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Abstract.  The present study was conducted to examine the effects of three tannin relatives (tannic
acid, TA; gallic acid, GA; and ellagic acid, EA) on antihyaluronidase and reactive oxygen species
(ROS) scavenging activity, in vitro fertilization (IVF) parameters, and the acrosome reaction (AR)
induced by sperm-zona interaction.  Among the three tannin relatives, TA and EA showed the
strongest potency for blocking the hyaluronidase activity of boar sperm, with concentration-
dependent inhibition over the range of 2–10 µg/ml.  In contrast, ROSs were effectively scavenged by
TA and GA, but not EA.  When cumulus-free oocytes were inseminated in IVF medium containing 5
µg/ml of the tannin relatives, polyspermy was significantly reduced by TA and EA (32 and 29%,
respectively) compared with oocytes treated with or without GA (51 and 69%, respectively) under
conditions that maintained a high sperm penetration rate (P<0.05).  Interestingly, induction of the AR
by treatment of preincubated sperm with progesterone was blocked by TA and GA as a result of their
higher levels of ROS scavenging activity, while EA, which possessed weak ROS scavenging activity,
did not disturb induction of the AR with progesterone.  However, the incidence of AR induced by
sperm-zona interaction was significantly decreased by the strong antihyaluronidase actions of TA and
EA compared with that in the absence of these compounds.  Treatment with the compounds caused
neither a protective proteolytic modification of the zona pellucida matrix before fertilization nor a
reduction in acrosomal proteolytic activity or the number of zona-bound sperm.  These findings
suggest that the antihyaluronidase action of EA effectively prevents polyspermy by suppression of
AR functionality induced by sperm-zona interaction and that hyaluronidase intervention is therefore
required during porcine IVF.
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ecent progress related to the in vitro maturation
(IVM), in vitro fertilization (IVF), and in vitro

development technologies has made it possible to
produce embryos from oocytes collected from the
ovarian foll icles of slaughtered pigs [1–3].
However, the abnormally high incidence of
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polyspermy after IVF is a major problem and often
exceeds 50% [4, 5]; hence, various improvements
need to be made to the method of porcine IVF to
decrease the polyspermy rate under conditions that
maintain a higher oocyte penetration rate.
Reduction of the number of inseminated sperm per
oocyte during IVF [6] and addition of porcine
oviductal fluid [7] or oviduct-specific glycoprotein
[8, 9] to IVF medium decreases the polyspermy
rate.  However, it seems that polyspermy during
porcine IVF is still a significant problem with
substantial room for improvement.

The integrity of sperm plasma and acrosomal
membranes, the integral constituents of which
include many enzymes (i.e., hyaluronidase and
acrosin), are indispensable as sperm-related factors
for achievement of normal fertilization.  Our
previous s tudy c lear ly  demonstrated that
chondroitin sulfate A-derived oligosaccharide
(ChSAO) strictly inhibited the hyaluronidase
extracted from boar spermatozoa,  and the
incidence of polyspermy was effectively reduced to
30% in cumulus-free oocytes by the addition of 10
µg/ml ChSAO to the IVF medium while sperm
penetrability remained high [10].  More recently,
we identified the polyphenol tannic acid (TA) as a
new antihyaluronidase agent that has no effect on
primary sperm-ZP binding.  When cumulus-free
oocytes  were inseminated in  IVF medium
containing 0–10 µg/ml TA, the penetration and
polyspermy rates significantly decreased in a
concentration-dependent manner; treatment with 5
µg/ml TA significantly decreased the incidence of
p o l ys p er m y (2 6 % )  w i t h o u t  a f fec t i ng  t h e
penetration rate [11].  These results indicate that the
antihyaluronidase action of ChSAO and TA can
promote the normal fertilization process by
preventing polyspermy during porcine IVF.
However, to our knowledge, there are no reports
describing the possible roles of hyaluronidase in
sperm penetration of the zona pellucida (ZP).

The acrosome reaction (AR) is a prerequisite for
fertilization and involves fusion of the plasma and
outer acrosomal membrane of the acrosome [12].
Since only acrosome-reacted spermatozoa can pass
through the ZP and fuse with an oocyte, the
physiological and morphological changes of sperm
during the AR are of major importance for
secondary binding and penetration of the ZP [13].
Low levels of reactive oxygen species (ROS) play a
critical role in induction of sperm capacitation and

the AR during fertilization in humans [14, 15] and
bulls [16].  Moreover, tyrosine phosphorylation of
sperm proteins in humans [17] and bulls [16] is in
part regulated by ROSs and is an essential trigger
for the AR after sperm-ZP binding.  Although the
proper balance between ROSs and antioxidants
adjusts oxidative stress to the optimal levels in the
reproductive tract in vivo [18], addition of TA to IVF
medium for the purpose of preventing polyspermy
in porcine oocytes has strong ROS scavenging
activity [19].  It is thus possible that prevention of
polyspermy by TA during porcine IVF results not
only from inhibition of sperm hyaluronidase
activity, but also from regulation of the AR
induction responsible for the ROSs.

Therefore, the following experiments were
conducted  to  e luc idate  the  phys io logica l
mechanism relating to prevention of polyspermy
by antihyaluronidase activity during porcine IVF.
1)  We es t imated the  ROS scavenging and
antihyaluronidase activities of three tannin
relatives, TA, gallic acid (GA) and ellagic acid (EA)
in extracted boar spermatozoa.  2) We examined the
effect of addition of the tannins to IVF medium on
fertilization parameters, including the rates of
penetration, polyspermy, and male pronucleus
formation, in IVM oocytes.  3) We evaluated the
effects of the tannins on zona solubility, proteolytic
activity of the acrosomal content, and sperm
binding to the ZP.  4) Finally, we examined the
effect of the tannins on AR induction.

Materials and Methods

All chemicals used in this study were purchased
from Sigma-Aldrich (St. Louis, MO, USA) unless
otherwise stated.

Culture media
The culture medium used for oocyte maturation

was TCM-199 supplemented with 0.57 mM
cysteine, 100 µM ascorbic acid 2-O-α-D-glucoside
(Hayashibara Biochemical Laboratory, Okayama,
Japan), 0.04 units/ml ovine FSH, 0.02 units/ml
ovine LH, 0.5 µg/ml insulin, and 10% (v:v) porcine
follicular fluid.  Porcine follicular fluid was
aspirated from follicles 2–6 mm in diameter,
centrifuged at 10,000 × g for 15 min at 4 C to remove
cellular debris, and stored at –30 C until use.  The
basic medium used for IVF was essentially the
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same as modified Tris-buffered medium (mTBM)
[1].  This mTBM was used as IVF medium when
supplemented with 2 mM caffeine sodium
benzoate and 0.1% (w:v) bovine serum albumin
(BSA) and was used as sperm preincubation
medium when supplemented with 4 mM caffeine
sodium benzoate and 0.4% (w:v) BSA.

Determination of ROS scavenging activity
To determine the O2

– scavenging activity of the
tannins ,  a  novel  te trazol ium sal t ,  4 - [3 - (4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate sodium salt (WST-1; Dojindo
Laboratories, Kumamoto, Japan), which forms a
highly water-soluble formazan after reduction, was
used as described previously [20].  The reaction
mixture consisted of 800 µl of reaction buffer (50
m M  s o d i u m  c a r b o n a t e  b u f f e r  p H  9 . 4 ,
supplemented with 0.15 mM EDTA and 0.15 mM
hypoxanthine), 100 µl of the tannin relatives, and 50
µl of 1 mM WST-1 solution.  The reaction was
initiated by adding 50 µl of 200 mU/ml xanthine
oxidase  solution,  and the absorbance was
continuously monitored at  438 nm with a
spectrophotometer for 3 min, with readings
recorded every 0.5 min (∆Abs).

Radical scavenging activity was measured using
the method of Lee et al. [21].  Briefly, 20 µl of the
tannins were added to 980 µl of 100 µM 2,2-
diphenyl-1-picrylhydrazyl (DPPH) in ethanol, and
the reaction mixture was shaken vigorously.  After
20 min standing at room temperature, the decrease
in absorbance at 516 nm was measured (∆Abs).

A control assay containing the solvent without
the tannin relatives was carried out simultaneously.
The relative O2

– and DPPH radical scavenging
activities were calculated as follows:

Relative activity (%)=

∆Abs of control – ∆Abs in the presence of the tannin relatives

∆Abs of control

Extraction of sperm hyaluronidase and measurement 
of hyaluronidase activity

Boar sperm hyaluronidase was extracted as
described previously by Li et al. [22] and Tatemoto
et al. [10], and the extracted solution (1 × 108 sperm/
ml in HEPES-buffered saline; 5 mM HEPES, 150
mM NaCl, 20 mM EDTA, 1 mM p-hydroxymercuro
benzoate, 5 mM N-ethymaleimide, and 1 mM
benzamidine, pH 7.0) was stored at –80 C until it

was assayed for hyaluronidase activity.
TA and EA were dissolved in absolute ethanol

and 1 N NaOH, respectively.  Aliquots (25 µl) of the
tannin relat ives  solut ions di luted to  f inal
concentration range of 0–10 µg/ml were mixed
with 25 µl of sperm extract and preincubated with
shaking for 1 h at room temperature.  Control
assays containing the sperm extract and solvents
were carried out simultaneously.  The final
concentration of the solvents was less than 0.1%
(v:v).  Hyaluronidase activity was measured by a
colorimetric method using Alcian Blue 8 GX, as
described previously [11].  Briefly, the reaction was
conducted in a mixture (0.5 ml) of 50 mM sodium
acetate buffer (pH 7.0) containing 50 mM MgCl2, 40
µg of human umbilical cord hyaluronic acid, and 50
µl of a solution of sperm extract and the tannins.
Following incubation at 37 C for 100 min, the
reaction mixture was mixed with 0.02% (w:v)
Alcian Blue 8 GX solution (0.7 ml) and centrifuged
at 10,000 ×  g for 5 min.  Absorbance of the
supernatant solution at 603 nm was measured
using a spectrophotometer (Shimadzu Co., Kyoto,
Japan).  Blanks containing only buffer and the
tannins or solvents were assayed in parallel.  A
standard curve of hyaluronidase activity was
obtained using bull testicular hyaluronidase (H-
3506; 500 units/mg) under the conditions described
above.

Oocyte collection and IVM
Ovaries were collected from gilts at a local

slaughterhouse and transported to the laboratory in
0.9% (w:v) NaCl at 30 C.  Within 2 h of slaughter,
the follicular contents were recovered by excising
the visible small antral follicles (about 2–6 mm in
diameter) on the ovarian surface using a razor and
by scraping the inner surface of the follicle walls
with a disposal surgical blade.  Only cumulus-
oocyte complexes (COCs) with uniform ooplasm
and a compact cumulus cell mass were collected
and washed three times with HEPES-buffered
Tyrode medium containing 0.01% (w:v) polyvinyl
alcohol (H-TL-PVA).  After washing in IVM
medium, groups of 15–20 COCs were transferred
into 100-µl droplets of IVM medium that had
previously been covered with warm mineral oil
and equilibrated in a 5% CO2 incubator.  After 20 h
of maturation culture, the COCs were washed and
transferred to 100-µl droplets of IVM medium
without hormonal  supplementation for an

 × 100
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additional 24 h of culture.  After a total of 44 h of
maturation culture, the COCs were freed from their
cumulus cells by treatment with H-TL-PVA
containing 0.1% (w:v) hyaluronidase and repeated
passage through a narrow-bore pipette.

IVF
Cumulus-free oocytes were washed three times

with IVF medium, and then 25–30 oocytes were
transferred to 50-µl droplets of IVF medium
containing 0 or 5 µg/ml of the tannins which had
previously been covered with warm mineral oil.
The droplets containing oocytes were kept in an
incubator for 1 h until spermatozoa were added for
fertilization.  Sperm preparation consisted of
thawing (39 C) frozen spermatozoa (three pellets of
100-µl in volume containing about 5 × 107 sperm/
pellet) ejaculated from Okinawa native (Agu 1 and
Agu 2) or Landrace (Landrace 1 and Landrace 2)
p i g s  a n d  t h e n  w a s h i n g  t h e m  t wi ce  b y
centrifugation at 400 × g for 4 min in Dulbecco’s
phosphate buffered saline (PBS; Invitrogen,
Carlsbad, CA, USA) supplemented with 0.1% PVA
(pH 7.2).  At the end of the washing procedure, the
sperm pellet was resuspended at 4 × 108 cells/ml in
sperm preincubation medium; they were then
incubated for 90 min at 39 C in an atmosphere of 5%
CO2 in air to induce capacitation.  After sperm
preincubation, 50 µl of diluted sperm suspension in
IVF medium containing 0 or 5 µg/ml of TA, GA, or
EA was added to a droplet containing oocytes at a
final sperm concentration of 1 × 106 cells/ml.
Oocytes were coincubated with spermatozoa for 7
h at 39 C in an atmosphere of 5% CO2 in air.  After
insemination, the oocytes were removed from the
fertilization drops, washed three times, and
cultured in 50-µl drops of porcine zygote medium
(PZM-3) [23] at 39 C in an atmosphere of 5% CO2 in
air.

Assessment of fertilization parameters
After 10 h of in vitro insemination, groups of 30–

40 oocytes were mounted, fixed, stained, and
examined for fertilization parameters using a phase
contrast microscope at 400 ×  magnification.
Oocytes were considered to be penetrated when
they had one or more sperm heads and/or male
pronuclei and a corresponding sperm tail(s).  The
rates  of  polyspermy and male  pronucleus
formation and the mean number of sperm per
oocyte were determined using the oocytes that had

been penetrated.

Sperm-ZP binding assay
After the cumulus-free oocytes were coincubated

with preincubated spermatozoa for 2 h in the
presence or absence of 5 µg/ml of the tannins as
described above, the oocytes and bound sperm
were gently pipetted 10 times in H-TL-PVA with a
wide-bore pipette to remove loosely bound sperm
and fixed at room temperature for 40 min with 2%
formaldehyde.  The oocytes were then placed in 50-
µl drops of H-TL-PVA containing 10 µg/ml of bis-
benzimide Hoechst 33342 and incubated for 10 min.
The oocytes were mounted and the sperm tightly
bound to the ZP were counted using a fluorescence
microscope.

Acrosomal proteolytic activity assay
Acrosomal proteolytic activity in single sperm

was assessed using the gelatin plate assay as
described previously [11, 24].  Briefly, 40 µl of 3%
(w:v) gelatin suspension supplemented with or
without 5 µg/ml of the tannins was placed in a
biased manner on one slide and smeared uniformly
onto another slide by rubbing the two slides
together.  The acrosome contents were released
after incubation of the capacitated sperm on gelatin
firm-covered slides in a humid chamber at 37 C for
2 h; this led to halo formation.  The horizontal
diameters of individual halos of approximately 35–
40 sperm heads were measured with a micrometer
using a phase contrast microscope and regarded as
an indication of the proteolytic activity of the
acrosomal contents.

Assessment of ZP solubility
In vitro matured cumulus-free oocytes were

cultured for 4 h in IVF medium with or without 5
µg/ml of the tannins and then washed three times
in H-TL-PVA.  Fifteen or twenty oocytes were
transferred into 100-µl of H-TL-PVA containing
0.1% (w:v) protease and continuously observed for
dissolution of the ZP at room temperature using an
inverted microscope at 200 × magnification.  The
time required for dissolution of the ZP in a given
oocyte was recorded as the ZP dissolution time.

Evaluation of sperm acrosome status
To examine the effect of the tannins on AR

induction of capacitated sperm, a portion of the
preincubated sperm was treated with 10 µg/ml
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progesterone in the presence or absence of 5 µg/ml
of the tannins for 30 min at 39 C in an atmosphere
of 5% CO2 in air to induce AR as described
previously [25].  Other preincubated sperm were
coincubated with cumulus-free oocytes or
extensively pretreated oocytes with 500 units/ml
h y a l u ro n i d a s e  f o r  2  h  i n  I V F  m e d i u m
supplemented with or without 5 µg/ml of the
tannins for 2 h, and then sperm-oocyte complexes
were gently rinsed several times with PBS using a
wide-bore pipette to remove loosely attached
spermatozoa.  The progesterone-treated sperm and
sperm-oocyte complexes were immediately stained
with 2 µg/ml FITC-labeled peanut agglutinin
(FITC-PNA), 1 µg/ml DAPI,  and 10 µg/ml
propidium iodide (PI) in PBS at 37 C for 20 min,
fixed with 4% formaldehyde for 15 min at room
temperature, and mounted onto slides.  For
evaluation of sperm acrosomal status using a
fluorescence microscope, sperm showing partial or
complete green fluorescence (FITC-PNA staining)

in the acrosomal region were evaluated as
acrosome reacting sperm, and sperm showing
partial or complete red fluorescence (PI staining)
were excluded from the data set as nonviable
sperm.

Statistical analysis
Statistical analyses of the findings from four

replicate trials for comparison of each treatment
were carried out by Shapiro-Wilk normality test
and one-way or two-way ANOVA followed by the
Tukey-Kramer test using the Statistical Analysis
System (SAS) software package (Cary, NC, USA).
All percentage values were subjected to arcsine
transformation before statistical analysis.  All
values were expressed as the mean ± SEM of four
replicates.  A probability of P<0.05 was considered
to be statistically significant.

Results

ROS scavenging activity of TA, GA and EA
TA and GA possessed strong O2

– scavenging
activity (Fig. 1A), and this activity increased
markedly in a concentration-dependent manner
(P<0.05).  Likewise, the maximal levels of DPPH
radical scavenging (complete scavenging) was
achieved with 5 µg/ml of TA and GA (Fig. 1B).
However, the O2

– and DPPH radical scavenging
activities of EA were considerably weaker than
those of TA and GA.

Effect of TA, GA, and EA on hyaluronidase activity
The data in Fig. 2 shows the effect of the three

tannin  re la t ives  (TA,  GA and EA )  on  the
hyaluronidase activity of the boar sperm extracts.
T A  a n d  E A  s i g n i f i c a n t l y  i n h i b i t ed  t h e
hyaluronidase activity in a concentration-
dependent manner over the range of 2–10 µg/ml
(P<0.05).  The hyaluronidase activities were
significantly reduced to 1.1 ± 0.1 and 1.0 ± 0.1
units/ml by the addition of 5 µg/ml of TA and EA,
respectively, compared with that in the absence of
the tannins (4.8–5.0 units/ml, P<0.05).  In contrast,
G A  d i d  n o t  h a v e  a n  i n h i b i t or y  e f f e c t  o n
hyaluronidase activity, even when it was added at
a concentration of 10 µg/ml.

Effect of TA, GA, and EA on IVF
No difference was found in the incidence of

Fig. 1. O2
– (A) and DPPH radical (B) scavenging activities of

various concentrations of the tannin relatives.  Values
are expressed as means ± SEM.  Values with different
superscr ipts  within each tannin relat ive are
significantly different (P<0.05).
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sperm penetration irrespective of the type of
tannins added to the IVF medium (Table 1);
however, the polyspermy rate was significantly
lower in the oocytes treated with TA and EA (32%
and 29%, respectively) compared with the oocytes
treated with or without GA (51% and 69%,
respectively), and there was a reduction in the
number of sperm per penetrated oocyte (P<0.05).
Although TA or EA had no effect on the formation
of male pronuclei, the addition of GA to the IVF
medium significantly decreased the rate of male
pronucleus formation (42%) compared with that in
the  absence  of  the  tannins  (70%,  P<0.05) .
Prevention of polyspermy by the addition of EA
was also observed in the oocytes fertilized with the
boar spermatozoa obtained from the two Agu and
two Landrace boars (Fig. 3).  The polyspermy rates
for all the boars were significantly reduced to 29–

40% by treatment with EA without any affection
sperm penetration compared with those without
treatment (P<0.05).  Moreover, there were no
differences in the inhibitory effects of EA treatment
on polyspermy among the different sources of
semen samples.  These findings clearly indicated
that the inhibitory effect of EA on polyspermy was
applicable to all the boar sperm.

Effects of the tannins on sperm binding to the ZP, 
proteolytic activity of acrosome contents, and ZP 
solubility

There was no effect on the number of sperm
bound to the ZP regardless of treatment with TA,
GA, or EA (146.2 ± 7.9, 166.9 ± 10.3 and 155.0 ± 9.5
sperm/oocyte, respectively) compared with the
control (133.4 ± 7.9 sperm/oocyte).  Preincubated
sperm produced halos on gelatin substrate slides as

Fig. 2. Inhibitory effect of the tannin relatives on the
hyaluronidase activity of preincubated boar sperm
extracts.  Values are expressed as means ± SEM.
Values with different superscripts within each tannin
relative are significantly different (P<0.05).

Fig. 3. Inhibitory effect of ellagic acid on polyspermy in
oocytes fertilized with spermatozoa from different
boars.  Values are expressed as means ± SEM.  The
numbers of oocytes examined are indicated in
parentheses.  * Values are significantly different
compared with those in the absence of ellagic acid in
the same boar (P<0.05).

Table 1. Effect of the tannin relatives on the fertilization parameters of porcine oocytes matured and fertilized in vitro a

Treatment No. of Oocytes (%; mean ± SEM) No. of sperm per
during IVF oocytes Penetrated Polyspermicb Male penetrated oocyte

examined pronucleusb (mean ± SEM)

None 137 73.0 ± 3.8 69.0 ± 4.6 c 70.0 ± 4.6 c 2.38 ± 0.08 c

Tannic acid 131 70.2 ± 4.0 31.5 ± 4.8 e 68.5 ± 4.8 c 1.41 ± 0.08 e

Gallic acid 143 69.2 ± 3.9 50.5 ± 5.0 d 42.4 ± 5.0 d 1.68 ± 0.04 d

Ellagic acid 138 68.1 ± 4.0 28.7 ± 4.7 e 74.5 ± 4.5 c 1.40 ± 0.04 e

a The concentrations of all the tannin relatives were 5 µg/ml, and frozen-thawed Agu 1 spermatozoa were used for insem-
ination.  b Percentage of oocytes that were penetrated.  c–e Values with different superscripts within the same column are
significantly different (P<0.05).
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a result of gelatin digestion by the acrosomal
contents from sperm, but there was no significant
decrease in halo diameter with or without
treatment with the tannins (31.6 ± 1.0 to 32.8 ± 1.0
µm).  Moreover, the ZP dissolution time was
unaltered by the tannins (3.6 ± 0.1 to 4.0 ± 0.1 min)
compared with the control (3.9 ± 0.1 min).

Effect of the tannins on the AR
As shown in Table 2, when preincubated sperm

were treated with 10 µg/ml progesterone for 30
min to compulsorily induce the AR instead of via

pr imary  sperm-ZP b inding  in  re la t ion  t o
carbohydrate-mediated events,  EA had no
inhibitory effect on the progesterone-induced AR
(23%) as sperm treated with progesterone alone
(23%).   However,  TA (13%) and GA (13%)
significantly blocked the progesterone-induced AR,
and their levels were similar to that of the treatment
without progesterone (8%, P<0.05).  In contrast,
after 2 h of sperm incubation with oocytes (Fig. 4),
the incidence of AR in sperm bound to the ZP was
significantly decreased by TA (15%) and EA (16%)
compared with that of treatment without the
tannins (25%,  P<0.05) .   Interest ingly,  this
significantly low level of acrosome-reacting sperm
on the ZP was also found in the oocytes pretreated
with 500 units/ml hyaluronidase for 2 h prior to
insemination in order to deplete the hyaluronidase
substrate of hyaluronic acid in the ZP and nullify
hyaluronidase participation during sperm-ZP
interaction, despite treatment with the tannins
during IVF (13–16%, P<0.05).

Discussion

The present study assessed the effect of addition
of the tannin relatives TA, GA, and EA to IVF
m ed i u m o n  s u p p re s s i o n  o f  p o l y s p e rm i c
fertilization in cumulus-free porcine oocytes.  The
main finding was that TA and EA possessed a high
level of antihyaluronidase activity and effectively
protected oocytes against polyspermy during IVF
(Fig. 2 and Table 1).  Treatment with the tannins
c a u s e d  n e i t h er  p r o t e c t i o n  o f  p r o t e o l y t i c
modification of the ZP matrix before fertilization,
nor a reduction in the proteolytic activity of the
acrosomal contents or the number of zona-bound

Table 2. Effect of the tannin relatives on the progesterone-induced acrosome reaction in
preincubated Agu 1 sperm a

Treatment No. of Acrosome-reacting sperm
living sperm examined (%; mean ± SEM)

None 468 8.0 ± 1.4 b

With progesterone alone 629 23.3 ± 2.0 d

With progesterone and tannic acid 542 13.3 ± 1.7 c

With progesterone and gallic acid 474 13.3 ± 1.8 c

With progesterone and ellagic acid 522 23.1 ± 2.1 d

a The concentrations of progesterone and all the tannin relatives were 10 µg/ml and 5 µg/ml,
respectively.
b–d Values with different superscripts within the same column are significantly different (P<0.05).

Fig. 4. Effect of the tannin relatives on the acrosome reaction
induced by the sperm-zona interaction.  Oocytes
p r e t r ea te d  w i th  o r  w i t ho u t  5 0 0  u n i t s / m l
hyaluronidase for 2 h prior to insemination were
coincubated with preincubated Agu 1 sperm in IVF
medium supplemented with 0 or 5 µg/ml of the
tannin relatives for 2 h.  Values are expressed as
means ± SEM.  The numbers of living sperm examined
are indicated in parentheses.  a–c Within the same
group of oocytes, values with different superscripts
are significantly different (P<0.05).  * Values are
significantly different compared with those of oocytes
pretreated without hyaluronidase.
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spermatozoa.  However, GA had no inhibitory
effect on hyaluronidase activity and did not
prevent polyspermy as well as TA and EA.
Accordingly, we believe that the stronger blocking
potency for hyaluronidase activity of TA and EA
leads to a decrease in the incidence of polyspermy,
which may be responsible for sperm penetration of
the ZP independent of the physiological functions
related to ZP modification.  Although the same
phenomenon was  observ ed  in  our  recent
experiment using other polyphenols [11], the
critical role of hyaluronidase in sperm penetration
into the ZP remains to be elucidated because it is
thought that the hyaluronidase in the sperm
plasma membrane is merely responsible for
hydrolysis of hyaluronic acid in the extracellular
matrix of expanded cumulus cells to allow sperm to
penetrate the cumulus layer [26–28].

According to previous reports, high amounts of
ROSs were first shown to have a deleterious effect
on spermatozoa [29], but it is now recognized that
endogenous generation of low and controlled
levels of ROSs in human and bovine spermatozoa is
involved in the acquisition of fertilizing ability [30–
33].  An optimal level of ROSs is indispensable for
regulation of  the capacitation process and
induction of multiple vesiculations between the
outer acrosomal membrane and overlying plasma
membrane during the AR [15, 16, 34].  The present
findings revealed that O2

– and DPPH radicals were
completely scavenged by TA and GA, and the weak
ROS scavenging activity of EA was not comparable
with that of TA and GA (Fig. 1).  Moreover, when
p re i n c u b a t e d  s p er m  w er e  t re a t e d  w i t h
progesterone to compulsorily induce the AR, the
incidence of AR sperm was significantly blocked by
TA or GA; however, EA did not obstruct the
progesterone-induced AR irrespective of the fact
that it possessed a higher level of antihyaluronidase
action than TA (Table 2).  These findings indicate
that the progesterone-induced AR was blocked by a
higher level of ROS scavenging activity and not by
antihyaluronidase action derived from the tannins.
It is apparent that conspicuous deficiency of ROS
results in failure of AR induction in boar sperm.
The same phenomenon has also been detected in
preincubated sperm treated with 200 µM ascorbic
acid (unpublished data).

Surprisingly, we also noted that treatment with
EA markedly inhibited the AR (16%) in ZP-bound
sperm to the same extent as treatment with TA

(15%) compared with the control (25%), and the
same phenomenon was found in the oocytes
pretreated with 500 units/ml hyaluronidase for 2 h
before coincubation with preincubated sperm
despite absence of the tannins (Fig. 4).  As reported
by Cherr et al. [35] and Vines et al. [36], glycosyl
phosphatidylinositol (GPI)-anchored sperm
membrane protein PH-20 has a hyaluronic acid
binding site (Peptide 2 region) and interacts with
hyaluronic acid to increase [Ca2+]i in macaque
spermatozoa.  The increases in [Ca2+]i due to
hyaluronic acid exposure in human and macaque
sperm are not in sufficient to induce the AR [35, 37],
but they do dramatically increase the number of
sperm that undergo the AR in response to the ZP
[38, 39].  Although the hyaluronic acid binding
funct ion of  PH-20  i s  s t i l l  unclear  in  boar
spermatozoa, addition of hyaluronic acid to IVF
medium improves the rate at which oocytes are
penetrated in a conventional porcine IVF protocol
using frozen-thawed ejaculated boar spermatozoa
[40].  In general, spermatozoa penetrate the
expanded cumulus mass containing the hyaluronic
acid-rich viscoelastic matrix to fertilize the egg, but
antihyaluronidase agents interfere with the transit
of sperm through the expanded cumulus mass and
led to a reduction in the penetration rate [10, 11, 22].
Accordingly, we used cumulus-free oocytes in the
present IVF procedure to support a high sperm
penetration rate.  However, it is likely that adhesion
of hyaluronic acid to the ZP is somehow connected
to AR induction through the hydrolytic action of
sperm hyaluronidase.  Therefore, these findings
clearly indicate that the antihyaluronidase action of
EA effectively prevents polyspermy by suppression
of  AR funct ional i ty  induced by sperm-ZP
interaction and that hyaluronidase intervention is
required.

In the present study, addition of GA to the IVF
medium resulted in disturbance or retardation of
male pronucleus formation, suggesting that GA has
some adverse effect.  In contrast, we are currently
evaluating whether there are any adverse effects of
treatment with 5 µg/ml EA during IVF on embryo
development to the blastocyst stage (unpublished
data).  Furthermore, we confirmed the inhibitory
effect of EA on polyspermy in oocytes fertilized
with spermatozoa from different boars (Fig. 3).

In  summary,  the  fo l lowing  points  were
demonstrated in the data reported in the present
study.  1) TA and EA potently blocked the
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hyaluronidase activity of the extracted boar sperm.
2) The progesterone-induced AR was blocked by
TA and GA thorough their potent ROS scavenging
activities; however, it was not blocked by EA,
which has weak ROS scavenging activity, although
EA did decrease the incidence of AR induced by
sperm-ZP interaction to the same extent as TA.  3)
Addition of TA and EA to IVF medium effectively
reduced the incidence of polyspermy in cumulus-
free oocytes under conditions that maintained a
high sperm penetration rate without effects on
proteolytic  modification of the ZP matrix,
reduction of the proteolytic activity of the
acrosomal contents, or changes in the number of
ZP-bound sperm.   We concluded that  the
antihyaluronidase action of EA can promote the
normal ferti l ization process by preventing
polyspermy during porcine IVF as a consequence
of suppression of AR functionally induced by
sperm-ZP interaction irrespective of the radical-

mediated functions of the AR.  Further studies are
required to investigate the detailed mechanism of
AR induction in ZP-bound sperm and to elucidate
any correlat ions between polyspermy and
carbohydrate-mediated events during sperm-ZP
binding.
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