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Mechanisms and Effects of Green Tea on Cardiovascular

Health

Arpita Basu, PhD, and Edralin A. Lucas, PhD

Green tea, rich in antioxidant and anti-inflammatory
catechins, especially epigallocatechin gallate (EGCG),
has been shown to reduce surrogate markers of ath-
erosclerosis and lipid peroxidation, particularly LDL
oxidation and malondialdehyde concentrations, in
several in vitro, animal, and limited clinical studies.
Epidemiological observations in Southeast Asian
countries indicate an inverse correlation exists be-
tween habitual consumption of green tea beverages
and the incidence of cardiovascular events. A few
short-term clinical studies have reported its effects in
attenuating biomarkers of oxidative stress and inflam-
mation among smokers, and an ability to decrease
postprandial lipemia in hypercholesterolemic subjects
has also been suggested. However, further investiga-
tions are needed to confirm the potential role of green
tea beverages and the safety of green tea supplements
in reducing body fat, as well as other biomarkers of
cardiovascular disease risks.
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INTRODUCTION

Tea, a beverage consumed worldwide, is a source of
both pleasure and healthful benefits. Originally recom-
mended in traditional Chinese medicine, green tea (Ca-
mellia sinensis) has gained considerable attention due to
its antioxidant, anti-inflammatory, antihypertensive, anti-
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diabetic, and antimutagenic properties. Green tea has
been recommended in the past for treating headaches and
body aches, aiding digestion and detoxification, and
acting as an energizer.! Since the incidence of cardio-
vascular disease (CVD) continues to rise in industrial-
ized countries, the role of bioactive compounds in foods
has been an active area of scientific enquiry, with the
flavonoids in tea being of interest, mainly for their
exciting cardioprotective prospects.”

Green tea, due to its high content of polyphenolic
flavonoids, mainly the catechins, has shown unique car-
diovascular health benefits. Approximately 76% to 78%
of the tea produced and consumed is black tea, and 80%
of tea consumed in the USA is in the form of black iced
tea. Green tea constitutes 20% to 22% of tea production
and is principally consumed in China, Japan, Korea, and
Morocco. Oolong tea production and consumption ac-
counts for less than 2% and is popular in China and
Taiwan.>*> Green tea, or non-fermented tea, contains
the highest amount of flavonoids, in comparison to its
partially fermented (oolong tea) and fermented (black
tea) counterparts. In green tea, catechins comprise 80%
to 90% of total flavonoids, with epigallocatechin gallate
(EGCG), being the most abundant catechin (48—-55%),
followed by the other catechins, epigallocatechin (EGC;
circa 9-12%), epicatechin gallate (ECG; circa 9-12%),
and epicatechin (EC; circa 5-7%) (Figure 1).>” One cup
of green tea contains about 90 mg of EGCG.? In addition
to catechins, the chemical composition of green tea also
includes proteins (15%), amino acids (4%), fiber (26%),
other carbohydrates (7%), lipids (7%), pigments (2%),
and minerals (5%).2

The catechin content of green tea depends on several
factors including how the leaves are processed before
drying, preparation of the infusion, and decaffeination, as
well as the form in which it is distributed in the market
(e.g., instant preparations, iced, and ready-to-drink teas
have been shown to contain fewer catechins).” '° Chen et
al.'! have further demonstrated the thermal conversion of
EGCG to gallocatechin gallate in canned or bottled green
tea drinks in Japan, which also contained fewer green tea
catechins than the green tea prepared traditionally in a
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Figure 1. Major catechins in green tea. EGCG, epigallocatechin gallate; EGC, epigallocatechin; ECG, epicatechin gallate; EC,

epicatechin.

porcelain cup or a teapot. The EGCG content of green tea
dietary supplements have also been reported to vary
widely, ranging from 12% to 143% of the label claims.'?
Thus, it is important to consider the large variations in
the catechin content of green tea, as well as supplements
containing green tea extracts, when assessing their bio-
logical effects on human health and disease.

BIOAVAILABILITY AND
PHARMACOKINETICS OF GREEN TEA
CATECHINS

The bioavailability of green tea catechins in humans
is an important variable for evaluating their biological
activity within target tissues. Catechin levels in human
plasma have been shown to reach their peak within 2 to
4 hours following ingestion of green tea.'’ A study
comparing the pharmacokinetics of equimolar doses of
pure EGC, ECG, and EGCG in healthy volunteers re-
ported that average peak plasma concentrations after a
single dose of 1.5 mmol was the highest for EGC (5.0
pmol/L), followed by ECG (3.1 umol/L) and EGCG (1.3
umol/L), indicating that EGCG may be less bioavailable
than other green tea catechins in humans.'*

Chow et al.'"” administered one of the following
orally for a period of 4 weeks to 40 healthy men and
women with Fitzpatrick skin type II or III: 1) a bolus
dose of 800 mg of EGCG or Polyphenon E (a decaffein-
ated green tea polyphenol mixture); 2) 400 mg of EGCG
or Polyphenon E twice daily; or 3) a placebo. These skin
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types allow evaluation of the ultraviolet light-induced
erythema response without causing a painful burn, which
is useful for evaluating the cancer-preventive properties
of green tea. Though the intervention had no effects on
erythema, the area under the plasma concentration-time
curve (AUC) and the maximum plasma concentration
(Cpax) of EGCG or Polyphenon E were higher following
the 800 mg dose compared to the 400 mg dose. Also,
following repeat administration of the 800 mg dose, the
AUC was significantly higher, versus no change associ-
ated with a twice-daily supplementation of a 400 mg
dose. The AUC of total EGC and EC (free and conju-
gated) showed no significant change following repeat
dosing of either 800 mg or 400 mg of EGCG or Poly-
phenon E, though the AUC was significantly higher after
the first dose of 800 mg versus 400 mg. The authors
suggest the mechanism of inhibition of presystemic elim-
ination of EGCG or Polyphenon E at a higher bolus dose
of 800 mg, versus 400 mg, may contribute to the ob-
served increase in AUC. This study further reported the
safety of a bolus dose of EGCG or Polyphenon E, based
on the fact that the participants experienced only mild
events, such as upset stomach, nausea, dizziness, head-
ache, and muscle pain, with similar events being reported
in the placebo group as well.'”

Little data is available on the distribution of cat-
echins in tissue following green tea consumption. A
28-day study in rats, which were given 0.6% green tea
polyphenols in their drinking water, showed an increased
accumulation of EGC and EC in the esophagus, large
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intestine, kidney, bladder, lung, and prostate, whereas,
EGCG levels were higher in the esophagus and large
intestine.'® Thus, there is a difference in the bioavailabil-
ity of different green tea catechins that is influenced by
dosing schedule; it may also differ by genotype and the
presence of other nutrients or polyphenols as part of the
natural food matrix.

MECHANISMS OF ACTION OF GREEN TEA
POLYPHENOLS

Findings from both in vitro and animal models
demonstrate the cardiovascular benefits of green tea and
its catechins and provide insight into some of the mech-
anisms of action by which they exert cardiovascular-
protective effects. Tables 1 and 2 summarize the effects
of green tea catechins on markers related to CVD, as
reported by studies using in vitro systems and animal
models. Green tea extract and tannin mixtures have been
shown to scavenge nitric oxide and superoxides, and the
flavan-3-ol linked to gallic acid is an important structural
property that confers this activity.'” The effects of green
tea catechins on copper-induced oxidation of low-density
lipoprotein (LDL) have been investigated in several in
vitro studies.'®?° The activity of green tea catechins
against copper-induced oxidation of LDL is in the order
of EGCG=ECG>EC=C>EGC.'® Moreover, green tea
catechins have been shown to prolong lag time,**?!
inhibit formation of oxidized cholesterol, and decrease
linoleic acid and arachidonic acid concentrations.'® Stud-
ies also show that green tea catechins reduce LDL
oxidation, thiobarbituric acid reactive substances
(TBARS) formation, cellular oxidation, and superoxide
production.?*?* In human hepatoma cells, green tea cat-
echins were shown to prevent TBARS and glutathione
disulfide formation and alpha-tocopherol depletion while
enhancing the glutathione content of the cell.**

In addition to having antioxidant properties, green
tea catechins have also been shown to reduce smooth
muscle cell proliferation,25 which may be attributed to
inhibition of protein tyrosine kinase activity, reducing
c-jun mRNA expression and inhibiting JNKI1 activa-
tion.?® Moreover, green tea polyphenols inhibit p44/42
MAP kinase expression’’ and induce the death of smooth
muscle cells in a p53- and NF-kappaB-dependent man-
ner.”® Proliferation of vascular smooth muscle cells
(VSMC) stimulated with advanced glycation end prod-
ucts or native LDL was dose-dependently inhibited by
green tea polyphenols.?*>° [3] Thymidine incorporation
stimulated with platelet-derived growth factor-BB and
Ang II in VSMC was also inhibited by green tea cat-
echins.>'”? Catechins inhibit the Ang II-stimulated
VSMC proliferation via inhibition of the Ang II-stimu-
lated activation of MAP kinase and activator protein-1
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signaling pathways.****> EGCG was also shown to have
anti-invasive and anti-metalloproteinase activities in aor-
tic smooth muscle cells.** Findings from in vitro studies
demonstrate that green tea catechins exert cardiovascular
benefits through their antioxidant properties by inhibiting
LDL-oxidation, reducing TBARS formation, cellular ox-
idation and superoxide production, and inhibiting smooth
muscle cell proliferation.

The positive findings reported from studies using in
vitro systems were also observed using animal models.
Rats fed a cholesterol-rich diet and given Chinese green
tea or jasmine tea for 8 weeks had significantly lower
cholesterol levels in serum and liver. The investigators
attributed these hypocholesterolemic effects to the ECG
and EGCG content of the tea.>> Another study using
Chinese green tea demonstrated that the hypocholester-
olemic effect of green tea is mediated through increased
fecal bile acid and cholesterol excretion.*® The activities
of three major lipid-metabolizing enzymes, 3-hydroxy-
3-methylglutaryl-coenzyme A reductase, cholesterol 7al-
pha-hydroxylase, and fatty acid synthase, were not af-
fected by green tea.’’ Another mechanism by which
green tea exerts hypolipidemic effects may be due to
inhibition of intestinal absorption of cholesterol and
dietary fat, as observed in rats and hamsters.>’*° Find-
ings by Raederstoff et al.** confirmed that the choles-
terol-lowering effect of green tea is mainly elicited by
EGCG, and that the effect occurs through decreased
cholesterol absorption. Green tea polyphenols were also
shown to be as effective as probucol, an antioxidant
hypocholesterolemic agent, in inhibiting LDL oxidation
and elevating serum antioxidative activity.*'

In addition to lowering cholesterol, green tea has
been shown to possess anti-atherosclerotic effects.*>*
In New Zealand white rabbits, consumption of green
tea led to a reduction in atherosclerosis, a decrease in
vascular endothelial growth factor expression in the
atherosclerotic plaque,*® and prolongation of the lag
phase of LDL oxidation.*? Similar anti-atherosclerotic
effects of green tea extracts were observed in rats and
attributed to a significant increase in tissue inhibitor of
matrix metalloproteinases (MMP)-2 expression and a
significant reduction of gelatinolytic net activity and
activated MMP-2 levels in the injured arteries.** In
apolipoprotein E-null mice, EGCG treatment differen-
tially reduced evolving atherosclerotic lesions without
influencing established atherosclerosis.*> Another mech-
anism by which green tea exerts a cardiovascular-
protective effect is through its effect on blood pres-
sure. Systolic and diastolic blood pressure was
significantly lower in stroke-prone male, spontane-
ously hypertensive rats given green tea polyphenol,
which can be explained by the antioxidant properties
of green tea.*’

363

20z Iudy | U0 1senB Aq | 1L81E81/L9E/B/G/RIOINE/SMBIASIUORLINU/WOS" dNO"OILSPEIE//:SARY WOl papeojumod



Table 1. Summary of in vitro studies on the cardiovascular effects of green tea and its catechins

Reference

Cell type and treatment

Findings

Nakagawa et al.'”

Osada et al.'®

Miura et al.'®

Ishikawa et al.%°

Yamanaka et al.>!

Yang et al.>?

Yoshida et al.?

Murakami et al.>*

Lorenz et al.?®

Yokozawa et al.?®

Lu et al.?’

Ouyang et al.?®

Nitric oxide- and superoxide-generating
systems treated with green tea extract and
green tea tannin mixtures.

Cu™™" catalyzed oxidation of human LDL
incubated with varying levels of crude
catechin mixture (THEA-FLAN 40) and
purified C, EC, ECG, EGC, and EGCG.
AAPH-mediated oxidation of LDL from
rats fed a diet containing 0.5% ECG or
EGCG for 5 days.

Cu™" catalyzed oxidation of porcine LDL
incubated with different tea polyphenols.

Cu™™" catalyzed oxidation of human LDL
incubated with catechins or theaflavins.

Cu™™" catalyzed oxidation of human LDL
incubated with different tea polyphenols
(EC and EGC).

Human umbilical cord vascular endothelial
cell (HUVEC) LDL oxidation; incubated
with Lung Chen tea extract.

Mouse peritoneal macrophages and HUVEC
LDL oxidation; incubated with tea
flavonoids.

Human hepatoma cells (HepG2) incubated
with tea catechins.

Rat aortic rings and endothelial cells
incubated with EGCG.

Smooth muscle cells exposed to green tea
tannin.

Rabbit vascular smooth muscle cell (VSMC)
stimulated by serum mixed with tea
catechins.

Rat VSMCs stimulated by native LDL and
exposed to green tea polyphenols.

Green tea extract and green tea tannin
mixtures showed direct scavenging activity
against nitric oxide and superoxide.

Antioxidative potency of GTC against Cu™ "
catalyzed LDL oxidation:
EGCG=ECG>EC=C>EGC. EGCG and
ECG inhibited formation of oxidized
cholesterol and decreased linoleic and
arachidonic acids. EGCG and ECG
inhibited oxygen consumption and
formation of conjugated dienes.

Tea polyphenols suppressed the oxidative
modification of LDL (P<<0.05).
Prolongations of the lag time were in the
order of EGC < C < EC < ECG <
EGCG.

Among the catechins, EGCG exerted the most
marked effect, prolonging the oxidation lag
time more than vitamin E at the same
molar concentration (P<<0.01).

In the initiation phase, the oxidation of LDL
was inhibited by EC and EGC; in the
propagation phase, EC or EGC worked as
an accelerator of oxidation.

Catechin-rich fraction of Lung Chen tea dose-
dependently reduced LDL oxidation
(P<0.001), TBARS (P<0.001), and
cellular cholesterol (P<<0.01).

Inhibition of Cu™"-mediated LDL oxidation
was in the order of theaflavin
digallate>theaflavin=EGCG>EGC>gallic
acid (P<<0.05). Theaflavin digallate
pretreatment decreased superoxide
production of macrophages and chelated
iron ions significantly (P<<0.05).

Inhibition of TBARS accumulation in HepG2
cells: EGCG>EGC= or ECG>EC (P<0.05).

EGCG-induced endothelium-dependent
vasodilatation; caused rapid activation of
eNOS by a phosphatidyl-inositol 3-kinase-,
PKA-, and Akt-dependent increase in eNOS
activity (P<<0.05).

Among four types of gallate-free tannin, EGC,
EC, and C showed significant dose-
dependent inhibition of smooth muscle cell
proliferation (P<<0.05).

Catechins dose-dependently inhibited the
proliferative response stimulated by serum
in rabbit cultured vascular smooth muscle
cells (P<<0.05)

Green tea polyphenols inhibited high levels of
LDL-induced proliferation of
phosphorylated p44/42 MAPK expression
in rat VSMCs (P<<0.05).
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Table 1. (Cont’d) Summary of in vitro studies on the cardiovascular effects of green tea and its catechins

Reference

Cell type and treatment

Findings

Hofmann et al.?
tea polyphenols.

Aortic smooth muscle cell exposed to green

EGCG inhibits growth (P=0.019) and induces
death of SMCs in a p53- and NF-kappaB-
dependent manner (P<<0.05).

Ouyang et al.* Rat vascular smooth muscle cells (VSMCs) Green tea polyphenols dose-dependently
stimulated by advanced glycation end inhibited AGE-stimulated VSMC
products (AGEs) and exposed to green tea proliferation and the p44/42 MAPK activity
polyphenols. was significantly enhanced (P<<0.05).
Locher et al.*’ Human VSMCs stimulated by native LDL and Cell proliferation stimulated by native LDL

exposed to green tea catechins.

Kim et al.*
green tea catechins.

Won et al.>*

Maeda et al.>*

catechins.

Rat carotid artery injury model exposed to

Rat aortic VSMC exposed to tea catechins.

Culture bovine aortic SMC exposed to

was concentration-dependently inhibited by
EGC, EGCQG, green tea polyphenols, and
the nonspecific antioxidant N-acetylcysteine
(P<0.05).

Green tea catechins dose-dependently
decreased [3H]thymidine incorporation
stimulated with platelet-derived growth
factor-BB. The GTC-treated group also
showed a significant reduction in luminal
diameter and neointimal formation
compared with the control group. The
effects of EGCG were similar to those of
GTC (P<0.05).

EC, ECG, or EGCG significantly inhibited the
Ang II-induced [3H]thymidine
incorporation into the primary cultured rat
aortic VSMC (P<0.01). EGCG
pretreatment inhibited the Ang II-induced
phosphorylation of ERK 1/2, JNK 1/2, or
p38 MAPK and the expression of c-jun or
c-fos mRNA (P<<0.01).

EGCG inhibited the gelatinolytic activity of
MMP-2 and concanavalin A (ConA)-
induced pro-MMP-2 activation without the
influence of membrane-type MMP
expression in SMCs (P<<0.001).

AAPH-2,2’, azobis(2-amidinopropane) hydrochloride; AGEs, advanced glycation end products; Ang II, angiotensin II; C- (+),
catechin; EC- (-), epicatechin; ECG- (-), epicatechin gallate; EGC- (-), epigalocatechin; EGCG- (-), epigalocatechin gallate; eNOS,
endothelia nitric oxide synthase; ERK ', extracellular signal-regulated protein kinase "2; GTC, green tea catechin; HepG2, human
hepatoma cells; HUVEC, human umbilical cord vascular endothelial cell; JNK Y%, c-jun-N-terminal kinase '2; LDL, low density
lipoprotein; MAPK, mitogen-activated protein kinase; MMP-2, matrix metalloproteinase-2; PKA, cAMP-dependent protein kinase;
SMC, smooth muscle cells; TBARS, thiobarbituric acid reactive substances; VSMC, vascular smooth muscle cells

In summary, the cardiovascular benefits of green tea
consumption were demonstrated in both in vitro studies and
animal models. EGCG was demonstrated to be the most
potent of the green tea catechins in exerting its cardiovas-
cular benefits. Some of the mechanisms by which green tea
exerts these positive effects include antioxidative, antiath-
erosclerotic, and hypolipidemic effects.

GREEN TEA INTERVENTION IN ADULT
SMOKERS

According to recently published data from the
INTERHEART study, tobacco use is one of the most

Nutrition Reviews®, Vol. 65, No. 8

important causes of the progression of heart disease and
its culmination in acute myocardial infarction among
men.*® Cigarette smoke contains large amounts of free
radicals, which have been shown to promote lipid per-
oxidation in the circulation. Keeping in mind the fact that
green tea polyphenols, containing EGCG, are effective
scavengers of free radicals,* some investigators have
examined their effects on biomarkers of oxidative stress
and surrogate markers of cardiovascular risk factors
among smokers.

Princen et al.’® reported no effects of green tea
consumption (900 mL/day for 4 weeks) on plasma lipids,
LDL oxidation, and plasma levels of antioxidants like
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Table 2. Summary of animal studies on the cardiovascular effects of green tea and its catechins

Reference

Animal model and treatment

Findings

Yang et al.*

17

Yang et a

Loest et al.>’

Chan et al.>®

Hasegawa et al.*

Raederstoff et al.*°

Yokozawa et al.*!

Tijburg et al.*?

Kavantzas et al.*

Rats fed a cholesterol-rich diet and treated
with different tea extracts for 8 weeks.

Hypercholesterolemic Sprague-Dawley rats
given Lung Chen tea for 8§ weeks.

Ovariectomized rats infused with green tea
extracts for 8 hours.

Hamsters fed a high-fat, high-cholesterol diet
containing green tea extract for 4 weeks.

Male Zucker rats fed a 50% sucrose diet
containing 15% butter supplemented with
green tea powder for 10 days.

Wistar rats fed a diet high in cholesterol and
fat containing EGCG for 4 weeks.

Cholesterol-fed rats given green tea
polyphenols compared to probucol in a 5-
week treatment period.

New Zealand white rabbits fed a high-fat
semi-purified diet supplemented with
cholesterol and given black tea or green tea
in drinking water for 21 weeks.

Male New Zealand white rabbits given a
hypercholesterolemic diet with green tea for
17 weeks.

Chinese green tea and jasmine tea
significantly lowered serum (P=0.001) and
liver cholesterol (P=0.02 and 0.05,
respectively). All tea treatments lowered the
atherogenic index (P=0.01) and increased
the HDL-total cholesterol (P=0.01).

Lung Chen tea administration (2% and 4%)
significantly lowered serum cholesterol
(P<<0.05 and P<0.02, respectively) and
significantly increased excretion of fecal
bile acids (P<<0.05) and cholesterol
(P<0.05).

Green tea extracts dose-dependently reduced
(P<<0.05) the lymphatic absorption of
(14)C-cholesterol.

GTE dose-dependently lowered (P<<0.05)
serum total cholesterol and triacylglycerols
but did not affect liver fatty acid synthase.
GTE increased (P<<0.05) fecal excretions of
total fatty acids, neutral sterols, and acidic
sterols compared with the control group
(P<0.05).

Powdered green tea depressed body weight
(P<<0.01) and lowered plasma total
cholesterol (P<<0.01). Liver total cholesterol
was unaffected.

Total cholesterol (P=0.004) and LDL
(P=0.013) levels were significantly reduced
in the group fed 1% EGCG. Plasma
triglycerides and HDL levels did not
change significantly. Intestinal cholesterol
and total fat absorption (P<<0.05) was
reduced with EGCG.

Green tea polyphenol effectively inhibited
LDL oxidation and elevated serum
antioxidative activity (P<<0.001) to the
same degree as probucol. Green tea
polyphenols increased (P<<0.001) the levels
of HDL cholesterol, leading to dose-
dependent improvement of the atherogenic
index, an effect that was not seen with
probucol.

Green tea consumption tended (P=0.11) to
reduce aortic lesion formation, while black
tea, vitamin E, and beta-carotene had no
effects. Green and black tea induced a
prolongation of the LDL lag phase
(P<0.05) with a correspondingly lower
oxidation rate.

Consumption of green tea led to a reduction
of atherosclerosis as well as a significant
decrease of VEGF expression (P=0.0016)
in the atherosclerotic plaque of rabbit aorta
(P=0.001).
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Table 2. (Cont’d) Summary of animal studies on the cardiovascular effects of green tea and its catechins

Reference

Animal model and treatment

Findings

Cheng et al.**

Chyu et al.*

days.

Miura et al.*® Atherosclerosis-susceptible C57BL/6],
apoprotein (apo)E-deficient mice fed an
atherogenic diet for 14 weeks along with
drinking water supplemented with green tea

extracts.

Negishi et al.*’ Male SHRSP rats fed water, black, or green

tea polyphenols for 3 weeks.

Male Wistar rats fed drinking water with or
without green tea extracts for 14 days.

Tea extract reduced the area of the intima
(P=0.0245) and the ratio of the intimal
area to the medial area (P=0.0012) in
injured arteries. Compared with the control
group, there was a significant increase in
TIMP-2 expression (P<<0.001) as well as a
significant reduction of gelatinolytic net
activity (P<<0.01) and activated MMP-2
levels in the injured arteries.

Apolipoprotein E-null mice with evolving and EGCG treatment resulted in an increase in the
established atherosclerotic lesions given
EGCG intraperitoneal injections for 42

antioxidant capacity in local vascular tissue
and systemic circulation (P<<0.05) and
reduced vascular smooth muscle cell
proliferation and redox-sensitive gene
activation in vitro (P<<0.05).

No effects on plasma cholesterol or
triglyceride concentrations. Plasma lipid
peroxides were reduced (P<<0.01) in the tea
group. Atheromatous areas in the aorta
from the arch to the femoral bifurcation and
aortic weights were both significantly
attenuated by 23% in the tea group
(P<<0.01).

Systolic and diastolic BP were significantly
lowered (P<<0.05) in the BTP and GTP
groups compared with the controls. GTP
significantly increased catalase expression
(P<0.05), and BTP and GTP significantly
decreased MLC-p expression (P<<0.05) in
the aorta.

BP, blood pressure; BTP, black tea polyphenols; EGCG- (-), epigalocatechin gallate; GTE, green tea extract; GTP, green tea
polyphenols; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MMP-2, matrix metalloproteinase-2; SHRSP, stroke-
prone spontaneously hypertensive; TIMP-2, tissue inhibitor of matrix metalloproteinase; VEGF, vascular endothelial growth factor

vitamin C, E, B-carotene, and uric acid in subjects who
smoked at least 10 cigarettes per day. The study further
reported that polyphenol extracts of green tea (3.6 g/day
for 4 weeks) decreased plasma vitamin E levels and
reduced LDL oxidation in vitro, but had no effect on ex
vivo LDL oxidation. It should be noted that this study did
not measure other biomarkers of oxidative stress, and the
small sample size (n=15 in the green tea group) may
have contributed to the null effects.’® In contrast,
Klaunig et al.>' reported that green tea consumption (6 g
of green tea extracted into 300 mL of hot water or 32 oz
of 2.75% green tea) in two separate study groups (China
and the United States) caused a significant decrease in
oxidative DNA damage, lipid peroxidation, and free
radical generation among heavy smokers following ei-
ther a 1-day or a l-week intervention. The biomarkers
that were found to be affected by the green tea interven-
tion were 8-hydroxydeoxyguanosine in white blood cells
and urine, and malondialdehyde and 2,3-dihydroxyl ben-

Nutrition Reviews®, Vol. 65, No. 8

zoic acid in urine. The non-smokers also showed a
decrease in oxidative stress, following green tea con-
sumption.”’ Further improvements were observed in a
group of 20 male smokers. In this group, green tea
consumption (400 mL) providing 61.8 mg/dL of EGCG
was shown to significantly improve postprandial endo-
thelium-dependent vasodilatation, and it significantly de-
creased urinary 8-iso-prostaglandin-F2«, a biomarker of
lipid peroxidation.’?

In a more recently reported study, Lee et al.>® exam-
ined biomarkers of oxidative stress and inflammation, sug-
gestive of endothelial dysfunction, in male smokers who
consumed 600 mL of green tea for 4 weeks. While no
effects were seen regarding the lipid profile, total antioxi-
dant capacity, C-reactive protein, or soluble cellular adhe-
sion molecules in plasma, there was a significant reduction
in P-selectin and oxidized LDL at 2 and 4 weeks of green
tea ingestion, suggesting decreased platelet aggregation and
increased antioxidant effects of green tea.
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Interestingly, while ex vivo LDL oxidation with
Cu™™ ions showed no protective effects of green tea
catechins, a direct quantitation of oxidized LDL in
plasma revealed significant antioxidant effects of green
tea polyphenols.>® The cardioprotective effects of green
tea consumption on endothelial function has also been
examined by Kim et al.>* in chronic smokers. Green tea
consumption (8 g/day for 2 weeks) caused a significant
improvement in endothelial progenitor cell levels as well
as flow-mediated endothelium-dependent vasodilatation,
elucidating the role of green tea polyphenols in reversing
endothelial cell injury and reducing the risks of cardio-
vascular events. This study further reported no effect of
green tea consumption on the plasma lipid profile.”*
However, in the absence of a control group, the results
from these studies should be interpreted with caution.

Since smokers tend to have an elevated level of
oxidative stress and a consequent risk of developing
CVD, green tea consumption may be beneficial in ame-
liorating these risk factors, though its impact on selected
biomarkers of oxidative stress and inflammation need to
be further defined in relation to the dose of EGCG. Table
3 summarizes the green tea beverage/extract supplemen-
tation in human volunteers and their effects on biomar-
kers of oxidative stress and inflammation as well as other
CVD risk factors (1997-2006).

GREEN TEA INTERVENTION IN HEALTHY
NONSMOKING VOLUNTEERS

Several investigators have postulated that green tea
has an effect in increasing the plasma antioxidant capac-
ity in healthy human volunteers.”>>” Green tea extract
supplementation (3 g/day) has also been shown to reduce
plasma malondialdehyde (MDA) concentrations in com-
parison to placebo in healthy female volunteers consum-
ing a diet high in linoleic acid. However, no effects were
observed with regard to serum lipids and antioxidants,
plasma coagulation factors, urinary indicators of oxida-
tive stress, thromboxane, and nitric oxide formation.>®
Since green tea extracts were administered together with a
diet high in linoleic acid, which has been shown to reduce
serum cholesterol and triglyceride concentrations,* the ex-
clusive role of green tea extracts in reducing lipid peroxi-
dation in healthy volunteers remains to be elucidated.

Erba et al.®° showed a significant decrease in plasma
peroxide levels, DNA oxidative damage, and plasma
LDL-cholesterol, as well as a significant increase in total
antioxidant activity in the plasma of healthy volunteers
who consumed 2 cups of green tea per day in addition to
a balanced and controlled diet. The data remained sig-
nificant when compared to the control group, which
received a similar diet that was controlled for vegetable
and fruit intake. However, the balanced and controlled

368

diet itself may play a role in the reported effects.®
Hirano-Ohmori et al.®! further demonstrated that drink-
ing 7 cups of green tea per day for a period of 2 weeks
did not affect plasma LDL-cholesterol concentrations in
healthy volunteers, but it significantly decreased the
serum malondialdehyde-LDL (MDA-LDL) levels and
the ratio of MDA-LDL/LDL-cholesterol in these sub-
jects.®! Thus, green tea beverages may act synergistically
with a healthy diet in affecting the biomarkers of oxida-
tive stress in healthy individuals.

GREEN TEA AND WEIGHT LOSS

Abdominal obesity and percentage body fat, which
are independent risk factors for CVD, have also been
parameters of interest for researchers in green tea inter-
vention. Epidemiological studies have shown an inverse
correlation between habitual tea consumption practiced for
more than 10 years and body fat percentage and distribu-
tion.> The anti-obesity effects of green tea have been
investigated in various in vitro and in vivo models, includ-
ing animal and human studies. They have been demon-
strated to reduce adipocyte differentiation and proliferation,
lipogenesis, fat mass, and body weight, and to increase
beta-oxidation and thermogenesis.®®> Chantre and Lairon®*
examined the anti-obesity effects of the green tea extract
AR25 (Exolise) in 70 moderately obese patients. Following
a 3-month administration of AR25, providing a total of 375
mg catechins or 270 mg EGCG, the subjects experienced a
4.6% decrease in body weight and a 4.48% decrease in
waist circumference, and the study further reported the
safety of EGCG supplements in these participants.

In vitro studies with AR2S5 reported direct inhibition
of gastric and pancreatic lipases and stimulation of ther-
mogenesis by inhibiting enzymatic degradation of nor-
adrenalin, which suggest the mechanisms of the weight-
reducing effects of green tea extract AR25.°* Kovacs et
al.% conducted a randomized, parallel, placebo-con-
trolled trial among 26 males and 78 females, involving
the administration of green tea extracts (573 mg cat-
echins, of which 323 mg was EGCG and 104 mg caf-
feine) for a duration of 13 weeks, which was a weight
maintenance period, following a 4-week weight loss
regimen. The study findings revealed that subjects in the
green tea treatment group with a habitually higher caf-
feine intake regained more weight than those with a
lower caffeine intake; however, this did not affect overall
weight maintenance after a weight loss period. Also,
while the researchers indicated a lack of effect on weight
regain by green tea treatment, the macronutrient intake
during the weight maintenance period was not described
adequately and could have influenced weight regain in
these subjects.®

In a subsequent study, the same group of research-
ers further reported the effects of green tea (270 mg
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Table 3. Summary of clinical trials on the effects of green tea (GT) or green tea polyphenol (GTP)
supplementation on cardiovascular risk factors and biomarkers of oxidative stress and inflammation

Daily Significant
Reference Duration Study design No. of participants Control GT/GTP dose results
van het Hof 4 weeks Randomized 45 healthy adults (24 Mineral water GT 6 cups No effects on serum
et al.”® parallel male, 21 female) lipids or ex vivo
comparison LDL oxidation
trial

Princen et al.”>° 4 weeks Randomized 43 smokers (22 male, Water GT and 6 cups; Plasma vitamin E (P=
placebo- 21 female; 13-16/ GTP 36¢g 0.016); LDL
controlled trial group) oxidation in vitro

Klaunig et 1 day or I Randomized 67 (52 smokers, 15 Hot water/ GT 300 mL; 8-OHdG in WBC and

al>! week placebo- nonsmokers; 55 placebo 32 oz urine; MDA and
controlled trial male, 12 female) drink of 2,3-DHBA in urine
2.75% (P<<0.05)

Freese et al.>® 4 weeks ~ Randomized 20 healthy nonsmoking Placebo GTP 3g Plasma MDA (P<0.05)
placebo- females
controlled trial

Benzie et al.” 1 day Crossover study: 10 healthy volunteers Water GT 400 mL Plasma & urinary
baseline vs (5 male, 5 female) FRAP; urinary total
postintervention phenolic

concentrations
(P<0.05)
Nakagawa 1 day Clinical trial: 18 healthy volunteers None GTP 254 mg Plasma PCOOH;
et al.>® baseline vs (gender not catechin plasma antioxidant
post- mentioned) capacity (P<<0.05)
intervention

Hodgson 1 day Randomized 20 healthy male Water; water GT 400 mL No effects on ex vivo

et al.”! crossover study nonsmokers with lipoprotein oxidation
matched (P=0.17)
caffeine
content

Serafini et al.’” 1 day Randomized 5 healthy volunteers Water GT 300 mL Plasma TRAP; in vitro
crossover study (gender not LDL oxidation

mentioned) (P<0.05)

Maron et al.”> 12 weeks  Randomized 240 adults (100 male, Placebo Theaflavin- 375 mg Total and LDL-C
placebo- 140 female) with enriched (P=0.01)
controlled mild to moderate green
parallel-group hypercholesterolemia tea
trial extract

Nagaya et al.>> 1 day Randomized 20 male smokers Hot water GT 400 mL Urinary 8-iso-PGF2a;
crossover study forearm blood flow

(P<0.05)

Unno et al.”? 3 days Randomized 9 males with mild or 10 mg green tea GTP 224 mg or Postprandial AUC of
triple-crossover borderline catechins (EGCG 674 mg plasma triglycerides
trial hypertriglyceridemia and (P<0.05);

ECG) postprandial
elevation of
remnant-like particle
cholesterol (P<<0.01)

Lee et al.>® 4 weeks Clinical trial: 20 male smokers None GT 600 mL sP-selectin (P<<0.001);
baseline vs oxidixed LDL
post- (P<0.05)
intervention

Hirano Ohmori 2 weeks Randomized 22 healthy male Water GT 7 cups MDA-LDL (P<0.05);

et al.®! crossover study nonsmokers MDA-LDL/LDL-C
ratio (P<<0.02)

Erba et al.® 42 days Randomized 24 healthy females Controlled diet ~ Controlled 320 mg Plasma total antioxidant
controlled trial diet + capacity; plasma

GTE peroxide levels,

DNA oxidative
damage, LDL
cholesterol (P<<0.05)
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Table 3. (Cont’d) Summary of clinical trials on the effects of green tea (GT) or green tea polyphenol (GTP)
supplementation on cardiovascular risk factors and biomarkers of oxidative stress and inflammation

Daily Significant
Reference Duration Study design No. of participants Control GT/GTP dose results
Fukino et al.”* 2 months  Randomized 66 patients (53 male, Control GTP 456 mg No effects on insulin

controlled trial

13 female) with
borderline diabetes

catechins  resistance and
inflammation vs.

or diabetes control (P>0.05)
Kim et al.>* 2 weeks Clinical trial: 20 smokers (4 male, 16 None GT 8 gin 1 L EPC levels (P<0.001);
baseline vs female FMD (P<<0.001)
post-
intervention
Ryu et al.” 4 weeks Randomized 55 patients (31 male, Water GT 9 gin 900 No effects on

crossover study
type 2 diabetes

24 female) with

mL inflammation, insulin
resistance, pulse
wave velocity
(P0.05)

2,3-DHBA, 2,3-dihydroxyl benzoic acid; 8-iso-PGF2a«, 8-iso-prostaglandin F2alpha; 8-OHdG, 8-hydroxydeoxyguanosine; AUC,
area under time versus concentration curve; EPC, endothelial progenitor cells; FRAP, ferric-reducing ability of plasma; LDL-C,
low-density lipoprotein-cholesterol; MDA, malondialdehyde; PCOOH, plasma phosphatidylcholine hydroperoxide; TRAP, total

radical-trapping antioxidant parameter; WBC, white blood cells

EGCG and 150 mg caffeine) in reducing body weight,
waist circumference, respiratory quotient, and body fat
during a 13-week weight-maintenance period in sub-
jects with low habitual caffeine intake. However, no
effects of green tea mixture were noted in high-
quantity caffeine consumers.®® A daily 12-week con-
sumption of green tea (690 mg catechins, of which 136
mg was EGCG and 75 mg caffeine) or placebo (oolong
tea with 3 mg EGCG and 78 mg caffeine), in conjunc-
tion with a low-calorie diet, was shown to significantly
reduce body weight and fat mass in 35 overweight
males.®” Figure 2 shows a moderately strong positive
correlation between dose of EGCG and reduction in
fat mass (kg) in different weight loss programs using
EGCG-rich green tea extracts.®*%°

With regard to fat oxidation and thermogenesis in
humans, a single administration of green tea extract or
green tea beverage has been shown to increase energy
expenditure due to increased fat oxidation among healthy
males and females with a normal weight (BMI 20—
25).7%71 None of the studies reported any undesirable
side effects associated with green tea or green tea extract

3.5
E 3 .
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£
- 2
'2 *
£ 15
) *
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§ 11
[*] *
8 05 y = 0.007x + 0.1558
R®=0.6738
0 : : : : : : .
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Dose of EGCG (mg)

Figure 2. Positive correlation between dose of EGCG and
decrease in fat mass based on clinical trials.®*%°
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supplementation. These initial, encouraging results need
to be confirmed by future clinical trials.

GREEN TEA INTERVENTION IN INDIVIDUALS
AT RISK FOR CARDIOVASCULAR DISEASE

The role of green tea flavonoid supplementation in
reducing the risk of cardiovascular disease makes it an
attractive therapeutic target. A 12-week daily supple-
mentation of theaflavin-enriched green tea extract
(375 mg) or placebo was given to 240 men and women
with mild-to-moderate hypercholesterolemia who
were already following a low-fat diet. In comparison
to the baseline values, the tea intervention signifi-
cantly reduced total and LDL-cholesterol levels
(-11.3% and —16.4%, respectively; P<<0.01), while no
changes were observed in the placebo group.”? Fur-
thermore, no significant adverse events were reported
with tea extract supplementation, which was a combi-
nation of theaflavins, green tea catechins, and other tea
polyphenols. The authors suggest various mechanisms
that explain the cholesterol-lowering effects of tea
polyphenols, including reduced micellar solubility and
intestinal cholesterol absorption, increased fecal ex-
cretion of cholesterol, reduced hepatic cholesterol
concentration, and up-regulation of hepatic LDL re-
ceptors. Thus, the lipid-lowering effects may reflect a
synergistic action between low-fat diet and tea poly-
phenols, or among the various tea polyphenols, and
not the effects of green tea catechins per se.”” In
another randomized, triple-crossover study, moderate
and high doses of green tea catechins (224 mg and 674
mg of EGCG and ECG, respectively) were shown to
reduce the postprandial incremental area under the
plasma triacylglycerol curves by 15.1% and 28.7%,
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respectively, in comparison to the control. The sub-
jects were nine adult males with mild or borderline
hypertriglyceridemia who consumed one slice of white
bread with 20 g of butter along with the test beverage
containing different amounts of green tea catechins.
Furthermore, green tea catechins were shown to in-
hibit the rapid elevation of remnant-like particle cho-
lesterol 2 hours postprandial.”® Since postprandial
hypertriglyceridemia has been shown to be an inde-
pendent risk factor for atherosclerosis and CVD, the
consumption of green tea with or before meals may be
an effective strategy to attenuate postprandial lipemia
in at-risk individuals.

In a 2-month randomized controlled trial, 66 patients
with borderline diabetes or diabetes were given green tea
catechins supplemented at a daily dose of 456 mg. The
results did not show any clear effects on insulin resis-
tance and biomarkers of inflammation in comparison
with the control group. Though body weight, systolic and
diastolic blood pressure readings, blood glucose levels,
hemoglobin A, and insulin levels were lower in the
intervention group in comparison with their baseline
values, the parameters did not differ from those in the
control group. However, the study suggested a positive
correlation exists between green tea polyphenol intake
and insulin levels, which warrants further investiga-
tion.”*

In a recently reported study by Ryu et al.”®, no
effects of green tea consumption (900 mL for 4 weeks)
were noted on inflammation, insulin resistance, and
pulse wave velocity in type 2 diabetic patients. The
short duration of the study and absence of data show-
ing compliance with regard to plasma catechin levels,
may contribute to the null effects reported by the
researchers. Thus, there is limited and conflicting
clinical data on the therapeutic effects of green tea
catechin. It is expected that further studies will reveal
its long-term metabolic effects in the management of
cardiovascular diseases.

CORRELATION BETWEEN GREEN TEA
INTAKE AND CARDIOVASCULAR DISEASE:
EPIDEMIOLOGICAL STUDIES

While tea drinking in general has been associated
with cardioprotective benefits,’® green tea consumption,
specifically, has been correlated with a reduced risk of
cardiovascular events and other surrogate markers of
CVD in Chinese and Japanese cohorts. Recently reported
data from the Ohsaki study, which included 40,530
Japanese adults who were followed up for up to 11 years
(1995-2005), showed an inverse association between
green tea consumption and mortality due to all causes
and cardiovascular disease.”” As early as 1992, Kono et
al.”® reported an inverse correlation between total cho-
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lesterol levels in serum and consumption of nine cups or
more of green tea per day in 1306 Japanese males;
however, no association was noted for serum triglycer-
ides and high-density lipoprotein cholesterol, even after
adjusting for dietary variables like soybean products,
which are known to influence serum cholesterol.”® Imai
and Nakachi’® also reported a significant inverse corre-
lation between green tea consumption (>3 cups/day) and
the levels of cholesterol and triglycerides in the serum of
1371 Japanese men. However, following extensive mul-
tivariate adjustments for nondietary and dietary covari-
ates, Tsubono and Tsugane® failed to show any effects
of green tea consumption on the lipid levels in 371
middle-aged Japanese males and females. The relatively
small sample size may have contributed to the null
results of this study.

In an interesting community-based study conducted
in Taiwan, China, habitual green tea intake of 120 mL or
more per day for 1 year was significantly correlated with
a reduction in the risk of developing hypertension in
39.8% of the study population (N=1507) compared to
nonhabitual tea drinkers. Following adjustments for sev-
eral covariates, there was a 46% reduction in the risk of
developing hypertension in those who drank 120 ml and
599 mL of green tea per day, and a further 65% reduction
in those who consumed 600 mL or more per day.®!

Regarding the risk of mortality due to heart disease,
Hertog et al.®* reported an inverse correlation between
catechin intake and coronary heart disease-related mor-
tality after a 25-year follow-up of 12,763 men from
seven different countries. The Boston Area Health Study
further reinforced this observation by presenting data
that revealed a 44% reduction in the risk of myocardial
infarction among those who drank one or more cups of
green tea per day versus non-tea-drinkers.®* Sasazuki et
al.3* reported a weak but protective association between
green tea consumption (>2 cups/day) and coronary ar-
tery disease (CAD) in men, which inhibited the progres-
sion of coronary atherosclerosis, but this was not found
in women. An inverse association of green tea intake and
myocardial infarction and its genetic variation has also
been suggested by Hirano et al.®> and Ohmori et al.®
Green tea consumption (5.9 cups/day) was also signifi-
cantly associated with a lower incidence of CAD in a
Japanese population of 203 patients who underwent
coronary angiography. After a follow-up of cardiovascu-
lar and cerebrovascular events in these patients and an
analysis of predictors of CAD, the level of green tea
consumption was found to be significantly higher in
patients without CAD versus those with CAD (5.9 cups
versus 3.5 cups/day, respectively; P<<0.001). The au-
thors further mention that individuals who drink green
tea frequently may also consume traditional Japanese
foods, like fish, vegetables, and soybeans that also con-
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tain cardioprotective nutrients and dietary factors like
omega-3-fatty acids and flavonoids, and this may addi-
tionally contribute to the reduced incidence of CAD.*’

In a more recently reported retrospective cohort
study, Iso et al.®® suggested that a reduced risk of
self-reported type 2 diabetes exists among Japanese
adults who regularly consume green tea. When compared
with participants who did not consume green tea, there
was a 33% risk reduction for diabetes among those who
were drinking six or more cups of green tea per day. No
significant correlations were detected between the con-
sumption of black tea or oolong tea and the risk for
diabetes. The authors further discussed the role of green
tea antioxidants, especially EGCG, which may contrib-
ute to improved insulin sensitivity and glucose metabo-
lism.®® Since type 2 diabetes mellitus is an independent
risk factor for CVD,® these data suggest green tea
flavonoids have a role in CVD risk reduction and pre-
vention.

Thus, while most of the epidemiological studies
showing an inverse correlation between habitual green
tea consumption and CVD have been conducted in China
and Japan, such results have not yet been documented in
Western countries, where green tea intake is limited and
sporadic. Also, differences in the results reported from
observational studies may be due to variations in sample
size and lack of information regarding other confounding
variables, like the amount of dietary fat, intensity of
smoking and alcohol consumption, and lifestyle factors,
all of which impact CVD risk. The methods of green tea
preparation and differences in tea strength, if unac-
counted for, may affect the bioavailability, plasma cate-
chin levels, and their functional properties and effects on
the risk of cardiovascular diseases.

SAFETY OF GREEN TEA SUPPLEMENTS

While green tea beverage consumption is considered
part of a healthy lifestyle, at least in China, Japan, and
Korea, green tea extracts or EGCG supplements should
be used with caution. Studies have shown that EGCG
doses of up to 800 mg per day, administered for 4 weeks,
is safe and associated with few side effects that were
comparable to those in the placebo group.'> However,
very high doses of green tea extracts (6 g—240 g) have
been associated with hepatotoxicity in patients who used
them as health or weight-loss supplements for a duration
of 5 to 120 days. The changes in biochemical parameters
included an elevation of serum levels of aspartate ami-
notransferase, alanine aminotransferase, alkaline phos-
phatase, total bilirubin, and albumin levels. The case
studies further reported a reversal of symptoms when
subjects stopped taking the green tea supplement.”
Thus, while it may be safe to use doses below 1 g of
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EGCG, subjects should take higher doses under close
medical supervision.

CONCLUSIONS

The role of green tea polyphenols in reducing lipid
peroxidation, particularly LDL oxidation and malondial-
dehyde concentrations, have been reported from several
in vitro, animal, and limited clinical studies. However, its
hypocholesterolemic effects have not been demonstrated
in humans, and further investigations are needed to
confirm the potential role of green tea in reducing body
fat and being an effective component of a weight-loss
diet. While green tea intake may benefit smokers who are
at increased risk of developing CVD, its role in reducing
the biomarkers of oxidative stress and inflammation in
hypercholesterolemic subjects, or in those with border-
line diabetes, remains to be elucidated. Nevertheless, a
diet rich in functional foods containing antioxidant poly-
phenols, like green tea beverages, combined with phys-
ical activity and lifestyle changes may offer primary
prevention against cardiovascular disease. While future
clinical trials could further elucidate the cardioprotective
benefits of green tea beverages or green tea extracts, on
the basis of existing reports, freshly prepared green tea
appears to be a healthy dietary choice to consider.
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