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Capacitation of spermatozoa is an essential procedure 
for fertilization. Capacitated spermatozoa have an in- 
crease in the intracellular cAMP and acrosome reaction 
(AR) occurs immediately. The effect of exogenous 
superoxide anion (0 -2 )  on the level of intracellular 
cAMP and the percentages of both spontaneous AR and 
lysophosphatidylcholine-induced AR (LPC-AR) were 
studied using semen samples collected from 10 healthy 
and fertile volunteers working or studying in Lanzhou 
Medical College. Spermatozoa were separated by 
Percoll and incubated at 37°C in Ham's F-10 medium 
with 0 - 2  generation system: xanthine + xanthine oxi- 
dase + catalase + diethylenetriaminepentaacetic acid + 
sodium formate. The intracellular cAMP was deter- 
mined by (%) - cAMP radioimmunoassay at 3 h of 
incubation, and the percentages of AR and LPC-AR 
were evaluated by the triple-stain technique at 3.5 h of 
incubation. The effects of SOD with different concentra- 
tion were also determined. The results showed: the level 
of intracellular CAMP (pmol/ 10' spermatozoa) of sper- 
matozoa increased from 14.0 t 1.3 to 23.2 k 2.5 (P<O.Ol), 
and the percentages of AR and LPC-AR increased from 
4.5 f 1.1% and 14 f 1.9% to 16 f 2.0% and 32.5 k 1.7%, 
respectively (P<O.Ol in both comparisons). SOD inhib- 
ited these processes concentration dependently. To in- 
vestigate the source of 0 - 2  during in vivo sperm 
capacitation, female genital tract fluids collected from 6 
healthy nonpregnant donors of reproductive age, and 

seminal plasma, capacitated and noncapacitated 
spermatozoa from 10 fertile volunteers were investi- 
gated by spin trapping method. The results showed: A 
typical electron paramagnetic resonance spectrum for 
0 - 2  spin adduct was exhibited only incapacitated sper- 
matozoa but not in vaginal or cervical secretions, uter- 
ine and fallopian tuba1 fluids, nor in seminal plasma and 
noncapacitated spermatozoa. These results suggested 
that only capacitated spermatozoa themselves are able 
to generate 0 - 2  which stimulated their capacitation in 
turn. Furthermore, on the basis of these data, we pro- 
pose that it may be possible to utilize the inhibitory 
effect of SOD on sperm capacitation so as to regulate 
fertilization. 

Key words. Human spermatozoa, capacitation, acrosome 
reaction, superoxide anion, superoxide dimutase, free radicals 

INTRODUCTION 

Spermatozoa present in freshly ejaculated semen 
of mammals lack the capacity to  fertilize the oo- 
cyte immediately.' Prior to acquisition of the abil- 
ity to fertilize the oocyte, spermatozoa undergo a 
series of membrane  a n d  metabolic changes 
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referred to as capacitation.' These changes occur 
in female genital tract and must be completed 
before fertilization of the oocyte.' Sperm capacita- 
tion can also be initiated under proper conditions 
in vituo, such as in physiological solutions contain- 
ing serum albumin or follicular fluid. Capacitated 
spermatozoa have an increase in the intracellular 
 CAMP:-^ and exhibit the characteristic of hyper- 
activation.6 Once capacitation is completed, the 
acrosome reaction (AR) can be initiated im- 
mediately under certain conditions. AR is an 
exocytotic process involving fusion of outer 
acrosomal membrane with the overlying sperm 
head plasma membrane, followed by fenestration 
and vesiculation of the fused membrane, and 
eventually leading to dispersion of the acrosomal 
m a t r i ~ . ~  The percentages of spontaneous AR of 
human spermatozoa in vifro is less than 20%. It can 
be significantly increased when some inducers are 
supplemented. Lysophosphatidylcholine (LPC) is 
a physiological agent known to induce AR in ca- 
pacitated but not innoncapacitated ~permatozoa.~ 
So that percentage of LPC-AR can also reflect the 
level of sperm capacitation. Acrosomal enzymes, 
mostly acrosin and hyaluronidase, enable sper- 
matozoa to penetrate the cumulus ophorus, co- 
rona radiate and zona pellucid which cover the 
oocytes. Contact with the oocyte plasma mem- 
branes and fusion with oocytes are also facilitated 
by acrosomal enzymes. 

Human and animal spermatozoa can generate 
reactive oxygen species (ROS), for instance super- 
oxide anion ( 0 - 2 )  and hydrogen peroxide, and are 
especially sensitive to oxidative damage because 
of the high content of polyunsaturated fatty acids 
and the relatively low levels of antioxidant en- 
zymes in ROS are able to initiate 
lipid peroxidation of polyunsaturated fatty acids 
in sperm membranes. The lipid peroxides, prod- 
ucts of lipid peroxidation, cause irreversible dam- 
ages of sperm integrity, motility and other sperm 
 function^.^-'^ Until now, sperm ROS were re- 
garded as the principal cause leading to oligo- 
spermia, azoospermia, sperm abnormalities such 
as altered motility and shape, and idiopathic male 

infer ti lit^.'^-'^ However, recent studies by Lamir- 
ande and G a g n ~ n ' ~ , ' ~  were contrary to previous 
reports: when spermatozoa were treated with an 
appropriate amount 0 - 2 ,  there was not only a 
complete prevention of any loss of motility but 
also a significantly high level induction of 
capacitation. Superoxide dismutase (SOD) can 
prevent this process. 

The aim of the present study is to investigate 
the role of 0 - 2  on human sperm capacitation and 
AR, and the source of 0 - 2  in the genital system 
under the physiological conditions so as to 
evaluate the possibility of inhibiting sperm 
capacitation by interfering with the generation of 
0 - 2 .  

MATERIALS AND METHODS 

Materials 

Ham's F-10 culture medium, xanthine, xanthine 
oxidase, catalase, 5,5-dimethyl pyrroline N-oxide 
(DMPO) and lysophosphatidylcholine (LPC) 
were purchased from Sigma Chemical Co. (St 
Louis, MO, USA). Superoxide dismutase was pur- 
chased from Xiahe Biological Products Factory 
(Xiahe, Gansu, China). Diethyldithiocarbamate 
(DDC), diethylenetriaminepentaacetic acid 
(DETAPA), sodium formate, trypan blue, Bis- 
mark brown Y, Rose Bengal and Percoll were 
purchased from Shanghai Biochemical Co. 
(Shanghai, China) and were reagent grade. t3H]- 
CAMP medical kit (specific radio-activity>740 
GBq/mmol, radioactive purity>98%) was offered 
by China Atomic Energy Scientific Institute 
(Beijing, China). 

Methods 

Collection and preparation of semen samples 

Semen samples were collected into sterile con- 
tainers by masturbation, after 5-7 days of sexual 
abstinence, from fertile volunteers (25-35 years 
old) who had no past or present history of 
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systemic diseases and working or studying in 
Lanzhou Medical College. The samples liquefied 
spontaneously from the freshly gel state for 
30 min at room temperature to liquid state, and 
conventional semen analyses were performed. 
Only normozoospermic samples (vital percent- 
ages>60%, motility 11-111 grades) were used. The 
spermatozoa separated from the seminal plasma 
by Percoll (65-95%) density gradient centrifuga- 
tion were washed and resuspended in Hepes - 
Ham’s F-10 culture medium (pH 8). The sperm 
concentration in the suspension was adjusted to 
20 x lo6 spermatozoa/ml. 

Collection of female genital tractfluids 

Vaginal, cervical secretions and uterine, fallopian 
tuba1 fluids were obtained from 6 nonpregnant 
donors of reproductive age with no history of 
systemic disorders, who asked for female 
sterilization at the Department of Obstetrics and 
Gynecology of the First Hospital, Lanzhou Medi- 
cal College. The samples were tested within 
15 min. 

Genera tion of 0-1 

0; was generated in Hepes-Ham’s F-10 medium 
containing xanthine (0.5 mmol/L), catalase (426 
unit/ml), DETAPA (0.1 mmol/L), sodium for- 
mate (0.4 mmol/L) and xanthine oxidase (0.05 
unit/ml)’*. All expressed as final concentrations. 

Groupings and treatments 

(a) control group: sperm suspension alone; (b) 0 - 2  

group: sperm + 0 - 2 ;  (C) SOD group: sperm + SOD 
(1600 unit/ml); (d) 0 - 2  + SOD group: sperm + 0 - 2  

+ SOD (400-3200 unit/ml); (e) 0-2 + inactivated 
SOD (SODi) group: sperm + 0 - 2  + SODi; (f) Whole 
semen + DDC (1 mmol/L) (DDC is the inhibitor 
of SOD). (A) non-incubated group: precapacitated 
sperm suspension alone; all expressed as final 
concentrations. All groups except A were incu- 
bated at 3’7°C for 3.5 h in 5% C02 to lead the 
spermatozoa capacitation. 

Determination of CAMP in spermatozoa 

After incubation for 3.5 h, 1 N HC104 0.5 ml was 
added into 1 ml sperm suspension from each 
group. Spermatozoa were intermittently homo- 
genized in the ice-water bath for 3 min with ultra- 
sonic homogenizer (Jc-2 model, China), and then 
homogenate were centrifugated (1200 x g for 
20 min, 4°C). The supernatant was adjusted to 
pH 7.0 with 2 N KOH, and centrifugated (1200 x 
g for 20 min, 4°C) once again. The supernatant was 
used to determine the intracellular cAMP with 
[3H]-cAMP radioimmunoassay . [ 3H]-cAMP 30 p1 
(0.37 KBq/30 pl) and combined - protein 60 pl 
(20 pg/60 pl) were successively added to a tube 
containing 40 p1 of the testing supernatant, shaked 
gently. After reacting for 2 h, 50 pl activated char- 
coal was supplemented to the reactive system, 
then centrifugated 1000 x g for 6 min immediately. 
The supernatant 120 p1 was put into a vial, 100% 
ethanol 1.5 ml and 3.5 ml scintillation liquid were 
successively added, evenly mixed, and then radio- 
activity was measured with liquid scintillation 
counter (FJ-2115 model, China). All reactions were 
performed in ice-water bath. The concentration of 
cAMP was calculated according to the standard 
curve. 

Determination of AR 

After 3.5 h of incubation, an aliquot of the sperm 
suspension was used to determine the percentage 
of spontaneous AR without any inducers. A sec- 
ond aliquot of the sperm suspension was treated 
with LPC (final concentration 100 pmol/L) for 
30 min at 37”C, and then determined the percent- 
age of inductive AR. The acrosomal status was 
evaluated by the triple-stain technique (TST).” 
Two hundred spermatozoa were counted for each 
sample by a bright-field microscope with 1000 
multiple enlargement. There are the following 
four stainings in spermatozoa: (1) dark blue 
postacrosomal regions and pink acrosomes (dead 
spermatozoa in which the acrosome is still 
completely or partially intact); (2) dark blue 
postacrosomal regions with white ‘acrosomal 
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regions' (dead spermatozoa lacking acrosome); 
(3) light brown postacrosomal regions and pink 
acrosomes (spermatozoa were alive at the time of 
fixation but had not undergone AR); (4) light 
brown postacrosomal regions and white 'acroso- 
ma1 regions' (spermatozoa that were alive at the 
time of fixation and had undergone normal AR). 
The percentage of AR is calculated as numbers of 
(4) / (3) + (4). 

Determination of 0-2 

DMPO 50 p1 (final concentration 0.94 mmol/L) 
was added into 200 p1 aliquots of vaginal and 
cervical secretions, uterine and fallopian tuba1 flu- 
ids, seminal plasma, capacitated spermatozoa and 
noncapacitated spermatozoa (adjusted sperm 
concentration to 20 x lo8 spermatozoa/ml) respec- 
tively. After evenly mixed, electron paramagnetic 
resonance (EPR) signals were immediately mea- 
sured with EPR instrument (BRUKER 200 D-SRC, 
Germany). Microwave frequency: 9.7 GHz; micro- 
wave power: 10 dB 16.7 mW; cavity: T.M; fre- 
quency: 100 KHz; field modulation intensity: 
5 Gpp; gain: 5 x lo3; time constant: 1000 sec; phase: 
0; mid range: 3480 G; scan range: 500 G; scan time: 
500 sec. 

Statistical analysis 

Each value is expressed as the mean and standard 
error of mean (SEM). The differences among data 
of individual groups were performed with the 
analysis of variance (ANOVA). P4 .05  was 
selected as a criterion for statistically significant 
difference. 

RESULTS 

Promotion of 0-1 on Human Sperm Capacitation 

The concentration of intracellular cAMP 
(pmol/ lo8 spermatozoa) of spermatozoa treated 
with 0 - 2  increased from 14.0 f 1.3 to 23.2 f 2.5 
(P<O.Ol, Figure 1, groups a and c). The percentages 

a/c * *  

0 *. 
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FIGURE 1 CAMP accumulation induced by 0 - 2  in human sper- 
matozoa and effects of SOD and inactivated SOD (SOQ) on this 
process. Except the group A, all the other groups are incubated at 
37°C for 3.5 h. Values represent mean f SEM, n = 10, **: P<O.Ol. 

of spontaneous and inductive AR were sigrufi- 
cantly higher than the control group, and in- 
creased from 4.5 f 1.1% and 14 f 1.9% to 16 * 2.0% 
and 32.5 * 1.7% respectively (P<O.Ol in both 
comparisons, Figure 2, groups a and c). 

Inhibition of SOD on Capacitation and AR 

SOD (1600 unitlml) prevented both spontaneous 
capacitation and that induced by exogenous 0 - 2 .  

Intracellular cAMP of spermatozoa significantly 
declined (P<O.Ol, Figure 1, groups b and d), and 
the percentages of spontaneous and inductive AR 
also declined significantly (lkO.01 in both com- 
parisons Figure 2, groups b and d). The inhibitions 
of SOD were concentration dependent, and the 
lowest concentration needed for inhibition was 
400 unit/ml. Within the extent of 400-1600 
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FIGURE 2 Levels of spontaneous AR and inductive AR inducea 
by 0 - 2  in human spermatozoa and effect of SOD and inactivated 
SOD (SODi) on these processes. All groups are incubated at 37°C 
for 3.5 h. Values represent mean f SEM, n = 10, *: Pe0.05; **: 
P<O.Ol. 

unit/ml, the inhibitions increased with concentra- 
tions. Maximum inhibition was achieved with a 
concentration of 1600 unit/ml, (Figure 3). 

When SOD was inactivated by boiling for 
20 min, the inhibition decreased extremely, but 
still retained part of its activity. (Figure 1, group e, 
Figure 2, group e). This result probably reflects the 

I I  

I. 

T * *  

0 - 2  scavenging effect of proteins and amino acids 
contained in SOD besides its enzymatic activity. 

Effects of DDC on Capacitation and AR in 
W h n l p  S p m p n  

The sperm capacitating process in the female gen- 
ital tract is actually metabolic activating process. 
Seminal plasma (the fluid surrounding sper- 
matozoa after ejaculation) plays a metabolic con- 
serving role to spermatozoa and inhibits sperm 
capacitation and thus the sperm capability to pen- 
etrate the zona-free hamster oocytes.20 Therefore, 
spermatozoa must be free of seminal plasma be- 
fore capacitation is possible. Human seminal 
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plasma exhibits SOD and DDC is an 
effective inhibitor of Cu Zn SOD.22 After treatment 
with DDC 3 mmol/L for 1 h, the SOD activity in 
fibroblast cells BP6T declined ~ignificantly.'~ In 
order to examine whether the capacitating inhibi- 
tion of seminal plasma is at least partly, if not all, 
due to SOD, whole semen treated with DDC 
(1 mmol/L) for 3.5 h. The level of sperm intracel- 
lular CAMP (Figure 1, group f)  was significantly 
higher than pre-incubation level (P<O.Ol, Figure 1, 
group A), and close to the level of the incubated 
group (Figure 1, group a). But, both percentages 
of spontaneous and inductive AR were far lower 
than the percentages of the control group (RO.01, 
Figure 2, groups a and f). 

The Source of 0 - 2  During Internal Sperm 
Capacitation 

EPR signal obtained by the spin trapping method 
was detected only in capacitated spermatozoa. 
This signal was identified as a DMPO-00 (H) 
spectrum with 12 peaks hyperfine splitting con- 
tributed by 0 - 2  (Figure 4). After SOD (1600 
unit/ml) was added to capacitated spermatozoa, 
the signal disappeared, which further confirmed 
that the spectrum was contributed by 0 - 2 .  After 
SOD was replaced with equal quantity of SODi, 
the signal declined significantly, but still retained 
trace (spectrum not shown). The EPR signal was 
obtained neither in vaginal and cervical secre- 
tions, uterine and fallopian tuba1 fluids, nor in 
seminal plasma and noncapacitated spermatozoa. 

10G 
H 

FIGURE 4 Representative EPR spectrum of capacitated human 
spermatozoa. 

DISCUSSION 

The present study directly demonstrates that 
human sperm capacitation can be induced by ex- 
ogenous 0 - 2 ,  and the percentage of AR can be 
enhanced by exogenous 0 - 2  as well. Our results 
also show that SOD significantly inhibits these 
processes, which supported further the conclu- 
sion that 0 - 2  could induce human sperm capacita- 
tion. The trigger mechanism of 0 - 2  on human 
sperm capacitation is unknown yet. For the first 
time, the EPR signal of 0 - 2  was detected in capac- 
itated spermatozoa and disappeared when SOD 
was added. Furthermore, no EPR signal was de- 
tected whatever in female genital tract fluids, sem- 
inal plasma and noncapacitated spermatozoa. 
These findings indicate that capacitated sper- 
matozoa themselves can generate endogenous 
0;. This result supports Lamirande and 
Gagn~n's '~, '~ hypothesis that capacitated sperma- 
tozoa generate 0 - 2 .  Since many of the changes in 
the sperm capacitating process, including influx 
of calcium, synthesis of inositol triphosphate and 
diacylglycerol, activation of phospholipase and 
protein kinases etc. are associated with activation 
of the NADPH oxida~e?-~ we suggested that 
sperm membrane may contain a NADPH oxidase 
system for generating 0-2. In the presence of sem- 
inal plasma, this system would be dormant or 
inhibited by SOD, so that 0 - 2  can not be accumu- 
lated to a concentration sufficient to induce 
capacitation. Therefore, sperm capacitation can 
not occur in seminal plasma. After spermatozoa 
were separated from seminal plasma and incu- 
bated under the capacitating conditions in the 
present studies, we propose that NADPH oxidase 
would become activated and consequently gener- 
ates 0 - 2  which induced and promoted sperm 
capacitation in turn. 

It is known that seminal plasma has a very high 
capacity for scavenging ROS. The content of SOD 
in the human testicle is very high, but lower than 
that of liver and cerebral cortex." Human seminal 
plasma also has the activity of SOD."),21 Thus SOD 
can not only protect spermatozoa against ROS but 
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also inhibit spermmetabolism and prevent against 
premature capacitati~n.’~’~~ Inhibition of SOD in 
seminal plasma by DDC, significantly increased 
the concentration of sperm intracellular CAMP. 
This result indicates that 0 - 2  surely plays a role in 
sperm capacitation. However, in the same experi- 
ment, the levels of AR and LPC-AR were lower 
than that of the control group. These results sug- 
gested that capacitation and AR are quite different 
mechanisms at the molecular level. Capacitation 
only shows physiological and biochemical 
changes of spermatozoa before AR, and these 
changes are reversible. Besides the physiological 
changes including sperm acrosomal splitting and 
dispersion of the acrosomal matrix, the AR exhib- 
its morphological changes of spermatozoa, which 
are irreversible. have shown that sem- 
inal plasma contained a high molecular weight 
glycoprotein called antifertility factor-1 (AF-l), 
which could block sperm capacitation without af- 
fecting the AR. AF-1 did not inhibit the activity of 
acrosin that participated in AR. These results also 
can be explained as capacitation and AR are differ- 
ent mechanisms. We suggested that AF-1 proba- 
bly is but one of the inhibitors of capacitation, and 
distinct inhibitors for AR must also exist. 

In summary, our results suggest that 0-2 can 
induce and promote human sperm capacitation, 
while SOD can prevent this process. 0 - 2  generates 
in spermatozoa under capacitating conditions. It 
is known that spermatozoa cannot perform AR 
unless capacitation is complete, and AR must 
occur before penetrating the zona pellucid for 
fusion with the oocyte. Since SOD is able to inhibit 
sperm capacitation, it would be useful to interfere 
with the essential capacitating process in 
reproduction so as to regulate fertilization. 
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