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Scope: Green tea and its major constituent epigallocatechin gallate (EGCG) have been exten-
sively studied as potential treatment for a variety of diseases. We assessed the influence of
EGCG on male fertilizing potential by analyzing different features of human sperm involved
in capacitation process.

Methods and results: Using human normozoospermic samples, we evaluated the effect of
EGCG (2 pM, 20 pM, 60 pM) on sperm activities. Our results showed that lower doses of
EGCG (from 2 to 20 pM) increased cholesterol efflux and tyrosine phosphorylation through
the estrogen receptor (ER), since ICI 182,780, a specific ER antagonist, abrogated 20 uM EGCG
effects. Besides, we evidenced that EGCG at similar concentrations, increased sperm motility,
viability, and phosphorylation of proteins controlling cell survival such as Bcl2, Akt, and Src,
via ER. Furthermore, we observed reduction of triglycerides content, induction of lipase, as
well as the G6PDH activity. These results address to an increase in energy expenditure. On
the contrary, treatment of 60 pM EGCG produced opposite effects that still appear after ICI
cotreatment.

Conclusion: These results provide a novel mechanism involving ERs through which low doses
of EGCG exerted benefits to sperm physiology, also detected data evidence the adverse action
of high EGCG concentrations probably related to its prooxidant and antiestrogenic potential.
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1 Introduction

An expanding body of preclinical evidences suggests that epi-
gallocatechin gallate (EGCG), the major catechin found in
green tea, has the potential to impact a variety of human
diseases. EGCG depending on concentrations, functions as a
powerful antioxidant, preventing oxidative damage in healthy
cells, but also as an antiangiogenic and antitumor agent with
chemopreventative properties [1].

The green tea extracts (GTEs) show protection of cardio-
vascular system [2], reduction of blood glucose and choles-
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terol [3], and anti-inflammatory [4] effects. Besides in vitro
research using human cancerous cell lines has shown EGCG
to inhibit cell proliferation [5-7], to alter progression through
the cell cycle [8,9], to induce apoptosis [8-11], and to promote
telomere shortening [12].

Moreover, catechins oral administration in rats has been
reported many endocrinological actions. Among others, Divi
and Doerge [13] demonstrated that catechin inhibits thyroid
peroxidase (TPO), though in vivo long-term effect on thyroid
functions has not been reported. Administration to rats of
Polyphenone-60 (P-60), which are water extracts of green tea
leaves, at high dose induced goiters and decreased weights
of the testis and prostate gland in F344 rats [14]. However,
the effect of catechins on endocrine system especially related
to male fertility was seldom studied [15]. There was evidence
that green tea polyphenols inhibited testosterone production
inrat Leydig cells (LCs) in vitro by inhibitions of the PKA/PKC
pathways, P450 side chain cleavage enzyme (P450scc), and
17b-hydroxysteroid dehydrogenase (17b-HSD) [16]. Itis worth
of notice that EGCG, via its gallate group, may act on the
Estogen Receptor (ER-a and ER-B), thereby mimicking the
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7a-position of 17B-estradiol (E2) [17]. In target cells, it exerts
opposite effects, eliciting antiestrogenic action and cytotoxic-
ity [18,19] at higher doses (100-150 uM), while coestrogenic
for ER-a at lower doses (<5 uM).

ER-a and ER-B are detected in germ cells from spermato-
gonia to spermatozoa [20, 21]. In human sperm, ERs were
found differently located since both receptors are in the mid-
piece, while ER-B also in the flagellum. Sperm are able to syn-
thesize estrogen [22] and in ejaculated sperm, E2/ERs activate
the PI3K/Akt pathway, stimulates various sperm functions
including motility, longevity, capacitation, and acrosome re-
action [23,24].

Immediately after ejaculation, human spermatozoa do not
possess the ability to fertilize an oocyte, but they acquire this
ability in the female reproductive tract. This process is known
as capacitation [25-27]. Capacitation enables the sperm to
bind to the zona pellucida (ZP) and undergo the acrosome
reaction, to facilitate the penetration of the ZP and, subse-
quently, to aid the oocyte—sperm fusion process [25].

Despite the data supporting the beneficial effects of a diet
rich in green tea polyphenols, few studies have shown their
safety and potential toxicity when administered at high doses,
as highly concentrated or nearly pure compounds [28].

Hence, by analyzing several biochemical changes of capac-
itation, we assessed the influence of different concentrations
of EGCG on male fertilizing potential. Since the tyrosine ki-
nase Src is a key player in the signal transduction cascade
occurring during sperm capacitation [26] while Akt and Bcl2
in survival, we assessed their expression. In addition, as there
is a close link between energy balance and reproduction [29],
and we recently reported that sperm cells are able to mod-
ulate their own metabolism independently of systemic reg-
ulation [30], we evaluated the action of EGCG on lipid and
glucose metabolism in human sperm.

2 Materials and methods
2.1 Chemicals

Percoll (colloidal PVP-coated silica for cell separation),
sodium bicarbonate, sodium lactate, sodium pyruvate,
DMSO, Earle’s balanced salt solution, and (—)-EGCG from
green tea were purchased from Sigma-Aldrich (# E4143) (Mi-
lan, Ttaly). ICI 182,780 (ICI, ER antagonist), and RU486 (PR
antagonist) were purchased from Zeneca Pharmaceuticals
(Cheshire, UK). Both are used to test the specific action of
EGCG through ER but not through PR. Acrylamide bisacry-
lamide was from Labtek Eurobio (Milan, Italy). Triton X-100,
Eosin Y was from Farmitalia Carlo Erba (Milan, Italy). ECL
Plus Western blotting detection system, Hybond™ ECL™,
Hepes Sodium Salt were from Amersham Pharmacia Biotech
(Buckinghamshire, UK). Abs p-Src (Tyr139), p-Bcl2, p-Akt, to-
tal Src, total Bcl2, total Akt were from Santa Cruz Biotechnol-
ogy (Heidelberg, Germany). Antiphosphotyrosine was from
Calbiochem (Canada, US). EGCG was dissolved in water. ICI
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and RU486 were dissolved in ethanol (0.02% final concentra-
tion in culture). Ethanol was used as solvent control.

2.2 Semen samples and spermatozoa preparations

Human semen was collected, according to the World Health
Organization [31] recommendations, by masturbation from
healthy volunteer donors. Spermatozoa preparations were
performed as previously described [22]. Each sperm sam-
ple was obtained by pooling the ejaculates of three differ-
ent normozoospermic healthy donors. In our experience,
this was necessary to obtain enough cells to perform all the
tests [32,33]. Final sperm concentration of resuspended sam-
ples during treatments was 20 x 10°/mL.

After liquefaction, the normal ejaculates were pooled and
subjected to centrifugation (800xg) for 5" on a discontinuous
Percoll density gradient (80:40% v:v) [31]. The 80% Percoll
fraction was examined using an optical microscope at 100x
magnification to ensure that a pure sample of sperm was
obtained. Percoll-purified sperm was washed with uncapaci-
tating medium (Earle’s balanced salt solution medium) (t0),
and incubated for 30 min at 37°C and 5% CO,, without (—)
or with the indicated concentrations of EGCG. Also, all the
parameters were assessed at time 0 (t0). When combined
treatments were performed, the cells were pretreated for
15 min with the ER antagonist ICI (1 uM) or RU486 (1 wM).

Each assay was performed using six different sperm sam-
ples. Histograms represent mean + SD of six independent
experiments each in duplicate. The study was approved by
the local medical ethical committees, and all participants gave
their informed consent.

2.3 Evaluation of sperm motility and viability

Sperm motility was assessed as previously described [33].
Viability was assessed by red eosin exclusion test using eosin
Y [32).

2.4 Measurement of cholesterol in the sperm culture
medium

Cholesterol was measured in duplicate in the incubation
medium from human spermatozoa by a cholesterol oxidase—
peroxidase (CHOD-POD) enzymatic colorimetric method ac-
cordingly to the manufacturer’s instructions (Inter-Medical
Biogemina, Naples, Italy). For each sperm, sample culture
media were recovered by centrifugation, lyophilized, and sub-
sequently dissolved in 1 mL of reaction buffer. The samples
were incubated for 10 min at room temperature, then the
cholesterol content was measured spectrophotometrically at
505 nm. The cholesterol standard used was 2 g L™'. The
limit of sensitivity for the assay was 0.005 mg L. Inter-
and intra-assay variations were 0.04 and 0.03%, respectively.
Cholesterol results are shown as mg per 107 spermatozoa.
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2.5 Western blot analysis of sperm proteins

Each sperm sample treated as indicated was centrifuged for
5 min at 5000 x g. The pellet was resuspended in lysis buffer
[22]. An equal amount of protein (80 pg) was boiled for 5 min
and processed as previously described [33].

2.6 Triglyceride assay

Triglycerides were measured in duplicate as previously de-
scribed [33] by a glycerol-3- phosphate oxidase-POD enzy-
matic colorimetric method according to the manufacturer’s
instructions (Inter-Medical). Data are presented as p.g/10°
spermatozoa.

2.7 Lipase activity assay

Lipase activity (Inter-Medical) was evaluated by the method
of Panteghini et al. [34] based on the use of 1,2-o-dilauryl-rac-
glycero-3-glutaric acid-(6'-methylresorufin) ester (DGGR) as
substrate [33].

2.8 GG6PDH activity

The G6PDH activity (Inter-Medical) was performed as previ-
ously described [32]. Data are expressed in nmol min~!/10°
spermatozoa. The enzymatic activity was determined with
three control media: without glucose-6-phosphate as sub-
strate, or without the coenzyme (NADP*) and the third with-
out either substrate or coenzyme (data not shown).

2.9 Measurement of glucose in the sperm culture
medium

Glucose was measured in duplicate in the incubation
medium from human spermatozoa by oxidase-POD reaction
with a chromogen accordingly to the manufacturer’s instruc-
tions (Inter-Medical). Ten microliters of the lysate were added
to 1 mL of the buffer reaction and incubated for 10 min at
room temperature. Then, the glucose content was measured
at 500 nm using a spectrophotometer. Data are presented as
pg/10° spermatozoa.

2.10 Statistical analysis

All data are presented as means + SD for six experiments of
six separate samples. Data were analyzed by two-way ANOVA
test, using the GraphPAD Prism4 software (GraphPad Soft-
ware, USA). Differences were considered statistically signifi-
cantat p < 0.05.
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3 Results

3.1 Effect of EGCG on human sperm motility
and viability

We first determined flagellar sperm motility upon increasing
concentrations of EGCG (2 uM, 20 pM, 60 pM) in human
normozoospermic samples. Our data indicated that sperm
motility was increased by EGCG at 2 and 20 uM (Fig. 1A),
but not at higher concentration (60 wM). Similar results were
obtained when we analyzed the effects of the same concen-
trations of EGCG on sperm viability (Fig. 1B).

It is reported that ECGC [35] is able to elicit antiestro-
genic action [18, 19] at higher doses or coestrogenic for ER-a
at lower doses. Since our previous studies [21] demonstrated
that human sperm expresses the ERs mediating E2-induced
capacitation and acrosome reaction in human sperm and aro-
matase, we hypothesized that both the “classical” ERs could
be able to mediate EGCG action in sperm. Therefore, we
pretreated the cells with ICI. This cotreatment abrogated the
20 pM EGCG effects either on sperm motility or viability
(Fig. 1A and B) while no change was evidenced on 60 pM
EGCG. Also, RU486 had no effect.

3.2 Double effects of EGCG on cholesterol efflux and
protein tyrosine phosphorylation in human
spermatozoa

We then investigated the influence of different concentra-
tions of EGCG on sperm membrane cholesterol efflux and
protein tyrosine phosphorylation [26, 27] in human normo-
zoospermic samples. Our results showed that lower EGCG
treatment (from 2 to 20 uM EGCG) increased the cholesterol
efflux compared with untreated samples as shown in Fig. 24,
and ICI, but not RU486, abrogated 20 uM EGCG effect. No
change was observed upon 60 uM EGCG also after ICI or
RU 486.

It was reported that cholesterol efflux initiates signaling
events leading to tyrosine phosphorylation of sperm proteins
[26,27]. In our study, it appears that an increase in the protein
tyrosine phosphorylation was obtained upon EGCG, from 2
to 20 wM (Fig. 2B) and the combination of ICI markedly
reduced the 20 uM EGCG action. On the contrary, treatment
with higher EGCG dose produced a significant decrease of
tyrosine phosphorylation compared with the untreated cells
as indicated by densitometric evaluation.

3.3 EGCG modulates Src, Akt, and Bcl2
phoshorylation in human spermatozoa

We then evaluated the impact of EGCG on Src activity,
evaluating the levels of tyrosine phosphorylation at posi-
tion 139. The results of this study clearly showed that
2-20 pM EGCG significantly induced Src phosphorylation.
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While RU486 cotreatment had no significant effect, the com-
bination with ICI attenuated the 20 uM EGCG-induced ef-
fects (Fig. 3). At the opposite, high dose of EGCG reduced
p-Src expression levels.

In order to provide further insights on the molecular ac-
tion of EGCG, we also evaluated phosphorylation levels of
key proteins controlling cell survival such as Akt and Bcl-2.
Our findings indicate (Fig. 3) that EGCG at the concen-
tration of 2-20 wM induced Akt protein phosphorylation
and this disappear upon ICI cotreatment. At the concen-
tration of 60 uM EGCG, Akt phoshorylation levels were
reduced.

Furthermore, low concentrations of EGCG exposure en-
hanced Bcl-2 phosphorylation at Serine 70, which is a phys-
iologically relevant phosphorylation site, necessary for a full
and potent antiapoptotic function. This effect was greatly in-
hibited in the presence of ICI. All these results suggest that
low concentrations of EGCG through ERs ameliorate survival
in human sperm.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Although phosphorylation levels of the above-mentioned
proteins were influenced by EGCG stimulus, the expression
of total Akt and total Bcl-2 remains unchanged.

3.4 EGCG influences both lipid and glucose
metabolism in human sperm

We investigated the effects of increasing stimuli of EGCG
in the intracellular levels of triglycerides and lipase activity.
A significant decrease in sperm triglycerides levels was ob-
served (Fig. 4A) at the concentrations of 20 wM and ICI, but
not RU486, reverted the effect. On the contrary, 60 pM EGCG
did not influence tryglicerides levels either in the ICI or RU.

These results well correlate with data obtained on lipase
activity that was significantly enhanced by 20 pM EGCG
(Fig. 4B).

To gain more insight on sperm energy management, we
evaluated the EGCG action on glucose metabolism. As shown
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in Fig. 5A, EGCG at low concentrations was effective to in-
crease the enzymatic activity while at the high concentration
(60 M) did not produced significant change compared with
the untreated samples. ICI cotreatment partially counteracted
the above-described results obtained by 20 pM EGCG sug-
gesting that other signaling pathways could be also involved
in the regulation of sperm metabolism by EGCG.

These results were confirmed by the data obtained by eval-
uating the glucose levels (Fig. 5B).

4 Discussion
Although the bioactive component of green tea, EGCG, has

received considerable attention [1-4] particularly as antian-
giogenic and antitumor agent with chemopreventative prop-
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erties, the effects on male fertilizing capacity are seldom stud-
ied. EGCG could offer a protective role against cell oxidative
damage involved in the pathogenesis of male infertility [36]
but besides to studies promoting the health benefits of green
tea consumption [37], it is also known that EGCG has pro-
oxidant potential [28, 38].

Hastak et al. [39] and Weinreb et al. [40] noted that low
concentrations of EGCG induced an antiapoptotic pattern of
gene expression thereby modulating cell survival. Whereas
high concentrations of EGCG induced a proapoptotic pattern
thereby modulating cell death in different cell models.

Numerous molecules are proposed to be the target of
EGCG action and several studies demonstrated that green
tea catechins can bind and downregulate ER-a and ER-B
[35,41], which are expressed from spermatogonia to sperma-
tozoa [20, 21]. ERs mediate mammalian sperm capacitation,
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acrosome reactions, and fertilizing ability stimulated by E2
and environmental estrogens, with the environmental estro-
gens being much more potent than E2 [23], suggesting our
hypothesis that EGCG could influence sperm capacitation
through ERs.

It is reported that EGCG, depending on concentrations,
can exert estrogenic or antiestrogenic activities.

Particularly in HelLa cells expressing ectopic ER-a or ER-
B, EGCG resulted in significant decreases in the E2-/ER-a-
mediated signal while, at concentrations lower than 5 pM,
resulted in an increase. On the other hand, catechins en-
hanced the E2-/ER-B-mediated luc activity at either of the
concentrations tested [18,19].

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

versus untreated (—); **p < 0.05 versus
EGCG 20 pM.

Further studies reported that relatively low concentration
of EGCG could induce a pronounced ER-a re-expression in
ER-a-negative breast cancer cells, suggesting that EGCG can
reactivate the estrogen signal pathways via ER-a [42].

All these findings sustaining estrogenic and antiestro-
genic dual properties of EGCG, support the results observed
in the present study, in which we evidence the different
effects of the catechin on the most relevant human sper-
matozoa functions for a successful fertilization. Specifically,
we demonstrate for the first time that low concentrations of
EGCG (2 and 20 pM) through ER increased motility, viabil-
ity, and known hallmarks of sperm capacitation while high
doses exert opposite actions. Our data are in agreement with
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previous report [38], although we also defined the molecular
mechanisms.

During its life, mammalian spermatozoa goes through
two different physiological conditions: uncapacitated con-
dition, during which spermatozoa maturation occurs in a
resting state accumulating and/or economizing energy sub-
strates and the capacitated condition, which allows sperma-
tozoa to achieve the final competence to fertilize the oocyte.

The process of sperm maturation, capacitation, and fer-
tilization occurs in different molecular milieu provided by
epididymis and female reproductive tract including oviduct.
Specifically, sperm are exposed to estrogens within the male
and female tract particularly in tubal fluid following follicle
rupture and when in close vicinity to ovulated oocytes. A
body of evidences reports that E2 and environmental estro-
gens induce both capacitation and acrosin activity in normal
sperm [21,23]. Our results demonstrate that 20 M EGCG,
mimicking a coestrogenic action, induces cholesterol efflux

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and this effect was abrogated by ICI cotreatment. Sixty mi-
cromolar EGCG exerted opposite action probably inducing
oxidative cellular damage due to antiestrogenic performance.
It has been suggested that similar compounds at high con-
centrations may be responsible for a variety of reproductive
disturbances in men, including possible declines in sperm
concentration [43, 44].

Proteins phosphorylation provides cells with a “switch”
that can turn on or turn off the function of various proteins.
Several studies have correlated the degree of tyrosine phos-
phorylation with the capacitative state of spermatozoa. Vis-
conti et al. [26] observed a time-dependent increase in pro-
tein tyrosine phosphorylation of a set of specific proteins
in the molecular range of 40-120 kDa, which was corre-
lated with the capacitation state of spermatozoa [21]. Later
studies reported that the protein tyrosine phosphorylation
increases in spermatozoa during capacitation in various
species [45].
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We show that low concentrations of EGCG induced pro-
tein tyrosine phosphorylation indicating a stimulation of the
adenylate cyclase/cAMP/PKA signaling, which plays a cru-
cial role in capacitation [22]. Furthermore, treatment with
both 20 wuM EGCG and ICI, but not RU486, reversed the ef-
fect demonstrating that EGCG action is specifically mediated
by ERs. This is not surprising since we previously demon-
strated that ER activation induces tyrosine phosphorylation
in human sperm [21]. At the opposite, after 60 uM EGCG
exposure, we evidenced inhibition of tyrosine phoshorylation
pattern, probably also related with cytotoxic effects due to the
higher concentrations. The biphasic effects observed in our
phoshorylation studies may be partly explained by the dual
properties of EGCG evidenced in several studies demonstrat-
ing that EGCG, starting from concentrations of 50 wM [46]
binds strongly to many molecules and affects a variety of en-

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

zyme activities via inhibition of protein phosphoylation thus
inducing cell death.

In somatic cells, EGCG influences Src and AKT activ-
ity and these two kinases play an important role in ca-
pacitation, whereas Akt in survival [21, 47]. From our data,
given the activation of Src and Akt by low concentrations of
EGCG we may support, in part, beneficial effects of green
tea consumption. Indeed, drinking 8-10 cups of green tea
is sufficient to increase serum levels of EGCG into the
low micromolar range investigated in our study, thus exert-
ing increase of sperm motility and viability [48] necessary
in female genital tract. The high concentrations of EGCG
produced the drastic reduction of p-Src and p-Akt prob-
ably due to the generation of H,0, in culture medium
causing inhibition of phosphorylation of these proteins
[46].
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The interaction between energy balance and reproduction
is subject of intensive investigations [29]. Capacitated sperm
displays an increased metabolic rate and overall energy expen-
diture, presumably to affect the changes in sperm signaling
and function during capacitation. For example a successful
gamete fusion requires glucose to produce NADPH through
the pentose phosphate pathway (PPP) [49]. From this point
of view, we investigated whether the double action produced
by the different concentration of EGCG on capacitated sta-
tus, survival, and motility could involve specific changes in
glucose and lipid metabolism.

EGCG has been shown to increase the expression of genes
related to fat oxidation in the skeletal muscle [50] but data ev-
idencing an influence on sperm metabolism are still lacking.

We found that low doses of the compound induced hu-
man sperm energy expenditure, by stimulating lipase activi-
ties, with a concomitant reduction of triglycerides levels. As
for glucose metabolism, we observed an enhanced G6PDH
activity at 2 and 20 uM EGCG, also addressing to an induction
of energy consumption via ERs. These results well correlate
with our previous data demonstrating that E2/ERs induce
insulin secretion closely related with GDPDH activity [51].

Taken together all our data acquire more emphasis corrob-
orating previous findings indicating that, at medium dosages,
EGCG increases the number of porcine sperms that bind
to ZP [38,51]. We defined the molecular mechanisms of
EGCG action on male fertilizing potential thus suggesting
that EGCG may be an effective supplement for improvement
in human ART.

In conclusion, in the present study, we demonstrate for
the first time that tightly depending on the used concen-
tration, EGCG/ERs are able to improve fertilization poten-
tial of the human male gamete, evidencing the specific ef-
fects on motility, viability, and energy expenditure in human
sperm. This could be explained by the coestrogenic action
upon low concentration of EGCG required for capacitation
and the acrosome reaction. Paradoxically, the use of elevated
concentrations of the antioxidant EGCG might instead has a
negative effect on fertility due to antiestrogenic potential at
high concentrations. Therefore, it cannot be totally excluded
that excessive EGCG concentrations seem to be harmful for
parameters related to reproduction.
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