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Abstract

Purpose Methylation of sperm DNA is impaired in many
infertile men potentially adversely effecting reproductive
outcomes. In somatic cells oxidative damage to DNA and
hyperhomocysteinaemia are linked with DNA hypomethyla-
tion. The objective of this study was to investigate if these
pathologies also impair sperm DNA methylation.

Methods The relationship between sperm DNA quality,
oxidative stress and serum homocysteine was analysed at
study entry and after 3 months of antioxidant treatment.
Results Overall a significant negative correlation was observed
between sperm DNA methylation and sperm DNA fragmen-
tation, as well as seminal reactive oxygen species (ROS)
production. Sperm DNA methylation was not significantly
related to serum homocysteine concentrations. Administration
of an antioxidant supplement produced a significant fall in
seminal ROS levels and sperm DNA fragmentation, while
increasing sperm DNA methylation.

Conclusions These results suggest that oxidative stress
related damage to sperm DNA impedes the process of

Capsule Oxidative stress impedes sperm DNA methylation, while
antioxidant supplementation can reduce DNA damage and normalize
sperm DNA methylation.
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methylation, while antioxidant supplementation appears to
have the potential to reduce DNA damage and normalize
sperm DNA methylation.
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Introduction

Since reports emerged linking IVF conceived pregnancies
with the epigenetic disorders Angelman and Beckwith-
Wiedemann Syndromes [1-4], there has been intense
scientific interest in epigenetic processes involved in
reproduction. Disorders of genomic imprinting occur when
there is a failure of the correct pattern of DNA parental-
origin-dependant monoallelic gene expression [4]. The
methylation of cytosine residues in DNA by DNA
methyltransferase is considered to be one of the major
epigenetic mechanisms controlling gene expression and
imprinting [5]. Hypomethylation of DNA is associated with
gene transcriptional activity while hypermethylation is
associated with gene silencing.

While several studies have suggested that adverse embryo
culture environments are responsible for the majority of
epigenetic defects observed in IVF conceived pregnancies [3,
4, 6], other observations have suggested that sperm
abnormalities may also play a role. Firstly, investigators
have reported that aberrant sperm DNA methylation,
principally in the form of hypomethylation, is more
commonly seen in infertile men compared to their normo-
zoospermic counterparts [7-11]. Secondly, experimental
inhibition of sperm epigenetic programming by exposure of
male rodents to endocrine disruptors results in reduced sperm
fertilization capacity, altered embryonic gene expression, an
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increase in pre-implantation embryonic loss [12-16] and
cancer in future generations [17, 18]. Finally, studies have
also linked sperm DNA hypomethylation in men with a
reduction in IVF pregnancy rates [9, 19, 20]. Therefore,
infertility related anomalies in sperm epigenetic program-
ming may have serious clinical consequences and certainly
warrant further investigation.

Epigenetic programming of sperm DNA occurs at
several key stages in the spermatogenesis cycle. In
rodents it is reported that DNA methyltransferase 1
(DMT1) mRNA and protein are expressed at high levels
in mitotic and early meiotic male germ cells, with the
enzyme then being translationally down regulated in
pachytene spermatocytes [21-23]. Human studies have
demonstrated that the paternally imprinted gene H19 has
its methylation pattern erased in early fetal life; with
remethylation being initiated as spermatogonia enter
meiosis and is effectively complete by the primary
spermatocyte stage of differentiation [24]. Testicular tissue
samples taken from fertile men show DMTI1 gene
expression is restricted to spermatogonia, pachytene
spermatocytes and round spermatids; with DMT1 protein
only being expressed in the nucleus of spermatogonia and
in the cytoplasm of round spermatids [25]. Interestingly,
Ariel et al. reported that spermatogenesis-specific genes
can also undergo quite late epigenetic re-programming
while maturing within the epididymis [26]. Therefore,
pathology within both the testicular and epididymal
environment has the potential to disrupt the establishment
of normal sperm DNA methylation patterns.

To date only one study has reported on any underlying
mechanism for abnormal sperm DNA methylation seen in
infertile men [27]. This study identified DNA sequence
variations in the gene encoding the DNA methyltransferase
enzyme DNMT3L in several infertile men, which inturn
was associated with abnormal paternal DNA methylation.
However, studies investigating the link between somatic
cell DNA hypomethylation and cancer have suggested
other possible mechanisms for sperm DNA hypomethyla-
tion may exist such as defects in the folate / homocysteine
pathway and oxidative stress.

Oxidative stress occurs when the body’s production of
reactive oxygen species (ROS) exceeds its own production
of protective anti-oxidants, leading to oxidative attack on
cellular structures such as DNA. Oxidative attack leads to
the generation of DNA strand breaks and the formation of
DNA base adducts such as 8-hydroxyl-2'-deoxyguanosine
(8-OH-dG) and O°-methylguanine, both reported to inter-
fere with the DNA’s ability to act as a substrate for DNA
methyltransferases [28]. The presence of 8-OHdG in CpG
dinucleotide sequences [29-31] or O°-methylguanine [32],
strongly inhibits methylation of adjacent cytosine residues
and ultimately leads to global DNA hypomethylation.
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The folate/homocysteine pathway is responsible for the
generation of methyl donors and therefore is central to
the process of DNA methylation for all cells [33]. Defects
in the folate cycle are responsible for depleting S-
adenosylmethionine (SAM) levels and have been linked
with DNA hypomethylation in somatic cells [33, 34].
Methylenetetrahydrofolate reductase (MTHFR) is a key
folate-metabolizing enzyme which catalyses the conver-
sion of 5,10-methylene tetrahydrofolate to 5-methyl
tetrahydrofolate, the later which provides methyl groups
for the methionine synthase-mediated remethylation of
homocysteine to methionine. Studies in mice have linked
polymorphisms in the MTHFR gene with reduced
availability of methionine / SAM resulting in hypome-
thylation of testicular DNA [35]. Interestingly, while
polymorphisms in the MTHFR gene limiting its enzymatic
activity are more common in infertile men [36-39], no
study has yet examined the link between defects in the
folate pathway and sperm DNA methylation.

Since oxidative stress and hyper-homocysteinaemia have
been linked with somatic cell DNA hypomethylation, we
propose that similar mechanisms may operate in sperm. The
principal aim of this study was to investigate the possible
link between seminal oxidative stress related DNA frag-
mentation, serum homocysteine and methylation of sperm
DNA.

Materials and methods
Subjects and study design

Participants in the study were recruited from men with
known male factor infertility (“infertile subjects”) defined
as the presence of abnormal WHO semen quality criteria
(WHO 1999) and the inability to conceive despite more
than 12 months of unprotected intercourse. “Fertile
controls” were men who were acting as sperm donors at
an academic affiliated ART unit (Repromed, South Aus-
tralia) and who had proven fertility within the last
12 months and normal semen parameters according to
WHO criteria. All infertile participants were asked to take
one capsule of Menevit " (Bayer Australia Ltd, Sydney,
Australia) per day for a period of 3 months and to provide a
semen and serum sample both at study entry and exit. Three
month duration of antioxidant therapy was considered
appropriate as this would cover one full spermatogenesis
cycle (~ 70 days). Each capsule of Menevit contained
500 pg of folate and various anti-oxidants (Vitamin C
100 mg, Vitamin E 400 IU, Lycopene 6 mg, zinc 25 mg,
selenium 26 pg, and garlic oil 333 pg). Fifty men entered
the study, with five withdrawing over the next 3 months
due to a lack of continuing interest (4) or perceived side
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effects (1). The twelve “fertile controls” produced only a
single semen sample for the purposes of this study and were
not administered any antioxidant therapy. The study was
prospectively approved by the Human Research and Ethics
Committee, Women’s and Children’s Hospital (approval
REC 1942/4/10), with all participants giving written
informed consent for their involvement.

Sample collection and preparation

Semen samples were produced by masturbation after a
period of 3—5 days abstinence and then analysed for sperm
count, motility and morphology as per WHO guidelines.
After liquefaction, a portion of semen was centrifuged at
300 g for 10 min to enable removal of seminal plasma,
followed by washing of the sperm twice in Dulbecco’s
Phosphate Buffered Saline (PBS) (JRH Biosciences,
Kansas, USA). Sperm were then suspended in 1 ml of
PBS and used in either the Nitro Blue Tetrazolium (NBT)
assay or smeared on poly-L-lysine coated slides for fixation
and later TUNEL and global DNA methylation analysis.
All serum samples were obtained by venipuncture between
the hours of 9 and 11 AM, and frozen at —70°C until
homocysteine was measured.

Assessment of sperm global DNA methylation

Measurement of sperm global DNA methylation was made
using the immunohistochemical 5-methylcytosine staining
technique [7]. After fixation of cells with ethanol (96%) the
slides were rinsed twice in PBS containing 0.25% Triton X
(Sigma-Aldrich, St. Louis, USA). Decondensation of sperm
DNA was carried out by decondensing buffer (1 M HCL,
10 mM Tris Buffer, pH 9.5 containing dithiotretiol) (Sigma-
Aldrich, St. Louis, USA) at room temperature for 20 min.
Sperm were then washed twice in PBS / Tween 0.5% buffer
and then the sperm DNA was denatured by 6 N HCI
followed by neutralisation with 100 mM TRIS HCI (pH
8.5) for 30 min at room temperature. Cells were then
incubated with a dilution of 1:50 monoclonal primary
specific antibody against 5-methylcytidine (5mC) (Euro-
gentec S.A., BI-MECY-1000, Seraig, Belgium) for 1 h at
37C. After rinsing twice in PBS, sperm were incubated
with Fluorescein Affinipure goat anti-mouse IgG (Jackson
Immunoresearch Laboratories Inc, West Grove, PA, USA)
at a dilution of 1:100 in 0.05% Tween 20 in PBS for
20 min. The slides were then rinsed in PBS buffer and
mounted in ProLong” Gold antifade reagent (Invitrogen
Molecular Probes, Oregon, USA). The degree of global
DNA methylation was determined by measuring mean
value of intensity of the fluorescence and expressed as
Arbitrary Unit (a.u.) on at least 300 cells. The primary
antibody step was omitted on the negative control slides.

In order to minimize qualitative error related to fading of
flourencent staining intensity over time, all slides were
captured for later image analysis within 1 h of completion
of the immunochemistry process. Furthermore, all measure-
ments were conducted on a single microscope at a set
fluorescent light exposure intensity. Finally, individual
infertile patient’s entry and exit methylation slides were
always analysed in the same assay run, so as to minimize
skewing of results by inter-assay variation. Using these
precautions the intra and inter-assay CV was 5 and 7%
respectively.

Assessment of sperm DNA fragmentation (TUNEL)

Sperm DNA fragmentation was detected by the In Situ Cell
Death Detection Kit (Roche Diagnostics GmbH, Mannheim,
Germany) which is based on the labelling of DNA strand
breaks. This assay was performed on the washed sperm
sample using a modification of the microscopic (Tdt-mediated
Terminal dUTP Nick-end Labelling) TUNEL technique as
previously described [40, 41]. Briefly, sperm were smeared
on poly-L-lysine coated slides, air-dried and fixed with 3:1
Methanol/Glacial Acetic acid fixative. The sperm were then
permeabilised with 0.1% Triton X-100/0.1% sodium citrate
and washed with PBS before being incubated with FITC-
labelled terminal deoxyribonucleotidyl transferase (TdT),
followed by fluorescein labeling with Propidium Iodide.
The smear was rinsed in PBS buffer and mounted in a
1:1 mixture of ProLong” Gold antifade reagent and
glycerol. Stained cells were quantified on Olympus
BX51 fluorescence microscope, with a minimum of 300
sperm per slide being assessed using image analysis
software (MacProbe V 4.3, Perceptive Scientific Instru-
ments, League, Texas). The percentage of sperm DNA
fragmentation was calculated as the number of TUNEL
positive nuclei (FITC-labelled, green) per total number of
sperm nuclei (Propidium Iodide, red). For a positive
control sperm cells were incubated with 3 U/ uL. DNAse
prior to incubation with the TUNEL reagents and for a
negative control the terminal transferase was omitted from
the reaction.

Measurement of reactive oxygen species production

A modified colorimetric Nitro Blue Tetrazolium (NBT) test
was used to evaluate reactive oxygen species (ROS)
production of both leukocytes and sperm cells within
semen [42]. After washing in PBS, sperm were resuspended
in 200 pL of PBS and incubated with NBT Reagent (0.01%
NBT in PBS, Sigma-Aldrich, St. Louis, USA) at 37°C for
45 min. Following incubation the samples were washed and
centrifuged at 500 g for 10 min in PBS to remove all
residual NBT solution, leaving only a cell pellet. Formazan,
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a blue water insoluble crystal produced from the yellow
water-soluble tetrazolium salt by the action of cellular
superoxide anions, is then deposited inside the sperm and
leukocytes. The amount of formazan crystal present within
a cell is closely related to its production of free radicals
[43]. In order to quantify the formazan product, the intra-
cellular formazan was solubilized in 60 uL of 2 M KOH
and Dimethyl Sulphoxide (DMSO) (Sigma-Aldrich) and
the colour reaction was measured spectrophotometrically
on a microplate reader (Bio-Tek, USA, Model ELx800) at
630 nm. ROS production was expressed as png formazan
per 107 sperm, derived from a standard curve of absorbance
values for known amounts of formazan substrate.

Homocysteine analysis

Serum samples for hormone assessment were separated
within 1 h of collection and frozen at — 70°C until assayed.
Homocysteine level in serum was measured by using Bio-
Rad Microplate Enzyme Immunoassay Homocysteine Kit
(Bio-Rad Laboratories, Inc., Hercules, CA,USA) which is
based on competition between S-adenosyl-L-homocysteine
(SAH) in the sample and immobilized SAH bound to the
walls of the microtitre plate for binding sites on a
monoclonal anti-SAH antibody.

Identification of leukocytes in semen by using
immunocytochemical CD45 measurement

Leukocyte density was determined by immunocytochemistry
using the Leukocyte Common Antigen marker CD45. A
monoclonal antibody against the CD45 (Rat Anti-human
CD45- Serotec Ltd, UK, Code: MCA 345) was applied in a
humidified chamber for a period of 1 h, then the slides were
washed three times in PBS buffer before application of a
secondary antibody for 30 min (Goat anti-rat IgG) (Jackson
Immuno Research Laboratories, Inc, USA). After applying
Texas Red Avidin D conjugate (Vector Laboratories Inc.,
Burlingame, CA ) slides were rinsed in PBS buffer and
mounted in a 1:1 mixture of ProLong® Gold antifade
reagent (Invitrogen Molecular Probes, Eugene, Oregon,
USA) and glycerol. Subsequently, the leukocyte cells
were visualized by using on Olympus BXS51 fluorescence
microscope with the 595 nm filter for Texas Red Dye
and leukocyte concentration determined by analysing the
relative ratio of CD45 positive cells to sperm in at least
300 high power fields.

Statistical analysis
Data were analysed using GraphPad Prism (GraphPad

Software Inc.,La Jolla, CA,USA). Correlations between
variables were analysed using the Spearman Rank Order
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correlation test. Sperm quality parameters before and after
antioxidant therapy were expressed as mean = SD or
median (inter-quartile ranges) and analysed using the pair
t-test or Wilcoxon Signed Rank test, depending on whether
the data followed a normal distribution. A P value <0.05
was considered statistically significant.

Results

Table 1 depicts sperm quality parameters for both the fertile
and infertile groups. As only men with male factor
infertility were recruited into the study, it was expected
that the infertile group would have lower sperm quality than
the fertile controls. There was a statistically significantly
increased level of sperm DNA fragmentation (TUNEL) and
semen reactive oxygen species production (NBT) in the
infertile group compared to the fertile men. The relationship
between sperm global DNA methylation and semen param-
eters such as sperm concentration (r=—0.330, p=0.0289) and
morphology (r=—0.394, p=0.008) was significant, but no
significant relationship was observed between levels of DNA
methylation and sperm motility (#=0.075, p=0.624) or
leukocyte concentration (r=—21, p=0.12).

The results in Fig. la illustrate the correlation between
levels of sperm DNA methylation and DNA fragmentation
(TUNEL). It can be seen that a significant negative
correlation exists between these two parameters (r=—0.311,
p=0.02), supporting a possible link between DNA damage
and impaired capacity for methylation. The observation of a
similar statistically significant negative correlation between
sperm DNA methylation and seminal ROS production
(r=-0.378, p=0.004; Fig. 1b), together with a positive
correlation between TUNEL and NBT results (#=0.336,
p=0.022) suggests that oxidative damage to sperm DNA is
at least in part responsible for modifying sperm global DNA
hypomethylation.

No significant correlation was observed between serum
homocysteine and global sperm DNA methylation in the
infertile cohort (#=0.26, p=0.09). Furthermore, sperm global
DNA methylation levels did not differ significantly between
those infertile men with “normal” serum homocysteine range
(<11.4 mmol/L—95th percentile in folate replete men aged
2045 years)[44] and those with hyper-homocysteinaemia
(mean sperm DNA methylation 91.9429.7 v 94.8+35.9 a.u.
respectively, p=0.378).

Three months supplementation with antioxidant produced
a significant fall in seminal ROS levels and DNA damage
(TUNEL), combined with an increase in sperm global DNA
hypomethylation (Table 2). Sperm count, motility and
morphology did not change significantly over the 3 month
supplementation period, while serum homocysteine levels
decreased a small but statistically significant amount.
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Table 1 Comparison of sperm ] ]

quality between the infertile Fertile n=12 Infertile n=45

and fertile study groups. All Sperm quality parameters Mean + SD Mean + SD P

values are expressed as mean =+

standard deviation and ana]ysed Sperm Concentration (X106/mL) 122.1£79.8 36.17+46.2 <0.0001

using the unpaired ¢-test Motility (%) 52.6+7.0 36.5+12.3 <0.0001
Normal Morphology (%) 21.0+£6.6 6.7£5.0 <0.0001
CD 45 (x10° cell/ml) 0.89+0.51 1.53+1.30 0.136
ROS Production (ug Formazan/107 sperm) 15.4+12.1 77.8+£58.9 0.0006
DNA Fragmentation (TUNEL Positive %) 10.3£3.8 22.9+9.1 <0.0001
Sperm Global DNA Methylation (au) 104.7£11.3 93.96+30.99 0.095

Discussion

While several papers have now reported that infertile men’s
sperm are more likely to express aberrant DNA methylation
patterns [7—11, 40], this study is one of the first to report on
the underlying mechanisms behind such observations. The
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Fig. 1 Relationship between sperm global DNA methylation with
sperm DNA fragmentation (a) and seminal ROS production (b).
Statistical analysis was performed using the Spearman Rank Order
correlation test

results of our study suggest that oxidative damage to sperm
DNA integrity inhibits methylation, while abnormalities in
the methyl donor pathway do not appear to play a
significant role in sperm DNA methylation. These results
are consistent with the small body of evidence already
existing. Firstly, a recent report [45] also found a
statistically significant negative correlation between sperm
DNA fragmentation, as assessed by the Sperm Chromatin
dispersion Test, and sperm DNA methylation. A similar
negative trend (r=—0.45, P>0.05) had earlier been reported
between sperm DNA fragmentation (TUNEL) and methyl-
ation [20]. Unfortunately neither group of researchers
measured seminal ROS levels in their study, making it
impossible to confirm that oxidative stress was the underlying
cause of the observed DNA damage/hypomethylation. Inter-
estingly, Tavalace et al. (2009) explained their results by
suggesting that hypomethylated sperm may be more prone to
DNA damage [45]. While it is possible that normally
methylated DNA may be less susceptible to DNA damage,
we are unaware of any evidence supporting the concept that
methylation of DNA protects it from apoptotic or oxidative
damage, the two principal causes of sperm DNA damage
[46]. Furthermore, Tavalace et al. [45] observed no link
between protamination of the sperm (CMAj; staining) and
global DNA methylation, making a non specific defect in
chromatin remodelling unlikely. As oxidative stress effects a
significant proportion of infertile men [47] and is widely
believed to be the primary cause of sperm DNA fragmen-
tation [46, 48], it is likely that oxidative DNA damage
played some role in sperm DNA hypomethylation reported
in these earlier studies.

The link between oxidative DNA damage and hypome-
thylation is already established for somatic cells, with
several investigators reporting a link between the presence
of oxidative DNA adducts in somatic cells and impaired
DNA methyltrasferase activity [29, 30]. Furthermore,
incorporation of 8-OHdG in the methyl-CpG binding
protein (MBP) recognition sequence has been reported to
result in significant inhibition of MBP binding, further
impeding the process of DNA methylation [31]. The
observation of a statistically significant negative correlation
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Table 2 Sperm quality before
and after 3 months of anti-
oxidant supplementation. Sperm

Sperm quality parameters n=45

parameters are expressed as
mean + standard deviation or
median (inter-quartile range)
depending of their normal
distribution. Parametric data was
analyzed by paired #-test and
non-parametric data with the
Wilcoxon signed rank test

Sperm Concentration (x10%mL)
Motility (%)

Normal Morphology (%)
Homocysteine (pmol/L)

ROS Production (g Formazan/107 sperm)
DNA Fragmentation (TUNEL Positive%)
Sperm Global DNA Methylation (a.u.)

Pre-antioxidant On anti-oxidant P
supplementation supplementation
21.7(12.08-38.33) 21.4(12.75-44.1) 0.304
36.5+12.3 37.1+11.5 0.778
6.7+5.0 6.71+4.5 0.938
10.00 (9.13-11.68) 9.38 (8.50-10.90) 0.001
66.4 (43.5-88.0) 44.4 (33.3-81.4) 0.027
22.2 (16.5-26.6) 18.2 (13.4-23.1) 0.002
93.96+30.99 108.61+35.54 0.0017

between sperm DNA methylation and seminal ROS
production, together with a strong positive correlation
between TUNEL and NBT results strongly suggests that
oxidative damage to sperm DNA is responsible for sperm
global DNA hypomethylation. Furthermore, the observed
improvement in sperm DNA methylation with 3 months
antioxidant therapy also suggests that oxidative damage to
sperm impairs DNA methylation. However, the link
between sperm oxidative DNA damage and hypomethyla-
tion may best be confirmed by studies correlating the
generation of the oxidative specific DNA base adduct 8-
hydroxyl-2'-deoxyguanosine (8-OH-dG) with sperm DNA
methylation.

While we did observe a very significant correlation
between total semen ROS production and sperm DNA
methylation, no significant correlation was observed
between semen leukocyte concentration and sperm DNA
methylation. This would imply that sperm themselves, not
seminal leukocytes, are the primary source of ROS
production interfering with the DNA methylation process.
As none of the men in this study had any history suggestive
of active genital tract infection, it is likely that the seminal
leukocytes were relatively inactive and therefore not a
dominant source of ROS production. Furthermore, it makes
biological sense that intrinsic ROS production within the
sperm cytoplasm is more likely to interfere with the process
of sperm DNA methylation in the adjacent nucleus than
extrinsic ROS released into the extra-cellular environment
by leukocytes.

A weakness of our study was that it did not include a
concurrent placebo control in the infertile subgroup. Some
sperm parameters such as concentration and motility are
prone to large fluctuations on different sampling occasions,
even within the same individual, and therefore have a
tendency for spontaneous “improvement” if subjects are
recruited into a trial based on an initial low result. This non-
treatment related improvement in sperm quality over time is
termed “regression to the mean”. Conversely, failure to see
significant fluctuations in sperm quality in a placebo
control group over time suggests that regression to the
mean is not an important determinant for that particular
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sperm parameter. As we did not have a placebo control in
the infertile group, we can not state for certain that the
observed improvements in sperm DNA methylation over
three months of antioxidant therapy are not the result of
spontaneous “regression to the mean”. However, since
infertile participants were not selected for enrolment in the
trial based on low initial sperm DNA methylation results,
regression to the mean is unlikely to be a major cause for
the observed improvement in sperm DNA methylation.
Furthermore, the observed significant correlation between
ROS production and sperm DNA methylation suggests a
true biological cause-effect association between oxidative
stress and impaired sperm DNA methylation.

Our finding of no significant correlation between serum
homocysteine and sperm DNA methylation does not
support a significant role for abnormalities in the folate/
homocysteine pathway as a cause of sperm DNA hypo-
methylation. Infertile men are more prone to inefficient
folate cycle reconversion of homocysteine to methionine as
polymorphisms in their MTHFR gene are more common
[36-39, 49, 50], resulting in an up to 70% reduction in
MTHEFR activity. However, the lack of a significant
negative correlation between sperm DNA methylation and
homocysteine makes mutations in the MTHFR gene and
hyperhomocysteinaemia unlikely candidates for causing
sperm DNA hypomethylation in infertile men. A weakness
of our study was that we did not specifically target men
with MTHFR homozygous mutations and poor dietary
folate intake who are likely to have extremely high levels of
serum homocysteine. Such extreme abnormalities in homo-
cysteine metabolism may still potentially be associated with
alterations in sperm DNA methylation, despite the evidence
suggesting that minor elevations in homocystine do not
impact on sperm DNA methylation status.

The clinical implications of impaired sperm DNA
methylation are presently uncertain. Animal studies have
shown that chemically blocking sperm DNA methylation
results in reduced sperm fertilization capacity, altered
embryonic gene expression and an increase in pre-
implantation embryonic loss [12-16] . Furthermore, the
creation of mouse embryos using sperm with high degrees
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of DNA damage has been shown to result in epigenetic
abnormalities in the resulting progeny with major physical
and behavioural abnormalities later in life [51]. Aitken and
De Iuliis have speculated that aberrant sperm DNA
methylation may also lead to epigenetic defects that
adversely affecting the health of the next generation of
children [48]. Imprinting disorders such as Beckwith-
Wiedermann and Angelman syndromes are relatively rare,
making epidemiological linkage between infertility and the
development of these imprinting disorders extremely
difficult. As such, the link between sperm DNA methyla-
tion and the development of childhood imprinting disorders
is still far from proven. Russell-Silver Syndrome, a rare
disorder characterized by growth restriction, limb and facial
anomalies and learning difficulties has been shown to be
primarily caused by hypomethylation on the paternal allele
of DMRI at 11pl5 [52, 53]. It is interesting to note that
hypomethylation of the 11pl5 DMRI has also been
reported to be more common in oligospermic infertile
men [8], and at least one case report has linked the use of
IVF-ICSI for severe male factor infertility with the
development of Russell-Silver Syndrome. However, the
rare association of IVF-ICSI treatment with any form of
imprinting syndrome [54] suggests that aberrant sperm
DNA methylation is not a significant cause for any classical
imprinting syndrome.

The majority of human studies have suggested a
negative link between sperm DNA methylation status and
chances of pregnancy [9, 19, 20], with only one study
failing to report such a link [45]. A complicating factor in
determining the direct effect of sperm DNA methylation on
pregnancy outcome is its positive association with sperm
DNA integrity [20, 45]. Since sperm DNA fragmentation is
clearly linked with pregnancy outcome [55] it is virtually
impossible to determine if sperm DNA fragmentation alone
or hypomethylation are primarily responsible for pregnancy
outcome. Future experiments correlating sperm DNA
methylation status with the embryonic epigenetic profile
may shed light on the role that sperm DNA methylation
plays in early embryo development.

The results of this study suggest that antioxidant
supplementation in infertile men can result in significant
improvements in sperm DNA integrity and methylation.
Improvements in sperm DNA integrity with antioxidant
therapy has been reported by many previous investigators,
yet the ability of antioxidants to boost pregnancy rates is
still under considerable debate [47]. Antioxidant supple-
ments will not be capable of normalizing sperm DNA
hypomethylation in all infertile men as in some individuals
hypomethylation of individual gene loci is related to
mutations within the DNMT3L gene [27], not oxidative
stress. Furthermore, while the role that impaired sperm
DNA integrity and methylation plays in the health of the

next generation has yet to be determined, we can speculate
that antioxidant mediated improvements in sperm DNA
quality has at least the potential to benefit reproductive
outcomes [55]. Large prospective studies correlating sperm
DNA quality in the insemination sample with epigenetic
profiles and the heath outcomes in the resulting children are
urgently required. If these studies do confirm a link
between poor sperm DNA quality and adverse child health
outcomes, pre-conception anti-oxidant supplements may
become standard clinical practice, just as pre-conception
folate supplementation is the standard for women. Until
these studies are conducted, the absolute value of male pre-
conception antioxidant supplementation will be unknown.
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