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The reaction between xanthine and xanthine oxidase results in the univalent and divalent
reduction of dioxygen to generate superoxide (O2\m=-\\s=b\)and hydrogen peroxide (H2O2),
respectively. With the aid of this system, the direct effect of reactive oxygen species (ROS)
on human sperm function has been investigated. A protocol involving the addition of
xanthine oxidase to the reaction mixture at 0 and 15 min resulted in a loss of motility
involving every component of sperm movement examined. Lower doses of xanthine oxidase,
which did not influence sperm motility, were also found to suppress the competence of
human spermatozoa to exhibit oocyte fusion in response to the ionophore, A23187. The
reactive oxygen species responsible for the disruption of human sperm function was not
influenced by the presence of superoxide dismutase (SOD) or scavengers of hypochlorous
acid or hydroxyl radicals. However, the cytotoxic species was shown to be extremely stable
and could be completely eliminated by catalase, which selectively eliminates H2O2.
Confirmation that it is H2O2, and not O2\m=-\\s=b\,which is cytotoxic to human spermatozoa was

obtained in studies in which the direct addition of this oxidant was shown to influence both
the movement of human spermatozoa and their competence for oocyte fusion. These results
carry implications for the diagnosis of defective sperm function and the design of optimized
culture media for the treatment of male factor infertility.

Introduction

Defective sperm function is a major cause of human infertility
(Hull et al, 1985) and yet little is known of the aetiology of this
condition or the precise nature of the defect(s) responsible for
the loss of fertilizing potential. A significant, recent insight into
this problem has emerged from an accumulation of evidence
suggesting that peroxidative damage to the sperm plasma
membrane is an important pathological mechanism in the onset
of male infertility (Jones et al, 1979; Aitken and Clarkson,
1987a, b; Alvarez et al, 1987; Aitken et al, 1989a, b, 1991,
1992a; Iwasaki and Gagnon, 1992). Spermatozoa are particu¬
larly susceptible to such damage by virtue of their high content
of unsaturated fatty acids (Jones et al, 1979) and their relative
paucity of cytoplasmic enzymes for scavenging the reactive
oxygen species that initiate lipid peroxidation (Alvarez et al,
1987; Alvarez and Storey, 1989; Jeulin et al, 1989).

The major sources of the oxidizing species that damage
the spermatozoa are thought to be the spermatozoa themselves
(Aitken and Clarkson, 1987a, b; Alvarez et al, 1987) and
infiltrating leucocytes (Aitken and West, 1990; Kessopoulou
et al, 1992), particularly neutrophils. However, despite the
abundant evidence correlating the appearance of impaired
sperm function with the generation of high amounts of
reactive oxgyen species (ROS) by human spermatozoa (Aitken
and Clarkson, 1987a, b; Aitken et al, 1989a, b, 1991, 1992a) or

leucocytes (Wolff and Anderson, 1988a, b; Aitken and West,
1990; Kessopoulou et al, 1992), these data are only correlative.

There have been no studies designed to evaluate the direct
effect of ROS on human sperm function. Moreover, the
identity of the ROS responsible for impairing sperm function
has not been established. Although Superoxide (02-*) ap¬
pears to be the primary product of the free radical-generating
system in human spermatozoa (Aitken and Clarkson, 1987a, b;
Alvarez et al, 1987) a variety of secondary reactive oxygen
species may arise through reactions involving dismutation,
protonation and Fenton chemistry. A recent summary of the
published literature concluded that 02~* rather than hydro¬
gen peroxide (H202) is the main inducer of lipid peroxidation
in spermatozoa (Bize et al, 1991) and Superoxide dismutase
(SOD) has been proposed as a major determinant of the sus¬

ceptibility of human spermatozoa to peroxidative damage
(Alvarez et al, 1987). In the present study we have investi¬
gated these claims using an experimental system involving the
exposure of purified human sperm suspensions to the powerful
oxygen metabolites generated by xanthine oxidase in vitro.
The results indicate that ROS can exert a direct, suppressive
effect on many aspects of human sperm function and that
H202 rather than 02~ * is the damaging species in such reactions.

Materials and Methods

Spermatozoa
The semen samples were obtained from normospermic

donors (World Health Organization, 1987) and collected into
sterile containers for immediate transportation to the laboratory.Received 8 April 1992.
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After allowing at least 30 min for liquefaction to occur, the
spermatozoa were fractionated and purified on a discontinuous
two-step Percoli gradient comprising 3 ml of isotonic (100%)
Percoli overlaid with a further 3 ml of 50% Percoli in a 10 ml
conical-based sterile centrifuge tube. Isotonic Percoli was created
by supplementing 10 ml of 10  concentrated Earles medium
(Flow Laboratories, Irvine) with 300 mg BSA, 3 mg sodium pyru¬
vate and 0.37 ml of a sodium lactate syrup and adding 90 ml of
Percoli (Pharmacia, Uppsala). This preparation was designated
100% Percoli (Lessley and Gamer, 1983) and was subsequently
diluted by 50% with medium BWW (Biggers et al, 1971).

Semen (1-2 ml) was layered on the top of each gradient and
centrifuged at 500# for 20 min. Thereafter the seminal plasma
was discarded and the cells collected from the base of the
100% Percoli fraction, resuspended in 7 ml of medium BWW,
centrifuged at 500 £ for 5 min and finally resuspended at a

sperm concentration of 20 or 100  106 spermatozoa ml-1,
depending on the experiment being undertaken.

Sperm function
The movement characteristics of the spermatozoa were

determined at 3 7°C in a Makler chamber (Sefi Medical Instruments,
Haifa) using the Hamilton Thorn HT-M2030 Motility Analyser
(Hamilton Thorn Research, Danvers, MA) in the 50 Hz PAL
European format, incorporating version 7.0 software. System
parameter settings for these analyses were 20 frames at 25
frames s~'; magnification factor 2.17; minimum contrast 12;
minimum size 3; upper and lower gates of 0.4 and 1.6 for size
and 0.5 and 2.0 for intensity; the default values for non-motile
cells were 8 and 201 for size and intensity, respectively.

The analyses were consistently cross-checked using the
Hamilton Thorn's playback facility to confirm the accuracy of
the image analysis and, where necessary, adjustments were
made to the parameter settings. The criteria of movement
assessed in this study were curvilinear velocity (VCL

-

the two-
dimensional track described by the sperm head in unit time);
progressive velocity (VSL

-

the straight line distance travelled
by the sperm head in unit time); average path velocity (VAP

—the average path, calculated using a 5-point smoothing algor¬
ithm, travelled by the sperm head in unit time); percentage
motile (the percentage of cells exhibiting a VAP of
> 10 pm s_1); percentage rapid (the percentage of cells exhibit¬
ing a VAP of >25 µ  s_I) and ALH (the amplitude of lateral
sperm head displacement in pm).

The hamster oocyte penetration assay was conducted as

previously described (Aitken and Clarkson, 1987a,b) except that
the acrosome reaction was induced by exposure to 1.25 or

2.5 pmol A23187  1 for 2 h. At the end of this period, the
spermatozoa were pelleted by centrifugation at 500 # for 5 min,
resuspended in fresh BWW medium and distributed as 50 µ 
droplets under liquid paraffin. Zona-free hamster oocytes were
then introduced and incubated with the spermatozoa for a

further 2 h. The oocytes were finally washed free of adherent
spermatozoa and compressed to a depth of about 30 pm so that
the incidence of decondensing sperm heads in the ooplasm
could be determined by phase contrast microscopy. The results
were expressed in terms of the percentage of oocytes pene¬
trated and the mean number of penetrations per oocyte (total
number of penetrations/total number of oocytes).

The acrosome reaction was assessed using the method
described by Mortimer et al (1988) using fluorescein-conjugated
peanut lectin to label the outer acrosomal membrane. The viability
of the spermatozoa used in the acrosome reaction test was assessed
by prior exposure of the spermatozoa to a hypo-osmotic swelling
medium for 1 h (Jeyendran et al, 1984). As a consequence of this
treatment, viable spermatozoa exhibited a marked curling of the
tail and only these cells were scored in assessing the acrosome

reaction rate.

Reactive oxygen species
Reactive oxygen species were generated using the xanthine:

xanthine oxidase system described by McCord and Fridovich
(1968). Xanthine oxidase catalyses the univalent and divalent
reduction of ground state oxygen to generate both 02~ * and
H202 and results in the oxidation of xanthine to uric acid. In
addition to the generation of 02_ * and H202, secondary rad¬
icals, such as the highly reactive hydroxyl radical (OH*), may
form through the catalytic action of transition metals, particularly
iron, in a Haber-Weiss reaction. The presence of trace amounts
of iron in the medium also has a direct inactivating effect on

xanthine oxidase through the creation or exposure of reactive
sulfur centres upon reduction of the enzyme by its substrates.
These complications due to the presence of transition metals
were avoided by incorporating into the free radical-generating
system used in this study the chelating agent diethylene triamine
pentacetic acid (DETAPAC), which has been shown to be more

effective than desferrioxamine in limiting the production of OH *

by the metal-catalysed Haber-Weiss reaction in the xanthine
oxidase system (Britigan et al, 1990).

Stock solutions of 1.32 mmol DETAPAC  1 (0.026 g in
50 ml medium BWW) and 17.8 mmol xanthine  1 (0.062 g in
20 ml Hanks balanced salt solution) were prepared and mixed
to give final concentrations of 1.1 mmol DETAPAC 1_1 and
2 mmol xanthine l- . The generation of reactive oxygen
species was initiated by the addition of xanthine oxidase, at
the concentrations stipulated in the results section. Super-
oxide dismutase (SOD; Calbiochem, San Diego, CA, USA)
and catalase (Calbiochem) were used to remove 02~ * or H202
from the system, respectively. The SOD exhibited a specific
activity of 3000 U mg_I dry weight and was prepared daily as

a 1 mg ml-1 stock solution in medium BWW. The catalase
(5000 U mg-1 dry weight) was also prepared daily in medium
BWW at a concentration of 1 mg in 1.5 ml. Unless otherwise
indicated the concentration of SOD and catalase in the reaction
mixture to which the spermatozoa were added was 100 U ml-1.

Chemiluminescence. The activity of the free radical-
generating system was assessed by monitoring the gener¬
ation of 02~* by lucigenin-dependent chemiluminescence
(Gyllenhammer 1987). Lucigenin was made up as a 25 mmol 1_1
stock solution in dimethyl sulfoxide and added to the reaction
mixtures used in this study at a final concentration of
250 pmol 1~ . The chemiluminescent response was measured on
a Berthold Biolumat LB9500T luminometer in the integration
mode.

Spectrophotometry. Measurement of the 02~* generated
during the xanthine oxidase reaction was achieved using nitro
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blue tetrazolium (NBT) as described by Green and Hill (1984)
100 U SOD ml-1 being added to the control incubations.
The amount of hydrogen peroxide generated in the xanthine
oxidase system was measured using the peroxidase catalysed
oxidation of 4-aminoantipyrine in the presence of phenol
(Green and Hill, 1984). For this assay, a reagent mix was created
containing 25 mmol phenol 1_1 and 5 mmol 4-aminoantipyrine
 1 in 100 ml distilled water to which 1 ml 100 mmol K3P04 l"1
containing 8 mg horseradish peroxidase ml-1 and 2.5 pmol
H202 I-1 were added. The specificity of the assay was assured
by incorporating 100 U catalase ml-1 into the control incu¬
bations. Sample or H202 standard, 20 pi, was pipetted into the
well of a microtitre plate and mixed with 100 pi of distilled
water and 80 pi of the reagent mix. The change in absorbance
at 510 nm was then monitored and the H202 concentrations
determined.

Fluorimetry. H202 was also assayed in a fluorometric assay
using homovanillic acid as substrate. The reaction mixture
contained 500 pi spermatozoa at 10 x 106ml~\ 15 pi of
a 100 pmol 1_I solution of homovanillic acid and 6 pi (3.7
purpurogallin units) of horseradish peroxidase; the excitation and
emission wavelengths used were 315 and 425nm, respectively.

Lipid peroxidation
The influence of the reactive oxygen species generated by

the xanthine oxidase system on the peroxidation status of the
spermatozoa was monitored using the generation of malon-
dialdehyde as the end-point. Malondialdehyde was assessed
using the thiobarbituric acid method (Slater, 1984). For this
assay, spermatozoa that had previously been isolated by Percoli
gradient centrifugation were pelleted by centrifugation and
resuspended at a concentration of 10 x 10 ml-1 in Hanks
balanced salt solution containing no magnesium or calcium.
Where indicated, the breakdown of lipid peroxides to yield
malondialdehyde was accelerated by the addition of a ferrous
ion catalyst (40 pmol ferrous sulphate 1~: and 200 pmol
ascorbate 1_1). A reaction mixture was created comprising
200 pi 7% SDS, 2 ml 0.1 mol HC1  1, 300 pi 10% phospho-
tungstic acid, 100 pi 0.2 mmol butylated hydroxy toluene 1_1
and 1 ml 0.67% 2-thiobarbituric acid. This assay mixture,
360 pi, was added to 200 pi of spermatozoa and boiled for
30 min in a water bath. Once the tubes had cooled, 500 pi of
butanol was mixed with the solution and the upper layer
removed for analysis in a spectrofluorimeter using excitation
and emission wavelengths of 510 and 553 nm, respectively.
Standards were generated by the acid hydrolysis of 1,1,3,3-
tetraethoxypropane in 0.1 mol HC11_ .

Statistical analysis
All experiments were repeated at least three times, the exact

number of replicates being indicated in the text. The statistical
significance of the results was assessed using analysis of vari¬
ance (ANOVA) with repeated measures using the Statview pro¬
gram (Abacus Concepts, Berkeley, CA) on an Apple Macintosh
SE30 computer. This procedure generated an overall signifi¬
cance value for the differences due to a particular variable

such as time or treatment but, in addition, offered the potential
to examine the differences between individual group means

using a threshold significance value set at  < 0.05.

Results

Characterization of the xanthine oxidase system
A series of preliminary experiments were conducted in which

different regimens of xanthine oxidase administration were

compared for their capacity to induce a prolonged period of
oxidative stress. As a consequence of these studies, a 30 min
regimen involving two administrations of xanthine oxidase
(0.04 U) at f = 0 and t = 15 min were identified as optimal.
The biphasic profile of 02~ * and H202 generated under these
conditions was monitored by NBT reduction and homo¬
vanillic acid oxidation, respectively (Fig. 1). Measurements
of the concentration of each of these ROS in the medium at
the end of the 30 min incubation revealed the presence of 219.9 +
1.9pmolcatalase-inhibitableH202l"1and25.5 + 2.3pmolSOD-
inhibitable 02 ~~

* 1
~

, respectively. The concentration of02 ~

" was

found to be significantly increased to 27.6 + 2.2 pmol 1~\
by the presence of 100 U catalase ml"1 (P < 0.5;  = 12),
whereas the H202 signal was significantly increased by the
presence of 100 U SOD ml"1 to 233.9 ± 2.5 pmol l"1
(P < 0.05;  = 12).

The kinetics of reactive oxygen species generation in the
xanthine oxidase system could be determined more accurately
by chemiluminescence, since this is a non-integrative technique
which responds very rapidly to changes in the rate at which a

given metabolite is generated. Peroxidase-enhanced, luminol-
dependent chemiluminescence was initially used in an attempt
to monitor the kinetics of H202 generation in the xanthine oxi¬
dase system (Wymann et al, 1987; Vilim and Wilhelm, 1989;
Aitken et al, 1992b). However, the results of this analysis (Fig.
1) revealed that after the induction of an instantaneous burst of
chemiluminescence in response to the initial administration of
xanthine oxidase, a second administration of oxidase at 15 min
invoked a barely detectable response, due to the scavenging
effects of uric acid produced as a consequence of xanthine
oxidation (Radi et al, 1990). Moreover, the system lacked
specificity for H202 since SOD, but not catalase, could suppress
the luminol-dependent chemiluminescent signal. Such interfer¬
ence from the product of xanthine oxidation, coupled with the
lack of specificity, meant that this particular chemiluminescence
system could not be used to supplement the fluorimetry data in
describing the kinetics of H202 generation.

In contrast, lucigenin-dependent chemiluminescence was

effective in monitoring 02_# generation during the 30 min
incubation (Gyllenhammar, 1987; Fig. 1). Immediately after the
primary addition of xanthine oxidase, the lucigenin-signal
increased to reach a plateau after 10 min followed by a second
short-lived peak in response to the subsequent addition of
oxidase at 15 min (Fig. 1). The addition of SOD, alone or in
the presence of catalase, completely suppressed this lucigenin-
dependent signal, confirming that this probe was responding to
the generation of 02~ #. In contrast, addition of catalase resulted
in an increase in the 02~ * signal, as noted above. This response
was characterized by a sudden rise in chemiluminescence 5 min
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Fig. 1. Kinetics of reactive oxygen species generation in the xanthine oxidase system used in this study by (a) nitro blue
tetrazolium reduction for monitoring 02~ *, (b) homovanillic acid oxidation for monitoring H202, ordinate axis describes
the change in fluorescence from the baseline at zero time (c) lucigenin-dependent chemiluminescence for accurate time
resolution of 02~ * response kinetics and (d) luminol- and peroxidase-dependent chemiluminescence for time resolution of
H202 generation but revealing marked inhibition of the chemiluminescent signal as a consequence of uric acid generation.
For (c) and (d) (O) -catalase, -SOD; (·) + catalase, -SOD; (A) -catalase, +SOD ( ) + catalase, +SOD. Plots
are representative of three independent experiments, all of which showed the same pattern.

after the primary addition of oxidase and a second major peak
immediately after the subsequent administration of this enzyme
at 15 min (Fig. 1).

Sperm movement characteristics
The influence of these different profiles of reactive oxygen

species generation on the movement characteristics of human
spermatozoa was assessed by taking measurements at 0, 15 and
30 min. In the absence of any scavenging enzymes, the sperma¬
tozoa responded to the oxidative stress created by the xanthine
oxidase system with a progressive and significant (P < 0.01 for
the overall effect of time) decline in percentage motility (Fig. 2)
and every criterion of sperm movement assessed (VAP, VCL,
VSL, ALH and % rapid) over the 30-min experiment. In Table 1,
the data for VCL ( = 0.01) ALH ( = 0.01) and % rapid (P =

0.0003) are given as examples. In the presence of SOD, an even

more significant decline of sperm movement was observed

( = 0.0002 for VCL;  = 0.001 for ALH and  = 0.0001 for
% rapid), despite the fact that 02~ * generation was suppressed
under these conditions (Table 1). However, in the presence of
catalase, alone or in combination with SOD, the movement
characteristics were unaltered by exposure to the xanthine
oxidase system (Table 1). In the case of the amplitude of lateral
sperm head displacement, the presence of catalase was even

found to have significantly increased this attribute of sperm
movement over the 30 min incubation (P < 0.05; Table 1).
Comparison of the movement characteristics exhibited by the
spermatozoa in the presence of SOD plus catalase or catalase
alone did not reveal any significant differences, with the
exception of percentage motility, which was slightly higher
in the presence of catalase alone (91.2 + 1.9% versus
82.25 ± 1.7%).

Catalase was the only scavenging reagent assessed that
exhibited a capacity to rescue spermatozoa from the cytotoxic
effects of reactive oxygen species generated by the xanthine

Downloaded from Bioscientifica.com at 05/30/2023 10:48:19AM
via free access



(b)

80-

60

20

80

60

40

20

10 20 30 10 20 30

(C)

80

60

20-

0 10 2(
Time (min

30

(d)

80

60

40

20-

0J  -
 10 20

Time (min)
30

Fig. 2. Changes in the percentage of motile spermatozoa in response to
the reactive oxygen species generated by the xanthine oxidase system.
Note the ability of catalase to rescue this component of sperm movement,
 = 4. *P < 0.05 compared with motility at time zero.

Table 1. Influence of the xanthine oxidase system on the movement characteristics of human spermatozoa

Movement
characteristic Treatment

Time (min)

15 30

Curvilinear velocity
(µ  $-1)

Rapid (%)a

Amplitude of lateral head
displacement (pm)

Control
SOD
CAT
SOD + CAT
Control
SOD
CAT
SOD + CAT
Control
SOD
CAT
SOD + CAT

68.5 ±
87.7 ±
78.5 ±
79.2 ±
59.2 ±
77.0 ±
65.7 +
74.2 ±

4.1 ±
4.5 ±
3.5 ±
4.2 +

5.9
6.5
5.0

11.5
10.0

2.3
4.3
8.3
0.5
0.6
0.2
0.6

38.0 ± 6.2*
29.0 ± 2.5*
85.5 ± 5.7
88.0 ± 4.5

9.5 ± 3.7'
10.7 ± 3.3'
79.7 ± 3.3
76.0 ± 4.4
2.2 ± 0.3*
1.5 ± 0.5*
4.5 ± 0.5
4.5 + 0.4

20.2 ± 7.3*
13.7 ± 5.9*
86.2 ± 2.9
79.5 ± 4.7
6.0 + 3.7*
3.2 + 3.3'

85.2 ± 2.6
73.2 ± 1.5

1.2 ± 0.5*
0.3 ± 0.2*
4.9 ± 0.1
4.5 + 0.4

Percentage of cells exhibiting an average path velocity > 25 µ  s~
*P = < 0.05 compared with zero time.
Number of replicates = 4.
SOD: Superoxide dismutase; CAT: catalase.
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Table 2. Inhibition of sperm movement following the addition of spermatozoa to the xanthine oxidase system, 1 h after the
initiation of reactive oxygen species generation with xanthine oxidase

Treatment

Movement
characteristic Control xo XO + SOD XO + CAT

XO + SOD
+ CAT

Motility (%)
Curvilinear velocity
(µ  s-1)

72.7 ± 4.3
86.3 + 6.0

1.0 ± 1.0*
3.7 ± 3.7*

0.0
0.0

0.0*
0.0*

71.3 ± 4.2
89.0 ± 3.8

69.3 ± 6.7
93.3 ± 2.3

*P = < 0.05 compared with control.
Number of replicates = 3.
XO: xanthine oxidase; SOD: Superoxide dismutase; CAT: catalase.

Control SOD CAT SOD + CAT

Fig. 3. Lipid peroxidation in spermatozoa induced by reactive oxygen
species generated by the xanthine oxidase system. CAT: catalase;
SOD: Superoxide dismutase,  = 6. (  ) + ferrous ion promoter, ( D )
—

ferrous ion promoter. *P < 0.05 compared with control.

oxidase system. Inclusion of additional chelation reagents
(2 mmol desferrioxamine 1_1), inactivators of hypochlorous
acid (2 mmol taurine l"1), or scavengers of hydroxyl radicals
(20 mmol mannitol l"1), did not reverse the decline in sperm
motility observed in the presence of xanthine oxidase (data not
shown).

The reactive oxygen species responsible for the loss of sperm
movement were long lived. This was ascertained in a modified
experimental design in which the spermatozoa were absent
from the reaction mixture during the additions of xanthine
oxidase and were added only one hour after the initiation of
oxidant generation. The spermatozoa were then assessed after
30 min exposure to the long-lived products of the oxidase
system, to determine whether their motility had been affected.
The results of this experiment, illustrated by reference to the
VCL and motility data given in Table 2, indicate that the oxi-
dative species responsible for attacking the spermatozoa persisted
in the reaction mixture for at least 60 min after the primary addition
of oxidase. This result ruled out the possibility that short-lived

Table 3. Influence of the xanthine oxidase system on the ca¬

pacity of human spermatozoa for sperm—oocyte fusion

Oocyte
penetration Polyspermy

Treatment (%) (sperm per oocyte)

Control 98.8 ± 1.2 7.1 ± 0.9
XO 73.8 ± 10.8* 2.2 ± 1.0*
XO + CAT 100.0 ± 0.0 6.7 ± 1.5
XO + SOD 69.4 + 10.1* 1.6 + 0.4*
XO + CAT + SOD 94.3 ± 3.9 4.2 + 1.1

*P = < 0.05 compared with respect to control.
Number of replicates = 6.
XO: xanthine oxidase; SOD: Superoxide dismutase; CAT: catalase.

radicals (for example OH") could have been responsible for the
loss of motility. The concept that a long-lived oxidant such as

H202 could have remained in solution and inhibited sperm
motility was supported by the beneficial effect of catalase, but
not SOD, in this experiment (Table 2). Confirmation that
H202 is a cytotoxic species with respect to human spermatozoa
was obtained in dose-dependent studies in which the direct
addition of this oxidant to suspensions of human spermatozoa
was found to suppress sperm movement at concentrations
above 500 pmol I-1 (data not shown).

Lipid peroxidation
The beneficial effect of catalase, relative to SOD, was also

revealed by an analysis of lipid peroxidation in response to the
reactive oxygen species generated by the xanthine oxidase-
xanthine combination. Exposure of human spermatozoa to the
xanthine oxidase system resulted in the induction of significant
lipid peroxidation, reflected in the generation of high amounts
of malondialdehyde. The addition of a ferrous iron promotor to
the system increased the amount of malondialdehyde detected
by catalysing the breakdown of lipid peroxides in the spermato¬
zoa (Fig. 3). The presence of catalase, but not SOD, in the
reaction mixture significantly suppressed (P < 0.01) the degree

Downloaded from Bioscientifica.com at 05/30/2023 10:48:19AM
via free access



Control H20,

(b)
50

40

30-

20

10-
X

Control H202

S io1

_T_

2-

Control

(d)
100 ,-=.

_z_
H,02

80

20

X

Control H202

Fig. 4. Direct effect of 200 pmol H202 1
~

' on the rate of sperm-oocyte
fusion in the zona-free hamster oocyte assay, (a) H202 did not affect
the motility (  ) or viability (  ) of the spermatozoa; (b) H202-induced
inhibition of the acrosome reaction; (c) H202-induced inhibition of
sperm-oocyte fusion expressed as mean number of spermatozoa: egg;
(d) H202-induced inhibition of sperm-oocyte fusion expressed as

percentage penetration,  = 6. *P < 0.05 compared with control.

of lipid peroxidation induced by the xanthine oxidase system,
as measured in the presence or absence of promotor (Fig. 3).

Hamster oocyte fusion and acrosome reaction

The influence of reactive oxygen species on the capacity of
human spermatozoa for sperm—oocyte fusion was assessed by
exposing these cells to the xanthine oxidase system for 30 min
before centrifugation (5 min at 500 g) and resuspension in fresh
BWW medium containing 1.25 pmol A23187  1 as the free
acid. After a further 2 h incubation in the presence of ionophore,
the spermatozoa were once again pelleted by centrifugation
(5 min at 500 g), resuspended in BWW and dispersed as 50 pi
droplets under liquid paraffin, in preparation for the zona-free
hamster oocyte penetration test. Since the capacity of human
spermatozoa to fuse with the vitelline membrane of the oocyte
is highly dependent on the concentration of motile spermatozoa
(Aitken and Elton, 1984, 1986), the concentration of xanthine
oxidase was reduced to a level at which the percentage of
motile spermatozoa was unaltered. Dose-response studies
indicated that the optimal regimen involved a 30 min exposure
to the ROS generated by the addition of 50 pi aliquots of
xanthine oxidase (0.0287 U ml"1) at 0 and 15 min. The concen¬

tration of H202 (53.99 ± 0.35 pmol  "1,  = 12) detected in
the medium at the end of the 30 min exposure period was

not associated with any change in the percentage of motile
spermatozoa between the various treatment groups, after the
spermatozoa had been washed, incubated with A23187 and

prepared for hamster oocyte fusion (control 40.8 + 7.2%;
catalase 38.0 ± 8.1%; SOD 40.7 ± 7.4% and SOD plus cata¬
lase 41.3 + 8.4%). Despite this equivalence of sperm motility,
considerable differences in the levels of sperm-oocyte fusion
were observed between groups (Table 3). Whether the results
were expressed in terms of the percentage of oocytes penetrated
or the degree of polyspermy (mean number of spermatozoa
penetrating each oocyte), exposure to the xanthine oxidase
system was found to induce a significant decline (P < 0.05)
in the level of sperm-oocyte fusion. A similar decline was

observed in the incubations supplemented with SOD. However
the xanthine oxidase system had no significant effect on the
levels of sperm-oocyte fusion observed when catalase was

present in the reaction mixture prior to the addition of A23187,
whether or not SOD was also present (Table 3).

The beneficial effects of catalase on the rates of sperm-
oocyte fusion observed in the presence of the xanthine oxidase
system suggested that H202 was instrumental in suppressing
this aspect of sperm function. To confirm that this was the case,
the direct effect of H202 on sperm-oocyte fusion was examined
by administering this oxidant at a concentration that did not
influence sperm motility or viability. Dose-dependent studies
established that the incubation of human spermatozoa for 3 h
following the administration of 200 pmol H202 1"\ with
2.5 pmol A23187 l"1 present for the last 2.5 h, was fully
compatible with the maintenance of motility and viability (Fig.
4). In this situation, the control samples exhibited high rates
of sperm-oocyte fusion and acrosome reaction in response to
the second messengers induced by the ionophore, whereas
the spermatozoa treated with H202 exhibited significantly
diminished responses in both bioassays of sperm function
(Fig. 4).

Discussion

The xanthine oxidase system used in this study generated a

mixture of 02_ " and H202, which then secondarily interacted
to produce short-lived, highly pernicious radicals, such as OH *,
which can have a devastating effect on cell function. In this study
we have used the scavenging enzymes Superoxide dismutase and
catalase to selectively remove 02~ * and H202 from the reaction
mixture and thereby determine their relative cytotoxicity
towards human spermatozoa. Furthermore, the influence of
short-lived radicals has been investigated by experiments
involving the delayed addition of spermatozoa, the use of
scavengers and the incorporation of transition metal chelators
(DETAPAC and desferrioxamine) into the reaction medium.
With the aid of these strategies we have demonstrated that
reactive oxygen species can exert a direct cytotoxic effect on
human spermatozoa and generated data on the nature of the
oxidant involved.

The Superoxide anión has been suggested as a cytotoxic
species in the context of human spermatozoa and emphasis
placed on the value of Superoxide dismutase as a protective
enzyme (Alvarez et al, 1987; Bize et al, 1991). There is certainly
good evidence that in the aprotic conditions that exist in the
interior of biological membranes, 02_ * can act as a powerful
nucleophile, inducing the de-esterification of membrane phospho-
lipids (Deby et al, 1990). Furthermore, 02~ * has been invoked
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as a participant in the Haber-Weiss cycle, through its capacity
to reduce the transition metals (iron and copper) that act as

catalysts for OH* formation in this series of reactions. How¬
ever, the data presented in this paper indicate that although
such theoretical possibilities exist, 02_* does not appear to
exert a cytotoxic effect on human spermatozoa. Thus, the
ability of the xanthine oxidase system to disrupt both the moti¬
lity of human spermatozoa and their capacity for sperm-oocyte
fusion was not alleviated by the elimination of 02_ * from the
reaction mixture with SOD. Moreover, SOD has been shown
to be incapable of inhibiting ferrous ion promoted lipid peroxi¬
dation (Mennella and Jones, 1980) in mammalian spermatozoa,
suggesting that this enzyme might be of limited use to these
cells in their defence against oxidative stress. In view of the low
concentrations of catalase associated with mammalian sperma¬
tozoa, the presence of SOD might even be considered deleteri¬
ous since the product of dismutation (H202) is more harmful
than 02~* itself. Much would depend on the effectiveness of
glutathione peroxidase in eliminating H202 from the spermato¬
zoa. Human spermatozoa certainly contain this enzyme system
(Alvarez and Storey, 1989), although its significance in the
defence of human spermatozoa against oxidative stress has not
yet been fully elucidated.

In contrast to SOD, the addition of catalase to the incubation
system completely reversed the cytotoxic effect of the xanthine
oxidase system, whether sperm movement or sperm-oocyte
fusion was considered as the biological end-point. In the presence
of this enzyme H202 is eliminated and converted to oxygen and
water. Moreover, catalase enhances the generation of 02_ *, by
preventing the suicidal destruction of xanthine oxidase via
mechanisms that involve the direct transfer of electrons from
the enzyme to H202 and consequent site-directed OH* forma¬
tion (Terada et al, 1991). The protective effect of catalase in
these experiments therefore suggests that it is exclusively H202
that can exert a direct cytotoxic effect on human spermatozoa,
rather than 02_*. Although H202 could theoretically partici¬
pate in secondary reactions, leading to OH * formation through
the Haber-Weiss cycle or the peroxidase-mediated generation
of hypochlorous acid, these possibilities were excluded as far as

possible by the use of scavengers (mannitol and taurine) and
transition metal chelators (DETAPAC and desferrioxamine).
Furthermore, the cytotoxic species generated in the xanthine
oxidase system were shown to be extremely stable, unlike the
short-lived radical species such as OH *, and there is good data
to suggest that, in the absence of added iron, the xanthine
oxidase system cannot generate OH* even in the absence of
chelating and scavenging agents (Link and Riley, 1988; Britigan
et al, 1990). It therefore seems unlikely that OH* or 02"*
arising from the xanthine oxidase system could have been
directly involved in the initiation of peroxidative damage.
However, this does not exclude the possibility that lipid peroxi¬
dation can be initiated within the microenvironment of the
sperm plasma membrane by oxygen radicals generated from
H202 in a Fenton reaction.

A direct suppressive effect of H202 on sperm movement and
the capacity of these cells to acrosome react and fuse with the
vitelline membrane of the oocyte confirmed the cytotoxicity of
this oxidizing species towards human spermatozoa. The pathol¬
ogy induced by exposure to low concentrations of H202,
characterized by a reduced capacity to exhibit the acrosome

reaction and sperm-oocyte fusion in response to A23187,
parallels the situation frequently observed in patients (Aitken
et al, 1984, 1989b, 1992a; Cummings et al, 1991). In such cases,
the inability of spermatozoa to exhibit biological responses
following stimulation with A23187 is frequently associated
with enhanced luminol-dependent chemiluminescence, reflect¬
ing the excessive generation of reactive oxygen species (Aitken
and Clarkson, 1987a,b; Aitken et al, 1989b, 1992a). Moreover,
studies have indicated that the major oxidant detected by luminol-
dependent chemiluminescence is H202 (Aitken et al, 1992b).
Although spermatozoa do possess cytoplasmic enzymes for
scavenging H202 (Alvarez and Storey, 1989; Jeulin et al, 1989),
the cytoplasm of the human spermatozoon is extremely limited
in terms of its volume and localization, with the result that
the unsaturated fatty acids that abound in the sperm plasma
membrane are very susceptible to peroxide attack.

The mechanism by which H202 mediates its cytotoxic effect
is currently unknown. Disruption of calcium metabolism is one

possibility, since the pathological effects of ROS on endothelial
cells have been shown to involve an increase in the intracellular
concentration of this cation (Hirosumi et al, 1988). However,
because the arrest of sperm movement in the presence of the
xanthine oxidase system was not curtailed by the omission of
calcium from the medium, or the addition of EGTA (R. J. Aitken,
unpublished), changes in intracellular calcium are probably not
directly involved in the oxidant-induced loss of sperm function.
There are, of course, many other ways in which the physical and
chemical changes induced in the sperm plasma membrane by
H202 might have impaired the functional competence of
these cells. Peroxide-induced increases in membrane order and
rigidity (Block, 1991) could have had a direct effect on the
ability of the spermatozoa to initiate the membrane fusion
events associated with the acrosome reaction and fusion with
the oocyte. At higher doses, H202-induced lipid peroxidation
might have disrupted the integrity of the plasma membrane,
through the activation of phospholipase A2 and the consequen¬
tial loss of fatty acids from this structure (Ungemach, 1985).
A variety of membrane-bound and mitochondrial enzyme sys¬
tems, for example Ca2+-ATPases (Ohta et al, 1989), are also
possible targets for peroxide-mediated damage to spermatozoa
and could be examined in future studies of defective human
spermatozoa.

Hydrogen peroxide has been shown to be a toxic species for
many disparate cell types (Nathan et al, 1979; Link and Riley,
1988) and although a previous investigation suggested that
human spermatozoa might be relatively resistant to this particu¬
lar oxidant (Wales et al, 1959) these studies were carried out
in the presence of seminal plasma, which is known to exhibit
antioxidant activity (Jones et al, 1979). The identification of
this particular oxidant as a toxic species in the case of human
spermatozoa will have important consequences in terms of the
design of diagnostic tests of human sperm function and the
optimization of culture conditions for the treatment of male
factor infertility using in vitro fertilization procedures. In terms
of diagnostics, recent studies have demonstrated that the
chemiluminescent signals generated by human spermatozoa are

predictive of the fertilizing capacity of these cells in vivo and in
vitro (Aitken and Clarkson, 1987a,b; Aitken et al, 1989a, 1989b,
1991, 1992a). The fact that these chemiluminescent responses
have been shown to reflect the generation of H202 by human
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spermatozoa (Aitken et al, 1992b) is in keeping with the results
obtained in the study described here and will serve to focus
attention on the development of sensitive techniques to detect
this oxidant for diagnostic purposes. This susceptibility to H202
might also be important in terms of the potential that leuco¬
cytes possess for creating oxidative stress in the washed human
ejaculate (Aitken and West, 1990; Kessopoulou et al, 1992) in
view of previous studies indicating that the cytotoxic effect
of macrophages and granulocytes on a variety of cell types is
mediated by H202 (Nathan et al, 1979). In terms of thera¬
peutics, the finding that H202 is cytotoxic to human spermato¬
zoa, together with recent data suggesting that this oxidant is
also cytotoxic to embryos (Nasr-Esfahani et al, 1990a, b),
suggests an important role for H202 scavenging systems in the
design of improved in vitro fertilization media.
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