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Preface

The phenolic compounds formed by the shikimic pathway constitute one of
the most numerous groups of secondary metabolites described in plants. These
phytochemicals perform a variety of functions, such as defense against pathogens
and herbivores, signaling mechanisms, fruit and flower pigments, and protection
against ultraviolet light. They are components of plant cells and contribute to the
adaptation of plants in the environment. During the evolution of vascular plants, 
they were the first to be synthesized (lignins) and mark the differences between
the structural diversity of phenolic compounds among plants and their genetic
variability. Several biotic and abiotic factors are also part of this structural diver-
sity. Research on these compounds has increased due to the number of molecules
that are involved and the different biological activities that are observed, such as
antioxidant activity or their physiological function in plants. It is important to know
the methods of extracting molecules, the biosynthesis routes, and their relation-
ship with the activities that can benefit from their consumption. Therefore, the
book includes chapters that provide information on extraction and optimization
techniques, biosynthetic pathways, and the identification and characterization of
miRNAs involved in the regulation of their biosynthesis.
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Chapter 1

Extraction Techniques of Phenolic 
Compounds from Plants
Shadab Gharaati Jahromi

Abstract

Phenolic derivatives are one of the most important compounds that were found 
in secondary metabolites in plants. According to their various applications in 
agriculture, food, chemical and pharmaceutical industries, interests in reviewing 
different procedures of extraction of these compounds from plants have increased. 
In this chapter, we would like to have an overview on the extraction procedures 
that have been used in isolating phenolic compounds from plants until this time, 
including liquid-liquid extraction (LLE), ultrasound-assisted extraction (UAE), 
microwave-assisted extraction (MAE) and supercritical fluid extraction (SFE). 
In the following, advantages and disadvantages of these techniques and methods 
will be discussed and explained. In addition, in the last part of this chapter, vari-
ous methods for purification and identification of phenolic compounds will be 
presented.

Keywords: plants, phenolic compounds, bioactive compounds,  
extraction techniques, identification techniques

1. Introduction

Plants are rich and valuable resources of bioactive phenolic. They can be utilized 
in various fields such as antioxidant, antimicrobial, anti-inflammatory, antitumor, 
antiviral, analgesic and antipyretic [1, 2]. Hence, they have attracted the attention 
of many health professionals and many organizations and health care systems 
increasingly recommend the daily consumption of fruits and vegetables [3, 4].

Phenolics are one of the major and diverse group of active compounds in the 
plants which have at least one aromatic ring and one or more hydroxyl groups in 
their structures [5, 6]. They can be divided in two categories. First category consists 
of soluble compounds such as flavonoids, quinones, phenylpropanoids which can 
be discovered in plant cell vacuole and the second category consists of insoluble 
compounds such as lignins, condensed tannins and hydroxyl cinnamic acid which 
are detected in cell-wall bound [7]. All of these groups are involved in many 
processes in plants. Various classifications of phenolic compounds based on vari-
ous subgroups and structures have been listed in Table 1. Due to importance and 
worthiness of phenolic compounds on human health, many researches have been so 
far done in order to synthesizing various compounds like natural compounds using 
synthetic sequence procedures [8–11].

Based on various structures of phenolics, they have different physical and 
chemical characteristics which are very significant and emphasize on the extraction 
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Basic group Subgroup Structure

Phenolic acids Hydroxybenzoic acid derivatives

Hydroxycinnamic acid derivatives

Flavonoids Flavones

Flavanones

Flavonols

Isoflavones

Aurones

Chalcones

Anthocyanins

Tannins Hydrolysable tannin

Condensed tannins

Miscellaneous 
group

Lignans

Resveratrol

Coumarins

Lignins

Table 1. 
Classification of phenolic compounds based on various subgroups and structures.
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processes [12]. Therefore having knowledge about various methods of extraction, 
identification and quantification of phenolic compounds are essential and useful. 
In this chapter various techniques for extractions of phenolic compounds with their 
advantage and disadvantage will be investigated. Finally in the last section of this 
chapter, various methods have been discussed to identify and evaluate their quality.

2. Liquid-liquid extraction (LLE)

Scientists using various solvents have studied and investigated the extraction of 
phenolic compounds of different parts of plants such as leaves and seeds. Based on 
simplicity and cheapness of this extraction method, various polarities of solvents 
and under different temperature and pH conditions, they have been able to extract 
various combinations of phenolics from plants [13].

Plants contain various amounts of phenolic compounds which have simple 
and complicated structures. As there is a possibility of interaction between these 
compounds and other compounds in plants like carbohydrates and proteins, 
therefore it will be difficult to find an appropriate method for the extractions of 
all phenolic compounds [14]. In the liquid-liquid extraction (LLE) methods, vari-
ous phenolic compounds are extracted and then an extra step for their purifica-
tion is required.

There are three methods for extractions of phenolic compounds using LLE 
method which include Soxhlet extraction, maceration and hydro distillation meth-
ods. The effective parameters in these extraction methods are the type and polarity 
of solvents and their ratio, time and temperature of extraction and moreover 
chemical composition and physical characteristics of the samples [15].

Kerrouri et al. investigated the total content of phenolic compounds, fla-
vonoids and condensed tannins with different solvents with different polari-
ties using Soxhlet extractor and maceration methods [1]. Based on the results 
obtained in this paper, the various groups of phenolic compounds were extracted 
by solvents with different polarity so that hexane, ethyl acetate and methanol 
were used as best solvents for polyphenols, flavonoids and tannins respectively. 
Therefore they evaluated their antioxidant activities by their reaction with 
1,1-diphenyl-2-picryl-hydrazyl radical. The results demonstrated that the 
antioxidants contained in the Anethum graveolens extracts were able to giving 
hydrogen to a free radical to eliminate potential damage. In another work, the 
separation of phenolic compounds from oil mixtures by three imidazolium-
based dicationic ionic liquids was investigated by Wu et al. [16]. 1,4-bis[N-(N′-
methylimidazolium)]butane dibromide demonstrated the maximum phenol 
removal yield of 96.6% within 5 min. The reusability of dicationic ionic liquids 
structures were investigated and indicated they were stable after four cycles 
without a decrease in phenol removal efficiency.

In the liquid-liquid extraction, usually 1–30 g of phenolic compounds within 
6–24 h can be extracted. The advantages of this method are that, they have simple 
extraction procedures and various phenolic compounds can be extracted by organic 
solvents with different polarities but the disadvantages of this procedure are that 
they suffer from high solvent consumption, long extraction times and low extrac-
tion yields, exposure risk to organic vapors and degradation of target compounds 
during the extraction method [15]. The problems with these extraction methods are 
caused to creation and development of alternative techniques that in the following 
of this chapter will be explained.
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3. Ultrasound-assisted extraction (UAE)

Ultrasound waves occur at frequencies between 20 kHz and 10 MHz which pass 
through solid, liquid and gas and also human is not able to hear it. In this extraction 
method, cavitation bubbles are created near the sample tissue then they break the 
cell wall and therefore cell content is released [17].

Ultrasound waves are applied and used by two probe and bath systems for 
extraction of phenolic compounds from plants. Beside of the inherent parameters of 
ultrasonic devices (such as amplitude, frequency and wavelength), their power and 
intensity also have a lot of effects on extraction process that they need to be opti-
mized. Design and shape of reactor and also shape of probe can effect on extraction 
process [18].

Comparing to traditional methods, ultrasound-assisted extraction (UAE) 
method has been considered according to its simplicity, easy handling, low cost, 
high efficiency, lower organic solvent consumption and reduced extraction time. It 
can be used as a simple and reliable procedure in extensive range of organic solvents 
for various phenolic compounds in large-scale level and industry [19].

When the extraction process is underway on large-scale, temperature, time 
and type of solvent can be effective not only on the extraction efficiency but also 
on extraction compositions and they must pay a lot of attention. Therefore precise 
study of these parameters in order to obtain the best extraction efficiency is so 
important at industry. Although it is worth to mention that, high efficiency is not 
just the only main issue of the extraction process but the less renewable energy 
sources consumption is also very important in large-scale level and industry [15].

Sun et al. reported the effects of acoustic energy density (6.8–47.4 W/L) and 
temperature (20–50°C) on the extraction yields of total phenolics by ultrasound-
assisted extraction from grape marc [20]. They used 50% aqueous ethanol as the 
solvent. They mentioned that, the initial extraction rate and final extraction yield 
with the increase of acoustic energy density and temperature increase higher due 
to higher diffusion coefficients. Moreover, the comparison between ultrasound 
technology and two conventional extraction methods showed that ultrasound is a 
competitive and effective extraction technology for extracting phenolic compounds 
from grape marc. The extraction yield of selected phenolic acids and flavonoids 
from Equisetum arvense L. herb carried out by Oniszczuk et al. [21]. Different 
extraction methods like oxhlet extraction, ultrasound-assisted extraction (USAE), 
and accelerated solvent extraction (ASE) were used in this work. They have 
 mentioned that, ultrasound assisted extraction at 60°C in three cycles for 30 min, 
with 80% aqueous solution of methanol was a more effective and accurate method 
than other methods for isolation of selected phenolic acids, and flavonoids from  
E. arvense L. herb. In another research plan by Palma et al., they investigated vari-
ous parameters such as temperature, output amplitude, duty cycle, the quantity 
of sample and the total extraction time for extraction phenolic compounds from 
grapes and compared optimum conditions with traditional extraction techniques 
[22]. The result showed that ultrasound assisted extraction was able to extract phe-
nolic compounds in higher yield and much shorter extraction time, 6 min instead of 
60 min. Also the extraction of phenolic compounds from Syrah grape skin was done 
by the Tonon et al. [23]. They optimized ultrasound power, citric acid concentration 
and solid to liquid ratio for this extraction method. Under optimum conditions, 
59% of the quantified phenolic compounds with only 3 min of processing were 
extracted which compared to conventional extraction, ultrasound was considered a 
suitable method based on facilitating release of phenolic compounds from matrix. 
In the same way, Zardo et al. have reported extraction of phenolic compounds from 
sunflower seed cake [24]. The temperature and ethanol concentration showed the 
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highest effect on the total phenolic compounds extraction from sunflower cake. 
The results showed that high amounts of phenolics compounds were obtained 
in the first minute of extraction and longer time did not effect on amount of 
extraction. Also in the other research plan Row et al. performed extraction of 
phenolic compounds from Laminaria japonica Aresch with three kinds of 1-alkyl-
3-methylimidazolium with different cations and anions [25]. The results showed 
that, the characteristics of both anions and cations have remarkable effects on the 
extraction efficiency. Comparing the results of extraction under optimal condi-
tions with conventional solvent showed highest extraction efficiency within the 
shortest extraction time. Sheng et al. evaluated antioxidant activities of phenolic 
compounds extracted from Terminalia chebula Retz. fruits by different extraction 
methods like UAE and LLE [26]. The results showed that, the antioxidant activities 
of phenolic compounds extracted by UAE under optimized condition were stronger 

Sample Phenolic compound Solvent Time 
(min)

Temperature 
(°C)

mg compound/g dry 
sample

Ref.

Grape marc — 50% 
aqueous 
ethanol

80 50 1.57 mg/g [20]

Equisetum 
arvense L. 
herb

Chlorogenic acid 
(CGA), caffeic acid 

(CA), ferulic acid (FA), 
isoquercitrin (IQ ), 
5-glucoside luteolin 

(5GL)

80% 
aqueous 

methanol

30 60 0.5631 mgCGA/g, 
0.4739 mgCA/g, 
0.2120 mgFA/g, 
0.2629 mgIQ/g, 
0.2485 mg5GL/g

[21]

Grapes Phenolic compounds 
(PC), tannins (TA), 
anthocyanins (AN)

50% 
aqueous 
ethanol

6 10 13 mgPC/g, 7.2 mgTA/g, 
1.5 mgAN/g

[22]

Syrah grape 
skin

Phenolic compounds 50% 
aqueous 
ethanol

4–10 20–80 11,732 mg/100 g [23, 
31]

Areca husk Gallic acid 41% 
aqueous 
ethanol

38 53 15.37 mg/g [32]

Sunflower 
seed

Gallic acid (GA), 
chlorogenic acid (CA)

43% 
aqueous 
ethanol

3 70 1867.3 mgGA/100 g, 
1645.8 mgCA/100 g

[24]

Olive leaves oleuropein (OLE), 
verbascoside (VER), 

luteolin-40-O-
glucoside (L4OG)

80% 
aqueous 
ethanol

1 60 13.386 mgOLE/g, 
0.363 mgVER/g, 
0.527 mgL4OG/g

[33]

Flax seeds Lignan (LI), flavonol 
(FL), hydroxycinnamic 

acids (HA)

water with 
0.2 N of 
sodium 

hydroxide

60 25 24.07 mgLI/g, 6.84 mgFL/g, 
11.25 mgHA/g

[34]

Brosimum 
alicastrum 
leaf

Total phenolic 
content (TPC), 

total monomeric 
anthocyanin (TMA)

80% 
aqueous 

methanol

20–10 28 45.18 mg GAE/g, 
15.16 mgCyE/100 g

[35]

Grapefruit 
leaves

Gallic acid 10.80% 
aqueous 
ethanol

58.52 30.37 19.04 mg/g [36]

Table 2. 
Optimized condition for extraction of phenolic compounds from plants using UAE.
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3. Ultrasound-assisted extraction (UAE)

Ultrasound waves occur at frequencies between 20 kHz and 10 MHz which pass 
through solid, liquid and gas and also human is not able to hear it. In this extraction 
method, cavitation bubbles are created near the sample tissue then they break the 
cell wall and therefore cell content is released [17].

Ultrasound waves are applied and used by two probe and bath systems for 
extraction of phenolic compounds from plants. Beside of the inherent parameters of 
ultrasonic devices (such as amplitude, frequency and wavelength), their power and 
intensity also have a lot of effects on extraction process that they need to be opti-
mized. Design and shape of reactor and also shape of probe can effect on extraction 
process [18].

Comparing to traditional methods, ultrasound-assisted extraction (UAE) 
method has been considered according to its simplicity, easy handling, low cost, 
high efficiency, lower organic solvent consumption and reduced extraction time. It 
can be used as a simple and reliable procedure in extensive range of organic solvents 
for various phenolic compounds in large-scale level and industry [19].

When the extraction process is underway on large-scale, temperature, time 
and type of solvent can be effective not only on the extraction efficiency but also 
on extraction compositions and they must pay a lot of attention. Therefore precise 
study of these parameters in order to obtain the best extraction efficiency is so 
important at industry. Although it is worth to mention that, high efficiency is not 
just the only main issue of the extraction process but the less renewable energy 
sources consumption is also very important in large-scale level and industry [15].

Sun et al. reported the effects of acoustic energy density (6.8–47.4 W/L) and 
temperature (20–50°C) on the extraction yields of total phenolics by ultrasound-
assisted extraction from grape marc [20]. They used 50% aqueous ethanol as the 
solvent. They mentioned that, the initial extraction rate and final extraction yield 
with the increase of acoustic energy density and temperature increase higher due 
to higher diffusion coefficients. Moreover, the comparison between ultrasound 
technology and two conventional extraction methods showed that ultrasound is a 
competitive and effective extraction technology for extracting phenolic compounds 
from grape marc. The extraction yield of selected phenolic acids and flavonoids 
from Equisetum arvense L. herb carried out by Oniszczuk et al. [21]. Different 
extraction methods like oxhlet extraction, ultrasound-assisted extraction (USAE), 
and accelerated solvent extraction (ASE) were used in this work. They have 
 mentioned that, ultrasound assisted extraction at 60°C in three cycles for 30 min, 
with 80% aqueous solution of methanol was a more effective and accurate method 
than other methods for isolation of selected phenolic acids, and flavonoids from  
E. arvense L. herb. In another research plan by Palma et al., they investigated vari-
ous parameters such as temperature, output amplitude, duty cycle, the quantity 
of sample and the total extraction time for extraction phenolic compounds from 
grapes and compared optimum conditions with traditional extraction techniques 
[22]. The result showed that ultrasound assisted extraction was able to extract phe-
nolic compounds in higher yield and much shorter extraction time, 6 min instead of 
60 min. Also the extraction of phenolic compounds from Syrah grape skin was done 
by the Tonon et al. [23]. They optimized ultrasound power, citric acid concentration 
and solid to liquid ratio for this extraction method. Under optimum conditions, 
59% of the quantified phenolic compounds with only 3 min of processing were 
extracted which compared to conventional extraction, ultrasound was considered a 
suitable method based on facilitating release of phenolic compounds from matrix. 
In the same way, Zardo et al. have reported extraction of phenolic compounds from 
sunflower seed cake [24]. The temperature and ethanol concentration showed the 
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highest effect on the total phenolic compounds extraction from sunflower cake. 
The results showed that high amounts of phenolics compounds were obtained 
in the first minute of extraction and longer time did not effect on amount of 
extraction. Also in the other research plan Row et al. performed extraction of 
phenolic compounds from Laminaria japonica Aresch with three kinds of 1-alkyl-
3-methylimidazolium with different cations and anions [25]. The results showed 
that, the characteristics of both anions and cations have remarkable effects on the 
extraction efficiency. Comparing the results of extraction under optimal condi-
tions with conventional solvent showed highest extraction efficiency within the 
shortest extraction time. Sheng et al. evaluated antioxidant activities of phenolic 
compounds extracted from Terminalia chebula Retz. fruits by different extraction 
methods like UAE and LLE [26]. The results showed that, the antioxidant activities 
of phenolic compounds extracted by UAE under optimized condition were stronger 

Sample Phenolic compound Solvent Time 
(min)

Temperature 
(°C)

mg compound/g dry 
sample

Ref.

Grape marc — 50% 
aqueous 
ethanol

80 50 1.57 mg/g [20]

Equisetum 
arvense L. 
herb

Chlorogenic acid 
(CGA), caffeic acid 

(CA), ferulic acid (FA), 
isoquercitrin (IQ ), 
5-glucoside luteolin 

(5GL)

80% 
aqueous 

methanol

30 60 0.5631 mgCGA/g, 
0.4739 mgCA/g, 
0.2120 mgFA/g, 
0.2629 mgIQ/g, 
0.2485 mg5GL/g

[21]

Grapes Phenolic compounds 
(PC), tannins (TA), 
anthocyanins (AN)

50% 
aqueous 
ethanol

6 10 13 mgPC/g, 7.2 mgTA/g, 
1.5 mgAN/g

[22]

Syrah grape 
skin

Phenolic compounds 50% 
aqueous 
ethanol

4–10 20–80 11,732 mg/100 g [23, 
31]

Areca husk Gallic acid 41% 
aqueous 
ethanol

38 53 15.37 mg/g [32]

Sunflower 
seed

Gallic acid (GA), 
chlorogenic acid (CA)

43% 
aqueous 
ethanol

3 70 1867.3 mgGA/100 g, 
1645.8 mgCA/100 g

[24]

Olive leaves oleuropein (OLE), 
verbascoside (VER), 

luteolin-40-O-
glucoside (L4OG)

80% 
aqueous 
ethanol

1 60 13.386 mgOLE/g, 
0.363 mgVER/g, 
0.527 mgL4OG/g

[33]

Flax seeds Lignan (LI), flavonol 
(FL), hydroxycinnamic 

acids (HA)

water with 
0.2 N of 
sodium 

hydroxide

60 25 24.07 mgLI/g, 6.84 mgFL/g, 
11.25 mgHA/g

[34]

Brosimum 
alicastrum 
leaf

Total phenolic 
content (TPC), 

total monomeric 
anthocyanin (TMA)

80% 
aqueous 

methanol

20–10 28 45.18 mg GAE/g, 
15.16 mgCyE/100 g

[35]

Grapefruit 
leaves

Gallic acid 10.80% 
aqueous 
ethanol

58.52 30.37 19.04 mg/g [36]

Table 2. 
Optimized condition for extraction of phenolic compounds from plants using UAE.
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than LLE method. Recently, Wang et al. reported extraction of hemicellulose and 
phenolic compounds from bamboo bast fiber powder [18]. The nature of extracted 
phenolic compounds depends on the used solvent and they reported extraction of 
hemicellulose and phenolic compounds using ultrasound without adding harmful 
solvents. The results demonstrated that, the efficiency of extractions increased by 
2.6-fold for ultrasound treated samples without solvent in comparison with extrac-
tions that use water. In fact, ultrasound can be as used as a green technology for the 
extraction of bamboo components without adding solvent.

Based on various literatures about ultrasound-assisted extraction method, 
phenolic compounds can be extracted within 10–60 min and compared to the LLE 
method, which is easy to be handled, inexpensive, safe and reproducible and can be 
simultaneously used for a wide range of samples [27, 28]. Further in UAE method, 
less solvent is required which is a great importance for environment and economical 
point of views and makes the industry more inclined to use this method in large-
scale (Table 2). These properties represent that ultrasound-assisted extraction 
method is beneficial alternative instead of LLE method for extraction of phenolic 
compounds from different part of plants [29, 30].

It should be mentioned that in this method, an additional filtration step is 
required. Also as other extraction methods, degradation of compounds is possible at 
high frequencies.

4. Microwave-assisted extraction (MAE)

Microwave is electromagnetic radiations with frequencies in the range of 
30–300 MHz. They generate heat due to the induction of molecular motions, which 
causes the cell wall to be ruptured and active substance in cell is released.

Dipolar solvent molecules such as water with higher dielectric constant than 
non-polar solvents can absorb high energy therefore they increase the speed and 
efficiency of extraction phenolic compounds [37].

There are two microwave-assisted extraction (MAE) systems for extraction of 
phenolic compounds which are closed vessel and open vessel. In the closed vessel 
system the extraction happens in the high pressure and temperature while in the 
open vessel system, the extraction of phenolic compound occurs in atmospheric 
pressure [38].

Until now, many literatures have been reported about applications of microwave 
technology for extraction of phenolic compounds from plants. Reducing time and 
cost, high efficiency and lower organic solvents consumption are advantages of this 
method than traditional methods. Also another important benefit of this extraction 
procedure is simultaneous extractions of several substances in a short time [15].

Proestos and Komaitis et al. carried out extraction of phenolic substances from 
aromatic plants with different solvents by microwave assisted extraction [39]. 
Comparing these results with conventional (reflux) extraction showed that, extrac-
tion by microwave assisted extraction could perform in shorter extraction time, less 
solvent usage and better extraction yield. Also Memon et al. investigated extraction, 
identification and antioxidative properties of flavonoids of leaves and flowers of 
Cassia angustifolia [40]. The extraction of flavonoids performed by five various 
methods including microwave extraction, Soxhlet extraction, sonication extrac-
tion, marinated extraction and reflux condensation extraction. Comparison of 
total flavonoids content with various extraction methods showed that, microwave 
extraction method is the best option and can extract 28.15–26.3 mg/g in the flowers 
and leaves, respectively. The advantages of this method were that it was very easy, 
robust and the extraction was carried out in the 9 min, which is the shortest time 
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required in comparison with other methods. Therefore quantity and antioxidant 
activity for this extraction method was found to be the more efficient for extracting 
more numbers of flavonoids.

Guolin et al. carried out microwave-assisted extraction of pectin from lemon 
peels using ionic liquid as alternative solvent [41]. Under the optimal conditions and 
9.6 min duration time, the extraction efficiency of pectin was 24.68%, which is much 
higher than the efficiency from the conventional heating reflux extraction under 2 h 
duration. According to this result, ionic liquid solutions could be considered as an 
effective solvent in microwave-assisted extraction of pectin from lemon peels. Also 
Liu et al. evaluated extraction and determination of taxifolin Larix gmelinii by ionic 
liquid-based microwave-assisted extraction method (ILMAE) [31]. They investigated 
different kinds of 1-alkyl-3-methylimidazolium ionic liquids with different kinds of 
cations and anions. According to the results, both anions and cations parts of ionic 
liquids could affect to the extraction yields and optimal solvent was 1-butyl-3-me-
thylimidazolium bromide for the taxifolin extraction. Comparing this method with 
traditional method including water stirring extraction (WSE), water reflux extraction 
(WRE), and maceration showed that, the ILMAE method could be done in higher 
extraction yield, lower energy and time consumption. In the following, under opti-
mum extraction conditions, taxifolin was stable and there was no degradation on it.

Antioxidant activity and inhibitory effect of phenolic compounds extracted 
by microwave assisted extraction method, are higher and more efficient than 

Sample Phenolic 
compound

Solvent Time 
(min)

Temperature 
(°C)

mg compound/g dry 
sample

Ref.

Leaves and 
flowers of Cassia 
angustifolia

Flavonoids 70% aqueous 
ethanol

9 50 28.15 mgflowers/g, 
26.30 mgleaves/g

[40]

Medicinal plants Flavonoids (FV)
Phenolic acids 

(PA)

50% aqueous 
ethanol

3–5 70 0.84 gFV/100 g, 
2.01 gPA/100 g

[2]

Green coffee 
beans

Chlorogenic 
acids

Water 5 50 23.93 mg/g [47]

Morus nigra 
leaves

Gallic acid 50% aqueous 
ethanol

28 120 19.7 mg/g [48]

Olive Leaf Phenolic 
compounds

80% aqueous 
methanol

6 80 — [49]

Cherry laurel 
fruit

Chlorogenic acid 
(CA), vanillic 

acid (VA)

Methanol 12–16 65 35.21 mgCA/g
1.19 mgVA/g

[50]

Cherry laurel 
leaf

Chlorogenic acid 
(CA), luteolin 

7-glucoside 
(L7G)

Methanol 12–30 65 30.44 mgCA/g
22.78 mgL7G/g

[50]

Larix gmelinii Taxifolin [C4mim]Br 14 — 18.47 mg/g [31]

Psidium guajava 
Linn leaves

Gallic acid (GA), 
ellagic acid (EA), 

quercetin (Q )

Ionic liquid 10 70 0.507 mgGA/g
2.387 mgEA/g
0.540 mgQ/g

[51]

Smilax china 
tubers

trans-Resveratrol 
(t-R), quercetin 

(Q )

Ionic liquid 10 60 0.531 mgt-R/g
0.189 mgQ/g

[51]

Table 3. 
Optimized condition for extraction of phenolic compounds from plants using MAE.
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than LLE method. Recently, Wang et al. reported extraction of hemicellulose and 
phenolic compounds from bamboo bast fiber powder [18]. The nature of extracted 
phenolic compounds depends on the used solvent and they reported extraction of 
hemicellulose and phenolic compounds using ultrasound without adding harmful 
solvents. The results demonstrated that, the efficiency of extractions increased by 
2.6-fold for ultrasound treated samples without solvent in comparison with extrac-
tions that use water. In fact, ultrasound can be as used as a green technology for the 
extraction of bamboo components without adding solvent.

Based on various literatures about ultrasound-assisted extraction method, 
phenolic compounds can be extracted within 10–60 min and compared to the LLE 
method, which is easy to be handled, inexpensive, safe and reproducible and can be 
simultaneously used for a wide range of samples [27, 28]. Further in UAE method, 
less solvent is required which is a great importance for environment and economical 
point of views and makes the industry more inclined to use this method in large-
scale (Table 2). These properties represent that ultrasound-assisted extraction 
method is beneficial alternative instead of LLE method for extraction of phenolic 
compounds from different part of plants [29, 30].

It should be mentioned that in this method, an additional filtration step is 
required. Also as other extraction methods, degradation of compounds is possible at 
high frequencies.

4. Microwave-assisted extraction (MAE)

Microwave is electromagnetic radiations with frequencies in the range of 
30–300 MHz. They generate heat due to the induction of molecular motions, which 
causes the cell wall to be ruptured and active substance in cell is released.

Dipolar solvent molecules such as water with higher dielectric constant than 
non-polar solvents can absorb high energy therefore they increase the speed and 
efficiency of extraction phenolic compounds [37].

There are two microwave-assisted extraction (MAE) systems for extraction of 
phenolic compounds which are closed vessel and open vessel. In the closed vessel 
system the extraction happens in the high pressure and temperature while in the 
open vessel system, the extraction of phenolic compound occurs in atmospheric 
pressure [38].

Until now, many literatures have been reported about applications of microwave 
technology for extraction of phenolic compounds from plants. Reducing time and 
cost, high efficiency and lower organic solvents consumption are advantages of this 
method than traditional methods. Also another important benefit of this extraction 
procedure is simultaneous extractions of several substances in a short time [15].

Proestos and Komaitis et al. carried out extraction of phenolic substances from 
aromatic plants with different solvents by microwave assisted extraction [39]. 
Comparing these results with conventional (reflux) extraction showed that, extrac-
tion by microwave assisted extraction could perform in shorter extraction time, less 
solvent usage and better extraction yield. Also Memon et al. investigated extraction, 
identification and antioxidative properties of flavonoids of leaves and flowers of 
Cassia angustifolia [40]. The extraction of flavonoids performed by five various 
methods including microwave extraction, Soxhlet extraction, sonication extrac-
tion, marinated extraction and reflux condensation extraction. Comparison of 
total flavonoids content with various extraction methods showed that, microwave 
extraction method is the best option and can extract 28.15–26.3 mg/g in the flowers 
and leaves, respectively. The advantages of this method were that it was very easy, 
robust and the extraction was carried out in the 9 min, which is the shortest time 
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required in comparison with other methods. Therefore quantity and antioxidant 
activity for this extraction method was found to be the more efficient for extracting 
more numbers of flavonoids.

Guolin et al. carried out microwave-assisted extraction of pectin from lemon 
peels using ionic liquid as alternative solvent [41]. Under the optimal conditions and 
9.6 min duration time, the extraction efficiency of pectin was 24.68%, which is much 
higher than the efficiency from the conventional heating reflux extraction under 2 h 
duration. According to this result, ionic liquid solutions could be considered as an 
effective solvent in microwave-assisted extraction of pectin from lemon peels. Also 
Liu et al. evaluated extraction and determination of taxifolin Larix gmelinii by ionic 
liquid-based microwave-assisted extraction method (ILMAE) [31]. They investigated 
different kinds of 1-alkyl-3-methylimidazolium ionic liquids with different kinds of 
cations and anions. According to the results, both anions and cations parts of ionic 
liquids could affect to the extraction yields and optimal solvent was 1-butyl-3-me-
thylimidazolium bromide for the taxifolin extraction. Comparing this method with 
traditional method including water stirring extraction (WSE), water reflux extraction 
(WRE), and maceration showed that, the ILMAE method could be done in higher 
extraction yield, lower energy and time consumption. In the following, under opti-
mum extraction conditions, taxifolin was stable and there was no degradation on it.

Antioxidant activity and inhibitory effect of phenolic compounds extracted 
by microwave assisted extraction method, are higher and more efficient than 

Sample Phenolic 
compound

Solvent Time 
(min)

Temperature 
(°C)

mg compound/g dry 
sample

Ref.

Leaves and 
flowers of Cassia 
angustifolia

Flavonoids 70% aqueous 
ethanol

9 50 28.15 mgflowers/g, 
26.30 mgleaves/g

[40]

Medicinal plants Flavonoids (FV)
Phenolic acids 

(PA)

50% aqueous 
ethanol

3–5 70 0.84 gFV/100 g, 
2.01 gPA/100 g

[2]

Green coffee 
beans

Chlorogenic 
acids

Water 5 50 23.93 mg/g [47]

Morus nigra 
leaves

Gallic acid 50% aqueous 
ethanol

28 120 19.7 mg/g [48]

Olive Leaf Phenolic 
compounds

80% aqueous 
methanol

6 80 — [49]

Cherry laurel 
fruit

Chlorogenic acid 
(CA), vanillic 

acid (VA)

Methanol 12–16 65 35.21 mgCA/g
1.19 mgVA/g

[50]

Cherry laurel 
leaf

Chlorogenic acid 
(CA), luteolin 

7-glucoside 
(L7G)

Methanol 12–30 65 30.44 mgCA/g
22.78 mgL7G/g

[50]

Larix gmelinii Taxifolin [C4mim]Br 14 — 18.47 mg/g [31]

Psidium guajava 
Linn leaves

Gallic acid (GA), 
ellagic acid (EA), 

quercetin (Q )

Ionic liquid 10 70 0.507 mgGA/g
2.387 mgEA/g
0.540 mgQ/g

[51]

Smilax china 
tubers

trans-Resveratrol 
(t-R), quercetin 

(Q )

Ionic liquid 10 60 0.531 mgt-R/g
0.189 mgQ/g

[51]

Table 3. 
Optimized condition for extraction of phenolic compounds from plants using MAE.
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LLE method because a shorter time is required in microwave assisted extraction. 
According to this fact, Yuan et al. reported the extraction of phenolic compounds at 
110°C for 15 min from four economic brown macroalgae species using MAE. These 
extracted compounds had a higher antioxidant activity and total phenolic content 
for all algae species in comparison with those obtained by conventional extraction at 
room temperature for 4 h [42]. In another report from Alara et al., phenolic com-
pounds were extracted from Vernoniacinerea leaves by microwave assisted extrac-
tion and they had antioxidant and anti-diabetic activity more than LLE method [43].

Overall, effective parameters of this extraction procedure are solvent, pressure, 
temperature, nature of matrix and power of device. In microwave-assisted extrac-
tion method compared to the LLE, it is easy to handle and less solvent is required 
[44–46]. Further, this method can reduce the extraction time and increase the 
extraction yield. The dark point of this method is that, solvent must absorb micro-
wave power and also there is a risk of explosion in this method (Table 3).

5. Supercritical fluid extraction (SFE)

In this method, the solvent is at a temperature and pressure above its critical point 
and there is no surface tension in it. Therefore it simultaneously has the properties 
of liquid and gas which can be much efficient for extraction of phenolic compounds 
from plants. Low viscosities and high diffusivities of supercritical fluids enable them 
to extract the various phenolic compounds in less time with higher efficiency. So it’s 
a good alternative instead of using liquid-liquid extraction methods [52]. A distin-
guished property of supercritical fluid extraction is that, the density of supercritical 
fluid can be easily changed based on various temperatures and pressures. Also in con-
stant temperature, solubility in a supercritical fluid is directly related to its density so 
that by increasing pressure, its solubility tends to increase. Hence, these properties 
can be used to separate phenolic compounds with various selectivity [53].

Carbon dioxide is known as a stable, nontoxic, environmentally safe, cheap, and 
selective extraction solvent for supercritical fluid extraction. Based on these out-
standing properties, many literatures have been published that carbon dioxide has 
been used as solvent for extraction of various phenolic compounds [54, 55]. Murga 
et al. reported selective extraction of some phenolic compounds from grape seeds 
using carbon dioxide and alcohol under supercritical conditions [52]. However, car-
bon dioxide is a non-polar solvent and to achieve higher efficiency and selectivity 
in phenolic compounds extraction, they adjusted the polarity of carbon dioxide by 
adding methanol and ethanol on it. Various phenolic compounds under optimized 
conditions were extracted which are mentioned in Table 4. Vatai et al. investigated 
extraction of phenolic compounds from elder berry by supercritical carbon dioxide 
[54]. They optimized pressure, temperature and carbon dioxide/ethanol mixture 
ratio for this extraction method and compared the results with liquid-liquid extrac-
tion method. The results demonstrated that, supercritical extraction with carbon 
dioxide can improve the extraction of total phenols from elder berry and hence, it is 
a good alternative procedure to replace instead of organic solvents.

The antioxidant capacities of phenolic compounds extracted by supercritical 
fluid extraction are much higher than LLE method. Recently, Pereira et al. assessed 
antioxidant activity of bioactive compounds which were extracted from myrtle 
leaves and berries by supercritical fluid extraction method [56]. They used three 
different methods for investigation of antioxidant activity of these compounds and 
the results demonstrated that, the extracted phenolic compounds by supercriti-
cal fluid extraction methods have a higher antioxidant activity than LLE method. 
Also, Tan et al. reported that, antioxidant capacity of virgin avocado oil extracted 
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using supercritical fluid extraction was higher than UAE and LLE methods [57]. 
Moreover, avocado oil extracted using supercritical fluid extraction had two to four 
times bigger levels of α- and γ-tocopherols than LLE and UAE.

In conclusion, the supercritical fluid extraction method is rapid, inexpensive 
to run and selective, so that even a small available amount of phenolic compounds 
in plants can be extracted using this method. Also, this method requires a small 
amount of solvent or no solvent and thermally labile compounds will be stable dur-
ing this extraction method [58].

6. The purification and identification of phenolic compounds

A very large number of literatures have been published about separation, 
purification and identification of phenolic compounds in plants. According to 
the importance of this matter, many improvements have been achieved in this 
field. These protocols and procedures can be used for identifying and isolating 
the compounds with a high precision. Since various parts of plants have phenolic 
compounds with different structures and chemical properties, so that various pro-
tocols and spectroscopic techniques such as UV-visible spectroscopy, near-infrared 
reflectance spectroscopy, nuclear magnetic resonance and high performance liquid 
chromatography (HPLC) have to be used for their purifications and identifications.

6.1 UV-visible spectroscopy

This spectroscopic method can be used for measuring absorption spectroscopy 
in the ultraviolet-visible spectral region which relates to electronic transitions in 

Sample Phenolic compound Pressure 
(bar)

Time 
(min)

Temperature 
(°C)

mg compound/g dry 
sample

Ref.

Defatted 
milled grape 
seeds

gallic acid (GA), 
protocatechuic acid (PCA), 
monogalloyl glucose (MG), 

protocatechualdehyde 
(PRA), (+)catechin(C), (−)

epicatechin (E)

300 180 40 0.034 mgGA/g
0.015 mgPCA/g
0.002 mgMG/g
0.003 mgPRA/g

0.058 mgC/g
0.038 mgE/g

[52]

Elder Berry Total phenols, quercetin (Q ), 
t-resveratrol (t-R)

150–300 — 40 74.6 mgGA/g
152 mgQ/100 g

21.0 mgtR/100 g

[54]

Vitis labrusca 
B

Total phenols (TPC), 
anthocyanins (A)

157–161 — 45–46 2.156 mgTPC/100 mL
1.176 mgA/mL

[59]

Olive leaves Phenolic compounds 334 140 100 4.2 mg/g [53]

Agricultural 
by-product 
(wheat straw)

Lignin derived bioactive 
compounds e.g., tricin and 

catechins

140 — 35 — [60]

Eugenia 
uniflora

Phenolic compounds 400 360 60 240.5 mgGAE/g [61]

Guaraná 
seeds

Phenolic compounds 
(pyrogallol)

100 40 40 105.76 mg/g [55]

Sasa palmate Gluconic acid, β-siosterol, 
α-amyrin acetate

200 — 95 7.31 mg/g [62]

Table 4. 
Optimized conditions for extraction of phenolic compounds from plants using SFE.
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LLE method because a shorter time is required in microwave assisted extraction. 
According to this fact, Yuan et al. reported the extraction of phenolic compounds at 
110°C for 15 min from four economic brown macroalgae species using MAE. These 
extracted compounds had a higher antioxidant activity and total phenolic content 
for all algae species in comparison with those obtained by conventional extraction at 
room temperature for 4 h [42]. In another report from Alara et al., phenolic com-
pounds were extracted from Vernoniacinerea leaves by microwave assisted extrac-
tion and they had antioxidant and anti-diabetic activity more than LLE method [43].

Overall, effective parameters of this extraction procedure are solvent, pressure, 
temperature, nature of matrix and power of device. In microwave-assisted extrac-
tion method compared to the LLE, it is easy to handle and less solvent is required 
[44–46]. Further, this method can reduce the extraction time and increase the 
extraction yield. The dark point of this method is that, solvent must absorb micro-
wave power and also there is a risk of explosion in this method (Table 3).

5. Supercritical fluid extraction (SFE)

In this method, the solvent is at a temperature and pressure above its critical point 
and there is no surface tension in it. Therefore it simultaneously has the properties 
of liquid and gas which can be much efficient for extraction of phenolic compounds 
from plants. Low viscosities and high diffusivities of supercritical fluids enable them 
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Carbon dioxide is known as a stable, nontoxic, environmentally safe, cheap, and 
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been used as solvent for extraction of various phenolic compounds [54, 55]. Murga 
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using carbon dioxide and alcohol under supercritical conditions [52]. However, car-
bon dioxide is a non-polar solvent and to achieve higher efficiency and selectivity 
in phenolic compounds extraction, they adjusted the polarity of carbon dioxide by 
adding methanol and ethanol on it. Various phenolic compounds under optimized 
conditions were extracted which are mentioned in Table 4. Vatai et al. investigated 
extraction of phenolic compounds from elder berry by supercritical carbon dioxide 
[54]. They optimized pressure, temperature and carbon dioxide/ethanol mixture 
ratio for this extraction method and compared the results with liquid-liquid extrac-
tion method. The results demonstrated that, supercritical extraction with carbon 
dioxide can improve the extraction of total phenols from elder berry and hence, it is 
a good alternative procedure to replace instead of organic solvents.

The antioxidant capacities of phenolic compounds extracted by supercritical 
fluid extraction are much higher than LLE method. Recently, Pereira et al. assessed 
antioxidant activity of bioactive compounds which were extracted from myrtle 
leaves and berries by supercritical fluid extraction method [56]. They used three 
different methods for investigation of antioxidant activity of these compounds and 
the results demonstrated that, the extracted phenolic compounds by supercriti-
cal fluid extraction methods have a higher antioxidant activity than LLE method. 
Also, Tan et al. reported that, antioxidant capacity of virgin avocado oil extracted 

11

Extraction Techniques of Phenolic Compounds from Plants
DOI: http://dx.doi.org/10.5772/intechopen.84705

using supercritical fluid extraction was higher than UAE and LLE methods [57]. 
Moreover, avocado oil extracted using supercritical fluid extraction had two to four 
times bigger levels of α- and γ-tocopherols than LLE and UAE.

In conclusion, the supercritical fluid extraction method is rapid, inexpensive 
to run and selective, so that even a small available amount of phenolic compounds 
in plants can be extracted using this method. Also, this method requires a small 
amount of solvent or no solvent and thermally labile compounds will be stable dur-
ing this extraction method [58].

6. The purification and identification of phenolic compounds

A very large number of literatures have been published about separation, 
purification and identification of phenolic compounds in plants. According to 
the importance of this matter, many improvements have been achieved in this 
field. These protocols and procedures can be used for identifying and isolating 
the compounds with a high precision. Since various parts of plants have phenolic 
compounds with different structures and chemical properties, so that various pro-
tocols and spectroscopic techniques such as UV-visible spectroscopy, near-infrared 
reflectance spectroscopy, nuclear magnetic resonance and high performance liquid 
chromatography (HPLC) have to be used for their purifications and identifications.

6.1 UV-visible spectroscopy

This spectroscopic method can be used for measuring absorption spectroscopy 
in the ultraviolet-visible spectral region which relates to electronic transitions in 

Sample Phenolic compound Pressure 
(bar)

Time 
(min)

Temperature 
(°C)

mg compound/g dry 
sample

Ref.

Defatted 
milled grape 
seeds

gallic acid (GA), 
protocatechuic acid (PCA), 
monogalloyl glucose (MG), 

protocatechualdehyde 
(PRA), (+)catechin(C), (−)

epicatechin (E)

300 180 40 0.034 mgGA/g
0.015 mgPCA/g
0.002 mgMG/g
0.003 mgPRA/g

0.058 mgC/g
0.038 mgE/g

[52]

Elder Berry Total phenols, quercetin (Q ), 
t-resveratrol (t-R)

150–300 — 40 74.6 mgGA/g
152 mgQ/100 g

21.0 mgtR/100 g

[54]

Vitis labrusca 
B

Total phenols (TPC), 
anthocyanins (A)

157–161 — 45–46 2.156 mgTPC/100 mL
1.176 mgA/mL

[59]

Olive leaves Phenolic compounds 334 140 100 4.2 mg/g [53]

Agricultural 
by-product 
(wheat straw)

Lignin derived bioactive 
compounds e.g., tricin and 

catechins

140 — 35 — [60]

Eugenia 
uniflora

Phenolic compounds 400 360 60 240.5 mgGAE/g [61]

Guaraná 
seeds

Phenolic compounds 
(pyrogallol)

100 40 40 105.76 mg/g [55]

Sasa palmate Gluconic acid, β-siosterol, 
α-amyrin acetate

200 — 95 7.31 mg/g [62]

Table 4. 
Optimized conditions for extraction of phenolic compounds from plants using SFE.
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molecules. Based on aromatic structure of phenolic compounds, they are powerful 
chromophores in the UV rang so that flavones, phenolic acids and total anthocya-
nins have absorptions spectrums in the region 320, 360, and 520 nm respectively 
[63]. The advantages of this spectroscopic method are less time consuming, inex-
pensive and reproducible. The limitations of identification of this method get raised 
when multiple combinations have partially overlapping peaks. In order to solve this 
problem, the method must be used with other spectroscopic methods such as mass 
spectroscopy or HPLC, simultaneously [64].

6.2 Infrared spectroscopy

This spectroscopic method uses a wide range of wavelength from 780 nm to 
1 mm. According to its wavelength, it can be divided to three regions; the near-, 
mid- and far-infrared. These electromagnetic wavelengths cause vibrational 
changes in the molecules. Therefore, it is an efficient method for identification of 
molecules and especially their functional groups, so that various functional groups 
such as single bond, double bond, triple bond, carboxyl, hydroxyl and amino 
groups have diverse vibrational frequencies. In fact, with this spectroscopy method, 
we cannot draw the structure of a chemical compounds and we can just understand 
the nature of the functional groups in the structures [63]. Abbas et al. investi-
gated the mid-infrared spectra of 36 standard phenolic compounds. The survey 
of the MIR spectra at the 1755–1400 cm−1 and 1000–870 cm−1 regions for these 
compounds showed that, MIR method was able to distinguish between flavonoids 
and phenolic acids families. They finally mentioned that, in order to have a better 
distinguishment between various families of phenolic compounds it is necessary to 
investigate a larger number of samples [65].

6.3 Nuclear magnetic resonance

It is a technique based on the measurement of electromagnetic radiation in 
the radio waves area. Unlike the infrared and UV-visible spectroscopic methods 
which electrons are involved in absorption process, this technique is related to the 
magnetic properties of atomic nuclei. Commonly 1H NMR and 13C NMR are used to 
study the chemical structure of materials but it can be also applicable for any kind 
of nuclei possessing spin. Using this spectroscopy method, in addition to identify-
ing chemical compounds, and accurate information on the structure, dynamics, 
reaction state and chemical environment of molecules can be provided too [66]. 
Many articles have been published in this regard demonstrating that 1H NMR spec-
troscopy can be an effective and a useful method for identifying and analyzing of 
phenolic compounds in plants [63, 67]. Furthermore, this method is fast, quantita-
tive and non-destructive.

6.4 High performance liquid chromatography

This technique is one of the most efficient and impressive chromatographic 
method that has widely been used for separation, identification and quantification 
of phenolic compounds. In this method, using the mobile phase at high pressure, 
sample mixture will be separated from each other on stationary phase. Generally, 
for the separation and quantification of phenolic compounds, the HPLC is preferred 
than gas chromatography (GC). Various factors can effect to the efficiency of HPLC 
which include sample purification, mobile phase, column types, and detectors 
[33]. Various literatures have been published regarding purifying and quantifying 
phenolic compounds using HPLC technique [49, 68]. Normally, various phenolic 
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compounds can be separated using normal phase C18 or reversed phase (RP-C18) 
column in the presence of different solvents with different polarities. Also it should 
be mentioned that pH mobile phase should be stabilized in the range of 2–4 to avoid 
the ionization of phenolic compounds. Therefore, aqueous acidified mobile phase 
has to be used during purification and quantification of phenolic compounds [23].

In the HPLC technique, the selection of detector plays a significant role in the 
identification process and depends on the properties of the phenolic compounds. 
High performance liquid chromatography-mass spectrometry, (HPLC-MS), is 
highly selective and has a low limit of detection and shorter analysis time [40]. 
Today, this method is being extensively used because of it is enormous benefits. La 
Torre-Carbot et al. investigated characterization and quantification of 20 phenolic 
compounds in olive oils through a combination of the HPLC-DAD and HPLC-MS/
MS methods [69]. This method was fast, precise and sensitive. Also this method 
required a low solvent and sample consumption. HPLC-UV can be used for pheno-
lic compounds that have UV spectrum and thus, selection of wavelength is the most 
important point for this method so that the solvent and extra available compounds 
should not have absorption in this wavelength [51]. HPLC with fluorescence detec-
tion. (HPLC-FLD), is an efficient method for identification and quantification of 
phenolic compounds that have fluorescence spectrum. The fluorescence detector 
sensitivity is 10–1000 times higher than UV detector [70]. HPLC with electro-
chemical detection is based on redox reaction of phenolic compounds. This method 
is fast, low cost, precise and low limits of detection of phenolic compounds [71]. 
Cantalapiedra et al. have used HPLC for separating vanillin, eugenol, thymol and 
carvacrol using amperometric and coulometric detectors [72]. They reported that, 
the coulometric detection has a low limit of detection in the range between 0.81 
and 3.1 μg/L and is very competitive and sufficient for quality control of phenolic 
compounds in comparison with other methods, such as GC-MS which are expensive 
and complicated.

7. Conclusions

In summary, phenolic compounds extracted from plants, have different applica-
tions as antioxidant, antimicrobial, anti-inflammatory, antitumor, antiviral, analge-
sic and antipyretic. Therefore, they have this ability to improve human health. In 
this chapter, various extraction methods of phenolic compounds from plants were 
presented and their advantages and disadvantages were explained. According to the 
structure and extraction source of these compounds, different extraction methods 
can be recommended. Suggested methods need to be simple and rapid with a 
high. Also an important point for selecting an extraction method is that, it should 
be environmentally friendly. In addition, in the last part of this chapter various 
methods for purification and identification of phenolic compounds were presented 
with their advantages and disadvantages.
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compounds can be separated using normal phase C18 or reversed phase (RP-C18) 
column in the presence of different solvents with different polarities. Also it should 
be mentioned that pH mobile phase should be stabilized in the range of 2–4 to avoid 
the ionization of phenolic compounds. Therefore, aqueous acidified mobile phase 
has to be used during purification and quantification of phenolic compounds [23].
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Abstract

The purpose of this research was to optimize the extraction conditions of poly-
phenols from murici (Byrsonima crassifolia (L.) Kunth) using the response surface
methodology. Temperature (from 10 to 70°C), acetone concentration (from 10 to
100%), extraction time (from 0 to 160 min), and solid-liquid ratio (from 20 to
140 mg/mL) were investigated as independent variables in order to obtain the
optimal conditions for extraction and to maximize the total phenolic content (TPC)
and antioxidant activity (DPPH) of obtained extracts. Experimental results were
fitted to the second-order polynomial model where multiple regression and analysis
of variance were used to determine the fitness of the model and optimal condition
for investigated responses. The solid-liquid did not interfere in the two responses.
The results showed that for TPC extraction, the optimal conditions were obtained
with an acetone concentration of 44%, a temperature of 29°C, and an extraction
time of 51 min. For DPPH, the optimal conditions were the following: an acetone
concentration of 45%, a temperature of 40°C, and an extraction time of 53 min. The
use of such conditions allowed the maximum extraction of antioxidant murici at a
lower cost of production, which may contribute to large-scale industrial applica-
tions and future pharmacological research.

Keywords: murici, total phenols, antioxidant activity, response surface
methodology

1. Introduction

Byrsonima crassifolia (L.) Kunth, murici, is a species of fruit trees belonging to
Malpighiaceae family, Byrsonima genus, which includes more than 150 species [1].
Generally, it occurs in the Amazon region and in the Brazilian Northeast [2].

Byrsonima crassifolia fruits are good sources of dietary fiber [3], vitamin C
(84 mg 100 g�1) [1], phenolic compounds, and carotenoids [4]. The main phenolics
contained in murici include gallic acid and quercetin [5], and the main carotenoids,
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lutein and zeaxanthin [6]. In addition, there are reports of trace quantities of
catechin, epicatechin, rutin, and kaempferol [7].

Some investigations have demonstrated the potential antioxidant effect of
murici leaves, fruits, and seeds in vitro [5, 7, 8] and in vivo [9, 10]. The extracts can
also be used as an alternative for the treatment of diabetes, reducing blood glucose,
cholesterol, and triglycerides [11].

On the other hand, research suggests that the increased consumption of foods
rich in antioxidants compounds, as polyphenols, is associated with a reduction of
chronic disease risk [12, 13]. Polyphenols are an important group of phytochemicals
originated from the secondary metabolism of plants. They are involved in plant
growth and reproduction, pigmentation, and as agents that offer resistance to
pathogens and stress conditions [14]. Moreover, the use of natural antioxidants, as
polyphenols, has also been increased in the food and pharmaceutical industry. This
increase is justified because the food industry has sought to replace synthetic anti-
oxidants since that some of them present toxic activity [15].

However, there is no standard and universally accepted method for extracting
antioxidant compounds. The methodological problems are due to great diversity of
compounds, which give them different physicochemical properties, and their high
susceptibility to oxidation [16]. This challenge is even greater when one considers
the polymerization patterns of polyphenols and the food matrix in which they are
inserted [17].

Many methods concentrate on the extraction of polyphenols since they are sub-
stances abundant in foods and effective antioxidants. Usually, these methods are
based on the use of solvents with different polarities and in the study of the
binomial time and temperature. The final yield of the extraction will depend on the
solubility of the phenolics in the solvent used, the degree of polymerization, and its
interactions with other constituents of food [18]. Free polyphenols can be extracted
with water or with polar solvents such as methanol and acetone. However, some
polymers may require the use of acids or enzymes, such as glycosidase [17]. More-
over, the use of long times and very high temperatures interferes negatively in the
yield of the polyphenols [19]. The opposite may occur, depending on the polyphe-
nol type and the matrix studied.

In this perspective, the use of response surface methodology becomes a useful
and valuable tool in the field of antioxidant extraction. The factorial planning allows
the study of the interaction of the various factors that interfere in the extraction of
the polyphenols, minimizing costs and maximizing extraction yield. The advantages
still include reducing of the number of experiments/replicates, simultaneous analy-
sis of results, optimization of more than one response, and calculation of experi-
mental error [20].

Thus, the present study was designed to determine the optimum condition for
maximizing polyphenolic antioxidant extraction from fruits of Byrsonima
crassifolia (L.) Kunth). As far as we know, this is the first investigation concerning
the effects of temperature, time, solvent, and solid-liquid ratio on extraction of
murici antioxidants.

2. Material and methods

2.1 Plant materials

A total of 10 kg of fresh fruits of Byrsonima crassifolia (L.) Kunth were purchased
in a single batch from a rural producer in Araioses, Maranhão, Brazil. We used 10 kg
of starting material to obtain representative amounts of fresh fruits. Since 50% of
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the fruits are composed by pits, the final weight of murici was 5 kg. The fruits were
selected, washed, and kept frozen at �20°C until analysis.

2.2 Extraction procedures

For preparation of the extracts, the murici was weighed and homogenized with
the solvent in turrax for 1 minute. The mixture was then subjected to magnetic
stirring for 1 hour at 25°C. Subsequently, the blend was centrifuged at 15,000 G for
15 minutes at 4°C. The supernatant was collected and the volume completed to
50 mL.

2.3 Experimental design

The choice of solvent was the first step in the extraction of antioxidants. The
most commonly used solvents are methanol, acetone, and mixtures thereof with
water. So, initially, pretests were performed with the water and solvent blends:
ethanol: water (60:40), methanol: water (60:40), and acetone: water (60:40). These
experiments were carried out in order to verify the mixture with greater capacity
for extraction of antioxidant compounds and help to decide which solvent should be
used to optimize the extraction process.

In this pilot test, acetone in water (60%) provided the best extracting of antiox-
idants from murici (27.94 � 0.28 mg polyphenols/100 mg extract and IC50DPPH

169.39 � 10.62 μg/mL) and, thus, it was chosen as solvent in this study, while
distilled water was the most inefficient solvent in the extraction of these com-
pounds in murici (8.79 � 0.09 mg polyphenols/100 mg extract and IC50DPPH

496.27 � 8.53 μg/mL).
Response surface methodology (RSM) was employed to determine the optimum

levels of the four in dependent variables (X1, solid-liquid ratio; X2, extraction time;
X3, extraction temperature; and X4, solvent concentration), and five levels were
used to evaluate the optimum combinations for antioxidant extraction. For the
optimization of extraction, parameter designs consisting of 27 experiments, includ-
ing three replicates in a central point, were used by the authors of [20]. The
dependent variables studied were total phenolic content (TPC) and DPPH radical
scavenging activity. The experimental runs for RSM were shown in Table 1. The
variation ranges for the independent variables were established based on data from
the literature and previous tests.

Independent variable Factor levels

�2 �1 0 +1 +2

Solid-liquid ratio (mg/mL) — 20 60 100 140

Time (minutes) 0 40 80 120 160

Temperature (°C) 10 25 40 55 70

Independent variable Factor levels

�1.33 �1 0 +1 1.66

Solvent % (acetone in water) 10 20 50 80 100

Table 1.
Experimental domain of RSM.
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2.4 Determination of total phenolic content (TPC)

The total phenolic compound (TPC) measurements in extracts were adapted
from Singleton and Rossi [21] using gallic acid as a standard. Absorbance was
measured at 750 nm. Results were expressed as mg equivalent gallic acid (GAE) per
100 mg of murici’s dry weight (DW) (mg GAE/100 mg DW). All experiments were
performed in three replicates.

2.5 DPPH radical scavenging activity

The extract (20 μL) was incubated with 150 μmol/L DPPH (200 μL) in 95%
ethanol. Then, it was mixed and kept at room temperature in the dark for 30 min.
Finally, the absorbance was measured at 515 nm using a microplate reader. The
blank of each concentration was performed with ethanol instead of DPPH solution.
The standard curve was a logarithm between 2 and 25 mg/mL gallic acid [22].

The % inhibition was calculated as described by the equation below. The anti-
oxidant activity was expressed as IC50 (required extract concentration to reduce
50% of DPPH).

% Inhibition ¼ Absorbance Control� Absorbance Sample
Absorbance Control

� 100 (1)

2.6 Statistical analysis

Statistical analysis was performed using the Statistica Software v.11 and fitted to
a second-order polynomial regression model. An analysis of variance (ANOVA)
with 95% confidence level was carried. The coefficient of determination (R2) was
used to estimate the fitness of the polynomial equation to the responses. The exper-
imental and predicted values were compared in order to determine the validity of
the model.

3. Results and discussion

The selection of solvent is as crucial stage when antioxidants extractions are
concerned [23]. In order to evaluate the better solvent for the extraction of murici
antioxidants, in terms of TPC and antioxidant activity (DPPH), a preliminary
experiment was performed using ethanol, acetone, methanol, and water.

With the polarity change of the solvent, the amount of dissolved antioxidant
compound varied. Solvents with low viscosity have low density and high diffusiv-
ity, which allows them to easily diffuse into the pores of vegetable materials, and
consequently, extract the bioactive compounds [24]. As the result of that, the
antioxidant activity of the extract also tends to increase, as observed in this study
with the acetone. Hence, this solvent was deemed the better option in this research.

These results match with the results previously described where the mixture
water:acetone is the more efficient at the extraction of phenolic antioxidants of oat
grains [25] and Etlingera elatior Jack flowers [24], respectively. In addition, this
mixture is also recommend as the best system for the extraction of polyphenols
[26, 27].

In this study, RSM was employed to determine the optimum conditions for the
extraction of antioxidant from fruits of Byrsonima crassifolia (L) Kunth (murici). In
order to optimize the extraction parameters (extraction time, temperature, acetone
concentration, and solid-liquid ratio), a five-level, four-factor experimental design
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was performed. The experimental conditions and results of 27 runs are presented
in Table 2.

The values of the TPC ranged from 13.21 to 27.80 mg GAE/100 mg, while the
values of the IC 50 ranged from 128.68 to 218.58 μg/mL. The significance and model
adequacy were tested by ANOVA, and it revealed that the model was highly signif-
icant (p < 0.05) for TPC and DPPH. The lack of fit of each model was not signifi-
cant (p > 0.05), indicating that the developed model adequately explains the
relationship between the independent variables and responses (Tables 3 and 4).

The linear and quadratic effects of the acetone concentration, temperature, and
time extraction demonstrated significant effects on TPC (p < 0.01), as well as the

Original variables TPC IC50

Test* S/S T (°C) Time (min) Acet. (%)

1 20 25 40 20 24.57 146.12

2 100 25 40 20 24.38 144.06

3 20 55 40 20 23.90 162.26

4 100 55 40 20 23.55 165.41

5 20 25 120 20 23.15 152.07

6 100 25 120 20 23.27 157.85

7 20 55 120 20 20.79 174.72

8 100 55 120 20 20.86 179.86

9 20 25 40 80 21.39 160.05

10 100 25 40 80 21.73 162.49

11 20 55 40 80 17.50 188.85

12 100 55 40 80 18.06 184.94

13 20 25 120 80 19.84 163.47

14 100 25 120 80 20.07 169.16

15 20 55 120 80 12.83 205.09

16 100 55 120 80 13.21 203.07

17 60 40 80 50 27.03 132.73

18 60 40 80 50 27.52 128.68

19 60 40 80 50 26.58 137.29

20 20 40 80 50 27.80 129.90

21 140 40 80 50 24.51 142.48

22 60 10 80 50 23.73 167.38

23 60 70 80 50 20.81 192.18

24 60 40 0 50 24.95 144.93

25 60 40 160 50 20.29 186.91

26 60 40 80 10 16.58 201.93

27 60 40 80 100 13.73 218.58

*Does not correspond to order of processing. TPC—total phenolic content (mg GAE/100 mg), DPPH radical
scavenging activity (IC50—μg/mL), S/S—solid-solvent ratio (mg/mL),T—temperature, and Acet.—acetone in water.

Table 2.
Response sheet for RSM experimental design with process variables and experimental results for the preparation
of fruits of Byrsonima crassifolia (L.) Kunth.
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19 60 40 80 50 26.58 137.29

20 20 40 80 50 27.80 129.90

21 140 40 80 50 24.51 142.48

22 60 10 80 50 23.73 167.38

23 60 70 80 50 20.81 192.18

24 60 40 0 50 24.95 144.93

25 60 40 160 50 20.29 186.91

26 60 40 80 10 16.58 201.93

27 60 40 80 100 13.73 218.58

*Does not correspond to order of processing. TPC—total phenolic content (mg GAE/100 mg), DPPH radical
scavenging activity (IC50—μg/mL), S/S—solid-solvent ratio (mg/mL),T—temperature, and Acet.—acetone in water.

Table 2.
Response sheet for RSM experimental design with process variables and experimental results for the preparation
of fruits of Byrsonima crassifolia (L.) Kunth.
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interactions’ temperature/time and time/acetone % (p < 0.05). In the case of
DPPH, the linear and quadratic effects of temperature, time, and acetone % were
significant (p < 0.05). The solid-liquid, in the studied range, did not interfere in the
two responses (p > 0.05). Conversely, in the study of [28], the solid-to-solvent ratio
(10–30 g/mL) showed a significant effect on the antioxidant compound extraction
from germinated chickpea. Probably, an increase in the solvent to sample ratio
helps the solute dissolve in solvent and hence the phenolic compounds extraction
rate increased with decreasing of solid-to-liquid ratio [29]. However, the extraction
rate trend stabilizes when the extraction rate reached a certain value [30]. In this
study, we tested low solid-to-solvent ratios (20–140 mg/mL), which seems to have
already provided maximum dissolution of the antioxidant compounds.

Analysis of the model clearly shows that temperature and acetone were the most
significant factors. The acetone and temperature had a negative effect (coeffi-
cient = �4.98 and �3.46, respectively), indicating that a reduction in the tempera-
ture and acetone favored the recovery of TPC in the extract. A decrease in the
acetone concentration enhanced the solvent polarity, which helps TPC dissolve in
solvent [29]. Likewise, the acetone and temperature had a positive effect on DPPH-
IC50 (coefficient = 19.35 and 26.12, respectively). This means that the extraction of
antioxidants was less favorable at high temperature and acetone because a higher
IC50 value corresponds to weaker antioxidant activity of tested extract. These
results are similar to those found for [31] for mulberry (Morus nigra) pulp. On the
other hand, high ethanol concentration and high temperature were the most effec-
tive factors for increasing TPC and antioxidative activities in mango peels [30].

As shown in Figure 1, the TPC increases rapidly as a result of acetone concen-
tration, time and the temperature increase in the range of 10 and 45%, 40–50 min
and 10 and 30°C, respectively. However, beyond acetone concentration of 50%,
55 min, and 35°C, the TPC decreases. Generally, temperature ranging from 60 to
70°C might increase the TPC yield due to higher solubility and diffusion in the
solvent [30]. However, these temperatures are not recommended for polyphenol
extraction from murici. It might be possible that higher temperatures for extended
extraction caused the degradation of the some thermosensitive phenolic compounds

Source Sum of squares Degrees of freedom Fvalue R2

Regression 385.75 6 18.42 0.8466

Residues 69.9 20

Lack of fit 69.46 18 17.54

Pure error 0.44 2

Total 455.65 26

Table 3.
ANOVA for the regression of the second-degree polynomial for the TPC response.

Source Sum of squares Degrees of freedom Fvalue R2

Regression 12693.05 5 15.85 0.7906

Residues 3362.56 21

Lack of fit 3325.45 19 9.43

Pure error 37.11 2

Total 16055.61 26

Table 4.
ANOVA for the regression of the second-degree polynomial for the DPPH response.
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presented in murici [31, 15]. Similarly, the rise in acetone concentration, time, and
the temperature decreased the antioxidant activity of murici after DPPH scavenging
measurements. This result is in agreement with the findings to Lycium ruthenicum
Murr. fruit [29] where lower solvent concentration was found to be conducive to
total antioxidant activity.

The determined coefficient for TPC showed a good regression value (R2 = 0.84),
and the relationship between the TPC and the extraction parameters of the acetone
concentration, the temperature, and the extraction time. By applying multiple
regression analysis on the experimental data, the model for the response variable
could be expressed by the following quadratic polynomial equation in the form of

Figure 1.
Response surface plots for the effect of independent variables (stepping time, temperature, and acetone %) on
total phenolic content (TPC) and total DPPH radical scavenging activity (IC50 - μg/mL) of fruits from
Byrsonima crassifolia (L.) Kunth.
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helps the solute dissolve in solvent and hence the phenolic compounds extraction
rate increased with decreasing of solid-to-liquid ratio [29]. However, the extraction
rate trend stabilizes when the extraction rate reached a certain value [30]. In this
study, we tested low solid-to-solvent ratios (20–140 mg/mL), which seems to have
already provided maximum dissolution of the antioxidant compounds.

Analysis of the model clearly shows that temperature and acetone were the most
significant factors. The acetone and temperature had a negative effect (coeffi-
cient = �4.98 and �3.46, respectively), indicating that a reduction in the tempera-
ture and acetone favored the recovery of TPC in the extract. A decrease in the
acetone concentration enhanced the solvent polarity, which helps TPC dissolve in
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and 10 and 30°C, respectively. However, beyond acetone concentration of 50%,
55 min, and 35°C, the TPC decreases. Generally, temperature ranging from 60 to
70°C might increase the TPC yield due to higher solubility and diffusion in the
solvent [30]. However, these temperatures are not recommended for polyphenol
extraction from murici. It might be possible that higher temperatures for extended
extraction caused the degradation of the some thermosensitive phenolic compounds
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measurements. This result is in agreement with the findings to Lycium ruthenicum
Murr. fruit [29] where lower solvent concentration was found to be conducive to
total antioxidant activity.

The determined coefficient for TPC showed a good regression value (R2 = 0.84),
and the relationship between the TPC and the extraction parameters of the acetone
concentration, the temperature, and the extraction time. By applying multiple
regression analysis on the experimental data, the model for the response variable
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coded values: �ŷ = 26.42–1.40X2–0.95X2
2–1.27X3–0.86X3

2–1.87X4–4.23X4
2, where

X2 = temperature, X3 = time, and X4 = acetone %.
The determined coefficient for DPPH also showed a reasonable regression value

(R2 = 0.84). The model for the response variable could be expressed by the follow-
ing quadratic polynomial equation in the form of coded values:
�ŷ = 141.9 + 10.77X2 + 7.88X2

2 + 7.29X3 + 7.32X4 + 23.35X4
2, where X2 = tempera-

ture, X3 = time, and X4 = acetone %.
Based on the experimental results and statistical analysis, numerical optimiza-

tions were performed in order to determine the optimum level of independent
variables. In our work, the optimum conditions for TPC compounds were as fol-
lows: extraction solvent using 44% acetone in water, an extraction temperature of
29°C, and an extraction time of 51 minutes. The optimum conditions for antioxidant
activity (DPPH) were as follows: extraction solvent with 45% acetone in water, an
extraction temperature of 40°C, and an extraction time of 53 minutes. These results
suggest that the optimum parameters of extraction of murici’s antioxidants occur
with moderate percentages of acetone in water. The optimum temperature for
antioxidants extraction evaluated by DPPH was in the middle range, and it was
slightly higher for total phenolic compounds.

In order to verify the suitability of the response surface methodology model for
quantitative predictions, experiments on estimated optimal conditions were
performed. Table 5 shows the predicted and experimental results for the variables
selected. The predicted results matched well with the experimental results obtained
at optimal extraction conditions proving the validity of the model to describe the
process. These findings justified the selection of the RSM design, which was dem-
onstrated to be accurate and reliable for predicting the TPC and antioxidant capac-
ity of extracts from murici.

4. Conclusion

In this study, the RSM was successfully used to determine optimal levels of
experimental parameters for the extraction of murici antioxidants. It is possible to
verify that temperature, time, and acetone concentration negatively interfere in the
extraction of polyphenols and in the antioxidant activity of fruits of Byrsonima
crassifolia (L.) Kunth. The efficiency of the extraction can significantly be improved
by using the novel extraction techniques, which may contribute to large-scale
industrial applications and future pharmacological research.
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TPC (mg GAE/100 mg) DPPH (IC50 - μg/mL)

Predicted value 27.61 137.65

Experimental value 28.04 � 1.14* 139.00 � 9.89*

*Mean � standard deviation (n = 3 replicates).

Table 5.
Predicted and experimental values under optimum conditions based on the multiple responses of TPC and
DPPH.

28

Plant Physiological Aspects of Phenolic Compounds

Author details

Mariana Séfora Bezerra Sousa1*, Jovan Marques Lara Júnior1

and Diego de Souza Buarque2

1 Food Department, Federal Institute of Piauí (IFPI), Brazil

2 Academic Unit of Serra Talhada (UAST), Rural Federal University of Pernambuco
(UFRPE), Brazil

*Address all correspondence to: marianasefora@yahoo.com.br

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

29

Optimization of the Extraction of Polyphenols and Antioxidant Capacity…
DOI: http://dx.doi.org/10.5772/intechopen.83457



coded values: �ŷ = 26.42–1.40X2–0.95X2
2–1.27X3–0.86X3

2–1.87X4–4.23X4
2, where

X2 = temperature, X3 = time, and X4 = acetone %.
The determined coefficient for DPPH also showed a reasonable regression value

(R2 = 0.84). The model for the response variable could be expressed by the follow-
ing quadratic polynomial equation in the form of coded values:
�ŷ = 141.9 + 10.77X2 + 7.88X2

2 + 7.29X3 + 7.32X4 + 23.35X4
2, where X2 = tempera-

ture, X3 = time, and X4 = acetone %.
Based on the experimental results and statistical analysis, numerical optimiza-

tions were performed in order to determine the optimum level of independent
variables. In our work, the optimum conditions for TPC compounds were as fol-
lows: extraction solvent using 44% acetone in water, an extraction temperature of
29°C, and an extraction time of 51 minutes. The optimum conditions for antioxidant
activity (DPPH) were as follows: extraction solvent with 45% acetone in water, an
extraction temperature of 40°C, and an extraction time of 53 minutes. These results
suggest that the optimum parameters of extraction of murici’s antioxidants occur
with moderate percentages of acetone in water. The optimum temperature for
antioxidants extraction evaluated by DPPH was in the middle range, and it was
slightly higher for total phenolic compounds.

In order to verify the suitability of the response surface methodology model for
quantitative predictions, experiments on estimated optimal conditions were
performed. Table 5 shows the predicted and experimental results for the variables
selected. The predicted results matched well with the experimental results obtained
at optimal extraction conditions proving the validity of the model to describe the
process. These findings justified the selection of the RSM design, which was dem-
onstrated to be accurate and reliable for predicting the TPC and antioxidant capac-
ity of extracts from murici.

4. Conclusion

In this study, the RSM was successfully used to determine optimal levels of
experimental parameters for the extraction of murici antioxidants. It is possible to
verify that temperature, time, and acetone concentration negatively interfere in the
extraction of polyphenols and in the antioxidant activity of fruits of Byrsonima
crassifolia (L.) Kunth. The efficiency of the extraction can significantly be improved
by using the novel extraction techniques, which may contribute to large-scale
industrial applications and future pharmacological research.

Conflict of interest

All other authors report no potential conflict of interests.

TPC (mg GAE/100 mg) DPPH (IC50 - μg/mL)

Predicted value 27.61 137.65

Experimental value 28.04 � 1.14* 139.00 � 9.89*

*Mean � standard deviation (n = 3 replicates).

Table 5.
Predicted and experimental values under optimum conditions based on the multiple responses of TPC and
DPPH.

28

Plant Physiological Aspects of Phenolic Compounds

Author details

Mariana Séfora Bezerra Sousa1*, Jovan Marques Lara Júnior1

and Diego de Souza Buarque2

1 Food Department, Federal Institute of Piauí (IFPI), Brazil

2 Academic Unit of Serra Talhada (UAST), Rural Federal University of Pernambuco
(UFRPE), Brazil

*Address all correspondence to: marianasefora@yahoo.com.br

© 2019 TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms
of theCreativeCommonsAttribution License (http://creativecommons.org/licenses/
by/3.0),which permits unrestricted use, distribution, and reproduction in anymedium,
provided the original work is properly cited.

29

Optimization of the Extraction of Polyphenols and Antioxidant Capacity…
DOI: http://dx.doi.org/10.5772/intechopen.83457



References

[1] Vieira RF, Agostini-Costa TDS, Silva
DD, Sano SM. FERREIRA FR. Frutas
nativas da região centro-oeste do
Brasil. 1ª ed. Vol. 1. Brasília: Distrito
Federal; 2010. 322p. DOI: 10.13140/
2.1.2141.120

[2] Lorenzi H. Árvores Brasileiras:
Manual de Identificaçao e Cultivo de
Plantas Arbóreas Nativas do Brasil. Vol. 1.
São Paulo: Nova Odessa; 2009. 384p

[3] Silva MR et al. Caracterização
química de frutos nativos do cerrado.
Ciência Rural. 2008;38(6):1790-1793

[4] Barreto GPM, Benassi MT,
Mercadante AZ. Bioactive compounds
from several tropical fruits and
correlation by multivariate analysis to
free radical scavenger activity. Journal
of the Brazilian Chemical Society. 2009;
20(10):1856-1861. DOI: 10.1590/
S0103-50532009001000013

[5] Godon A, Jungfer E, da Silva BA,
Maia JGS, Marx F. Phenolic constituents
and antioxidant capacity of four
underutilized fruits from the Amazon
region. Journal of Agricultural and Food
Chemistry. 2011;59(14):7688-7699.
DOI: 10.1021/jf201039r

[6] Mariutti LRB, Rodrigues E,
Mercadante AZ. Carotenoids from
Byrsonima crassifolia: Identification,
quantification and in vitro scavenging
capacity against peroxyl radicals.
Journal of Food Composition and
Analysis. 2013;31:155-160. DOI:
10.1016/j.jfca.2013.05.005

[7] Mariutti LR, Rodrigues E, Chisté RC,
Fernandes E, Mercadante AZ. The
Amazonian fruit Byrsonima crassifolia
effectively scavenges reactive oxygen
and nitrogen species and protects
human erythrocytes against oxidative
damage. Food Research International.
2014;64:618-625. DOI: 10.1016/j.
foodres.2014.07.032

[8] de Souza VR, Pereira PAP, Queiroz
F, Borges SV, Carneiro JDDS.
Determination of bioactive compounds,
antioxidant activity and chemical
composition of Cerrado Brazilian
fruits. Food Chemistry. 2012;134:
381-386. DOI: 10.1016/j.foodchem.
2012.02.191

[9] Ramirez AM, Cotera LBF, Gutierrez
RMZ. Anti-inflammatory activity of the
hexane extract of Byrsonima crassifolia
seeds in experimental animal models.
Alternative Therapies in Health and
Medicine. 2013;19(1):26-36

[10] Sousa MSB, Holanda IMSD,
Monteiro HMC, Amâncio-dos-Santos Â.
Antioxidant extract counteracts the
effects of aging on cortical spreading
depression and oxidative stress in the
brain cortex. Acta Cirúrgica Brasileira.
2018;33(6):472-482. DOI: 10.1590/
s0102-865020180060000001

[11] Perez-Gutierrez RM, Muñiz-
Ramirez A, Gomez YG, Ramírez EB.
Antihyperglycemic, antihyperlipidemic
and antiglycation effects of Byrsonima
crassifolia fruit and seed in normal and
streptozotocin-induced diabetic rats.
Plant Foods for Human Nutrition. 2010;
65(4):350-357. DOI: 10.1007/
s11130-010-0181-5

[12] Liu RH. Health benefits of fruit and
vegetables are from additive and
synergistic combinations of
phytochemicals. American Journal of
Clinical Nutrition. 2003;78(3):517S-
520S. DOI: 10.1093/ajcn/78.3.517S

[13] Scalbert A, Johnson IT, Saltmarsh
M. Polyphenols: Antioxidants and
beyond. American Journal of Clinical
Nutrition. 2005;81(1 Suppl):215S-217S.
DOI: 10.1093/ajcn/81.1.215S

[14] Bravo L. Polyphenols: Chemistry,
dietary sources, metabolism, and
nutritional significance. Nutrition

30

Plant Physiological Aspects of Phenolic Compounds

Reviews. 1998;56(11):317-333. DOI:
10.1111/j.1753-4887.1998.tb01670.x

[15] Tomšik A, Pavlić B, Vladić J, Ramić
M, Brindza VS. Optimization of
ultrasound-assisted extraction of
bioactive compounds from wild garlic
(Allium ursinum L.). Ultrasonics
Sonochemistry. 2016;29:502-511. DOI:
10.1016/j.ultsonch.2015.11.005

[16] Angelo PM, Jorge N. Compostos
Fenólicos em Alimentos: Uma breve
revisão. Revista do Instituto Adolfo
Lutz. 2007;66(1):232-240

[17] Tsao R. Chemistry and biochemistry
of dietary polyphenols. Nutrients. 2010;
2:1231-1246. DOI: 10.3390/nu2121231

[18] Andreo D, Jorge N. Antioxidantes
naturais: Técnicas de extração. Boletim
CEEPA. 2006;24(2):319-336. DOI:
10.5380/cep.v24i2.7489

[19] Moure A, Cruz JM, Franco D,
Domınguez JM, Sineiro J, Domınguez H,
et al. Natural antioxidants from residual
sources. Food Chemistry. 2001;72:
145-171. DOI: 10.1016/S0308-8146(00)
00223-5

[20] Rodrigues MI, Iemma AF.
Planejamento de Experimentos e
Otimização de Processos: Uma
estratégia sequencial de planejamentos.
1st ed. São Paulo: Campinas; 2005. 325p

[21] Singleton VL, Rossi JA Jr.
Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid
reagents. American Journal of Enology
and Viticulture. 1965;16:144-158

[22] Brand-Williams W, Cuvelier M,
Berset C. Use of a free radical method to
evaluate antioxidant activity.
Lebensmittel-Wissenschaft und
Technologie. 1995;28(1):25-30. DOI:
10.1016/S0023-6438(95)80008-5

[23] Ali A, Lim XY, Chong CH, Mah SH,
Chua BL. Optimization of ultrasound-

assisted extraction of natural
antioxidants from Piper betle using
response surface methodology. LWT -
Food Science and Technology. 2018;
89:681-688. DOI: 10.1016/j.lwt.2017.
11.033

[24]Wijekoon MMJO, Bhat R, Karim
AA. Effect of extraction solvents on the
phenolic compounds and antioxidant
activities of bunga kantan (Etlingera
elatiorJack.) inflorescence. Journal of
Food Composition and Analysis. 2011;
24(4–5):615-619. DOI: 10.1016/j.jfca.
2010.09.018

[25] Zhou K, Yu L. Effects of extraction
solvent on wheat bran antioxidant
activity estimation. LWT - Food Science
and Technology. 2004;37(7):717-721.
DOI: 10.1016/j.lwt.2004.02.008

[26] Sulaiman SF, Sajak AAB, Ooi KL,
Seow EM. Effect of solvents in
extracting polyphenols and antioxidants
of selected raw vegetables. Journal of
Food Composition and Analysis. 2011;
24(4–5):506-515. DOI: 10.1016/j.
jfca.2011.01.020

[27] Michiels JA, Kevers C, Pincemail J,
Defraigne JO, Dommes J. Extraction
conditions can greatly influence
antioxidant capacity assays in plant food
matrices. Food Chemistry. 2012;130(4):
986-993. DOI: 10.1016/j.
foodchem.2011.07.117

[28] Hayta M, Isçimen EM. Optimization
of ultrasound-assisted antioxidant
compounds extraction from germinated
chickpea using response surface
methodology. LWT - Food Science and
Technology. 2017;77:208-216. DOI:
10.1016/j.lwt.2016.11.037

[29] Chen S, Zeng Z, Hu N, Bai B, Wang
H, Suo Y. Simultaneous optimization of
the ultrasound-assisted extraction for
phenolic compounds content and
antioxidant activity of Lycium
ruthenicum Murr. Fruit using response
surface methodology. Food Chemistry.

31

Optimization of the Extraction of Polyphenols and Antioxidant Capacity…
DOI: http://dx.doi.org/10.5772/intechopen.83457



References

[1] Vieira RF, Agostini-Costa TDS, Silva
DD, Sano SM. FERREIRA FR. Frutas
nativas da região centro-oeste do
Brasil. 1ª ed. Vol. 1. Brasília: Distrito
Federal; 2010. 322p. DOI: 10.13140/
2.1.2141.120

[2] Lorenzi H. Árvores Brasileiras:
Manual de Identificaçao e Cultivo de
Plantas Arbóreas Nativas do Brasil. Vol. 1.
São Paulo: Nova Odessa; 2009. 384p

[3] Silva MR et al. Caracterização
química de frutos nativos do cerrado.
Ciência Rural. 2008;38(6):1790-1793

[4] Barreto GPM, Benassi MT,
Mercadante AZ. Bioactive compounds
from several tropical fruits and
correlation by multivariate analysis to
free radical scavenger activity. Journal
of the Brazilian Chemical Society. 2009;
20(10):1856-1861. DOI: 10.1590/
S0103-50532009001000013

[5] Godon A, Jungfer E, da Silva BA,
Maia JGS, Marx F. Phenolic constituents
and antioxidant capacity of four
underutilized fruits from the Amazon
region. Journal of Agricultural and Food
Chemistry. 2011;59(14):7688-7699.
DOI: 10.1021/jf201039r

[6] Mariutti LRB, Rodrigues E,
Mercadante AZ. Carotenoids from
Byrsonima crassifolia: Identification,
quantification and in vitro scavenging
capacity against peroxyl radicals.
Journal of Food Composition and
Analysis. 2013;31:155-160. DOI:
10.1016/j.jfca.2013.05.005

[7] Mariutti LR, Rodrigues E, Chisté RC,
Fernandes E, Mercadante AZ. The
Amazonian fruit Byrsonima crassifolia
effectively scavenges reactive oxygen
and nitrogen species and protects
human erythrocytes against oxidative
damage. Food Research International.
2014;64:618-625. DOI: 10.1016/j.
foodres.2014.07.032

[8] de Souza VR, Pereira PAP, Queiroz
F, Borges SV, Carneiro JDDS.
Determination of bioactive compounds,
antioxidant activity and chemical
composition of Cerrado Brazilian
fruits. Food Chemistry. 2012;134:
381-386. DOI: 10.1016/j.foodchem.
2012.02.191

[9] Ramirez AM, Cotera LBF, Gutierrez
RMZ. Anti-inflammatory activity of the
hexane extract of Byrsonima crassifolia
seeds in experimental animal models.
Alternative Therapies in Health and
Medicine. 2013;19(1):26-36

[10] Sousa MSB, Holanda IMSD,
Monteiro HMC, Amâncio-dos-Santos Â.
Antioxidant extract counteracts the
effects of aging on cortical spreading
depression and oxidative stress in the
brain cortex. Acta Cirúrgica Brasileira.
2018;33(6):472-482. DOI: 10.1590/
s0102-865020180060000001

[11] Perez-Gutierrez RM, Muñiz-
Ramirez A, Gomez YG, Ramírez EB.
Antihyperglycemic, antihyperlipidemic
and antiglycation effects of Byrsonima
crassifolia fruit and seed in normal and
streptozotocin-induced diabetic rats.
Plant Foods for Human Nutrition. 2010;
65(4):350-357. DOI: 10.1007/
s11130-010-0181-5

[12] Liu RH. Health benefits of fruit and
vegetables are from additive and
synergistic combinations of
phytochemicals. American Journal of
Clinical Nutrition. 2003;78(3):517S-
520S. DOI: 10.1093/ajcn/78.3.517S

[13] Scalbert A, Johnson IT, Saltmarsh
M. Polyphenols: Antioxidants and
beyond. American Journal of Clinical
Nutrition. 2005;81(1 Suppl):215S-217S.
DOI: 10.1093/ajcn/81.1.215S

[14] Bravo L. Polyphenols: Chemistry,
dietary sources, metabolism, and
nutritional significance. Nutrition

30

Plant Physiological Aspects of Phenolic Compounds

Reviews. 1998;56(11):317-333. DOI:
10.1111/j.1753-4887.1998.tb01670.x

[15] Tomšik A, Pavlić B, Vladić J, Ramić
M, Brindza VS. Optimization of
ultrasound-assisted extraction of
bioactive compounds from wild garlic
(Allium ursinum L.). Ultrasonics
Sonochemistry. 2016;29:502-511. DOI:
10.1016/j.ultsonch.2015.11.005

[16] Angelo PM, Jorge N. Compostos
Fenólicos em Alimentos: Uma breve
revisão. Revista do Instituto Adolfo
Lutz. 2007;66(1):232-240

[17] Tsao R. Chemistry and biochemistry
of dietary polyphenols. Nutrients. 2010;
2:1231-1246. DOI: 10.3390/nu2121231

[18] Andreo D, Jorge N. Antioxidantes
naturais: Técnicas de extração. Boletim
CEEPA. 2006;24(2):319-336. DOI:
10.5380/cep.v24i2.7489

[19] Moure A, Cruz JM, Franco D,
Domınguez JM, Sineiro J, Domınguez H,
et al. Natural antioxidants from residual
sources. Food Chemistry. 2001;72:
145-171. DOI: 10.1016/S0308-8146(00)
00223-5

[20] Rodrigues MI, Iemma AF.
Planejamento de Experimentos e
Otimização de Processos: Uma
estratégia sequencial de planejamentos.
1st ed. São Paulo: Campinas; 2005. 325p

[21] Singleton VL, Rossi JA Jr.
Colorimetry of total phenolics with
phosphomolybdic-phosphotungstic acid
reagents. American Journal of Enology
and Viticulture. 1965;16:144-158

[22] Brand-Williams W, Cuvelier M,
Berset C. Use of a free radical method to
evaluate antioxidant activity.
Lebensmittel-Wissenschaft und
Technologie. 1995;28(1):25-30. DOI:
10.1016/S0023-6438(95)80008-5

[23] Ali A, Lim XY, Chong CH, Mah SH,
Chua BL. Optimization of ultrasound-

assisted extraction of natural
antioxidants from Piper betle using
response surface methodology. LWT -
Food Science and Technology. 2018;
89:681-688. DOI: 10.1016/j.lwt.2017.
11.033

[24]Wijekoon MMJO, Bhat R, Karim
AA. Effect of extraction solvents on the
phenolic compounds and antioxidant
activities of bunga kantan (Etlingera
elatiorJack.) inflorescence. Journal of
Food Composition and Analysis. 2011;
24(4–5):615-619. DOI: 10.1016/j.jfca.
2010.09.018

[25] Zhou K, Yu L. Effects of extraction
solvent on wheat bran antioxidant
activity estimation. LWT - Food Science
and Technology. 2004;37(7):717-721.
DOI: 10.1016/j.lwt.2004.02.008

[26] Sulaiman SF, Sajak AAB, Ooi KL,
Seow EM. Effect of solvents in
extracting polyphenols and antioxidants
of selected raw vegetables. Journal of
Food Composition and Analysis. 2011;
24(4–5):506-515. DOI: 10.1016/j.
jfca.2011.01.020

[27] Michiels JA, Kevers C, Pincemail J,
Defraigne JO, Dommes J. Extraction
conditions can greatly influence
antioxidant capacity assays in plant food
matrices. Food Chemistry. 2012;130(4):
986-993. DOI: 10.1016/j.
foodchem.2011.07.117

[28] Hayta M, Isçimen EM. Optimization
of ultrasound-assisted antioxidant
compounds extraction from germinated
chickpea using response surface
methodology. LWT - Food Science and
Technology. 2017;77:208-216. DOI:
10.1016/j.lwt.2016.11.037

[29] Chen S, Zeng Z, Hu N, Bai B, Wang
H, Suo Y. Simultaneous optimization of
the ultrasound-assisted extraction for
phenolic compounds content and
antioxidant activity of Lycium
ruthenicum Murr. Fruit using response
surface methodology. Food Chemistry.

31

Optimization of the Extraction of Polyphenols and Antioxidant Capacity…
DOI: http://dx.doi.org/10.5772/intechopen.83457



2018;242:1-8. DOI: 10.1016/j.
foodchem.2017.08.105

[30] Sai-Ut S, Benjakul S, Kraithong S,
Rawdkuen S. Optimization of
antioxidants and tyrosinase inhibitory
activity in mango peels using response
surface methodology. LWT - Food
Science and Technology. 2015;64:
742-749. DOI: 10.1016/j.lwt.2015.06.003

[31] Espada-Bellido E, Ferreiro-González
M, Carrera C, Palma M, Barroso CG,
Barbero GF. Optimization of the
ultrasound-assisted extraction of
anthocyanins and total phenolic
compounds in mulberry (Morus nigra)
pulp. Food Chemistry. 2017;219:23-32.
DOI: 10.1016/j.foodchem.2016.09.122

32

Plant Physiological Aspects of Phenolic Compounds

33

Section 2

Biosynthetic Routes of 
Phenolic Compounds



2018;242:1-8. DOI: 10.1016/j.
foodchem.2017.08.105

[30] Sai-Ut S, Benjakul S, Kraithong S,
Rawdkuen S. Optimization of
antioxidants and tyrosinase inhibitory
activity in mango peels using response
surface methodology. LWT - Food
Science and Technology. 2015;64:
742-749. DOI: 10.1016/j.lwt.2015.06.003

[31] Espada-Bellido E, Ferreiro-González
M, Carrera C, Palma M, Barroso CG,
Barbero GF. Optimization of the
ultrasound-assisted extraction of
anthocyanins and total phenolic
compounds in mulberry (Morus nigra)
pulp. Food Chemistry. 2017;219:23-32.
DOI: 10.1016/j.foodchem.2016.09.122

32

Plant Physiological Aspects of Phenolic Compounds

33

Section 2

Biosynthetic Routes of 
Phenolic Compounds



35

Chapter 3

Shikimic Acid Pathway in 
Biosynthesis of Phenolic 
Compounds
Norma Francenia Santos-Sánchez, Raúl Salas-Coronado, 
Beatriz Hernández-Carlos and Claudia Villanueva-Cañongo

Abstract

Phenolic compounds are secondary metabolites found most abundantly in 
plants. These aromatic molecules have important roles, as pigments, antioxidants, 
signaling agents, the structural element lignan, and as a defense mechanism. The 
expression of phenolic compounds is promoted by biotic and abiotic stresses (e.g., 
herbivores, pathogens, unfavorable temperature and pH, saline stress, heavy 
metal stress, and UVB and UVA radiation). These compounds are formed via the 
shikimate pathway in higher plants and microorganisms. The enzymes responsible 
for the regulation of phenolic metabolism are known, and shikimic acid is a central 
metabolite. The shikimate pathway consists of seven reaction steps, beginning with 
an aldol-type condensation of phosphoenolpyruvic acid (PEP) from the glycolytic 
pathway, and D-erythrose-4-phosphate, from the pentose phosphate cycle, to 
produce 3-deoxy-D-arabino-heptulosonic acid 7-phosphate (DAHP). A key branch-
point compound is chorismic acid, the final product of the shikimate pathway. 
The shikimate pathway is described in this chapter, as well as factors that induce 
the synthesis of phenolic compounds in plants. Some representative examples that 
show the effect of biotic and abiotic stress on the production of phenolic com-
pounds in plants are discussed.

Keywords: shikimate pathway, phenolic compounds, biosynthetic routes, 
phenylpropanoid metabolism

1. Introduction

The secondary metabolism is a biosynthetic source of several interesting 
compounds useful to chemical, food, agronomic, cosmetics, and pharmaceutical 
industries. The secondary pathways are not necessary for the survival of individual 
cells but benefit the plant as a whole [1]. Another general characteristic of second-
ary metabolism is that found in a specific organism, or groups of organisms, and 
is an expression of the individuality of species [2]. The secondary metabolism 
provides chemical diversity to organic molecules with low molecular weight that 
are related by the respective pathways; such organic molecules are called secondary 
metabolites. The secondary metabolites are often less than 1% of the total carbon in 
plant molecules [3]. These organic molecules isolated from terrestrial plants are the 
most studied, and their syntheses have an important role in the protection against 
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pathogens, unfavorable temperature and pH, saline stress, heavy metal stress, and 
UVB and UVA radiation [3]. Secondary metabolism reflects plant environments 
more closely than primary metabolism [4]. There are three principal kinds of 
secondary metabolites biosynthesized by plants: phenolic compounds, terpenoids/
isoprenoids, and alkaloids and glucosinolates (nitrogen- or sulfur-containing 
molecules, respectively) [5]. Phenolic compounds are biosynthesized by the 
shikimate pathway and are abundant in plants. The shikimate pathway, in plants, 
is localized in the chloroplast. These aromatic molecules have important roles, as 
pigments, antioxidants, signaling agents, electron transport, communication, the 
structural element lignan, and as a defense mechanism [6], Figure 1. The seven 
steps of the shikimate pathway and the metabolites for branch point are described 
in this chapter, as factors that induce the synthesis of phenolic compounds in plants. 
Some representative examples that show the effect of biotic and abiotic stress on the 
production of phenolic compounds in plants are discussed.

2. The shikimate pathway

The shikimate biosynthesis pathway provides precursors for aromatic molecules 
in bacteria, fungi, apicomplexan, and plants, but not in animals [2, 7]. Shikimic 
acid is named after the highly toxic Japanese shikimi (Illicium anisatum) flower from 
which it was first isolated [8]. This biochemical pathway is a major link between 
primary and secondary metabolism in higher plants [6]. In microorganisms, the shi-
kimate pathway produces aromatic amino acids L-phenylalanine (L-Phe), L-tyrosine 
(L-Tyr), and L-tryptophan (L-Trp), molecular building blocks for protein biosyn-
thesis [9]. But in plants, these aromatic amino acids are not only crucial components 
of protein biosynthesis; they also serve as precursors for diverse secondary metabo-
lites that are important for plant growth [10]. These secondary metabolites are called 

Figure 1. 
Phenolic compound biosynthesis promoted by biotic and abiotic stresses (e.g., herbivores, pathogens, unfavorable 
temperature and pH, saline stress, CO2, O3, heavy metal stress, and UVB and UVA radiation).
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phenolic compounds and are synthesized when needed by the plant [11]. These 
molecules play an important role in the adaptation of plants to their ecosystem, and 
their study advances biochemical techniques and molecular biology [3, Bourgaud]. 
The principal aromatic phenolic compounds synthesized from L-Phe and L-Tyr are 
cinnamic acids and esters, coumarins, phenylpropenes, chromones (C6-C3), stilbenes, 
anthraquinones (C6-C2-C6), chalcones, flavonoids, isoflavonoids, neoflavonoids  
(C6-C3-C6), and their dimers and trimers, respectively (C6-C3-C6)2,3, lignans, 
neolignans (C6-C3)2, lignans (C6-C3)n, aromatic polyketides, or diphenylheptanoids 
(C6-C7-C6) [12]. L-Trp is a precursor of alkaloids in the secondary metabolism [2]. 
Additionally, diverse hydroxybenzoic acids and aromatic aldehydes (C6-C1) are 
biosynthesized via branch points in the shikimate pathway, Figure 2. Phenolic 
compounds biosynthesized from the shikimate pathway have structural versatility.

The shikimate pathway consists of seven sequential enzymatic steps and begins 
with an aldol-type condensation of two phosphorylated active compounds, the 
phosphoenolpyruvic acid (PEP), from the glycolytic pathway, and the carbohydrate 
D-erythrose-4-phosphate, from the pentose phosphate cycle, to give 3-deoxy-D-
arabino-heptulosonic acid 7-phosphate (DAHP), Figure 3. The seven enzymes that 
catalyze the pathway are known: 3-deoxy-D-arabino-heptulosonate-7-phosphate 
synthase (DAHPS; EC 4.1.2.15, now EC 2.5.1.54), 3-dehydroquinate synthase 
(DHQS; EC 4.2.3.4), 3-dehydroquinate dehydratase/shikimate dehydrogenase 
(DHQ/SDH; EC 4.2.1.10/EC 1.1.1.25), shikimate kinase (SK; EC 2.7.1.71), 5- 
enolpyruvylshikimate 3-phosphate synthase (EPSPS; EC 2.5.1.19), and chorismate 
synthase (CS; EC 4.2.3.5) [13], Table 1.

The shikimate pathway has special characteristics that are present only in bacte-
ria, fungi, and plants. The absence of the pathway in all other organisms provides the 
enzymes catalyzing these reactions with potentially useful targets for the develop-
ment of antibacterial agents and herbicides. For example, 5-enolpyruvylshikimate 
3-phosphate synthase (EPSP-synthase) catalyzes the transfer of the enolpyruvyl 
(carboxyvinyl) moiety from PEP to shikimic acid 3-phosphate (S3P) [6].

Figure 2. 
The shikimic and chorismic acids are the common precursors for the synthesis of L-Phe, L-Tyr, and L-Trp and 
diverse phenolic compounds.
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In the second reaction step, DAHP loses phosphate (Pi); the enolic-type product 
is cyclized through a second aldol-type reaction to produce 3-dehydroquinic acid 
(DHQ ). The 3-dehydroquinate synthase (DHQS) catalyzes this cyclization in the 
shikimate pathway. The DHQ dehydrates to produce 3-dehydroshikimic acid (DHS) 
(3-dehydroquinate dehydratase); this compound has a conjugated double carbon-
carbon, Figure 3. The protocatechuic and the gallic acids (C6-C1) are produced by 
branch-point reactions from DHS [2]. The fourth step in the pathway is a reduc-
tion reaction of DHS with reduced nicotinamide adenine dinucleotide phosphate 
(NADPH), Figure 3. The fifth section of the pathway is the activation of shikimic 
acid with adenosine triphosphate (ATP) (shikimate kinase, SK) to make shikimic acid 
3-phosphate (S3P). The sixth chemical reaction is the addition of PEP to S3P to gener-
ate 5-enolpyruvylshikimic acid 3-phosphate; the enzyme that catalyzes this reaction 
step, 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS), has been extensively 
studied. The reason for this interest is because glyphosate [N-(phosphonomethyl)

Figure 3. 
Shikimate pathway.
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glycine] is a powerful inhibitor of EPSPS [2], so glyphosate has been used as a broad-
spectrum systemic herbicide. It is an organophosphorus molecule, phosphonic acid, 
and glycine derivative that has a similar molecular structure to PEP, Figure 4.

The last reaction step of the shikimate pathway is the production of chorismic 
acid from catalytic action on the chorismate synthase (CS). This reaction is a 1, 
4-trans elimination of Pi, to yield the conjugated molecule, chorismic acid, Figure 3.

2.1 Synthesis of 3-deoxy-D-arabino-heptulosonic acid 7-phosphate (DAHP)

The first reaction of the shikimate pathway is an aldol-type condensation of 
PEP and carbohydrate erythrose-4-P, to give 3-deoxy-D-arabino-heptulosonic acid 

Reaction step Substrate Enzyme/cofactor Product

1 Phosphoenolpyruvate 
(PEP), 

erythrose-4-phosphate

3-Deoxy-D-arabino-
heptulosonate-7-phosphate 

synthase (DAHPS; EC 
4.1.2.15, now EC 2.5.1.54)/

Co2+, Mg2+ or Mn2+ [15]

3-Deoxy-D-arabino-
heptulosonic acid 

7-phosphate (DAHP), Pi

2 3-Deoxy-D-arabino-
heptulosonic acid 

7-phosphate (DAHP)

3-Dehydroquinate synthase 
DHQS (EC. 4.2.3.4)/Co2+, 

NAD+ [15, 16]

3-Dehydroquinic acid 
(DHQ ), Pi

3 3-Dehydroquinic acid 
(DHQ )

3-Dehydroquinate 
dehydratase (DHQ 

dehydratase EC 4.2.1.10) 
[15]

3-Dehydroshikimic acid 
(DHS), H2O

4 3-Dehydroshikimic acid 
(DHS), NADPH + H+

Shikimate dehydrogenase 
(SDH; EC 1.1.1.25) [18–21]

Shikimic acid, NADP+

5 Shikimic acid, ATP Shikimate kinase enzyme 
(SK; EC 2.7.1.71)

Shikimic acid 
3-phosphate (S3P), ADP

6 Shikimic acid 
3-phosphate (S3P), PEP

5-Enolpyruvylshikimate 
3-phosphate synthase, 

also called aroA enzyme 
(EPSPS; EC 2.5.1.19) [25]

5-Enolpyruvylshikimate 
3-phosphate (EPSP), Pi

7 5-Enolpyruvylshikimate 
3-phosphate (EPSP)

Chorismate synthase (CS; 
EC 4.2.3.5)/FMNH2 [2, 19, 

30, 31]

Chorismic acid, Pi

Pi, phosphate; NAD+, oxidized nicotinamide adenine dinucleotide; NADPH, reduced nicotinamide adenine 
dinucleotide phosphate; FMNH2, reduced flavin mononucleotide.

Table 1. 
Substrates, enzymes, and products of the shikimate pathway.

Figure 4. 
PEP and glyphosate (powerful inhibitor of the 5-enolpyruvylshikimate 3-phosphate synthase, EPSPS).
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7-phosphate (DAHP), Figures 3 and 5. A new stereogenic center is generated in the 
condensation product DAHP catalyzed by the 3-deoxy-D-arabino-heptulosonate-
7-phosphate synthase enzyme (DAHPS; EC 4.1.2.15, now EC 2.5.1.54). Results of 
enzymatic kinetic and labeled PEP with tritium (Z)-[3-3H] PEP suggest that the 
nucleophilic attack of PEP is from the Si face of PEP to the Re face of the carbonyl 
group of D-erythrose-4-P, Figure 5 [14]. Two isoenzymes of DAHPS have been 
found for the catalysis of this first reaction step. One isozyme needs only Mn2+, and 
the other, either Co2+, Mg2+, or Mn2+ for the catalysis [15].

2.2 Synthesis of 3-dehydroquinic acid (DHQ )

The second reaction of the shikimate pathway is an intramolecular aldol-type 
reaction cyclization, where the enol (C6-C7) of DAHP nucleophilically attacks the 
carbonyl group (C2), to produce a six-member cycle, the 3-dehydroquinic acid 
(DHQ ), Figures 3 and 6. The enzyme that catalyzes this reaction, 3-dehydroquinate 
synthase DHQS (EC. 4.2.3.4), is a carbon-oxygen lyase enzyme that requires Co2+ 
and bound oxidized nicotinamide adenine dinucleotide (NAD+) as cofactors [15, 16]. 
The Co2+ is essential for the catalytic activity of DHQS. Bender et al. [16] found that 
DHQS, from Escherichia coli, is a monomeric metalloenzyme that contains tightly 
bound Co2+, and DHQS is deactivated with ethylenediaminetetraacetic acid (EDTA). 
The presence of the substrate (DAHP) blocks the inactivation by EDTA. The NAD+ 
cofactor dissociates form the DHQS enzyme rapidly in the presence of DAHP [16]. 
The reaction mechanism of the enzyme-catalyzed conversion of DAHP to DHQ 
involves five transformations from the DAHP hemiketal form, a pyranose: (1) oxida-
tion of the hydroxyl at C5 adjacent to the lost proton that requires NAD+ (NAD+ need 
never dissociate from the active site), (2) the elimination of Pi of C7 to make the α,β-
unsaturated ketone, (3) the reduction of C5 with NADH + H+, (4) the ring opening of 
the enol to yield an enolate, and (5) the intramolecular aldol-like reaction to produce 
DHQ. All five-reaction steps occur through the function of DHQS, Figure 6.

The reduction reaction of DHQ leads to quinic acid at this branch point in the 
shikimate pathway. Quinic acid is a secondary metabolite that is free, forming esters 
or as part of alkaloids such as quinine. Quinic acid is found in high quantities in 
mature kiwi fruit (Actinidia chinensis and other species of Actinidia) and is a distin-
guishing characteristic of fresh kiwi fruit [7]. Also, the quinic acid is abundant in 
roasted coffee [17].

2.3 Synthesis of 3-dehydroshikimic acid (DHS) and shikimic acid

The third and fourth reaction steps of the shikimate pathway are catalyzed by 
a bifunctional enzyme: 3-dehydroquinate dehydratase/shikimate dehydrogenase 

Figure 5. 
Stereochemistry of the condensation reaction of (Z)-[3-3H]PEP and D-erythrose-4-phosphate by DAHP 
synthase [14].
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(DHQ dehydratase/SDH; EC 4.2.1.10/EC 1.1.1.25). The DHQ dehydratase enzyme is 
a hydro-lyase kind, and the SDH is an oxidoreductase enzyme. The DHQ dehydra-
tase, in the third reaction step, converts DHQ into 3-dehydroshikimic acid (DHS) by 
eliminating water, and this reaction is reversible, Figure 7. The DHS is converted to 
shikimic acid in the fourth reaction step, by the reduction of the carbonyl group at 
C-5 by the catalytic action of SDH with NADPH, Figure 3. The biosynthesis of DHS 
is a branch point to shikimic acid and to the catabolic quinate pathway. If the DHS 
dehydrates, it produces protocatechuic acid (C6-C1) or gallic acid, Figure 3. Gallic 
acid (C6-C1) is a hydroxybenzoic acid that is a component of tannins [2].

Two structurally different kinds of 3-dehydroquinate dehydratase are known: 
type I (not heat-stable) and type II (heat-stable). Type I enzyme is present in 
bacteria and higher plants, and type II is found in fungi, which have both types of 
enzymes [18, 19]. The catalytic mechanism of the type I DHQ dehydratase has been 
detected by electrospray MS [20]. This catalytic mechanism involves the amino acid 
residue Lys-241 that forms a Schiff base with the substrate and product, Figure 7 
[21]. The fourth step is the reduction of DHS with NADPH that enantioselectively 
reduces the carbonyl of the ketone group of DHS to produce shikimic acid (shiki-
mate dehydrogenase, SDH), Figure 3.

Sigh and Christendat [22] reported the crystal structure of DHQ dehydratase/
SDH from the plant genus Arabidopsis. The crystal structure has the shikimate bound 
at the SDH and the tartrate molecule at the DHQ dehydratase. The studies show that 
Asp 423 and Lys 385 are key catalytic amino acids and Ser 336 is a key-binding group.

2.4 Synthesis of shikimic acid 3-phosphate (S3P)

The shikimate kinase enzyme (SK; EC 2.7.1.71) catalyzes the phosphorylation 
of the shikimic acid, the fifth chemical reaction of the shikimate pathway, and 
the products are shikimic acid 3-phosphate (S3P) and ADP, Figures 3 and 8. 

Figure 6. 
Reaction mechanism of DAHP (hemiketal form) to 3-dehydroquinic acid (DHQ ) by 3-dehydroquinate 
synthase DHQS (EC. 4.2.3.4) [16].
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Shikimic acid is phosphorylated with ATP in the 5-hydroxyl group of shikimic 
acid. SK is an essential enzyme in several bacterial pathogens and is not present 
in the human cell; therefore the SK enzyme has been classified as a protein target 
for drug design, especially for chemotherapeutic development of antitubercular 
drugs [23, 24].

2.5 Synthesis of 5-enolpyruvylshikimate 3-phosphate (EPSP)

The 5-enolpyruvylshikimate 3-phosphate synthase, also called aroA enzyme 
(EPSPS; EC 2.5.1.19), catalyzes the condensation of PEP to the 5-hydroxyl group of 
S3P in the sixth reaction of the shikimate pathway to form 5-enolpyruvylshikimate 
3-phosphate (EPSP). The reaction mechanism involves the protonation of PEP to 
subsequent nucleophilic attack of the hydroxyl at C-5 of S3P to form an intermedi-
ate that loses Pi to form EPSP, Figure 9 [25].

EPSPS is the most studied enzyme of the shikimate pathway because it plays 
a crucial role in the penultimate step. If this enzyme is inhibited, there is an 

Figure 7. 
Reaction mechanism to produce 3-dehydroshikimic acid (DHS) by type I DHQ dehydratase enzyme [21].

Figure 8. 
Phosphorylation of shikimic acid with ATP.
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accumulation of shikimic acid [26], and the synthesis of aromatic amino acid 
is disabled, leading to the death of the plant [27]. Therefore, EPSPS is used as 
a target for pesticides, like glyphosate, Figure 4, the active ingredient in the 
herbicides RoundUp™, Monsanto Chemical Co., and Touchdown™, Syngenta. 
Glyphosate (N-(phosphonomethyl)glycine) inhibits EPSPS and is a potent 
nonselective herbicide that mimics the carbocation of PEP and binds EPEPS 
competitively [28]. Because the glyphosate is nonselective and kills food crops, 
there is interest in finding glyphosate-tolerant genes for genetically modified 
crops [29]. Two types of EPSPS enzymes have been identified: type I EPSPS 
(sensitive to glyphosate) identified mostly in plants and bacteria and type II 
EPSPS (nonsensitive to glyphosate and has a high affinity for PEP), found in 
some bacteria [27].

2.6 Synthesis of chorismic acid

The seventh and last reaction step of the shikimate pathway is the 1,4-trans 
elimination of the Pi group at C-3 from EPSPS to synthetize chorismic acid. This 
last step is catalyzed by chorismate synthase (CS; EC 4.2.3.5) that needs reduced 
flavin mononucleotide (FMNH2) as a cofactor that is not consumed [2, 19]. The 
FMNH2 transfers an electron to the substrate reversibly [30]. Spectroscopic 

Figure 9. 
Reaction mechanism of the condensation of S3P with PEP by EPSPS (EC 2.5.1.19) to form EPSP [25].

Figure 10. 
Reaction of mechanism to yield chorismic acid by chorismate synthase [30].
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techniques and kinetic isotope effect studies suggest that a radical intermediate 
in a non-concerted mechanism is developed [30, 31], Figure 10. Chorismic acid, 
the final molecule of the shikimate pathway, is a key branch point to post-cho-
rismic acid pathways, to obtain L-Phe, L-Tyr, and L-Trp, Figure 2. L-Phe is the 
substrate to phenylpropanoid and flavonoid pathways [13].

3. Factors that induce the synthesis of phenolic compounds in plants

The expression of phenolic compounds is promoted by biotic and abiotic 
stresses (e.g., herbivores, pathogens, unfavorable temperature and pH, saline 
stress, heavy metal stress, and UVB and UVA radiation). UV radiation is divided 
into UVC (≤280 nm), UVB (280–320 nm), and UVA (300–400 nm). UVA and 
UVB radiation are transmitted through the atmosphere; all UVC and some UVB 
radiation (highly energetic) are absorbed by the Earth’s ozone layer. This accu-
mulation is explained by the increase in enzymatic activity of the phenylalanine 
ammonia-lyase and chalcone synthase enzymes, among others [12]. Studies have 
been done about the increase of phenolic compounds, such as anthocyanins, in 
plants when they are exposed to UVB radiation [13]. Another study demonstrates 
that UVB exposure enhances anthocyanin biosynthesis in “Cripps pink” apples 
(Malus x domestica Borkh.) but not in “Forelle” pears (Pyrus communis L.) [32]. 
This effect may be due to UV radiation exposure and the cultivar of the plants 
studied. It is known that if plants are under stress, they accumulate phenolic 
compounds.

The increase in phenolic compounds in blueberry (Vaccinium corymbosum) 
plantlets cultivated in vitro exposed to aluminum (Al) and cadmium (Cd) has 
also been studied. These heavy metals cause high toxicity in plants, because 
they increase the oxidative stress by the production of reactive oxygen species 
(ROS). The authors of the study suggest that the phenolic compounds, specifi-
cally chlorogenic and ellagic acids, Figure 11, reduce the ROS in blueberry 
plants [33].

An interesting study was carried out in 2011 by Mody et al., where they studied 
the effect of the resistance response of apple tree seedlings (Malus x domestica) to 
a leaf-chewing insect (Spodoptera littoralis) [34]. The authors found a significant 
herbivore preference for undamaged plants (induced resistance) was first observed 
3 days after herbivore damage in the most apical leaf. Also, the results showed 
higher concentrations of the flavonoid phlorizin, Figure 12, in damaged plants than 
undamaged plants. This indicates that insect preference for undamaged apple plants 
may be linked to phlorizin, which is the main secondary metabolite of the phenolic 
type in apple leaves.

Figure 11. 
Chemical structure of chlorogenic (C6-C3) and ellagic (C6-C1) acids.
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4. Conclusions

Knowledge of the biosynthetic pathway of shikimic acid leads to under-
standing the reaction mechanisms of enzymes and thus discovering antimicro-
bials, pesticides, and antifungals. Studies with isotopic labeling of substrates, 
the use of X-ray diffraction, nuclear magnetic resonance (NMR), mass spec-
trometry (ES), biotechnology, as well as organic synthesis have contributed to 
explaining the shikimate pathway. Although the seven steps of the biosynthetic 
pathway are elucidated, these metabolites are the precursors of phenolic com-
pounds, more complex molecules that are necessary for the adaptation of plants 
to the environment. So, the shikimate pathway is the basis for the subsequent 
biosynthesis of phenolic compounds. There is scientific interest in continuing 
to investigate the biosynthesis of phenolic compounds from several points of 
view: pharmaceuticals, agronomy, chemical and food industries, genetics, and 
health.
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Abstract

MicroRNAs (miRNAs) are noncoding RNAs that play an important role in the 
regulation of the genetic expression in animals and plants by targeting mRNAs 
for cleavage or translational repression. Several miRNAs regulate the plant 
development, the metabolism, and the responses to biotic and abiotic stresses. 
Characterization of an miRNA has helped to show its role in fine tuning the mecha-
nisms of posttranscriptional gene regulation. Although there is a lot of information 
related to miRNA regulation of some processes, the role of miRNA involved in the 
regulation of biosynthesis of secondary plant product is still poorly understood. In 
this chapter, we summarize the identification and characterization of miRNAs that 
participate in the regulation of the biosynthesis of secondary metabolites in plants 
and their use in the strategies to manipulate a controlled manipulation.

Keywords: alkaloids, flavonoids, flavonols, gene expression, isoprenoids

1. Introduction

1.1 Definition of miRNA

mRNAs are noncoding single-stranded RNA molecules that range from a 
length of 18 to 28 nucleotides. These molecules play an important role in post-
transcriptional regulation by the inhibition of the expression of target genes by 
binding to mRNA [1]. Eukaryotic organisms, such as plants and animals, and 
some viruses express this type of molecules [2, 3]. Lin-4 is the first miRNA that 
was identified in Caenorhabditis elegans, although later in the same organism were 
found 22-nt lin-4 and 21-nt let-7; currently, more than 18,226 miRNAs are reported 
[4]. Although miRNA:target-gene interactions are widely conserved, this process 
is limited between kingdoms [5]. miRNAs are distributed in genome as single or 
clusters expressed as polycistronic units and share function relationships [6]. In 
plants, most miRNAs are encoded by their own primary transcript; few examples of 
miRNA cluster are reported (i.e., miR395). Introns are the main hotspots for their 
origination [7]. Some of the mechanisms where they act are the development of 
time and host-pathogen interactions, as well as cell differentiation, proliferation, 
apoptosis, and tumorigenesis.
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1.2 Mechanism of action of miRNAs

The biogenesis of miRNAs in plants and animals presents some differences. In 
both plants and animals, the precursors of miRNAs are polyadenylated caps and 
RNAs, and transcribed as for any coding RNA by RNA polymerase II (RNAPII) [5, 8].  
However, in the plants, the primary transcript (pri-miRNA) that gives rise to the 
miRNA is produced by the nuclear RNAase dicer-like 1 (DCL1) and its accessory 
proteins SERRATE (SE) and hyponastic leaves (HYL1) [8]. Also, Drosha gene is 
absent in plants [5].

In Arabidopsis thaliana, DCL1 and hyponastic leaves 1 (HYL1) cleave the pri-
miRNA in the nucleus of the cell, which gives rise to the precursor-miRNA (pre-
miRNA) dsRNA. Subsequently, there is another cleavage by the action of DCL1 and 
HYL1 to release the miRNA; the two nucleotide 3′ overhangs are methylated by the 
action of the sRNA-specific methyltransferase HUA enhancer1 (HEN1). When the 
mature single-stranded miRNA is found in the cytoplasm, it is loaded onto AGO1 
that is present in RNA-induced silencing complexes (RISC), repressing the expres-
sion by mRNA cleavage [9]. 3′ untranslated region (3′ UTR) is the union region of 
the miRNAs to its target mRNAs which allows it to be repressed [10].

The expression of miRNAs is regulated by transcription factors. Negative on 
TATA less 2 (NOT2) promotes the transcription of protein miRNA genes and 
facilitates efficient DCL1 recruitment in miRNA biogenesis [11]. Cell division cycle 
5 (CDC5) acts as a positive transcription factor associating with miRNA genes [12]. 
Pleiotropic regulatory locus 1 (PRL1) has the ability to bind to DCL1 and pri- 
miRNAs. The miRNA duplex is transported to the cytoplasm by nuclear export 
factor Drosophila Exportin-5 ortholog HASTY (HST).

The miRNA target genes can be a single member of a gene family or regulate a 
multiple family members. Thus, multiple miRNA genes could be targeting a single 
member, with tissues and stage specificity, and/or a single miRNA gene could be 
regulating multiple family members. The spatial and temporal expression and 
abundance of mature miRNAs are tightly regulated; they vary greatly among 
different miRNAs; and the abundance also varies depending on the tissue types or 
developmental stages [13].

1.3 Regulatory processes involving miRNAs

In the cytoplasm of cells, the miRNAs regulate the expression of genes at the 
posttranscriptional level via mRNA degradation and/or translational repres-
sion [14]. Unlike animals, in plants, there is a perfect complementarity between 
miRNA and target mRNA [14]. To carry out the silencing, a ribonucleoprotein 
RNA-induced silencing complex (RISC) is formed [15]. AGO1, AGO2, AGO4, 
AGO7, and AGO10 slicer activity has been reported, even though AGO1 is associ-
ated with most miRNAs [16]. AGO1-catalyzed RNA cleavage (slicing) represses 
miRNA targets [17].

2. miRNAs and secondary metabolism in plants

In plants, miRNAs control the expression of genes that encode transcription 
factors, stress response proteins, and others, which have an impact on biological 
processes. The miRNAs regulate the biological processes in the plans such as main-
tenance of genome integrity, primary and secondary metabolism, development, 
signal transduction, signaling pathways, homeostasis, innate immunity, and adap-
tive responses to biotic and abiotic stress [18]. Secondary metabolites are a group 
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of phytochemicals that regulate various processes related to the interaction of the 
plant with its environment [19]. These compounds include terpenoids, alkaloids, 
phenolics, glycosides, tannins, and saponins, and defend plants from several biotic 
an abiotic stressors [20]. Even though these types of compounds are synthesized by 
plants to help in self-defense, they have diverse industrial uses such as insecticides, 
dyes, flavoring compounds, and nutraceuticals having a positive effect on human 
health. Commercial importance has resulted in a great interest in studying pos-
sibilities of enhancing its production [21]. It is known that miRNAs control several 
biological processes at the posttranscriptional level. Currently, some studies reveal 
the role that miRNAs have in the regulation of secondary metabolic pathways [20]. 
Therefore, the production of compounds derived from secondary metabolism can 
be managed through the miRNAs. Since they are positively or negatively regulated, 
the production of desired metabolites can be induced, the production of toxic 
metabolites can be limited, and new metabolites can be produced [22].

Computational analysis carried out in two transcriptomes of Swertia resulted 
in the identification of miRNAs associated to secondary metabolites biosynthesis; 
miR-156a, miR-166a, miR-166b, miR-168, miR-11071, and miR-11320 target-
ing metabolic enzymes, such as aspartate aminotransferase, ribulose-phosphate 
3-epimerase, acetyl-CoA acetyltransferase, phosphoglycerate mutase, and prem-
naspirodiene oxygenase, also include a gene encoding a homeobox-leucine zipper 
protein (HD-ZIP) with a possible association in secondary metabolites biosyn-
thesis in Swertia chirayita [23]. Elicited or infected plants induce change in gene 
expression and production of defensive metabolites and these might be regulated 
by miRNAs. Solanum tuberosum L. under light stimulus found light-responsive 
miRNAs that are important regulators in alkaloid metabolism, UMP salvage, 
lipid biosynthesis, and cellulose catabolism [24]. Cadmium stress in oilseed rape 
(Brassica napus L.) reported miRNAs involved in the regulations of TFs, biotic 
stress defense, ion homeostasis, and secondary metabolism synthesis [25]. 
Nicotiana tabacum plants infected with tobacco mosaic virus (TMV), at the early 
stage of infection (5 dpi), show a cluster of miRNAs with down-accumulation, 
while most of the miRNAs were upregulated at 15 and 22 dpi, including both 
miRNAs and miRNA targets [26].

2.1 Flavonoids

Flavonoids are secondary metabolites that possess a polyphenolic structure. Those 
compounds consist of hydroxylated phenolic substances having a benzo-𝛾𝛾-pyrone 
structure and derived of phenylpropanoid pathway [27]. Within the subgroups of 
the flavonoids are flavones, flavonols, flavanones, flavanonols, flavanols or catechins, 
anthocyanins, and chalcones [28]. For plants, this type of compounds is synthesized 
as a result of the interaction with the environment, other plants, and microorganisms. 
They have diverse biological functions as anti-oxidative, anti-inflammatory, anti-
mutagenic, and anti-carcinogenic properties, which are structure dependent [28]. 
The above makes flavonoids a compound with nutraceutical, pharmaceutical, medici-
nal, and cosmetic applications [28]. The production of secondary metabolites is 
found in cases regulated by the miRNAs (Table 1). Little is known about the miRNAs 
involved in flavonoid biosynthesis. In Helianthus, 323,318 ESTs were computationally 
screened for the miRNAs identification of them, and a miR911 family was found 
related to the biosynthesis of tocopherols. Gou et al. [51] demonstrate that accumula-
tion of anthocyanins in the stems of A. thaliana is under the regulation of miR156-
targeted squamosa promoter binding protein-like (SPL) genes. High miR156 activity 
promotes accumulation of anthocyanins and activity-induced of flavonols. This study 
also demonstrates that SPL9 negatively regulates anthocyanin accumulation through 
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1.2 Mechanism of action of miRNAs

The biogenesis of miRNAs in plants and animals presents some differences. In 
both plants and animals, the precursors of miRNAs are polyadenylated caps and 
RNAs, and transcribed as for any coding RNA by RNA polymerase II (RNAPII) [5, 8].  
However, in the plants, the primary transcript (pri-miRNA) that gives rise to the 
miRNA is produced by the nuclear RNAase dicer-like 1 (DCL1) and its accessory 
proteins SERRATE (SE) and hyponastic leaves (HYL1) [8]. Also, Drosha gene is 
absent in plants [5].

In Arabidopsis thaliana, DCL1 and hyponastic leaves 1 (HYL1) cleave the pri-
miRNA in the nucleus of the cell, which gives rise to the precursor-miRNA (pre-
miRNA) dsRNA. Subsequently, there is another cleavage by the action of DCL1 and 
HYL1 to release the miRNA; the two nucleotide 3′ overhangs are methylated by the 
action of the sRNA-specific methyltransferase HUA enhancer1 (HEN1). When the 
mature single-stranded miRNA is found in the cytoplasm, it is loaded onto AGO1 
that is present in RNA-induced silencing complexes (RISC), repressing the expres-
sion by mRNA cleavage [9]. 3′ untranslated region (3′ UTR) is the union region of 
the miRNAs to its target mRNAs which allows it to be repressed [10].

The expression of miRNAs is regulated by transcription factors. Negative on 
TATA less 2 (NOT2) promotes the transcription of protein miRNA genes and 
facilitates efficient DCL1 recruitment in miRNA biogenesis [11]. Cell division cycle 
5 (CDC5) acts as a positive transcription factor associating with miRNA genes [12]. 
Pleiotropic regulatory locus 1 (PRL1) has the ability to bind to DCL1 and pri- 
miRNAs. The miRNA duplex is transported to the cytoplasm by nuclear export 
factor Drosophila Exportin-5 ortholog HASTY (HST).

The miRNA target genes can be a single member of a gene family or regulate a 
multiple family members. Thus, multiple miRNA genes could be targeting a single 
member, with tissues and stage specificity, and/or a single miRNA gene could be 
regulating multiple family members. The spatial and temporal expression and 
abundance of mature miRNAs are tightly regulated; they vary greatly among 
different miRNAs; and the abundance also varies depending on the tissue types or 
developmental stages [13].

1.3 Regulatory processes involving miRNAs

In the cytoplasm of cells, the miRNAs regulate the expression of genes at the 
posttranscriptional level via mRNA degradation and/or translational repres-
sion [14]. Unlike animals, in plants, there is a perfect complementarity between 
miRNA and target mRNA [14]. To carry out the silencing, a ribonucleoprotein 
RNA-induced silencing complex (RISC) is formed [15]. AGO1, AGO2, AGO4, 
AGO7, and AGO10 slicer activity has been reported, even though AGO1 is associ-
ated with most miRNAs [16]. AGO1-catalyzed RNA cleavage (slicing) represses 
miRNA targets [17].

2. miRNAs and secondary metabolism in plants

In plants, miRNAs control the expression of genes that encode transcription 
factors, stress response proteins, and others, which have an impact on biological 
processes. The miRNAs regulate the biological processes in the plans such as main-
tenance of genome integrity, primary and secondary metabolism, development, 
signal transduction, signaling pathways, homeostasis, innate immunity, and adap-
tive responses to biotic and abiotic stress [18]. Secondary metabolites are a group 
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of phytochemicals that regulate various processes related to the interaction of the 
plant with its environment [19]. These compounds include terpenoids, alkaloids, 
phenolics, glycosides, tannins, and saponins, and defend plants from several biotic 
an abiotic stressors [20]. Even though these types of compounds are synthesized by 
plants to help in self-defense, they have diverse industrial uses such as insecticides, 
dyes, flavoring compounds, and nutraceuticals having a positive effect on human 
health. Commercial importance has resulted in a great interest in studying pos-
sibilities of enhancing its production [21]. It is known that miRNAs control several 
biological processes at the posttranscriptional level. Currently, some studies reveal 
the role that miRNAs have in the regulation of secondary metabolic pathways [20]. 
Therefore, the production of compounds derived from secondary metabolism can 
be managed through the miRNAs. Since they are positively or negatively regulated, 
the production of desired metabolites can be induced, the production of toxic 
metabolites can be limited, and new metabolites can be produced [22].

Computational analysis carried out in two transcriptomes of Swertia resulted 
in the identification of miRNAs associated to secondary metabolites biosynthesis; 
miR-156a, miR-166a, miR-166b, miR-168, miR-11071, and miR-11320 target-
ing metabolic enzymes, such as aspartate aminotransferase, ribulose-phosphate 
3-epimerase, acetyl-CoA acetyltransferase, phosphoglycerate mutase, and prem-
naspirodiene oxygenase, also include a gene encoding a homeobox-leucine zipper 
protein (HD-ZIP) with a possible association in secondary metabolites biosyn-
thesis in Swertia chirayita [23]. Elicited or infected plants induce change in gene 
expression and production of defensive metabolites and these might be regulated 
by miRNAs. Solanum tuberosum L. under light stimulus found light-responsive 
miRNAs that are important regulators in alkaloid metabolism, UMP salvage, 
lipid biosynthesis, and cellulose catabolism [24]. Cadmium stress in oilseed rape 
(Brassica napus L.) reported miRNAs involved in the regulations of TFs, biotic 
stress defense, ion homeostasis, and secondary metabolism synthesis [25]. 
Nicotiana tabacum plants infected with tobacco mosaic virus (TMV), at the early 
stage of infection (5 dpi), show a cluster of miRNAs with down-accumulation, 
while most of the miRNAs were upregulated at 15 and 22 dpi, including both 
miRNAs and miRNA targets [26].

2.1 Flavonoids

Flavonoids are secondary metabolites that possess a polyphenolic structure. Those 
compounds consist of hydroxylated phenolic substances having a benzo-𝛾𝛾-pyrone 
structure and derived of phenylpropanoid pathway [27]. Within the subgroups of 
the flavonoids are flavones, flavonols, flavanones, flavanonols, flavanols or catechins, 
anthocyanins, and chalcones [28]. For plants, this type of compounds is synthesized 
as a result of the interaction with the environment, other plants, and microorganisms. 
They have diverse biological functions as anti-oxidative, anti-inflammatory, anti-
mutagenic, and anti-carcinogenic properties, which are structure dependent [28]. 
The above makes flavonoids a compound with nutraceutical, pharmaceutical, medici-
nal, and cosmetic applications [28]. The production of secondary metabolites is 
found in cases regulated by the miRNAs (Table 1). Little is known about the miRNAs 
involved in flavonoid biosynthesis. In Helianthus, 323,318 ESTs were computationally 
screened for the miRNAs identification of them, and a miR911 family was found 
related to the biosynthesis of tocopherols. Gou et al. [51] demonstrate that accumula-
tion of anthocyanins in the stems of A. thaliana is under the regulation of miR156-
targeted squamosa promoter binding protein-like (SPL) genes. High miR156 activity 
promotes accumulation of anthocyanins and activity-induced of flavonols. This study 
also demonstrates that SPL9 negatively regulates anthocyanin accumulation through 
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destabilization of a MYB-bHLH-WD40 transcriptional activation complex. Diospyros 
kaki fruits collected at two examined stages (15 and 20 WAF) showed differential 
expression of the mRNAs, indicating that these miRNAs might regulate PA synthesis 
during development, and some of them are miR858 and miR156, which regulate PA 
synthesis. miR858 positively regulates the genes responsible for the production of 
PA, while miR156 does so in a negative way. miR395 is another miRNA that has an 
influence on PA biosynthesis [30]. Some miRNAs (U436803, U977315, U805963, 
U3938865, and U4351355) regulate fatty acid and flavonoid biosynthesis in Lonicera 
japonica [2, 3]. The characterization in A. thaliana shows that miR858a targets 
MYB transcription factors that are involved in flavonoid biosynthesis, growth, and 
development. Over-expression of miR858a downregulates several MYB transcription 
factors, and the higher expression of MYBs in MIM858 lines leads to the redirec-
tion of the metabolic flux toward the synthesis of flavonoids [31]. Yang et al. [32] 
indicate that salt stress conditions regulate miRNAs; some salt stress-related biologi-
cal pathways includes calcium signaling pathway, MAPK signaling pathway, plant 
hormone signal transduction, and flavonoid biosynthesis [32]. Himalayan mayapple 
(Podophyllum hexandrum), miR1438 target caffeoyl-CoA O-methyltransferase and 
is related to phenylalanine metabolism, phenylpropanoid biosynthesis, flavonoid 
biosynthesis, stilbenoid, diarylheptanoid, and gingerol biosynthesis. miR1873 targets 
dihydroflavonol 4-reductase C related to flavonoid biosynthesis. miR5532 2-hydroxyi-
soflavanone dehydratase is related to isoflavonoid biosynthesis [33].

2.2 Alkaloids

Alkaloids are naturally compounds that have one or more of their nitrogen atoms. 
Alkaloids are classified into different groups: indole, piperidine, tropane, purine, 
pyrrolizidine, imidazole, quinolizidine, isoquinoline, and pyrrolidine alkaloids [52]. 
Because of their toxicity, alkaloids act as defense compounds against diverse pathogens 
or herbivores. Understanding the regulation of alkaloid biosynthesis is crucial for its 
production. Target transcript identification analyses in Opium poppy (Papaver som-
niferum) revealed that pso-miR13, pso-miR2161, and pso-miR408 (Table 1) might be 
involved in BIA biosynthesis. pso-miR13 might cleave 7-OMT transcript, involved in the 
conversion of S-reticuline to morphinan alkaloids. 4-OMT is the target of pso-miR216 
and mediates the production of S-reticuline that is also an intermediate molecule in BIA 
biosynthesis. On the other hand, pso-miR408 possibly targets mRNA from reticuline 
oxidase-like protein in charge of the conversion of S-reticuline to (S)-scoulerine in 
the BIA pathway [34]. Studies in tobacco (Nicotiana tabacum), identified four unique 
tobacco-specific miRNAs miRX17, miRX27, miRX20, and miRX19 that were predicted 
to target key genes of the nicotine biosynthesis and catabolism pathways, QPT1, QPT2, 
CYP82E4, and PMT2 genes, respectively [35]. In Taxus baccata, two paclitaxel bio-
synthetic genes, taxane 13α hydroxylase and taxane 2α-O-benzoyltransferase, are the 
cleavage targets of miR164 and miR171, respectively [36]. In silico analysis reveals that 
miR396b in Rauwolfia serpentina targets kaempferol 3-O-beta-D-galactosyltransferase 
whose activity as transferase activity, transferring hexosyl groups is essential for forma-
tion of flavonol glycosides [37]. A computational approach in Mentha spp., revealed that 
miR156, miR414, and miR5021 are essential for regulation of essential oil  biosynthesis. 
miR156 participates in flavone, flavonol biosynthesis, and terpenoid backbone 
 biosynthesis [38].

2.3 Terpenoids

Plant terpenoids secondary metabolites are synthesized from C5 precursors 
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). They are 
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destabilization of a MYB-bHLH-WD40 transcriptional activation complex. Diospyros 
kaki fruits collected at two examined stages (15 and 20 WAF) showed differential 
expression of the mRNAs, indicating that these miRNAs might regulate PA synthesis 
during development, and some of them are miR858 and miR156, which regulate PA 
synthesis. miR858 positively regulates the genes responsible for the production of 
PA, while miR156 does so in a negative way. miR395 is another miRNA that has an 
influence on PA biosynthesis [30]. Some miRNAs (U436803, U977315, U805963, 
U3938865, and U4351355) regulate fatty acid and flavonoid biosynthesis in Lonicera 
japonica [2, 3]. The characterization in A. thaliana shows that miR858a targets 
MYB transcription factors that are involved in flavonoid biosynthesis, growth, and 
development. Over-expression of miR858a downregulates several MYB transcription 
factors, and the higher expression of MYBs in MIM858 lines leads to the redirec-
tion of the metabolic flux toward the synthesis of flavonoids [31]. Yang et al. [32] 
indicate that salt stress conditions regulate miRNAs; some salt stress-related biologi-
cal pathways includes calcium signaling pathway, MAPK signaling pathway, plant 
hormone signal transduction, and flavonoid biosynthesis [32]. Himalayan mayapple 
(Podophyllum hexandrum), miR1438 target caffeoyl-CoA O-methyltransferase and 
is related to phenylalanine metabolism, phenylpropanoid biosynthesis, flavonoid 
biosynthesis, stilbenoid, diarylheptanoid, and gingerol biosynthesis. miR1873 targets 
dihydroflavonol 4-reductase C related to flavonoid biosynthesis. miR5532 2-hydroxyi-
soflavanone dehydratase is related to isoflavonoid biosynthesis [33].

2.2 Alkaloids

Alkaloids are naturally compounds that have one or more of their nitrogen atoms. 
Alkaloids are classified into different groups: indole, piperidine, tropane, purine, 
pyrrolizidine, imidazole, quinolizidine, isoquinoline, and pyrrolidine alkaloids [52]. 
Because of their toxicity, alkaloids act as defense compounds against diverse pathogens 
or herbivores. Understanding the regulation of alkaloid biosynthesis is crucial for its 
production. Target transcript identification analyses in Opium poppy (Papaver som-
niferum) revealed that pso-miR13, pso-miR2161, and pso-miR408 (Table 1) might be 
involved in BIA biosynthesis. pso-miR13 might cleave 7-OMT transcript, involved in the 
conversion of S-reticuline to morphinan alkaloids. 4-OMT is the target of pso-miR216 
and mediates the production of S-reticuline that is also an intermediate molecule in BIA 
biosynthesis. On the other hand, pso-miR408 possibly targets mRNA from reticuline 
oxidase-like protein in charge of the conversion of S-reticuline to (S)-scoulerine in 
the BIA pathway [34]. Studies in tobacco (Nicotiana tabacum), identified four unique 
tobacco-specific miRNAs miRX17, miRX27, miRX20, and miRX19 that were predicted 
to target key genes of the nicotine biosynthesis and catabolism pathways, QPT1, QPT2, 
CYP82E4, and PMT2 genes, respectively [35]. In Taxus baccata, two paclitaxel bio-
synthetic genes, taxane 13α hydroxylase and taxane 2α-O-benzoyltransferase, are the 
cleavage targets of miR164 and miR171, respectively [36]. In silico analysis reveals that 
miR396b in Rauwolfia serpentina targets kaempferol 3-O-beta-D-galactosyltransferase 
whose activity as transferase activity, transferring hexosyl groups is essential for forma-
tion of flavonol glycosides [37]. A computational approach in Mentha spp., revealed that 
miR156, miR414, and miR5021 are essential for regulation of essential oil  biosynthesis. 
miR156 participates in flavone, flavonol biosynthesis, and terpenoid backbone 
 biosynthesis [38].

2.3 Terpenoids

Plant terpenoids secondary metabolites are synthesized from C5 precursors 
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). They are 
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classified according to the number of carbon atoms as monoterpenes (C10), sesqui-
terpenes (C15), diterpenes (C20), triterpenes (C30), carotenoids (C40), and poly-
prenols (>45) [53]. Like the alkaloids and the flavonoids, the biological characteristics 
and the applications of interest in the industry. Computational identification of miR-
NAs was done in six transcriptomes of Picrorhiza kurroa revealed that miRNA-4995 
has a regulatory role in terpenoid biosynthesis (Table 1), ultimately affecting the 
production of picroside-I [39]. In silico profiling of microRNAs (miRNAs) in Korean 
ginseng (Panax ginseng Meyer) indicate that 3-hydroxy-3-methylglutaryl-coenzyme 
A reductase (HMGR), farnesyl diphosphate synthase (FPS), geranyl-diphosphate 
synthase, squalene synthase, and squalene epoxidase (SE) were predicted been 
regulated by miR854b and miR854c, especially SE [40]. miR-5021 was identified in 
Catharanthus roseus which targets two enzymes involved in biosynthesis of terpe-
noid indole alkaloids (TIAs), GCPE protein, and Terpenoid cyclase [41]. miR7539, 
miR5021, and miR1134 might be involved in regulating terpenoid biosynthesis by 
targeting upstream terpenoid pathway genes; nontranscriptional factor proteins, such 
as DXS, HMGR, IDS, and IDI, essential to produce IPP and DMAPP, the common 
precursors for all the downstream end terpenoids [42]. miRNAs miR7540, miR5183, 
miR6449, miR5255, miR5491, and miR6435 target downstream enzymes in the 
biosynthesis of mono-, sesqui-, di-, and tri-terpenoids; they were R-linalool syn-
thase, gibberellin 3-oxidase, ent-kaurene synthase, squalene epoxidase, beta-amyrin 
synthase, and germacrene A oxidase [42]. miR2919, miR5251, miR838, miR5021, 
and miR5658 were found to be related to the pathway of terpene biosynthesis in 
Ferula gummosa. SPL7, SPL11, and ATHB13 TFs are putatively regulated by miR1533, 
miR5021, and miR5658, respectively [43]. miRNA156-targeted squamosa promoter 
binding protein-like (SPL) intervenes in the temporal space regulation of sesquiter-
pene biosynthesis [44]. miR5021 is also involved in terpenoid backbone biosynthesis 
and miR414 is related to sesquiterpenoid and triterpenoid biosynthesis [38].

2.4 Other secondary metabolites

miRNAs were identified from in vitro culture of roots and leaves tissues of the 
transcriptome of Withania somnifera; miR159, miR172, miR5140, and miR5303 in root 
tissue and miR477, miR530, miR1426, and miR5079 of leaf tissue. These miRNA were 
associated in the regulation of secondary metabolites. Endogenous miRNAs (miR159 
and miR5140 from roots, miR477 and miR530 from leaves) may be help to increase the 
metabolites (withanoides) yield. Also, miR159, miR172 from roots, and miR530 from 
leaves were involved in the regulation of secondary metabolite associated with mRNAs 
[54]. Chlorophytum borivilianum, Oryza sativa, and Arabidopsis thaliana target gene 
prediction indicate that miR9662, miR894, miR172, and miR166 might be involved in 
regulating saponin biosynthetic pathway [55]. miR8154 and miR5298b increase taxol, 
phenylpropanoid, and flavonoid biosynthesis in subcultured Taxus cells [56]. In silico 
analysis indicate that miRstv_7* target ugt76g1, KAH, KO, for steviol glycoside biosyn-
thesis [47]. In Arabidopsis thaliana, miR826 and miR5090 share the target AOP2, which 
encodes a 2-oxoglutarate-dependent dioxygenase that is involved in glucosinolate bio-
synthesis [48]. Salvia miltiorrhiza miR5072 targets acetyl-CoA C-acetyl transferase that 
is involved in the biosynthesis of tanshinones [50]. miR826 targets alkenyl hydroxyalkyl 
producing 2 oxoglutarate dioxygenase, which is involved in glucosinolate synthesis [49].

3. Conclusion

miRNAs are small molecules associated with developmental processes con-
trolling gene expression. The mechanisms involved posttranscriptional and 
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Abstract

As potential agents for preventing different oxidative stress-related diseases, 
phenolic compounds have attracted increasing attention with the passage of 
time. Intake of fruits, vegetables and cereals in higher quantities is linked with 
decreased chances of chronic diseases. In plant-based foods, phenolic com-
pounds are very abundant. However, bio-accessibility and biotransformation of 
phenolic compound are not reviewed in these studies; therefore, a detailed action 
mechanism of phenolic compounds is not recognized. In this article, inclusive 
concept of different factors affecting the bioavailability of phenolic compounds 
and their metabolic processes is presented through which phenolic compounds 
go after ingestion.

Keywords: polyphenols, bioavailability, biotransformation, metabolism

1. Introduction

In recent past, the awareness of the consumer related to the effect of diet 
on the health has been improved; therefore, leading to upsurge in the con-
sumption of vegetables, cereal based foods and fruits. Numerous studies have 
suggested the bioactive characteristics of the bioactive moieties, i.e., phenolic 
compounds. Nonetheless, bioactive claims are made without taking into consid-
eration the further modifications to which phenolic compounds are subjected 
once ingested [1].

Phenolic compounds are the secondary metabolites of plants which consti-
tute an important group, i.e., phenylpropanoids. These compounds possess an 
aromatic ring and various OH groups which are link to it. On the basis of clas-
sification, phenolic compounds are prorated into various subgroups. They are 
grouped as a function of the number of phenolic rings that they contain and the 
radicals that bind these rings to another one [2, 3]. Phenolic compounds have 
fetched substantial focus as the ingestion of these bioactive moieties is cor-
related to lower the prevalence of chronic ailments, for example, diabetes, CVD 
and cancer. Cereals, fruits, and vegetables are rich sources of phenolic com-
pounds. In fact, the health benefits of their dietary intake have been related, at 
least in part, to their phenolic compounds content [4]. This manuscript presents 
the bird’s eye view of the health claims as well as bioavailability of the phenolic 
compounds.
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2. Dietary phenolic compounds

Phenolic compounds are the derivatives of secondary metabolism of plants. 
Chemically phenolic compounds consist of aromatic ring to which one or more 
OH− substituents are attached [1, 5]. Despite of diversity of phenolic compounds, 
they are mainly divided into two subgroups, (1) flavonoids and (2) non-flavonoids. 
First one constitutes of heterocyclic oxygen which are bonded with two aromatic 
rings and depends on the amount of hydrogenation. They can be further subdivided 
into six subgroups, i.e., flavanol, flavones, anthocyanins, flavonols, flavanones 
and isoflavones. While the later one, like cinnamic and benzoic compounds, they 
contain aromatic ring which are attached to organic acids. Lignins, stilbenes and 
tannins are also the subgroups of non-flavonoid compounds. Characteristics like 
flavor, astringency and color are instigated due to presence of these compounds [1].

3. Food sources with reported bioactivity

Latterly, due to numerous health prompting effects, for example, antimicrobial 
[6], neuro-protective [7], antioxidant [8], cardioprotective [9], anti-inflammatory 
[10] and cancer preventive [11] properties, phenolic compounds have much of the 
attention of the researchers. Phenolic compounds possess different derivatives 
which have a potential application in the prevention or treatment of these aliments 
[12]. Likewise, Perez-Vizcaino et al. reported numerous studies which supports 
the fact that upsurge in the consumption of foods rich in the phenolic compounds 
might be linked with the prevention of above-mentioned disorders [13]. Vegetables, 
fruits and cereals have high concentration of the phenolics. Table 1 includes exam-
ples of some foods rich in phenolic compounds with reported biological effects.

4. Bioactivities of polyphenols

Since from the ancient times, bioactive moieties extracted from the natural 
sources have guarantee medicinal characteristics in combating against certain 

Phenolic compound Source References

Phenolic acids (gallic acid) Red wine [14]

Anthocyanins (cyanidin, delphinidin, 
malvidin, pelargonidin, peonidin)

Blackberry, blueberry, black grape, cherry, strawberry, 
red wine, plum

[15]

Condensed tannins (procyanidin) Red wine, chocolate, cranberry juice and apples [16]

Flavan-3-ols (catechin) Fruits, vegetables, chocolate, lentil, green and black tea, 
wine, grapes and ginkgo

[17, 18]

Flavanones (hespertin, naringenin) Orange, grapefruit and lemon juices [19]

Flavones (apigenin, luteolin) Parsley, celery, capsicum pepper and grape [18]

Flavonols (quercetin, kaempferol) Fruits, vegetables, and beverages such as tea and red 
wine

[20, 21]

Isoflavones (genistein) Soy [22]

Stilbenes (resveratrol) Legumes, grapes, red wine, soy, peanuts and peanut 
products

[23, 24]

Table 1. 
Phenolic compounds from food sources with reported biological effects.
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disorders [25]. These bioactive components have a wide range of potential applica-
tions, i.e., antimicrobial, antitumoral, antimicrobial, hepato-protection and anti-
oxidant. Few phenolic compounds show higher free radical scavenging properties 
individually, while numerous others showed these characteristics in synergism [26]. 
The free radical scavenging properties generally influenced by the chemical struc-
ture, position and number of OH− group as well as glycosylation or other forms 
of replacement [27]. Additionally, despite of nullification of the ROS, nitrosative 
and oxidative stress such as CVD, neurological disorders, diabetes mellitus, cancer, 
and hypertension have also been prevented by phenolic compounds [28]. Likewise, 
literature also showed the anti-inflammatory properties of the phenolic compounds 
[29]. It is observed during the inflammation several RNS (reactive nitrogen spe-
cies) as well as ROS (reactive oxygen species) are formed which escalate the action 
of proinflammatory factors. Phenolic compounds limit the pro-inflammatory 
enzymes thus prevent the human body from adverse effects [30].

In both developed and developing nations, cancer is the major cause of millions 
of demises each year [31]. For the treatment of numerous aliments, plants are the 
important ally in the traditional medicine. In pharmaceutical sector natural compo-
nents impart important proportion in the synthesis of new anticancer drugs [32]. In 
the treatment of tumor cell, the uses of synthetic moieties are linked with the toxicity 
problems. Carocho and Ferreira suggested that without any toxicity or side effects 
natural compounds extracted from plants can be administered. By using both human 
trial and in vivo models, the effects of phenolic compounds on tumor cells have been 
comprehensively investigated [26]. Huang et al. reported the capacity of phenolic 
compounds to induce apoptosis by regulate carcinogen metabolism, ontogenesis and 
cell cycle arrest, suppress cell adhesion and DNA binding, proliferation, migration 
and block signaling pathways [11]. Similarly, the effects of phenolic compounds 
against hepatoprotective capacity have also been comprehensively studied both in 
vitro and in vivo. Phenolic acid and flavonoids have fetched the attention due to high 
free radical scavenging properties which overcome liver injuries frequently caused 
due to oxidative reaction which endorse lipid peroxidation in hepatic tissues [33].

Beside above-mentioned bioactivities, polyphenols have exhibited numerous 
other health beneficial effects.

5. Bioavailability of phenolic compounds

It is necessary to have the knowledge about the availability of the bioactive 
component as they are very effect against in the prevention of the disorders. By 
definition, the concentration of nutrient that is ingested, absorbed and metabolized 
via normal passages [34]. The bioavailability profile is not directly improved by the 
intake of high content of phenolic compounds [35]. Rein and his fellows purposed 
that to guarantee the bio efficacy of phenolic compounds, bioavailability is recog-
nized as ultimate step, for example, at dietary level; the bioavailability is the pro-
portion of a food which is ingested and consumed and thus a matter of nutritional 
efficacy [36]. Hence, numerous other factors affected may impart interference in 
the direct bioavailability of the phenolic compounds present in the food. Examples 
of several external aspects are interaction with other moieties, food processing and 
various other intestinal factors [37]. Likewise, different and complex processes, 
i.e., distribution, liberation, elimination, absorption and metabolism phases also 
affect the bioavailability whereas, limiting factor, i.e., intestinal level absorption 
decreased the bioavailability [36].

Through the GIT tract, gallic acid and isoflavones which has small molecular 
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2. Dietary phenolic compounds
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into six subgroups, i.e., flavanol, flavones, anthocyanins, flavonols, flavanones 
and isoflavones. While the later one, like cinnamic and benzoic compounds, they 
contain aromatic ring which are attached to organic acids. Lignins, stilbenes and 
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Phenolic compound Source References

Phenolic acids (gallic acid) Red wine [14]

Anthocyanins (cyanidin, delphinidin, 
malvidin, pelargonidin, peonidin)

Blackberry, blueberry, black grape, cherry, strawberry, 
red wine, plum

[15]
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[17, 18]

Flavanones (hespertin, naringenin) Orange, grapefruit and lemon juices [19]
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Table 1. 
Phenolic compounds from food sources with reported biological effects.
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disorders [25]. These bioactive components have a wide range of potential applica-
tions, i.e., antimicrobial, antitumoral, antimicrobial, hepato-protection and anti-
oxidant. Few phenolic compounds show higher free radical scavenging properties 
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trial and in vivo models, the effects of phenolic compounds on tumor cells have been 
comprehensively investigated [26]. Huang et al. reported the capacity of phenolic 
compounds to induce apoptosis by regulate carcinogen metabolism, ontogenesis and 
cell cycle arrest, suppress cell adhesion and DNA binding, proliferation, migration 
and block signaling pathways [11]. Similarly, the effects of phenolic compounds 
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the direct bioavailability of the phenolic compounds present in the food. Examples 
of several external aspects are interaction with other moieties, food processing and 
various other intestinal factors [37]. Likewise, different and complex processes, 
i.e., distribution, liberation, elimination, absorption and metabolism phases also 
affect the bioavailability whereas, limiting factor, i.e., intestinal level absorption 
decreased the bioavailability [36].

Through the GIT tract, gallic acid and isoflavones which has small molecular 
weight are easily absorbed [35]. On the other hand, numerous phenolic compounds 
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absorbed at a rate of 0.3–43% and the metabolite content circulating in the plasma 
can be low [36]. Likewise, kaempferol and quercetin belongs to flavonols exhibited 
several biological in vivo effects [38]. Yet, the utilization of these compounds as a 
potential health promoting components has inadequate efficiency due to the lessen 
bioavailability as a result of low absorption rate, low water solubility and increase 
instability in alkaline and neutral media including various organs, i.e., colon, small 
intestine, kidney and colon [39]. Due to low solubility and instability the use of 
apigenin is also limited in the pure form [40].

The bioavailability of phenolic compounds found in the foods begins in the oral 
cavity via metabolism reactions. In food transformation, mechanical action, i.e., 
mastication, impart significant role in the disruption of the food components which 
releases the compounds. In the oral cavity, the metabolism of glycosylated phenolic 
compounds commences immediately as the come in contact with the glycosidase 
enzymes of bacteria [41]. Literature showed that anthocyanin present in the fruit 
extract rich in phenolic compounds and human saliva, were moderately metabo-
lized by the oral microflora enzymes [42]. During the passage through the stomach, 
few compounds go through the hydrolysis while on the other hand numerous 
polyphenols remain intact. Correa-Betanzo and his fellows reported that stability 
and modification of these food components were interlinked with the reaction of 
intestinal microbiota. In the G.I tract, various phenolic components need structural 
modification for their absorption [43]. Few ex vivo studies indicated that phenolic 
acid absorption took place in intestinal portion, i.e., jejunum and colon or at the 
gastric level [44]. Certain chemical characteristics, for example, molecular weight, 
lipophilicity, stereochemistry and the presence of group capable of hydrogen 
bonding, affect the transport and permeability of the polyphenols into the cytosol 
enterocytes from the gut lumen [45]. It is believed that the phenolic compounds 
are absorbed by a passive diffusion mechanism or by carriers present in the intes-
tine, such as P-glycoprotein and cotransporters for SGLT1. These transporters are 
expressed on the cell membrane and transport the drugs into the cell interior [46, 47].  
For example, aglycones cross the membrane of the epithelial cells via passive diffu-
sion [41], whereas on the other hand glycosides, esters and polymers cannot cross 
the membrane by passive diffusion.

As long as biotransformation reaction as concerned, liver is recognized as the 
main organ in which maximum glycosylated phenolic compounds are metabolized 
by the action of small intestinal microbiota enzymes as well as by the intestinal cell 
membrane hydrolases, i.e., lactase phlorizin hydrolase. These first passage reactions 
took place in the intestine, letting the prior metabolism of compounds, which, in 
turn, encourage absorption. From the colon these compounds are then transported 
to the liver through portal vein or distributed in the bloodstream by the plasma 
proteins. During the metabolism, variation in the concentration of substance in 
the blood is influenced by the structural changes and absorption. For instance, 
plasma protein, for example, albumin transports phenolic substances along with 
their metabolites [48]. Meanwhile in the liver, phenolic compounds are further 
bio- transformed which aim to make them more polar molecules, assisting in their 
excretion. In the liver, these biotransformation processes are mainly categorized 
into two phases, i.e., phase I includes oxidation and reduction, hydrolysis reactions 
which are catalyzed by the CYP450 enzymes [46], while phase II enhances the 
hydrophilicity of the molecules prior to their elimination [41].

5.1 Factors affecting the bioavailability

Variation in the phenolic bioavailability ranges from 0.3% in the case of antho-
cyanins to 43% estimated for isoflavones [49]. In this sense, Table 2 is imperative 
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to discuss that bioavailability is influenced by the food matrix and processing, 
phenolic structure and host; in addition to all these factors can interrelate with one 
another and effect bioavailability of the phenolic compounds, which make it tough 
to elaborate the particular mode of action of phenolic compounds. Additionally, 
pre-systemic elimination, release of a dosage form and absorption as well as route of 
administration also affects the bioavailability [58]. In order to elucidate the bioactive 
potential of phenolic compounds, in vivo estimation system is based on the inner 
wall as well as on the surface of the organs of the gastrointestinal tract, nonetheless 
such system did not reflect antioxidant in vivo effects [59], since solubility, base 
structure, interaction with other components as well as molecular size are the major 
physiochemical properties which lower the action of phenolic compounds [35].

6. Biotransformation of phenolic compounds

Transformation of lipophilic compounds into hydrophilic compounds is called 
biotransformation of heterologous compounds, in which the compounds are easily 
absorbed and excreted (Figure 1). The acetylation and methylation are excluded 
from this process, which reduces the water solubility of some alien organisms. 
Phenolic compounds are classified as exotic biological compounds which undertake 
heterologous biotransformation [61]. Heterogeneous biotransformation reactions can 
be divided into four categories, i.e., hydrolysis reaction, reduction reaction, oxidation 
reaction, and conjugation reaction. However, in study of dietary phenols, conjuga-
tion and oxidation are considered as most important reactions. Major sites of these 
reactions are cytoplasm, mitochondria, microsomes, and the tissues of the small 
intestine and liver [61]. Dietary phenolic compounds present in food have different 
structures as compared to those present in the tissues and peripheral circulation due 
to enduring metabolism after ingestion [62]. Phenol-sulfonate transferase, beta-
glucosidase, lactase root enzymes hydrolase, and UDP-glucuronyl transferase are 
the enzymes involved in these processes. Absorption and bioavailability of phenolic 

Type of factor References

Phenolics related 
factors

Chemical structure Chemical structure solubility bond with sugars 
(glycosides), methyl groups, etc. stereo-configuration.

[49]

Interaction with 
other compounds

Bonds with proteins (i.e., albumin) or with polyphenols 
with similar mechanism of absorption.

[50, 51]

Food related 
factors

Food processing Thermal treatments lyophilization cooking and 
methods of culinary preparation storage.

[52, 53]

Food interaction Food matrix presence of effectors of absorption 
(positive or negative) (i.e., fat, fiber).

[54]

Host related 
factors

Dietary intake Differences between countries and seasons quantity 
and frequency of exposure, single or multiple dose.

[55]

Absorption and 
metabolism

Intestinal factors (i.e., enzyme activity intestinal 
transit time colonic microflora). Systemic factors (i.e., 
gender and age disorders and/or pathologies genetics 
physiological condition).

[55]

Other factors Distribution and 
food content

Exclusivity in some foods (i.e., soy isoflavones, 
flavanones in citrus, etc.). Ubiquity (i.e., quercetin).

[56]

External factors Environmental factors (i.e., different stress conditions, 
degree of ripeness).

[57]

Table 2. 
Factors that can affect dietary phenolic compound bioavailability.
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absorbed and excreted (Figure 1). The acetylation and methylation are excluded 
from this process, which reduces the water solubility of some alien organisms. 
Phenolic compounds are classified as exotic biological compounds which undertake 
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be divided into four categories, i.e., hydrolysis reaction, reduction reaction, oxidation 
reaction, and conjugation reaction. However, in study of dietary phenols, conjuga-
tion and oxidation are considered as most important reactions. Major sites of these 
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structures as compared to those present in the tissues and peripheral circulation due 
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compounds mostly depend on their metabolic reactions conducted in small intestine. 
In addition, those compounds which are not absorbed through stomach and small 
intestine are degraded in large intestine through colonic microorganisms [63].

However, during chewing and digestion inn stomach, the interactions struc-
tural characters of phenolic compounds can be modified with other food sub-
strates. This can decrease or increase small intestine’s biological accessibility [41]. 
These binding reactions produce metabolites that bind to albumin mainly through 
the blood and distributed to different tissues and organs. Phenolic compounds 
are metabolized by colonic bacteria in parts of the intestine that are not absorbed 
and reach the large intestine. Colonic bacteria destroy aromatic rings and release 
aglycones which can be absorbed when processed into derivatives of benzoic 
acid and combined with glucuronic acid, glycine and sulfate [64]. Conjugated 
hydroxycinnamic acid in vivo has an effect on their biological activity because 
antioxidant potential of hydroxycinnamic acid is determined through existence of 
free hydroxyl groups, which are the important spots of sulfation and glucuronida-
tion process [65].

7. Metabolism of phenolic compounds

7.1 Phase I

Biotransformation reactions involved during phase I of metabolism are oxida-
tion, reduction, and hydrolysis. The biological activity of phenolic compounds 
can be increased, decreased or counteracted through these reactions [61]. The first 
stage of the reaction aims to change the structure of exogenous biomolecules. This 
amendment is attained through introducing amino, carboxyl and hydroxyl groups, 
etc. The major purpose of this reaction is to enhance the polarity of heterogeneous 
phenolic compounds for facilitating their excretion [61].

7.1.1 Hydrolysis

Hydrolysis is mainly aimed at functional groups such as carboxylic esters, amides, 
and lactones. Carboxylesterases are the most important hydrolysis enzymes in 

Figure 1. 
Schematic representation of the metabolic pathway of phenols in humans after ingestion. Adapted from 
Grijalva et al. [60].

73

Bioavailability and Metabolic Pathway of Phenolic Compounds
DOI: http://dx.doi.org/10.5772/intechopen.84745

mammals. However, aldehyde dehydrogenase, carbonic anhydrase, carboxypeptidase, 
lipase, and protease showed hydrolytic activity [61]. Lactose-phloretin hydrolase 
(LPH) exists in the human body. It mainly exists on one side of the small intestinal 
cavity. Lactose is hydrolyzed into galactose and glucose by LPH. It is also stated that 
flavonoid-O-beta-d-glycoside can be hydrolyzed through lactose-phloretin hydrolase 
resulting decrease of the polarity of the aglycones produced, thereby increasing the cell 
absorption of flavonoids [46]. However, the function of LPH can be disabled through 
stearic acid factor, and it cannot further hydrolyze glycosides (e.g., rhamnoside) [63].

7.1.2 Oxidation

During phase I of biotransformation, oxidation of phenolic compounds is the 
process having major importance. This reaction is primarily facilitated through 
enzyme-based oxidation process, controlled by CYP450 (microsomal cytochrome). 
CYP450 in humans has an extensive variety of substrates CYP3A4 (subfamily of 
CYP450) in gut is responsible for metabolic reactions of exogenous. According 
to different reports CYP3A4 interrelates with phenolic compounds. Therefore, 
it is suggested that some toxic consequences can be stimulated by the combined 
administration of both drugs and phenolic compounds [66]. Main factor affecting 
the metabolic activity of CYP450 regarding phenolic compounds include binding 
with different phenolic compounds, functional groups, glycosylation, molecular 
weight, polymerization and stereo-structure [5]. In addition, hydroxyl-rich flavo-
noids are unlikely to be processed through CYP450; unexpectedly, catechins from 
tea (hydroxyl-rich flavonoids) have been reported to inhibit CYP450 [67]. Still 
metabolic process of phenolic compounds is under research. Yet, the possible health 
potential of phenols has provoked further research in this area.

7.1.3 Reduction

Majority of the absorption of polyphenol took place in the large intestine where 
colonic microflora imparts significant role in the catabolism of these compounds. 
In humans, fission of the Cring both in naringenin and quercetin were done by the 
enzymes produced by the C. orbiscindens and E. ramulu, whereas E. casseliflavus 
were characterized for deglycosylation of Quercetin-1-glucode [68]. With the 
fission of Cring, epicatechin degradation initiated which lead to the synthesis of 
1-(3′,4′)-dihydroxyphenyl)-3-(2″,4″,6″-trihydroxy) propan-2-ol, which in turn 
transformed into 5-(3′,4′)-dihydroxyphenyl-valerolactone. Likewise, in the next step 
formation of 5-(3′,4′)-dihydroxyphenyl-valeric acid is done by the breakdown of 
valerolactone ring which further undergo beta oxidation to 3-hydroxyphenylpropi-
onic acid whereas if alpha oxidation is done, the resultant yield is 3-hydroxyphenyl-
acetic acid. Similarly, in epicatechin gallate and epigallocatechin gallate breakdown, 
the galloyl moiety is removed by the esterase enzyme and the released gallic acid is 
decarboxylated to pyrogallol [69]. In the liver, metabolites which are synthesize by 
the colon microglora are transformed to monosulfates of 5-(3′,4′)-dihydroxyphenyl-
valeric acid, hydroxyphenylpropionic acid and monoglucuronides through conjuga-
tion reactions. Afterword, majority of the metabolites are then transported in the 
blood stream and then eliminated from the body via urine [70], however the unab-
sorbed metabolites are excreted by the body with feces [71].

7.2 Phase II

The second stage of biotransformation involves the incorporation of different 
chemical radicals to exogenous compounds. In body transported free radicals are 
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mammals. However, aldehyde dehydrogenase, carbonic anhydrase, carboxypeptidase, 
lipase, and protease showed hydrolytic activity [61]. Lactose-phloretin hydrolase 
(LPH) exists in the human body. It mainly exists on one side of the small intestinal 
cavity. Lactose is hydrolyzed into galactose and glucose by LPH. It is also stated that 
flavonoid-O-beta-d-glycoside can be hydrolyzed through lactose-phloretin hydrolase 
resulting decrease of the polarity of the aglycones produced, thereby increasing the cell 
absorption of flavonoids [46]. However, the function of LPH can be disabled through 
stearic acid factor, and it cannot further hydrolyze glycosides (e.g., rhamnoside) [63].
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process having major importance. This reaction is primarily facilitated through 
enzyme-based oxidation process, controlled by CYP450 (microsomal cytochrome). 
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to different reports CYP3A4 interrelates with phenolic compounds. Therefore, 
it is suggested that some toxic consequences can be stimulated by the combined 
administration of both drugs and phenolic compounds [66]. Main factor affecting 
the metabolic activity of CYP450 regarding phenolic compounds include binding 
with different phenolic compounds, functional groups, glycosylation, molecular 
weight, polymerization and stereo-structure [5]. In addition, hydroxyl-rich flavo-
noids are unlikely to be processed through CYP450; unexpectedly, catechins from 
tea (hydroxyl-rich flavonoids) have been reported to inhibit CYP450 [67]. Still 
metabolic process of phenolic compounds is under research. Yet, the possible health 
potential of phenols has provoked further research in this area.
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Majority of the absorption of polyphenol took place in the large intestine where 
colonic microflora imparts significant role in the catabolism of these compounds. 
In humans, fission of the Cring both in naringenin and quercetin were done by the 
enzymes produced by the C. orbiscindens and E. ramulu, whereas E. casseliflavus 
were characterized for deglycosylation of Quercetin-1-glucode [68]. With the 
fission of Cring, epicatechin degradation initiated which lead to the synthesis of 
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valerolactone ring which further undergo beta oxidation to 3-hydroxyphenylpropi-
onic acid whereas if alpha oxidation is done, the resultant yield is 3-hydroxyphenyl-
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the galloyl moiety is removed by the esterase enzyme and the released gallic acid is 
decarboxylated to pyrogallol [69]. In the liver, metabolites which are synthesize by 
the colon microglora are transformed to monosulfates of 5-(3′,4′)-dihydroxyphenyl-
valeric acid, hydroxyphenylpropionic acid and monoglucuronides through conjuga-
tion reactions. Afterword, majority of the metabolites are then transported in the 
blood stream and then eliminated from the body via urine [70], however the unab-
sorbed metabolites are excreted by the body with feces [71].

7.2 Phase II

The second stage of biotransformation involves the incorporation of different 
chemical radicals to exogenous compounds. In body transported free radicals are 
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acquired from endogenous, polar, and highly available molecules. The major goal of 
this phase is to enhance the polarity of exogenous compounds. Increase in polarity is 
conducive to urination of exogenous substances [72]. Uridine 5′-diphosphate gluc-
uronide transferase, sulfonate transferase, and catechol O-methyltransferase are the 
related enzymes for metabolism of dietary polyphenol in second phase. The synthe-
sized molecule is bound to sulfate, glucuronic acid and/or methylation group [61]. 
Phenol conjugated compounds are different from their parent molecules regarding 
their ionic form, polarity and size. Thus, they are also different physiologically as 
compared to natural compounds. As a result, there is a growing need to know the 
possible health potential of these compounds either through in vitro studies.

7.2.1 Glucuronidation

It’s the major conjugation-based reaction in humans. Through using UDPGA 
(glucuronic acid diphosphate glucuronic acid) as a substrate, glucuronidation 
process binds to the exogenous compound like glucuronic acid. UDP glucose, UDP 
xylose, and UDP galactose can also be used as substrates for this reaction [61]. 
The enzyme responsible for catalyzing the process of glucuronidation is UDP-
glucuronide transferase. This enzyme exists in the microsomal tissue of the skin, 
brain, kidney, liver, and small intestine [73]. Glucuronidation sites are nucleophilic 
heteroatoms rich in electrons (like O, N or S). Thus, in glucuronidation reac-
tion mostly involved substrates comprise of functional groups, like phenols and 
aliphatic alcohols [74]. So, in human body metabolism glucuronidation is main 
binding reaction of phenolic compounds [75]. Steffen et al. reported the glucuronic 
acid metabolite (−)-epicatechin binding serum albumin is relatively less than its 
aglycone. Therefore, the absorption of intestinal cells can be enhanced by the activ-
ity of beta-glucuronidase or LPH. In addition, aglycones are more lipophilic than 
flavonoid glycosides, so they are more easily absorbed. In addition, it is of great 
significance to evaluate the glucuronidation process of phenolic acid and study its 
effects regarding bioavailability and biological activities [76].

7.2.2 Methylation

Epicatechin gallate and epicatechins are absorbed without hydrolysis or 
disruption of conjugated bonds [62]. Different research trials have revealed that 
about 50% of total epicatechin reaching the intestine is absorbed by metabolites 
(especially sulfate conjugates) that are cleared into the intestinal cavity, while the 
clearance of epicatechin is relatively mild. The (−)-epicatechin secreted by bile 
may also be absorbed and be cleared by efflux in another segment of the intestine 
[77]. As compared to conjugation process, methylation reaction differs because it 
normally reduces hydro solubility of phenolics and hides the functional groups to 
prevent them to be attacked by conjugating enzymes [61]. As mentioned earlier, 
flavonoids are mainly glucuronidation, however, methylation metabolites have also 
been detected, for example, O-methylation and glucuronidation have been found 
in perfusion studies of catechins or epicatechins. This reaction is supposed to be 
facilitated through enzyme COMT (catechol O-methyltransferase) [78].

The O-methyltransferase is a highly selective enzyme system in plants, micro-
organisms, and mammals. This enzyme is involved in O-methylation of flavonoids, 
which is a natural xenobiotic transformation [79]. Methylation of phenolic com-
pounds significantly improves their transportation through biological membranes 
and makes them more stable regarding metabolic reactions. It also improves their 
efficacy in different biological activities, especially their anti-tumor potential in 
cell culture research. Thus, as compared to hydroxylated derivatives in cell culture, 
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O-methylated flavonoids have a much better anticancer potential, due to being more 
resistant to metabolic reactions in liver and having high absorption in intestine [80]. 
In addition, methylated flavonoids play an important role in protein transportation 
having major role central role in the body defense system against toxic substances 
like MDR proteins [81]. It has been recommended that stability and transportation 
ability through biological membranes is improved by enhancing methylation degree 
and decreasing the number of free hydroxyl groups which can be bind with gluc-
uronic acid and sulfuric acid groups [82].

8. Applications in functional foods and nutraceutical formulations

Nowadays, some functional foods and health products can be found com-
mercially to capture consumers’ interests. The scientific community can prove the 
beneficial health effects of these products, and the food and pharmaceutical indus-
tries have followed suit to develop feasible production of novel high-yield products 
[83]. Medicinal and aromatic plants play an important role in the field because 

Phenolic 
compound

Source Application Bioactivity References

Antioxidant Antimicrobial

Phenolic acids Commercial Infant cereals ✓ _ [85]

Anthocyanins Cranberry (Vaccinium 
macrocarpon Ait.)

Nutraceutical 
capsules

✓ [86]

Phenolic 
extracts

Blackberry flower (Rubus 
ulmifolius Schott)

Yogurt ✓ _ [87]

Borage (Borago officinalis 
L.)

Fresh pasta _ ✓ [83]

Chamomile flower 
(Matricaria recutita L.)

Cottage cheese 
and yogurt

✓ ✓ [88, 89]

Fennel aerial parts 
(Foeniculum vulgare 
Mill.)

Cottage cheese 
and yogurt

✓ ✓ [88, 90]

Garcinia fruit (Garcinia 
cowa Roxb)

Bread ✓ _ [91]

Grape seed (Vitis vinífera 
L.)

Yogurt ✓ _ [92]

Green tea (Cammelia 
sinensis L.)

Bread ✓ _ [93]

Guava flower (Psidium 
guajava)

Bread melanoidins ✓ _ [94]

Pomegranate fruit 
(Punica granatum L.)

Yogurt and pasta ✓ _ [95, 96]

Pomegranate peels 
(Punica granatum L.)

Ice cream ✓ _ [97]

Rosemary (Rosmarinus 
officinalis L.)

Cottage cheese ✓ _ [98]

Veronicas (Veronica 
montana L.)

Cream cheese _ ✓ [99]

Table 3. 
Phenolic compounds used as nutraceuticals or bioactive compounds in functional foods.
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of their antioxidant, antimicrobial, and other beneficial effects in the prevention 
and treatment of certain diseases. The incorporation of these compounds in food 
can be carried out directly in free form; however, microencapsulation technology 
has emerged as a very effective and promising strategy to ensure the bioavail-
ability of these compounds and help overcome the problems of food processing 
and intake [84]. After ingestion, these compounds are absorbed into the blood, 
causing changes in various cellular mechanisms, thus preventing various diseases. 
Many kinds of literature have proved the biological activity of phenolic compounds 
in various plants and fruits, and few studies have reported its application in the 
development of functional food or nutritional preparations (Table 3).

9. Potential toxicity

In recent past years, the potential toxicity of some polyphenols, such as cat-
echins, to DNA of mouse spleen cells has been reported. DNA can be damaged due 
to high concentration of catechin on spleen cells of mice [100]. In addition, grape 
extract could also promote sister chromatid exchange induced by mitomycin C in 
human peripheral blood lymphocyte at a concentration of 75–300 μg/mL [101]. At 
the same concentration, the mixture of caffeic acid, gallic acid, and rutin hydrate 
could enhance mitomycin C induced fragmentation. In addition, after 24 h or 
more of high concentration epicatechin treatment, there was a significant negative 
effect on fibroblasts and keratinocytes. In addition, compounds with gallate groups 
showed more potential toxicity than compounds without gallate groups [102]. The 
results showed that polyphenols could play a positive role in the safe concentra-
tion range. However, polyphenol concentration is not the only determinant, and 
its negative effects are related to synergistic effects and exposure time. Therefore, 
the dosage and composition of polyphenols should be further studied for safe and 
healthy application [103].

10. Conclusion

Phenolic compounds, group of antioxidant phytochemicals have health promot-
ing effects and potential to decrease the chances of chronic diseases linked with 
high consumption of fruits, vegetables and cereals. Several epidemiological studies 
relate health promoting effects of plant-based foods to phenolic compounds. Still, 
there is a deficiency of studies and research work regarding metabolic pathway of 
these compounds; leading to a less understanding of their mechanism of action. 
Therefore, it’s essential to conduct further research to create improved approaches 
to take advantage of health promoting effects of these compounds.
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Polyphenols and Athletic 
Performance: A Review on Human 
Data
Stefania D’Angelo

Abstract

Exercise-induced aerobic bioenergetic reactions in mitochondria and cytosol 
increase production of reactive oxygen species. Many efforts have been carried out 
to identify dietary strategies or micronutrients able to prevent or at least attenu-
ate the exercise-induced muscle damage and stress. A lot of studies are about 
how effective dietary intervention and oral antioxidant supplementation may 
be in reducing oxidative stress in athletes who exercise intensively. Commonly 
used nonenzymatic supplements have been proposed as ways to prevent exercise-
induced oxidative stress and hence improve adaptation responses to endurance 
training. Plant-derived bioactive compounds can repress inflammation by inhibit-
ing oxidative damage and interacting with the immune system. This review focuses 
on polyphenols and phytochemicals present in the plant kingdom that have been 
recently suggested to exert some positive effects on exercise-induced muscle dam-
age and oxidative stress. This review will summarize some of the actual knowledge 
on polyphenolic compounds that have been demonstrated both to exert a significant 
effect in exercise-induced muscle damage and to play a biological/physiological role 
in improving physical performance. Overall, the pooled results show that polyphe-
nols are viable supplements to improve performance in athletes.

Keywords: antioxidant, athletic performance, nutrition, polyphenols,  
oxidative stress, sport

1. Introduction

Many authors have noted that physical exercise induces an increase in produc-
tion of free radicals and other reactive oxygen species (ROS) [1]. Current evidence 
indicates that ROS are the primary reason of exercise-induced disturbances in 
muscle redox balance, and it was observed that severe disturbances in redox balance 
have been shown to promote oxidative injury and muscle fatigue impairing the 
exercise performance [2, 3].

During the physical exercise practice, it is possible for the activation of some bio-
logical processes, such as the macrophages infiltration, the movement of electrons that 
occurs at the level of the transport chain on the mitochondrial ridges, the catabolism 
pathway of the purines, or the reaction catalyzed by the enzyme xanthine oxidase, 
which all may lead to the release of ROS. On the basis of the above-mentioned infor-
mation, sportsmen have to improve their antioxidant defense systems to overcome the 
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exercise-induced oxidative damage. It is well established that the increase in reactive 
oxygen species and free radical production during exercise has both positive and 
negative physiological effects. In 2008, for the first time, moderate exercise has been 
defined as an antioxidant, explaining that the mild burst of ROS, generated by train-
ing, acts as a signal responsible for the activation of signaling pathways that lead to the 
induction of antioxidant enzymes in human tissue [4]. To prevent these hypothetically 
negative or side effects of physical exercise, supplementation with different types of 
antioxidants has been used in a great number of studies [2].

The term “antioxidant” in general indicates the molecules capable of preventing, 
delaying or, in some cases, completely canceling oxidative damage to specific target 
molecules. For example, the superoxide dismutase enzyme, the catalase enzyme, 
and the glutathione peroxidase enzyme are endogenous antioxidants; glutathione, 
vitamins E, C and A, and coenzyme Q10 (CoQ10) are nonenzymatic molecules with 
antioxidant properties [5].

The antioxidants can also be taken through the “exogenous antioxidant” diet, 
and this supplementation can improve the ability to protect muscle fiber, dur-
ing training, from oxidative damage caused by fatigue. In fact, the deficiency of 
antioxidants could induce an increased predisposition to oxidative damage induced 
by exercise and therefore compromise the sporting performance [6].

Over the past few decades, many attempts have been made to improve anti-
oxidant potential, and therefore increase physical performance by improving 
nutrition, training programmers, and other related factors. Recently, the problem 
of whether or not athletes should use antioxidant supplements is an important and 
highly debated topic.

In the context of this chapter, information in brief about the well-known and 
recently used antioxidants in particular the polyphenols is given. This review 
describes only human trials. The effects of these antioxidants on exercise perfor-
mance and exercise-induced oxidative stress are also explained.

2. Oxidative stress and antioxidants

All aerobic organisms constantly synthesize free radicals as part of normal 
metabolic processes. Free radicals are chemical species with an unpaired electron in 
their outermost orbital; the free radicals that can be formed precisely by the oxygen 
molecules are indicated by the acronym ROS, that is, reactive oxygen species [7, 8].

Free radicals and reactive oxygen species are the main oxidizing agents in cellu-
lar systems and are involved in aging and the onset of many types of diseases. They 
are physiologically produced in different cellular biochemical reactions occurring 
in the body, such as in mitochondria for aerobic oxygen production, in fatty acid 
metabolism, in drug metabolism, and during activity of the immune system. On the 
other hand, free radicals can also be produced by exogenous factors such as pollu-
tion, bad lifestyle habits, UV rays, ionizing radiation, and psychophysical stress 
resulting from intense physical activity [9–11]. Although these free radicals have 
positive effects on immune reactions and cellular signaling, they are also known 
to have negative effects, such as oxidative damage of lipids, proteins, and nucleic 
acids. Organisms are equipped with antioxidant defense systems that protect cells 
from the toxic effects of free radicals [9–11].

Antioxidants are molecules able to give an electron to free radicals, neutralizing, 
diminishing, or eliminating their ability to damage cells and the main biomolecules 
such as nucleic acids, proteins, and lipids.

As already mentioned, it is possible to divide the antioxidants into two catego-
ries: enzymatic antioxidants, such as the enzyme superoxide dismutase (SOD), the 
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enzyme glutathione peroxidase, or the enzyme catalase; nonenzymatic antioxi-
dants, such as glutathione, vitamin E, vitamin C, and bilirubin.

These “endogenous” antioxidants have the function of delaying or preventing the 
oxidation of extracellular and intracellular biomolecules. We know that even antioxi-
dants taken from the diet, such as vitamins and minerals, can condition the oxidative 
state of the body. Some mammals, except humans, possess the biochemical mecha-
nism that allows them to synthesize vitamin C. And this information can be useful 
for the purpose of supplementary integration during a sports performance [9].

Therefore, oxidative stress produces oxidative damage that can influence various 
physiological functions and can be defined as an imbalance between oxidants and 
antioxidants in favor of oxidants.

The production of ROS induced by exercise is an important signaling path for 
inducing biological adaptations to training, but ROS production could also have a 
deleterious impact on cells and tissues, that is, lipid and protein peroxidation. This 
concern has led some experts to suggest consuming more dietary supplements and 
supplements containing antioxidant to mitigate ROS production which can cause 
excessive oxidative stress during and after exercise [9–12].

2.1 Oxidative stress and physic activity

We have said that free radicals are normally generated during various physi-
ological mechanisms. But their production increases considerably during a physi-
cal activity; in this situation, the skeletal muscles need a greater oxygen supply, 
resulting in an obvious change in the blood flow between the various organs. 
Subsequently, muscle damage induced by physical exercise causes infiltration of 
phagocytes (macrophages and neutrophils) in the area where the lesion occurred. 
All these physiological changes that occur during acute exercise cause an increase 
in the production of ROS, with consequent oxidative damage to the biomolecules. 
Through the use of biochemical and molecular techniques, it is now possible to 
evaluate events that occur at the cellular level and demonstrate in an increasingly 
precise manner, as free radicals certainly play a role in the physiological adaptations 
observed in the athlete after training. But free radicals generated by exercise can 
have both positive and negative physiological effects [10].

Exercise-induced oxidative stress associated with increased free radical produc-
tion has been studied for 40 years, since it was first reported in 1978. In the study, 
subjects perform a 60-min cycle ergometer exercise at 50% VO2 max intensity and 
reported increased levels of expired pentane, an index of lipid peroxidation [10]. 
Subsequently, in 1987, a study was carried out on six young men who performed 
an incremental load exercise on a cycle ergometer until it was exhausted, and it 
was discovered that the blood levels of reactive substances to thiobarbituric acid 
(TBARS), another marker of lipid peroxidation, increased [24]. In another study, in 
1988, in which eight highly trained young men performed cycle ergometer exercise 
for 90 min at 65% VO2 peak intensity, the levels of GSH, a nonenzymatic antioxi-
dant, decreased, whereas the GSSG levels conversely increased [10].

The expression of the proteins involved in mitochondrial biogenesis, that is, the 
receptor gamma-activator receptor activated by the peroxisome alpha proliferator 
(PGC-1α) is increased by regular resistance training. In fact, ROS stimulates the 
cascade of mitochondrial biogenesis precisely in response to endurance training, 
that is, the chronic muscular contractions [12]. The newly formed mitochondria are 
highly efficient and have the capacity to synthesize less ROS for the same amount of 
adenosine triphosphate product, that is, they are more functional.

For example, expression of PGC-1α in skeletal muscle was significantly 
increased following 4 weeks of endurance training [13], indicating a skeletal muscle 
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contraction-stimulated mechanism of mitochondrial biogenesis. During muscle 
contraction, ROS can also be generated through mechanisms that do not involve 
the mitochondria. In fact, it has been shown that muscle contraction causes an 
increase in superoxide ion in the cytosol, before the increase in mitochondria occur. 
It has been hypothesized that the activity of nicotinamide adenine dinucleotide 
phosphate-oxidase (NADPH) causes the superoxide ion to increase in the cytosol 
[14]. Accordingly, ROS production (level of H2O2) was previously shown to increase 
in isolated mitochondria after acute muscle contraction in comparison with rested 
skeletal muscle biopsy sample [10].

ROS production leads to muscle fiber damage, which eventually results in 
muscle fatigue.

ROS production leads to damage to the muscle fiber, which then results in 
muscle strain. However, increasing evidence suggests that small stimuli, such as 
a low concentration of ROS, are able to stimulate the transcription of the major 
genes that encode proteins with antioxidant power. Superoxide dismutase (SOD) 
and glutathione are the examples of important molecules capable of defending cells 
from ROS-induced oxidative stress. Being able to deepen the mechanism of correla-
tion between muscle fatigue and oxidative damage could be an important strategy 
for nutritional interventions aimed at increasing the performance of the exercise. 
An effective strategy could be antioxidant supplementation, considering the effects 
of scavenging ROS, which could lead to a decrease in muscle damage caused by 
prolonged exercise [14].

To date, there has been a plethora of reports on the effects of acute aerobic 
exercise on oxidative stress markers. Most of these studies have been conducted on 
young healthy men, and the difficulty of linking the various studies depends on the 
fact that, in each study, the training status is different. The most common exercises 
are those in which the athletes analyzed use a cycle ergometer or treadmill, in which 
the subjects, in an air-conditioned laboratory, generally engage in a maximal or 
submaximal exercise for 10–90 min.

Other studies have evaluated the effects of eccentric contraction exercises, such 
as downhill exercises. The most analyzed biological sample is blood. In a limited 
number of studies, skeletal muscle, exhaled air, and urine were also examined. 
Oxidation products of lipids, proteins, and DNA (i.e., MDA, PC, and 8-OHdG) 
have been used as oxidative stress markers; antioxidant levels and the redox balance 
in tissues were also assessed [3, 8].

Oxidative stress can be induced by aerobic exercise, but it can also be activated 
by anaerobic exercise. In fact, in addition to studies using sprint exercises, other 
studies have evaluated the effects of resistance exercises (formation of muscle 
groups throughout the body through the use of different types of resistance exer-
cises) on oxidative stress markers. In a study in which 12 highly trained youths 
performed three sets of eight types of resistance exercise at 10 repetition loads, 
levels of malondialdehyde, a marker of lipid peroxidation, increased in the blood  
[8, 9]. This is one of the many tests that demonstrate that resistance exercises 
involving the whole musculature of the body modify the blood levels of oxidative 
stress markers [8]. But also local resistance exercises (defined as exercises that train 
a specific muscle group using a single type of resistance exercise) modify the oxida-
tive stress markers of the blood [8]. While all these studies have assessed oxidative 
stress by measuring the change in blood parameters, other studies have observed 
muscle biopsies, to demonstrate that local resistance exercises increase oxidative 
stress in skeletal muscles [8].

On the other hand, other studies have shown that levels of oxidative stress in 
the blood are not conditioned by resistance exercises. Probably, the discrepancy 
of this data may have been conditioned by the training status. However, a study 
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of individual changes in oxidative stress responses to eccentric exercise demon-
strated high inter-individual variability after exercise of eccentric knee exten-
sion, even in subjects with the same training status [8]. Furthermore, this study 
showed that in about one person in three exercise-induced oxidative stress was 
unexpected or negligible (response rate of 5% or less). These data reasonably sug-
gest that the inconsistencies between the various results, both for the anaerobic 
and aerobic exercises, can be caused both by the training status, but also by the 
great inter-individual variability of the response to the oxidative stress induced by 
physical activity [3, 8].

2.2 Antioxidants and exercise

An active debate still exists on the effect of antioxidant supplementation on 
exercise-induced oxidative stress. Typical treatment generally includes vitamins 
A, C, and E, at various dosages, administered alone or in combination, chronically 
or acutely [15, 16]. Of these, vitamins C and E have been used more frequently in 
clinical and experimental studies, mostly because of their safety profile and easy 
availability [15]. One study showed the administration of vitamin C (500 mg, a 
moderate dose), reduced exercise-induced lipid peroxidation, and muscle damage 
in an untrained male group compared to the placebo group; on the contrary, it had 
no effect on inflammatory markers [17].

Other less-used antioxidants include coenzyme Q10 and N-acetylcysteine [15].
Regarding the endpoints, it is possible to hypothesize that the antioxidant could 

be effective in particular conditions in terms of training; for example, a specific 
moment of training (for example, before or after the race) or a type of sport com-
pared to another (e.g., anaerobic versus aerobic).

Therefore, to decide whether to administer an antioxidant supplement, the 
selection and detailed description of the appropriate training stimulus and/or 
monitoring of the athlete during the training phases is necessary [15].

However, it is important to underline that numerous studies report negative 
effects of antioxidants. It is hypothesized that one of the motivations for the contro-
versy is the different population analyzed in the studies.

In most of the studies in which a benefit of antioxidant supplementation 
was demonstrated in attenuating muscle damage and oxidative stress following 
endurance exercise, data on samples of sedentary and nonresistant subjects were 
analyzed. The endogenous antioxidant defenses of trained subjects could be over 
regulated and therefore these subjects may not benefit greatly from the use of 
exogenous antioxidants [15]. Furthermore, another big difference is represented 
by the different types of exercise; in fact, we move from the exercise of short-term 
resistance to the exercise of long-term resistance. In fact, aerobic endurance exer-
cise will surely induce, due to the massive use of oxygen, a different flow of radicals 
with respect to the exercise of anaerobic resistance [15].

Recently, a large body of literature has highlighted a potential relationship 
between oxidative stress and the bioactive compounds present in plant foods. In 
particular, the researchers’ attention has been shifted to the effects of a peculiar 
class of bioactive nutraceutical compounds, that is, polyphenols.

The study of phenolic compounds present in food has attracted great interest 
since the 1990s due to the growing evidence of their beneficial effect on human 
health. One of the first studies that stimulated the interest of scientists is the epide-
miological study of Zutphen. In this research, an inverse association was proposed 
between the intake of foods rich in polyphenols and the incidence of diseases, such 
as diabetes mellitus, cardiovascular diseases, and cancer [18] and in particular of 
those pathologies associated with an evident oxidative stress.
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Therefore, efforts to develop dietary strategies against oxidative stress caused 
by physical activity are being made and recently, there has been a growing interest 
in investigating the potential of polyphenols to modulate physical performance and 
prevent oxidative stress.

3. Polyphenols

Human diets are rich in polyphenols; western populations consume an estimated 
1–2 g/day polyphenols, mainly from fruits, vegetables, and beverages such as tea, 
coffee, wine, and fruit juices. Polyphenols exert a range of biological activities, 
and various epidemiological studies and clinical trials have linked their intake with 
a reduced risk of chronic diseases, such as coronary heart disease, stroke, type II 
diabetes, and some cancers. There has recently been growing interest, supported by 
a number of epidemiological and experimental studies, on the possible beneficial 
effects of polyphenols on brain health.

For this reason, these phytochemicals are currently considered important 
components of a healthy diet, and it is believed that the health benefits of a diet rich 
in fruit and vegetables are to be attributed to these molecules. For example, the pro-
tective effects of tea against cardiovascular disease or coffee against type II diabetes 
could be explained by the large concentration of catechins present in these drinks.

As a consequence, the scientific and commercial interest in these phytochemi-
cals has increased considerably in recent years; in particular, there are numerous 
works in which topics concerning their bioavailability, bioactivity, metabolism, and 
health effects have been addressed [19–21].

3.1 Nomenclature, classifications, and occurrence in foods

Polyphenols are classified into flavonoids and nonflavonoids, according to the 
number of phenol rings and structural elements bound to these rings.

Flavonoids represent the largest group of polyphenols. The chemical structure 
is characterized by 15 carbon atoms, derived from the flavone and all share certain 
properties. They are mainly soluble in water; usually, they are present in the plant 
as glycosides and in the same plant, there can be a flavonoid aglycone in combina-
tion with different sugars. Their name derives from flavus (=yellow) and refers 
to the role they play as plant pigments. The coloring that they give to the tissues 
depends on the pH. A specific group of flavonoids, the anthocyanins, is responsible 
for the red, blue, and violet colors of flowers and fruit and is therefore very impor-
tant as a mediator of pollination. It is therefore not surprising that the variety of 
shades of color associated with anthocyanins has been increasing through the 
evolutionary process.

There are six dietary groups of flavonoids:

• flavones (luteolin and apigenin), which are found in parsley, capsicum pepper, 
and celery;

• flavonols (kaempferol, quercetin, and myricetin), which are found in onions, 
leeks and broccoli, cherry tomato, apple, berries, beans, tea and red wine;

• flavanones (hesperetin, naringenin, and eriodictyol), mainly present in 
orange, lemon juice, grapefruit, and herbs (oregano);

• isoflavones (genistein and daidzein), which are mainly found in soybeans;
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• flavanols (catechin, epicatechin, and gallocatechin), abundant in green tea, 
apple, red wine, cocoa, chocolate and may be present as monomers or as 
oligomers; in particular flavan-3,4-diol polymerization produces so-called 
“condensed tannins”: they are also the origin of the catechins and probably 
polymerize with them to give the proanthocyanidins;

• anthocyanidins or anthocyanins (delphinidin, pelargonidin, cyanidin, mal-
vidin, and petunidin), whose sources include red wine, berries, blackcurrant, 
and cherry [22–25].

The nonflavonoid group can be separated into three different classes: phenolic 
acids, stilbenes, and lignans.

Phenolic acids can be found in many plant species, in dried fruit. The most com-
mon phenolic acid are:

• caffeic acid is generally the most abundant phenolic acid and is mainly found 
as a quinic ester; present in many fruits and vegetables; it is a major phenolic 
compound in coffee;

• chlorogenic acid is the ester of caffeic acid and quinic acid; it is present in 
blueberries, kiwis, prunes, and apples;

• ferulic acid present in cereals, which is esterified to hemicellulose in the cell 
wall.

The best studied stilbene is resveratrol, and it can be found in cis or trans, 
or glucosylate, or in lower concentrations as the parent molecule of a family of 
polymers such as the food sources of viniferine, pallidol, or ampelopsin A. The 
resveratrol is found in particular in the grape skin and in the wine, to a greater 
extent in the red one.

Lignans (secoisolariciresinol, matairesinol, medioresinol, pinoresinol, and 
lariciresinol) are found in high concentration in linseed and in minor concentration 
in algae, leguminous plants, cereals, vegetables, and fruits [22–24].

To the large group of polyphenols are also added some molecules that form a 
separate category, compared to the four high. These include tyrosol and curcumin, 
which have long been discussed for potential health benefits.

The main classes of polyphenols present in the common diet are the flavanols, in 
particular the catechins and tannins of tea; the flavanones, mostly hesperidin pres-
ent in citrus fruits; flavonols, such as quercetin in tea, apples, and onions; hydroxy-
cinnamic acids, phenolic acids, abundant in coffee and many fruits and vegetables; 
anthocyanins, polyphenols responsible for the color of fruit and vegetables.

Among others, fruits like apples, grapes, pears, and berries typically contain 
high amounts of polyphenols (200–300 mg/100 g). Other polyphenol compound 
is curcumin (1,7-bis-(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione), a 
member of the curcuminoid family. It is found in turmeric, a spice produced from 
the rhizome of Curcuma long. Moreover, olive oil is a source of at least 30 phenolic 
compounds; the three phenolic compounds found in the highest concentration in 
olive oil are oleuropein, hydroxytyrosol, and tyrosol [21, 23].

Since agriculture was developed in 10,000 bc, humans have been modifying 
plant secondary metabolite profiles. By selecting fruit, flower, and vegetable colors, 
farmers involuntarily elected higher anthocyanin content, whereas in selecting 
for scents, they modified volatile phenolics. Anyway, as regards the content of 
polyphenols present in foods, it seems impossible to classify basic foods in terms of 
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“how many polyphenols they provide annually”. However, the most important food 
products, consumed in large quantities, which are the main source of polyphenols, 
are fruits and vegetables, green and black tea, red wine, coffee, chocolate, and extra 
virgin olive oil.

Even herbs and spices, nuts and algae are possible sources of food polyphenols; 
this depends on the culinary traditions and habits.

In 2010, a website was created (www.phenol-explorer.eu) containing over 
35,000 content values for 500 different polyphenols in over 400 foods [16, 26].

Numerous factors can affect the content of polyphenols in food, may be envi-
ronmental factors, such as exposure to the sun, precipitation, different types of 
crops, different types of soil, yield in fruits for the tree, degree of ripeness, but also 
conservation and methods of culinary preparation [27, 28].

3.2 Bioavailability of polyphenols

Bioavailability is defined as the fraction of a nutrient that the body is able to 
absorb and use for its physiological functions. Bioavailability may vary in relation 
to numerous factors, depending in part on the nature of the food and partly on the 
characteristics of the organism that assumes it. It is evident that bioavailability is 
very important in the nutritional field, but often neglected. A compound could 
have strong antioxidant activities or other biological activities in vitro, but if it 
were not bioavailable, if only a small amount of this type reached the target tissues, 
the molecule would have little biological activity in vivo. It is therefore essential to 
estimate the bioavailability of the polyphenols in order to set up effective nutri-
tional protocols.

There are numerous studies carried out in vitro, then performed using as 
experimental models cultured cells or tissue slices, which provided fundamental 
information to understand the beneficial effects of polyphenols.

Despite the encouraging results, it is advisable to be very cautious in interpreting 
and extracting the data obtained in these experiments. Indeed, aglycons are often 
tested instead of active metabolites. Many researchers, when trying to unravel 
the physiological mechanisms involved in the health effects of polyphenols, often 
analyze the properties of a compound of little biological relevance. The dose used 
is also important, which should, in reality, be approximated to real life condi-
tions. In vitro concentrations commonly range from low μmol/L to mmol/L, while 
plasma metabolite concentrations, after a normal dietary intake, rarely exceed 
nmol/L. Using excessive doses in experiments performed in vitro could “force” posi-
tive outcomes; therefore, the results obtained must be extrapolated with great care 
in in vivo situations [23, 29].

3.3 Biological effects

Historically, polyphenols were mostly of interest to botanists, as they play many 
roles in plants. In the 1990s, polyphenols were classified as general antioxidants 
[30], and it was thought that it was easy to explain their activity. The reality of 
polyphenols is much more complex: biological effects involve detailed biochemical 
interactions with pathways at the molecular level. Much progress has been made in 
the last few decades.

Although the chemical structure gives polyphenols primarily an antioxidant 
activity, this property does not necessarily represent their biological effect, since 
any action on the organism depends on both bioavailability and molecular targets.

The overall effect of these phytochemicals on the reduction of disease risk is 
supported by epidemiology, where foods and beverages rich in polyphenols are 
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protective against the development of certain chronic diseases, in particular cardio-
vascular diseases, type 2 diabetes, and cancer [21, 31–35].

In recent years, revisions have been published supporting a new effect of poly-
phenols, that is, their role as supplements in athletic performance [11, 12].

However, despite these reviews, the overall effect of polyphenols on perfor-
mance is inconclusive as most studies involve a small sample size.

Polyphenols are natural antioxidants present in the human diet in which they 
can reduce the damage due to the production of ROS. The chemical characteristics 
of the polyphenols allow them to act as direct scavengers of free radicals, such as the 
catechol group on the B ring, the presence of hydroxyl groups on the 3 and 5 posi-
tion, and the 2,3-double bond in conjugation with a 4-oxofunction of a carbonyl 
group in the C-ring [9]. However, polyphenols can also behave as pro-oxidants at 
high doses or in the presence of metal ions, leading to DNA degradation. There is no 
evidence of systemic pro-oxidant effect of polyphenols in humans [21, 36]. Because 
of the low bioavailability and the kinetic constraints, the direct antioxidant activity 
of the polyphenols appears to be ineffective in vivo. Therefore, it has been hypoth-
esized that the beneficial effects are not due to the direct scavenger properties on 
ROS, but to an indirect antioxidant action. In fact, polyphenols can modulate gene 
expression by inducing the endogenous antioxidant enzyme defense system.

4. Polyphenols action on athletic performance

As of today, a lot of studies are on polyphenols and physical exercise and in 
particular the polyphenolic compounds that have been demonstrated both to exert a 
significant effect in exercise-induced muscle damage and to play a biological/physi-
ological role in improving physical performance. The effects of different polyphe-
nols have been investigated in a wide range of exercise conditions, using a variety 
of supplementation strategies, timing, and dosage. Until a few years ago, despite 
the active search for “natural,” polyphenol-rich extracts that might enhance physi-
cal performance and decrease oxidative damage because they are antioxidants, the 
information we had was very limited and in some cases, they suggested the converse 
[37]. But in recent years, studies have increased considerably, and more information 
is now available on the effect of polyphenols on sports performance [14, 38–42].

4.1 Quercetin

Among nutraceutical compounds, flavonoids are the mainly studied ones for 
their positive effects on human health, and some of them have been proposed to 
be beneficial in exercise and exercise performance. Among flavonols, quercetin 
accounts for about 13.82 mg/day, resulting in being one of the most abundant 
flavonols in Western diet. Quercetin (3,4,5,7-pentahydroxylflavone) is a natural 
bioactive flavonoid, mainly present as quercetin glycosides (rutin, spiraeoside, 
troxerutin, quercitrin, isoquercetin, and hyperoside). It is distributed in a wide 
variety of natural foods, such as nuts, grapes, broccoli, and black tea; it is found in 
apples, berries, onions, grapes, and tomatoes as well as in some medicinal plants as 
Hypericum perforatum and Gingko biloba [42].

Antioxidant properties of quercetin are attributed to its chemical structure, 
particularly the presence and location of the hydroxyl (–OH) substitutions. 
Quercetin supplementation studies in athletes have focused on the potential effects 
of exercise-induced inflammation, oxidative stress, immune dysfunction, and 
exercise performance [42]. The first human exercise study investigating quercetin 
supplementation was published in 2006, with many more published in the past 
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“how many polyphenols they provide annually”. However, the most important food 
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few years and continuing to be published. When athletes are studied, most of the 
researches have failed to find an ergogenic effect, in contrast to that of a study of 
elite cyclists, who exhibited an improvement of their aerobic performance, and 
another study indicated that administration of quercetin (1200 mg) for 6 weeks 
resulted in performance improvement in cyclists [43].

The effects of quercetin supplementation in cycling athletes have been investi-
gated [44]. Forty athletes were recruited and randomized to quercetin or placebo. 
Subjects consumed 1000 mg quercetin or placebo each day for 6 weeks before and 
during 3 days of cycling at 57% work maximum for 3 h. Despite previous data dem-
onstrating potent antioxidant actions of quercetin in in vitro and animal models, 
long-term quercetin supplementation was not able to exert any preventive effect 
on exercise-induced oxidative stress and inflammation biomarkers. In another 
study, the influence of 1000 mg quercetin with or without 120 mg of epigallocat-
echin 3-gallate, 400 mg of isoquercetin and 400 mg of eicosapentaenoic acid and 
docosahexaenoic acid was evaluated on sports performance, biogenesis of muscle 
mitochondria and changes of markers of immunity and inflammation before and 
after a 3-day period of heavy effort. Two-week supplementation with polyphenols 
was effective in augmenting inflammation after 3 days of heavy exertion in trained 
cyclists. The feeding of untrained healthy men and women was supplemented 
with 1000 mg quercetin for 7 days, and the effect on VO2 max and fatigue time was 
evaluated using a bicycle ergometer. Both fatigue (13.2%) and VO2 max (3.9%) 
increases were found [42].

Other studies have analyzed the effect of quercetin on exercise performance, 
some reporting positive effects, while others do not, but to our knowledge, an 
increase in mitochondrial biogenesis has not been reported in human even though it 
has been shown a modest and insignificant increase in relative mitochondrial DNA 
copy number following quercetin supplementation [45].

A meta-analysis results have demonstrated that polyphenol supplementation for 
at least 7 days increases performance by 1.90%. Sub-analysis of seven studies using 
quercetin identified a performance increase of 2.82% [41]. There were no adverse 
effects reported in the studies in relation to the intervention. Polyphenol supple-
mentation for at least 7 days has a clear moderate benefit on performance in healthy 
individuals. The performance benefits caused by quercetin supplementation are 
higher than those of other polyphenols. Further research is needed to confirm the 
optimal dose, even if a major intake could improve performance response.

Overall, the pooled results show that quercetin is viable supplement to improve 
performance in healthy individuals.

4.2 Catechins: green tea extract

Although quercetin is the most studied flavonoid in relation to exercise, other 
molecules are under investigation for their ability to prevent exercise-induced 
muscle damage and to affect physical performance. As of today, many studies on 
polyphenols and physical exercise concerned in supplementation with antioxidants 
like the green tea extract (GTE) from Camellia sinensis. GTE extract is rich in poly-
phenols, with flavonoid structure, including epigallocatechin gallate, epicatechin, 
epigallocatechin, and epicatechin gallate, which result in a powerful antioxidant 
activity [22–25]. Green tea supplementation has been advocated as a strategy to 
improve exercise recovery due to the activity of its catechins with high antioxidant 
and anti-inflammatory potential [46–48].

Although most studies on green tea have been performed in animals, a consider-
able amount of data is now available in humans. A green tea extract rich in catechins 
and caffeine increases the daily energy expenditure in humans. More recently, an 
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acute dose of green tea extract has been evaluated on healthy untrained men in a 
30 min cycling test at 60% VO2 max [46–48].

Other studies showed that GTE supplementation might reduce oxidative stress 
and promote improvement in the maximal oxygen uptake during cycling to exhaus-
tion. Furthermore, GTE can reduce muscle soreness resultant of eccentric exercise 
and decrease markers of muscle damage after eccentric exercise, intense aerobic 
exercise, and strength exercises. Similar effects were not found when a single-dose 
of GTE was intake before intense muscle-endurance. The effects described for GTE 
supplementation suggest that GTE supplementation could be a valuable strategy for 
preserving performance during repeated periods of exercise that cause cumulative 
fatigue [47, 48].

Jowko et al. have tested the activities of green tea catechins in healthy individuals 
and soccer players and have been found to be very modest protection from oxidative 
damage in the first and no effect in the second [47].

Furthermore, it should be understood whether the supply of catechins 
increases or decreases the performance, in addition to the alleged cellular antioxi-
dant activities. It has been tested a combination of epigallocatechin-gallate and 
N-acetylcysteine in healthy volunteers who performed eccentric exercise bouts [49]. 
In another study, the 4-week green tea extract supplement in previously untrained 
men increased the total plasma antioxidant potential and prevented oxidative dam-
age. In another study, the protective effect of green tea drinks on oxidative stress 
and muscle damage parameters was also observed in weight-trained men [47, 48].

GTE supplementation protected against oxidative stress is induced by acute 
muscular endurance test, as well as against muscular damage induced by the 
training alone. Similar observations were reported in a study [50] about a group of 
resistance-trained men. In both cited studies, significant decrease in post-exercise 
plasma creatine kinase activity was noted as a result of supplementation.

However, GTE supplementation provided no protection from exercise-induced 
muscle damage. On the other hand, a number of previous studies revealed 
intensified muscle damage and hindered recovery as a result of antioxidant 
 supplementation [47, 48].

Supplementation with GTE prevents oxidative stress induced by high-intensity 
repeated sprint test in male sprinters. On the other hand, neither protection from 
exercise-induced muscle damage, nor an improvement in sprint performance was 
noted after GTE intake. The use of GTE as a supplement is probably not useful in the 
case of sprinters, at least during the preparatory phase of their annual training cycle. 
Instead, the effects of taking GTE during the competition phase of the annual train-
ing cycle, being associated with a considerably greater exercise load, should be the 
subject of other research. Supplementation with green tea extract prevents oxidative 
stress induced by two repeated cycle sprint tests in sprinters. Furthermore, GTE 
supplementation does not seem to hinder training adaptation in antioxidant enzyme 
system. On the other hand, neither prevention of exercise-induced muscle damage, 
nor an improvement in sprint performance is noted after GTE administration [46].

Taken together, data from available studies seem to suggest that catechins can 
improve physical performance particularly in term of endurance capacity and VO2 
max in untrained subjects, and the same results could be reached in physically 
active people and well-trained athletes.

In conclusion, it is possible to state that supplementation of green tea extracts 
before a cumulative fatigue event minimizes muscle damage and oxidative stress in 
trained athletes. It also has positive effects on neuromuscular parameters related to 
muscle activation and muscle fatigue. Therefore, the use of GTE as a supplement 
can be considered a valid strategy in the context of competitive sport of resistance, 
which aims at the performance of athletes and the recovery of the exercises [48].
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4.3 Resveratrol

At the beginning of the 90s, the idea was born that resveratrol, a compound 
present in red wine, could contribute in part to the “French paradox,” the presumed 
phenomenon for which in France, despite the relatively high consumption of 
foods rich in acids saturated fat, the incidence of mortality from cardiovascular 
disease was relatively low, lower than other dietetically comparable countries [51]. 
Resveratrol (3,4′,5-trihydroxystilbene, RES) is a small polyphenol compound freely 
available in food supplements, and it is found in various berries, nuts, in the seeds 
and skins of grapes, red wine, mulberries, peanuts and rhubarb and other plants 
sources, including traditional Asian medicines [22, 23].

RES is an important activator of the sirtuin proteins and genes (SIRT, silent 
information regulators), causing an increase in the use of energy, and therefore, 
reinforcing the mitochondrial function. Sirtuins are silent, but significant regula-
tors of metabolism, cancer, aging, and longevity; they are enzymes associated with 
the signal transduction pathways connected to stress [52].

Only few studies have investigated resveratrol ability in humans to modulate 
exercise performance, and some evidence suggests that it could play a role improving 
endurance capacity. There is a growing interest in the association between RES and 
exercise, because it has been hypothesized that the administration of RES can produce 
favorable effects on the rejuvenation of the liver cells, preserves the liver glycogen 
stores decreased during physical activity, and exercises a regulatory effect on glucose 
metabolism. To date, most of the studies that have investigated the effect of resvera-
trol administration on patient outcomes have been limited by their sample sizes.

In a study involving 14 athletes, RES supplementation was shown to inhibit the 
lipid peroxidation caused by exercise. In a study, it has been demonstrated that a 
combination of resveratrol and exercise training increased time to exhaustion com-
pared to exercise training. The authors suggested that resveratrol optimizes fatty 
acid metabolism, which may contribute to the increased contractile force response 
of skeletal muscles [53]. Despite the inconsistency among reports regarding the 
topic, it has been suggested that RES delays fatigue by hindering lipid peroxidation, 
and recently there has been an interest in the capability of resveratrol to modulate 
physical performance and prevent oxidative stress. Currently, most clinical trials 
have been conducted with small samples, a wide range of dose levels and groups 
studied. As a result, it is difficult to establish a specific safety/efficacy range for the 
RES assay. Many conflicting discrepancies and information must be resolved before 
recommending the use of resveratrol as a supplement in sports performance [54].

4.4 Polyphenols mixtures

In recent years, the research has focused on studying not only the action of 
individual polyphenols but also the biological effects of polyphenols mixtures.

In muscular myotubes incubated with polyphenolic extracts of blueberry fruits 
(Vaccinium corymbosum cv. Reka), a dose-dependent protective effect on oxidative 
stress was observed [55].

The dark chocolate polyphenols were held responsible for some positive effects 
of dark chocolate consumption during the year. The effects of regular dark choco-
late consumption (80 g/day for 2 weeks), rich in cocoa polyphenols, were analyzed 
on a sample of 20 active men. Plasma metabolites, hormones, and oxidative stress 
markers were evaluated after prolonged exercise. It has been observed that dark 
chocolate intake is associated with reduction of oxidative stress markers and 
increased mobilization of free fatty acids after exercise, but has no observed effect 
on exercise performance [56].
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It has been found that Ecklonia cava (a species of brown alga present in the 
ocean of Japan and Korea) polyphenols acute preexercise supplementation induces a 
slight but significant increase in time to exhaustion in healthy human subjects [57].

Anthocyanins represent a class of polyphenols whose use is spreading among 
sportsmen. They are easy to find in berries and other colorful fruits and vegetables.

They can act as antioxidants and anti-inflammatory and therefore can improve 
recovery from exercise. In vitro observations showed anthocyanin-induced activa-
tion and endothelial nitric hormone metabolite metabolism and human vascular 
cell migration. The mechanisms by which anthocyanin intake can improve exercise 
performance may include effects on metabolic pathways, blood flow, and peripheral 
muscle fatigue, or a combination of all three. However, in general, the effects of 
these polyphenols on physical performance are less clear. For example, the use of 
black currant showed effects on the performance of the exercise; less noticeable 
effects have instead been analyzed after a cherry intake. Therefore, probably, the 
benefits could be due to specific food-dependent anthocyanins [12, 14].

Yerba Mate (YM) is a South American plant, rich in polyphenols, saponins, 
and xanthines, of growing scientific interest because of its metabolic effects. YM 
has been shown to increase fat utilization during exercise in untrained humans. 
Its metabolic and physical performance effects were characterized in 11 well-
trained male cyclists. YM increased fat utilization during submaximal exercise and 
improved time trial performance [58].

Montmorency cherry concentrate is used as a supplement by the athletes of the 
Australian Institute, because it is rich in anthocyanidins. These cherries possess 
high anti-inflammatory and antioxidant capabilities, can improve sleep and reduce 
muscle damage and post-exercise pain [59].

Exercise-based studies evaluated the effects of cherry juice supplementation on 
recovery from maximum strength or resistance (duration>60 min), demonstrating 
the attenuation of markers related to both inflammation and oxidative stress [60].

Any response linked to accelerated recovery would appear beneficial when 
considering the large training load experienced by high performance athletes. In 
reverse, cherry juice (CJ) supplementation had no significant effect on the recov-
ery of Water Polo specific athletic performance. Probably, CJ supplementation may 
not be necessary for water-based nonweight bearing intermittent sports such as 
Water Polo [61].

Fourteen male students drank 12 fl oz. of a cherry juice blend or a placebo twice 
a day for eight consecutive days. A bout of eccentric elbow flexion contractions was 
performed on the fourth day of supplementation. Isometric elbow flexion strength, 
pain, muscle tenderness, and relaxed elbow angle were recorded before and for 4 
days after the eccentric exercise. Strength loss and pain were significantly less in 
the cherry juice trial versus placebo. These results show efficacy of the cherry juice 
in decreasing some of the symptoms of exercise-induced muscle damage [62]. 
Another study has demonstrated that Montmorency cherry juice consumption 
improved the recovery of isometric muscle strength after intensive exercise [63].

Regardless, future research should examine the use of CJ in other team sports 
before CJ can be recommended or excluded as an integrator to improve recovery 
after sport performance.

Blackcurrant (Ribes nigrum) fruits are a real mine of polyphenols, in fact they are 
rich in anthocyanins delphinidin-3-rutinoside, delphinidine-3-glucoside, cyanidin-
3-rutinoside, and cyanidin-3-glucoside. The health benefits are thought to be medi-
ated by the effect of anthocyanins on inflammatory responses, antioxidant activity, 
and endothelial function [64]. Moreover, blackcurrant intake increases forearm 
blood flow at rest, potentially mediated by anthocyanin-induced vasodilation and 
vaso-relaxation which may affect substrate delivery and exercise performance. It is 
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important to emphasize that the blackcurrants properties are common to all berries 
(raspberry, blueberry, blackberry, currants, and gooseberries).

Recent studies have revealed a potential ergogenic effect of New Zealand black-
currant (NZBC) extract intake on physiological and metabolic exercise responses 
and performance outcomes. In one study, the effect of New Zealand’s blackcur-
rant extract on performance during anaerobic sprint test running in youthful and 
recreational male soccer players was evaluated. A clear benefit of NZBC’s short-
term intake on fat oxidation and physical performance has been demonstrated, 
and the extract seems to benefit the repeated sprint performance only in trained 
players [65]. Moreover, 7 day NZBC intake augments fat oxidation during 120 min 
moderate-intensity exercise in endurance-trained females [66].

Another polyphenols-rich fruit is pomegranate; in fact, pomegranate juice 
(POMj) is rich in flavonols, flavonoids, gallic acid, ellagic acid, quercetin, and 
ellagitannins, with numerous health benefits during stressful situations [67].

Its antioxidant potential has proven to be superior even to green tea and red 
wine. According to recent studies, in fact, the pomegranate reduces oxidative stress 
of macrophages, free radicals, lipid peroxidation, and oxidation of low-density 
lipoproteins; the inflammatory processes seem to be blocked by the action of 
ellagitannins. Pomegranate juice is an excellent post-workout because the antioxi-
dants present in the juice of the arils help the muscles to restore their functionality 
facilitating the supercompensation of exercise; it has a significant impact on acute 
post-exercise lipid peroxidation and on enzymatic and nonenzymatic antioxidant 
responses.

Pomegranate extract has been suggested as an ergogenic aid due to its rich con-
centration of polyphenols, which are proposed to enhance nitric oxide bioavailabil-
ity, thereby improving the efficiency of oxygen usage, and consequently, endurance 
exercise performance. Supplementation with pomegranate juice has the potential to 
attenuate oxidative stress by enhancing antioxidant responses assessed acutely and 
up to 48 h following an intensive weightlifting training session [68, 69].

The polyphenol curcumin, derived from the rhizome Curcuma longa L., is a 
natural antioxidant that exhibits various pharmacological activities and therapeutic 
properties and has been used to treat a variety of inflammatory conditions and 
chronic diseases. It has been demonstrated that curcumin can reduce the accumula-
tion of advanced glycation end-products in vitro and in animal models, suggesting 
that this anti-glycation mechanism may relate to the antioxidant effect of the 
compound. It has been suggested a positive effect of curcumin and Boswellia serrata 
gum resin supplementation for 3 months on glycoxidation and lipid peroxidation 
in athletes chronically exercising intensively and further studies will test whether 
treatment with curcumin can result in a reduction of the accumulation of advanced 
glycation end-products in muscle tissue, possibly improving muscle performance 
in the long term [70]. It has been demonstrated that consumption of curcumin 
reduced biological inflammation, but not quadriceps muscle soreness, during 
recovery after exercise-induced muscle damage. The observed improvements in 
biological inflammation may translate to faster recovery and improved functional 
capacity during subsequent exercise sessions [71].

Honey, natural food produced by the nectar of flowers from bees, is widely used 
for its precious nutritional and therapeutic values that provide phytotherapeutic 
properties, with powerful antioxidant, anti-inflammatory, and antimicrobial 
effects. So far, around 300 types of honey have been recognized with different 
taste, color, and odor according to the different types of nectar harvested by 
bees. Honey is an ancient nutraceutical, which owes its properties to the richness 
of polyphenols, which vary according to the floral variety from which it derives, 
but in general it is made up of flavonoids, between 50 and 500 mg/kg, including 
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galangina, quercetin, kaempferol, and luteolin, which represent the bioactive 
molecules with a strong antioxidant action.

Honey is an energizing substance useful for sportsmen, and it provides up to 
17 g of carbohydrates for every spoon consumed and provides the much needed 
energy, serving as an economic substitute for the enhancers of sporting activities 
available on the market. A beneficial effect of honey has been shown in athletes, 
where if a moderate and regular exercise is able to counteract oxidative stress [20]. 
In one study, 32 healthy volunteers underwent a short but intense exercise on the 
ergometer. A significant decrease in serum malondialdehyde levels was observed in 
subjects who had consumed honey before making a physical effort, with a greater 
difference for those volunteers who had used it for 3 weeks.

In another study, the effects of honey in 39 road cyclists were examined. In the 
group that received honey supplementation (70 g), the increase in oxidative stress 
markers was much lower than placebo, and the antioxidant levels were significantly 
higher. Ahmad and others examined the effect of different doses of Tualang honey 
in 20 athletes involved in different competitive sports. The results showed that there 
was no significant difference between the two different doses and that the maximum 
antioxidant capacity was observed in both cases 2 h after the honey intake [20].

5. Polyphenols supplementation in exercise: limits and considerations

The use of polyphenols has been designed to improve performance by increas-
ing mitochondrial biogenesis in two ways: polyphenols stimulate stress-related cell 
signaling pathways that increase the expression of genes encoding cytoprotective 
proteins such as nuclear respiratory factor; the selected polyphenols (i.e., resvera-
trol, curcumin, and quercetin) have been reported to modulate muscle function and 
mitochondrial biogenesis by activating the sirtuins and increasing the activity of 
the c-receptor co-activator activated by the peroxisome proliferator. Furthermore, 
some polyphenols improve flow-mediated dilation and endothelial function in 
humans by increasing the synthesis of endothelial nitric oxide. Polyphenols could 
help overall athletic performance in sports where the rate of blood flow and maxi-
mum cardiac output are important determinants of cardiovascular performance, 
acting on endothelial function.

Polyphenol supplementation is currently controversial, and at the moment, the 
use of different exercise protocols, different outcomes, in various physically trained 
subjects, and the use of a variety of laboratory parameters to demonstrate these 
effects make it still difficult to assess the effects of polyphenols on physical activity. 
Therefore, in any case, a detailed description of the type of exercise (e.g., aerobic 
or anaerobic), the oxidative stress biomarkers used, the characteristics of the 
subject and the training endpoints examined to allow data interpretation is always 
necessary.

The evidence is not sufficient to make recommendations for or against the use of 
polyphenol supplements for recreational, competitive, or elite athletes. Polyphenols 
have multiple biological effects, and future exercise studies must be studied 
in an appropriate and specific way to determine the physiological interactions 
between the exercise and the selected supplement, rather than considering only 
performance.

Those with higher levels of oxidative stress can clearly benefit more from the 
antioxidant treatment. An initial screening of the state of oxidative stress is there-
fore essential. Clearly, individual susceptibility related to the presence of specific 
genetic variants in key enzymes for ROS detoxification may be another important 
parameter.
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It would be useful to consider the integrated effect of exogenous diet and 
antioxidant supplementation.

6. Conclusion

The relationship between oxidative stress and sport is really very complex; in 
fact, the release of free radicals is necessary to stimulate the up-regulation of endog-
enous antioxidant defenses. In recent years, the consumption of supplements rich 
in antioxidant compounds by athletes has greatly increased, but a natural intake 
through the diet is more recommended.

For future research conducted on the performance effects of dietary polyphe-
nols, it should provide adequate detail on the method of blinding and participant 
follow-up to ascertain whether the study was in fact blinded and report perfor-
mance data in raw values. These designs would enable researchers to optimize both 
type and dose of polyphenol supplementation to achieve performance benefit. 
In addition to the general notes on research reporting, very few studies outlined 
comprehensive dietary control measures.

Researchers should attempt to quantify the participants’ dietary intake of poly-
phenols, as those with low intakes are likely to respond more favorably to dietary 
intervention.

Polyphenol supplementation for at least 7 days has a clear moderate benefit 
on performance in healthy individuals. More research is needed on optimal dose; 
however, greater intakes could improve the performance response.

The present review summarized the results of studies on the effects of polyphe-
nols intake on exercise-induced oxidative stress obtained in human trials.

The conflicting findings of previous research have brought into question the 
usefulness of antioxidant supplementation during resistance training. As poly-
phenolic antioxidants have shown promise as recovery strategies from fatiguing 
and damaging bouts of exercise, supplementation with polyphenols may be an 
appealing option to recover from an intense resistance exercise bout. However, it is 
important to determine whether polyphenol supplementation during a resistance 
training program will augment or diminish adaptations in muscular strength. 
Clearly, there is much more to be learned in the exciting field of exercise, oxidative 
stress, and polyphenols.
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