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Epigenetic effects of green tea polyphenols in cancer

Susanne M Henning*,1, Piwen Wang2, Catherine L Carpenter1, and David Heber1

1Center for Human Nutrition, David Geffen School of Medicine, University of California Los
Angeles, 900 Veteran Avenue, Warren Hall 14-166, Los Angeles, CA 90095, USA
2Division of Cancer Research & Training, Charles R Drew University of Medicine & Science, Los
Angeles, CA, USA

Abstract
Epigenetics describes heritable alterations of gene expression and chromatin organization without
changes in DNA sequence. Both hypermethylation and hypomethylation of DNA can affect gene
expression and the multistep process of carcinogenesis. Epigenetic changes are reversible and may
be targeted by dietary interventions. Bioactive compounds from green tea (GT) such as (–)-
epigallocatechin gallate have been shown to alter DNA methyltransferase activity in studies of
esophageal, oral, skin, Tregs, lung, breast and prostate cancer cells, which may contribute to the
chemopreventive effect of GT. Three out of four mouse model studies have confirmed the
inhibitory effect of (–)-epigallocatechin gallate on DNA methylation. A human study
demonstrated that decreased methylation of CDX2 and BMP-2 in gastric carcinoma was
associated with higher GT consumption. It is the goal of this review to summarize our current
knowledge of the potential of GT to alter epigenetic processes, which may be useful in
chemoprevention.

Keywords
cancer; COMT; DNA methylation; DNMT; (–)-epigallocatechin gallate; epigenomics; green tea;
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Cancer is a disease of genetic susceptibility as well as epigenetic abnormalities [1].
Epigenetics generally refers to changes in gene expression and chromatin organization that
are independent of alterations in the DNA sequence [2]. Epigenetic phenomena are
modifiable by dietary and environmental factors. Changes in DNA methylation can be
passed on to the next generation [3]. Epigenetic changes have been identified as promising
targets for the prevention and treatment of cancer [4].

DNA methylation is the most widely studied epigenetic modification in mammals. DNA
methylation results in the addition of a methyl group to the carbon-5 position in the pyrimi-
dine ring of cytosine in the CpG dinucleotide of genomic DNA. The distribution of CpG
dinucleotides throughout the human genome is not uniform, and are frequently enriched in
the promoter regions of genes, especially in regions of large repetitive sequences such as
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centromeric repeats, LINE-1 and ALU retrotransposon elements [5]. Short CpG-rich regions
are also called ‘CpG islands’ and are present in more than 50% of human gene promoters
[6]. Hypermethylation of CpG islands within gene promoters has been shown to lead to gene
silencing, while promoters of transcriptionally active genes are typically hypomethylated
[7].

In addition to DNA methylation, other epigenetic changes, such as histone modification and
miRNAs, can affect gene expression. Histone modifications typically occur as post-
translational alterations at the N-terminal of histones. These histone alterations include
acetylation, methylation, phosphorylation, biotinylation and ubiquitination, and play a
fundamental role in protein regulation throughout life [8–10]. miRNAs appear to have a
fundamental role in the biology of the cell. They constitute a class of ncRNA molecules,
which have now emerged as key players in regulating the activity of mRNA. miRNAs are
small RNA molecules approximately 22 nucleotides in length, which affect the activity of
specific mRNA by influencing their half-life through interference with the normal mRNA
degradation process or mRNA translation into proteins [11]. This review will focus on the
epigenetic effects of green tea (GT) mediated through changes in DNA methylation.

Nutrition can potentially affect epigenetic phenomena at multiple points in DNA
methylation [12]. First, nutrients are the main source of methyl groups or act as coenzymes
for the one-carbon metabolism that regulates methyl transfer and DNA synthesis. For
example, B vitamins, such as folic acid, vitamin B2, B6 and B12, are involved as coenzymes
with methionine, choline, betaine and serine as universal methyl donors [13]. Second, a
number of phyto-chemicals found in plant foods and in dietary supplements alter the
epigenetic processes by influencing enzyme activities such as 5-cytosine DNA
methyltransferase (DNMT). Phyto-chemicals including polyphenols (green tea catechins,
quercetin, myricetin), soy isoflavones (genistein), parthenolide, curcumin, resveratrol,
isothiocyantes and butyrate, an intestinal product from fiber, affect the activities of
methylation enzymes [9,12,14–16]. Third, dietary components, such as retinoic acid and
vitamin D, bind to their receptors and modulate gene expression leading to competitive
downregulation of methylating enzymes [17,18]. In addition, other phyto chemicals, such as
garlic diallyl disulfide, sulfurophane and indol-3-carbinol, impact the epigenome through
histone modulation and regulation of miRNAs [17].

DNA methylation is catalyzed by the enzyme 5-cytosine DNMT with S-adenosylmethionine
(SAM) as the methyl donor. There are three main DNMT enzymes: DNMT1, DNMT3a and
DNMT3b [19,20]. DNMT1 is a maintenance methyltransferase maintaining DNA
methylation patterns in DNA replication during cell division [16], whereas both DNMT3a
and DNMT3b are involved in de novo methyltransferase processes, providing an important
function during development (differentiation) [21,22]. DNA methylation has evolved as an
attractive target in cancer therapeutics. Altered DNMT gene expression and enzyme activity
is seen in numerous diseases including cardiovascular diseases [23,24], Type 2 diabetes
[25], obesity [26], possibly neurodegenerative diseases [27] and cancer [3,9,28]. In cancer,
both DNA hypo- and hyper- methylation have been demonstrated to be associated with
disease progression. Methy lation during cancer development includes hypermethylation of
specific gene promoters, in addition to generalized hypomethylation. DNA
hypermethylation in cancer often causes the silencing of tumor suppressors and other genes
important for cellular growth, regulation and differentiation [29]. DNA hypomethylation has
been shown to result in chromosomal instability and increased mutation events [30].
Changes in cellular DNA methylation in colorectal, pancreatic, prostate, bladder, breast and
ovarian cancer have been reviewed by Heichman et al. [31]. For example, Yang et al.
demonstrated a decrease in global cytosine hypomethylation comparing low-grade prostate
epithelial neoplasia, high-grade prostate epithelial neoplasia and prostate cancer tissue, using
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immunohistochemistry in the prostate [32]. However, hypomethylation is not as commonly
observed, with only a handful of specific genes being hypomethylated in prostate cancer.
The majority of genes are characterized by site-specific hypermethylation [33]. The
evaluation of a panel of methylation markers, such as APC, RARb2, TIG1 and GSTP1,
demonstrated that utilizing the information derived from the methylation status of the gene
panel, in combination with histological tissue evaluation, increased the percentage of
detection of carcinoma from 64 to 97% compared with using histological tissue evaluation
alone [34]. Analysis of the methylation status of 219 prostatectomy tissue samples using a
panel of three genes (APC, HOXD3 and TGFβ) demonstrated that an increase in methylation
was associated with prostate cancer progression [33]. Evaluation of DNA methylation of
these three genes was superior for the prediction of biochemical recurrence compared with
individual genes [33]. Importantly, many of these methylation events were also found in
early high-grade prostatic intraepithelial neoplasia lesions [32], suggesting that aberrant
DNA methylation changes occur early during carcinogenesis. The epigenetic changes in
prostate cancer have been summarized in a review by Ho et al. [35].

The number of genes identified with altered methylation in breast cancer is rapidly growing.
Breast cancer studies indicate that epigenetic alterations, such as promoter hypermethylation
leading to gene silencing are involved in processes in carcinogenesis, including DNA repair
(BRCA1), xenobiotic detoxification (GSTP1), apoptosis (HOXA5, RASSF1A and TWIST1),
tissue invasion and metastatic processes (CDH1 and CDH13) [36,37]. These genes were not
only hypermethylated in tumor cells, but also in normal epithelium surrounding the tumor
site [37]. Methylated genes are utilized as cancer biomarkers in the clinical laboratory
including not only breast but other major tumor tissues, such as colorectal, pancreatic,
prostate, ovary, lung and bladder cancer [31].

Based on the reversible nature of epigenetic alterations, epigenetic therapy has strong
potential for the prevention and treatment of chronic disease. Increasing interest in the
potential of changing diet and lifestyle, or consuming dietary supplements to alter the
epigenome, has led to a growing body of research focusing on the potential of dietary
components and natural products as epigenetic agents in chemoprevention and cancer
treatment. This review will summarize our current knowledge of the effect of green tea
polyphenols on epigenetic processes in cell culture, animal and human epidemiological and
clinical intervention studies.

Green tea polyphenol bioavailability & metabolism
The active compounds in green tea are polyphenols (GTPs), also known as flavan-3-ols,
which include (–)-epigallocatechin gallate (EGCG), (–)-epicatechin gallate (ECG), (–)-
epigallocatechin (EGC) and (–)-epicatechin (EC) (Figure 1) [38]. The most abundant
polyphenol in green tea is EGCG and it is known to have anticancer effects through many
different mechanisms [39–43]. In cell culture and animal models of lung, digestive tract,
bladder, liver, prostate, breast and skin cancer, the most commonly observed anticancer
mechanisms of EGCG include inhibition of proliferation, induction of apoptosis and cell-
cycle arrest at G0/G1 [44]. EGCG induces apoptosis by multiple pathways including the
inhibition of the PI3K/AKT/p-BAD cell survival pathway leading to downregulation of
Bcl-2 and upregulation of Bax, as well as activation of the FASR/caspase-8 pathway [45].
EGCG also affects other factors implicated in proliferation and cell death, such as MAPK
pathways (phosphoErk1/2) and growth factors (IGF1, IGF receptor and IGFBP-3) [46]. In
addition, EGCG has been shown to affect cell cycle regulation through inhibition of class I
histone deacetylase (HDAC) enzyme activity leading to increased accessibility of the
promoter region and increased expression of p21/waf1 and Bax [47]. In protein-binding
assays, it was demonstrated that EGCG binds several proteins (vimentin, IGF-1 receptor and
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GRP 78 kDa) with high specificity at very low concentrations. However, in cell culture
experiments, due to nonspecific protein binding, higher concentrations of EGCG were
required to inhibit the same targets [44]. Treatment with EGCG or GT extract also
demonstrated inhibition of angiogenesis, invasion, VEGF, MMP2 and MMP9. Finally,
EGCG has been demonstrated to exhibit anti-inflammatory activity via COX-2 and NFκB
inhibition. The concentration of phosphorylated NFκB/p65 in HT-1080 cells was inhibited
by EGCG treatment in a dose-dependent manner, while NFκB/p65 remained the same [48].
Most of these mechanisms still need to be confirmed in human intervention studies.

GTPs are mainly absorbed from the small intestine [49,50]. The absorption is regulated by
several multidrug MRP transporters and monocarboxylated transporter [51]. According to
their function, the transporters are either located at the basal membrane (MRP1) or at the
apical membrane (MRP2). GTPs are taken up into epithelial cells and metabolized leading
to enhanced excretion or reduced chemopreventive activity [52,53]. Nongallated GTPs such
as EGC and EC undergo glucuronidation and sulfation, whereas gallated GTPs, EGCG and
ECG, are mainly present in the free form [54]. All GTPs with at least one catechol group
undergo methylation by catechol-O-methyl transferase (COMT). COMT catalyzes the
transfer of methyl groups from SAM to one of the hydroxyl catechol groups, with the
equimolar formation of S-adenosyl-L-homocysteine (SAH) [55]. EGCG and ECG contain
two catechol ring structures. EGCG is readily methylated at 4′ and 4″ positions to form 4″-
O-MeEGCG and 4′,4″-di-O-methyl-EGCG [56].

EGC and EC are the major catechins circulating in blood [49], with approximately 30% of
EGC occurring in methylated form as 4′-O-MeEGC [57]. Although EGCG is not well
absorbed in the small intestine due to its abundance in GT, it can be found in human tissue
of men consuming six cups of GT daily [58,59]. In urine, EGC, 4′-O-MeEGC and EC are
the predominant catechins, occurring in conjugated form [60]. In mouse and human prostate
tissue, the major catechins present are EGCG and ECG [56,61,62]. Approximately 50% of
EGCG occurs in the methylated form as 4″-O-MeEGCG or 4′,4″-O-di-O-methyl-EGCG in
human prostate tissue obtained at prostatectomy after consumption of six cups (48 oz) of GT
daily for 3–5 weeks [58,63]. A similar degree of methylation of EGCG was found after GT
consumption in mouse tissues, including lung, kidney and xenograft prostate tumors [62].
However, there are strong differences in the methylation activity depending on the organ.
For example, COMT activity is much higher in liver and kidney tissue compared with
prostate and lung [64,65]. Methylation significantly decreases the biological activity of
EGCG. Inhibition of proliferation and stimulation of apoptosis were significantly reduced in
lymph node carcinoma of the prostate (LNCaP) cancer cells treated with 4″-O-MeEGCG
compared with EGCG [58]. In human leukemia HL60 cells, the inhibition of proteasomal
activity was significantly decreased using methylated EGCG compared with the
nonmethylated form [66].

Enzyme kinetic analyses revealed that EGCG, in addition to being a substrate for COMT,
also exhibits strong inhibition of COMT activity [67]. The most potent inhibitors among the
catechins were those containing a galloyl-type D-ring (EGCG, 4″-O-methyl-EGCG, 4′,4″-
di-O-methyl-EGCG and ECG), independent from their methylation status [68]. Protein
aggregate formation, as well as computational molecular modeling studies, demonstrated a
direct binding of EGCG to COMT [68,69].

Since GTPs are substrates for catechol methyl ation reactions, it has been suggested that
COMT-mediated methylation might decrease the intracellular concentration of SAM and, at
the same time, increase the concentration of SAH, a feedback inhibitor of various SAM-
dependent methylation reactions. Therefore, excessive consumption of catechol-containing
polyphenols may affect other methylation processes such as DNA methylation [68].

Henning et al. Page 4

Epigenomics. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Potential mechanisms of DNMT inhibition by EGCG and other GTPs have been extensively
investigated by Lee et al. [70]. Kinetic analyses using EC as a model inhibitor showed that
DNA methylation was competitively inhibited in vitro mainly by increasing the formation of
SAH. By comparison, the strong inhibitory effect of EGCG on DNMT-mediated
methylation was largely due to its direct inhibition of the DNMT enzyme activity,
independent of its own methylation [70].

GTPs & DNA methylation
Cell culture experiments

GTPs have been shown to inhibit DNA methylation leading to hypomethylation and
activation of epigenetically silenced genes [71–77]. Extensive in vitro experiments have
been performed in a variety of cancer cell lines to evaluate the effect of GTPs on DNA
methylation (Table 1). Original studies on the investigation of the effect of EGCG on DNA
methylation in cell culture were performed by the laboratory of CS Yang (NJ, USA) and are
summarized in a review article by Fang et al. [55].

Esophageal cancer
Studies conducted by Fang et al. demonstrated that treatment of esophageal cancer cells
with EGCG (5–50 μM, 1–6 days) exhibited a time- and dose-dependent inhibition of DNMT
activity reversing hypermethylation in several tumor suppressor genes (p16, RARβ, hMLH1
and MGMT) [73].

Skin cancer
Treatment of A431 skin cancer cells with 10 μM of EGCG for 6 days decreased global DNA
methylation as determined by 5-methylcytosine content using the QIAamp® DNA mini kit
(Qiagen, Limburg, The Netherlands). In addition, EGCG treatment inhibited gene and
protein expression of DNMT1, DNMT3a and DNMT3b leading to increased expression of
p16(INK4a) and p21/Cip1 [75]. A comparison of the demethylation activity of the main four
GTPs demonstrated that EGCG exhibited very similar activity compared with ECG, but the
activity of both was higher than EGC and EC (EGCG = ECG > EGC > EC = GC) [75,78].

Tregs & Jurkat T cells
Wong et al. reported that treatment of Tregs and Jurkat T cells with 2–10 μM (1–2 days) of
EGCG reduced global DNA methylation and DNMT gene expression leading to increased
mRNA expression of IL-10 and Foxp3, a master switch that controls the development and
function of Tregs and Jurkat T cells in vitro [71].

Breast cancer
Studies conducted by Li et al. found that treatment with EGCG at 10 μM for 3 days led to
reactivation of estrogen receptor (ER)-α expression in ER-α-negative MDAMB-231 breast
cancer cells [77]. A combination treatment of the same cells with EGCG and a HDAC
inhibitor, trichostatin A, synergistically increased the activation of ER-α expression in ER-
α-negative MDAMB-231 breast cancer cells [77]. More recent work demonstrated that
sulforaphane (10 μM) enhanced the DNMT1-inhibitory effect of EGCG (20 μM) in
paclitaxel-resistant ovarian cancer cells (KOV3TR-ip2) and, at the same time, enhanced the
inhibition of hTERT and Bcl-2 [79].

Although overwhelming in vitro evidence supports the anticarcinogenic properties of GT
treatment, the limited chemical stability of EGCG at alkaline pH under normal physiological
conditions is of concern for the translation of our findings to clinical studies. To increase the
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chemical stability of EGCG, synthetic analogs have been generated, which show stronger
anti-cancer activity with more stability and efficacy [80,81]. For example, studies comparing
EGCG to an EGCG analog (peracetylated EGCG [pEGCG] and EGCG octa-acetate)
demonstrated increased inhibition of hTERT expression by inducing DNA hypomethylation
and promoter deacetylation, mediated by inhibition of DNMTs and histone acetylases,
respectively [76,82]. Both EGCG (40 μM) and pEGCG (20 μM) inhibited the proliferation
of human ER-positive (MCF-7) and ER-negative (MDAMB-231) breast cancer cells in a
dose- and time-dependent way, but showed no effect on normal MCF10A cells.

Lung cancer
Treatment with 10–50 μM of EGCG for 3 days led to promoter demethylation and
restoration of WIF-1, an antagonist of Wntproto-oncogene in non-small-cell lung cancer
(H460 and A549) cells [83].

Oral carcinoma
EGCG (20–50 μM for 3 and 6 days) treatment of oral carcinoma cells (SCC9 and HSC3)
partially reversed the hypermethylation status of the RECK tumor suppressor gene leading to
a significant increase of the expression of RECK mRNA [72].

Prostate cancer
Treatment of LNCaP human prostate cancer cells with a GT extract (polyphenon E) was
associated with a time- and dose-dependent activation of GSTP1. The hypermethylation and
downregulation of GSTP1 has been associated with the development of several types of
cancer, including cancer of the prostate [84]. The inhibition of DNMT1 protein expression
in LNCaP prostate cancer cells treated with 10 μg/ml of polyphenon E was strongest at 14
days of treatment and was associated with decreased methylation of the promoter region of
GSTP1 [84].

Despite the abovementioned studies, the ability of EGCG to inhibit DNA methylation
remains controversial since there are also two published studies that did not find evidence
that EGCG treatment will alter the methylation status and reverse gene silencing. Chuang et
al. reported that purified EGCG did not inhibit DNA methylation at single copy loci or
repetitive DNA elements in three different human cancer cell lines [85]. They examined the
effect of EGCG compared with 5-aza-2′-deoxycytidine (5-Aza-Cd) on DNA methylation
and RNA expression of six different genes/repetitive elements (p16, RARβ, LINE-1, MAGE-
A1, MAGE-B2 and Alu) in three separate cell lines (T24, HT29 and PC3) [85]. Similarly,
Stresemann et al. reported that EGCG treatment did not produce a significant effect on DNA
methylation in HCT116 human colorectal cancer cells [86]. Treatment with 20–30 μM of
EGCG for 6 days did not alter global methylation or the methylation status of TIMP3 in
TK6, Jurkat and KG-1 cancer cell lines, including 2–50 μM for 3 days of EGCG [86]. The
authors suggested potential reasons for the discrepancies between their studies and
previously published studies, including different methods of analysis, possible gene
specificity or cell line specificity of EGCG, or that the treatment method might have been
ineffective to show efficacy. Stresemann et al. argued that in some in vitro cell culture
conditions, cellular effects induced by EGCG could probably be attributed to the oxidative
stress induced by this compound [86]. At neutral or alkaline pH, EGCG undergoes auto-
oxidation, resulting in dimerization of EGCG and EGC to form homo- and hetero-dimers in
an alkaline environment with concurrent formation of H2O2 [87,88]. This process is
ubiquitous in in vitro experiments and during the intestinal digestion, but the degree of auto-
oxidation depends on the cell culture medium. In cell culture medium, the indirect
contribution of H2O2 formation can be avoided by the addition of superoxide dismutase or
catalase prior to adding the GTPs [89]. However, the majority of cell culture experiments
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did not address the H2O2 formation. In summary, in vitro cell culture studies provide clear
evidence that GTP treatment can alter DNA methylation, leading to re-expression of
silenced genes. To achieve changes in DNA methylation, concentrations of 20–50 μmol/l of
EGCG for 3–6 days is needed. These concentrations are much higher than physiologically
achievable in mouse or human tissue. Therefore, GT interventions may not be suitable for
therapeutic purposes, but may play a role in long-term treatment effects on DNA
methylation in cancer prevention.

Therapeutic use of DNA methylation inhibitors
In general, two classes of DNA methylation inhibitors have been developed. One class
includes the nucleoside analogs, such as 5-azacytidine (azacytidine) and 5-Aza-Cd
(decitabine), and the second class includes non-nucleoside analogs, such as EGCG,
genistein, hydralazine and procainamide, which are not incorporated into the DNA [90].
Two nucleoside analogs have been approved by the US FDA in 2004 and 2006 for the
treatment of hematologic conditions, such as myelodysplastic syndrome, and are under
development to treat acute myeloid leukemia; azacytidine has also been approved for
chronic myelomonocytic leukemia [90]. However, the treatment of solid tumors with
nucleoside analogs only led to limited response [91]. Myelosupression is the main toxicity
when nucleoside analogs are used in higher doses [91]. The short plasma half-life of
nucleoside analogs remains a challenge due to high levels of hepatic cytidine deaminase, an
enzyme that deactivates the nucleoside analog. A second-generation prodrug with improved
pharmacological profile, increased stability and decreased toxicity, is in Phase II clinical
trials in the treatment of myelodysplastic syndrome and acute myeloid leukemia [90]. In the
effort to minimize side effects, promising results have been shown with a combination of
several cycles of treatment with very low doses of azacytidine and the HDAC inhibitor
etinostat in patients with recurrent metastatic non-small-cell lung cancer [92].

Direct comparison of the inhibition of DNA methylation by nucleoside to non-nucleoside
analogs in prostate (PC-3), colon (HT29) and bladder (T24) cell lines demonstrated that
nucleoside analogs such as 5-Aza-Cd are far more effective in inhibiting DNA methylation
leading to reactivation of silenced genes [85]. A concentration of 1 μmol/l of 5-Aza-Cd
reactivated MAGE-A1, MAGE-B2 and p16 gene expression, while 30 μmol/l of EGCG, 20
μmol/l hydralazine and 200 μmol/l procainamide were inactive [85]. Another comparison of
5-Aza-Cd to GT showed that treatment of LNCaP prostate cancer cells with 10 μM 5-Aza-
Cd for 3 days induced global hypomethylation of a CpG island within the LINE-1 promoter
determined by methyl-specific PCR analysis, while exposure of cells to 10 μM of GTP did
not result in global hypomethylation, but in re-expression of GSTp1 and promoted
maintenance of genomic integrity [84]. Sustained and long-term exposure to very high doses
of GTPs, comparable in activity with pharmacologic agents, could theoretically lead to
chronic changes of DNA methylation [18]. However, these considerations do not apply to
any of the current chemoprevention studies being carried out with GT.

On the other hand, potential interference of EGCG with the one-carbon metabolism has been
observed. In a purified enzyme system of dihydrofolate reductase (DHFR) extracted from
Stenotrophomonas maltophilia, EGCG was shown to inhibit DHFR enzyme activity in vitro
at concentrations of 0.1–1 μM [93]. In Caco2 colon cancer cells, treatment with
approximately 40 μM of EGCG interfered with the production of nucleotides, thus
compromising DNA and RNA synthesis and acting as an antifolate agent [94]. DHFR
catalyzes the reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate, which in turn is
required as a coenzyme for many one-carbon group transfer reactions, including the
nucleotide biosynthesis [95]. This interference with DNA biosynthesis may explain why
neural tube defects, such as anencephaly and spina bifida, which are usually associated with
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folic acid deficiency, were linked to high levels of GT consumption of the mother during the
periconceptional period [96].

Studies by Lemos et al. observed that EGCG also exhibited a dose-dependent inhibitory
effect on 3H-folic acid uptake with an IC50 value of 7.7 μM (95% CI: 2.8–20.7) [97]. In
addition, EGCG interfered with the uptake of methotrexate (IC50: 10.1 μM), which may
result in reduced chemotherapeutic efficacy in patients taking methotrexate by the oral route
[97].

Despite issues with bioavailability and stability, tea catechins have emerged as promising
chemopreventive agents because many of the effects observed in vitro can be replicated in
various animal models. However, to further increase the stability and bioavailability of
GTPs, Saez-Ayala et al. synthesized two catechin-derived compounds, 3-O-(3,4,5-
trimethoxybenzoyl)-(–)-catechin and 3-O-(3,4,5-trimethoxybenzoyl)-EC in an attempt to
improve the chemopreventive activity of GTPs [98]. The antiproliferative and proapoptotic
activities of both compounds were analyzed with various cancer cell lines. 3-O-(3,4,5-
trimethoxybenzoyl)-(–)-catechin was superior compared with 3-O-(3,4,5-
trimethoxybenzoyl)-EC in inhibiting proliferation and inducing apoptosis in both melanoma
and non-melanoma cell lines [98].

Evidence from in vivo animal studies
The most convincing evidence to demonstrate that nutrition can modulate the epigenetic
status of mammals was provided by studies with mice carrying the Avy gene [99,100]. In
this mouse model, methylation affects the expression of the Avy gene. In the methylated
form, the Avy gene is expressed only in the hair follicle (wild-type allele). However, in the
unmethylated form, it is expressed ubiquitously resulting in the agouti (yellow) fur color and
other characteristics of the agouti syndrome. Using the Avy model, Wolff and colleagues
showed that feeding diets supplemented with high levels of folic acid (as methyl donor) to
pregnant dams modified the expression of the agouti gene in the offspring [100].

Whether EGCG can reverse DNA hypermethylation and reactivate methylation-silenced
genes in vivo still remains to be determined. Based on the evidence from in vitro cell culture
studies, it is of interest to investigate the effect of GTPs on epigenetic processes in vivo
(Table 2). Potential mechanisms are the inhibition of DNMT1 activity, directly or
competitively, by depleting its substrate SAM or causing accumulation of the inhibitor SAH
[18,70].

The delay in the development of prostate cancer by administration of the DNA
methyltransferase inhibitor 5-Aza-dC to transgenic adeno-carcinoma of the mouse prostate
(TRAMP) mice has been demonstrated as a ‘proof of principle’ that cancer prevention may
be achieved through epigenetic modifications [101]. Analysis of untreated TRAMP prostate
lesions demonstrated elevated DNMT1 mRNA and protein levels in early stages of prostate
cancer development (prostatic intraepithelial neoplasia), which continued through advanced
prostate cancer and metastasis. In a 5-Aza-Cd intervention study, none of the 14 TRAMP
mice receiving intraperitoneal injections twice weekly on consecutive days of 300 μl 5-Aza-
Cd (0.25 mg/kg) developed prostate cancer at 24 weeks of age, whereas seven out of 13
(54%) control mice, injected with phosphate buffer solution, developed poorly differentiated
prostate cancer [101].

In our investigation of the effect of drinking brewed GT instead of drinking water on tumor
growth and DNMT activity in male severe-combined immunodeficiency mice, we
determined an inhibition of DNMT1 protein and gene expression in prostate xenograft
LAPC4 tumor tissue [62]. The GT contained a concentration of 0.07% of GTPs and was
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administered for 13 weeks. Tumor volume and weight were also decreased significantly in
mice drinking the GT compared with the water control [62].

Intestinal cancer
Further evidence for the epigenetic activity of GT was provided by Volate et al. [102]. The
administration of 0.6% (w/v) solution of GT as the only source of beverage from 8–16
weeks to Apc(Min/−) mice significantly increased the protein and mRNA levels of RXRa,
which was downregulated in intestinal tumors of azoxy-methane-treated Apc(Min/+) control
mice. Genomic bisulfite treatment of DNA extracted from the colon of these mice showed a
significant decrease in CpG methylation with GT treatment in the promoter region of the
RXRα gene, analyzed by pyrosequencing of 24 CpG sites [102]. GT treatment also reduced
the number of newly formed intestinal tumors (28%; p < 0.05) compared with water control.

Skin cancer
In the studies by Mittal et al., global DNA hypomethylation was observed in chronically
UVB-exposed SKH-1 hairless mice [103]. Topical treatment with EGCG in hydrophilic
cream providing 1 mg/cm2 skin reversed DNA hypomethylation in chronic UVB-exposed
skin determined by immunohistochemical detection of 5-methylcytosine [103]. The authors
speculated that the epigenetic modulation contributed to the anticarcinogenic activity of
EGCG. However, it is interesting that in this mouse model, the observation was
contradictory to the concept that EGCG can prevent or reverse hypermethylation of certain
specific genes [103].

Fang et al. addressed the question of whether the administration of EGCG in mice could
lead to a decrease in SAM coinciding with the accumulation of SAH, which in turn could
induce competitive inhibition of DNMT activity [55]. They examined this issue in their
ongoing experiments on bioavailability, toxicity and cancer-preventive activities of EGCG.
The results showed that only an acute intragastric treatment with high doses of EGCG (500–
2000 mg/kg), significantly elevated plasma levels of homocysteine and at the same time
decreased levels of plasma methionine and lowered the concentration of hepatic and
intestinal SAM, as well as the SAM:SAH ratio [55]. The administration of EGCG (or
polyphenon E) through drinking fluid (0.32% EGCG or 0.5% polyphenon E) decreased
intestinal SAM concentrations moderately without increasing the level of SAH. No changes
of hepatic SAM or SAH levels were observed with the administration of EGCG in the
drinking water [55].

No effect on DNA methylation
Morey et al. recently tested whether oral consumption of GTPs could affect normal or
cancer-specific DNA methylation in vivo, using the TRAMP mouse model [104]. TRAMP
mice received 0.3% GTPs in drinking water beginning at 4 weeks of age. In these studies,
GTP treatment did not inhibit tumor progression in TRAMP mice, whereas investigations by
several other groups had demonstrated an inhibition of tumor size and number with GT
treatment [105,106]. In addition, levels of 5-methyldeoxycytidine in the B1 repetitive
element and methylation of the Mage-a8 gene were not affected. In these studies, no
measurements of tissue GTP were performed to confirm the bioavailability of the GTPs.

Combinations of EGCG & other natural products
There is an increased interest in the use of combinations of natural products in order to
overcome multidrug resistance, limited bioavailability or to target multiple mechanisms
concurrently. For example, in our laboratory a combination of GT and quercetin increased
the bioavailability and decreased EGCG methylation, leading to an increase in the
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anticarcinogenic activity in a prostate cancer xenograft mouse model [64]. In addition
multiple cell culture studies demonstrated that the combination of GTPs with sulforaphane
increased apoptosis and altered Nrf2- and AP-1-regulated gene expression in prostate and
colon cancer cells [79,107,108]. Combining natural products that alter the epigenome will
enhance the epigenetic effect, since some compounds may alter DNA methylation and other
natural compounds may affect histone structure and miRNA regulation [109–111].

DNA methylation in human studies
There are only a limited number of clinical trials investigating the effects of dietary
polyphenol sources on DNA methylation such as tea or diets limited in folate and one-
carbon metabolites (Table 3). One study by Olthof et al. reported an increase in plasma
homocysteine concentration associated with high polyphenol consumption from either black
tea, chlorogenic acid or quercetin for 7 days [112].

A retrospective study published by Yuasa et al. examined the methylation status of six genes
in primary gastric carcinomas from 106 patients in relation to past lifestyle, including
dietary habits [113,114]. In this Japanese study of gastric carcinoma, high consumption of
GT (seven cups or more per day compared with six cups or less) and cruciferous vegetables,
as well as physical activity, was inversely related to the methylation of CDX2 and BMP-2,
but not p16 (INK4A), CACNA2D3, GAT-5 and ER in gastric carcinoma tissue, which are
frequently hypermethylated in gastric cancers [113]. It was pointed out by the authors that
the epithelial surfaces of the esophagus and stomach may be particularly susceptible to
beneficial DNMT1 inhibitory effects of GTPs, since the luminal intestinal side is exposed to
high concentrations of GTPs before the polyphenols undergo metabolism.

Since it has been shown that the intestinal administration of large concentrations of GTPs
will lead to a significant change in the SAM:SAH ratio [55], we also include human studies
investigating the association of the one-carbon metabolism to colon cancer. A review by
Lim and Song provided an excellent summary of these studies [115]. A landmark controlled
feeding study to investigate the effect of a folate-deficient diet on global DNA methylation
was performed in 1998. Global DNA methylation levels decreased in lymphocytes of
postmenopausal women on a folate-deficient diet (56 μg/day for 5 weeks and 111 μg/day for
4 weeks) and increased on a folate-replete diet (286–516 μg/day for 3 weeks) [116]. Two
previous human studies conducted in a metabolic unit demonstrated that marginal folate
deficiency can change blood genomic DNA methylation [117]. Another study investigated
the effect of the consumption of a sequence of a moderately deplete folate diet (118 μg/day
for 7 weeks) followed by intake of a replete diet (415 μg/day) for 7 weeks in older women
aged 60–85 years. During the moderate depletion phase, leukocyte global DNA methylation
declined but did not significantly improve even after 7 weeks on the repletion diet [117].
Similarly, another clinical randomized and double-blinded intervention demonstrated that
leukocyte global DNA methylation was increased in participants receiving folic acid
supplements (400 μg/day for 10 weeks) [118]. These findings support the hypothesis that a
reduction in total folate intake may be associated with reduced global DNA methylation and
can be reversed with supplementation at levels of folic acid found in common multivitamin
supplements (400 μg/day). However, older age may compromise or delay the recovery
[117].

Taken together, the evidence from human studies, demonstrating significant dietary effects
on DNA methylation in free-living human subjects, is very limited compared with in vitro
and animal studies. Evidence for the role of GTPs in affecting DNA methylation in cancer
development is mainly based on in vitro cell culture experiments. However, since dietary
modifications induce relatively low impact changes on DNA methylation, with lower
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toxicity compared with epigenetic therapeutic drugs, dietary strategies may play an
important role in the prevention of carcinogenesis. Moreover dietary exposures are long-
term and potentially repeated several times daily in heavy tea drinkers. There is a critical
need for future investigations in animal and human studies to reveal the potential of different
bioactive and dietary components in the epigenetic regulation of chronic disease.

Conclusion
GTPs and other natural products have the potential to alter epigenetic processes through
DNA methylation, histone modification and miRNA regulation. This area of research
requires more information on the relative potency of these effects both for GTPs alone and
for polyphenols in combination with other drugs and natural products or dietary
supplements.

Future perspective
Owing to emerging technologies and decreasing cost of evaluating changes in DNA
methylation, our understanding of the effects of nutrition and botanical dietary supplements
on epigenetic processes will increase dramatically during the next decade. Although the
effect of dietary exposure on epigenetics is subtle, due to the nature of dietary exposures
being frequent and long-term, we expect that future evidence will support an emerging role
of diet in regulating DNA methylation. In vitro cell culture studies provide clear evidence
that extended GT treatment can change DNA methylation and reactivate gene expression.
Future long-term in vivo GT studies are needed to ascertain whether permanent changes of
DNA methylation are achievable. Results from these studies will contribute to cancer
prevention and treatment.
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Executive summary

DNA methylation & cancer

■ Epigenetic phenomena are heritable and potentially modifiable by dietary,
environmental and therapeutic factors.

■ Epigenetic processes are promising targets for interventions with nutrients and
compounds derived from dietary supplements and natural products.

■ Nutrition affects epigenetic phenomena at multiple points: being a source of
methyl groups, influencing enzyme activities (DNA methyltransferase and histone
deacetylase), binding to receptors and modulating methylating enzymes and/or
modulating histones and regulating miRNAs.

Green tea polyphenol bioavailability & metabolism

■ (–)-Epigallocatechin gallate (EGCG) is the main tea polyphenol under
investigation.

■ Low bioavailability and extensive metabolic changes to less active methylated
metabolites limits its potential.

■ Future research into combination treatments and using more stable EGCG
preparations is needed.

Green tea polyphenols & DNA methylation

■ Green tea (GT) polyphenols have been shown to inhibit DNMT1 activity leading
to reactivation of silenced genes in cultured cells from oral cavity, esophagus, lung,
breast, prostate and immune cells.

■ Several animal studies confirmed the epigenetic effect of GT.

■ Additional animal and clinical studies are needed to confirm the epigenetic effect
of GT.

■ Studies using combinations of different natural products such as EGCG with
quercetin or sulforaphane may alter epigenetic processes more effectively.

Human studies

■ One human study demonstrated that the consumption of more than six cups of GT
was inversely related to the methylation of CDX2 and BMP-2 in gastric carcinoma
tissue.

■ Oral and gastric epithelial surfaces are particularly susceptible to beneficial
DNMT1 inhibitory effects of tea polyphenols, since they are exposed to high
concentrations of tea polyphenols before undergoing metabolism.
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Figure 1. (–)-Epigallocatechin gallate and its methylated metabolites
4″-MeEGCG: 4″-O-methyl-epigallocatechin gallate; 4′,4″-DiMeEGCG: 4′,4″-di-O-methyl-
(–)-epigallocatechin gallate; EGCG: (–)-epigallocatechin gallate.
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Table 1

Cell culture studies to investigate the effect of green tea or epigallocatechin gallate on DNA methylation and
gene expression.

Study (year) Tissue/cell line Genes GT/EGCG dose and
duration of treatment
(μmol/l, days)

Effect Ref.

Fang et al. (2007) Esophagus p16, RARβ, hMLH1 and
MGMT

5–50 EGCG, 1-6 Decreased DNMT1, gene
reactivation

[55]

Wong et al. (2011) Immune T cells, Jurkat FOXP3 2–10 EGCG, 1–2 Decreased DNMT1 [71]

Kato et al. (2008) Oral SCC9 and HSC3 RECK tumor suppressor 20–50 EGCG, 3–6 Reversed
hypermethylation, gene
reactivation

[72]

Gao et al. (2009) Lung H460 and A549 WIF-1 10–50 EGCG, 3 Demethylation [83]

Li et al. (2010) Breast MDAMB-231 ER-α 10 EGCG, 3 Reversed
hypermethylation, gene
reactivation

[77]

Nandakumar et al.
(2011)

Skin A431 p16(INK4a) and p21/Cip1 10 EGCG, 6 Decreased DNMT1, gene
reactivation

[75]

Pandey et al.
(2010)

Prostate GSTP1 10 PolyE, 14 Decreased DNMT1, gene
reactivation

[84]

Chuang et al.
(2005)

T24, HT29 and PC3 p16, RARb, MAGE-A1,
MAGE-B2 and Alu

20–30 EGCG, 6 No effect [85]

Streseman et al.
(2006)

TK6, Jurkat and KG-1 TIMP3 2–50 EGCG, 3 No effect [86]

EGCG: Epigallocatechin gallate; GT: Green tea; PolyE: Polyphenon E.
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Table 2

Animal studies to investigate the effect of green tea or epigallocatechin gallate on DNA methylation and gene
expression.

Study (year) Tissue Animal model GT exposure Effect Ref.

Henning et al.
(2012)

Prostate C57BL/6J–LAPC4 xenograft Brewed GT (0.075% GTP),
13 weeks

Decreased tumor volume,
weight and decreased DNMT1

[62]

Volate et al. (2009) Intestine Apc(Min/-) GT 0.6% Decreased CpG methylation of
RXRα

[102]

Mittal et al. (2003) Skin UVB-exposed SKH-1 hairless
mice

1 mg/cm2 skin area EGCG
cream prior to UV exposure

Decreased global DNA
hypomethylation

[103]

Morey et al. (2009) Prostate TRAMP mice GTP 0.1–0.6% in drinking
water, 8–20 weeks

No decreased methylation and
no decrease in tumor volume

[119]

EGCG: Epigallocatechin gallate; GT: Green tea; GTP: Green tea polyphenol; Min: Multiple intestinal neoplasia; TRAMP: Transgenic
adenocarcinoma of the mouse prostate.
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Table 3

Human studies to investigate the effect of green tea or epigallocatechin gallate on DNA methylation and gene
expression.

Disease Participants (n) GT exposure Effect Ref.

Healthy – Polyphenols, 7 days Increased plasma SAH [112]

Gastric carcinoma Japanese (55) More than seven cups compared with
less than six cups GT/days

Methylation status of CDX2 was not
significantly associated with low intake of
tea

[113]

Gastric primary carcinoma Japanese (106) More than seven cups compared with
<6 cups GT/days

Correlation between CDX2 and BMP-2
methylation and low tea intake

[114]

EGCG: Epigallocatechin gallate; GT: Green tea; SAH: S-adenosyl-L-homocysteine.
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