivorans at a concentration of 8.6 mg/mL was 
able to flocculate kaolin and charcoal with 80 and 78% of efficiency respectively, 
while the emulsifying activity by mixing water and kerosene presented an emulsifi-
cation efficiency of 81% [93].

Another application of LPSs is to enhance the immune response by accelerating 
the maturation of dendritic cells using immobilized LPS nanostructures; compared 
to LPS solutions and LPS monolayers, such structures could be useful in HIV 
patients [94]. In a similar manner, inactivated LPSs from non-sulfur photosynthetic 
bacteria have been used to stimulate immune response [95].

EPs have become important in material science, being useful as storage mol-
ecules, protective capsular layers and as matrix components of biofilms due to their 
water-binding capacity because of hydroxyl and carboxyl groups. EPs can be used 
in drug delivery, enzyme immobilization, tissue engineering, among other uses 
[96], their production depends on composition and growth conditions applied on 
the culture media [97].

EPs from lactic acid bacteria have been used as emulsifiers and viscosifiers 
because of their pseudoplastic rheological behavior; the sugar identified have been 
dextran, reuteran, levan and insulin, pullulan (homopolysaccharides), kefiran and 
hyaluronic acid (heteropolysaccharides) among others depending on the strain 
used to produce EP [98, 99].

An example of this kind of EP is levan produced by Bacillus licheniformis reported 
by [100] where the authors studied its physicochemical properties and concluded its 
utility in stabilizing topical formulations. Other uses that have been studied of levan 
but from Halomonas smyrnensis were on tissue engineering and prosthetics [101].

Hyaluronic acid from Streptococcus equi was compared against kefiran isolated 
from kefir grains (also produced on lactic acid bacteria) demonstrating antioxidant 
and immunostimulatory activities [102].

Marine EPs are mainly heteropolysaccharides composed of pentoses, hexoses, 
aminosugars or uronic acids [103]. The EPs of Pantoea sp. [97] presented wound 
 healing activity by facilitating cell migration on fibroblasts. The EPs of Bacterium 
polaribacter increased 1.42-fold the wound closure at an EP concentration of 1 mg/mL.

EPS in microbial cells aids in the fixation to marine surfaces, thus forming 
biofilm communities though a three-dimensional arrangement in which the cells 
can localize extracellular activities and conduct agonist/antagonist interactions. In 
marine bacteria, EPSs generally contain higher levels of glucuronic and galacturonic 
acids. Among the sugars found on EPSs are glucose, galactose, mannose, fructose, 
rhamnose, uronic acids, N-acetyl-glucosamine and N-acetyl-galactosamine; the 
protein moiety can occur as peptides, aminosugars, glycoproteins, proteoglycans 
and amyloid proteins. Proteins can occur as peptides, aminosugars, glycoproteins, 
proteoglycans and amyloid proteins. Extracellular DNA and extracellular nucleases 
can be found, thus influencing on the physical consistency [90].
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EPS production depend on the presence of divalent cations [90], as it is in the 
case of Bacillus vallismortis; which EPS was better in composition in the presence of 
zinc enhancing the adsorption capacity [104]; while in the presence of the ferric ion 
the EPS production is limited [90].

An application of EPS is in microencapsulation of vitamins to formulate func-
tional foods as demonstrated on Cyanoteche sp. The authors extracted its EPSs and 
made encapsulation tests of vitamin B12 either alone or in the presence of arabic 
gum by spray-drying technique. EPS alone presented a particle diameter of 8 μm 
and when combined with arabic gum the particle diameter was smaller than that of 
EPS alone; both microcapsules presented different release kinetics due to the differ-
ent swelling mechanisms of the EPS [105]. EPS from another Cyanoteche strain was 
found to be useful for controlled delivery of small molecules such as procainamide 
as well as proteins. The authors found out that adding bivalent cations such as Ca2+, 
as well as considering the protein charge, the release kinetics could improve [106].

Other encapsulation studies were performed on the EPSs of Bacillus subtilis in 
the preservation of Lactobacillus plantarum as probiotic, facilitating its survival in 
gastric conditions during co-cultivation of both strains [107].

EPSs have been widely used in sludge treatment for pharmaceutically active 
ingredients removal such as ciprofloxacin as well as sulfonamides. EPS from 
Klebsiella sp. was tested against sulfonamides; the high protein content of EPS 
(mainly tryptophan and tyrosine) is a critical factor in the adsorption of sulfon-
amides for hydrophobic interactions with sulfonamides [108]. The same thing 
happens with ciprofloxacin being important to reach the isoelectric point of the 
protein moiety as well as the use of iron salts to enhance the adsorption of cipro-
floxacin [109–111].

The latter ability of EPSs to adsorb antibiotics needs further studies in order 
to model and improve the kinetics of controlled release dosage forms giving us a 
natural and possible biocompatible alternative material for design of molecular 
pharmaceutical forms.

7.  Challenges and trends in the discovery and development of microbial 
natural products

Even though the plethora of natural products of microbial origin mainly isolated 
from marine and extreme environments is a large field of research, developments in 
technological aspects such as the increase in natural product production for industrial 
scale-up or overcoming the difficulty in isolating microorganisms are needed [112].

Genome mining focused on the activation of silent genes, to search gene clusters 
serving as molecular markers, with complementary informatic tools has been a 
solution [113, 114]. This technique can be used in metabolic engineering, producing 
an heterologous host through genetic engineering, using plasmids or recombinant 
systems using interspaced palindromic repeat, one of the most recent techniques 
applied in genetic engineering [115].

Another trend also used on unculturable microorganisms is the discovery of 
environmental DNA coupled to cosmids for gene expression, which have also been 
used for the selective isolation of biologically active natural products [116].

Search of ideal media and culture conditions have also been a major challenge 
in optimizing the amount of metabolite present on the microorganism, which have 
been developed by either trial and error or statistical design [116]; an example is the 
presence of metallic salts to activate enzymes involved in the biosynthetic route or 
by manipulating temperature, light, aeration and pH [117] as we saw in the obten-
tion throughout the chapter [117].
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Another technique widely observed along the chapter was co-cultivation tech-
nique between bacteria, fungi or in combination to improve metabolite production.

Conventionally organic solvents are often used for natural product extraction, 
which is an important step for industrial scale-up [118, 119]. However, due to the 
health and environmental hazards, alternative extraction techniques have been 
searched for with the purpose of reducing residues and thus environmental impact 
[119, 120]. Among the alternative extraction techniques are ultrasound, microwave, 
enzyme and pulse electric field. The latter techniques have been widely explored 
on plants; nevertheless, on microorganisms, they have been poorly explored, thus 
representing a critical challenge in natural product research [121, 122].

The possibility to expand the research in this regard, is also the search of alterna-
tive solvents such as supercritical fluids, [119, 120], ionic liquids, gas-expanded 
liquids and vegetable oils [121–123].

8. Conclusions

Microbial natural products are a wide research field with much potential to be 
explored, the main goals being:

a. Isolating new microorganisms, being successful in marine as well as 
extreme environments, including genetic diversity studies for unculturable 
microorganisms.

b. Screening of isolates with potential biological activity, by performing extrac-
tions of different polarity to begin the selectivity of compounds.

c. Extraction and purification for identification of active compounds, where new 
extraction techniques can be explored such as supercritical fluids, microwave, 
enzyme, among others to make the discovery process more eco-friendly.

d. Elucidation of action mechanisms of new active compounds through in silico 
studies, for considering the possibility of improving the activity.

e. Improvement of natural compounds production for industrial scale-up, as it 
has already been seen that these are the main challenges and trends through 
alternative techniques such as co-cultivation, genome mining and media 
formulation, the last one being the first approach for production enhancement.

f. Preclinical and clinical trials of microbial natural products with already 
discovered potential activity, to determine biocompatibility and innocuousness 
of compounds such as EPs and EPSs for antitumoral activity as well as tissue 
engineering.

As it can be seen, there is a long way ahead in natural product discovery 
that could solve many health and environmental issues such as antibiotic 
 resistance,  cancer, soil and water contamination, tissue engineering, among other 
contributions.

Acknowledgements

The author thanks the Department of Biological Systems for their support.



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

284

Author details

Lucía Ortega Cabello
Biological Systems Department, Metropolitan Autonomous University-Xochimilco 
Unit, Mexico City, Mexico

*Address all correspondence to: lortegac@correo.xoc.uam.mx

© 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. 



285

Microorganisms as Alternative Sources of New Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.92697

References

[1] Sen T, Barrow CJ, Deshmukh SK. 
Microbial pigments in the food 
industry—Challenges and the way 
forward. Frontiers in Nutrition. 
2019;6:1-14. DOI: 10.3389/
fnut.2019.00007

[2] Saini RK, Keum YS. Microbial 
platforms to produce commercially 
vital carotenoids at industrial scale: 
An updated review of critical issues. 
Journal of Industrial Microbiology & 
Biotechnology. 2019;46(5):657-674. 
DOI: 10.1007/s10295-018-2104-7

[3] Guimarães TC, Gomes TS, 
Fernandes CD, Barros FD, Oliveira KV, 
Bilal M, et al. Antitumor microbial 
products by actinomycetes isolated from 
different environments. In: Arora PK, 
editor. Microbial Technology for 
Health and Environment. Singapore: 
Springer; 2020. pp. 113-160. DOI: 
10.1007/978-981-15-2679-4_5

[4] Chaturvedi S, Khurana SMP. 
Importance of actinobacteria for 
bioremediation. In: Khurana S, 
Gaur R, editors. Plant Biotechnology: 
Progress in Genomic Era. Singapore: 
Springer; 2019. pp. 277-307. DOI: 
10.1007/978-981-13-8499-8_13

[5] Anteneh YS, Franco C. Whole cell 
actinobacteria as biocatalysts. Frontiers 
in Microbiology. 2019;10:77. DOI: 
10.3389/fmicb.2019.00077

[6] Gaynes R. The discovery of 
penicillin—New insights after more 
than 75 years of clinical use. Emerging 
Infectious Diseases. 2017;23(5):849-853. 
DOI: 10.3201/eid2305.161556

[7] Woodruff HB. Selman A. Waksman, 
winner of the 1952 Nobel prize for 
physiology or medicine. Applied 
and Environmental Microbiology. 
2014;80(1):2-8. DOI: 10.1128/
AEM.01143-13

[8] Huang T, Lin S. Microbial 
natural products: A promising 
source for drug discovery. Journal 
of Applied Microbiology and 
Biochemistry. 2017;1(2):5. DOI: 
10.21767/2576-1412.100005

[9] Ma K, Kim SD. Development 
of techniques for isolating 
microorganisms. Enliven Archive. 
2018;5(1):1-5

[10] Arora D, Gupta P, Jaglan S, 
Roullier C, Grovel O, Bertrand S. 
Expanding the chemical diversity 
through microorganisms 
co-culture: Current status and 
outlook. Biotechnology Advances. 
2020;40:107521. DOI: 10.1016/j.
biotechadv.2020.107521

[11] Oh D-C, Jensen PR, Kauffman CA, 
Fenical W. Libertellenones A–D: 
Induction of cytotoxic diterpenoid 
biosynthesis by marine microbial 
competition. Bioorganic & Medicinal 
Chemistry. 2005;13(17):5267-5273. DOI: 
10.1016/j.bmc.2005.05.068

[12] Do Nascimento M, Dublan MLA, 
Ortiz-Marquez JCF, Curatti L. High lipid 
productivity of an Ankistrodesmus-
Rhizobium artificial consortium. 
Bioresource Technology. 2013;146:400-
407. DOI: 10.1016/j.biortech.2013.07.085

[13] Demain AL. Importance of 
microbial natural products and the 
need to revitalize their discovery. 
Journal of Industrial Microbiology & 
Biotechnology. 2014;41:185-201. DOI: 
10.1007/s10295-013-1325-z

[14] Torregrosa-Crespo J, Montero Z, 
Fuentes JL, Reig García-Galbis M, 
Garbayo I, Vílchez C, et al. Exploring 
the valuable carotenoids for the 
large-scale production by marine 
microorganisms. Marine Drugs. 
2018;16(6):203. DOI: 10.3390/
md16060203



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

286

[15] Russo P, Cesario A. New 
anticancer drugs from marine 
cyanobacteria. Current Drug 
Targets. 2012;13:1048-1053. DOI: 
10.2174/138945012802009035

[16] Williams PG, Buchanan GO, 
Feling RH, Kauffman CA, 
Jensen PR, Fenical W. New cytotoxic 
salinosporamides from the marine 
actinomycete Salinispora tropica. 
The Journal of Organic Chemistry. 
2005;70(16):6196-6203. DOI: 10.1021/
jo050511+

[17] Ferri M, Ranucci E, Romagnoli P, 
Giaccone V. Antimicrobial resistance: 
A global emerging threat to public 
health systems. Critical Reviews 
in Food Science and Nutrition. 
2017;57(13):2857-2876. DOI: 
10.1080/10408398.2015.1077192

[18] Moore BS, Carter GT, Brönstrup M. 
Are natural products the solution 
to antimicrobial resistance? Natural 
Product Reports. 2017;34(7):685-686. 
DOI: 10.1039/C7NP90026K

[19] Niu G, Li W. Next-generation drug 
discovery to combat antimicrobial 
resistance. Trends in Biochemical 
Sciences. 2019;44(11):961-972. DOI: 
10.1016/j.tibs.2019.05.005

[20] McSorley FR, Johnson JW, 
Wright GD. Natural products in 
antibiotic discovery. In: Fong IW, 
Shlaes D, Drlica K, editors. 
Antimicrobial Resistance in the 21st 
Century. Cham: Springer; 2018. pp. 533-
562. DOI: 10.1007/978-3-319-78538-7_17

[21] Ueda K, Beppu T. Antibiotics in 
microbial coculture. The Journal of 
Antibiotics. 2017;70(4):361-365. DOI: 
10.1038/ja.2016.127

[22] Netzker T, Flak M, Krespach MK, 
Stroe MC, Weber J, Schroeckh V, 
et al. Microbial interactions trigger 
the production of antibiotics. 
Current Opinion in Microbiology. 

2018;45:117-123. DOI: 10.1016/j.
mib.2018.04.002

[23] Adnani N, Chevrette MG, 
Adibhatla SN, Zhang F, Yu Q , 
Braun DR, et al. Coculture of marine 
invertebrate-associated bacteria and 
interdisciplinary technologies enable 
biosynthesis and discovery of a new 
antibiotic, keyicin. ACS Chemical 
Biology. 2017;12(12):3093-3102. DOI: 
10.1021/acschembio.7b00688

[24] Cueto M, Jensen PR, Kauffman C, 
Fenical W, Lobkovsky E, Clardy J. 
Pestalone, a new antibiotic produced by 
a marine fungus in response to bacterial 
challenge. Journal of Natural Products. 
2001;64:1444-1446. DOI: 10.1021/
np0102713

[25] Iniyan AM, Sudarman E, Wink J, 
Kannan RR, Vincent SGP. Ala-
geninthiocin, a new broad spectrum 
thiopeptide antibiotic, produced by 
a marine Streptomyces sp. ICN19. The 
Journal of Antibiotics. 2019;72(2):99-
105. DOI: 10.1038/s41429-018-0115-2

[26] Han Y, Wang Y, Yang Y, 
Chen H. Shellmycin A-D, novel bioactive 
tetrahydroanthra-γ-pyrone antibiotics 
from marine Streptomyces sp. shell-016 
Marine Drugs. 2020;18(1):58. DOI: 
10.3390/md18010058

[27] Akhter N, Liu Y, Auckloo BN, Shi Y, 
Wang K, Chen J, et al. Stress-driven 
discovery of new angucycline-type 
antibiotics from a marine Streptomyces 
pratensis NA-ZhouS1. Marine Drugs. 
2018;16(9):331. DOI: 10.3390/
md16090331

[28] Al Farraj DA, Varghese R, 
Vágvölgyi C, Elshikh MS, Alokda AM, 
Mahmoud AH. Antibiotics production 
in optimized culture condition using 
low cost substrates from Streptomyces 
sp. AS4 isolated from mangrove 
soil sediment. Journal of King Saud 
University-Science. 2020;32(2):1528-
1535. DOI: 10.1016/j.jksus.2019.12.008



287

Microorganisms as Alternative Sources of New Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.92697

[29] Williams DE, Dalisay DS, 
Chen J, Polishchuck EA, Patrick BO, 
Narula G, et al. Aminorifamycins and 
sporalactams produced in culture by 
a Micromonospora sp. isolated from a 
northeastern-pacific marine sediment 
are potent antibiotics. Organic Letters. 
2017;19(4):766-769. DOI: 10.1021/acs.
orglett.6b03619

[30] Pérez-Bonilla M, Oves-Costales D, 
De la Cruz M, Kokkini M, Martín J, 
Vicente F, et al. Phocoenamicins B and 
C, new antibacterial spirotetronates 
isolated from a marine Micromonospora 
sp. Marine Drugs. 2018;16(3):95. DOI: 
10.3390/md16030095

[31] Auckloo BN, Pan C, Akhter N, 
Wu B, Wu X, He S. Stress-driven 
discovery of novel cryptic antibiotics 
from a marine fungus Penicillium sp. 
BB1122. Frontiers in Microbiology. 
2017;8:1450. DOI: 10.3389/
fmicb.2017.01450

[32] Wu B, Wiese J, Wenzel-
Storjohann A, Malien S, 
Schmaljohann R, Imhoff JF. 
Engyodontochones, antibiotic 
polyketides from the marine fungus 
Engyodontium album strain LF069. 
Chemistry–A European Journal. 
2016;22(22):7452-7462. DOI: 10.1002/
chem.201600430

[33] Inostroza A, Lara L, Paz C, Perez A, 
Galleguillos F, Hernandez V, et al. 
Antibiotic activity of emerimicin 
IV isolated from Emericellopsis 
minima from Talcahuano Bay, 
Chile. Natural Product Research. 
2018;32(11):1361-1364. DOI: 
10.1080/14786419.2017.1344655

[34] Rekadwad B, Khobragade C. 
Marine polyextremophiles and 
their biotechnological applications. 
In: Kalia VC, Kumar P, editors. 
Microbial Applications. Cham: 
Springer; 2017. pp. 319-331. DOI: 
10.1007/978-3-319-52666-9_15

[35] Trenozhnikova L, Azizan A. 
Discovery of actinomycetes from 
extreme environments with potential to 
produce novel antibiotics. Central Asian 
Journal of Global Health. 2018;7(1):337. 
DOI: 10.5195/cajgh.2018.337

[36] Stierle AA, Stierle DB, Decato D, 
Priestley ND, Alverson JB, Hoody J, 
et al. The berkeleylactones, antibiotic 
macrolides from fungal coculture. 
Journal of Natural Products. 
2017;80(4):1150-1160. DOI: 10.1021/acs.
jnatprod.7b00133

[37] Nathan C, Cunningham-
Bussel A. Beyond oxidative stress: An 
immunologist’s guide to reactive oxygen 
species. Nature Reviews. Immunology. 
2013;13(5):349-361. DOI: 10.1038/
nri3423

[38] Lushchak VI. Free radicals, reactive 
oxygen species, oxidative stress and 
its classification. Chemico-Biological 
Interactions. 2014;224:164-175. DOI: 
10.1016/j.cbi.2014.10.016

[39] Schieber M, Chandel NS. ROS 
function in redox signaling and 
oxidative stress. Current Biology. 
2014;24:R453-R462. DOI: 10.1016/j.
cub.2014.03.034

[40] Krumova K, Cosa G. Overview of 
reactive oxygen species. In: Nonell S, 
Flors C, editors. Singlet Oxygen: 
Applications in Bioscience and 
Nanoscience. EU: Royal Society of 
Chemistry; 2016. p. 3

[41] Nimse SB, Pal D. Free radicals, 
natural antioxidants, and their 
reaction mechanisms. RSC Advances. 
2015;5:27986-28006. DOI: 10.1039/
C4RA13315C

[42] Radi R. Oxygen radicals, nitric 
oxide, and peroxynitrite: Redox 
pathways in molecular medicine. PNAS. 
2018;115(23):5839-5848. DOI: 10.1073/
pnas.1804932115



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

288

[43] Chehue Romero A, Olvera 
Hernández EG, Flores Cerón T, 
Álvarez-Chávez A. The exogenous 
antioxidants. In: Morales-González JA, 
editor. Oxidative Stress and Chronic 
Degenerative Diseases—A Role for 
Antioxidants. Croatia: InTechOpen; 
2013. p. 33. DOI: 10.5772/52490

[44] Pham-Huy LA, He H, Pham-Huy C. 
Free radicals, antioxidants in disease 
and health. International Journal of 
Biomedical Sciences. 2008;4(2):89-96

[45] Phaniendra A, Jestadi DB, 
Periyasami L. Free radicals: Properties, 
sources, targets and their implications 
in various diseases. Indian Journal of 
Clinical Biochemistry. 2015;30(1):11-26. 
DOI: 10.1007/s12291-014-0446-0

[46] Xu J, Leeuwenburgh C. Free radicals 
and oxidative stress: Basic concepts 
and misconceptions. In: Miller J, Le 
Prell CG, Rybak L, editors. Free Radicals 
in ENT Pathology. SWT: Humana Press; 
2015. pp. 10-15

[47] Gozari M, Bahador N, Jassbi AR, 
Mortazavi MS, Hamzehei S, Eftekhar E. 
Isolation, distribution and evaluation 
of cytotoxic and antioxidant activity 
of cultivable actinobacteria from the 
Oman Sea sediments. Acta Oceanologica 
Sinica. 2019;38(12):84-90. DOI: 
10.1007/s13131-019-1515-2

[48] Dholakiya RN, Kumar R, Mishra A, 
Mody KH, Jha B. Antibacterial 
and antioxidant activities of novel 
actinobacteria strain isolated from 
Gulf of Khambhat, Gujarat. Frontiers 
in Microbiology. 2017;8:2420. DOI: 
10.3389/fmicb.2017.02420

[49] Ser HL, Tan LTH, Palanisamy UD, 
Abd Malek SN, Yin WF, Chan KG, 
et al. Streptomyces antioxidans 
sp. nov., a novel mangrove soil 
actinobacterium with antioxidative and 
neuroprotective potentials. Frontiers in 
Microbiology. 2016;7:899. DOI: 10.3389/
fmicb.2016.00899

[50] Law JWF, Ser HL, Ab Mutalib NS, 
Saokaew S, Duangjai A, Khan TM, 
et al. Streptomyces monashensis sp. nov., 
a novel mangrove soil actinobacterium 
from East Malaysia with antioxidative 
potential. Scientific Reports-UK. 
2019;9(1):1-18. DOI: 10.1038/
s41598-019-39592-6

[51] De Carvalho J, Cardoso L, Ghiggi V, 
Woiciechowski A, Vandenberghe L, 
Soccol C. Microbial pigments. In: 
Brar SK, Dhillon GS, Soccol CR, editors. 
Biotransformation of Waste Biomass 
into High Value Biochemicals. NY: 
Springer; 2014. pp. 73-97

[52] Squillaci G, Parrella R, Carbone V, 
Minasi P, La Cara F, Morana A. 
Carotenoids from the extreme halophilic 
archaeon Haloterrigena turkmenica: 
Identification and antioxidant activity. 
Extremophiles. 2017;21:933-945. DOI: 
10.1007/s00792-017-0954-y

[53] Pereira Cipolatti E, Diaz Remedi R, 
dos Santos SC, Bueno Rodrigues A, 
Markowiski Gonçalves Ramos J, Veiga 
Burkert CA, et al. Use of agroindustrial 
byproducts as substrate for production 
of carotenoids with antioxidant 
potential by wild yeasts. Biocatalysis 
and Agricultural Biotechnology. 
2019;20:101208. DOI: 10.1016/j.
bcab.2019.101208

[54] Young AJ, Lowe GL. Carotenoids-
antioxidant properties. Antioxidants. 
2018;7(2):28. DOI: 10.3390/
antiox7020028

[55] Elfeky N, Elmahmoudy M, Zhang Y, 
Guo J, Bao Y. Lipid and carotenoid 
production by Rhodotorula glutinis 
with a combined cultivation mode of 
nitrogen, sulfur, and aluminium stress. 
Applied Sciences. 2019;9(12):2444. 
DOI: 10.3390/app9122444

[56] Massoud R, Khosravi-Darani K. 
A review on the impacts of process 
variables on microbial production 
of carotenoid pigments. In: 



289

Microorganisms as Alternative Sources of New Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.92697

Grumezescu AM, Holban AM, editors. 
Food Biosynthesis. UK: Academic 
Press; 2017. pp. 183-211. DOI: 10.1016/
B978-0-12-811372-1.00006-3

[57] Mayasari E, Raya I, Natsir H. Effect 
of Fe2+ and Mn2+ addition on growth 
and β-carotene production of Dunaliella 
salina. Journal of Physics: Conference 
Series. 2018;979(1):012012. DOI: 
10.1088/1742-6596/979/1/012012

[58] Ortega-Cabello L, Pérez-
Méndez HI, Manjarrez-Alvarez N, Solís-
Oba A, López-Luna A. Effect of iron 
salts on Rhodococcus sp. and Gordonia 
sp. on carotenoid production. Revista 
Mexicana de Ingeniería Química. 
2017;16(1):1-10

[59] Chatterjee T, Das A. Natural 
agents with iron chelation potential: 
A new hope and promise for cheaper 
supplement of costly iron chelating 
medicines for transfusion dependent 
thalassaemics. International 
Journal of Advanced Research. 
2016;4(3):1258-1268

[60] Ortega Cabello L, Pérez Méndez HI, 
Manjarrez Alvarez N, López-Luna A, 
Solís Oba A, Solís OM. Comparación 
de la actividad antioxidante de 
carotenoides en extractos crudos y 
pre-purificados de actinobacterias 
marinas. Revista Mexicana de Ciencias 
Farmaceuticas. 2016;47(2):60-65

[61] Quesada S, Azofeifa G, Jatunov S, 
Jiménez G, Navarro L, Gómez G. 
Carotenoids composition, antioxidant 
activity and glycemic index of two 
varieties of Bactris gasipaes. Emirates 
Journal of Food and Agriculture. 
2011;23(6):482-489

[62] Wang CC, Ding S, Chiu KH, 
Liu WS, Lin TJ, Wen ZH. Extract from 
a mutant Rhodobacter sphaeroides as an 
enriched carotenoid source. Food & 
Nutrition Research. 2016;60(1):29580. 
DOI: 10.3402/fnr.v60.29580

[63] Li Z, Kong L, Hui B, Shang X, 
Gao L, Luan N, et al. Identification 
and antioxidant activity of carotenoids 
from superfine powder of Rhodobacter 
sphaeroides. Emirates Journal of Food 
and Agriculture. 2017;29(11):833-845. 
DOI: 10.9755/ejfa.2017.v29.i11.1479

[64] Raddatz-Mota D, Pérez-Flores LJ, 
Carrari F, Mendoza-Espinoza JA, de 
León-Sánchez FD, Pinzón-López LL, 
et al. Achiote (Bixa orellana L.): 
A natural source of pigment and 
vitamin E. Journal of Food Science and 
Technology. 2017;54(6):1729-1741. DOI: 
10.1007/s13197-017-2579-7

[65] Saini RK, Keum YS. Progress in 
microbial carotenoids production. 
Indian Journal of Microbiology. 
2017;57(1):129-130. DOI: 10.1007/
s12088-016-0637-x

[66] Hecht F, Pessoa CF, Gentile LB, 
Rosenthal D, Carvalho DP, 
Fortunato RS. The role of oxidative 
stress on breast cancer development 
and therapy. Tumor Biology. 
2016;37(4):4281-4291. DOI: 10.1007/
s13277-016-4873-9

[67] Auyeung KK, Ko JK. Angiogenesis 
and oxidative stress in metastatic 
tumor progression: Pathogenesis and 
novel therapeutic approach of colon 
cancer. Current Pharmaceutical Design. 
2017;23(27):3952-3961. DOI: 10.2174/13
81612823666170228124105

[68] Ma-on C, Sanpavat A, Whongsiri P, 
Suwannasin S, Hirankarn N, 
Tangkijvanich P, et al. Oxidative stress 
indicated by elevated expression of Nrf2 
and 8-OHdG promotes hepatocellular 
carcinoma progression. Medical 
Oncology. 2017;34(4):57. DOI: 10.1007/
s12032-017-0914-5

[69] Thyagarajan A, Sahu RP. Potential 
contributions of antioxidants to cancer 
therapy: Immunomodulation and 
radiosensitization. Integrative Cancer 



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

290

Therapies. 2018;17(2):210-216. DOI: 
10.1177/1534735416681639

[70] Ser HL, Palanisamy U, Yin 
W-F, Chan K-G, Goh BH, Lee LH. 
Streptomyces malaysiense sp. nov.: 
A novel malaysian mangrove soil 
actinobacterium with antioxidative 
activity and cytotoxic potential against 
human cancer cell lines. Scientific 
Reports-UK. 2016;6:24247. DOI: 
10.1038/srep24247

[71] Bauermeister A, Zucchi TD, 
Moraes LAB. Mass spectrometric 
approaches for the identification 
of anthracycline analogs produced 
by actinobacteria. Journal of Mass 
Spectrometry. 2016;51(6):437-445.  
DOI: 10.1002/jms.3772

[72] Malla S, Niraula NP, Singh B, 
Liou K, Sohng JK. Limitations 
in doxorubicin production from 
Streptomyces peucetius. Microbiological 
Research. 2010;165(5):427-435. DOI: 
10.1016/j.micres.2009.11.006

[73] Busi S, Pattnaik SS. Current status 
and applications of actinobacteria in the 
production of anticancerous compounds. 
In: Singh BP, Gupta VK, Passari AK, 
editors. New and Future Developments 
in Microbial Biotechnology and 
Bioengineering. Vol. 2018. Netherlands: 
Elsevier; 2018. pp. 137-153

[74] Davies-Bolorunduro OF, 
Adeleye IA, Akinleye MO, Wang PG. 
Anticancer potential of metabolic 
compounds from marine actinomycetes 
isolated from Lagos Lagoon sediment. 
Journal of Pharmaceutical Analysis. 
2019;9(3):201-208. DOI: 10.1016/j.
jpha.2019.03.004

[75] Law JWF, Ser HL, Duangjai A, 
Saokaew S, Bukhari SI, Khan TM, 
et al. Streptomyces colonosanans 
sp. nov., a novel actinobacterium 
isolated from Malaysia mangrove soil 
exhibiting antioxidative activity and 
cytotoxic potential against human 

colon cancer cell lines. Frontiers in 
Microbiology. 2017;8:877. DOI: 10.3389/
fmicb.2017.00877

[76] Chen C, Ye Y, Wang R, Zhang Y, 
Wu C, Debnath SC, et al. Streptomyces 
nigra sp. nov. is a novel actinobacterium 
isolated from mangrove soil and exerts 
a potent antitumor activity in vitro. 
Frontiers in Microbiology. 2018;9:1587. 
DOI: 10.3389/fmicb.2018.01587

[77] Zhang XG, Liu ZY, Liu JW, 
Zeng YL, Guo GJ, Sun QY. Antitumor 
activity of a Rhodococcus sp. Lut0910 
isolated from polluted soil. Tumour 
Biology. 2017;39(6):1-9. DOI: 
1010428317711661

[78] Chen L, Huang G. Antitumor 
activity of polysaccharides: An 
overview. Current Drug Targets. 
2018;19(1):89-96. DOI: 10.2174/1389450
118666170704143018

[79] Washington KE, Kularatne RN, 
Biewer MC, Stefan MC. Combination 
loading of doxorubicin and resveratrol 
in polymeric micelles for increased 
loading efficiency and efficacy. ACS 
Biomaterials Science & Engineering. 
2018;4(3):997-1004. DOI: 10.1021/
acsbiomaterials.7b00972

[80] Gu J, Hu W, Zhang D-D. 
Resveratrol, a polyphenol phytoalexin, 
protects against doxorubicin-induced 
cardiotoxicity. Journal of Cellular and 
Molecular Medicine. 2015;19(10):2324-
2328. DOI: 10.1111/jcmm.12633

[81] Farag MMS, Moghannem SAM, 
Shehabeldine AM, Azab MS. Antitumor 
effect of exopolysaccharide produced 
by Bacillus mycoides. Microbial 
Pathogenesis. 2020;140:103947. DOI: 
10.1016/j.micpath.2019.103947

[82] Insulkar P, Kerkar S, Lele SS. 
Purification and structural-
functional characterization of an 
exopolysaccharide from Bacillus 
licheniformis PASS26 with in-vitro 



291

Microorganisms as Alternative Sources of New Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.92697

antitumor and wound healing activities. 
International Journal of Biological 
Macromolecules. 2018;120:1441-1450. 
DOI: 10.1016/j.ijbiomac.2018.09.147

[83] Sun N, Liu H, Liu S, Zhang X, 
Chen P, Li W, et al. Purification, 
preliminary structure and antitumor 
activity of exopolysaccharide produced 
by Streptococcus thermophilus CH9. 
Molecules. 2018;23(11):2898. DOI: 
10.3390/molecules23112898

[84] Li H, Yu H, Zhu H. Structure studies 
of the extracellular polysaccharide 
from Trichoderma sp. KK19L1 and its 
antitumor effect via cell cycle arrest and 
apoptosis. Applied Biochemistry and 
Biotechnology. 2017;182(1):128-141. 
DOI: 10.1007/s12010-016-2315-1

[85] Chen L, Zhang QY, Jia M, Ming QL, 
Yue W, Rahman K, et al. Endophytic 
fungi with antitumor activities: 
Their occurrence and anticancer 
compounds. Critical Reviews in 
Microbiology. 2016;42(3):454-473. DOI: 
10.3109/1040841X.2014.959892

[86] Ran X, Zhang G, Li S, Wang J. 
Characterization and antitumor activity 
of camptothecin from endophytic 
fungus Fusarium solani isolated from 
Camptotheca acuminate. African Health 
Sciences. 2017;17(2):566-574. DOI: 
10.4314/ahs.v17i2.34

[87] Li Y, Guo S, Zhu H. Statistical 
optimization of culture medium for 
production of exopolysaccharide from 
endophytic fungus Bionectria ochroleuca 
and its antitumor effect in vitro. EXCLI 
Journal. 2016;15:211. DOI: 10.17179/
excli2016-154

[88] Smetanina OF, Yurchenko AN, 
Ivanets EV, Kalinovsky AI, 
Khudyakova YV, Dyshlovoy SA, 
et al. Unique prostate cancer-toxic 
polyketides from marine sediment-
derived fungus Isaria felina. The Journal 
of Antibiotics. 2017;70(7):856-858. DOI: 
10.1038/ja.2017.53

[89] Singh S, Katoch A, Kaur R, 
Sran KS, Kumar B, Choudhury AR. 
Fermentative production and 
application of marine microbial 
exopolysaccharides. In: Trincone A, 
editor. Enzymatic Technologies for 
Marine Polysaccharides. USA: CRC 
Press; 2019. pp. 189-218

[90] Decho AW, Gutierrez T. Microbial 
extracellular polymeric substances 
(EPSs) in ocean systems. Frontiers in 
Microbiology. 2017;8:922. DOI: 10.3389/
fmicb.2017.00922

[91] Caroff M, Karibian D. Structure 
of bacterial lipopolysaccharides. 
Carbohydrate Research. 2003;338(23): 
2431-2447. DOI: 10.1016/j.carres. 
2003.07.010

[92] Bonev B. Lipopolysaccharide, 
structure and assembly of bacterial 
outer membranes. Biophysical Journal. 
2018;114(3):270a

[93] Domingues VS, Monteiro AS, 
Ferreira GF, Santos VL. Solid 
flocculation and emulsifying activities 
of the lipopolysaccharide produced 
by Trichosporon mycotoxinivorans 
CLA2. Applied Biochemistry and 
Biotechnology. 2017;182(1):367-381. 
DOI: 10.1007/s12010-016-2332-0

[94] Liu Y, Wang KH, Chen HY, Li JR, 
Laurence TA, Ly S, et al. Periodic 
arrangement of lipopolysaccharides 
nanostructures accelerates and enhances 
the maturation processes of dendritic 
cells. ACS Applied Nano Materials. 
2018;1(2):839-850. DOI: 10.1021/
acsanm.7b00254

[95] Masoud H. Novel adjuvants derived 
from attenuated lipopolysaccharides 
and lipid As of purple non-sulfur 
photosynthetic bacteria. Vaccine. 
2019;37(26):3472-3477. DOI: 10.1016/j.
vaccine.2019.04.097

[96] Moradali MF, Rehm BH. Bacterial 
biopolymers: From pathogenesis to 



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

292

advanced materials. Nature Reviews. 
Microbiology. 2020;18:195-210. DOI: 
10.1038/s41579-019-0313-3

[97] Sahana TG, Rekha PD. A novel 
exopolysaccharide from marine 
bacterium Pantoea sp. YU16-S3 
accelerates cutaneous wound 
healing through Wnt/β-catenin 
pathway. Carbohydrate Polymers. 
2020;238:116191. DOI: 10.1016/j.
carbpol.2020.116191

[98] Ahmed Z, Ahmad A. Biopolymer 
produced by the lactic acid bacteria: 
Production and practical application. In: 
Holban AM, Mihai A, editors. Microbial 
Production of Food Ingredients and 
Additives. UK: Academic Press; 2017. 
pp. 217-257

[99] Verma ML, Kumar S, Jeslin J, 
Dubey NK. Microbial production 
of biopolymers with potential 
biotechnological applications. In: Pal K, 
Banerjee I, Sarkar P, Kim D, Deng WP, 
Dubey NK, Majumder K, editors. 
Biopolymer-Based Formulations. 
Netherlands: Elsevier; 2020. pp. 105-137

[100] Pantelić I, Lukić M, Gojgić-
Cvijović G, Jakovljević D, Nikolić I, 
Lunter DJ, et al. Bacillus licheniformis 
Levan as a functional biopolymer 
in topical drug dosage forms: From 
basic colloidal considerations to actual 
pharmaceutical application. European 
Journal of Pharmaceutical Sciences. 
2020;142:105109. DOI: 10.1016/j.
ejps.2019.105109

[101] Avsar G, Agirbasli D, 
Agirbasli MA, Gunduz O, Oner ET. 
Levan based fibrous scaffolds 
electrospun via co-axial and single-
needle techniques for tissue engineering 
applications. Carbohydrate Polymers. 
2018;193:316-325. DOI: 10.1016/j.
carbpol.2018.03.075

[102] Radhouani H, Gonçalves C, 
Maia FR, Oliveira JM, Reis RL. 
Biological performance of a promising 

Kefiran-biopolymer with potential in 
regenerative medicine applications: A 
comparative study with hyaluronic acid. 
Journal of Materials Science: Materials 
in Medicine. 2018;29(8):124. DOI: 
10.1007/s10856-018-6132-7

[103] Sun ML, Zhao F, Chen XL, 
Zhang XY, Zhang YZ, Song XY, et al. 
Promotion of wound healing and 
prevention of frostbite injury in rat 
skin by exopolysaccharide from the 
arctic marine bacterium Polaribacter sp. 
SM1127. Marine Drugs. 2020;18(1):48. 
DOI: 10.3390/md18010048

[104] Ding P, Song W, Yang Z, Jian J. 
Influence of Zn(II) stress-induction 
on component variation and sorption 
performance of extracellular polymeric 
substances (EPS) from Bacillus 
vallismortis. Bioprocess and Biosystems 
Engineering. 2018;41(6):781-791. DOI: 
10.1007/s00449-018-1911-6

[105] Estevinho BN, Mota R, Leite JP, 
Tamagnini P, Gales L, Rocha F. 
Application of a cyanobacterial 
extracellular polymeric substance in 
the microencapsulation of vitamin B12. 
Powder Technology. 2019;343:644-651. 
DOI: 10.1016/j.powtec.2018.11.079

[106] Leite JP, Mota R, Durão J, 
Neves SC, Barrias CC, Tamagnini P, 
et al. Cyanobacterium-derived 
extracellular carbohydrate polymer for 
the controlled delivery of functional 
proteins. Macromolecular Bioscience. 
2017;17(2):1600206. DOI: 10.1002/
mabi.201600206

[107] Yahav S, Berkovich Z, Ostrov I, 
Reifen R, Shemesh M. Encapsulation 
of beneficial probiotic bacteria in 
extracellular matrix from biofilm-
forming Bacillus subtilis. Artificial Cells, 
Nanomedicine and Biotechnology. 
2018;46(2):974-982. DOI: 
10.1080/21691401.2018.1476373

[108] Pi S, Li A, Cui D, Su Z, Feng L, 
Ma F, et al. Biosorption behavior and 



293

Microorganisms as Alternative Sources of New Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.92697

mechanism of sulfonamide antibiotics 
in aqueous solution on extracellular 
polymeric substances extracted from 
Klebsiella sp. J1. Bioresource Technology. 
2019;272:346-350. DOI: 10.1016/j.
biortech.2018.10.054

[109] Polesel F, Lehnberg K, Dott W, 
Trapp S, Thomas KV, Plósz BG. Factors 
influencing sorption of ciprofloxacin 
onto activated sludge: Experimental 
assessment and modelling implications. 
Chemosphere. 2015;119:105-111. DOI: 
10.1016/j.chemosphere.2014.05.048

[110] Gu C, Gao P, Yang F, An D, 
Munir M, Jia H, et al. Characterization 
of extracellular polymeric substances 
in biofilms under long-term exposure 
to ciprofloxacin antibiotic using 
fluorescence excitation-emission 
matrix and parallel factor analysis. 
Environemental Science and Pollution 
Research. 2017;24(15):13536-13545. 
DOI: 10.1007/s11356-017-8986-5

[111] Zhang H, Jia Y, Khanal SK, Lu H, 
Fang H, Zhao Q. Understanding the role 
of extracellular polymeric substances 
on ciprofloxacin adsorption in aerobic 
sludge, anaerobic sludge, and sulfate-
reducing bacteria sludge systems. 
Environmental Science & Technology. 
2018;52(11):6476-6486. DOI: 10.1021/
acs.est.8b00568

[112] Singh BP, Rateb M, Rodriguez-
Couto S, MDLTD P, Li WJ. Microbial 
secondary metabolites: Recent 
developments and technological 
challenges. Frontiers in Microbiology. 
2019;10:914. DOI: 10.3389/
fmicb.2019.00914

[113] Baltz RH. Gifted microbes for 
genome mining and natural product 
discovery. Journal of Industrial 
Microbiology & Biotechnology. 
2017;44(4-5):573-588. DOI: 10.1007/
s10295-016-1815-x

[114] Kang HS. Phylogeny-guided 
(meta) genome mining approach for 

the targeted discovery of new microbial 
natural products. Journal of Industrial 
Microbiology & Biotechnology. 
2017;44(2):285-293. DOI: 10.1007/
s10295-016-1874-z

[115] Zhang MM, Wang Y, Ang EL, 
Zhao H. Engineering microbial hosts 
for production of bacterial natural 
products. Natural Product Reports. 
2016;33(8):963-987. DOI: 10.1039/
C6NP00017G

[116] Nybo SE, Kharel MK. Recent 
developments in the quest for novel 
microbial natural products. In: 
Rahman A, editor. Studies in Natural 
Products Chemistry. USA: Elsevier; 
2018. pp. 109-152

[117] Tomm HA, Ucciferri L, Ross AC. 
Advances in microbial culturing 
conditions to activate silent biosynthetic 
gene clusters for novel metabolite 
production. Journal of Industrial 
Microbiology & Biotechnology. 
2019;46(9-10):1381-1400. DOI: 10.1007/
s10295-019-02198-y

[118] Pagliaro M. Green and 
economically viable extraction 
of natural products: From lab 
to marketplace. Chimica Oggi. 
2017;35(3):71-72

[119] Abas F, Intan SI, Nordin HL. 
Generalized likelihood uncertainty 
estimation (GLUE) methodology 
for optimization of extraction in 
natural products. Food Chemistry. 
2018;250:37-45. DOI: 10.1016/j.
foodchem.2018.01.023

[120] Zhang Q-W, Li-Gen L, Wen-Cai Y. 
Techniques for extraction and isolation 
of natural products: A comprehensive 
review. Chinese Medicine-UK. 
2018;13(1):20. DOI: 10.1186/
s13020-018-0177-x

[121] Ahmad I. Ionic liquid-based 
microwave-assisted extraction: Fast 
and green extraction method of 



Bioactive Compounds in Nutraceutical and Functional Food for Good Human Health

294

secondary metabolites on medicinal 
plant. Pharmacognosy Reviews. 
2018;12(23):20-26

[122] Li Y, Fabiano-Tixier AS, Chemat F. 
Vegetable oils as alternative solvents 
for green extraction of natural 
products. In: Chemat S, editor. Edible 
Oils: Extraction, Processing and 
Applications. United States: CRC Press; 
2017. p. 25

[123] Herrero M, Ibañez E. Green 
extraction processes, biorefineries 
and sustainability: Recovery of high 
added-value products from natural 
sources. The Journal of Supercritical 
Fluids. 2018;134:252-259. DOI: 10.1016/j.
supflu.2017.12.002



Chapter 17

Cannabis Effect on Female
Reproductive Health
Somenath Ghosh

Abstract

Cannabis sativa is a cheap hallucinating agent used in different parts of the
world from time unknown as a part of various religious as well as social practices.
Cannabis which is a special type of Marijuana can provide temporary relief from
analgesia, body pain, and in some other clinical conditions. But impacts of Cannabis
on reproductive health of males and females are multi-faceted and differentially
fatal. In males, Cannabis can cause changes in testicular morphology, sperm
parameters (in terms of semen quality, sperm morphology, sperm mortality, and
sperm motility), male reproductive hormones and finally causing reduced libido. In
females, Cannabis can reduce female fertility by disrupting hypothalamic release of
gonadotropin releasing hormone (GnRH), leading to reduced estrogen and proges-
terone production and anovulatory menstrual cycles. Current research suggest that
Cannabis may negatively impact on male and female fertility conditions. However,
male sterility considering the Cannabis impact is totally lacking in human as well as
in sub-human primates. However, very limited studies are available on Cannabis
effect on primate female reproduction considering Rhesus monkeys. Hence, further
studies are needed to validate that robust findings in animal models will carry over
into human experience.

Keywords: Cannabis, CB1, female mice, impairment, reproduction, stress

1. Introduction

Cannabis which is a type of marijuana has been used by the people of Indian
subcontinent from time unknown [1]. They not only use this herb as a part of holy
practice but also use it for recreational purposes [2]. Irrespective of sex, this hallu-
cinogenic agent is used by most part of the world particularly by the populations of
South America, India, Bangladesh, and Pakistan from a long time ago [3]. Reports
suggesting the roles of Cannabis causing systemic neuropathy [4], neuronal disabil-
ity [5], impaired fetal development [6], and mal-functioning of male reproductive
system [7–10] are documented. But no reports available are depicting the effects of
marijuana in female reproductive system.

The main causative agent of marijuana/cannabinoids is the endocannabinoid.
This is a neutral lipid and highly conserved molecule throughout evolutionary
history [11]. They are having different derivatives like anandamide [12],
2-arachidonoylglycerol [13] and Δ9-tetrahydrocannabinol (THC) [14]. However,
among all of the fatty acid derivatives of cannabinods or endocannabinoids (eCBs)
the Δ9-tetrahydrocannabinol (THC) has now been established as the most
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important hallucinogenic agent of this molecule [15]. There are literatures
suggesting the role of this Δ9-tetrahydrocannabinol (THC) in regulation of func-
tions of central nervous system and thus regulating the reproductive functions by
affecting/ modulating hypothalamo-pituitary-gonadal axis (HPG-axis) [16] via its
receptor CB1 and CB2 [17]. Now it has been reported that CB1 receptors are
localized mostly in whole vertebrate central nervous system (CNS) and some
peripheral tissues, whereas CB2 receptors are mostly expressed in peripheral tissues
and immune cells, however, they have recently been found also in the CNS [18].
But, with all the advancement in psycho-neuro-endocrine research, till date it is a
matter of debate how THC is going to regulate reproductive system at peripheral
level. Some literatures suggest that, there is a general agreement on the inhibitory
effect exerted by cannabinoids and eCBs on GnRH release [19] Thus, it is affecting
the subsequent FSH and LH release in females and impairing female reproduction
[20].

But, all the above mentioned reported phenomenon are occurring in the central
nervous system and no definitive proof has been reported till date how the
enocannabinoids are affecting peripheral reproductive performances in females
(in terms of gonadal activity, steroidogenesis, receptor expressions, free radical gen-
erations). Thus, aim of the present study was to note the cannabinoid (particularly
endocannabinoid) induced oxidative stress and reproductive impairments in female
mice specifically taking peripheral reproductive organs (ovary) in consideration.

2. Subjects and methods

2.1 Animals and maintenance

In bred adult (12–15 weeks of age), female Parkes strain mice were used for this
study. Mice were maintained under hygienic conditions in a well-ventilated room
with 12-h photoperiod (8 AM to 8 PM, light) with 50 � 20% relative humidity,
25 � 2°C temperature and were fed pelleted food (Mona Laboratory Animal Feeds,
Varanasi, India); drinking water was available ad libitum. Five mice in each group
were housed in polypropylene cages (430 mm � 270 mm � 300 mm), with dry rice
husk as the bedding material. General health condition and body weight of the
animals were monitored regularly during the entire tenure of the experiment. All
experiments were conducted in accordance with principles and procedures
approved by Departmental Research Committee under supervision of Committee
for the Purpose of Control and Supervision of Experiments on Animals, (CPCSEA),
Govt. of India (2007).

Preparations of different doses of Cannabis extracts:
Leaves and flowers of fresh Cannabis plant (100 g cannabis plant) were exten-

sively ground in mortar and pestle with 1 ml autoclaved double distilled water.
From the 1 g/ml paste, 12 mg was weighed and further dissolved in 1 ml autoclaved
double-distilled water to make a stock solution of 12 mg/ml. This solution was
filtered to get a clear solution. Finally, the mice were gavaged Cannabis by means of
a 100 μl micro-pipette using the 12 mg/ml stock.

2.2 Purity assessment of Cannabis preparations

The dry-weight ratio of D9-tetrahydrocannabinol (THC) to cannabidiol (CBD)
and the percent CBD and THC in the cannabis variant found in this region of the world
has been previously reported [21]. The proportion of high THC/CBD chemotype
plants in most accessions assigned to C. sativa was of 25% (Hillig and Mahlberg) [21].
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2.3 Experimental design

Mice were randomly allocated into three groups (groups 1–3). Each group com-
prised of five female mice (n = 5/group). Group 1 was treated with distilled water
(vehicle treated; controls); group 2 was gavaged with 6 mg/100 g body weight/day
aqueous Cannabis preparation; group 3 was gavaged with 12 mg/100 g bodyweight/
day aqueous Cannabis preparation. The mode of oral delivery of extracts were
following the protocol published previously [21]. The tips used for this purpose to
deliver the dose from the micro-pipette had the pointed surface cut to avoid any
injury in the mouth of the mouse. The micro-pipette was used to deliver a small
volume of (�20 or 40 μl) dose. The study was continued for 30 days.

2.4 Collection of desired tissues

Mice were weighed before the start of experiment as well as before killing. The
animals were etherized to death and blood was collected from heart. Subsequently
serum was separated and was stored at �20°C until biochemical estimations of total
serum cholesterol and estradiol by ELISA. Both the ovaries and uterine horns were
excised, blotted free of blood and fat tissues and were weighed. The ovary on one
side of the animal was fixed in Bouin’s fluid for histology and immunohistochemical
localization of CB1 receptor. The contra-lateral ovary of each mouse was stored at
�20°C until used for enzyme assays (for steroidogenesis, Caspase-3 and free radical
parameters) and western blot analysis of CB1 receptor.

2.5 Antibodies and reagents

All of the chemicals used for the present study were of analytical grade and were
purchased either from Sigma Aldrich (St. Louis, MO, USA) or from Merck (Ger-
many). For western blot analysis, polyclonal primary antibody against CB1 receptor
was purchased from Affinity BioReagents (Rockford, IL, USA, Cat No. RQ4287)
and horseradish peroxidase (HRP)-linked secondary antibody was purchased from
Bangalore Genei Pvt. Ltd. (Bangalore, India). For immunohistochemistry (IHC),
ABC Kit was purchased from ABC staining kit (Universal Elite, Vector Laboratories,
Burlingame, CA). For 3β HSD and 17β HSD assays, pregnenelone was purchased
from Sigma Aldrich (St. Louis, MO, USA).

3. Experimental approaches

3.1 Histological preparations

Ovaries were embedded in paraffin wax and serially sectioned of 6 μm using a
microtome (Leica, Germany). One set of slide was prepared and was further
processed for hematoxylin and eosin staining following the protocol published
elsewhere [22]. The permanent slides were prepared by mounting with DPX
(Distyrene Plasticizer Xylene, SRL, India), after 24 h were observed under micro-
scope (Leitz MPV3 with photo-automat software) and were documented for gen-
eral histology.

3.2 Immunohistochemistry of CB1 receptor

Immunohistochemistry for CB1 receptor was performed following the protocol
published elsewhere [21]. Ovaries of both treated and untreated adult mice were
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paraffin embedded, and 6 mm sections were analyzed by immunohistochemistry,
for CB1receptor to show where, CB1, receptor is localized in mice ovaries and to
have a generalized idea about the receptor expression pattern. For the secondary
antibody and enzyme conjugates, ABC staining was used. Briefly after deparaffi-
nization and hydration, and blocking of endogenous peroxidase with 3% H2O2 in
methanol, sections were incubated with blocking serum for 1 h, followed by incu-
bation with primary antibody (CB1 at a dilution of 1:50) for 1 h at room tempera-
ture. The sections were then washed and incubated with the biotinylated secondary
antibody for 30 min at room temperature, followed by another 30 min with horse
radish avidin-peroxidase conjugated. After washing, sections were incubated with
the chromagen substrate (0.1% 3,3- diaminobenzidine tetrahydrochloride, DAB,
Sigma-Aldrich, USA) in 0.05 M Tris buffer, pH 7.6, and 0.01% H2O2 for 10 min and
then counterstained with Elrich’s hematoxylin. The permanent slides were prepared
by mounting with DPX (Distyrene Plasticizer Xylene, SRL, India), after 24 h were
observed under microscope (Leitz MPV3 with photo-automat software) and were
documented.

3.3 Estimation of total serum cholesterol

The total serum cholesterol was estimated by commercial cholesterol estimation
kit following manufacturer’s protocol (Span Diagnostics, Surat, Gujarat, India).

3β hydroxy steroid dehydrogenase enzyme activity:
3β HSD (EC 1.1.1.145) enzyme was assayed according to the protocol of

Shivanandappa and Venkatesh [23] using ovarian homogenate. Ten percent tissue
homogenate was prepared in 0.1 M Tris-Cl buffer (pH 7.8). The homogenate was
centrifuged at 12,000 � g at 4°C and the supernatant was used as the source of
enzyme. The enzyme was assayed in 0.1 M Tris-Cl buffer (pH 7.8) containing
500 mM NAD, 100 mM pregnenolone as substrate and enzyme (50 ml) in a total
volume of 3.0 ml and incubated at 37°C for 1 h. The reaction was stopped by the
addition of 2.0 ml of phthalate buffer (pH 3.0) and the absorbance was noted at
490 nm. The enzyme activity was calculated from the standard curve of NADH and
expressed as nmol NADH formed/h/mg protein.

3.4 17β hydroxy steroid dehydorgenase enzyme activity

17β HSD (EC 1.1.1.62) activity was measured by following the protocol of
Jarabek et al. [24]. In brief, 10% homogenate of the ovarian tissues were prepared in
normal Phosphate Buffered Saline (PBS; pH 7.4) and 250 μl of the supernatant was
mixed with 250 μl of 440 μM sodium pyrophosphate buffer (pH 10.2), 10 μl ethanol
containing 0.3 μM estradiol (Sigma, St. Louis, USA) and 240 μl of 25 mg% BSA.
Enzyme activity was measured after addition of 50 μl of 0.5 μMNAD to the mixture
in a spectrophotometer at 340 nm against a blank (without NAD). One unit of
enzyme activity was the amount causing a change in absorbance of 0.001/min at
340 nm.

3.5 Evaluation of SOD activity in ovary

Superoxide dismutase (SOD; EC 1.15.1.1) activity was assayed following the
method of Das et al. [25]. Just after sacrifice, 10% homogenates of all ovarian tissues
from group 1 and set-III mice were prepared in 150 mM phosphate buffered
saline (PBS, pH 7.4) and centrifuged for 30 min at 12,000 g at 4°C. The
supernatant was again centrifuged for 60 min at 12,000 g at 4°C and then
processed for enzymatic activity based on a modified spectrophotometric method
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using nitrite formation by superoxide radicals. A 0.5 ml of homogenate was added
to 1.4 ml of reaction mixture comprised of 50 mM phosphate buffer (pH 7.4),
20 mM L-methionine, 1% (v/v) Triton X- 100, 10 mM hydroxylamine hydrochlo-
ride, 50 mM ethylene diamine tetraacetic acid (EDTA) followed by a brief pre-
incubation at 37°C for 5 min. Next, 0.8 ml of riboflavin was added to all samples
along with a control containing buffer instead of sample and then exposed to two
20 W fluorescent lamps fitted parallel to each other in an aluminum foil coated
wooden box. After 10 min of exposure, 1 ml of Greiss reagent was added and
absorbance of the color formed was measured at 543 nm. One unit of enzyme
activity is defined as the amount of SOD inhibiting 50% of nitrite formation under
assay conditions.

3.6 Estimation of catalase activity in ovary

Catalase (CAT; EC 1.11.1.6) activity was measured following the procedure of
Sinha [26]. This method is based on the fact that dichromate in acetic acid is
reduced to chromic acetate when heated in the presence of H2O2 with the formation
of perchromic acid as an unstable intermediate. The chromic acetate thus produced
is measured calorimetrically. The catalase preparation is allowed to split H2O2 for
different periods of time. The reaction is stopped at a particular time by the addition
of dichromate/acetic acid mixture and the remaining H2O2 is determined by mea-
suring chromic acetate calorimetrically after heating the reaction mixture. There is
production of green color at the end of the process. Immediately after sacrifice, 20%
homogenate of ovarian tissues from groups 1 to 3 were prepared in PBS (10 mM;
pH = 7.0) and then centrifuged at 12,000 g for 20 min at 4°C. Supernatant was
taken for enzyme estimation. About 5 ml of PBS was added to 4 ml of H2O2

(200 mM) and then 1 ml of enzyme extract was added. After 1 min 1 ml of this
solution was taken in a tube and 2 ml of K2Cr2O7 (5%) solution was added. Then, it
was boiled for 10 min and absorbance was measured at 570 nm. The activity of CAT
was expressed as amount of H2O2 degraded per minute.

3.7 Estimation of lipid peroxidation (LPO) assay by thiobarbituric acid reactive
substances (TBARS) level estimation in ovary

After sacrifice of the mice of all the groups, the ovarian tissues were dissected
out on a sterile watch glass placed in ice box, cleaned from adherent tissues and
processed immediately for estimation of lipid peroxidation. Ovarian tissues of
groups 1–3 experimental mice were weighed and homogenized in a tenfold excess
of 20 mM Tris-HCl buffer (pH 7.4) and the 10% homogenates were centrifuged for
15 min at 3000 � g at 4°C. The supernatant was subjected to thiobarbituric acid
(TBA) assay by mixing with 8.1% sodium dodecyl sulfate (SDS), 20% acetic acid,
0.8% TBA and then digested it for 1 h at 95°C. The reaction mixture was immedi-
ately cooled in running water, vigorously shaken with 2.5 ml of n-butanol and
pyridine reagent (15:1) and centrifuged for 10 min at 1500� g (Ohkawa et al. ) [27].
The absorbance of the upper phase was measured at 534 nm. Total thiobarbituric
acid reactive substances (TBARS) were expressed as malondialdehyde (MDA;
nmol/g tissue weight) taking 1,1,1,1-tetraethoxy propane (TEP) as standard. The
standard curve was calibrated using 10 nM TEP.

3.8 Glutathione peroxidase (GPx) estimation in ovary

Glutathione peroxidase (GPx; EC 1.11.1.9) activity was assayed as described by
Mantha et al. [28]. The reaction mixture (1 ml) contained 50 μl sample, 398 μl of

299

Cannabis Effect on Female Reproductive Health
DOI: http://dx.doi.org/10.5772/intechopen.91620



50 mM phosphate buffer (pH 7.0), 2 μl of 1 mM EDTA, 10 μl of 1 mM sodium azide,
500 μl of 0.5 mM NADPH, 40 μl of 0.2 mM GSH, and 1 U glutathione reductase.
The reaction mixture was allowed to equilibrate for 1 min at room temperature.
After this, the reaction was initiated by addition of 100 mMH2O2. The absorbance
measured kinetically at 340 nm for 3 min. The GPx activity was expressed as nmol
of oxidized NADPH oxidized to NADP+ per min per mg of protein using an
extinction coefficient (6.22 mM�1 cm�1) for NADPH.

3.9 Caspase 3 activity assay

Thecal cell suspension was prepared following the protocol of Sharma et al.,
[29]. In brief, thecal cell suspensions from all the groups were prepared by mincing
the entire ovary in ice-cold 1 � PBS, at 4°C. After washing, cell pellets were
collected by centrifugation at 500 g for 10 min at 4°C and the supernatant was
gently removed. Cell pellets were lysed by the addition of 50 ml of cold lysis buffer
(5 mM Tris, 20 mM EDTA, 0.5% Triton-X 100, pH 6.0) per 2 � 6 106 cells and
incubated on ice for 10 min. Lysates were centrifuged at 10, 000 g for 1 min at 4°C,
and the supernatant was transferred to a fresh tube and processed for caspase-3 (EC
3.4.22.xx) activity using a caspase-3 colorimetric assay kit, according to manufac-
turer’s instructions (R&D Systems, Inc. MN). Each enzymatic reaction, carried out
in a 96-well flat bottommicroplate, required 50 ml cell lysate, 50 ml reaction buffer,
and 5 ml caspase-3 colorimetric substrate (DEVD-pNA). The plate was incubated at
37°C for 2 h with a substrate blank and sample blank. At the end of the incubation
period, the absorbance of enzymatically released chromophore p-nitroanilide
(pNA) was read at 405 nm in a microplate reader (Tecan, Spectra II-micro-ELISA
plate reader, Austria). Caspase-3 activity was determined by comparing the absor-
bance or optical density (OD) of pNA from apoptotic samples with the untreated
control and expressed as fold increase in OD405/10

6 cells per ml [29].

3.10 Serum level of estradiol

Estradiol was assayed using ELISA kit (Biotron Diagnostics Inc., USA) according
to manufacturer’s protocol. The coefficient of intra- and inter-assay variation was
less than 4.1 and 6.4%, respectively. The analytical sensitivity was 10 pg/ml.

3.11 Western blot analysis of Cannabinoid receptor 1 (CB1) analysis

The ovarian tissue protein pooled from six mice was extracted as described
earlier [30]. For western blot analysis, 10% ovarian homogenate was prepared.
Equal amounts of proteins (50 mg) determined by Bradford’s method were loaded
on SDS PAGE (10%) for electrophoresis. Thereafter, proteins were transferred
electrophoretically to nitrocellulose membrane (NC; Sigma-Aldrich, USA) over-
night at 4o.C NC was then blocked for 60 min with Tris-buffered saline (TBS; Tris
50 mM, pH 7.6) and then incubated with primary antiserum (CB1 at a dilution of
1:250) for 1 h. Then, membranes were washed for 10 min each (three washes) in
TBS-Tween 20. Then, NC membrane was incubated with secondary conjugated
with serum immunoglobulin (1:500) for 30 min and then washed in TBS for 10 min
(three times). Signals were detected using an ECL kit (Bio-Rad, Hercules, CA). Blot
for each protein was repeated for three times. The densitometry analysis of blots
was performed by scanning and quantifying the bands for density value by using
computer-assisted image analysis (Image J 1,38X, NIH). The densitometry data
were presented as the mean of the integrated density value � SEM. A pre-stained
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multicolor broad range marker (Spectra TM multicolor broad range marker; 10 to
260 kDa x SM-1841; Fermentas, MD, USA) was also run along with sample proteins
to clarify the position of band obtained as published elsewhere previously to detect
the specificity of the bands [30].

3.12 Statistical analyses

The data were analyzed on Microsoft Office Excel worksheet followed by one
way ANOVA. All data are expressed as mean � SEM. The data were considered
significant if P < 0.05. Further, to note the level of significance between the
experimental groups Duncan’s multiple range post-hoc test was applied. All of the
estimations were done in single lot using replicates and were repeated thrice. Ana-
lyses were done using Statistical Package for Social Sciences software version 16 for
windows (SPSS, 16.0, IBM, Chicago, IL, USA) and in accordance to Brunning and
Knitz [31].

4. Results

4.1 Histomorphology of ovary

The ovarian sections of both 6 mg/100 g of body weight and 12 mg/100 g of
body weight showed degeneration of ovarian micro-architecture in comparison to
control. There was absence of corpora-lutea in the ovaries of Cannabis treated mice.
The ovaries of 12 mg/100 g of body weight showed highest number of degenerating
follicles.

4.2 Immunohistochemistry of CB1 receptor in ovary

CB1 receptors protein was demonstrated immunohistochemically in the ovaries
of the control and Cannabis treated groups of mice. The immunoreactivity of CB1
receptors was mainly observed in the granulose cells of secondary follicles in the
control group. There was a dose-dependent increase in the expression of the CB1
receptor in the ovarian sections. Intense staining was also observed in the
degenerating follicles and oocyte (group 3). However, negative control did not
show any immunostaining.

4.3 Body weight

We noted a significant (P < 0.05) decrease in body weight in a dose dependent
manner following Cannabis treatment in comparison to control. However, the dif-
ferences of body weight between two experimental groups were not significant
(P > 0.05).

4.4 Ovarian weight

We recorded the ovarian weight upon Cannabis treatment. It was observed that
upon Cannabis treatment the ovarian weight was significantly low (P < 0.01) in
dose dependent manner as compared to control. Among two experimental groups,
the difference in weight was also statistically significant (P < 0.05).
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4.5 Uterine weight

We recorded the same result in uterine weight also where Cannabis treatment
profoundly (P < 0.01) decreased uterine weight as compared to control. However,
the difference in uterine weight between two experimental groups was not signifi-
cant (P > 0.05).

4.6 Total serum cholesterol

Serum cholesterol also showed significant dose dependent decrease (P < 0.01)
in serum cholesterol level upon Cannabis treatment being lowest in 12 mg/100 g of
body weight group as compared to control. However, the difference between two
experimental groups was statistically non-significant (P > 0.05).

4.7 3β HSD enzyme activity in ovary

Significant decrease in 3β HSD enzyme activity (P < 0.01) was noted in a dose
dependent manner in Cannabis treated ovaries as compared to control. However,
the difference between two experimental groups was statistically non-significant
(P > 0.05).

4.8 17β HSD enzyme activity in ovary

Significant decrease (P < 0.01) in 17β HSD enzyme activity was noted in Can-
nabis treated ovaries in comparison to control. The difference in decreased activity
between two experimental groups was also statistically significant (P < 0.05).

4.9 SOD activity in ovary

Significant increase in SOD activity was noted in Cannabis treated groups in
dose dependent manner being significantly high (P < 0.01) in both the groups of
6 mg/100 g of body weight and 12 mg/100 g of body weight as compared to control.
The level was highest in the latter group in comparison to 6 mg/100 g of body
weight (P < 0.05).

4.10 Catalase activity in ovary

Significant increase in catalase activity was noted in Cannabis treated groups in
dose-dependent manner (P < 0.01) as compared to control. But, among the treated
groups the level was not significant (P > 0.05).

4.11 Malondialdehyde level in ovary

Significant decrease in ovarian malondialdehyde levels were noted in a dose
dependent manner following Cannabis treatment being lowest in 12 mg/100 g of
body weight dose (P < 0.01). The level in the 6 mg/100 g of body weight dose was
intermediate with significantly lower level (P < 0.05) than control. Among the
treated groups, group 3 showed least level of MDA activity (P < 0.05).

4.12 GPx level in ovary

Glutathione peroxide (GPx) level was found to be significantly high (P < 0.01)
in both the treatment groups when compared to control. Among 6 mg/100 g body
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weight and 12 mg/100 g body weight groups, the latter showed significantly high
level (P < 0.01).

4.13 Caspase 3 activities in ovarian thecal cells

Caspase 3 activity was assayed in the ovarian thecal cells upon cannabis treat-
ment. We noted a significant increase of caspase 3 in the thecal cells in dose
dependent manner being highest in 12 mg/100 g of body weight dose (P < 0.01) in
comparison to control. Further, among the treated groups, group 3 presented the
highest level of caspase 3 activity (P < 0.01).

4.14 Serum level of estradiol

Serum level of estradiol was found to be significantly low (P < 0.05) in 6 mg/
100 g of body weight dose; however, the level was further significantly low (P
< 0.01) in 12 mg/100 g of body weight dose as compared to control which was
recorded to be significantly low among the treated groups (P < 0.05).

4.15 Western Blot analysis of CB1 receptor in ovaries of mice

We noted a significant increase (P < 0.05) in Cannabinoid receptor type 1 (CB1)
in 6 mg/100 g of body weight treatment group. The level was further significantly
high (P < 0.01) in 12 mg/100 g of body weight group as compared to control group.
Further, the level of expression was highest in group 3 (P < 0.05) as compared
among the treated groups.

5. Discussions

The present study was confined on the role of chronic Cannabis induced oxida-
tive stress and reproductive impairment in female mice. In the recent years, there
are several literatures available depicting the role of Cannabis in neuro-
degeneration [32], neuro-myopathy [33] and different other neurological disorders
[34]. But, till date there are no data or reports are available depicting the role of
Cannabis treatment in regulating/modulating the female reproduction, however, it
had been predicted from prolonged time that Cannabis is potent enough to interfere
in reproduction in males [35] and females.

Our study, in relation to the dose dependent effect of Cannabis treatment in the
female reproduction is the preliminary and elaborated study depicting the deleteri-
ous and detrimental effects of Cannabis in female reproduction. Our study is
divided into two different parts addressing the role of Cannabis in reproductive
impairments in female mice due to oxidative stress and loss in the functions of
steroidogenesis.

We noted a significant decrease in body weight, ovarian and uterine weight
upon Cannabis treatment suggesting the first clue in reproductive impairment upon
Cannabis treatment. The results were further supported by degeneration in ovarian
histomormhology and increase in expressions of CB1 receptors in ovaries of differ-
ent treatment groups. Cumulatively, the histological and immunohistochemical
data suggest a dose dependent impairment in ovarian as well as reproductive func-
tions which are in agreement with previous reports in where Cannabis causes
reproductive impairment in males [36]. We have also studied the different aspects
of free radical as well as reproductive enzyme activities (3β HSD and 17β HSD). The
SOD, catalase and GPx levels were significantly high in ovary tissues where as MDA
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level was significantly low. The increased results of free radical scavenging enzyme
activities suggest the reproductive impairment in mice is may be due to high
generation of free radicals and also due to different physiological malfunctions
which are yet to be traced out [37–40].

Further, significant decrease in total serum cholesterol levels, estradiol levels in
circulation, 3βHSD and 17βHSD enzyme activities in ovarian tissues upon Cannabis
treatment were noted. Thus, we may suggest that upon Cannabis treatment repro-
duction in females was impaired by Cannabis treatment by generation of free
radicals in female reproductive tissues. The results were also discussed in light of
apoptosis in thecal cells by Caspase 3 activity assays and it was found to be signifi-
cantly high in different doses of Cannabis treatments. To delineate the possible
molecular mechanism of Cannabis function in ovary, we checked the CB1 receptor
expression in ovarian tissues and we also found that the CB1 receptor expressions
were significantly high in both the 6 mg/ 100 g of body weight and 12 mg/100 g of
body weight groups which are in agreement with the reports published earlier
[41–43].

Thus, we may suggest that Cannabis treatments were not only impairing the
reproduction in females but also chronic duration of doses is responsible for high
fecundity in terms of reproductive malfunctions.

6. Conclusion

This study, for the first time showed the effect of administration of Cannabis, in
controlling the reproductive process in female mice. It also showed the interrelation
between the exogenous administrations of Cannabis, the possible mechanism that
was not dealt by earlier workers showing anti-fertility effect of cannabis for females
in particular.
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Chapter 18

Antioxidant Activity of Areca Nut
to Human Health: Effect on Oral
Cancer Cell Lines and
Immunomodulatory Activity
Liza Meutia Sari

Abstract

Many herbs have been discovered to be potential sources of the antitumor and
immunomodulatory drug. Areca nut (Areca catechu L.) has a high content of phe-
nols and flavonoids and is highly related to antioxidant activity. Areca nut is a
traditional herbal medicine that is popular around Indonesia, India, Thailand, and
Taiwan. However, data on its effect on human health showed various results. This
chapter’s aim to review the phytochemical and polyphenolic content, the molecular
structure of bioactive compounds, the side effect of the crude extract, the role of
catechin in cancer mechanism, the antioxidant activity, the cytotoxicity, and
immunomodulatory activity of the areca nut. Areca nuts from Aceh province in
Indonesia, contain flavonoids, phenolics, catechin, quercetin, and a small percent-
age of tannins which contribute to antioxidant activity. The areca nut has anticancer
potential activity so it can be used in combination with chemotherapeutic agents to
enhance the effect at lower doses and thus minimize chemotherapy-induced toxic-
ity. Areca nuts also show immunomodulatory activity which can increase the body’s
immune system.

Keywords: Areca nut, phytochemical content, anticancer, immunomodulatory

1. Introduction

One of the plants with the potential to be developed as herbal medicine is the
pinang plant (Areca catechu Linn; areca, Palmaceae). The term Areca catechu refers
to the largest amount of the phytochemical compounds in areca nut that is arecoline
and catechin. Areca nut is a traditional herbal medicine that is popular around
Indonesia, India, Thailand, and Taiwan. This plant spreads widely in South East
Asia, South Africa, and the Pacific Ocean Islands. It is usually used in betel chewing
common among the Indians and Malays as a breath freshener, digestive aid, anthel-
mintic, aphrodisiac, and to maintain stamina [1]. Several kinds of research studied
the functions of the areca plant showed that the stem can be used as antibacterial
and antifungal [2]. Epidemiologic study and laboratory research found a large
number of anticancer compounds obtained from the nuts. Some of them contained
flavonoid, polyphenol, carotenoid, selenium, vitamin C, and E which showed
chemotherapy and preventive activity. An antioxidant is one of the solutions to
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minimize oxidative stress levels caused by cancer treatment. The antioxidant is a
compound that is capable to cleanse, dispose, and repel free radical or reactive
oxygen species forming in the body [3]. The previous study showed that methanol
and water extract of areca nut contains tannin and high total phenolic [4–6]. This
compound has stronger free radical scavenging activity than ascorbic acid [7].

2. Phytochemical content of areca nut

Determination of areca plant as follows:

Kingdom : Plantae

Division : Magnoliophyta

Subdivision : Angiospermae

Class : Liliopsida

Nation : Arecales

Family : Arecacea/palmae

Subfamily : Arecoideae

Genus : Areca

Species : Areca catechu Linn.

Characteristics of areca nut

Stems Slender, grow upright, reach 10 to 30 m high, 15 to 20 cm in diameter, and unbranched
[8]. The new stem formation occurs after two years (Figure 1).

Leaves The pinnate compound leaves grow together at the tip of the stem, almost like coconut
trees. Leaf midrib tubular has 80 cm long and short petiole. It has 1–1.8 cm long, 5 cm
wide, with torn and jagged tips.

Flowers Flower cobs with long, easy-to-fall spathes appear under the leaves. They appear at the
beginning and the end of the rainy season.

Nuts • Oval elongated has 3.5 to 7 cm long, fibrous mesocarp and a thin woody endocarp
enveloping one nut.

• The color of the ripe nut is red-orange (Figure 2).
• Sweet, fresh, and it gives a sense of addiction.
• The nuts appear at the age of 5 to 8 years depending on the soil condition.

Roots Fiber roots and very similar to the roots of the coconut plants.

Life span 25 to 30 years.

Grow
locations

Areca plants can produce optimally when planted in locations with an altitude of 0–
1,400 masl. The required rainfall to grow areca nut optimally is between 2,000–
3,000 mm/year which is evenly distributed throughout the year or rainy days around
100–150 days. The desired temperature is 20 °C–32 °C, and the humidity is between 50–
90%. The soil acidity which is good for plant growth around pH 4–8 [ 9].

Constituents • Polyphenols: Phenolics, flavonoids, syringic acid, procyanidin (dimeric, trimeric,
and tetrameric), tannins, isorhamnetin 3-O-rutinoside, catechin, jacareubin, ent-
catechin, epicatechin, quercetin, luteolin, and chrysoeriol [4, 5].

• Alkaloids: Arecoline, arecaidine, guvacoline, and guvacine. Arecoline is colorless
volatile resembling nicotine.

• Fatty acids: Myristic acid, palmitic acid, oleic acid, linoleic acid, eicosanoic acid,
arachidonic acid, docosanoic acid, tetracosanoic acid, hexacosanoic

• Carbohydrate (19.13%), protein (10.22%), fats (12.84%), crude fibers (14.40%),
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Characteristics of areca nut

• Minerals: Calcium, phosphorus, iron, vitamin B6, and C.

Actions • Antioxidant, anti-aging, antihelminthic, antimicrobial, analgesic, and anti-
inflammatory [2, 10–13].

• It can reduce the risk of dental caries.
• Apoptosis and cell cycle arrest in carcinoma cell lines [14].
• Anti-inflammatory/Anti-melanogenesis
• Hypolipidemic
• Hypoglycemic activity
• Antidepressant
• Α-glucosidase inhibitory
• Antihypertensive
• Immunomodulatory activity
• Vascular relaxation
• Anticonvulsant activity
• Anti-allergic

Side effects • Chewing habits can induce the risk of developing oral squamous cell carcinoma.
• The arecolines can enhance Alzheimer’s type of dementia.
• Dental attrition, oral leukoplakia, areca staining, lichenoid lesions.

Areca nut contains several alkaloids that belong to the pyridine group, especially
arecoline. Arecoline affects the oculomotor nerve which can cause mydriasis, mild

Figure 1.
Areca plants [8].

Figure 2.
The ripe areca nuts.
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paralysis, and pupillary dilatation [15]. Several studies showed that arecoline can
induce neurotoxicity through its action in oxidative stress and generating Reactive
Oxygen Species (ROS), hepatotoxicity, testicular toxicity, oropharyngeal cancers,
and oral submucous fibrosis [16, 17]. Besides alkaloids, ent-catechin, and jacareubin
are the major compound in areca nut [7]. Catechin and its analogs are antioxidant,
anti-allergic, anticancer, anti mutation, and anti-inflammatory. It can improve liver
function and scavenge free radicals [18]. The beneficial effect of catechins is
reported in the treatment of cancer, cardiovascular diseases, diabetes, neurodegen-
erative diseases, and liver diseases [19]. Apparently, catechins have function not
only as a powerful antioxidant [20], preventing oxidative damage in healthy cells
[21], but also as an antiangiogenic, antitumor agent [22], and a modulator of tumor
cell response to chemotherapy [23]. It can induce apoptosis by increasing caspases
[24] and promotes cell growth arrest by altering the expression of cell cycle regula-
tory proteins [25]. Jacareubin is reported to have an anti-inflammatory property
and increases the activity of H+, K+-ATPase which is needed to gain the energy of
the cells [26, 27].

The majority of phytochemical ingredients in areca nut extract are phenolic
compounds such as flavonoids, tannins, and alkaloids [28]. It was established that a
great quantity of tannins has been found in dark dry fruits such as tea. The areca nut
also has a reddish-brown color. The levels of tannin found in areca nut have differ-
ent contents in different areas or regions [29]. It could be caused by climate condi-
tions and environmental factors where it grows. Climatic factors such as
temperature, weather, and rainfall. The environmental factors such as soil type and
fertility, the height of growing, and plant maintenance.

The presence of catechin and quercetin mostly were identified through High-
Performance Liquid Chromatography (HPLC) analysis. These two compounds are
well-known antioxidants and could have contributed to the observed antioxidant
activity [30]. Previous studies have identified several phenolic compounds in the
areca nuts including trimer procyanidin, dimer procyanidin (B1 dan B2), catechin,
and isorhamnetin 3-O-rutinoside [31]. Many of these compounds have antioxidants
activities [20, 32]. Catechin was proved to have strong antioxidant activity which
could contribute towards the anti-cancer effects [33–36]. It has also been shown
that polymerized catechin suppresses the activity of Staphylococcus aureus α-toxin
and as an effective urease inhibitor in Staphylococcus saprophyticus strains. Although
the level of quercetin is not much in areca nut extract, it also has been proved as an
antioxidant. It possesses an anti-inflammatory potential that can be expressed in
different cell types, both in animal and human models [37]. Quercetin is also able to
inhibit the growth of cancer cells through induction of apoptosis and inhibitory
proliferation in gastrointestinal, breast, esophagus, and ovary cancer [38].

3. Quantitative data of polyphenolic content in areca nut

Various studies have been conducted to calculate the content of polyphenolic
areca nut from various regions around the world. The results also showed various
results. This difference shows that the variation in polyphenolic content depends on
the geographical conditions in which the plant grows so that it affects the quality
and quantity of the phytochemical composition in areca nut. This variation is also
influenced by the species and type of the areca nuts used such as freshness, matu-
rity, and form of the nut drying process. One of the polyphenolic content derived
from areca nut on the island of Sumatra in Indonesia is shown in Table 1. The
total phenolic and flavonoid contents of areca nut are expressed as Tannin Acid
Equivalents (TAE) and Catechin Equivalents (CE).
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4. Molecular structure of bioactive compounds in areca nut

4.1 Phenolic compounds

Phenolic compounds are the largest part of the phytochemicals in plants, espe-
cially fruit, seeds, and leaves. This collection of compounds provides many health
benefits because they contain many antioxidants that can scavenge oxidative stress
due to reactive oxygen species. Intake of fruit, vegetables, and whole grains that are
rich in phenolics can lower the risk of cardiovascular disease, chronic inflammation,
cancer, and neurodegenerative diseases. Polyphenolics contain an aromatic
hydroxyl ring derived from L-phenylalanine. Phenolic compounds comprise one
(phenolic acids) or more (polyphenols) aromatic rings with attached hydroxyl
groups in their structures. Several types of polyphenols that are classified as pheno-
lic acids are hydrolyzed tannins, lignans, stilbene, and flavonoids. The intact poly-
phenolic form is usually absorbed directly from the digestive tract.

Microorganisms can cause the degradation of polyphenolics into aglycones and
aromatic acids. Polyphenolics are detected in all tissues, especially the digestive tract
and oral mucosa. All types of polyphenolics are excreted in the urine and bile ducts.
The bioavailability of polyphenolics is low, and the remaining at urinary excretion is
0.3% for anthocyanins and 43% for isoflavones. The absorption of phenolic com-
pounds in food is determined by the chemical structure which influences the degree
of glycosylation and acylation, basic structure, conjugation with other phenolic com-
pounds, molecular size, polymerization, and solubility. The maximum concentration
in plasma rarely exceeds 1 mM after ingestion of 10–100 mg of a single phenolic
compound. Polyphenolics that are mostly absorbed by the body are isoflavones, gallic
acid, flavanones, catechins, and quercetin glycosides, while proanthocyanidins,
anthocyanins, and gallolylated catechins are less widely absorbed.

4.2 Flavonoid

The total flavonoids in ripe areca nuts were found to be the highest in levels.
Flavonoids belong to a group of natural substances with variable phenolic structures

Methanolic extract Compounds Estimated amount

Ripe areca nut Total phenolics 80.3 mg TAE/gra

Total flavonoids 238.5 mg CE/grb

Catechin 2.79 mg/grc

Quercetin 0.14 mg/grc

Tannin 0.007%d

Unripe areca nut Total phenolics 56.6 mg TAE/gra

Total flavonoids 18.13 mg CE/grb

Catechin —

Quercetin —

Tannin 8.7%d

aFolin–Ciocalteu method.
bDowd method.
cHPLC.
dTitrimetri assay.

Table 1.
Quantitative data of polyphenolic content in areca nut from Aceh, Indonesia.
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and are found in vegetables, tea, flowers, fruit, grains, vegetables, grains, and wine.
This natural ingredient is known to have many health benefits. Flavonoids are a
group of more than 4000 polyphenolic compounds that occur naturally in foods of
plant origin. These compounds possess a common phenylbenzopyrone structure
(C6-C3-C6), and they are categorized according to the saturation level and opening
of the central pyran ring, mainly into flavones, flavanols, isoflavones, flavonols,
flavanones, and flavanonols. Flavonoids are polyphenolic compounds that consist of
several types based on their structure, namely flavonols (quercetin and
kaempferol), flavones (luteolin and wogonin), flavanols (catechin, gallocatechin),
isoflavones (genistein), flavanones, and flavanonols.

Flavonoids have an antibacterial, anti-inflammatory, antioxidant, allergy,
antimutagenic, antiviral, antineoplastic, anti-thrombotic, vasodilatory, and anti-
hepatotoxic activities. Flavonoids can cause cell cycle arrest, thereby inhibiting the
activity of Cyclin-Dependent Kinases (Cdks), Phosphorylation Kinases (PKs), and
signal transduction of cell proliferation. Flavonoids are also able to modulate
Mitogen-Activated PKs (MAPKs). The Cdk enzyme is an enzyme that functions to
control the activity of the phosphorylase enzyme which regulates every phase of the
cell cycle, especially during DNA replication and chromosome formation. The
anti-tumor properties of flavonoids can inhibit the release of prooxidant enzymes,
modulate carcinogen metabolism, suppress protein tyrosine kinase activity, anti-
proliferation, anti-metastasis, inhibit some drug resistance, are antioxidant and
anti-angiogenesis, induce apoptosis and cell cycle retention. The chemical struc-
tures of flavonoids in areca nut can be seen in Figure 3.

4.3 Catechin

Catechins are flavonoids (flavanols) that are included in the polyphenol group,
which have high concentrations in vegetables, fruits, and beverages. Catechins
contain two aromatic rings and several hydroxyl groups. Catechins are divided into
two groups, namely free catechins and esterified catechins. Catechin, gallocatechin,
epicatechin, epigallocatechin are non-esterified catechins, whereas epigallocatechin
gallate, epicatechin gallate, gallocatechin gallate are classified as esterified. The
chemical structure of catechins can be seen in Figure 4.

Several in vitro studies have proven the role of catechins as protection for several
diseases such as degenerative, heart disease, and bacterial infection. The catechins
in green tea are able to inhibit carcinogenesis of the skin, lungs, esophagus, stom-
ach, liver, small intestine, colon, and mammary glands in animal experiments.

5. The side effect of crude extract of areca nut

Among the benefits of consuming areca nut, other studies have shown that these
nuts are carcinogens so that they can cause oral malignancy lesions. Arecoline is the
most common alkaloid found in areca nut which is known to cause cytotoxicity in
mammalian cells in vivo and cause carcinogenicity. Some of the oral lesions that can
be caused by crude areca nuts include:

5.1 Oral submucous fibrosis

Oral submucous fibrosis (OSF) is a chronic disease that produces hyperkeratosis,
epithelial atrophy, tissue fibrosis, and precancerous lesions. Pathological character-
istics include chronic inflammation, excessive collagen deposition in the connective
tissues below the oral mucosal epithelium, local inflammation in the lamina propria
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or deep connective tissues, and degenerative changes in the muscles. OSF patients
experience a severe burning sensation in the mouth after ingesting spicy foods.
Other symptoms of OSF include dry mouth, pain, taste disorders, restricted tongue
mobility, trismus, dysphagia, and altered tone. This disease contributes significantly
to mortality because of its high malignant transformation rate (1.5–15%). Previous
research has shown that the arecoline in areca nuts can induce COX-2 expression in
humans. It also suggests contributing to pathogenesis of OSF in betel chewers.
Consistently, the elevated expression level of COX-2 has also observed in arecoline-
treated HGF-1 cells and primarily cultured HGF cells in the study, suggesting these
cells of different origins derived from oral cavity might have similar inflammatory
responses upon exposure to arecoline, which in turn promote oral lesions and
tumorigenesis.

Figure 3.
Chemical structures of the flavonoid family. The areca nut contains flavonol (quercetin) and flavanol
(catechin).
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5.2 Oral squamous cell carcinoma (OSCC)

Betel (areca nut) quid chewing is a widely prevalent habit correlated with a high
incidence of oral cancer. A Previous study showed that the carcinogenic mechanism
of action of betel quid chewing is caused by DNA damage induced by arecaidine
and Cu (II). The Cu (II) is an important structural metal ion in chromatin; however,
it is reported to be an important factor in DNA damage induced by many organic
compounds. It was found that arecaidine alone had no significant effect on inducing
DNA damage, but it caused significant DNA double strand breaks in the presence of
Cu (II) ions under alkaline conditions. Further studies showed that reactive oxygen
species were generated and Cu (II) was formed in the reaction. Areca nuts contain
arecoline and arecaidine, both of which can cause mutation. When chewing areca
nut, arecoline dissolves in saliva and its concentration can reach 140 g/mL. arecoline
can cause cytotoxicity and genotoxicity for multicultured human cell lines and

Figure 4.
Chemical structures of catechin. The areca nut contains (+)-Catechin.
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inhibits oral mucosal and gingival fibroblast which can cause epithelial damage and
delayed wound healing.

The areca nut does not contain carcinogenic substances, but this carcinogenic effect
is caused by nitrosamines product in the long term and uncontrollable. Nitrosamines
are produced by nitrosation of the alkaloids in dried stored nuts, when in the mouth,
and especially in the acid conditions of the stomach, in the presence of nitric oxide
generated by bacteria [39]. The combination with nitric oxide, produced by bacteria,
causes the production of methylnitrosaminoproprionitrile which is proved to cause
carcinogenesis in animal studies [39]. This endogen nitrosation is higher significantly in
a patient with bad oral hygiene [40]. If areca nut is combined with tobacco, then
chewed by people with bad oral hygiene, there will be a very high accumulation of
nitrosamines product [41]. This process usually occurs continuously for the long term
because the seeds have addictive properties. Some studies also reported increased
reactive oxygen species such as hydroxyl oxide in the oral cavity caused by a combina-
tion of polyphenol auto-oxidation from areca nut with high alkaline pH of slaked lime
(Calcium hydroxide paste) [42]. If the areca nut is chewed with Piper betel and slaked
lime, these twomaterials will cause mucous membrane erosion, so that carcinogenic
substance could easily penetrate cells through the mucous membrane [43]. Some part
of the community in India and Pakistan use industrial packaging areca nut called gutka
and pan masala.Gutka contains areca nut, Piper betel, tobacco, and slaked lime, while
pan masalawas prepared without tobacco. Approximately 40% of gutka and pan
masala packaging are contaminated with aflatoxin which has carcinogenic properties
fromAspergillus flavus,Aspergillus niger, andRhizopus spp. fungi [44]. The occurrence of
theOSCC’s risk depends greatly on the composition of the compoundwhich determines
the quality of the seeds, the method of using seeds which are associated with oral
hygiene, duration of use, the presence or absence of toxin caused by fungi contamina-
tion in the seeds, and the presence or absence of other carcinogenic substances such as
tobacco and slaked lime. The occurrence of OSCC could also be influenced by several
factors such as intrinsic factors (tumor suppressor gene abnormality or mutation and
oncogene) and extrinsic factors (tobacco smoking, vitamin A and iron deficiency,
candidiasis, viral infection, and immunosuppression).

The dried areca nut, gambir, and calcium hydroxide wrapped in betel leaf are usually used as symbol of
respect for guests in traditional ceremonies in Aceh, Indonesia.

6. Role of catechin in cancer mechanisms

The term catechins are commonly used to refer to the family of flavonoids and
the subgroup flavan-3-ols or simply, flavanol. Catechins are differentiated from the
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ketone-containing flavonoids such as quercetin and rutin, which are called flavo-
nols. High concentrations of catechin can be found in fresh tea leaves, red wine,
broad beans, black grapes, apricots, and strawberries [45].

Role of catechin in cancer mechanisms

Initiation
Stage

• Catechins neutralize the procarcinogens by inhibiting the activity of cytochrome
P450 enzyme and modulating free radicals [46].

• Catechins inhibit the activity of Nicotinamide adenine dinucleotide phosphate
(NADPH)-cytochrome c reductase.

• Epigallocatechin gallate (EGCG) could interact with hepatic cytochrome P450 and
inhibit the P450-dependent mixed-function oxidase enzymes in the skin and liver
[47].

• The epicatechin derivative structure is capable of inhibiting microsomal enzyme
system derived from the catechin hydroxyl group. The pyrogallol structure causes
catechin molecules to have a strong metal-chelating ability that can bind to metal
transition ions and act as preventive antioxidants [48].

• The EGCG reduces cell proliferation and induces apoptosis in low-dose H2O2

(10 M)-treated colon carcinoma cells and downregulates 12-O-
tetradecanoylphorbol-13-acetate-mediated oxidative stress in cervical carcinoma
cells [49].

• The EGCG can suppress the growth of HepG2 human HCC cells. The oral
administration of green tea for 1 year can inhibit the progression of high-grade
prostate intraepithelial neoplasia to prostate cancer [50].

Promotion
Stage

• The inhibitory mechanism of the promotion stage is divided into three processes,
namely the intervention of intracellular signaling pathways, increases the caspase
activity, and cell cycle modulation.

• Catechins inhibit phosphorylation of extracellular signal-regulated protein
kinases (ERK)-1 and 2 and suppress the activity of p38 MAPKs in human
fibrosarcoma cells [51]. The ERK enzymes are important transducers of proliferation
signals.

• Catechin hydrate exhibits anticancer effects by blocking the proliferation of MCF7
cells and inducing apoptosis in part by modulating expression levels of caspase-3,
�8, and � 9 and p53 [52].

• (�)-Epigallocatechin-3-gallate has potential as a novel therapeutic agent for patients
with B-cell malignancies including multiple myeloma via induction of apoptosis
mediated by modification of the redox system.

• Catechins can also inhibit the cell cycle. The cell cycle is controlled by numerous
mechanisms ensuring correct cell division [53]. The mechanisms are regulation of
cyclin-dependent kinases (CDK) by cyclins, CDK inhibitors, and phosphorylating
events [53].

• Cell-cycle dysregulation is a hallmark of tumor cells. The ability of normal cells to
undergo cell-cycle arrest after damage to DNA is crucial for the maintenance of
genomic integrity [54].

• The biochemical pathways that stop the cell cycle in response to cellular stressors are
called checkpoints.

• Defective checkpoint function results in genetic modifications that contribute to
carcinogenesis. The regulation of checkpoint signaling also has important clinical
implications because the abrogation of checkpoint function can alter the sensitivity
of tumor cells to chemotherapeutics.

Progression
Stage

• Metastasis requires down-regulation of cell adhesion receptors necessary for tissue-
specific, cell–cell attachment, as well as up-regulation of receptors that enhance cell
motility.

• Inhibition of migration and invasion of tumor cells could be a target of anticancer
therapy.

• Catechins can inhibit MMP-2 and MMP-9 in endothelial cells [55]. MMP-2 and
MMP-9 secretions are elevated in several types of human cancers and their elevated
expression has been associated with poor prognosis.

• Angiogenesis, the development of new capillaries from preexisting blood vessels, is
required in physiological processes such as wound healing and pathological
conditions including tumor growth and metastases.
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Role of catechin in cancer mechanisms

• Tumor angiogenesis is a complex process that consists of several steps including the
secretion of angiogenic factors by tumor and host cells, activation of proteolytic
enzymes, endothelial cell migration, invasion, endothelial cell proliferation, and
capillary formation.

• Vascular endothelial growth factor (VEGF) and its receptors have been known as
important angiogenic factors and are commonly overexpressed in several types of
human cancers.

• Catechins especially EGCG is proved to inhibit tumor growth and angiogenesis by
the down-regulation of VEGF expression in serum-deprived HT29 human colon
cancer cells [56].

• Catechin in green tea extract inhibits angiogenesis partly through the disruption of
STAT3-mediated transcription of genes, including VEGF [57].

• Several members of the signal transducers and activators of transcription (STAT)
family play a role in tumorigenesis. The STAT3 activity is commonly upregulated in
breast cancer and regulates the expression of angiogenic genes including VEGF and
MMP9 [57].

7. Antioxidant activity of areca nut

Antioxidants protect cells from deleterious effects of oxidation and are also
employed as dietary supplements to neutralize the adverse effects of oxidative
stress. Many of the natural antioxidants of interest are of plant origin and belong to
bioactive compounds in the phenolic and polyphenolic class. The phytochemical
contents of areca nut mostly come from phenolic and flavonoid content which
produce antioxidant activity. Total phenolic content test using the Folin–Ciocalteu
method was performed based on oxidation–reduction mechanism. Methanol is the
best solvent for areca nut compared to petroleum ether, ethyl acetate, and water,
and was used in this study [58]. The value of total phenolic concentration in 1 gram
extract is 80.3 mg TAE/gr extract. The highest phenolic concentration was usually
found in methanol, acetonide, and water solvent. This concentration is depended on
how big the solvent’s polarity is used at extraction. The high phenolic solubility in
the polar solvent showed a high concentration of phenolic content in the extract.
When compared with literature using the same method, the phenolic content of
areca nut in the study is lower than that of a study conducted in Assam, India (146.7
mgTAE/g extracts) and Hainan province, Taiwan (167.70 mgTAE/g extracts)
[5, 58]. Total flavonoid test using Dowd modification method also revealed a higher
content of flavonoid (238.5 mg CEmg/gr extract). This number is higher than that
reported by Zhang et al. and Wang et al., which was 77.36 and 10.45–
142.65 mg CE mg/gr extract, respectively. This indicates that the variation of poly-
phenol content depends on the geographical locations where the plant grows. This
variation is also affected by species and the characteristics of the nut used in the
study, including freshness, maturity, and methods of drying.

The flavonoid in areca nut extract has antioxidant and also pro-oxidant activity.
These two activities were also possessed by other herbal plants, curcumin [59, 60].
Lower doses of curcumin (12.5 μM) has the properties of reactive oxygen species
scavenging, anti-inflammatory, apoptosis induction, and proliferation inhibition in
myeloid leukemic cells, but in a higher dose and long term, the metabolite contents
of curcumin, which is lipophilic or water-insoluble, could increase the level of
cellular reactive oxygen species that causes carcinogenic potential through oxidative
DNA damage or metal-mediated DNA damage at P450 cytochrome [61, 62]. This
damage occurred because of the presence of Cu(II)-CYP2D6 which caused the
damage of the DNA, especially 5-TG-3, 5-GC-3, and GG sequences [61]. Curcumin
could induce lung cancer by increasing reactive oxygen species resulting in disarray
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between mitogen-activated protein kinase, NF-jb, and p53, causing genetic muta-
tion and oxidative stress [63]. This finding concluded that the antioxidant effect
which was started by an oxidative stimulus, depending on time, dose, and certain
cancer type, could also cause unwanted side effects [63].

Catechins are phytochemical compounds found in high concentrations in a
variety of plant-based foods and beverages. Catechins are classified as flavanols.
Catechin is the highest phenolic compound in the areca nut extract (2.79 mg/g). In
comparison with catechin, quercetin is found in much smaller amounts in the areca
nut extract (0.14 mg/g). The areca nut extract from Aceh, Indonesia, has a low level
of tannin (0.007%) through the titrimetric analysis. This finding showed different
results with less amount than areca nut from various districts in Karnataka, India,
showed 1.13%–3.39% tannin in areca nut extract with the same technique [29].
Tannin is a polyphenol compound of plant origin, bitter in taste, which reacts with
and coagulates protein, or various other compounds including amino acids and
alkaloids.

The main characteristic of an antioxidant is its ability to trap free radicals. The
antioxidant activity of an extract can be measured by 2,2-diphenyl-1-picryl-
hydrazyl-hydrate (DPPH) free radical method. DPPH is a stable nitrogen-centered
free radical, the color of which changes from violet to yellow upon reduction by
either the process of hydrogen- or electron- donation. The substance which is
performs this reaction can be considered as antioxidants and therefore radical
scavengers [64]. The DPPH test is a direct and reliable method for determining
radical scavenging action. The reducing properties are generally associated with the
presence of reductones, which have been shown to exert antioxidant action by
breaking the free radical chain by donating a hydrogen atom. The result of the
antioxidant activity curve showed linear line formula so the EC50 value was
acquired. The EC50 value is the extract concentration which was able to catch 50%
free radical. The EC50 value was measured from the association curve between the
percentages of radical catcher DPPH against the concentration of the treatment’s
solution. This value is inversely proportional to antioxidant extract capability. The
higher the antioxidant activity, the lower EC50 would be. The study showed that the
EC50 value of areca nut extract was 15.95 μg/mL (Figure 5). The polyphenol could

Figure 5.
Antioxidant activity estimated by DPPH method. The linear curve of areca nut extract has similar linearity
with BHT control. The dosage used was 1–20 μg/mL.
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dispose of free radicals by becoming a hydrogen donor so the free radical chain
reaction was broken. The EC50 value of the extract was smaller than Butylated
Hydroxytoluene (BHT); synthetic antioxidant posing as control. The result of the
study showed stronger antioxidant activity of areca nut compared to BHT control,
so it could be concluded that the activity potency of the combination of several
phenolic compounds in the extract could work synergic and resulted in more potent
antioxidant than the activity of one isolate in the extract [38]. Polyphenolics had a
stimulation effect on mitochondria’s activity, so it could be more efficient in creat-
ing energy and preventing free radicals. It can increase the cell viability graph over
100% in human keratinocyte (HaCat) cell line [28].

8. The cytotoxicity and immunomodulatory activity of areca nut to the
human health

8.1 Cytotoxicity activity of areca nut

The majority of the community prefer to choose herbal medicine because the
natural ingredient is considered to be safer and cheaper than chemical drugs. The
precipitating factors of the increasing use of herbal medicine in developed countries
are the side effects of chemical drugs, the high cost of modern medicine, and the
increasing life expectancy when the prevalence of chronic disease had increased, so
herbal medicine becomes an alternative treatment that is believed to cover all
classes of the community especially in Indonesia [65]. In Taiwan and South-Eastern
Asia, areca nut chewing has been associated with the development of oral squamous
cell carcinoma (OSCC) through epidemiological studies and has been classified as a
human carcinogen by the IARC (2004) [6].

MTS assay was done to observe the cytotoxicity effect of areca nut extract in
HSC-2, HSC-3, and HaCat cells. Areca nut has a stimulation effect on mitochon-
dria’s activity, so it could be more efficient in creating energy and preventing free
radicals. It can increase the cell viability graph over 100% in HaCat cell line by MTS
assay. The areca nut extract in a certain dose could increase respiration and metab-
olism in the HaCat cell line [28]. Cytotoxicity of the extract was displayed with the
viability percentage. The result showed that IC50 of areca nut extract in HSC-2 cells
was 629.50 μg/mL and the IC50 value in HSC-3 occurred in lower concentration
which was 164.06 μg/mL. The cytotoxicity effect started from the smallest concen-
tration which was between 160–640 μg/mL, but at a concentration higher than
1280 μg/mL, the extract started to show proliferative activity. Areca nut extract
provided a stronger cytotoxicity effect in HSC-3 cells than in HSC-2 cells. The
cytotoxicity graph of the three cell lines is shown in Figure 6.

MTS assay showed increased cellular viability in doses higher than IC50, which
was 16.2% followed by 4.5% in HSC-3 cells and an increase of 13.8% and 4% in
HSC-2 cells. This was caused by strong antioxidant activity in the extract. Polyphe-
nol had a direct stimulation effect on mitochondria’s activity, so it was more effi-
cient in producing energy and free radical scavenging. This was probably caused by
the high extracellular formazan intensity from tetrazolium reduction by dehydro-
genase succinate enzyme in cells performing respiration and metabolism. The more
energy and cellular respiration product, the more formazan would be formed. Areca
nut extract did not cause cytotoxicity in HaCat cell lines. This study showed that
areca nut could induce formazan in large numbers so it showed a large increase in
cell number. This was not caused by the high HaCat cells viability, but because of
the high absorbance value by following the dense formazan color which was
influenced by cellular respiration and metabolism. This absorbance value was read
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based on 490 nm wavelength. The denser the color of formazan’s product, the
higher the absorbance value would be. Although this study did not perform the test
for Nicotinamide Adenosine Dinucleotide Hydrogen (NADH) content in the
extract, it is possible that areca nut extract might contain NADH which could
provide additional energy for the cells. NADH is an active coenzyme form of
vitamin B3 (Niacin) which has an important role in the nervous system. This

Figure 6.
The result of MTS assay in HSC-2, HSC-3, and HaCat cell lines. Areca nut extract has a stronger
cytotoxicity effect in HSC-3 cells (b) than in HSC-2 cells (a). The extract does not show a cytotoxicity effect in
HaCat cells (c).
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vitamin is found in all living cells of plants, animals, and humans. Tharakan et al.
showed that Tricopus zeylanicus containing NADH had antioxidant activity by
inducing lipid peroxidase and inhibiting lipoxygenase activity [66]. Further studies
are needed to detect NADH content in areca nut.

The flavonoid in areca nut extract has antioxidant and also pro-oxidant activity.
These two activities were also possessed by other herbal plants, curcumin [59, 60].
Lower doses of curcumin (12.5 μM) has the properties of reactive oxygen species
scavenging, anti-inflammatory, apoptosis induction, and proliferation inhibition in
myeloid leukemic cells, but in a higher dose and long term, the metabolite contents
of curcumin, which is lipophilic or water-insoluble, could increase the level of
cellular reactive oxygen species that causes carcinogenic potential through oxidative
DNA damage or metal-mediated DNA damage at P450 cytochrome [61, 62]. This
damage occurred because of the presence of Cu(II)-CYP2D6 which caused the
damage of the DNA, especially 5-TG-3, 5-GC-3, and GG sequences [61]. Curcumin
could induce lung cancer by increasing reactive oxygen species resulting in disarray
between mitogen-activated protein kinase, NF-jb, and p53, causing genetic muta-
tion and oxidative stress [63]. This finding concluded that the antioxidant effect
which was started by an oxidative stimulus, depending on time, dose, and certain
cancer type, could also cause unwanted side effects [63].

The principle of the MTS assay method was determined by a reduction–oxida-
tion reaction occurring in cells. MTT/MTS reagent was reduced into formazan salts
by succinate dehydrogenase enzyme found in living mitochondria cells. This reac-
tion was allowed to take place for 4 hours then stopper reagent was added in MTT
assay. The stopper reagent will lysate the cell’s membrane so that formazan salts
could get outside of the cell, and it could be dissolved. The MTS assay does not need
a stopper reagent because formazan could dissolve in the culture medium with the
addition of PMS. The formazan salt, that was in extracellular, was quantified with a
spectrophotometer and measured in form of absorbance (Figure 7).

The higher the absorbance, the higher cell viability would be. The IC50 value
between HSC-2 and HSC-3 cells had quite a large difference range. This difference
showed the selective toxicity difference and type of cell death in some OSCC cell
lines during exposure by natural anticancer or synthetic agent. The flavonoid com-
pound showed weak cytotoxicity activity against HSC-2 cells so the IC50 value was
higher [67, 68]. The factors of the substance in plants that influenced the cytotox-
icity capability were the presence or absence of hydrophilic and hydrophobic
groups in one same molecule, the presence or absence of isoprenyl groups, the
presence or absence of polycyclic and/or halogen structure, the most condensed
structure (low molecular weight is more cytotoxic) and lipophilicity. The factors
from inside the cells which could probably cause this cytotoxicity was the difference

Figure 7.
The cells preparation in MTS assay.
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of protein expression which was resistant against some anticancer agent and
expression of the drug’s metabolism enzyme or natural substances [68]. Environ-
mental factors were serum type, the presence of metal ion, oxygen concentration,
and external pressure [68]. The success of the MTS assay depended greatly on a
cell’s metabolism and respiration capability. This study also showed the morphology
of HSC-2 cells which was different from HSC-3 cells. The HSC-2 cells had bigger,
wider cytoplasm and tighter cell junction than HSC-3 cells that probably could
cause weaker extract’s cytotoxicity activity than in HSC-2 cells so the IC50 value of
HSC-2 was higher than HSC-3 cells.

Analysis of apoptotic cells using flow cytometry demonstrated that areca nut can
induce apoptosis in oral cancer cell lines, HSC-2 and HSC-3 cell lines [14]. The
caspase-3 activity as an effector caspase is shown to be related to late apoptosis
activity because of the increase of caspase-3 with increasing late apoptotic cells
percentage in both cells after areca nut treatment. Analysis of caspase activity
confirmed that apoptosis might be the major mechanism of cell death induced by
areca nut. As far as we know, there is no similar report regarding the caspase-3
activity induced by areca nut extract, but this result is similar to several previous
studies that used plants containing flavonoids to increase caspase activity in cancer
cells [41–43]. This finding may have biological implications in cancer treatment.
The caspases inside cells are in an inactive form (procaspase), but activation
induces the production of other caspases leading to cell death through proteolytic
activity [44, 45]. Caspase-3 activation is a crucial component in the apoptotic
signaling cascade. The apoptosis pathway involved in areca nut-induced cell death
in both cancer cell lines may be through the extrinsic and intrinsic pathways. The
areca nut also caused the cell-cycle arrest in HSC-3 and HSC-2 cell lines. The areca
nut inhibited cell proliferation by the enhancement of Ki-67 after 24 hours of
extract treatment in both cells [69].

8.2 Immunomodulatory activity

The areca nut extract was found to increase the white blood cell count post-
challenge with Staphylococcus aureus induction significantly indicating that the
extract could stimulate the hemopoietic system. Another study found that areca nut
extract can induce calcium signals in at least three immune cell lines and human
primary immune cells (PBMCs), inducing the production of pro-inflammatory
cytokines. Further separation of the PBMCs into T cells, B cells, and monocytes
would potentially be of interest in elucidating specific responses to each cell subtype
[70]. However, areca nut extract can also induce antigen-specific immune
responses and promote inflammatory reactions in vivo, which may contribute to
immune deregulation associated with areca-related diseases [71]. In fact, the study
of areca nut as an immunomodulatory drug still causes various results. It depends
on the content of polyphenolic compound in the areca nut extract which greatly
affects the efficacy of the nut.

The areca nut can also increase the activity and capacity of macrophages. The
process by which a cell ingests and disposes of foreign material, including microor-
ganisms is called phagocytosis. In normal conditions, most phagocytes are circulat-
ing in the blood and when there is an inflammation, the phagocytes will leave the
bloodstream and migrate to the site of inflammation. The circulation in the capil-
laries and venules is rapidly moving with the red blood cells in the mainstream and
neutrophils and other leukocytes tending to flow more slowly along the vessel’s
periphery. Monocytes and macrophages have the same functions as neutrophils but
for a longer time and in a later stage of the inflammatory response. Monocytes are
produced in the bone marrow, enter the circulation, and migrate to the
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inflammatory site, where they develop into macrophages. Macrophages are more
active as phagocytes than their monocytic precursors. Macrophages, particularly
those residing in the tissue, are often important cellular initiators of the inflamma-
tory response.

Several bacteria are resistant to killing by granulocytes and can even survive
inside macrophages. Microorganisms such asMycobacterium tuberculosis, Salmonella
typhi, and Mycobacterium leprae can remain dormant or even multiply inside the
phagolysosomes of macrophages. However, the bactericidal activity of macro-
phages can be markedly increased with the help of inflammatory cytokines pro-
duced by cells of the acquired immune system (a subset of T lymphocyte) or cells
activated through Toll-like receptors. Macrophage activation results in increased
phagocytic activity, the size of itself, plasma membrane area, glucose metabolism,
and a number of lysosomes. The activation of leukocytes, monocytes, and macro-
phages which is induced by S. aureus and treated with areca nut is shown in
Figure 8.

The areca nut extract probably stimulates the proliferation of macrophages,
which in turn leads to the activation of macrophage activity. Further study is
needed to find out how extract can increase macrophage activity and capacity.

Figure 8.
Intraperitoneal fluid in Giemsa staining. a. The control group showing leukocytes and monocytes, b. Group 2
(500 mg/kg BW) showing an increase in the number of leukocytes, and monocytes, c. Group 3 (1000 mg/kg
BW) showing leukocytes, monocytes, and macrophages, d. Group 4 showing macrophages. Mf = macrophage
Fagocyte, Mo = monocyte, Leu = leukocyte.
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However, not only is the effect of the treatment given, but the increase in macro-
phage activity against S. aureus infection might also be caused by the internal factor
of the macrophage itself. The previous study reported the role of macrophage
transmembrane expression that suppressed the S. aureus-induced production of
nitric oxide and proinflammatory cytokines in mouse macrophages [72]. Moreover,
it has been reported by several groups that this bacterium can invade and survive
within a variety of cells such as neutrophils, macrophages, T-lymphocytes, epithe-
lial cells, endothelial cells, fibroblasts, and osteoblasts which may be related to the
intracellular persistence of bacteria within host cells [73–75]. The markers of bio-
chemical examination (ureum, creatinine, SGOT, and SGPT) did not show changes
in liver and kidney in mice after two weeks of treatment and one hour before and
post-challenge with S. aureus. This study is in line with previous studies which
revealed that the areca nut consumed in the long term in humans does not cause
hepatotoxicity [76, 77]. However, another study showed that raw areca nut given
for 28 days caused mild hepatotoxicity and nephrotoxicity in mice [78].

9. Conclusions

This chapter provides an overview of the characteristics of the areca nut and its
impact on human health, especially in an anticancer and immunomodulatory effect.
Areca nuts from Aceh, Indonesia, contain flavonoids, phenolics, catechin, querce-
tin, and a small percentage of tannins which contribute to antioxidant activity. The
areca nut has anticancer potential activity so it can be used in combination with
chemotherapeutic agents to enhance the effect at lower doses and thus minimize
chemotherapy-induced toxicity. Areca nuts also show immunomodulatory activity
which can increase the body’s immune system.
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Chapter 19

Health Benefits of Aqueous 
Extract of Black and Green Tea 
Leaves
Zainab Khudhur Ahmad Al-Mahdi, Ruqaya M.J. Ewadh  
and Nada Khazal Kadhim Hindi

Abstract

Tea, next to water, is the beverage humans consume. Drinking the beverage tea 
is great for joining and collecting family members and public communities since 
ancient times. Tea plant Camellia sinensis has been cultivated for thousands of years, 
and its leaves have been used for medicinal purposes. Various studies suggest that 
polyphenolic compounds present in green and black tea are associated with benefi-
cial effects in prevention of cardiovascular diseases, particularly of atherosclerosis 
and coronary heart disease. Anti-ageing, antidiabetic and many other health ben-
eficial effects associated with tea consumption are described. Evidence is accumu-
lating that catechins and theaflavins, which are the main polyphenolic compounds 
of green and black tea, respectively, are responsible for most of the physiological 
effects of tea. This review describes the evidence from clinical and epidemiological 
studies in the prevention of chronic diseases like cancer and cardiovascular diseases 
and inhibits pathogenic bacteria and general health promotion associated with tea 
consumption.

Keywords: green tea, black tea, health benefit, antibacterial activity

1. Green tea

Green tea is a popular drink, especially in Asian countries, although its popular-
ity continues to spread across the globe. The health benefits of green tea, derived 
from the leaves of the Camellia sinensis [Camellia sinensis is a species of evergreen 
shrub or small tree whose leaves and leaf buds are used to produce tea. It is of the 
genus Camellia (Chinese: 茶花; pinyin: cháhuā, literally: “tea flower”)] plant, have 
been studied for many years. Fairly recently, researchers have begun to look at the 
possibility of using green tea in antimicrobial therapy, and the potential prevention 
of infections. The particular properties of catechins found in the tea have shown 
promise for having antimicrobial effects. There are four main catechins (polyphe-
nols) found in green tea: (-)-epicatechin (EC), (-)-epicatechin-3-gallate (ECG), 
(-)-epigallocatechin (EGC) and (-)-epigallocatechin-3-gallate (EGCG). Three of 
these, ECG, EGC and EGCG have been shown to have antimicrobial effects against 
a variety of organisms [1, 2].

Among the health benefits that have been studied using green tea are: as an 
antioxidant, anti-inflammatory, anticarcinogenic, in cardiovascular health, oral 
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health, and as an antimicrobial. Antioxidant effects come from the ability of 
green tea to limit the amount of free radicals by binding to reactive oxygen species 
(ROS) [3, 4]:

1. Anti-inflammatory effects may be a result of increased production of IL-10, 
an anti-inflammatory cytokine [5]

2. Inflammation is involved in, among other conditions, arthritis, cardiovascu-
lar disease, ageing, and cancer [5, 6].

3. The anticarcinogenic effects of green tea have been seen in many types of can-
cer, and the mechanisms may include inhibiting angiogenesis and cell growth, 
and inducing apoptosis in cancer cells [5–7].

4. Cardiovascular effects include the antioxidant and anti-inflammatory effects, 
and consumption of green tea has been shown to inhibit atherosclerosis, re-
duce lipid levels overall, and improve the ratio of LDL to HDL [6]. The effects 
for oral health are related to both teeth and gums. The main cause of dental 
caries is the bacteria Streptococcus mutans.

5. Antioxidants in Green Tea May Lower Your Risk of Some Types of Cancer, 
Cancer is caused by uncontrolled growth of cells. It is one of the world’s 
leading causes of death. It is known that oxidative damage contributes to 
the development of cancer and that antioxidants may have a protective ef-
fect [8].

• Green tea is an excellent source of powerful antioxidants, so it makes sense 
that it could reduce your risk of cancer, which it appears to do; Breast 
cancer: A meta-analysis of observational studies found that women who 
drank the most green tea had a 20–30% lower risk of developing breast 
cancer, the most common cancer in women [9].

• Prostate cancer: One study found that men drinking green tea had a 48% 
lower risk of developing prostate cancer, which is the most common cancer 
in men [10].

• Colorectal cancer: An analysis of 29 studies showed that those drinking 
green tea were up to 42% less likely to develop colorectal cancer [11]. Many 
observational studies have shown that green tea drinkers are less likely to 
develop several types of cancer. However, more high-quality research is 
needed to confirm these effects [12].

1.1 Green tea can kill bacteria

• Which Improves Dental Health and Lowers Your Risk of Infection [13]

• The catechins in green tea also have other biological effects.

• Some studies show that they can kill bacteria and inhibit viruses like the 
influenza virus, potentially lowering your risk of infections.

• Streptococcus mutans is the primary harmful bacteria in the mouth. It causes 
plaque formation and is a leading contributor to cavities and tooth decay.
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• Studies show that the catechins in green tea can inhibit the growth of 
Streptococcus mutans. Green tea consumption is associated with improved 
dental health and a lower risk of caries [14].

• Green tea has a direct antimicrobial effect on this bacteria; plus, it seems to 
inhibit the attachment of the bacteria to oral surfaces. In addition, green tea is 
a natural source of fluoride [1, 6]. Green tea has been shown to have antimi-
crobial effects against a variety of gram positive and gram negative bacteria 
(e.g., Escherichia coli, Salmonella spp., Staphylococcus aureus, Enterococcus spp.), 
some fungi (e.g., Candida albicans) and a variety of viruses (e.g., HIV, herpes 
simplex, influenza) [5, 7].

1.2 Green tea composition

The medically important components of green tea are the polyphenols, most impor-
tantly the flavonoids. The main flavonoids in tea are the catechins, making up 30–40% 
of the water-soluble solids in green tea [3, 11]. The different types of tea vary in the 
amount of catechins that they contain, with green tea containing the most, then Oolong 
tea, then black tea. The initial steaming process in the production of green tea destroys 
the enzyme polyphenol oxidase, thus protecting the polyphenol content. There are four 
main catechins in tea: (-)-epicatechin (EC), (-)-epicatechin-3-gallate (ECG), (-)-epi-
gallocatechin (EGC) and (-)-epigallocatechin-3-gallate (EGCG). In green tea, EGCG is 
the most abundant, representing approximately 59% of the total catechins. EGC is next, 
making up approximately 19%, then ECG, at 13.6% and EC, at 6.4% [6, 10].

Green tea contains less caffeine than coffee, but enough to produce an effect. 
It also contains the amino acid L-theanine, which can work synergistically with 
caffeine to improve brain function [8].

Multiple studies show that the catechin compounds in green tea can have various 
protective effects on neurons in test tubes and animal models, potentially lowering 
the risk of Alzheimer’s and Parkinson’s [15].

1.3 Black, green and white

Black, green and white teas are the most popular beverages worldwide [16].
Tea leaves are known for its antibacterial activity against any microorganisms. It 

is one of the most popular beverages worldwide.
Black tea has a long history of use dating back to China approximately 

5000 years ago. It is made from the dried leaves of Camellia sinensis, a perennial 
evergreen shrub formerly known as Thea sinensis. It is native to southeastern Asia. 
Green tea, black tea, and oolong tea are all derived from the same plant. Black tea 
results from the oxidation of Camellia sinensis leaves.

The chemical components in tea include alkaloids (theobromine, caffeine, 
theophylline), polyphenols, amino acids, polysaccharides, volatile acids, vitamins, 
lipids as well as inorganic elements [17–19]. Black tea is used for treating head-
aches, low blood pressure, preventing heart disease, including atherosclerosis and 
heart attack, preventing Parkinson’s disease, reducing the risk of stomach and colon 
cancer, lung, ovarian and breast cancers [20].

Currently, a growing consumption of tea is observed in western countries, where 
it has been considered as functional food.

Nutritional Value of Black Tea Like other types of tea, black tea contains:

• Caffeine

• Amino acids
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• Carbohydrates

• Proteins

• Potassium

• Major minerals and trace minerals

• Manganese

• Fluoride

• Polyphenols

Black tea also contains catechins (the powerful antioxidants in tea that fight 
cancer-causing cells and help prevent heart disease), tannins (the naturally 
occurring chemical compounds that give black tea and red wine their astrin-
gency), guanine (a natural stimulant) and xanthine (another natural stimulant, 
similar to caffeine).

The many antioxidants and polyphenols in black tea are associated with a num-
ber of health benefits. Specifically, black tea contains complex flavonoids, which 
are polyphenols that aid in disease prevention. A single cup of black tea contains an 
average of 200 mg of flavonoids. Many doctors now recommend getting 600 mg of 
flavonoids per day for a range of health benefits. The flavonoid polyphenols in black 
tea known as thearubigin and theaflavin act as especially powerful antioxidants. 
Interestingly, these two flavonoids are more concentrated in black tea than in green 
tea [21].

Additionally, black tea is low in sodium and calories (if you do not add a sweetener). 
Plus, black tea has a bold flavor, making it a good substitute for those accustomed to soft 
drinks other unhealthy beverages (which also tend to have bold flavors) [22].

2. The biological properties of tea

The biological properties of tea include effects on the Central System (CNS) and 
antioxidant effects, attributed to the presence of methylxanthines, such as caffeine 
and phenolic compounds, especially catechins [23].

Black tea is more oxidised than all other types of teas. It contains antioxidants 
and other substances that might help protect the heart and blood vessels. It is 
also used for treating headache and low blood pressure; preventing heart disease, 
including “hardening of the arteries” (atherosclerosis) and heart attack [24].

3. Black tea fights diseases and infections; how black tea benefits

The tannins in black tea do not just give it its characteristic taste. Several 
studies have shown that tannins help fight viruses such as influenza (“the flu”), 
dysentery, and hepatitis. Black tea also contains alkylamine antigens, which 
help boost immune response [25]. Both Iranian non fermented (green tea) and 
fermented (black tea) have anti Streptococcus mutans activity in vitro. The anti-
Streptococcus mutans activity of black tea appears on a lower concentration than 
green tea [18].

Black and green tea have antibacterial activity against many pathogens.
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Effectiveness of aqueous extract of green, black and red tea leaves against some 
types of Gram positive and negative bacteria [19].

An in vitro study recorded that the black tea has antibacterial activity to the 
following pathogens:

• Escherichia coli

• Klebsiella pneumonia

• Bacillus subtilis

• Micrococcus luteus

• Staphylococcus aureus

• Salmonella typhi

• Pseudomonas aeruginosa

All tea extracts have shown significant antibacterial activity against S. aureus 
ATCC 25922 with Aqueous extract of Green tea exhibiting highest activity. All 
Green tea extracts exhibited significant activity against E. coli ATCC 25923 higher 
than Black tea extracts. As compared to Green tea extracts, Black tea extracts 
showed much lower activity against P. aeruginosa ATCC 27853. S. aureus was found 
to be most susceptible to tea extracts followed by E. coli and P. aeruginosa. Green 
tea and Black tea extracts have shown significant antibacterial activity with former 
being more effective than later. In future there is immense potential of clinical 
application of polyphenolic contents of tea extracts as adjuvant therapeutic agents 
to tackle the menace of growing antibiotic resistance [20, 23].

Black tea extract also had the ability to completely inhibit Pseudomonas growth 
on blood agar and inhibited protease activity and adhesion. There were also differ-
ences in Congo red binding seen in bacterial cell suspensions cultured in growth 
media that contained tea extract. The synergistic activity of tea extract with 
antibiotics has changed the resistance of P. aeruginosa (without the tea) to sensitive 
(in the presence of tea extract) [22].

4. Anticancer activity of black tea

Black tea is recorded to have anticolon cancer, lung, ovarian and breast cancers 
[21, 25]; green or black tea has polyphenols as prophylactic and therapeutic agents. 
Theaflavins and catechins seem to act on cancer cells largely through different 
pathways, so utilisation of both could offer synergistic anticancer effects, but so 
far no work has been done on the cumulative effects of EGCG and TF on prostate 
cancer. Therefore, in this study, we have investigated if EGCG in combination with 
TF can reduce the rate of prostate cancer growth, and we have observed greater cell 
death compared to application of either TF or EGCG alone.

Consumption of black tea, rich in polyphenols, has been found to reduce ovarian can-
cer risk. Theaflavin (TF1), theaflavin-3-gallate (TF2a), theaflavin-3′-gallate (TF2b) and 
theaflavin-3, 3′-digallate (TF3) are four main theaflavin derivatives found in black tea.

All four theaflavin derivatives inhibited ovarian cancer cells. Some of the effects 
and mechanisms of TF1 are different from those of the other three theaflavin 
derivatives [17, 21].
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4.1 Black tea and skin health

Drinking black tea benefits the skin in three ways. First, it nourishes the skin 
with vitamins B2, C, and E, with minerals such as magnesium, potassium, and zinc, 
and essential polyphenols and tannins. Second, its caffeine and some of its other 
chemical components can kill oral viruses, which helps prevent skin infections (and 
pimples). Third, black tea has been shown to reduce “mimic wrinkles” and signs of 
premature ageing.

Black tea can also benefit your skin with direct contact/application. For example, 
placing black tea bags under your eyes helps reduce puffiness and dark circles. And 
using black tea for herbal baths can provide an antioxidant boost for your skin and 
may even provide low levels of sun protection [22, 26].

5. Black tea benefits

The healthiest tea for you is the one you will want to drink every day. By that defini-
tion, if you live in the West, the tea that is the healthiest for you is probably black tea. 
Over 90% of all tea sold in the West is black tea (or red tea, as it is known in the East).

Like green tea, oolong tea and white tea, black tea is made from leaves of the 
Camellia sinensis plant, so it shares many tea health benefits with other tea types. 
However, black tea is unique, and it is known to be especially beneficial for certain 
health purposes [8, 25].

The major health benefits of black tea include its nutritional value, anti-cancer 
benefits, digestive benefits, beneficial effects on skin and hair health, and much 
more. Grab a cup of tea (preferably organic tea) and learn more.

Black tea also contains catechins (the powerful antioxidants in tea that fight 
cancer-causing cells and help prevent heart disease), tannins (the naturally occurring 
chemical compounds that give black tea and red wine their astringency), guanine (a 
natural stimulant) and xanthine (another natural stimulant, similar to caffeine).

The many antioxidants and polyphenols in black tea are associated with a number 
of health benefits. Specifically, black tea contains complex flavonoids, which are poly-
phenols that aid in disease prevention. A single cup of black tea contains an average of 
200 mg of flavonoids. Many doctors now recommend getting 600 mg of flavonoids 
per day for a range of health benefits. The flavonoid polyphenols in black tea known 
as thearubigin and theaflavin act as especially powerful antioxidants. Interestingly, 
these two flavonoids are more concentrated in black tea than in green tea [22, 23, 27].

5.1 Black tea and cardiovascular health

Black tea is abundant in antioxidants, such as flavonoids. These antioxidants 
have been demonstrated to lower the risk of heart disease. They do this by prevent-
ing the oxidation of LDL cholesterol and preventing damage in both the blood-
stream and at artery walls. Additionally, black tea flavonoids can both improve 
coronary vasodilation and reduce clots, and its manganese may reduce the risk of 
coronary heart disease by helping cardiac muscle function. Studies have shown that 
as few as three cups of tea per day can improve heart health [25].

5.2 Cancer prevention

Perhaps the most-studied tea health benefit is its anti-cancer benefit. While 
most of the study has been on green tea, there is a growing body of evidence that 
black tea also plays a role in cancer prevention [25].
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It appears that the polyphenols in tea help prevent the formation of potential 
carcinogens in the body. This is particularly true with certain types of cancer, such 
as ovarian cancer, lung cancer, prostate cancer, colorectal cancer, and bladder 
cancer. Some studies also show that black tea may help prevent stomach cancer, 
prostate cancer, breast cancer and oral cancers (especially for those who use tobacco 
products) [25–28].

The mechanism with which black tea prevents cancer is an interesting one. 
Black tea contains a compound called TF-2. This chemical causes apoptosis (“pro-
grammed death”) of cancer cells without harming normal, healthy cells. This helps 
to stop cancer growth before it even becomes noticeable, and may help in cases 
where cancer has already been diagnosed. Additionally, black tea also prevents 
cancer by inhibiting the formation and growth of malignant tumors [25].

5.3 Black tea benefits the immune system

The tannins in black tea do not just give it its characteristic taste. Several studies 
have shown that tannins help fight viruses such as influenza (“the flu”), dysen-
tery, and hepatitis. Black tea also contains alkylamine antigens, which help boost 
immune response [25].

5.4 Black tea and oral health

There are many folk tales about tea, freshening the breath and cleansing the mouth. 
It turns out that they are true. Research has found that black tea may reduce oral 
cancers. Additionally, tea’s polyphenols and tannin’s kill and prevent the bacteria that 
cause tooth decay, and to drastically reduce the oral bacteria that cause bad breath [25].

5.5 Black tea’s digestive benefits

The tannin in tea in general (and black tea in particular—it has more of them 
than other tea types) offer digestive benefits. They soothe gastric and intestinal 
illnesses, generally aid in digestion and decrease intestinal activity (making them 
useful for those with diarrhea) [24, 25].

5.6 Black tea and hair health

Although it may seem rather vain compared to some of the other more life-
altering health benefits of black tea, black tea is fantastic for your hair.

The high levels of antioxidants and caffeine in black tea both benefit hair health. 
The caffeine decreases a hormone that causes hair loss (known as DHT or dihydrotes-
tosterone), while the antioxidants promote healthy hair growth. However, excess caf-
feine may stunt hair growth, so be careful not to overdo it. Black tea can also add shine, 
luster, and darkness to your hair if you incorporate it into your hair care regimen [25].

5.7 Bone and connective tissue benefits of black tea

If you drink tea regularly, you are more likely to have stronger bones and con-
nective tissue than someone who does not drink tea regularly. Scientists believe this 
may be due to tea’s phytochemicals [25].

5.8 The effect of black tea on brain (and nervous system)

The caffeine in black tea has been shown to improve mental focus and con-
centration by promoting blood flow in the brain. Unlike drinks with higher levels 
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of caffeine and other stimulants (i.e., coffee and energy drinks), the caffeine in 
black tea is less likely to over-stimulate the heart and cause other unpleasant side 
effects.

Caffeine aside, studies show that L-theanine (an amino acid found in black tea) 
balances the effects of caffeine in a unique way, helping you concentrate more fully 
on tasks and act in a focused but relaxed manner. Furthermore, studies show that 1 
month of four cups of black tea a day reduces levels of the stress hormone cortisol 
enough to boost your memory function, and some studies suggest that regular black 
tea consumption may prevent Parkinson’s disease [8].

5.9 Black tea increases your energy level

Moderate caffeine consumption not only stimulates metabolism, but it also 
increases alertness and overall brain function. The caffeine in tea is mitigated 
by the naturally occurring chemical L-theophylline, which makes the effects 
of tea on energy level more smooth and continuous than the sometimes jarring 
effects of coffee and caffeinated sodas. Additionally, while caffeine mainly 
stimulates the muscles, L-theophylline targets the heart, kidneys and respira-
tory system, so the overall impact on the body is more evenly distributed and 
balanced [25].

6. Conclusion

Our review shows that tea have great health benefit for human body, the nutri-
tional value of tea components shows great health benefit for heart and vascular 
system, fight cancer, inhibit pathogens, healthy for skin, hair, bone regulate 
metabolism and more.

© 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. 
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