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Tea trees have a long history of cultivation and utilization. People in many countries have the habit of
drinking tea and choosing green tea, oolong tea, or black tea according to different regions and personal
tastes. Tea polyphenols are a general term for polyphenol compounds in tea, and has been shown to have
good effects on antioxidant, anti-inflammatory, cancer prevention and regulation of lipid metabolism.
Tea polyphenols have been widely used as antioxidants in disease treatment and animal husbandry, but
their specific mechanism of action needs to be further clarified and revealed. This review focuses on the
definition, classification, antioxidant activity and the regulation of signaling pathways of tea polyphenols.
This paper also aims to examine the application of tea polyphenols in human and animal health,
providing a scientific basis for this application in addition to proposing future directions for the devel-
opment of this resource.
© 2020, Chinese Association of Animal Science and Veterinary Medicine. Production and hosting
by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In general, tea can be divided into 3 types on the basis of
the level of fermentation: green tea, oolong tea, and black tea

Tea is considered as one of 3 major beverages in the world, along
with coffee and cocoa. According to historical records, Chinese have
been cultivating and using tea trees for more than 3,000 years. Tea
is widely accepted as a daily drink in China as well as in many
countries. Since ancient times, tea has been used as a health
product or medicine to prevent and treat various diseases. Previous
studies have shown the numerous benefits of tea, such as antioxi-
dant, bacteriostatic, and anti-cancer activities and regulation of
lipid metabolism.
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(Chan et al., 2011). Polyphenol oxidase contained in the tea is a
heat-labile enzyme. The activity of this enzyme is reduced by
steam heating during the fermentation, and hence green tea
contains more polyphenol compounds (Anandh Babu and Liu,
2008). This also explains why green tea has better antioxi-
dant properties than black tea. Many clinical diseases have
been shown to be associated with oxidative damage. Tea
polyphenols are an effective antioxidant that can prevent and
treat the diseases by scavenging free radicals and regulating
the activity of different types of oxidases in the body. This is
due to the phenolic hydroxyl structure in which the electrons
have a conjugation effect; the hydrogen ion's binding ability is
weakened and, therefore, more likely to be dissociated, so the
active hydrogen ion neutralizes the free radicals and other
reactive oxygen species, scavenging the free radicals (Zuo
et al., 2018).

Research has also identified the molecular signaling pathways
associated with the antioxidant properties of tea polyphenols;
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however, many studies have not fully demonstrated the exact
mechanism of tea polyphenol bioactivity. In practice, tea poly-
phenols are becoming popular in livestock and poultry production.
However, there have been challenges, e.g., lower bioavailability
than vitamin antioxidants, higher prices than alternatives, and
decreased palatability of the feed due to the tannins from the
polyphenols. The purpose of this paper is to review the physico-
chemical properties and antioxidant capacity in tea polyphenols
research, paying particular attention to the impact on signal
transduction pathways.

2. Definition and classification of tea polyphenols

The polyphenolic compounds contained in green tea mainly
include flavonoids, flavanols, phenolic acids, and the like. Tea
polyphenols, commonly known as catechins, are flavonoid com-
pounds with a basic structure of a-phenyl-benzopyran, which is
about 18% to 36% of the dry weight of tea leaves (Khan and Mukhtar,
2007). The most important types of tea polyphenols can be divided
into the following 4 types: (—)-epigallocatechin-3-gallate (EGCG),
(—)-epicatechin-3-gallate (ECG), (—)- epigallocatechin (EGC) and
(—)-epicatechin (EC) (Yang et al., 1999). The catechins are composed
of 3 hydrocarbon rings and are structurally classified into ester
catechins (EGCG, ECG) and non-ester catechins (EGC, EC). The
structure of several major tea polyphenols is shown in Fig. 1. The
EGCGmakes up about 59% of total catechins, while EGC accounts for
about 19%, ECG accounts for 13.6% and EC accounts for about 6.4%
(Ciraj et al, 2001). Sorted by their oxidation resistance:
EGCG = ECG > EGC > Gallic acid (GA) > EC = Catechin
(Ravindranath et al., 2007; Rice-Evans, 2010). The number and
position of hydroxyl groups in the molecular structure of these
polyphenolic compounds largely determine their antioxidant
properties. As such, the catechins have strong hydrogen supply
capacity on the B and C rings, and the 2,3- double bond and the
unsaturated 4-oxo group in the C-ring promote the electron delo-
calization (free electron) of the ortho-dihydroxy catechol in the B-
ring (Senanayake, 2013). Furthermore, the antioxidant activity of
these polyphenols is related to the molecular structure, starting
conditions, and microenvironment of the reaction medium (Zhou
et al.,, 2005; Dai et al., 2008). In addition to tea polyphenols, there
are various phenol derivatives and polyphenol analogs in tea, such
as quercetin, kaempferol, myricetin. Since these substances all have
a 4-oxo 3-hydroxy C ring structure, they exhibit oxidation resis-
tance (Xing et al., 2019).

At the cellular level, EGCG appears to be the most biologically
active substance in polyphenols (Lorenz, 2013). Under normal
temperature conditions, industrially produced tea polyphenols
exhibit different colors due to the different carriers, usually
yellow or light green powder. Tea polyphenols are sensitive to
pH, and the properties are stable under low pH conditions;
however, strong acid, strong alkali, strong light irradiation and
high temperatures easily cause deterioration. EGCG is water-
soluble but insoluble in organic solvents and partially soluble
in grease (Zeng et al., 2017).

3. Antioxidant and anti-oxidative stress activity of tea
polyphenols

Free radicals are highly active molecules produced during
cellular respiration and normal metabolism, and reactive oxygen
species (ROS) are closely related to physiological and pathological
processes in animals. The species mainly include superoxide anion
free radicals (O3 ™), hydroxyl free radicals (OH™), hydrogen peroxide
(H202), and others (Bergamini et al., 2004; Kim et al., 2009). At low
levels, ROS can function as signaling molecules that regulate

cellular basic activities, such as cell growth and cellular adaptive
responses (Hazel and Roebuck, 2001). When the balance between
the accumulation of ROS and the body's antioxidant process is
broken, it causes oxidative stress and damage to cells and tissues,
causing vari ous diseases (Mao et al., 2017). There is clear evidence
that free radicals are associated with the development of diseases,
such as atherosclerosis, emphysema, and cancer (Hayashi and
Iguchi, 2010). Table 1 summarizes the antioxidant effects of tea
polyphenols and their associated potential mechanisms.

In vivo experiments have shown that tea polyphenols can in-
crease levels of rat serum catalase (CAT), glutathione peroxidase
(GSH-Px), and superoxide dismutase (SOD), and can reduce the
production of malondialdehyde (MDA). These findings reveal that
tea polyphenols regulate the oxidoreductase system, improve the
body's anti-oxidation ability (Ahmed et al., 2017; Negishi et al.,
2004), and prevents oxidative stress caused by bacterial in-
fections and intestinal damage (Zhang et al., 2019). In addition, tea
polyphenols can restore the levels of serum total protein, tumor
necrosis factor-o. (TNF-a), and caspase-3 in the liver of rats with
hepatotoxicity induced by azathioprine (El-Beshbishy et al., 2011).
This indicates that tea polyphenols protect against liver injury in
rats through antioxidant, anti-inflammatory, and antiapoptotic
mechanisms. The content of ECG, EGC and EC in tea is relatively low,
and there have been few reports on the use as a feed additive in
animals.

In vitro experiments have shown that EGCG exhibits cancer-
preventing activity by inhibiting the accumulation of ROS in the
body, and EGCG can accelerate programmed cell death by blocking
DNA synthesis in cancer cells without harming normal cells (Chen
et al.,, 2001). Stimulation of the primary hepatocytes of goats with
EGCG was shown to promote cell proliferation, improve cell
membrane integrity, and facilitate cell survival and function under
oxidative stress (Zhong, 2013). EGCG, ECG, EGC, EC all have the
function of inhibiting the proliferation of human colon cancer cells
HCT-116 and SW-480, but the effect of egcg is the best, which is
mainly related to its content (Du et al., 2012). In the cell signaling
pathway, EGCG regulates apoptosis induced by oxidative stress via
the protein kinase B (Akt) and c-Jun N-terminal kinase (JNK)
signaling pathways. ECG up-regulates mitogen-activated protein
kinase (MAPK), antioxidant response element (ARE) gene expres-
sion, thereby enhancing the ability of the cell's antioxidant defense
system (Nie et al., 2002). Furthermore, the key cellular pathways for
the body's antioxidants are nuclear factor erythroid 2-related factor
2 (Nrf2), nuclear factor-kappa B (NF-kB), and so on (Jiang et al.,
2017).

In addition, a therapeutic effect has been shown with the
combination of tea polyphenols and other drugs. Tea polyphenol
with taurine can reduce the level of lipopolysaccharides in rats and
can protect the liver, providing a new method for treating nonal-
coholic steatohepatitis (Zhu et al., 2017). Likewise, tea polyphenol
with Trolox can inhibit gene mutations, base detachment, and DNA
strand breaks that are caused by excessive oxygen free radicals;
these synergistic effects have an activity sequence of
EC = ECG > EGCG > EGC (WEei et al., 2006).

4. Antioxidant mechanisms of green tea polyphenols

A growing number of epidemiological studies have shown that
the intake of polyphenols delays aging and helps prevent and treat
cancer and neurodegenerative, cardiovascular, and cerebrovascular
diseases (Kumar and Xu, 2017). After entering the animal body, the
mechanism by which tea polyphenols produce antioxidant effects
includes the following processes: the increase in activity of anti-
oxidant enzymes, the inhibition of lipid peroxidation, the scav-
enging of free radicals in synergy with other nutrients (Nakagawa
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Fig. 1. Structures of the major tea polyphenols.
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Table 1

The antioxidant effects of tea polyphenols and their associated potential mechanisms.
Experiment material Compound Observed effects Reference
Electromagnetic radiation-exposed rats EGCG 1CAT; 1SOD; 1GSH-Px; | MDA Ahmed et al. (2017)

Spontaneously hypertensive rats
Hepatotoxicity of azathioprine-induced rats

Tea polyphenols
Tea polyphenols

Salmonella typhimurium infection C57BL/6 male
mice

Tea polyphenols

Primary hepatocytes of goat Tea polyphenols

Human colon cancer cell line

(Colo-205)

6-hydroxydopamine-induced apoptosis in ECG
PC12 cells

Human colon cancer cell HCT-116 and SW-480

Nonalcoholic steatohepatitis rats

PBR322 plasmid DNA

Tea polyphenols

EGCG, ECG, EGC, EC
Tea polyphenols + taurine
Tea polyphenols + trolox

1CAT; |Blood pressure

1 CAT; 1 GSH-Px; 1Restoring serum total
protein, TNF-o and caspase-3 levels in the liver
1CAT; 1SOD; | Oxidative stress occurring in the
process of ileal injury induced bySalmonella
typhimurium

1 Cell proliferation;
1 Cell membrane integrity; 1 Antioxidase
| Lipid peroxidation

TMAPK; tARE gene expression
| Cell proliferation; | Oxidative stress

tLiver antioxidant activity; | ROS; | LPS
Inhibition of DNA oxidative damage

Negishi et al. (2004)
El-Beshbishy et al. (2011)

Zhang et al. (2019)

Zhong (2013)
Jiang et al. (2017)
Nie et al. (2002)
Du et al. (2012)

Zhu et al. (2017)
Wei et al. (2006)

EGCG = (—)-epigallocatechin-3-gallate; CAT = catalase; SOD = superoxide dismutase; GSH-Px = glutathione peroxidase; MDA = malondialdehyde; TNF-o. = tumor necrosis
factor-a; ECG = (—)-epicatechin-3-gallate; MAPK = mitogen-activated protein kinase; ARE = antioxidant response element; EGC = (—)-epigallocatechin; EC = (—)-epi-

catechin; ROS = reactive oxygen species; LPS = lipopolysaccharides.

and Yokozawa, 2002), and the reduction of oxidation via chelation
of metal ions (Yiannakopoulou, 2013). These processes are com-
bined to reflect the effect of antioxidants. The antioxidant mecha-
nism of phenolic compounds can be summarized as a transfer
based on hydrogen atoms or a single electron transfer through
protons (Rong, 2012); however, catechins and theaflavins may also
promote the production of ROS in the body (Lambert and Elias,
2010).

4.1. Direct action on free radicals

ROS is involved in a variety of physiological and pathological

processes, mainly in cell signaling conduction, proliferation, dif-
ferentiation, and apoptosis. Significant accumulation of ROS cau-
ses inflammation and neurodegenerative diseases (Cai et al.,
2002). Tea polyphenols react with ROS to form relatively stable
phenolic oxygen radicals, thus eliminating free radicals. The -
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electron on the benzene ring in the tea polyphenol structure has a
conjugation effect on the single electron on the oxygen atom of
the phenolic hydroxyl group. The single electron tends to the
benzene ring, thereby reducing the activity of the hydrogen-
oxygen bond in the phenolic hydroxyl group. The hydrogen ac-
tivity on the phenolic hydroxyl group increases and the free rad-
icals compete for active oxygen, terminating the auto-oxidation
reaction of the free radicals. The metabolites of tea polyphenols
also have a certain degree of antioxidant capacity (Almajano et al.,
2008; Vuong et al., 2011); however, due to the structural differ-
ences in catechins, there is a difference in the elimination of free
radicals. In general, the ability of tea polyphenols to scavenge ROS
depends on the number of hydroxyl groups in the structure, the
environment, and the stability of the phenolic oxygen radicals
(Zhao et al., 2001).

4.2. Indirect action on free radicals

In addition to directly scavenging free radicals, tea polyphenols
also protect the body from oxidative damage by regulating different
types of oxidase and antioxidant enzyme activities. Tea poly-
phenols can inhibit xanthine oxidase (Rashidinejad et al., 2016),
Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase
(Zuo et al., 2014), lipoxidase, cyclic oxidase (Frei and Higdon, 2003;
Htay et al., 2008), and can impede activity to reduce the production
of oxygen free radicals. In addition, tea polyphenols regulate the
expression of certain antioxidant enzymes, such as SOD, gluta-
thione S-transferase (GST), GSH-Px and the like (Yang et al., 2011),
to alleviate the structural and functional damage caused by
oxidative damage in mitochondria (Yang et al., 2011). Glutathione
(GSH) is a reducing substrate for GSH-Px in the process of scav-
enging H,0,. Glutathione reductase (GR) is a key enzyme that re-
duces glutathione from an oxidized state to a reduced state. The
glutamyl cysteine synthetase is the rate-limiting enzyme in the
synthesis of glutathione (Chen et al., 2004; Masella et al., 2005).
EGCG and ECG can increase the activity of these 2 enzymes and
ensure that GSH-Px continuously scavenges oxygen free radicals.

4.3. Complexation of metal ions

Some of the transition metal elements catalyze certain oxidation
reactions in the body and generate a large number of free radicals.
Calcium is one such element; Ca®>* promotes the production of
xanthine oxidase. Tea polyphenols inhibit the occurrence of this
process by chelating Ca®* (Guo et al., 2005). Iron also catalyzes
oxidation; however, the catechol structure in tea polyphenols can
chelate Fe?*. Inhibition of iron-induced synaptosome lipid peroxi-
dation showed that different compounds has different inhibitory
effects on lipid peroxidation, and different compounds inhibitory
effects are in the order EGCG > ECG > EGC > EC, but EGC is the most
effective in scavenging lipid free radicals, because compared with
EGC, other types of catechins (EGCG, ECG and EC) are more likely to
form creams with lipids in the acidic environment of the stomach,
reducing their utilization efficiency (Fang et al., 2019; Bernatoniene
and Kopustinskiene, 2018). Due to the different positions of com-
pounds involved in the antioxidant activity, the stability of the
semiquinone radicals generated during the dehydrogenation re-
action also becomes an important factor affecting the antioxidant
effect (Guo, 1996).

4.4. Synergistic effect of tea polyphenols and vitamins
Humans and animals require vitamins to maintain normal

physiological functions. Vitamins play an important role in body
growth, metabolism, and development. Tea polyphenols have been

shown to increase the concentration of vitamin E in low-density
lipoprotein (LDL) in cholesterol-fed rats and to increase serum
antioxidant capacity. Further, the atherosclerosis index showed a
dose-dependent improvement with increasing levels of tea poly-
phenols (Yokozawa et al., 2002). Through the study of total
hydrogen peroxide production during the linoleic acid peroxidation
process, it was found that the antioxidant effect of tea polyphenols
(EGCG, 10 umol/L) is better than that of a-tocopherol (vitamin E,
10 pmol/L) or ascorbic acid (vitamin C, 10 pmol/L), but the mixture
of EGCG, vitamin E, and vitamin C possesses remarkably enhanced
antioxidative efficacy when compared to the use of these 3 anti-
oxidants individually (Dai et al., 2008).

5. Effect on signal transduction pathway

When the ability to generate and eliminate free radicals in the
body cannot reach equilibrium, oxidative stress can cause damage
to the body. Various extracellular stimuli complete the signal
transfer through the signaling pathway, and the animal's response
to the stimuli is also achieved through the signaling pathway. Tea
polyphenols can protect cells from oxidative damage by regulating
certain cell signaling pathways. In addition, tea polyphenols are
protective against inflammation (Kyung-Joo et al., 2016), cardio-
vascular diseases (Potenza et al., 2007), cancer (Fujiki et al., 2015),
and obesity (Louise et al., 2009); moreover, they regulate lipid
metabolism (Kim et al., 2013). The regulatory effect of tea poly-
phenols on major cellular pathways related to antioxidant activity
is shown in Fig. 2.

5.1. Nrf2-Keap1-ARE

Nrf2 is an important redox-sensitive transcription factor, a
major regulator of certain antioxidant enzymes and detoxification
genes, and it plays an important role in the body's maintenance of
redox homeostasis (Jaramillo and Zhang, 2013). Kelch-like ECH-
associated protein-1 (Keap1) is an inhibitor of Nrf2. Under normal
physiological conditions, keap1 is at a relatively low level when
binding to Nrf2. Keap1 is a substrate for ubiquitin E3 ligase (cul3)
and can promote the degradation of Nrf2 by proteases. When the
cells are subjected to oxidative stress, the Nrf2-Keap1 complex is
dissociated, and the undegraded Nrf2 is transferred from the
cytoplasm into the nucleus. The Nrf2 promoter binds to the small
musculoaponeurotic fibrosarcoma (Maf) protein to form a hetero-
dimer and binds to ARE to promote expression of certain antioxi-
dant enzyme genes (Heiss et al., 2013). Oxidative stress and
conditions stimulated by many exogenous chemicals may alter the
reduced state of the cysteine residue of Keapl and cause trans-
location of Nrf2. When Cys151 is oxidized or covalently modified,
Nrf2 ubiquitination can be reduced and separated from the Nrf2-
Keap1 complex (Kobayashi and Yamamoto, 2006).

Antioxidant factors regulated by Nrf2 include quinone oxido-
reductase 1 (NQO1), heme Oxygenase-1 (HO-1), SOD, CAT, and the
like (Vries et al., 2008). Nrf2-mediated HO-1 expression regulates
the activity of P38 MAPK and extracellular-signal-regulated kinase
(ERK)1/2 signaling pathways, links Nrf2 to the MAPK signaling
pathway, and reduces ROS production in animals. It alleviates the
oxidative damage of cells and organs caused by ROS and exerts
preventive and therapeutic effects in other conditions such as
neurodegenerative diseases (Kerio et al., 2013).

Black tea polyphenols can increase the expression of antioxidant
enzymes, such as NQO1 and GST in the liver and lung of mice
through the Nrf2-ARE pathway. The main pathways for activation
of Nrf2 are protein kinase C (PKC) and Pi3 kinase (Pi3-K), but the
main pathways of EGCG are Pi3-K/Akt and MAPK. Studies have
proven that different tea polyphenols have different ways of
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Fig. 2. This schematic illustrates the cellular pathways regulated by tea polyphenols during their antioxidant activity. AKT = protein kinase B; AMPK = adenosine 5'-monophosphate;
Pi3-K = Pi3 kinase; ROS = reactive oxygen species; keap1 = Kelch-like ECH-associated protein-1; Nrf2 = nuclear factor erythroid 2-related factor 2; ERK = extracellular-signal-
regulated kinase; JNK = c-Jun N-terminal kinase; NF-kB = nuclear factor-kappa B; I-kB = inhibitory protein inhibitor of NF-kB; SOD = superoxide dismutase; CAT = catalase; HO-1 =
heme oxygenase-1; NQO1 = quinone oxidoreductase 1; GSH = glutathione; ARE = antioxidant response element; p-ERK = phosphorylated ERK; AP-1 = activating protein-1.

activating Nrf2 (Patel and Maru, 2008). Studies have also shown
that mice can change their normal routine when light is provided
irregularly. It was found that the expression of the circadian clock
gene Bmall was decreased, resulting in a decrease in the expres-
sion level of the antioxidant gene regulated by the Nrf2 pathway,
causing oxidative stress and hepatic lesions. EGCG can improve this
condition and increase the expression level of enzymes, such as
HO-1 and NQO1, by activating the Nfr2 oxidative defense pathway
in the liver and HepG2 cells (Qi et al., 2017). The HO-1 has a function
of increasing the antioxidant capacity of cells and NQO1 can reduce
the production of cellular ROS (Vasiliou et al., 2006). The protective
effect of tea polyphenols against oxidative stress in the animal body
was demonstrated.

5.2. NF-kB

NF-kB is an important transcription factor whose primary
function is to regulate the expression of anti-apoptotic genes and
activate certain proinflammatory cytokine and chemokines
(Iliopoulos et al., 2009). Under normal conditions, NF-kB binds to
the inhibitory protein inhibitor of NF-kB (I-kB) in the cytoplasm.
Under conditions of oxidative stress and excessive ROS accumula-
tion, I-kB rapidly phosphorylates and releases NF-«B to transfer it
into the nucleus. At the molecular level, NF-kB is closely related to
the occurrence and development of diseases, such as inflammation
and organ damage (Potoyan et al, 2015; Nanji et al, 2003).
Excessive oxygen free radicals cause activation of NF-kB and
regulate the expression of inflammation and immune-related
genes, exacerbating apoptosis of vascular smooth muscle cells
and causing inflammatory responses (Mitjans et al., 2011). Damage
to biofilms by oxygen free radicals can cause vascular endothelial
dysfunction in animals, leading to cardiovascular diseases, such as
atherosclerosis (Nagle et al., 2006).

Overexpression of I-kB in cells can significantly inhibit NF-kB
and increase the activation of ARE and NQOT1 genes, indicating that

[-kB can increase Nrf2 activity while negatively regulating NF-
kB.Inhibitor of NF-kB kinase (IKK) plays a key role in the phos-
phorylation of I-kB and activation of NF-kB. Inhibitor of NF-kB ki-
nase activity was evaluated by studying tea polyphenols for
phosphorylation levels of I-kB-GST fusion protein of mouse fetal
epithelial cell line (IEC-6). The results showed that tea polyphenols
could induce a decrease in IKK and NF-kB activities, and EGCG had
the best inhibitory effect on IKK, which improved the body's anti-
oxidant capacity (Yang et al., 2001). Studies have shown that during
activation of the NF-kB pathway, many proteins negatively regulate
the Nrf2 pathway, and that the P65 protein has a significant
inhibitory effect on Nrf2. This mechanism is the direct interaction
between P65 protein and Nrf2 inhibitor Keap1 protein. Tea poly-
phenol pretreatment significantly reduced the expression of P65
protein in rats, thereby inhibiting the activation of NF-«kB and
restoring the activities of antioxidant enzymes, such as SOD, CAT,
and GSH-Px; the rats were protected from renal ischemia-
reperfusion injury (RIRI) (Li et al., 2014).

5.3. MAPK

The MAPK pathway-associated signal is a family of highly
conserved protein kinases whose basic component is a tertiary
kinase pattern, including Mitogen-Activated Protein Kinase Kinase
Kinase (MKKK), Map Kinase Kinase (MKK), and MAPK (Takahashi
et al.,, 2010). Activation of this system has important regulatory
effects on cell growth, differentiation, and response to stress. A
large number of studies have found that there are 3 pathways
involved in MAPK, namely the ERK signaling pathway (Sturm et al.,
2010), JNK pathway, and the p38 MAPK signaling pathway (Wagner
and Nebreda, 2009; Bradham and Mcclay, 2006).

There is a close relationship between oxidative stress and MAPK.
The massive accumulation of ROS can cause oxidation of intracel-
lular proteins and lipid peroxidation of cell membranes, leading to
cell damage and tissue necrosis (Tunc et al., 2009). This may be due
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to ROS that activate ERK/p38 and cause oxidative damage to neu-
rons (Wang et al., 2011). Tests have shown that oral administration
of EGCG to mice can reduce antibody levels in their own serum and
protect cells from the toxic effects of TNF-a. The molecular mech-
anism of this protection is the specific phosphorylation of p38
MAPK, which leads to reduced viability (Hsu et al., 2007). In addi-
tion, the oxidative stress model of HepG2 cells was constructed by
using low-concentration H,0, to explore the therapeutic effect of
EGCG. The phosphorylation of p38 MAPK by EGCG increased the
content of intracellular CAT and enhanced the stability of CAT
mRNA (Murakami et al., 2002).

6. Application of tea polyphenols in animal models

Tea polyphenols are found in medical practice and scientific
research as a good antioxidant with good free radical scavenging
effects in response to oxidative stress. Since oxidative stress is
closely related to the occurrence and development of many chronic
diseases in humans. Tea polyphenols was documented to prevent
and treat various diseases (Wang et al., 2008). Cancer is a chronic
disease that poses a huge threat to the health of the people. In
China, these diseases often occur due to the aging of the population
and unhealthy lifestyles (He, 2018). The production and accumu-
lation of MDA increases the risk of cancer in humans. In the primary
stage of cancer, lipid peroxide-induced DNA mutations are
increased by the accumulation of MDA (Nair et al., 2007). The levels
of adducts produced by MDA and DNA in breast cancer patients are
significantly higher than those in healthy individuals. Studies have
shown that matrix metalloproteinases (MMP) are involved in the
pathogenesis of breast cancer. EGCG inhibits the development of
disease by mediating the epigenetic induction of MMP-3 and
inhibiting the activity of MMP-2 and MMP-9 in breast cancer cells
(Limaye, 2015). A rat colon cancer model was induced with azo-
methane (AOM) to investigate the therapeutic effects of tea poly-
phenols on human colon cancer. The number of aberrant crypt foci
(ACF) and its extent by AOM were significantly decreased after
feeding rats with 0.24% of composite polyphenols containing 65%
EGCG for 8 wk. The expression levels of B-catenin and cyclin D1
were decreased and ACF cell apoptosis was increased (Xiao et al.,
2008). Tea polyphenols have also been shown to prevent respira-
tory cancers, digestive cancers, and urinary cancers caused by
different pathogenic factors in animal models. In addition to anti-
oxidant properties, tea polyphenols also prevent mutations in ge-
netic material, regulate detoxification enzyme activity, and inhibit
tumorigenesis in the process of preventing cancer (Ahmad and
Mukhtar, 1999).

Cardiovascular and cerebrovascular diseases are collectively
referred to as ischemic or hemorrhagic diseases of the heart, brain
and systemic tissues caused by hyperlipidemia, atherosclerosis, and
hypertension. It is more common among the middle-aged and
elderly people over the age of 50. The number of people who die of
cardiovascular and cerebrovascular diseases every year in the world
is as high as 15 million, ranking first in all causes of death. The rat
model of cardiac hypertrophy was established by abdominal aortic
constriction (AC). The MDA content in the rat heart was gradually
increased and the antioxidant enzyme activity was decreased.
EGCG has the ability to inhibit telomere shortening and loss of
telomere repeat-binding factor 2 (TRF2) in cardiac cells to reduce
apoptosis of cardiomyocytes (Sheng et al., 2013). Oral EGCG can
cause significant increase in antioxidant enzyme activity in rats
with isoproterenol-induced myocardial infarction, and lipid per-
oxidation is inhibited to ensure the integrity of myocardial cell
membrane and reduce the incidence of myocardial infarction
(Devika and Prince, 2008). With the deepening of lipoprotein
research, it is found that the level of low-density lipoprotein

cholesterol (LDL-C) is positively correlated with the occurrence of
atherosclerosis. Tea polyphenols have multiple phenolic hydroxyl
groups to inhibit the oxidation of cholesterol. Inhibition of depo-
sition of lipids on the walls of blood vessels. On the other hand, the
oxidation of unsaturated fatty acids is prevented, thereby reducing
the content of cholesterol in the serum and maintaining the dy-
namic balance of the normal entry and exit of lipids in the arterial
wall, and has an anti-atherosclerotic effect.

Gut microbiota balances nutrient acquisition and energy regu-
lation by processing the indigestible components of our daily diet
(Consortium, 2012). There are more than 1,000 different types of
bacteria and microorganisms in the human digestive system, and
the composition of the microbial ecosystem in the body plays a
vital role in human health. When the microbial composition is
altered, it will induce or trigger the production of certain diseases
(Yano et al, 2015). The metabolism and absorption of dietary
polyphenols by the human body mainly depend on the biotrans-
formation of microorganisms in the intestine. Some polyphenols
enter the colon and are converted into small molecule compounds
under the action of bacterial enzymes and microorganisms, and the
other part enters the hepatic and intestinal circulation to exert
physiological functions (Duynhoven et al.,, 2011). The synergistic
use of 4% green tea powder and Lactobacillus plantarum can
significantly increase the microbial diversity in the intestinal tract
of C57BL/6] mice and selectively reduce the number of harmful
bacteria (Axling et al., 2012). The mechanism of tea polyphenols in
improving intestinal microbial composition mainly focuses on tea
polyphenols providing metabolic substrates for beneficial bacteria
such as bifidobacteria and lactic acid bacteria, and its antibacterial
activity can affect the cell membrane function and energy meta-
bolism of harmful bacteria, inhibits the growth of Bacteroides and
Pachybacteria (Marchesi et al., 2016). Short-chain fatty acids (SCFA)
are the major metabolites produced by bacteria that ferment di-
etary fiber in the gastrointestinal tract, various studies have
confirmed its regulatory effect on metabolic syndromes (Yin et al.,
2018). Tea polyphenols can produce SCFA by intestinal fermenta-
tion. Increasing SCFA production can achieve the purpose of acid-
ifying the intestinal environment, in order to promote the
absorption of nutrients, especially minerals, and inhibit the growth
of pathogenic bacteria (Sun et al., 2018). Tea polyphenols can show
better effects in Improving intestinal function, indicating that the
bioactive components in tea are digested and absorbed in the in-
testinal tract of animals. However, studies have shown that only
0.1% of EGCG will be bioavailable after entering the body (Zhibin
et al,, 2018), and it can be seen that the bioavailability of tea
polyphenols is very low. The reason for the conjecture may be
related to the rapid metabolism of polyphenols and poor intestinal
transport capacity (Neilson et al., 2007). Although the bioavail-
ability of animals to tea polyphenols is low, higher levels of tea
polyphenols still cause toxicity to the body. Feeding high doses (1%)
of tea polyphenols in colitis mice can cause symptoms of nephro-
toxicity and affect liver and kidney function, causing oxidative
damage in the body. The same results were obtained in experi-
ments in healthy mice. However, using low-dose (0.01% or 0.1%) tea
polyphenols to feed colitis mice, it was found that tea polyphenols
showed protective effects on liver and kidney and other organs
(Murakami, 2014). Therefore, the optimal use of tea polyphenols in
the prevention and treatment of different diseases needs to be
confirmed.

At present, in addition to being a health care drug, tea poly-
phenols are widely used as a safe feed additive in livestock and
poultry farming. In the production of pigs, it can improve animal
production performance and immunity, reduce the body's lipid
oxidation level, protect cell structure and functional integrity, and
prevent organ damage and animal diseases caused by lipid
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peroxidation (Xing et al., 2019). Currently, lipid oxidation has been
recognized as the main deteriorating mode of frozen meat (Jamilah
et al., 2009). Proteins are degraded by oxidation, causing impaired
protein function and loss of nutritional value (Promeyrat et al.,
2013; Utrera and Mario, 2013). Tea polyphenols also has the ef-
fect of prolonging the storage time of meat products and improving
the quality of meat. Piglets were injected with diquat to establish an
oxidative stress model. After 7 d of dietary supplementation with
tea polyphenols, it was found that immune damage and growth
inhibition caused by oxidative stress were alleviated and improved,
and T lymphocyte proliferation and activation were promoted
(Deng et al., 2010). Studies have shown that tea polyphenols help to
increase the number of beneficial bacteria in the intestines of pigs,
reduce the number of Clostridium, and reduce the amount of feces
and ammonia. In this way, the control of nitrogen-containing
substances with animal excrement is important for environ-
mental protection and the promotion of healthy farming (Hara
et al., 1995). Green tea extract has anti-avian adenovirus type 4
(fadv4) (Aslam, 2014) and anti-avian influenza (H5N2)
(Taechowisan et al., 2018) effect during poultry farming and is su-
perior to catechins such as EGCG, EGC and ECG. As antibiotics are
banned worldwide, finding good antibiotic substitutes is an
important direction for the healthy development of animal hus-
bandry. Studies have shown that broilers fed diets containing
0.5% to 2% tea polyphenols can improve growth performance,
muscle antioxidant capacity and meat quality, and the effect is
better than diet supplemented with 0.1% oxytetracycline calcium
(Rahman et al., 2018). It has been proved that tea polyphenols have
the potential to replace antibiotics. Studying the effect of tea
polyphenols on egg quality showed that under the premise of
lowering the cholesterol content of egg yolk and improving the
fatty acid composition, the antioxidant level of eggs was increased
and the storage time of eggs was prolonged (Uuganbayar et al.,
2005). However, there have also been reports that feeding tea to
egg poultry will reduce egg weight and eggshell quality, mainly
because the tea contains the anti-nutritional factor tannin (Kara
et al., 2016). Therefore, in the further development and utilization
of such resources, we should pay attention to solve this problem
and explore the optimal use of tea.

7. Perspectives

A large number of animal experiments and human clinical ap-
plications have proven that tea polyphenols have anti-oxidation,
anti-cancer, anti-obesity, anti-allergic and other biological func-
tions. Tea polyphenols are used in the prevention and treatment of
neurodegenerative diseases, cardiovascular and cerebrovascular
diseases, cancer, diabetes, high blood pressure, scurvy and other
diseases. Tea polyphenols exert anti-oxidation activity mainly by
regulating Nrf2 signaling pathway, and also stimulate NF-kB and
MAPK pathways. However, the specific mechanism by which tea
polyphenols exhibit good biological functions in the body has not
been fully elucidated, and further tests are needed to verify
whether high-dose tea polyphenols are bio-toxic to humans and
animals.

Conflicts of interest

We declare that we have no financial and personal relationships
with other people or organizations that can inappropriately influ-
ence our work, there is no professional or other personal interest of
any nature or kind in any product, service and/or company that
could be construed as influencing the content of this paper.

Acknowledgement

This study was financially supported by the National Key R & D
Program (2018YFD0500405), the National Nature Science Founda-
tion of China (31972582), the Science and Technology Projects of
Changsha City (kq1801059), the STS regional key projects of Chi-
nese Academy of Sciences (KFJ-STS-QYZD-052), the Youth Innova-
tion Team Project of ISA, CAS (2017QNCXTD_ZCS), and the
Earmarked Fund for China Agriculture Research System (CARS-35).

We thank Editage [http://www.editage.cn] for English language
editing.

References

Ahmad N, Mukhtar H. Green tea polyphenols and cancer: biologic mechanisms and
practical implications. Nutr Rev 1999;57:78—83. https://doi.org/10.1111/j.1753-
4887.1999.tb06927.x.

Ahmed NA, Radwan NM, Aboul Ezz HS, Salama NA. The antioxidant effect of green
tea mega EGCG against electromagnetic radiation-induced oxidative stress in
the hippocampus and striatum of rats. Electromagn Biol Med 2017;36:63—73.
https://doi.org/10.1080/15368378.2016.1194292.

Almajano MP, Rosa Carbd ], , Angel Lopez Jiménez, Gordon MH. Antioxidant and
antimicrobial activities of tea infusions. Food Chem 2008;108:55—63. https://
doi.org/10.1016/j.foodchem.2007.10.040.

Anandh Babu P, Liu D. Green tea catechins and cardiovascular health: an update.
Curr Med Chem 2008;15:1840—-50. https://doi.org/10.2174/
092986708785132979.

Aslam A. Evaluation of antiviral effect of epigallocatechin gallate, epigallocatechin,
epicatechin gallate and green tea extract against fowl adenovirus 4. Pakistan ]
Zool 2014;46:1283—94.

Axling U, Olsson C, Xu ], Fernandez Céline, Larsson S, StraM K, et al. Green tea
powder andlactobacillus plantarumaffect gut microbiota, lipid metabolism and
inflammation in high-fat fed C57BL/6] mice. Nutr Metab (Lond) 2012;9:105.
https://doi.org/10.1186/1743-7075-9-105.

Bergamini C, Gambetti S, Dondi A, Cervellati C. Oxygen, reactive oxygen species and
tissue damage. Curr Pharmaceut Des 2004;10:1611—-26. https://doi.org/10.2174/
1381612043384664.

Bernatoniene ], Kopustinskiene DM. The role of catechins in cellular responses to
oxidative stress. Molecules 2018;23:965. https://doi.org/10.3390/
molecules23040965.

Bradham C, Mcclay DR. P38 mapk in development and cancer. Cell Cycle 2006;5:
824—8. https://doi.org/10.4161/cc.5.8.2685.

Cai Y], Ma LP, Hou LF, Zhou B, Yang L, Liu ZL. Antioxidant effects of green tea
polyphenols on free radical initiated peroxidation of rat liver microsomes.
Chem Phys Lipids 2002;120:109—17. https://doi.org/10.1016/s0009-3084(02)
00110-x.

Chan EC, Tie PP, Soh EY, Law YP. Antioxidant and antibacterial properties of green,
black, and herbal teas of camellia sinensis. Pharmacogn Res 2011;3:266—72.
https://doi.org/10.4103/0974-8490.89748.

Chen L, Yang XQ, Jiao H, Zhao B. Effect of tea catechins on the change of glutathione
levels caused by Pb*™, in PC12 cells. Chem Res Toxicol 2004;17:922—8. https://
doi.org/10.1021/tx0499315.

Chen ZH, Zhou B, Yang L, Wu LM, Liu ZL. Antioxidant activity of green tea poly-
phenols against lipid peroxidation initiated by lipid-soluble radicals in micelles.
J Chem Soc Perk Trans 2 2001;2:1835—9. https://doi.org/10.1039/b101713f.

Ciraj AM, Sulaim ], Mamatha B, Gopalkrishna BK, Shivananda PG. Antibacterial ac-
tivity of black tea (camelia sinensis) extract against salmonella serotypes
causing enteric fever. Indian ] Med Sci 2001;5:376—81. PMID: 11883337.

Consortium HMP. Structure, function and diversity of the healthy human micro-
biome. Nature 2012;486:207—14. https://doi.org/10.1038/nature11234.

Dai F, Chen WF, Zhou B. Antioxidant synergism of green tea polyphenols with a-
tocopherol and l-ascorbic acid in SDS micelles. Biochimie 2008;90:1499—505.
https://doi.org/10.1016/j.biochi.2008.05.007.

Deng Q, Xu J, Yu B, He ], Chen D. Effect of dietary tea polyphenols on growth per-
formance and cell-mediated immune response of post-weaning piglets under
oxidative stress. Arch Anim Nutr 2010;64:12—21. https://doi.org/10.1080/
17450390903169138.

Devika PT, Prince PSM. Protective effect of (-)-epigallocatechin-gallate (EGCG) on
lipid peroxide metabolism in isoproterenol induced myocardial infarction in
male wistar rats: a histopathological study. Biomed Pharmacother 2008;62:
701-38. https://doi.org/10.1016/j.biopha.2007.10.011.

Du GJ, Zhang ZY, Wen XD, Yu CH, Calway T, Yuan CS, et al. Epigallocatechin gallate
(EGCG) is the most effective cancer chemopreventive polyphenol in green tea.
Nutrients 2012;4:1679—91. https://doi.org/10.3390/nu4111679.

Duynhoven ]V, Vaughan EE, Jacobs DM, Kemperman RA, Velzen EJJV, Gross G, et al.
Supplement 1: microbes and health || metabolic fate of polyphenols in the
human superorganism. Proc Natl Acad Sci USA 2011;108:4531-8. https://
doi.org/10.2307/41125180.

El-Beshbishy HA, Tork OM, El-Bab MF, Autifi MA. Antioxidant and antiapoptotic
effects of green tea polyphenols against azathioprine-induced liver injury in


http://www.editage.cn
https://doi.org/10.1111/j.1753-4887.1999.tb06927.x
https://doi.org/10.1111/j.1753-4887.1999.tb06927.x
https://doi.org/10.1080/15368378.2016.1194292
https://doi.org/10.1016/j.foodchem.2007.10.040
https://doi.org/10.1016/j.foodchem.2007.10.040
https://doi.org/10.2174/092986708785132979
https://doi.org/10.2174/092986708785132979
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref5
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref5
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref5
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref5
https://doi.org/10.1186/1743-7075-9-105
https://doi.org/10.2174/1381612043384664
https://doi.org/10.2174/1381612043384664
https://doi.org/10.3390/molecules23040965
https://doi.org/10.3390/molecules23040965
https://doi.org/10.4161/cc.5.8.2685
https://doi.org/10.1016/s0009-3084(02)00110-x
https://doi.org/10.1016/s0009-3084(02)00110-x
https://doi.org/10.4103/0974-8490.89748
https://doi.org/10.1021/tx0499315
https://doi.org/10.1021/tx0499315
https://doi.org/10.1039/b101713f
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref14
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref14
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref14
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref14
https://doi.org/10.1038/nature11234
https://doi.org/10.1016/j.biochi.2008.05.007
https://doi.org/10.1080/17450390903169138
https://doi.org/10.1080/17450390903169138
https://doi.org/10.1016/j.biopha.2007.10.011
https://doi.org/10.3390/nu4111679
https://doi.org/10.2307/41125180
https://doi.org/10.2307/41125180

122 Z. Yan et al. / Animal Nutrition 6 (2020) 115—123

rats. Pathophysiology
j-pathophys.2010.08.002.

Fang X, Azain M, Crowe-White K, Mumaw J, Grimes JA, Schmiedt C, et al. Effect of
acute ingestion of green tea extract and lemon juice on oxidative stress and
lipid profile in pigs fed a high-fat diet. Antioxidants 2019;8:195. https://doi.org/
10.3390/antiox8060195.

Frei B, Higdon JV. Antioxidant activity of tea polyphenols in vivo: evidence from
animal studies. J Nutr 2003;133:32755—84S. https://doi.org/10.1046/j.1365-
277X.2003.00466.x.

Fujiki H, Sueoka E, Watanabe T, Suganuma M. Synergistic enhancement of anti-
cancer effects on numerous human cancer cell lines treated with the combi-
nation of EGCG, other green tea catechins, and anticancer compounds. ] Canc
Res Clin Oncol 2015;141:1511—22. https://doi.org/10.1007/s00432-014-1899-5.

Guo Q. Studies on protective mechanisms of four components of green tea poly-
phenols against lipid peroxidation in synaptosomes. Biochim Biophys Acta
1996;1304:210—22. https://doi.org/10.1016/S0005-2760(96)00122-1.

Guo S, Bezard E, Zhao B. Protective effect of green tea polyphenols on the SH-SY5Y
cells against 6-OHDA induced apoptosis through ROS—NO pathway. Free Radic
Biol Med 2005;39:682—95. https://doi.org/10.1016/
j.freeradbiomed.2005.04.022.

Hara H, Orita N, Hatano S, Ichikawa H, Hara Y, Matsumoto N, et al. Effect of tea
polyphenols on fecal flora metabolic products of pigs. ] Vet Med Sci 1995;57:
45-9. https://doi.org/10.1292/jvms.57.45.

Hayashi T, Iguchi A. Possibility of the regression of atherosclerosis through the
prevention of endothelial senescence by the regulation of nitric oxide and free
radical scavengers. Geriatr Gerontol Int 2010;10:115—30. https://doi.org/
10.1111/j.1447-0594.2009.0058 1.x.

Hazel L, Roebuck KA. Oxidant stress and endothelial cell dysfunction. Am ] Physiol
Cell Physiol 2001;280:C719—41. https://doi.org/10.1152/ajpcell.2001.280.4.C719.

He J. Strengthen the cancer surveillance to promote cancer prevention and control
in China. Zhonghua Zhongliu Zazhi 2018;40:1—4. https://doi.org/10.3760/
cma.j.issn.0253-3766.2018.01.001.

Heiss EH, Schachner D, Zimmermann K, Dirsch VM. Glucose availability is a decisive
factor for Nrf2-mediated gene expression. Redox Biol 2013;1:359—65. https://
doi.org/10.1016/j.redox.2013.06.001.

Hsu SD, Dickinson DP, Qin H, Borke ], Schuster GS. Green tea polyphenols reduce
autoimmune symptoms in a murine model for human sjogren's syndrome and
protect human salivary acinar cells from TNF-a-induced cytotoxicity. Autoim-
munity 2007;40:138—47. https://doi.org/10.1080/08916930601167343.

Htay HH, Macnaughton LE, Kapoor MP, Juneja LR, Jain NK, Rahman F, et al. Func-
tional behavior of tea polyphenols in cardiovascular disease. 2008. p. 256—73.

Iliopoulos D, Hirsch HA, Struhl K. An epigenetic switch involving NF-kB, Lin28, Let-7
microRNA, and IL6 links inflammation to cell transformation. Cell 2009;139:
693—706. https://doi.org/10.1016/j.cell.2009.10.014.

Jamilah B, Mohamed A, Abbas KA, Rahman RA, Karim R. A review on the effect of
animal diets and presence of selected natural antioxidants on lipid oxidation of
meat. ] Food Agric Environ 2009;7:76—81. https://doi.org/10.3168/jds.2009-92-
4-1827.

Jaramillo MC, Zhang DD. The emerging role of the Nrf2-keap1 signaling pathway in
cancer. Genes Dev 2013;27:2179—-91. https://doi.org/10.1101/gad.225680.113.

Jiang L, Tang C, Rao ], Xue Q, Wu H, Wu D, et al. Systematic identification of the
druggable interactions between human protein kinases and naturally occurring
compounds in endometriosis. Comput Biol Chem 2017;71:136—43. https://
doi.org/10.1016/j.compbiolchem.2017.10.006.

Kara K, Giiglii BK, Sentiirk M, Konca Y. Influence of catechin (flavan-3-ol) addition to
breeder quail (coturnix coturnix japonica) diets on productivity, reproductive
performance, egg quality and yolk oxidative stability. ] Appl Anim Res 2016;44:
436—41. https://doi.org/10.1080/09712119.2015.1091337.

Kerio LC, Wachira FN, Wanyoko JK, Rotich MK. Total polyphenols, catechin profiles
and antioxidant activity of tea products from purple leaf coloured purple tea
cultivars. Food Chem 2013;136:1405—13. https://doi.org/10.1016/
j.foodchem.2012.09.066.

Khan N, Mukhtar H. Tea polyphenols for health promotion. Life Sci 2007;81:
519—33. https://doi.org/10.1016/].1fs.2007.06.011.

Kim JH, Choi W, Lee JH, Jeon S, Choi YH, Kim BW, et al. Astaxanthin inhibits H,0;-
mediated apoptotic cell death in mouse neural progenitor cells via modulation
of p38 and MEK signaling pathways. ] Microbiol Biotechnol 2009;19:1355—63.
https://doi.org/10.4014/jmb.0906.06003.

Kim JJY, Tan Y, Xiao L, Sun YL, Qu X. Green tea polyphenol epigallocatechin-3-gallate
enhance glycogen synthesis and inhibit lipogenesis in hepatocytes. BioMed Res
Int 2013:1-8. https://doi.org/10.1155/2013/920128.

Kobayashi M, Yamamoto M. Nrf2-keap1 regulation of cellular defense mechanisms
against electrophiles and reactive oxygen species. Adv Enzym Regul 2006;46:
113—40. https://doi.org/10.1016/j.advenzreg.2006.01.007.

Kumar G, Xu BJ. A critical review on polyphenols and health benefits of black
soybeans. Nutrients 2017;9:E455. https://doi.org/10.3390/nu9050455.

Kyung-Joo S, Hyun-Gwan L, Suk KM, Hyun-Mi K, Ji-Yeon ], Won-Jae K. Epi-
gallocatechin-3-gallate rescues LPS-impaired adult hippocampal neurogenesis
through suppressing the TLR4-NF-KB signaling pathway in mice. KOREAN ]
PHYSIOL PHARMACOL 2016;20:41-51. https://doi.org/10.4196/
kipp.2016.20.1.41.

Lambert ]D, Elias R]. The antioxidant and pro-oxidant activities of green tea poly-
phenols: a role in cancer prevention. Arch Biochem Biophys 2010;501:65—72.
https://doi.org/10.1016/j.abb.2010.06.013.

2011;18:125-35. https://doi.org/10.1016/

Li YW, Zhang Y, Zhang L, Li X, Yu ]JB, Zhang HT, et al. Protective effect of tea poly-
phenols on renal ischemia/reperfusion injury via suppressing the activation of
TLR4/NF-KB P65 signal pathway. Gene 2014;542:46—51. https://doi.org/
10.1016/j.gene.2014.03.021.

Limaye AM. Epigenetic induction of tissue inhibitor of matrix metalloproteinase-3
by green tea polyphenols in breast cancer cells. Mol Carcinog 2015;54:
485-99. https://doi.org/10.1002/mc.22121.

Lorenz M. Cellular targets for the beneficial actions of tea polyphenols. Am ] Clin
Nutr 2013;98:1642S—508S. https://doi.org/10.3945/ajcn.113.058230.

Louise BA, Joan L, Jacqueline C, Janice S, Sarah ], Alison S, et al. Effects of dietary
supplementation with the green tea polyphenol epigallocatechin-3-gallate on
insulin resistance and associated metabolic risk factors: randomized controlled
trial. Br J Nutr 2009;101:886—94. https://doi.org/10.1017/S0007114508047727.

Mao X, Gu C, Chen D, Yu B, He ]. Oxidative stress-induced diseases and tea poly-
phenols. Oncotarget 2017;8:81649—-61. https://doi.org/10.18632/
oncotarget.20887.

Marchesi JR, Adams DH, Fava F, Hermes GDA, Hirschfield GM, Hold G, et al. The gut
microbiota and host health: a new clinical frontier. Gut 2016;65:330—9. https://
doi.org/10.1136/gutjnl-2015-309990.

Masella R, Di Benedetto Roberta, Vari Rosaria, Filesi Carmela, Giovannini Claudio.
Novel mechanisms of natural antioxidant compounds in biological systems:
involvement of glutathione and glutathione-related enzymes. ] Nutr Biochem
2005;16:577—86. https://doi.org/10.1016/j.jnutbio.2005.05.013.

Mitjans M, Ugartondo V, Martinez V, Tourino S, Torres JL, Vinardell MP. Role of
galloylation and polymerization in cytoprotective effects of polyphenolic frac-
tions against hydrogen peroxide insult. J Agric Food Chem 2011;59:2113-9.
https://doi.org/10.1021/jf1025532.

Murakami C, Hirakawa Y, Inui H, Nakano Y, Yoshida H. Effect of tea catechins on
cellular lipid peroxidation and cytotoxicity in HepG2 cells. Biosci Biotechnol
Biochem 2002;66:1559—62. https://doi.org/10.1271/bbb.66.1559.

Murakami Akira. Dose-dependent functionality and toxicity of green tea poly-
phenols in experimental rodents. Arch Biochem Biophys 2014;557:3—10.
https://doi.org/10.1016/j.abb.2014.04.018.

Nagle DG, Ferreira D, Zhou YD. Epigallocatechin-3-gallate (EGCG): chemical and
biomedical perspectives. Phytochemistry 2006;67:1849—55. https://doi.org/
10.1016/j.phytochem.2006.06.020.

Nair U, Bartsch H, Nair J. Lipid peroxidation-induced DNA damage in cancer-prone
inflammatory diseases: a review of published adduct types and levels in
humans. Mol Carcinog  2007;43:1109—20. https://doi.org/10.1016/
j.freeradbiomed.2007.07.012.

Nakagawa T, Yokozawa T. Direct scavenging of nitric oxide and superoxide by green
tea. Food Chem Toxicol 2002;40:1745—50. https://doi.org/10.1016/s0278-
6915(02)00169-2.

Nanji AA, Jokelainen K, Tipoe GL, Rahemtulla A, Thomas P, Dannenberg AJ. Curcu-
min prevents alcohol-induced liver disease in rats by inhibiting the expression
of NF-KB-dependent genes. Am ] Physiol Gastrointest Liver Physiol 2003;284:
G321-7. https://doi.org/10.1152/ajpgi.00230.2002.

Negishi H, Xu JW, Ikeda K, Njelekela M, Nara Y, Yamori Y. Black and green tea
polyphenols attenuate blood pressure increases in stroke-prone spontaneously
hypertensive rats. ] Nutr 2004;134:38—42. https://doi.org/10.1093/jn/134.1.38.

Neilson AP, Hopf AS, Cooper BR, Pereira MA, Bomser JA, Ferruzzi MG. Catechin
degradation with concurrent formation of homo- and heterocatechin dimers
during in vitro digestion. ] Agric Food Chem 2007;55:8941-9. https://doi.org/

10.1021/jf071645m.
Nie G, Cao Y, Zhao B. Protective effects of green tea polyphenols and their major
component, (—) - epigallocatechin - 3 - gallate (EGCG) , on 6-

hydroxydopamine-induced apoptosis in PC12 cells. Redox Rep 2002;7:171-7.

Patel R, Maru G. Polymeric black tea polyphenols induce phase ii enzymes via NRF2
in mouse liver and lungs. Free Radic Biol Med 2008;44:1897—911. https://
doi.org/10.1016/j.freeradbiomed.2008.02.006.

Potenza MA, Marasciulo FL, Tarquinio M, Tiravanti E, Colantuono G, Federici A, et al.
Egcg, a green tea polyphenol, improves endothelial function and insulin
sensitivity, reduces blood pressure, and protects against myocardial I/R injury in
SHR. Am ] Physiol Endocrinol Metab 2007;292:E1378. https://doi.org/10.1152/
ajpendo.00698.2006.

Potoyan DA, Zheng W, Komives EA, Wolynes PG. Molecular stripping in the NF-KB/
IKB/DNA genetic regulatory network. Proc Natl Acad Sci U S A 2015;113:110—5.
https://doi.org/10.1073/pnas.1520483112.

Promeyrat A, Daudin ]D, Astruc T, Danon ], Gatellier P. Kinetics of protein physi-
cochemical changes induced by heating in meat using mimetic models: (2)
effects of fibre type, peroxides and antioxidants. Food Chem 2013;138:
2283-90. https://doi.org/10.1016/j.foodchem.2012.11.134.

Qi G, Mi Y, Fan R, Li R, Wang Y, Li X, et al. Tea polyphenols ameliorate hydrogen
peroxide- and constant darkness-triggered oxidative stress via modulating the
Keap1/Nrf2 transcriptional signaling pathway in HepG2 cells and mice liver.
RSC Adv 2017;7:32198—-208. https://doi.org/10.1039/c7ra05000c.

Rahman MM, Hossain MS, Abid MH, Nabi MR, Hamid MA. Effect of green tea
powder as an alternative of antibiotic on growth performance, meat quality and
blood lipid profile of broiler. Bangladesh ] Vet Med 2018;16:23—9.

Rashidinejad A, Birch EJ, Everett DW. Green tea catechins suppress xanthine oxidase
activity in dairy products: an improved hplc analysis. ] Food Compos Anal
2016;48:120—7. https://doi.org/10.1016/.jfca.2016.03.001.

Ravindranath M, Sumobay C, Ramasamy V, Muthugounder S, Selvan S, Brosman S,
et al. Response of lymph node and organ metastasized melanoma cells to green


https://doi.org/10.1016/j.pathophys.2010.08.002
https://doi.org/10.1016/j.pathophys.2010.08.002
https://doi.org/10.3390/antiox8060195
https://doi.org/10.3390/antiox8060195
https://doi.org/10.1046/j.1365-277X.2003.00466.x
https://doi.org/10.1046/j.1365-277X.2003.00466.x
https://doi.org/10.1007/s00432-014-1899-5
https://doi.org/10.1016/S0005-2760(96)00122-1
https://doi.org/10.1016/j.freeradbiomed.2005.04.022
https://doi.org/10.1016/j.freeradbiomed.2005.04.022
https://doi.org/10.1292/jvms.57.45
https://doi.org/10.1111/j.1447-0594.2009.00581.x
https://doi.org/10.1111/j.1447-0594.2009.00581.x
https://doi.org/10.1152/ajpcell.2001.280.4.C719
https://doi.org/10.3760/cma.j.issn.0253-3766.2018.01.001
https://doi.org/10.3760/cma.j.issn.0253-3766.2018.01.001
https://doi.org/10.1016/j.redox.2013.06.001
https://doi.org/10.1016/j.redox.2013.06.001
https://doi.org/10.1080/08916930601167343
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref33
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref33
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref33
https://doi.org/10.1016/j.cell.2009.10.014
https://doi.org/10.3168/jds.2009-92-4-1827
https://doi.org/10.3168/jds.2009-92-4-1827
https://doi.org/10.1101/gad.225680.113
https://doi.org/10.1016/j.compbiolchem.2017.10.006
https://doi.org/10.1016/j.compbiolchem.2017.10.006
https://doi.org/10.1080/09712119.2015.1091337
https://doi.org/10.1016/j.foodchem.2012.09.066
https://doi.org/10.1016/j.foodchem.2012.09.066
https://doi.org/10.1016/j.lfs.2007.06.011
https://doi.org/10.4014/jmb.0906.06003
https://doi.org/10.1155/2013/920128
https://doi.org/10.1016/j.advenzreg.2006.01.007
https://doi.org/10.3390/nu9050455
https://doi.org/10.4196/kjpp.2016.20.1.41
https://doi.org/10.4196/kjpp.2016.20.1.41
https://doi.org/10.1016/j.abb.2010.06.013
https://doi.org/10.1016/j.gene.2014.03.021
https://doi.org/10.1016/j.gene.2014.03.021
https://doi.org/10.1002/mc.22121
https://doi.org/10.3945/ajcn.113.058230
https://doi.org/10.1017/S0007114508047727
https://doi.org/10.18632/oncotarget.20887
https://doi.org/10.18632/oncotarget.20887
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1016/j.jnutbio.2005.05.013
https://doi.org/10.1021/jf1025532
https://doi.org/10.1271/bbb.66.1559
https://doi.org/10.1016/j.abb.2014.04.018
https://doi.org/10.1016/j.phytochem.2006.06.020
https://doi.org/10.1016/j.phytochem.2006.06.020
https://doi.org/10.1016/j.freeradbiomed.2007.07.012
https://doi.org/10.1016/j.freeradbiomed.2007.07.012
https://doi.org/10.1016/s0278-6915(02)00169-2
https://doi.org/10.1016/s0278-6915(02)00169-2
https://doi.org/10.1152/ajpgi.00230.2002
https://doi.org/10.1093/jn/134.1.38
https://doi.org/10.1021/jf071645m
https://doi.org/10.1021/jf071645m
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref63
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref63
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref63
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref63
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref63
https://doi.org/10.1016/j.freeradbiomed.2008.02.006
https://doi.org/10.1016/j.freeradbiomed.2008.02.006
https://doi.org/10.1152/ajpendo.00698.2006
https://doi.org/10.1152/ajpendo.00698.2006
https://doi.org/10.1073/pnas.1520483112
https://doi.org/10.1016/j.foodchem.2012.11.134
https://doi.org/10.1039/c7ra05000c
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref69
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref69
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref69
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref69
https://doi.org/10.1016/j.jfca.2016.03.001
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref71
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref71

Z. Yan et al. / Animal Nutrition 6 (2020) 115—123 123

tea catechins (EGCG, EGC & ECG) differs markedly from that of prostate and
epithelial ovarian carcinomas. Canc Res 2007;67:5538.

Rice-Evans C. Implications of the mechanisms of action of tea polyphenols as an-
tioxidants in vitro for chemoprevention in humans. Proc Soc Exp Biol Med
2010;220:262—6. https://doi.org/10.3181/00379727-220-44377.

Rong T. Antioxidant properties in vitro and in vivo: realistic assessments of efficacy
of plant extracts. CAB Reviews 2012;7(9). https://doi.org/10.1079/
pavsnnr20127009.

Senanayake NSPJ. Green tea extract: chemistry, antioxidant properties and food
applications — a review. ] Funct Foods 2013;5:1529—41. https://doi.org/10.1016/
j.jff.2013.08.011.

Sheng R, Gu ZL, Xie ML. Epigallocatechin gallate, the major component of poly-
phenols in green tea, inhibits telomere attrition mediated cardiomyocyte
apoptosis in cardiac hypertrophy. Int J Cardiol 2013;162:199—209. https://
doi.org/10.1016/j.jjcard.2011.07.083.

Sturm OE, Orton R, Grindlay ], Birtwistle M, Vyshemirsky V, Gilbert D, et al. The
mammalian MAPK/ERK pathway exhibits properties of a negative feedback
amplifier. Sci Signal 2010;3:ra90. https://doi.org/10.1126/scisignal.2001212.

Sun HY, Chen YH, Cheng M, Zhang X, Zheng X], Zhang ZC. The modulatory effect of
polyphenols from green tea, oolong tea and black tea on human intestinal
microbiota in vitro. J] Food Sci Tcchnol 2018;55:399—407. https://doi.org/
10.1007/s13197-017-2951-7.

Taechowisan T, Dumpin K, Phutdhawong WS. Isolation of avian influenza a (H5N2)
from free-grazing ducks in Thailand and antiviral effects of tea extracts. Int ]
Curr Res Life Sci 2018;7:1810—6.

Takahashi Y, Soyano T, Kosetsu K, Sasabe M, Machida Y. Hinkel kinesin, ANP
MAPKKKS and MKK6/ANQ MAPKK, which phosphorylates and activates MPK4
MAPK, constitute a pathway that is required for cytokinesis in arabidopsis
thaliana. Plant Cell Physiol 2010;51:1766—76. https://doi.org/10.1093/pcp/
pcq135.

Tunc T, Uysal B, Atabek C, Kesik V, Caliskan B, Oztas E, et al. Erdosteine and ebselen
as useful agents in intestinal ischemia/reperfusion injury. ] Surg Res 2009;155:
210—6. https://doi.org/10.1016/j.js5.2008.06.017.

Utrera M, Estévez M. Oxidative damage to poultry, pork, and beef during frozen
storage through the analysis of novel protein oxidation markers. ] Agric Food
Chem 2013;61:7987—93. https://doi.org/10.1021/jf402220q.

Uuganbayar D, Bae IH, Choi KS, Shin IS, Firman JD, Yang CJ. Effects of green tea
powder on laying performance and egg quality in laying hens. Asian Austral ]
Anam 2005;18:1769—74. https://doi.org/10.5713/ajas.2005.1769.

Vasiliou V, Ross D, Nebert DW. Update of the NAD(P)H:quinone oxidoreductase
(NQO) gene family. Hum Genom 2006;2:329—35. https://doi.org/10.1186/1479-
7364-2-5-329.

Vries HED, Witte M, Hondius D, Rozemuller AJM, Drukarch B, Hoozemans ], et al.
Nrf2-induced antioxidant protection: a promising target to counteract ros-
mediated damage in neurodegenerative disease? Free Radic Biol Med
2008;45:1375—83. https://doi.org/10.1016/j.freeradbiomed.2008.09.001.

Vuong QV, Stathopoulos CE, Nguyen MH, Golding JB, Roach PD. Isolation of green
tea catechins and their utilization in the food industry. Food Rev Int 2011;27:
227-47. https://doi.org/10.1080/87559129.2011.563397.

Wagner EF, Nebreda AR. Signal integration by JNK and p38 MAPK pathways in
cancer development. Nat Rev Canc 2009;9:537—49. https://doi.org/10.1038/
nrc2694.

Wang JS, Luo H, Wang P, et al. Validation of green tea polyphenol biomarkers in a
phase Il human intervention trial. Food Chem Toxicol 2008;46:232—40. https://
doi.org/10.1016/j.fct.2007.08.007.

Wang X, Liu JZ, Hu JX, Wu H, Li YL, Chen HL, et al. Ros-activated p38 MAPK/ERK-AKT
cascade plays a central role in palmitic acid-stimulated hepatocyte prolifera-
tion. Free Radic Biol Med 2011;51:539—51. https://doi.org/10.1016/
j.freeradbiomed.2011.04.019.

Wei QY, Zhou B, Cai YJ, Yang L, Liu ZL. Synergistic effect of green tea polyphenols
with trolox on free radical-induced oxidative DNA damage. Food Chem
2006;96:90—-5. https://doi.org/10.1016/j.foodchem.2005.01.053.

Xiao H, Hao X, Simi B, Ju ], Jiang H, Reddy BS, et al. Green tea polyphenols inhibit
colorectal aberrant crypt foci (ACF) formation and prevent oncogenic changes
in dysplastic acf in azoxymethane-treated F344 rats. Carcinogenesis 2008;29:
113. https://doi.org/10.1093/carcin/bgm204.

Xing L, Zhang H, Qi R, Tsao R, Mine Y. Recent advances in the understanding of the
health benefits and molecular mechanisms associated with green tea poly-
phenols. ] Agric Food Chem 2019;67:1029—43. https://doi.org/10.1021/
acs.jafc.8b06146.

Yang C, Kim S, Yang G, Lee M, Liao ], Chung ], et al. Inhibition of carcinogenesis by
tea: bioavailability of tea polyphenols and mechanisms of actions. Proc Soc Exp
Biol Med 1999;220:213—7. https://doi.org/10.1046/j.1525-1373.1999.d01-36.x.

Yang C, Wang H, Li GX, Yang Z, Guan F, Jin H. Cancer prevention by tea: evidence
from laboratory studies. Pharmacol Res 2011;64:113—22. https://doi.org/
10.1016/j.phrs.2011.03.001.

Yang F, Oz H, Barve S, Devilliers W], McClain CJ, Varilek G. The green tea polyphenol,
(-)-epigallocatechin-3-gallate blocks nuclear factor-kappa b activation by
inhibiting ikappab kinase activity in the intestinal epithelial cell line, IEC-6. Mol
Pharmacol 2001;120:528—33. https://doi.org/10.1016/s0016-5085(08)80931-6.

Yano J, Yu K, Donaldson G, Shastri G, Ann P, Ma L, et al. Indigenous bacteria from the
gut microbiota regulate host serotonin biosynthesis. Cell 2015;161:264—76.
https://doi.org/10.1016/j.cell.2015.02.047.

Yiannakopoulou Ch E. Targeting oxidative stress response by green tea polyphenols:
clinical implications. Free Radic Res 2013;47:667—71. https://doi.org/10.3109/
10715762.2013.819975.

Yin J, Li Y, Han H, et al. Melatonin reprogramming of gut microbiota improves lipid
dysmetabolism in high-fat diet-fed mice. J Pineal Res 2018;65:e12524. https://
doi.org/10.1111/jpi.12524.

Yokozawa T, Nakagawa T, Kitani K. Antioxidative activity of green tea polyphenol in
cholesterol-fed rats. ] Agric Food Chem 2002;50:3549—52. https://doi.org/
10.1021/jf020029h.

Zeng L, Ma M, Li C, Luo L. Stability of tea polyphenols solution with different ph at
different temperatures. Int J Food Prop 2017;20:18. https://doi.org/10.1080/
10942912.2014.983605.

Zhang L, Gui S, Wang ], et al. Oral administration of green tea polyphenols (TP)
improves ileal injury and intestinal flora disorder in mice with Salmonella
typhimurium infection via resisting inflammation, enhancing antioxidant ac-
tion and preserving tight junction. ] Funct Foods 2019:103654. https://doi.org/
10.1016/j,jff.2019.103654.

Zhao B, Guo Q, Xin W. Free radical scavenging by green tea polyphenols. Methods
Enzymol 2001;335:217—31. https://doi.org/10.1016/S0076-6879(01)35245-X.

Zhibin L, Bruins ME, Li N, Jean-Paul V. Green and black tea phenolics - bioavail-
ability, transformation by colonic microbiota, and modulation of colonic
microbiota. J Agric Food Chem 2018;66:8469—77. https://doi.org/10.1021/
acs.jafc.8b02233.

Zhong RZ. Effect of tea catechins on regulation of cell proliferation and antioxidant
enzyme expression in H,O, -induced primary hepatocytes of goat in vitro.
J Anim Physiol Anim Nutr 2013;97:475—84. https://doi.org/10.1111/j.1439-
0396.2012.01288.x.

Zhou B, Wu L, Yang L, Liu Z, Zhou B, Wu L, et al. Evidence for alpha-tocopherol
regeneration reaction of green tea polyphenols in SDS micelles. Free Radic
Biol Med 2005;38:78—84. https://doi.org/10.1016/j.freeradbiomed.2004.09.023.

Zhu W, Chen S, Chen R, Peng Z, Wan J, Wu B. Taurine and tea polyphenols com-
bination ameliorate nonalcoholic steatohepatitis in rats. BMC Compl Alternative
Med 2017;17:455. https://doi.org/10.1186/s12906-017-1961-3.

Zuo AR, Dong HH, Yu YY, Shu QL, Zheng LX, Yu XY, et al. The antityrosinase and
antioxidant activities of flavonoids dominated by the number and location of
phenolic hydroxyl groups. Chin Med 2018;13:51. https://doi.org/10.1186/
s13020-018-0206-9.

Zuo X, Tian C, Zhao N, Ren W, Meng Y, Jin X, et al. Tea polyphenols alleviate high fat
and high glucose-induced endothelial hyperpermeability by attenuating ros
production via nadph oxidase pathway. BMC Res Notes 2014;7:1-8. https://
doi.org/10.1186/1756-0500-7-120.


http://refhub.elsevier.com/S2405-6545(20)30003-2/sref71
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref71
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref71
https://doi.org/10.3181/00379727-220-44377
https://doi.org/10.1079/pavsnnr20127009
https://doi.org/10.1079/pavsnnr20127009
https://doi.org/10.1016/j.jff.2013.08.011
https://doi.org/10.1016/j.jff.2013.08.011
https://doi.org/10.1016/j.ijcard.2011.07.083
https://doi.org/10.1016/j.ijcard.2011.07.083
https://doi.org/10.1126/scisignal.2001212
https://doi.org/10.1007/s13197-017-2951-7
https://doi.org/10.1007/s13197-017-2951-7
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref78
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref78
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref78
http://refhub.elsevier.com/S2405-6545(20)30003-2/sref78
https://doi.org/10.1093/pcp/pcq135
https://doi.org/10.1093/pcp/pcq135
https://doi.org/10.1016/j.jss.2008.06.017
https://doi.org/10.1021/jf402220q
https://doi.org/10.5713/ajas.2005.1769
https://doi.org/10.1186/1479-7364-2-5-329
https://doi.org/10.1186/1479-7364-2-5-329
https://doi.org/10.1016/j.freeradbiomed.2008.09.001
https://doi.org/10.1080/87559129.2011.563397
https://doi.org/10.1038/nrc2694
https://doi.org/10.1038/nrc2694
https://doi.org/10.1016/j.fct.2007.08.007
https://doi.org/10.1016/j.fct.2007.08.007
https://doi.org/10.1016/j.freeradbiomed.2011.04.019
https://doi.org/10.1016/j.freeradbiomed.2011.04.019
https://doi.org/10.1016/j.foodchem.2005.01.053
https://doi.org/10.1093/carcin/bgm204
https://doi.org/10.1021/acs.jafc.8b06146
https://doi.org/10.1021/acs.jafc.8b06146
https://doi.org/10.1046/j.1525-1373.1999.d01-36.x
https://doi.org/10.1016/j.phrs.2011.03.001
https://doi.org/10.1016/j.phrs.2011.03.001
https://doi.org/10.1016/s0016-5085(08)80931-6
https://doi.org/10.1016/j.cell.2015.02.047
https://doi.org/10.3109/10715762.2013.819975
https://doi.org/10.3109/10715762.2013.819975
https://doi.org/10.1111/jpi.12524
https://doi.org/10.1111/jpi.12524
https://doi.org/10.1021/jf020029h
https://doi.org/10.1021/jf020029h
https://doi.org/10.1080/10942912.2014.983605
https://doi.org/10.1080/10942912.2014.983605
https://doi.org/10.1016/j.jff.2019.103654
https://doi.org/10.1016/j.jff.2019.103654
https://doi.org/10.1016/S0076-6879(01)35245-X
https://doi.org/10.1021/acs.jafc.8b02233
https://doi.org/10.1021/acs.jafc.8b02233
https://doi.org/10.1111/j.1439-0396.2012.01288.x
https://doi.org/10.1111/j.1439-0396.2012.01288.x
https://doi.org/10.1016/j.freeradbiomed.2004.09.023
https://doi.org/10.1186/s12906-017-1961-3
https://doi.org/10.1186/s13020-018-0206-9
https://doi.org/10.1186/s13020-018-0206-9
https://doi.org/10.1186/1756-0500-7-120
https://doi.org/10.1186/1756-0500-7-120

	Antioxidant mechanism of tea polyphenols and its impact on health benefits
	1. Introduction
	2. Definition and classification of tea polyphenols
	3. Antioxidant and anti-oxidative stress activity of tea polyphenols
	4. Antioxidant mechanisms of green tea polyphenols
	4.1. Direct action on free radicals
	4.2. Indirect action on free radicals
	4.3. Complexation of metal ions
	4.4. Synergistic effect of tea polyphenols and vitamins

	5. Effect on signal transduction pathway
	5.1. Nrf2-Keap1-ARE
	5.2. NF-κB
	5.3. MAPK

	6. Application of tea polyphenols in animal models
	7. Perspectives
	Conflicts of interest
	Acknowledgement
	References


