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Red Wine Consumption May Affect Sperm Biology:
The Effects of Different Concentrations of the Phytoestrogen
Myricetin on Human Male Gamete Function
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SUMMARY

Myricetin is anatural flavonoid, particularly enriched in redwines,whoseoccurrence is
widespread among plants. Despite extensive research, the beneficial effects of
Myricetin on human health are still controversial. Here, we tested the estrogen-like
effect of the phytoestrogenMyricetin on human ejaculated spermbiology. To this aim,
human normozoospermic samples were exposed to increasing concentrations
(10 nM, 100 nM, and 1mM) of Myricetin. Motility, viability, capacitation-associated
biochemical changes (i.e., cholesterol efflux and tyrosine phosphorylation), acrosin
activity, as well as glucose utilization and fatty-acid oxidation (i.e., glucose and lipid
metabolism) were all significantly increased by low doses of Myricetin. Importantly,
both estrogen receptors a and b (ERs) and phosphatidylinositol-3-OH kinase (PI3K)/
AKT signaling are activated in the presence of Myricetin since these were both
abrogated by specific inhibitors of each pathway. Our results show how Myricetin,
through ERs and PI3K/AKT signalings, potentiates sperm function. This effect is
dose-dependent at low concentrations of Myricetin (up to 100 nM), whereas higher
amounts do not seem to improve any further sperm motility, viability, or other tested
features, and, in some cases, they reduced or even abrogated the efficacy exerted by
lower doses. Further studies are needed to elucidate if high levels of Myricetin, which
could be attained even with moderate wine consumption, could synergize with
endogenous estrogens in the female reproductive tract, interfering with the physio-
logical sperm fertilization process.
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INTRODUCTION

Estrogens are steroid hormones that play a variety of
physiological roles, particularly in development and main-
tenance of normal female sexual and reproductive function
(Lanzino et al., 2008) and in male reproductive physiology

Abbreviations: Ab-ER, anti-ER antibody inhibition; BSA, bovine serum albu-
min; E2, 17-b-estradiol; ER[a/b], estrogen receptor [alpha/beta]; G6PDH,
glucose-6-phosphate dehydrogenase; ICI, ICI 182.780 (ER inhibitor); LY,
LY294002 (PI3K inhibitor); PI3K, phosphoinositol 3-kinase.
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(Korach et al., 1996; Hess et al., 1997; Luconi et al., 2002;
Ded et al., 2010; Sebkova et al., 2012). Estrogens signaling
is mediated by two nuclear receptor, the estrogen receptor
a (ERa) and b (ERb), that function both as signal transdu-
cers and transcriptional factors that modulate expression
of target genes (Heldring et al., 2007). Both receptors are
present throughout the male reproductive tract as well as in
germ cells (Adeoya-Osiguwa et al., 2003). In human sper-
matozoa, bothERsare located in themidpiece,whileERb is
alsopresent in the tail (Aquila et al., 2004).Moreover, sperm
possess the P450 aromatase responsible for the conver-
sion of androgens to estrogens,which has been identified in
rat sperm cytoplasmic droplets (Hess, 2000) and human
sperm flagella (Aquila et al., 2002), thereby endowing them
with the potential to synthesize estrogens, consistent with
the similar aromatase activity detected in both Leydig and
Sertoli cells (Carreau et al., 1999). The development of
male transgenic mice lacking ERs (Eddy et al., 1996) or the
aromatase enzyme (Robertson et al., 1999), as well as the
discovery of mutations in both the humanERa (Smith et al.,
1994) and aromatase (Carani et al., 1997) genes, have
reinforced the idea that estrogens play a key role in the
human male reproductive system.

Sperm are also exposed to estrogens in the female
reproductive tract (Adeoya-Osiguwa et al., 2003), further
supporting the importance of these steroids in the acquisi-
tion of sperm fertilizing capability (Ded et al., 2010; Guido
et al., 2011; Sebkova et al., 2012). Indeed, the ejaculate
contains uncapacitated spermatozoa which, being in a
quiescent state, do not possess the ability to fertilize an
oocyte; they acquire this ability in the female reproductive
tract, through a process known as capacitation (Travis and
Kopf, 2002; Suarez, 2008), which enables the sperm to bind
to the zona pellucida of the oocyte and to undergo the
acrosome reaction (Suarez, 2008). The biochemical
changes induced by estrogens during capacitation occur
rapidly, addressing the nongenomic action of ERs, which
might represent an exclusive modality of ER action in
spermatozoa since sperm are considered transcriptionally
inactive (Aquila et al., 2004). Through its ER, the estrogen
17-b-estradiol (E2) stimulates other important sperm
functions, including motility and longevity, by activating
the phosphatidylinositol-3-OH kinase (PI3K)/AKT pathway
(Adeoya-Osiguwa et al., 2003; Aquila et al., 2003).

Besides estrogens, many nonsteroidal compounds in
the environment have been found to possess estrogenic
activity. Phytoestrogens suchasgenistein (found in soyand
legumes), quercetin (found in parsley and red wine), and
8-prenylnaringenin (found in hops and beer) are wide-
spread in the diet. Environmental estrogens have the po-
tential to alter reproductive hormones, spermatogenesis,
sperm capacitation, and fertility (Adeoya-Osiguwa et al.,
2003; Fraser et al., 2006), and may act as ‘‘endocrine
disruptors’’ when used at relatively high concentrations
(Skakkebaek et al., 2001). To date, few studies designed
to evaluate the effects of phytoestrogens on fertility or
reproductive hormones in human males are available
(Cederroth et al., 2010). Several phytoestrogens have
been tested, but the effects of Myricetin (3,30,40,50,5,7-

hexahydroxy-2-phenylchromen-4-one) on reproductive
parameters has never been addressed. Myricetin is a
naturally occurring flavonol, structurally similar to quercetin,
which is found in significant amounts in berries, tea, and red
wine (Huang et al., 2010). Controversial data are available
in the literature on the therapeutic potential of Myricetin
since it has been reported to possess both antioxidant
(Sellappan andAkoh, 2002; Lu et al., 2006) and pro-oxidant
activity in vitro (Chobot andHadacek, 2011), aswell as both
anti-carcinogenic (He et al., 2008) and pro-tumorigenic
properties (Maggiolini et al., 2005). Since it has been shown
that Myricetin elicits estrogenic activity (Maggiolini et al.,
2005) and that estrogens are able to stimulate sperm
capacitation and the consequent biochemical changes
(e.g., increased metabolic rate and overall energy expen-
diture (Visconti et al., 1998; Baldi et al., 2000; Aquila et al.,
2005b)), it is important to determine if this flavonol affects
themature sperm function in amanner that can alter fertility.
Thus, we assessed the influence of different concentrations
of Myricetin on several aspects of sperm biology. In addi-
tion, as there is a close link between energy balance and
reproduction (Chehab, 2000) and sperm cells are able to
modulate their own metabolism independently of systemic
regulation (Aquila et al., 2005b), the action of Myricetin on
lipid and glucose metabolism in human sperm was also
evaluated.

RESULTS

Myricetin Increases Motility and Viability of
Human Sperm

To assess the effect of Myricetin on sperm motility, we
subjected sperm samples from human normozoospermic
donors to increasing concentrations of the phytoestrogen
(10 nM, 100 nM, 1mM). Following stimulation with 10 and
100nMMyricetin, we observed a 25% and 50% increase in
sperm motility, respectively, compared to that of an unca-
pacitated control samples. In particular, the effect at 100 nM
concentration was similar to that of a capacitated sample
used as positive control (bovine serum albumin (BSA), see
the Materials and Methods Section), while a higher amount
(1mM) instead resulted in a slight decrease of motility
respect to the 100 nM Myricetin-treated sample (Fig. 1A).
A similar trendwasobserved in spermviability experiments,
with an increase of �20% over uncapacitated control in
10 nM and 1mM Myricetin-treated samples, and of �30%
in sperm stimulated with 100 nM Myricetin, a value compa-
rable to that obtained in the capacitated control sample
(Fig. 1B).

We hypothesized that both the ‘‘classical’’ ERs could
mediate Myricetin estrogenic actions in sperm. Therefore,
cells were first pre-treated with the pure anti-estrogen
compound ICI 182.780 (ICI), which can bind to both ER
subtypes (Paige et al., 1999), and then treated with 100 nM
Myricetin. This co-treatment abrogated the effects of
100 nM Myricetin on both sperm motility and viability
(Fig. 1A,B). To better define the role of ER isoforms
in mediating Myricetin responses, we added selective
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estrogen receptor antibodies, directed against either ERa
(AbERa) or ERb (AbERb), to the 100 nM Myricetin-treated
samples. Both antibodies reversed the effects of the flavo-
nol on sperm motility and viability. Finally, to assess if the

PI3K pathway is involved in Myricetin action, we co-treated
sperm cells with the PI3K inhibitor LY294002 (LY). Indeed,
LY completely abolished the positive effects induced by
100nM Myricetin (Fig. 1A,B).

Effects of Myricetin on Cholesterol Efflux and
Protein Tyrosine Phosphorylation in Human
Spermatozoa

We next investigated the influence of Myricetin on mem-
branecholesterol efflux andon the tyrosinephosphorylation
statusof specific spermproteins involved in the capacitation
process (Visconti et al., 2002). As reported in Figure 2A, all
tested doses of Myricetin induced a significant incremental
increase in cholesterol efflux, reaching almost a two-fold
increase in the 100 nM Myricetin-treated versus untreated
sample. This value was comparable to that observed in a
capacitated sample used as positive control; lower (10 nM)
and higher (1mM) concentrations of Myricetin were
slightly less effective than 100 nM. Co-treatment with ICI,
AbERs, or LY abrogated the effect of 100 nM Myricetin
(Fig. 2A). Moreover, the phytoestrogen dramatically in-
duced protein tyrosine phosphorylation, as shown by the
very strong bands observed at 95–97 kDa, which are
reported to be elevated during capacitation (Naz, 1996).
One hundred nanomolar Myricetin elicited the maximum
effect (threefold increase over control), which was abrogat-
ed by ICI, AbERs, or LY (Fig. 2B). Interestingly, this same
concentration of phytoestrogen was almost as effective as
capacitating conditions on eliciting tyrosine phosphory-
lation,while lower and higher doses showedaweaker effect
(Fig. 2B).

Myricetin Triggers the Acrosome Reaction in
Ejaculated Sperm

We asked if Myricetin could affect acrosin activity, a
metric of the sperm fertilizing capacity (Tummon et al.,
1991), in human ejaculated sperm. Indeed, in samples
treated with low concentrations (10 and 100nM) of the
phytoestrogen, we observed a significant dose-dependent
increase of acrosin enzymatic activity compared to control
samples. Following treatment with 100 nM Myricetin, we

Figure 1. Myricetin increases sperm motility and viability. Sperma-
tozoa were incubated in un-supplemented Earle’s medium
(uncapacitating medium) for 30min at 378C and 5% CO2, in the
absence (�) or presence of increasing concentrations of Myricetin
(0.01–1mM). Additionally, the anti-estrogen ICI 182,780 (ICI)
(1mM), the PI3K inhibitor LY294002 (LY) (10mM), or antibodies
against ERa and ERb (AbERa or AbERb, respectively; both 1:100
dilution) were added to 0.1mM Myricetin treated samples. Sperma-
tozoa incubated in capacitating medium (BSA) were used as positive
control (CAP). Sperm motility (A) and viability (B) were assessed
microscopically, as described in the Materials and Methods Section,
and the values are expressed as percentage of motile sperm or viable
cells, respectively. Columns represent mean� standard deviation of
four independent experiments, each done in duplicate. *P<0.05,
**P<0.01 versus untreated (�);**P<0.05and*P<0.01 versus
0.1mM Myricetin; &P<0.01 and &P<0.05 versus CAP.
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observed a 70% increase over untreated samples, which
almost mimicked the effect of the capacitated sample used
as positive control. No further increase was observed at the
highest concentration (1mM) tested, while co-treatments
with ICI, AbERs, or LY counteracted the effect induced by
100nM Myricetin (Fig. 3).

Myricetin Activates the PI3K Pathway in Human
Spermatozoa

Since E2 induces phosphorylation of the proteins
involved in the PI3K/AKT pathway (Aquila et al., 2004),
we examined the effects of Myricetin on tyrosine phosphor-
ylation of the pro-survival protein AKT. We found the
highest levels of phosphorylated AKT (pAKT) in 100 nM

Figure 2. Effects of Myricetin on cholesterol efflux and protein tyro-
sine phosphorylation in human spermatozoa. Spermatozoa were
incubated in un-supplemented Earle’s medium for 30min at 378C
and 5% CO2, in the absence (�) or presence of increasing concentra-
tions of Myricetin (0.01–1 mM), or 0.1mM Myricetin plus the anti-
estrogen ICI 182,780 (ICI) (1mM), the PI3K inhibitor LY294002 (LY)
(10mM), or antibodies against ERa and ERb (AbERa and AbERb,
respectively; both 1:100 dilution). Spermatozoa incubated in capac-
itating medium (BSA) were used as positive control (CAP). A: Cho-
lesterol in culture medium was measured by enzymatic colorimetric
assay (detailed in theMaterials andMethodsSection). Columns report
mean� standard deviation of six independent experiments performed
in duplicate. B: Total proteins (80mg) were used for Western blot
analysis to assess tyrosine phosphorylation (pTyr). Actin was used as
loading control. Densitometric analysis (mean� standard deviation)
of the 95-kDa pTyr band/actin is reported. The results are represen-
tative of four independent experiments.^P<0.001 versus untreated
(�); ~P<0.01 and ~P<0.001 versus 0.1mM Myricetin;
&P<0.01 and &P<0.05 versus CAP.

Figure 3. Myricetin triggers the acrosome reaction in ejaculated
sperm.Washed spermatozoa were incubated under non-capacitating
conditions for 30min at 378C and 5% CO2 in the absence (�) or
presence of either increasing concentrations of Myricetin (0.01
–1mM), or 0.1mM Myricetin plus the anti-estrogen ICI 182,780
(ICI) (1 mM), the PI3K inhibitor LY294002 (LY) (10mM), or anti-
bodies against ERa and ERb (AbERa and AbERb, respectively; both
1:100 dilution). Spermatozoa incubated in capacitating medium
(BSA) were used as positive control (CAP). Acrosome reaction was
determined as described in the Materials and Methods Section, and
the results are expressed as values of acrosin activity. Columns
represent mean� standard deviation of four independent experi-
ments, each done in duplicate. *P<0.05 and ^P<0.001 versus
untreated (�);~P<0.001 versus 0.1mMMyricetin;&P<0.01 and
&P<0.05 versus CAP.
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Myricetin-treated samples (almost fivefold over the untreat-
ed control). This increase occurred without altering protein
content, as evidenced by the steady level of the housekeep-
ing protein actin, and was comparable to that observed in
the capacitated sample used as a positive control. In line
with the other results presented here, lower (10 nM) and
higher (1mM) concentrations of flavonol were not as effec-
tive (only about threefold increase over untreated), and the
combination with ICI, AbERs, or LY completely abrogated
the phosphorylation induced by 100nM Myricetin (Fig. 4).

Myricetin Influences Both Glucose and Lipid
Metabolism in Human Sperm

PI3K/AKT signaling is an important node in cellular
metabolism as well as in survival. We therefore tested
the effect of Myricetin on both glucose and lipid metabolism
in human sperm. Treatment of ejaculated spermatozoawith

10 nMMyricetin induced only a slight increase in glucose-6-
phosphate dehydrogenase (G6PDH) activity, while higher
concentrations (100 nM to 1mM) were strikingly more ef-
fective (over threefold induction compared to uncapacitated
control). In particular, the 100 nM dose led to the highest
enzymatic activity, which was similar to that detected in a
capacitated sample used as positive control, although not
significantly higher than that induced by 1mM Myricetin.
Moreover, ICI and both AbERs reversed the 100 nM
Myricetin-mediated enzymatic induction; LY, however,
was not able to counteract the flavonol-effect (Fig. 5A).

We tested fatty acid b-oxidation by measuring acyl-CoA
dehydrogenase activity in ejaculated sperm subjected to
Myricetin stimulation to gain more insight into sperm
energy management. Our results show that Myricetin
exerts significant effects on the enzymatic activity at low
concentrations (10–40% increase over control in 10 nM-
and 100 nM-treated samples, respectively), whereas the
highest concentration (1mM) did not produce any relevant
change compared to the untreated sample. Once again,
100 nM Myricetin was the most effective dose tested since
the induction of the acyl-CoA dehydrogenase activity was
comparable to that observed in a capacitated sample. ICI,
AbERs, and LY co-treatment counteracted this induction,
with ICI and AbERb showing the highest inhibition (Fig. 5B).

DISCUSSION

Phytoestrogens are plant compounds structurally similar
to E2 that can interact with estrogen receptors (ERs) to
promote and/or inhibit estrogenic responses (De Amicis
et al., 2011a). In recent years, the biological properties of
these natural estrogen-like compounds have attracted in-
creasing interest for the potential beneficial effects on
human health (Patisaul and Jefferson, 2010; Pilsakova
et al., 2010). In this regard, a reduced incidence and
mortality from a variety of diseases has been associated
with moderate consumption of red wine (Cornwell et al.,
2004), which is considered a major source of estrogenic
compounds, including the more-abundant Myricetin
(Waterhouse, 2002). Yet the effects of Myricetin on male
gamete physiology have never been addressed. It is well
documented that E2 and environmental estrogens mediate
mammalian sperm capacitation, the acrosome reaction,
and fertilizing ability through ERs (Adeoya-Osiguwa
et al., 2003; Jefferson et al., 2012). As Myricetin has
been reported to act as an agonist for ERs in human breast
cancer cells (Maggiolini et al., 2005), we asked if this
phytoestrogen could influence sperm biology and whether
or not the mechanism occurs through the ERs.

First, we tested the effects of Myricetin on two important
features of sperm biology: motility, the ability of the male
gametes to properly ‘‘swim’’ towards an oocyte, and viabili-
ty, an important evolutionary adaptation in humans that
determines fertilization success by conferring the potential
to ‘‘wait’’ until the egg is released (Aquila et al., 2008). From
our data it emerged that an acute (30min) exposure to low
concentrations ofMyricetin is able to improve spermmotility

Figure 4. Myricetin activates the PI3K pathway in human spermato-
zoa. Washed spermatozoa were incubated under non-capacitating
conditions for 30min at 378C and 5% CO2 in the absence (�) or
presence of either increasing concentrations of Myricetin (0.01
–1 mM), or 0.1mM Myricetin plus the anti-estrogen ICI 182,780
(ICI) (1mM), the PI3K inhibitor LY294002 (LY) (10mM), or anti-
bodies against ERa and ERb (AbERa and AbERb, respectively; both
1:100 dilution). Spermatozoa incubated in capacitating medium
(BSA) were used as positive control (CAP). Protein lysates (80mg)
were subjected toWestern blot for detection of the indicated proteins.
Actin was used as a loading control. Densitometric analysis (mean�
standard deviation) of three independent experiments is reported
as pAkt/Actin relative intensity. **P<0.01 and ^P<0.001 versus
untreated (�); ~P<0.001 versus 0.1mM Myricetin; &P<0.01
versus CAP.
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and survival, whereas higher concentrations tend to be less
effective. Longer or even chronic exposure to Myricetin on
sperm motility and survival were not tested, however, and
need to be addressed in future studies.

Capacitation is a functional maturation of the spermato-
zoon that allows the sperm to achieve competency to
fertilize an egg. It occurs in the female reproductive tract
through a series of physiological changes, such as in-
creased cholesterol efflux, tyrosine phosphorylation, as
well as increased rate in glucose and lipid metabolism
(Aquila et al., 2006, 2009, 2010; Guido et al., 2011; De
Amicis et al., 2011b). Here we demonstrated that the
estrogen mimetic Myricetin increases cholesterol efflux,
an event that initiates capacitation and, in turn, induces
the phosphorylation of a set of specific proteins in the
molecular range of 40–120 kDa sperm proteins (Visconti
et al., 2002). This result fits well with our previous observa-
tions showing thatERactivation induces tyrosinephosphor-
ylation in human sperm (Aquila et al., 2004).

Capacitation prepares sperm that are in close proximity
of the oocyte to be responsive to the physiologic stimulus
that triggers the acrosome reaction. This consists of the
release of different enzymes, mainly acrosin, which facil-
itates the penetration of sperm through the zonapellucida to
reach the egg. In our experimental conditions Myricetin
significantly increased the activity of acrosin.

It is worth noting that the strongest activity on sperm
capacitation-associated features (motility, vitality, choles-
terol efflux, protein phosphorylation, and acrosin activity)
was obtained with 100 nM Myricetin treatment, while the
use of higher doses (1mM) did not exert any further im-
provement, but rather tended to diminish the effects. Nota-
bly, in all experiments, the effect of 100 nM Myricetin was
comparable to that of the capacitating agent BSA, used as
positive control, suggesting that an optimal dose of the
flavonol might trigger the above-mentioned capacitation-
associated physiological changes, while, in contrast, expo-
sure to higher concentrations of the phytoestrogen could
lead to a reduced response to the stimulus. Since Myricetin
has been reported to act as an agonist for ERs in human
cancer cells (Maggiolini et al., 2005), these results could
be explained by the assumption that Myricetin exerts its
effects in human sperm through a mechanism involving ER
signaling, and that the lower activity observed at higher

Figure 5. Myricetin influences both glucose and lipid metabolism
in human sperm. Sperm samples, washed twice with an non-
capacitating medium, were incubated in the same medium for
30min at 378C and 5% CO2, and treated in the absence (�) or
presence of increasing concentrations of Myricetin (0.01–1mM),
or 0.1mM Myricetin plus the anti-estrogen ICI 182,780 (ICI)
(1mM), the PI3K inhibitor LY294002 (LY) (10mM), or antibodies
against ERa and ERb (AbERa and AbERb, respectively; both 1:100
dilution). Spermatozoa incubated in capacitating medium (BSA)
were used as positive control (CAP). A: The conversion of NADPþ

to NADPH, catalyzed by G6PDH, was measured by the increase of
absorbance at 340nmevery 20 sec for 1.5min. Data are expressed in
nmolmin�1/106 spermatozoa. B: Sperm protein lysates were sub-
jected to the assay of Acyl-CoA dehydrogenase (Acyl-CoADH) (see the
Materials and Methods Section) and expressed as nmolmin�1/mg
protein. Columns are mean� standard deviation and the data
reported are representative of six independent experiments performed
in duplicate. *P<0.05, **P<0.01, and ^P<0.001 versus un-
treated (�); ~P<0.01 and ~P<0.001 versus 0.1mM Myricetin;
&P<0.01 and &P<0.05 versus CAP.
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concentrations could be due to an over-stimulation of the
receptor. In line with this assumption, it was recently
reported that the capacitating ability of sperm can be sig-
nificantly lowered by increased levels of estrogens. In fact,
although estrogens exert a time- and concentration-depen-
dent stimulatory effect on sperm tyrosine phosphorylation
during capacitation, the corresponding number of sperm
that undergo the acrosome reaction is lower (Ded et al.,
2010; Sebkova et al., 2012). The observation that concom-
itant treatment with the anti-estrogen ICI or with antibodies
directed against either ERa or ERb dramatically reduce
Myricetin activity, confirmed the involvement of both ERs in
the flavonol-mediated effects. ER signaling is not the only
pathway triggered by Myricetin, however. Indeed, PI3K
signaling is also involved since the PI3K inhibitor LY was
able to abrogate Myricetin-induced events, including the
activation of the PI3K downstream target AKT, whose
phosphorylation status returned to basal levels following
the inhibition of bothPI3KandERspathways. These results
confirm that the mechanism through which Myricetin acts
on sperm survival occurs via the ERs/PI3K axis, and are in
line with our previous findings showing that E2 exposure
enhances phosphorylation of proteins belonging to the
PI3K/AKT pathway and that these phosphorylations
are reduced by ICI and LY treatment (Aquila et al.,
2004). The pro-survival effect of Myricetin, acting through
AKT activation, was recently reported in Chinese hamster
lung fibroblast and in skeletal muscles of fructose-fed rats
(Kang et al., 2010; Tzeng et al., 2011), although this might
not represent the general mechanism since other studies
reported a pro-apoptotic effect of comparable doses of
Myricetin, achieved through AKT inhibition (Kumamoto
et al., 2009; Kim et al., 2010).

Capacitated sperm display an increased metabolism
and overall energy expenditure, presumably to sustain all
the aforementioned physiological changes. The effect of
glucose on the fertilizing ability of sperm appears to be
mediated by the production ofNADPHduring the enzymatic
reaction of glucose-6-phosphate, catalyzed byG6PDH, the
rate-limiting enzyme in the pentose phosphate pathway
(PPP) (Aquila et al., 2009). NADPH, in turn, is essential
for fatty acid synthesis from acetyl-CoA. Fatty acids have
two possible fates: b-oxidation (which greatly increases
during capacitation) to produce ATP or re-esterification,
back into triacylglycerol (Ando and Aquila, 2005).

Myricetin has been reported to exert an insulin-mimetic
effect on lipogenesis and glucose transport in adipocytes of
rats with noninsulin-dependent diabetes mellitus (Ong and
Khoo, 1996) to improveglucoseutilization, thereby lowering
the plasma glucose levels in type 1 diabetes-like animal
models (Liu et al., 2005), and to ameliorate insulin sensitivi-
ty in animals exhibiting insulin resistance (Liu et al., 2007)
as well as in fructose-fed rats with high-glucose plasma
levels (Tzeng et al., 2011), although recent studies also
reported inhibitory effects on G6PDH activity (De Abreu
et al., 2011). Myricetin seems to play an important role in
lipidmetabolismaswell, since it was able to suppress body-
fat accumulation by increasing fatty acid b-oxidation,
which was likely mediated via up-regulation of PPARa

expression in the liver of high fat diet-fed rats (Chang
et al., 2012). In line with these observations, our results
show how low doses of Myricetin are able to induce both
glucose and lipidmetabolism, and thus energy expenditure,
by stimulating G6PDH activity and fatty acid b-oxidation,
respectively. These data are consistent with our previous
reports demonstrating that, in ejaculated sperm, E2/ERs
are able to induce both enzymatic activities (Guido et al.,
2011). Indeed, the effects of Myricetin on sperm metabo-
lism occur through the activation of the ER pathway, while
the PI3K/AKT signaling, which is well established to be
involved both in glucose and lipid metabolism (Saltiel and
Kahn, 2001), seems to be important only in Myricetin-
induced fatty acid b-oxidation, since LY was not able to
counteract the flavonol mediated increase in G6PDH activ-
ity. It is worth noting that, once again, 100 nM Myricetin
displays the strongest effect on both glucose and lipid
metabolism, acting as a capacitating agent. At higher con-
centrations, this efficacy is reduced or completely lost,
corroborating the idea that, in target cells, polyphenols
show opposite behaviors, eliciting oxidant/toxic actions
(Chen et al., 2003) at higher doses, while exerting an
antioxidant/protective role at lower doses (Spinaci et al.,
2008; De Amicis et al., 2012). As concomitant exposure to
both E2 and environmental estrogens has been reported to
promote ‘‘overcapacitation’’ and the acrosome reaction,
and prematurely acrosome-reacted sperm are nonfertiliz-
ing (Yanagimachi, 1994), similar untimely responses oc-
curring in vivo could reduce the number of potentially
fertilizing cells and thus have a detrimental effect on fertility.

Considering Myricetin and quercetin represent the
20–50% of the total flavonol content in red wines
(Waterhouse, 2002), which ranges from 53 to 200mg/L
(Ritchey and Waterhouse, 1999), even daily consumption
of moderate amounts of red wine (1–2 glasses) may be
sufficient to increase serum levels of Myricetin into the
micromolar range investigated in our study. As capacitation
and fertilization occur in the female reproductive tract,
where sperm are exposed to high estrogen levels, the
co-estrogenic action of circulating Myricetin could be
harmful to sperm function.

In conclusion, we have provided the first mechanistic
insight into the estrogenic potential of Myricetin on motility,
survival, capacitation, acrosome reaction, and metabolism
of human sperm. Low concentrations of Myricetin might
improve motility, viability, and energy expenditure in the
humanmale gamete, while higher amounts seem to reduce
the efficacy exerted by lower doses. Further investigation
is needed to better define the effects that high doses of
Myricetin, which could derive even frommoderate red wine
consumption, may exert on human male gamete function
and, therefore, on fertility.

MATERIALS AND METHODS

Chemicals
Bovine serum albumin (BSA) protein standard, Laemmli

sample buffer, prestained molecular weight markers,
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Percoll (colloidal PVP coated silica for cell separation),
phosphate-buffered saline (PBS), sodium bicarbonate,
sodium lactate, sodium pyruvate, dimethyl sulfoxide
(DMSO), Earle’s balanced salt solution, 3,30,40,50,5,7-
hexahydroxy-2-phenylchromen-4-one, Myricetin, octanoyl-
CoA,Mops, FADþ, LY294002 (LY), and all other chemicals
were purchased from Sigma Chemical (Milan, Italy). ICI
182,780 (ICI) was purchased from Zeneca Pharmaceuti-
cals (Cheshire, UK). Monoclonal mouse antibody (Ab) to
human ERalpha (F-10) (AbERa); rabbit polyclonal Ab to
human ERbeta (H-150) (AbERb); rabbit anti-p-AKT1/
AKT2/AKT3; rabbit anti-phosphotyrosine Ab (PY99);
goat polyclonal actin Ab (1–19); peroxidase-coupled anti-
mouse, anti-rabbit, and anti-goat IgG secondary Abs were
from Santa Cruz Biotechnology (Heidelberg, Germany).
Acrylamide bisacrylamide was from Labtek Eurobio
(Milan, Italy). Triton X-100, Eosin Y was from Farmitalia
Carlo Erba (Milan, Italy). Enhanced chemiluminescence
(ECL) Plus Western blotting detection system, Hybond�
ECL�, and Hepes Sodium Salt were from Amersham
Pharmacia Biotech (Buckinghamshire, UK). Cholesterol–
oxidase–peroxidase (CHOD-POD) enzymatic colorimetric
assay kit and glucose-6-phosphate dehydrogenase
(G6PDH) activity assay kit were from Inter-Medical
(Biogemina Italia Srl, Catania, Italy). Myricetin and ICI
were dissolved in ethanol (0.02% final concentration in
culture); solvent controls did not induce any positive result
in all in vitro assays (data not shown).

Semen Samples and Spermatozoa Preparations
Semen specimens were obtained from normozoosper-

mic donors, after 3 days of sexual abstinence. The samples
were collected in sterile containers, and left for 30min to
completely liquefy before being processed. Sperm samples
with normal parameters of semen volume, sperm count,
motility, vitality, and morphology, according to the World
Health Organization Laboratory Manual (Cardona Maya,
2010),werepooledand included in this study.Spermatozoa
preparations were performed as previously described
(Aquila et al., 2010). The study was approved by the local
medical–ethical committee of the University of Calabria,
and all participants submitted informed consent.

Processing of Ejaculated Sperm
For each experiment, three normozoospermic samples

were used. After liquefaction, semen samples were
pooled and then subjected to centrifugation (800g) on a
discontinuous Percoll density gradient (80:40%, v/v)
(Aquila et al., 2002). The 80% Percoll fraction was exam-
ined using an optical microscope equipped with a 100� oil
objective to ensure that a pure sample containing only
spermatozoa was obtained. Samples of Percoll-purified
sperm were washed with unsupplemented Earle’s medium
(uncapacitating medium), and were incubated in unsupple-
mentedEarle’s balancedsalt solution for 30minat 378Cand
5%CO2,with orwithout the following treatments: increasing
Myricetin concentrations (10 nM, 100 nM, and 1mM) or

100nM Myricetin combined with ICI (1mM), AbERa, AbERb
(both 1:100 dilution in each experiment), or LY (10mM).
When the cellswere treatedwith ICI or LY, a pretreatment of
30min was performed. As a positive control, samples were
incubated in Earle’s balanced salt solution medium supple-
mented with 600mg BSA and 200mg sodium bicarbonate
per100ml (capacitating medium).

Western Blot Analysis of Sperm Proteins
Sperm samples, washed twice with non-capacitating

medium, were incubated in the absence or presence of
the indicated treatments, and then centrifuged for 5min at
5,000g. The pellet was resuspended in lysis buffer and
processed as previously described (De Amicis et al.,
2012). We used 80mg of proteins for Western blot analysis.
As an internal control, all membranes were subsequently
stripped (glycine 0.2M, pH 2.6 for 30min at room
temperature) of the first Ab and reprobed with anti-b
actin. The protein bands were quantified by scanning
densitometry (Imaging Densitometer GS-700, Bio–Rad,
Hercules, CA).

Evaluation of Sperm Motility and Viability
Sperm motility was assessed by means of light micro-

scopy with a Mackler Counting Chamber, as previously
described (Aquila et al., 2010), and was expressed as
percentage of motile sperm.

Viability was assessed by the red eosin exclusion test,
using Eosin Y (Aquila et al., 2005a). Spermatozoa were
washed in uncapacitating medium and centrifuged at 800g
for 20min. Ten microliters of Eosin Y (0.5% in PBS) were
mixed with an equal volume of sperm sample on a micro-
scope slide. An independent observer scored 200 cells for
stain uptake (dead cells) or exclusion (live cells), and sperm
viability was expressed as percentage of alive sperm.

Measurement of Cholesterol in the Sperm
Culture Medium

Percoll-purified sperm samples, were incubated in
uncapacitating medium for 30min at 378C and 5% CO2

in the absence or presence of increasing Myricetin con-
centrations (10 nM to 1mM). Other samples were incubated
100nMMyricetin combinedwith ICI (1mM),AbERa, AbERb
(both 1:100 dilution), or LY (10mM). At the end of the
incubation, cholesterol was measured in duplicate by a
CHOD-POD enzymatic colorimetric method according to
manufacturer’s instructions in the incubation medium, as
previously described (Aquila et al., 2006; De Amicis et al.,
2011b; Guido et al., 2011).

Acrosin Activity Assay
Acrosin activitywas assessed by themethod of Kennedy

et al. (1989) and as previously described (Aquila et al.,
2003, 2006). Briefly, Percoll-purified sperm were washed
in Earle’s balanced salt solution medium supplemented
with CaCl2 (266mg/100ml), BSA (600mg/100ml), sodium
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pyruvate (3mg/100ml), sodium lactate (360ml/100ml),
and sodium bicarbonate (200mg/100ml), then centrifuged
at 800g for 20min. Spermwere resuspendedand treated as
indicated. Then 1ml of substrate�detergent mixture
(23mmol/L BAPNA in DMSO and 0.01% Triton X-100
in 0.055mol/L NaCl, 0.055mol/L HEPES at pH 8.0,
respectively) for 3 hr at room temperature was added.
Aliquots (50ml) were removed at 0 and 3 hr, and the
percentages of viable cells were determined. After incuba-
tion, 0.5mol/L benzamidine was added (0.1ml) to each
of the tubes and then centrifuged at 1,000g for 30min.
The supernatants were collected and the acrosin activity
measured spectrophotometrically at 410 nm.

Glucose-6-Phosphate Dehydrogenase (G6PDH)
Activity Assay

Spermatozoa samples were incubated in non-
capacitating medium for 30min at 378C and 5% CO2 in
the presence or absence of the indicated treatments.
After incubation, 50mL of sperm extracts were diluted in
opportune buffer (100mM triethanolamine, 100mMMgCl2,
10mg/ml glucose-6-phosphate, 10mg/ml NADPþ, pH 7.6)
for spectrophotometric determination. The conversion of
NADPþ to NADPH, catalyzed by G6PDH, was measured
by the increase of absorbance at 340 nm, as previously
described (Aquila et al., 2009), and reportedasnmolmin�1/106

spermatozoa.

Acyl-CoA Dehydrogenase Activity Assay
An assay of acyl-CoA dehydrogenase (Acyl-CoADH)

was performed on sperm incubated in the indicated treat-
ments, using a modification of the method described by
Lehman et al. (1990) as previously reported (Aquila et al.,
2010). In brief, after lysis, 70mg of spermprotein was added
to buffer containing 20mM Mops, 0.5mM EDTA, and
100mM FADþ at pH 7.2. Reduction of FADþ to FADH
was read at 340 nm upon addition of octanoyl-CoA
(100mM) every 20 sec for 1.5min. Data are expressed in
nmolmin�1/mg protein. The enzymatic activity was deter-
mined with three control media: one without octanoyl-CoA
as substrate, one without the co-enzyme (FADþ), and
the third without either substrate or co-enzyme (data not
shown). Every experiment was performed six times, in
duplicate within each experiment.

Statistical Analysis
The data obtained were presented as the mean�

standard deviation of at least three independent experi-
ments. The differences in mean values were calculated
using analysis of variance (ANOVA), with a significance
level up to P� 0.001.
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