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potential beneficial health effects. These include the preven-

1. Introduction

tion of excessive body weight gain, alleviation of metabolic
syndrome (MetS), and prevention of diabetes, cardiovascular
diseases (CVDs), cancer and other diseases (reviewed in Refs.
[1-3]). Most of these beneficial effects are believed to be due to

The popular beverage, tea is made of the leaves of the plant
Camellia sinensis. Historically, tea was used for medicinal
purposes and in recent decades, it has been studied for its
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the polyphenols in green tea, although caffeine also contrib-
utes to some of the effects.

Overweight, obesity and diabetes are emerging major
health issues, and the closely related MetS also predispose
individuals to CVDs. CVDs and cancer are the two most
common diseases and the top two leading causes of death in
many countries. If tea could prevent or delay the development
of these diseases, the public health implications would be
tremendous. Because of this, there is immense scientific and
public interest on this topic. A literature search on PubMed in
May 2017 using the key words “Tea and Health” yielded 5168
publications, “Tea and weight control” — 2315 publications,
“Tea and diabetes” — 894 publications, and “Tea and cancer” —
4355 publications. Some publications are based on strong ev-
idence, while others appear to be superficial. Many of the
beneficial effects found in the laboratory may have been
carelessly extrapolated to human health and propagated in
the news media or popular magazines.

This chapter reviews many of the key studies on these
topics, especially those that are relevant to human health.
Because of the large number of publications in this area of
research, information from recently published meta-analyses
and systematic reviews are used to help assess the relative
strengths of the existing data. Selected examples are used to
illustrate the beneficial health effects and possible mecha-
nisms involved. Suggestions for future research are made.

2. Tea constituents, chemical properties,
bioavailability and biotransformation

2.1. Major composition of tea

The most commonly consumed teas are green tea, black tea
and oolong tea. In the manufacture of green tea, the tea

leaves are heated or steamed, rolled and dried. The heating
process inactivates the enzymes and the drying of the tea
leaves help to stabilize the tea constituents during storage.
The characteristic polyphenolic compounds in green tea are
known as catechins, which include: (—)-epigallocatechin-3-
gallate (EGCG), (—)-epigallocatechin (EGC), (—)-epicatechin-
3-gallate (ECG), and (—)-epicatechin (EC). The structures of
these catechins, together with theaflavins from black tea,
are shown in Fig. 1. Tea leaves also contain lower quantities
of other polyphenols such as quercetin, kaempferol, and
myricetin as well as alkaloids, such as caffeine and theo-
bromine. A typical brewed green tea beverage (e.g., 2.5 g tea
leaves in 250 ml of hot water) contains 240—320 mg of
catechins, of which 60-65% is EGCG, and 20-50 mg of
caffeine [4,5].

In the manufacture of black tea, the tea leaves are with-
ered, crushed and allowed to undergo enzyme-mediated
oxidation in a process commonly referred to as “fermenta-
tion.” During this process, most of the catechins are oxidized,
dimerized and polymerized to form theaflavins and thear-
ubigins [4,5]. Theaflavins exist in four forms (theaflavin,
theaflavin-3 gallate, theaflavin-3'-gallate, and theaflavin-3,3'-
digallate) and contribute to the orange color and characteristic
taste of black tea. Thearubigins are heterogeneous polymers
of tea catechins with a characteristic red-brown color, but the
structures are poorly understood. In brewed black tea, cate-
chins, theaflavins, and thearubigins each account for 3—10%,
2—6%, and greater than 20% of the dry weight, respectively.
Oolong tea is manufactured by crushing only the rims of the
leaves and limiting fermentation to a short period of time to
produce specific flavor and taste of the tea. Oolong tea con-
tains catechins, theaflavins, and thearubigins as well as some
characteristic components: epigallocatechin esters, dimeric
catechins (such as theasinensins), and dimeric proanthocya-
nidins [5].
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Fig. 1 — Structures of catechins and theaflavins.
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2.2. Chemical properties of tea polyphenols

Tea catechins are strong antioxidants, which scavenge free
radicals, and prevent the formation of reactive oxygen species
(ROS) by chelating metal ions [5]. Among tea catechins, EGCG
has the strongest antioxidant activity and has been studied
extensively. EGCG is also known to undergo superoxide-
catalyzed auto-oxidation in vitro to produce ROS that can
induce cell death [6]. Nevertheless, such auto-oxidation of
EGCG is not expected to occur extensively in vivo under normal
physiological conditions, because of the lower oxygen partial
pressure (than in solution in vitro) and the presence of anti-
oxidant enzymes in animal tissues [6]. Therefore, results on
EGCG obtained from cell culture studies need to be interpreted
with caution. In vivo, EGCG and other catechins can serve as
antioxidants in general, but they may also cause the forma-
tion of ROS in the mitochondria under certain conditions [7,8].
The ROS may activate nuclear factor erythroid 2-related factor
2 (Nrf2)-mediated antioxidant and other cytoprotective en-
zymes [9—11].

An important biochemical property of catechins is their
hydrogen-bonding to proteins, lipids and nucleic acids. Mul-
tiple hydrogen-bond formation provides high affinity binding
of catechins to these biomolecules. As will be discussed sub-
sequently, the binding of EGCG to many proteins has been
proposed to be a key mechanism for its anti-cancer and other
activities. Black tea polyphenols, with more phenolic groups,
may bind to biomolecules with even higher affinity than EGCG
in vitro.

2.3. Bioavailability and pharmacokinetics

The bioavailability of tea polyphenols is dependent on the
molecular size and the number of phenolic groups (reviewed
in Refs. [12,13]). Both human and animal studies have shown
that the bioavailability of EC (molecular weight 290 with 5
phenolic groups) is much higher than that of EGCG (molecular
weight 458 with 8 phenolic groups). In rats, following intra-
gastric (i.g.) administration of decaffeinated green tea (200 mg/
kg), the plasma bioavailabilities of EGCG, EGC and EC were 0.1,
14 and 31%, respectively. EGCG, EGC and EC in plasma had
elimination half-lives of 165, 66 and 67 min, respectively [12].
However, the plasma bioavailability of EGCG in mice following
i.g. administration of EGCG (75 mg/kg) was much higher, with
more than 50% of EGCG present as glucuronide conjugates. In
humans, following oral administration of the equivalent of
two or three cups of green tea, the peak plasma levels of tea
catechins (including the conjugated forms) were usually
0.2—0.3 pM. With high pharmacological oral doses of EGCG,
peak plasma concentrations of 2—9 uM and 7.5 uM were re-
ported in mice and humans, respectively [12]. Conversely,
theaflavin and theaflavin-3,3'-digallate (molecular weights of
564 and 868 and containing 9 and 14 phenolic groups,
respectively) were reported to have extremely low bioavail-
ability when administered orally [14]. However, more studies
in this area are needed.

Active efflux has been shown to limit the bioavailability of
many polyphenolic compounds. The multidrug resistance-
associated protein 2 (MRP2), located on the apical surface of
the intestine and liver, mediates the transport of some

polyphenolic compounds to the lumen and bile, respectively
[15]. Therefore, EGCG and its metabolites are predominantly
effluxed from the enterocytes into the intestinal lumen, or
effluxed from the liver to the bile and excreted in the feces,
with little or none of these compounds in the urine of humans
and rats. However, urinary EGCG metabolites (in the conju-
gated forms) are detected in mice [5]. Several investigators
have reported the pharmacokinetics of tea polyphenols in
human volunteers. For example, after oral administration of
20 mg green tea extract per kg body weight, it took 1.4—1.6 h
for the catechins to reach peak plasma concentrations [16].
The maximal plasma concentrations for EGCG, EGC and EC
were 77.9, 223 and 124 ng/ml, respectively, with correspond-
ing terminal half-lives of 3.4, 1.7 and 2 h. Plasma EGC and EC
were present mainly in the conjugated forms, whereas 77% of
the EGCG was in the free form. Methylated EGCG and EGC
were also present in human plasma [12,16]. Chow et al. [17]
demonstrated that, following 4 weeks of oral administration
of EGCG (800 mg, once daily), there was an increase in the
systemic bioavailability, but the molecular basis for this
observation remains to be investigated.

2.4. Biotransformation of tea polyphenols

EGCG and other tea catechins undergo extensive biotrans-
formation (reviewed in Ref. [5]). Because of the catechol
structure, catechins can be oxidized to quinone and undergo
redox cycling to produce ROS. As a detoxification mechanism,
EGCG and other catechins are readily methylated by catechol-
O-methyltransferase to form O-methylated EGCG. EGC is also
readily methylated to form 4'-O-methyl-EGC. This metabolite
as well as 4”-0O-methyl-EGCG and 4',4”-dimethyl-EGCG have
been detected in both human and animal plasma and urine
samples after the ingestion of tea. In addition to methylation,
catechins are also glucuronidated by UDP-
glucuronosyltransferases and sulfated by sulfotransferases.
Multiple methylation and conjugation reactions can occur on
the same molecule. For example, we have observed methyl-
EGCG-glucuronide, EGCG-glucuronide-sulfate, dimethyl-
EGCG-diglucuronide, and methyl-EGCG-glucuronide-sulfate,
which have been found as urinary metabolites in mice [5].

Tea catechins can be degraded in the intestinal tract by
microbiota. We have observed the formation of ring fission
metabolites 5-(3',4,5'-trihydroxyphenyl)-y-valerolactone
(M4), 5-(3',4'-dihydroxyphenyl)-y-valerolactone (M6), and 5-
(3',5'-dihydroxyphenyl)-y-valerolactone (M€') in human urine
and plasma samples several hours after the ingestion of tea
[18,19]. These compounds can undergo further degradation to
phenylacetic and phenylpropionic acids.

2.5. Caffeine and theanine

In contrast to the limited or low bioavailabilities of tea poly-
phenols, caffeine has bioavailability close to 100% and is
mainly metabolized by cytochromes P450 1A2 to dime-
thylxanthines and theophylline [20]. The pharmacological and
health effects of caffeine have been well studied. .-Theanine
is a characteristic amino acid in tea and is composed of
roughly 50% of the free amino acids in tea. It contributes to the
flavor, especially relating to the umami taste of the tea
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(Narukawa et al., 2014). After administered orally, 1-theanine
is rapidly absorbed in the intestines through a methionine
carrier transport system and then distributed in the major
organs of the body. t-Theanine is also almost 100% bioavail-
able and is excreted through the kidney into the urine un-
metabolized or after hydrolysis to glutamic acid and
ethylamine [21,22]. Both caffeine and theanine readily cross
the blood—brain barrier and are neurologically active. Because
of this property, both compounds have been suggested to
contribute to the neuroprotective function of tea [2,22].

3. Reduction of body weight, alleviation of
metabolic syndrome and prevention of diabetes

Overweight, obesity and type 2 diabetes are emerging major
health issues in many countries. MetS encompasses a com-
plex of symptoms that include enlarged waist circumference
and two or more of the following: elevated serum triglyceride,
dysglycemia, high blood pressure and reduced high-density
lipoprotein-associated cholesterol [23]. Studies on possible
beneficial effects of tea consumption on body weight reduc-
tion and MetS alleviation are summarized below.

3.1. Studies in animal models

The effects of tea and tea constituents on body weight and
MetS have been studied extensively in animal models
(reviewed in Refs. [2,3]). Most of the studies showed that oral
administration of green tea extracts (GTE) or EGCG signifi-
cantly reduced the gaining of body weight and/or adipose
tissue weight, lowered blood glucose or insulin levels, and
increased insulin sensitivity. Most of these studies used high
fat diets or genetically induced obese/diabetic rodent models.
For example, in mice fed a high-fat (60% of the calories) diet,
we found that EGCG treatment (0.32% in diet) for 16 weeks
significantly reduced body weight gain, body fat and visceral
fat weight [24]. These results were also reproduced in a second
study using a high-fat/Western style diet [25]. EGCG treatment
also attenuated insulin resistance, plasma cholesterol and
monocyte chemoattractant protein levels [24,25]. Similar re-
sults were also observed in several recent studies [26—29].
Green tea polyphenols also alleviate MetS in other animal
models including insulin-resistant rats [30], and insulin-
resistant beagle dogs [31].

Diet-induced liver steatosis, which predisposes to liver
cancer, is becoming a common disease, and its possible pre-
vention by tea consumption warrants more investigation. We
have shown that EGCG treatment markedly reduces the
severity of hepatic steatosis, liver triglycerides and plasma
alanine aminotransferase concentration in mice fed with a
high-fat diet [24,25]. Tea catechins have been reported to also
reduce hepatic steatosis and liver toxicity in rodents treated
with ethanol, tamoxifen or endotoxins (reviewed in Ref. [32]).
These findings have potential for practical applications.

3.2. Studies in humans

Systematic reviews and meta-analysis covering more than 26
earlier short-term randomized controlled trials (RCTs)

indicated the beneficial effects of tea consumption in reducing
body weight and alleviating MetS [33,34]. Most of these studies
used green tea or green tea extracts with caffeine, in studies for
8—12 weeks, on normal weight or overweight subjects. Some
RCTs also showed that daily intake of Polyphenon E capsules
(tea catechin preparation containing 400 or 800 mg EGCG), for 2
months by postmenopausal American women, decreased
blood levels of LDL-cholesterol, glucose and insulin [35]. GTE
supplementation (379 mg daily) to obese patients for 3 months
also decreased body weight, waist circumference and lipid
profiles, as well as levels of total cholesterol, LDL-cholesterol,
and triacylglycerols [36]. A recent RCT study in overweight
subjects showed that supplementation with EGCG (282 mg/
day) for 3 days decreased skeletal muscle lactate levels (sug-
gesting a shift towards a more oxidative muscle phenotype),
and decreased postprandial plasma glycerol concentration;
but had no significant effects on skeletal muscle lipolysis and
whole-body fat oxidation [37]. In a more recent RCT with
hyperlipidomic subjects, Puer tea extract (38%) was shown to
decrease body weight and BMI and improve lipid profiles, but
did not affect fasting glucose levels [38]. A metabolomics study
with healthy male subjects demonstrated that GTE supple-
mentation (1200 mg catechins and 240 mg caffeine daily) for 7
days increased lipolysis, fat oxidation and citric acid cycle
activity under resting conditions without enhancing adren-
ergic stimulation [39]. The role of caffeine in these studies was
inconsistent among the different studies. A meta-analysis of
metabolic studies showed that both catechins and caffeine
dose-dependently stimulated daily energy expenditure, but
only the catechin—caffeine combination significantly
increased fat oxidation [40]. A more recent meta-analysis of 10
RCTs indicated that tea or tea extracts could alleviate the
decrease of fasting insulin and reduce waist circumference
after an 8-week intervention, but did not affect other param-
eters measured [41].

In contrast to the above described beneficial effects, two
recent studies in British adults did not show such beneficial
effects. The first study used a rather low dose of EGCG (200 mg
daily) [42]. The second study used daily supplementation with
green tea (>560 mg EGCG) plus caffeine (0.28—0.45 mg) for 12
weeks [43]. In an RCT with 237 overweight and obese post-
menopausal women in the United States, daily supplemen-
tation of 1315 mg of GTE (843 mg EGCQG) for 12 months had no
effect on body weight, BMI or waist circumference; but
decreased fasting insulin levels in those with elevated base-
line levels [44]. Reasons for these negative results are un-
known and remain for further investigation.

Two epidemiological studies suggested the beneficial ef-
fects of green tea consumption on MetS [45,46]. The one by
Vernarelli and Lambert (2013), a cross-sectional study of U.S.
adults, showed that intake of hot (brewed) tea, but not iced
tea, was inversely associated with obesity and biomarkers of
MetS and CVDs [46]. These results are exciting and need
confirmation from additional studies. On the other hand, two
recent cross-sectional studies in Japan did not find a preven-
tive effect of green tea consumption against MetS [47,48|.

The lowering of body weight and alleviation of MetS by tea
should lead to the reduction of type 2 diabetes. Such an as-
sociation was found in some, but not all, human studies
(reviewed in Refs. [2,49]). For example, a prospective cross-
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sectional study with U.S. women showed that consumption of
more than 4 cups of tea per day was associated with a 30%
lower risk of developing type 2 diabetes [50]. A retrospective
cohort study of 17,413 Japanese adults aged 40—65 years
indicated that daily drinking of more than 6 cups of green tea
(but not Oolong or black tea) lowered the morbidity of diabetes
by 33% [51]. A meta-analysis based on 7 studies (286,701 total
participants) showed that individuals who drank 3—4 or more
cups of tea per day had a lower risk of type 2 diabetes than
those consuming no tea [52].

3.3. Mechanistic considerations

There are many proposed mechanisms for the above
described actions of tea polyphenols. They can be summa-
rized into two major types of actions: 1) the action of tea
polyphenols in the gastrointestinal tract, and 2) the systemic
action of tea polyphenols in different organs. The combined
effects would reduce body weight, alleviate MetS and reduce
the risk of diabetes and CVDs.

3.3.1. Actions in the gastrointestinal tract

Ingestion of green tea polyphenols has been shown to in-
crease fecal lipid and total nitrogen contents, suggesting that
polyphenols can decrease digestion and absorption of lipids
and proteins (reviewed in Ref. [3]). For example, in mice fed
13C-triglycerides enriched diet, EGCG supplementation
increased °C levels in the feces [53].

The possibility that tea may affect gut microbiome has
been studied in animal models and humans. For example,
green tea powder feeding affected gut microbiota and reduced
the levels of body fat, hepatic triglyceride and hepatic
cholesterol; the reduction was correlated with the amount of
Akkermansia and/or the total amount of bacteria in the small
intestine [54]. The abundance of Akkermansia muciniphila has
been shown previously to be increased in prebiotic-treated ob/
ob mice [S5]. Changing gut microbiota, for example by the
administration of Saccharomyces boulardii, has also been
shown to reduce hepatic steatosis, low grade inflammation,
and fat mass in obese and type 2 diabetic db/db mice [56]. A
recent study in C57BL/6] Human Flora-Associated mice, found
that a high-fat diet caused a significant increase in body
weight and fat pad weights associated with reduction in mi-
crobial diversity, and these changes were blunted by 0.2% tea
polyphenols in the diet, with an increased abundance of lactic
acid bacteria [57]. In humans, green tea consumption has been
reported to decrease the abundance of Clostridium species and
increase the abundance of the Bifidobacterium species in fecal
samples [58]. Increase of intestinal Bifidobacterium by a prebi-
otic (oligofructose) has been shown previously to decrease
biomarkers for diabetes in mice [59]. These results suggest the
possibility that tea may alleviate MetS by enriching the pro-
biotic population in the intestine. However, a recent study in
humans indicated that long-term green tea consumption did
not change the gut microbiota [60]. More studies in this area
with green and black tea preparations are needed.

3.3.2. Actions in internal organs
Many studies showed that ingestion of tea catechins sup-
pressed gluconeogenesis and lipogenesis and enhanced

lipolysis in a coordinated manner (reviewed in Ref. [3]). These
results suggest that the actions of tea catechins are mediated
by energy sensing molecules, possibly AMPK. In response to
falling energy status, AMPK is activated to inhibit energy-
consuming processes and promote catabolism to produce
ATP [61—-63]. We propose that the activation of AMPK is a key
mechanism for EGCG and other catechins to influence energy
metabolism and to alleviate MetS. The activation of AMPK by
EGCG and green tea polyphenols has been demonstrated
in vivo and in vitro [64—68]. There are also reports indicating
that AMPK was activated in adipose tissues and skeletal
muscle by green tea, black tea, Oolong tea and Puer teas
[69—71]. The detailed mechanism by which EGCG activates
AMPK is still unclear, although the involvement of ROS has
been suggested based on studies in vitro [67]. The situation
in vivo could be different due to the lack of auto-oxidation of
EGCG. EGCG has been reported to inhibit mitochondrial
oxidative phosphorylation to decrease ATP levels [72].
Another possibility is that EGCG may serve as an uncoupler of
oxidative phosphorylation. Either action could increase the
AMP (ADP) to ATP ratios and activate AMPK.

The downregulation of the two key enzymes in gluconeo-
genesis, PEPCK and G-6-Pase, and associated decrease of
glucose production in the liver by EGCG has been shown to be
mediated by AMPK activation [67]. The activated form, p-
AMPK, is also known to phosphorylate and inactivate ACC, the
rate limiting enzyme of fatty acid synthesis. The resulting
lowered levels of malonyl-CoA can activate CPT-1, which fa-
cilitates long-chain fatty acyl CoA transport into mitochondria
for B-oxidation [61]. The possible role of AMPK in mediating
the actions of tea constituents in affecting other genes and
proteins to increase catabolism and decrease anabolism has
been reviewed [3].

We proposed that most of observed beneficial effects of tea
polyphenols can be explained by the decreased absorption of
macronutrients and the systemic effects of tea catechins in
metabolic regulation, mostly mediated by the activation of
AMPK. The relative importance of these two modes of action
depends on the types and amounts of tea consumed as well as
the dietary conditions. For example, with black tea, the
decrease of nutrient absorption, especially with a high-fat
diet, may play a more important role than its systemic ef-
fects, because of the low bioavailability of theaflavins and
thearubigins. In addition, actions that are independent of
AMPK may also be involved, and some of these actions have
been discussed in reviews [49,73]. A recent report suggested
that green tea reduced body fat via upregulation of neprilysin,
an endopeptidase that regulates feeding behavior [74].

4. Lowering of blood cholesterol, blood
pressure and incidence of cardiovascular
diseases

4.1. Studies in humans

The alleviation of MetS by tea is expected to reduce the risk for
CVDs (reviewed in Refs. [75—77]). Correlation between con-
sumption of tea and decreased risk of stroke were reported by
two studies from China and Japan [78,79]. A meta-analysis of
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14 prospective studies, covering 513,804 participants with a
median follow-up of 11.5 years, found an inverse association
between tea consumption and risk of stroke, and the protec-
tive effect of green tea appeared to be stronger than that of
black tea [80]. Many, but not all, studies in the U.S. and Europe
demonstrated an inverse association between black tea con-
sumption and CVD risk [75,81—83]. A meta-analysis, including
6 case—control and 12 cohort studies (5 measured green tea
and 13 measured black tea as the exposure), found a reduced
risk of coronary artery disease by 28% via green tea con-
sumption; however, there was no significant protective effect
from black tea [84].

Green tea has been shown to decrease plasma cholesterol
levels and blood pressure as well as improve insulin sensi-
tivity and endothelial function in humans (reviewed in Refs.
[77,85]). A systematic review and meta-analysis of 10 trials
(834 participants) on the effects of green tea on blood pressure
in pre-hypertensive and hypertensive individuals showed
significant reductions in systolic and diastolic blood pressure
with tea consumption [86]. A similar meta-analysis of 14 RCTs
also found that GTE supplementation caused a small but sig-
nificant reduction in blood pressure among overweight and
obese adults [87].

In a multiethnic study of men and women (6508 partici-
pants) in the U.S., over a median follow-up of 11.1 years for
cardiovascular events, regular tea drinking was associated
with a lower coronary artery calcification and lower inci-
dence of cardiovascular events, while coffee drinking was
associated with an increased incidence of cardiovascular
events, compared with non-drinkers [88]. Similarly, in the
Dongfeng-Tongji cohort study in China involving 19,471
participants followed for 3.3—5.1 years, green tea consump-
tion was associated with a reduced risk of coronary heart
disease incidence and related biomarkers in middle-aged and
older Chinese population [89]. A prospective study using the
China Kadorie Biobank involving 512,891 participants (aged
30-79) and a median follow-up of 7.2 years, daily tea con-
sumption was associated with a reduced risk of ischaemic
heart disease [90].

Reduction of mortality risk by the consumption of green
tea was suggested earlier by large cohort studies in Japan. In
the Ohsaki National Health Insurance Cohort Study
(n = 40,530), deaths due to CVDs were decreased dose-
dependently by tea consumption at quantities of 1 to >5
cups of tea per day [91]. In another study with 76,979 Japa-
nese adults, the consumption of green tea was also associ-
ated with decreased CVD mortality, but daily consumption of
>6 cups of tea was needed to manifest the effect [92]. Recent
cohort studies in China also yielded similar results. The
Chinese Prospective Smoking Study of 164,681 adult men,
after a follow-up for 11 years, showed that tea consumption
was negatively associated with lower risk of total deaths and
deaths due to CVDs [93]. Similar results were also obtained in
studies of middle-aged and elderly Chinese adults in urban
Shanghai (Shanghai Women's Health Study — followed up for
14.2 years and Shanghai Men's Health Study — followed up
for 8.3 years), 6517 deaths were documented. Green tea
consumption was inversely associated with risk of CVDs
mortality as well as all-cause mortality among non-smokers
[94].

4.2. Possible mechanisms

Beneficial effects of tea catechins in lowering plasma choles-
terol levels, preventing hypertension and improving endo-
thelial function contribute to the prevention of CVDs. The
cholesterol lowering effect is likely due to the decrease of
cholesterol absorption or reabsorption by catechins as well as
the decrease of cholesterol synthesis via the inhibition of
HMGR (mediated by the activation of AMPK). Enhanced nitric
oxide signaling has been suggested as a common mechanism
for catechins to decrease blood pressure and the severity of
myocardial infarction [77]. Several studies have shown that
green tea or black tea polyphenols increased endothelial nitric
oxide synthase (eNOS) activity in bovine aortic endothelial
cells and rat aortic rings [95—97]. A recent study in rat skeletal
muscle showed evidence that the EGCG-induced vasodilation
was mediated by eNOS [98]. Tea catechins may also suppress
the expression of caveolin-1, a negative regulator of eNOS,
lower the expression of endothelin-1, and reduce vasocon-
strictor tone; thus increasing bioavailability of nitric oxide to
improve endothelial function [99,100]. EGCG has been shown
to induce the expression of heme oxygenase 1 in aortic
endothelial cells [101], and this may increase anti-
inflammatory activity to benefit the cardiovascular system.
While moderate doses of EGCG have yielded beneficial effects,
a very high dose (1% in diet) has been shown to promote,
rather than to attenuate, vascular inflammation in hypergly-
cemic mice [102]. In a recent cross-over RCT with 19 hyper-
tensive patients, supplementation with black tea (150 mg
polyphenols twice a daily for 8 days) increased functionally
active circulating angiogenic cells and flow-mediated dilation
[103]. These findings demonstrate that black tea also has
vascular protective properties.

5. Cancer prevention by tea
5.1. Inhibition of carcinogenesis in animal models

Tea and its major constituents have been demonstrated to
inhibit tumorigenesis in many animal models for different
organ sites, including the lung, oral cavity, esophagus, stom-
ach, small intestine, colon, skin, liver, pancreas, bladder,
prostate and mammary glands (reviewed in Refs. [1,104]). For
example, tea and tea preparations have been shown to inhibit
tumorigenesis in the lung by at least 20 studies and tumori-
genesis in the digestive tract by at least 30 studies (reviewed in
Ref. [104]. Most of the studies were conducted with green tea,
green tea polyphenol preparations, or pure EGCG, adminis-
tered through the drinking water or diet. The overall assess-
ment is that the laboratory evidence for cancer prevention by
green tea is strong, with some exceptions, such as for mam-
mary cancer prevention [105]).

5.2.  Tea consumption and cancer risk in humans

5.2.1. Observational epidemiological studies

In contrast to the strong evidence for the cancer preventive
activities of tea constituents in animal models, results from
epidemiological studies have not been consistent. A large
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cohort study in Japan suggested that tea consumption
decreased deaths due to CVDs, but not cancer [91]. However,
arecent cohort study of 165,000 adult men in China indicated
that tea consumption was associated with a significant
reduction of deaths from cancer as well as CVDs [93]. How-
ever, another recent cohort study in Shanghai did not show
an association between tea consumption and deaths from
cancer, even though a decreased risk for CVDs was observed
[94].

A comprehensive review by Yuan et al. [106] concluded
that the consumption of green tea was frequently associated
with a reduced risk of upper-gastrointestinal tract cancer,
after adjusting for confounding factors, and limited data
supported its protective effect of lung and hepatocellular
carcinogenesis. However, intake of black tea in general was
not associated with a lower risk of cancer [106]. Some recent
studies are consistent with this conclusion. For example, a
meta-analysis of perspective cohort studies in Asian pop-
ulations (9 studies involving 465,274 participants and 3694
cases of liver cancer) found that protective effects of green tea
for liver cancer was only observed in women (RR, 0.78), but not
in men [107]. A population based cohort study in Japan also
suggested that green tea consumption lowered the risk of
biliary tract cancer [108]. In a recent systematic review and
meta-analysis for endometrial cancer, a protective effect was
found with green tea, but not black tea consumption [109].
There are also inconsistent results. For example, in a meta-
analysis on the relation between green tea consumption and
breast cancer published in 2010, an inverse association was
found in the 4 case—control studies, but not in the 3 cohort
studies [110]. A recent case—control study in Hong Kong also
did not find an association [111]. These results are consistent
with the rather weak evidence from animal studies on the
prevention of mammary cancer by tea [105].

Smoking has been shown to be a strong interfering factor
in studies on digestive tract cancers. In addition to the ex-
amples discussed above, a case—control study on the effect of
green tea consumption on esophageal cancer in Shanghai
showed a protective effect only in women, who were mostly
non-smokers, but not in men who were mostly smokers [112].
Similarly, in a large-scale, population-based case—control
study in urban Shanghai, regular green tea drinking was
associated with a significant reduction of pancreatic cancer
risk in women but not in men [113]. A systematic review of
cohort studies in Japan on green tea consumption and gastric
cancer also indicated a small consistent risk reduction in
nonsmoking, nondrinking women, but not in the general
cohort population [114].

5.2.2. Intervention studies

Many intervention trials have been conducted with green tea
catechins. For example, in an RCT in Japan on patients with
adenomas removed by polypectomy, supplementation with
GTE (1.5 g/day) for one year significantly decreased the
development of colorectal adenomas (Shimizu et al., 2008). In
a similarly designed RCT in Korea, with 72 patients taking0.9 g
of GTE daily for 12 months (71 patients in the placebo group)
showed that the incidence of metachronous colorectal polyps
was significantly lower [115]. It is disappointing that in some
other studies, some of the exciting results from earlier studies

have not been reproduced in recent studies. For example, in a
double blinded, Phase II trial in Italy, 30 men with high-grade
prostate intraepithelial neoplasia (PIN) were given 300 mg of
green tea catechins twice daily for 12 months [116]. Only 1
patient developed prostate cancer, whereas 9 of the 30 pa-
tients with high-grade PIN in the placebo group developed
prostate cancer (highly statistically significant). However, a
recent trial in Florida with a similar design using polyphenon E
(containing 400 mg of EGCG) in 97 men with high-grade PIN
and/or atypical small acinar proliferation, supplementation
for 6—12 months did not prevent prostate cancer formation,
although some biological effects and a decrease in serum
prostate specific antigen levels were observed [117].

Some recent intervention studies on breast cancer and
esophageal adenocarcinoma were limited to bioavailability
and some biomarker studies [118,119]. At present, the earlier
optimistic expectation of cancer preventive activity by tea
polyphenols, based on laboratory results, has not materialized
in RCTs. More than 10 human trials with green tea polyphenol
preparations are ongoing at the U.S., China and Japan (NIH
clinical trials website'). Some of these studies may yield clear
conclusions concerning cancer preventive activities of tea
polyphenols.

5.3. Mechanistic considerations

Based on the limited human data, actions of tea polyphenols
in reducing oxidative stress and enhancing the elimination of
carcinogens may be considered as important mechanisms.
ROS have been shown to play key roles in carcinogenesis; the
antioxidant actions of tea catechins could be an important,
but not the only, mechanism for cancer prevention. Based on
laboratory studies, many mechanisms have been proposed for
cancer prevention by tea constituents, and this subject has
been reviewed [1,104]. A common mechanism is through the
binding of EGCG to target proteins, leading to the inhibition of
enzyme activities or signal-transduction pathways. As
reviewed previously, the 67-kDa laminin receptor, Bcl-2 pro-
teins, vimentin, peptidyl prolyl cis/trans isomerase, and other
proteins have been proposed as targets for EGCG [1,104]. It is
reasonable to assume that the high affinity binding proteins
reported in the literature could serve as initial targets, but this
point remains to be substantiated in animal models. Some of
the proposed mechanisms based on studies in cell lines,
however, may not be relevant to cancer prevention. Appar-
ently, mechanisms derived from cancer prevention studies in
animal models are likely to be more relevant. These include
the induction of apoptosis in different animal models, inhi-
bition of the phosphorylation of c-Jun and Erk1/2 in lung
tumorigenesis model, suppression of phospho-Akt and nu-
clear B-catenin levels in colon cancer models, inhibition of the
IGF/IGF-1R axis in colon, prostate and other cancer models,
and suppression of VEGF-dependent angiogenesis in lung and
prostate cancer models [120]. It is still unclear whether these
molecules are direct targets for EGCG or downstream events of
the primary action.

1 http://clinicaltrials.gov search on July 19, 2017.
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6. Concluding remarks

Many laboratory studies strongly suggest the beneficial health
effects of tea consumption in the prevention of chronic dis-
eases. However, the results from epidemiological studies have
not been consistent. Large cohort studies have shown bene-
ficial effects in reducing the risk of deaths from all causes
(combined) and CVDs, but that from cancer is inconsistent,
and the protective effects are generally strong among non-
smokers. Concerning human intervention studies, there are
many successful examples that demonstrated the beneficial
effects of tea constituents in weight reduction and MetS
alleviation, even though there are still some inconsistencies.
On the other hand, intervention trials for cancer prevention
have not yielded convincing results, possibly due to the diffi-
culties in conducting long-term studies in the appropriate
populations.

Tea constituents may lower body weight, alleviate MetS,
and prevent diabetes, CVDs and cancer by some common and
some specific molecular mechanisms (Fig. 2). The antioxidant

activities of tea polyphenols appear to contribute to all these
beneficial effects. These involve the direct antioxidant effect
of polyphenols, their chelation of metal ions, and their acti-
vation of the Nrf2-mediated cellular defense system. The
binding of tea polyphenols to lipids and proteins (including
inhibitions of digestive enzymes) in the intestine results in
decreased macronutrient absorption and could be a major
mechanism for body weight reduction in animals and humans
who ingest excessive amounts of calories. Caffeine also con-
tributes to body weight reduction by increasing energy
expenditure [121]. These body weight lowering effects provide
beneficial effects to alleviate or prevent MetS, diabetes and
CVDs, and perhaps also cancer. The modulation of specific
signaling and metabolic pathways through the binding of tea
polyphenols to specific regulatory molecules and enzymes
could be important mechanisms for alleviating different
metabolic abnormalities and preventing related diseases as
shown in Fig. 2. In addition to decreasing body fat, caffeine
may have direct actions to contribute to the inhibition of
carcinogenesis [122].
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Fig. 2 — Proposal of action of tea constituents. The antioxidant activities of tea polyphenols contribute to the prevention of
obesity, MetS, diabetes, CVDs and cancer. The binding of tea polyphenols to lipid and proteins in the intestine decreases
macronutrient absorption. Caffeine also contributes to body weight reduction by increasing energy expenditure. These
body weight lowering effects help to prevent related diseases. The binding of tea polyphenols to specific regulatory proteins
and enzymes are also important mechanisms for alleviating metabolic abnormalities and preventing related diseases,
including cancer. Caffeine may prevent cancer via specific mechanisms.
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Bioavailability is an important issue in determining the
biological effects of tea polyphenols in internal organs. This
factor could explain the results that the beneficial health ef-
fects were more clearly shown with green tea than with black
tea. Tea polyphenols that are not absorbed into the blood,
however, may exert their effects in the gastrointestinal tract;
for example, in decreasing lipid absorption. This is probably
why black tea is also effective in lowering body weight, body
fat and cholesterol levels. The intestinal microbiota may
degrade tea polyphenols [18,123], and this may affect the
bioavailability of tea polyphenols. Some of the metabolites
may have interesting biological activities. The microbial
degradation of tea polyphenols and their effects on intestinal
microbiota need to be further investigated.

In studies dealing with weight control, MetS and diabetes,
beneficial effects have been observed in individuals
consuming 3—4 cups of tea (600—900 mg catechins) daily.
However, such cause-effect and dose—response relationship
in the prevention of other diseases remain to be studied.
Caution should be applied in the use of high doses of tea ex-
tracts for disease prevention. Many cases of hepatotoxicity
due to the consumption of green tea extract-based dietary
supplements have been reported (reviewed in Refs. [124,125]).
In addition, because of the strong binding activities of tea
polyphenols to minerals and biomolecules, ingestion of large
quantities of tea extracts may cause nutritional and other
problems, even though such problems are not expected to
occur due to regular tea beverage consumption [2]. Even with a
daily consumption lower than 3—4 cups, unsweetened tea
beverages should still be beneficial considering the expected
additive effects generated by the daily consumption of other
plant materials, such as other flavonoids, anthocyamins,
resveratrol, curcumin and leuteolin. These compounds have
shown similar beneficial health activities in laboratory studies
[49] as we discussed for tea polyphenols.
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