£} Routledge

-1 Taylor &Francis Group

D CANCER

Nutrition and Cancer

ISSN: 0163-5581 (Print) 1532-7914 (Online) Journal homepage: https://www.tandfonline.com/loi/hnuc20

Effects of the Green Tea Polyphenol
Epigallocatechin-3-Gallate on Glioma: A Critical
Evaluation of the Literature

Chung T. Le, William P. J. Leenders, Remco J. Molenaar & Cornelis J. F. van
Noorden

To cite this article: Chung T. Le, William P. J. Leenders, Remco J. Molenaar & Cornelis J. F.
van Noorden (2018) Effects of the Green Tea Polyphenol Epigallocatechin-3-Gallate on
Glioma: A Critical Evaluation of the Literature, Nutrition and Cancer, 70:3, 317-333, DOI:
10.1080/01635581.2018.1446090

To link to this article: https://doi.org/10.1080/01635581.2018.1446090

8 © 2018 Chung T. Le, William P. . Leenders, ﬂ Published online: 23 Mar 2018.
Remco J. Molenaar, and Cornelis J. F. van
Noorden. Published with license by Taylor &
Francis Group, LLC.

N\
CJ/ Submit your article to this journal & sl Article views: 4921

[ PN
& View related articles & (&) view Crossmark data &

CrossMark

@ Citing articles: 1 View citing articles (&

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=hnuc20


https://www.tandfonline.com/action/journalInformation?journalCode=hnuc20
https://www.tandfonline.com/loi/hnuc20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/01635581.2018.1446090
https://doi.org/10.1080/01635581.2018.1446090
https://www.tandfonline.com/action/authorSubmission?journalCode=hnuc20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=hnuc20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/01635581.2018.1446090
https://www.tandfonline.com/doi/mlt/10.1080/01635581.2018.1446090
http://crossmark.crossref.org/dialog/?doi=10.1080/01635581.2018.1446090&domain=pdf&date_stamp=2018-03-23
http://crossmark.crossref.org/dialog/?doi=10.1080/01635581.2018.1446090&domain=pdf&date_stamp=2018-03-23
https://www.tandfonline.com/doi/citedby/10.1080/01635581.2018.1446090#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/01635581.2018.1446090#tabModule

NUTRITION AND CANCER
2018, VOL. 70, NO. 3, 317-333
https://doi.org/10.1080/01635581.2018.1446090

Taylor & Francis
Taylor &Francis Group

REVIEW ARTICLE

‘ W) Check for updates ‘

3 OPEN ACCESS

Effects of the Green Tea Polyphenol Epigallocatechin-3-Gallate
on Glioma: A Critical Evaluation of the Literature

Chung T. Le?, William P. J. Leenders®, Remco J. Molenaar?, and Cornelis J. F. van Noorden?

Department of Medical Biology, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands; PDepartment of Pathology,

Radboudumc, Nijmegen, The Netherlands

ABSTRACT

The review discusses the effects of Epigallocatechin-3-gallate Gallate (EGCG) on glioma as a basis
for future research on clinical application of EGCG. Epidemiological studies on the effects of green
tea or EGCG on the risk of glioma is inconclusive due to the limited number of studies, the
inclusion of all tea types in these studies, and the focus on caffeine rather than EGCG. In vivo
experiments using EGCG monotherapy are inconclusive. Nevertheless, EGCG induces cell death,
prevents cellular proliferation, and limits invasion in multiple glioma cell lines. Furthermore, EGCG
enhances the efficacy of anti-glioma therapies, including irradiation, temozolomide, carmustine,
cisplatin, tamoxifen, and TNF-related apoptosis-inducing ligand, but reduces the effect of
bortezomib. Pro-drugs, co-treatment, and encapsulation are being investigated to enhance clinical
applicability of EGCG. Mechanisms of actions of EGCG have been partly elucidated. EGCG has both
anti-oxidant and oxidant properties. EGCG inhibits pro-survival proteins, such as telomerase,
survivin, GRP78, PEA15, and P-gp. EGCG inhibits signaling of PDGFR, IGF-1R, and 67LR. EGCG
reduces invasiveness of cancer cells by inhibiting the activities of various metalloproteinases,
cytokines, and chemokines. Last, EGCG inhibits some NADPH-producing enzymes, thus disturbing
redox status and metabolism of glioma cells. In conclusion, EGCG may be a suitable adjuvant to
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potentiate anti-glioma therapies.

Introduction

Glioma is a heterogeneous group of tumors originating
from the support cells of the brain and accounts for
approximately 30% of all central nervous system tumors
and 80% of malignant brain tumors (1). In the United
States, there are more than 18,500 newly diagnosed cases
and 13,000 deaths due to malignant glioma every year
(2). In the Netherlands, the incidence of glioma in adults
has increased over time (from 4.9 per 100,000 person
years in 1989 to 5.9 in 2010), but this may in part result
from improved diagnosis (3). Glioma has higher num-
bers of lost life years than any other type of cancer (4).
The World Health Organisation (WHO) categorizes gli-
oma into ependymoma, pilocytic astrocytoma, oligoden-
droglioma, and astrocytoma (5). Additional classification
of tumor grade (I-IV) is defined by histopathological
features, specifically by the levels of nuclear polymor-
phism, increased mitotic activity and cellularity, and the
presence of neovascularization and necrosis (6). Recent
advances in next-generation sequencing allowed the

identification of genetic abnormalities in glioma that
added another layer to the diagnosis of glioma. A recent
WHO re-classification also considers molecular charac-
teristics such as the mutational status of genes encoding
for isocitrate dehydrogenase 1 and 2 (IDH1/2) and loss
of heterozygosity of chromosomes 1p and 19q (6). The
stage of glioma has implications for the prognosis of
patients. Ependymoma and pilocytic astrocytoma (grade
1) are typically benign and slowly growing tumors; how-
ever, when becoming malignant, patients have a poor
prognosis (1). Life expectancy for patients with grade II
astrocytomas ranges from 5 to over 15 yr (1). Grade III
astrocytoma often progresses to grade IV astrocytoma,
i.e., secondary glioblastoma, and has a 5-yr survival rate
of only 30% (1). Oligodendroglioma has a better out-
come with a 5-yr survival rate of 80% (1). Grade IV gli-
oma (glioblastoma) is the most aggressive entity of
glioma with a 5-yr survival rate of merely 5%, and repre-
sents approximately 15% of all primary brain and central
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nervous system tumors and 55% of all glioma (1). A
characteristic of all grades II-IV gliomas is that they
grow diffusely in the brain parenchyma, often behind the
blood-brain-barrier (BBB), shielding cells from most
systemically administered drugs (5).

Within these pathological classes of glioma, several
prognostic and predictive distinctions can be made with
implementation of molecular markers such as muta-
tional status of IDH1/2 and TP53, hypermethylation of
the MGMT promoter and loss of (parts of) chromosome
arms 1p and 19q (7). Hypermethylation of the promoter
of the DNA repair protein MGMT is a predictive marker
of response to temozolomide (TMZ) treatment in glio-
blastoma patients (8). In fact, the combination of IDHI
mutation and MGMT promoter hypermethylation pre-
dicts survival of glioblastoma patients better than either
IDHI mutation or MGMT promoter hypermethylation
alone (9). On the basis of mRNA expression profiling,
Verhaak et al. suggested classification of glioblastoma
into subtypes: classical, mesenchymal, proneural, and
neural, which are defined by amplifications of or muta-
tions in genes encoding for epidermal growth factor
receptor, neurofibromatose type 1, platelet-derived
growth factor receptor o (PDGFRw), and IDHI1 (10).
There is no single molecular alteration that defines the
neural subtype (10). These molecular subclasses of glio-
blastoma have an implication for the responses of glio-
blastoma to current therapies, for instance TMZ and
irradiation (IR) (10).

The current treatment of newly diagnosed glioblas-
toma includes maximum safe tumor resection, 6 wk of IR
with concomitant TMZ chemotherapy, and six cycles of
adjuvant TMZ (2). The median progression-free survival
interval is 7-10 mo after initial surgery (11). Post-opera-
tion radiotherapy extends survival to approximately
12 mo (11). The use of TMZ in combination with surgical
resection and radiotherapy extends the median survival
period up to 14.6 mo and increases the 2-yr survival rate
from 10% to 27% (11). Overall, the current treatment
scheme for malignant glioma has increased the life expec-
tancy by approximately only 1 yr, when compared to the
natural course of the disease (11). Despite all research, the
standard treatment scheme that is currently offered for
malignant gliomas has limited efficacy. Virtually all glio-
blastomas eventually relapse due to drug-resistant glioma
stem-like cells (GSLCs) (12).

Besides the poor outcome of these aggressive treat-
ments, the associated adverse events and high costs pose
problems. Direct costs per patient for surgery and radio-
therapy alone are in the range of €50,000-92,000 per
patient (2). Estimated indirect costs of the disease, based
on sick leave, early retirement and mortality, mounted
up to almost 200 million US dollars for the Swedish

population in 1996 and accounted for 74% of the total
cost of illness per case of glioma (13). Additionally, the
Food and Drug Administration granted approval to bev-
acizumab in 2009 for treatment of recurrent glioblas-
toma in the United States, which means an additional
economic burden (2). One year of bi-weekly treatment
with 10 mg/kg dose of bevacizumab costs approximately
$120,000-240,000 per patient (2). Because of the poor
outcome of the present treatment options and the high
costs of treatment, there is an urgent need to improve
the treatment outcome and reduce economic burden.
The use of dietary nutrients or phytochemicals to
improve prognosis for glioma patients is a poorly
explored, yet highly interesting option by virtue of their
putative favorable safety profile and low costs.

Tea is the second most consumed beverage in the
world after water, and has been studied extensively for its
health benefits (14). The three main types produced from
the leaves of the Camellia sinensis plant are green tea,
oolong tea, and black tea. These types of tea differ in their
after-harvest treatment process, which strongly affects the
chemical composition of each tea type (15). Green tea is
produced by steaming freshly harvested leaves to prevent
fermentation of polyphenols. The production of black tea
involves withering, rolling, and crushing of fresh tea
leaves, facilitating the fermentation process. Oolong tea is
an intermediate product of the production process for
green and black tea, with partial oxidation of the leaves.
Among all tea types consumed over the world, green tea
is best known for its health benefits. The polyphenol
flavonoids, which are preserved in green tea, are the major
chemical compounds contributing to its anti-microbial,
immune-regulating and anti-inflammatory effects (16).
Claims are that polyphenols have beneficial effects in pre-
vention and treatment of various diseases, such as cardio-
vascular diseases, arthritis, and diabetes (16). There are
four major polyphenol flavonoids in green tea: epigalloca-
techin-3-gallate (EGCG), epicatechin-3-gallate (ECQG),
epigallocatechin (EGC), and epicatechin (EC) (15).
Among these, EGCG (Fig. 1) is the most abundant and
most active catechin with an anti-oxidant activity that is
25-100 times more potent than that of vitamins C and E
(15). As a result, EGCG has long been considered to be a
dietary compound with therapeutic potential.

In the last decades, EGCG has been frequently exam-
ined for its preventive and curative effects on various
types of cancer. Phase II clinical trials have demonstrated
an inhibitory effect of green tea extract on the progres-
sion of prostate pre-malignant lesions, even though
observational studies do not support a beneficial role of
tea intake on prostate cancer risk (17). Other studies
have also shown protective effects of green tea on cervi-
cal cancer, and on breast cancer in premenopausal
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Figure 1. Chemical structure of EGCG.

women (17,18). In vivo and in vitro studies have demon-
strated various molecular mechanisms of the anticancer
activities of EGCG. EGCG has both anti-oxidant and
pro-oxidant properties, inhibits the activities of multiple
cellular compounds by direct binding, and regulates vari-
ous pathways involved in cellular proliferation, apopto-
sis, and migration (15).

NUTRITION AND CANCER (&) 319

Recently, a number of studies, both observational and
experimental, has shown effects of green tea and EGCG
intake on glioma. However, a critical review of these
studies is not available to evaluate the effects of green tea
and EGCG on glioma, and to determine whether green
tea or EGCG can be added to the treatment schemes for
glioma. Hence, this review aims to evaluate the current
state of understanding of the effects of EGCG on glioma,
as a basis for future research on the application of EGCG
in glioma prevention and treatment. A systematic search
using PubMed and ScienceDirect was conducted to sam-
ple all relevant peer-reviewed studies. Relevant publica-
tions that were referred to in these studies were also
included.

Epidemiological Evidence

A large number of studies investigated the associations
between tea consumption and the risk of developing dif-
ferent types of cancer (17). However, only one case-con-
trol study, three prospective cohort studies and one
meta-analysis were performed to determine the effects of
tea on the risk of developing glioma (Table 1). Besides
these five studies, there are three other studies examining
dietary categories and glioma risk (19-21). However,
these three studies do not allow reliable conclusions on
EGCQG, as tea was lumped with other caffeinated bever-
ages in these studies.

Table 1. Tea intake and its effects on the risk of glioma development.

Study Study population Duration Relevant results

Burch et al. (1998): Case—
control study

Holick et al. (2010): Prospective
cohort study

215 controls 215 glioma cases n/a No association between tea intake and the risk of glioma:
high intake vs. no intake (RR = 1.26; 95% Cl: 0.70-2.25)

Drinking eight or more cups of tea per week did not provide
any advantage (RR = 0.71; 95% Cl: 0.45-1.12)

Consumption of five or more cups of coffee and tea daily
compared with no consumption was associated with a
decreased risk of glioma (RR = 0.60; 95% Cl: 0.41-0.87)

Significant inverse association between the highest
examined level of tea intake (three or more cups per day)
vs. none (RR = 0.75; 95% Cl:0.57-0.99)

No benefit for “any vs. no intake” of tea in terms of reducing
glioma risk (RR = 0.84; 95% Cl: 0.69-1.03)

Consumption of five cups or more per day of “coffee and tea”
presented a health benefit against glioma (RR = 0.65;
95% Cl: 0.43-0.97)

A health benefit of tea consumption in preventing glioma
when comparing “any intake” vs. “no intake” (RR = 0.86,
95%Cl: 0.78-0.94) No benefit of highest tea intake vs.
lowest (RR = 0.88, 95% Cl: 0.69-1.12)

3 US cohorts: 88,795 women in
NHS1; 93,963 women in
NHS2; 47,897 men in HPFS.
335 glioma cases

14-24 yr follow-up

Dubrow et al. (2012):
Prospective cohort study

NIH-AARP Diet and Health Study
cohort: 545,771 men and
women 904 glioma cases

11 yr follow-up

4

Marleba et al. (2014): Meta-
analysis of four studies:
Burch et al., Holich et al.,
Dubrow et al., and Michaud
etal.

Michaud et al. (2010):
Prospective cohort study

n/a n/a

EPIC cohorts of 10 countries:
410,309 men and women
343 glioma cases

8.5 yr follow-up Samples were split into four quantiles based on tea intake.
With the first quantile having the lowest tea intake as a
reference, higher intake of tea did not associate with
lower risks of glioma. Lowest intake vs. highest intake: RR
= 1.05,96% Cl: 0.75, 1.48

Daily coffee and tea consumption of >100 ml provided a
lower risk to develop glioma (RR = 0.66; 95% Cl: 0.45-

0.96)
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The only case-control study to examine the associa-
tion between the risk to develop glioma and tea intake
was conducted by Burch et al. almost 30 yr ago and no
association (risk ratio (RR) = 1.26; 95% confidence inter-
val (CI): 0.70-2.25) was found for high intake compared
with “never used regularly” (22). In 2010, Holick et al.
investigated the effects of tea on glioma development in
a prospective cohort study (23). The results of this study
were drawn from a pooled population of participants in
three US cohorts (Nurses’ Health Study I and II, and the
Health Professionals Follow-up Study) and included 335
glioma cases (23). The effects of tea and/or coffee were
studied with 0-1 cup per day as a reference (23). Intake
of eight or more cups of tea per week did not provide
any advantage (RR = 0.71, 95% CI: 0.45-1.12), whereas
daily consumption of five or more cups of coffee and tea
as compared to no consumption was associated with a
decreased risk of glioma development (RR = 0.60; 95%
CI: 0.41-0.87) (23).

Michaud et al. reported in 2010 on the effects of coffee
and tea on glioma development in the European Pro-
spective Investigation into Cancer and Nutrition (EPIC)
cohort (24). The analysis was performed on 410,309
male and female subjects with a total of 343 glioma cas
es from ten countries in Europe, including Denmark,
France, Germany, Greece, Italy, the Netherlands, Nor-
way, Spain, Sweden, and the United Kingdom (24). The
study population was divided into four quantiles
depending on the amount of daily tea intake, and the
association between daily tea intake and the risk to
develop glioma was analyzed by comparing the lowest
tea intake quintile with the other quintiles (24). There
was no effect of tea consumption alone on the risk of
developing glioma (24). The authors also compared the
risk of the population that had a combined coffee and
tea intake of >100 ml/day with the risk of the population
that consumed <100 ml/day (24). The RR of each indi-
vidual country showed no significant association (except
for Spain with RR = 1.03; 95% CI: 0.54-0.95), whereas
the pooled results showed that coffee and tea consump-
tion of >100 ml/day provided a reduced risk of glioma
occurrence (RR = 0.66; 95% CI: 0.45-0.96) (24).

The most recent prospective cohort study was per-
formed by Dubrow et al. in the United States with a pop-
ulation of 545,771 participants (25). This population
showed a high incidence of glioma (904 cases) (25). The
base-multivariate model showed a significant difference
in the risk to develop glioma between the highest level of
tea intake and no tea intake (three or more cups per day
vs. none: RR = 0.75; 95% CI: 0.57-0.99) (25). In addi-
tion, consumption of five cups or more per day of “coffee
and tea” reduced the risk to develop glioma (RR = 0.65;
95% CI: 0.43-0.97) (25).

In the meta-analysis of Marleba et al. (26), the results
of the studies of Dubrow et al. (25), Holick et al. (23),
and Burch et al. (22) were pooled to investigate the asso-
ciation between tea intake and the risk to develop glioma
by comparing drinkers vs. non/occasional drinkers. The
study of Michaud et al. (24) was excluded from the anal-
ysis, because the lowest quintile of tea intake was used in
their study as a reference instead of no intake or occa-
sional intake (<1 cup per day) as was done in the other
three studies (22,23,25). The analysis showed a health
benefit of tea consumption to prevent the development
of glioma (RR = 0.86; 95% CI: 0.78-0.94). However, no
difference in glioma risk was found between the highest
tea intake group and the lowest tea intake group (RR =
0.88; 95% CI: 0.69-1.12).

A critical interpretation of the outcomes of the five stud-
ies leads to the conclusion that there is no consensus with
respect to the preventive effect of tea intake on glioma
development because of confounding effects, differences in
study design and/or limited evidence. The lack of classifica-
tion of tea types and inclusion of coffee [a result of the
focus in these studies on the effects of caffeine, which is
known to affect cell-cycle checkpoints, DNA repair, and
apoptosis (23)] may have created a major confounding
effect on the results of these studies. The three tea types
have different chemical compositions that significantly
affect their health effects. For instance, Cabrera et al. exam-
ined the levels of multiple tea components in 45 samples of
commercially available tea in Spain, and reported vast dif-
ferences in concentrations of catechins and other health-
benefit-providing compounds, such as gallic acid and caf-
feine (27). Lin et al. confirmed these differences in extract
samples of six commercially available tea types and showed
that green tea had the highest EGCG level as compared to
oolong tea, black tea, or red tea (28). The authors also dem-
onstrated that the apoptosis-inducing capacity in HL-60
cells was highest in green tea, then in oolong, followed by
black tea, and lowest in red tea (28). The different chemical
compounds in black tea and green tea are considered to
provide different health benefits (29). In the western world,
the most commonly consumed type of tea is black tea,
whereas green tea is the main tea type in Japan and parts of
China. Oolong tea only accounts for 2% of tea consumed
worldwide and is used mainly in southern China and Tai-
wan (30). It has been shown that there is around a fourfold
difference in the incidence of primary malignant brain
tumors between countries of high incidence (US, Canada,
New Zealand, Australia, and Finland), and countries of
low incidence (Philippines and India) (4). In addition, the
malignant brain tumor rate in Northern European coun-
tries is double that in Japan (4). Thus, differences in envi-
ronmental factors, including the consumption of different
tea types, may account for some of the observed geographic



differences (4). Hence, future research should include the
tea type as an important variable in questionnaires and
control for this variable when analyzing the data.

The small number of epidemiological studies investi-
gating the health benefit of tea on glioma reduces the
reliability of the conclusions. Unlike malignancies of the
prostate, breast, esophagus, stomach, colon, lung, liver or
pancreas, glioma have not been intensively investigated
in relation to tea intake (17). Thus, more epidemiological
studies, especially case-control studies, should be per-
formed to establish the effects of tea on the risk of glioma
development. Furthermore, such studies should examine
specifically the effects of EGCG as a pure compound to
allow reliable conclusions on its effects.

In conclusion, it is not yet possible to draw conclu-
sions on the preventive effects of green tea or EGCG on
the development of glioma. Hence, it is necessary to per-
form more studies on the association between tea, partic-
ularly green tea, and the risk to develop glioma with
these recommendations in mind. As green tea is more
frequently consumed in Eastern Asian countries and the
average daily intake of green tea is high, future research
should be performed in those countries.

The Effects of EGCG Monotherapy on Glioma
in Animal Models

The anticancer effects of EGCG have been investigated in
multiple animal models of cancer in over 100 publica-
tions (31). EGCG in doses of 30-45 mg/kg has demon-
strated significant anti-tumor effects in mice carrying
xenografts of melanoma, lung carcinoma, colon carci-
noma, pancreatic cancer, and prostate carcinoma (31-
33), but not breast carcinoma (34), suggesting that iden-
tification of predictive markers is important. Recently,
two studies examined the effects of EGCG on glioma in
animal models (Table 2). The results of these studies are
discussed in this section.

In 2011, Chen et al. examined the effects of EGCG
monotherapy on survival of nude mice with intracranial
U251 or U87 glioma xenografts (35). U251 (mutated
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TP53) or U87 (wild-type TP53) cells were injected into the
right frontal lobe of the mouse brain. Seven days after
tumor cell delivery, EGCG (50 mg/kg) was administered
daily by oral gavage in a 7-day-on/7-day-off cycle. This
14-day cycle was repeated until the animals became mori-
bund and were sacrificed. EGCG treatment did not pro-
long survival in both animal models. The authors reasoned
that the BBB may have limited EGCG distribution to the
cancer cells. Indeed, pharmacodynamics studies in rat con-
firmed low brain:plasma ratios of EGCG, which suggested
poor penetration of EGCG over the BBB due to the bipolar
functional groups in EGCG (36). However, the BBB in
orthotopic U87 xenografts is characteristically leaky (37),
so the results of Chen et al. suggested that EGCG did not
have direct anti-glioma effects in this model (35).

On the other hand, EGCG has been shown to potenti-
ate the anti-glioma effect of TMZ in orthotopically
grown U87 and U251 glioma xenografts in nude mice
(35). Moreover, EGCG monotherapy inhibited growth of
subcutaneous U251 xenografts in a study of Zhang et al.
(38). Mice received daily 50 mg/kg EGCG via intraperi-
toneal injection for 35 days, starting at one day after xen-
ografting (38). Tumor growth was significantly inhibited
in the treatment group (P = 0.0052). Hence, EGCG can
potentially inhibit the growth of glioma (38).

There is a number of explanations for the differences
in EGCG effects in both studies. First, the site of implan-
tation is important, since it directly impacts on cell
metabolism and behavior (37). In the avascular subcuta-
neous space, tumors will rapidly experience hypoxia and
are forced to induce a neovascular bed, contrasting the
situation in brain in which cancer cells may use pre-exis-
tent vessels (39). Furthermore, glioma cells may be pro-
tected to some extent by the BBB, although this issue
seems less relevant in case of U87 (37). Another explana-
tion for the difference in efficacy may be in the dosing
and route of administration. Chen et al. administered
EGCG orally and with longer intervals between doses
than Zhang et al. (35,38). Furthermore, the primary end-
point of the study of Chen et al. was overall mouse sur-
vival, whereas Zhang et al. directly measured tumor

Table 2. The effects of EGCG monotherapy in animal models of glioma.

Study Cell lines

Study design

Relevant results

Chen et al. (2011) U251
or U87

were sacrificed or had died
Parameter: survival time
Zhang et al. (2016) U251

Nude mouse model: intracranial tumor growth

Seven days after tumor cell delivery, EGCG (50 mg/kg)
was given daily in a 7-day-on/7-day-off cycle

The entire 14-day cycle was repeated until the animals

Nude mouse model: subcutaneously tumor growth
After U251 cells delivery, mice received daily

Both untreated and treated groups of mice quickly died
within approximately 27 days (in the case of U87
tumors) or within approximately 33 days (in the case
of U251 tumors)

Difference between treated group and control group was
twofold in tumor weight (P = 0.0052)

50 mg/kg EGCG by intraperitoneal injection for

35 days
Parameter: tumor weight
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volumes (35,38). Therefore, future studies should test the
effects of different dosages of EGCG, preferably adminis-
tered via direct intravenous or intraperitoneal injection
on orthotopic models of glioma. Moreover, longitudinal
evaluation of EGCG effects via non-invasive imaging
(e.g., MRI, luminescence imaging) provides better read-
outs of anti-tumor effects (37). Another area of research
that also requires much attention is the transportation of
EGCG over the BBB (36).

EGCG Inhibits Glioma Cell Growth in Vitro

EGCG inhibits the growth of various types of human
cancer cells in vitro, including glioma cells (16,31). Cell
proliferation, apoptosis, and invasive behavior of glioma
cells are affected by EGCG (Table 3), whereas the growth
inhibitory effect of EGCG is not observed in control
human astrocytes, which increases its potential for clini-
cal applications (40-42).

Cell Proliferation

The cytotoxic effects of a drug are usually determined by
its effects on cell viability. Viability assays measure the
activities of metabolically active proteins. Tetrazolium
compounds, such as MTT, MTS, and WST-8, are fre-
quently used in these assays as they are reduced by viable
cells to their purple formazans (43). In addition, viability
can be measured in ATP-quantification assays. Multiple
studies have demonstrated that EGCG inhibits viability
of human glioma cell lines (U251, MO59]J, U373, U87,
and U87 GSLC, 1321N1, SW1783, LN18) and the rat gli-
oma cell line C6 (40,42,44-47). However, since EGCG
has important effects on metabolism, as explained in
later sections, outcome of all these assays needs to be
interpreted with care since quiescence may be confused
with cell death.

Colony-formation assays have been performed to
measure long-term effects of EGCG treatment. At 10-
20 uM, EGCG did not inhibit colony formation of
LN229 and U251 glioma cells in the study of Golen et al.
(48), but a dose-dependent inhibition of colony forma-
tion by EGCG was reported by Chen et al. (0-100 M of
EGCG applied to U87 and U251 cells) (35) and Zhang
et al. (0-200 uM of EGCG applied to U87 and U87
GSLC (47). U87 GSLCs express stem cell markers such
as CD133 and ALDHI1 and are considered to make up
the tumorigenic cell population in glioblastoma with
an unlimited proliferation potential to support tumor
development and maintenance (12). Furthermore, two
independent studies reported that 20-50 M EGCG pre-
vented spheroid formation of A172 glioma cells in semi-

solid agar (49,50). These results further confirm the
growth inhibitory effect of EGCG on glioma cells.

However, there are contradictory results showing no
significant effects of EGCG, which may have resulted
from different durations of treatment and, possibly, oxi-
dation during storage (34). Interestingly, one study
showed that low concentrations of EGCG (<5 uM)
stimulate colony formations of U87 and U251 cells (35).
This phenomenon can be explained by the multiple
modes of action of EGCG, which are discussed in sec-
tions below.

Cell Death

A drug can exert its cytotoxic effects by induction of cell
death. Dead cells can be detected by using various assays
based on, for example, terminal deoxynucleotidyl trans-
ferase dUTP nick-end labeling (TUNEL), annexin-V,
trypan blue, propidium iodide (PI), or Wright staining.
Multiple studies reported tumoricidal effects of EGCG
on human glioma cells (U87, T98G, U373, U251, A172,
MO59J) and the rat glioma cell line C6 (41,42,44,46,51-
53), whereas normal human astrocytes and rat pituitary
tumor cells (MtT/E) were resistant to the effects of
EGCG (41,42). Another way to detect cell death is to
measure the mitochondrial membrane potential, the
activity of apoptosis-associated proteins, and the activity
of anti-apoptotic proteins. Indeed, disrupted mitochon-
drial potential, decreased levels of BCL-2 and phosphor-
ylated AKT, and increased levels of BAX, activated
caspases, free calcium, cleaved BID, and cleaved PARP
have been found after EGCG treatment (41,47,51).

Controversies exist in the literature with respect to the
apoptosis-inducing effects of EGCG. Chen et al. did not
observe increased death of U87 cells after 48 h of treat-
ment with 20 uM EGCG using PI and TUNEL assays
(35), while McLaughlin et al. reported cell death-induc-
tion effects of EGCG on U76 cells at lower EGCG con-
centrations and shorter incubation periods (6 h) (52).
Therefore, it is important that these studies are repeated
with proper preparations of (non-oxidized) EGCG under
different conditions with respect to concentration and
period of incubation. Given the large number of studies
that do report cell-killing effects of EGCG, it seems
appropriate to conclude that EGCG can induce cell death
in glioma cells in vitro.

Invasion

Glioma tumors are highly invasive that limits the effec-
tiveness of surgery and IR. Therefore, inhibition of inva-
siveness of glioma cells is of utmost importance for the
outcome of glioma patients, because it allows more
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radical local therapy (further explained in section V.1).
Investigation of this aspect of EGCG in clinically relevant
animal models of diffuse glioma, representing angiogenic
and diffuse growth patterns, have unfortunately not been
performed so far. An alternative way to test invasiveness
of cells is the matrigel assay and multiple studies
reported inhibitory effects of EGCG on invasiveness of
multiple glioma cell lines (U87, U87 GSLC, and U251)
(46,47,51,54). Validation of these results in vivo settings
would be of great importance, because glioblastoma
characteristically contains angiogenic areas with leaky
vessels and disrupted BBB, which may be amenable for
EGCG targeting.

The Effects of EGCG in Combination
with other Therapies

EGCG has been shown to enhance efficacy of chemo-
therapeutic agents in in vitro and in vivo settings for var-
ious types of cancer. For example, EGCG can boost the
effects of paclitaxel therapy in breast cancer, doxorubicin
therapy in liver cancer, and interferon therapy in mela-
noma (27,29,55). Since the standard care for malignant
glioma has limited efficacy, adjuvant treatments with
EGCG may be a highly interesting option (Table 4).

Radiotherapy

McLaughlin et al. examined whether EGCG treatment
potentiated anti-glioma effects of IR using U87 cells (52).
First, the radio-resistant properties of U87 cells were
demonstrated using high doses of IR (10-30 Gy), and
were compared to other cell lines such as DAOY, U118,
and U138. U87 cells showed a 40% decrease in prolifera-
tion rate after exposure to 10 Gy IR and 50% decrease
after exposure to 30 Gy IR. The combined treatment of
EGCG and 10 Gy IR reduced the proliferation rate of
U87 cells by 60%, whereas cells treated with EGCG alone
or IR alone only showed a proliferation rate reduction of

35% and 40%, respectively. Therefore, EGCG can poten-
tially be used to enhance anti-glioma IR. Strikingly,
EGCG has been shown to protect DU145 cells against IR
(56). Thus, it is important to identify the underlying
mechanisms explaining the different effects of EGCG on
different cell lines to avoid radioprotection of glioma by
EGCG instead of radiosensitization.

Chemotherapeutic Agents

TMZ is an alkylating chemotherapeutic agent that is used for
newly diagnosed glioblastoma but, as discussed, its effects are
limited to a few months of prolonged overall survival (57),
emphasizing that more efficient treatment options are
urgently needed. Apart from synergizing with TMZ (35),
EGCG also potentiated the effects of carmustine (BCNU),
cisplatin, and tamoxifen in various glioma cell lines (38,47).
Carmustine is an alkylating agent, cisplatin causes DNA
damage in cells, and tamoxifen inhibits proliferation of can-
cer cells by blocking estrogen receptors (47,58,59). The
effects were also observed in U87 cells when grown as neuro-
spheres (45). Although U87 is now recognized as being a less
relevant model of glioma (37), these results warrant intense
investigations on the potential of EGCG to reverse or prevent
chemoresistance in glioblastoma patients.

TNF-related apoptosis-inducing ligand (TRAIL) is a
relatively safe and promising chemotherapeutic agent to
trigger apoptosis specifically in cancer cells via death
receptors (53). However, cancer cells often develop resis-
tance against TRAIL over time (53). Seigelin et al. pro-
vided evidence that EGCG enhanced TRAIL-mediated
apoptosis in three human glioblastoma cell lines, inde-
pendently of TP53 status (53).

On the other hand, EGCG reduces the therapeutic
effects of bortezomib (BZM) on glioma cells. BZM is a
selective inhibitor of the proteasome 26S which is
responsible for the degradation of ubiquitinated proteins
(48). Inhibition of the proteasome 26S subunit has sev-
eral consequences, including excessive accumulation of

Table 4. The effects of the combination of EGCG with other anti-glioma therapies in vitro and in vivo.

Study Cell lines

Anti-glioma therapy

Conclusion

Chen et al. (2011) U87 and U251 T™MZ

EGCG augments the anti-tumor effects of TMZ in both in vitro
and in vivo settings

Golden et al. (2009) U251 and LN229 BZM and fenretinide EGCG form a stable cyclic boronate adduct with the boronic
acid moiety, thereby preventing therapeutic effects of
boronic-acid-moiety-containing drugs, such as BZM and
fenretinide

McLaughlin et al. (2005) u87 IR EGCG enhances efficacy of IR on growth inhibition of an IR-

U87 and 1321N1
u87, U251, A172

Shervington et al. (2008)
Siegelin et al. (2008) TRAIL

Zhang et al. (2015) U87 and U87 GLSC

Cisplatin and tamoxifen

TMZ and BCNU

resistant glioma cell line U87 in vitro

EGCG increases effects of cisplatin and tamoxifen in vitro

EGCG and TRAIL act in synergy in inhibition of tumor growth in
vitro

EGCG improves the anti-tumor effects of both TMZ and BCNU in
chemo-resistant cells in vitro




misfolded proteins, which ultimately generates endoplas-
mic reticulum (ER) stress and cell death. Golden et al.
tested the effects of EGCG in combination with BZM on
U251 and LN229 cells using two assays: the MTT assay
to determine immediate effects on cell viability and the
colony-formation assay to reveal consequences for long-
term survival (48). In both experimental settings, EGCG
effectively blocked proteasome inhibition by BZM,
thereby reducing the efficacy of BZM to kill glioma cells.
Antagonism of EGCG and BZM was confirmed in other
cell lines in independent studies (44). Possibly, EGCG
forms a stable cyclic boronate adduct with the boronic
acid moiety of BZM, thus preventing BZM from acting
as a proteasome inhibitor (48). Via similar mechanisms,
EGCG inhibits the effects of fenretinide, an agent that
induces ER stress (44). Consequently, these studies show
that patients undergoing BZM or fenretinide therapy
should avoid EGCG intake.

In summary, EGCG can enhance the effects of var-
ious chemotherapeutic agents, but potential antago-
nistic interactions between EGCG and drugs need to
be considered.

Stability and Bioavailability of EGCG

Although EGCG has been demonstrated to possess anti-
cancer properties in vitro and in several animal models,
its stability and bioavailability have been a point of discus-
sion for its clinical applicability. The health-promoting
effects of EGCG can be hampered due to degradation of
EGCG in biological fluids, or even during tea processing
and storage (60). This degradation takes place in two
major reactions: epimerization and auto-oxidation (60).
The rates of these reactions are dependent on several fac-
tors, such as EGCG concentration, pH, and temperature
(60). For example, the half-life of EGCG in solution
increases from 30 min at 20 M to 150 min at 96 uM
(61). EGCG is stable at pH 2.0-5.5 and the exposure to
various pH levels after oral administration has been
reported as one of the reasons for its poor bioavailability
(62,63). Low temperature helps stabilize EGCG as the
half-life of a 109 mM EGCG solution decreases from
7 days at 4°C to 2 days at room temperature.
Furthermore, the oral bioavailability of EGCG has
been documented to be low in animal models and in
men. For instance, when measured in conscious and
freely moving rats, Lin et al. observed an oral bioavail-
ability of 4.95% for EGCG (36). Chen et al. stated a lower
percentage of 1.6% in a different rat model and Lambert
et al. reported a percentage of 25% in mice (64,65).
EGCG has been reported to be weakly absorbed by the
intestines (64). In addition, whereas Lin et al. measured
an average concentration of 5 ng/ml in various brain
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regions in rat at 15 min after intravenous administration
of EGCG (5 ng/kg), Nakagawa and Miyazawa detected a
level of 0.5 nmol/g in rat brain tissue at 60 min after oral
administration (500 mg/kg) (36,66). It is argued that low
levels of EGCG in brain may be due to its bipolar func-
tional group (Fig. 1), causing difficulty in penetrating the
BBB (36). Additionally, 92.4% EGCG in rat plasma is
shown to be protein-bound and such large complexes
may not be easily transported transcellularly over the
endothelial cells that are part of the BBB, resulting in
limited EGCG levels in brain tissue (36). In men, EGCG
levels after oral administration of green tea (3 tea bags
containing 213 mg of EGCG) and green tea supplements
(3 capsules containing 193 mg of EGCG) is 80 nmol/l
and 150 nm/l, respectively (67). The bioavailability of
EGCG is calculated to be 0.1-1.1% (67). Besides, a
plasma polyphenol concentration of 7.5 pmol/l was
required for increased anti-oxidant activity; however, the
maximal plasma concentration of total flavanols, includ-
ing EC, EGC, ECG, and EGCG after oral administration
of green tea was only 1.2 umol/l (67). Thus, innovative
methods to increase bioavailability of EGCG are of sig-
nificance to increase its clinical applicability.

Current research is exploring different options,
including pro-drugs, co-treatment, and encapsulation, to
enhance bioavailability of EGCG. Multiple pro-forms of
EGCG have been investigated and have shown increased
stability, bioavailability, and biological activities in vivo
and in vitro (68-72). Co-treatment of EGCG with piper-
ine (from black pepper) enhances the bioavailability
of EGCG by 1.3-fold in mice (73). Several studies have
demonstrated that encapsulation of EGCG inside a po
lymer matrix, such as chitosan-based nanocarriers,
improves its pharmacokinetics and pharmacodynamics
(74). Hence, the potential of EGCG in clinical applica-
tions is boosted by these technologies.

Mechanism of Actions of EGCG

EGCG has a wide range of biological activities that may
be involved in its effects on cancer cells (15). Since differ-
ent types of cancer harbor different protein expression
profiles and cancer cells are genetically unstable, growth
inhibitory effects of EGCG may be different in various
types of cancer and also in individual patients. This
review focuses primarily on the effects of EGCG that
have been found in glioma cell lines which are summa-
rized in Fig. 2.

Anti-Oxidant and Oxidative Properties

In order to explain the cancer-preventive effects of tea
that have been observed in epidemiological studies, it has
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Figure 2. Mechanisms of anti-glioma effects of EGCG. EGCG reduces the risk to develop glioma with its anti-oxidant property. At the
same time, EGCG can be beneficial to treat glioma patients because it can disrupt redox homeostasis, enhance the efficacy of anti-gli-
oma therapies, and regulate multiple pathways involved in survival and progression of glioma cells.

been hypothesized that EGCG acts as a scavenger of ROS
and consequently prevents tumor development (31).
Furthermore, these anti-oxidative effects of EGCG are
more prominent in old than in young rats (75). At low
concentrations (<5 uM), EGCG has been reported to
provide a growth advantage for U251 and U87 glioma
cells, which may be attributed to the ROS-scavenging
capacity of EGCG (35). However, the ROS-scavenging
properties of EGCG have not yet been extensively inves-
tigated in glioma cells.

On the other hand, at higher concentrations EGCG
reduces the activity of NADPH-generating enzymes
(38) and consequently decreases the ROS-scavenging
potential, which contributes to the apoptosis-inducing
effects of EGCG. Agarwal et al. found that treatment
of U87 cells with 25 uM EGCG did not induce ROS
production, but a significant 1.7- and 2-fold increase
in ROS production was detected in cells treated with
50 uM and 100 uM EGCG, respectively (51). To
examine the relevance of increased oxidative stress
induced by EGCG, US87 cells were treated with
EGCG, 1 mM N-acetyl cysteine (a ROS scavenger), or
a combination of both for 48 h. The 22-fold increase
in cell death after treating U87 cells with 100 uM
EGCG was annihilated when EGCG treatment was
combined with N-acetyl cysteine. This suggests that
the anticancer effects of EGCG are mediated by
induction of ROS. Furthermore, EGCG suppressed
expression of the molecules associated with the main-
tenance of redox homeostasis (51). Specifically, EGCG
drastically decreased expression of thioredoxin-1
(TRX-1) and ceruloplasmin (CP), both of which play
an important roles in the cellular defense against
ROS (51).

Das et al. confirmed the results of Agarwal by showing
that EGCG (50 uM) treatment for 24 h increased oxidative
stress in T98G and U87 cells (41). Taking it a step further,
Das et al. also found that EGCG-induced ROS accumula-
tion triggered cell death via phosphorylation of p38 and
JNK1 (41), ultimately leading to the expression and activa-
tion of pro-apoptotic proteins and suppression of pro-sur-
vival proteins (41). Furthermore, EGCG treatment
downregulated NF-«B, a survival factor for glioma (41).

Therapy Sensitization

1) Telomerase
Treatment resistance is a major problem in glioma. A
central dogma in cancer biology is that elevated telome-
rase levels ensure that telomere length is maintained.
Moreover, telomerase levels are often correlated with
tumor grade and progression in glioma (76). Shervington
et al. showed that addition of EGCG significantly
reduced expression of telomerase mRNA in glioma cells
(40), an effect also observed in lung cancer, cancer of
oral cavity, thyroid cancer, and liver cancer (77,78). Inhi-
bition of telomerase may lead to shortening of telomeres
to a critical length, resulting in genome instability and
ultimately activation of the apoptotic pathway. This phe-
nomenon may explain the therapy-sensitizing effects of
EGCG in cancer, including glioma (40,77).

2) P-glycoprotein

P-glycoprotein (P-gp) is a transmembrane multidrug-
resistance protein that pumps many toxic compounds,
including anticancer drugs, out of cells (47). Zhang et al.
presented evidence that EGCG suppressed P-gp activity
(47). Both mRNA levels and protein levels of P-gp were
reduced in a dose-dependent manner after EGCG



treatment (47). This may provide an additional explana-
tion of the synergy between EGCG and chemotherapies,
including TMZ and BCNU (47).

3) GRP78

GRP78 is a chaperone protein with several anti-apo-
ptotic functions, including binding to and preventing the
activation of caspase-7 and may be involved in chemore-
sistance of cancer cells (48). The high expression levels
of GRP78 are associated with poor outcome in glioblas-
toma patients (79). Inhibition of GRP78 is considered as
an attractive mean to induce chemosensitization (48,80).
EGCG has been shown to interact with GRP78 at the
ATP-binding domain of the protein, reducing its activity
(81,82).

4) Survivin

McLaughlin et al. demonstrated that EGCG enhanced
the therapeutic efficacy of anti-glioma therapies, specifi-
cally IR, by downregulating expression of the pro-survival
protein survivin (52). Survivin has been found to enhance
radio-resistance in human glioblastoma cells (83). Survi-
vin expression is induced by IR and suppresses caspase-
mediated apoptosis by binding and inhibiting caspase-9
or smac-Diablo (83). The TRAIL-sensitizing effects of
EGCG to glioma cells via suppression of survivin expres-
sion has been confirmed in other studies (52,53).

5) PEAILS

Seigelin et al. found that 24 h treatment of U87 and
A172 cells with 20 uM EGCG significantly downregu-
lated the levels of both survivin and PEA15 (53), conse-
quently sensitizing TRAIL-resistant glioma cells to
TRAIL treatment (53). PEA15 is an inhibitor of caspase-
8 and its expression has been found to be upregulated in
different glioma cell lines and correlates with resistance
of human glioma cells to anticancer drugs, such as
TRAIL (53).

Downregulation of PEA15 and survivin by EGCG has
been shown to occur via reduced phosphorylation of Akt
in U87 cells (53). In addition, downregulation of telome-
rase expression was also found to occur by suppression
of phosphorylation of AKT (84). Moreover, GRP78 has
been reported to be responsible for tamoxifen resistance
in breast cancer which is regulated by phosphorylated
AKT (85). P-gp is also under control of phosphorylated
AKT in other cancer types (86,87). Therefore, it seems
that EGCG sensitizes glioma cells to anticancer therapies
by decreasing AKT phosphorylation in glioma cells.

Modulation of Intracellular Signaling

1) Proliferation and survival
One of the mechanisms of inhibition of cell growth by
EGCQG is its effect on the PDGF pathway (50). PDGF
receptor 8 (PDGF-RB) conveys mitogenic signals by
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autophosphorylation of tyrosine residues after binding
to ligand PDGE-BB (50). The roles of PDGF-BB and its
receptor in cell proliferation have been investigated in a
range of cancer types, such as glioma, sarcoma, breast
cancer, colon cancer, and melanoma (50,88,89). Specifi-
cally, it has been proposed that autocrine activation of
PDGEF-RS is involved in the development and progres-
sion of glioma (88,90). Treatment of A172 glioblastoma
cells with EGCG (50 uM) led to a significant inhibition
of the PDGF-BB-induced tyrosine phosphorylation of
PDGF-RB (50). Inhibition of PDGF-Rf corresponded
with inhibition of spheroid formation of A172 cells (50).
EGCG has also been shown to inhibit PDGF-induced
proliferation of other cancer types by inhibiting phos-
phorylation of PDGF-Rf (91,92). Furthermore, EGCG
has been shown to directly interact with PDFG-BB via
its galloyl group and thus prevents PDFG-BB from bind-
ing to PDGF-RB (93). Therefore, it is likely that EGCG
inhibits the phosphorylation of PDGF-RS in glioma cells
via blocking PDFG-BB from binding to its receptor.

IGF-1 promotes tumor growth via inhibition of apo-
ptosis by interacting with IGF-1 receptors (94).
Yokoyama et al. observed that anti-IGF-1 antibodies fur-
ther reduced the viability of EGCG-pretreated U87 and
MIT/E cells (42). This effect was more prominent in the
EGCG-resistant rat non-functioning pituitary adenoma
MLtT/E cells with a higher IGF-1 expression level as com-
pared to U87 cells (42). These results suggest that high
IGF-1 expression restricts the inhibitory effects of EGCG
on cell proliferation. Binding of EGCG to IGF-1 receptors
at the ATP-binding site has been demonstrated by Li et al.
(95). Binding of EGCG to IGF-1 receptors inhibits phos-
phorylation of the receptors and activation of the down-
stream signaling pathway, resulting in reduced tumor
growth (96,97). Hence, expression and release of IGF-1 in
cell types, such as MtT/E, may reduce inhibitory effects of
EGCG. In summary, EGCG can inhibit the pro-apoptotic
activity of IGF-1 by competitively binding to IGF-1R.

67LR is frequently overexpressed in glioma cells and
is associated with tumor progression and poor progno-
sis (98,99). This receptor functions via MAPK pathways
and regulates multiple physiological processes, such as
cell proliferation, differentiation and invasion (99).
Cytotoxic effects of EGCG may occur via 67LR (46).
Transfection of cells with siRNA silencing 67LR
(shRNA-67LR) before EGCG treatment reduces the
apoptosis-inducing effects of EGCG. Hence, EGCG
may induce glioma cell death via 67LR as 67LR is a nat-
ural binding target of EGCG (100).

2) Cell migration

EGCG inhibits invasion of glioma cells by inhibition
of MT1-MMP (54,101,102). EGCG reduces the expres-
sion of MT1-MMP via gene silencing (54). MT1-MMP
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promotes invasion of glioma cells by activation of pro-
MMP2 into MMP2 (101). Strong dose-dependent inhibi-
tion of EGCG on the activity of MMP2 in U87 has been
detected by gelatin zymography (46,103). Even when
U87 cells are exposed to concanavalin A, a strong
inducer of MT1-MMP expression and activator of pro-
MMP2, EGCG still inhibits the activation of pro-MMP2
into MMP2 by MT1-MMP (103). Since MMP2 is a
major protease involved in invasive behavior of cells
(104), inhibition of MMP2 activation via MT1-MMP by
EGCG leads to reduced invasiveness of glioma cells.

Besides, MT1-MMP regulates invasion of glioma cells
via CD44 expression and the actin cytoskeleton (102).
CD44 is a transmembrane receptor for extracellular
matrix components, such as osteopontin and hyaluronan
(HA) (102,105). Both CD44 and its ligand HA have been
demonstrated to promote tumor migration (106,107). By
binding to CD44, HA induces cleavage of CD44 from
the cell surface, which is critical for cellular detachme
nt and cellular invasive behavior (106). Through its
cytoplasmic domain, MT1-MMP regulates the MAPK
signaling pathway, leading to profound cytoskeletal
restructuring and increased expression of RhoA
(101,102). Increased RhoA expression results in activa-
tion of ROK which phosphorylates the cytoplasmic
domain of CD44 and facilitates CD44/HA binding (101).
Hence, by inhibition of the expression and activity of
MT1-MMP, EGCG reduces the HA-induced cleavage of
CD44. Additionally, suppression of invasion of U87 cells
by EGCG has been shown to occur by reduction of F-
actin levels, which disrupts cytoskeletal architecture (51).
Since MT1-MMP affects the actin cytoskeleton to facili-
tate cell migration via the MAPK pathway, inhibition of
MT1-MMP by EGCG may lead to a disrupted actin net-
work (51,101). In summary, EGCG limits the invasion of
glioma cells by disturbing the cleavage of CD44 and the
restructuring of the cytoskeleton via inhibition of MT1-
MMP (101).

Furthermore, EGCG inhibits the activity of MMP9 in
U87 and U251 cells (46,103). Increased expression of
MMP9 has been shown to be associated with increased
invasive behavior of U251 cells (108). Agarwal et al.
reported a significant twofold decrease in levels of inter-
leukin 6 (IL-6), IL-8, monocyte chemoattractant protein-
1 (MCP-1), and chemokine ligand 5 (CCL5 or RANTES)
levels after treating U87 cells with 100 uM of EGCG
(51). These cytokines and chemokines induce invasion
of glioma cells (109). Similar effects have been found in
human prostate carcinoma cells (94). Pro-inflammatory
cytokine IL-6 plays a role in the progression of astrocy-
toma to higher grade glioma by inducing expression of
VEGF (111). Moreover, IL-6 can increase invasiveness of
U87 via upregulation of MMP-2 (112). Additionally,

EGCG inhibits urokinase-type plasminogen activator
(uPa) activity in U87 cells, a protease that can activate
MMPs and thus enhance degradation of the extracellular
matrix for invasion purposes (51,113). Similar effects of
EGCG on uPa has been reported for human fibrosar-
coma (110).

3) Metabolism

One of the hallmarks of cancer is metabolic remodel-
ing, as proliferating cancer cells need large amounts of
nutrients, including glucose and glutamine, and shunt
metabolites into anabolic pathways (114,115). Glutami-
nolysis and glutamatolysis occur in mitochondria,
involving sequential conversion of glutamine to gluta-
mate, and then to alpha-ketoglutarate («¢-KG). a-KG is a
co-factor for many enzymes and an intermediate of the
tricarboxylic acid cycle that produces ATP and supplies
anabolic carbons for generating amino acid, lipid, and
nucleotides (38). The conversion of glutamate to o-KG is
catalyzed by glutamate dehydrogenase (GDH), glutamate
pyruvate transaminase 2 (GPT2), or glutamate oxaloace-
tate transaminase 2 (GOT?2) (38). Besides, IDH1/2 are
responsible for catalyzing the conversion of isocitrate to
a-KG. Mutations in IDH1/2 are oncogenic drivers of
low-grade glioma and secondary glioblastoma (115).
IDH1/2 mutations result in production of the oncometa-
bolite D-2-hydroxyglutarate (D-2HG), depletion of
a-KG, reduced NADPH production capacity, increased
NADPH consumption, and inhibition of a-KG-depen-
dent enzymes (116,117). It has been hypothesized that
IDH1/2 mutations render glioma cells dependent on
production of a-KG by importing the neurotransmitter
glutamate from the brain microenvironment and its sub-
sequent conversion to o-KG (116). EGCG binds directly
to GDH and thereby suppresses its activity, reducing
intracellular «-KG levels, and NAD (P)H production
during the GDH reaction (118,119). Activators of GDH
are ADP and leucine, whereas important inhibitors are
GTP, palmitoyl CoA, and ATP (119). Li et al. demon-
strated that EGCG specifically and allosterically inhibited
GDH by binding to the ADP-activating site (118,119).
Consequently, it reduces cell viability and colony forma-
tion in GDH-overexpressing U251 cells both in vivo and
in vitro (38). As a result, interaction between EGCG and
GDH in glioma cells can block an important metabolic
pathway that supplies building blocks for tumor growth,
facilitate ROS accumulation in mitochondria, and induce
apoptosis.

Conclusion

Although limited, there is evidence of the inhibitory
effects of EGCG on glioma from different types of studies
and experimental settings. Epidemiological studies so far



have only focused on tea as a caffeinated drink and hence
it is not possible to draw a conclusion on the effects of
EGCG or green tea on reducing the risk of glioma devel-
opment. Further epidemiological studies are needed with
careful control for confounders, especially tea types. In
vivo studies are also limited and report conflicting find-
ings. These studies have to be repeated to demonstrate
effects of EGCG on both survival benefit and tumor
growth in animal models. Most in vitro studies have
demonstrated cytotoxic effects of EGCG on various gli-
oma cell lines in different assays, such as proliferation
assays, apoptosis assays, and migration assays. The most
promising potential of EGCG is as an adjuvant to con-
ventional anti-glioma therapies, such as IR and TMZ,
but caution is needed when patients are treated with
drugs with a boronic acid moiety, such as BMZ.
Although the instability and low bioavailability of EGCG
create concerns for its clinical applicability, multiple sci-
entific solutions such as pro-drugs, co-treatment, and
encapsulation are being investigated to exploit EGCG’s
anticancer effects in clinics. Finally, mechanisms of
action of EGCG have been partly elucidated with the
involvement of multiple pathways and proteins. How-
ever, more research is certainly required to complete the
conundrum of all the molecular mechanisms that govern
the cytotoxic effects of EGCG on the survival, prolifera-
tion, migration, and metabolism of glioma.
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