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Reactive oxygen species: potential cause for DNA
fragmentation in human spermatozoa

Stephanie Lopes, Andrea Jurisicova, Jian-Guo Sun  normal physiological process required for the occurrence of
and Robert F.Caspet capacitation and the acrosome reaction (de Lamirande and

L . . . Gagnon, 1993; de Lamirandet al, 1993). However, high
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The Toronto Hospital, General Division, 200 Elizabeth St, Toronto, ~We have recently established that poor-quality semen

ON, Canada M5G 2C4. e-mail: r.casper@utoronto.ca samples have a greater percentage of spermatozoa with DNA
fragmentation than normal fertile samples (Setnal, 1997;
Lopeset al, 1998). In addition, we demonstrated a negative
correlation between the percentage of spermatozoa with frag-
mented DNA and fertilization rates in in-vitro fertilization
(IVF) (Sunetal, 1997) and in intracytoplasmic sperm injection
(ICSI) (Lopeset al., 1998). At present the aetiology of sperm
DNA fragmentation in infertile men is unclear. We hypothesize
that ROS may be involved in the DNA fragmentation seen in
these germ cells since several studies have shown that ROS
can cause DNA damage in somatic cells (Buttktel., 1994;
Ratanet al, 1994). The objective of the present study was to
evaluate the effect of exogenously generated ROS on the
integrity of the DNA of human spermatozoa. We demonstrate
that ROS can cause an almost 4-fold increase in DNA
fragmentation in a clinically relevant time frame and that
pretreatment with several antioxidants can reduce DNA
damage.

The objective of this study was to evaluate the effect of the
generation of reactive oxygen species (ROS) on the integrity
of the DNA of human spermatozoa, and to determine if
pretreatment with antioxidants can reduce DNA damage.
Samples were obtained from 47 men undergoing infertility
investigation. ROS were generated in the samples by the
addition of xanthine/xanthine oxidase (X/XO) with or
without antioxidants. After incubation at timed intervals
(0-2 h) with X/XO, the percentage of spermatozoa with
DNA fragmentation was determined using the method of
TdT-mediated DNA end-labelling (TUNEL). Time intervals
were selected to mimic the clinical situation in which
spermatozoa are held for a period of time after swim-up
while the oocytes are prepared for ICSI. A significant
increase in sperm DNA damage was evident when samples
were incubated in the presence of ROS for intervals of 1
and 2 h, but not when incubated with ROS for<1 h (P =
0.0001). The addition of antioxidants significantly decreased )
the amount of DNA damage induced by ROS generation Materials and methods
(P<0.04). ROS can cause anincrease in DNA fragmentation sample collection

and pretreatment with antioxidants can reduce DNA A total of 54 semen samples was collected from 47 men undergoing

damage. semen analysis in the andrology clinic at The Toronto Hospital,

Key words: antioxidants/fertilization/male infertility/reactive General Division. Written consent for use of the spermatozoa for

oxygen species/sperm chromatin research was obtained from the patients according to guidelines
established for research on human subjects by the University of
Toronto.

Semen preparation
Semen samples were collected after at least 48 h of abstinence. After
Over the past decade, studies have demonstrated that perox&0 min of liquefaction at room temperature, both routine semen
ative damage to the sperm plasma membrane by reactivanalysis and swim-up assessment were performed using standard
oxygen species (ROS) may impair sperm function, leading téechniques. For swim-up, the sample was diluted with human tubal
the onset of male infertility (Aitkeret al, 1987; Iwasaki and fluid (HTF, Irvine Scientific, Santa Ana, CA, USA) supplemented
Gagnon, 1992). ROS include free radicals, which are activév'th 5% human serum albumin (HSA,; Irvine Scientific). The diluted
emen was washed twice by centrifugation for 10 min at §2the

oxidizing agents. Spermatozoa are highly susceptible to oxidqf:nal pellet was resuspended in ~2000f medium and layered gently

iv_e o_lamage due to an abundance of polyunsaturated fatty ac'djﬁder 1 ml of fresh medium supplemented with 5% HSA (Irvine
within the _plasma membr_ane (Jonesal, :_Lg?g) and a low Scientific). The motile spermatozoa were allowed to swim-up for 1 h
concentration of scavenging enzymes within the cytoplasmyg the overlaying medium at 37°C in a 5% g@cubator. The

The primary source of ROS in seminal plasma is derivedsypernatant, containing swim-up spermatozoa, was aspirated and the
from spermatozoa themselves and from polymorphonucleaiumber of motile spermatozoa was evaluated using a Neubaur
leukocytes. The production of ROS by spermatozoa is &aemocytometer.
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Reactive oxygen species and DNA fragmentation

Generation of ROS 35 1

ROS were generated using the xanthine—xanthine oxidase (X/XO) 3 30 -

system described by McCord and Fridovich (1968). Stock solutions g

of xanthine oxidase (Sigma, St Louis, MO, USA) (50 mU) and g2 251

xanthine (Sigma) (20QuM) were prepared in HTF and added to 30 _§_ £ 904

samples immediately after swim-up,@b, *O,~, and OH- were the E E

free radicals known to be generated using this system. At timed S 2 15 -

intervals of 15 min, 30 minl h and 2 h of RO%xposure, 2Ql of £ § 10 -

the sample was removed and fixed with 1% formaldehyde on a slide E ~ !

and allowed to air dry. 5 i
The concentration of ROS produced by this system was assessed

by a chemiluminescence assay using luminol (5-amino-2,3-dihydro- 0 T ' ' '

1,4-phthalazinedione) (Sigma). For analysisp26f luminol solution 0 15 30 60 120

(5 mM in water) was added to each sperm aliquot. Chemiluminescence TIME OF EXPOSURE TO ROS (min)

after adding luminol was measured using a Berthold Iuminomete{:, 1. Kineti ¢ . ies (ROS N
(Lumat LB 9501, Wallace Inc., Gaithersburg, MD, USA). ROS Figure 1. inetics of reactive oxygen species ( ) generation in

production was expressed as photors?® (c.p.m.) counted in 20 s. L?Zé%ﬂ%‘;iggﬂiée system used in this study by luminol
One aliquot was used to measure the background luminescence for '
each specimen before adding luminol. The background reading was

subtracted from the actual test value to obtain the ROS level. fragmentation rate. This assessment was performed on 10 fields

Antioxidants per sample.

The second part of this study involved the pretreatment of SWim-Ups;atistical evaluation

s_amplgs with antioxidants. Sevente_en specimens were d|V|deo! InL%)ince the data were not normally distributed, the unpaired Wilcoxon
five aliquots. The sperm concentration was adjusted in each aliqug

. . . igned-rank test w for comparison of the DNA fragmentation
with HTF solution so that a concentration 0ok20°/ml was present signed-rank test was used for comparison of the agmentatio

. o . rate before andta2 h after ROS exposure. A two-way analysis of
in each sample. AntioxidantdNfacetylcysteine (0.1 mM), catalase P y 4

(500 U, reciced gttnione (10 ) nd hypaurne (10 min] 1S Vo0 LS 0 JEek & g Bleerts bevter o
were freshly prepared in HTF and added to the swim-up sampl group ple group

10 min before X/XO addition. Seven additional sperm-wash sample(‘i,reatment AP value of < 0.05 was considered significant

were pretreated with superoxide dismutase [SOD (100 U/ml)] or a
combination of SOD and penicillamine (10 mM), 10 min before Rasylts
X/XO exposure. The same procedure was repeated as above

0 .
prepare all antioxidant-pretreated samples for the TUNEL assay. })‘ total of 54 sperm samples was obtained from males

undergoing routine semen analysis. ROS were generated exo-
TUNEL assay genously in these samples and the spermatozoa analysed for
DNA fragmentation in the spermatozoa recovered after exposure tPNA fragmentation using the TUNEL method as described
ROS and/or antioxidants, was measured using a modification of thebove. The mean basal level of ROS in the samples was
method of terminal deoxynucleotidyl transferase (TdT)-mediated?.85X1CP c.p.m., which represented the amount of free radicals
dUTP-biotin end-labelling (TUNEL) which we previously described present in the swim-up sample before treatment. ROS were
(JUriSiCOVaet al., 1996; Sunet al., 1997) The air-dried slides were then generated in 30 samp|esy Creating an average ROS
washed in phosphate-buffered saline (PBS), pH 7.4, then spermatozggncentration of 28.810° c.p.m. at 15 min which decreased
were permeabilized with Triton X-100 (Caledon Laboratories Ltd'over time (Figure 1). Before treatment, the percentage of
Georgetown, ON, Canada). Buffer containing 10 U of TdT enzyme

. o .
(Pharmacia LKB Biotech, Piscataway, NJ, USA) was added and thgpermatozoa with fragmented DNA wesi% in the majority

slides were allowed to incubate at 37°C for 60 min. Following TdT of samples (mea!i SEM V\(as 3.8% 2.1), ranglng from 0%
exposure, spermatozoa were treated with a staining buffer containi 16%. A 4-fold increase in the DNA fragmentation rate was
1% streptavidin/Texas Red anti-biotin (Calbiochem-NovabiochenPserved after spermatozoa were exposed to ROS for up to
Corporation, La Jolla, CA, USA) and incubated at 4°C in the dark2 h (Figure 2;P = 0.0001). Seven of the spermatozoa-wash
for 30 min. The stained cells were washed in PBS and counterstainegamples were pretreated with SOD, or a combination of SOD
with 4,6-diamidino-2-phenylindole (DAPI) which stains all chromatin, and penicillamine, 10 min before the addition of X/XO.
before analysis. There was no protection of the spermatozoa against DNA
An ~20ul of spermatozoa from each swim-up sample was removedragmentation by SOD with or without penicillamine (data not
and fixed be}‘ore xanthine oxidase or antioxidants were administered:)hown)_ The remaining 17 samples were divided into five
as control slides for comparison with the treated slides. aliquots each containing +2L0° spermatozoa/ml. Each sample
was pretreated with one of four antioxidants or a combination

Using a fluorescence microscope, spermatozoa stained with DAF"-if these prior to X/XO generation of ROS (Figure 2). The

were counted manually under UV light. This number represented théddition of N-acetylcysteine R = 0.04), hypotaurineR =

total spermatozoa in the field. Red fluorescence labelling was detect&01) and reduced glutathion® (= 0.01) was observed to
using a 640 nm filter on the same field. The number of spermatozoBave a significant protective effect on DNA fragmentation.
demonstrating red fluorescence was expressed as a percentage of Gtalase was ineffectiveP(> 0.05). The most effective
total spermatozoa in the field to give an average SEM) DNA  prevention of DNA fragmentation appeared to be the addition
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Figure 2. Effect of antioxidant pretreatment on DNA fragmentation in human spermatogoRe¢luced glutathione (10 mM);

(b) N-acetylcysteine (0.1 mM);cj reduced glutathione (10 mM} hypotaurine (10 mM);d) catalase (500 U/ml). Dotted lines and

B = control; solid lines and® = treated. *A significant difference between the antioxidant-treated group and the non-treated control group
was evidentP < 0.05. Error bars indicate the SEM;= 17 per treatment. tA significant difference between the antioxidant-treated group
and the non-treated control group was not evidént: 0.05. Error bars indicate the SEM;= 17. ROS= reactive oxygen species.

of the combination of two antioxidants, reduced glutathione In the present study, we demonstrate that free radicals, such
and hypotaurineR = 0.0001) (Figure 2). as'0,-, H,0O, and OH created by the X/XO system, can cause
DNA damage in human spermatozoa when exposed for time
Discussion periods consistent with clinical sperm preparation techniques
for ICSI or IVF. In comparison with other cells, sperm
Depending on the nature and concentration of the particulafyclear chromatin is highly condensed, primarily due to
ROS inVOlVEd, ROS can have beneficial or detrimental effectﬂ]e rep|acement of histones by protamine, with increased
on sperm function (de Lamirande and Gagnon, 1995). Fregjsulphide bond formation (Balhorn, 1982). Therefore, sperm
radicals are necessary for maintaining hyperactivation and theNA is normally highly resistant to physical or chemical
ability of spermatozoa to undergo the acrosome reaction (dgenaturation. However, in subfertile men, defects in chromatin
Lamirande and Gagnon, 1993; de Lamirareteal, 1993).  condensation have been shown to result in increased DNA
Under normal physiological conditions, seminal plasma coninstability and sensitivity to denaturing stress (Balhetral,,
tains low levels of ROS, contributed by both leukocytes andi988; Manicardit al, 1995). We have confirmed this finding
the spermatozoa themselves (Aitkatral,, 1992). In the semen  recently by demonstrating that spermatozoa of poor quality
of oligozoospermic men, the predominant source of ROS igised for ICSI contained higher amounts of fragmented DNA
spermatozoa (Aitkeet al, 1992). As many as 25% of semen than better quality spermatozoa from men in the IVF pro-
samples from infertile men have been demonstrated to haugramme, or from normal fertile males (Lopes al, 1998).
increased levels of ROS (lwasaki and Gagnon, 1992), sug=rom the results of the previous studies described above, we
gesting that spermatozoa with impaired function may producgpeculate that spermatozoa from poor-quality samples not only
excessive ROS. Free radicals have been hypothesized to plagive the capability to produce high levels of ROS, but
a causative role in the aetiology of defective spermatozoalso are much more susceptible to DNA damage caused by
function through peroxidation of the unsaturated fatty acidsxidative stress.
within the sperm plasma membrane (Aitketal, 1993). High The present study utilized the specific activity of the
levels of ROS were correlated with decreased concentratiorenzyme terminal transferase (TdT) to incorporate polymers of
of motile spermatozoa with poor sperm motility. biotinylated deoxyuridine onto the'-®H ends of DNA. The
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signal was amplified by streptavidin/Texas Red conjugateof DNA damage observed. Poor quality spermatozoa such as

Spermatozoa with normal DNA, in which thé-®@H ends of samples selected for ICSI, are capable of producing increased

DNA are capped by telomeres, demonstrated no fluorescendevels of ROS during routine sperm preparation and our results

while those with fragmented DNA (multiple chromatift®H  indicate that spermatozoa are prone to DNA damage when

ends) fluoresced brightly. We have previously used the samexposed to ROS for at least 1 h. DNA damage in turn could

technique, along with DAPI staining of chromatin, to confirm lead to the failure of fertilization if spermatozoa containing

the occurrence of DNA fragmentation associated with apoptosifagmented DNA are selected for injection (Loggsl., 1998).

in fragmented human embryos (Jurisicetaal,, 1996) and to  Previous studies have used antioxidants to improve sperm

demonstrate sperm DNA fragmentation in washed semefunction (Krauszt al, 1994; Lenziet al,, 1994) and our results

samples used for IVF (Suet al, 1997) and ICSI (Lopes suggestan additional therapeutic reason for supplementation of

et al, 1998). media with free radical scavengers. Further studies are required
It has been reported that a key factor in the production of RO$o determine the amount of endogenous ROS produced by

by damaged or deficient spermatozoa may be the preparati@permatozoa during such procedures, and to develop the

technique. Sperm washing and swim-up is associated witbptimal combination of antioxidants to supplement sperm

repeated centrifugation which may lead to significantly highempreparation media to protect against DNA fragmentation.

ROS production (Agarwakt al., 1994). This finding is of

particular relevance during preparation of spermatozoa for

ICSI where poor-quality spermatozoa are characteristic of\cknowledgements
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To counteract the damaging effects of ROS, a variety ofR€ferences

antioxidants are present within the seminal plasma and iﬁgarwal, A., lkemoto, I. and Loughlin, K.R. (1994) Levels of ROS before
and after sperm preparation: comparison of swimup and L4 filtration.
spermatozoa (Alvarez and Storey, 1989; Lewisal, 1997). Archiv. Androl, 32, 169—174.

Once seminal plasma is washed away during sperm preparati@ftken, R.J., Clarkson, J.S., Hargreave, Td.al (1989) Analysis of the
for assisted reproduction techniques, much of the antioxidant relationship between defective sperm function and the generation of reactive

. . . L oxygen species in cases of oligozoosperrdigAndrol, 10, 214-220.
protection is lost, since the antioxidant content of humanAitken, R.J., Buckingham, D., West, Kt al. (1992) Differential contribution

spermatozoa is limited (Alvarez and Storey, 1989; Lestial, of leukocytes and spermatozoa to the high levels of reactive oxygen species
1997). Cellular damage arises when the equilibrium between recorded in the ejaculates of oligozoospermic patieht&Reprod. Fertil

the amount of ROS produced and that scavenged by antioxid- 2% 451-462.

. . .. itken, R.J., Harkiss, D. and Buckingham, D.W. (1993) Analysis of lipid
ants is disturbed, and this imbalance has been shown f%)peroxidation mechanisms in human spermatoidal. Reprod. Dey 35,

correlate with idiopathic infertility (Sharma and Agarwal, 302-315.
1996)_ Alvarez, J.G. and Storey, B.T. (1989) Role of glutathione peroxidase in

PR protecting mammalian spermatozoa from loss of motility caused by
Our results demonstrate that a combination of reduced spontaneous lipid peroxidatioamete Res23, 77--90.

glutathione and hypotaurine, which are considered to be suiCidgaker, H.w., Brindle, J., Irvine, D.S. and Aitken, R.J. (1996) Protective
antioxidants, was most protective against DNA fragmentation. effect of antioxidants on the impairment of sperm motility by activated
In addition to having the ability to neutraliz®,~, reduced ﬁ’s'ymorphonuc'ea' 'e“koﬁ)’;egeg“'- Steril, 65, ;111h—419._ _ !
glutathione is also a substrate for glutathione peroxidase WhiCﬁasngrl}. h 'éél?%?glléggjc;%%_%; & structure of chromatin in mammalian
metabolizes KO, and OH. Hypotaurine on the other hand, is galhorn, R., Reed, S. and Tanphaichitr, N. (1988) Aberrant protamine 1/
able to react directly with cytotoxic aldehydes produced during protamine 2 ratios in sperm of infertile human malesperientia 44, 52-55.
lipid peroxidation and thus protects the thiol groups on theButtke, TM and Sandstrom, P. (1994) Oxidative stress as a mediator of
apoptosisimmunol. Todayl5, 7-10.
sperm plasma membr?‘ne' Baket al. (1996) ,have a‘,lso, de Lamirande, E. and Gagnon, C. (1993) Human sperm hyperactivation in
demonstrated the effectiveness of glutathione in combination whole semen and its association with low superoxide scavenging capacity
with hypotaurine on spermatozoa motility. Catalase, which in seminal plasmakertil. Steril., 59, 1291-1295.

; ; ; ; de Lamirande, E. and Gagnon, C. (1995) Impact of reactive oxygen species
scavenges Dy, Was ineffective in preventing sperm DNA on spermatozoa: balanging act bEetwee)n bgneficial and detrin%/egntal é)ffects.
damage, suggesting that althoughGimay be an important  Hym. Reprod 10 (Suppl. 1), 15-21.
initiator of lipid peroxidation, it has little effect on chromatin. de Lamirande, E., Eiley, D. and Gagnon, C. (1993) Inverse relationship

In summary, we have demonstrated that exogenous ROSbetween the induction of human sperm capacitation and spontaneous

. . . . . acrosome reaction by various biological fluids and the superoxide scavenging
generation causes an increase in DNA fragmentation in humanCaloacity of these fluiddnt. J. Androl, 16, 258—266.

spermatozoa after swim-up. An increase in oxidative damaggyasaki, A. and Gagnon, C. (1992) Formation of reactive oxygen species in
to the sperm membrane, intracellular proteins and DNA is spermatozoa of infertile patientertil. Steril., 57, 409-416.

associated with alterations in signal transduction mechanismlé,’lgﬁz'spF;-(rJ "’F\)’i'ggnivn Tr-]uﬁr‘]:gnSgsgﬁétsz-gé.(lsﬁ%Egg;"ggg‘c’tes bgf?';jﬂ;’w;‘cigf
that can affe-ct.feml_lty (S'kka:".t all" 1995)' We also showed peroxides and protective action of seminal plasrhertil. Steril., 31,

that the administration of antioxidants prevented the amount 531-537.
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