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Tea in Health and Disease
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Tea, including green tea made from the leaves of the Camellia senenisis plant, is the second
most consumed beverage worldwide after water, and is consumed by more than two-thirds of the
world population [1–3]. Accumulating evidence from cellular, animal, clinical and epidemiological
studies have linked tea consumption to various health benefits, such as chemoprevention of cancers,
chronic inflammation, heart and liver diseases, diabetes, neurodegenerative diseases, ultraviolet
B (UVB)-induced skin aging, bone fracture, etc., along with some other beneficial activities, e.g.,
chemo-sensitizing, antioxidizing stress-reducing, etc. [1–3]. Although some of these health benefits
have not been consistently achieved by intervention trials, positive results from some clinical trials
have provided direct evidence supporting the protective effect of tea against, at least, human
cancer [1–5]. In addition, multiple mechanisms of action have been proposed to explain how tea exerts
its disease-preventive effects.

This special issue of Nutrients, “Tea in Health and Disease”, has collected nine (9) research articles
and four (4) comprehensive review articles. All of these publications are timely, novel, and written by
authors who are experts in the field of tea research.

Jang, Hwang and Choi found in their research article, that rosmarinic acid, a compound isolated
from rosemary tea, modulates expression of histone deacetylase 2 and inhibits growth of prostate
cancer cells via induction of the cell cycle arrest and apoptosis [6].

Heyza et al., reported, in their original study, that green tea polyphenol
(–)-epigallocatechin-3-gallate (EGCG) acts as a potent inhibitor of the 5′-3′ structure-specific
endonuclease ERCC1/XPF (Excision Repair Cross-Complementation Group 1/Xeroderma Pigmentosum
Group F) in human cancer cells, serving as an ideal candidate for further pharmacological development
with the goal of enhancing cisplatin response in human tumors [7].

Farabegoli et al., discovered that the combinational treatment of EGCG and a rexinoid,
6-OH-11-O-hydroxyphenanthrene [IIF] inhibits neuroblastoma cell growth and neurosphere formation
in vitro [8]; the authors concluded that the association of EGCG to IIF might be able to overcome the
incomplete success of retinoid treatments in neuroblastoma patient without toxic effects.

Zhao et al., reported that Fuzhuan brick-tea protects against UVB irradiation-induced photo-aging
via MAPKs/Nrf2-mediated down-regulation of MMP-1, and suggested that this tea could be used as
not only a functional food but also a good candidate in the development of cosmetic products and
medicines for the remedy of UVB-induced skin photo-aging [9].

Annunziata et al., evaluated colon bioaccessibility and antioxidant activity of tea polyphenolic
extract by using an in vitro simulated gastrointestinal digestion assay [10]. They found that after
gastrointestinal digestion, the bioaccessibility and the antioxidant activity in the colon stage were
significantly increased compared to the duodenal stage for both tea polyphenols and total phenol
content. These results could be attributable in vivo to the activity of gut microbiota, which metabolize
tea compounds and generate metabolites with a greater antioxidant activity [10].

Pan et al., report that polyphenols in Liubao tea prevent carbon tetrachloride-induced hepatic
damage in mice through their antioxidant function [11]. Molecularly, Liubao tea modulates various
enzymatic activities and reduces serum levels of several cytokines in mice with liver injury.

Nutrients 2019, 11, 929; doi:10.3390/nu11040929 www.mdpi.com/journal/nutrients1
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Shen et al., examined the association between tea consumption and risk of hospitalized fracture
in 453,625 Chinese adults. Their study concluded that habitual tea consumption was associated
with moderately decreased risk of any fracture hospitalizations, and the participants with decades
of tea consumption and those who preferred green tea were also associated with lower risk of hip
fracture [12].

Unno et al., determined the stress-reducing function of matcha green tea (that contain high levels
of theanine, a major amino acid) in both animal experiments and clinical trials [13]. They found
that high contents of theanine and arginine in matcha exhibited a high stress-reducing effect in mice,
and that anxiety, a reaction to stress, was significantly lower in the matcha tea-consuming participants
than in the placebo group.

Rode et al., determined, in a cross-sectional observational study among a population of
273 hypercalciuric stone-formers, whether daily green tea drinkers experienced increased stone
risk factors (especially for oxalate) compared to non-drinkers, and found no evidence for increased
stone risk factors or oxalate-dependent stones in daily green tea drinkers [14].

Furthermore, Khan and Mukhtar extensively reviewed the health-promoting effects of tea
polyphenols [15], by summarizing recent studies on the role of tea polyphenols in the prevention
of cancer, diabetes, cardiovascular and neurological diseases. Negri et al., presented another
comprehensive updated summary on molecular targets of green tea polyphenol EGCG with a
special focus on the involved signal transduction pathways in human cancer [16].

In another review article, Gan et al., summarized the distribution, composition, and health
benefits of several caffeinated beverages from the genus Ilex, including the large-leaved Kudingcha
(Ilex latifolia Thunb and Ilex kudingcha C.J. Tseng), Yerba Mate (Ilex paraguariensis A. St.-Hil), Yaupon
Holly (Ilex vomitoria), and Guayusa (Ilex guayusa Loes), and suggested their potential applications in
the pharmaceutical or nutraceutical industries [17].

Tea consumption is also considered a natural complementary therapy for neurodegenerative
diseases such as Alzheimer’s disease that affects an increasing patient population among the elderly.
Polito et al., reviewed epidemiological studies on the association between tea consumption and the
reduced risk of Alzheimer’s disease, along with the anti-amyloid effects and the role of tea in preventing
this neurodegenerative disease [18].

While beneficial effects by tea consumption have been documented in various human disease
models as mentioned above, there are major challenges in developing some tea components (such as
green tea polyphenols) as therapeutic agents, including how to improve their bioavailabilities, stability,
efficacies, and specificity [5]. Further well-designed preclinical and clinical studies are warranted in
the future.

I would like to thank all the authors for their exceptional contributions.
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Abstract: Neurodegenerative disease Alzheimer’s disease (AD) is attracting growing concern because
of an increasing patient population among the elderly. Tea consumption is considered a natural
complementary therapy for neurodegenerative diseases. In this paper, epidemiological studies on the
association between tea consumption and the reduced risk of AD are reviewed and the anti-amyloid
effects of related bioactivities in tea are summarized. Future challenges regarding the role of tea in
preventing AD are also discussed.

Keywords: Camellia sinensis; epigallocatechin gallate (EGCG); theanine; caffeine; Alzheimer’s disease;
Parkinson’s disease

1. Introduction

Alzheimer’s disease (AD) is progressive neurodegenerative disorder pathologically characterized
by deposition of β-amyloid (Aβ) peptides as senile plaques in the brain and its prevalence is
strongly correlated with aging [1]. AD is the second leading health concern among adults following
cancer [2], being the sixth leading cause of death, and also the only disease among the top 10 that
cannot be prevented, cured, or treated [3]. AD is characterized by a progressive cognitive decline,
leading to dementia [4]. The increase in life expectancy due to modern society and the associated
healthcare has been accompanied by an increase in the number of people with AD. It is estimated
that 50% of people with aged 85 or older suffered from AD [5]. In the United States, someone
develops AD every 67 seconds [3]. In China, 7.4 million elderly persons are estimated to have
dementia, and this number is expected to grow to 18 million by 2030 if effective preventions are
not identified and implemented [6]. Although many AD-related treatment hypotheses have been
proposed, the exact causes and pathogenesis of AD are still unclear. Furthermore, along with other
neurodegenerative dementias diseases, AD lacks any effective cure. For this reason, the prevention of
AD and non-pharmacological treatments are important research [7].

Dietary interventions might play a role in the prevention of AD. Beverages containing plant
polyphenolshave been recommended as a natural complementary therapy for alleviating the symptoms

Nutrients 2018, 10, 655; doi:10.3390/nu10050655 www.mdpi.com/journal/nutrients4
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of AD [8]. Specifically, one study reported that language and verbal memory were positively associated
with the intake of green tea catechins and black tea theaflavins [9]. Data from several cross-sectional
studies consistently showed that tea drinking is associated with better performance on cognitive tests.
Tea consumption is considered to be one simple lifestyle adjustment that may either prevent or treat
the cognitive declines associated with neurodegenerative AD [10,11].

Many review articles focused on the subject of tea polyphenols and potential neuroprotective
properties, in which the potential benefits of tea catechins for reducing the risk of AD by targeting
the effects of oxidation, iron chelating, microglia activation, andmodulating intracellular neuronal
signal transduction pathways [12–14]. The originality of the present review includes two aspects:
(1) the neurodegenerative process in AD is characterized by the presence of cerebral extracellular
deposition of Aβ and the published reviews rarely focused on the anti-Aβ effects of tea. The present
review summarizes the advances in the anti-Aβ effects of tea with regards to its association with AD.
(2) The latest review of the association of tea with AD updated the literature published until December
2016 [14]. Since then, more than 10 research papers have been published on this topic that involved
epidemical surveys and mechanism studies. The most significant research advances regarding tea’s
potential role in the prevention and treatment of AD and other related neurodegenerative symptoms
were included in the present review by searching the Web of Science database using keywords “tea”
and “Alzheimer’s disease” and the cited references were updated until February 2018.

2. Epidemiological Evidence

Considerable epidemiological evidence has associated tea consumption with a decreased risk
of AD and other neurodegenerative diseases. The procedure for preparing a cup of tea was used
to assess the action-based memory of people with AD dementia [15]. In Japan, a community-based
comprehensive geriatric assessment involving 1003 Japanese residents aged 70 or older showed that a
higher consumption of green tea was associated with a lower prevalence of cognitive impairment (CoI).
At the cutoff cognitive function score of below 26 as evaluated by the Mini-Mental State Examination
(MMSE), the odds ratios (OR) were 0.62 (95% confidence interval (95% CI): 0.33, 1.19) for four to six
cups per week to one cup per day and 0.46 (95% CI: 0.30, 0.72) for two or more cups per day (p = 0.0006),
compared to the OR = 1.00 for reference (≤3 cups/week) [16]. A cohort study involving 13,988 Japanese
people aged 65 or older showed that green tea consumption was significantly associated with a lower
risk of incident functional disability, among which the three-year incidence of functional disability
was 9.4% (1316 cases). The multiple-adjusted hazard ratio (HR) of the incidentfunctional disability
was 0.90 (95% CI: 0.77, 1.06) among respondents who consumed one to two cups of green tea per day,
0.75 (95% CI: 0.64, 0.88) for those who consumed three to four, and 0.67 (95% CI: 0.57, 0.79) for those who
consumed five or more cups per day, in comparison with those who consumed one or fewer cups/day
(p = 0.001) [17]. A follow-up 4.9 ± 0.9 years’ population-based prospective study with 490 Japanese
residents aged 60 or older from Nakajima showed that the multiple-adjusted ORs for the incidence
of overall cognitive decline (MCI) was 0.32 (95% CI: 0.16, 0.64) among individuals who consumed
green tea every day and 0.47 (95% CI: 0.25, 0.86) among those who consumed green tea one to six days
per week, compared with individuals who did not consume green tea at all. The multiple adjusted
OR for the incidence of dementia was 0.26 (95% CI: 0.06, 1.06) among individuals who consumed
green tea every day, compared with those who did not consume any green tea. No association was
found between the consumption of coffee or black tea and the incidence of dementia or MCI [18].
A cross-sectional study including 1143 Japanese residents showed that low green tea consumption was
independently associated with a higher prevalence of CoI (p = 0.032), with an OR for drinking tea
daily of 0.65 (95% CI: 0.47, 0.89) [19]. However, a double-blind randomized controlled study involving
33 nursing home residents revealed that consumption of 2 grams per day of green tea powder for
12 months was not significantly associated with cognitive disfunction, compared with that of the
placebo group (OR: −0.61 (95% CI: −2.97, 1.74, p = 0.59)) [20].
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In Singapore, a cross-sectional study involving 2501 participants aged 55 or older showed that
regular tea consumption was associated with a lower risk of CoI. Compared with the ORs for rare
or no tea consumption, the ORs for low (<1 cup/day), medium (1–5 cups/day), and high levels
(≥6 cups/day) of tea consumption were 0.56 (95% CI: 0.40, 0.78), 0.45 (95% CI: 0.27, 0.72), and 0.37
(95% CI: 0.14, 0.98), respectively (p < 0.001) [21]. Another cross-sectional study involving 716 adults
aged 55 or older showed that the protective effect of tea consumption on cognitive function was
not limited to a particular type of tea. Total tea consumption was independently associated with
better performance on global cognition (regression coefficient (B) = 0.055, standard error (SE) = 0.026,
p = 0.03), memory (B = 0.031, SE = 0.012, p = 0.01), executive function (B = 0.032, SE = 0.012,
p = 0.009), and information processing speed (B = 0.04, SE = 0.014, p = 0.001) based on the
MMSE total score. Both black and oolong tea and green tea consumption were associated with
better cognitive performance. However, no association was found between coffee consumption and
cognitive function [22]. A longitudinal aging study involving 1615 adults aged 55 to 93 examining the
association between the amount of tea drinking and incident depressive symptoms from follow-up
over an average period of 18 months showed that the proportion of participants with depression
at the follow-up was 6.6% for participants with no tea consumption, 5.3% for low tea consumption
participants (<1 cup/day), 3.2% for medium tea consumption participants (1–5 cups/day), and 1.8%
for high tea consumption participants (≥6 cups/day). The ORs were 0.79 (95% CI: 0.42, 1.48) for
low tea consumption participants, 0.47 (95% CI: 0.25, 0.88) for medium tea consumption participants,
and 0.27 (95% CI: 0.11, 0.63) for high tea consumption participants (p = 0.01) [23]. A cohort study
involving 614 adults aged 60 or older who were free of dementia and CoI showed that long-term tea
consumption for at least 15 years was associated with reduced depressive and anxiety symptoms
among community-living elderly persons [24].

In China, a cohort study revealed that among 681 unrelated Chinese aged 90 or older (67.25%
women), men with CoI had significantly lower prevalence of tea drinking (p = 0.041 and 0.044,
for former and current tea drinking, respectively); whereas in women, CoI was not associated with
tea drinking [25]. A national population-based prospective nested case-control study involving
5691 elderly residents aged 65 or older showed an inverse association between tea drinking and
cognitive decline (OR: 0.82; 95% CI: 0.69, 1.00, p = 0.0468) [26]. A town level population-based
survey involving 4579 persons aged 60 or older from Weitang in Suzhou City showed that tea
consumption was inversely associated with the prevalence of CoI (OR: 0.74, 95% CI: 0.57, 0.98,
p = 0.032). The protective correlation of tea was more obvious in persons who never smoked (OR:
0.63) but vanished in current or former smokers (OR: 1.10) [27]. A rural population-based study
involving 1368 rural community-dwelling individuals aged 60 or older (59.3% women) showed that
daily tea consumption was associated with a lower likelihood of depressive symptoms in older people
in rural communities. The association appeared to be independent of cerebrovascular disease and
atherosclerosis. The ORs of having high depressive symptoms were 0.86 (95% CI: 0.56, 1.32) for weekly
and 0.59 (95% CI: 0.43, 0.81) for daily tea consumption (p = 0.001) [28]. Another study involving
9375 persons aged 60–65 and 2015 persons aged 65 or older showed that tea consumption was inversely
correlated with prevalence of CoI [29] and AD [30]. Data from the Chinese Longitudinal Healthy
Longevity Surveys showed that drinking tea had a positive impact on cognitive function. A survey
involving 32,606 individuals (13,429 men and 19,177 women) aged 65 or older showed that frequent
tea consumption was significantly associated with reduced OR of CoI [31]. Another survey involving
7139 participants aged 80–115 years showed that regular tea drinking was associated with better
cognitive function among the oldest of the living Chinese persons. In a linear mixed effects model that
adjusted for age, gender, years of schooling, physical exercise, and activities, the regression coefficient
was 0.72 (p < 0.0001) for daily drinking and 0.41 (p = 0.01) for occasional drinking. Tea drinkers had
higher verbal fluency scores throughout the follow-up period but concurrently had a steeper slope of
cognitive decline compared with non-drinkers [32]. A prevalence survey involving 1000 residents aged
60 or older in which the samples were collected by the multi-stage random cluster sampling method in
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Huangshi City, China showed that drinking tea reduced the incidence of MCI (p < 0.05) [33]. However,
a cross-sectional study including 870 residents aged 90 or older showed no significant correlation
between tea consumption and the prevalence of MCI among this group [34].

In Norway, a cross-sectional study involving 2031 participants aged 70–74 (55% women) showed
that participants who consumed chocolate, wine, or tea had significantly lower prevalence of poor
cognitive performance than those who did not. Participants who consumed all three tested items
had the best cognitive testing scores and the lowest risks for poor cognitive testing performance.
The associations between intake of these foodstuffs and cognition were dose dependent, with an
approximately linear relationship for tea consumption [35].

A large-scale population study involving participants from 23 developed countries given different
genetic backgrounds found a significant inverse correlation between dietary consumption of flavonoids
(also a group of polyphenols found in green tea) and disability-adjusted life year rates of AD and other
related dementias [36]. A meta-analysis involving 52,503 participants from Asia, Europe, Australia,
and North America showed that daily tea consumption was associated with a decreased risk of CoI,
MCI, and cognitive decline in elderly persons. Tea consumption significantly reduced the risk of
cognitive disorders (OR = 0.65, 95% CI: 0.58, 0.73). Tea consumption was inversely associated with
the risk of CoI, MCI, cognitive decline, and other ungrouped cognitive disorders. However, another
investigation also showed that the association between tea consumption and AD remained elusive [37]
(Table 1).

Table 1. Epidemiological evidence for the association between tea intake and the risk of Alzheimer’s
disease (AD) and related cognitive decline.

Type of Study Country Number of Subjects Main Results Reference

Six-year follow up
longitudinal study U.K. Nine community-dwelling

men and women.

The action-based memory of people with
dementia of AD can be judged by looking
at the process of preparing a cup of tea.

Rusted et al., 2002 [12]

Cross-sectional study Japan 1003 Japanese subjects aged
70 or older.

Consumption of ≥2 cups/day green tea
was associated with a lower prevalence of
CoI (OR: 0.46 (95% CI: 0.30, 0.72;
p = 0.0006), compared to reference
(≤3 cups/week)

Kuriyama et al., 2006 [13]

Prospective cohort study Japan 13,988 Japanese subjects
aged 65 or older.

Green tea consumption was significantly
associated with a lower risk of incident
functional disability, even after
adjustment for possible confounding
factors.

Tomata et al., 2012 [14]

Population-based
prospective study Japan 490 Japanese residents over

60 years old.

The multiple adjusted OR for the
incidence of dementia was 0.26 (95% CI:
0.06, 1.06) among individuals who
consumed green tea every day compared
with those who did not consume green
tea at all. No association was found
between coffee or black tea consumption
and the incidence of dementia or MCI.

Noguchi-Shinohara et al.,
2014 [15]

Cross-sectional study Japan 1143 subjects.

Low green tea consumption (p = 0.032)
were independently associated with a
higher prevalence of CoI. The OR for
drinking tea every day was 0.65 (95% CI:
0.47, 0.89)

Kitamura et al., 2016 [16]

A double-blind,
randomized controlled
study

Japan
33 nursing home residents,
consumed 2 g/day of green
tea powder for 12 months.

Cognitive disfunction was not
significantly different compared with that
of the placebo group (OR: −0.61 (95% CI:
−2.97, 1.74), p = 0.59).

Ide et al., 2016 [17]

Cross-sectional study Singapore 2501 adults aged 55 or older.

Cognitive decline ORs were 0.74 (95% CI:
0.54, 1.00) for low level, 0.78 (95% CI: 0.55,
1.11) for medium level, and 0.57 (95% CI:
0.32, 1.03) for high level tea intake.

Ng et al., 2008 [18]

Cross-sectional study Singapore 716 adults aged 55 or older.

Total tea consumption was independently
associated with better performance on
global cognition, memory, executive
function, and information
processing speed.

Feng et al., 2010 [19]
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Table 1. Cont.

Type of Study Country Number of Subjects Main Results Reference

Longitudinal aging study Singapore 1615 adults aged 55 to 93.

The ORs were 0.79 (95% CI: 0.42, 1.48) for
low tea consumption participants,
0.47 (95% CI: 0.25, 0.88) for medium tea
consumption participants and 0.27 (95%
CI: 0.11, 0.63) for high tea consumption
participants (p = 0.01).

Feng et al., 2012 [20]

Cohort study Singapore

614 elderly aged 60 or
older who were free of
dementia and cognitive
impairment.

Long-term tea consumption was
associated with reduced depressive and
anxiety symptoms among
community-living elderly.

Chan et al., 2017 [21]

Cohort study China
681 unrelated Chinese
nonagenarians/centenarians
(67.25% women).

Habits of tea drinking had a significantly
positive impact on CoI in men, but no
association of CoI with tea drinking
in women.

Huang et al., 2009 [22]

Population-based, nest
case-control study China

5691 elderly residents aged
65 or older (1489 cognitive
decline and 4822 normal
cognitive function).

An inverse association between tea
drinking and cognitive decline was found
(OR: 0.82; 95% CI: 0.69, 1.00, p = 0.0468).

Chen et al., 2012 [23]

Population-based survey China
4579 elders aged 60 or
older from the town of
Weitang in Suzhou, China.

An inverse association was found
between tea consumption (of any type)
and prevalence of CoI (OR: 0.74, 95%CI:
0.57–0.98, p = 0.032).

Gu et al., 2017 [24]

Population-based study China

1368 rural
community-dwelling
individuals aged 60 or
older (59.3% female).

Daily tea consumption was associated
with a lower likelihood of depressive
symptoms in older Chinese people living
in a rural community. The association
appears to be independent of
cerebrovascular disease and
atherosclerosis.

Feng et al., 2013 [25]

Cross-sectional Study China 9375 adults aged 60 or
older.

An inverse correlation was found
between tea consumption and prevalence
of CoI.

Shen et al., 2015 [26]

Cross-sectional study China 2015 adults aged 65 or
older (42.2% men).

Tea consumption was associated with low
prevalence of AD. Yang et al., 2016 [27]

Longitudinal Healthy
Longevity Survey China

32,606 subjects aged 65 or
older (13,429 men and
19,177 women).

High frequency of tea consumption was
significantly associated with reduced OR
of CoI.

Qiu et al., 2012 [28]

Longitudinal Healthy
Longevity Survey China 7139 participants aged 80

to 115 years.

Regular tea drinking was associated with
better cognitive function in oldest-old
Chinese, with regression coefficient
0.72 (p < 0.0001) for daily drinking and
0.41(p = 0.01) for occasional drinking.

Feng et al., 2012 [29]

Prevalence survey China 1000 residents aged
≥60 years old.

Drinking tea reduced the incidence of
MCI (p < 0.05) Yang et al., 2017 [30]

Cross-sectional study China 870 elders aged
≥90 years old.

Among the Chinese nonagenarians and
centenarians, no significant correlation
between tea consumption and the
prevalence of MCI.

Wang et al., 2010 [31]

Cross-sectional study Norway 2031 adults aged 70–74
years (55% women).

The associations between intake of tea
and cognition were approximately
linearly dose-dependent.

Nurk et al., 2009 [32]

Population-based study 23 developed
countries

Adults from 23 developed
countries and given
different genetic
backgrounds.

A significant inverse correlation was
found between dietary consumption of
flavonoids and rate of AD or related
dementias.

Beking et al., 2010 [33]

Meta-analyses
Asia, Europe,
Australia, and
North America.

52,503 participants
distributed in Asia,
Europe, Australia,
and America.

Daily tea drinking was associated with
decreased risk of CoI, MCI andcognitive
decline in the elderly. However, the
association between tea intake and AD
remained elusive.

Ma et al., 2016 [34]

3. Anti-Aβ Effects of Tea

The amyloid cascade hypothesis states that naturally occurring Aβ monomers aggregate via a
nucleation-dependent pathway to form insoluble fibrils that are deposited as plaques in the brain.
The self-assembly of Aβ into neurotoxic oligomers followed by fibrillar aggregates is a defining
characteristic of AD. AD is characterized by misfolding, aggregation, and accumulation of amyloid
fibrils in an insoluble form in the brain. Green tea polyphenols (GTPs) including (−)-epigallocatechin
gallate (EGCG), (+)-catechin (C) and (−)-epicatechin (EC), myricetin, quercetin, and kaempferol
can protect cells from Aβ-mediated neurotoxicity by dose-dependently inhibiting the formation
of Aβ fibrils (fAβ) from fresh Aβ(1–40) and Aβ(1–42) through the destabilization of preformed
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fAβ. The effective concentrations (EC50) of myricetin and quercetin for the formation, extension,
and destabilization of fAβ are 0.1–1.0 μM. Although the mechanisms by which these polyphenols
inhibit fAβ formation from Aβ and destabilize pre-formed fAβ in vitro are still unclear, polyphenols
are considered to be valuable for the prevention and therapeutic treatment of AD [38].

GTPs are believed to combat neurodegenerative diseases by inhibiting amyloid fibril
formation andprotectingneurons from toxicity induced by Aβ. Okadaicacid (OA) is a toxin that
inducesneurotoxicity. GTPs considerablyreducedprimary hippocampal neurondamage induced by
OA. In mice pretreated with OA, ethologic tests indicated that the staying time and swimming distance
in the target quadrant significantly decreased, whereas mice pretreated with GTPs stayed longer in
the target quadrant [39]. In “Swedish” mutant Aβ precursor protein (APP) over expressing mice
(APPsw, Tg), intraperitoneal (i.p.) injection (20 mg/kg) of green tea EGCG decreased Aβ levels and
plaques via promotion of the non-amyloidogenic α-secretase proteolytic pathway. Oral administration
of 50 mg/kg EGCG in drinking water reduced Aβ deposition in the tested mice. A six-month
EGCG treatment revealed that plaque burdens decreased in the cingulate cortex, hippocampus, and
entorhinal cortex by 54, 43, and 51%, respectively. Congo red plaque burden were decreased in the
cingulate cortex, hippocampus, and entorhinal cortex by 53, 53, and 58%, respectively, and were
accompanied by a reduction in both Aβ(1–40) and Aβ(1–42). Radial Ann water maze (RAWM) testing
for working memory indicated that EGCG provided a cognitive benefit to Tg mice with both i.p.
and oral administration; however, i.p. treated benefited more [40]. The anti-Aβ mechanism of tea is
summarized below.

3.1. Inhibiting APP Cleavage by Regulating Activity of Related Enzymes

EGCG reduced Aβ generation in both murine neuron-like cells (N2a) transfected with Swedish
mutant APP mice and primary neurons derived from Swedish mutant APP-overexpressing mice (Tg
APPsw line 2576). EGCG markedly promoted cleavage of the α-C-terminal fragment of APP and
elevated the N-terminal APP cleavage product, soluble APP-α. These cleavage events are associated
with elevated α-secretase activity and enhanced hydrolysis of tumor necrosis factor α-converting
enzyme, a primary product of α-secretase. In vivo tests on Tg APPsw transgenic mice showed
that EGCG administration decreased Aβ levels and plaques by promotingthe nonamyloidogenic
α-secretase proteolytic pathway [41,42].

The β-site APP cleaving enzyme 1 (BACE1) is a rate-limiting enzyme in APP processing and Aβ

generation. The nuclear receptor peroxisome proliferator-activated receptor γ (PPARγ) is a potential
target for AD treatment because of its potent inhibitory effects on Aβ production by negatively
regulating BACE1. EGCG reduced Aβ generation in N2a/APP695 cells similar to the PPARγ agonist
pioglitazone by inhibiting the transcription and translation of BACE1. This effect was reduced by
the PPARγ inhibitor GW9662. EGCG significantly reinforced the activity of PPARγ by promoting its
mRNA and protein expressions. The therapeutic efficacy of EGCG in testing for AD is thought to be
derived from the up-regulation of PPARγ mRNA and protein expressions [43]. EGCG modulated APP
processing, which resulted in enhanced cleavage of the α-COOH-terminal fragment (α-CTF) of APP
and the corresponding elevation of the NH2-terminal APP product [i.e., soluble APP-α (sAPP-α)].
These beneficial effects were associated with increased α-secretase cleavage activity. Furthermore,
EGCG treatment markedly elevated active ADAM10 protein (a-disintegrin and metalloprotease) in
N2a cells by increasing α-CTF cleavage and elevating sAPP-α.

ADAM10 is an important pharmacotherapeutic target for the treatment of cerebral amyloidosis in
AD. ADAM10 activation is critical for EGCG promotion of non-amyloidogenic (α-secretase cleavage)
APP processing [44]. Estrogen depletion following menopause has been correlated with an increased
risk of developing AD. EGCG increased non-amyloidogenic processing of APP through ADAM10,
which was mediated by the maturation of ADAM10 via an estrogen receptor-α/phosphatidylinositol
3-kinase/aserine/threonine-specific protein kinase (ERα/PI3K/Akt) signaling-dependent mechanism,
independent of furin-mediated ADAM10 activation. Central selective ER modulation could be a
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therapeutic target for AD, and EGCG could be used as a well-tolerated alternative to estrogen therapy
in the prophylaxis and treatment of this disease [45]. Oral administration of EC, another type of tea
catechin, showed the same effect on Aβ pathology by inhibiting BACE1 [46].

Prolyl endopeptidase (PEP) is a serine protease known to cleave peptide substrates on
the C-terminal side of proline residues. PEP also plays an important role in the degradation
of proline-containing neuropeptides such as oxytocin, vasopressin, substance P, neurotensin,
and angiotensin, which have been suggested as participants in the learning and memory processes [47].
The PEP activity in persons with AD was significantly higher than that in those without AD [48].
PEP could be involved in the processing of the C-terminal portion of the APP in AD [49]. Specific PEP
inhibitors could prevent memory loss and increase attention span in patients suffering from senile
dementia. EGCG, (−)-epicatechin gallate (ECG), and (+)-gallocatechin gallate (GCG) extracted from tea
leaves were PEP inhibitors, with IC50 values of 1.42 × 10–4 mM, 1.02 × 10–2 mM, and 1.09 × 10–4 mM,
respectively. They were non-competitive with a substrate in Dixon plots and did not show any
significant effects on any other serine proteases like elastase, trypsin, and chymotrypsin, suggesting
that they were relatively specific inhibitors against PEP and may be useful for preventing AD [50].

The drug therapies for AD are based on the cholinergic hypothesis that AD begins as a deficiency
in the production of the neurotransmitter acetylcholine. Cholinesterase inhibition might impact the
processing of amyloid in AD [51] and cholinesterase inhibitors have been suggested as the standard
drugs for the treatment of AD. The inhibitors of acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) show potential in the treatment process of AD. A molecular docking study revealed that EGCG
inhibited AChE and BChE, resulting in enhance cholinergic neurotransmission [52].

Caffeine, a major component in tea, induced an increase in specific cellular neutral endopeptidase
(NEP) activity in neuroblastoma cell line SK-N-SH and its activity was stronger than theophylline,
theobromine, or theanine. The combination of EC, EGC, and EGCG with caffeine, theobromine, or
theophylline induced cellular neutral endopeptidase activity. The enhancement of cellular NEP activity
by green tea extract and its natural products might be correlated with an elevated levelofintracellular
cyclic adenosine monophosphate [53].

Lipopolysaccharide (LPS) impairsmemory through the accumulation of Aβ via the increase of β-
and γ-secretase. Oral treatment with EGCG (1.5 and 3 mg/kg for three weeks) into drinking water
ameliorated LPS (1 μg/mouse, i.c.v.)-induced memory deficiency in a dose dependent manner. EGCG
also dose-dependently inhibited LPS-induced elevation of Aβ levels by reducing LPS-induced β- and
γ-secretase activities and expression of its metabolic products such as C99 and Aβ. EGCG prevented
LPS-induced neuronal cell death as well as the expression of inflammatory proteins through inducible
nitric oxide synthetase and cyclooxygenase. EGCG prevented LPS-mediated apoptotic cell death
through suppression of Aβ elevation by inhibiting β- and γ-secretase. As a result, EGCG might be a
useful agent against the neuroinflammation-associated development or progression of AD [54].

The kinetics of inhibition tests using Dixon, Cornish-Bowden, and Lineweaver-Burk plots showed
that green, oolong, and black tea extracts, EGCG, theaflavin-3,3′-digallate (TFDG), and tannic acid
were competitive inhibitors of PPA, whereas ECG, theaflavin-3′-gallate (TFG), and theaflavin (TF)
were mixed-type inhibitors with both competitive and uncompetitive inhibitory characteristics.
Only catechins with a galloyl substituent at the three-position showed a measurable inhibition.
The competitive inhibition constants (Kic) were lower for theaflavins (TFs) than catechins, with the
lowest value recorded for TFDG, suggesting that TFs and catechins bound more tightly with free
PPA than with the PPA-starch complex. A 3 and/or 3′-galloyl moiety in catechin and TF structures
was consistently found to increase the inhibition effect on PPA by enhancing association with the
enzyme activation site. Various catechins showed different inhibitory effects on PPA, with IC50

being 2.514 mg/mL for EGCG, 1.729 mg/mL for ECG, 0.412 mg/mL for TF, 0.244 mg/mL for TFG,
and 0.130 mg/mL for TFDG [55].
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3.2. Preventing Protein Misfolding and Aβ-Induced Membrane Damages

Misfolded Aβ peptides self-assemble into higher-order oligomers that compromise membrane
integrity, leading to synaptic degeneration and neuronal cell death. The misfolding of the Aβ peptide is
one of the pathological hallmarks of AD. Aβ(1–42) peptides aggregated into a range of oligomers that
efficiently permeabilized small unilamellar liposomes that were used to assess the ability of tea extracts
to antagonize liposome permeabilization by the Aβ(1–42) oligomers. The dihydroxyphenyl ring
structure of tea catechins, alone or as part of a flavanol scaffold, is particularly effective in protecting
against membrane damage induced by the Aβ(1–42) oligomers [56]. Given the critical role of membrane
perforation in the neurodegenerative cascade, these could guide the design and development of novel
therapeutic drugs for the treatment of AD. EGCG plays special role in protein-misfolding diseases
because of its potent anti-amyloid activity against Aβ, α-synuclein and huntingtin. EGCG redirected
the aggregation of these polypeptides to a disordered off-folding pathway that results in the formation
of non-toxic amorphous aggregates. EGCG also inhibits in vitro fibril formation via reduced and
carboxymethylated kappa-casein (RCMkappa-CN), by preventing RCMkappa-CN fibril formation
by stabilizing RCMkappa-CN in its native-like state. EGCG was proposed to be directed to the
amyloidogenic sheet-turn-sheet motif of monomeric RCMkappa-CN with high affinity by strong
non-specific hydrophobic associations, with non-covalent pi-pi stacking interactions between the
polyphenolic and aromatic residues on the amyloidogenic sequence [57].

The chelating ability of EGCG also plays a role in reducing fibril formation. Observations using
square wave voltammetry and transmission electron microscopy showed that the interaction of Cu(II)
ions with the Tyr-10 residue of Aβ was affected by the surrounding His residues. With only Cu(II)
present, the Aβ(1–40) aggregates showed a dense structure due to possible interactions within the
metal binding region of Aβ(1–40) peptides. However, unstructured aggregates were observed when
both EGCG and Cu(II) ions were incubated with Aβ(1–40), demonstrating that the chelating ability of
EGCG impeded the formation of the Cu(II)-His complex, resulting in reduced fibril formation [58].
Both unoxidized and oxidized EGCG are active in inhibiting fibril formation, but the in vitro EGCG
amyloid remodeling activity was dependent on auto-oxidation of the EGCG. Tests showed that the
oxidized and unoxidized EGCG bound to amyloid fibrils, preventing the binding of thioflavin T.
The hydrophobic binding sites were in A1–40, IAPP8–24, or Sup35NMAc7–16 Y→F amyloid fibrils.
The oxidized EGCG molecules reacted with free amines within the amyloid fibril through the formation
of Schiff bases, cross-linking the fibrils, which may prevent dissociation and toxicity [59].

3.3. Mitigating Aβ-Induced Oxidative Stress

Aβ peptides play a bilateral role in neuronal cell oxidative stress. Reactive oxygen species (ROS)
induce formation of Aβ, which stimulates oxidative stress and neuronal toxicity. This process is
typically attenuated by antioxidants and free radical scavengers. Tea catechins are a group of natural
antioxidants that have protective effects against Aβ-induced neuronal apoptosis by scavenging ROS.
One study recorded marked hippocampal neuronal injuries and increases in malondialdehyde (MDA)
levels and caspase activity after the hippocampal neuronal cells were exposed to Aβ for 48 h. However,
co-treatment of cells with EGCG to Aβ exposure increased the cell survival rate and decreased the
levels of MDA and caspase activity. Proapoptotic (p53 and Bax), Bcl-XL, and cyclooxygenase (COX)
proteins have been implicated in Aβ-induced neuronal death. The protective effects of EGCG are
considered to be independent of the regulation of p53, Bax, Bcl-XL, and COX proteins. This suggests
that EGCG has protective effects against Aβ-induced neuronal apoptosis by scavenging ROS, which
is beneficial for the prevention and slowing of AD [60]. Aβ and pro-oxidant evoked neurotoxicity in
PC12 cells, which resulted in a concentration-dependent reduction in viability of PC12 cell and human
SH-SY5Y neuroblastoma cells via multiple protection mechanisms including the reduction of the
pro-apoptotic proteins and Bax, the decrease in apoptosis-associated Ser139 phosphorylated H2A.X,
and inhibition of the cleavage and activation of caspase-3. EGCG significantly reduced Aβ-evoked
neurotoxicity [61,62].
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EGCG may have preventive and/or therapeutic potential in AD patients by augmenting cellular
antioxidant defense capacity and attenuating Aβ-mediated oxidative and/or nitrosative cell death.
Aβ-induced damage of the neurons and glia are mediated via nitrosative and oxidative stress. BV2 cells
exposed to Aβ underwent nitrosative stress, as shown by the increased expression of inducible nitric
oxide synthase (iNOS) and subsequent production of nitric oxide (NO) and peroxynitrite, which were
effectively suppressed by EGCG pretreatment. The mechanism considered to be at work is EGCG
treatment fortifying the cellular GSH pool through elevated mRNA expression of γ-glutamylcysteine
ligase, a rate limiting enzyme in glutathione biosynthesis [63]. Tea polyphenols EGCG, EC, and TF
suppressed oxidative stress-induced BACE-1 mRNA upregulation in neuronal cells, resulting in the
reduction of amyloidogenic cleavage of APP and Aβ production [3,64]. Green tea extracts protected
neuronal dPC12 cells from H2O2-induced and Aβ-induced cytotoxicity at concentration ranges of
0.3–10 μg/mL and 0.03–0.125 μg/mL, respectively [65].

Aβ fragment individuals caused neurotoxicity through oxidative stress. Partial tea components
and/or their complexes with Aβ fragments showed antioxidative activity. Injection of Aβ(25–35)
(100 μM/μL) into the CA1 hippocampal region of mice caused a significant increase in lipid
peroxidation and ROS, resulting in a decrease in memory skills. Hippocampal tissues from
Aβ(25–35)-treated mice showed an increased immune reactivity against glial-fibrillar acidic protein.
In contrast, mice pretreated with green tea EC (30 mg/kg) had a significant decrease in lipid
peroxidation and ROS, as well as an improvement in memory skills. This result shows that
Aβ(25–35)-caused oxidative damage in the hippocampus was blocked by the administration of
EC [66]. CA-Aβ(38–42), a complex of the antioxidant caffeic acid (CA) and Aβ, exhibited potent
inhibitory activity against Aβ(1–42) aggregation and scavenged Aβ(1–42)-induced intracellular
oxidative stress. CA-Aβ(38–42) also significantly protected human neuroblastoma SH-SY5Y cells
against Aβ(1–42)-induced cytotoxicity, with an IC50 of 4 μM, suggesting that CA-Aβ(38–42) has
potential for AD prevention [67].

3.4. Suppressing Aggregation of Aβ Oligomers and Formation of Aβ Fibrils

One of the key factors in the development of AD is the conversion of Aβ from its soluble
random coil form into various aggregated forms. EGCG may play an important role in APP
secretion and protection against toxicity induced by Aβ. EGCG enhanced the release of the
non-amyloidogenic soluble amyloid precursor protein (sAPPα) into the conditioned media of human
SH-SY5Y neuroblastoma cells and rat pheochromocytoma PC12 cells. Treatment with EGCG reduced
the Aβ levels by enhancing endogenous APP nonamyloidogenic proteolytic processing. EGCG
also decreased nuclear translocation of c-Abl and blocked the amyloid precursor protein fragment
(APP-C99)-dependent GSK3 β activation. These inhibitory effects occurred via the interruption of
c-Abl/Fe65 interaction [68].

Islet amyloid polypeptide (IAPP, amylin) lacks a well-defined structure in its monomeric
state, but readily assembles to form amyloid. Amyloid fibrils formed from IAPP, intermediates
generated in the assembly of IAPP amyloid, or both, are toxic to β-cells. EGCG inhibited unseeded
amyloid fibril formation and disaggregated IAPP amyloid, which protected cultured rat INS-1 cells
against IAPP-induced toxicity [69]. EGCG effectively reduced the cytotoxicity of Aβ by remodeling
seeding-competent Aβ oligomers into off-pathway seeding-incompetent Aβ assemblies.

During the initial EGCG-Aβ interactions, EGCG interfered with the aromatic hydrophobic core
of Aβ and the EGCG-induced Aβ oligomers adopted a well-defined structure. The C-terminal
part of the Aβ peptide (residues 22–39) adopted a β-sheet conformation, whereas the N-terminus
(residues 1–20) was unstructured. The characteristic salt bridge involving residues D23 and K28
is present in the structure of these oligomeric Aβ aggregates [70]. The remodeling adhered to a
Hill-Scatchard model where by the Aβ(1–40) self-association occurred cooperatively and generated
Aβ(1–40) oligomers with multiple independent binding sites for EGCG with a Kd 10-fold lower
than that for the Aβ(1–40) monomers. Upon binding to EGCG, the Aβ(1–40) oligomers were less
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exposed to solvents, and the β-regions, which were involved in direct monomer-protofibril contacted
intheabsence of EGCG, underwent a direct-to-tethered contact shift. This switch toward less engaged
monomer-protofibril contacts explained the seeding incompetency observed upon EGCG remodeling
and suggested that EGCG interferes with secondary nucleation events known to generate toxic Aβ

assemblies. The N-terminal residues experienced an opposite EGCG-induced shift from tethered to
direct contacts, explaining why EGCG remodeling occurred without release of Aβ(1–40) monomers.
Upon binding Aβ(1–40) oligomers, the relative positions of the B and D rings of EGCG changed with
respect to that of ring A [71]. The binding stoichiometry N is linearly related to the EGCG/Aβ42
ratio. Hydrophobic interaction and hydrogen bonding are both essential in the binding process,
but the extent of their contributions changes with experimental conditions. Namely, the predominant
interaction gradually shifts from a hydrogen bonding to a hydrophobic interaction with the increase in
the EGCG/Aβ42 ratio, resulting in a transition of the binding from enthalpy-driven to entropy-driven.
The binding of EGCG to Aβ42 can be promoted by increasing temperature and salt concentration as
well as changing pH away from Aβ42’s pI [72].

L-theanine, an amide found in tea, inhibited Aβ(1–42)-induced generation of ROS and activation of
extracellular signal-regulated kinase and p38 mitogenic activated protein kinase, as well as the activity
of nuclear factor kappa-B. L-theanine (10–50 μg/mL) concomitantly decreased Aβ(1–42)-induced
neurotoxicity in SK-N-MC and SK-N-SH human neuroblastoma cells, indicating that L-theanine
prevented oxidative damages of neuronal cells and Aβ-induced neurotoxicity, which may be useful in
the prevention and treatment of neurodegenerative disease like AD [73].

TFs (TF, TFG, and TFDG) had suppressive effects on Aβ aggregation, but compared to catechins,
they showed different inhibitory capabilities at different mechanistic steps of the Aβ aggregation
pathway. Catechins only affect the later stages of aggregation, in which catechins may bind a
specific structure present in aggregates. Conversely, TFs show inhibitory capabilities at every stage of
aggregation, alluding to a sequence-specific recognition. The number of gallate groups was positively
correlated with inhibitory capabilities [74]. Solution-state nuclear magnetic resonance (NMR) showed
that EGCG nonspecifically bound to the Aβ monomers [75]. Black tea polyphenolic component
TF is a potent inhibitor of Aβ and α-synuclein (αS) fibrillogenesis. The binding regions of TFDG,
congo red, and EGCG bound to two regions of the Aβ peptides, amino acids 12–23 and 24–36, albeit
with different specificities. However, their mechanisms of amyloid inhibition differ. Like EGCG but
unlike congo red, TFs stimulate the assembly of Aβ and αS into nontoxic, spherical aggregates that are
incompetent in seeding amyloid formation and remodel Aβ fibrils into nontoxic aggregates. Compared
to EGCG, TFDG was less susceptible to air oxidation and had an increased efficacy under oxidizing
conditions [76].

3.5. Regulating Signaling Pathways Involving Aβ Generation

The EGCG-induced sAPPα secretion is blocked by the inhibition of protein kinase C (PKC).
Therefore, the secretion process is considered to be PKC-dependent. EGCG shows protective
effects against Aβ-induced neurotoxicity and regulates secretory processing of sAPPα via the PKC
pathway. Administration of EGCG (2 mg/kg) to mice for 7 or 14 days significantly decreased
membrane-bound holoprotein APP levels, with a concomitant increase in sAPPα levels in the
hippocampus. EGCG markedly increased PKCα and PKε in the membrane and the cytosolic fractions
of mice hippocampus. Here, EGCG was not only able to protect but also rescue PC12 cells against
the Aβ toxicity in a dose-dependent manner [77]. EGCG markedly strengthened activation of α7
nicotinic acetylcholine receptor (α7nAChR) as well as its downstream pathway signaling molecules
PI3K and Akt, subsequently leading to suppression of Bcl-2 downregulation in Aβ-treated neurons.
Administration of α7nAChR antagonist methyllycaconitine (MLA, 20 μM) to neuronal cultures
significantly attenuated the neuroprotection of EGCG against Aβ-induced neurotoxicity.

The α7nAChR activity, together with PI3K/Akt transduction signaling, may contribute to
the molecular mechanism underlying the neuroprotective effects of EGCG against Aβ-induced
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cell death [78]. The deposition of Aβ peptides is closely correlated with the balance of nerve
growth factor (NGF)-related TrkA/p75(NTR) signaling. In APP/PS1 mice, EGCG treatment
(2 mg/kg·day) dramatically improved the CoI, reduced the over expression of Aβ(1–40) and APP,
and inhibited neuronal apoptosis. EGCG also enhanced the relative expression level of NGF by
increasing the NGF/proNGF ratio in APP/PS1 mice. After EGCG treatment, TrkA signaling was
activated by increasing the phosphorylation of TrkA following the increased phosphorylation of the
c-Raf, ERK1/2, and cAMP response to element-binding protein (CREB). Simultaneously, p75(NTR)
signaling was significantly inhibited by decreasing the p75(ICD) expression, JNK2 phosphorylation,
and cleaved-caspase 3 expression, resulting in inhibition of the Aβ deposits and neuronal apoptosis in
the hippocampus [79].

Neprilysin (NEP) is an important Aβ-degrading enzyme in the brain; thus, defective enzyme
expression may facilitate Aβ deposition in sporadic late onset AD patients. Treatment of cultured
rat astrocytes with EGCG significantly reduced the expression of NEP in a concentration- and
time-dependent manner. NEP expression in cultured astrocytes was suppressed by activation of
extracellular signal-regulated kinase (ERK) and PI3K. Reduced NEP expression was accompanied by
an increase in NEP release into the extracellular medium. The culture medium from EGCG-treated
astrocytes facilitated the degradation of exogenous Aβ, suggesting that EGCG may have a beneficial
effect on persons with AD by activating ERK- and PI3K-mediated pathways in astrocytes, thereby
increasing astrocyte secretion of NEP and facilitating degradationofAβ [80].

L-theanine in tea also plays a role in regulating the signaling pathway related to Aβ deposits.
Oral administration of L-theanine (2 and 4 mg/kg) to mice for five weeks in the drinking water,
followed by injection of Aβ(1–42) (2 μg/mouse, i.c.v.), significantly alleviated Aβ(1–42)-induced
memory impairment. L-theanine decreased Aβ(1–42) levels and the accompanying Aβ(1–42)-induced
neuronal cell death in the cortex and hippocampus regions of the brain. L-theanine also inhibited
Aβ(1–42)-induced ERK and p38 mitogen-activated protein kinase along with the activity of nuclear
factor kappa B (NF-kappa B), togethershowing that the positive effects of L-theanine on memory
might be mediated by suppression of ERK/p38 and NF-kappa B, as well as through the reduction of
macromolecular oxidative damage [81].

3.6. Alleviating Aβ-Induced Mitochondria Disfunction

L-theanine (a special amide found in tea leaf), EGCG, and rutin from green and black tea extracts
showed protective effects against mitochondrial impairment, a very early event in AD pathogenesis.
As a result, therapeutics targeting improved mitochondrial function could be beneficial. L-theanine
significantly affected regulating mitochondrial fusion proteins in SH-SY5Y (APP(sw)) cells. Its possible
molecular mechanism might be via its suppression of the abnormal expression of Mfn1 and Mfn2
caused by excessive intracellular Aβ [82].

Aβ induces mitochondrial dysfunction and synaptic impairments via production of ROS, which
plays a role in the onset and progression ofAD. EGCG was identified as a mitochondrial restorative
compound. EGCG treatment in an Aβ PP/PS-1 (presenilin 1) double mutant transgenic mice with
AD restored mitochondrial respiratory rates, MMP, ROS production, and ATP levels by 50–85% in
mitochondria isolated from the hippocampus, cortex, and striatum [83]. Aβ treatment increased
Bax and intracytoplasmic cytochrome C, a protein associated with the mitochondria-dependent
pathway. EGCG blocked the effect of Aβ-induced Bax increase, showing a protective effect
against Aβ-induced neurotoxicity via inhibition of the expression of the protein associated with
the mitochondria-dependent cell death pathway [84]. EGCG has the potential to protect neuronal
mitochondrial function in AD.

Rutin is a component in green tea that can mitigate mitochondrial damage by alleviating oxidative
stress and modulate the production of proinflammatory cytokines by decreasing TNF-α and IL-1β
generation in microglia [85]. Black tea extract inhibited permeation of mitochondrial membranes
induced by aggregate complexes of Aβ(42) and α-syn [86].
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3.7. Inhibiting Hyperphosphorylation of TAU Protein

The accumulation of Aβ and TAU (a highly soluble microtubule-associated protein on the
chromosome) aggregates is another pathological hallmark of AD. These polypeptides form fibrillar
deposits and toxic oligomeric aggregation intermediates. Depleting these structures could therefore be
a powerful therapeutic strategy for AD. GTP pretreatment reduced the hyperphosphorylated TAU
protein in mice, showing neuroprotection against OA-induced neurotoxicity [36]. EGCG enhanced the
clearance of phosphorylated TAU species in a highly specific manner byincreasing adaptor protein
expression [87]. Both i.p. and orally-treated Tg mice were found to have modulated TAU profiles,
with markedly suppressed sarkosyl-soluble phosphorylated TAU isoforms [37]. A test on a sporadic
AD transgenic mouse model, known as senescence accelerated mouse prone 8 (SAMP8), showed that
administration of EGCG could improve recognition and memory function by reducing Aβ and TAU
hyperphosphorylation. Long-term oral consumption of EGCG at a relatively high dose (15 mg/kg)
improved memory function in the SAMP8 mice in the Y-maze and Morris water maze. EGCG treatment
also prevented the hyperphosphorylation of TAU and reversed the decreased synaptic protein marker
synaptophysin and postsynaptic density protein 95 in the FC and hippocampus (Hip) of SAMP8 mice,
accompanied by a significant decrease in the levels of Aβ(1–42) and BACE-1 activity. Long-term oral
administration of EGCG may reduce the impairments in spatial learning and memory and decrease
the reduction in synaptic proteins observed in an AD mouse mode [88].

TAU fragments (His-K18 δK280) formed toxic oligomeric aggregation intermediates individually
or by interaction with Aβ. EGCG inhibited the aggregation of TAU (His-K18 δK280) into toxic
oligomers at ten- to hundred-fold sub-stoichiometric concentrations, resulting in rescuing toxicity in
neuronal model cells [89].

4. Conclusion and Future Challenges

In the beginning half of this review, we outlined the epidemiological evidence showing
how tea consumption in many different regions of the world has been associated with either a
decreased risk of neurodegenerative disease AD or an improvement in cognitive function in older
populations. In the second half of this review, we discussed the numerous mechanisms by which
the bioactive components in tea (EGCG, ECG, EGC, EC, L-theanine, and rutin) have anti-amyloid
effects, thereby resulting in protection against AD. The anti-amyloid mechanisms of these bioactive
compounds include: (1) inhibiting APP cleavage by regulating the activity of related enzymes,
(2) preventing protein misfolding and membrane damage induced by Aβ, (3) mitigating Aβ-induced
oxidative stress, (4) suppressing the aggregation of Aβ oligomers, (5) regulating signaling pathways
involving Aβ generation, (6) reducing Aβ-induced mitochondria disfunction, and (7) inhibiting
hyperphosphorylation of TAU protein (Figure 1).

Additional research will be required before we can affirmatively support a link between tea
consumption and the prevention of cure for AD. Specifically, more clinical studies are needed to help
clarify inconsistent epidemiological results [17,31,34]. Factors causing inconsistencies include poor
stability of tea bioactive components [90], dosage differences between in vitro and in vivo tests [91],
low bioavailability [92], and conversion of bioactivities in the gastrointestinal track [93,94]. In-depth
studies on these factors will be of significance for bridging the gap between in vitro studies and
clinical applications.
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Figure 1. Anti-amyloidosis effects of tea.
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Abstract: We conducted an in vitro study combining a rexinoid, 6-OH-11-O-hydroxyphenanthrene
(IIF), and epigallocatechin-3-gallate (EGCG), which is the main catechin of green tea, on BE(2)-C,
a neuroblastoma cell line representative of the high-risk group of patients. Neuroblastoma is
the most common malignancy of childhood: high-risk patients, having N-MYC over-expression,
undergo aggressive therapy and show high mortality or an increased risk of secondary malignancies.
Retinoids are used in neuroblastoma therapy with incomplete success: the association of a second
molecule might improve the efficacy. BE(2)-C cells were treated by EGCG and IIF, individually or
in combination: cell viability, as evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) assay, was reduced, EGCG+IIF being the most effective treatment. Apoptosis
occurred and the EGCG+IIF treatment decreased N-MYC protein expression and molecular markers
of invasion (MMP-2, MMP-9 and COX-2). Zymography demonstrated nearly 50% inhibition
of MMP activity. When BE(2)-C cells were grown in non-adherent conditions to enrich the
tumor-initiating cell population, BE(2)-C-spheres were obtained. After 48 h and 72 h treatment,
EGCG+IIF limited BE(2)-C-sphere formation and elicited cell death with a reduction of N-MYC
expression. We concluded that the association of EGCG to IIF might be applied without toxic effects
to overcome the incomplete success of retinoid treatments in neuroblastoma patients.

Keywords: EGCG; 6-OH-11-O-hydroxyphenanthrene; neuroblastoma; BE(2)-C; N-MYC;
neuro-sphere

1. Introduction

Neuroblastoma is the most common malignancy of childhood, arising from embryonic
sympathetic neural cell precursors and accounting 12% of cancer deaths in children younger
than 15 years of age. Neuroblastoma is a heterogeneous disease: patients belonging to low- or
intermediate-risk groups have excellent long-term survival, whereas patients harboring a high-risk
phenotype, which are characterized by widespread disease dissemination, show long-term survival
rates below 50%. In high-risk patients, complete clinical remission is often followed by relapse and
fatal outcome, possibly because of the persistence of neoplastic cells (minimal residual disease).
Furthermore, high-risk patients are treated aggressively with chemotherapy, radiation, surgery,
and myeloablative and immunotherapies, thus giving rise to short- and long-term toxicity. The current
intensive therapeutic strategy is associated with an 18-fold increased risk of secondary neoplastic
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disease, mainly acute myelogenous leukemia [1,2]. For these reasons, more effective and less toxic
treatments are needed in addition to the development of targeted therapies [3].

Retinoids are Vitamin A derivatives that include all-trans-retinoic acid (ATRA), 13-cis-retinoic
acid, (13cRA), and fenretinide (4-HPR). Retinoic acid is one of the most effective differentiation
inducers of neuroblastoma cells in vitro. Both ATRA and 13cRA can cause the arrest of cell growth
and induce morphological differentiation of human neuroblastoma cell lines [4]. Clinical trials also
demonstrated significantly improved survival in high-risk neuroblastoma patients. To control minimal
residual disease, high-risk neuroblastoma patients are currently treated with the differentiating
agent 13cRA at the completion of cytotoxic therapy (myeloablative therapy, followed by autologous
hematopoietic stem cell transplantation), leading to a three-year disease-free survival rate in nearly
50% of patients [5,6]. Differences in the pharmacokinetic properties of 13cRA and ATRA (higher peak
levels and a much longer half life for 13cRA with respect to ATRA) make 13cRA the best molecule for
use in high-risk neuroblastoma [6].

Retinoids are usually well tolerated with minimal side-effects. However, certain high-risk cohorts,
such as patients with N-MYC-amplified neuroblastoma, are innately resistant to retinoid therapy [7].
N-MYC is a neuronal-specific member of the MYC proto-oncogene family, which is expressed during
normal neural crest development. Under normal regulation, N-MYC does not prevent terminal
differentiation of neuroblasts, whereas aberrant N-MYC signaling alone is sufficient to induce
neuroblastoma in animal models [8]. N-MYC amplification occurs in over 20% of neuroblastomas:
both copy number increase and overexpression are the strongest negative prognostic factors in
neuroblastoma [9]. N-MYC amplification contributes to metastasis, chemoresistance, and resistance to
retinoic acid (RA) therapy [10]. The reasons for resistance are unknown, but recent results demonstrated
that N-MYC and retinoic acid (RA) are antagonist regulators, with N-MYC overexpression preventing
the normal transcriptional response to RA [7].

Preclinical and clinical data support the use of single drugs inhibiting multiple molecular
targets or combination therapies involving multiple drugs to achieve greater antineoplastic activity
and overcome drug resistance [11]: inhibition of multiple signaling pathways is emerging as
a new paradigm for anticancer treatment. Our previous studies on human carcinoma cell lines
demonstrated that when the synthetic retinoid 6-OH-11-O-hydroxyphenanthrene (IIF) was associated
with epigallocatechin-3-gallate (EGCG), the most active catechin being present in green tea, cytotoxicy
increased and molecules that were related to invasion were downregulated [12–14]. IIF was more
effective than ATRA in arresting cell growth and differentiation in neuroblastoma cells [15]. As retinoid
treatments were found to be synergistic with flavonoids, including EGCG [16,17], we investigated
the cytotoxic effects of the EGCG plus IIF combination and the molecular network underlying the
cytotoxic effects in a neuroblastoma cell line BE(2)-C, a clone of the SK-N-BE(2) neuroblastoma cell
line having N-MYC amplification and p53 mutation and isolated from a bone marrow biopsy that was
taken in a neuroblastoma patient after repeated courses of chemotherapy and radiotherapy. We also
investigated the effects of EGCG and IIF on neurosphere formation. The neurosphere is considered
a subpopulation of tumor-initiating cells (also called cancer stem cells) showing the capacity for
self-renewal, multipotency, and tumor maintenance [18]. These cells are thought to play a central
role in tumor initiation and progression, resistance to therapy, and metastasis formation, and to be
primarily responsible for relapse and poor outcome.

2. Materials and Methods

2.1. Cell Lines

BE(2)-C cell line was purchased from the American Type Culture Collection (Rockville, MD, USA)
and grown in Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO, USA),
supplemented with 10% fetal calf serum (FCS, Euroclone, Milan, Italy), 2 mM L-glutamine,
50 U/mL penicillin, and 50 μg/mL streptomycin in a humidified atmosphere with 5% CO2.

23



Nutrients 2018, 10, 1141

Cell lines were routinely tested for mycoplasma infection by fluorescence microscope inspection
after 4′,6-diamidino-2-phenylindole (DAPI) staining.

2.2. Neurosphere Formation Assay

The neurosphere assay is the gold standard method for studying normal and cancer stem cells.
BE(2)-C cells (1 × 105) were grown in low attachment 24-well plates in DMEM/F12, supplemented
with 40 ng/mL FGF, 20 ng/mL GF, B27 and 500 U/mL of penicillin/streptomycin. EGCG (20 μg/mL,
corresponding to 43.6 μM) or IIF (10 μM) or the EGCG + IIF combination were dissolved in the medium
to evaluate sphere formation. After 48 h and 72 h, the spheres were mechanically disaggregated and
the cells were collected, centrifuged, stained by trypan blue, and then counted. Some cells were also
used for RNA isolation and RT-PCR.

2.3. Reagents

EGCG, L-glutamine, penicillin-streptomycin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), 4′,6-diamidino-2-phenylindole (DAPI), 1,4-diazabicyclo(2.2.2)ctane
(DABCO), basic fibroblast growth factor (bFGF), and epidermal growth factor (EGF) were all purchased
by Sigma-Aldrich, St. Louis, MO, USA. B27 was provided by Thermo-Fisher, Waltham, MA, USA.
6-OH-11-O-hydroxyphenanthrene (IIF) (pat. WIPO W0 00/17143) was provided by K. Ammar,
Houston, TX USA. E-MEM, Dulbecco’s modified Eagle’s medium (D-MEM), D-MEM/nutrient
mixture F-12 (DMEM/F12), and FBS were purchased by Euroclone, Milan, Italy. Formalin (40%)
was from Carlo Erba, Milan, Italy. Antibodies: anti-RARα and anti-RXRγ (Tema Ricerca, Bologna,
Italy), anti-EGFR (Thermo Scientific, Waltham, MA, USA), anti-p1068EGFR (Novex, Life Technologies,
Carlsbad, CA, USA), anti-Bcl-2 (Sigma-Aldrich, St. Louis, MO, USA), anti-Bax (Applied Biosystem,
Monza, Italy) anti-PARP (Santa Cruz Biotechnology, Dallas, TX, USA), anti-COX-2 (Sigma-Aldrich,
St. Louis, MO, USA), anti-N-MYC, anti MMP-2, MMP-9, and anti-TIMP-1 (all from Santa Cruz
Biotechnology, Dallas, TX, USA), anti-β-tubulin (Sigma-Aldrich, St. Louis, MO, USA), anti-rabbit,
and anti-mouse peroxidase conjugated antibodies (GE Healthcare, Milan, Italy).

2.4. EGCG and IIF Treatments

EGCG (10 mg/mL tock solution, stored at −20 ◦C) and IIF (780 μM in polyethylene glycol,
stored at 4 ◦C) were dissolved in complete DMEM medium before treatments. EGCG concentrations
from 5 to 20 μg/mL (corresponding to 10.9 μM−43.6 μM) and IIF 5−20 μM were used.

2.5. MTT Assay

Cells (20,000/well) were plated in triplicate in a 96-well plate and then incubated with EGCG
and IIF, alone and in combination at the defined concentrations for 24, 48, and 72 h. The medium
was removed and cells were washed with phosphate buffered saline (PBS). MTT (dissolved in PBS)
was diluted in fresh complete medium to a final concentration of 0.5 mg/mL and then incubated
at 37 ◦C. After 3 h, the medium was removed and 100 μL dimethyl sulfoxide (DMSO) was added.
After 1 h (at room temperature) the purple formazan crystals were dissolved and the plates were read
in a microplate reader (Bio-Rad, Hercules, CA, USA). Absorbance was set at 570 nm. The results were
expressed as a percentage of treated on control samples (untreated cells).

2.6. Combination Index (CI)

Synergistic, additive, or antagonistic effects after EGCG and IIF treatments were evaluated by
the combination index (CI) method, as previously reported [13]. Briefly, C > 1 indicates Antagonism,
C = 1 indicates Additivity and C < 1 indicates Synergism.
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2.7. RNA Isolation

RNA was isolated with PureZOL™ RNA Isolation Reagent (Bio-Rad laboratories, Berkeley,
CA, USA), according to the manufacturer’s specifications.

2.8. Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)

RT-PCR was performed by one-step RT-PCR kit from Thermo Fisher Scientific (Waltham,
MA, USA), which enables retrotranscription and cDNA amplification to occur in a single step. β-actin
was used as a housekeeping gene and the primers were added to the target gene primers in the
same tube. The primer sequences are reported in Table S1. PCR products were loaded onto a 2%
agarose gel, run in an electrophoresis chamber, stained by ethidium bromide, and visualized with
a UV transilluminator. Bands were analyzed by Kodak Electrophoresis Detection and Analysis System
(EDAS 290) (Eastman Kodak Company, Rochester, NY, USA).

2.9. Quantitative Polymerase Chain Reaction (qPCR)

Real Time Quantitative analysis of cDNA was performed using a fluorescent nucleic acid dye
that was similar to SYBR Green (SsoFastTM EvaGreen Supermix, BioRad Laboratories Inc., Hercule,
CA, USA) in a CFX96 system (BioRad Laboratories Inc., Hercule, CA, USA). Primer sequences are
reported in Table S2. We used the 2−ΔΔCt method for relative quantification of gene expression.

2.10. Western Blot

The cells were treated with EGCG and/or IIF for 24 h or 48 h and then dissolved in lysis buffer
as previously described [19]. Cell lysates were size-fractioned in 10–12% SDS-polyacrylamide before
transfer to Hybond TM-C Extra membranes (GE Healthcare, Buckinghamshire, UK). Membranes were
blocked and incubated overnight at 4 ◦C with the antibodies. Anti-EGFR, anti-p 1068EGFR, anti-Bax,
anti-Bcl2, anti-PARP, anti-RARα and anti-RXRγ, anti-MMP2, anti-MMP9, anti-COX-2, and anti-TIMP1
were diluted 1:500 and the anti-rabbit/mouse peroxidase conjugated antibodies (GE Healthcare,
Buckinghamshire, UK) were diluted 1:1000. Bands were quantified by using densitometric image
analysis software (Image Master VDS, Pharmacia Biotech, Sweden). Protein loading was controlled
by anti-actin or anti-tubulin (1:1000) (both from Sigma-Aldrich, St. Louis, MO, USA) detection.
Experiments were performed in triplicate, normalized against actin or tubulin control, and statistically
evaluated. Stripping solution (Pierce, Waltham, MA, USA) was used to reprobe the same membranes.

2.11. Zymography

Cells were seeded and after 18 h were placed in serum-free medium (D-MEM) with EGCG
or IIF or both for 24 h. MMP2 and MMP9 activity was determined by gelatine zymography,
as previously described [12]. The MMP activities, indicated by clear bands of gelatin digestion
on a blue background, were quantified by using densitometric image analysis software (Image Lab
Master, Hercules, CA, USA).

2.12. Statistical Analysis

Statistical significance was assessed by ANOVA multiple comparison test with standard deviation
(SD), as appropriate, while using PRISM 5.1 (GraphPad, La Jolla, CA, USA). The level for accepted
statistical significance was p < 0.05.

3. Results

3.1. RAR and RXR Expression Changed after EGCG and IIF Treatments

Initiation of the retinoid signal is believed to require the formation of RAR-RXR protein
heterodimers in the promoter regions of the retinoid target genes. We examined RAR and RXR
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mRNA expression and protein changes after individual and combined treatments. EGCG alone did
not elicite any change in RARα, β or γ in BE(2)-C cells, whereas IIF, alone and/or in combination
with EGCG, raised RARα, β or γ mRNA expression a hundredfold. As RARα was the main RAR
isoform expressed in BE(2)-C cells (about 80%, data not shown) and mRNA expression was so greatly
increased, we only investigated RARα protein expression by Western blot. We found that RARα protein
expression nearly doubled in EGCG+IIF-treated samples (Figure 1B). RXR and particularly RXRγ are
the main targets of IIF: as we found that RXRγ mRNA was hardly detectable (data not shown), we used
a primer couple that is able to cover a homology region in RXRβ and γ genes, a strategy that we already
applied elsewhere [12]. As expected, RXRα and βγ RNA expression augmented after IIF treatment
and RXRγ protein expression increased significantly after all treatments (Figure 2). Interestingly,
EGCG individual treatment significantly enhanced RXRγ protein expression (Figure 2C). PPARs are
potential RXR ligands that are able to elicit a response in neuronal cells, including neuroblastoma
cells: EGCG+IIF treatment increased PPARβ expression in BE(2)-C cells (Figure S1). In addition,
the retinoid-dependent signaling was triggered by IIF when it was given alone and/or in combination
with EGCG.

Figure 1. RARα β and γ mRNA expression and RARα protein expression in BE(2)-C
neuroblastoma cells. Cells were treated with 20 μg/mL epigallocatechin-3-gallate (EGCG) and 10 μM
6-OH-11-O-hydroxyphenanthrene (IIF), individually and in combination for 24 h. (A,C,D) RARα β

and γ mRNA expression as detected by qPCR in control (CTR) and treated samples. (B) RARα
protein expression. Proteins (50 μg) from total cell lysates were subjected to Sodium Dodecyl
Sulphate-PolyAcrylamide Gel Electrophoresis SDS–PAGE and Western blot analysis. The values
were normalized to the untreated controls. β-tubulin was used as a loading control. The results are
expressed as the average ± standard errors (SE) of three independent experiments. * p < 0.05; ** p < 0.01;
*** p < 0.001. n.s.: not significant.
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Figure 2. RARα β and γ mRNA expression and RXRγ protein expression in BE(2)-C neuroblastoma
cells. Cells were treated with 20 μg/mL l EGCG and 10 μM 6-OH-11-O-hydroxyphenanthrene (IIF),
individually and in combination for 24 h. RXRα (A) and RXRβγ (B) mRNA expression as detected
by qPCR in control (CTR) and treated samples. (C) RXRγ protein expression. Proteins (50 μg) from
total cell lysates were subjected to SDS–PAGE and Western blot analysis. The values were normalized
to the untreated controls. β-tubulin was used as a loading control. The results are expressed as the
average ± SE of three independent experiments. * p < 0.05; ** p < 0.01. n.s.: not significant.

3.2. Synergistic Effect of EGCG and IIF in Combination Enhanced Cytotoxicity and Activated Apoptosis in
BE(2)-C Cells

After 72 h exposure to individual IIF and EGCG doses, the cell viability decreased to 62%
(20 μg/mL EGCG) and 52% (20 μM IIF), respectively (Figure 3A,B). Combination treatments resulted
in greater cytotoxicity, even using lower IIF concentrations: 10 μM IIF and 20 μg/mL EGCG given
in combination to BE(2)-C cells for 72 h lowered cell viability to 26% (Figure 3C). Synergism was
found using 10 μM IIF and 20 μg/mL EGCG: these concentrations were used for all of the subsequent
experiments (Table S3). Increased cytotoxicity and inhibition of cell proliferation were associated with
apoptosis, as demonstrated by Bax, Bcl-2, and PARP Western blot analysis. In our hands, Bax was
nearly undetectable (data not shown), possibly related to apoptosis pathway dysregulation [20] or p53
missense mutation at codon 135 found in the BE(2)-C cell line [21,22]. A Bcl-2 decrease was clearly
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detected and it was primarily achieved by IIF activity, whereas PARP cleavage was mainly due to
the EGCG effect (Figure 4), a finding that does not reflect synergism but diverse activity on the
apoptosis pathway.

Figure 3. Inhibitory effects of EGCG and IIF treatments on BE(2)-C neuroblastoma cell growth as
evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. (A) EGCG
cytotoxicity time-course (24 h–48 h–72 h) at different concentrations (5, 10, 15, 20 μg/mL).
(B) IIF cytotoxicity time-course (24 h–48 h–72 h) at different concentrations (5, 10, 15, 20 μM). (C) EGCG
(20 μg/mL) and IIF (10 μM) (EGCG+IIF) combination. The results are expressed as the average ± SE of
three independent experiments. * p < 0.05; ** p < 0.01. n.s.: not significant.
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Figure 4. Effect of EGCG and IIF treatments on apoptosis-related proteins in BE(2)-C neuroblastoma
cells. Modulation of Bcl-2 and cleaved PARP levels after 24 h individual and combined 20 μg/mL
EGCG and 10 μM IIF treatments. Proteins (50 μg) from total cell lysates were subjected to SDS–PAGE
and Western blot analysis while using Bcl-2 (A) and cleaved PARP antibodies (B). The values were
normalized to the untreated controls. β-tubulin was used as a loading control. The results are expressed
as the average ± SE of three independent experiments. * p < 0.05. n.s.: not significant.

3.3. EGCG and IIF Downregulated N-MYC Expression

N-MYC amplification and overexpression is the best-characterized genetic marker of risk in
neuroblastoma. N-MYC is expressed in neural cells during development and is downregulated along
with differentiation. In neuroblastoma, N-MYC amplification and/or overexpression play multiple
roles in malignancy and maintenance of a stem-like state, as they can activate the transcription of genes
that are involved in metastasis, survival, proliferation, pluripotency, self-renewal, and angiogenesis. We
treated BE(2)-C cells with EGCG and IIF, evaluating N-MYC expression by q-PCR and Western blot. A
significant mRNA N-MYC decrease was only found after 4 h EGCG+IIF treatment (Figure 5A,B).
In contrast, N-MYC protein expression was dramatically reduced after combined treatment for
24 h (Figure 5C), a finding that might be due to synergism. Therefore, EGCG+IIF treatment was
effective in reducing the N-MYC protein level in BE(2)-C cells.
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Figure 5. Downregulation of N-MYC expression by EGCG and IIF treatments in BE(2)-C neuroblastoma
cells. Cells were treated with 20 μg/mL EGCG and 10 μM IIF, individually and in combination. N-MYC
qPCR analysis in control and treated cells after 4 h (A) and 24 h (B). GAPDH was used as a control.
(C) Proteins (50 μg) from total cell lysates were subjected to SDS–PAGE and Western blot analysis
of N-MYC expression after 24 h treatments. The values were normalized to the untreated controls.
β-tubulin was used as a loading control. The results are expressed as the average ± SE of three
independent experiments. * p < 0.05; ** p < 0.01. n.s.: not significant. GAPDH: Glyceraldehyde
3-phosphate dehydrogenase.
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3.4. Molecular Targets of EGCG and IIF and N-MYC Downregulation

EGFR is a gene that is directly downregulated by N-MYC [23], which is often overexpressed in
neuroblastoma, and previously demonstrated to be a molecular target of both EGCG and IIF [12,14].
EGFR expression was detected in control BE(2)-C cells: protein expression was reduced as was p1068
phosphorylation (Figure 6A) in keeping with a significant decrease of RNA expression after both
individual and combined treatments (Figure 6B). N-MYC and EGFR expression are reciprocally related
with N-MYC downregulated gene 1 (NDRG1). NDRG1 is a transcription factor that is implicated in
growth arrest, cell differentiation, and response to hypoxia, and it is regarded as an anti-metastatic
molecule in prostate carcinoma [24]. Furthermore, NDRG1 can be upregulated by retinoic acid. N-MYC
downregulation was found to induce re-expression of NDRG1 that, in turn, can repress the HER family
oncogenes, including EGFR [25]. We found that NDRG1 was expressed in untreated BE(2)-C cells:
after 24 h, treatments no significant change was detected (Figure 6C).

Figure 6. Downregulation of EGFR and p1068EGFR expression by EGCG and IIF treatments in BE(2)-C
neuroblastoma cells. Cells were treated with 20 μg/mL EGCG and 10 μM IIF, individually and in
combination for 24 h. (A) Proteins (50 μg) from total cell lysate were subjected to SDS–PAGE and
Western blot analysis of EGFR and p1068EGFR expression after 24 h treatments. Actin was used as
a loading control. RT-PCR analysis of EGFR (B) and NDRG1 (C) in control and treated cells. β-actin
was used as a control. The values were normalized to the untreated controls. The results are expressed
as the average ± SE of three independent experiments. * p < 0.05; ** p < 0.01. n.s.: not significant.
WB: western blot; RT-PCR: reverse transcriptase-polymerase chain reaction.
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3.5. EGCG and IIF Limited Invasion and Metastatic Capability

N-MYC overexpression contributes to all phases, leading to metastasis: loss of cell adhesion,
increased motility, invasion, and degradation of surrounding matrices. Our previous studies on
human carcinoma demonstrated that the EGCG+IIF combination was very effective in decreasing the
expression of MMP-2 and MMP-9, which are molecular markers of invasion.

MMP-2 and MMP-9 qPCR showed that MMP-2 mRNA and protein expression were significantly
lowered by EGCG+IIF treatments (Figure 7A,B). To further investigate the functional activity of
MMP-2 and 9, we turned to zymography, which detects MMP activity. We found that both EGCG and
EGCG+IIF-treated samples showed around 50% MMP-2 and MMP-9 inhibition (Figure 7C): so EGCG
resulted more active than IIF in inhibiting MMP activity. In parallel, TIMP-1, which negatively
regulates MMP-9, was upregulated (Figure 8C). We investigated the effects on COX-2, a molecule that
is associated with osteolytic bone metastasis in neuroblastoma [26], which promotes MMP expression.
We observed that COX2 mRNA and protein expression were also downregulated (Figure 8A,B): in this
case, a synergistic effect may be speculated. We concluded that, in addition to N-MYC downregulation,
EGCG+IIF treatment attenuated the biopathological features of metastatic potential.

Figure 7. MMP-2 and MMP-9 expression and activity after EGCG and IIF treatments in BE(2)-C
neuroblastoma cells. Cells were treated with 20 μg/mL EGCG and 10 μM IIF, individually and in
combination for 24 h. (A) MMP-2 and MMP-9 qPCR was performed after RNA isolation and GAPDH
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was used as an internal control. (B) Western blot analysis of MMP-2 and MMP-9. The values were
normalized to the untreated controls. β-tubulin was used as a loading control. (C) Zymography
analysis of MMP-2 and MMP-9. Cells were seeded and after 18 h placed in serum-free medium
with EGCG (20 μg/mL) or IIF (10 μM) or both for 24 h. MMP activity is indicated by clear bands.
The results are expressed as the average ± SE of three independent experiments. * p < 0.05; ** p < 0.01.
n.s.: not significant. MMP-2: Metalloproteinase-2 (MMP-2); MMP-9: Metalloproteinase-9.

Figure 8. COX-2 and TIMP-1 expression after EGCG and IIF treatments in BE(2)-C neuroblastoma
cells. (A) Cells were treated with 20 μg/mL EGCG and 10 μM IIF, individually and in combination
for 24 h. (A) qPCR of COX-2 expression was performed after RNA isolation. GAPDH was used as
an internal control. Western blot analysis of COX-2 (B) and TIMP-1 (C). The values were normalized
to the untreated controls. β-tubulin was used as a loading control. The results are expressed as the
average ± SE of three independent experiments. * p < 0.05; ** p < 0.01. n.s.: not significant.
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3.6. EGCG and IIF Impaired Sphere Formation in BE(2)-C Cells

Neuroblastoma is a stem-like cell disease: neuroblastoma cancer cells can undergo tumor sphere
transformation when grown under serum-free conditions. We investigated the effects of EGCG and
IIF treatments on BE(2)-C sphere formation and viability, as evaluated by Trypan blue assay. In the
control samples, spheres were clearly detected after 48 h. Incubation with EGCG and IIF at 48 h and
72 h reduced the sphere number and size (Figure 9A). Trypan blue assay demonstrated a cytotoxic
effect: after 72 h treatment viability decreased to 50%. N-MYC gene expression significantly decreased
after all the treatments (Figure 9B). We therefore concluded that individual and combined treatments
with EGCG and IIF impaired sphere formation and increased cytotoxicity: a synergistic effect was
detected after 48 h of treatment (Table S4).

Figure 9. EGCG and IIF treatments limited sphere formation and N-MYC expression in BE(2)-C
neuroblastoma cells. (A) Neural cancer stem cells (NCSC). Parental adherent BE(2)-cells were grown
in non-adherent serum-free conditions to develop spheres for 72 h (CTR) and treated with 20 μg/mL
EGCG and 10 μM IIF, individually and in combination for 72 h. Viability was evaluated by Trypan
blue assay. (B) N-MYC mRNA expression was evaluated by qPCR in control (CTR) and treated
cells. GAPDH was used as a loading control. The results are expressed as the average ± SE of three
independent experiments. * p < 0.05. n.s.: not significant.

4. Discussion

We studied the effects of EGCG and IIF on BE(2)-C, a neuroblastoma cell line representative of
high-risk neuroblastoma patients, and on BE(2)-C-spheres, which is a derivative BE(2)-C subpopulation,
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grown in low attachment conditions and serum-free medium, thought to correspond to cancer stem
cells. We found a significant arrest of cell growth together with downregulation of N-MYC expression
and molecular markers of invasion. Furthermore, the EGCG and IIF combination was cytotoxic: sphere
formation was impaired and cell death occurred in a significant percentage of cells after 48 and 72 h.
Overall, these findings demonstrated the efficacy of EGCG and IIF to limit neuroblastoma cell growth.

EGCG and green tea catechins are considered powerful antioxidant and chemopreventive
molecules. They have been found to serve as antioxidants and improve the detoxification system,
thereby inhibiting carcinogen metabolism and cancerogenesis. Furthermore, they limit cancer
cell proliferation and tumor-initiating cell self-renewal by modulating the numerous molecules
fundamental for cancer onset and progression [27]. Retinoids are used in neuroblastoma therapy:
high-risk neuroblastoma patients are treated with 13cRA in postconsolidation therapy after autologous
hematopoietic stem cell transplantation [5]. Retinoids are capable of inducing differentiation at
low doses, but many high-risk neuroblastoma patients do not respond to 13cRA treatment [4].
Adverse effects were not severe, but better results were achieved while combining 13cRA with
immunotherapy [28] or the histone deacetylase inhibitor Vorinostat [6]. The combination of ATRA,
13-cRA, and 4-HPR with EGCG was investigated on SH-SY5Y cells, which is a neuroblastoma cell
line lacking N-MYC amplification and overexpression, resulting in cell growth inhibition, apoptosis
and N-MYC protein decrease [16]. IIF is a synthetic and safe derivative of Vitamin A, used as
a food supplement, which demonstrated enhanced anti-neoplastic effects in neuroblastoma and
various cancer cell lines [29]. When IIF was given in combination with EGCG to breast and colorectal
carcinoma cell lines, cytotoxicity increased with downregulation of the molecular markers of neoplastic
progression [12–14]. In BE(2)-C cells, EGCG+IIF treatment downregulated N-MYC protein expression,
whereas mRNA was reduced only after 4h EGCG+IIF treatment. N-MYC is considered to be the
most prominent molecular marker in neuroblastoma therapy, but it is not a directly targetable
molecule [30]. N-MYC expression is high during early developmental stages then gradually subsides as
the neural crest precursors differentiate into sympathetic neurons. Aberrantly high N-MYC is thought
to contribute to neuroblastoma development, at least in part, by promoting a persistent mesenchymal
phenotype within neuroblastoma cells. Strategies to circumvent N-MYC activity include the targeting
regulators of N-MYC mRNA and protein stability, and differentiation agents [10]. We found that
EGCG and IIF decreased N-MYC protein expression, with a modest impact on mRNA expression
after 4h treatment, in keeping with data obtained using other molecules regulating N-MYC protein
stability by different mechanisms (LY294002, BEZ235, AURAKA ligands) [10]. Indeed, a significant
inhibition of N-MYC mRNA expression was found after 72 h EGCG and IIF treatments of the BE(2)-C
sphere. This discrepancy might be attributed to different treatment time and cell population analyzed.
NSCS is a minority subset of the tumor cell population, which is thought to be rich in tumor-initiating
cells [31] considered responsible for drug resistance, local relapse and metastatic spread. N-MYC
promotes a stem-like state by impairing the differentiation pathways and supporting self-renewal
and pluripotency. N-MYC-amplified neuroblastoma cell lines, including BE(2)-C cells, form spheres
more frequently than non-N-MYC-amplified cell lines and sphere formation is sensitive to cellular
differentiation status [32]. In the present study, BE(2)-C sphere formation was reduced and associated
with cell death after EGCG and IIF treatments. In addition, the EGCG and IIF combination was
effective in limiting cell growth in both adherent BE(2)-C cells and the BE(2)-C sphere, possibly by
downregulation of N-MYC. We cannot exclude that EGCG and IIF treatments might act in adherent
and sphere BE(2)-C cells by different mechanisms: N-MYC acts in the context of a large protein
network. A specific subset of genes might regulate N-MYC in the stem-like or lineage committed
pattern. This point needs to be clarified and it goes beyond the aim of the present study, but this
finding makes EGCG and IIF molecules potentially useful in patients in the remission phase, as they
might limit and kill the tumor-initiating cells that are responsible for relapse and therapeutic failure.

The efficacy of EGCG and IIF treatments against BE-(2)-C cells extended beyond their cytotoxic
activity to include changes and downregulation of molecules that are associated with the invasive
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phenotype. In some cases, this effect was clearly synergistic (MTT, N-MYC, and COX2 protein
downregulation); in others, the individual effects of EGCG or IIF predominated. Whereas, IIF belongs
to class of molecules that are known to target a specific signaling pathway, EGCG is a polytarget
molecule that is able to down or upregulate numerous different molecules. We can speculate that,
in some cases, the final effects resulted from an independent regulation of different molecules.
In human neuroblastoma cells, N-MYC and Bcl-2 co-expression induced MMP-2 secretion and
activation [33]. In the present study, zymography demonstrated significant inactivation of both MMP-2
and MMP-9. The EGCG+IIF treatment was not more effective than individual EGCG treatments,
as IIF did not significantly reduce MMP-2 and -9 activity. Likewise, the expression of TIMP-1, which is
a negative regulator of MMP-9, increased after IIF and EGCG+IIF treatments, a finding that explains
the downregulation of MMP-9 activity. The combined EGCG+IIF treatment also downregulated COX-2,
which is a strong pro-inflammatory molecule that enhances MMP expression and activity.

The major signaling pathways leading to uncontrolled tumor growth and aggressive behavior in
high-risk neuroblastoma patients are related to a small number of altered genes, N-MYC being one of
the most important. With respect to many solid tumors, primary neuroblastoma shows an unexpectedly
low genetic complexity [34], but the outcome in high-risk patients remains dismal. EGFR is often
expressed in neuroblastoma, but there is no consensus on its role and prognostic impact [35]. In mice,
EGF (and EGFR) is a key molecule in sympathoadrenal progenitor migration to either the analogue of
the paravertebral sympathetic ganglia or adrenal medulla/suprarenal sympathetic ganglia. Different
cell origin might explain the distinct worse clinical presentations of adrenal neuroblastoma when
compared to non-adrenal derivative neoplasm [36]. A few neuroblastoma patients proved responsive
to EGFR inhibitors such as Gefitinib, but only in association with other drugs [37]. In breast carcinoma,
we demonstrated that EGFR is a molecular target of both EGCG and IIF, but the present study failed to
find a relation between N-MYC and EGFR in BE(2)-C cells. Although IIF induced a significant increase
in mRNA NDRG1 expression and EGFR (mRNA, total protein, and p1068EGFR) decreased, the real
meaning and role of EGFR activity in neuroblastoma require further investigation.

In conclusion, an RXR agonist (IIF) that is associated with a polytarget molecule (EGCG) might
be a promising adjunct to improve the outcome of retinoid treatment. Both of the molecules are
used as food supplements, lack side-effects, and are considered beneficial for human health. EGCG,
in particular, has been widely investigated in healthy volunteers ruling out toxic effects. Our previous
study also found no cytotoxic effect on normal human peripheral blood lymphocytes after EGCG
treatments [12]. IIF was not toxic in animals [38] and it is now sold as a food supplement in the USA.
High-risk neuroblastoma patients who survive and do not relapse may experience long-term toxic
effects, chronic diseases and increased risk of tumor recurrence. In the search for less aggressive but
efficient therapies, the EGCG and IIF combination is a promising candidate.
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Abstract: The present study investigated the preventive effect of polyphenols in Liubao tea (PLT)
on carbon tetrachloride (CCl4)-induced liver injury in mice. The mice were initially treated with
PLT, followed by induction of liver injury using 10 mL/kg CCl4. Then liver and serum indices,
as well as the expression levels of related messenger RNAs (mRNAs) and proteins in liver tissues
were measured. The results showed that PLT reduces the liver quality and indices of mice with
liver injury. PLT also downregulates aspartate aminotransferase (AST), alanine aminotransferase
(ALT), triglycerides (TGs), and malondialdehyde (MDA), and upregulates superoxide dismutase
(SOD) and glutathione peroxidase (GSH-Px) in the sera of mice with liver injury. PLT also reduces
serum levels of interleukin-6 (IL-6), interleukin-12 (IL-12), tumor necrosis factor-α (TNF-α), and
interferon-γ (IFN-γ) cytokines in mice with liver injury. Pathological morphological observation
also shows that PLT reduces CCl4-induced central venous differentiation of liver tissues and liver
cell damage. Furthermore, qPCR and Western blot also confirm that PLT upregulates the mRNA
and protein expressions of Gu/Zn-SOD, Mn-SOD, catalase (CAT), GSH-Px, and nuclear factor of
κ-light polypeptide gene enhancer in B-cells inhibitor-α (IκB-α) in liver tissues, and downregulates
the expression of cyclooxygenase 2 (COX-2) and nuclear factor κ-light-chain-enhancer of activated
B cells (NF-κB). Meanwhile, PLT also raised the phosphorylated (p)-NF-κB p65 and cytochrome
P450 reductase protein expression in liver injury mice. The components of PLT include gallic acid,
catechin, caffeine, epicatechin (EC), epigallocatechin gallate (EGCG), gallocatechin gallate (GCG),
and epicatechin gallate (ECG), which possibly have a wide range of biological activities. Thus, PLT
imparts preventive effects against CCl4-induced liver injury, which is similar to silymarin.

Keywords: polyphenol; Liubao tea; hepatic damage; mRNA expression; protein expression

1. Introduction

Liubao tea is prepared from Wuzhou large tea leaves from China. It is a specialty tea generated
through the processes of natural fermentation, pile fermentation, drying, autoclaving, aging, and
other characteristics. Therefore, Liubao tea is a kind of black tea that is post-fermented [1]. This
tea is named according to its geographical origin, namely, Liubao County, Wuzhou City, Guangxi
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Province, China. Liubao tea was historically used as a preventive medicine [2]. The majority of research
studies focus on Pu’er tea, Hunan black tea, and Fuzhuan tea, whereas investigations of relevant
technology and functions of Liubao tea are limited [3]. Recent studies showed that Liubao tea imparts
lipid-lowering effects, regulates glucose and lipid metabolism, possesses anti-oxidation activity, and
regulates immune function and intestinal flora. These health benefits come from the components of
Liubao tea, which include polyphenols, flavonoids, caffeine, free amino acids, and soluble sugars [4–6].

The liver is an important metabolic organ, and damage to this organ can cause severe harm to the
human body, which includes liver injury due to chemicals such as higher alcohol intake, drug side
effects, and environmental toxic chemicals, ultimately leading to cirrhosis and liver cancer [7]. Carbon
tetrachloride (CCl4) is a common chemical inducer of liver damage in the laboratory. CCl4 triggers the
production of high levels of inflammatory cytokines in liver cells during liver injury, which aggravates
inflammation and liver damage. Simultaneously, CCl4 can induce the formation of Cl− and CCl3− in
liver cell microsomes, leading to lipid peroxidation of liver microsomes, resulting in lipid peroxidation
and destruction of cell membranes, and ultimately, liver damage [8].

Active oxygen free radicals cause oxidative stress, which is a common pathophysiological
mechanism of liver diseases. Oxidative stress could cause hepatic damage by inducing membrane
lipid peroxidation that changes biofilm function, as well as inducing covalent combinations with
biological macromolecules, and destruction of enzyme activities (such as tumor necrosis factor-α
(TNF-α) and nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB)) [9]. Oxidative stress
plays an important role in fatty liver, viral hepatitis, liver fibrosis, and other liver diseases [10]. Energy
metabolism in organisms utilizes oxygen as an electronic acceptor in the process of aerobic metabolism,
which inevitably produces reactive oxygen species (ROS). ROS has a dual effect, which is closely
related to the regulation of some physiological active substances and the inflammatory immune
process, but excessive ROS can easily lead to oxidative stress [11]. The mitochondrial respiratory chain
complex uses electron transfer to produce ATP, which is the main source of ROS. The liver is rich in
mitochondria, and is, therefore, the main organ susceptible to ROS attack, and oxidative stress has a
close relationship with most liver damage [12]. ROS can also initiate a variety of cytokines such as
transforming growth factor-beta (TGF-β), interleukin-8 (IL-8), and NF-κB. These cytokines can lead to
infiltration of neutrophils, enhance inflammatory response, and ultimately lead to liver cell injury [13].

Tea polyphenols are a very important component of tea. Studies showed that tea polyphenols
have a strong scavenging effect on oxygen free radicals [14,15]. Tea polyphenols can sequester lipid
peroxidation free radicals during the peroxidation process, lower polyphenolic free-radical content,
and interrupt free-radical oxidation chain reactions, thereby effectively removing free radicals [14].
Simultaneously, tea polyphenols can activate and enhance the activity of various antioxidant enzymes
such as superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and catalase (CAT), as well
as efficiently eliminate free radicals [16]. Tea polyphenols can prevent lipid peroxidation caused by
CCl4, as well as avoid the damage of the membrane structure and function of liver cells caused by the
covalent binding of CCl4 and liver microsomal lipids and proteins [17]. In addition, tea polyphenols
impart a protective effect on obstructive jaundice liver injury caused by peroxidation, acute liver injury
caused by cadmium poisoning, alcoholic liver injury, and liver cancer [18]. In addition, except for
certain reports of catechins and other individual tea polyphenols on liver injury protective effects, the
characteristics of the tea polyphenols and polyphenol composition analysis remain unclear, including
those of Liubao tea [19].

This study utilized CCl4 in establishing a chemical liver injury mouse model to investigate the
preventive effect of PLT. We also employed molecular biology methods to test the indices of serum and
liver tissue, and the preventive mechanism of PLT on liver injury was elucidated. The results of this
study may facilitate the development and utilization of PLT in food processing and the manufacture of
health products.
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2. Materials and Methods

2.1. PLT Extraction

Approximately 150 g of Liubao tea (Guilin Lijiang Tea Factory Co. Ltd., Guilin, Guangxi, China),
placed in a 15-L beaker, was mixed with 500 mL of boiling water, extracted in a 95 ◦C water bath, and
after 1 h of filtration, the filtrate was collected. This process was repeated, and the two filtrates were
pooled, and thoroughly mixed with 100 g of ZnCl2, before the mixture’s pH was adjusted to 7.5 using
2 mol/L ammonia. The mixture was then centrifuged at 3000 rpm for 10 min, and the supernatant was
discarded and the precipitate containing the crude polyphenols was collected. Approximately 3 L of
hydrochloric acid solution (2 mol/L) was added to the sediment, which was stirred to dissolve. Then,
2 mol/L ammonia was added to adjust the pH of the mixture to 4.0. After filtration, the filtrate was
extracted with 4000 mL of ethyl acetate twice, and the extract was evaporated with a rotary evaporator
to obtain the polyphenol extract [20].

2.2. Experimental Model in Kunming (KM) Mice

The male KM mice (eight weeks old) were divided into five groups (10 mice in each group),
which included the normal group, control group, silymarin gavage group (silymarin, positive control
group), low-dose PLT group via intragastric administration (LPLT group, 50 mg/kg), and high-dose
PLT group via intragastric administration (HPLT group, 100 mg/kg). The mice were first allowed to
acclimatize to the laboratory conditions for one week. The mice in the normal group and the control
group were intragastrically given 2 mL of normal saline. The mice in the silymarin-instilled group
were given 0.2 mL of silymarin solution daily at a dose of 100 mg/kg. The high-/low-dose PLT group
mice were treated with PLT at 100 mg/kg and 50 mg/kg, respectively, daily for two weeks. All mice
except for the normal group were intraperitoneally injected with CCl4 inducer (2 mL/kg; CCl4: olive
oil = 1:1, v/v) on the 14th day, and then all mice were fasted, but allowed to drink water. The mice
were sacrificed after fasting for 24 h, and their hearts were collected for dissection, whereas the livers
were isolated for later use [21]. The liver index was calculated using the formula as liver weight/body
weight × 100. This study was approved by the Animal Ethics Committee of Chongqing University of
Education (Chongqing, China).

2.3. Measurement of Serum Indices

The mouse serum samples were separated by centrifugation at 4000 rpm for 10 min. The
serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT), triglycerides (TGs),
SOD, GSH-Px, and malondialdehyde (MDA) were determined using assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing City, China).

2.4. Cytokine Levels in Serum

The serum samples were isolated by centrifugation and cytokine levels were assayed using IL-6
(ab46100), IL-12 (ab119531), TNF-α (ab100747), and interferon-γ (IFN-γ; ab100689) cytokine assay kits
(Abcam, Cambridge, MA, USA).

2.5. Histopathological Analysis of Liver Tissues

Mouse liver tissue samples were fixed in 10% formalin solution for 24 h, followed by dehydration
in 95% ethanol for 24 h. Then, the tissues were sectioned, stained with hematoxylin and eosin (H&E),
and then assessed under a BX43 microscope (Olympus, Tokyo, Japan). The grading of liver injury is
shown in Table 1.
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Table 1. Pathological grading of liver injury.

Grade Portal Area and Surrounding Area Hepatic Lobule

0 No inflammation No inflammation
1 Portal inflammation Degeneration and few necrotic foci
2 Mild detrital necrosis Degeneration, focal necrosis
3 Moderate detrital necrosis Degeneration or necrosis, or bridge necrosis

4 Severe detrital necrosis Bridge necrosis wide range, involving multiple lobules,
leaflet structure disorder

2.6. qPCR Analysis

The messenger RNA (mRNA) expression of liver tissue in mice was determined by SYBR
green assay. The liver tissues were homogenized, followed by total RNA extraction using TRIzol
reagent (Thermo Fisher Scientific, Waltham, MA, USA). The concentration of RNA was detected
using a micro-ultraviolet (UV) spectrophotometer (Nano 300, Aosheng, Hanzhou, Zhejiang, China).
Approximately 1 μg of mRNA was reverse transcribed into complementary DNA (cDNA). The PCR
conditions were as follows: pre-denaturation at 95 ◦C for 3 min, followed by 40 cycles of denaturation
at 95 ◦C for 10 s, annealing at 57 ◦C for 30 s, and extension at 72 ◦C for 15 s [22]. The primers in this
study are shown in Table 2. The relative transcription levels of the mRNAs were calculated using the
2−ΔΔCr method.

Table 2. qPCR assay sequences.

Gene Forward Sequence Reverse Sequence

COX-2 5′–GGTGCCTGGTCTGATGATG–3′ 5′–TGCTGGTTTGGAATAGTTGCT–3′
iNOS 5′–GTTCTCAGCCCAACAATACAAGA–3′ 5′–GTGGACGGGTCGATGTCAC–3
NF-κB 5′–ATGGCAGACGATGATCCCTAC–3′ 5′–CGGAATCGAAATCCCCTCTGTT–3′
IκB-α 5′–TGAAGGACGAGGAGTACGAGC–3′ 5′–TGCAGGAACGAGTCTCCGT–3′

Cu/Zn-OD 5′–AACCAGTTGTGTTGTCAGGAC–3′ 5′–CCACCATGTTTCTTAGAGTGAGG–3′
Mn-SOD 5′–CAGACCTGCCTTACGACTATGG–3′ 5′–CTCGGTGGCGTTGAGATTGTT–3′
GSH-Px 5′–CCACCGTGTATGCCTTCTCC–3′ 5′–AGAGAGACGCGACATTCTCAAT–3′

CAT 5′–GGAGGCGGGAACCCAATAG–3′ 5′–GTGTGCCATCTCGTCAGTGAA–3′
GAPDH 5′–AGGTCGGTGTGAACGGATTTG–3′ 5′–GGGGTCGTTGATGGCAACA–3′

2.7. Western Blot Analysis

The 100-mg liver tissue samples were homogenized with 1 mL of radio immunoprecipitation
assay (RIPA) and 10 μL of phenylmethanesulfonyl fluoride (PMSF); then, they were centrifuged at
12,000 rpm (5 min, 4 ◦C), the hepatocytes were lysed, and the lysate was kept on ice for 30 min. The
bicinchoninic acid (BCA) method was used to determine the protein concentration. The sample was
mixed with an equal volume of 5× loading buffer and then placed in a water bath at 100 ◦C for 5 min.
The hepatocytes were then sonicated by SJIALAB for 2 min (10% ultrasound intensity), and centrifuged
(4500 rpm) for 10 min to separate the supernatant. The extracted protein was then subjected to
polyacrylamide gel electrophoresis (80–120 V), and transferred onto a polyvinylidene fluoride (PVDF)
membrane, sealed, and incubated overnight at 4 ◦C with the corresponding primary antibodies, namely,
cyclooxygenase 2 (COX-2; MA514568, Thermo Fisher Scientific), inducible nitric oxide synthase (iNOS)
(PA1036), NF-κB (PA1186), phosphorylated (p)-NF-κB p65 (MA515160), nuclear factor of κ-light
polypeptide gene enhancer in B-cells inhibitor-α (IκB-α; 397700), Cu/Zn-SOD (PA5270240), Mn-SOD
(PA530604), GSH-Px (PA540504), CAT (PA259183), cytochrome P450 reductase (PA577820), and β-actin
(MA5157739), incubated at 37 ◦C with the second antibody (A21241) for 1 h, followed by colorimetric
detection and chemiluminescence imaging (iBright FL1000, Thermo Fisher Scientific) [23].

2.8. High-Performance Liquid Chromatography (HPLC) Assay

The standard products of gallic acid, catechin, caffeine, epicatechin (EC), epigallocatechin gallate
(EGCG), gallocatechin gallate (GCG), and epicatechin gallate (ECG) were weighed accurately, and the
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standard products were placed in 50-mL volumetric flasks, to the appropriate amount of methanol. The
mixture was vortexed to dissolve, and diluted to scale with methanol, i.e., to obtain the standard stock
solution. One milliliter of gallic acid, catechin, caffeine, EC, EGCG, GCG, and ECG stock solutions
were each placed into 10-mL volumetric flasks and mixed with an equal volume of methanol to obtain
a mixed standard solution. The PLT extract was extracted with precision, and a 0.5 mg/mL solution
was prepared using methanol. PLT components were detected (UltiMate3000 HPLC System, Thermo
Fisher Scientific) using the following chromatographic conditions: Accucore perfluorophenyl (PFP)
column (4.6 mm × 150 mm, 2.6 μm, Thermo Fisher Scientific); flow rate of 0.6 mL/min; detection
wavelength of 280 nm; injection volume of 10 L; column temperature of 30 ◦C; collection time of
20 min; and mobile phases A for acetonitrile, and B for 0.1% formic acid solution. The gradient elution
conditions are shown in Table 3 [24].

Table 3. Flow phase gradient elution program.

t/min A/% B/%

0 10 90
6.5 18.5 81.5
20 29.5 70.5

2.9. Statistical Analysis

The data are expressed as the mean ± standard deviation (SD). Differences between mean values
for each group were assessed by one-way ANOVA with Duncan’s new multiple-range test (MRT).
Differences with a p < 0.05 were considered statistically significant. The SAS v9.1 statistical software
package (SAS Institute, Cary, NC, USA) was used for these analyses.

3. Results

3.1. Body Weight, Liver Weight, and Liver Indices of the Experimental Mice

As shown in Table 4, on the first day, there was no significant difference (p > 0.05) in body
weight across all mice. On the 14th day, the body weight of the control group was significantly higher
(p < 0.05) than that of the other groups because of individual differences, while the mice in the Liupao
tea treatment group had lower body weight gain than that of the other groups probably because of
the lipid-reducing effect of Liupao tea. After being treated with CCl4, the body weight of mice in the
control group was the heaviest, whereas that of the other groups was lower than that of the control
mice. The liver weight and liver indices of mice in control group were also the highest, while the liver
weight and liver indices of mice in the normal group were the lowest. Because of the treatment with
PLT, the liver indices of the hepatic damage-induced mice decreased compared to those of the control
group, and the HPLT group exhibited lower liver indices than the LPLT group. The indices of the
HPLT group were also roughly similar to the silymarin group.

Table 4. Body weight, liver weight, and liver indices in experimental mice with CCl4-induced hepatic damage.

Group
1st Day Body

Weight (g)
14th Day Body

Weight (g)
15th Day Body

Weight (g)
Liver Weight (g) Liver Index

Normal 35.17 ± 0.32 a 42.66 ± 1.59 b 42.12 ± 1.96 b 1.57 ± 0.07 b 3.73 ± 0.18 e

Control 35.53 ± 0.28 a 48.22 ± 2.62 a 46.64 ± 1.38 a 2.41 ± 0.18 a 5.15 ± 0.23 a

Silymarin 35.06 ± 0.22 a 41.43 ± 0.55 b 40.35 ± 0.84 b 1.58 ± 0.08 b 3.92 ± 0.19 d

LPLT 35.19 ± 0.26 a 36.62 ± 1.45 c 35.61 ± 1.81 c 1.61 ± 0.12 b 4.51 ± 0.11 b

HPLT 35.41 ± 0.20 a 36.63 ± 2.41 c 35.84 ± 3.70 c 1.48 ± 0.15 b 4.14 ± 0.03 c

Values presented are the means ± standard deviation (N = 10/group). a–e Mean values with different letters in
the same column are significantly different (p < 0.05) and those with the same letter in the same column are not
significantly different (p > 0.05) according to Duncan’s new multiple-range test (MRT). Silymarin group: 50 mg/kg
body weight (b.w.) silymarin treatment dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) low (L)
treatment dose; HPLT group: 100 mg/kg b.w. polyphenols of Liubao tea (PLT) high (H) treatment dose.
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3.2. Serum AST, ALT, and TG Levels

Table 5 shows that the serum AST, ALT, and TG levels of mice in the normal group were the
lowest, whereas those of the control group were the highest. The serum AST, ALT, and TG serum
levels of mice in the HPLT group were significantly higher (p < 0.05) than those of the silymarin group,
but were significantly lower (p < 0.05) than those of the LPLT group.

Table 5. Serum aspartate aminotransferase (AST), alanine aminotransferase (ALT), and triglyceride
(TG) levels in experimental mice with CCl4-induced hepatic damage.

Group AST (U/L) ALT (U/L) TG (pg/mL)

Normal 6.20 ± 0.43 e 1.54 ± 0.22 e 150.00 ± 26.15 e

Control 21.13 ± 0.93 a 17.98 ± 1.53 a 563.75 ± 16.18 a

Silymarin 12.13 ± 0.35 d 4.09 ± 0.44 d 208.75 ± 20.06 d

LPLT 17.75 ± 0.57 b 12.36 ± 2.23 b 385.00 ± 57.72 b

HPLT 13.85 ± 0.55 c 8.45 ± 0.64 c 273.75 ± 32.89 c

Values presented are the means ± standard deviation (N = 10/group). a–e Mean values with different letters in
the same column are significantly different (p < 0.05) and those with the same letter in the same column are not
significantly different (p > 0.05) according to Duncan’s new MRT. Silymarin group: 50 mg/kg b.w. silymarin
treatment dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) low (L) treatment dose; and HPLT
group: 100 mg/kg b.w. polyphenols of Liubao tea (PLT) high (H) treatment dose.

3.3. Serum SOD, GSH-Px, and MDA Levels

Table 6 shows that the serum SOD and GSH-Px levels of mice in the normal group were the
highest, whereas the SOD and GSH-Px levels of those in the HPLT group were significantly higher
(p < 0.05) than those in the LPLT and control groups, but lower than those in the silymarin group.
However, the MDA levels in mice of the HPLT group were significantly lower (p < 0.05) than those
of the LPLT and control groups, but significantly higher (p < 0.05) than those of the silymarin and
normal groups.

Table 6. Serum superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and malondialdehyde
(MDA) levels in experimental mice with CCl4-induced hepatic damage.

Group SOD (U/mL) GSH-Px (U/mL) MDA (nmol/mL)

Normal 121.38 ± 4.88 a 85.92 ± 1.83 a 2.24 ± 0.06 e

Control 58.56 ± 2.42 d 5.52 ± 1.02 e 5.93 ± 0.45 a

Silymarin 107.11 ± 1.77 b 63.94 ± 3.20 b 2.89 ± 0.16 d

LPLT 78.44 ± 8.35 c 25.35 ± 1.03 d 4.44 ± 0.21 b

HPLT 106.12 ± 1.37 b 53.49 ± 2.84 c 3.34 ± 0.26 c

Values presented are the means ± standard deviation (N = 10/group). a–e Mean values with different letters in
the same column are significantly different (p < 0.05) and those with the same letter in the same column are not
significantly different (p > 0.05) according to Duncan’s new MRT. Silymarin group: 50 mg/kg b.w. silymarin
treatment dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) low (L) treatment dose; and HPLT
group: 100 mg/kg b.w. polyphenols of Liubao tea (PLT) high (H) treatment dose.

3.4. Serum IL-6, IL-12, TNF-α, and IFN-γ Cytokine Levels

Table 7 shows that the serum IL-6, IL-12, TNF-α, and IFN-γ cytokine levels of mice in the normal
group were lowest; these levels were lower than those of the silymarin, HPLT, LPLT, and control
groups in decreasing order.
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Table 7. Cytokine interleukin (IL)-6, IL-12, tumor necrosis factor-α (TNF-α), and interferon-γ (IFN-γ)
levels in experimental mice with CCl4-induced hepatic damage.

Group IL-6 (pg/mL) IL-12 (pg/mL) TNF-α (pg/mL) IFN-γ (pg/mL)

Normal 31.11 ± 1.84 d 26.17 ± 3.06 d 365.40 ± 16.75 e 32.32 ± 0.59 d

Control 64.33 ± 3.80 a 56.68 ± 6.98 a 718.76 ± 40.28 a 77.94 ± 1.60 a

Silymarin 41.02 ± 3.01 c 34.50 ± 1.90 c 467.22 ± 38.47 d 39.07 ± 0.27 c

LPLT 54.27 ± 6.05 b 42.46 ± 4.92 b 622.90 ± 50.68 b 44.61 ± 0.79 b

HPLT 45.19 ± 1.24 c 36.69 ± 0.55 bc 547.63 ± 26.83 c 39.10 ± 0.56 c

Values presented are the means ± standard deviation (N = 10/group). a–e Mean values with different letters in
the same column are significantly different (p < 0.05) and those with the same letter in the same column are not
significantly different (p > 0.05) according to Duncan’s new MRT. Silymarin group: 50 mg/kg b.w. silymarin
treatment dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) low (L) treatment dose; and HPLT
group: 100 mg/kg b.w. polyphenols of Liubao tea (PLT) high (H) treatment dose.

3.5. Histopathological Assessment of the Liver

CCl4 induced liver injury in mice of the control, silymarin, LPLT, and HPLT groups; the observed
histopathological changes included degeneration and necrosis of the centrilobular cells. Normally,
the central veins of the liver are rounded, the hepatocytes are uniform in size, and they are evenly
arranged in a radial pattern around the central veins. The liver tissues of mice in the control group
showed the most severe damage (Grade 4, Figure 1). Silymarin (Grade 1) and PLT reduced these
hepatic injury changes, and silymarin facilitated the reduction in damage incurred by the hepatic
tissues. HPLT (Grade 2) imparted effects similar to that observed with silymarin, and only a few liver
cells demonstrated hemorrhage in the area around the centrilobular vein.

 
Figure 1. Hematoxylin and eosin (H&E) pathological observation of hepatic tissue in experimental mice
with CCl4-induced hepatic damage. Magnification: 100×. Silymarin group: 50 mg/kg body weight
(b.w.) silymarin treatment dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) low (L)
treatment dose; HPLT group: 100 mg/kg b.w. polyphenols of Liubao tea (PLT) high (H) treatment dose.

3.6. mRNA and Protein Expression of Cu/Zn-SOD, Mn-SOD, GSH-Px, and CAT in Mouse Hepatic Tissues

The mRNA and protein expressions of Cu/Zn-SOD (27.13-fold (mRNA) and 5.79-fold (protein)
increase relative to control group), Mn-SOD (23.30-fold (mRNA) and 5.47-fold (protein) increase
relative to control group), GSH-Px (18.43-fold (mRNA) and 153.10-fold (protein) increase relative to
control group), and CAT (17.80-fold (mRNA) and 8.63-fold (protein) increase relative to control group)
in the hepatic tissues of mice in the normal group were the highest, whereas those of the control group
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were the lowest (Figures 2 and 3). After treatment with silymarin and PLT, the Cu/Zn-SOD, Mn-SOD,
GSH-Px, and CAT expressions of liver in CCl4-treated mice were reduced; the HPLT-treated mice
exhibited higher Cu/Zn-SOD (16.46-fold (mRNA) and 3.11-fold (protein) increase relative to control
group), Mn-SOD (13.31-fold (mRNA) and 2.47-fold (protein) increase relative to control group), GSH-Px
(9.85-fold (mRNA) and 33.52-fold (protein) increase relative to control group), and CAT (9.53-fold
(mRNA) and 4.74-fold (protein) increase relative to control group) expressions than the LPLT-treated
mice (8.71-, 5.71-, 7.11-, and 5.10-fold (mRNA) and 2.87-, 1.81-, 7.52-, and 3.74-fold (protein) increase,
respectively, relative to control group), but weaker than the silymarin-treated (22.18-, 17.33-, 14.92-,
and 13.27-fold (mRNA) and 3.78-, 3.02-, 97.47-, and 6.40-fold (protein) increase, respectively, relative to
control group) mice.

Figure 2. Cu/Zn- superoxide dismutase (SOD), Mn-SOD, glutathione peroxidase (GSH-Px), and
catalase (CAT) messenger RNA (mRNA) expressions in hepatic tissue of experimental mice with
CCl4-induced hepatic damage. Values presented are the means ± standard deviation (N = 3/group).
a–e Mean values with different letters in the same bars are significantly different (p < 0.05) and those
with the same letter in the same column are not significantly different (p > 0.05) according to Duncan’s
new multiple-range test (MRT). Silymarin group: 50 mg/kg b.w. silymarin treatment dose; LPLT group:
50 mg/kg b.w. polyphenols of Liubao tea (PLT) treatment dose; and HPLT group: 100 mg/kg b.w.
polyphenols of Liubao tea (PLT) treatment dose.

Figure 3. Cu/Zn-SOD, Mn-SOD, GSH-Px, and CAT protein expressions in hepatic tissue of
experimental mice with CCl4-induced hepatic damage. Values presented are the means ± standard
deviation (N = 3/group). a–e Mean values with different letters in the same bars are significantly
different (p < 0.05) and those with the same letter in the same column are not significantly different
(p > 0.05) according to Duncan’s new MRT. Silymarin group: 50 mg/kg b.w. silymarin treatment
dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) treatment dose; and HPLT group:
100 mg/kg b.w. polyphenols of Liubao tea (PLT) treatment dose.
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3.7. mRNA and Protein Expression of COX-2, iNOS, NF-κB, and IκB-α in Mouse Hepatic Tissues

The IκB-α mRNA (25.30-fold increase relative to control group) and protein (2.41-fold increase
relative to control group) expressions of mice in the normal group were the highest, whereas the COX-2
(0.01-fold (mRNA) and 0.16-fold (protein) increase relative to control group), iNOS (0.03-fold (mRNA)
and 0.27-fold (protein) increase relative to control group), and NF-κB (0.07-fold (mRNA) and 0.06-fold
(protein) increase relative to control group) expressions in the normal group were the lowest (Figures 4
and 5). The IκB-α mRNA (15.38-fold increase relative to control group) and protein (1.74-fold increase
relative to control group) expressions of mice in the HPLT group were only lower than those of the
silymarin (17.80-fold (mRNA) and 2.15-fold (protein) increase relative to control group) and normal
groups, but stronger than those of the LPLT (7.03-fold (mRNA) and 1.21-fold (protein) increase relative
to control group) and control groups. The HPLT group showed lower COX-2 (0.28-fold (mRNA) and
0.52-fold (protein) increase relative to control group), iNOS (0.39-fold (mRNA) and 0.41-fold (protein)
increase relative to control group), and NF-κB (0.33-fold (mRNA) and 0.38-fold (protein) increase
relative to control group) expression levels than the LPLT (0.61-, 0.65-, and 0.74-fold (mRNA) and 0.85-,
0.57-, and 0.62-fold (protein) increase, respectively, relative to control group) and control groups, but
only slightly stronger than the silymarin group (0.17-, 0.20-, and 0.15-fold (mRNA) and 0.24-, 0.35-,
and 0.21-fold (protein) increase, respectively, relative to control group). Meanwhile, mice in the normal
group showed the strongest p-NF-κB p65 protein expression (5.88-fold increase relative to control
group), while silymarin-treated mice also showed stronger p-NF-κB p65 protein expression (4.74-fold
increase relative to control group) than that of the LPLT- (1.59-fold increase relative to control group)
and HPLT- (3.35-fold increase relative to control group) treated mice.

Figure 4. Cyclooxygenase 2 (COX-2), inducible nitric oxide synthase (iNOS), nuclear factor
κ-light-chain-enhancer of activated B cells (NF-κB), and nuclear factor of κ-light polypeptide gene
enhancer in B-cells inhibitor-α (IκB-α) mRNA expressions in hepatic tissue of experimental mice with
CCl4-induced hepatic damage. Values presented are the means ± standard deviation (N = 3/group).
a–e Mean values with different letters in the same bars are significantly different (p < 0.05) and those
with the same letter in the same column are not significantly different (p > 0.05) according to Duncan’s
new MRT. Silymarin group: 50 mg/kg b.w. silymarin treatment dose; LPLT group: 50 mg/kg b.w.
polyphenols of Liubao tea (PLT) treatment dose; and HPLT group: 100 mg/kg b.w. polyphenols of
Liubao tea (PLT) treatment dose.
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Figure 5. COX-2, iNOS, NF-κB, phosphorylated (p)-NF-κB p65, and IκB-α protein expressions in
hepatic tissue of experimental mice with CCl4-induced hepatic damage. Values presented are the
means ± standard deviation (N = 3/group). a–e Mean values with different letters in the same bars are
significantly different (p < 0.05) and those with the same letter in the same column are not significantly
different (p > 0.05) according to Duncan’s new MRT. Silymarin group: 50 mg/kg b.w. silymarin
treatment dose; LPLT group: 50 mg/kg b.w. polyphenols of Liubao tea (PLT) treatment dose; and
HPLT group: 100 mg/kg b.w. polyphenols of Liubao tea (PLT) treatment dose.

3.8. Protein Expression of Cytochrome P450 Reductase in Mouse Hepatic Tissues

The cytochrome P450 reductase protein (3.97-fold increase relative to control group) expression of
mice in the normal group was highest (Figure 6), and HPLT-treated mice (2.8-fold increase relative
to control group) also showed a higher expression than that of LPLT-treated mice (1.69-fold increase
relative to control group), but it was lower than that of silymarin-treated mice (3.25-fold increase
relative to control group).

Figure 6. Cytochrome P450 reductase protein expression in hepatic tissue of experimental mice with
CCl4-induced hepatic damage. Values presented are the means ± standard deviation (N = 3/group).
a–e Mean values with different letters in the same bars are significantly different (p < 0.05) and those
with the same letter in the same column are not significantly different (p > 0.05) according to Duncan’s
new MRT. Silymarin group: 50 mg/kg b.w. silymarin treatment dose; LPLT group: 50 mg/kg b.w.
polyphenols of Liubao tea (PLT) treatment dose; and HPLT group: 100 mg/kg b.w. polyphenols of
Liubao tea (PLT) treatment dose.

3.9. Constituents of PTL

Figure 7 shows that PTL contains seven kinds of polyphenols, namely, gallic acid, catechin,
caffeine, EC, EGCG, GCG, and ECG, with contents of 4.98%, 4.20%, 16.71%, 0.90%, 7.29%, 3.03%, and
34.44%, respectively.
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Figure 7. Polyphenol constituents of Liubao tea (PLT). (A) Standard chromatograms; (B) PLT
chromatograms. 1: gallic acid; 2: catechin; 3: caffeine; 4: epicatechin (EC); 5: epigallocatechin gallate
(EGCG); 6: gallocatechin gallate (GCG); 7: epicatechin gallate (ECG).

4. Discussion

Liubao tea is a non-toxic food and meets the requirements of food safety according to the
standards of food toxicology [25]. Liupao tea was shown to have weight-loss effects [3], and Liupao
tea polyphenols were also found to inhibit weight gain in mice in this study. Therefore, there were
individual differences in the body weight of mice before carbon-tetrachloride (CTC) treatment. Liver
injuries may result in harmful and sometimes life-threatening effects to the body. Liver quality and
liver index, which are indices of CTC-induced liver injury, were used in the present study [26]. The
results show that PLT can reduce the liver quality and liver indices of mice with liver injury, and these
effects are similar to those using the liver injury drug, silymarin.

ALT and AST are expressed by hepatocytes; ALT is secreted into the cytoplasm, whereas AST is
mainly produced in the mitochondria of hepatocytes. Damage to cells due to hepatitis, myocarditis, and
pancreatitis induces ALT to enter the bloodstream. However, during severe damage, AST also enters
the bloodstream [27]. Thus, a significant increase in ALT and AST levels indicates liver damage [28].
Liver injury can lead to the transfer of fatty acids to the liver, resulting in increased intrahepatic TG
content, and TG levels also reflect the degree of liver lipid peroxidation [29]. In this study, PLT was
found to inhibit the increase in ALT, AST, and TG levels caused by carbon tetrachloride liver injury.
ALT, AST, and TG are the most typical clinical liver function indicators [27,28]. Observing the influence
of these indicators can judge whether the liver function is normal or not. It could be seen that PLT had
a certain effective role in restoring normal liver function.

CCl4 will lead to the body’s oxidation; the body utilizes two defenses, namely, non-enzymatic and
enzymatic, to prevent oxidative damage, including regulation of SOD, CAT, and GSH-Px, which are
the main mechanisms for enzymatic oxidation [30]. SOD catalyzes superoxide radicals and is capable
of scavenging free radicals, whereas CAT and SOD synergistically enhance the role of free radicals [31].
GSH-Px is an important enzyme that catalyzes the decomposition of hydrogen peroxide, which in turn,
protects cell membranes and prevents cell damage [32]. MDA is a metabolite of lipid peroxidation; a
high content of MDA accumulates in the body after liver injury [33]. In this study, we found that PLT
could significantly regulate the levels of SOD, GSH-Px, and MDA in the body caused by liver injury,
thereby protecting the liver from the effects of carbon tetrachloride.

CCl4 induces oxidization and liver inflammation, resulting in a significant increase in serum
IL-6, IL-12, TNF-α, and IFN-γ levels in mice [21]. IL-6 is a factor secreted by T helper 2 (Th2) cells
and is involved in the humoral immune response. An increase in Th2 levels may result in visceral
dysfunction [34]. IL-6 promotes the differentiation, proliferation, and antibody production of T
lymphocytes. It can also change intracellular G cell activity and upregulate neutrophil function, as
well as enhance inflammatory reactions of the body [35]. IL-12 is an activating factor of natural killer
(NK) cells, and its effect is the most intense. High rates of apoptosis in hepatocytes and excessive
immune response during liver injury further aggravate the condition, which is related to the fact that
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IL-12 increases the cytotoxicity of cluster of differentiation 8 (CD8)+ T cells [36]. Binding of TNF-α and
liver cell membrane TNF-α receptor 1 (TNF-αR1) can induce intracellular double-stranded DNA to
fragment, thereby resulting in stem cell apoptosis. In addition, TNF-α triggers inflammatory responses
by activating NF-κB, which exacerbates liver injury [37]. IFN-γ is a proinflammatory cytokine that
increases the sensitivity of hepatocytes to TNF-α, rendering hepatocytes to further damage [38].
Oxidative stress after liver tissue damage can cause an imbalance in the level of inflammatory cytokines
such as TNF-α, IL-1β, and IL-6, which increases in the levels of TNF-α, IL-1β, and IL-6 in the liver [39].
Through the detection of inflammatory cytokines, we also found that PLT could inhibit inflammation
by reducing the level of inflammatory factors, thereby reducing liver injury.

Mn-SOD and Gu/Zn-SOD are SOD isomers [40]. Mn-SOD is an SOD radical scavenger in the
mitochondria [41]. Gu/Zn-SOD is an SOD free radical scavenger in the cytoplasm and takes Cu2+ and
Zn2+ as its active center [42]. The liver and heart are organs that are rich in mitochondria, and Mn-SOD
activity markedly decreases after CCl4-induced liver injury [43]. The same result was obtained in this
study. Gu/Zn-SOD can purify the toxic effects of O2− in the body, and protect the visceral tissues [44].
Studies showed that CCl4 causes oxidative stress reactions in the body, resulting in the excessive
production of free radicals. Mn-SOD and Gu/Zn-SOD can inhibit free radicals in the body, and play a
preventive role in liver injury [45,46]. CAT is an important antioxidant enzyme in the body. CAT can
eliminate H2O2 in the body, thereby inhibiting oxidative stress, reducing the body’s oxidation caused
by carbon tetrachloride, and inhibiting liver injury [47]. Through the detection of gene and protein
expression, it was further found that PLT could regulate the expressions of oxidation-related proteins
in tissues, thereby reducing the damage caused by oxidative stress to tissues, thus protecting the liver.

NF-κB is a key factor in the regulation of inflammatory response, including inflammation-related
IL-6 and TNF-α; these are upregulated during inflammation. Under normal circumstances, NF-κB
and IκB-α in the bound state show an inactivation of both. NF-κB and IκB-α in extrinsic inflammatory
conditions lead to the inhibition of inflammation by binding to IκB-α to activate NF-κB [48]. Meanwhile,
through phosphorylation of NF-κB, it can reduce the promotion of inflammation of NF-κB and alleviate
tissue damage [49]. NO is a highly active oxidant that is produced in the liver by activated NOS in liver
cells, and promotes the high expression of the iNOS gene upon liver damage progression. In liver injury,
oxidative stress occurs in hepatocytes, and a large number of inflammatory factors are released [50].
iNOS is an important inflammatory factor, and iNOS is very active in inflammation. iNOS-induced NO
also promotes further damage to the liver [51]. COX-2 is also an important inflammatory factor; the
tissue is not expressed under normal conditions. COX-2 expression raises after liver injury, whereby
Kupffer cells are activated, and COX-2 upregulation exacerbates the liver inflammation [52]. Further
experiments showed that PLT could regulate the expressions of COX-2, iNOS, NF-κB, p-NF-κB p65,
and IκB-α, alleviating the liver injury caused by inflammation and carbon tetrachloride.

Most foreign compounds depend on metabolism by P450 in the liver. When carbon tetrachloride
induces acute liver injury, lipid peroxidation and a large number of free radicals are produced in the
liver, resulting in a decrease in activity of cytochrome P450. At the same time, carbon tetrachloride
directly inhibits the synthesis of the cytochrome P450 enzyme, and the decrease in cytochrome P450
enzyme activity directly or indirectly leads to a decrease in detoxification ability of the liver, thereby
aggravating liver injury [53]. Upon carbon tetrachloride treatment, PLT could raise the activity of
cytochrome P450 reductase, and inhibited the liver injury.

Gallic acid (GA) can inhibit oxidative stress and cytotoxicity to improve liver injury. The activation
of hepatic stellate cells (HSCs) caused by liver injury is an important part of liver fibrosis [54]. GA can
also induce HSCs to produce O2−, OH−, and H2O2, thereby inducing oxidative stress that selectively
kills HSCs [55]. Catechin also affects free-radical scavenging by reducing the content of MDA and
increasing the activity of SOD [56]. Catechin has inhibitory effects on chronic hepatitis [57]. IL-1β
can induce hepatic acute-phase protein synthesis, thereby affecting normal liver activity [58], while
caffeine suppresses the production of inflammatory molecules, thus preventing the activating of
the immune system in IL-1β [59], which may play a role in liver protection. Animal model studies
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showed that caffeine could also inhibit acute alcoholic liver injury possibly by imparting antioxidant
effects and inhibiting the expressions of IL-1β and TNF-α [60]. EC also has antioxidant effects
that influence cardiovascular disease, hypertension, cancer, and obesity [61]. EC could reduce the
inflammatory-related expression of NF-κB, iNOS, and TNF-α [62]. Oxidative stress is considered to be
the main cause of CCl4-induced liver damage. CCl4 is metabolized by cytochrome P450 in hepatocytes
to produce three chloromethyl radicals. These radicals cause lipid peroxidation and lipid peroxidation
products, which cause liver cell damage and promote the formation of fibrous tissue. EGCG plays
a role in anti-CCl4-induced liver fibrosis in rats through its antioxidant capacity [63]. The effects of
EGCG on anti-liver injury are also reflected in the inhibition of TNF-α and IFN-γ by EGCG expression,
thus preventing further immune damage caused by TNF-α and IFN-γ [64]. GCG can inhibit oxidative
damage to tissues and protect viscera from oxidative damage [65]. ECG has anti-cancer effects, possibly
stronger than EGCG [66]. ECG has better melanin inhibition effects than EGCG, and ECG shows
antioxidant effects, which are greater than EGCG [67]. These active components are combined together
to form PLT, thereby strongly inhibiting liver injury. PLT is a mixture with substantial biological
activity. Its action may be the combined action of many substances, and its specific mechanism needs
further study.

In this study, toxic carbon tetrachloride was used to simulate chemical-induced liver injury, and
the observed effects remained at the laboratory level. In order to better prove this study’s argument,
future research on the human body is expected. In addition, the role of PLT in liver injury needs to be
further studied, which will be conducive to more obvious discoveries of the link between its active
components and their mechanisms. At the same time, in view of the mechanism of PLT, it is necessary
to verify the mechanism more accurately for the differences across PLT components in the future.

5. Conclusions

This study induced hepatic injury in mice, and the hepatic injury-reducing effects of PLT were
determined. PLT reduced the liver weight and liver indices in hepatic injury mice. PLT also reduced
serum AST, ALT, TG, and MDA levels and increased serum SOD and GSH-Px levels in hepatic injury
mice. Meanwhile, PLT reduced serum IL-6, IL-12, TNF-α, and IFN-γ cytokine levels in mice with
hepatic injury. Further investigation showed that PLT upregulates the mRNA and protein expressions
of Mn-SOD, Gu/Zn-SOD, CAT, GSH-Px, and IκB-α, and downregulates COX-2, iNOS, and NF-κB in
mice with hepatic injury. PLT contains gallic acid, catechin, caffeine, EC, EGCG, GCG, and ECG, and
its effects are similar to the drug silymarin. PLT is a functional ingredient that may be used as a raw
material in functional foods.
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Abstract: Theanine, a major amino acid in green tea, exhibits a stress-reducing effect in mice
and humans. Matcha, which is essentially theanine-rich powdered green tea, is abundant in caffeine.
Caffeine has a strong antagonistic effect against theanine. The stress-reducing effect of matcha
was examined with an animal experiment and a clinical trial. The stress-reducing effect of matcha
marketed in Japan and abroad was assessed based on its composition. The stress-reducing effect
of matcha in mice was evaluated as suppressed adrenal hypertrophy using territorially-based
loaded stress. High contents of theanine and arginine in matcha exhibited a high stress-reducing effect.
However, an effective stress-reducing outcome was only possible when the molar ratio of caffeine
and epigallocatechin gallate (EGCG) to theanine and arginine was less than two. Participants (n = 39)
consumed test-matcha, which was expected to have a stress-reducing effect, or placebo-matcha,
where no effect was expected. Anxiety, a reaction to stress, was significantly lower in the test-matcha
group than in the placebo group. To predict mental function of each matcha, both the quantity of
theanine and the ratios of caffeine, EGCG, and arginine against theanine need to be verified.

Keywords: adrenal hypertrophy; anxiety; caffeine; catechin; green tea; matcha; salivary α-amylase activity;
stress-reduction; theanine

1. Introduction

Theanine is an L-glutamate analogue and a non-protein amino acid that is particular to the
tea plant (Camellia sinensis (L.) Kuntze) [1]. The amount of theanine, which is the most abundant
amino acid in green tea leaves, depends on nitrogen supply absorbed from the roots [2]. Matcha is
a fine-powdered green tea that is prepared from tea leaves protected from sunlight. When tea leaves are
protected from direct sunlight, their amino acid content, especially theanine, remains high because the
hydration of theanine used in the biosynthesis of catechin is lowered [3,4]. To make matcha, cultivation
under shade for about three weeks is necessary before harvest [5]. Given their protection from sunlight,
catechin content is lower in matcha than in other popular green teas prepared from leaves grown in
sunlight [3,6]. In addition, matcha has a high content of caffeine because the buds and young leaves of

Nutrients 2018, 10, 1468; doi:10.3390/nu10101468 www.mdpi.com/journal/nutrients56



Nutrients 2018, 10, 1468

Camellia plants contain more caffeine than mature leaves [7]. The balance of these components, such as
theanine, caffeine, and catechin, determines the quality of the green tea. A higher content of amino
acids indicates a higher level of “umami” ingredients. Therefore, matcha is essentially the best-grade
green tea, rich in theanine and caffeine, but with a low content of catechin compared with popular
green tea.

Chronic psychosocial stress is associated with the development of depression, mood disorders,
and various other stress-related diseases [8–10]. Addressing stress-induced alterations with dietary
supplements is a potential therapeutic strategy for a healthy life. Green tea is the most popular drink
in Asian countries and its consumption and that of theanine has revealed health benefits and medicinal
potential for several ailments [11]. Theanine exhibits an excellent stress-reducing effect on mice and
humans [12,13]. However, the effect of theanine is antagonized by caffeine and epigallocatechin gallate
(EGCG), which are two major components of green tea [14–16]. In contrast, the stress-reducing effect
of theanine is enhanced by arginine (Arg), which is the second most abundant amino acid in Japanese
green tea [17]. Glutamate (Glu), the third most abundant amino acid in green tea, has no effect on
stress in mice [17]. To enhance the stress-reducing effect of green tea, low-caffeine green tea with
reduced caffeine content can be prepared from tea leaves by irrigating them with hot water at 95 ◦C
for three minutes. Published data showed that a significant stress-reducing effect of low-caffeine green
tea was observed in participants in their 20 s, 40 s–50 s, and 80 s–90 s relative to barley tea or standard
green tea [18–20].

Matcha is expected to have a stress-reducing effect due to its high theanine content, although
this has not been scientifically proven. Previous studies described above suggested that differences
in the quantities and ratios of green tea components affect the efficiency of its stress-reducing action.
Therefore, the stress-reducing effect of matcha, which contains catechins, caffeine, and amino acids
whose contents were measured, was evaluated in an animal (mouse) experiment. Mice were stressed
using territorial conflict between male mice [14]. The stress-reducing effect of matcha was evaluated
as the suppression of adrenal hypertrophy in stressed mice because adrenal glands are sensitive
to stress [14]. The relationship between suppressed adrenal hypertrophy and quantities or ratios of
matcha tea components was examined. Based on these data, test-matcha with contents expected to have
a stress-reducing effect, as well as placebo-matcha with contents expected to have no stress-reducing
effect, were selected for a clinical trial. Participants, who were selected for a double-blind randomized
controlled trial, consumed matcha (3 g) suspended in 500 mL water daily. They were fifth year college
students of the University of Shizuoka, School of Pharmaceutical Sciences, Japan, who were assigned
to a pharmacy practice outside the university, such as a hospital or a pharmacy. Commitment to a new
environment provides a stressful condition for young students. Since anxiety is a reaction to stress,
to assess the anxiety of participants, the state-trait anxiety inventory (STAI) test was administered
before and on the eighth day of pharmacy practice. In addition, to assess the physiological stress
response, the activity of salivary α-amylase activity (sAA), an oral cavity enzyme, was measured
as a stress marker of sympathetic excitement [15]. This enzyme rapidly increases in response to
physiological and psychosocial stress [21]. We examined whether test-matcha was able to reduce
participants’ stress. Finally, based on the quantity and ratio of components of each matcha, 76 matcha
samples sold in Japan and 67 samples sold abroad were evaluated to determine whether mental
function such as anxiety and stress could be expected when humans consume these forms of matcha.

2. Materials and Methods

2.1. Measurement of Tea Components by High-Performance Liquid Chromatography

The components in matcha were measured by high performance liquid chromatography (HPLC)
as described previously [17]. We focused on the contents of theanine, arginine, caffeine, and EGCG.
In brief, according to the method of Horie et al. [5], catechins and caffeine were measured by HPLC at
280 nm (SCL-10Avp, Shimadzu, Kyoto, Japan; Develosil packed column ODS-HG-5, 150 × 4.6 mm,
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Nomura Chemical Co. Ltd., Seto, Japan). Free amino acids (Arg, alanine, aspartic acid (Asp),
asparagine (Asn), glutamic acid (Glu), glutamine (Gln), γ-amino butyric acid (GABA), serine (Ser),
and theanine) were measured by HPLC as described above using glycylglycine as the internal
standard [22]. These amino acids were detected at an excitation wavelength of 340 nm and at
an emission wavelength of 450 nm (RF-535 UV detector, Shimadzu, Kyoto, Japan). Based on these data,
seven matcha samples were selected for the animal experiment.

2.2. Animal Studies

2.2.1. Animals and Stress Experiment

Male ddY mice (Slc: ddY, four weeks old) were purchased from Japan SLC Co. Ltd.
(Shizuoka, Japan) and kept under conventional conditions in a temperature- and humidity-controlled
environment with a 12/12 h light/dark cycle (light period, 8:00 a.m.–8:00 p.m.; temperature, 23 ± 1 ◦C;
relative humidity, 55 ± 5%). Four-week-old mice were reared in a group of six in a cage for five
days to allow them to adapt to co-habitation. Mice were fed a normal diet (CE-2; Clea Co. Ltd.,
Tokyo, Japan) and water ad libitum. All experimental protocols were approved by the University
of Shizuoka Laboratory Animal Care Advisory Committee (approval no. 166197) and were in
accordance with the guidelines of the U.S. National Institute of Health for the Care and Use of
Laboratory Animals. To apply psychosocial stress to mice, confrontational rearing was performed
in a standard polycarbonate cage that was divided into two identical subunits by a stainless-steel
partition as previously described [14]. In brief, two mice were reared in a partitioned cage for
one week (single rearing) to establish territorial consciousness. Then, the partition was removed
to expose the mice to confrontational stress for 24 h (confrontational rearing). Adrenal glands,
a critical stress-responsible organ, became significantly enlarged after confrontational rearing and
peak size was reached at 24 h. The phenomenon continues for at least one week [14]. In mice
under confrontational rearing, adrenal-hypertrophy, change in diurnal rhythm of corticosterone,
and depression-like behavior have been observed. In addition, adrenal hypertrophy was suppressed
by the intake of the antidepressant and anxiolytic drug, diazepam [14]. Since the suppression of adrenal
hypertrophy is thought to be related to antidepressant and anxiolytic effects, the stress-reducing and
anxiolytic effects of matcha in mice was evaluated by weighing the adrenal glands. Each cage was
placed in a styrofoam box (width 30 cm, length 40 cm, height 15 cm) to avoid visual social contact
between cages.

2.2.2. Ingestion of Matcha or Tea Components by Mice

The effect of matcha was examined in 15 groups of mice (4–8 mice/group, n = 86). Mice consumed
matcha or tea components in a powder diet of CE-2 ad libitum for seven days (single rearing for
six days and confrontational rearing for one day) (Scheme 1). The experimental dose was set based
on the consumption in humans. Since about 2–3 g of matcha is used per cup in the tea ceremony
in Japan, the intake (2–3 g/60 kg body weight) in humans corresponds to 33–50 mg/kg in mice.
Based on this and considering the difference between humans and mice, the effect of matcha was
examined at 0, 10, 17, 33, 50, and 100 mg/kg (body weight) doses in mice. Ingested food weight was
measured using a special bait box for measurement of exact ingestion volume (Roden CAFE®, Oriental
Yeast Co., Ltd., Tokyo, Japan). Mouse body weight was measured on the last day of the experiment.
Seven matcha samples were used for the experiment. The stress-reducing effect was compared among
matcha samples no. 1–5, at a dose of 33 mg/kg, and no. 6–7, at 50 mg/kg. Tea components used were
as follows: L-theanine (Suntheanine; Taiyo Kagaku Co. Ltd., Yokkaichi, Japan), EGCG (Sunphenon
EGCg, Taiyo Kagaku Co. Ltd., Yokkaichi, Japan), caffeine, and Arg (Wako Pure Chemical Co. Ltd.,
Osaka, Japan). The interaction of these tea components was examined on adrenal hypertrophy in
stressed mice. The stress-reducing effect of tea components was compared among four groups of mice
as follows: group 1 was control mice fed a powder diet; group 2 included mice fed a diet containing
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only theanine; group 3 included mice fed a diet containing theanine, caffeine, and EGCG; and group 4
included mice fed a diet containing theanine, caffeine, EGCG, and Arg. The concentration of theanine
was 0.32 mg/kg. The molar ratio of each component was that of matcha sample no. 6, i.e., the molar
ratio of theanine:caffeine:EGCG:Arg was 1:2:1:0.7. At the end of the 24 h of confrontational rearing,
mice were sacrificed and adrenal glands were weighed.

 

Scheme 1. Study design of the animal experiment.

2.3. Human Studies

2.3.1. Participants

Thirty-nine healthy students (23 ± 1.1 years old, 23 men and 16 women) who participated in
the experiment received verbal and written information about the study. They signed an informed
consent form before participating in the study. None of the participants indicated any acute or chronic
diseases, regular intake of medication, or habitual smoking. Participants were instructed to drink
mainly the test-matcha tea, and to not consume theanine- and caffeine-rich beverages, such as other
teas, including green tea, coffee, black tea, and soda, throughout the experiment. They were also
instructed not to consume caffeine-rich foods such as chocolate and candies. Participants were allowed
to drink water freely, but were not permitted to consume alcohol at night to eliminate psychological
effects due to alcohol intake. They were randomly divided into two groups: test-matcha (n = 19) and
placebo-matcha (n = 20).

The participants were assigned to a practice outside the university, either in a hospital or at
a pharmacy, for 11 weeks. Seven days of routine university life and the first eight days of the students’
practice program were analyzed. The study was conducted in accordance with the Declaration
of Helsinki and Ethical Guidelines for Medical and Health Research Involving Human Subjects
(Public Notice of the Ministry of Education, Culture, Sports, Science, and Technology and the Ministry
of Health, Labour and Welfare, 2008). This study was approved in Japan, and the study protocol,
which was approved by the Ethics Committee of the University of Shizuoka (no. 28-60), was registered
at the University Hospital Medical Information Network (UMIN) (registration no. UMIN26905).
The study period was from April to May 2017.

2.3.2. Procedure

This study was based on a group comparison design and participants were randomly assigned
to test- or placebo-matcha groups. The test- and placebo-matcha were packed 3 g each into
exactly same-shaped bags. The participants did not know whether they were consuming test- or
placebo-matcha. The intake of test- or placebo-matcha tea started from seven days prior to pharmacy
practice and continued for eight days into the practice period, for a total of 15 days (Table 1).
Since anxiety is a reaction to stress, to assess the anxiety of participants, the state-trait anxiety inventory
(STAI) test (Japanese STAI Form X-1, Sankyobo, Kyoto, Japan) was administered before pharmacy
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practice and on the eighth day of pharmacy practice. In this study, the state-anxiety of participants
was compared between test- and placebo-groups.

Table 1. Experimental procedure.

Practice University Pharmacy

Days 3 3–10 7 8
Matcha
intake (−) (−) + +

sAAm + (−) + +
STAI (−) (−) (−) + (−) +

sAAm: salivary α-amylase activity in the morning, STAI: state-trait anxiety inventory. That was administered before
pharmacy practice and on the eighth day of pharmacy practice.

A questionnaire that included feedback on their physical condition, subjective stress,
and achievement emotion was assigned for 15 days after each day’s practice. The physical condition
of participants was assigned an ordinal scale (5, very good; 4, good; 3, normal; 2, slightly bad;
1, bad). Subjective stress was evaluated using visual analogue scales (VAS: 0–10) from very relaxed to
highly stressed. Achievement emotion was assigned an ordinal scale (5, completely; 4, better; 3, a little
better; 2, a little worse; 1, much worse). Sleeping hours were also recorded. Each participant’s median
data for the last three days at the university and pharmacy practice were used for statistical analysis
considering the influence of consecutive ingestion of matcha.

2.3.3. Measurement of sAA

To assess the physiological stress response, sAA was measured using a colorimetric
system (Nipro Co., Osaka, Japan) [23]. In brief, salivary amylase hydrolyzes a substrate,
2-chloro-4-nitrophenyl-4-O-β-D-galactopyranosylmaltoside, in the presence of maltose,
a competitive inhibitor. The color of a reagent strip turns from white to yellow in this reaction,
and changes are quantified using a salivary amylase monitor. One unit of activity (U) per mass of
enzyme is defined as the production of 1 μmol of the reduction sugar, maltose, in 1 min (NC-IUBMB,
EC 3.2.1.1). Prior to sampling, participants washed their mouths with water. After saliva was
collected for 30 s using a sampling tip, participants measured their own sAA immediately. Saliva was
measured in the morning after waking up (sAAm). To establish a sAA baseline, participants recorded
measurements every morning for three days during routine daily life at the university before intake
of matcha. Next, the participants measured sAA every morning and every evening (sAAe) for seven
days during routine daily life at the university, and successively for eight days during pharmacy
practice (Table 1). Each participant’s median sAA of the last three days at the university and pharmacy
practice was used for statistical analysis considering the influence of consecutive ingestion of matcha.

2.4. Statistical Analyses

Data are expressed as the mean ± standard error of the mean (SEM). Statistical analyses were
performed using Student’s t-test and one-way analysis of variance (ANOVA) followed by Bonferroni’s
post-hoc test for multiple comparisons. All statistical analyses were performed in a statistical analysis
program, JMP ver.13 (SAS Institute Inc., Cary, NC, USA). Differences were considered to be significant
at p < 0.05.
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3. Results

3.1. Animal Study

3.1.1. Anti-Stress Effects of Matcha in a Mouse Model of Psychosocial Stress

The relationship between the amount of matcha intake and suppression of adrenal hypertrophy
was examined using matcha sample no. 1, whose theanine content represented the median of seven
samples. The difference in matcha concentration did not affect food intake or body weight. The weight
of adrenal glands increased to 5.0 ± 0.2 mg in mice after confrontational rearing from about 4.0 mg
before confrontation. The results show that adrenal hypertrophy was significantly suppressed in mice
that ingested more than 33 mg/kg of matcha (Figure 1a).

 
Figure 1. Suppression of adrenal hypertrophy by matcha intake in stressed mice. (a) Mice consumed
a matcha sample (no. 1) in a powder diet for seven days (single rearing for six days and confrontational
rearing for one day). Since each mouse (ca. 30 g) ingested about five grams of diet per day, the intake
of matcha was set to 0, 10, 17, 33, and 100 mg/kg; (b) Mice were fed a diet containing matcha from
no. 1 to no. 5 at a concentration of 33 mg/kg, and from no. 6 to no. 7 at a concentration of 50 mg/kg.
Each bar shows the mean ± SEM (n = 4–8; * p < 0.05).

The stress-reducing effect was then compared among the seven samples of matcha.
Adrenal hypertrophy was significantly suppressed in mice that consumed matcha sample nos. 1, 2,
4, and 6. Suppression of stress was not observed in mice that consumed matcha samples nos. 3, 5,
or 7 (Figure 1b). The former samples had less total amino acid content than the latter batch of matcha
samples (Table 2).

3.1.2. Relationship between Tea Components in Each Matcha Sample and Suppression of
Adrenal Hypertrophy

We confirmed that theanine and Arg have a significant stress-reducing effect [17]. These are
the most and the second most abundant amino acids in Japanese matcha. However, the third and
fourth most abundant amino acids, glutamate and glutamine, had no effect. Therefore, the actual
amount of theanine and arginine ingested by mice from matcha was calculated (Table 3). To suppress
adrenal hypertrophy in mice, theanine is needed at 0.32 mg/kg or more [17]. This explains the lack
of a stress-reducing effect in mice that ingested sample nos. 3, 5, and 7 (Table 3). The relationship
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between theanine intake and adrenal hypertrophy showed a dose-dependent suppression of the
latter (Figure 2a, R2 = 0.783). A similar correlation was observed for Arg (R2 = 0.783). There was no
relationship between caffeine intake and adrenal hypertrophy (Figure 2b, R2 = 0.281).

Although the effect of theanine at 0.48 mg/kg (sample no. 1, 17 mg/kg) was slightly low,
the coexistence of caffeine and EGCG may have counteracted the effect of theanine. All matcha
samples contained both, equal, or higher molar amounts of caffeine and EGCG.

To examine the relationship among theanine, Arg, caffeine, and EGCG, mice ingested feed that
contained each component as a molar ratio of sample no. 6 (Table 4). When the concentration of
theanine was 0.32 mg/kg, adrenal hypertrophy was significantly suppressed by the ingestion of
theanine (Figure 3). However, the action of theanine was antagonized by the coexistence of two-fold
higher molar concentration of caffeine and an equal molar ratio of EGCG (Figure 3). In contrast,
the coexistence of a 0.7 molar ratio of Arg to theanine recovered the counteraction of caffeine or EGCG
(Figure 3), suggesting that Arg plays an essential role in the suppression of adrenal hypertrophy.
The molar ratio of caffeine and EGCG to theanine and Arg was ≤1.8 in the effective samples, but was
≥3.6 in the non-effective samples (Table 4). These results indicate that the molar ratio of Arg, caffeine,
and EGCG additionally affects theanine.

Figure 2. Correlations between adrenal hypertrophy and ingestion of matcha components in
stressed mice. The amounts of (a) theanine and (b) caffeine were calculated from the matcha-containing
feed that each mouse consumed, as shown in Table 3. Each point and bar shows the mean ± SEM (n =
4–8).

Table 2. Ingredient composition in each matcha sample.

Sample Amino Acids (mg/g)

No Theanine Arg Glu Asp Asn Ser Gln GABA Total

1 28.99 ± 0.10 12.50 ± 0.04 7.52 ± 0.02 6.95 ± 0.02 2.90 ± 0.01 1.25 ± 0.00 1.08 ± 0.01 0.25 ± 0.00 61.45 ± 0.19
2 38.77 ± 0.16 18.19 ± 0.02 7.58 ± 0.05 8.47 ± 0.05 3.36 ± 0.01 1.84 ± 0.01 1.34 ± 0.01 0.22 ± 0.00 79.77 ± 0.43
3 2.48 ± 0.03 0.36 ± 0.00 0.48 ± 0.00 0.65 ± 0.01 0.09 ± 0.00 0.13 ± 0.00 0.11 ± 0.00 0.05 ± 0.00 4.35 ± 0.04
4 44.65 ± 1.73 20.39 ± 1.06 5.86 ± 0.16 7.95 ± 0.19 4.01 ± 0.12 1.74 ± 0.05 3.20 ± 0.11 0.23 ± 0.01 88.02 ± 3.41
5 7.87 ± 0.17 1.41 ± 0.06 2.64 ± 0.03 2.80 ± 0.02 0.59 ± 0.02 0.57 ± 0.03 0.51 ± 0.01 0.14 ± 0.00 16.52 ± 0.26
6 17.41 ± 0.18 12.33 ± 0.32 5.37 ± 0.04 7.60 ± 0.14 3.18 ± 0.03 1.34 ± 0.01 0.85 ± 0.01 0.13 ± 0.00 48.21 ± 0.70
7 3.91 ± 0.09 1.43 ± 0.11 2.82 ± 0.05 2.94 ± 0.06 0.82 ± 0.02 0.58 ± 0.01 0.38 ± 0.01 0.26 ± 0.01 13.15 ± 0.37

Sample Caffeine Catechin (mg/g)

No (mg/g) EGCG ECG EGC EC

1 39.95 ± 0.19 59.34 ± 0.41 12.44 ± 0.07 14.86 ± 0.06 4.26 ± 0.01
2 44.43 ± 0.47 57.20 ± 0.84 13.81 ± 0.21 9.68 ± 0.04 3.44 ± 0.02
3 5.95 ± 0.02 13.15 ± 0.08 2.20 ± 0.01 4.09 ± 0.02 0.87 ± 0.00
4 37.19 ± 0.36 48.44 ± 0.53 9.96 ± 0.15 8.40 ± 0.06 2.50 ± 0.04
5 40.35 ± 0.70 86.76 ± 1.47 06.09 ± 0.34 28.76 ± 0.38 6.48 ± 0.13
6 38.95 ± 0.55 49.15 ± 0.69 25.41 ± 0.69 9.91 ± 0.09 3.29 ± 0.03
7 37.06 ± 0.23 64.61 ± 4.30 30.54 ± 1.51 31.21 ± 0.40 6.75 ± 0.11

Data represents mean ± SEM (n = 2–3). ECG, epicatechin gallate; EGC, epigallocatechin; EC, epicatechin.
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Table 3. Adrenal weight in mice that ingested each matcha sample, and the actual amount of each
component that was ingested by mice.

Matcha Concentration Adrenal
Matcha
Intake

Theanine Arginine Caffeine EGCG

No. (mg/kg) (mg/Mouse) (mg/kg) (mg/kg) (mg/kg) (mg/kg) (mg/kg)

1 10 4.97 ± 0.23 8.7 ± 2.2 0.25 ± 0.03 0.11 ± 0.01 0.35 ± 0.04 0.51 ± 0.05
1 17 4.53 ± 0.19 16.7 ± 0.4 0.48 ± 0.01 0.21 ± 0.01 0.67 ± 0.01 0.99 ± 0.02
1 33 4.15 ± 0.09 30.2 ± 1.5 0.88 ± 0.04 0.38 ± 0.02 1.21 ± 0.06 1.79 ± 0.09
1 100 3.85 ± 0.25 105.9 ± 5.0 3.07 ± 0.14 1.32 ± 0.06 4.23 ± 0.20 6.28 ± 0.30
2 33 4.50 ± 0.09 35.5 ± 0.2 1.38 ± 0.01 0.65 ± 0.00 1.58 ± 0.01 2.03 ± 0.01
3 33 5.20 ± 0.10 35.6 ± 1.1 0.09 ± 0.00 0.01 ± 0.00 0.21 ± 0.01 0.47 ± 0.01
4 33 4.40 ± 0.09 35.8 ± 0.3 1.60 ± 0.01 0.73 ± 0.01 1.33 ± 0.01 1.73 ± 0.01
5 33 5.25 ± 0.17 34.8 ± 0.6 0.27 ± 0.01 0.05 ± 0.00 1.40 ± 0.02 3.02 ± 0.05
6 50 4.21 ± 0.19 44.3 ± 1.9 0.77 ± 0.03 0.55 ± 0.02 1.73 ± 0.07 1.79 ± 0.09
7 50 5.48 ± 0.29 45.7 ± 1.7 0.18 ± 0.01 0.07 ± 0.00 1.69 ± 0.06 2.95 ± 0.11

Data represents mean ± SEM (n = 4–8).

Table 4. Molar ratios in matcha samples.

Matcha
No.

Caffeine/
Theanine

EGCG/
Theanine

Arg/
Theanine

(Caffeine + EGCG)
/(Theanine + Arg)

1 1.23 0.78 0.43 1.41
2 1.03 0.56 0.47 1.08
3 2.17 2.01 0.15 3.63
4 0.75 0.41 0.46 0.79
5 4.60 4.19 0.18 7.45
6 2.01 1.07 0.71 1.80
7 8.50 6.28 0.37 10.79

Figure 3. Interaction of tea components on adrenal hypertrophy in stressed mice. Mice consumed
powder diet containing theanine, caffeine, EGCG, and Arg for seven days (single rearing for six days
and confrontational rearing for one day). Control mice were fed a powder diet, CE-2. The concentration
of theanine was 0.32 mg/kg. Mice ingested feed that contained each component as molar ratios of
matcha sample no. 6, i.e., the molar ratio of theanine:caffeine:EGCG:Arg was 1:2:1:0.7. Each bar shows
the mean ± SEM (n = 4; * p < 0.05).
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3.2. Human Study

3.2.1. Effect of Matcha Ingestion on Stress in Students Assigned Pharmacy Practice Outside
the University

Participants consumed three grams of matcha daily that were suspended in 500 mL of
room-temperature water. Test-matcha was sample No. 6 and placebo-matcha was sample no. 7.
These matcha samples were selected based on the mice data shown in Tables 2 and 4. Before pharmacy
practice, the STAI value of those participants that consumed test-matcha was significantly lower than
that of placebo-matcha (p = 0.03, Figure 4a). On the eighth day of pharmacy practice, the raw values
and the difference between the means of these two groups was low (p = 0.13).

p 

p p 

p 

Figure 4. Effect of matcha ingestion on students during university and pharmacy practice. (a) The STAI
test was administered before and on the eighth day of pharmacy practice. (b, left bars) The level of
sAAm was measured in participants every morning for three days during routine daily life at the
university before intake of matcha as the baseline. (b, middle and right bars) After the ingestion of
matcha started, median sAAm of each participant for the last three days at the university and pharmacy
practice was used for statistical analysis. The median of (c) sAAe and (d) subjective stress of each
participant of the last three days at the university and pharmacy practice are shown. Each bar shows
the mean ± SEM (test matcha, n = 19; placebo matcha, n = 20).

These data indicate that the intake of test-matcha was effective for the specific suppression
of anxiety before practice outside the university. Although the basal level of sAAm before the
intake of matcha was not different between the participants of the test- and placebo-matcha groups,
the level at university was significantly lowered by the intake of test-matcha (p = 0.03, Figure 4b).
Similarly, in pharmacy practice, the level of sAAm tended to be lower in the test-matcha group
(p = 0.08, Figure 4b). In both groups, the sAA levels increased in the evening after practice (Figure 4c).
The subjective stress that was recorded after practice tended to be slightly lower in the test group
than in the placebo group, but it was not significantly different between both groups (Figure 4d).
Nerve excitation was commonly down-regulated by the next morning [24]. Test-matcha may regulate
recovery rather than suppress excitation. Differences in sex were not observed in STAI and sAA
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values. Other parameters such as physical condition, sleeping time, and achievement emotion were
not significantly different between the two groups during pharmacy practice (Table 5).

Table 5. Effect of consumption of test- and placebo-matcha by students at university and pharmacy
practice on psychosocial responses, as assess from a questionnaire.

Questionnaire Item
University Pharmacy

Matcha p Matcha p

Test Placebo value Test Placebo value

Physical condition (1−5) 3.55 ± 0.16 3.32 ± 0.13 0.30 3.44 ± 0.12 3.36 ± 0.12 0.62
Sleep time (h) 6.33 ± 0.15 6.20 ± 0.18 0.71 6.15 ± 0.17 6.40 ± 0.19 0.40

Achievement emotion (1−5) (−) (−) 3.49 ± 0.20 3.49 ± 0.16 0.82

3.2.2. Composition of Matcha Marketed in Japan and Overseas

The components of matcha marketed in Japan (76 samples) and overseas (67 samples) were
measured (supplemental data; Tables S1 and S2). When a human takes three grams of matcha in a day,
a clinical experiment showed that matcha samples that contain levels of theanine exceeding 17 mg/g
might have a stress-reducing effect. As a result, 50 out of 76 samples in Japan met this condition.
In contrast, of the 67 samples sold overseas, six samples met this condition (Figure 5a,b). In addition
to this, the molar ratio of caffeine and EGCG to theanine and Arg might need to be lower than two.
The result indicated that 32 out of 76 samples in Japan met this condition (Figure 5a). Only one sample
sold overseas met the condition (Figure 5b).

Figure 5. Cont.
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Figure 5. The amount of theanine and the molar ratio of caffeine and EGCG to theanine and Arg in
(a) 76 samples of matcha marketed in Japan and (b) 67 samples of matcha marketed overseas. Based on
data in humans, samples in the section, theanine > 17 mg/g, and molar ratio of caffeine and EGCG to
theanine and Arg < 2 are expected to show a stress-reducing effect.

4. Discussion

Based on the quantities and ratios of matcha components, the stress-reducing effect of matcha
was evaluated by mice experiments using seven kinds of matcha. These matcha samples were selected
based on differences in theanine content. Since the amount of theanine in the tea leaves depends on
the amount of nitrogen supply in the soil, one matcha with low theanine content was sourced from
organic cultivation. The matcha sample containing high amounts of EGCG might be prepared from
leaves that were not fully protected from the sunlight before harvest. Additionally, a sample with low
amounts of all components was a matcha product containing additives.

Since theanine and Arg reduce stress and caffeine and EGCG antagonizes the action of
theanine [16,17], we examined how these levels affect adrenal hypertrophy in stressed mice. In mice,
adrenal hypertrophy was suppressed when the amount of theanine ingested was 0.32 mg/kg or more.
Since the effect of theanine is cancelled by caffeine and EGCG, a molar ratio of caffeine and EGCG to
theanine and Arg must be less than 3.6. Although EGC has a stress-reducing effect, EGC needed to be
more than 10 times higher than EGCG [17]. As EGC was not higher than EGCG in matcha, the effect
of EGC was not considered. Matcha essentially contains a high amount of caffeine, but if theanine is
sufficiently high, the anti-theanine action of caffeine is counteracted. Catechin in matcha is less than in
general green teas, but its increase is accompanied by a decrease in theanine. Therefore, an increase in
catechin in matcha potentially increases the reduction of the stress-reducing effect of matcha.

Using test-matcha, which meets these conditions, we conducted a study in humans. Whereas the
distribution of sAAm, a marker of physiological stress, was similar in the test and placebo groups before
matcha was consumed, anxiety (STAI) and physiological stress (sAAm) decreased when test-matcha
was consumed. The significant decrease in sAAm at university due to the intake of test-matcha may
have contributed to the decrease in anxiety before pharmacy practice. Although caffeine consumption
is reportedly linked to anxiety sensitivity [25,26], the caffeine content in test- and placebo-matcha
were not different (Table 2). Additionally, the amount of caffeine ingested by participants was about
40 mg/day, which is about one-quarter cup of coffee, so drinking it every day would not cause
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a problem. Rather, in the case of matcha, the counteracting effects of caffeine and EGCG against
theanine and Arg are considered to be important.

Whereas EGCG has been reported to have anxiolytic effects [27], the antagonistic effect of EGCG
on theanine may be due to an increased excitatory synaptic connection by EGCG [28]. Glutamate is
the main excitatory neurotransmitter and EGCG reportedly facilitates the release of glutamate [29].
Although central glutamatergic activity is crucial to cognitive function, excessive release of glutamate
causes excessive excitation. The level of GABA, the main inhibitory neurotransmitter in the brain, is
increased by theanine ingestion [30,31]. These data suggest that different ratios of EGCG/theanine
cause a different balance of excitatory and inhibitory neurotransmitters such as glutamate and GABA.

Since the active component of matcha could be applied to evaluate the stress-reducing effect of
matcha in humans, we then tried to assess the stress-reducing effect of matcha marketed in Japan
and overseas. When people ingested three grams of these matcha per day, we examined whether
stress-reducing effects would be expected. The results showed that, about 42% of matcha sold in
Japan was expected to suppress stress versus only one of the matcha marketed overseas, because the
amounts of theanine and Arg were low, and the amounts of caffeine and EGCG were high. Matcha is
essentially rich in theanine and low in catechin, but not all marketed matcha satisfied this condition.
This indicates that greater attention is needed to evaluate the mental function of matcha. Although the
number of people drinking green tea as a health beverage is increasing in many countries, low-grade
green teas with low amino acid contents are also sold as “matcha” [32]. Many matcha marketed
overseas had low amino acids contents (Figure 5, Table S2). The counteracting effect of caffeine and
EGCG on theanine is hardly considered. This may cause confusing results. For example, the effect of
matcha tea on mood and cognitive performance has been examined [33]. The mood state measured
by a Profile of Mood State (POMS) was not significantly changed by the ingestion of four grams
of matcha tea. The matcha tea that those authors used contained 67 mg theanine, 280 mg EGCG,
and 136 mg caffeine. Theanine content was slightly less than 17 mg/g. Although the content of
Arg was not reported, the molar ratio of caffeine and EGCG against theanine was higher than two.
This suggests that the result of POMS might have been different if those authors had used another
matcha sample with a lower content of caffeine and EGCG. EGCG has been reported to have various
beneficial functions [34]. However, when expecting mentally positive functions of matcha in anxiety,
stress, and mood, the quantities of theanine and Arg must be high, and the ratios of caffeine and EGCG
against theanine must be low.

5. Conclusions

We evaluated the effects of quantity and ratio of matcha components on its stress-reducing
properties using an animal model of psychosocial stress. The stress-reducing effect in humans
was confirmed using two kinds of matcha selected based on the animal study. In addition,
we assessed the stress-reducing effect of matcha marketed in Japan and overseas. As a result, 42%
of matcha samples marketed in Japan, and only one sample marketed abroad, were expected to
have a stress-reducing effect. When using matcha samples to study mental function, a quality check
is critical.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/1468/s1,
Table S1: Components of matcha marketed in Japan (mg/g), Table S2: Components of matcha marketed abroad (mg/g).
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Abstract: Background: Tea consumption may have favorable effects on risk of fracture. However, little
is known about such association in Chinese adults. The aim of this study was to examine
the association between tea consumption and risk of hospitalized fracture in Chinese adults.
Methods: The present study included 453,625 participants from the China Kadoorie Biobank (CKB).
Tea consumption was self-reported at baseline. Hospitalized fractures were ascertained through
linkage with local health insurance claim databases. The results: During a median of 10.1 years of
follow-up, we documented 12,130 cases of first-time any fracture hospitalizations, including 1376
cases of hip fracture. Compared with never tea consumers, daily tea consumption was associated
with lower risk of any fracture (hazard ratio (HR): 0.88; 95% confidence interval (CI): 0.83, 0.93).
Statistically significant reduced risk of hip fracture was shown among daily consumers who most
commonly drank green tea (HR: 0.80; 95% CI: 0.65, 0.97) and those who had drunk tea for more than
30 years (HR: 0.68; 95% CI: 0.52, 0.87). Our conclusions: Habitual tea consumption was associated
with moderately decreased risk of any fracture hospitalizations. Participants with decades of tea
consumption and those who preferred green tea were also associated with lower risk of hip fracture.

Keywords: tea consumption; fracture; cohort study

1. Introduction

Bone fractures usually result from the combination of impaired bone strength and trauma from
falling [1,2]. Bone fractures may lead to reduced activities, functional impairment, disability, and even

Nutrients 2018, 10, 1633; doi:10.3390/nu10111633 www.mdpi.com/journal/nutrients70
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increased mortality of patients [3,4]. Furthermore, bone fractures are associated with enormous
economic expenditure. Hip fractures account for the majority of this burden mainly because of their
severity, and requirements of medical care and hospital facilities [4,5].

Tea is among the most widely consumed beverages in the world and rich in both caffeine and
polyphenols. Experimental studies demonstrated that caffeine, in a high amount, may promote
differentiation of osteoclast [6,7] and increase urinary calcium [8], leading to diminished bone
mineral density. Polyphenols, however, were shown to have favorable effects on bone biology [9–11].
Previous epidemiological studies have yielded inconsistent associations between tea consumption
and risk of fracture. Tea consumption was associated with a decreased risk of fracture in some
case-control studies [12–14], but not in others [15–17]. Most of the prospective cohort studies observed
null associations between tea consumption and risk of fracture [18–22], while one study reported a
positive association [23] and another reported a negative one [24]. These prospective studies were
primarily conducted in Western postmenopausal women, had small sample sizes with few fracture
cases, and had a relatively low consumption of tea. Even the existing meta-analyses assessing the
association between tea consumption and fracture were inconsistent. Chen et al. [25], Yan et al. [26],
and Guo et al. [27] reported no association between tea consumption and fracture, whereas Sheng et
al. [28] reported that individuals drinking 1–4 cups of tea per day was associated with a lower risk of
hip fracture. Also, the associations with various measures of tea consumption, like the amount of tea
leaves added, types of tea, and duration of tea consumption, have yet to be examined. For Chinese
populations, in which tea is most widely consumed, only one case-control study [14] and one cohort
study [22] were performed and the results were mixed.

Thus, we aimed to prospectively examine the association between tea consumption and risk
of hospitalized fracture in approximately 0.5 million Chinese adults from the China Kadoorie
Biobank (CKB).

2. Materials and Methods

2.1. Study Population

Details of the CKB study design and characteristics of the study participants have been
described elsewhere [29,30]. Briefly, the baseline survey took place between 2004–2008 in
10 geographically diverse areas of China (five urban and five rural areas). In each area, all nondisabled,
permanent residents aged 35–74 years were invited to participate. Overall, a total of 512,891 individuals
were recruited, including a few just outside the age range of 35–74 years. Each participant completed
an interview-administered questionnaire and physical measurements.

After correction for errors in age and exclusion of participants with age outside of the 30–79 years,
512,715 participants were eligible for inclusion in the study. In the present analysis, participants with
a history of any fracture before baseline (n = 35,444) were excluded. We also excluded participants
with other diseases known to affect fracture risk, including a self-reported doctor diagnosis of cancer
(n = 2578), heart disease (n = 15,472), or stroke (n = 8884) at baseline [31]. We also excluded participants
who were lost to follow-up shortly after baseline (n = 1), and whose information on body mass index
(BMI) was missing (n = 2). The final analysis included 453,625 participants, including 181,566 men and
272,059 women.

Ethical approval was obtained from the Ethical Review Committee of the Chinese Centre for
Disease Control and Prevention, Beijing, China, and the Oxford Tropical Research Ethics Committee,
University of Oxford, UK. All study participants provided written informed consent.

2.2. Assessment of Tea Consumption

At baseline survey, we asked participants “during the past 12 months, how often did you drink
any tea (never, only occasionally, only at certain seasons, every month but less than weekly, or at least
once a week)?” Participants who drank tea at least once a week were further asked to report: (1) days
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drinking in a typical week (1–2 days, 3–5 days, or almost every day), (2) cups (in 300 mL-sized) of
tea consumed on days of drinking, (3) times of changing tea leaves on days of drinking, (4) amount
of tea leaves (in grams) added each time, (5) types of tea most commonly consumed (green tea,
oolong tea, black tea, or others), and (6) age they started drinking tea weekly. A pictorial guide was
provided to demonstrate the standard sized cup and the amount of tea leaves. The total tea leaves
consumed (in grams) on days of drinking was calculated as the product of the amount of tea leaves
added each time and the times of changing tea leaves. Duration of tea consumption was calculated
as the difference between age at baseline and age of starting drinking tea weekly. According to tea
consumption frequency, participants were categorized into three groups (never, less than daily, or daily
consumers). Daily consumers were further categorized into four groups according to rounded quartiles
of the amount of tea consumed in grams (0.1–2.0, 2.1–3.0, 3.1–5.0, or >5.0 g per day) or in cups (1–2, 3–4,
5–6, or ≥7 cups per day).

2.3. Assessment of Outcomes

Hospitalized fracture outcomes were ascertained periodically through linkage with local health
insurance (HI) claim databases. The reimbursement data of the local HI data are comprehensive and
capture information on all diagnoses and treatments prescribed to patients who sought health care in a
hospital. Such linkage has been achieved for about 98% of our participants, which was similar across
ten survey sites. Linkage to local HI databases was renewed annually. Participants who failed to be
linked to local HI databases were actively followed annually by staff to ascertain their status including
hospital admission, death, and moving out of the study area. Fractures that did not require hospital
admission as an in-patient were not ascertained in the present study. The date of fracture incidence was
based on the admission date from the hospital inpatient discharge summaries. Trained staff who were
blind to participants’ baseline information coded the cause of incident cases with the 10th revision
of the International Classification of Diseases (ICD-10). The present study focused on the first-time
hospitalizations of interest during the follow-up. Hip fracture cases were defined with ICD-10 codes of
S72.0, S72.1, and S72.2. Any fracture cases were defined with the codes of S12, S22, S32, S42, S52, S62,
S72, S82, and S92. Fractures of other parts of neck (S12.8), flail chest (S22.5), scapula (S42.1), fingers
(S62.5–62.7), and toes (S92.4, S92.5) as any fracture events were excluded since these fractures were less
likely associated with osteoporosis [32].

2.4. Assessment of Covariates

Information on socio-demographic characteristics (age, sex, education, occupation, marital
status, and household income), lifestyle (smoking, alcohol drinking, physical activity, and diet),
self-reported medical history, and reproductive history (in women) was obtained from the baseline
questionnaire. Daily level of physical activity was calculated by multiplying the metabolic equivalent
tasks (METs) value for a particular type of physical activity by hours spent on that activity per day
and summing the MET-hours for all activities. Habitual dietary intake in the past year was assessed
by a qualitative food frequency questionnaire (FFQ). We conducted a reliability and validity study
of the FFQ during 2015–2016. The study included 432 CKB participants who completed two FFQ
(median interval: 3.3 months) and twelve 24-h dietary recalls (24-HDR). The reliability of the FFQ
was assessed by comparing the frequency of food consumption from the two FFQ. Except for fresh
vegetables, values of weighted kappa ranged from 0·62 to 0·90 for all food categories. As for fresh
vegetables, exact agreement rate was 89.8%, and misclassification to opposite quartiles was less than
1.0%. The validity of the FFQ was evaluated by comparing the frequency of food consumption
from the first FFQ and the multiple 24-HDR. Except for fresh vegetables, values of weighted kappa
ranged from 0.60 to 0.90 for all food categories. As for fresh vegetables, the exact agreement rate
was 89.3%, and misclassification to opposite quartiles was less than 0.3%. Height, weight, waist and
hip circumferences, and blood pressure were obtained from physical measurements using standard
protocol and validated instruments.
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2.5. Statistical Analyses

Each participant’s follow-up time was accrued from baseline survey until the admission date
of the first-time fracture hospitalization, death, loss to follow up, or 31 December 2016, whichever
occurred first. Stratified Cox proportional hazards models, with age as the underlying time scale,
were conducted to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) between tea
consumption and risk of fracture. Multivariable-adjusted models were stratified jointly by 10 study
areas and age at baseline in 5-year intervals, and they were adjusted for sex, education, marital
status, alcohol consumption, smoking status, physical activity, frequencies of red meat, fruit, vegetable,
and dairy product consumption, menopause status (only for women), BMI, waist-to-hip ratio, prevalent
hypertension, and diabetes. Tests for linear trend were only conducted in daily tea consumers by
assigning the median value of tea consumption (in grams or cups per day) to each of the categories as
a continuous variable in regression models. Also, we examined associations between tea consumption
and risk of fracture according to types of tea and duration of tea consumption. Subgroup analyses
were conducted to test for interaction of tea consumption with 11 baseline factors (for example, age,
region, etc.) by using likelihood ratio tests comparing models with and without a cross-product term.

We used Stata, version 15.0 (StataCorp, College Station, TX, USA), for statistical analyses. All p
values were two-sided. Statistical significance was defined as p < 0.05, except that a Bonferroni corrected
p value (0.05/11) was used in the interaction analyses since multiple testing issues might occur.

3. Results

Of 453,625 participants, the mean age was 51.4 ± 10.6 years. Overall, 26.2% of participants drank
tea daily, in which 41.3% of men and 16.1% of women were daily tea consumers. Table 1 summarizes
baseline characteristics of the study participants according to tea consumption. Compared with never
tea consumers during the past 12 months, participants who drank tea daily were more likely to be
well educated, current smokers, and daily alcohol drinkers. Daily consumers who consumed more tea
leaves per day tended to start drinking tea earlier and drink more cups of tea. The majority of CKB
participants most commonly consumed green tea.

During a median of 10.1 years of follow-up and 4.5 million person years at risk in total,
12,130 participants experienced their first fracture hospitalization of any type, including 1376 cases of
hip fracture. After adjustment for potential confounders, compared with participants who never drank
tea during the past 12 months, daily tea consumption was associated with lower risk of any fracture
(Table 2). Multivariable-adjusted HR (95% CI) was 0.88 (0.83, 0.93) for daily consumers. We did not
observe a statistically significant linear trend in the risk of any fracture with the grams of tea leaves
consumed in daily tea consumers (p for trend = 0.863). The corresponding HR (95% CI) for hip fracture
was 0.84 (0.71, 1.00). Also, there was no linear trend for risk of hip fracture in daily consumers (p for
trend = 0.148). Both associations were consistent between men and women (p for sex interaction: 0.960
for any fracture, 0.079 for hip fracture) (Table S1). The results were similar when daily consumers were
further categorized by the cups of tea consumed (Table S2).

To test the robustness of our risk estimates, we performed sensitivity analyses by additionally
adjusting for occupation, household income, consumption of calcium, iron, or zinc supplements in
the whole cohort; or additionally adjusting for use of oral contraceptive in women; or excluding
participants who were former tea consumers from the reference group (n = 3809); or excluding
participants whose outcomes occurred during the first two years of follow-up (any fracture n = 1643,
hip fracture n = 80). Also, open fractures of the clavicle (S42.0), proximal humerus (S42.2), and proximal
or shaft tibia and fibula (S82.1, S82.2, and S82.4) were less likely related with osteoporosis [32].
Given that we could not distinguish open from closed fractures of these sites, we performed sensitivity
analyses by further excluding them both as any fracture events. The associations were not substantially
changed (data not shown).
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Table 1. Baseline characteristics of 453,625 study participants according to tea consumption.

Never Less than Daily
Daily (Grams/Day)

0.1–2.0 2.1–3.0 3.1–5.0 >5.0

No. of participants, n (%) 159,367 175,569 45,835 20,505 25,373 26,976
(35.1) (38.7) (10.1) (4.5) (5.6) (5.9)

Age, year 52.5 49.8 52.8 52.6 52.4 51.4
Rural area, % 58.2 54.8 66.2 75.5 50.5 49.1
Married, % 89.1 91.3 92.2 92.5 93.3 93.8

Middle school and higher,
% 40.6 51.6 54.9 57.4 59.3 59.8

Current smoker *, %
Men 56.4 63.6 72.8 75.2 76.8 81.4

Women 2.3 2.7 4.3 5.3 4.8 6.9
Daily alcohol drinking, %

Men 14.7 17.3 24.9 25.3 26.9 27.8
Women 0.6 0.9 2.3 2.9 2.6 3.9

Physical activity, MET
h/day 21.2 21.9 21.0 21.4 21.2 21.5

Average weekly
consumption †, day

Red meat 3.44 3.73 3.98 3.75 4.04 4.24
Fresh vegetables 6.82 6.82 6.88 6.81 6.90 6.87

Fresh fruits 2.43 2.62 2.74 2.55 2.67 2.52
Dairy products 0.84 1.01 1.08 1.04 1.08 1.10

Body mass index, kg/m2 23.4 23.7 23.6 23.6 23.7 23.8
Waist-to-hip ratio 0.870 0.881 0.888 0.890 0.894 0.900

Diabetes, % 5.4 5.3 5.4 5.2 5.4 5.4
Hypertension, % 32.6 33.0 34.8 35.3 36.3 36.2

Postmenopausal (in
women), % 50.4 49.7 49.4 49.1 48.9 48.8

Characteristics of daily
tea consumer

Age of starting tea
consumption, year - - 28.4 27.8 26.6 25.0

Duration of tea
consumption, year - - 23.9 24.5 25.8 27.4

Amount of tea
consumption, gram - - 1.7 3.1 4.1 9.5

Amount of tea
consumption, cup - - 3.3 4.2 4.6 6.6

Green tea consumer, % - - 86.0 85.7 86.1 85.8

Abbreviations: MET, metabolic equivalent of task. All variables were adjusted for age and survey areas, as
appropriate. * Former smoker who had stopped smoking for illness was categorized into the current smoker. †
Average weekly consumption of red meat, fresh vegetables, fresh fruits, and dairy products was calculated by
assigning participants to the midpoint of their consumption category.

Figure 1 presents associations of tea consumption and fracture according to types of tea and
duration of tea consumption in participants who drank tea daily. The risk estimates for any fracture
seemed to be similar across different types of tea or duration of tea consumption. As for hip fracture,
however, daily green tea consumers had a decreased risk (RR: 0.80; 95% CI: 0.65, 0.97). Strongest risk
reduction for hip fracture was observed among daily consumers who had drunk tea for more than 30
years (RR: 0.68; 95% CI: 0.52, 0.87). Risk estimates for participants who consumed tea less than daily
are shown in Table S3.
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Any fracture

31 years

11-30 years

10 years

Duration of tea consumption

Non-green tea

Green tea

Type of tea

1.00.8 1.50.5

0.88 (0.81, 0.97)

0.89 (0.82, 0.97)

0.84 (0.75, 0.94)

0.86 (0.78, 0.95)

0.88 (0.82, 0.95)

Hip fracture

HR (95%CI)
1.00.8 1.50.5

0.68 (0.52, 0.87)

0.79 (0.61, 1.03)

1.10 (0.82, 1.47)

0.82 (0.59, 1.15)

0.80 (0.65, 0.97)

Figure 1. Subgroup analyses of associations between tea consumption and risk of fracture according to
types of tea and duration of tea consumption in daily consumers. Hazard ratios are for comparison
of daily tea consumers with participants who never consumed tea during the past 12 months. Risk
estimates for participants who consumed tea less than daily are shown in Table S3. Solid squares
represent point estimates, and horizontal lines represent 95% confidence intervals.

Further analyses were conducted according to prespecified baseline subgroups. Although statistically
significant interaction with age was observed for incident any fracture (p values for interaction <0.001),
the HRs were similar across different age subgroups. (Table S4). Associations between tea consumption
and hip fracture were generally consistent across all subgroups (all p values for interaction >0.05/11).

4. Discussion

In this large prospective cohort study of Chinese adults, compared to participants who never
drank tea during the past 12 months, daily tea consumers were associated with a 12% decreased risk
of any fracture hospitalizations. Also, there was a suggestive association of a 16% lower risk of hip
fracture hospitalizations among those who drank tea daily; such risk reduction became obvious among
green tea consumers (18%) and prolonged tea consumers (32%). The associations were consistent in
both men and women.

Existing prospective studies have yielded inconclusive results on the relationship between tea
consumption and risk of fracture. Prospective studies conducted in Western women found no
associations of tea consumption with the risks of hip fracture [18–20,24], forearm/wrist fracture [18,20],
fracture other than hip and forearm/wrist [20], osteoporosis fracture [21], or any fracture [19].
However, these studies were primarily performed decades ago. Their confidence intervals of estimates
tended to be wide due to small sample size and a limited number of outcomes, leading to less powerful
results. The Singapore Chinese Health study with 16 years of follow-up and 2502 hip fracture cases
also did not find associations between daily consumption of any tea and hip fracture (RR: 0.95; 95% CI:
0.85, 1.06) [22]. A cohort study of 1188 Australia women aged >75 years and 10-year follow-up showed
that consumption of ≥3 cups of black tea per day was associated with a decreased risk of osteoporotic
fracture that required hospitalization (RR: 0.70; 95% CI: 0.50, 0.96) compared with reference group
of ≤1 cup per week [24]. Conversely, another study based on the Framingham cohort examined the
association of caffeine consumption from both coffee and tea with hip fracture risk, with 135 cases
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occurred during 12 years of follow-up [23]. Its findings showed that consumption of ≥2.5 units of
caffeine per day, an equivalent of 5 cups of tea, was associated with an increased risk of hip fracture.
However, the results should be interpreted cautiously since researchers did not consider tea and
coffee separately.

In the current analysis of 10-year follow-up data of Chinese adults, we observed that daily
tea consumption was associated with a reduction in risk of any fracture in both men and women.
Despite the apparently smaller number of hip fracture cases, a reduced risk of hip fracture was
also shown among participants with decades of tea consumption and those who were used to
drinking green tea. The findings that tea consumption was associated with lower fracture risk are
biologically reasonable based on previous experimental evidence. Tea polyphenols could enhance
osteoblastogenesis, suppress osteoclastogenesis, increase bone formation, and inhibit bone resorption
through antioxidant or anti-inflammatory pathways, which result in greater bone strength [9–11].
However, in the present study, the fracture risk associated with daily tea consumption did not follow
any linear trend with the amount of tea leaves added, which may correspond to the amount of
both polyphenols and caffeine in the tea. Adverse effects of increased caffeine on bone health may
counterbalance the beneficial effect of tea polyphenols [8]. But at least we did not observe that stronger
tea consumption, averaged about 9.5 g/day of tea leaves, increased the risk of fracture. Our findings
also do not preclude the possibility that tea consumption exerts positive effects on attention and
alertness throughout the day [33,34], reducing the risk of severe injury. Further studies are needed to
verify our findings.

To the best of our knowledge, this is by far the largest prospective cohort study among a wide
age range of Chinese adults investigating the association between habitual tea consumption and the
risk of fracture. The strengths of our study included prospective study design, large study population,
the inclusion of both men and women and a geographically spread Chinese population living in
urban and rural areas, and available information on a broad range of covariates. We measured tea
consumption in grams of tea leaves which may better reflect the intake of active ingredients and also
collected detailed information on types of tea and duration of tea consumption. With the electronic
linkage to local HI databases, we are able to obtain data on hospitalized fractures comprehensively,
which could be difficult to be captured with the linkage to local disease and death registries or by
face-to-face interviews.

Inevitably, there are some limitations in our study. First, there was measurement error in tea
consumption since it was self-reported. However, misclassification in this prospective study should
be non-differential and attenuate the associations to be null. Second, tea consumption was measured
only once at baseline. However, tea consumers in our cohort usually had drunk tea for decades.
Third, we could only ascertain fractures that required hospitalization. Underreporting of hospitalized
fractures might exist, and other fractures that were not serious enough to lead to hospitalization were
not captured in our study. Fourth, our analyses have adjusted for a range of potential confounders,
but residual confounding may remain. For instance, coffee consumption, which was not collected
at baseline survey, may be a confounder given that coffee may influence the risk of fracture [35].
However, the prevalence of coffee consumption is likely to be relatively low in our population.
A re-survey involving about 5% of randomly chosen surviving participants was conducted during
2008, in which less than 2% of participants consumed coffee at least once a week. Thus the potential
confounding from coffee consumption, if any, might be trivial. Fifth, we did not further analyze the
effects of black tea, oolong tea or other types of tea on the risk of fracture separately since fewer
participants consumed other types tea than green tea in our population. Sixth, we didn’t have data on
bone mineral density at baseline survey, thus we couldn’t identify whether tea consumption reduced
the risk of fracture through improving bone health.
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5. Conclusions

In summary, this large prospective cohort of Chinese adults provided evidence that habitual tea
consumption was associated with moderately decreased risk of any fracture hospitalizations in both
men and women. Participants with decades of tea consumption and those who preferred green tea
were also at lower risk of hip fracture. Given the observational nature of our study, causality cannot be
established. Further randomized trials studies are needed to elucidate whether tea consumption has
the potential to reduce the risk of fracture hospitalizations through improving bone health directly or
improving attention and alertness, or if it is merely a marker of other dietary and lifestyle factors.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/11/1633/s1,
Table S1: Sex-specific HRs (95% CIs) for associations between tea consumption (in grams/day) and risk of fracture
among 453,625 participants, Table S2: HRs (95% CIs) for associations of tea consumption (in cups/day) and risk
of fracture among 453,625 participants, Table S3: Subgroup analyses of associations between tea consumption
and risk of fracture according to types of tea and duration of tea consumption, Table S4: Subgroup analyses of
associations between tea consumption and risk of fracture according to potential baseline risk factors.
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Abstract: The 5′-3′ structure-specific endonuclease ERCC1/XPF (Excision Repair Cross-
Complementation Group 1/Xeroderma Pigmentosum group F) plays critical roles in the repair
of cisplatin-induced DNA damage. As such, it has been identified as a potential pharmacological
target for enhancing clinical response to platinum-based chemotherapy. The goal of this study was
to follow up on our previous identification of the compound NSC143099 as a potent inhibitor of
ERCC1/XPF activity by performing an in silico screen to identify structural analogues that could
inhibit ERCC1/XPF activity in vitro and in vivo. Using a fluorescence-based DNA-endonuclease
incision assay, we identified the green tea polyphenol (-)-epigallocatechin-3-gallate (EGCG) as a
potent inhibitor of ERCC1/XPF activity with an IC50 (half maximal inhibitory concentration) in the
nanomolar range in biochemical assays. Using DNA repair assays and clonogenic survival assays,
we show that EGCG can inhibit DNA repair and enhance cisplatin sensitivity in human cancer cells.
Finally, we show that a prodrug of EGCG, Pro-EGCG (EGCG octaacetate), can enhance response
to platinum-based chemotherapy in vivo. Together these data support a novel target of EGCG in
cancer cells, namely ERCC1/XPF. Our studies also corroborate previous observations that EGCG
enhances sensitivity to cisplatin in multiple cancer types. Thus, EGCG or its prodrug makes an ideal
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candidate for further pharmacological development with the goal of enhancing cisplatin response in
human tumors.

Keywords: ERCC1/XPF; cisplatin; DNA repair; chemoresistance; green tea polyphenols

1. Introduction

The use of agents that induce interstrand crosslinks (ICLs), notably the platinum-based
analogues, remains a mainstay of cancer treatment and they are used to treat a variety of
cancer types including lung, ovarian, and head and neck cancers. Platinum-based drugs induce
DNA damage by forming a variety of DNA lesions including ICLs, intrastrand crosslinks, and
monoadducts. While platinum-based chemotherapy is often initially effective, resistance to
these drugs usually occurs. Resistance to platinums has been attributed to several mechanisms
including decreased drug accumulation, loss of mismatch and base excision repair, increased
translesion synthesis as well as increased DNA repair [1]. Extensive work devoted to understanding
mechanisms of resistance to these therapies has led to the identification of novel drug targets
for enhancing therapeutic response and overcoming chemoresistance, including targeting the
5′-3′ structure-specific endonuclease ERCC1/XPF (Excision Repair Cross-Complementation Group
1/Xeroderma Pigmentosum Group F) [2,3]. ERCC1/XPF is a critical complex involved in the repair
of DNA ICLs with essential functions in both replication-independent and -dependent ICL repair
pathways [4,5]. As such, it is well-established that ERCC1 expression is altered in several tumor
types, including lung, head and neck, and ovarian cancers, suggesting its potential use as a drug
target or biomarker for response to platinum-based chemotherapy. Indeed, this possibility has been
thoroughly investigated in preclinical and clinical studies. Clinical data have shown that low ERCC1
expression is associated with increased overall survival in response to chemotherapy [6]. Further
data showed that low ERCC1 expression was associated with a positive response to platinum-based
chemotherapy in non-small cell lung cancer patients [7]. Some mixed results have now hampered
further clinical development of ERCC1 as a first-in-class platinum biomarker, most notably in a
prospective international, randomized Phase III clinical trial where there was an absence of clinical
benefit for patients with low ERCC1 receiving a platinum agent [8]. However, these mixed results
have been largely attributed to problems pertaining to accurate detection of functional ERCC1/XPF
(e.g., antibody specificity and splice variant expression), rather than its usefulness as a potential
biomarker for response to platinum-based chemotherapy [9]. Clear evidence from extensive data
from biochemical, in vitro, and in vivo approaches suggests critical roles for the complex in repair of
platinum-induced DNA damage, suggesting the inhibition of ERCC1/XPF as a potential means of
sensitizing tumors to platinum-based chemotherapy.

ERCC1/XPF plays key roles in nucleotide excision repair, ICL repair, and homologous
recombination. In the response to DNA-ICLs, ERCC1/XPF plays a key role in incising 5′ to
the DNA lesion resulting in the unhooking of the interstrand crosslink from the DNA helix [5].
In both replication-independent and -dependent pathways, ERCC1/XPF-mediated incision appears
to be a generally required step for at least a subset of ICLs. In replication-dependent repair of
interstrand crosslinks, however, several groups have also postulated that ERCC1/XPF nuclease
activity is also essential at a second step downstream from initial unhooking likely during homologous
recombination [10]. In line with critical roles for ERCC1/XPF in ICL repair, we have previously shown
that siRNA knockdown of ERCC1/XPF could enhance sensitivity of lung cancer cells to cisplatin [3].
Additionally, this sensitivity was induced as a result of decreased DNA repair of interstrand and
intrastrand crosslinks.

Several recent developments have been made in identifying small molecular inhibitors of
ERCC1/XPF activity. The Melton and Saxty groups have published several papers identifying
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several classes of molecules capable of inhibiting ERCC1/XPF activity, including catechols,
3-hydroxypyridones, N-hydroxyimides, and hydroxypyrimidones, with micromolar potency in in vitro
assays [11–13]. In one of these studies, Compound 13 inhibited DNA repair in vitro, and led to
increased γH2AX foci formation in human cells, suggesting inhibition of ERCC1/XPF in vitro [12]
(Figure 1A). In another study, Compound AS5-4 disrupted ERCC1/XPF activity and enhanced cisplatin
sensitivity in a melanoma cell line [13] (Figure 1A). Inhibitors of the ERCC1/XPF interaction have also
been identified [13]. An in silico screen identified the compound E-X PPI2 which could disrupt the
ERCC1/XPF interaction, disrupt DNA repair mediated by ERCC1/XPF, and sensitize a melanoma cell
line to cisplatin [13]. In addition to these studies, we previously performed a high-throughput screen
using the NCI-DTP (National Cancer Institute Developmental Therapeutics Program) diversity set and
identified the compounds NSC16168 (Figure 1A) and NSC143099, which were potent and selective
inhibitors of ERCC1/XPF activity both in biochemical assays as well as in lung cancer cell lines [14].
Furthermore, the compound NSC16168 was also capable of significantly enhancing tumor response to
platinum-based chemotherapy in vivo [14].

In this study, we expanded upon our previous identification of the lead compound NSC143099
as an ERCC1/XPF inhibitor by performing an in silico analysis to identify molecules with
structural similarities to NSC143099 that may have activity against ERCC1/XPF both in vitro
and in vivo. This preliminary screen and subsequent testing identified the green tea polyphenol
epigallocatechin-3-gallate (EGCG), which has approximately 90% structural similarity to the partial
structure of NSC143099, as a potent, partially reversible inhibitor of ERCC1/XPF activity in vitro.
Interestingly, a number of previous studies have identified EGCG as a compound capable of enhancing
cisplatin sensitivity in cancer cells and in xenograft models, but the mechanism of this interaction
was not established [15–17]. In addition, EGCG has been shown to pharmacologically inhibit 20S
proteasome activity [18,19]. However, we are the first to identify the DNA endonuclease ERCC1/XPF
as a pharmacological target of EGCG, helping to further explain previous observations in regard to
EGCG and enhanced cisplatin sensitization. Further characterization of this compound shows it is
capable of inhibiting ICL repair in vitro leading to enhanced sensitivity to cisplatin in lung cancer cell
lines. Finally, we show that the inhibition of ERCC1/XPF by the EGCGprodrug, Pro-EGCG (EGCG
octaacetate), could significantly enhance response to cisplatin in tumor xenografts in vivo by increasing
tumor cell death and decreasing proliferation. Together, these data suggest EGCG or its prodrug may
be a suitable candidate for further preclinical development as an agent capable of enhancing platinum
sensitivity in tumors and overcoming drug resistance.

2. Materials and Methods

2.1. Cell Lines and Cell Culture

H1299 and H460 non-small cell lung cancer cell lines used in this study were cultured in
RPMI-1640 medium (Dharmacon, Lafayette, CO, USA) supplemented with 10% Fetal Bovine Serum
(Atlanta Biologicals, Flowery Branch, GA, USA) and 1% penicillin/streptomycin (Dharmacon,
Lafayette). Cells were grown at 37 ◦C in 5% CO2. Cell lines were authenticated by the Biobanking and
Correlative Sciences Core Facility at the Karmanos Cancer Institute.

2.2. In Vitro ERCC1/XPF Fluorescence Incision Assay

The in vitro ERCC1/XPF fluorescence incision assay was utilized to assess the ability of small
molecules to inhibit ERCC1/XPF-mediated incision of a forked DNA substrate and was performed
as previously described [14]. Purified ERCC1/XPF and XPG (Xeroderma Pigmentosum Group G)
was utilized for these experiments and the purification protocol is described in [14]. The DNA
substrate is described in Arora et al. [14]. Briefly, the forked DNA substrate was designed to have
a 14-base dsDNA region flanked by a 12-base non-complementary ssDNA region mimicking the
ssDNA:dsDNA preferred substrate for ERCC1/XPF cleavage. One strand contained a site-specific
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fluorescein (F) modification (5′-GCCAGCGCTCGGAT (AminoC6dT) (FLSN) TTTTTTTTTTT-3′),
whereas the complementary strand contained a site-specific DABCYL quencher (Q) (5′-TTTTTTTTTTT
(AminoC6dT) (Dabcyl) ATCCGAGCGCTGGC-3′) directly opposed to the fluorescein modification.
An uncleaved substrate thus would not release a fluorescent signal when excited at 485 nm due to
the quenching activity of the DABCYL. On the other hand, ERCC1/XPF-mediated cleavage of the
forked substrate would lead to the release of the fluorescein-labeled DNA into the solution and would
result in an increased fluorescent signal when measuring emission at 525 nm. The substrate was
also designed with a HhaI restriction enzyme cut site in the DNA duplex, which served as a positive
control for these experiments. The reactions for this experiment consisted of 10 nM DNA annealed
DNA duplex, 7.5 nM ERCC1/XPF or 7.5 nM XPG in buffer (50 mM Tris-HCl pH 8.0, 2 mM MgCl2,
0.1 mM bovine serum albumin, 0.5 mM β-mercaptoethanol) or HhaI (20 U/mL) (New England Biolabs,
Ipswich, MA, USA) and increasing concentrations of each compound prepared in DMSO. Reactions
were incubated at 37 ◦C for 30 min after which samples were excited with a 485 nm laser and emission
at 525 nm was measured using a Spectramax M5 plate reader (Molecular Devices, -San Jose, CA, USA).
Data were plotted as percent fluorescence (% incision) relative to wells containing no compound.

2.3. Rapid Dilution Assay

Rapid dilution assays were utilized to determine the irreversible or reversible binding of the
EGCG and (-)-gallocatechin gallate compounds to ERCC1/XPF. These experiments were performed
as described in Liu et al. [20]. In a 10 μL reaction, the concentration of ERCC1/XPF enzyme was
added at 100-fold higher than normal concentrations used in the fluorescence incision assay (7.5 nM)
and then mixed with 10× the IC90 concentration of either EGCG, (-)-gallocatechin gallate, or diluent
control (90:10, v/v DMSO:glycerol) and incubated at 37 ◦C for 30 min. After incubation, 2 μL of the
drug-enzyme solution was diluted in 198 μL consisting of reaction buffer and the fluorescent DNA
forked substrate in a 96-well plate. The reaction was monitored and the fluorescence was measured
at various time points over 60 min. Data from the experiment were represented as the increase in
fluorescence over time indicating the amount of activity of ERCC1/XPF on the DNA substrate.

2.4. Modified Alkaline Comet Assay

Modified alkaline comet assays were utilized to assess interstrand crosslink repair and were
performed essentially as previously described [21,22]. H460 cells were treated with 15 M EGCG or
(-)-gallocatechin gallate for two hours and then cisplatin was added to the media using the IC90
concentration for the cell line used for an additional two hours. After treatment, cells were washed
with PBS and complete media was added (24 h and 48 h samples) or immediately processed for
analysis at 0 h post-treatment. Prior to cell harvesting but after the experimental treatment, cells
were treated with 100 μM hydrogen peroxide (H2O2) for 15 min to induce DNA double strand
breaks. Following treatment with hydrogen peroxide, cells were trypsinized, pelleted, resuspended,
and counted. Approximately 10,000 cells were embedded in 1% low melting point agarose and
added onto slides pre-coated with a layer of 1% normal melting point agarose and allowed to
solidify. A top layer of 0.5% low melting point agarose was then added and allowed to solidify.
Following solidification, slides were incubated for 1 h at 4 ◦C in the absence of light in lysis buffer
(2.5 M NaCl, 10 mM Tris, 100 mM EDTA, 1% Triton X-100, pH 10). Slides were removed from the
lysis buffer and excess buffer was removed. Slides were then placed in an electrophoresis tank
containing 4 ◦C alkaline electrophoresis buffer (300 mM NaOH, 1 mM EDTA, pH > 13), incubated
for 20 min followed by electrophoresis for 30 min at 0.7 V/cm, 300 mA. Slides were removed and
placed for 10 min in neutralizing buffer (0.4 M Tris-HCl, pH 7.5). Slides were stained with SYBR green
(Trevigen, Gaithersburg, MD, USA) and images were taken using a Nikon epifluorescence microscope
at 20 magnification. For analysis, DNA tails for at least 50 cells were measured for each slide using
Komet Assay Software 5.5F (Kinetic Imaging, Liverpool, UK). Data were analyzed and quantified as in
Arora et al. [14].
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2.5. Clonogenic Survival Assays

Approximately 300–400 cells were seeded in triplicate in 60 mm dishes and allowed to attach
for ~24 h. For treatments with EGCG or Pro-EGCG alone, the following day cells were titrated with
the indicated concentrations of each drug for 4 h in serum-free medium followed by replacement
with complete medium. For colony assays combining EGCG or Pro-EGCG with cisplatin, cells were
pre-treated for 2 h and then cisplatin was added for 2 h (total treatment time with EGCG or Pro-EGCG
was 4 h). After treatment, serum-free medium was replaced with complete medium. Cells were
allowed to grow for approximately seven days after which plates were washed with PBS, fixed in 95%
methanol, and stained in 20% ethanol containing 0.2% crystal violet dye. Colonies with >50 cells were
counted using a light microscope, and percent colony survival was measured relative to the control for
each group and normalized to 100%.

2.6. Chemicals

Cisplatin was purchased from Sigma-Aldrich (St. Louis, MO, USA) and prepared fresh prior to
each experiment by making a 1 mM stock solution in PBS. (-)-epigallocatechin-3-gallate (EGCG) and
(-)-gallocatechin gallate were purchased from Sigma-Aldrich and were prepared in dimethyl sulfoxide.
Pro-EGCG was prepared as we previously described, and a 50 mM solution was prepared in DMSO
for in vitro studies [23].

2.7. In Vivo Studies

For the study, 20 female athymic nude mice (five mice per group) were purchased from Taconic
Biosciences (Rensselaer, NY, USA) and were maintained in accordance with protocols approved by
the Wayne State University Institutional Laboratory Animal Care and Use Committee. The mice were
allowed to acclimate for 1 week. Approximately 2.5 × 106 H460 cells were suspended in 100 L RPMI
media containing no fetal bovine serum or penicillin/streptomycin. Cells were injected subcutaneously
into the right flank of each mouse. Tumor volume was measured by caliper measurements every day
starting on day 3. Tumor volume was defined as (width2 × length/2). Weight of the mice was also
measured regularly starting on the day of inoculation and through the experimental end-point. At three
days post-inoculation, the mice were treated with vehicle or Pro-EGCG at 60 mg/kg by intraperitoneal
IP injection. Pro-EGCG was prepared in DMSO and cremophor/ethanol (60:20:20 v/v/v). Once
tumors reached a volume of ~100 mm3, cisplatin or vehicle treatment began. The mice were treated
with 4 mg/kg pharmaceutical grade, sterile cisplatin three times weekly by IP injection. Drugs were
prepared fresh daily. The mice were sacrificed once tumors reached ~1000 mm3 or at day 24, and the
tumors were collected for further analysis of apoptosis and cell proliferation by immunohistochemistry.

2.8. Immunohistochemistry

Immunohistochemistry was performed by the Biobanking and Correlative Sciences Core at
the Karmanos Cancer Institute (KCI). Subcutaneous tumors harvested from the mice were fixed in
10% formalin and were paraffin-embedded. Five μm slices were hematoxylin- and eosin-stained.
Slides were stained using the Terminal nucleotidyl transferase-mediated nick end labeling assay
(TUNEL) using an in situ apoptosis detection kit. Tissues were also probed for Ki67 and PCNA using
standardized protocols optimized by the KCI Biobanking and Correlative Sciences Core. Images were
taken at a magnification of 20. Images were quantified using ImageJ software and plotted as percent of
stained area.

2.9. Statistical Analysis

The mouse xenograft study had five mice per treatment group, each bearing one tumor. Tumor
volumes were log-transformed to meet the normality assumption, and growth curves were compared
using a linear-mixed effects model with mice-specific effect as a random variable. P values were
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adjusted using Bonferroni correction. For the clonogenic survival assays, dose-response curve IC50

values for EGCG or Pro-EGCG in combination with cisplatin met distributional assumptions. Statistical
comparisons were performed by two-sided unpaired t-test followed by Holm’s post-hoc analysis. Data
analyses were completed using R version 3.5.0. and RStudio: Integrated Development for R (version
1.1.447, RStudio Inc.; Boston, MA, USA).

3. Results

3.1. Hits from an in Silico Screen to Identify Structural Analogues of NSC143099 with Activity Against
ERCC1/XPF Activity

We previously identified the compound NSC143099 in a high-throughput screen using the
NCI-DTP diversity set, as a potent, selective inhibitor of ERCC1/XPF activity both biochemically and
in vitro (Figure 1C) [14]. To expand upon the initial characterization of this compound, we performed
an in silico screen to identify other structurally similar compounds that may also be capable of
inhibiting ERCC1/XPF activity. A search for compounds having 80% or higher structural similarity to
NSC143099 was conducted for all commercially available compounds listed in the Chemical Abstract
Service (CAS) database using the online SciFinder® search tool (CAS, Columbus, OH, USA), whereas a
locally available compound library established in the University of Toledo Center for Drug Design
and Development (approximately 1000 compounds synthesized or purchased for multiple projects)
was searched using ChemBioFinder Ultra (v14.0, Cambridge Soft Corp, Perkin Elmer Inc., Waltham,
MA, USA). No hits were identified at this level of similarity from either source for the full NSC143099
molecule. However, a similarity search using just half of the molecule (the three-ring partial structure
repeated in the upper and lower sections of the molecule) did identify six molecules available
commercially or in the local compound library with a similarity of greater than 85% [24]. All six
of these agents were surveyed in our frontline screening assay. From the screen, we identified three
compounds with nanomolar potency against ERCC1/XPF activity in an in vitro, fluorescence-based
ERCC1/XPF DNA-incision assay. The ERCC1/XPF incision assay consists of a forked DNA substrate
sharing a 14-base complementary region followed by a 12-base non-complementary region (Figure 1B).
The substrate contains both a fluorophore and quencher directly opposed to one another such that if a
nuclease cleaves the substrate, the fluorophore will be released into solution and release a fluorescent
signal when excited at 485 nm. This Y-shaped forked DNA structure represents an optimal substrate
for ERCC1/XPF cleavage as shown in Arora et al. [14]. Additionally, the DNA substrate has a HhaI
restriction enzyme cleavage site allowing for the use of HhaI as a positive control as well as assessing
indiscriminate inhibition of compounds against an unrelated DNA endonuclease. Finally, because of
the forked nature of the DNA substrate, it also serves as a prime substrate for cleavage by XPG, allowing
us to evaluate off-target inhibition of a related DNA endonuclease. All three identified compounds
share structural similarities to NSC143099 (Figure 1C). Myricetin, (-)-epigallocatechin-3-gallate (EGCG),
and (-)-gallocatechin gallate (GCG) all inhibited ERCC1/XPF activity in vitro (IC50s ranging from
~40–150 nM) (Figure 1C). Myricetin is known to have multiple targets in mammalian cells, including
the DNA endonuclease, Ape1, (25), so we did not further assess myricetin’s ERCC1/XPF inhibitory
activity. Notably, EGCG and GCG had potent inhibitory activity against ERCC1/XPF-mediated DNA
incision, while having no activity against HhaI or XPG (Figure 1D).
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Figure 1. (A) Structures of ERCC1/XPF (Excision Repair Cross-Complementation Group 1/Xeroderma
Pigmentosum Group F) inhibitors identified in previous studies. The structure of NSC16168 is
undergoing further investigation. (B) Model of the DNA substrate and product produced by
ERCC1/XPF cleavage in the fluorescent–DNA-incision assay. * represents fluorescein and Q represents
DABCYL quencher. (C) Structure of NSC143099 and the three identified hits from the in silico screen
along with their IC50s in the DNA-incision assay. (D) Plotted results of EGCG-mediated inhibition of
ERCC1/XPF in the DNA-incision assay. Results show selectivity for ERCC1/XPF as EGCG did not
inhibit HhaI- or XPG-mediated incision of the DNA substrate. EGCG: (-)-epigallocatechin-3-gallate;
IC50: half maximal inhibitory concentration.
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3.2. EGCG Is a Partially Reversible ERCC1/XPF Inhibitor Capable of Blocking Interstrand Crosslink Repair
In Vitro

After identifying EGCG and GCG as structurally similar compounds to NSC143099 with inhibitory
activity against ERCC1/XPF, we assessed the reversibility of the inhibition in vitro using a rapid
dilution assay. The rapid dilution assay allowed us to assess whether the inhibition of ERCC1/XPF by
EGCG or GCG was reversible in nature. The initial reaction consisted of 100ERCC1/XPF enzyme and
the IC90 concentration of either compound determined in the ERCC1/XPF incision assay followed
by a 30 min incubation at 37 ◦C to allow for compound binding to the enzyme. Following this initial
incubation, the reaction was diluted 100-fold into a solution containing buffer and the fluorescent
DNA substrate. Fluorescence was monitored over time to assess whether the enzyme recovered
incision capability or if this activity was continually inhibited after dilution. As a positive control,
adding ERCC1/XPF to the DNA substrate increased the fluorescent signal over time (Figure 2A).
It appears that GCG is a nearly completely reversible inhibitor of ERCC1/XPF activity, as dilution
of the enzyme/drug solution led to an increased fluorescent signal over time very similar to the
addition of ERCC1/XPF alone to the reaction (Figure 2A). On the other hand, the rapid dilution of
EGCG/enzyme solution led to a slight increase in fluorescent signal over time, suggesting that this
inhibitory activity of the compound may be partially, but incompletely reversible with slow kinetics of
reversibility (Figure 2A). EGCG and GCG are diastereomers, namely, they have identical structures
but differ in their stereochemistries. EGCG, the most abundant polyphenol in green tea extract, has
the 2S, 3S configurations with the two groups cis- to each other, whereas (-)-GCG has the 2R, 3S
configuration with the two groups trans- to each other (Figure 1B). These data may indicate that
the stereochemistry of the benzenetriol group at the 2-position may influence the reversibility of the
inhibition of ERCC1/XPF activity by these natural compounds.

Next, we assessed the ability of EGCG and GCG to inhibit repair of cisplatin-induced interstrand
crosslinks in human cancer cells via a modified alkaline comet assay. Because ERCC1/XPF
endonuclease activity is critical for repair of DNA interstrand crosslinks, we chose to assess the
ability of these compounds to inhibit repair of these DNA lesions. Furthermore, the modified alkaline
comet assay is an established method to indirectly monitor interstrand crosslink repair over time in
cells. H460 lung cancer cells were treated with 15 μM EGCG or GCG for 2 h, after which an IC90

concentration of cisplatin was added for an additional 2 h followed by drug removal and replacement
with complete medium. Just following the experimental treatment and time-course, cells were treated
with 100 μM H2O2 to induce random DNA double strand breaks, a critical component of the assay to
be able to distinguish ICL containing from repaired DNA segments during denaturing electrophoresis.
Immediately after initial treatment, single cell electrophoresis and staining of the DNA was performed
and the level of interstrand crosslinking was determined and normalized to 100% interstrand crosslinks
remaining for each treatment group (Figure 2B,C). Then, 24 h post-treatment, we observed a decrease
in the amount of ICLs remaining as evident by the increased tail length over time, as observed in the
comet assay images which were indicative of increased ICL repair over time (Figure 2B,C). Persistence
of ICLs in this assay resulted in a maintenance of shorter tail length as the crosslink retarded the DNA
mobility. This trend continued into the 48 h time point (Figure 2B,C). On the other hand, treatment
with EGCG or GCG led to decreased repair of DNA ICLs over time which was observed starting at the
24 h time point and continuing into the 48 h time point (Figure 2B,C). Together these data indicate that
EGCG is a potentially partially reversible inhibitor of ERCC1/XPF and GCG is a reversible inhibitor of
ERCC1/XPF activity; however, both compounds are capable of inhibiting ICL DNA repair in vitro.
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Figure 2. (A) Results from the rapid dilution assay showing GCG is a reversible inhibitor of ERCC1/XPF
and EGCG is either partially reversible with slow kinetics or is irreversible. Data represented as average
± standard deviation. (B) Representative images of modified alkaline comet assay results for cisplatin
and cisplatin + GCG in H460 cells. (C) Quantified data from the modified alkaline comet assay resulted
in H460 cells showing inhibition of interstrand crosslink repair in cells treated with cisplatin + EGCG
or cisplatin + GCG. GCG: (-)-gallocatechin gallate.
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3.3. EGCG and Pro-EGCG Enhance Cisplatin Sensitivity in Lung Cancer Cell Lines In Vitro

After observing that EGCG and GCG could inhibit repair of ICLs in human cancer cells,
we assessed the sensitivity of H460 lung cancer cells to EGCG in vitro either alone or in combination
with cisplatin. For these studies, we also utilized a prodrug of EGCG, known as Pro-EGCG, which is
the octaacetate of EGCG, which was first described by Lam et al. [23]. EGCG is known to have poor
oral bioavailability and is subject to extensive rapid metabolic transformations [25,26]. Pro-EGCG
differs from EGCG in having the reactive hydroxyl groups of EGCG converted by acetylation to
peracetate-protecting groups (Figure 3A). These acetate groups are hydrolyzed back to the hydroxy
groups upon entering cells of plasma due to esterases present within the cells or plasma thereby
regenerating EGCG [27]. Thus, in the absence of esterases or in biochemical assays with purified
protein, pro-EGCG has no inhibitory effect on ERCC1/XPF activity (Figure 3A) but showed inhibitory
activity on clonogenic formation in H460 colony survival assays comparable to EGCG (Figure 3B).
These inhibitory effects on colony formation are likely due to other targets of EGCG, including the
proteasome [19]. This is supported by the observation that Pro-EGCG titration in H1299 wild-type and
ERCC1 knockout cells led to similar inhibition of clonogenicity, indicating that the sensitivity of cells
to EGCG and Pro-EGCG as a single agent is likely due to additional molecular targets (Figure 3C) [14].
It is important to note that a major genetic difference between H460 and H1299 cells is p53 status where
H460 cells are p53 wild-type and H1299 cells are p53 null. We cannot exclude the possibility that p53
status may impact the sensitivity of cell lines or tumors to inhibition of ERCC1/XPF activity. However,
the addition of a single ~IC50 dose of cisplatin in H460 cells enhanced sensitivity to EGCG and
Pro-EGCG >10-fold, consistent with what we would expect if ERCC1/XPF were inhibited (Figure 3D).

 

Figure 3. Cont.
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Figure 3. (A) Structure (Left) and activity (Right) of Pro-EGCG, the EGCG prodrug containing
acetylated hydroxyl groups which are cleaved by esterases upon entry into the cell, in the DNA-incision
assay. Data represented as average ± standard deviation. (B) Titration of EGCG and Pro-EGCG in
H460 cells showing the both reduce clonogenicity to approximately the same extent. (C). Inhibition
of clonogenicity by Pro-EGCG as a single agent appears to be independent of its targeting of
ERCC1/XPF as shown by titration in H1299 wild-type and ERCC1 knockout cells. (D) H460 cells
treated with increasing concentrations of EGCG (Left) or Pro-EGCG (Right) ± a single IC50 dose
of cisplatin. All clonogenic assay data represented as average of experimental repeats ± standard
deviation. Dose-response curves were compared by two-sided unpaired t-test followed by Holm’s
post-hoc analysis.

3.4. Pro-EGCG Enhances Cisplatin Response In Vivo

Next, we evaluated the effect of combining Pro-EGCG with cisplatin in the treatment of H460
lung cancer xenografts. For this study, 20 female athymic nude mice (five mice per group) were
inoculated subcutaneously with H460 lung cancer cells and tumors were allowed to grow. Pro-EGCG
was administered daily beginning on day 3 by IP injection at 60 mg/kg. The route of administration
and doses used for Pro-EGCG were similar to what we have utilized in previous studies [27]. Cisplatin
treatment began once tumors reached ~100 mm3 and the mice were treated three times weekly with
cisplatin at 4 mg/kg by IP injection. Tumor volume was measured daily by caliper measurements
and plotted over time. Once tumors reached a volume of ~1000 mm3, the mice were sacrificed and
the tumors were harvested for further analysis. Control, untreated tumors grew rapidly and all mice
were sacrificed by day 19 of the experiment (Figure 4A). The addition of 60 mg/kg Pro-EGCG had
some inhibitory effects on tumor growth with all mice being sacrificed by day 21. Cisplatin alone also
had inhibitory effects on its own, but the combination of cisplatin and Pro-EGCG greatly enhanced
these effects, with mice in the dual-treatment group having barely palpable tumors at the experimental
endpoint (day 24) (Figure 4A). These inhibitory effects on tumor growth can be observed in tumors
harvested from mice where at day 19 the combination-treatment group had tumors approximately
the same size as the cisplatin-treated group, but by day 24, the differences in tumor size were quite
dramatically different with the combination-treatment group bearing much smaller tumors than the
cisplatin-treated group (Figure 4B).
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Figure 4. (A) Plot representing tumor growth of untreated, cisplatin-treated, Pro-EGCG-treated,
or combination-treated mice. Data represented as tumor size (mm3) over time. (B) Images of
tumors harvested from sacrificed mice at day 19 and day 24. Growth curves were compared using a
linear-mixed effects model with mice-specific effect as a random variable. P values were adjusted using
Bonferroni correction. *** p < 0.001.

3.5. Enhanced Cisplatin Response in Tumors Treated with Pro-EGCG Is Associated with Increased Apoptotic
Markers and Decreased Cellular Proliferation

Tumors harvested from the mice were further processed for immunohistochemical analysis.
Tissue slices were analyzed for the presence of Ki67 and PCNA to evaluate markers of cellular
proliferation. In addition, TUNEL staining was performed to detect cells undergoing cell death. While
the Pro-EGCG- and cisplatin-treated tumors had reduced Ki67 and PCNA staining, this effect was
exacerbated in combination-treated tumors, especially in terms of Ki67 staining (Figure 5). This would
be indicative of reduced tumor cell proliferation in the combination-treated group. In the context of
tumor cell death, we observed the opposite effect. Pro-EGCG-treated tumors had very little increase
in TUNEL staining compared to untreated, control tumors (Figure 5). This staining was increased
in cisplatin-treated mice as we would expect with a cytotoxic, DNA damaging agent. However,
in the combination-treated group, the increase in TUNEL staining was quite dramatic compared
to the Pro-EGCG- and cisplatin-treated tumors, suggesting the combination treatment concurrently
decreases the amount of cellular proliferation in the tumors and dramatically increases tumor cell
death (Figure 5).
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Figure 5. Raw images, ImageJ-processed images (Top), and quantification of immunohistochemical
analysis of Ki67, TUNEL, and PCNA staining in tumors harvested from sacrificed mice (Bottom). Data
showing increased TUNEL staining, decreased Ki67 staining, and decreased PCNA staining in the
cisplatin+Pro-EGCG-treated tumors compared to other groups.

4. Discussion

Despite recent advances in cancer treatment such as using PD-1 and PD-L1 related therapies,
platinum-based chemotherapy remains a mainstay option for a variety of tumor types either as first-
or second-line therapy. Due to the prevalence of acquired or intrinsic resistance to platinum-based
chemotherapy, it remains a valuable effort to identify factors that, when inhibited, can sensitize
tumor cells to cisplatin. We previously have shown that ERCC1/XPF knockdown can sensitize
ovarian and lung cancer cell lines to cisplatin [3]. Additionally, our group previously identified the
compound NSC16168 as a potent inhibitor of ERCC1/XPF that can sensitive tumors to cisplatin [14].
The wide interest in ERCC1/XPF expression as a predictive biomarker for response to platinum-based
chemotherapy also lends credence to the possibility of using inhibitors of this enzyme complex to
enhance therapeutic response.

In our previous work, we performed a high-throughput screen and identified the compound
NSC143099 as a potent inhibitor of ERCC1/XPF activity in vitro in both biochemical and cell-based
assays [14]. In this work, we performed an in silico screen to identify other agents with
structural similarity to NSC143099 that could have the potential for inhibiting ERCC1/XPF activity.
From this screen, we identified three hits with nanomolar potency against ERCC1/XPF activity in a
fluorescence-based DNA-incision assay: myricetin, EGCG, and GCG (Figure 1A). These compounds
had substantial similarities and all shared a similar flavonoid structure. Myricetin was capable
of inhibiting ERCC1/XPF activity with an IC50 of ~150 nM in our DNA-incision assay. However,
myricetin has also been shown to inhibit a variety of other enzymes, including MEK1, PI3Kγ, and the
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DNA endonuclease Ape1, among others [28–30]. Due to the known targeting of this compound to
Ape1, we did not move further with this compound in this study.

EGCG as an anti-cancer agent has been thoroughly investigated in multiple studies and in
multiple cancer types, including in breast, colorectal, gastric, ovarian, and lung cancers [31]. It has been
established that EGCG has multiple cellular targets including work from the Dou lab, characterizing
EGCG’s inhibitory effects on the proteasome [27]. In line with these observations, treatment
with EGCG or Pro-EGCG alone reduced clonogenicity in vitro in multiple lung cancer cell lines
(Figure 3B). Additionally, these effects appear to be independent of any toxicity induced by inhibition
of ERCC1/XPF as the sensitivity of H1299 wild-type and ERCC1 knockout cells were identical to each
other (Figure 3C). Additionally, EGCG was described to have enhancing effects for cisplatin sensitivity
both in vitro and in vivo. The studies assessing the cisplatin-sensitizing effects of EGCG implicated a
number of different pathways and events as critical for this sensitization, including demethylation
of gene promoters, increased expression of the copper transporter, CTR1, and enhancing autophagic
flux [15–17]. In this work, we identified another target of EGCG, ERCC1/XPF, which has important
implications for understanding the mechanism of the EGCG-mediated sensitization of tumors to
cisplatin and for improving current cancer treatment strategies.

The EGCG compound had no activity against XPG or HhaI, suggesting its inhibition is largely
specific to ERCC1/XPF (Figure 1B). Next, we showed that GCG, differing from EGCG only in the
relative stereochemistry of the substitutions in the 2- and 3-positions, is a reversible inhibitor of
ERCC1/XPF activity in a rapid dilution assay (Figure 2B). Conversely, EGCG is either partially
reversible with slow kinetics or is an irreversible inhibitor of ERCC1/XPF activity (Figure 2A).
This was similar to what we observed with another compound we identified from our original
screen, NSC16168 [14]. While there were differences in the reversibility of this inhibition in biochemical
assays, both EGCG and GCG could inhibit repair of cisplatin-induced interstrand crosslinks in vitro
(Figure 2B,C). Not only did these compounds inhibit ERCC1/XPF activity in vitro, but this inhibition
enhanced sensitivity to cisplatin in lung cancer cell lines (Figure 3). Due to the poor bioavailability
and the facile metabolic transformations of EGCG, we also utilized a prodrug form of EGCG for our
studies. Previous study showed that Pro-EGCG was converted intracellularly into EGCG, presumably
by cellular esterases. Furthermore, Pro-EGCG was better absorbed into the cells, giving higher
accumulation of EGCG by at least 2.4-fold than when the cells were treated with similar levels of
EGCG [23,27]. In our DNA-incision assay, as expected, we observed that Pro-EGCG has no inhibitory
effect on the purified ERCC1/XPF protein (Figure 3A). However, both EGCG and Pro-EGCG can
sensitize lung cancer cells to an IC50 dose of cisplatin in clonogenic assays indicating these cell line
models have sufficient esterase activity to convert the Pro-EGCG to active EGCG (Figure 3B).

Furthermore, after observing that EGCG could inhibit ERCC1/XPF and, along with Pro-EGCG,
could sensitize lung cancer cells to cisplatin in vitro, we assessed the effects of combination treatment
with cisplatin and Pro-EGCG in vivo. While Pro-EGCG and cisplatin had modest inhibitory effects on
tumor growth as single agents, the combination treatment group had substantially smaller tumors at
the day 24 endpoint (Figure 4A,B). The tumors in the combination treatment group were barely palpable
at the experimental endpoint. Further analysis of these tumors by immunohistochemistry revealed
that this sensitization was associated with the decreased presence of markers of cell growth and DNA
replication and a dramatic increase in TUNEL staining indicative of cell death (Figure 5). Together
these data suggest that EGCG and Pro-EGCG are potent inhibitors of ERCC1/XPF activity both
in vitro and in vivo and that they are capable of sensitizing tumors to cisplatin therapy. In conclusion,
we have identified the NSC143099 structural analogue, EGCG, as a potent inhibitor of ERCC1/XPF
endonuclease activity capable of decreasing DNA repair in vitro and Pro-EGCG in enhancing cisplatin
sensitivity in vivo. These data provide evidence that the green tea polyphenol, EGCG, and its prodrug
could represent a potential structure for further pharmacological development in efforts to target the
ERCC1/XPF endonuclease to enhance platinum-based chemotherapeutic response.
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5. Conclusions

The data presented in this paper shows results from an in silico screen to identify structurally
similar compounds to our lead compound NSC143099 that are capable of inhibiting ERCC1/XPF
activity. The screen identified the green tea polyphenol, (-)-epigallocatechin gallate (EGCG),
as a compound capable of inhibiting ERCC1/XPF activity in biochemical assays and blocking
intrastrand crosslink repair in vitro. Furthermore, treatment of cells with EGCG or the prodrug
form of EGCG, Pro-EGCG) was capable of sensitizing lung cancers to the chemotherapeutic agent,
cisplatin. Additionally, Pro-EGCG treatment could enhance cisplatin efficacy in vivo. This increase
in sensitization to cisplatin and Pro-EGCG combination treatment was correlated with decreased
immunohistochemical staining of markers of cellular proliferation and increased staining for the
apoptotic marker, TUNEL. Together these data suggest EGCG and its prodrug Pro-EGCG can target
ERCC1/XPF activity and enhance cisplatin efficacy in vitro and in vivo.
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Abstract: Tea and coffee are caffeinated beverages commonly consumed around the world in daily
life. Tea from Camellia sinensis is widely available and is a good source of caffeine and other bioactive
compounds (e.g., polyphenols and carotenoids). Other tea-like beverages, such as those from the
genus Ilex, the large-leaved Kudingcha (Ilex latifolia Thunb and Ilex kudingcha C.J. Tseng), Yerba Mate
(Ilex paraguariensis A. St.-Hil), Yaupon Holly (Ilex vomitoria), and Guayusa (Ilex guayusa Loes) are also
traditional drinks, with lesser overall usage, but have attracted much recent attention and have been
subjected to further study. This review summarizes the distribution, composition, and health benefits
of caffeinated beverages from the genus Ilex. Plants of this genus mainly contain polyphenols and
alkaloids, and show diverse health benefits, which, as well as supporting their further popularization
as beverages, may also lead to potential applications in the pharmaceutical or nutraceutical industries.

Keywords: kudingcha; yerba mate; yaupon holly; guayusa; caffeine; polyphenols

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is a member of a group of compounds known as purine
alkaloids [1], occurs naturally in plants used to make beverages such as coffee and tea, and is
added in the formulation of many soft drinks. Caffeine is a well-known central nervous system
stimulant in humans. Tea from Camellia sinensis is the most popular non-alcoholic caffeine-containing
beverage, and has a long consumption history all over the world. Major chemical constituents
in tea are polyphenols, proteins, enzymes, caffeine, carbohydrates, and inorganics, which provide
health beneficial properties [1,2]. However, caffeinated tea-like beverages with somewhat comparable
chemical characteristics are also obtained from plants of the genus Ilex, mainly the large-leaved
Kudingcha, Yerba Mate, Yaupon tea, and Guayusa tea, which have been well studied in recent years.
The genus Ilex, comprising some 600 species, is widely distributed across most non-tropical parts of the
world. The best-known species in Western literature is the European or English Holly, I. aquifolium L.,
with its characteristic red drupes (berries) and leaves widely used in Christmas decorations.

Kudingcha has a long consumption history in China and its commercial products are commonly
found in the market. The large-leaved Kudingcha, including Ilex latifolia Thunb and Ilex kudingcha C.J.
Tseng, have been reported to show significant medicinal or bioactive properties such as antioxidant,
anti-inflammatory, anti-obesity, anti-cancer, modulation of gut microbiota, and antiproliferative
effects [3–10]. In addition, Yerba Mate produced from leaves of the tree Ilex paraguariensis is a
widely consumed beverage in South American countries such as Argentina, Brazil, Chile, Paraguay,
and Uruguay, and the average annual consumption reaches around 3 kg to 10 kg per person.

Nutrients 2018, 10, 1682; doi:10.3390/nu10111682 www.mdpi.com/journal/nutrients98



Nutrients 2018, 10, 1682

Yerba Mate tea has developed into a main alternative to coffee and black tea since it is characterized
as having various health benefits, such as antimicrobial, antioxidant, anti-obesity, anti-diabetic,
and cardiovascular protective effects [11–18]. Moreover, in the southeastern part of the United
States, Yaupon tea (Yaupon Holly, Ilex vomitoria) is prepared as a healthy beverage by Native
Americans [19]. The polyphenolics extracted from Yaupon Holly are free of catechin, and exhibit
antioxidant, anti-inflammatory, and chemo-preventive effects [19–21]. Compared to green tea,
processing and packaging have less effect on the degradation of polyphenolics in Yaupon Holly,
indicating an advantage for commercial products of Yaupon tea. Guayusa tea, commercially known as
Runa tea, is natively grown in the Amazon and has long been consumed by Amazonian indigenous
tribes [22,23]. Ilex guayusa tea contains high levels of phenolic compounds, a good dietary resource
with cellular antioxidant and anti-inflammatory properties [23,24].

Therefore, in order to provide a better understanding of Ilex-based caffeinated beverages,
the relevant literature from the last ten years was searched in Web of Science. The geographical
distributions of different Ilex species are summarized, followed by a discussion of their main bioactive
compounds, and finally we highlight the potential health benefits and related molecular mechanisms.
Since many Ilex species are already commonly consumed in the world, the information in this review
will help to provide a scientific structure to explain the health benefits of Ilex-based beverages,
which may encourage further development by the Ilex tea industry and lead to new products for
the public.

2. Distribution

Plants of the genus Ilex are distributed widely in various parts of the world (Table 1). Large-leaved
Kudingcha, an infusion made from evergreen trees of two species (I. kudingcha C.J. Tseng and I. latifolia
Thunb.), is a popular bitter-tasting infused tea found in China and other Southeastern Asian countries
(e.g., Singapore, Malaysia, and Vietnam) [3,25]. Yerba Mate tea, from a native South American holly
shrub, is mainly produced and consumed in South America [26,27]. A study from Marcelo et al.
reported that Yerba Mate could possibly be identified as to country of origin in South America by
elemental concentration and chemometrics [28]. Leaves of Yaupon Holly (Ilex vomitoria), from an
evergreen and caffeine-containing shrub native to the southeastern United States, was used to make a
healthy beverage by Amerindians and later European colonists [19,29]. Guayusa is made from leaves
of an evergreen tree native to South America and is grown in the Amazon. Guayusa has recently
gained more attention [22,23].

Table 1. Distribution of the most commonly consumed species of the genus Ilex.

Common Name Species Distribution References

Large-leaved Kudingcha
I. kudingcha C.J. Tseng China: Guangxi;

Guangdong; Hainan [3,25,30]

I. latifolia Thunb. China: Zhejiang; Jiangsu;
Fujian; Anhui; Hainan [3,6,7,10]

Yerba Mate Ilex paraguariensis A.
St.-Hil

South America: Argentina;
Brazil; Paraguay; Uruguay [26,27,31–33]

Yaupon Holly Ilex vomitoria Southeastern United States [19,21,29,34]

Guayusa Ilex guayusa Loes
South America: Argentina,

Southern of Brazil, Paraguay
and Uruguay

[22,24,35,36]

3. Bioactive Compounds

Ilex genus plants are generally known to be rich in a wide variety of bioactive compounds,
mainly polyphenols and alkaloids, which play an essential role in their health benefits.
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3.1. Polyphenols

3.1.1. Polyphenols in Large-Leaved Kudingcha

Structurally, polyphenols are a class of compounds composed of benzene rings bonded to one
or more hydroxyl groups. In previous published studies, different methods have been applied to
determine the phenolic composition in Kudingcha. For example, the use of tyrosinase biosensor,
Folin-Ciocalteu assay, high performance liquid chromatography (HPLC), HPLC-nuclear magnetic
resonance (NMR), ultra-high performance liquid chromatography (UHPLC), UHPLC-diode array
detector-linear ion trap-Orbitrap (UHPLC-DAD-LTQ-Orbitrap), liquid chromatography-photodiode
array detector-atmospheric pressure chemical ionization-mass spectrometry (LC-PDA–APCI-MS),
and the quantitative analysis of multiple components with a single marker (QAMS) methods were
reported [3,24,25,30,37]. Using these methods, polyphenols can be identified and quantified effectively.

The total polyphenolic content (TPC) in I. latifolia was 188 mg gallic acid equivalent (GAE)
per g dry plant material using the Folin–Ciocalteu method [10]. Caffeoylquinic acids (Figure 1)
and their derivatives are the main polyphenols in Kudingcha. Compounds such as ethyl caffeate,
3,4-di-O-caffeoylquinic acid methyl ester, 3,5-di-O-caffeoylquinic acid methyl ester, and chlorogenic
acid were identified in I. latifolia [38]. Chlorogenic acid (CGA), the ester of caffeic acid and
quinic acid, is known for its biological functionality. The CGA derivatives 3-O-caffeoylquinic
acid, 5-O-caffeoylquinic acid, 3,5-O-dicaffeoylquinic acid, and 4,5-O-dicaffeoylquinic acid have
been identified as major compounds in methanol and ether acetate extracts of I. kudingcha [39].
This was confirmed by Che et al., who detected a total of 68 CGA candidates belonging to
12 categories [40]. Our previous study also reported that isomers of mono- and di-caffeoylquinic acids
were the predominant compounds from Kudingcha genotypes of two Ilex species, and the average
amount of major CGAs from these Kudingcha of different origins was 97 mg/g [25]. Furthermore,
18 active components including polyphenols, such as hydroxycasein, protocatechuic acid, rutin,
neochlorogenic acid, chlorogenic acid, cryptochlorogenic acid, caffeic acid, and isochlorogenic acid,
were first determined in I. kudingcha by the QAMS method, which was efficiently applied for
simultaneous determination of different phenolic compounds [30]. Moreover, three caffeoylquinic
acids, including neochlorogenic, chlorogenic, and cryptochlorogenic acids, and three dicaffeoylquinic
acids, were identified as the main constituents in I. kudingcha [37].

3.1.2. Polyphenols in Yerba Mate

Polyphenols have been extracted from different parts of Yerba Mate, such as the whole plant,
leaves, and stems. Of these, the highest level of phenolic compounds was found in the leaf extract [15].
From chromatographic analyses, the TPC was determined as about 51 mg/g dry mass (DM) in
I. paraguariensis [41]. Moreover, determination of the TPC in Yerba Mate was performed by the
Folin-Ciocalteu method, where 111 samples from the Parana State in Brazil were characterized [18].
Additionally, 46 different polyphenols from four commercial Yerba Mate products have been quantified,
with hydroxycinnamic acid derivatives and flavonols accounting for 90% and 10% of the polyphenols
present. Of these, 3-caffeoylquinic (26.8% to 28.8%), 5-caffeoylquinic (21.1% to 22.4%), 4-caffeoylquinic
(12.6% to 14.2%), and 3,5-dicaffeoylquinic acids (9.5% to 11.3%) along with rutin (7.1% to 7.8%) were
found to be the predominant polyphenolic compounds. In conclusion, I. paraguariensis was shown to
be a good source of polyphenols [18,27]. Moreover, the content of lutein in aqueous extracts of Yerba
Mate varied in different commercial samples, giving further prospects for a role in risk reduction for
certain diseases [42].
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Figure 1. The chemical structures of caffeoylquinic acids.

3.1.3. Polyphenols in Yaupon Holly

Recently, limited research has been carried out on Yaupon Holly (I. vomitoria). In infusions,
eight polyphenolic compounds were identified including mono-caffeoylquinic acids, di-caffeoylquinic
acids, and two flavonol glycosides (quercetin 3-rutinosides and kaempferol 3-rutinoside), where the
mono- and di-caffeoylquinic acids comprised 70% of the total polyphenolics [20]. Kim and
Talcott also determined the composition of diverse polyphenolic compounds in tea infusion of
Yaupon Holly, and found that 3-O-caffeoylquinic acid (chlorogenic acid), quercetin 3-rutinoside
(rutin), 5-O-caffeoylquinic acid (neochlorogenic acid), and 4-O-caffeoylquinic acid (cryptochlorogenic
acid) were the main phenolic compounds, with 423, 392, 318, and 125 mg/L rutin equivalents,
respectively [21].

3.1.4. Polyphenols in Guayusa

I. guayusa teas showed high polyphenolic content totaling between 54 and 67 mg GAE/g DM,
and phenolic mono- and di-caffeoylquinic acid derivatives were the major compounds determined by
mass spectrometry [23]. Moreover, determination of TPC by the Slinkard and Singleton method showed
a very different content in green leaves and in processed Guayusa [22]. For green leaves, TPC was about
55 mg/g DM, with hydroxycinnamic acid derivatives as the major constituents. The levels of 5-O-CQA
(chlorogenic acid), 3,5-Dicaffeoylquinic acid (isochlorogenic acid), and 3-O-CQA (neochlorogenic acid)
were 24, 16, and 8 mg/g DM, respectively. Processing methods such as blanching and fermentation are
important factors affecting the TPC in Guayusa [22]. Kapp et al. reported that catechin, epicatechin,
epicatechin gallate, epigallocatechin, and epigallocatechin gallate (EGCG) were found in I. guayusa
leaves [36]. Other research showed that the major constituents of phenolics were hydroxycinnamic
acid, and chlorogenic acid was the main phenolic compound found in both young and old leaves of
Guayusa [24].
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Overall, caffeoylquinic acids and their derivatives are the main phenolic compounds in the genus
Ilex, which are summarized in Table 2.

Table 2. Main phenolic compounds in the genus Ilex.

Tea Name Species Main Polyphenols Reference

Large-leaved Kudingcha

Ilex kudingcha C. J. Tseng

Neochlorogenic acid
[30,37]Chlorogenic acid

Cryptochlorogenic acid

Protocatechuic acid

[37]
Caffeic acid

Isochlorogenic acid
Rutin

I. latifolia

Caffeic acid derivatives [3]

Ethyl caffeate

[5]
3,4-di-O-caffeoylquinic

acid methyl ester
3,5-di-O-caffeoylquinic

acid methyl ester
Chlorogenic acid

Yerba Mate Ilex paraguariensis A.
St.-Hil

Hydroxycinnamic acid
derivatives

[18]

Flavonols
3-caffeoylquinic acid
5-caffeoylquinic acid
4-caffeoylquinic acid

3, 5-dicaffeoylquinic acid
Rutin

Yaupon holly I. vomitoria

Rutin [20,21]

Chlorogenic acid
[21]Neochlorogenic acid

Cryptochlorogenic acid

Guayusa I. guayusa
Chlorogenic acid [22,24]

Isochlorogenic acid
[22]Neochlorogenic acid

3.2. Alkaloids

3.2.1. Alkaloids in Large-Leaved Kudingcha

Alkaloids are a class of naturally occurring compounds that mostly contain basic nitrogen atoms,
showing a wide range of physiological and pharmacological effects. Methylxanthines, mainly caffeine
and theobromine (Figure 2), are the main alkaloids in large-leaved kudingcha. However, alkaloid
content is relatively low. It was reported that the content of total methylxanthines was around 7% to
9%, of which caffeine accounted for 3% to 6%, while theobromines made up only 0.1% [1].

3.2.2. Alkaloids in Yerba Mate

Methylxanthines are alkaloids naturally present in Yerba Mate, mainly comprising caffeine and
theobromine [18,27,31]. It was reported that near infrared spectroscopy analysis could be applied to
predict the total methylxanthine content in Yerba Mate. The total amount of methylxanthine in 25
samples of Yerba Mate ranged from 3.69 to 12.7 mg/g, with concentrations of caffeine and theobromine
as 0.001 to 10.1 and 0.02 to 5.03 mg/g, respectively [31]. To quantify theobromine and caffeine in
I. paraguariensis extracts, quality by design (QbD) models and UHPLC were optimized and applied,
and indicated good future potential for application of this methodology [32]. In another study of
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samples of Yerba Mate methylxanthines were quantified by HPLC–DAD, with caffeine consistently
higher in content than theobromine. Overall, Yerba Mate, with the total methylxanthines ranging from
8.2 to 10.2 mg/g, can be regarded as a moderate source of these purine alkaloids [18].

Figure 2. The chemical structures of main alkaloids in the genus Ilex.

3.2.3. Alkaloids in Yaupon Holly

To identify residues of caffeinated beverages, three xanthines theobromine, theophylline,
and caffeine (Figure 2) are commonly used as standards. It was found that Yaupon beverages contained
all three, but their concentrations were significantly different between wild and domesticated types [34].
Moreover, the caffeine content in dioecious Yaupon Holly was 0% to 1.91% of dry weight, with the
level strongly affected by nitrogen fertilizer but not by gender [19,29]. In another study, caffeine was
undetectable by HPLC in Yaupon Holly leaves [43].

3.2.4. Alkaloids in Guayusa

The tea of I. guayusa, prepared by steeping leaves in boiling water, is consumed by Amazonian
families and has a high caffeine content [23]. Kapp et al. found that the extract of Guayusa
contained several secondary metabolites, such as caffeine and theobromine, at 36 and 0.3 mg/mL,
respectively [36]. Extracts from I. guayusa have also been shown to contain caffeine [23].

4. Health Benefits

Some of the physiological effects of caffeinated beverages from Ilex are potentially beneficial
for human health (Figure 3). Here, we further discuss the actions and related mechanisms of these
potential benefits from different Ilex species.

Figure 3. The health benefits of caffeinated beverages from the genus Ilex.

103



Nutrients 2018, 10, 1682

4.1. Antioxidant Activity

Consumption of herbal teas prepared from I. paraguariensis, I. vomitoria, I. kudingcha, and I. guayusa
have been reported to exhibit high reducing power, 2,2-diphenyl-1-picrylhydrazyl (DPPH) scavenging
and lipid peroxidation inhibition activities, thus relieving oxidative damage [44]. Based on the in vitro
ferric-reducing antioxidant power (FRAP) assay, one extracted alkaloid constituent from I. latifolia
had high reducing power [5]. Our previous study also found that the methanol extracts of six
Kudingcha genotypes of the genus Ilex had relatively high in vitro antioxidant activity based on
different antioxidant assays [25]. I. guayusa tea aqueous extracts (1 g/mL) prepared by conventional
means protected 70% to 80% Caco-2 cells from oxidative damage [23], and prevented lipid peroxidation
and DNA oxidative damage induced by ultraviolet radiation [45]. Similar antioxidant ability was
also found in vivo and in human studies. Pereira et al. found that giving a gavage of Mate tea
(20 mg/kg BW/day) to female Wistar rats minimized oxidative stress induced by hormonal changes
during perimenopause [46]. Moreover, the impaired endogenous antioxidant defense system in the
host could also be recovered by these widely consumed non-alcoholic beverages. As reported, the
long-term ingestion of Mate tea (1 L/day) contributed to the increase in ferric-reducing antioxidant
potential in dyslipidemic subjects [44], as well as the increased glutathione (GSH) concentration and
decreased serum lipid hydroperoxides (LOOH) levels in type 2 diabetic mellitus (T2DM) subjects [47].
In addition, the acute consumption of freeze concentrated Yerba Mate infusion (100 mL) also
enhanced the activities of antioxidant enzymes in healthy individuals, including catalase (CAT, 28.7%),
superoxide dismutase (SOD, 21.3%), and glutathione peroxidase (GPx, 9.6%) in blood samples [48].

It is widely accepted that the counteraction on oxidative stress is mainly attributable to the existing
phenolic compounds, especially chlorogenic acids (like mono- and dicaffeoylquinic acids) as well as
flavonols [49,50], since in vitro antioxidant capacity has been confirmed to be positively correlated
with their concentrations [13,51]. In order to better retain the contents and stability of health-beneficial
antioxidants in Ilex teas, more attention should be paid to the adjustment of industrial processing
methods and the improvement of packaging methods [22,52].

4.2. Anti-Inflammatory Activity

The inflammatory response is usually accompanied by the activation of macrophages, neutrophils,
and various released inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin
(IL)-1β, -6, and -12, triggering histological damage to specific tissues. Reduction of the exudate
concentration, reestablishment of the balance between pro- and anti-inflammatory cytokines (IL-4 and
-10), and suppression of the pro-inflammatory enzyme activity are considered to be major therapeutic
targets in inflammation treatment.

High anti-inflammatory effects were observed in RAW 264.7 cells treated with I. latifolia ethanol
extract (50 μg/mL), coupled with reduced nitric oxide (NO) production, which could dilate small blood
vessels and increase the infiltration of pro-inflammatory mediators [5,10]. Similarly, a 10% to 30% NO
inhibition rate was also reported in I. guayusa aqueous extracts (1 g/mL) treatment [23]. In addition,
several animal experiments also reported the anti-inflammatory effects of these tea-like beverages.
For instance, I. kudingcha C. J. Tseng methanol extracts (KME) administration upregulated the mRNA
expression of inducible nitric oxide synthase (iNOS) and reduced the formation of pro-inflammatory
factors like TNF-α, IL-1β, and IL-6 in dextran sulfate sodium (DSS)-induced ulcerative colitis (UC)
mice [53]. Besides, I. paraguariensis has been reported to show anti-inflammatory effects in various
animal models, such as pleurisy in mice [54], cigarette smoke-induced acute lung inflammation in
mice [55], obesity-related inflammation in rats [56,57], azoxymethane-induced inflammation in a rat
colon [58], and acute edema in a mouse model [59] at concentrations ranging from 150 mg/kg to
250 mg/kg. The anti-inflammatory mechanism of Yerba Mate was reported to inhibit the NF-κB
signaling pathway through restraining the phosphorylation of upstream IκB-α and GSK-3β, leading
to blocking downstream iNOS and cyclooxygenase-2 (COX-2) expression, and the secretion of
inflammatory cytokines [56,58]. However, the anti-inflammatory effects observed in several animal
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models have not been reported in human studies. Preliminary evidence has shown that Yerba Mate
consumption (3 g Yerba Mate diluted in 200 mL water once a day for sixty days) did not alter the
inflammatory parameters like high-sensitivity C-reactive protein (hs-CRP), fibrinogen, and HDL-C
levels in 92 HIV/AIDS-positive individuals. The discrepancy between basic research and clinical cases
could be due to the amount of beverage offered, the concentration of bioactive compounds in Mate tea,
and the metabolic conditions of specific populations [60].

4.3. Antibacterial Activity

Compared to tea from Camellia sinensis, research on the antibacterial properties of Yerba Mate is
relatively limited [27]. The antibacterial effects of Yerba Mate have been reported for Escherichia (E.) coli,
Salmonella typhimurium, Listeria monocytogenes, Staphylococcus (S.) aureus, and even methicillin-resistant
S. aureus (MRSA), with the antibacterial concentration ranging from 40 μg/mL to 7.4 mg/mL,
and the inhibitory effects seemingly better on gram-positive bacteria than gram-negative bacteria [61].
Commonly, higher concentrations are required when applied to food systems due to the interaction
of antibacterial substances with food components like proteins and lipids. Burris et al. found that
the concentration of lyophilized aqueous extract of Yerba Mate in apple juice (40 mg/mL) was
eight-fold higher than that in a medium (5 mg/mL) for equivalent bacterial inactivation [62]. A similar
conclusion was also reached for ground beef, where the anti-MRSA concentration of Mate tea increased
dose-dependently with increase of fat content [63].

Although the composition of Yerba Mate extract is relatively clear, conflicting results are shown
with regards to the identification of bioactive compounds responsible for antimicrobial activity.
Apart from the generally believed phenolic compounds [64], 3,4-dihydroxybenzaldehyde could
significantly inhibit MRSA growth even at the lowest concentration of 100 μg/mL [65]. Besides,
macromolecules like protein, occupying about 26% of Yerba Mate, might be responsible for the
antibacterial activity since dialyzed aqueous extracts have also shown inhibitory effects on E. coli and
S. aureus [62]. The antibacterial mechanism has been much less investigated, and it was pointed out
that the tea extract of I. paraguariensis had a destructive effect on the central carbon metabolism and
energy production pathways, as well as cell membrane integrity [66]. Overall, it is still unclear whether
the ingredients that have important antibacterial properties are completely identified and whether
they have synergistic or additive antibacterial effects.

4.4. Lipid-Reducing Activity

Several in vitro, in vivo, and human studies have reported the lipid-lowering benefits of the
extract of I. paraguariensis. The inhibited accumulation of triglycerides in HepG2 cells and attenuated
blood lipid levels were demonstrated in I. latifolia aqueous extracts [7,67]. Besides, N-butanolic fraction
(n-BFIP), a standardized fraction rich in phenolic compounds derived from Yerba Mate was also
shown to reduce triglycerides (TG) and low-density lipoprotein cholesterol (LDL-C) in high-fat-diet
induced (HFD) rats by 30% and 26%, respectively [68]. This was consistent with the conclusion
that polyphenols and methylxanthines in Yerba Mate showed higher lipid-reducing activity than
saponins [69]. In addition, the lipid-reducing effect of Yerba Mate extract was proven to be effective
not only in animal models, such as hyperlipidemic hamster model [70], rats [68], and rabbits [69],
but also in humans. Dyslipidemic and normolipidemic subjects supplemented with 50 g (330 mL
infusion and 3 times/day) Yerba Mate had about 10% reduction in lipid parameters (LDL-C and
TG) [71,72]. In addition, it was reported that heavy drinkers of I. paraguariensis beverage (>1 L/day)
had lower total cholesterol, LDL-C, and fasting glucose, but interestingly, their body weight was higher,
compared with moderate drinkers [73]. This low-lipids high-body-weight paradox observed in the
population of heavy drinkers of I. paraguariensis beverages could be due to the induced hypoglycemia
and compensatory higher intake of refined carbohydrates, since their consumption of carbohydrates
was higher than moderate drinkers [73].
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For the lipid-reducing molecular mechanism, triterpenoid saponins (200 mg/kg/day) derived
from I. latifolia was reported to lower lipids by the inhibition of sterol regulatory element-binding
proteins (SREBPs) via enhancing AMP-activated protein kinase (AMPK) phosphorylation in a
non-alcoholic fatty liver disease mouse model [74,75]. In addition, Yerba Mate aqueous extract was
reported to improve plasma lipid profile both in vitro (3T3-L1 cells model) and in vivo (mice model),
probably by inhibiting adipogenesis via downregulating the expression of adipogenesis related genes
(Creb-1 and C/EBPα) [76].

4.5. Regulation of Gut Microbiota

More recently, growing attention has been paid to the effect of tea beverages on gut microbiota.
Enhanced probiotic colonization was observed in a broiler chicken model fed with ground Yerba
Mate leaf supplement (0.55% inclusion rate) [77]. Moreover, Ilex kudingcha extract (400 mg/kg)
was demonstrated to change the diet-disrupted gut microbiota composition to normal state and
increase their diversity in HFD-fed mice [78]. It was reported that polyphenols from I. latifolia
played a critical role in establishing the structure of gut microbiota, since dietary polyphenols,
especially dicaffeoylquinic acids (diCQAs), exhibited low bioavailability in the upper digestive tract,
and reached the colon with an intact form and interacted with the colonic microbiota, contributing
to the amelioration of the intestinal flora [79]. In addition, Xie et al. reported that diCQAs from
Kudingcha enhanced the diversity of intestinal microbiota in vitro and promoted the generation of
short-chain fatty acids (SCFAs) through gut microbiota, which in turn provided nutrients and energy
for the optimization of gut microbial profile [9]. Therefore, the interaction between tea consumption
and intestinal microbes can further improve the microbial colonization and promote human health.

4.6. Anti-Cancer Activity

Although epidemiological studies have reported a correlation between Mate tea consumption and
esophageal cancer, it is most likely due to confounding factors, such as high consumption temperature
rather than the carcinogenic constituents present [80,81], since any beverages with temperature above
65 ◦C are “likely carcinogenic to humans” [82]. In fact, the cytotoxic action against diverse cancer
cells, such as breast cancer, oral cancer, nasopharyngeal carcinoma, and colon adenocarcinoma cells,
was reported in Yaupon Holly leaves [20], Kudingcha extracts [5], and Yerba Mate extracts [83,84],
which were tested with concentrations ranging from 10 μg/mL to 1000 μg/mL, and could not only
inhibit the viability and proliferation of cancer cells, but also prevent metastasis and promote apoptosis
of cancer cells. The presence of characteristic ingredients, mainly chlorogenic acid derivatives, may be
responsible for the anti-cancer effects of Ilex Kudingcha [39].

Several studies also elucidated the anti-cancer molecular mechanisms. It was reported that
caffeoylquinic acids in Ilex tea extracts were able to activate the pro-apoptotic factors caspase-3 and
caspase-9 in TCA8113 cancer cells, and caspase-8 and caspase-3 in HT-29 human colon cancer cells,
accompanied with the decreased expression of the inflammatory mediator NF-κB, which regulates
cell proliferation, anti-apoptosis, and cell metastasis [6,85]. Overall, induction of cancer cell apoptosis
and suppression of chronic inflammation could be two main mechanisms of the anti-cancer activity of
Ilex tea.

4.7. Cardiovascular Protective Activity

Research on cardiovascular protection is limited, and only reported for I. paraguariensis and
I. kudingcha. Kudingcha extract showed ameliorative effects on blood vessel contractility and blood
flow in both rats and rabbits [3]. Kudingcha polysaccharides were also reported to have a protective
effect against vascular dysfunction in high fructose-fed mice [86]. Yerba Mate consumption had
great potential for reducing intermediate factors for cardiovascular diseases in both animal and
human interventional studies [87]. In addition, improved blood viscosity and microcirculation were
observed in 142 subjects supplemented with Yerba Mate tea (5 g/day) [88]. Moreover, reduced
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cardiovascular diseases were observed in 95 postmenopausal women consuming more than 1 L/day
of mate infusion [89]. Thus, Ilex tea has great potential to be used as a preventive or therapeutic
ingredient against cardiovascular diseases.

4.8. Anti-Obesity Activity

In recent years, reports have shown that caffeinated beverages from the genus Ilex, including
Yerba Mate and Kudingcha, can reduce body weight and have great potential to be developed
into anti-obesity drugs [78]. I. latifolia (0.33% aqueous extract was added to the HFD) showed
protective effects against HFD-induced body weight gain in mice, accompanied by decreased adipocyte
lipid accumulation and suppressed expression of lipogenic genes in the liver [90]. Furthermore,
adipocyte size, adipocyte differentiation, and fat accumulation were also suppressed in obese rats
after treatment with I. paraguariensis aqueous solution [91–94]. In addition to direct impact on
adipogenesis, the anti-obesity effects of Mate extract were correlated with decreased appetite [95].
Hussein et al. found that chronic administration of Yerba Mate (50 mg/kg) induced elevated levels
of the satiety markers glucagon-like peptide 1 (GLP-1) and leptin in high-fat diet-fed mice, leading
to appetite-suppression and reduced food intake, thus decreasing body weight (BW) and body mass
index [96].

Besides, the anti-obesity activity of Yerba Mate beverages has been validated in clinical trials.
A randomized double-blind trial conducted by Kim et al. showed that body fat mass was significantly
reduced in obese subjects supplemented with oral Yerba Mate capsules (3 g/day) for twelve weeks [97].
In addition, acute intake of Yerba Mate was confirmed to augment energy expenditure in healthy
people [98], and it was interesting that a higher increase in energy expenditure could be induced
by ingesting Yerba Mate at cold temperatures (e.g., 3 ◦C) rather than hot temperatures (e.g., 55 ◦C),
without exerting negative impacts on the cardiovascular system [99]. Thus Yerba Mate appears to have
great potential to be developed into an anti-obesity functional food.

4.9. Anti-Diabetic Activity

Increasing in vitro and in vivo studies support I. latifolia as an effective way to control postprandial
hyperglycemia. Kudingcha aqueous extracts (6 mg/mL) could decrease 36% and 50% of the
Na+-dependent and Na+-independent glucose absorption by Caco-2 cells in vitro, respectively [100].
In addition, blood glucose levels in the epinephrine hyperglycemia rat models also returned to normal
levels under treatment with 5 or 10 g/kg Kudingcha extracts [3]. This result was in agreement
with another in vivo study that oral administration of Yerba Mate (100 mg/kg) aqueous extract for
seven weeks decreased blood glucose levels and improved insulin sensitivity in Tsumura Suzuki
obese diabetic (TSOD) mice, thus reducing the risk of hyperglycemia [97]. The caffeoylquinic acid
(CQA) derivatives derived from I. latifolia were further confirmed to play an important role in
producing these effects, by means of binding to α-glucosidase via stable hydrogen bonding and
hydrophobic interaction, thus reducing blood sugar levels [8]. In addition, clinical trials demonstrated
the possibility of I. paraguariensis beverages for the prevention of diabetes complication, since long-term
I. paraguariensis consumption (1 L/day, sixty days) improved glycemic profile and pre-diabetes related
conditions (oxidative stress and dyslipidemia) in T2DM and pre-diabetic individuals [47]. Therefore,
the consumption of herbal teas prepared from Ilex species is likely to be beneficial for the treatment
of diabetes.

4.10. Neuroprotective Activity

The caffeinated beverages from the genus Ilex also show neuroprotective activity [101].
For instance, the exposure of cortical neurons to I. latifolia (1–100 μg/mL) was reported to inhibit
neuronal death induced by glutamate, hypoxia, and amyloid β protein (Aβ) through suppressing the
pathway of apoptosis [102,103]. Additionally, in vivo experiments also demonstrated that I. latifolia
supplement (25 to 200 mg/kg) significantly inhibited Aβ (25–35)-induced memory impairment in mice
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and ischemia-induced neurological deficits in rats in a dose-dependent manner [103,104]. Clinical
results further revealed its potential to inhibit the development of Parkinson’s disease [105].

4.11. Other Health Benefits

In addition to the health benefits mentioned above, Yerba Mate was also reported to improve
bone mineral density in postmenopausal women and accelerated the healing of the alveolar socket in
rats after tooth extraction [106,107]

5. Conclusions

In conclusion, this review summarized the distribution and chemical composition of the
caffeinated beverages from the genus Ilex, including the large-leaved Kudingcha, Yerba Mate,
Yaupon Holly, and Guayusa, along with their potential health benefits, including antioxidant,
anti-inflammatory, antibacterial, lipid-reducing, regulation of gut microbiota, anti-cancer,
cardiovascular protective, anti-obesity, anti-diabetic, neuroprotection, etc. However, the genus Ilex
contains about 600 species, most of which still lack detailed investigation. In the future, intensive
bioprospecting of the whole range of genetic resources is sure to reveal interesting and useful new
compounds and new sources of high levels of known compounds. In addition, further research
should aim at designing controlled clinical trials to investigate the effects of long-term consumption of
well-characterized Ilex-based beverages on human health.
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Abstract: The beneficial effects of the tea beverage are well-known and mainly attributed to
polyphenols which, however, have poor bioaccessibility and bioavailability. The purpose of the
present study was the evaluation of colon bioaccessibility and antioxidant activity of tea polyphenolic
extract. An 80% methanolic extract (v/v) of tea polyphenols was obtained from green (GT), white (WT)
and black tea (BT). Simulated gastrointestinal (GI) digestion was performed on acid-resistant capsules
containing tea polyphenolic extract. The main tea polyphenols were monitored by HPLC-diode-array
detector (DAD) method; in addition, Total Phenol Content (TPC) and antioxidant activity were
evaluated. After GI digestion, the bioaccessibility in the colon stage was significantly increased
compared to the duodenal stage for both tea polyphenols and TPC. Similarly, the antioxidant activity
in the colon stage was significantly higher than that in the duodenal stage. Reasonably, these results
could be attributable in vivo to the activity of gut microbiota, which is able to metabolize these
compounds, generating metabolites with a greater antioxidant activity. Our results may guide the
comprehension of the colon digestion of polyphenols, suggesting that, although poorly absorbed in
the duodenum, they can exert their antioxidant and anti-inflammatory activities in the lower gut,
resulting in a novel strategy for the management of gut-related inflammatory diseases.

Keywords: tea; polyphenols; bioaccessibility; nutraceutical; microbiota

1. Introduction

Tea is historically recognized as the typical beverage consumed in the oriental tradition, used
for more than 5000 years in diet and folk medicine, especially in Asian countries [1]. However, its
consumption has increased all over the world, becoming one of the most popular beverages [2].
This spreading is mainly due to the widely accepted beneficial effects of tea on human health, which
have been attributed to polyphenols [3], the largest group of phytochemical compounds which includes
about 8000 different structures [4]. These compounds are largely contained in several plant-based
foods, such as fruits, nuts, tea, coffee and cocoa [5,6], suggesting the pivotal role of their consumption
in prevention and management of several diseases, including type 2 diabetes mellitus (T2DM) [6] and
cardiovascular disease (CVD) [7]. Most of the main beneficial effects of the Mediterranean Diet, which is
recognized as the best health-promoting dietary style, indeed, are attributed to the elevated amount of
polyphenols present in its main food constituents [6–10]. Evidence, indeed, suggests that polyphenols,
in addition to their well-known antioxidant activity, exert a number of other beneficial effects on
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human health contributing to preventing and/or managing several pathological conditions, including
neurodegenerative diseases, inflammation, cancer, CVD, T2DM and obesity, as recently reviewed by
Cory et al. [11]. Among polyphenols, catechins are the most representative in tea (more than 30% of
leaf dried weight) [12]. After their synthesis, catechins undergo several esterification reactions with
gallic acid, resulting in a number of other bioactive compounds, including (−)-catechin-3-gallate (CG),
(−)-epicatechin-3-gallate (ECG), (−)-epigallocatechin (EGC), (−)-epigallocatechin-3-gallate (EGCG),
and (−)-gallocatechin-3-gallate (GCG). The EGCG is the most abundant polyphenol in green, white
and black tea; ECG and EGC levels are high in white tea, where gallic acid, caffeine and theobromine
are also present [13].

Although a number of studies have reported several beneficial effects of tea, it is important to
consider that gastrointestinal (GI) digestion is a complex physiological process, which strongly affects
structure and activity of diet-derived bioactive compounds, resulting in decreased bioaccessibility and
bioavailability. Tenore et al. [14] evaluated in vitro bioaccessibility and bioavailability of polyphenols
in black, white and green tea infusions (0.5 g of tea in 20 mL of hot water, 90 ◦C). Bioaccessibility was
investigated using a simulated GI digestion protocol; bioavailability was assessed by a monolayer of
Caco-2 human colon carcinoma cell line, as intestinal epithelium experimental model. Results showed
a very low intestinal bioaccessibility (about 8%) and bioavailability (2–15% of the intestinal content).
The low bioaccessibility is mainly ascribed to the neutral intestinal pH, which causes epimerization
and auto-oxidation of catechins. Furthermore, the low catechin transepithelial permeation is probably
due to polyphenol instability at neutral pH values and/or the presence of efflux transporters on
the apical membrane of intestinal cells [14]. Similar results were obtained by Peters et al. [15] who
highlighted that both duodenal bioaccessibility and bioavailability of catechins from green tea were
reduced compared to non-digested samples. Interestingly, the same authors demonstrated that these
two parameters were enhanced using a formulation of green tea extract with sucrose and ascorbic acid,
alone or in combination [15].

Jilani et al. [16] also demonstrated that in vitro GI digestion reduces intestinal bioaccessibility of
polyphenols from green and black tea infusions; however, total antioxidant capacity was reduced only
in green tea samples, while increased in black tea samples. Additionally, biosorption with S. cerevisiae
has been proposed as a useful approach to increase polyphenol bioaccessibility. In general, yeast
fermentation enhanced both bioaccessibility and antioxidant capacity of tea polyphenols. Specifically,
fermented infusions exhibited a lower bioaccessibility than not-fermented; however, in the suspension
of S. cerevisiae (the pellet obtained after centrifugation of fermented samples) a certain amount of
polyphenols was detected. Interestingly, both bioaccessibility and antioxidant capacity of polyphenols
in the yeast suspension significantly increased after in vitro GI digestion, suggesting that yeast acted as
a good strategy for extracting polyphenols and as delivery system protecting phytochemicals during
the GI digestion. This is mainly due to the ability of polyphenols to bind wall components of yeast
cells forming complexes with affinities depending on several factors, including chemical structure
of polyphenols, protein or polysaccharides concentrations, temperature and pH. According to the
authors, the affinity between polyphenols and wall components of yeast cells was higher in black
tea samples; this is due to a higher specificity toward high molecular weight polyphenols, such as
thearubigins and theaflavins, which also present a high affinity for milk proteins [17,18]. This suggest
that food components may also affect bioaccessibility of polyphenols. The formation of complexes
between polyphenols and food components may represent a delivery system that protects bioactive
compounds from the activity of GI digestion; in turn, changes in pH (in particular, the middle-alkaline
pH), variating the affinity of polyphenols, may increase their bioaccessibility.

On the contrary, Coe et al. [19] demonstrated that bioaccessibility of polyphenols from green,
white and black tea infusions increased both in gastric and duodenal stages after in vitro GI digestion.

Overall, these data provide information about the metabolic fate of diet-derived bioactive
compounds and suggest that, although diet is the main source of bioactive substances, the single
or sporadic consumption of foods rich in these compounds is not sufficient to obtain the claimed
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beneficial effects. The use of nutraceutical products, thus, might represent the best approach to take
benefit from their properties.

However, taking into account the physiology of the GI system, a further interpretation of tea
polyphenol metabolic fate should be proposed. The prolonged permanence of polyphenols in the
intestinal lumen leads to the assumption that these compounds may exert, in situ, their beneficial
effects, including the actions on glucose and lipid metabolism [12,13]. Moreover, the non-absorbed
polyphenols reach the lower intestine where, before being excreted, they might also exert their
antioxidant activity. Interestingly, evidence showed that non-absorbed polyphenols could be
metabolized by the microbiota in the colon, resulting in the production of several metabolites,
which have higher antioxidant activity [20–22].

A limited number of studies have investigated the metabolic fate of tea polyphenols in the large
intestine. The purpose of the present study is to investigate the bioaccessibility and antioxidant activity
of tea polyphenols in an experimental model of large intestine. Bioaccessibility and antioxidant activity
were evaluated using a nutraceutical formulation based on acid-resistant capsules containing 80%
methanolic extract (v/v) of green (GT), white (WT) and black tea (BT). After in vitro simulated GI
digestion, significant increases in tea polyphenols and antioxidant activity were observed in the colon
stage, as compared to the duodenal stage, suggesting a possible role of gut microbiota in metabolising
these compounds in vivo.

2. Materials and Methods

2.1. Reagents

All chemicals and reagents used were either analytical or HPLC-grade reagents. The water was
treated in a Milli-Q water purification system (Millipore, Bedford, MA, USA) before use. Chemicals
and reagents used to simulate the gastrointestinal digestion: potassium chloride (KCl), potassium
thiocyanate (KSCN), monosodium phosphate (NaH2PO4), sodium sulphate (Na2SO4), sodium chloride
(NaCl), sodium bicarbonate (NaHCO3), hydrochloric acid (HCl) and also the enzymes pepsin
(≥250 U/mg solid) from porcine gastric mucosa, pancreatin (4 × USP) from porcine pancreas, protease
from Streptomyces griseus, called also Pronase E (≥3.5 U/mg solid), and Viscozyme L were purchased
from Sigma-Aldrich (Milan, Italy).

2.2. Tea Polyphenolic Extraction

Three variety of tea samples (C. sinensis) were purchased in a local market. These were green,
white and black tea. All samples were obtained from the same tea cultivar Chun Mee 41022 (Vicony
Teas Company, Huangshan, China). For the preparation of the tea polyphenolic extract, 75 mL of
80% methanol was added to 15 g of each dry tea samples, homogenized for 1 min by ultra-turrax
(T25-digital, IKA, Staufen im Breisgau, Germania), shaken on orbital shaker (Sko-DXL, Argolab, Carpy,
Italy) at 300 rpm for 10 min; the samples were placed in ultrasonic bath for other 10 min and then
centrifuged at 6000 rpm for 10 min. The supernatants were collected and stored in the darkness,
at 4 ◦C. The pellets obtained, were re-extracted with other 35 mL of the same mixture, following
the procedure previously described. Finally, the extracts were filtered under vacuum, the methanol
fraction was eliminated, and the water fraction was lyophilized. The powders obtained were used
for the capsules’ formulation. In particular, capsules contained 1000 mg GT, WT or BT polyphenolic
extract. The capsules used were acid-resistant (hydroxypropyl cellulose E464, gellan gum E418, hioxide
titanium E171).

2.3. In Vitro Simulated Gastrointestinal Digestion

The in vitro digestion experiments were performed according to the procedure described by
Raiola et al. (2012) [23] and by Tenore et al. (2013) [24], with few modifications. For GI digestion,
a capsule was mixed with 6 mL of artificial saliva composed of KCl (89.6 g/L), KSCN (20 g/L),
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NaH2PO4 (88.8 g/L), Na2SO4 (57.0 g/L), NaCl (175.3 g/L), NaHCO3 (84.7 g/L), urea (25.0 g/L)
and 290 mg of α-amylase. The pH of the solution was adjusted to 6.8 with HCl 0.1 N. The mixture
was introduced in a plastic bag containing 40 mL of water and homogenized in a Stomacher 80
Microbiomaster (Seward, Worthing, UK) for 3 min. Immediately, 0.5 g of pepsin (14,800 U) dissolved in
HCl 0.1 N was added, the pH was adjusted to 2.0 with HCl 6 N, and the solution was incubated at 37 ◦C
in a Polymax 1040 orbital shaker (250 rpm) (Heidolph, Schwabach, Germany) for 2 h. Then the pH was
increased to 6.5 with NaHCO3 0.5 N and 5 mL of a mixture of pancreatin (8.0 mg/mL) and bile salts
(50.0 mg/ mL) (1:1; v/v), dissolved in 20 mL of water, was added and incubated at 37 ◦C in an orbital
shaker (250 rpm) for 2 h. Finally, the mixture was centrifuged at 6000 rpm and the remaining pellets
were treated first with 5 mL of 1 mg/mL Pronase E solution (pH 8 for 1 h), and then, with 150 μL of
Viscozyme L (pH 4 for 16 h), in order to simulate the colon digestion process, as previously described
by Papillo et al. (2014) [25]. Each of the supernatants collected during the different digestion phases
simulated were lyophilized, and then dissolved in methanol for the analysis.

2.4. Total Phenol Content (TPC)

Total phenol content (TPC) was determined through Folin-Ciocalteau’s method, using gallic
acid as standard (Sigma-Aldrich, St. Louis, MO, USA). In brief, 0.1 mL of samples (properly diluted
with water in order to obtain an absorbance value within the linear range of the spectrophotometer)
underwent an addition of: 0.5 mL of Folin-Ciocalteau’s (Sigma-Aldrich, St. Louis, MO, USA) reagent
and 0.2 mL of an aqueous solution of Na2CO3 (20%; w/v %), bringing the final volume to 10 mL
with water. After mixing, the samples were kept in the dark for 90 min. After the reaction period,
the absorbance was measured at 760 nm. Each sample was analyzed in triplicate and the concentration
of total polyphenols was calculated in terms of gallic acid equivalents (GAE) [26].

2.5. HPLC-DAD Analysis of Tea Polyphenols

The main tea polyphenols were assessed by HPLC/diode-array detector (DAD) analysis,
performed using a HPLC system Jasco Extrema LC-4000 system (Jasco Inc., Easton, MD, USA) fitted
with an auto sampler, a binary solvent pump, and a diode-array detector (DAD). The separation and
quantification were achieved using Synergy Polar-RP C18 column (150 × 4.6 mm I.D., 4 μm particle
size, Phenomenex, Torrance, CA, USA) preceded by a Polar RP security guard cartridge. The column
temperature was set at 40 ◦C. The PDA acquisition wavelength was set in the range of 200–400 nm.
The mobile phase consisted of water-acetic acid, (97:3 v/v) (A) and methanol (B). Injection volume
was 20 μL and flow rate was kept at 1 mL/min. The gradient program was: 0–1 min %(A), followed
by a linear increase of solvent B to 63% in 27 min; then the phase composition was brought back
to the initial conditions in 2 min [27]. Calibration curves were obtained at detection wavelength of
280 nm for all catechins using a series of standard dilutions in MeOH, over the concentration range of
0.20–80.0 mg/L.

2.6. Antioxidant Activity

2.6.1. DPPH Assay

The antioxidant activity of tea samples was measured with respect to the radical scavenging
ability of the antioxidants present in the sample using the stable radical 2,2-diphenyl-1-picrylhydrazyl
(DPPH) (Sigma-Aldrich St. Louis, MO, USA). The analysis was performed by adding 100 μL of each
sample to 1000 μL of a methanol solution of DPPH (153 mmol L−1). The decrease in absorbance was
determined with a UV-visible spectrophotometer (Beckman, Los Angeles, CA, USA). The absorbance
of DPPH radical without antioxidant, i.e., the control, was measured as basis. All determinations were
in triplicate. Inhibition was calculated according to the formula:

[(Ai − Af)/Ac] × 100, (1)
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where Ai is absorbance of sample at t = 0, Af is the absorbance after 6min, and Ac is the absorbance of
the control at time zero [28]. Trolox was used as standard antioxidant. Results were expressed in mmol
Trolox Equivalent (TE).

2.6.2. ABTS Assay

The ABTS assay was performed according to the method described by Rufino et al. (2010) [26]
with slight modifications. ABTS solution was prepared [2,20 -azinobis(3-ethylbenzotiazoline-6-
sulfonate)] by mixing 5 mL of ABTS 7.0 mM solution and 88 μL of potassium persulfate 2.45 mM
solution, which was left to react for 12 h, at 5 ◦C in the dark. Then, ethanol water was added to
the solution until an absorbance value of 0.700 (0.05) at 754 nm (Beckman, Los Angeles, CA, USA).
The determination of sample absorbance was accomplished at room temperature and after 6 min of
reaction. All determinations were in triplicate. Inhibition was calculated according to the formula:

[(Ai − Af)/Ac] × 100, (2)

where Ai is absorbance of sample at t = 0, Af is the absorbance after 6 min, and Ac is the absorbance of
the control at time zero [29]. Trolox was used as standard antioxidant. Results were expressed in mmol
Trolox Equivalent (TE).

2.7. Statistics

Unless otherwise stated, all the experimental results were expressed as mean ± standard deviation
(SD) of three determinations. Statistical analysis of data was performed by the Student’s t test or
two-way ANOVA (SPSS 13.0) followed by the Tukey-Kramer multiple comparison test to evaluate
significant differences between a pair of means. P values less than 0.05 were regarded as significant.
The degree of linear relationship between two variables was measured using the Pearson product
moment correlation coefficient (R). Correlation coefficients (R) were calculated by using Microsoft
Office Excel application.

3. Results

3.1. In Vitro Bioaccessibility of Tea Polyphenols

Tea polyphenol bioaccessibility was evaluated by using a simulated GI digestion. The use of
acid-resistant capsule allowed us to avoid the effects of gastric conditions on the bioactive compounds.
For each sample, the gastric bioaccessibility was 0% (Table 1). Equally, the oral bioaccessibility was
also 0% (Table 1).

In order to obtain an overview of the bioaccessibility of the tea polyphenols in the various stages of
the GI digestion, we firstly evaluated the TPC by Folin-Ciocalteu assay. Table 1 shows the mean values
(mg GAE/g) of TPC for GT, WT and BT in each stage of the in vitro GI digestion. In the duodenal
stage, TPC was significantly lower than in the not digested samples (p < 0.0001 for all samples). On the
contrary, in the colon stage TPC significantly increased compared to the duodenal stage (p < 0.001,
0.0005 and 0.0001 for GT, WT and BT, respectively). In particular, despite the initial TPC measured
in not-digested samples, after in vitro GI digestion WT renders the higher colon bioaccessibility
(WT > BT > GT).
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Table 1. Total Phenol Content (TPC) evaluated by Folin-Ciocalteu method. Data are expressed as mean
value (mg gallic acid equivalents (GAE)/g extract) ± SD of three repetitions.

Sample
TPC (mg/g) ± SD

Tea Variety Digestion Stage

Green Not digested 1005.703 ± 28.784
Oral stage n.d.

Gastric stage n.d.
Duodenal stage 62.507 ± 2.254 a,*
Pronase E stage 210.448 ± 24.479

Viscozyme L stage 42.180 ± 10.939

Total colon stage 252.628 ± 35.048 b,**

White Not digested 650.654 ± 15.848
Oral stage n.d.

Gastric stage n.d.
Duodenal stage 82.053 ± 15.294 c,*
Pronase E stage 402.221 ± 17.794

Viscozyme L stage 120.760 ± 38.581

Total colon stage 522.981 ± 55.831 d,***

Black Not digested 814.600 ± 6.968
Oral stage n.d.

Gastric stage n.d.
Duodenal stage 42.111 ± 1.751 e,*
Pronase E stage 340.196 ± 15.132

Viscozyme L stage 78.432 ± 6.288

Total colon stage 418.628 ± 21.375 f,**

Statistical significance is calculated by Student’s t-test analysis: * p < 0.0001 Not digested vs. Duodenal stage;
** p < 0.001 Duodenal stage vs. Colon stage (Pronase E + Viscozyme L stages); *** p < 0.0005 Duodenal stage vs.
Colon stage (Pronase E + Viscozyme L stages). a,b,c,d,e,f Mean values with different superscript letters are significantly
different by Tukey-Kramer multiple comparison test. n.d.: not detected.

The most representative tea polyphenols were then monitored by HPLC-DAD analysis before and
after in vitro GI digestion. HPLC-DAD chromatograms of not digested samples with the identification
of the different catechins are reported in Figure 1. Mean values of the main tea polyphenols are
reported in Table 2.
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Figure 1. HPLC-diode-array detector (DAD) chromatograms of not digested green tea (GT) (A), black tea
(BT) (B) and white tea (WT) (C) with identifying observed catechins. C: (+)-catechin; EC: (−)-epicatechin;
ECG: (−)-epicatechingallate; EGC: (−)-epigallocatechin; EGCG: (−)-epigallocatechingallate; GC:
(−)-gallocatechin; CG: (−)-catechingallate.
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As shown in Table 3, interesting data regarding the intestinal bioaccessibility were obtained.
In particular, the bioaccessibility in the duodenal stage was significantly reduced compared to not
digested samples (p < 0.0001 for all samples). On the other hand, the colon bioaccessibility (considered
as Pronase E stage + Viscozyme L stage) was significantly higher than duodenal stage (p < 0.005 for
all samples).

Table 3. Intestinal bioaccessibility of tea polyphenols evaluated by HPLC-DAD method after the
simulated in vitro digestion.

Sample
Duodenal Bioaccessibility Colon Bioaccessibility

Total Polyphenols (mg/g) % Total Polyphenols (mg/g) %

Green tea 209.377 * 23.77 958.933 ** 108.85
White tea 156.302 * 19.33 826.185 ** 102.21
Black tea 126.035 * 13.00 1088.007 ** 112.26

Statistical significance is calculated by Student’s t-test analysis: * p < 0.0001 Not digested vs. Duodenal stage;
** p < 0.005 Duodenal stage vs. Colon stage (Pronase E + Viscozyme L stages).

Data obtained by HPLC-DAD and Folin-Ciocalteu methods were compared (Figure 2). An almost
equivalent trend was observed, suggesting that these two methods, although the well-known
differences and limitations, provided similar results.

Figure 2. Comparison between the data obtained by the HPLC-DAD method and the spectrophotometric
Folin-Ciocalteu method, expressed as mg/g total polyphenols and mg/g gallic acid, respectively.

3.2. Antioxidant Activity of Tea Polyphenolic Extract after In Vitro Digestion

The antioxidant activity was evaluated by using both DPPH and ABTS assays; results were
expressed as mmol of Trolox Equivalent (TE) per g of dried extract. The mean values are reported in
Table 4 for each sample in different stages of the in vitro GI digestion.
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Table 4. Antioxidant activity of digested samples evaluated by DPPH and ABTS assays. Data are
expressed as mean value in mmol TE/g extract ± SD (of three repetitions).

Sample Antioxidant Activity (mmol TE/g ± SD)

Tea Variety Digestion Stage DPPH Assay ABTS Assay

Green
Not digested 3.649 ± 0.342 4.269 ± 0.274

Duodenal stage 0.325 ± 0.013 0.469 ± 0.187
Pronase E stage 1.339 ± 0.336 1.335 ± 0.403

Viscozyme L stage 0.098 ± 0.006 0.108 ± 0.046

White
Not digested 3.961 ± 0.453 4.085 ± 0.213

Duodenal stage 0.338 ± 0.102 0.344 ± 0.140
Pronase E stage 2.244 ± 0.743 2.421 ± 0.779

Viscozyme L stage 0.684 ± 0.073 0.375 ± 0.139

Black
Not digested 2.322 ± 0.206 2.971 ± 0.274

Duodenal stage 0.093 ± 0.014 0.283 ± 0.039
Pronase E stage 1.793 ± 0.094 2.129 ± 0.302

Viscozyme L stage 0.100 ± 0.006 0.564 ± 0.115

For all samples, in both assays, the antioxidant activity in the colon stages was higher than in
duodenum. The variation of the antioxidant activity expressed as % inhibition and mmol TE/g in
duodenal and colon stages are represented in Figure 3. In particular, a significant increase of the
antioxidant activity was observed in the colon stage for both DPPH (p < 0.005, 0.01 and 0.0001 for GT,
WT and BT, respectively) and ABTS (p < 0.05, 0.01 and 0.001 for GT, WT and BT, respectively) assays.

Figure 3. Cont.
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Figure 3. Antioxidant activity evaluated by (A) DPPH and (B) ABTS methods after simulated in vitro
digestion. Statistical significance is calculated by Student’s t-test analysis of data expressed in mmol
TE/g extract: * p < 0.005; # p < 0.01; ¤ p < 0.0001; ** p < 0.05; ¤¤ p < 0.001, for all Duodenal stage vs.
Colon stage (Pronase E + Viscozyme L stages).

A linear correlation between the TPC evaluated by Folin-Ciocalteu (mg GAE/g) and antioxidant
activity (mmol TE/g) evaluated by DPPH and ABTS methods were performed (Figure 4). A significant
correlation was observed between the two spectrophotometric assays (R2 = 0.975 and 0.969 for
Folin-Ciocalteu vs. DPPH and Folin-Ciocalteu vs. ABTS, respectively).

Figure 4. Cont.
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Figure 4. Linear correlation between TPC evaluated by Folin-Ciocalteu (mg GA/g) and antioxidant
activity (mmol TE/g) evaluated by (A) DPPH and (B) ABTS methods.

4. Discussion

The present study aimed to evaluate the bioaccessibility and antioxidant activity of tea
polyphenols after in vitro GI digestion. The digestion protocol was performed on acid-resistant
capsules containing 80% methanolic extract (v/v) of GT, BT and WT. The use of acid-resistant capsules
for the formulation of nutraceutical products represents a useful strategy in order to move bioactive
compounds to the intestine, where they can be absorbed or can exert their activities in their active form.
Specifically, acid-resistant capsules protect bioactive substances from degradation or alteration of their
chemical structure caused by changes in pH or the action of digestive enzymes. A previous study [14]
demonstrated that on average 44.4% of native catechin in tea infusions were lost due to gastric digestion
and 91.8% after intestinal digestion. Additionally, in the same study, tea polyphenol bioavailability
was reported to be very low, suggesting that, overall, GI digestion strongly affects the nutraceutical
potential of tea. Thus, taking into account both of these aspects, and the well-established susceptibility
of polyphenols to the mild-alkaline conditions, the use of delivery systems is recognized as a novel
strategy to increase the amount of bioactive compounds that reach the small intestine, resulting in an
increased permeation degree. Data reported in this study might be useful for the formulation of tea
polyphenol-based nutraceutical products, which should be formulated under acid-resistant conditions.

As expected, the gastric bioaccessibility was 0%, suggesting that capsules did not decompose
during this digestion stage, and polyphenols were not lost Table 1. Similarly, the oral bioaccessibility
was 0%, although the oral stage was performed for 3 min. This timing is commonly used for the
in vitro digestion of food matrices which undergo chewing, and it seems unrealistic for capsule intake;
however, it was performed in order to respect the digestion protocol. Nevertheless, our data suggest
that polyphenols are not lost during the oral digestion as well as in vivo when mastication process
does not occur after capsule intake, and swallowing is immediate.

The protocol we used for the simulated GI intestinal digestion has been previously performed
in our labs and published in various studies [20,21]. In general, it is not too much different from
the Infogest method [30] that is recognized as the most eligible method for a comparison of results
among different labs using similar and close conditions. In particular, equal timing was kept for
each digestive stage (oral stage: 2 min vs. 3 min, Infogest method vs. our method; gastric stage: 2 h;
intestinal stage: 2 h). The pH conditions of each stage were similar between the two methods (oral
stage 7 vs. 6.8; gastric stage: 3 vs. 2; intestinal stage: 7 vs. 6.5, Infogest method vs. our method).
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Differences were present among the saline solutions simulating the digestive fluids. The Infogest
method uses simulated salivary, gastric and intestinal fluids with standard ions concentrations and
volume; on the contrary, we used an artificial saliva that, however, contains several components used in
the Infogest method. Similarly, slight differences were among the concentrations of digestive enzymes,
although we used the same (α-amylase for the oral stage, pepsin for the gastric stage, pancreatin
for the intestinal stage). Nevertheless, these differences may appear as a limitation, it is important
to consider that two of the three digestion stages (oral and gastric) were only performed in order
to respect the protocol, but variation in the studied matrix or particular results were not expected.
As the simulated GI digestion was performed on acid-resistant capsules, oral and gastric digestion did
not affect the digested components; thus, these two stages were not relevant. Moreover, during the
intestinal stage, the composition of pancreatin we used was similar to that described by the Infogest
method. In addition, the main aim of this study was the evaluation of colon digestion that is not
contemplate in the Infogest method.

Our main finding in this study is that, after in vitro GI digestion, both bioaccessibility and
antioxidant activity of tea polyphenols significantly increased in the colon stage compared to the
duodenal stage. Although TPC in not-digested WT was the lowest, our results demonstrate that after
simulated GI digestion this kind of tea extract renders the highest duodenal and colonic bioaccessibility,
confirming the role of GI digestion in affecting the nutraceutical potential of food-derived extracts.
These data suggest that WT extract would benefit the higher polyphenols delivery in both upper and
lower intestine.

Bioaccessibility is defined as the amount of polyphenols contained in the water-soluble fraction of
each digestion stage, which, in vivo, may be considered as potentially absorbable. As GI digestion is a
complex physiological process, in vitro approaches should appear limiting, in particular for the study
of digestion in the large intestine, where the activity of microbiota plays a pivotal role. However, the
protocol herein used reproductions which were as close as possible to the physiological GI digestion
process, as concern chemical, chemical-physical and enzymatic conditions, as well as the average
duration of all of the individual stages.

During the simulated GI digestion, a low duodenal bioaccessibility was found for each tea sample
(Table 3). This is in agreement with the studies of Tenore et al. [14], Peters et al. [15] and Jilani et al. [16],
suggesting that, despite of the fact that polyphenols can be assumed as food or nutraceutical products,
their intestinal absorption is low, mainly due to the neutral pH, as mentioned above. This consideration
supports the use of delivery systems as strategy to increase the duodenal bioaccessibility.

Physiologically, non-absorbed polyphenols reach the lower gut where they undergo microbial
activity [31,32]. This action is due to specific enzymes expressed by bacteria, including carbohydrases
which are responsible for both the release of fiber-bound polyphenols and their metabolism [32].
In food matrices polyphenols should exist in the form of glycosides [33]; the presence of a glucose
residue strongly reduces both bioaccessibility and bioavailability of phytochemicals. Additionally,
some classes of polyphenols, such as catechins, can form oligomers, also called proanthocyanidins or
condensed tannins [21]. Simplest catechin (such as monomeric, dimeric and trimeric catechins) are
readily absorbed in the small intestine, while catechins with high molecular weight (such as oligomers)
have a really poor bioavailability [34], as well as insoluble-bound phenols [35]. In vivo, during the
colonic digestion polyphenols may be subjected to hydrolyses by gut microbiota enzymes which
are responsible for hydrolytic release of aglycones from O-glucoside and carbon-carbon cleavage
in the heterocycle and in the aromatic rings [21], resulting in several modifications of the native
chemical structures and generation of smaller metabolites with higher antioxidant activity than native
compounds [20–22]. It is well-established that techniques using fecal inoculum are the most accurate
for the study of colonic digestion, mimicking the activity of microbiota. Previous studies proposed
further methods based on the use of mix of bacterial enzymes, such as Pronase E and Viscozyme
L [25,36]. Pronase E contains a mix of bacterial protease, whereas Viscozyme L is a preparation
containing several carbohydrases, including cellulase, arabanase, hemicellulase, β-glucanase and
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xylanase [25]. The combination of Pronase E and Viscozyme L reproduces the biochemical conditions
physiologically occurring in the colon, simulating the action of microbiota on the digested dietary
matrix [36]. According to these studies, thus, the increased bioaccessibility and antioxidant activity
observed in our experimental model of colon digestion appears not so far from what may occur in vivo
for the activity of gut microbiota.

The protocol herein performed to obtain the methanolic extract is not fully selective for
polyphenols and, probably, further components from the food matrix may be extracted, including
cell-wall polysaccharides, sugar, alcohols or amines which were not investigated in our study.
We hypothesized that in our extracts a certain amount of polyphenols were present in the glycoside
form, thus, not detectable through the HPLC-DAD method we used. After the in vitro GI digestion,
polyphenols might be released from glucose residues by the activities of Pronase and Viscozyme,
showing the increase of free polyphenols observed by both Folin-Ciocalteu and HPLC-DAD methods.
This is our hypothesis to explain both relative and total increases of polyphenols in the colon stage
observed through these two methods, but no further experiments were performed in order to prove it.

Although a comparison between Folin-Ciocalteu and HPLC-DAD methods was performed
(Figure 2), indicating the existence of an almost overlapping trend, discrepancies are notable among
the values of TPC and tea catechins chromatographically monitored. This is justified by the different
approaches used. Folin-Ciocalteu is a simple and highly efficient method which quantifies TPC as
gallic acid [37,38]. Several molecules, however, do not react with the Folin-Ciocalteu reagent. This is
due to the absence of functional groups, including catechol moieties [39]. Folin-Ciocalteu method, thus,
appears useful to approximately determine the TPC, while through HPLC-DAD selected molecules
can be monitored. A heterogeneous pattern of phytochemicals may occur in food matrices, and most
of them are extractable by the method we used. As indicated by Folin-Ciocalteu method, our samples
have a rich phenolic profile; however, the number of catechins we monitored are limited. Data from
Folin-Ciocalteu, thus, does not necessarily reflect the levels of catechins chromatographically monitored.
Accordingly, during the in vitro GI digestion, polyphenols should be metabolized by the combined
activity of Pronase and Viscozyme, resulting in release of smaller molecules (more reactive to Folin
reagents) and which are responsible for the increased antioxidant activity. Specifically, variations in the
antioxidant activity have been observed during each stages of the in vitro GI digestion. The percentage
of decrease in antioxidant activity from not-digested to duodenal stage was almost similar in all
samples (DPPH: −91%, −91.5% and −96% for GT, WT and BT, respectively; ABTS: −89%, −91.6% and
−90.5% for GT, WT and BT, respectively). After colon digestion, the percentage of decrease followed
a different trend (BT < WT < GT), suggesting that, despite the antioxidant activities of not-digested
samples, colonic digestion may affect and/or improve the nutraceutical properties of single extract by
enhancing its antioxidant capacity (% of decrease from not-digested to colon stage - DPPH: −60.6%,
−26.1% and −18.5% for GT, WT and BT, respectively; ABTS: −66.2%, −31.5% and −9.3% for GT,
WT and BT, respectively). As mentioned above, the digestion performed in our experimental model
of colon would cause metabolism of native polyphenols contained in the extracts and release of
both smaller molecules with higher antioxidant activity and polyphenols from components of the
food matrix (i.e., cell wall polysaccharides), resulting in variations in antioxidant activities during
the GI digestion. Interestingly, data obtained from both DPPH and ABTS tests correlate well with
TPC values, as shown in Figure 4 (R2 = 0.975 and 0.969, respectively). After the colon digestion,
the highest percentage of decrease in TPC was observed in GT (−74.8%); this is perfectly in line with
data regarding the colon antioxidant activity.

Interestingly, beside the potential role of gut microbiota in metabolism of phytochemicals,
a ‘two-way’ relationship has been previously described between microbiota and polyphenols [40,41].
Evidences reported that polyphenols are able to modulate the gut microbiota [40–43], acting
as bactericidal and bacteriostatic agents [44]. This is mainly due to the ability of polyphenols
to bind bacterial membrane proteins, inhibit the glucose inward transport and complex free
iron [44,45]. These effects of polyphenols on gut microbiota, however, seem to be strain-specific.
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Van Duynhoven et al. [44] described a ‘bifidogenic effect’ of black tea and its extract, whereas a
‘prebiotic-like effect’ of polyphenols has been recently reported, showing the ability of polyphenols
to favour the growth of specific bacteria, mainly beneficial strains, and reduce the incidence of
pathogens [46]. Recent studies reported that GT polyphenols efficiently modulate gut microbiota
composition [47,48]; in particular, a reduction of the Bacteroidetes to Firmicutes ratios was observed
in mice fed with high-fat-diet after administration of GT polyphenols [47], suggesting that these
phytochemicals may play a pivotal role in managing metabolic diseases through a different mechanism
of action from those previously established [47,48].

5. Conclusions

In summary, our results show that, after in vitro GI digestion, tea polyphenol bioaccessibility
and antioxidant activity are higher in the colon than in the duodenum, suggesting that, in vivo,
the gut microbiota might be able to metabolize dietary polyphenols, resulting in an increase of their
beneficial effects in the large intestine. This potential effect appears relevant considering that the large
intestine is a physiological site of oxidative stress and, in certain instances, inflammation. The use
of nutraceutical formulations, thus, represents a novel and useful strategy in order to vehicle a high
amount of bioactive compounds to the intestine, where they can exert their beneficial effects. However,
although we used an experimental model of colon, according to previous published evidence, we are
conscious that our result is not sufficient to directly attribute these actions to the gut microbiota;
however, they do represent a starting point for further investigations. Further studies, thus, are needed
to identify the metabolites generated after microbiota metabolism in colon, and evaluate their actions
on human health.

Author Contributions: Conceptualization, G.A. and M.M.; methodology, C.S., R.C., P.C., V.N.; validation,
G.C.T and E.N.; formal analysis, G.A.; investigation, G.A. and M.M.; writing—original draft preparation, G.A.;
writing—review and editing, G.A.; supervision, G.C.T. and E.N.

Funding: This research received no external funding.

Acknowledgments: The assistance of the staff is gratefully appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nie, S.P.; Xie, M.Y. A review on the isolation and structure of tea polysaccharides and their bioactivities.
Food Hydrocoll. 2011, 25, 144–149. [CrossRef]

2. Yang, C.S.; Zhang, J.; Zhang, L.; Huang, J.; Wang, Y. Mechanisms of body weight reduction and metabolic
syndrome alleviation by tea. Mol. Nutr. Food Res. 2016, 60, 160–174. [CrossRef] [PubMed]

3. Malongane, F.; McGaw, L.J.; Mudau, F.N. The synergistic potential of various teas, herbs and therapeutic
drugs in health improvement: A review. J. Sci. Food Agric. 2017, 97, 4679–4689. [CrossRef] [PubMed]

4. Curin, Y.; Andriantsitohaina, R. Polyphenols as potential therapeutical agents against cardiovascular diseases.
Pharmacol. Rep. 2005, 52, 97–100.

5. Gormaz, J.G.; Valls, N.; Sotomayor, C.; Turner, T.; Rodrigo, R. Potential role of polyphenols in the prevention
of cardiovascular diseases: Molecular bases. Curr. Med. Chem. 2016, 23, 115–128. [CrossRef] [PubMed]

6. Guasch-Ferré, M.; Merino, J.; Sun, Q.; Fitò, M.; Salas-Salvadò, J. Dietary polyphenols, Mediterranean Diet,
prediabetes, and type 2 diabetes: A narrative review of the evidence. Oxid. Med. Cell. Longev. 2017,
2017, 6723931. [CrossRef] [PubMed]

7. Nadtochiy, S.M.; Redman, E.K. Mediterranean diet and cardioprotection: The role of nitrite, polyunsaturated
fatty acids, and polyphenols. Nutrition 2011, 27, 733–744. [CrossRef] [PubMed]

8. Carluccio, M.A.; Siculella, L.; Ancora, M.A.; Massaro, M.; Scoditti, E.; Storelli, C.; Visioli, F.; Distante, A.; De
Caterina, R. Olive oil and red wine antioxidant polyphenols inhibit endothelial activation: Antiatherogenic
properties of Mediterranean diet phytochemicals. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 622–629.
[CrossRef] [PubMed]

129



Nutrients 2018, 10, 1711

9. Massaro, M.; Scoditti, E.; Carluccio, M.A.; De Caterina, R. Nutraceuticals and prevention of atherosclerosis:
Focus on omega-3 polyunsaturated fatty acids and Mediterranean diet polyphenols. Cardiovasc. Ther. 2010,
28, e13–e19. [CrossRef] [PubMed]

10. Scoditti, E.; Capurso, C.; Capurso, A.; Massaro, M. Vascular effects of the Mediterranean diet-part II: Role of
omega-3 fatty acids and olive oil polyphenols. Vascul. Pharmacol. 2014, 63, 127–134. [CrossRef] [PubMed]

11. Cory, H.; Passarelli, S.; Szeto, J.; Tamez, M.; Mattei, J. The Role of Polyphenols in Human Health and Food
Systems: A Mini-Review. Front Nutr. 2018, 5, 87. [CrossRef] [PubMed]

12. Tenore, G.C.; Stiuso, P.; Campiglia, P.; Novellino, E. In vitro hypoglycaemic and hypolipidemic potential of
white tea polyphenols. Food Chem. 2013, 141, 2379–2384. [CrossRef] [PubMed]

13. Tenore, G.C.; Daglia, M.; Ciampaglia, R.; Novellino, E. Exploring the nutraceutical potential of polyphenols
from black, green and white tea infusion—An overview. Curr. Pharm. Biotechnol. 2015, 16, 265–271.
[CrossRef] [PubMed]

14. Tenore, G.C.; Campiglia, P.; Giannetti, D.; Novellino, E. Simulated gastrointestinal digestion, intestinal
permeation and plasma protein interaction of white, green, and black tea polyphenols. Food Chem. 2015,
169, 320–326. [CrossRef] [PubMed]

15. Peters, C.M.; Green, R.J.; Janle, E.M.; Ferruzzi, M.G. Formulation with ascorbic acid and sucrose modulates
catechin bioavailability from green tea. Food Res. Int. 2010, 43, 95–102. [CrossRef] [PubMed]

16. Jilania, H.; Cilla, A.; Barberá, R.; Hamdia, M. Biosorption of green and black tea polyphenols into
Saccharomyces cerevisiae improves their bioaccessibility. J. Funct. Foods 2015, 17, 11–21. [CrossRef]

17. Dubeau, S.; Samson, G.; Tajmir-Riahi, H.A. Dual effect of milk on the antioxidant capacity of green, Darjeeling,
and English breakfast teas. Food Chem. 2010, 122, 539–545. [CrossRef]

18. Ye, J.; Fan, F.; Xu, X.; Liang, Y. Interactions of black and green tea polyphenols with whole milk. Food Res. Int.
2013, 53, 449–455. [CrossRef]

19. Coe, S.; Fraser, A.; Ryan, L. Polyphenol Bioaccessibility and Sugar Reducing Capacity of Black, Green, and
White Teas. Int. J. Food Sci. 2013, 2013, 238216. [CrossRef] [PubMed]

20. Han, X.; Shen, T.; Lou, H. Dietary polyphenols and their biological significance. Int. J. Mol. Sci. 2007,
8, 950–988. [CrossRef]

21. Stevens, J.K.; Maier, C.S. The chemistry of gut microbial metabolism of polyphenols. Phytochem. Rev. 2016,
15, 425–444. [CrossRef] [PubMed]

22. Tomás-Barberán, F.A.; Selma, M.V.; Espín, J.C. Interactions of gut microbiota with dietary polyphenols and
consequences to human health. Curr. Opin. Clin. Nutr. Metab. Care 2016, 19, 471–476. [CrossRef] [PubMed]

23. Raiola, A.; Meca, G.; Mañes, J.; Ritieni, A. Bioaccessibility of deoxynivalenol and its natural co-occurrence
with ochratoxin A and aflatoxin B1 in Italian commercial pasta. Food Chem. Toxicol. 2012, 50, 280–287.
[CrossRef] [PubMed]

24. Tenore, G.C.; Campiglia, P.; Ritieni, A.; Novellino, E. In vitro bioaccessibility, bioavailability and plasma
protein interaction of polyphenols from Annurca apple (M. pumila Miller cv Annurca). Food Chem. 2013,
141, 3519–3524. [CrossRef] [PubMed]

25. Papillo, V.A.; Vitaglione, P.; Graziani, G.; Gokmen, V.; Fogliano, V. Release of antioxidant capacity from
five plant foods during a multistep enzymatic digestion protocol. J. Agric. Food Chem. 2014, 62, 4119–4126.
[CrossRef] [PubMed]

26. Di Lorenzo, A.; Nabavi, S.F.; Sureda, A.; Moghaddam, A.H.; Khanjani, S.; Arcidiaco, P.; Nabavi, S.M.;
Daglia, M. Antidepressive-like effects and antioxidant activity of green tea and GABA green tea in a mouse
model of post-stroke depression. Mol. Nutr. Food Res. 2015, 60, 566–579. [CrossRef] [PubMed]

27. Zuo, Y.; Chen, H.; Deng, Y. Simultaneous determination of catechins, caffeine and gallic acids in green,
Oolong, black and pu-erh teas using HPLC with a photodiode array detector. Talanta 2002, 57, 307–316.
[CrossRef]

28. Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of free radical method to evaluate antioxidant activity.
LWT-Food Sci. Technol. 1995, 28, 25–30. [CrossRef]

29. Rufino, M.S.M.; Alves, R.E.; de Brito, E.S.; Perez-Jimenez, J.; Saura-Calixto, F.D.; Mancini-Filho, J. Bioactive
compounds and antioxidant capacities of eighteen non-traditional tropical fruits from Brazil. Food Chem.
2010, 121, 996–1002. [CrossRef]

130



Nutrients 2018, 10, 1711

30. Minekus, M.; Alminger, M.; Alvito, P.; Balance, S.; Bohn, T.; Bourlieu, C.; Carrière, F.; Boutrou, R.;
Corredig, M.; Dupont, D. A standardised static in vitro digestion method suitable for food—An international
consensus. Food Funct. 2014, 5, 1113–1124. [CrossRef] [PubMed]

31. Liu, A.B.; Tao, S.; Lee, M.J.; Hu, Q.; Meng, X.; Lin, Y.; Yang, C.S. Effects of gut microbiota and time of
treatment on tissue levels of green tea polyphenols in mice. Biofactors 2018. [CrossRef] [PubMed]

32. Pasinetti, G.M.; Singh, R.; Westfall, S.; Herman, F.; Faith, J.; Ho, L. The Role of the Gut Microbiota in the
Metabolism of Polyphenols as Characterized by Gnotobiotic Mice. J. Alzheimers Dis. 2018, 63, 409–421.
[CrossRef] [PubMed]

33. Masisi, K.; Beta, T.; Moghadasian, M.H. Antioxidant properties of diverse cereal grains: A review on in vitro
and in vivo studies. Food Chem. 2016, 196, 90–97. [CrossRef] [PubMed]

34. Rasmussen, S.E.; Frederiksen, H.; Struntze Krogholm, K.; Poulsen, L. Dietary proanthocyanidins: Occurrence,
dietary intake, bioavailability, and protection against cardiovascular disease. Mol. Nutr. Food Res. 2005,
49, 159–174. [CrossRef] [PubMed]

35. Chandrasekara, A.; Shahidi, F. Bioaccessibility and antioxidant potential of millet grain phenolics as affected
by simulated in vitro digestion and microbial fermentation. J. Funct. Foods 2012, 4, 226–237. [CrossRef]

36. Fogliano, V.; Corollaro, M.L.; Vitaglione, P.; Napolitano, A.; Ferracane, R.; Travaglia, F.; Arlorio, M.;
Costabile, A.; Klinder, A.; Gibson, G. In vitro bioaccessibility and gut biotransformation of polyphenols
present in the water-insoluble cocoa fraction. Mol. Nutr. Food Res. 2011, 55, S44–S55. [CrossRef] [PubMed]

37. Rosenblat, M.; Volkova, N.; Coleman, R.; Almagor, Y.; Aviram, M. Antiatherogenicity of extra virgin olive
oil and its enrichment with green tea polyphenols in the atherosclerotic apolipoprotein-E-deficient mice:
Enhanced macrophage cholesterol efflux. J. Nutr. Biochem. 2008, 19, 514–523. [CrossRef] [PubMed]

38. Gimeno, E.; Castellote, A.I.; Lamuela-Raventós, R.M.; De la Torre, M.C.; López-Sabater, M.C. The effects
of harvest and extraction methods on the antioxidant content (phenolics, α-tocopherol, and β-carotene) in
virgin olive oil. Food Chem. 2002, 78, 207–211. [CrossRef]

39. Alessandri, S.; Ieri, F.; Romani, A. Minor polar compounds in extra virgin olive oil: Correlation between
HPLC-DAD-MS and the Folin-Ciocalteu spectrophotometric method. J. Agric. Food Chem. 2014, 62, 826–835.
[CrossRef] [PubMed]

40. Nash, V.; Ranadheera, C.S.; Georgousopoulou, E.N.; Mellor, D.D.; Panagiotakos, D.B.; McKune, A.J.; Kellett, J.;
Naumovski, N. The effects of grape and red wine polyphenols on gut microbiota—A systematic review. Food
Res. Int. 2018, 113, 277–287. [CrossRef] [PubMed]

41. Cardona, F.; Andrés-Lacueva, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortuño, M.I. Benefits of polyphenols
on gut microbiota and implications in human health. J. Nutr. Biochem. 2013, 24, 1415–1422. [CrossRef]
[PubMed]

42. Duda-Chodak, A.; Tarko, T.; Satora, P.; Sroka, P. Interaction of dietary compounds, especially polyphenols,
with the intestinal microbiota: A review. Eur. J. Nutr. 2015, 54, 325–341. [CrossRef] [PubMed]

43. Hervert-Hernández, D.; Goñi, I. Dietary Polyphenols and Human Gut Microbiota: A Review. Food Rev. Int.
2011, 27, 154–169. [CrossRef]

44. Van Duynhoven, J.; Vaughan, E.E.; van Dorsten, F.; Gomez-Roldan, V.; de Vos, R.; Vervoort, J.; van der Hooft, J.J.;
Roger, L.; Draijer, R.; Jacobs, D.M. Interactions of black tea polyphenols with human gut microbiota: Implications
for gut and cardiovascular health. Am. J. Clin. Nutr. 2013, 98, 1631S–1641S. [CrossRef] [PubMed]

45. Daglia, M. Polyphenols as antimicrobial agents. Curr. Opin. Biotechnol. 2012, 23, 174–181. [CrossRef] [PubMed]
46. Filosa, S.; Di Meo, F.; Crispi, S. Polyphenols-gut microbiota interplay and brain neuromodulation. Neural

Regen. Res. 2018, 13, 2055–2059. [CrossRef] [PubMed]
47. Wang, L.; Zeng, B.; Liu, Z.; Liao, Z.; Zhong, Q.; Gu, L.; Wei, H.; Fang, X. Green Tea Polyphenols Modulate

Colonic Microbiota Diversity and Lipid Metabolism in High-Fat Diet Treated HFA Mice. J. Food Sci. 2018,
83, 864–873. [CrossRef] [PubMed]

48. Zhou, J.; Tang, L.; Shen, C.L.; Wang, J.S. Green tea polyphenols modify gut-microbiota dependent
metabolisms of energy, bile constituents and micronutrients in female Sprague-Dawley rats. J. Nutr. Biochem.
2018, 61, 68–81. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

131



nutrients

Article

Rosmarinic Acid, a Component of Rosemary Tea,
Induced the Cell Cycle Arrest and Apoptosis through
Modulation of HDAC2 Expression in Prostate Cancer
Cell Lines

Yin-Gi Jang, Kyung-A Hwang and Kyung-Chul Choi *

Laboratory of Biochemistry and Immunology, College of Veterinary Medicine, Chungbuk National University,
Cheongju 28644, Chungbuk, Korea; mingue32@naver.com (Y.-G.J.); hka9400@naver.com (K.-A.H.)
* Correspondence: kchoi@cbu.ac.kr; Tel.: +82-43-261-3664; Fax: +82-43-267-3150

Received: 13 October 2018; Accepted: 15 November 2018; Published: 16 November 2018

Abstract: Rosmarinic acid (RA), a main phenolic compound contained in rosemary which is used
as tea, oil, medicine and so on, has been known to present anti-inflammatory, anti-oxidant and
anti-cancer effects. Histone deacetylases (HDACs) are enzymes that play important roles in gene
expression by removing the acetyl group from histone. The aberrant expression of HDAC in human
tumors is related with the onset of human cancer. Especially, HDAC2, which belongs to HDAC
class I composed of HDAC 1, 2, 3 and 8, has been reported to be highly expressed in prostate
cancer (PCa) where it downregulates the expression of p53, resulting in an inhibition of apoptosis.
The purpose of this study is to investigate the effect of RA in comparison with suberoylanilide
hydroxamic acid (SAHA), an HDAC inhibitor used as an anti-cancer agent, on survival and
apoptosis of PCa cell lines, PC-3 and DU145, and the expression of HDAC. RA decreased the cell
proliferation in cell viability assay, and inhibited the colony formation and tumor spheroid formation.
Additionally, RA induced early- and late-stage apoptosis of PC-3 and DU145 cells in Annexin V
assay and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay, respectively.
In western blot analysis, RA inhibited the expression of HDAC2, as SAHA did. Proliferating cell
nuclear antigen (PCNA), cyclin D1 and cyclin E1 were downregulated by RA, whereas p21 was
upregulated. In addition, RA modulated the protein expression of intrinsic mitochondrial apoptotic
pathway-related genes, such as Bax, Bcl-2, caspase-3 and poly (ADP-ribose) polymerase 1 (PARP-1)
(cleaved) via the upregulation of p53 derived from HDAC2 downregulation, leading to the increased
apoptosis of PC-3 and DU145 cells. Taken together, treatment of RA to PCa cell lines inhibits the cell
survival and induces cell apoptosis, and it can be used as a novel therapeutic agent toward PCa.

Keywords: Rosmarinic acid; suberoylanilide hydroxamic acid (SAHA); histone deacetylase 2
(HDAC2); p53; cell cycle arrest and apoptosis

1. Introduction

Phenolic compounds found in tea are known to have anti-oxidant and anti-cancer effects [1].
Rosmarinic acid (RA) is a main phenolic compound in Rosmarinus officinalis L. (called rosemary) which
is a common herb cultivated in many parts of the world and has been consumed as tea, oil, medicine
and so on [2,3]. Previous studies on RA have reported its biological effects such as anti-inflammation [4],
anti-diabetes [5] and especially anti-cancer effect against colorectal [6], gastric [7], ovarian [8], skin [9],
liver [10] and breast cancer [11].

Prostate cancer (PCa) is the most leading type of cancer occurring in men and the second most
common cause of cancer-related death worldwide [12]. Though chemotherapies, such as docetaxel,
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cabazitaxel, doxorubicin, mitoxantrone, and estramustine, have been used in treatment of PCa, these
chemotherapies have some adverse side effects such as hair loss, nausea, vomiting, and fatigue [13].
Moreover, using the chemotherapeutic drugs in the long term allows aggressive PCa cells to experience
mutations in the gene of beta-tubulin and activation of drug efflux pumps, leading to increased survival
and the drug resistance [14–16].

Histone deacetylases (HDACs) are enzymes that play important roles in gene expression by
removing the acetyl group from histone [17,18]. Based on their sequence homology, HDACs are
classified into four classes such as class I (HDAC1, 2, 3 and 8), class II (HDAC4, 5, 6, 7, 9 and
10) and class IV (HDAC11) [19]. A number of studies related with HDACs have proved that the
aberrant expression of HDAC is related with the onset of human cancer [20]. In diverse types of
cancers, such as prostate [21], colorectal [22], breast [23], lung [24], liver [25] and gastric cancer [26],
overexpression of HDACs is associated with a poor cancer prognosis and disease outcome, and can
help to predict the tumor type and disease progression. Furthermore, the overexpression of HDACs
has been highly associated with critical cancer-related phenomena such as the epigenetic repression of
tumor suppressor genes like CDKN1A (encoding the cyclin-dependent kinase inhibitor p21) [27,28],
and p53 resulting in its decreased transcriptional activity [29], and upregulation of oncogenes such as
B-cell lymphoma-2 (BCL-2) [30]. Especially, high expression of HDAC2 which belongs to HDAC class
I is observed in human epithelial cancer such as PCa, and downregulation of HDAC2 is related with
growth arrest and apoptosis of PCa [21]. HDAC inhibitors, as a new class of anti-tumor agents, such
as trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA), valproic acid, depsipeptide and
sodium butyrate, are useful for the downregulation and inhibition of cancer growth [31,32].

The recent studies regarding the therapeutic properties of RA have shown that RA inhibits the cell
proliferation via induction of the cell cycle arrest and apoptosis in colorectal cancer [6]. However, the
detailed mechanisms underlying anti-cancer effects of RA on PCa has been not yet known. Therefore,
based on the previous studies, we investigated the anti-PCa mechanisms of RA in association with its
activity regulating HDAC2 expression. The abilities of RA to induce cell cycle arrest and apoptosis
of PCa cells through HDAC inhibition were also identified in comparison with SAHA, a chemical
inhibitor of HDAC2. By doing this, we examined the anti-PCa potential of RA as a novel phytochemical
that can be substituted for the existing chemotherapeutic drugs including HDAC inhibitors.

2. Materials and Methods

2.1. Reagents and Chemicals

SAHA was purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and RA (≥98% (HPLC))
was purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were dissolved in 100%
dimethyl sulfoxide (DMSO, Junsei Chemical Co., Tokyo, Japan) which was used as a negative control
(NC) and stocked at 10 −1 M.

2.2. Cell Culture and Media

The human PCa cell lines, PC-3 and DU145, were purchased from the Korean Cell Line Bank
(Seoul, Korea). Both cell lines were cultured using a medium (DMEM, HyClone Laboratories,
Chicago, IL, USA) supplemented with 10% fetal bovine serum (FBS; RMBIO, Missoula, MT, USA), 1%
penicillin G/streptomycin (Bio west, San Marcos, TX, USA), 1% HEPES (Gibco by Life Technologies,
Gaithersburg, MD, USA) and 0.05% cell maxin (GenDEPOT, Katy, TX, USA) in cell culture dishes (SPL
Life Science, Pocheon, Korea) at 37 ◦C in a humidified atmosphere containing 95% air and 5% CO2.
Both cell lines were detached by using 0.05% Trypsin-EDTA (Gibco by Life Technologies, Gaithersburg,
MD, USA).
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2.3. Cell Viability Assay

Cell viability assay was performed to find the proper concentrations of SAHA and RA to inhibit
viability of PCa cells. Both cell lines were seeded at 1 × 104 cells per well in 96-well plates (SPL Life
Science) in a humidified atmosphere of 5% CO2 at 37 ◦C. After the cells were incubated with medium
for 24 h, the medium containing DMSO, SAHA (1, 2.5, 5, 10, 25 and 50 μM) and RA (25, 50, 100, 200, 250
and 300 μM) were treated for 48 h. Cell viability was determined using a EZ-Cytox cell viability assay
kit (iTSBiO, Seoul, Korea). The medium in 96-well plates was gently removed, and then, EZ-Cytox
reagent was dispensed to each well and incubated for 1 h under the standard cell culture condition.
At last, 96-well plates were gently shaken and the absorbance at 450 nm of each well was measured by
using an ELISA reader (Epoch, BioTek, Winooski, VT, USA).

2.4. Colonogenic Survival Assay

Colonogenic assay or colony formation assay is normally performed to estimate the in vitro
cell survival activity based on the ability of single cells to grow into a colony [33–35]. Both cell
lines were seeded at 5 × 103 cells per well in 6-well plates (SPL Life Science) for 24 h, and then, the
medium containing DMSO, SAHA (1 μM) and RA (200 μM) were added into plates and incubated
for 2 weeks. Each medium was replaced every 4 days. After 2 weeks, all cells were fixed with 4%
methanol-free formalin (Sigma-Aldrich) for 10 min and permeabilized with methanol (Sigma-Aldrich)
for 10 min. After that, cells were stained with 0.5% crystal violet (hexamethylpararosaniline chloride;
Sigma-Aldrich) for 10 min, and then washed with Dulbecco’s Phosphate-Buffered Saline (DPBS,
WELGENE, Gyeongsan, Korea). The attached cells stained with crystal violet were pictured by using
the camera (Samsung, Seoul, Korea) and counted by using the Image J program (National Institutes of
Health, Bethesda, MD, USA).

2.5. Hanging Drop Assay Detecting for Tumor Spheroid Formation

Hanging drop assay allows for the formation of spheroid shaped tumors by self-assembly of
tumor colonies, which can be used to evaluate chemotherapeutic drugs in a biological environment
closer to in vivo models [36,37]. Both cell lines in media containing DMSO, SAHA (1 μM) and RA
(200 μM) were seeded on petri dish covers (SPL Life Science) at 3 × 103 cells in 25 μL each medium
by using a multi-pipette to form spheroids. After a week, the droplets were gently gathered in 6-well
plates (SPL Life Science) and photographed by using the IX-73 inverted microscope (Olympus, Tokyo,
Japan). The size of tumor spheroids in each droplet was measured by using the Image J program
(National Institutes of Health).

2.6. Annexin V Assay

Firstly, to confirm whether SAHA and RA are effective to induce early and late apoptosis, Annexin
V assay was performed following the protocol of Alexa Fluor 488 annexin V/Dead Cell Apoptosis kit
(Invitrogen, Carlsbad, CA, USA). Concisely, both cell lines were seeded in cell culture dishes at 7 × 105

cells/10 mL for 24 h and cultured in medium containing DMSO, SAHA (1 μM) and RA (200 μM) for
48 h. Then, cells of each group were detached by trypsin and centrifuged. The cells were placed in
1× annexin-binding buffer containing Alexa Fluor 488 annexin V (Alexa), propidium iodide (PI) and
Alexa + PI under dark condition at room temperature for 15 min. The apoptotic cells at each stage
were analyzed by using the flow cytometry (Sony SH800 Cell sorter, Tokyo, Japan).

2.7. TUNEL Assay

To examine whether SAHA and RA affect DNA fragmentation occurring at a stage of late
apoptosis, TUNEL assay was performed by using a DeadEnd™ fluorometric terminal deoxynucleotidyl
transferase (TdT)-mediated deoxyuridine triphosphate (dUTP) nick-end labeling (TUNEL) system
(Promega, Madison, WI, USA) following the manufacturer instructions. Both cell lines were seeded
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at 3 × 105 cells per well in 24-well plates with media and incubated for 24 h. Next day, the medium
containing DMSO, SAHA (1 μM) and RA (200 μM) were added into plates. After treatment for
48 h, the cells were fixed with 4% methanol-free formalin (Sigma-Aldrich) for 25 min at 4 ◦C, and
washed by DPBS for 5 min. Permeabilization was done by using a lysis buffer (1% Triton X-100
in 1% sodium citrate) for 5 min, and then treated with 50 μL TdT enzyme buffers composed of
equilibration buffer, nucleotide mix and rTdT enzyme which were bound to DNA strand breaks. Finally,
labeled strand breaks were confirmed through the attachment of fluorescein isothiocyanate-5-dUTP.
After staining apoptotic cells with TUNEL assay kit, every well was counterstained with a 4,
6-diamidino-2-phenylindole (DAPI; Invitrogen) and observed by using a fluorescence microscope
(IX-73 Inverted Microscopy, Olympus). The apoptotic activity of SAHA and RA on PC3-3 and DU145
cells was quantified and analyzed using the Cell Sens Dimension software 1.13 (Build 13479, Olympus).

2.8. Western Blot Analysis

To determine the protein expression of HDAC2 and of genes involved in cell cycle and apoptosis
regulation, western blot analysis was performed. Both cell lines were seeded at 1 × 106 in cell culture
dishes for 24 h and treated with DMSO, SAHA (1 μM) and RA (200 μM) for 48 h. Then, whole cell
lysates were prepared by RIPA buffer which was composed of 50 mM Tris, 150 mM NaCl, 1% Triton
X-100 (Sigma-Aldrich), 0.5% deoxycholic acid (Sigma-Aldrich), and 0.1% SDS and protease inhibitor
(GenDEPOT, Katy, TX, USA). Total proteins that were extracted from the cell lysates were quantified
using bicinchoninic acid (BCA; Sigma-Aldrich). Protein mixtures (protein, distilled water (DW) and
dye) were then loaded and separated in SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). Finally, the
membranes were blocked in 5% skim milk (Blotting-Grade Blocker; Bio-Rad) for an hour at 4 ◦C on a
shaker. The membranes were incubated overnight at 4 ◦C in BCA containing primary antibodies shown
in Table 1. Washing steps were performed by using 1X Tris-buffered saline Tween (TBS-T; 50 mM Tris
and 150 mM NaCl with 0.1% Tween 20 (GenDEPOT), pH: 7.6). Primary antibodies bound to membrane
were detected with horse radish peroxidase (HRP)-conjugated anti-mouse IgG or anti-rabbit IgG
(1:2000, Thermo Scientific, Waltham, MA, USA) incubated for 2 h at room temperature. Targeted bands
were detected by using the Ez west-Lumi plus (ATTO, Tokyo, Japan) and Lumino graph II (ATTO).
The expression levels were quantified and normalized by using the CS Analyzer4 (ATTO).

Table 1. Information of antibodies used in this study.

Antibody Name Company Description Dilution

HDAC2 Santa cruz
(Dallas, TX, USA) Mouse monoclonal

1:1000
p53 1:200

PARP-1 (cleaved) 1:200

Caspase-3 Flarebio
(College Park, Maryland) Rabbit polyclonal 1:1000

PCNA

Abcam
(Cambridge, UK)

Mouse monoclonal 1:10,000
Cyclin D1 Mouse monoclonal 1:2000
Cyclin E1 Rabbit polyclonal 1:2000

Bax Mouse monoclonal 1:1000
Bcl-2 Mouse monoclonal 1:1000

GAPDH Mouse monoclonal 1:12,000

HDAC2: histone deacetylase 2; PCNA: proliferating cell nuclear antigen; PARP-1: poly (ADP-ribose) polymerase 1;
GAPDH: glyceraldehyde-3-phosphate dehydrogenase.

2.9. Statistical Analysis

All experiments were conducted at least three times, and all data were statistically analyzed with
the Graph-pad Prism software (Graph-pad software Inc, San Diego, CA, USA). Data were expressed
as the means ± standard deviation (SD) and analyzed by one-way analysis of variance (ANOVA)
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followed by Dunnett’s multiple comparison test. p-Values of <0.05 indicates statistical difference
versus control.

3. Results

3.1. RA Decreased the Viability of PCa Cell Lines in a Dose-Dependent Manner

To select the inhibition concentrations of SAHA and RA on PCa cell viability, the cell viability
assay was done in PC-3 and DU145 cells. The culture medium containing 0.2% DMSO was used as NC
because the same concentration of DMSO was employed as a vehicle to dissolve SAHA or RA. SAHA
and RA were administered to both cell lines for 48 h and the cell viability of PCa cells was confirmed
by Water Soluble Tetrazolium (WST) salt assay. As a result, SAHA significantly decreased the cell
viability of both cell lines in a dose-dependent manner in the concentration range tested (1–50 μM)
(Figure 1A). For RA, it slightly decreased cell viability of both cell lines at 25, 50, and 100 μM, but
significantly inhibited cell viability (>50%) at the concentrations of higher than 200 μM (Figure 1B).
Based on these results, 1 μM SAHA and 200 μM RA were selected for further experiments.

Figure 1. Effects of suberoylanilide hydroxamic acid (SAHA) and Rosmarinic acid (RA) on cell viability
in PC-3 and DU145 cell lines. After PC-3 and DU145, cell lines were seeded at 1 × 104 cells per well in
96-well plates and treated with media containing negative control (NC; DMSO), SAHA (1, 2.5, 5, 10, 25,
50 μM) and RA (25, 50, 100, 200, 250, 300 μM), cell viability of each cell line was evaluated. The data
showed (A) the effect of SAHA and (B) the effect of RA on cell viability of both cell lines. The results
are expressed as means ± standard deviation (SD). * p < 0.05: a significant difference versus control.

3.2. RA Inhibited the Formation of Colonies of PCa Cell Lines

The inhibition ability of RA against PCa cell survival was confirmed by colony formation assay.
After treatment with NC (DMSO), SAHA and RA for 2 weeks, colonies formed by each cell line were
stained and quantified. The results showed a high number of colonies in NC, but only few colonies in
SAHA and RA treatments as the almost cells were dead (Figure 2A). According to these results, SAHA
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and RA significantly inhibited the formation of colonies. It was shown that RA considerably decreased
the survival activity of PCa cell lines, as SAHA did.

In addition to colony formation assay, hanging drop assay was conducted to examine the effects
of SAHA and RA on tumor spheroid formation of PCa cells. The results showed that the larger
tumor spheroids were formed in NC, while small-size spheroids were detected in SAHA and RA
treatments. The inhibition effect of SAHA and RA on tumor spheroid formation was more conspicuous
for PC-3 than for DU145 (Figure 2C,D). Referring to the results of tumor spheroid formation assay, RA
effectively interrupted 3 dimensional (3D) tumor formation of PCa cells, as SAHA did.

Figure 2. Effects of SAHA and RA on formation of colonies and tumor spheroids in PC-3 and DU145
cell lines. (A) After both cell lines were seeded at 5 × 103 cells per well in 6-well plates and treated
with media containing NC (DMSO), SAHA (1 μM) and RA (200 μM), colonogenic assay was performed
to measure the colony formation. (B) The number of colonies was quantified by using the Image J
program. (C) Both cell lines in media containing NC (DMSO), SAHA (1 μM) and RA (200 μM) were
seeded on petri dish covers at 3 × 103 cells in 25 μL. (D) The size of tumor spheroids was measured by
using the Image J program. The results are expressed as means ± SD. * p < 0.05: a significant difference
versus control.

3.3. RA Induced Apoptosis in PCa Cell Lines

To check which phase of apoptosis is mainly induced by RA, Annexin V assay was performed
after treatment with NC, SAHA and RA. In this assay, the protein Annexin V detects early and late
stages of apoptosis. The cells undergoing apoptosis or not are detected by flow cytometry and divided
into 4 groups (Q1, Q2, Q3 and Q4), which indicate necrosis (Annexin V-negative/PI-positive), late
apoptosis (Annexin V-positive/PI-positive), live state (Annexin V-negative/PI-negative) and early
apoptosis (Annexin V-positive/PI-negative). The results showed that RA mainly increased the number
of cells in late apoptosis and necrosis, while SAHA mainly increased the number of cells in early
apoptosis in DU-145 cells. For PC-3 cells, RA increased the number of early apoptotic cells, and SAHA
increased the number of late apoptotic cells compared to NC (Figure 3).

3.4. RA Induced the DNA Fragmentation in PCa Cell Lines

To investigate whether RA is effective in DNA fragmentation related with induction of late
apoptosis, compared to SAHA in PC-3 and DU145 cell lines, TUNEL assay was performed after
treatment with NC, SAHA and RA. Cell nuclei were stained in blue with DAPI, and DNA
fragmentation occurring in apoptotic cells was detected as green fluorescence by TUNEL. As shown
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in Figure 4, apoptotic cells were rarely detected in NC, but in case of SAHA and RA treatment, the
apoptotic cells observed by DNA fragmentation were significantly increased in comparison with NC
in both cell lines (Figure 4).

Figure 3. Effects of SAHA and RA on the apoptotic events in PC-3 and DU145 cell lines. (A) After
both cell lines were seeded at 7 × 105 cells in cell culture dishes and treated with media containing NC
(DMSO), SAHA (1 μM) and RA (200 μM), Annexin V assay was conducted. (B) The apoptotic cells
at each stage were analyzed and quantified by using the flow cytometry. Q1, Q2, Q3 and Q4 indicate
necrosis, late apoptosis, live and early apoptosis, respectively.

Figure 4. Effects of SAHA and RA on DNA fragmentation in PC-3 and DU145 cell lines. After both
cell lines were seeded at 3 × 105 cells per well in 24-well plates and treated with media containing
NC (DMSO), SAHA (1 μM) and RA (200 μM), terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) assay was performed. (A) The data indicated that nuclei were stained
with 4′,6-diamidino-2-phenylindole (DAPI), and DNA fragmentation was stained with TUNEL.
DAPI and TUNEL were merged to observe apoptotic nuclei. (B) The apoptotic cells presenting
DNA fragmentation were quantified separately. The results are expressed as means ± SD.
* p < 0.05: a significant difference versus control. MERGE means the combined picture of DAPI
and TUNEL pictures.
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3.5. RA Downregulated the Expression of HDAC2 and p53 in PCa Cell Lines

To confirm the effects of RA on HDAC2 and p53 expression at the protein level, western blot
analysis was performed. As shown in Figure 5, RA significantly reduced the protein expression of
HDAC2, similarly to SAHA in PC-3 cells, by half as much as SAHA in DU145 cells. In case of p53,
RA significantly increased its protein expression in both cell lines, and SAHA significantly increased
the p53 expression only in PC-3 cells, but decreased its expression in DU145 cells as compared to NC.
These data suggested that RA effectively reduced the protein expression of HDAC2 and p53 in both
PCa cell lines. For SAHA, it displayed a similar result to that of RA in PC-3 cells, but a significant
decrease of p53 in DU145, although it apparently decreased the HDAC2 protein expression (Figure 5).

Figure 5. Effects of SAHA and RA on expression of histone deacetylase 2 (HDAC2) and p53 in
PC-3 and DU145 cell lines. After both cell lines were seeded at 1 × 106 in cell culture dishes and
treated with media containing NC (DMSO), SAHA (1 μM) and RA (200 μM), the western blot analysis
was performed. (A) The expressions of HDAC2 and p53 at the protein level were confirmed by
western blot analysis. (B) The expression levels of HDAC2 and p53 were quantified and normalized
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The results are expressed as means ± SD.
* p < 0.05: a significant difference versus control.

3.6. RA Regulated the Expression of Cell Cycle-Related Genes in PCa Cell Lines

To further confirm the mechanisms related with modulation of HDAC2 and p53 by RA treatment,
western blot analysis pertaining to the expression of cell cycle-related genes was done. Based on these
results, RA significantly increased the expression of p21 only in PC-3 cells, but there was no change
in DU145 cells. Despite this situation, RA significantly decreased the expression of cell cycle-related
genes, such as PCNA, cyclin D1 and cyclin E1 in both cell lines, as SAHA did. These data suggested
that RA inhibited the cell proliferation via the induction of cell cycle arrest, similar to SAHA (Figure 6).
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Figure 6. Effects of SAHA and RA on expression of cell cycle related genes in PC-3 and DU145 cell
lines. After both cell lines were seeded at 1 × 106 in cell culture dishes and treated with media
containing NC (DMSO), SAHA (1 μM) and RA (200 μM), the western blot analysis was performed.
(A) The expressions of p21, proliferating cell nuclear antigen (PCNA), cyclin D1 and cyclin E1 at the
protein level were confirmed by western blot analysis. (B) The expression levels of each gene were
quantified and normalized to GAPDH. The results are expressed as means ± SD. * p < 0.05: a significant
difference versus control.

3.7. RA Regulated the Expression of Apoptosis-Related Genes in PCa Cell Lines

The protein expression of genes related with apoptosis was confirmed by conducting the western
blot analysis. The expression of Bcl-2-associated X (Bax) protein was greatly upregulated by SAHA
and RA in PC-3 cells, but only upregulated by RA in DU145 cells, likewise the expression of p53. The
expression of Bcl-2 was significantly downregulated by treatment with SAHA and RA in both cell lines.
The expression of Caspase-3 was upregulated by SAHA and RA in both cell lines, but PARP-1was
cleaved in the cells treated with RA only. These results indicated that RA can promote apoptosis of
PCa cells by regulating the protein expression of apoptosis-related genes. However, SAHA did not
stimulate the expression of apoptotic genes, which RA did (Figure 7).
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Figure 7. Effects of SAHA and RA on expression of apoptosis related genes in PC-3 and DU145
cell lines. After both cell lines were seeded at 1 × 106 in cell culture dishes and treated with media
containing NC (DMSO), SAHA (1 μM) and RA (200 μM), the western blot analysis was performed.
(A) The expressions of Bax, Bcl-2, caspase-3 and poly [ADP-ribose] polymerase 1 (PARP-1) (cleaved) at
the protein level were confirmed by western blot analysis. (B) The expression levels of each gene were
quantified and normalized to GAPDH. The results are expressed as means ± SD. * p < 0.05: a significant
difference versus control.

4. Discussion

RA, which is easily taken from tea and vegetables, is a dietary phytochemical that has diverse
bioactivities, such as anti-bacterial, anti-oxidative, and anti-inflammatory effects [38]. Recently, RA
has been getting attention because it is known to have anticancer property with relatively low toxicity
compared with conventional chemotherapies that have severe side effects and drug resistance [14–16].
However, its anti-cancer effect and related mechanisms on PCa have not yet been known, despite
the fact that the chemopreventive effects of several phytochemicals including genistein, resveratrol,
kaempferol and catechin on PCa have been identified [39–42]. In this study, we tried to discover
the anti-cancer effect of RA on PCa, along with its underlying mechanism associated with HDAC2
inhibition and apoptosis induction.

Firstly, RA and SAHA were found to significantly inhibit the cell viability of PC-3 and DU145
cell lines (Figure 1). RA decreased the cell viability of both PCa cell lines by about 50% at 200 μM and
sharply decreased the cell viability at higher concentrations than that. For SAHA, it inhibited the cell
viability of both PCa cell lines in a dose-dependent manner in the concentration range of 1–50 μM and
significantly decreased the cell viability even at 1 μM (a 40% decrease for PC-3 and a 60% decrease
for DU145). Based on these results, the concentrations of RA and SAHA for the next experiments
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were selected as 200 μM and 1 μM, respectively. It was also found that RA and SAHA regulated the
protein expression of cell cycle-related genes in the direction of cell cycle arrest at these concentrations
(Figure 6).

In addition, the effects of RA and SAHA on the colony formation and tumor spheroid formation
were displayed to correspond with the results of cell viability; RA and SAHA remarkably suppressed
the colony and tumor spheroid formation of both PCa cell lines at these concentrations (Figure 2).
Colony formation capacity of cells reflects their survival and proliferation abilities, and spheroid
formation is associated with the ability of cells that can grow in all directions by interacting with
themselves or their surroundings, as in the in vivo culture [43,44]. Therefore, these findings indicate
that RA can inhibit the viability and proliferation of PCa cells as well as blocking the formation of
tumor spheroids that resemble the condition of in vivo tumor tissue, like SAHA.

Secondly, apoptotic activity of RA and SAHA on PCa cells were identified in Annexin V assay
and flow cytometry; RA mainly induced the late apoptosis and necrosis in PC-3 and DU145 cell
lines, unlike SAHA which was effective in induction of early apoptosis in both cell lines (Figure 3).
However, in PC-3 cells, RA also induced early apoptosis, and SAHA also induced late apoptosis.
Meanwhile, RA and SAHA significantly induced DNA fragmentation in both PCa cell lines, which
was identified by TUNEL assay (Figure 4). Although there were differences in the individual effect of
RA and SAHA on the protein expression of apoptosis-related genes in both PCa cell lines, RA and
SAHA were found to induce apoptosis of PCa cells by upregulating caspase-3 and downregulating
Bcl-2 (Figure 7). For RA, it additionally increased the protein expression of Bax and cleaved form
of PARP-1. Pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 family members bound to
the mitochondrial membrane affect the intrinsic mitochondrial pathway of apoptosis by regulating
efflux of cytochrome c from mitochondria to cytoplasm and subsequent activation of caspases such
as caspase-3, -6, and -7 that are cysteine-aspartic proteases playing important roles in apoptosis [45].
PARP-1 is a poly-(ADP-ribosylating) enzyme necessary for DNA repair processes. During apoptosis, it
is cleaved by caspase-3 or -7 and becomes inactive in recovering DNA damage. Thus, cleaved form
of PARP-1 is considered as a remarkable marker of apoptosis [46]. As a result, RA was revealed to
effectively induce apoptosis of PCa cells by influencing an intrinsic mitochondrial apoptotic pathway.

As an inhibitor of HDAC1 and HDAC2, SAHA, also known as Vorinostat, has a broad spectrum
of epigenetic activities through the inhibition of histone acetylation and has been used to treat several
diseases including glioblastoma [47] and non-small-cell lung carcinoma [48]. In association with
tumor, HDAC1 and HDAC2 enhance the tumorigenesis by decreasing the transcriptional activity of
tumor suppressor like p53 through histone deacetylation. In addition, deacetylation of lysine residues
of p53 by HDACs leads to ubiquitinylation and proteolysis of p53 by the proteasome. Therefore,
HDACs downregulate p53 activity, which cannot block anymore the cell cycle progression and trigger
apoptosis [49]. On the other hand, SAHA can have anti-cancer efficacies by inhibiting HDACs and
upregulating p53 [50]. In the present study, SAHA was found to effectively suppress the protein
expression of HDAC2 in both PCa cell lines, and the protein expression of p53 was dramatically
increased as a result of HDAC2 inhibition in PC-3 cells. However, p53 was not upregulated in DU145
cells beyond expectations (Figure 5). Nevertheless, the growth inhibition effects or apoptotic activities
of SAHA on DU145 cells were found on PC3 cells, indicating that SAHA may induce apoptosis of
DU145 cells through p53-independent pathway. In the previous study on U937 human leukemia cells,
SAHA was revealed to induce apoptosis through the pathway independent of p53 [51]. The more
detailed mode of apoptotic action of SAHA in DU145 cells needs to be elucidated. In comparison with
SAHA, RA inhibited the protein expression of HDAC2 and increased the protein expression of p53 in
both PCa cell lines, which was more noticeable in DU145 cells than in PC-3 cells.

p53, as a tumor suppressor protein, has diverse anti-cancer effects such as cell cycle arrest,
apoptosis induction, and inhibition of angiogenesis [52]. Cell cycle arrest mediated by p53 is known
to be partially achieved through activating p21, which hinders G1/S transition in the cell cycle as an
inhibitor of CDK complexes [53,54]. p53 also mediates apoptosis through upregulating the expression
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of Bax, a pro-apoptotic gene, which prevents the activity of Bcl-2, an anti-apoptotic gene [55]. In the
present study, it was confirmed that cell cycle arrest and apoptosis of PCa cells were achieved in
parallel by p53, which was upregulated by RA and SAHA as a result of HDAC2 inhibition.

Among numerous anticancer mechanisms of plant-derived phytochemicals, it is known that
they are related with apoptotic cell death that is mediated by p53-dependent or -independent
pathways. A recent review emphasized the cell death mechanisms of diverse plant-derived anti-cancer
polyphenolics, alkaloids, terpenoids, and so on [56]. The present study is considered to firstly identify
the cell death mechanism of RA on PCa cells that is relevant to p53-induced apoptosis caused by
HDAC2 inhibition.

5. Conclusions

RA, as a dietary phenolic compound ingested from tea, was displayed to have anti-PCa activities
by inhibiting viability, colony formation, and spheroid formation of PCa cells via HDAC2 inhibition
and the consequential p53-mediated cell cycle arrest and apoptosis Therefore, RA would be used as a
novel phytomedicine to act as an HDAC inhibitor targeted to PCa, with the anticipation to decrease the
adverse side effects of the existing chemotherapeutical agents. To do this, further studies are necessary
to identify eventual cytotoxic effects of RA on normal cells. In addition, supraphysiologic doses of
RA should be attained to produce anti-cancer effects on PCa with the formulation containing RA as a
dietary additive or a drug containing its effective therapeutic concentration.
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Abstract: Green tea is a beverage that is widely consumed worldwide and is believed to exert
effects on different diseases, including cancer. The major components of green tea are catechins,
a family of polyphenols. Among them, epigallocatechin-gallate (EGCG) is the most abundant and
biologically active. EGCG is widely studied for its anti-cancer properties. However, the cellular and
molecular mechanisms explaining its action have not been completely understood, yet. EGCG is
effective in vivo at micromolar concentrations, suggesting that its action is mediated by interaction
with specific targets that are involved in the regulation of crucial steps of cell proliferation, survival,
and metastatic spread. Recently, several proteins have been identified as EGCG direct interactors.
Among them, the trans-membrane receptor 67LR has been identified as a high affinity EGCG
receptor. 67LR is a master regulator of many pathways affecting cell proliferation or apoptosis,
also regulating cancer stem cells (CSCs) activity. EGCG was also found to be interacting directly
with Pin1, TGFR-II, and metalloproteinases (MMPs) (mainly MMP2 and MMP9), which respectively
regulate EGCG-dependent inhibition of NF-kB, epithelial-mesenchimal transaction (EMT) and cellular
invasion. EGCG interacts with DNA methyltransferases (DNMTs) and histone deacetylases (HDACs),
which modulates epigenetic changes. The bulk of this novel knowledge provides information about
the mechanisms of action of EGCG and may explain its onco-suppressive function. The identification
of crucial signalling pathways that are related to cancer onset and progression whose master
regulators interacts with EGCG may disclose intriguing pharmacological targets, and eventually lead
to novel combined treatments in which EGCG acts synergistically with known drugs.

Keywords: green tea catechins; epigallocatechin-gallate (EGCG); 67LR; cancer apoptosis; cell death;
chemoprevention; gene expression

1. Introduction

Green tea is produced from Camellia sinensis and it represents the second most consumed
beverage in the world after water, being used primarily in Asia and in the Middle East [1].

Several observational and intervention studies have demonstrated that green tea consumption has
beneficial effects on many human diseases, including obesity, metabolic syndrome, neurodegenerative
disorders inflammatory diseases, and cancer [2–6]. The major polyphenolic component of dried green
tea extracts is epigallocatechin-gallate (EGCG) EGCG is the most abundant and biologically active
catechin from green tea, accounting for at least 50% of the total catechin content in green tea leaves [7].
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The biological effects of green tea were initially ascribed to pro- or anti-oxidative properties of catechins.
Most of the studies have been conducted administrating green tea extracts or pure EGCG. A typical
weakness of many studies is related to data collected in vitro and cell culture systems, following the
administration of doses of green tea extracts (or EGCG) much higher than those that were reached in
human plasma after green tea consumption. In vivo, administration of the equivalent of two or three
cups of green tea leads to a peak in the plasma levels of tea catechins in the sub-micromolar range in
humans [8,9].

Several in vitro, in vivo, and clinical studies have shown multiple EGCG anticancer actions.
Among them there are anti-proliferative, pro-apoptotic, anti-angiogenic, and anti-invasive
functions [10]. Furthermore, EGCG has been observed to impair other processes that are involved in
carcinogenesis as inflammation, oxidative stress and hypoxia and to target tumor microenviroment
components (e.g., cancer stem cells, fibroblasts, macrophages, and microvasculature) [11]. In several
in vitro and in vivo cancer types, EGCG has been shown to act synergistically with other natural
compounds (e.g., curcumin, ascorbic acid, quercetin, genestein, caffeine) [10,12] and it has also been
testing in combination with currently used chemotherapeutic drugs (e.g., doxorubicin, cisplatin,
sunitinib) [13–16]. Furthermore, in order to improve EGCG bioavailability and stability, novel
formulations of the catechin encapsulated in nanoparticles have been developed [17–20].

Even if the anti-tumoural effect of green tea catechins (and specifically EGCG) has been
extensively demonstrated in vitro, their molecular and cellular mechanisms are not yet completely
understood [21,22].

The anti-cancer effect of EGCG and green tea extracts is mediated through several mechanisms,
including stimulation of anti-oxidant activity and activation of detoxification system [23,24], alteration
of the cell cycle [25], suppression of mitogen-activated protein kinase (MAPK) and receptor protein
kinase (RTKs) pathways [26,27], inhibition of clonal expansion of the tumour-initiating stem cell
population [28], and production of epigenetic changes in gene expression [29]. These mechanisms
(reviewed recently in [30–32]) are not completely understood yet. Green tea catechins are thought
to function both as powerful radical scavengers, in particular, under increased oxidative stress
conditions [33], and as ROS generators leading to the inhibition of cancer cell growth through the
induction of apoptotis [24,34]. Moreover, they have been shown to induce apoptosis in several
ways, such as modulating pro- and anti-apoptotic protein (Bax, Bcl-2, Bcl-XL) and cell cycle regulator
proteins (cyclins, CDKs) [35]. Green tea catechins are also able to target genes and proteins that
are associated with cell proliferation and apoptosis, including RTKs (receptor tyrosine kinases).
Several studies described the inhibitory effect of green tea catechins on these receptors and on
Ras/extracellular signal-regulated kinase (ERK)/MAPK and phosphatidylinositol 3-kinase (PI3K)/Akt,
which are RTKs-related downstream pathways that are often constitutively activated in tumor
cells. EGCG negatively modulates the expression of various transcription factors, including Sp1,
AP-1, and NF-kB preventing cancer formation [36,37]. Another mechanism that can explain the
pleiotropic effects exerted by green tea catechins is represented by the epigenetic changes in gene
expression and chromatin organization. The major epigenetic mechanisms are DNA methylation,
histone modifications, and expression of noncoding regulatory micro RNA (miRNAs). Green tea
catechins can induce an epigenetic reactivation of genes silenced during carcinogenesis or an epigenetic
downregulation of oncogenes through the inhibition of DNA methyltransferases (DNMTs) or histone
deacetylases (HDACs) activity and the reduction of their expression [38,39].

Micromolar concentrations of EGCG have been shown to exert a wide array of different effects
in a cancer cell. The current understanding is that catechins may either interact with a single critical
regulator affecting the activity of key enzymes that are involved in important pathways, or by hitting
multiple targets in parallel, thereby modulating different pathways simultaneously [40,41].

First it is necessary to identify proteins that bind to catechins with high affinity, which may
represent the master regulators controlling one or multiple pathways. Using in vitro models, several
research teams have identified proteins that are targeted by EGCG. Among these are vimentin, Fyn,
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ZAP70, insulin-like growth factor 1 receptor, and glucose regulated protein 78 kDa [42–46]. However,
the functional effect of green tea catechins on the target protein activity has been demonstrated only at
much higher concentrations of EGCG than Kd values, probably because of the non-specific binding
of EGCG to other proteins competing for the target [47]. In Table 1 are listed the principal EGCG
molecular targets that were identified in cancer cells.

We think that EGCG-protein binding can be important for the beneficial effect of green tea
catechins. Green tea catechins bind to a plethora of proteins and the process of the interaction is highly
dependent on the folding status and on the conformational properties of the target protein. In this
review, we decided to take into consideration only few proteins that, after direct binding to EGCG,
alter and affect their downstream pathways promoting anti-cancer effects. These data could be used
for a rational drug design of green tea catechins derivatives exploitable for more specific and effective
anti-cancer therapies. We will focus particularly on the onset and progression of cancer, describing
and discussing the possible molecular mechanisms through which catechins exert their action.

Table 1. Epigallocatechin-gallate (EGCG) molecular targets that are involved in cancer onset
and progression.

Cell Cycle,
Proliferation &

Survival

Apoptosis & Cell
Death

Motility,
Invasion and

Metastatization
Inflammation

Epigenetic
Control

Others

p16 [48] Bax [49] MMP-2 * [50] FcεRI [51] DNMT1 * [39] DAPK1 [52]
p18 [35] Bad [53] MMP-9 * [50] IL-8 [54] DNMT3A [48] MRLC [55]
p21 [48] Bak [56] MMP-14 [57] IGF-1R * [45] DNMT3B * [39] MYPT1 [55]
p27 [56] Bcl-2 * [58] uPA [59] VEGF [60] HDAC1 * [39] eEF1a [61]

Cyclin D [56] Bcl-xl [53] PAI-1 [59] CSF-1 [62] HDAC2 [63] ID1 [64]
Cyclin E [35] Bcl-xs [56] E-cadherine [39] CCL-2 [62] HAT [65] RAR-β [39]
Cyclin A [66] Caspase3 [56] SLUG [67] COX-2 [60] hTERT [68] HSP70 [53]
Cyclin B [66] Caspase8 [69] SNAIL1 [70] iNOS [71] EZH2 [72] HSP90 * [73]

CDK4 [56] Caspase9 [56] Vimentin * [42] eNOS [74–78] GRP78 * [46]
CDK6 [56] Apaf-1 [53] Twist [79] PECAM-1 [80]
CDK2 [35] Puma [56] N-cadherine [79] miR-16 [62]
CDK1 [66] XIAP [53] HIF-1α [60] let-7b miRNA [81]
Erk1/2 [56] Cytochrome C [56] β-catenin [54] miR-210 [82]

Pin * [83] p53 [84] Wnt [54] miR34a [85]
PPA2 [86] Survivin [87] TIMP-3 [72] miR145 [85]
PKA [86] Fas [69] miR200c [85]
STAT [12] DR5 [69] ZAP70 * [44]
AR [65] PARP [88] TRAF-6 * [89]

67LR * [90] Oct4 [85]
FcεRI [51] Sox2 [91]
EGFR [92] Notch1 [85]
HGFR [93] Nanog [85]

TGFR-II * [94] CD133 [95]
cGMP [74] [96]

cAMP [86]
P-glycoprotein [88]

NF-kB [97]
c-Myc [98]

FOXO3a [99]
GSK-3β [98]
PI3K [100]
AKT [100]
PKC-δ [74]

JAK-1/2 [12]
Src [57]

CK1α [98]
p38 MAPK [56]

JNK [56]

* EGCG direct interactors.
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2. 67-kDa Laminin Receptor Signalling Pathways

One of the most interesting targets of EGCG action is the 67-kDa laminin receptor (67LR),
a non-integrin cell surface receptor whose expression has been shown to be increased in several
cancers, such as blood, prostate, breast, gastric, and colon [101–106]. The receptor expression is
usually correlated with drug resistance, and it contributes positively to cancer cells viability, tumour
progression, metastatic diffusion, and neo-angiogenesis [101,102,107,108].

In 2004, Tachibana et al. identified for the first time the 67LR as a specific EGCG membrane
receptor using surface plasmon resonance. The study revealed that 67LR was able to bind EGCG
with a Kd value of 39.9 nM. This interaction enabled EGCG to reduce the growth of the lung
cancer cell line A549 [90], thus exerting anticancer activity. Other green tea components, such
as caffeine, quercetin, epicatechin (EC), and epigallocatechin (EGC) were tested for binding to
67LR, but none were specific ligands of the receptor or showed tumour suppressive effects [90].
Therefore, EGCG appears to be the only catechin able to bind 67LR. Subsequently, a putative EGCG
binding site corresponding to the region between the residues 161 and 170 of the receptor has been
identified [109]. The direct binding between EGCG and 67LR has been confirmed in prostate cancer
cells by Yu et al. [104]. Using MVD (Molegro Virtual Docker, an integrated platform for predicting
protein ligand interactions), these authors identified a binding site for EGCG with the same sequence of
the laminin tyrosine-isoleucine-glycine-serine-arginine (YIGSR) peptide, corresponding to the 929–933
sequence of β1 chain of 67LR [104].

Many studies have explored the signalling cascades that are triggered by EGCG-67LR interaction,
some of which will be discussed in this review. In many cases, the tumour suppression pathway
affected ordered microdomains of the cell membrane known as lipid rafts, where the 67LR has been
located [110]. Lipid rafts differ from the surrounding membrane, because their composition is enriched
in specific lipids (sphingomyelins and glycosphingolipids) and cholesterol, which are tightly packed
to form liquid ordered assemblies [111]. Lipid rafts are dynamic, heterogeneous structures whose
composition is extremely variable, not only in relation to the lipid and sterols content, but also
because of the several proteins that can be recruited (e.g., BCR, FcεRI) or harboured (e.g., Scr tyrosin
kinases) [112–115]. Lipid rafts are rich in tyrosine kinase receptors (RTKs), such as EGFR [116–118],
IGF1R [119], and HER2 [120]. These receptors have been found to be inhibited by EGCG in
several in vitro and in vivo cancer models (e.g., colon, lung, liver and breast cancers) [92,121–123].
The functional proteins recruited by lipid rafts allow these structures to play complex roles. Lipid rafts
can float within the plasma membrane or can cluster in larger and stabilized platforms in response to
different stimuli. In most cases, the lipid rafts clustering allows for the activation of the proteins [124].
Furthermore, modifications in lipid rafts/protein interaction can lead to alterations in lipid and sterol
content, which can, in turn, influence lipid raft functions. Thanks to their capability to interact
with several cellular and molecular factors as caveolae [111], viruses [125], bacteria, inflammatory
molecules [126,127], and growth factors [128–130], these microdomains are involved in a plethora of
biological functions, like cell polarization, membrane trafficking [111], pathogen internalization [126],
and regulation of a wide spectrum of signal transduction pathways [131]. Because most of these
pathways can control cancer development, progression, rate of cell proliferation [114], migration,
invasion [132,133], and apoptosis [134], lipid rafts composition and functions have received much
attention. In addition, many anti-cancer agents (e.g., edelfosine, avicin D, resveratrol) exert their
anti-tumour activity, at least in part, by altering or disrupting the structure of lipid rafts [135,136].

EGCG has been found to bind to the plasma membrane by interacting with the lipid rafts. The first
evidence of this association was shown in the basophilic cell line KU812, where the suppressive action
of EGCG on the expression of the high-affinity immunoglobulin E receptor (FcεRI) was triggered by
direct binding to lipid rafts. This was mediated by the inhibition of Erk1/2 kinases phosphorylation
and activation [51]. Shortly after, the same research team observed that the down-regulation of FcεRI
was driven by EGCG through binding to 67LR, a receptor associated with lipid rafts [110]. Others
reported that the EGCG inhibitory effect on EGFR in colon cancer cell line HT29 [92], and on HGFR
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in prostate cancer cell line DU145 [93] was mediated by the alteration of lipid rafts. The collection of
signalling pathways affected by lipid rafts structure/function via EGCG/67LR quickly increased in
number, as reported in several tumour models, such as multiple myeloma, mammary and epidermiod
carcinoma, and chronic myeloid leukemia [52,137–139].

2.1. Lipid Rafts-Mediated Apoptosis

2.1.1. EGCG/67LR/Akt/eNOS/NO/cGMP/PKCδ/aSMase Pathway

Together with the inhibition of cell proliferation, migration, and angiogenesis, induction of
apoptosis is one of the main mechanisms through which EGCG exerts its anti-tumour activity [140,141].
Several studies reported that EGCG is able to affect the expression and function of anti-apoptotic
factors (e.g., Bcl-2, Bcl-xl) and to up-regulate pro-apoptotic molecules (e.g., Bax, caspase-3) in several
cancer models [58,142–144]. However, the mechanisms through which EGCG modulates key cell
death regulators are not completely understood. Some studies reported that 67LR plays a relevant
role in triggering apoptosis after binding its ligand, EGCG, in haematological malignancies, such
as acute myeloid leukemia and multiple myeloma [145,146]. More recently, a signalling pathway
inducing EGCG/67LR-dependent apoptosis through the activation of protein kinase Cδ (PKCδ),
acid sphingomyelinase (aSMase), and lipid rafts clustering has been described in multiple myeloma
models [137] (Figure 1). The enzyme aSMase is responsible for the catabolism of sphingomyelin (SM)
and is known to be part of the signalling cascades that mediates lipid raft-dependent apoptosis [147].
It can be activated in response to external pro-apoptotic stimuli as physical agents (e.g., radiation, UVA
light) [148,149], anti-cancer drugs (e.g., cisplantin, doxorubicin) [150,151], and pro-apoptotic receptors
(e.g., Fas, TNF-R) [147,152]. One of the best described mechanisms of aSMase activation is triggered by
Fas receptor. The binding between death receptor Fas, harboured in lipid rafts [153], and its ligand
FasL lead to the recruitment of adaptor Fas-associated protein with death domain FADD, which in turn
recruits and activates pro-caspase 8. The final death-inducing signalling complex (DISC) then activates
aSMase, which migrates from the cytoplasmic compartment to lipid rafts, where it generates the
sphingolipid ceramide from SM [154–156]. In response to ceramide generation, cholesterol is displaced
from lipid rafts, thus leading to an increase of membrane fluidity [157]. Ceramide plays a role as
second messenger in the signal transduction, inducing lipid raft clustering and the stabilization of DISC
complex, amplification of Fas/FasL signalling, finally leading to apoptosis [155,158,159]. A similar
mechanism has been hypothesized in the case of cervical, prostate and colon cancer, where EGCG
administration induces cell apoptosis through aSMase activation and ceramide increase [160–162].

Studies on multiple myeloma cell lines in vitro and in vivo, in patients or murine models, showed
that the activation of 67LR through EGCG binding induces the activation of PKCδ after phosphorylation
of Ser664. Activation of PKCδ leads, in turn, to aSMase activation, and finally to cell apoptosis [137].
These authors pointed out that treatment with 5 μM EGCG led to an increase of nitric oxide (NO) [74].
NO is an inorganic signalling messenger triggering a wide range of cellular pathways. The increase in
NO levels is due to the activation of endothelial nitric oxide synthase (eNOS), after phosphorylation in
the residue Ser1177 by Akt kinase [74]. Production of NO causes an increase of cGMP, produced by
NO-dependent soluble guanylate cyclase (sGC) activation, and then the phosphorylation of PKCδ [74]
(Figure 1). Furthermore, more recently, it has been observed that the anticancer agent coptisine induces
apoptosis in hepatocellular carcinoma (HCC) cells via the 67LR/cGMP pathway [163]. Conversely,
several studies reported that EGCG negatively regulates eNOS/NO production in different cancer
types [75–78] and also sGC/cGMP amount [96].

However, the fact that administration of 5 μM EGCG was sufficient to enhance NO production,
but not a significant increase of cGMP levels to induce cell apoptosis, gives rise to the question of
whether other factors might interfere with cGMP-mediated aSMase activation (Figure 1). Enzyme
phosphodiesterase 5 (PDE5), one of the major cGMP negative regulators, was found to be highly
expressed in multiple myeloma patients as compared to healthy donors, suggesting that PDE5 could
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be a target for a possible combinatorial therapy with 5 μM EGCG [74]. This experimental approach
has been implemented. The combined treatment of PDE5 inhibitor Vardenafil and 5 μM EGCG
caused a strong reduction of cell viability not only in multiple myeloma, but also in other models as
prostate, gastric, pancreatic, breast cancer, and in acute myeloid and chronic lymphocytic leukemia
cell lines [74,164,165]. Vardenafil and EGCG synergistic action has been found to cause a significant
reduction of IC50 of EGCG [74,164,165]. The tumour suppressive effects of the combinatorial therapy
have also been confirmed in vivo in xenograft murine models of multiple myeloma, treatment that
resulted in the reduction of tumour volume and increased survival without hepatotoxicity, a possible
side effect of high EGCG administration [74]. In this model, controls (namely cell lines and primary
cultures, as well as healthy animal models), were not affected by EGCG alone or in combination
with Vardenafil.

Figure 1. EGCG modulates cell division and apoptosis via 67LR. EGCG binding to 67-kDa laminin
receptor (67LR) activates apoptosis program through enhanced nitric oxide (NO) and cGMP production,
acid sphingomyelinase (αSMase) activation and ceramide generation. Ceramide metabolization
in sphingosine-1-phosphate (S1P) reduces cell apoptosis. EGCG binding to 67LR inhibits via
eukaryotic translation elongation factor 1a (eEF1A) cell cytokinesis inducing myosin phosphatase
target subunit (MYPT1) dephosphorylation and activation and myosin II regulatory light chain (MRLC)
dephosphorylation and inactivation.

2.1.2. EGCG/67LR/Ceramide/SphK1/S1P Pathway

The formation of larger platforms of cholesterol-enriched lipid rafts in cancer cells is often
associated with aberrant activation of RTKs, resulting in increased proliferation, survival, and
metastatic spread [166]. Instead, ceramide causes cholesterol displacement from lipid rafts, formation
of ceramide-enriched lipid rafts, and induction of cell apoptosis [147]. Therefore, ceramide
catabolism/degradation may produce anti-apoptotic effects. Ceramide can be deacetylazed and
converted to sphingosine, which can be phosphorylated to sphingosine-1-phosphate (S1P) by the
sphingosine kinase 1 (SphK1), an enzyme that is highly expressed in several cancers. The S1P can
activate protein G-coupled receptors that can in turn activate pro-survival and anti-apoptotic signalling.
In prostate cancer models, treatment with high doses of EGCG (75 μM) suppressed tumour growth
in vitro and in vivo through the inhibition of SphK1/S1P signalling [167] (Figure 1).
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The lesson from these data is that, in a particular cell system, a correct balance between ceramide
synthesis and catabolism is fundamental [168,169]. Treatment with 1 μM and 5 μM EGCG in the
multiple myeloma cell line U266 caused the induction of aSMase activity [52]. However, ceramide
accumulation has been observed only after giving high concentrations of EGCG (10 μM and 20 μM
EGCG) [52]. Treatment with these high doses of EGCG leads to the disruption of cholesterol-enriched
lipid rafts and the inhibition of phosphorylation and the activation of several RTKs (e.g., EGFR, ErbB2,
ErbB3, HGFR, IGF1R, Mer, and Flt3). IGFR inhibition has been demonstrated to be dependent on 67LR
and aSMase expression [52]. Because the amount of SphK1 has been found to be increased in multiple
myeloma cell lines and specimens from patients, the combinatorial treatment of 5 μM EGCG and SphK1
inhibitor Safingol was tested. The data demonstrate that the combination of the two drugs caused
an increase in ceramide content, the disruption of cholesterol-enriched lipid rafts, inhibition of RTKs
phosphorylation, and finally an increase of cell apoptosis [52]. Furthermore, the combination treatment
also affected another cell death mediator that was activated by ceramide, the death-associated protein
kinase 1 (DAPK1), causing the de-phosphorylation of DAPK1 inhibitory residue Ser308 and leading to
its activation [52].

Thus, like the inhibition of PDE5 with Vardenafil, the simultaneous action on two related pathways
employing two agents in combination, produced a synergistic effect that strongly reduced the IC50 of
EGCG [52]. The onco-suppressive action of the double treatment (EGCG plus Safingol) has been found
effective in vitro in acute myeloid leukemia, chronic myeloid leukemia, and in chronic lymphocytic
leukemia models [170]. Absence of toxicity of the combined therapy has also been shown in vivo [52].

2.2. Cancer Cell Growth Inhibition

2.2.1. EGCG/67LR/eEF1a/MYPT1/MRLC Pathway

EGCG can exert anticancer functions inducing cell cycle arrest. Several studies reported the
blockade of the cell division cycle by EGCG administration in G0, G1, S, and G2 phases. EGCG may act
through the indirect downregulation of pro-proliferative factors, such as cyclin D1, cyclin E, cyclin A,
cyclin B, CDK4, CDK6, CDK2, and CDK1, as well as by the upregulation of anti-proliferative effectors,
such as CDK inhibitors p27, p21, p16, and p18 [35,48,56,66,171,172]. In addition, EGCG has been found
to act on cytokinesis, a critic step of cell division, by interacting with 67LR receptor [55,61,173].

Cytokinesis is the final step of cell division, leading a mother cell to be divided into two daughter
cells. Early events of the process require the formation of an actomyosin ring, also known as
contractile ring, that allows the formation of the cleavage furrow at the equator of mitotic cells [174,175].
Generation of the furrow enables the equal division of genetic material between the two forming cells
and their subsequent separation. The interaction between actin filaments (F-actin) and myosin motors
is controlled by different processes among which is the phosphorylation/dephosphorylation of the
myosin II regulatory light chain (MRLC). Myosin II is one of the main motors involved in cytokinesis,
activated through MRLC phosphorylation at Ser19/Thr18 by kinases, such as MLCK, ROCK, and
Citron kinase [176]. Ser19 phosphorylation favours the interaction with F-actin, the contractile ring
formation, and filaments assembly. A di-phosphorylation seems to be involved in the assembly of
filaments, but the role of phosphorylation in Thr18 alone is less clear [177–179]. Conversely, MRLC
dephosphorylation in Ser19 or Ser19/Thr18 by the myosin phosphatase leads to myosin inactivation.
The MRLC activity is also indirectly regulated through the phosphorylation of myosin phosphatase
itself. When the largest region of myosin phosphatase, called myosin phosphatase target subunit
(MYPT1), is phosphorylated in at least one of the inhibitory sites (e.g., Thr696, Thr853), its activity is
inhibited, and, as a consequence, MRLC remains active, thus providing a positive signal triggering
cytokinesis [180].

EGCG has been found to be able to interfere with the cytokinesis of HeLa cells through its action on
MRLC phosphorylation status, thereby affecting the cellular growth [55]. EGCG activates the signalling
cascade that is responsible for the impaired MRLC phosphorylation through binding to its membrane
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receptor 67LR [55] (Figure 1). At first, it was reported that the treatment of HeLa cells with 10, 20, and
50 μM EGCG resulted in the disruption of stress fibers, reduction of the contractile ring formation,
increment of cells blocked in G2/M phases, and inhibition of cell growth [55]. Further analyses revealed
that EGCG treatment also caused, via 67LR, a reduction in single Ser19 and in double Ser19/Thr18
MRLC phosphorylation, which effects on MRLC phosphorylation might reasonably trigger the effects
shown on cell division and growth [55]. Under similar conditions, EGCG was also found to decrease the
phosphorylation of MYTP1 at inhibitory site Thr696 both in vitro and in vivo, thus preventing myosin
phosphatase inactivation. According to the literature, the ability of EGCG to interfere with MRLC
phosphorylation could be the indirect consequence of MYPT1 loss of inhibition [55]. Recently, another
factor has been added to the members of the EGCG signalling pathway, believed to be responsible
for impaired cancer cell cytokinesis: the eukaryotic translation elongation factor 1a (eEF1a), which
has been found to be necessary to enable EGCG to alter MYPT1 phosphorylation status [61]. eEF1a
is mainly known as a component of the eukaryotic translation machinery, but it also takes part in
other cellular processes, such as senescence, oncogenic transformation, and cell proliferation [181–183].
eEF1a is able to bind to MYPT1 and F-actin [184]. In vitro and in vivo experiments demonstrated that
no significant reduction in MYPT1 and MRLC phosphorylation, actin disassembly and cell proliferation
was observed after EGCG administration in eEF1a knockout models [61]. This evidence has been
further corroborated by the observation that when eEF1a levels are restored and 67LR is absent,
the effects that are described above disappear as well. Thereby, eEF1a is thought to be downstream of
67LR and upstream of MYPT1 in the signalling pathway that is triggered by EGCG [61] (Figure 1).

2.2.2. EGCG/67LR/cAMP/PKA/PP2A Pathway

67LR surface receptor is involved in the selective anti-tumour activity exerted by EGCG in
melanomas. Tsukamoto et al. identified protein phosphatase 2A (PP2A) as a downstream target of
67LR in melanoma cells [86]. PP2A is a Ser/Thr phosphatase that is involved in important cellular
processes, such as proliferation, signal transduction, and apoptosis, and it is considered to be a tumor
suppressor that is functionally inactivated in cancer [185,186].

By performing functional genetic screening, Tsukamoto and colleagues showed that EGCG
binding to 67LR receptor induces PP2A activation mediated by the cAMP/PKA pathway [86],
which led to the suppression of melanoma tumor cell growth. Even though the direct interaction
between EGCG and PP2A was demonstrated using very high EGCG concentrations [84,187,188],
1 μM EGCG was sufficient to activate 67LR/PP2A pathway. PP2A directly interacts with p70S6k and
down-regulates mTOR signaling [189], which is usually aberrantly activated in melanomas. Therefore,
it represents an important contribution to chemotherapeutic resistance of commonly used BRAF
inhibitor treatment. The EGCG-activating 67LR/PP2A pathway exerts a strong synergistic effect with
PLX4720, a BRAF inhibitor, in drug-resistant melanomas.

Another effect that is mediated by the 67LR/PP2A signaling is the activation of Merlin, a tumor
suppressor protein that is encoded by the NF2 gene at physiological concentrations of EGCG, as low as
1 μM [86]. Merlin activity seems to target cell surface RTKs and adhesion/extracellular matrix receptors,
regulating cell proliferation, survival and motility [190]. PKA, p21-activated kinase 1 and 2 (PAK 1/2),
or MYPT can activate Merlin by dephosphorylation at Ser-518. In the study by Tsukamoto et al. [86],
EGCG was demonstrated to be an activator of Merlin via 67LR/PP2A pathway. In prostate cancer cell
lines the absence or inactivation of Merlin contributes to tumor development and progression toward
a highly invasive and chemo-resistant state [191–193].

Recently published data show that 10 μM EGCG up-regulates let-7b miRNA expression not
only in melanoma cell lines, but also in metastatic melanoma tumours in vivo [81]. miRNAs are
non-coding RNAs transcripts that are able to regulate fundamental biological activities related to
mRNA degradation or translational inhibition [194]. Yamada et al. demonstrated that 67LR is involved
in the EGCG-elicited let-7b increase, which leads to the inhibition of melanoma tumor progression [81].
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Let-7b recognizes multiple target genes that are related to tumor progression, such as the high mobility
group A2 (HMGA2), decreased in EGCG-treated melanoma cells [81], or Ras [195,196].

Furthermore, the data indicated that PP2A inactivation caused the induction of let-7b, which is
generally down-regulated in cancer (including melanoma and prostate cancer) [81,197], even if it is not
clear whether let-7b transcription or let-7b processing is modulated by EGCG-induced PP2A activation.

Zhou et al. confirmed that EGCG induced miRNAs profile changes in a mouse model of lung
tumor. They highlighted that the miRNAs affected by EGCG and target genes are different from those
that were previously identified by in vivo studies [198].

2.3. Modulation of Cancer Stem Cells Properties

EGCG was shown to affect the survival of cancer stem cells (CSCs). EGCG inhibits CSCs growth
and stemness in several malignancies, such as breast [199], lung [54,200], colorectal cancer [85],
osteosarcoma [14], and neuroblastoma [201].

Kumazoe M. et al. [202] describe the effects of EGCG on the features of pancreatic CSCs (i.e.,
the capability to form colonies and spheroids) through the activation of the EGCG/67LR/cGMP
axis. The same research team had observed that spheroid formation in pancreatic CSCs colonies
was inhibited by cGMP targeting of the Forkhead box O3 (FOXO3)/CD44 axes [203]. Transcriptional
factor FOXO3 is known to be a cancer suppressor, but it also induces the high expression of CD44,
a master regulator (and also a marker) of CSCs [202]. FOXO3 has been shown to be a direct target
of EGCG in tumours, like pancreatic and breast cancer. In pancreatic cancer treatment with EGCG
suppressed tumour growth, accompanied by FOXO3 downregulation [99]. By contrast, in breast
cancer, a positive regulation of FOXO3 exerted by the EGCG has been described [70,204,205]. Although
the reported modulations seem to be opposite, the action of EGCG on FOXO3 seems to lead to cancer
suppression altogether. Recently, the role of EGCG in inhibiting cancer stem cells (CSC) growth
and altering their features is emerging [54,95,199]. According to this literature, EGCG seems to act
by downregulating CD44 expression in tumours, like non-small cell lung cancer and pancreatic
cancer [200,202]. In pancreatic cancer cell lines expressing CD44, the isoform 3A of the enzyme
phosphodiesterase (PDE3A) is highly expressed [202]. Like other members of the same family, PDE3A
is a negative regulator of cGMP [206]. In pancreatic cancer cells, low EGCG administration did not lead
to a significant increase in cGMP amount, or to the reduction of colony and spheroid formation [202].
Further experiments were conducted using low doses of EGCG combined with the administration
of a PDE3A inhibitor, Trequinsin. The combination therapy decreased the protein levels of FOXO3
and CD44, caused an increase of cGMP, and a strong reduction in the CSCs capability to form both
colonies and spheroids. The combination of EGCG and Trequinsin is synergistic and it reduces the
IC50 of EGCG, thus allowing for its use at physiological concentration. These observations have also
been confirmed in vivo [202]. Surprisingly, as for the other signalling pathway that is discussed above,
the effects of EGCG alone, or in combination with other agents, are always specific for cancer cells, and
they do not affect normal cells. This highly specific effect of EGCG is still waiting for an explanation.

3. Other EGCG-Interacting Proteins

Another interesting protein that was shown to interact directly with green tea catechins is the
human peptidyl prolyl cis/trans isomerase (Pin1). Pin is a protein with two domains: an N-terminal
WW-domain and a C-terminal PPIase domain; both are necessary for its function. Although many
PPIases have been identified some with an established role in cancer, only Pin1 acts distinctively and
specifically on phosphorylated proteins. Pin1 catalyzes the cis/trans isomerization of the peptidyl
proline bond of proteins. This activity causes major changes in the conformation of the target protein,
with a consequent alteration of its function or stability. In this way, Pin1 affects and modulatse different
pathways involving kinase-dependent signaling, such as NF-kB, activator-protein 1 (AP-1), nuclear
factor of activated T cells (NFAT), or b-catenin [207]. Pin1 has been demonstrated to have a major
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role in oncogenic signaling [208,209] and is highly expressed in several cancers [210,211], including
prostate cancer [212].

Urusova et al. used crystallographic and biochemical data to show that EGCG interacts directly
with both the PPase and WW domains of Pin1, which inhibits its tumour-promoting activity. Therefore,
Pin1 represent a possible target for anti-cancer therapies [83,213]. The dissociation constant of EGCG
and Pin1 has been calculated as 21 μM, both by protease-coupled and isothermal titration calorimetric
assays: this value is similar to the concentration of EGCG that was found to exert anti-cancer effects
in experimental cancer models [40]. Since the Kd value that resulted was quite high, the interaction
between EGCG and Pin1 was described as “not strong”. Urusova and colleagues crystallized the
Pin1-EGCG complex, resolving its structure at 1.9 Å resolution by X-ray diffraction. The crystal
structure has revealed that a molecule of EGCG was bound to Pin1 WW domain (aminoacids 1–31),
which is responsible for the interaction with the substrate, while another molecule of EGCG was bound
to the Pin1 PPIase domain, necessary for the isomerization reaction. A recent study demonstrated
that galloyl group in EGCG is required for Pin1 inhibition [214]. Binding between EGCG and Pin1 in
solution has been studied recently by combining fluorescence spectrum, far-UV circular dichroism
spectrum with molecular dynamics simulations. The analysis of the binding energy confirmed the
strong inhibitory effect that is exerted by EGCG on Pin1 activity [215].

To analyze the functional consequence of Pin1-EGCG binding, Urusova and colleagues used mouse
embryonal fibroblasts (MEF) collected from PIN1 KO and WT mice, and showed that Pin1 expression
is required for EGCG (10–40 μM) inhibitory effect on MEFs growth. Furthermore, the formation of
the EGCG-Pin1 complex prevented the binding of the Pin1 substrate c-Jun. Finally, EGCG effect on
transcriptional regulation of AP-1 and NF-kB has been shown to be mediated by Pin1 [83].

Green tea catechins are mainly believed to prevent cancer. However, several epidemiological
studies suggest that their activity also works against cancer progression; the interaction of EGCG with
proteins that are involved in cancer progression and metastatic spread has been considered. One of the
effects exerted by EGCG is the inhibition of TGF-β signaling transduction. TGF-β is a multifunctional
cytokine that induces epithelial-mesenchymal transition (EMT) of cancer cells, and it is also responsible
for the maintenance of EMT, a critical event during early metastatic growth. The mechanism by which
EGCG modulates TGF-β pathway has not been completely elucidated. It has been shown that the
binding between TGF-β and its receptor, TGFR-II, activates two different pathways leading to EMT:
the canonical Smad-dependent pathway and the mitogen-activated protein kinase (MAPK) pathway.
Tabuchi et al. used immunoprecipitation and affinity chromatography assays to demonstrate binding
between EGCG and TGFR-II protein. This interaction may be responsible for the inhibitory effect of
EGCG on the expression of alpha-SMA (considered a marker of the EMT) via the TGF-beta Smad2/3
pathway in human lung fibroblast cells [94].

EGCG has also been shown to bind to metalloproteinases (MMPs). MMPs are matrix degrading
enzymes that are involved in tumor invasion and metastasis [50] whose expression is regulated by
several growth factors, including TGF-β1 [216–219]. Sazuka et al. have demonstrated that EGCG
inhibits the collagenase activity of MMP-2 and MMP-9 produced by lung carcinoma cells. The authors
suggest that the mechanism of inhibition relies on direct binding between EGCG and MMP proteins,
as proved by affinity gel chromatography experiments [50]. In 2017, Chowdhury et al. performed
a preliminary in silico analysis and then showed a strong interaction of pro-/active MMP2 with the
galloyl group of EGCG and ECG in pulmonary artery smooth muscle cell culture supernatant. They
showed that EGCG and ECG were better inhibitors of proMMP2 when compared to MMP2, and they
demonstrated that a strong interaction with MT1/MMP is involved in the conversion of proMMP2
to active MMP2 [220]. Further, investigating the interactions of pro-/active MMP-9 with green tea
catechins by computational methods, they showed strong interactions between pro-/active MMP9
and EGCG/ECG [221].

156



Nutrients 2018, 10, 1936

4. EGCG Epigenetic Regulation

Another mechanism that can explain the pleiotropic effects exerted by green tea catechins in
tumor cells is the epigenetic change in gene expression and chromatin organization. Mutations in
oncogenes and tumor suppressor genes are often the cause of cancer development and alterations of
gene expression count for cancer progression.

Many biologically active compounds, including EGCG, have been demonstrated to modulate
DNA methylation and histone acetylation status [222].

DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) are enzymes that are
involved in transcriptional gene silencing and histone acetyl transferases (HATs) positively regulate
gene expression regulation [223,224]. Several studies reported EGCG contribution in epigenetic
control acting on DNMTs, HDACs and HATs expression and activity in different tumours. We will
briefly mention different genes whose expression is enhanced or reduced by EGCG-dependent
epigenetic control.

Fang et al. demonstrated that EGCG binds to DNMT and competitively inhibits the enzymatic
activity (Ki of 6.89 μM), yielding the reactivation of methylation-silenced genes in prostate cancer PC3
cells [225]. Molecular modeling and docking studies supported the binding of EGCG to DNMT3B and
HDAC1 [39].

In HeLa cell line, it has been observed that EGCG can direct bind to and inhibit DNMT1, DNMT3B,
and HDAC1 activity, causing a reduction in DNA hypermethylation and restoring the expression of
repressed genes as retinoic acid receptor β (RARβ), CDH1 (e-cadherine gene), and DAPK1 [29,39].
Furthermore, in the same the same cell line, EGCG combination with eugenol-amrogentin (active
compounds of clove and Swertia Chirata, respectively) reduces DNMT1 expression with the consequent
hypomethylation of the cell cycle inhibitors p16 and LimD1 promoters [226]. In acute promyelocytic
leukemia cells, EGCG down-regulates DNMT1, HDAC1, HDAC2, G9a, and Polycomb repressive
complex 2 (PRC2) core components expression and favours the binding of hyperacetylated H4 and
acetylated H3K14 histones to promoter regions of p27, CAF, C/EBPα, and C/EBPε genes [63]. In the
lung cell line PC-9, EGCG combination with Am80 (a synthetic retinoid used for acute promyelocytic
leukemia therapy) causes a decrease of HDAC4, HDAC5, and HDAC6 protein levels and reduction of
HDAC activity, leading to increased p53 and α-tubulin acetylation [227]. In in vitro and in vivo models
of lung cancer, EGCG has been found to resensitize tumor cells to Cisplatin (DDP)-based combination
chemotherapy through DNMT and HDAC activity inhibition, and the subsequent re-expression of
GAS1, TIMP4, ICAM1, and WISP2 genes [228]. In in vivo model of lung cancer, EGCG epigenetic
action in down-regulating DNMT1 is accompanied by phospho-histone H2AX (γ-H2AX) and p-AKT
reduction [229]. In skin cancer cells, it has demonstrated EGCG capability in reducing DNMT1,
DNMT3A, and DNMT3B activity and expression, and also in increasing histones H3 and H4 acetylation.
As a consequence of the described epigenetic changes, a restored expression of the cell cycle inhibitors
p16 and p21 has been observed [48]. In breast cancer cells, EGCG-dependent reduction of HDAC1
and zeste homolog 2 (EZH2) protein levels leads to tissue inhibitor of matrix metalloproteinase-3
(TIMP-3) gene transcriptional activation [72]. In prostate cancer cell lines, it has been observed that
the EGCG-dependent reduction of the acetylated androgen receptor (AR) gene might be induced by
EGCG reduction in HAT activity [65]. EGCG also acts on teleomerase, reducing its activity in different
tumor types as esophageal carcinoma [230], glioma [231], cervical cancer [232], breast cancer [100],
nasopharyngeal carcinoma [233], ovarian cancer [68], laryngeal squamous cell carcinoma [234], and
lung cancer [235]. It has also been shown that EGCG can translocate from the cytoplasm to the nucleus
where it can bind to DNA, suggesting a possible role in gene expression regulation also through the
direct binding to nucleic acid [236,237]. However, the effects of EGCG/DNA direct interaction need to
be clarified.
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5. Conclusions

Because of their anti-proliferative, pro-apoptotic, and anti-oxidative properties, green tea catechins
and especially EGCG are receiving much attention in cancer biology. Several in vitro, in vivo, and
clinical studies, have demonstrated that EGCG exerts anti-cancer effects in different models through
the activation/inhibition of several signalling pathways, most of which are triggered by the direct
interaction between EGCG and specific protein targets. The array of EGCG interactors is wide and
growing, and it includes intracellular molecules, membranes receptors, membrane microdomains, and
the plasma membrane itself. One of the first EGCG direct target identified was 67LR, but in recent
years, others interactors, such as Pin1 or TGFR-II, have been recognized. Appropriate identification and
study of EGCG direct targets will allow a better understanding of its mechanisms of action and a better
exploitation of its anti-cancer properties. From 2004, when the 67LR was first identified as direct target
of EGCG by Tachibana et al., several research teams have investigated the pathways modulated by
EGCG-67LR interaction. Today, we know that the anti-proliferative action of EGCG is mediated by the
binding to 67LR, whose expression is increased in tumour cells. Convincing experimental data also
showed that membrane composition is involved in the inhibitory activity of EGCG in some cancer
cells lines. Since 67LR is generally located in lipid rafts, EGCG-mediated microdomains composition
and the alteration of their functions triggers the downstream signalling cascades. In addition, new
experimental data have brought to light novel EGCG signalling cascades leading to cell apoptosis,
cell cycle arrest, reduction in CSC colony and spheroid formation, as well as regulation of miRNAs
expression. EGCG binding to membrane receptors, such as TGFR-II, intracellular molecules, such as
Pin1 and secreted enzymes, such as MMPs, provided noteworthy information about the mechanisms
of EGCG-mediated tumour suppression. Another mechanism to explain the pleiotropic anti-cancer
effects that are exerted by EGCG and green tea catechins that is gaining the attention of the researchers
is the modulation of epigenetic processes. Long-term administration of green tea catechins leads to the
re-activation of tumour suppressor genes that are silenced during carcinogenesis and downregulation
of oncogenes through the inhibition of enzymes, such as DNMTs and HDACs involved in DNA
methylation and chromatin remodelling. Further studies on the interaction of EGCG with protein
targets will provide new insights enabling the development of more pharmacological treatments
targeting EGCG-activated master regulators of key pathways.
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Abstract: Tea is the most widely used beverage worldwide. Japanese and Chinese people have
been drinking tea for centuries and in Asia, it is the most consumed beverage besides water. It is a
rich source of pharmacologically active molecules which have been implicated to provide diverse
health benefits. The three major forms of tea are green, black and oolong tea based on the degree of
fermentation. The composition of tea differs with the species, season, leaves, climate, and horticultural
practices. Polyphenols are the major active compounds present in teas. The catechins are the
major polyphenolic compounds in green tea, which include epigallocatechin-3-gallate (EGCG),
epigallocatechin, epicatechin-3-gallate and epicatechin, gallocatechins and gallocatechin gallate.
EGCG is the predominant and most studied catechin in green tea. There are numerous evidences
from cell culture and animal studies that tea polyphenols have beneficial effects against several
pathological diseases including cancer, diabetes and cardiovascular diseases. The polyphenolic
compounds present in black tea include theaflavins and thearubigins. In this review article, we
will summarize recent studies documenting the role of tea polyphenols in the prevention of cancer,
diabetes, cardiovascular and neurological diseases.

Keywords: cancer; EGCG; diseases; green tea; tea polyphenols

1. Introduction

The beverage tea is made from the infusion of the leaves of Camellia sinensis. The world’s tea
consumption is highest for black tea, followed by green tea, oolong tea, and white tea. Black tea is
made by crushing and drying fresh tea leaves to effect fermentation prior to final processing and
is consumed usually in the United States, Europe, Africa, and India. During fermentation, some of
the catechins combine to form complex theaflavins and other flavonoids, which offer characteristic
taste and color to black tea. To prevent fermentation, green tea is prepared when the fresh leaves are
processed swiftly and the oolong tea is partially fermented.

Tea possesses antioxidant properties with traces of proteins, carbohydrates, amino acids, lipids,
vitamins and minerals. It also contains an extensive range of chemical compounds, but mainly
polyphenols account for the aroma and beneficial health effects of tea. The polyphenols in green
tea are credited with its beneficial properties against several diseases in many reported studies [1].
These polyphenols are present in much higher concentrations in green tea than black or oolong tea
and this accounts for their antioxidant properties. The distinctive polyphenolic compounds present in
green tea are called as catechins, like (-)-epigallocatechin-3-gallate (EGCG), (-)-epigallocatechin (EGC),
(-)-epicatechin-3-gallate (ECG) and (-)-epicatechin (EC). EGCG account for 50–70% of catechins. EGCG is
the major catechin in tea and accounts for most of the research carried out with green tea. One cup of green
tea contains up to 200 mg of EGCG, which has been shown to have chemopreventive/chemotherapeutic
effects against several types of cancers [2,3]. Proper drinking of green tea is three to five cups per day,
which accounts for a minimum of 250 mg of catechins per day [4]. Several in-vitro and in-vivo studies have
reported the antioxidant effects of GTP. We have earlier discussed the anticarcinogenic effects of green
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tea, its effects on various receptor tyrosine kinases, signal transduction pathways and metastasis [1,5,6].
In this article, we present recent scientific evidences, for the anticarcinogenic effect of green tea and its
role in diabetes, cardiovascular and neurological diseases. Anticarcinogenic effects of tea polyphenols
and their mechanisms in different cancer types are shown in Table 1.

2. Green Tea Polyphenols and Lung Cancer

2.1. In-Vitro Studies

Lung cancer is the primary cause of cancer-related deaths worldwide, and non-small cell lung
cancer (NSCLC) accounts for 80% of lung cancer cases. Recently, it was reported that EGCG inhibited
programmed cell death ligand 1 (PD-L1) expression in NSCLC cells, induced by both interferon (IFN)-γ
and epidermal growth factor (EGF) [7]. In NSCLC cells, pretreatment with EGCG and green tea extract
(GTE) caused decrease in the mRNA and protein levels of IFN-γ-induced PD-L1, through inhibition of
Janus kinase (JAK)/signal transducers and activators of transcription (STAT) signaling. Pre-treatment
with EGCG also caused decrease in EGF-induced PD-L1 expression through inhibition of EGF receptor
(EGFR)/Akt signaling [7].

ECG, a natural polyphenolic component of green tea, inhibited the invasion of NSCLC cells by
suppressing the levels of matrix metalloproteinase (MMP)-2 and urokinase type plasminogen activator
(uPA) [8]. It also reversed the transforming growth factor (TGF)-β1-induced epithelial-mesenchymal
transition (EMT) and upregulated E-cadherin, while it caused the inhibition of mesenchymal markers,
such as fibronectin and p-FAK. Subcutaneous inoculation of ECG also inhibited the tumor growth
of NSCLC cells in xenograft model [8]. The clinical efficacy of tea polyphenols depends on efficient
delivery and bioavailability [9–11]. Atomistic Molecular Dynamics simulations have shown that
EGCG naturally binds to the hydrophilic regions of phospholipids, positioning mostly at the interface
between water and lipid phases [12]. EGCG was encapsulated inside anionic liposomes made of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
and cholesteryl hemisuccinate to escalate its delivery. The ability of these liposomes to contrast
H2O2-induced cell death was investigated in human retinal cells. Mitochondria were better preserved
in cells treated with liposomes as compared to those treated with free EGCG. It was concluded that
the produced formulation improved the efficacy of EGCG and could be used for diseases caused by
oxidative damage [13].

Using nanochemoprevention, tea polyphenols, like theaflavin (TF) and EGCG were encapsulated
in a biodegradable nanoparticulate formulation based on poly(lactide-co-glycolide) (PLGA) [14].
The ability of both bulk TF/EGCG and TF/EGCG-loaded PLGA-NPs to inhibit proliferation of lung
carcinoma, cervical carcinoma and acute monocytic leukemia cells was determined. There was
about three to seven fold reduction in IC50 doses on treatment with TF/EGCG-loaded NPs when
compared with bulk doses of polyphenols. There was lack of toxicity of PLGA-NPs as evidenced by
the treatment of cells. TF/EGCG-NPs were also more effective than bulk TF/EGCG in sensitizing lung
cancer cells to cisplatin-induced apoptosis. The combination of TF/EGCG-NPs and cisplatin caused
inhibition of NF-κB activation, cyclin D1, MMP-9 and vascular endothelial growth factor (VEGF).
A proteomic-based approach was employed to identify proteins modulated by EGCG in A549 lung
cancer cells [15]. Hepatoma-derived growth factor (HDGF) is considered as a therapeutic target in lung
cancer. Treatment with EGCG caused three-fold suppression of HDGF and downregulation of HDGF
by EGCG was confirmed using anti-HDGF antibodies in lung cancer cell lines. EGCG treatment also
induced synergistic effect with cisplatin in causing lung cancer cell death and increased cytotoxicity was
also noted in HDGF-silenced cells. Induction of apoptosis, disruption of the mitochondrial membrane
potential, and activation of caspase-3 and -9 were linked to cell death. It was concluded that decreasing
the levels of HDGF by treatment with EGCG may signify a novel approach in treatment of lung cancer.
In addition, EGCG induced a marked synergistic effect with cisplatin in cell death. Consistently, an
enhanced cytotoxicity in HDGF-silenced cells was also found. Cell death was associated to increased
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apoptosis, disruption of the mitochondrial membrane potential, and activation of caspase-3 and -9 [15].
Treatment of human lung cancer cells with EGCG caused inhibition of anchorage-independent growth
and induction of G0/G1 phase cell-cycle arrest [16]. Suppression of EGFR pathway was found to be
involved in the anticancer efficacy of EGCG. Short term exposure of human lung cancer cells with
EGCG decreased EGF-induced EGFR, AKT and activation of ERK1/2. Chronic treatment with EGCG
caused inhibition of total and membranous EGFR expression and decreased nuclear localization of
EGFR with downregulation of cyclin D1. Also, sensitivity of lung cancer cells to EGCG was decreased
on knockdown of EGFR, confirming that EGFR signaling may be involved in the anticancer activity of
EGCG in human lung cancer cells [16]. The involvement of AP-1 in GTP-induced tumor inhibition
was investigated in human NSCLC cell line H1299 and mouse SPON 10 cells [17]. These cell lines
displayed high constitutive AP-1 activity and cell growth was inhibited when TAM67 expression was
induced with doxycycline and connected with inhibited AP-1 activity. RNA-seq was used to define
the global transcriptional effects of AP-1 inhibition and to elucidate the possible involvement of AP-1
in GTP-induced chemoprevention. AP-1 was identified as a key transcription regulator. In TAM67
expressing H1299 cells, 293 genes were downregulated on treatment with polyphenon E (PPE), and
10% of them had a direct AP-1 binding site, suggesting that AP-1 is the target of PPE. Regarding the
inhibition of AP-1, chemopreventive properties of PPE were lost, signifying that AP-1 pathway is
targeted by GTP [17].

2.2. In-Vivo Studies

In 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)-induced lung cancer model, 0.3% GTE
in drinking water decreased the tumor multiplicity and the percentage of PD-L1 positive cells. Thus,
it was shown that EGCG acts as an alternative immune checkpoint inhibitor [7]. The PLGA-NPs in
combination with cisplatin decreased tumor volume and increased longevity in mice bearing Ehrlich’s
ascites carcinoma cells. Thus, it was shown that EGCG and TF-NPs were more effective than bulk
EGCG/TF [14]. Functional genomic approaches were used to explain the role of microRNA in the
inhibition of tobacco carcinogen-induced lung tumors in A/J mice by EGCG [18]. Modest changes were
noted in the expression levels of 21 microRNAs and by comparing these microRNAs with the mRNA
expression profiles using the computation methods, 26 potential targeted genes of these microRNAs
were identified. It was noted that Akt, NF-κB, MAP kinases and cell cycle pathways were modulated
after treatment with EGCG, demonstrating that the miRNA-mediated regulation was involved in the
anti-cancer activity of EGCG in-vivo [18].

2.3. Studies in Humans

A cross-sectional survey with the use of data from the Korean National Health and Nutritional
Examination Survey collected between 2008 and 2015 reported an association between green tea intake
and chronic obstructive lung disease (COPD) [19]. To examine the association between the frequency
of green tea intake and risk of COPD, multiple linear and logistic regression models were used after
adjusting for age, sex, body mass index, smoking status, alcohol consumption, physical activity, and
socioeconomic status. It was reported that there was decrease in the incidence of COPD with an
increase in the consumption of green tea from never to ≥2 times per day, highlighting that the intake
of green tea is associated with a reduced risk of COPD in Korean populations [19].

3. Green Tea Polyphenols and Colorectal Cancer

3.1. In-Vitro Studies

Colorectal cancer (CRC) is regarded as one of the most prevalent form of cancer because of
its predominant incidences in both males and females worldwide. Recently, it has been reported
that treatment of CRC cells with EGCG and radiation augmented the sensitivity to radiation by
inhibition of cell proliferation and induction of nuclear factor (erythroid-derived 2)-like 2 (Nrf2) nuclear
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translocation and autophagy. Treatment with combination of EGCG and radiation also induced the
expression of LC3 and caspase-9 mRNA [20]. Increased expression of the enhancer of zeste homologue
2 (EZH2) is associated with disease progression and a poorer prognosis in several types of cancers.
Ying et al., investigated whether EGCG could be a potential EZH2 inhibitor, with a mechanism similar
to that of GSK343 (EZH2 inhibitor) in CRC cells [21]. Levels of the EZH2 were found to be significantly
higher in CRC tissues compared to normal adjacent tissues and different human CRC cell lines
displayed contradictory expression of the EZH2 protein levels. In RKO CRC cells, EGCG and GSK343
inhibited proliferation, invasion and migration and caused suppression of the protein expression of
trimethylated lysine 27 on histone H3 (H3K27me3), which may be caused by the loss of the enzymatic
function of EZH2. There was synergistic effect of EGCG and GSK343 on the growth of CRC cells at low
doses. Both EGCG and GSK343 caused G0/G1 phase arrest in cell cycle, signifying that EGCG and
GSK343 work through a common mechanism of action in CRC cells [21]. Cancer stem cells (CSCs) are an
infrequent subpopulation of cancer cells that demonstrates the abilities of self-renewal and multipotent
differentiation and have an important part in initiation and development of tumors [22,23]. Treatment
with EGCG inhibited the spheroid formation competency of CRC cells, expression of colorectal CSC
markers, inhibition of cell proliferation, induction of apoptosis accompanied by downregulation of the
activation of Wnt/β-catenin pathway [24]. The platinum-based chemotherapy treatments are used
extensively for the treatment of CRC, but they have various adverse cytotoxic effects. A combination of
EGCG with cisplatin or oxaliplatin was used to minimize the side effects of platinum-based therapy [25].
Treatment of human CRC cells with EGCG plus cisplatin or oxaliplatin showed a synergistic effect
on the inhibition of cell proliferation and induction of cell death. EGCG treatment also improved
the effect of cisplatin and oxaliplatin-induced autophagy as shown by the accumulation of LC3-II
protein, rise of acidic vesicular organelles and the formation of autophagosome. These findings
recommend that combination of EGCG with cisplatin or oxaliplatin could decrease cytotoxicity in CRC
cells through autophagy related pathways [25]. The chemosensitizing effects of EGCG in 5-fluorouracil
(FU)-resistant (5-FUR) CRC cells and spheroid-derived CSCs (SDCSCs) were investigated in a recent
study [26]. Treatment with EGCG boosted 5-FU induced cytotoxicity and suppressed proliferation in
5-FUR cell lines through enhancement of apoptosis and cell cycle arrest. The higher spheroid forming
capacity was shown in 5-FUR cells as compared to parental cells, representing higher CSC population.
Treatment with EGCG led to suppression of SDCSC formation and enhanced 5-FU sensitivity to
SDCSCs. EGCG also inhibited pathways targeted in 5-FUR CRC cells such as Notch1, Bmi1, Suz12,
and Ezh2, and upregulated self-renewal suppressive-miRNAs, miR-34a, miR-145, and miR-200c [26].

3.2. In-Vivo Studies

The inhibitory effects of orally administered PPE on colon carcinogenesis in azoxymethane-treated
rats have been reported. PPE is a defined GTP preparation containing about 65% EGCG and less than
0.1% caffeine. Treatment with PPE in diet significantly increased the plasma and colonic levels of tea
polyphenols, reduced tumor multiplicity, tumor size and decreased the incidence and multiplicity of
adenocarcinoma. It also caused decrease in the levels of proinflammatory eicosanoids, prostaglandin
E2 and leukotriene B4. PPE treatment also lowered β-catenin nuclear expression and caused induction
of apoptosis and augmented expression levels of RXR α, β and γ in adenocarcinomas [27]. Treatment
with EGCG caused inhibition of tumor growth in a SDCSC xenograft model. It was concluded from
the study that EGCG may assist as an adjunctive treatment to conventional chemotherapeutic drugs in
CRC patients [26].

3.3. Studies in Humans

In a randomized clinical trial, the effect of green tea extract (GTE) supplements on metachronous
colorectal adenoma and cancer in the Korean population was determined [28]. Patients who had
undergone complete removal of colorectal adenomas by endoscopic polypectomy were divided into
two groups. One group was control and the other was given 0.9 g GTE/day for 12 months. It was
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found that the incidence of metachronous adenomas at the end-point colonoscopy was higher in
control group (42.3%) than GTE-supplemented group (23.6%). Relapsed adenoma was also decreased
in the GTE group as compared to the control group, although no differences were noted between two
groups in regards to body mass index, dietary intakes, serum lipid profiles, fasting serum glucose
and serum C-reactive protein levels. It was concluded that GTE supplements were promising for the
chemoprevention of metachronous colorectal adenomas in Korean patients [28].

4. Green Tea Polyphenols and Skin Cancer

4.1. In-Vitro Studies

Skin cancer can be classified as basal cell carcinoma, squamous cell carcinoma, and melanoma,
according to histological characteristics [29]. The effect of tea polyphenols on Toll-like receptor 4
(TLR4) in melanoma cell lines has been reported recently [30]. Treatment of melanoma cell lines
(B16F10 and A375) with tea polyphenols inhibited the proliferation, migration and invasion ability of
melanoma cells dose and time dependently. As compared with normal skin cells, TLR4 was greatly
expressed in melanoma cells. Treatment with tea polyphenols inhibited TLR4 expression both in
normal melanomas and in stimulated melanomas by TLR4 agonist lipopolysaccharides. The inhibition
of TLR4 in melanoma cell lines inhibited cell proliferation, migration, and invasion, and blocking the
expression of 67LR eliminated the effects of tea polyphenols on TLR4 [30]. It has been shown that the
physiological doses of EGCG (0.1–1 μM) inhibited the proliferation of human metastatic melanoma
cell lines [31]. Treatment with EGCG also inhibited NF-κB activity and IL-1β secretion, which was
related with downregulation of NLRP1 and a decrease in the activation of caspase-1. The inhibitory
effect of EGCG on tumor proliferation was eliminated by silencing NLRP1, signifying a key role of
inflammasomes in the tumor-inhibitory effect of EGCG in human melanoma cells [31]. TRAF6, a
member of the tumor necrosis factor receptor-associated factor (TRAF) family, has been identified as
a novel target of EGCG [32]. They employed a structure-based virtual screening to identify TRAF6
as a potential target of EGCG, and a pull-down assay revealed that EGCG directly binds to TRAF6.
EGCG was found to bind with TRAF6 at the residues of Gln54, Gly55, ILe72, Cys73, Asp57 and
Lys96. EGCG also inhibited the E3 ubiquitin ligase activity of TRAF6 both in-vitro and in-vivo. EGCG
treatment blocked the regulation of NF-κB pathway activation by TRAF6 and inhibits melanoma cell
growth, invasion and migration. Therefore, this study suggests that EGCG is an E3 ubiquitin ligase
inhibitor and inhibits melanoma cell growth and metastasis by targeting TRAF6 [32]. The 67-kDa
laminin receptor (67LR) has been identified as a cell surface receptor of EGCG and has a role in its
anticancer effects. EGCG inhibited melanoma tumor growth by activating 67-kDa laminin receptor
(67LR) signaling [33]. Treatment of melanoma cells with EGCG up-regulated miRNA-let-7b expression
through 67LR, which in turn, caused downregulation of high mobility group A2 (HMGA2), a target
gene connected to tumor progression. It was demonstrated that the upregulation of let-7b expression
by EGCG followed activation of 67LR-dependent cAMP/protein kinase A (PKA)/protein phosphatase
2A (PP2A) signaling pathway [33].

4.2. In-Vivo Studies

Oral gavage treatment with tea polyphenols inhibited B16F10 melanoma cells growth in-vivo.
Treatment with tea polyphenols decreased the tumor size and tumor volume along with the inhibition
of TLR4 protein expression as compared with the control group [30]. The effects of tea polyphenols
against UVB-induced skin cancer has been reported [34]. GTP can be easily oxidized in the environment
and slowly lose their activity. Preserving the activity of GTP for topical formulations is challenging
as browning takes place during the storage of skin cream supplemented with green tea catechins.
Therefore, Li et al., demonstrated the stabilizing effect of carboxymethyl cellulose sodium (CMC-Na)
on GTP under aqueous conditions [35]. Topical application of GTP, emulsified in CMC-Na had a
strong photoprotective effect against acute UVB induced photodamage in hairless mice skin. It was
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reported that 93% of GTP was preserved after 8 h of incubation at 50 ◦C with CMC-Na, whereas in
the absence of CMC-Na, only 61% was preserved. There was also inhibition of acute UVB-induced
infiltration of inflammatory cells, increase of skin thickness, depletion of antioxidant enzymes and
lipid oxidation, and induction of nuclear accumulation of Nrf2 in mice skin on topical treatment of
emulsified GTP [35].

4.3. Studies in Humans

In a case-control study, data from 767 non-Hispanic Whites under age 40 was evaluated to
understand the effects of tea, coffee, and caffeine on the early-onset of basal cell carcinoma (BCC).
Inverse relationship was found to be associated with combined regular consumption of caffeinated
coffee plus hot tea with early-onset of BCC. There was 43% reduced risk of BCC in people consuming
the highest category of caffeine from these sources as compared with non-consumers. This study
concluded that there was a modest protective effect for caffeinated coffee plus tea in relation to
early-onset BCC [36].

5. Green Tea Polyphenols and Prostate Cancer

5.1. In-Vitro Studies

Prostate cancer (PCa) is the most commonly diagnosed malignancy in males and we have
earlier reported in detail the effects of GTP on various signaling pathways in PCa [37,38], and its
preclinical and clinical effects [1,39]. Polymeric EGCG-encapsulated nanoparticles (NPs) targeted with
small molecular entities that were able to bind to prostate specific membrane antigen (PSMA) were
developed [40]. Increased anti-proliferative activity and induction of apoptosis in PCa cell lines was
observed on treatment with EGCG encapsulating NPs compared to the free EGCG [40]. We have
earlier reported the synthesis, characterization and efficacy assessment of a nanotechnology-based oral
formulation of chitosan nanoparticles with a size in the range of 150–200 nm diameter encapsulating
EGCG (Chit-nanoEGCG) for the treatment of PCa in a preclinical setting [41]. We synthesized
nanoparticles made up of the natural biopolymer chitosan with encapsulated EGCG, which appeared
to be stable in the acidic environment of the stomach and prevented release of EGCG in the stomach.
These nanoparticles showed a slow release of EGCG in acidic pH (simulated gastric juice) and faster
release in simulated intestinal fluid (neutral pH) [41]. It has been shown that there was decrease in PCa
cell survival and induction of apoptosis with a low dose of 1 μM EGCG [42]. Treatment with EGCG also
boosted the capacity of cisplatin to promote apoptosis, and EGCG, both alone and in combination with
cisplatin, stimulated the expression of the pro-apoptotic splice isoform of caspase-9 in PCa cells [42].
In human PCa cells, GTP and EGCG activated p53 through acetylation at the Lys373 and Lys382
residues by inhibiting class I Histone deacetylases (HDACs) [43]. There was dose- and time-dependent
inhibition of class I HDACs (HDAC1, 2, 3 and 8) on treatment of PCa cells with GTP (2.5–10 μg/mL)
and EGCG (5–20 μM), while loss of p53 acetylation at both the sites was observed on withdrawal of
treatment with GTP/EGCG. Increased expression of p21/WAF1 was also noted on treatment with
GTP/EGCG in PCa cells. The increased GTP/EGCG-mediated p53 acetylation improved its binding on
the promoters of p21/WAF1 and Bax. This in turn was connected with an increase in the accumulation
of cells in the G0/G1 phase of the cell cycle and induction of apoptosis [43]. The effect of epicatechin
(EC), epigallocatechin (EGC) and EGCG (EGCG) on the regulation of androgen receptor acetylation in
androgen-dependent PCa cells was demonstrated by histone acetyl-transferase (HAT) activity [44].
Treatment with EC, EGC and EGCG caused PCa cell death, inhibited agonist-dependent androgen
receptor (AR) activation and AR-regulated gene transcription. EGCG was the most potent HAT
inhibitor among all other catechins and it downregulated AR acetylation. In the presence of the agonist,
there was inhibition of AR protein translocation to the nucleus from cytoplasmic compartment [44].
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Table 1. Anticarcinogenic effects of tea polyphenols, reported from 2011–2018.

Target Organ Mechanism of Action References

Lung cancer

Decrease in the mRNA and protein levels of IFN-γ-induced PD-L1, through
inhibition of JAK/ STAT signaling. Decrease in EGF-induced PD-L1expression

through inhibition of EGFR/Akt signaling. Decreased tumor multiplicity in
NNK-induced mice.

[7]

In Korean population, decrease in the incidence of COPD with an increase in the
consumption of green tea intake from never to ≥2 times/day [8]

Suppression of the levels of MMP-2 and uPA [9]
Upregulation of E-cadherin, inhibition of fibronectin and p-FAK. Inhibition of

tumor growth in xenograft model [10]

Inhibition of NF-κB activation, cyclin D1, MMP-9 and VEGF on combination of
EGCG and TF-nanoparticles with cisplatin [11]

Suppression of EGFR pathway [13]

Colorectal
Cancer

Inhibition of cell proliferation and induction of Nrf2 nuclear translocation and
autophagy, expression of LC3 and caspase-9 mRNA [15]

Decrease in the expression of colorectal CSC markers, inhibition of cell proliferation,
induction of apoptosis and downregulation of Wnt/β-catenin pathway [19]

Reduced tumor multiplicity, tumor size, decrease in the incidence and multiplicity
of adenocarcinoma in rats. Decrease in PGE2, leukotriene B4, β-catenin nuclear

expression and increase in RXR α, β and γ

[20]

Skin Cancer

Inhibition of the proliferation, migration and invasion of melanoma cells, inhibition
of TLR4 expression [25]

Inhibition of NF-κB activity, IL-1β secretion related with downregulation of NLRP1 [28]
Inhibition of melanoma tumor growth by activation of 67-kDa laminin receptor

(67LR) signaling [30]

Prostate Cancer

Inverse association of PCa risk among Chinese men in Hong Kong with green tea
consumption and EGCG intake [34]

In mouse xenograft model of prostatic tumor, nanoformulated EGCG had better
efficacy than native EGCG [35]

In xenograft study, Chit-nanoEGCG caused inhibition of tumor growth and PSA
levels, induction of PARP cleavage, increase in Bax with decrease in Bcl-2, activation

of caspases and decrease in Ki-67, PCNA, CD-31 and VEGF
[37]

Inhibition of class I HDACs (HDAC1, 2, 3 and 8), arrest of cells in G0/G01 phase of
cell cycle and induction of apoptosis [39]

Inhibition of agonist-dependent AR activation and AR-regulated gene transcription [40]

Breast Cancer

Inhibition of cell growth, activation of caspases-3, -8 -9, promotion of mitochondrial
depolarization, inhibition of the activity of the enzymes hexokinase,

phosphofructokinase and lactic dehydrogenase
[41]

Decrease in cell-viability, β-catenin, p-AKT and cyclin D1 [43]
Increase in PTEN, caspases-3 and -9, decreased AKT and increased Bax/Bcl-2 ratio,

comparable to tamoxifen [44]

This list provides selected examples.

5.2. In-Vivo Studies

In mouse xenograft model of prostatic tumor, nanoformulated EGCG displayed better efficacy
than native EGCG and there was 30% tumor growth inhibition in EGCG-treated groups whereas 55
and 60% tumor growth inhibition on treatment with non-targeted- and targeted-NPs, respectively,
at the end of the study [40]. It has been reported that certain stages are more or less sensitive to
EGCG and that sensitivity is related to heat shock protein 90 (HSP90) inhibition in non-tumorigenic
(BPH-1), tumorigenic (BCaPT1, BCaPT10) and metastatic (BCaPM-T10) cancer cells from a human
PCa progression model [45]. Further strong cytotoxic effects were observed on the treatment of
tumorigenic and metastatic cells with EGCG, novobiocin, or N-terminal inhibitor, 17-AAG. Animals
given 0.06% EGCG in drinking water developed significantly smaller tumors than untreated mice
when tumorigenic or metastatic cells were grown in-vivo. EGCG-Sepharose was found to bind more
HSP90 from metastatic cells compared with non-tumorigenic cells and binding occurred through
the HSP90 C-terminus, as determined by binding assays with EGCG-Sepharose, a C-terminal HSP90
antibody, and HSP90 mutants. EGCG, novobiocin, and 17-AAG also led to induction of changes in
HSP90-client proteins in non-tumorigenic cells and larger differences in metastatic cells, suggesting
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that EGCG preferentially targets cancer cells and prevents a molecular chaperone supportive of the
malignant phenotype [45].

Chit-nanoEGCG treatment of athymic nude mice subcutaneously implanted with PCa cells caused
significant inhibition of tumor growth and secreted prostate-specific antigen (PSA) levels compared
with EGCG and control groups. There was also induction of poly (ADP-ribose) polymerases (PARP)
cleavage, increase in the protein expression of Bax with decrease in Bcl-2, activation of caspases and
decrease in Ki-67, proliferating cell nuclear antigen (PCNA), CD-31 and vascular endothelial growth
factor (VEGF) in tumor tissues of mice treated with Chit-nanoEGCG, as compared with groups treated
with EGCG and control group [41]. This study addressed concerns related to bioavailability of EGCG
and suggested that this nanoformulation also has the potential to be used as a carrier system for many
of the bioactive compounds that have sensitivity to acidic pH [41].

5.3. Studies in Humans

The relationship between prostate cancer (PCa) risk and habitual green tea intake was investigated
among Chinese men in Hong Kong [46]. The 404 PCa patients and 395 controls were recruited in
the study from the same hospital that had complete data on habitual tea consumption of green,
oolong, black and pu’er tea. Habitual green tea drinking was reported in a total of 32 cases and
50 controls, while a modest excess risk was detected among the habitual pu’er tea drinkers. An inverse
gradient of PCa risk with the increasing consumption of EGCG was observed due to lower intake of
EGCG among PCa patients than the controls. It was concluded that there is an inverse association
of PCa risk among Chinese men in Hong Kong with green tea consumption and EGCG intake [46].
In a double-blind, placebo-controlled study, sixty volunteers with high-grade prostate intraepithelial
neoplasia (HGPIN), without any given therapy was enrolled to determine whether the administration
of green tea catechins (GTCs) could stop malignancy in men at high-risk [47]. Volunteers were
given daily treatment of three GTCs capsules, 200 mg each. It was noted that only one tumor was
diagnosed among the 30 GTCs-treated men after 1 year, as compared with nine cancers among the
30 placebo-treated men. There was not much effect on total prostate-specific antigen between the two
arms, but lower values were recorded in GTCs-treated men with respect to placebo-treated ones. There
was improvement in International Prostate Symptom Score and quality of life scores of GTCs-treated
men with coexistent benign prostate hyperplasia with no significant side effects. Lower urinary tract
symptoms also decreased on administration of GTCs, signifying that green tea could also be beneficial
for benign prostate hyperplasia [47]. The role of GTCs for prostate cancer chemoprevention was
further investigated in a randomized, double-blind, placebo controlled trial. PPE, as a standardized
formulation of GTCs containing 400 mg EGCG/day was given to men with HGPIN and/or atypical
small acinar proliferation (ASAP) [48]. The primary endpoint of the study was a comparison of the
cumulative one-year PCa rates on the two study arms and there were no differences in the number
of PCa cases. In a pre-specified secondary analysis performed in men with HGPIN without ASAP
at baseline, a decrease in the composite endpoint of PCa plus ASAP was observed for the PPE arm.
In addition, fewer men with HGPIN without ASAP at baseline were subsequently diagnosed with
ASAP on the PPE than on the placebo arm. It was concluded that daily consumption of a standardized,
decaffeinated catechins mixture containing 400 mg EGCG/day for 1 year accumulated in plasma and
was well tolerated but did not lessen the likelihood of PCa in men with baseline HGPIN or ASAP [48].

6. Green Tea Polyphenols and Breast Cancer

6.1. In-Vitro Studies

Breast cancer is the most commonly diagnosed cancer and the main reason of cancer-related
deaths among women globally. The anticancer effects of EGCG in breast cancer were investigated
both in-vitro and in-vivo, based on its effect on tumor glucose metabolism [49]. Treatment of breast
cancer 4T1 cells with EGCG inhibited cell growth and induced apoptosis as shown by activation of

178



Nutrients 2019, 11, 39

caspases-3, -8 -9, modulation of apoptotic related genes and promotion of mitochondrial depolarization.
EGCG treatment also inhibited the activity of the enzymes hexokinase, phosphofructokinase and
lactic dehydrogenase, enzymes related to the glycolytic pathway, specifying that modulating glucose
metabolism plays an important part in the anticancer effects of EGCG [49]. Treatment with EGCG
inhibited the MDA-MB-231 cell-viability, expression of β-catenin, phosphorylated Akt and cyclin D1.
This study suggested that EGCG inhibits the growth of breast cancer cells through the inactivation
of the β-catenin signaling pathway [50]. The effects of EGCG on proliferation and apoptosis of T47D
estrogen receptor α-positive breast cancer cells, and compared with tamoxifen were reported recently.
Treatment of cells with EGCG decreased cell viability in a dose and time-dependent manner. EGCG
treatment of cells significantly increased PTEN, caspases-3 and -9, decreased AKT and increased
Bax/Bcl-2 ratio, almost similar to tamoxifen [51]. The stability of EGCG in solutions of different pH
was investigated to define the pH range of stability of EGCG under room temperature conditions.
Very low stability profile of EGCG at physiological pH was observed with rapid degradation under
alkaline conditions. Hence, EGCG was encapsulated in solid lipid nanoparticles (SLN) for enhancing
the stability and anticancer activity. SLN control the release of encapsulated drug and consequently,
prevent the premature degradation of encapsulated drug in the biological system. EGCG and EGCG
loaded nanoparticles (EGCG-SLN) were compared by cellular proliferation assay in MDA-MB-231
human breast cancer and DU-145 PCa cell lines. The cytotoxicity of EGCG-SLN was found to be
8.1 times higher against human breast cancer cells and 3.8 times higher against human PCa cells, as
compared with pure EGCG [52].

6.2. In-Vivo Studies

The effects of a nutrient mixture containing ascorbic acid, lysine, proline and green tea extract
were investigated in a model of metastatic breast cancer. Treatment with nutrient mixture inhibited
tumor weight and burden of metastatic breast tumors and also decreased lung metastasis, as compared
to control mice. There was also decrease in the metastasis to liver, spleen, kidney and heart with
NM treatment, suggesting that nutrient mixture may be explored further for the treatment of breast
cancer [53].

6.3. Studies in Humans

Among patients who underwent surgery at Chonbuk National University Hospital, Jeonju,
Korea, for primary breast cancers, 74 breast cancer patients were identified and admitted in the study
to investigate the expression profiles of the β-catenin signaling pathway in breast cancer patients.
The β-catenin expression was analyzed according to the clinicopathological factors of female breast
cancer patients diagnosed with invasive ductal carcinoma. It was found that β-catenin was expressed
at higher levels in breast cancer tissue than in normal tissue. β-catenin expression was related
with lymph node metastasis, tumor-node-metastasis stage and estrogen receptor status. [50]. In a
randomized phase II controlled trial, the effects of daily consumption of GTE containing 800 mg
EGCG for 12 months were evaluated on changes in mammographic density (MD) measures in healthy
postmenopausal women at high risk of breast cancer due to dense breast tissue. It was observed that
supplementation of GTE did not significantly change percent MD (PMD) or absolute MD in all women.
In younger women, GTE supplementation significantly reduced PMD as compared with the placebo,
but had no effect in older women. Administration of GTE also did not prompt MD change in other
subgroups of women stratified by catechol-O-methyltransferase genotype or level of body mass index.
This study concluded that 12 months administration of a high dose of EGCG did not have a significant
effect on MD measures in all women, but reduced PMD in younger women, an age-dependent effect
comparable to those of tamoxifen [54].

179



Nutrients 2019, 11, 39

6.4. Green Tea Polyphenols and Diabetes

Diabetes is one of the major health problems worldwide. Type-1 diabetes is not preventable
and is treated by insulin supplementation. However. Type-2 diabetes can be prevented or reversed
by altering diet and management of lifestyle factors. EGCG has been reported to inhibit starch
hydrolysis and acted as an inhibitor by binding to the active site of α-amylase and α-glucosidase.
The anti-diabetic action of EGCG was explored in high fat diet and streptozotocin (STZ)-induced
type-2 diabetes. Treatment with EGCG enhanced glucose homeostasis and repressed the process of
gluconeogenesis and lipogenesis in the liver. It also activated PXR/CAR, accompanied by upgrading
PXR/CAR-mediated phase II drug metabolism enzyme expression in small intestine and liver, relating
SULT1A1, UGT1A1 and SULT2B1b [55]. Diabetes mellitus (DM) can cause compromised wound
healing by disturbing the biological mechanisms of the process. It was shown that the late wound
healing in STZ-induced DM mice could be enhanced by EGCG. In the skin wounds of DM mice,
EGCG treatment inhibited macrophage accumulation, inflammation response, and Notch signaling
and directly bind with mouse Notch-1. Diabetic wound healing was improved on treatment with
EGCG before or after the inflammation period by targeting the Notch signaling pathway, signifying
that the pre-existing diabetic wound healing was enhanced by EGCG [56]. The mechanisms by which
EGCG alleviates insulin resistance (IR) were explored in human hepatoma HepG2 cells. Treatment
of cells with EGCG increased glucose uptake and decreased glucose content. It also reduced the
intracellular levels of tumor necrosis factor-α, reactive oxygen species, malondialdehyde, with increase
in antioxidant enzymes like superoxide dismutases (SOD) and glutathione peroxidase. There was
also increase in the glucose transporter 2 (GLUT2) protein and its downstream proteins peroxisome
proliferator-activated receptor coactivator (PGC)-1β, when cells were treated with EGCG [57]. In 3T3-L1
pre-adipocytes, EGCG has been reported to increase the activity of browning in inguinal white adipose
tissue (iWAT), inhibited adipocyte differentiation and relieved TNF-α-triggered insulin resistance
through the suppression of oxidative stress and regulation of mitochondrial function [58].

7. Green Tea Polyphenols and Cardiovascular Diseases

Cardiovascular disease is the leading cause of deaths worldwide and includes coronary heart
disease (CHD), congenital heart disease, rheumatic heart disease, cerebrovascular disease and
peripheral arterial disease. The relationship between plasma tea catechin and risk of stroke and
CHD was investigated in a nested case-control study in men and women aged 40–69 years without
history of heart disease, stroke or cancer. Participants completed a survey and donated blood samples
between 1990 and 1994, and were followed-up through 2008. No significant association between
plasma tea catechin and the incidence of stroke or CHD in either men or women was observed,
although high plasma levels of EGCG were associated with decreased risk of stroke in non-smoking
men. It was concluded that plasma tea catechin was not connected with decreased risks of either
stroke or CHD, though, for male non-smokers, a protective effect of tea catechin on stroke risk was
proposed [59]. The protective effect of EGCG in a mouse model of heart failure and the underlying
mechanisms were investigated recently [60]. Echocardiography was employed to measure alterations
in ejection fraction, left ventricular internal diastolic diameter (LVIDd) and left ventricular internal
systolic diameter (LVIDs). The experiments revealed that EGCG reversed the changes in LVIDd and
LVIDs, induced by establishment of the model of heart failure. There was also inhibition of myocardial
fibrosis, oxidative stress, inflammatory and cardiomyocyte apoptosis, and decrease in the expression
levels of collagen I and collagen III. The effect of EGCG against heart failure was diminished on
treatment with TGF-β1 inhibitor, showing that EGCG inhibited the progression and development
of heart failure in mice via inhibition of myocardial fibrosis and decrease of ventricular collagen
remodeling, through inhibition of TGF-β1/smad3 signaling pathway [60].

The effects of EGCG on cardiac function by desensitization of 1-AR and GRK2 in heart failure
(HF) rats were studied. Left ventricular end diastolic pressure, mean blood pressure, heart/body
weight and posterior wall thickness were significantly increased in the HF group as compared to
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control group. Left ventricular systolic pressure, maximum rate of left ventricular pressure rise and
maximum rate of left ventricular pressure fall were also lowered, whereas, treatment with EGCG
recovered cardiac function by regulation of these parameters. There was decrease in the expression of
1-AR in the left ventricle tissue of HF rats and increase in expression of GRK2. Treatment with EGCG
downregulated the membrane expression of GRK2 and upregulated the expression of 1-AR, suggesting
it has therapeutic effects on the heart function of HF rats [61]. The protective effect of EGCG against
Doxorubicin (DOX)-induced cardiotoxicity via effects on oxidative stress, inflammatory and apoptotic
markers was investigated in Male Wistar rats. Treatment with EGCG was found to protect against
DOX-induced ECG changes, leakage of cardiac enzymes and histopathological changes. Treatment
with EGCG decreased glutathione depletion and lipid peroxidation and promotion of antioxidant
enzyme activities. ErbB2 expression was reduced on treatment with DOX and it improved on treatment
with EGCG. Treatment with DOX reduced expression of ErbB2, NF-κB, p53, caspases-3, -12 and basal
level of Hsp70, while EGCG pretreatment significantly reversed these effects [62].

8. Green Tea Polyphenols and Neurological Diseases

Neurological diseases account for principal causes of disability and have high impact on the
quality of life of patients and their caregivers. The effect of EGCG was investigated against neuronal
injury in rat models of middle cerebral artery occlusion (MCAO). Treatment with EGCG reduced
neurological function score, protected nerve cells, repressed neuronal apoptosis, and inhibited
oxidative stress injury and brain injury markers level after MCAO. There was also decrease in
the apoptotic rate of neurons expression, caspase-3, Bax with increase in the expression of Bcl-2.
The protective effect of EGCG was decreased after administration of LY294002, a phosphoinositide
3-kinase (PI3K) inhibitor [63]. Subarachnoid hemorrhage (SAH), an exceptional subtype of stroke,
has a high mortality rate. EGCG has been reported to regulate the Ca2+-mitochondrial dynamic axis
to protect mitochondrial function after SAH. It was shown that EGCG antagonized the overloaded
Ca2+-induced damage of mitochondrial dynamics and mitochondrial dysfunction, finally displaying
neuroprotective effects after SAH. EGCG treatment improved the neurological score by reducing
cell death through the Cytochrome c-mediated intrinsic apoptotic pathway [64]. Parkinson’s disease
(PD) is a movement disorder categorized by degeneration of dopaminergic neurons and generation
of intracellular deposits known as Lewy bodies and dystrophic neurites, composed primarily of
alpha-synuclein (SNCA) and phosphorylated SNCA [65]. Xu et al., investigated whether EGCG
inhibit the SNCA aggregation using biochemical, and tissue biological methods. They also utilized
the human brain tissue for the experiment. EGCG inhibited the SNCA aggregation in a concentration
dependent manner. The SNCA amino acid sites, which possibly interacted with EGCG, were detected
on peptide membranes and it was suggested that EGCG inhibited the SNCA aggregation by instable
intermolecular hydrophobic interactions [66].

9. Conclusions and Future Prospects

Tea polyphenols, especially EGCG has been the focus of research owing to it multiple protective
effects against cancer and other diseases such as diabetes, neurological and cardiovascular diseases.
Large amount of epidemiological and clinical studies have indicated that supplementation of green tea
has significant protective effects against chronic diseases.

Natural products with various pharmacological effects may cause drug or food interactions when
administered simultaneously with narrow therapeutic index drugs. There are still many challenges for
clinical application of EGCG. It has low bioavailability when given orally and it is very perplexing to
derive ways to deliver EGCG effectively to target sites. The consumers should be made aware of its
potential interactions with conventional medications. The tannin content of green tea interferes with
intestinal absorption of some nutrients and drugs and it has inhibitory effects on CYP450 isozymes
such as CYP3A4, 1A1, and 1A2. There is very restricted data on the drug and nutrient interaction of
green tea in humans [67].

181



Nutrients 2019, 11, 39

We have earlier reported in detail that EGCG modulates several signal transduction pathways and
has robust cancer chemopreventive/chemotherapeutic effects [5,37,38]. It is important to recognize
molecules in the cell signaling pathways which are affected on treatment with EGCG as deregulation
of the network cause several chronic diseases such as cancer. The effect of EGCG on cell signaling
network is evidenced by activation of cell death and induction of apoptosis in cancer cells which
leads to the development of cancer progression. Tea catechins act through multiple mechanisms and
these act synergistically to elicit cancer preventive and therapeutic effects. Also, tea polyphenols in
combination with other drugs for chemotherapy displayed synergistic effects. Although many clinical
studies have reported the beneficial effects of tea in humans [19,46,47], we are lacking in the defined
evidences about the mechanisms of cancer prevention by tea in humans. To obtain more definite
information, well-designed large cohort studies and human intervention trials are necessary.
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Abstract: Ultraviolet B (UVB) irradiation is viewed as the principal inducer of skin photo-aging,
associated with acceleration of collagen degradation and upregulation of matrix metalloproteinases
(MMPs). The ethnic groups of southern/western China use Fuzhuan brick-tea (FBT) as a beverage
and as a nutritional supplement. In this study, we scrutinized the antagonistic effects of aqueous
extract of Fuzhuan-brick tea (FBTA) on skin photo-aging in UVB-exposed human keratinocyte
(HaCaT) cells. FBTA exhibited strong antioxidant activity and quenched UVB-induced generation of
cellular reactive oxygen species (ROS) without showing any toxicity. FBTA was capable of combating
oxidative stress by augmenting messenger RNA (mRNA) and protein levels of both phase I and
phase II detoxifying enzymes, especially heme oxygenase 1 (HO-1), by upregulating the nuclear
factor erythroid 2-related factor 2 (Nrf2)-mediated pathway in HaCaT cells via the phosphorylation
of p38 and extracellular signal-regulated kinase (ERK). FBTA also downregulated the expression
of matrix metalloproteinase-1 (MMP-1) while upregulating type I procollagen by modulating Nrf2
signaling in UVB-irradiated HaCaT cells. Collectively, our results show that FBTA might be useful
as a functional food while being a good candidate in the development of cosmetic products and
medicines for the remedy of UVB-induced skin photo-aging.

Keywords: anti-oxidant; anti-photoaging; heme oxygenase-1; nuclear factor erythroid 2-related factor
2 (Nrf2); matrix metalloproteinase-1 (MMP-1)

1. Introduction

Ultraviolet (UV) irradiation is viewed as one of the main factors causing structural and functional
alterations in the skin, triggering skin aging [1]. Accumulating evidences show that skin photo-aging
induced by UV-irradiation is associated with either excessive production of reactive oxygen species
(ROS) or inflammatory mediators and disturbance of extracellular matrix (ECM) proteins [2,3].
In particular, UVB-stimulated redundant formation of intracellular ROS can cause an imbalance
of cellular oxygen levels, triggering oxidative stress and impairing the antioxidant defense system,
causing of photo-aging [4]. ROS also boost the production of matrix metalloproteinases (MMPs) which
can enhance the degradation of ECM proteins such as collagen and elastin, which are the foremost
structural proteins in skin connective tissue, thereby leading to skin photo-aging [5,6]. Therefore,
stimulation of the endogenous antioxidant system and/or suppression of ROS regeneration might be
an effectual approach to lessening UVB-stimulated photo-aging or skin damage.
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Various phase I and phase II detoxifying enzymes are readily abundant in skin cells and are
capable of quenching ROS, thereby sustaining cellular redox homeostasis [7,8]. Heme oxygenase 1
(HO-1), among these antioxidant proteins, plays a pivotal role in protecting ROS-induced oxidative
stress-mediated skin damage. [9]. It is noteworthy that the activation of nuclear factor E2-related
factor 2 (Nrf2) is crucial for the upregulation of HO-1. Under quiescence, Nrf2 is dormant in the
cytoplasm due to the Kelch-like ECH-associated protein 1 (Keap1). However, responses to oxidative
stress or conformational changes of Keap1 by inducers facilitate the nuclear translocation of Nrf2 and
binding to antioxidant response elements (ARE), modulating the expression of various antioxidant
enzymes and mitigating ROS generation [10–12]. Furthermore, UV-induced oxidative stress has been
shown to modulate the phosphorylation of mitogen-activated protein kinases (MAPKs) and induce
MMP secretion and collagen destruction [13]. It is well known that enhanced MMP-1 secretion as
well as suppression of type I procollagen by UV-irradiation are the most distinguished features of
photoaged skin [14]. Thus, agents with potential antioxidant properties that lessen MMP-1 production
and accelerate procollagen type I synthesis are deemed as potential nominees for prevention of
skin photoaging.

Tea (Camellia sinensis) is one of the most extensively consumed beverages worldwide and is
comprehensively associated with numerous biological functions. Teas such as unfermented (green tea),
semifermented (oolong tea), and fermented tea or black tea (Fuzhuan-brick tea, pu-erh tea, or liubao
tea) are extensively dependent on the degree of fermentation and the production process. Among
them, Fuzhuan-brick tea (FBT), native to the Hunan province of China, is a popular beverage within
ethnic groups in the border regions of southern/western China [15]. A unique fungal fermentation
process with a mixture of several microorganisms (predominantly Eurotium spp.) controls the aroma,
flavor, and the degree of quality of FBT, with a golden “fungal flora” appearing within the tea
(Figure 1A) [16]. Mounting evidence has shown that the fermentation process results in FBT having a
unique phytochemical profile, with teapolyphenol, theaflavins, and caffeine being dominant (Figure 1B,
Supplementary Figure S1) compared to other types of tea [15,17–19]. Moreover, the aroma and taste
of FBT are dependent on the presence of nitrogenous, carbonaceous, and volatile compounds [20].
Cumulative studies have reported that black teas possess various pharmacological activities such
as lipid-lowering and anti-obesity [21], antioxidant [22], and anti-bacterial and anti-mutagenic [23]
activities. However, no studies to date have been conducted to protect skin photoaging by black
teas. We asked whether FBT is functionally affiliated with Nrf2 and induces antioxidant enzymes,
thereby hindering oxidative stress-mediated photo-aging. In the present study, emphasis was given to
confirm the regulatory role of aqueous extract of FBT (FBTA) in the antioxidant capacity of HaCaT
cells. We also elucidated the mechanism underlying oxidative stress-induced skin photo-aging by
assessing the activation of Nrf2 induced by FBTA.
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Figure 1. Fuzhuan-brick tea (FBT) (A) with the “golden flora” (the yellow dots) in its leaves. (B) High
pressure liquid chromatography (HPLC) profile of Fuzhuan-brick tea aqueous extract (FBTA) with
standards, including gallic acid (peak 1), theaflavins (peak 2), theobromine (peak 3), epigallocatechin
(EGC) (peak 4), caffeine (peak 5), epicatechin (EC) (peak 6), and epigallocatechingallate (EGCG) (peak 7).
A serving of 100 μg/mL of FBTA solution contains ~10 μM gallic acid, ~2 μM theoflavins, ~2 μM
theobromine, ~4 μM EGC, ~15 μM caffiene, ~2 μM EC, and ~2 μM EGCG.

2. Materials and Methods

2.1. Plant Materials and Extraction

The Fuzhuan brick tea (FBT) was purchased from the Hunan Yiyang Tea Factory (Hunan, Yiyang,
China). The voucher specimens of the plant and extracts have been deposited in the Laboratory of
Enzyme Biotechnology, Kyungpook National University, Daegu, Republic of Korea. After air dying,
100 g tea powder were mixed with 15-folds of distilled water (DW) and placed in a shaking incubator
at 60 ◦C for 24 h. Then, the supernatant was collected with filter paper (No. 1 Whatman Schleicher
Schuell, Keene, NH, USA), and dried using a rotary vacuum evaporator (Tokyo Rikakikai Co. Ltd.,
Tokyo, Japan). Finally, the aqueous extracts of FBT (FBTA) were subjected to lyophilization and
dissolved in deionized water at a concentration of 30 mg/mL as a stock solution.

2.2. Radical-Scavenging Activity Assays

2,2-diphenyl-1-picrylhydrazyl (DPPH-) and 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid
(ABTS-) radical scavenging assays, a ferric reducing antioxidant power (FRAP) assay, a cupric-reducing
antioxidant capacity (CUPRAC) assay, and an oxygen radical absorbance capacity (ORAC) assay were
carried out to evaluate the hydrogen and electron-donating capacity of FBTA, by which we confirmed the
cell-free antioxidant potentiality of FBTA using previously described methods [24].

2.3. Cell Culture, UVB-Irradiation and Cell Viability Assay

HaCaT cells (1 × 105 cells/mL) were cultured in DMEM medium supplemented with fetal bovine
serum (FBS) and penicillin/streptomycin at 37 ◦C in 5% CO2 incubator. Then, sub-confluent cells
were treated with indicated concentration (f.c. (final concentration) 3, 10, 30, or 100 μg/mL) of FBTA
for 24 h. Subsequently, the cells was exposed to UVB at a dose of 60 mJ/cm2 using a UVB source
(Bio-Link Crosslinker, Vilber Lourmat, Cedex, France) set at a spectral peak of 312-nm for 20 s. After
UVB irradiation, the cells were cultured in serum-free medium for 24 h. Cell viability was determined
using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay as
described previously [11].

2.4. Measurement of Cellular ROS Generation

HaCaT cells (1 × 105 cells/mL) were cultured with indicated concentration of FBTA (f.c. 10, 30,
or 100 μg/mL) in 96-well black plates for 24 h and then exposed to UVB-irradiation (60 mJ/cm2), followed
by a change in the media and further incubation for 24 h. After that, the cells were washed with PBS
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twice and treated with 25 μM 2’,7’-dichlorofluorescin diacetate (DCF-DA) for 30 min at 37 ◦C in a CO2

incubator. Finally, fluorescence intensity was measured at excitation and emission wavelengths of 485
and 528 nm, respectively, by a fluorescence microplate reader (Victor3, PerkinElmer, Waltham, MA, USA).

2.5. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

HaCaT cells (1 × 105 cells/mL) were cultured with indicated concentration of FBTA (f.c. 10, 30,
or 100 μg/mL) in 6-well plates for 24 h. TRIzol reagent (Life Technologies, Gaithersburg, MD, USA)
was used for the extraction of total RNA and complementary DNA (cDNA) was prepared using RT &
GO Mastermix (MP Biomedicals, Seoul, Republic of Korea) and served as the PCR template. A PCR
Thermal Cycler Dice TP600 (Takara Bio Inc., Otsu, Japan) was used to carry out RT-PCR using the
various primer sequences (Supplementary Data Table S1) [24,25]. After electrophoresis, ethidium
bromide staining was performed to visualize the PCR products.

2.6. Cell Lysates and Western Blotting

The lysates of HaCaT cells were prepared using radioimmunoprecipitation assay (RIPA) buffer
with a phosphatase and protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and the
bicinchoninic acid (BCA) method was applied to quantify the protein content. A nuclear/cytosolic
fractionation kit (Sigma-Aldrich, St. Louis, MO, USA) was used for the extraction of nuclear proteins.
Aliquots of 50 μg of total proteins were used to carry out the Western blot analysis using various
antibody (Supplementary Data Table S2) according to our previously described methods [24,25].

2.7. Statistical Analysis

The data were expressed as the mean ± standard deviation (SD; n = 3) and analyzed using the
GraphPad Prism Software (GraphPad Software, Inc., San Diego, CA, USA). Statistical analysis was
performed using one-way analysis of variance (ANOVA), followed by Dennett’s test. A value of
p < 0.05 was considered as significant.

3. Results

3.1. Radical Scavenging Abilities

Various cell free antioxidant assay systems such as DPPH-, and ABTS-radical scavenging as well
as FRAP, CUPRAC, and ORAC assays were carried out to determine the antioxidant ability of FBTA
along with other commercially available dark teas such as pu-erh tea and liubao tea. As described
in results, FBTA markedly scavenged DPPH-radicals by 79.85 ± 3.38% followed by pu-erh tea
(79.25 ± 1.38%) and liubao tea (74.56 ± 3.08%) at a dose of 300 μg/mL (Figure 2A; Supplementary
Figure S2). In ABTS-radical scavenging activity, FBTA showed the highest ABTS-radical scavenging
activity (75.78 ± 2.25%), followed by liubao tea (71.35 ± 1.56%) and pu-erh tea (68.98 ± 2.45%)
(Figure 2B, Supplementary Figure S2). Furthermore, in Figure 2C, FBTA expressed a strong reducing
power ability with respect to CUPRAC and FRAP assays with ascorbic acid equivalent antioxidant
value at 80.98 ± 1.25 μM and 162.52 ± 1.86 μM, respectively, at a dose of 300 μg/mL. On the other
hand, pu-erh tea and liubao tea had 65.78 ± 0.95 μM and 81.53 ± 2.15 μM ascorbic acid equivalent
antioxidant value, respectively, in the CUPRAC assay, as well as 125.64 ± 2.19 μM and 164.25 ± 3.21 μM
ascorbic acid equivalent antioxidant value, respectively, in the FRAP assay (Supplementary Figure S3).
FBTA also meaningfully and concentration-dependently raised the net area under the curve (AUC)
value in ORAC assay, confirming its strong reducing power activity (Figure 2D). We also further
evaluated the radical scavenging ability of the identified polyphenolics of FBTA, at their presumed
concentration in FBTA. Interestingly, all the identified constituents exhibited potent radical scavenging
activity in the order of gallic acid > caffeine > (EGCG) > (EGC); > (EC) ∼= theaflavins > theobromine
(Supplementary Figure S4).
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3.2. Assay of Cell Viability in UVB-Irradiated HaCaT Cells

To examine the cytotoxic effects of UVB and FBTA on HaCaT cells, an MTT assay was performed.
Since gallic acid at its putative concentration (9~10 μM) in FBTA has shown the highest antioxidant
effects in cell free in vitro antioxidant assays, we used gallic acid as a positive control for cell-based
assays. Gallic acid (f.c. 10 μM) and FBTA (f.c. 3 to 300 μg/mL) treatment did not show any significant
cytotoxicity for 24 h (Figure 3A). Thus we fixed the concentration of FBTA as 3–100 μg/mL for
further cell-based experiments. As shown in Figure 3B, UVB-irradiation significantly suppresses
the cell growth in a concentration-dependent fashion. Interestingly, FBTA and gallic acid treatment
substantially protected the cells from the toxic effect of UVB-irradiation at dose of 100 μg/mL and 10
μM, respectively (Figure 3C).

3.3. Effects of FBTA on ROS Generation

Spectrofluorometric analysis disclosed that UVB exposure significantly increased the intracellular
ROS production in HaCaT cells (Figure 3D, column 2), whereas FBTA treatment significantly and
dose-dependently repressed this trend (Figure 3D, column 6 to 9). In addition, to investigate the major
constituents among the identified molecules in FBTA, which plays the crucial role in anti-photoaging
effects of FBTA, we also examined the antagonist effect of all identified molecules, at their putative
concentration in FBTA, on UVB-induced cellular ROS production. Our results revealed that gallic acid
exhibited the highest quenching effects on cellular ROS generation, suggesting that gallic acid might
be a principal constituent of FBTA for exhibiting anti-photoaging effects ( Data Supplementary Data
Figure S5) through lessening oxidative stress.

Figure 2. Cell free antioxidant activity of FBTA. (A) 2,2-diphenyl-1-picrylhydrazyl (DPPH-) and
(B) 2,20-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)-radical scavenging activities.
(C) Ferric- and (D) cupric-reducing activity was examined with different concentrations of FBTA
in which ascorbic acid was used as standard. (D) The oxygen radical absorbance capacity (ORAC)
activity of the samples was calculated by net area under the curve (net AUC). The different letters in
each column are significant (p < 0.05). Different letters (a, b, c, d, e, f, g, be, cf, bc, df) are denoted as the
statistical significance.
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Figure 3. Cell viability activity of FBTA was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay. (A) HaCaT cells (1 × 105) were treated with FBTA (f.c. (final
concentration) 3–300 μg/mL) and gallic acid (10 μM) for 24 h; (B) HaCaT cells were seeded
(1 × 105 cells/mL) in 96-well plates for 24 h, and then irradiated with UVB (40, 60 and 80 mJ/cm2)
followed by incubation for 24 h; (C) Cells (1 × 105) were pretreated with FBTA (10, 30 and 100 μg/mL)
and gallic acid (GA) (2.5, 5, and 10 μM) for 24 h and then irradiated with UVB (60 mJ/cm2). The cell
viability was measured by MTT assay as described in materials and methods. The different letters
of each column show significance (p < 0.05). (D) Pretreated HaCaT cells by FBTA and gallic acid
were exposed to UVB irradiation (60 mJ/cm2). Reactive oxygen species (ROS) levels were determined
according to the Materials and Methods section. The different letters of each column show significance
(p < 0.05). Different letters (a, b, c, d, e, f) are denoted as the statistical significance.

3.4. Effects of FBTA on Phase I and Phase II Antioxidant Enzyme Expression in HaCaT Cells

Results of immunoblotting analysis revealed that UVB-irradiation dramatically lessened the
protein expression of phase I antioxidant enzymes such as superoxide dismutase 1 (SOD1), catalase
(CAT), and glutathione peroxidase 1 (GPx-1). Interestingly, FBTA and gallic acid treatment expressively
upregulated the protein levels in a dose-dependent manner (Figure 4A). Likewise, the transcriptional
and translational level of HO-1, one of the phase II detoxifying enzymes, was also boosted by FBTA in
concentration-dependent fashions (Figure 4B,C, Supplementary Figure S6). The information advocates
an antioxidant role of FBTA through acceleration of the expression of antioxidant enzymes.
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Figure 4. Effects of FBTA on the antioxidant enzyme expression through the nuclear factor erythroid
2-related factor 2 (Nrf2) signaling pathway. (A) FBTA pretreated HaCaT cells were exposed with
UVB (60 mJ/cm2), and the protein expression of superoxide dismutase 1 (SOD1), catalase (CAT),
and glutathione peroxidase 1 (GPx-1) was detected by immunoblotting. The different letters of each
column indicate significance (p < 0.05); (B) After treatment of HaCaT cells by FBTA, messenger RNA
(mRNA) expressions of Hmox-1 and Nrf2 were detected by RT-PCR. (C,D) Heme oxygenase 1 (HO-1)
and Nrf2 expressions were detected by immunoblotting. Densitometric analysis was carried out to
quantify the band intensity by β-actin normalization. ** p < 0.01 compared to the normal cells. GA:
gallic acid. Different letters (a, b, c, d, e, f, g, bc, bd) are denoted as the statistical significance.

3.5. Acceleration of HO-1 Enzymes via Nrf2 Nuclear Translocation in HaCaT Cells

Mounting evidence suggests that the redox sensitive transcription factor Nrf2 inevitably
harmonizes the cellular antioxidant function by the triggering of a series of antioxidant genes, thereby
acting against photo-aging in the skin [8]. We hypothesized that the effects FBTA against photo-aging
could be due to its persuasive antioxidant capacity. To validate this, we determined the profile
of mRNA and nuclear translocation of Nrf2 in FBTA-treated HaCaT cells. As shown in Figure 4B,
the transcriptional level of Nrf2 was steadily raised in FBTA- and gallic acid-treated HaCaTs. Likewise,
immunoblotting analysis revealed that FBTA and gallic acid enhanced the nuclear translocation of
Nrf2, while simultaneously lessening the cytosolic Nrf2 level (Figure 4D). Next, to authenticate the
Nrf2-induced HO-1 expression by FBTA, we treated the cells by brusatol (f.c. 5 μM), a specific inhibitor
of Nrf2, before FBTA and gallic acid treatment. As expected, brusatol significantly suppressed Nrf2
expression, and reserved the FBTA as well as gallic acid effects (Figure 5A). In addition, the induction
of HO-1 protein by FBTA and gallic acid was also effectively terminated at brusatol-treated cells
(Figure 5A). These findings proposed that FBTA can improve the antioxidant defense system via
upregulation of Nrf2-mediated HO-1 expression. Then, we sought to define whether FBTA could
suppress oxidative cell death through the activation of Nrf2 signaling. Remarkably, the cell proliferation
and scavenging of ROS by FBTA was partially reduced in the presence of Nrf2 inhibitors (Figure 5B,C),
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signifying that the activation of Nrf2 signaling by FBTA is involved in the protection of UVB-stimulated
oxidative stress-induced cell death.

Figure 5. FBTA protects cell death by quenching cellular ROS through activation of Nrf2. Brusatol
(f.c 5 μM) was added to the HaCaT cells and incubated for 30 min prior FBTA and gallic acid treatment.
(A) HO-1 and Nrf2 protein expression was detected by immunoblotting. Densitometric analysis was
carried out to quantify the band intensity by β-actin normalization. The different letters of each column
is significant (p < 0.05). GA: gallic acid; (B) Cells (1 × 105) were treated with brusatol for 30 min,
followed by treatment with FBTA (f.c 100 μg/mL) and gallic acid (10 μM) for 24 h and were then
subjected to UVB (60 mJ/cm2) insult; (B) Cell viability was measured by MTT assay; (C) Cellular ROS
generation was determined. The different letters of each column is significant (p < 0.05). Different
letters (a, b, ad, ae, af, cd, ef) are denoted as the statistical significance.

3.6. Effects of FBTA on the MAPK Signaling Pathway

It has been reported that activation of MAPKs act as a crucial upstream signaling in modulating
the activation of Nrf2 [24]. Thus, to reveal the mechanics responsible for Nrf2 activation, cells were
pretreated with FBTA for indicated time interval and immunoblotting assay was performed to assess
the phosphorylation of p38 mitogen-activated protein kinase, and extracellular signal-regulated kinase
1 and 2 (ERK1/2). Interestingly, FBTA treatment substantially augmented the phosphorylation of p38
and ERK1/2 after 30 min (Figure 6A). However, there was no detectable c-Jun N-terminal kinase (JNK)
phosphorylation in FBTA-treated HaCaT cells (Supplementary Figure S7). Thus, to confirm whether
FBTA-modulated Nrf2-induced HO-1 upregulation is associated with the MAPK signaling cascade,
cells were treated with specific p38 and ERK1/2 inhibitors, such as SB239063 and U0126, respectively,
before being treated with FBTA. FBTA exhibited the potential to accrue the protein expression of Nrf2
and HO-1, while p38 and ERK1/2 inhibition intensely reversed this trend (Figure 6B). These data
acknowledge that ERK and p38 are required in FBTA-induced triggering of Nrf2-mediated HO-1
expression in in HaCaT cells.
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Figure 6. FBTA activates the mitogen-activated protein kinases (MAPKs) signaling pathway.
(A) HaCaTs were treated with FBTA (100 μg/mL) at the indicated time point and the activated
and non-activated forms of extracellular signal-regulated kinase 1 and 2 (ERK 1/2), and p38 were
identified by immunoblotting assay. The different letters of each column indicate significance (p < 0.05).
(B) Cells were treated with specific inhibitor U0126 and SB239063 in the presence and absence of
FBTA (f.c. 100 μg/mL). Nrf2 and HO-1 expressions were analyzed by immunoblotting. Densitometric
analysis was carried out to quantify the band intensity by β-actin normalization. The different letters
of each column indicate significance (p < 0.05). Different letters (a, b, c, d, ac, ad, ae, af, be) are denoted
as the statistical significance.

3.7. Effects of FBTA on the Expressions of MMP-1 and Procollagen Type I

Accumulating research addressed that profound generation of MMPs and debasement of type I
procollagen by UVB-irradiation predominantly leads to the pathogenesis of skin photoaging [14,26].
Thus to examine whether FBTA protects skin photoaging, UVB-exposed HaCaT cells were treated
with FBTA and gallic acid and the expression of MMP-1 and type I procollagen was measured by
Western blotting. Results displayed that FBTA treatment significantly downregulated the UVB-induced
overexpression of MMP-1, as does gallic acid (Figure 7A). UVB alone induced a salient debasement of
type I procollagen in HaCaT cells, while FBTA and gallic acid amended this trend. Nevertheless, FBTA
and gallic acid remarkably elevated type 1 procollagen levels in UVB-stimulated cells (Figure 7A).
These findings suggest that FBTA could prevent UVB-induced photoaging by lessening the MMP-1
upregulation and type I procollagen downregulation in skin keratinocytes, probably due to the
presence of gallic acid, because during the permeation process, galloyl-catechins are metabolized by
skin esterase and produce more gallic acid in the skin [27]. It is noteworthy that Nrf2 plays a favorable
role in delaying skin photoaging via the regulation of MMPs and type I procollagen [28,29]. There is a
furthering pharmacological approach to delay skin photoaging by natural products via modulating
Nrf2-induced antioxidant defense to combat oxidative stress. Thus, we examined Nrf2 inhibition
studies using brusatol in order to confirm the role of Nrf2 activation in FBTA-mediated anti-photoaging
effects against UVB exposure. Our results demonstrated that UVB-induced upregulation of MMP-1
in brusatol-treated cells remained high even after FBTA treatment, while FBTA extensively inhibited
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the MMP-1 expression (Figure 7B). Furthermore, FBTA treatment did not restore the UVB-induced
degradation of type I procollagen in Nrf2 inhibited cells (Figure 7B). These finding clarify that FBTA
failed to hinder the UVB-induced MMP-1 overexpression and downregulation of type I procollagen in
the absence of Nrf2.

Figure 7. Effects of FBTA on matrix metalloproteinases (MMP)-1 and type I procollagen expression
in UVB-stimulated HaCaT cells. The cells were pretreated with FBTA for 24 h, followed by
UVB-irradiation. (A) MMP-1 and type I procollagen proteins were quantified by immunoblotting.
The different letters of each column indicate significance (p < 0.05); (B) Cells were treated with brusatol
for 30 min, followed by FBTA treatment (f.c. 100 μg/mL) for 24 h and were then subjected to UVB
insult; the expressions of MMP-1 and type I procollagen were then analyzed by immunoblotting.
Densitometric analysis was carried out to quantify the band intensity by β-actin normalization.
The different letters of each column indicate significance (p < 0.05). Different letters (a, b, c, d, f,
ce, bd, bde) are denoted as the statistical significance.

4. Discussion

Epidemiological studies addressed the number of photoaged skin patients are increasing due to
overexposure of solar UV-irradiation. Chronic exposure of skin to solar UV radiation causes oxidative
stress, ROS-mediated DNA damage, and modulation of extracellular matrix (ECM) components
such as MMPs and collagen, thereby hastening skin photo-aging [4]. Among the cells of epidermis,
keratinocytes are dominate and can absorb UVB radiation. UVB-induced photo-toxicity (photo-aging)
to keratinocyte was characterized by a decline of cell viability (Figure 3A). Pretreatment of FBTA and
gallic acid lessened the photo-toxicity triggered by UVB exposure, thereby protecting keratinocyte
cells against UVB irradiation. Various concentrations of FBT (50–200 μg/mL) did not exhibit
cytotoxicity towards Caco-2 cells and also protected the cells against H2O2-induced oxidative stress [30].
Our results are supported by previous findings that, FBTA had dermato-protective properties against
UVB irradiation.

It is well known that elderly people have lower endogenous antioxidants activity resulting in
more vulnerable to UV-irradiated skin damage, thus the improved strategies for skin photoprotection
are needed. Botanicals with antioxidant properties are viewed as potential therapeutic agents to treat
skin disorders such as photo-aging [31]. FBTA showed strong hydrogen- as well as electron-donating
capacity in various in vitro cell free antioxidant assay systems (Figure 2), thereby confirming that FBTA
has very strong antioxidant activity. In addition, we compared total phenol and flavonoid content
(Supplementary Figure S1) as well as antioxidant activity with other commercially available dark teas
including pu-erh tea and liubao tea (Supplementary Figures S2–S4). FBTA had strong ABTS-radical

196



Nutrients 2019, 11, 60

scavenging potential as compared to pu-erh tea and liubao tea, while in the DPPH-radical scavenging
assay, FBTA and pu-erh tea showed similar effects. In contrast, liubao tea showed highest reducing
power activity as compared to FBTA and pu-erh tea in both the CUPRAC and FRAP assay system.
Our results are also supported by a previous study which stated that the polyphenolics and antioxidant
activities of dark tea are dependent on the degree of fermentation. Excessive pile-fermentation reduced
the antioxidant activities of dark tea [32,33].

The UVB irradiation of the epidermis causes ROS generation, resulting in attenuation of SOD,
CAT, and GPx1 activity and hastening of oxidative damage [34]. Here, we found that FBTA treatment
was markedly reserved the UVB-induced ROS generation (Figure 3D). In addition, among the
identified bioactive molecules of FBTA, gallic acid showed the highest cellular ROS quenching activity
(Supplementary Figure S5), suggesting that gallic acid could play the major role in attenuating the
oxidative stress by FBTA. Moreover, FBTA treatment also restored the endogenous antioxidant enzymes
such as SOD1, CAT, and GPx-1 in UVB-exposed HaCaT cells (Figure 4A). Our results also supported
by the previous studies which reported the FBT significantly protected high fat diet-induced oxidative
stress in liver by ameliorating the levels of SOD, CAT, and GSH-Px [35].

Heme oxygenase-1 (HO-1), a phase II-detoxifying enzymes, can convert heme into bilirubin,
which acts as a strong antioxidant capable of protecting against cell death from oxidative insult [24].
Besides, a consistent increase in oxidative stress mediated by ROS results in a lowering the cellular
HO-1 levels [36]. Upon treatment, FBTA showed a substantial enhance in both transcriptional and
translational levles of HO-1 in HaCaT cells (Figure 4B,C, Supplementary Figure S2). Mounting
evidence shows various polyphenols, such as gallic acid, EGC, and EGCG attenuate ROS-mediated
oxidative stress-induced cell death through upregulation of HO-1 levels [37,38]. To validate this
phenomenon, the transcriptional and translational level of Nrf2, the key regulator of HO-1 activation,
was studied. Furthermore, Hirota et al. [39] discovered that knockdown of the Nrf2 gene in
mice exhibited the acceleration of UVB-induced photoaging process. Thus, Nrf2, a well-known
redox-sensitive transcription factor, plays a critical role to protect cells against UVB-stimulated
photoaging. The pharmacological approach for the activation of Nrf2 has drawn substantial attention
as a tactic for skin photoprotection [40]. Upon electrophilic and/or oxidative stress, Nrf2 enters into
the nucleus and triggers phase II-detoxifying enzymes such as HO-1, thereby indirectly ameliorating
the cellular antioxidant defense system, and can protect skin against oxidative damage [41]. In our
study, we found pretreatment of FBTA prompted Nrf2 translocation of the nucleus, while inhibition
of Nrf2 strongly alleviated the upregulation of HO-1 (Figures 4D and 5A), confirming that Nrf2
regulates the expression of phase II antioxidant enzymes such as HO-1. Gallic acid activates the
Nrf2-mediated induction of HO-1 and glutathione-s-transferase alpha 3, preventing liver injury [42].
The apocarotenoid bixin, a natural food additive, was revealed to activate Nrf2 and prevent skin
damage by solar UV irradiation [40]. FBTA causes the activation of Nrf2 and boosts antioxidant
capacity, subsequently lessening UVB-induced oxidative stress by suppressing ROS generation.
This suggests that FBTA acts as an Nrf2 activator and has protective properties against photooxidative
stress through the activation of Nrf2. Cumulating evidence has shown that the activation of Nrf2
by various cytoprotective phytochemicals are involved in the modulation of various signaling
molecules such as MAPKs including ERK1/2, p38, and JNK [8,43]. Our results demonstrated that
FBTA-mediated Nrf2 activation is accomplished through ERK1/2 and p38 MAPK signaling in HaCaT
cells (Figure 6A). Pharmacological inhibition of these signaling cascades abolished FBTA-induced
Nrf2 nuclear accumulation and subsequently inhibited HO-1 amplification (Figure 6B). A current
study disclosed that p38 and ERK1/2 are crucial for Nrf2-mediated HO-1 augmentation in HSC-3
cells [43]. Gallic acid activated the p38 pathway, enhancing the accumulation of Nrf2 into nucleus
and modulation of phase II P-form of phenol sulfotransferase, resulting in protecting oxidative stress
induced HepG2 cell death [44]. Based on our findings, we speculated that p38 and ERK1/2 signaling
molecules plays a pivotal role in Nrf2 activation and demonstrate the dermato-protective properties
of FBTA.
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UVB-induced ROS were reported to be associated with MMP production and modulation of
collagen and elastin components of ECM, thereby causing photo-aging and skin damage [7]. Therefore,
natural products and/or nutrients with antioxidative properties which can suppress ROS production
mitigate the upregulation of MMPs while enhancing type I procollagen synthesis are thought to
be novel approaches to protecting against photo-aging. Dietary Foeniculum vulgare Mill extract
attenuated UVB-induced skin photo-aging by suppression of ROS production and expression of
MMP-1, while increasing the type I procollagen level in hairless mice [45]. Likewise, pretreatment with
youngiasides A and C, from Youngia denticulatum, taken as a wild vegetables, has been reported to act
as an antioxidant, abolishing UVB-induced upregulation of MMP-1 and degradation of procollagen I in
HaCaT cells [46]. Gallic acid exhibited protection of skin from UVB-induced photo-aging via negative
modulation of MMP-1 secretion and positive regulation of type I procollagen in hairless mice [47].
Topical administration of spent coffee ground extracts downregulate of MMPs, thereby protecting skin
from UVB-induced photo-aging in hairless mice [48]. Our results demonstrated that FBTA pretreatment
mitigated UVB-induced MMP-1 upregulation in a dose-dependent fashion, and renovated type I
procollagen in HaCaT cells (Figure 7A). Interestingly, this trend was blocked by the inhibition of Nrf2
(Figure 7B). It is of note that type I procollagen biosynthesis is considerably diminished in photo-aged
skin, causing a loss in dermal elasticity, while restoration of type I procollagen with FBTA is evidence
of its dermato-protective effect. This anti photo-aging effect appears to be arbitrated via activation of
Nrf2-mediated downregulation of MMP-1 in UVB-exposed HaCaT cells.

Unfermented (green tea), semifermented (oolong tea), and fermented (Fuzhuan-brick tea, pu-erh
tea or liubao) teas are some of the most widely consumed beverages in the world. The major chemical
constituents of teas are polyphenols. Among them, flavan-3-ol such as EGCG and ECG are dominant.
Flavonoids, gallic acid, caffeine, and amino acid are also present. Interestingly, during the production
of black tea, catechins such as EC, ECG, EGC, and EGCG are oxidized by polyphenol oxidase (PPO) and
peroxidase (POD) and consequently dimerized to theaflavins and polymers (thearubigins). There are
some studies reporting on the pharmacokinetics profile of tea polyphenols, while the pharmacokinetics
profiles of black tea polyphenols, theaflavins, and thearubigins have not been studied extensively [49].
However, gallic acid metabolites such as 3-O-methylgallic acid and 4-O-methylgallic acid found in
the urine of humans who took black tea and are considered as an index of black tea consumption [50].
Mounting evidence has revealed that the half-lives of tea polyphenols are 2–4 h in humans. After
oral administration, the peak plasma concentration is in the low μM range, which can be achieved
within 1–3 h. Generally, it is known that 2~4 cups/day of Fuzhuan brick tea are consumed by healthy
Chinese people (70 kg). The plasma concentration of gallic acid was found to be 2.09 μmol/L after oral
consumption of 200 mL (equivalent to 1 cup) of Assam black tea [51]. Thus, it may assumed that in a
healthy volunteer who drinks 2~4 cup of black tea per day, the plasma concentration of gallic acid
could equivalent be to 5~9 μmol/L; a gallic acid concentration of 10 μmol/L is physiologically effective
for exhibiting anti-skin aging effects. A number of studies have stated the low μM concentrations of tea
polyphenol have diverse biological effects such as anti-inflammatory, antioxidant, anti-proliferative,
and photoprotective effects in vitro [49]. This is also supported in our current study, where the used
concentrations of FBTA and gallic acid were in the μM range.

Further studies should be focused on (1) finding active ingredients contributing anti-skin
aging potential by investigating synergistic effects of polyphenolics, small molecules, and/or
undetected compounds in FBTA, and (2) the pharmacokinetic parameters of tea polyphenols after oral
administration of FBTA in a mice model. These are rewarding in that the future data will be beneficial
to consumers for better skin and inner beauty care.

5. Conclusions

Our findings revealed for the first time that FBTA pretreatment mitigated UVB-induced
photoaging in human keratinocyte HaCaT cells (Figure 8). FBTA stimulated the nuclear translocation
of Nrf2 via induction of p38 and ERK1/2 phosphorylation and subsequently induced HO-1, thereby
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successively quenching UVB-induced ROS production. Most prominently, significant stimulation
of MMP-1 and downregulation of type I procollagen by UVB was restored by FBTA in HaCaT cells,
probably through the activation of Nrf2. Collectively, our results demonstrated molecular evidence
that FBTA could inhibit UVB-induced photoaging via quenching of ROS and triggering of Nrf2
signaling cascades.

Figure 8. A proposed anti-aging mechanism of FBTA in the UVB-induced photoaging human
keratinocytes. Ub, ubiquitin; ARE, antioxidant response element. Green arrows, activation by FBTA;
red bars, inhibition by FBTA, black arrows, activation; black bar, inhibition.
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Abstract: Green tea is widely used as a ‘’healthy” beverage due to its high level of antioxidant
polyphenol compounds. However tea is also known to contain significant amount of oxalate.
The objective was to determine, in a cross-sectional observational study among a population of
273 hypercalciuric stone-formers referred to our center for metabolic evaluation, whether daily green
tea drinkers (n = 41) experienced increased stone risk factors (especially for oxalate) compared to
non-drinkers. Stone risk factors and stone composition were analyzed according to green tea status
and sex. In 24-h urine collection, the comparison between green tea drinkers and non-drinkers
showed no difference for stone risk factors such as urine oxalate, calcium, urate, citrate, and pH.
In females, the prevalence of calcium oxalate dihydrate (COD) and calcium phosphate stones,
assessed by infrared analysis (IRS) was similar between green tea drinkers and non-drinkers, whereas
prevalence of calcium oxalate monohydrate (COM) stones was strikingly decreased in green tea
drinkers (0% vs. 42%, p = 0.04), with data in accordance with a decreased oxalate supersaturation
index. In males, stone composition and supersaturation indexes were similar between the two groups.
Our data show no evidence for increased stone risk factors or oxalate-dependent stones in daily green
tea drinkers.

Keywords: green tea; oxalate; renal stone; calcium oxalate monohydrate; hypercalciuria

1. Introduction

The high prevalence of urolithiasis (reaching up to 8–10% of the general population) is mainly
related to environmental factors, especially the Western diet [1]. Calcium stones are encountered in
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80% of cases and often contain a mixture of calcium oxalates and calcium phosphates. Among calcium
oxalate crystals, the calcium oxalate monohydrate crystalline form (COM) is oxalate-dependent,
whereas the calcium oxalate dihydrate crystalline form (COD) is calcium-dependent [1]. Hence, high
urinary calcium and oxalate concentrations are critical factors leading to stone formation. Tea contains
oxalates in varying amounts depending on the type and duration of the infusion. The amount of
oxalate measured for black tea varies from 2.7 to 4.8 mg/240 mL (one cup) of tea infused for 1–5 min [2],
whereas the amount of oxalate in green tea ranges from 2.08 to 34.94 mg/250 mL of tea [3]. However,
the amount of oxalate in green tea depends on its origin, quality, preparation, and time of harvest,
thus probably explaining why some studies report a higher oxalate concentration in black tea compared
to green tea [4]. However, tea extracts, particularly green tea, are considered to have many beneficial
clinical effects for centuries. Tea infusions contain polyphenol compounds, among which catechins
have been of major interest due to their antioxidant properties [5]. Indeed, among the different
varieties of teas, green teas as compared to black teas contain the highest concentration of catechins [6].
Other food and drinks (in particular wine and dark chocolate) may also represent a substantial
dietary source of catechins, but to a lesser extent [7,8]. Catechins are mainly found under four
different hydro soluble forms in green tea: epigallocatechin-3-O-gallate (EGCg), epicatechin-3-O-gallate
(ECG), epigallocatechin (EGC), and epicatechin (EC) [9,10]. EGC and its metabolites are the main
compounds found in the urine following the ingestion in humans and animals with concentrations
up to 100 μmoles/L in humans [11–20]. As a matter of fact, several authors recommend green tea
or large amounts of catechin intake in order to prevent crystallization of calcium oxalate crystals in
animal models [21–23]. Conversely, tea is also known to contain high amounts of oxalate, and could
have diuretic effects increasing natriuresis but potentially also calciuria, and thus its consumption
is regarded by other authors as a genuine risk factor for renal stone formation [21,24,25]. The aim
of this work was to study the influence of regular daily green tea intake on stone risk factors, stone
morphology, and composition and to assess a potential increased risk for oxalate-dependent stones.

2. Material and Methods

2.1. Population

The data of 420 hypercalciuric renal stone formers referred to our department between 2009 and
2011 for a routine metabolic evaluation (including an oral calcium load test) were retrospectively
analyzed. A careful clinical examination (including a survey related to diet and fluid intake,
and noteworthy daily green tea intake) was performed. All patients gave their informed written
consent for inclusion before they participated in the study. This observational cross sectional study
was conducted in accordance with the Declaration of Helsinki and French legislation.

In total, 273 patients (flow chart Figure 1) were included after the exclusion of patients
with a diagnosis of primary hyperparathyroidism, sarcoidosis, bowel resection, on-going steroid,
bisphosphonate, antiviral, diuretic, and/or vitamin D treatments, vegetarian diet, consumption of
“exotic” infusions or food supplements (in tablets or powder), and/or intermittent green tea intake or
daily black tea intake. The green tea group (n = 41) was defined as patients drinking at least one cup
(250–300 mL) of green tea daily, and non-drinkers as patients drinking no green tea at all (n = 232).
Renal stone composition was available for 98 out of 273 patients (36%). A comparison between the
two groups was performed according to sex (Figure 1).
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Figure 1. Flow chart. Primary hyperparathyroidism or sarcoidosis (n = 28); bowel resection (n = 2),
steroid, bisphosphonate, and antiretroviral treatment (n = 23); vegetarian diet or “exotic” infusions
(n = 25); food supplements (n = 22); intermittent green tea intake (n = 6); daily black tea intake (n = 36);
diuretics, vitamin D treatment (n = 39); pregnancy (n = 1). IRS: infrared analysis.

A morpho-constitutional analysis was performed for each stones as described previously [26].
In short, the standardized protocol comprises two steps. First, a morphologic examination by means
of a stereomicroscope (magnification × 10–40) of the surface and section of the calculus, with the
identification of the nucleus (or core) and description of the inner organization, was carried out.
The main points to be recorded in each stone were size, form, color, aspect (smooth, rough, or spiky)
of the surface, presence of a papillary imprint (umbilication), presence of Randall’s plaque, aspect of
the section (well organized with concentric layers and/or radiating organization, or poorly organized
and loose structure), and location and aspect of the nucleus. Thereafter, an analysis was performed
by infrared spectroscopy (IRS) of a sample of each part of the calculus and in particular the global
proportion of components in a powdered sample of the whole stone.

All of the urine collections were performed at least 3 months after lithotripsy or surgery. A 24-h
urine collection under a regular diet was performed at baseline to measure the following parameters:
diuresis volume, calcium, magnesium, phosphate, sodium, potassium, creatinine, urea, oxalate, uric
acid, citrate, ammonium, and deoxypyridinoline excretion. A fasting blood sample was analyzed for
total and ionized calcium, phosphate, magnesium, creatinine, uric acid, bicarbonates, parathyroid
hormone (PTH), 25(OH)-D3, and 1,25(OH)-D3 vitamins. Bone remodeling biomarkers (serum bone
alkaline phosphatase (BALP)) were also performed at that time.

Serum and urinary creatinine levels were measured by enzymatic method on a Konelab 20
analyzer from Thermo Fisher Scientific (Vantaa, Finland). Uric acid levels were measured with
the Konelab analyzer (Thermo Fisher Scientific, Vantaa, Finland). Total CO2 in blood, ionized
calcium, sodium, and potassium levels were measured with an ABL 815 from Radiometer (Bronshoj,
Denmark). Calcium and magnesium serum and urinary levels were measured with the PerkinElmer
3300 atomic absorption spectrometer (Courtabeuf, France). In addition, 25(OH)-D3 and 1,25(OH)-D3
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were measured by radioimmunoassay kits from Immunodiagnostics Systems Ltd. (Paris, France).
Parathyroid hormone was measured by the ELSA-PTH kit from Cisbio International (Codolet,
France). Urinary NH4 was measured with the RANDOX Laboratories kit (Crumlin, UK). Urinary
deoxypyridoline was measured by the RIA method from Immunodiagnostics Systems Ltd. (Paris,
France). BALP level was measured with Ostase bone alkaline phosphatase enzyme immunoassay
obtained from Immunodiagnostics Systems Ltd. (Paris, France). Citrate and oxalate measurements
were performed by ionic chromatography (Metrohm, Courtabeuf, France). Ionic strength and
supersaturation indexes for calcium oxalate, urate, and brushite were calculated using molar
concentrations [24,25].

2.2. Statistical Analyses

Statistical analyses were performed by two different operators using StatView (SAS Institute,
Inc., Cary, NC, USA) and R software (The R Foundation, Lincoln, NE, USA). Quantitative data were
expressed as the mean and SD unless otherwise indicated and as a percentage for categorical variables.
Because of sex differences for many biologic parameters, analyses were performed separately in
women and men. Comparisons were performed using the t-test or a nonparametric Wilcoxon and
Mann–Whitney test, whenever required. Comparisons of qualitative parameters were performed using
a chi-squared test or Fisher’s exact test when necessary. p < 0.05 was considered statistically significant.

3. Results

3.1. Demographic and Clinical Data

Among our population, 13.5% of males and 17% of females were regular green tea drinkers
(i.e., drinking at least one cup a day) (p = 0.61). Median age in hypercalciuric renal stone patients
was 47 years old (ranging from 18 to 82 years). Cardiovascular risk factors were not infrequent
findings in this population: overweight status was present in 54.4% of our population, dyslipidemia
was encountered in 24.4% of cases, ongoing smoking or tobacco exposure in 24% and 41% of cases,
respectively, 5.7% had type 2 diabetes, and 24% had high blood pressure. However, no difference was
detected between green tea drinkers and non-drinkers (Table 1).

Table 1. Demographic and clinical data.

Population Female (n = 125) Male (n = 148)

Non-Drinkers
(n = 102)

Green Tea
(n = 21)

p Non-Drinkers
(n = 122)

Green Tea
(n = 20)

p

Age (years) 46 (34–59) 42 (33–53) NS 48 (38–58) 44 (37–57) NS
BMI (kg/m2) 24.9 (21.4–29.4) 23.5 (21.2–25.6) NS 25.7 (23.2–29.0) 25.8 (24.5–29.6) NS

MAP (mmHg) 83.3 (76.7–92.5) 81.7 (76.7–93.4) NS 90.0 (80.0–96.7) 86.7 (82.5–93.3) NS
Hypertension 37% 33% NS 47% 50% NS
Dyslipidemia 22% 9% NS 26% 15% NS

Diabetes 4% 9% NS 8% 0% NS
Age first stone (years) 27.0 (19.0–41.0) 30.0 (18.7–41.2) NS 29.5 (21.0–41.5) 27.5 (22.5–39.5) NS
SWL (% of patients) 37.3% 33.3% NS 47.5% 50.0% NS
URS (% of patients) 45.1% 47.6% NS 51.6% 40.0% NS

BMI: body mass index. MAP: mean arterial pressure. NS: not significant. SWL: Shock waves lithotripsy.
URS: flexible ureteroscopy.

3.2. Diet, Metabolic, and Urinary Stone Risk Factors

Comparison between male and female groups showed similar urine output (1.9 vs. 1.8 L/day,
p = 0.22), urinary calcium (6.4 vs. 6.7 mmol/day, p < 0.45), oxalate (0.33 vs. 0.33 mmol/day, p = 0.63),
urate (3.8 vs. 3.6 mmol/day, p < 0.31), urea (404 vs. 400 mmol/day, p < 0.86), and sodium (134 vs.
140 mmol/day, p < 0.44). Surprisingly, a higher fluid intake (declarative survey) in female green
tea drinkers compared to non-drinkers was not confirmed by a higher daily urine output (Table 2).
Nevertheless, as shown Table 2, the analysis according to sex showed no difference for stone risk factors
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between green tea drinkers and non-drinkers such as oxalate, calcium, urate, and citrate with even a
trend for a lesser oxaluria in the green tea female population (0.32 vs. 0.27, p = 0.09). Moreover, 24-h
urine supersaturation indexes were similar between green tea drinkers and non-drinkers noteworthy
for the calcium oxalate relative supersaturation index (CaOx RSS) and the calcium oxalate (CaOx)
product (Table 3). However, a significant higher Ca/Ox ratio is noticed in female green tea drinkers,
suggesting a relatively lower risk for oxalate-dependent stones (though the other Ca Ox indexes
appear similar).

Table 2. Food intake evaluation, biological data, and metabolic risk factors.

Population Female (n = 125) Male (n = 148)

Non-Drinkers
(n = 102)

Green Tea
(n = 21)

p Non-Drinkers
(n = 122)

Green Tea
(n = 20)

p

Fluid intake ≥ 2 L/day (%) 11.2% 50.0% <0.0001 30.3% 22.2% 0.47

Blood
Sodium (mmol/L) 139 (138–140) 139 (138–140) 0.84 139 (138–140) 140 (138–140) 0.35

Potassium (mmol/L) 4.0 (3.8–4.3) 4.1 (3.8–4.3) 0.37 4.0 (3.9–4.3) 4.1 (3.9–4.3) 0.39
Fasting glucose (mmol/L) 5.5 (5.1–6.3) 5.1 (5.06–5.5) 0.06 5.4 (5.0–5.9) 5.8 (5.5–6.4) 0.008

tCO2 (mmol/L) 27.5 (26.0–29.0) 27.9 (25.1–29.7) 0.70 27.6 (26.3–29.7) 27.6 (25.3–29.6) 0.78
Creatinine clearance (mL/min) 126 (95–145) 109 (84–138) 0.16 121 (97–153) 118 (101–157) 0.94

Ionized calcium (mmol/L) 1.18 (1.15–1.21) 1.19 (1.16–1.21) 0.43 1.18 (1.15–1.21) 1.17 (1.14–1.21) 0.82
PTH (pg/mL) 35 (26–49) 31 (25–40) 0.31 35 (27–49) 40 (33–55) 0.11

25 OH vitamin D (pg/mL) 24 (17–34) 25 (19–37) 0.52 25 (16–37) 24 (20–30) 0.95
1-25 (OH)2 vitamin D (ng/mL) 66 (55–85) 79 (54–90) 0.5 66 (52–84) 58 (57–87) 0.48

BALP (UI/L) 13.5 (10.3–17.0) 12.3 (10.3–15.1) 0.36 13.5 (10.0–17.0) 10.6 (9.5–13.0) 0.06
Deoxypyridin (mmol/mmol creat) 5.7 (4.5–8.1) 6.6 (4.1–9.7) 0.7 5.4 (4.2–7.5) 5.2 (3.9–6.4) 0.29

Urine
Diuresis (mL/day) 1880 (1460–2582) 1908 (1757–2368) 0.89 1865 (1433–2337) 1836 (1231–2301) 0.62

Calcium (mmol/day) 6.2 (4.6–8.1) 7.0 (5.5–10.0) 0.08 5.7 (4.0–8.5) 6.3 (4.5–8.1) 0.95
Oxalate (mmol/day) 0.32 (0.24–0.42) 0.27 (0.32–0.34) 0.09 0.30 (0.19–0.41) 0.29 (0.21–0.43) 0.77
Urate (mmol/day) 3.5 (2.6–4.7) 3.2 (2.7–3.7) 0.33 3.5 (2.9–4.5) 3.8 (3.0–4.7) 0.51

Citrate (mmol/day) 2.4 (1.1–3.4) 2.0 (1.7–3.4) 0.98 2.5 (1.5–3.5) 2.2 (0.4–2.7) 0.22
Fasting pH 6.33 (5.68–6.66) 6.2 (6.0–6.6) 0.83 6.18 (5.62–6.61) 5.74 (5.32–6.32) 0.06

Sodium (mmol/day) 113 (84–157) 121 (84–149) 0.25 127 (95–173) 126 (90–146) 0.4
Ammonium (mmol/day) 35 (26–45) 30 (26–45) 0.28 35 (25–48) 44 (31–54) 0.39
Magnesium (mmol/day) 4.1 (3.2–5.0) 5.0 (3.3–7.0) 0.08 4.4 (3.2–5.9) 4.2 (2.7–4.9) 0.48

BALP: bone alkaline phosphatase. tCO2: plasma bicarbonate. PTH: parathyroid hormone.

Table 3. Twenty-four hour urine supersaturation indexes.

Population Female Male

Non-Drinkers Green Tea p-Value Non-Drinkers Green Tea p Value

AP CaOx index 0.74 (0.39–1.30) 0.71 (0.28–1.31) 0.42 0.67 (0.37–1.10) 0.76 (0.41–1.28) 0.73
Br RSS 1.3 (0.3–2.5) 1.0 (0.1–1.7) 0.27 0.9 (0.3–1.9) 0.6 (0.2–1.3) 0.39

UA RSS 0.54 (0.25–1.81) 0.75 (0.19–1.48) 0.95 1.08 (0.41–2.26) 1.99 (0.33–3.96) 0.47
CaOx RSS 5.6 (3.7–8.6) 3.7 (2.0–8.3) 0.16 5.3(3.2–7.7) 6.0 (3.7–8.7) 0.64

Ca.Ox 0.53 (0.26–1.03) 0.59 (0.23–1.15) 0.67 0.47 (0.25–0.89) 0.57 (0.30–0.91) 0.57
Ratio Ca/Ox 19 (12.5–30) 26 (20.5–40.5) 0.01 19 (12–34) 18.5 (12–28.5) 0.65

Ionic Strength 0.08 (0.06–0.12) 0.09 (0.07–0.12) 0.72 0.09 (0.05–0.12) 0.07 (0.075–0.105) 0.43

RSS: relative super saturation; AP CaOx index: Tiselius index; Br RSS: brushite relative super saturation; CaOx RSS:
calcium oxalate relative super saturation; Ca.Ox: calcium oxalate product. Ca/Ox: calcium/oxalate ratio. UA RSS:
uric acid relative super saturation.

As shown Table 2, other biological data were similar between drinkers and non-drinkers in the
male and female population in terms of noteworthy renal function, calcium phosphate homeostasis,
and bone remodeling biomarkers.

Among the 98 renal stones available, 48 samples were collected from female and 50 from male
patients. Within male or female groups, comparison of the major stone component identified by IRS
analysis revealed no significant difference between drinkers and non-drinkers. Of note, no COM
stones were detected in the female drinkers group compared to female non-drinkers (0% vs. 42%,
p = 0.04) whereas in male drinkers, the prevalence of COM was similar between groups (33% vs. 44%,
p = NS) (Table 4).
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Table 4. IRS analysis of stones collected from drinkers and non-drinkers.

Population Female Male

Non-Drinkers
(n = 40)

Green Tea
(n = 8)

p Value
Non-Drinkers

(n = 41)
Green Tea

(n = 9)
p Value

Major COM component (%) 42 0 0.036 33 44 0.99
Major COD component (%) 26 50 0.23 41 55 0.72

Carbapatite major
component (%) 16 12.5 0.99 7 0 0.99

Type Ia or Ib (%) 23 0 0.32 18 11 0.99
Type IIa or IIb (%) 50 62 0.7 64 78 0.69

Type IVa (%) 10 12 0.99 8 0 0.99

Type Ia, Ib morphology refers to COM subtype crystalline forms. Type IIa and IIb refer to COD subtype crystalline
forms (Type IIb also includes the presence of COM crystalline form). Type IVa refers to carbapatite subtype
crystalline forms.

4. Discussion

The aim of the present study was to acknowledge whether drinking green tea on a daily basis
would exert any influence on stone risk factors and/or calcium stone structure or composition. In the
first part of our work, based upon a cross sectional observational study, we found no difference
between green tea drinkers and non-drinkers for stone risk factors in particular oxalate excretion
in 24-h urine collections but also urine pH, calcium, urate, and citrate. These results were further
confirmed by supersaturation indexes. These data have a clinical relevance as renal stone patients
are commonly advocated against regular tea drinking based upon the oxalate content reported in
tea leaves [3,4]. According to the view that green tea intake would increase stone activity, one study
reported an increased urinary calcium excretion in an experimental setting [21]. Conversely, in two
other animal studies, the administration of catechins or green tea prevented crystallization, especially
monohydrate CaOx crystal deposits within tubular lumen [22,23]. However a recent study in a very
large prospective Chinese cohort reports that green tea intake was associated with a lower risk of
incident kidney stones [27]. Our results are in accordance with these findings and suggest that drinking
daily green tea (assessed by a detailed survey) would not be detrimental in both sexes. As a matter of
fact, drinking daily green tea was reported to have also other pharmacological effects such as weight
loss, cardiovascular protection, and bone mineralization [28,29]. Though this study is not designed to
assess these issues, our data show no difference for body mass index, cardiovascular risk factors, bone
remodeling biomarkers, or calcium and phosphate blood levels between drinkers and non-drinkers.

The second part of our work was to study a potential calcium stones composition difference
between green tea drinkers and non-drinkers. Of note, among 98 stones available from this idiopathic
hypercalciuric population, 34% contained COM as a major component. However, the major component
of COM was similar between regular green tea drinkers and non-drinkers in the whole population
(p = 0.26). Accordingly, similar CaOx supersaturation indexes are detected, thus ruling out green tea
as a potential additional stone risk factor for COM stones. Surprisingly, in female green tea drinkers,
no COM stone was detected at all (Table 4), thus suggesting either a pharmacological effect illustrated
by the increased Ca/Ox ratio (Table 3) and/or a potential role of green tea catechins (or antioxidants)
directing CaOx crystallization from COM to COD as previously shown in vitro [30]. Alternatively,
catechins could exert a potential inhibition of COD to COM conversion. This exciting speculation
however requires to be specifically addressed in further studies.

Indeed, a high prevalence of COD in the female green tea group is very unusual as COM
and calcium phosphate stones are the usual major compounds reported in the female renal stone
population [26,31]. Conversely, in male stone-formers, COD and COM are the two main compounds
encountered in both groups, with a similar prevalence between the two groups. Thus according to
stone composition drinking daily green tea has no demonstrated over risk for oxalate-dependent
stones in our studied population.
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Our study suffers some limitations as it is an observational study with a declarative diet survey
and thus did not take into account the total amount of catechins intake in the diet. Indeed, the amount
of catechins in green tea beverage depends upon green tea leaves, temperature, and the duration of
infusion [3]. Moreover, substantial amount of catechins are found in a significant number of food
including wine, which consumption is usually underestimated, and thus represent a bias in our study.
However, despite the lack of dietary questionnaire (except for calcium intake and water), sodium
and protein intake appeared similar between the two groups as assessed by 24-h urine sodium and
urea. Last, similar oxaluria values in 24-h urine collection support the view that regular green tea
intake is not a risk factor for oxalate-dependent stones (assessed also by stone composition). The 50%
prevalence of COD stones in female green tea drinkers is related to idiopathic hypercalciuria; however,
this finding may also raise the issue as to whether green tea would be an additional risk factor for
an increased prevalence of calcium-dependent stones (illustrated by an increased Ca/Ox ratio in the
female green tea group). Further studies are required to assess whether in non-hypercalciuric renal
stone patients and/or in the general population green tea would prevent COM stone occurrence or
recurrence. This specific issue is however beyond the goal of the present study.

5. Conclusions

Our data show no evidence for increased oxalate-dependent stones in daily green tea drinkers,
with no increased oxaluria or calciuria in 24-h urine collection and, to our surprise, no reported COM
stones in our female green tea drinkers group. A clinical trial testing the hypothesis that high catechin
intakes may prevent COM stone recurrence would be most welcome.
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BMI body mass index
COM calcium oxalate monohydrate
COD calcium oxalate dihydrate
CaOx Calcium oxalate
EGC epigallocatechin
IRS analysis infrared spectroscopy analysis
MAP mean arterial pressure
NS not significant
SWL shock wave lithotripsy
URS flexible ureteroscopy
RSS relative super saturation
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