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Introduction

Male infertility continues to be a significant issue consti-

Summary

The literature suggests an association between sperm DNA damage and assisted
reproductive technology (ART) outcomes. However, previous studies involved
the transfer of multiple embryos, which has complicated the interpretation of
the results. The aim of this study was to determine the relationship between
the levels of sperm DNA damage and fertilization rate, embryo development as
well as pregnancy outcome, following single embryo transfer. Patients
(n = 113) undergoing in vitro fertilization (IVF) (n = 45) and intra-cytoplas-
mic sperm injection (ICSI) (n = 68) were assessed for their levels of sperm
DNA damage in the sample used for insemination. DNA damage was deter-
mined using terminal deoxynucleotidyl transferase-mediated deoxyuridine tri-
phosphate-nick end labelling (TUNEL). The relationship between DNA damage
and outcomes were assessed using regression analysis. Overall data showed no
association between sperm DNA damage and fertilization rate, or embryo
development in vitro. However, when IVF was the insemination method, there
was a significant negative correlation between fertilization rates and sperm
DNA damage (p < 0.05). When ICSI was the insemination technique, low
sperm DNA damage was associated with successful pregnancy (37.8 = 5.7%
DNA damaged sperm) compared with failed implantation (52.9 + 3.9% DNA
damaged sperm, p < 0.05). Our results suggest that sperm DNA damage as
measured by the TUNEL assay may provide an indicator for patients with poor
fertilization rates and/or those unable to achieve pregnancy following ART
treatment.

In the general population, elevated levels of sperm
DNA damage have been associated with early pregnancy
loss (Carrell et al., 2003). Furthermore, it has been

tuting approximately 50% of infertility cases (Lamb &
Lipshultz, 2000), with defective sperm function being the
most common defined cause (Hull et al., 1985), affecting
about one in 20 men in Australia (McLachlan & de Kret-
ser, 2001). While it has been long established that pertur-
bations in conventional sperm parameters such as
concentration, motility and morphology are associated
with male infertility (Edizione, 1993), these parameters
are not predictive of the integrity of the sperm genome.
Furthermore, the use of intra-cytoplasmic sperm injection
(ICSI) in assisted reproductive technology (ART) has
made these conventional parameters redundant for sperm
selection, as only one spermatozoon for each oocyte
inseminated is required to achieve fertilization.

hypothesized that environmental factors such as cigarette
smoke may induce DNA damage in the spermatozoa
and thereby increase the risk of childhood cancer in the
offspring (Lewis & Aitken, 2005). Therefore, the integrity
of the paternal genome appears important for embryonic
and foetal development and also long-term health of the
offspring. For ART, studies have also shown that
increased sperm DNA damage is associated with
decreased fertilization rates (Sun ef al, 1997; Lopes
et al., 1998), embryo cleavage rates (Sun et al, 1997;
Tomsu et al., 2002; Saleh et al., 2003) and clinical preg-
nancy rates (Larson et al., 2000; Tomsu et al, 2002;
Saleh et al., 2003; Virro et al., 2004; Greco et al., 2005¢).
However, there is considerable contradiction in the
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literature with several other studies demonstrating that
these same parameters are not affected by increased lev-
els of sperm DNA damage (Larson et al., 2000; Morris
et al., 2002; Virro et al., 2004). The discrepancies seen in
the literature may be due to several reasons (i) whether
the analysis was performed on the raw semen sample or
the washed sample for in vitro fertilization, (ii) lack of
distinction between the use of IVF or ICSI for insemin-
ation, (iii) the different methods used to measure sperm
DNA damage and (iv) the transfer of multiple embryos
to patients.

In the current study, the aim was to determine if DNA
damage was a predictor of fertilization rates, embryo clea-
vage rates, embryo grade in vitro, as well as pregnancy
following single embryo transfer. Secondly, the differences
between IVF and ICSI in relation to sperm DNA damage
were elucidated.

Materials and methods

Sample collection

All patients included in this study attended the infertility
clinic, Repromed, Dulwich, South Australia, between
April 2005 and August 2006. A total of 113 samples
were collected from couples undergoing insemination by
either IVF (n = 45) or ICSI (n = 68). Sperm DNA dam-
age was assessed on the surplus washed sperm used for
the IVF or ICSI treatment. In addition, a retrospective
chart review was performed to obtain the patients’
semen analysis prior to their treatment and semen ana-
lysis on the day of the cycle. Both paternal age and
maternal age were also obtained. Ethical approval was
granted from the Women’s and Children’s Human Eth-
ics Committee.

Conventional semen analysis

Evaluation of sperm samples both for the initial diagnosis
prior to the treatment as well as for semen analysis on
the day of treatment were performed according to the
World Health Organization criteria (Edizione, 1993).

Sperm isolation using density gradient separation

Motile sperm were separated from semen samples using
40 and 80% Puresperm gradients (Nicadon Laboratories
AB, Gothenburg, Sweden). Semen was layered onto the
gradient and centrifuged at 100 g for 20 min. The pellet
was removed and washed once in medium G-Sperm (Ser-
ies III; Vitrolife AB, Gothenburg, Sweden) and re-suspen-
ded in medium G-FERT (Series III; Vitrolife AB). All
sperm was stored for a minimum of 3 h at 37 °C in 6%
CO, in air before use.
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Assessment of sperm DNA damage

All assessments of sperm DNA integrity were performed
blinded to the outcomes of the laboratory procedures and
were performed by the same individual throughout the
study.

Spermatozoa were smeared on polylysine-coated slides
(Menzel-Glaser, Braunschweig, Germany), air-dried and
fixed with 4% paraformaldehyde in phosphate-buffered
solution (PBS; JRH Biosciences, Lenexa, KS, USA) for 1 h
at room temperature. Smears were then maintained in PBS
overnight at 4 °C. The following morning the smears were
permeabilized with 0.5% Triton X-100 in 0.1% sodium
citrate for 1 h. Smears were then washed twice with PBS
and incubated with the terminal deoxyribonucleotidyl
transferase-mediated dUTP nick-end labelling (TUNEL).
The assay was performed using a Cell Detection Kit
(Roche, Mannhein, Germany) for 1 h at 37 °C. Smears
were then washed twice with PBS and stained with propi-
dium iodide (PI, 1 mg/mL) to identify sperm nuclei.
Smears were then washed with PBS twice and a drop of a
pre-prepared mixture of gold antifade reagent (Molecular
Probes, Eugene, OR, USA) and 99% Glycerol (Sigma Che-
mical Co., New South Wales, Australia) applied. Slides
were examined using fluorescence microscopy. Two indi-
vidual filters were utilized to capture the nuclear signal
(PI; excitation 540-565 nm, emission 605-660 nm) and
the TUNEL signal (FITC; excitation 465-495 nm, emission
515-555 nm). The two captured images were superim-
posed using IPLab software (version 3.61; Scanalytics, Inc.,
Rockville, MD, USA). The percentage of sperm DNA dam-
age was calculated as the number of TUNEL positive
sperm from the total number of sperm nuclei. At least 200
sperm were counted for each sample.

For a positive control, permeablized sperm were incu-
bated with 3 IU DNase (Sigma Chemical Co.) at 37 °C
prior to the incubation with the TUNEL mixture. For
a negative control, the terminal transferase was omitted
from the reaction.

Ovarian stimulation

All female partners in this study underwent controlled
ovarian stimulation by standard midluteal phase GnRH
agonist (Synarel; Serono, Frenchs Forest, New South
Wales, Australia) down regulation, followed by stimula-
tion with recombinant FSH (Gonal-F, Serono) for
11-15 days as described previously (Schoolcraft et al.,
1999). Stimulation was monitored by ultrasound and
serum oestradiol levels and an injection of hCG (Pregnyl,
Serono) was given when one-two follicles had a mean
diameter of >18 mm. Oocyte retrieval was scheduled 36 h
later (Schoolcraft et al., 1999).
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Fertilization assessment, embryo culture, cleavage and
grading

All oocytes collected were either inseminated using con-
ventional IVF or ICSI as per Schoolcraft et al. (1999).
Insemination occurred between 4 and 6 h after oocyte
collection. For conventional IVF, oocytes were placed in
50 uL drops of fertilization medium G-FERT (Series III;
Vitrolife AB) with 30 000 spermatozoa. For ICSI, a sin-
gle motile spermatozoon was selected and injected into
the oocyte. Fertilization was assessed the following
morning (16—18 h post-insemination) by the presence of
two pronuclei and two polar bodies (2PN). All 2PN’s
were cultured in groups of two to four in Gl medium
(Series III; Vitrolife AB). At 25 h (£30 min) post-insem-
ination, cleavage to the two-cell stage was assessed and
those embryos at the two-cell stage were designated as
early cleavage-stage embryos. The following morning
(40-42 h post-insemination), embryo morphology was
assessed, based on embryo cell number and the degree
of fragmentation and assigned a grade of 1 (best quality)
-4 (poor quality). All decisions for which embryos to
transfer where based on morphology. Good quality
embryos were defined as the ones receiving scores of
either 1 or 2 as these are considered to be suitable for
freezing.

Embryo transfer and pregnancy determination

Embryos were transferred in 10 uL of EmbryoGlue med-
ium (Vitrolife) using a Sydney IVF Transfer Catheter
(Cook Australia, Queensland, Australia) under ultrasound
guidance. Biochemical pregnancy was determined by the
presence of serum hCG of >20 IU on day 14 following
embryo transfer, followed by an 8-week scan for presence
of a foetal heartbeat.

Statistical analysis

SPSS statistical package (SPSS Inc., version 13.0; SPSS
Inc., Chicago, IL, USA) was used to analyse all data. Lin-
ear regression analysis was performed to determine any
correlation between conventional semen analysis, age and
the percentage of sperm DNA damage. For all analyses
involving cycle outcomes, maternal age was fitted as a co-
variate. Using the Spearman rank correlation coefficient
linear regression analysis was performed to correlate the
percentage of sperm DNA damage and fertilization rate,
early embryo cleavers and good quality embryos. Univari-
ate generalized linear modelling was performed to deter-
mine if different thresholds of sperm DNA damage had
an effect on fertilization rate, early cleavage-stage rate,
embryo quality and pregnancy outcome with Bonferoni’s
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multiple comparison procedure used to assess for
differences between individual treatments.

Results

Cohort characteristics

For the couples (n = 113) involved in this study, mean
paternal age was 37.8 £ 0.5, mean maternal age was
36.1 £ 0.8. The mean number of oocytes collected was
9.5 £ 0.6, the mean number of oocytes fertilized normally
was, 5.6 £ 0.4, and the mean number of early cleaver
embryos to the two-cell was 1.7 + 0.2.

Sperm DNA damage, conventional sperm analysis and
paternal age

The clinical decision for insemination treatment was
based on the conventional sperm parameters of sperm
concentration, motility and morphology performed by an
accredited pathology laboratory. There was no difference
in the percentage of sperm DNA damage in the insemin-
ation sample in patients that underwent IVF
(39.4 £ 2.7%) insemination compared with ICSI
(45.9 + 2.7%).

The percentage of TUNEL positive sperm in the
inseminated samples were not correlated with conven-
tional sperm assessment parameters used routinely for
determination of sperm quality. Using the Spearman
rank correlation coefficient on all samples, no correla-
tion was found between the percentage of sperm with
DNA damage and the sperm concentration (Fig. 1A),
motility of the ejaculated sperm (Fig. 1B), or percentage
of normal morphology (Fig. 1C). Similarly, no correla-
tion was found between the percentage of sperm with
DNA damage and the above parameters on the day of
the treatment (data not shown). Results also showed no
correlation between the percentage of sperm with DNA
damage and paternal age (Fig. 1D). Interestingly, there
was a positive association between the period of abstin-
ence and the percentage of TUNEL positive sperm
(p < 0.01; Fig. 1E).

Sperm DNA damage and fertilization rate

When data for both insemination procedures (IVF and
ICSI) were combined, there was no correlation between
the percentage of sperm with DNA damage and fertiliza-
tion rate (Fig. 2A). However, a significant negative corre-
lation was found between the percentage of sperm with
DNA damage and fertilization rate in patients undergoing
IVF insemination (p < 0.05; Fig. 2B). In contrast, when
ICSI was used as the insemination method, there was no
correlation between percentage of sperm with DNA
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damage and fertilization rate (Fig. 2C). Furthermore,
when the data were subdivided into three groups based
on the percentage of DNA damage: Low: <35%; Moder-
ate: 35-55% and High >55%, there was a significant
increase in the fertilization rate after IVF in patients who
had low TUNEL positive sperm compared with those in
the high group (p < 0.05; Fig. 3A). Dividing the patients
into the three DNA damage thresholds had no effect on
ICSI fertilization rate (Fig. 3B).

Sperm DNA damage and embryo development

Assessment of whether sperm DNA damage influenced
the quality of the embryos was assessed by determining
the correlation of sperm DNA damage with the percent-
age of early cleavage embryos on day 1 (data not shown),
and embryo morphology on day 2 (Figs 4 and 5). A
weak correlation was found between the percentage of
sperm DNA damage and the incidence of early cleavage
and also embryo grade in all patients. However, this was
accounted for by maternal age when modelled as a cova-
riate. No significant differences were detected between
embryo quality parameters and the percentage of TUNEL
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positive sperm when the data were divided according to
the insemination technique (Figs 4B and C). Similarly,
when the data were subdivided into three groups accord-
ing to the percentage of DNA damage, there were no sig-
nificant differences in rate of early cleavage (data not
shown) or embryo grade irrespective of the insemination
procedure (Figs 5A and B).

Sperm DNA damage and pregnancy outcomes

The overall pregnancy rate of the patients in this study
was 39.7% following single embryo transfer. The percent-
age of sperm DNA damage following single embryo trans-
fer was significantly lower in those who achieved
a pregnancy (34 + 3.4%) compared with those who did
not (48 + 3.8%; p < 0.01). The effect of DNA damage in
the sperm sample on pregnancy outcome was most evi-
dent in the ICSI group (p < 0.05; Fig. 6). There was a
trend for an effect of DNA damage on IVF pregnancy
outcome, however, the effect was less pronounced
(Fig. 6). Interestingly, there were three blighted ovum
pregnancies reported, all which had a DNA damage per-
centage >50% (mean: 57.9%).
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Figure 2 Correlation of sperm DNA damage with fertilization rate
following (A): in vitro fertilization (IVF) and intra-cytoplasmic sperm
injection (ICSI) inseminations combined, (B): IVF insemination only and
(C): ICSI insemination only. (A) and (C): showed no significant correla-
tion between sperm DNA damage and fertilization rate. (B): showed a
significant negative correlation between sperm DNA damage and fer-
tilization rate (p < 0.05).

Discussion

In this study we demonstrated for the first time that
achieving pregnancy with IVE/ICSI is negatively associ-
ated with sperm DNA damage in single embryo transfers.
Previously studies had transferred different numbers of
embryos within groups of patients making it difficult to
establish a direct effect on implantation potential in isola-
tion from differences in fertilization rates and embryo
selection (Morris et al., 2002; Virro et al., 2004).

Sperm DNA damage is now measured predominantly
by three different procedures: (i) TUNEL (direct measure
of the presence of endogenous nicks in both single and
double DNA strands), (ii) Comet (an electrophoresis
assay, which evaluates how well the DNA is packaged
within the nucleus) or (iii) sperm chromatin structure

Fertilization rate (%)
N
o
T

N
o
T

Low Moderate

High

Figure 3 Effect of sperm DNA damage on fertilization rate. Data
were divided into three groups based on the percentage of DNA dam-
age: Low: <35%; Moderate: 35-55%; and High >55%. (A): in vitro
fertilization insemination, (B): intra-cytoplasmic sperm injection insem-
ination. Data expressed as mean + SEM.* significantly different from
the low damage group (p < 0.05).

assay (SCSA; is an assessment of sperm chromatin integ-
rity by measuring the susceptibility of DNA to acid or
heat-induced denaturation). Our study has determined
that the assessment of the DNA damage using TUNEL in
the sperm sample used for insemination was useful in
predicting fertilization rate after IVF insemination. How-
ever, more significantly we have determined that there is
a significant reduction in pregnancy rate after ICSI in
couples where the sperm sample used for insemination
had high rates of DNA damage. Interestingly, this was
not the case for IVF patients. Therefore, we have demon-
strated that the presence of DNA damage in the sperm
appears to reduce the ability to fertilize normally. Bypas-
sing this with ICSI enables fertilization; however, the
resultant embryo is significantly less competent to
undergo implantation. Therefore, our data raises the
question as to whether ICSI is the best treatment option
for patients with high percentage of DNA damage.

The results of the present study demonstrated that
using the TUNEL technique, there was a significant
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Figure 4 Correlation of sperm DNA damage with good quality
embryos following (A): in vitro fertilization (IVF) and intra-cytoplasmic
sperm injection (ICSI) inseminations combined, (B): IVF insemination
only and (C): ICSI insemination only. No correlation between sperm
DNA damage and the percentage of good quality embryos was
observed.

negative correlation between increased sperm DNA dam-
age and fertilization rate after IVF insemination. This
concurs with other studies, which also measured sperm
DNA damage on IVF patients using the TUNEL tech-
nique (Sun et al., 1997; Benchaib et al., 2003). Interest-
ingly, this is contrary to studies which used the Comet
and SCSA assays, which measure susceptibility to DNA
damage (Larson et al., 2000; Morris et al., 2002; Tomsu
et al., 2002). The apparent discrepancy in these studies
may indicate a difference in the ability of the measure-
ment techniques in predicting fertilization outcomes. It
may also be a result of differences between the assess-
ments of the raw semen sample or the washed sample for
insemination. It would appear from our data and that of
others that for fertilization outcome, TUNEL, which is a
direct measure of DNA damage, may be more predictive
of fertilization outcomes than those techniques that meas-
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Figure 5 Effect of DNA damage in sperm sample on embryo quality.
Data were divided into three groups based the percentage of DNA
damage: Low: <35%; Moderate: 35-55% and High >55%. (A): in
vitro fertilization insemination, (B): intra-cytoplasmic sperm injection
insemination. Data expressed as mean + SEM. There was no effect of
sperm DNA damage on embryo quality.

DNA damaged sperm (%)
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Figure 6 Effect of sperm DNA damage on pregnancy outcome. Solid
bars represent in vitro fertilization insemination. Open bars represent
intra-cytoplasmic sperm injection insemination. Data expressed as
mean + SEM. *Significantly different from the non-pregnant group
(b < 0.05).

ure susceptibility to damage. In contrast to the outcome
after insemination by IVF, our data showed no correla-
tion between percentage of sperm DNA damage and
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fertilization rate after ICSL. Previous studies (Twigg et al.,
1998; Greco et al., 2005b) have shown a similar result,
while others (Lopes et al, 1998; Benchaib et al., 2003)
have shown a correlation. Therefore, the question of whe-
ther sperm DNA damage is associated with ICSI fertiliza-
tion rates remains unclear.

The difference in fertilization efficiency after IVF or
ICSI in samples with high sperm DNA damage suggests
that intact DNA may be necessary for certain processes
such the acrosome reaction and sperm capacitation or the
ability of the sperm to penetrate the zona pellucida and
fuse with the vitelline membrane of the oocyte (Lewis &
Aitken, 2005). These steps are necessary in order for suc-
cessful fertilization to occur in both natural conception
and IVF; and are clearly bypassed in ICSI, where the
sperm is physically deposited into the ooplasm.

Our data showed no association between the percentage
of sperm DNA damage and the number of early cleavage-
stage embryos or embryo grade regardless of the insemin-
ation technique. This is consistent with other studies (Sun
et al., 1997; Benchaib et al., 2003; Greco et al., 2005c).
A single study did show some association however, mater-
nal age was not fitted as a covariate in the analysis and
therefore may have confounded the result (Sun et al,
1997). This observation that sperm DNA damage did not
influence embryo quality is perhaps not surprising consid-
ering that the majority of embryos in the current study
were transferred on days 2 or 3, and it is generally accep-
ted that the paternal genome is activated at the four- to
eight-cell stage in humans (Artley et al., 1992).

Current sperm selection criteria for ICSI patients are
based on morphology and motility. Moreover, our data
showed no association between sperm DNA damage and
sperm motility or morphology. Therefore, it is very likely
that in sperm samples with high percentage of TUNEL
positive sperm, the ICSI operator is frequently selecting
sperm with DNA damage to inject into the oocyte. The
fact that our ICSI data showed a strong association
between increased sperm DNA damage and implantation
failure despite successful fertilization and embryo devel-
opment is intriguing. This suggests that while sperm with
DNA damage have the ability to fertilize an oocyte and
proceed through the early stages of embryogenesis (days
2-3) following ICSI, once the paternal genome is activa-
ted, failure of blastocyst formation and/or failure of
implantation occurs. This is presumed to be due to abor-
tive paternal transcription of damaged genes (Ainsworth
et al., 2005) or epigenetic effects (Braude et al., 1988). It
is unclear from our data whether these late paternal
effects (Tesarik ef al., 2004) could influence blastocyst
development as most of our embryos were transferred on
days 2 or 3. However, blastocyst development has been
assessed in relation to sperm DNA damage in a previous
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study (Seli et al, 2004). Interestingly, Seli et al. (2004)
showed that when the cut off score for sperm DNA dam-
age (as measured by TUNEL) was >50% four of eight
patients had no blastocysts develop in vitro. This is com-
pared with only two of the 41 remaining patients, who all
had sperm DNA damage of <50%. This evidence illus-
trates the importance of DNA integrity and its association
with the embryo’s ability to undergo post-fertilization
paternal genome activation. Our data in relation to preg-
nancy support Seli’s findings where couples who were not
able to achieve a pregnancy had significantly higher sperm
DNA damage compared with those who did. In fact, the
average sperm DNA damage in our study for those who
did not achieve pregnancy was 48% and only two preg-
nancies were achieved above this threshold. Interestingly,
the three blighted ovum pregnancies in our study were to
couples where the male partner had a mean sperm DNA
damage percentage of 57.9%. This further illustrates the
importance of intact sperm DNA to achieve successful
implantation and raises the question whether sperm DNA
damage has any effect on trophoblast to inner cell mass
ratio; as a blighted ovum pregnancy lacks presence of
a foetal pole, which is derived from the inner cell mass.
This has yet to be determined in any model system.
Therefore, our data overall suggests that the spermato-
zoon used for oocyte injection in ICSI patients may have
DNA damage. This in turn may affect the ability of the
embryo to develop to the blastocyst stage or undergo suc-
cessful implantation.

It has been reported that oocytes may be able to repair
DNA damage in sperm. However, it is unclear as to how
the oocyte exactly deals with sperm DNA damage. Most
evidence has been indirect using repair inhibitors such as
arabinofuranosyl cytosine (ara-C), 3-aminobenzamide
(3AB) and caffeine (Matsuda & Tobari, 1989). Using
these inhibitors it was concluded that DNA damage in
sperm is repairable in the fertilized eggs (Matsuda &
Tobari, 1989). Furthermore, it has been found that while
DNA damaged mouse and human sperm had the ability
to fertilize an oocyte, development to the blastocyst stage
was inhibited beyond a certain level of DNA damage (Ah-
madi & Ng, 1999). Therefore, there may be a threshold of
damage that can be repaired by the oocyte or embryo
(Shimura et al., 2002).

The subject of DNA damage is important in fertility.
Therefore, new methods to isolate populations of sperm
that are relatively free of DNA damage are required, such
as the new electrophoretic technique proposed by Ains-
worth et al. (2005, 2007). This technique was shown to
isolate a subpopulation of sperm with reduced sperm
DNA damage as measured by TUNEL, compared with
current density separation methods. Furthermore it is
clearly desirable in a clinical environment to treat the
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issue of DNA damage in the first place and potentially
avoid the need for intervention in conception. Therefore,
antioxidant therapies such the one proposed in a recent
study (Greco ef al., 2005a) should be considered. Greco
et al. (2005a) showed that a combination of vitamin C
and E taken orally had the ability to reduce sperm DNA
damage in a placebo-controlled trial. It may also be worth
suggesting to patients who have high levels of DNA dam-
age to limit their abstinence period before an ART cycle.
Our data suggests that longer periods of abstinence are
associated with higher sperm DNA damage. This strategy
may reduce the levels of damage sperm and improve out-
comes. A previous study determined that retrieving testi-
cular samples selects sperm with lower levels of damage
suggesting that the majority of damage occurs in the epi-
didymis (Greco et al., 2005c). Our data showing increased
damage with increased abstinence would support this
notion.

In conclusion, the percentage of sperm DNA damage
as measured by the TUNEL assay was useful in identify-
ing patients who were more susceptible to an unsuccessful
ART cycle. Pregnancy rates in ICSI patients were signifi-
cantly lower when the sperm sample used for insemin-
ation had increased DNA damage. Therefore, TUNEL
would be a useful test to incorporate into the assessment
of patients for ART treatments especially where there is
a history of failed implantations.
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