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To test the hypothesis that polymorphisms in antioxidant genes are more susceptible to sperm DNA damage
and male infertility, we examined 11 single-nucleotide polymorphisms from six antioxidant genes (GPX1,
CAT, PON1, NQO1, SOD2/MnSOD, and SOD3) in 580 infertility cases and 580 controls from a Chinese
population-based case–control study (NJMU Infertility Study). Genotypes were determined using the Open-
Array platform. Sperm DNA fragmentation was detected using the Tdt-mediated dUTP nick-end labeling
assay, and the level of 8-hydroxydeoxyguanosine (8-OHdG) in sperm DNA was measured using immunoflu-
orescence. The adjusted odds ratio and 95% confidence interval (CI) were estimated using unconditional
logistic regression. The results indicated that the PON1 Arg192Glu (rs662) and SOD2 Val16Ala (rs4880)
variant genotypes were associated with a significantly higher risk of male infertility. In addition, subjects
carrying variant genotypes of both loci had a twofold (95% CI, 1.42–2.90) increase in the risk of male infertility,
indicating a significant gene–gene interaction between these two loci (P for multiplicative interaction=
0.045). Moreover, linear regression analysis showed that individuals carrying the PON1 Arg192Glu (rs662)
or SOD2 Val16Ala (rs4880) variants have significantly higher levels of sperm DNA fragmentation and
8-OHdG. These data suggest that genetic variations in antioxidant genes may contribute to oxidative sperm
DNA damage and male infertility.

© 2011 Elsevier Inc. All rights reserved.
Male infertility is a common reproductive disorder and a major
cause of conception failure in humans. Every year, almost 15% of all
couples experience fertility problems, and male factor infertility
accounts for 40–50% of these problems [1,2]. Despite a significant
improvement in the diagnostic workup of infertile men, the cause of
abnormal spermatogenesis remains unknown in approximately 50%
of cases [3]. In recent years, oxidative stress has attracted much atten-
tion, and some findings have suggested that reactive oxygen species
(ROS)1-mediated damage to sperm is a significant contributing
pathology in 30–80% of cases [4–9].

Oxidative stress is a consequence of an imbalance between the
production of ROS and the body's antioxidant defense mechanisms.
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Under normal physiological conditions, germ cells produce physio-
logical amounts of ROS that are required for maturation, capacitation,
the acrosome reaction, and oocyte fusion [10]. However, when the
homeostasis between generating and eliminating ROS is disturbed,
reactive molecules can cause DNA damage [11]. DNA damage in sper-
matozoa is detrimental to reproductive outcomes and is purportedly
linked to reduced fertilization rates, impaired preimplantation devel-
opment, and an increased incidence of miscarriage and morbidity in
the offspring [12–18].

Under normal circumstances, ROS are neutralized by an elaborate
antioxidant defense system consisting of enzymes such as glutathione
peroxidase (GPX), catalase (CAT), paraoxonase (PON), superoxide dis-
mutase (SOD), and NAD(P)H dehydrogenase quinone (NQO). Because
vulnerability to oxidative stress is partly determined by genetic back-
ground [19], there have been many studies examining the association
between functional gene polymorphisms in antioxidant pathways
and the risk of various diseases [20–22]. However, whether genetic
variants in antioxidant genes may modulate oxidative stress and
thus affect susceptibility to male infertility is largely unknown. To
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fill this gap, we examined the associations between male infertility
and 11 potential functional polymorphisms from six key oxidative
stress pathway genes (GPX1, CAT, PON1, NQO1, SOD2/MnSOD, and
SOD3) in 580 male infertility cases and 580 controls. Moreover, we
evaluated their potential impacts on levels of sperm DNA fragmenta-
tion and 8-hydroxydeoxyguanosine (8-OHdG). To our knowledge,
this is the first systematic pathway-based study on the role of
polymorphisms of antioxidant genes on male infertility risk.

Materials and methods

Subjects and sample collection

The study was approved by the Ethics Review Board of Nanjing
Medical University. All the studies involving human subjects were
conducted in full compliance with government policies and the Dec-
laration of Helsinki. A total of 1657 infertile patients diagnosed with
unexplained male factor infertility were drawn from the Center of
Clinical Reproductive Medicine between April 2005 and March 2009
(NJMU Infertility Study). All patients underwent at least two semen
analyses, and those with a history of orchitis, obstruction of the vas
deferens, chromosomal abnormalities, or microdeletions of the azoo-
spermia factor region on the Y chromosome were excluded [23,24].
In the final analysis, 580 idiopathic infertility patients ages 24 to
42 years were included.

We selected 580 fertile men ages 25 to 40 years from the early
pregnancy registry, from the same hospitals as the cases, who were
in the third month after a successful conception. All controls were
healthy men with normal reproductive function and confirmed to
have healthy babies 6–8 months later. The semen analysis for sperm
concentration, motility, and morphology was performed following
the World Health Organization criteria [25].

SNP selection and genotyping

Through an extensive mining of the databases of the International
HapMap Project and dbSNP, we identified 11 potential functional
polymorphisms in six crucial genes involved in the oxidative stress
response. All of these SNPs have a reported minor allele frequency
of ≥0.05 in the general Han Chinese population.

Genomic DNA was isolated from leukocyte pellets of the venous
blood by phenol–chloroform extraction with proteinase K digestion.
Genotyping was performed using the OpenArray platform (Applied
Biosystems, Foster City, CA, USA), which employs a chip-based Taq-
Man genotyping technology. Genotyping was conducted according
to the manufacturer's standard protocols, and genotype calls were
made by OpenArray SNP Genotyping Analysis Software version
1.0.3. For quality control, the genotyping was performed without
knowledge of the subjects’ case/control status and a random 5% of
cases and controls were genotyped twice by different individuals;
the reproducibility rate was 100%. To confirm the genotyping results,
selected PCR-amplified DNA samples (n=2, for each genotype) were
examined by DNA sequencing, and the results were also consistent.

DNA fragmentation analysis

A detailed protocol of the Tdt-mediated dUTP nick-end labeling
(TUNEL) assay for human sperm has been described previously [26].
We used flow cytometry to detect TUNEL staining of sperm from
patients with sperm concentrations >5×106/ml. This assay has
been shown to be a feasible and sensitive way to detect DNA frag-
mentation [27]. TUNEL labeling was carried out using a Cell Death
Detection kit (APO-DIRECT kit; BD Biosciences PharMingen) accord-
ing to the manufacturer's instructions. Briefly, semen samples, frozen
at−70 °C, were thawed in a 37 °C water bath and immediately dilut-
ed with buffer (0.15 M NaCl, 0.01 M Tris, 0.001 M EDTA, pH 7.4) to
obtain a sperm concentration of 1–2×106/ml. Washed sperm were
resuspended in 2% paraformaldehyde for 30 min at room tempera-
ture. After being rinsed in PBS, samples were resuspended in perme-
abilization solution (0.2% Triton X-100, 0.1% sodium citrate) for
10 min on wet ice. TUNEL reagent (50 μl) was added to each sample.
For each batch, a negative control lacking the terminal deoxynucleo-
tidyl transferase and a positive control treated with DNase I were
included to ensure assay specificity. After incubation for 1 h at 37 °C,
samples were analyzed immediately by flow cytometry (FACSCalibur;
BD Biosciences Pharmingen). Flow during the analysis was controlled
at approximately 500 spermatozoa/s, and 10,000 cells were analyzed
for each sample. The percentage of fluorescein isothiocyanate (FITC)-
positive cells (FL1 channel) was calculated as the percentage of cells
with a fluorescence intensity exceeding the threshold obtained with
the negative control.

8-OHdG determination: immunofluorescence staining

The formation of the 8-OHdG base lesion, which is a biomarker
for oxidative stress, was measured by a direct immunofluorescence
method using a specific antibody (Biotrin OxyDNA Test kit; Biotrin In-
ternational Ltd.) conjugated to FITC. The intensity of FITC fluorescence
was then detected by the FACSCalibur flow cytometer (BD Biosci-
ences Pharmingen). A detailed protocol for the direct immunofluores-
cence assay has been described previously [28].

In brief, washed spermwere resuspended in 4% paraformaldehyde
at 8 °C for 15 min. After being washed with PBS, samples were resus-
pended in permeabilization solution (0.2% Triton X-100, 0.1% sodium
citrate) for 10 min on ice and washed in wash solution (Biotrin Oxy-
DNA Test kit). Next, 50 μl of blocking solution (Biotrin OxyDNA Test
kit) was added before incubation at 37 °C for 1 h. The anti-8-OHdG
antibody was further purified by the addition of approximately
1 mg of activated charcoal powder, incubation at room temperature
for 1 h, and centrifugation at 600 g for 5 min. The last step was then
repeated to ensure complete removal of the charcoal. The superna-
tant containing the purified antibody was then added at a 1:50 dilu-
tion to the fixed cells in enough wash solution to achieve a final
volume of 100 μl. This solution was incubated for 1 h, after which
the cells were washed twice, resuspended in 1 ml of PBS, and trans-
ferred to 5-ml fluorescence-activated cell sorter tubes for flow cyto-
metric analysis. For each batch, a negative control with mouse IgG
instead of the anti-8-OHdG antibody and a positive control treated
with 2 mM H2O2 and 1 mM FeCl2·4H2O were included.

Statistical analyses

Differences in select demographic variables, as well as smoking
and alcohol status, between the cases and the controls were evaluated
using the χ2 test. The Student t test was used to evaluate continuous
variables, including age and pack-years of cigarette smoking. The
Hardy–Weinberg equilibrium was tested using a goodness-of-fit χ2

test. We used unconditional multivariate logistic regression analysis
to examine associations between genetic polymorphisms and male
infertility risk by estimating odds ratios (ORs) and 95% confidence
intervals (95% CI). Genotypes were categorized into three groups
(major allele homozygous, heterozygous, and homozygous variant).
Age, cigarette smoking, and alcohol use were included in all analyses
as covariates. A score test of linear trend was conducted for each SNP
using a three-level ordinal variable. We applied the false discovery
rate (FDR) method to the P values for trend to reduce the potential
for spurious findings due to multiple testing.

Sperm DNA fragmentation and 8-OHdG values were normalized
by natural logarithm (ln) transformation. Linear regression models
were used to estimate the association with ln-transformed sperm
fragmentation and ln-transformed 8-OHdG values for each SNP inde-
pendently. Models were adjusted for age, smoking status, drinking



Table 1
Distribution of selected characteristics between cases and fertile controls.

Variable Cases (n =580) Controls (n =580) Pa

Age
b30 (n (%)) 326 (56.3) 299 (51.5) 0.238
≥30 (n (%)) 254 (43.7) 281 (48.5)
Age (mean±SD) 28.2±3.3 28.1±3.2 0.600

Smoking status
Never (n (%)) 272 (46.9) 306 (52.8) 0.046
Ever (n (%)) 308 (53.1) 274 (47.2)
Pack-years (mean±SD)b 4.7±4.4 4.1±4.3 0.019

Drinking status
Never (n (%)) 500 (86.2) 504 (86.8) 0.731
Ever (n (%)) 80 (13.8) 76 (13.1)

BMI (kg/m2)
b25 (n) 423 413 0.246
25–29.9 (n) 149 153
≥30 (n) 8 14
BMI (mean±SD) 23.3±0.1 23.4±0.1 0.825

a P values were derived from the χ2 test for categorical variables (age, BMI, smoking
and drinking status) and t test for continuous variables (age, pack-years, and BMI).

b Among ever smokers.

Table 2
Primary information for 11 genotyped SNPs in antioxidant genes.

Genotyped SNP Location or
amino acid
change

MAF for
Chinese in
databasea

P value
for HWE
test

%
Genotyping
rate

GPX1: rs1800668 C→T Promoter 0.078 0.642 99.1
CAT: rs769214 G→A Promoter 0.293 0.179 97.9
CAT: rs7943316 A→T Promoter 0.256 0.783 99.2
PON1: rs854552 T→C 3′ UTR 0.179 0.111 99.2
PON1: rs662 G→A nsSNP/R192Q 0.430 0.326 98.7
NQO1: rs10517 C→T 3′ UTR 0.381 0.298 99.1
NQO1: rs1800566 T→C nsSNP/S1P 0.478 0.703 98.9
SOD2: rs4880 T→C nsSNP/V16A 0.146 0.895 98.9
SOD2: rs5746136 G→A 3′ UTR 0.422 0.170 99.2
SOD3: rs2536512 G→A nsSNP/T58A 0.100 0.671 99.0
SOD3: rs2695232 C→T 3′ UTR 0.367 0.188 98.1

Abbreviations used: MAF, minor allele frequency; HWE, Hardy–Weinberg equilibrium.
a MAF in the Chinese (CHB, Han Chinese in Beijing, China) population, as reported in

the dbSNP database.
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status, and abstinence time. FDR corrections were conducted for
correction of multiple statistical tests.

A more-than-multiplicative gene–gene or gene–environment
interaction was evaluated using logistic regression analysis. When
the test for multiplicative interaction was not rejected, a further test
for an additive interaction was conducted using a bootstrapping test
of goodness of fit of the null hypothesis, for no departure from the
Table 3
Associations between SNPs in antioxidant genes and risk of male infertility in the Chinese p

SNP Homozygotes (for common allele) Heterozygotes

Cases Controls Cases Controls

GPX1: rs1800668 476 475 88 96
CAT: rs769214 289 290 229 221
CAT: rs7943316 285 294 235 231
PON1: rs854552 317 349 209 190
PON1: rs662 205 240 272 252
NQO1: rs10517 229 233 278 273
NQO1: rs1800566 146 163 288 282
SOD2: rs4880 390 442 160 123
SOD2: rs5746136 158 178 281 269
SOD3: rs2536512 449 457 112 111
SOD3: rs2695232 217 202 250 260

Data in boldface represent Pb0.05.
a Odds ratio was age, cigarette smoking, and alcohol use.
b False Discovery Rate-corrected P value.
additive model compared to an alternative hypothesis, and for a de-
parture from the additive model with Stata software (version 8.2;
StataCorp LP). All the other statistical analyses were performed with
SAS 9.1.3 software (SAS Institute).

Results

Characteristics of the study population

The frequency distributions of selected characteristics of the case
patients and control subjects are presented in Table 1. There were
no significant differences in the age distribution between the cases
and the controls, suggesting that our frequency matching on age
was satisfactory. However, there was a marginally significant differ-
ence between cases and controls with respect to smoking status
(P=0.046). Among smokers, cases also reported greater cigarette
consumption than controls, as assessed by the mean number of
pack-years (P=0.019).

Oxidative stress gene polymorphisms and risk of male infertility

The position and minor allele frequency of the 11 functional SNPs
found in the Chinese population in the HapMap database are pre-
sented in Table 2. For all SNPs, the distribution of the genotypes in
controls was in Hardy–Weinberg equilibrium. The main effect models
for oxidative stress gene genotypes are presented in Table 3. Overall,
two SNPs exhibited a significant association with the risk of male
infertility. Multivariate logistic regression analyses revealed that
carriers with the PON1 rs662 (R192Q) variant homozygote (192QQ)
exhibited a borderline significantly increased risk of male infertility
(adjusted OR, 1.42; 95% CI, 1.00–2.02). Similarly, compared with the
wild-type 16AA genotype of SOD2 rs4880 (V16A), those with the var-
iant allele (192A) had a significantly increased risk of male infertility
(adjusted OR, 1.48; 95% CI, 1.13–1.94 for VA; adjusted OR, 2.90; 95%
CI, 1.33–6.35 for AA), with the risk increasing significantly with the
increasing number of variant alleles (Ptrend=0.004).

Effects of gene–gene and gene–smoking interactions on male infertility
risk

Given that the SOD2 and PON1 genes are all active in the ROS
detoxification pathway, we hypothesized that an enhanced risk
could be detected when unfavorable alleles are combined in a given
patient. To test this hypothesis, statistical gene–gene interactions
between the SOD2 V16A and the PON1 R192Q polymorphisms were
examined. As shown in Table 4, 22.0% of the cases and 13.4% of
the controls had variant genotypes at both loci (PON1 192RQ/QQ
and SOD2 16VA/AA), and the carriers of these loci had a 2.03-fold
opulation.

Homozygotes (for rarer allele) Ptrend
b

OR (95% CI)a Cases Controls OR (95% CI)a

0.92 (0.67–1.26) 8 6 1.34 (0.46–3.89) 0.843
1.06 (0.83–1.36) 52 55 0.97 (0.64–1.46) 0.989
1.03 (0.81–1.31) 57 48 1.20 (0.79–1.82) 0.422
1.11 (0.98–1.25) 49 37 1.47 (0.94–2.32) 0.059
1.25 (0.97–1.61) 97 79 1.42 (1.00–2.02) 0.002
1.03 (0.80–1.31) 71 66 1.09 (0.74–1.56) 0.682
1.15 (0.87–1.51) 138 130 1.19 (0.86–1.65) 0.426
1.48 (1.13–1.94) 23 9 2.90 (1.33–6.35) 0.004
1.18 (0.90–1.55) 137 128 1.21 (0.88–1.68) 0.315
1.03 (0.77–1.38) 11 8 1.41 (0.56–3.53) 0.649
0.90 (0.70–1.17) 104 105 0.93 (0.67–1.30) 0.645



Table 4
Interaction of PON1 R192Q and SOD2 V16A in male infertility risk.

PON1
R192Q

SOD2
V16A

Cases,
n (%)

Controls,
n (%)

OR (95% CI)a Pinteraction
b

RR VV 147 (25.8) 186 (32.8) 1.00 0.016/0.045
RR VA/AA 56 (9.8) 52 (9.2) 1.33 (0.86–2.05)
RQ/QQ VV 241 (42.4) 253 (44.6) 1.18 (0.89–1.55)
RQ/QQ VA/AA 125 (22.0) 76 (13.4) 2.03 (1.42–2.90)

a Odds ratio was adjusted for age and alcohol use.
b P for additive interaction/P for multiplicative interaction.

Table 5
Risk of male infertility associated with genotype by smoking status.

Genotype Smoking
status

Cases,
n (%)

Controls,
n (%)

OR (95% CI)a Pinteraction
b

PON1 R192Q
RR Never 108 (18.8) 147 (25.7) 1.00 0.326/0.566
RQ/QQ Never 161 (28.0) 154 (27.0) 1.35 (0.97–1.88)
RR Ever 97 (16.9) 93 (16.3) 1.34 (0.92–1.96)
RQ/QQ Ever 208 (36.2) 177 (31.0) 1.51 (1.10–2.08)
SOD2 V16A
VV Never 194 (33.9) 238 (41.5) 1.00 0.067/0.275
VA/AA Never 75 (13.1) 65 (11.3) 1.40 (0.95–2.04)
VV Ever 196 (34.2) 204 (35.5) 1.16 (0.88–1.53)
VA/AA Ever 108 (18.8) 67 (11.7) 1.95 (1.36–2.79)

a Odds ratio was adjusted for age and alcohol use.
b P for additive interaction/P for multiplicative interaction.
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increased risk of male infertility (95% CI, 1.42–2.90) compared with
those who had both wild-type genotypes (PON1 192RR and SOD2
16VV). Furthermore, significant more-than-multiplicative (0.045)
and more-than-additive (0.016) gene–gene interactions of these
two loci were found in relation to risk of male infertility.

As tobacco smoke has the potential to generate oxidative stress,
smoking could modify the association between polymorphisms in
oxidative stress genes. To conduct exploratory analyses, we investi-
gated whether an interaction exists between the antioxidant gene
polymorphisms and smoking in male infertility risk. Interestingly,
a nearly statistically significant additive interaction between SOD2
V16A and smoking was detected for the development of male in-
fertility (Pinteraction=0.067). Compared with never-smokers carry-
ing SOD2 16VV genotypes, those ever-smokers with the SOD2 16A
allele had an almost twofold (95% CI, 1.36–2.79) increase in risk
of developing male infertility (Table 5). However, nonsignificant
interactions between PON1 R192Q and smoking were observed
(Pinteraction=0.526).
Table 6
Effects of SNPs in antioxidant genes on sperm DNA fragmentation and 8-OHdG in sperm D

SNP Sperm DNA fragmentation

βa 95% CI

GPX1: rs1800668 0.059 −0.009, 0.127
CAT: rs769214 0.051 −0.021, 0.122
CAT: rs7943316 0.193 −0.016, 0.402
PON1: rs854552 0.136 −0.046, 0.317
PON1: rs662 0.328 0.109, 0.547
NQO1: rs10517 −0.090 −0.265, 0.085
NQO1: rs1800566 0.045 −0.023, 0.112
SOD2: rs4880 0.345 0.149, 0.540
SOD2: rs5746136 0.052 −0.034, 0.138
SOD3: rs2536512 0.038 −0.037, 0.113
SOD3: rs2695232 −0.002 −0.076, 0.072

β, regression coefficient. Data in boldface represent Pb0.05.
a All analysis were done using linear regression models, adjusted for age, smoking status
b False Discovery Rate-corrected P value.
Association of sperm DNA fragmentation and sperm 8-OHdG with gene
polymorphisms

Considering the important role of antioxidant genes in the protec-
tion of sperm DNA against oxidative stress, we further evaluated the
effects of these functional genetic variants in antioxidant genes on
sperm DNA integrity and the levels of 8-OHdG. Of the 580 patients,
a total of 420 eligible men (72.4% participation) provided their
semen samples. The analyses for association between oxidative stress
gene polymorphisms and sperm DNA fragmentation and 8-OHdG
levels are summarized in Table 6. The direction of the regression co-
efficient (β) represents the effect of each minor allele increasing
(+) or decreasing (−) the values of sperm DNA fragmentation or
8-OHdG. We observed that the PON1 R192Q and SOD2 V16A variants
were positively associated with higher levels of sperm DNA fragmen-
tation and 8-OHdG (all β>0 and Pb0.05). In addition, we also found
that another SNP in the promoter region of GPX1 (rs1800668) was
positively associated with sperm 8-OHdG level (β=0.292, P=0.002).

Discussion

Sperm DNA integrity is essential for the accurate transmission of
genetic information, and any form of sperm DNA damage may result
in male infertility regardless of the number, motility, and morphology
of spermatozoa [29,30]. The clinical significance of sperm DNA dam-
age lies in its association not only with natural conception rates, but
also with assisted reproduction success rates [12,13]. Moreover, it
might have a serious impact on the offspring [31]. Although the origin
of DNA damage in spermatozoa is still controversial, several studies
have now reported a link between oxidative stress and sperm DNA
damage using various techniques such as TUNEL, sperm chromatin
structure assay, and measurement of the by-product of DNA oxida-
tion, 8-OHdG [32–38].

In this study, we assessed the effects of 11 SNPs in antioxidant
genes on sperm DNA integrity and risk of male infertility and found
that two nonsynonymous SNPs of PON1 (R192Q) and SOD2 (V16A)
were associated with a significantly increased male infertility risk,
even after adjustment for multiple testing. Interestingly, we also
identified a significant interaction between PON1 R192Q and SOD2
V16A in the development of male infertility. In parallel, strong associ-
ations were detected between these two significant SNPs and sperm
DNA fragmentation as well as 8-OHdG levels. These findings support
our hypothesis that potentially functional SNPs in antioxidant genes
may play a role in the etiology of male infertility.

The PON1 gene codes for the PON enzyme, which is responsible
for low-density lipoprotein and high-density lipoprotein (HDL) oxi-
dation and contributes to the detoxification of organophosphates.
NA.

Sperm 8-OHdG

Pb βa 95% CI Pb

0.090 0.292 0.105, 0.480 0.002
0.166 0.188 −0.008, 0.385 0.061
0.064 0.204 −0.167, 0.575 0.201
0.143 0.025 −0.056, 0.107 0.546
0.003 0.345 0.149, 0.540 0.001
0.313 0.040 −0.037, 0.117 0.306
0.197 0.048 −0.024, 0.119 0.190
0.001 0.716 0.478, 0.954 0.001
0.235 −0.158 −0.384, 0.068 0.170
0.322 0.223 0.006, 0.440 0.044
0.959 0.011 −0.073, 0.096 0.792

, drinking status, and abstinence time.
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Reduced PON1 activity has been reported in the seminal plasma of
patients with abnormal sperm parameters [39]. It has been suggested
that the SNP at codon 192 (R192Q) participates in HDL binding,
which is thought to influence enzymatic activity and concentration.
The PON1 192Q alloenzyme binds HDL particles with threefold
lower affinity than the R isoform and, consequently, exhibits lower
stability, lipolactonase activity, and macrophage cholesterol efflux
[40]. In addition, individuals with the 192R allele had higher levels
of PON1 activity and lower levels of systemic oxidative stress
[41–43]. Consistent with the known functionality of the polymor-
phism, we found that the PON1 192Q variant was associated with
increased sperm DNA damage and risk of male infertility. Further
work is required to determine the impact of this polymorphism on
PON1 activity in seminal plasma.

SOD2 (MnSOD) plays a pivotal role in protecting cells from free
radicals and oxidative damage, and localization of SOD2 into the
mitochondrial matrix is essential for it to protect sperm from oxida-
tion [44]. The SOD2 Ala variant at a mitochondrial targeting sequence
allows more efficient SOD2 uptake into the mitochondrial matrix,
generating more active SOD2 compared with the Val variant
[45–47]. Thus, we hypothesized that the variant with higher activity
(Ala) has a protective effect against male infertility. Contrary to our
hypothesis, we found that the Ala allele associated with significantly
increased risk of male infertility and higher levels of sperm DNA
damage. This finding is not unprecedented; overexpression of SOD2
has been found to be associated with increased levels of hydrogen
peroxide (H2O2) [48,49]. H2O2 is a major intracellular oxidant
involved in H2O2-induced DNA damage in the sperm of infertile
males [50]. Thus, the SOD2 Ala allele might cause increased sperm
DNA damage and increase the risk of male infertility by producing
excessive H2O2.

Several strengths of this study should be acknowledged. First,
our population is racially homogeneous (all Han Chinese), which
minimizes possible biases from population stratification. In addition,
genotyping for the study was standardized; quality control samples
indicated high reproducibility of the genotyping results, and controls
were in Hardy–Weinberg equilibrium for all the polymorphisms
investigated. Despite the strengths and biological plausibility of the
associations observed in our study, there are inherent limitations.
First, the moderate sample size might not have sufficient power for
us to identify significant gene–gene or gene–environment interac-
tions. Second, like all case–control studies, selection bias may exist
and might influence interpretation of the results. However, we be-
lieve that potential confounding bias might have been minimized by
matching the controls to the cases on age and by further adjustment
for the confounding factors in statistical analyses. In addition, the
fact that genotype frequencies of all SNPs in our controls fit Hardy–
Weinberg equilibrium and were similar to those obtained from the
HapMap Project further supports the randomness of our control
selection. Moreover, the response rates in the cases and controls
were >92 and 85%, respectively. We believe that the selection bias,
if any, is unlikely to be substantial. Finally, we did not obtain enough
information on occupational exposures that may interact with the
antioxidant genes.
Conclusions

In summary, we found that the PON1 R192Q (rs662) and SOD2
V16A (rs4880) variant genotypes were associated with sperm integ-
rity and risk of male infertility. The results of this study might be
helpful in improving the understanding of the genetic susceptibility
of sperm DNA integrity and in providing diagnostic implications
for assisted reproduction success rates. These results need to be con-
firmed in larger samples, and further studies should be conducted to
measure enzyme activity.
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