Food and Nutrition Sciences, 2014, 5, 1065-1082 .0:0 Scientific
Published Online June 2014 in SciRes. http://www.scirp.org/journal/fns ‘0::0 Research
http://dx.doi.org/10.4236/fns.2014.511117

Polyphenols in Fruits and Vegetables and
Its Effect on Human Health

Giuseppina Pace Pereira Lima?*, Fabio Vianello2, Camila Renata Corréas3,
René Arnoux da Silva Campos?, Milena Galhardo Borguini?

1Department of Chemistry and Biochemistry, Sdo Paulo State University, UNESP, Botucatu, Sao Paulo, Brazil
2Department of Comparative Biomedicine and Food Science, University of Padova, Padova, Italia

3Department of Internal Medicine, Botucatu Medical School, Sdo Paulo State University, UNESP, Botucatu, Sdo
Paulo, Brazil

Email: ‘gpplima@ibb.unesp.br

Received 20 December 2013; revised 22 April 2014; accepted 30 April 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

Cess

Abstract

Polyphenols represent a group of chemical substances common in plants, structurally characte-
rized by the presence of one or more phenol units. Polyphenols are the most abundant antioxi-
dants in human diets and the largest and best studied class of polyphenols is flavonoids, which in-
clude several thousand compounds. Numerous studies confirm that they exert a protective action
on human health and are key components of a healthy and balanced diet. Epidemiological studies
correlate flavonoid intake with a reduced incidence of chronic diseases, such as cardiovascular
disease, diabetes and cancer. The involvement of reactive oxygen species (ROS) in the etiology of
these degenerative conditions has suggested that phytochemicals showing antioxidant activity
may contribute to the prevention of these pathologies. The present review deals with phenolic
compounds in plants and reports on recent studies. Moreover, the present work includes informa-
tion on the relationships between the consumption of these compounds, via feeding, and risk of
disease occurrence, i.e. the effect on human health. Results obtained on herbs, essential oils, from
plants grown in tropical, subtropical and temperate regions, were also reported.
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1. Introduction

Phenolic compounds, or polyphenols, constitute one of the most numerous and widely distributed group of sub-
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stances in the plant kingdom, with more than 8000 phenolic structures currently known [1]. Phenolic compounds
structurally differ from simple molecules, such as phenolic acids, and from highly polymerized compounds, such
as proanthocyanidins (tannins), which occur in plants and are common in many foods (fruits, vegetables, cereal
grains) and beverages (wine, beer, teas) [2]. The most common phenolics in human diet are phenolic acids, fla-
vonoids and tannins [3]. Phenolic compounds have at least one aromatic ring with one or more hydroxyl groups,
and may be classified as flavonoids and non-flavonoids [4].

The polyphenols can be divided, depending on their basic chemical structure into at least 10 different classes.
The flavonoids constitute one of the most important group, and they can be further subdivided into 13 different
classes, with more than 5000 compounds described. During last years, the interest on polyphenols and other mo-
lecules with antioxidant activity has increased among agricultural and food scientists, nutritionists, food industry
professionals and consumers [1].

Polyphenols provide health benefits by several mechanisms, including the elimination of free radicals, the
protection and regeneration of other dietary antioxidants (e.g. vitamin E) and the chelation of pro-oxidant metals.
The nature and content of phenolics varies dramatically among plants, which are mainly esterified or glycosyla-
ted [5]. They possess beneficial properties, such as antioxidant, immune modulatory actions and anti-cancer and
antibacterial activity. Some studies evidenced an improvement of wound healing by these phyto-chemicals [6].

Several studies have demonstrated the antioxidant activity exerted by polyphenols, as flavonoids, especially
regarding the scavenging of various oxidizing species, superoxide anion, hydroxyl radical and peroxyl radicals
[1]. Flavonoids are structurally characterized by a di-phenyl-propane moiety (C6-C3-C6), naturally occurring in
plants [7], and can be divided into six different classes: flavones, flavonols, anthocyanidins, flavanones, isofla-
vones and flavan-3-ols. Besides their antioxidant potential, flavonoids possess other properties, such as an anti-
mutagenic activity, reducing the risk of cardiovascular diseases, anti-proliferative action on tumor cells, atheros-
clerosis protection, radio-protective action, hair tonic, hormonal repository in natural menopause women and an-
timicrobial properties [8]. Obviously all these pathologies and proliferative diseases are multifactorial and mul-
tivariate, and are intrinsically related to individual’s genetics. The adsorption of these substances occurs prefe-
rentially in the intestine, particularly glycosylated forms [9] [10].

Various specific biochemical properties of polyphenols are known. For example, an interesting functional
property of flavonoids (quercetin and genistein) is the competitive inhibition of tyrosine kinase on its ATP bind-
ing site. This enzyme is a membrane receptor characterized by a remarkable enzymatic activity, and an increase
in its expression level may trigger various proliferative diseases, such as cancer and psoriasis [11].

Polyphenol content in foods and beverages can be determined by several methods, each one presenting its
own advantages and disadvantages. Generally, the method of choice is represented by high-performance liquid
chromatography (HPLC), equipped with mass spectrometry detection and appropriate isotopically labeled stan-
dards, but these are rarely available and mass spectrometers are expensive. Some easy-to-use and cheap methods
have been developed to measure the total polyphenol content, such as Folin Ciocalteu reagents [12]. These de-
termination methods, generally colorimetric, are based on the chemical properties of phenolic substances.

In this review, we present the benefits of the intake of polyphenols, as well as the mode of cultivation to im-
prove the content of these bioactives in foods, types of foods richest and absorption. Moreover, we mention
some studies that confront the excessive consumption of polyphenols and possible damage to health.

2. Polyphenol as Natural Antioxidant

Most of these substances are classified as natural antioxidants, which reveal their importance under oxidative
stress. Some synthetic phenolic antioxidants are currently used in food industry, such as butylated hydroxyanisol
(BHA), butylated hydroxytoluene (BHT), tert-butylhydroquinone (TBHQ), 2-tert-butyl-4-methylphenol (TBMP),
and gallic acid esters, e.g. propyl gallate (PG). These synthetic antioxidants are considered harmful to human
health. High doses of TBHQ exert negative health effects on laboratory animals, such as DNA damage, which
may lead to stomach tumors [13]. BHA has been reported to act as a tumor initiator and tumor promoter in some
animal tissues [14].

The current preoccupation about adverse effects of synthetic antioxidants should be considered and some
foods, drinks and medicinal plant extracts may represent an alternative source of natural antioxidants. Plant ex-
tracts and essential oils can be used as an accessible source of natural antioxidants and a possible food supple-
ment, or exploited for pharmaceutical applications. Furthermore, plant phenolics can be used as additives against
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oxidative deterioration in processed food industry [15].

Phenolic compounds (Figure 1), as other antioxidants, are generally used to decrease the deleterious effects
of substances with high oxidative potential. The antioxidant properties of polyphenols are mainly due to their
redox properties, which allow them to act as reducing agents, hydrogen donors and singlet oxygen quenchers
[16]. Among compounds characterized by oxidant activity, i.e., reactive oxygen species, superoxide radical (O5),
hydrogen peroxide (H,0,), hydroxyl radical (OH") and singlet oxygen (*O,), can be found [17].

3. Phenolic Compounds and Free Radicals

The elimination of free radicals is not favored under normal physiological conditions, owing to their low con-
centrations. Therefore, the primary defense against these species, and therefore for the interruption of radical
chain reactions, depends on the actions of substances known as antioxidants. These compounds act by reducing
free radicals and reactive species, thus preventing injuries and oxidative deterioration of cell structures. Under
constant exposure to high concentrations of these harmful agents, repairing system (antioxidants) cannot over-
come the demand, leading to the occurrence of an accumulation of reactive species, giving rise to the so-called
oxidative stress. Oxidative stress is therefore an imbalance between the production of oxidative species and the
protection system by antioxidants, leading cell damage, directly related to chronic degenerative pathology, as
reported by several reports [18]-[21].

Free radicals may readily react with various compounds, capturing electrons necessary to improve their sta-
bility. Generally, these reactions are very fast, and the kinetics is controlled by the diffusion rate of reactants.
Thus, free radicals in solution react with the nearest molecules, capturing one of their electrons. When this target
molecule loses one electron, it becomes a free radical itself, with the possibility to initiate a radical chain reac-
tion, such as the well known lipid peroxidation, resulting in the damage and even disruption of cell membranes.
The same oxidation phenomenon may also occur on proteins and DNA, resulting in cellular degradation [22].

Free radicals are naturally produced in the body by several metabolic reactions, such as mitochondrial respira-
tion and enzymatic oxidations catalyzed by oxidases. Thus, to minimize harmful effects resulting from the ac-
tion of free radical compounds, enzymatic antioxidant defense systems are active, involving oxydo-reductases,
such as superoxide dismutases (SOD), peroxidases (POD), catalase (CAT) and glutathione peroxidase (GPx)
[23]. Furthermore, non-enzymatic antioxidant systems, such as reduced glutathione (GSH), ascorbic acid, a-to-
copherol, g-carotene and polyphenols [23], are available inside organisms. Thus, an increasing demand for foods
characterized by a high antioxidant content and high nutritional quality, may lead to a desired increase in the
consumption of specific fruits and vegetables. Accordingly, “functional foods” were introduced with the aim to
increase the intake of bioactive compounds with potential beneficial actions, including polyphenol rich foods, to
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Figure 1. Structure of some polyphenols [1].
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avoid or reduce the action of free radicals in vivo. Even the consumption of red wine, characterized by high le-
vels of polyphenols and bioactive substances, such as resveratrol, was epidemiologically related to the low inci-
dence of coronary heart disease (CHD), as stated by the French paradox. According to this assumption, a popu-
lation (in France) consuming a diet rich unsaturated fatty acids, presents a lower incidence of cardiovascular
diseases, compared with populations with similar diet, due to the habit to consume red wine, containing poly-
phenols with the ability to inhibit platelet aggregation and to protect low density lipoproteins (LDL) from oxida-
tion [24] (Figure 2). It should be remembered that French people uses to feed according to the Mediterranean
diet, rich in fruits and red wine, which has been shown to protect against the occurrence of coronary events [25].

Oxidative stress is classically defined as a series of events resulting in an imbalance between oxidant and an-
tioxidant reactions [26] [27]. Both classes of substances (oxidants and antioxidants) are generated in an oxida-
tion-reduction scenario, where oxidations involve electron loss and reduction, electron gain. Thus, many authors
use the term “redox imbalance” referring to oxidative stress [28]-[30].

4. Oxidative Stress and Phenolic Compounds in Foods

Popularly known as free radicals, oxidant substances include reactive oxygen (ROS) and nitrogen species (RNS).
Reactive species are commonly identified as substances leading to the oxidation of lipids (lipoxidation), glucose
(glycation) and proteins (carbonylation). The reaction products generated in lipoxidation are represented by ma-
londialdehyde, glyoxal, acrolein, 4-hydroxy-nonenal (HNE). Those generated by glycation are methylglyoxal
and glyoxal. These compounds react with proteins and aminoacids resulting in amino-glycated end products
(AGEs) [31]. AGEs are involved in common events, which may trigger obesity and insulin resistance, diabetes
mellitus Il and inflammation [32]-[34], and could correspond to important activators of inflammation in various
tissues. The action of these products occurs as they bind to the RAGE receptor (receptor of glycation end prod-
ucts), initiating the cascade of events involving the action of kinases, that culminate in the activation of Ikkp/
NFKB, a nuclear transcription factor related to inflammation [35]. The polyphenols can block this inflammatory
cascade [35], see Figure 3. In the presence of increasing food intake, oxidations occur. For example, glucose
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may be oxidized by reactive species, becoming a carbonyl toxic product. This, in turn, may attack the amino
group of the amino acids, forming glycation end products (AGEs), which are very reactive and may trigger the
release of cytokines, resulting in inflammation in tissues exposing RAGE receptors, such as in kidney, heart and
blood vessels. Polyphenols may block the formation of reactive products, thereby decreasing the inflammatory
process.

Some studies showed that RAGE receptor is expressed in some organs, such as kidneys [36], blood vessels
[37] and adipose tissue [38]. The formation of the AGES/RAGE complex could trigger inflammatory processes
affecting these tissues. Thus, AGES/RAGE complex represents the interface between oxidative stress and in-
flammatory system.

It is important that antioxidants are constantly present in the body, controlling the effects of oxidants. Thera-
pies using antioxidants have been studied in order to mitigate the overproduction of reactive oxygen (ROS) and
nitrogen (RNS) species. Several epidemiological studies have shown that diets rich in fruits and vegetables,
which are sources of carotenoids and polyphenols, are correlates with a reduced risk of chronic diseases onset
[39]-[41]. Thus, it is likely that antioxidant nutrients in foods can prevent damages caused by ROS/RNS (see
Figure 2). As above mentioned, the redox status depends on the balance between the production of reactive oxy-
gen/nitrogen species (ROS/RNS) by oxidative stress, and their removal by the antioxidant defense system. Oxi-
dants and antioxidants have been found at tissue, cellular, and molecular levels and are subdivided according to
their water/lipid solubility, and endogenous/exogenous (dietary) sources [42].

Phenols from numerous plant species have been actively studied as potential treatments for various metabolic
and cardiovascular diseases. For example, resveratrol from red wine [43] [44], epigallocathechin-3-gallate from
green tea [45]-[47], curcumin from turmeric [48], and quercetin [49] [50] (Figure 1) from different sources have
all been studied as potential therapeutic agents. Furthermore, a dose dependent scavenging activity of antioxi-
dants on free radicals was observed, leading to an increase of cell lifespan [51]. Thus, the antioxidant potential
of polyphenols is mainly related to the ability of these compounds to scavenge free radicals produced by oxida-
tive stress [52]. Several studies focused on food polyphenol content, carried out on humans, have shown the be-
neficial effects of grape seeds, chokeberries, coffee, carob, and cocoa [53]. Studies involving supplementation of
antioxidants to prevent oxidative and inflammatory actions in obese patients have also been performed. Hogan
et al. [54] examined the effect of grape skins, which represent a rich source of polyphenols, on blood parameters
related to oxidative stress and inflammation in obese mice. Results showed that grape skins improved the physi-
ological indicators related to oxidative stress and inflammation in obese animals, compared to controls.

Other antioxidants may also interfere with the inflammatory state of obesity. A recent review [55] highlighted
the improvement of the physiogical status in obesity, regarding inflammation and oxidative stress, due to the use
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of curcumin, a polyphenolic spice used in Oriental cuisine. Its concentration can vary from 1.5% to 7.1% in
turmeric rhizomes (Curcuma longa) [56]. Curcumin has attracted considerable interest in recent years due to its
high medicinal potential: it is a potent immune modulatory agent, presenting antioxidant, anti-fibrotic, anti-viral
and anti-infective effects [57] [58]. This anti-inflammatory compound is able to inhibit the transcriptional factor
kB (NFkB), which belongs to a group of transcriptional factors inducing cytokine production, which is activated
in the response to stress [59].

The risk to develop osteoporosis is four times higher in postmenopausal women than in men due to the de-
creased estrogen levels after menopause and represents the highest osteoporosis risk in the whole population
[60]. Etiological risk factors associated with osteoporosis include poor nutrition, imbalanced cytokines and
hormones, and aging process [61]. It has been noticed that reactive oxygen species (ROS) play a key role in the
aging process, and greatly contribute to osteoporosis [62]. The role of ROS in the pathology of osteoporosis has
been reviewed in detail by Manolagas [63], including the influences on the generation and survival of osteoc-
lasts, osteoblasts, and osteocytes. It was found that excess ROS can lead to DNA damage, with the formation of
8-hydroxy-2-deoxyguanosine (8-OHdG), an oxidative biomarker that has been widely used in humans to indi-
cate the oxidative stress status [64] [65].

Green tea polyphenols, extracted from green tea, have shown their osteo-protective effects by decreasing
oxidative stress, increasing the activity of antioxidant enzymes, and decreasing the expression of pro-inflam-
matory mediators in rodent models [66]. The beneficial effects of green tea polyphenols on bone health has been
reviewed [67]. Biomarkers of green tea consumption using green tea components have been validated in human
studies, and diet supplementation with green tea polyphenols has demonstrated to be protective against cancer
[68], cardiovascular diseases [69], and neurodegenerative diseases [70], and also can effectively reduce oxida-
tive stress biomarkers in post-menopausal women with osteopenia [71].

Cancer is widely perceived as a heterogeneous group of disorders, which is caused by a series of clonally se-
lected “genetic” changes in key tumor suppressor genes and oncogenes. However, accumulating evidences in
recent years indicate that tumor cell heterogeneity is, at least in part, due to the significant contribution of ‘epi-
genetic’ alterations in cancer cells [72]. Among the risk factors related to the development of some cancers, such
as esophagus, are represented by habits, such as alcohol consumption and smoking. Some studies showed that
consumption of green vegetables and fruits exert a protective effect regarding this pathology [73]. Neves et al.
[74] cited several studies showing as the usual diet is an important factor involved in the onset of colon and rec-
tum cancer. Among the risk factors, a diet rich in animal fats and low fruit, vegetable and cereal intake stands
out. These foods, especially fruits and vegetables, have been suggested to have a protective effect against pros-
tate cancer [75] because they contain antioxidant substances, such as polyphenols.

Green tea may be associated with a decreased risk of advanced prostate cancer. A study carried out on 49,920
men, aged 40 - 69, who completed a questionnaire that included their green tea consumption showed that the
green tea consumption was not associated with localized prostate cancer. However, it was associated, in a dose-
dependent manner, to the decreasing risk of advanced prostate cancer. The multivariate relative risk was 0.52
(95% confidence interval) for men drinking 5 or more tea cups/day, compared with patients consuming less than
1 cup/day. Thus, green tea consumption may be associated with a decreased risk of advanced prostate cancer
[76]. Polyphenols found in green tea, such as quercetin, rutin, myricetin, chrysin, epigallocatechin-3-gallate, ep-
icatechin, catechin, resveratrol, and xanthohumol, were also tested on colorectal cancer cells. The work was per-
formed in cell culture models and concluded that these compounds inhibit cell growth, by inducing cell cycle
arrest and/or apoptosis, inhibiting, as well, cell proliferation, angiogenesis, and metastasis, and exhibiting anti-
inflammatory and/or antioxidant effects [77].

5. Factors Influencing Food Phenolic Content

Non-nutritive, health-promoting, bioactive components present in foods have the potential to exert beneficial
effects against many chronic diseases [78]. Besides their nutraceutical properties, polyphenols are indicative of
the quality of fruits and vegetables. The effectiveness of the antioxidant action of these bioactive compounds
depends on their chemical structure and concentration in foods [79] and many factors can influence the poly-
phenol content in plants. One of these is the type of cultivation, such as organic or conventional.

Several studies have demonstrated that organic cultivation increases polyphenolic compound content in vege-
tables. It was found significant differences in the level of flavonoids in strawberries (Fragaria x ananassa),
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blackberries (Rubus sp) and in maize (Zea mays) grown under organic cultivation. Moreover, it was also noted
that sustainable cultivation leads to an increase of the levels of these substances, as well as found with organic
procedures [80].

Similar results, i.e. high levels of polyphenols in food of biological origin, were observed in tomatoes [81],
where about 5.9 mg of total flavonoids/g in conventional fruits against 65 mg/g in organic ones, were determin-
ed. Other authors, analyzing statistical differences between organic and conventional vegetables, found higher
concentrations of polyphenols in organic broccoli (Brassica oleracea var. Italica), potatoes (Solanum tubero-
sum), carrots (Daucus carota) and cabbages (Brassica oleracea var. Capitata) [82]. It was found [83] the same
trend in spinach (Spinacea oleracea), onion (Allium cepa), and pumpkin (Curcubita pepo). Observations show-
ed also the strong influence of environmental conditions, growing season and genotypes in the concentration of
these phytochemicals within the same specie [84].

The use of synthetic fertilizers is common in conventional cultivation practice, which guarantees a higher bio-
available source of nitrogen, accelerating plant development and energy for the synthesis of secondary metabo-
lites. However, the absence of synthetic pesticides results in a plant exposure to stressful situations due to insect
attack, leading to an enhancement of natural defenses, such as phenolic compounds [85] [86]. Both hypotheses
would result in foods with higher antioxidant capacity, as a consequence of the higher polyphenol composition.

Organic growing system promotes the biodiversity, and the elimination of pesticides can stress plants [87]. In
response, plants can increase their content of defense molecules and important phytochemicals, such as phenolic
compounds. It has been hypothesized that an increase in environmental stresses promotes the activity of pheny-
lalanine ammonia lyase (PAL) [88]. Thus, organic production techniques may cause elevated levels of plant
secondary metabolites, such as the increase of polyphenols found in lettuce (Lactuca sativa L. cv. Kalura and
Red Sails), collards (Brassica oleracea L. cv. Top Bunch), and Chinese cabbage (Brassica rapa L. cv. Mei Qing)
[88].

Several factors may induce an increase of polyphenols in plants, such as stress inducers, which can be re-
presented by high or low light intensities, extreme temperatures, and ionizing radiations [89]-[91]. Some re-
searchers have shown that wounding increases the antioxidant capacity of lettuce (Lactuca sativa) [92] and pur-
ple-flesh potatoes [89].

Several polyphenols may function as the defense materials against biotic (e.g., fungi, bacteria and insects) and
abiotic (e.g., drought, metals and UV) stresses and their content in plant tissues may change in response to
stressing conditions [93] [94]. Among defense substances, phytoalexins are secondary metabolites produced de
novo by plants in response to stresses, whereas phytoanticipins are classified as constitutive metabolites with
defensive roles [95] demonstrate that a limited drought stress treatment enhances significantly the polyphenol
contents in part of the root mass of leafy vegetables, without affecting plant growth [96]. In studies on the re-
sponse of different tomato varieties to water stress [97], a decrease in the rate of shikimate pathway (DAHP syn-
thase, shikimate dehydrogenase, phenylalanine ammonium lyase, cinnamate 4-hydroxylase, 4-coumarate CoA
ligase) and, as a consequence of phenolic compounds (caffeoylquinic acid derivatives, quercetin and kaempferol)
were observed in sensitive cultivars. While, in tolerant cultivars an increase of flavonoid and phenylpropanoid
synthesis and a decrease in degradation-related enzymes, were documented.

Alternatively, moderate salinity can induce an increase of polyphenol content in plants, such as in Mentha
pulegium [98]. This could be interesting for specific cultivation areas. However, further studies should be car-
ried out to verify the response of different vegetables to salinity stress.

Some studies showed the influence of fertilization, light and temperature, on polyphenol content of tomato
(Solanum lycopersicum, cv. Suzanne). Plants were subjected to N depletion, during 4 - 8 days, resulting in en-
hanced levels of flavonoids and caffeoyl derivatives. Anthocyanin levels showed a pronounced increase at the
lowering of growth temperature, from 24°C to 12°C. Flavonol levels increased with light intensity, from 100
plum'm2s™ to 200 plum'm s ' PAR. Synergistic effects of the various environmental factors on tomato po-
lyphenol content were observed. As an example, the increase in quercetin content in response to low tempera-
tures was only found under N depletion conditions, and at the highest light intensity [99].

Anthracnose causes extensive pre- and post-harvest damage in fruits and vegetables. In order to characterize
the defense properties of polyphenols, their content in pepper (Capsicum annuum L. cv. Chelsea (yellow bell
pepper)) inoculated with C. gloeosporioides, was studied [100]. It was observed the de novo synthesis of N-
caffeoyl putrescine and caffeoyl O-hexoside, which appeared to act as phytoalexins. While feruloyl O-glucoside,
kaempferol O-pentosyldihexoside and dihydroxyflavone O-hexoside was constitutively formed, as phytoantici-
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pins. Thus, this study showed that infestation by microorganisms, inducing anthracnose, can lead to the forma-
tion of phenolic compounds.

The increase of food polyphenol content can be interesting in order to improve human health, because con-
sumers will absorb increasing amount of these compounds. However, it is mandatory to check post-harvest
quality of vegetables and fruits, in order to evaluate product changes upon storage. Generally, antioxidant activ-
ity and phenolic concentration increase during storage [101]. Although few studies reported on constant or de-
creasing polyphenol levels during storage [101] [102], the variation of flavonol and anthocyanin content was
measured by Rodrigues et al. [103] in red and white onion bulbs (in 2005 and 2006 harvests), during 7 months
storage under refrigerated and traditional bulk storage in the field. Total flavonols increased up to 64% after 7
months of storage. This increase was especially important during the first 3 months storage (58% increase). In
red onions, containing the highest concentrations of flavonols, bulbs stored in the field reached higher levels of
flavonoids (64%) than refrigerated ones (40%).

Temperature control could be useful in order to increase polyphenol content in fruits, as it was observed on
apples, where cold storage increased the polyphenol content [104]. Thus, the meteorological conditions affect
the content and quality of polyphenols such as flavonoids in plants. Some studies have shown this effect, as ob-
served in landrace varieties of onion (Allium cepa L.), where the authors founded the total and individual flavo-
noids levels varied significantly among seasons, with higher levels in 2005, a very dry and hot season [105].

Thus, the control of biotic and abiotic stresses, such as temperature, light intensity, herbivory and microbial
attack, may be used to modulate plant defense mechanisms, triggering many complex biochemical processes
[106].

6. Actions of Phenolic Compounds on Human Health

Phenolic compounds appear to influence the quality of fruits, contributing to their organoleptic and sensorial
quality, in addition to improving fruit nutritional value [107]. As an example, strawberry (Fragaria x ananassa
Duch) contains high levels of polyphenols, leading to a high antioxidant activity. This fruit is consumed in fresh
form, in processed food products, and as extracts for dietary supplements [108]. Different phenolic compounds
from strawberry extracts: cyanidin-3-glucoside, pelargonidin, pelargonidin-3-glucoside, pelargonidin-3-rutino-
side, kaempferol, quercetin, kaempferol-3-(6’-coumaroyl) glucoside, 3,4,5-trihydroxyphenyl-acrylic acid, glu-
cose ester of (E)-p-coumaric acid, and ellagic acid, were evaluated for antioxidant and antiproliferative activities
on human cancer cell. Authors verified that crude strawberry extracts, and purified compounds, inhibited the
growth of human oral (CAL-27, KB), colon (HT29, HCT-116), and prostate (LNCaP, DU145) cancer cells in a
dose dependent manner with various degrees of potency.

Other fruits were also tested in terms of anticancer activity regarding the content and type of polyphenols. The
extracts of six popularly consumed berries were evaluated for their phenolic constituents: blackberry (Rubus sp),
black raspberry (Rubus occidentalis), blueberry (Vaccinium corumbosum var. Jersey), cranberry (V. macrocar-
pon var. Early Black), red raspberry (Rubus idaeus) and strawberry [109]. It was observed that the major classes
of berry phenolics were anthocyanins, flavonols, flavanols, ellagitannins, gallotannins, proanthocyanidins, and
phenolic acids. Black raspberry and strawberry extracts showed the most significant pro-apoptotic effects
against tested cell lines, and preliminary data were provided about the ability of these compounds to inhibit the
growth and to induce apoptosis of different human cancer cell lines in vitro.

7. Ingestion and Content of Phenolic Compounds in Fruits and Vegetables

Several studies have been carried out about the consumption of phenolic compounds, as well as on the contribu-
tion of these compounds to the diet. In the USA, the average per capita consumption of phenolic compounds
from fruits and vegetables is in the range 200 - 300 mg/day [110] [111]. Furthermore, Chun et al. [112] pointed
out that in the USA, the daily intake of phenolics, flavonoids and antioxidants from fruits and vegetables was es-
timated to be 450 mg GAE (gallic acid equivalent), 103 mg catechin equivalents and 591 mg VCE (vitamin C
equivalents), respectively. Authors attributed these differences, possibly, to the methods used for extraction and
to the determination method for foods analyses. In France, the fruit polyphenol intake is around 219 mg (men),
193 mg (women), while for vegetable polyphenols, the value is 78 mg (men) and 67 mg (women) [113]. It was
estimated that the dietary intake of flavonoids for the Brazilian population is in the range 60 - 106 mg/day, of
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which 70% from oranges, 8.9% from lettuce and 5.8% from onions [114]. In a study carried out on the popula-
tion of Fortaleza (Cear, Brazil), the total phenolic content determined in samples of fruit salad (banana, papaya,
guava, mango and pineapple) ranged from 27 to 97 mg/100mL [115]. Faller & Fialho [82] studied the availabil-
ity of polyphenols in fruits and vegetables consumed in Brazil, and determined the following content: 85
mg/100g for pineapple, 215.7 mg/100g for banana, 15.3 mg/100g for papaya and 110.5 mg/100g for mango. In
peaches, the phenolic content varies according to the cultivar, from 53 mg gallic acid/100g for Douradao pulp,
to 141 mg gallic acid/100g for “Big-Aurora” pulp [116]. Thus, the variety of the vegetable consumed dramati-
cally the content of phenolic compounds ingested by humans.

It should be mentioned that the determination of the apparent polyphenol content can be influenced by the ex-
traction method. The amount of total polyphenolics varies among the types of extracts: aqueous or hydroalco-
holic, as reported for acerola (Malpighia emarginata) (835.25 mg/100mL by acqueous extraction and 449.63
mg/100mL by hydroalcoholic extraction), bacuri (Platonia insignis Mart.) (10.35 mg/100mL by acqueous ex-
traction and 7.23 mg/100mL by hydroalcoholic extraction), cashew (Anacardium occidentale) (201.61 mg/
100mL by acqueous extraction and 165.07 mg/100mL by hydroalcoholic extraction), guava (Psidium guajava)
(104.76 mg/100mL by acqueous extractionand 20.2 mg/100mL by hydroalcoholic extraction) and tamarind
(Tamarindus indica L.) (23.57 mg/100 mL by acqueous extraction and 23.35 mg/100mL by hydroalcoholic ex-
traction) [117].

Since vegetables and fruits are good sources of polyphenols, their consumption is essential for health. Ac-
cording to the recommendation of the Food and Agriculture Organization (FAO), the consumption of fruits and
vegetables should be about 400 g per day. Thus, the increased consumption of fruits and vegetables can lead to
an increase in the supply of polyphenols. In Sdo Paulo city (Brazil), the consumption of these products is higher
among women, being twice as high when compared to men [118], differently, from what reported by Brat et al.
[113] in France (see above). Probably, this variation can be attributed to the type of plant in the country, and
even to cultural factors and purchasing power.

8. Thermal Processing of Fruits and Vegetables and Phenolic Content

Many fruits and vegetables are not eaten as raw. Some undergo special treatments, such as heating (jelly), freez-
ing (fruit pulp), among others. Some studies showed that these treatments, used mainly by industry, tend to
change the content of polyphenols. The use of high temperature, frying in particular, induces a decrease in fla-
vonoid content in artichoke (Cynara scolymus) [119]. Moreover, Yamaguchi et al. [120] found no loss of phe-
nolic compounds even after 15 minutes of thermal processing on burdock (Arctium lappa) and lettuce (Lactuca
sativa) after one minute cooking in water, whereas in broccoli, the polyphenol content remained constant after
15 minutes processing. A decrease in the content of these substances in beans (Phaseolus vulgaris) after baking
was observed [121]. Spinach and potato when grilled, presented a reduced antioxidant capacity and total phe-
nolic content [122]. Similar results were found in cooked carrots, tomatoes, and eggplant (Solanum melongena);
broccoli lost about 97% of flavonoids and 74% of synaptic acid derivatives upon the same treatment [123].
Moreover, after cooking in water, chlorogenic acid in carrots and phenolic content in beans increased signifi-
cantly, however, no differences were observed in caffeic and chlorogenic acid content in potatoes. According to
Barroga et al. [124], this effect can be due to the leaching of phenols, which can occur during cooking in water.
This process was found to depend on temperature. Other authors also observed a loss of phenolic compounds in
cooked foods, such as in carrots [125].

It was reported that some food processing procedures can increase the content of phenolic compounds, com-
pared with raw vegetables [126]-[128]. In this case, the effect would be the improvement of the extraction of
phenolic compounds by increased temperature, and not only by cellular disruption [129].

Moreover, a review about the consumption of raw and cooked vegetables and about the correlation among
food treatment and some types of cancer, was performed. Possible effects may include changes in availability of
some nutrients, destruction of oxidative enzymes, and alteration of the structure and digestibility of food [130].

The consumption of fruit pulp is widespread, due to the ease of preparation and seasonality. Frozen pulps are
commonly used both for domestic consumption and industrial purposes. Some studies indicated that good con-
servation of polyphenol contents occurs upon freezing. Thus, this procedure appears an effective way for pre-
serving antioxidant properties of fruits. Although, this process induces an irreversible physical destruction of
cell walls and protoplasts, causing a damage to fruit texture and therefore a loss of quality [131]. The freezing
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process slightly affects the content of extracted ellagic acid, total polyphenols and vitamin C, in raspberry culti-
vars [132]. Authors verified that, at the end of long-term frozen storage (12 months), no significant changes in
total polyphenol content was observed, but a significant decrease (14% - 21%) in ellagic acid was determined.

Several studies on the effects of fruit pulp extracts on cancer cells have been carried out, often with promising
results. A study on cell lines isolated from SCC human oral tumor cells was performed with the aim to investi-
gate on the effects of a freeze-dried black raspberry ethanol extract on cellular growth, cell proliferation, induc-
tion of angiogenesis, and production of reactive species. The results showed that the berry extract suppressed
cell proliferation, without perturbing viability. It inhibited the expression of an angiogenic cytokine, the vascular
endothelial growth factor, and induced cell apoptosis and terminal differentiation [133].

9. Absorption of Phenolic Compounds

Although there are a lot of fruits and vegetables with high content of phenolic compounds, and even their poly-
phenol content is maintained upon processing, we must highlight the question of body absorption, since it de-
pend on bioavailability. Some polyphenols, such as quercetin, myricetin and kaempferol, may be absorbed by
intestine. However, often this represents only a tiny fraction [134]. Glycosylated forms and polyphenol mixtures
are generally absorbed in the intestine [9] [10] and some molecules, such as isoflavones and gallic acid, are bet-
ter absorbed than others. Their relatively high absorption efficiency is followed by flavonones (catechins and
quercetin glycosides), and then by proanthocyanidins, anthocyanins, and catechins gallate, but with different ki-
netics [135]. Most polyphenols are quickly excreted within the 24 h following their ingestion [135] [136]. Some
studies showed that it is possible to detect polyphenols in urine and in plasma after ingestion of a polyphenol
rich food [137] [138].

Moreover, higher doses, flavonoids may act as mutagens, pro-oxidants that generate free radicals, and as in-
hibitors of key enzymes involved in hormone metabolism. Thus, in high doses, the adverse effects of flavonoids
may outweigh their beneficial ones, and caution should be exercised in ingesting them at levels above that which
would be obtained from a typical vegetarian diet [139]. About choccolate consume, a rich flavonoid food, the
results have shown effects of flavonoid-rich foods in raising plasma total antioxidant capacities (TAC) in hu-
mans and one must be cautious is that many such foods can increase plasma uric acid levels, and urate is de-
tected by several TAC assays urate may be a risk factor for some diseases, the alleged antioxidant benefit may
not be what it seems [140]. According [141], “the dietary polyphenols are typical xenobiotics, metabolized as
such and rapidly removed from the circulation. They may be beneficial in the gut in the correct amounts. But too
much may not be good and thus, the author suggests that one should be content with eating a good diet for now”.

Although studies show that consumption is beneficial, and others show that care is needed in the intake of
these substances, further studies should be conducted. However, the consumption of foods with antioxidant po-
tential has received much attention and probably should have more benefits than harm. Otherwise, studies re-
garding the use of these substances have already adopted another direction, ie, to prevent the intake of polyphe-
nols.

10. Conclusion

The present review emphasizes the importance of knowing the content and the quality of polyphenols present in
fruits and vegetables. We illustrate the complexity of the study of polyphenol effect on human health. It is diffi-
cult to evaluate the physiological effects of specific natural phenolic antioxidants, since a large number of differ-
rent compounds may occur in a single food, and their fate in vivo can hardly be measured. Other detailed agro-
nomical, biochemical and chemical research must be performed in order to elucidate the role of these substances,
from the original plant to human beings.
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Abbreviations

ROS—Reactive oxygen species
RNS—Nitrogen species
HPLC—High-performance liquid chromatography
BHA—Butylated hydroxyanisol (BHA)
BHT—Butylated hydroxytoluene
TBHQ—Tert-butylhydroquinone
TBMP—2-tert-butyl-4-methylphenol
PG—Propyl gallate

SOD—Superoxide dismutases
POD—~Peroxidases

CAT—Catalase

PAL—Phenylalanine ammonia lyase
GPx—Glutathione peroxidase
CHD—Coronary heart disease
LDL—Low density lipoproteins
HNE—4-hydroxy-nonenal
AGE—Amino-glycated end products
RAGE—Receptor of glycation end products
8-OHdG—8-hydroxy-2-deoxyguanosine
GAE—Gallic acid equivalent
VCE—Vitamin C equivalents
TAC—Plasma total antioxidant capacities.
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