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Sperm DNA damage: clinical significance in the era

of assisted reproduction

Armand Zini, Jamie Libman

ABSTRACT

Evidence suggests that damage to human sperm DNA might
adversely affect reproductive outcomes and that the spermato-
zoa of infertile men possess substantially more sperm DNA
damage than do the spermatozoa of fertile men. This is partic-
ularly relevant in an era where advanced forms of assisted re-
productive technologies are commonly used (technologies
that often bypass the barriers to natural selection), because
there is some uncertainty regarding the safety of using DNA-
damaged spermatozoa. In this review, we outline our current
understanding of how sperm DNA is organized, what causes
sperm DNA damage, what impact this damage may have on re-
productive capacity and whether tests of sperm DNA damage
are clinically useful.

CMAJ 2006;175(5):495-500

emen analysis is the cornerstone of the evaluation of in-
S fertile men. Semen volume and pH level are an index of

seminal vesicle and prostate function. Sperm concentra-
tion, motility and morphology are largely determined by testic-
ular function and, to a lesser extent, by post-testicular (e.g.,
epididymal) genital tract function. Although fertile men as a
group have higher mean sperm parameters (concentration,
motility and morphology) than do infertile men, there is signif-
icant overlap between these groups.® Moreover, these factors
are generally modest predictors of reproductive outcomes.

New markers are needed that might better discriminate in-
fertile from fertile men and that may predict pregnancy out-
come and the risk of adverse reproductive events. Conventional
semen parameters fall short. There is now some evidence to
suggest that markers of sperm DNA integrity may be better
measures of male fertility potential than conventional meas-
ures, but larger studies are needed to define the clinical value of
testing sperm DNA integrity.”* The study of sperm DNA dam-
age is particularly relevant in an era where advanced forms of
assisted reproductive technologies are frequently used.

Fertilization involves the direct interaction of the sperm
and oocyte, fusion of the cell membranes and union of male
and female gamete genomes.® The completion of this process
and subsequent embryo development depend in part on the
inherent integrity of the sperm DNA.® Indeed, there appears
to be a threshold of sperm DNA damage (i.e., DNA fragmen-
tation, abnormal chromatin packaging, protamine defi-
ciency) beyond which embryo development and pregnancy
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are impaired.®” There is now clinical evidence to show that
damage to human sperm DNA may adversely affect reproduc-
tive outcomes and that spermatozoa of infertile men possess
substantially more DNA damage than do spermatozoa of fer-
tile men.*® However, our understanding of the causes of
sperm DNA damage and the full impact of this sperm defect
on reproductive outcomes remains rudimentary.

In this review, we will outline our current understanding of
how sperm DNA is organized, what causes sperm DNA damage,
what impact this damage may have on reproductive capacity and
whether tests of sperm DNA damage are clinically useful.

Human sperm DNA
and chromatin structure

Unlike the relatively loose structure of chromatin (DNA and
nuclear proteins) in somatic cells, sperm chromatin is tightly
compacted because of the unique associations between the
DNA and sperm nuclear proteins (predominantly highly basic
proteins known as protamines; see Fig. 1).”*° During the later
stages of spermatogenesis, the spermatid nucleus is remod-
elled and condensed, which is associated with the displace-
ment of histones by transition proteins and then by prota-
mines."* The DNA strands are tightly wrapped around the
protamine molecules (about 50 kb of DNA per protamine),
forming tight and highly organized loops.** Inter- and in-
tramolecular disulfide cross-links between the cysteine-rich
protamines are responsible for the compaction and stabiliza-
tion of the sperm nucleus. It is thought that this nuclear com-
paction is important to protect the sperm genome from exter-
nal stresses such as oxidation or temperature elevation.*

The current understanding is that sperm chromatin is tightly
packaged by protamines, but up to 15% of the DNA remains
packaged by histones at specific DNA sequences (i.e., there is a
nonrandom association between histones and DNA se-
quences).”* The histone-bound DNA sequences are less tightly
compacted, and it is thought that these DNA sequences or
genes may be involved in fertilization and early embryo develop-
ment.” The retained histones are associated with the nuclear
periphery and with telomeres (Fig. 1).** Infertile men, as com-
pared with fertile controls, have an increased sperm histone :
protamine ratio.*>** An excess of nuclear histones (> 15%) re-
sults in poorer chromatin compaction and a subsequent in-
creased susceptibility to external stresses (e.g., oxidation or
temperature elevation in the female reproductive tract).”
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Although the bulk of the sperm DNA is in the nucleus, a
small fraction is of mitochondrial origin (within the sperm
midpiece; see Fig. 1). The sperm mitochondrial DNA is a
small, circular DNA that is not bound to proteins.** Mito-
chondrial DNA exhibits a high rate of mutation.*” Sperm
motility is related to the mitochondrial volume within the
sperm midpiece, and mutations or deletions in the mitochon-
drial DNA have been associated with reduced sperm motil-
ity.”” Although inheritance of mitochondrial DNA is primarily
maternal, paternal transmission of mitochondrial DNA muta-
tions have been reported (but no more than 1% of inheri-
tance).*® The examination of mitochondrial DNA may gain
some importance in the evaluation of male infertility, particu-
larly in relation to assisted reproductive technologies.

Causes of sperm DNA damage

The causes of sperm DNA damage, much like those of male
infertility, have many factors and may be attributed to intra-
or extratesticular factors. Sperm DNA damage is clearly asso-
ciated with male infertility (and abnormal spermatogenesis),
but a small percentage of spermatozoa from fertile men also
possesses detectable levels of DNA damage.>**

An important subset of infertile men (about 5%-15%), but
not of fertile men, possess a complete protamine defi-
ciency.*>* Studies on transgenic animal models with targeted
protamine deficiency suggest a link between protamine defi-
ciency, sperm DNA damage and poor fertilizing capacity dur-
ing in vitro fertilization (IVF).” A single case report indicated
that a febrile illness can cause a transient increase in the nu-

clear histone : protamine ratio and associated abnormalities
of sperm chromatin structure.* This association between
sperm DNA damage and protamine deficiency suggests that
the damage may be due to a defect in spermiogenesis (the pe-
riod during which sperm protamines are deposited).

Sperm DNA damage has been associated with high levels of
reactive oxygen species, high levels of which have been detected
in the semen of 25% of infertile men.** Although low levels of re-
active oxygen species are necessary for normal sperm function,
high levels are generated by defective spermatozoa and by semen
leukocytes, which results in sperm dysfunction. The association
between sperm DNA damage and sperm-derived reactive oxygen
species suggests that DNA damage may be caused by a defect in
spermiogenesis,”* whereas the association between sperm DNA
damage and leukocyte-derived reactive oxygen species suggests
that the DNA damage may be caused by a post-testicular defect.”®

Sperm DNA damage may be due to apoptosis (pro-
grammed cell death), although this theory has been chal-
lenged.**** Apoptosis during normal spermatogenesis results
in the destruction of up to 75% of potential spermatozoa. The
selective apoptosis of these early germ cells prevents overpro-
liferation of the cells and selectively aborts abnormal sperm
forms.*® Sakkas and colleagues have proposed that some of
the spermatozoa with DNA damage have initiated and subse-
quently escaped apoptosis (“abortive apoptosis”).** Advanc-
ing age and gonadotoxins (e.g., cancer therapies) have been
associated with reduced levels of germ cell apoptosis in the
testicle and an increased percentage of ejaculated spermato-
zoa with DNA damage, which suggests that in these men
both spermatogenesis and apoptosis have been disrupted.*”**
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Fig. 1: The human sperm. The sperm head contains the nucleus (DNA and proteins) and the acro-
some (a vesicle rich in hydrolytic enzymes involved in egg penetration). Within the sperm nucleus,
there is a histone-rich region that is localized peripherally and a protamine-rich region localized cen-
trally. The sperm midpiece represents the proximal part of the sperm tail and is rich in mitochondria.
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Drugs, chemotherapy and radiation therapy

Young men with cancer (e.g., Hodgkin’s lymphoma and tes-
ticular cancer) typically have poor semen quality and sperm
DNA damage, even before cancer therapy. They then experi-
ence cumulative dose-related damage during therapy, which
often renders them completely sterile.*** The rapidly divid-
ing germinal epithelium of the testis is a natural target for
cytotoxic medications. Radiation therapy and chemotherapy
inflict similar damage and are dependent on both duration
and dose of exposure.*"** The recovery of spermatogenesis
may occur months to years after therapy, but evidence of
sperm DNA damage may often persist beyond that period.*?
The risk of persistence of germline DNA damage is a cause
of concern for many people with cancer. Although there is
not much clinical evidence, most clinicians will counsel pa-
tients to delay parenthood until 12—24 months after cancer
treatment. Patients who are scheduled to undergo definitive
cancer therapy (e.g., surgery, chemotherapy, radiation ther-
apy) are strongly encouraged to have their sperm preserved
for future use.>*

Cigarette smoking and environmental toxins

Studies have shown that cigarette smoking is associated with
a decrease in sperm counts and motility and an increase in
abnormal sperm forms and sperm DNA damage.* It is sug-
gested that smoking causes increased production of leuko-
cyte-derived reactive oxygen species, which has adverse
effects on mature sperm.* Exposure to pesticides (organo-
phosphates) and air pollution has also been associated with
increased levels of sperm DNA damage.>**’

Genital tract inflammation

Post-testicular genital tract infection and inflammation (e.g.,
combined inflammation of the epididymis and testis or of the
prostate gland) result in leukocytospermia and have been as-
sociated with increased levels of reactive oxygen species and
subsequent sperm DNA damage.*

Testicular hyperthermia

A febrile illness has been shown to cause an increase in the
histone : protamine ratio and DNA damage in ejaculated
spermatozoa.”® Direct testicular hyperthermia has also
been shown to cause these effects.*”* Certain behaviours
have been associated with increased scrotal temperatures
(e.g., use of hot baths, saunas, down-filled blankets, laptop
computers and prolonged periods of driving).* Although
the specific effects on sperm parameters or pregnancy out-
comes have not been demonstrated, certain professions
have been associated with poorer sperm quality. Farmers,
painters and varnishers have been shown to have an in-
creased likelihood of decreased sperm counts, whereas
metal workers and welders have been shown to have re-
duced sperm motility.** Corroborative studies on sperm
DNA damage are still lacking.
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Varicoceles

Varicoceles have been associated with sperm DNA damage.*
The level of sperm DNA damage is related to the high levels
of oxidative stress found in the semen of infertile men with
this condition.** Recent studies have demonstrated that varic-
oceles are associated with the abnormal retention of sperm
cytoplasmic droplets (a morphologic feature associated with
high levels of reactive oxygen species) and that these retained
droplets are correlated with sperm DNA damage in infertile
men.*»* Furthermore, sperm DNA integrity has been shown
to improve after varicocele repair.**

Hormonal factors

Experimental evidence has demonstrated that hormonal defi-
ciency can cause sperm chromatin defects. Compared with
wild-type mice, follice-stimulating-hormone-receptor knock-
out mice have been found to have lower levels of sperm nu-
clear protamines and lower testosterone, impaired fertility
and higher levels of DNA damage.*

Tests of sperm DNA damage

Many tests of sperm DNA damage are now available. The use
of these tests has been driven largely by the growing use of as-
sistive reproductive technologies and an awareness that the
integrity of the male genome plays an important role in IVF.
Sperm DNA damage can be measured directly (fragmenta-

Table 1: Commonly used tests of sperm DNA damage

Test

Measures

Characteristics

Sperm chromatin
structure assay

Nuclear protein
composition
(by protein
separation)

Sperm nuclear
maturity test
(by nuclear
staining)

Comet assay
(by single-cell gel
electrophoresis)

TUNEL assay

DNA oxidation

Susceptibility of
sperm DNA to
denaturation

Sperm histone
and protamine
levels

Chromatin
compaction,
protamine
content

Double-stranded
DNA breaks
(neutral assay)

Double-stranded
DNA breaks

8-hydroxy-2-
deoxyguanosine

Objective, flow
cytometry-based,
indirect assay,
complex analysis,
used clinically

Objective, gel
electrophoresis
assay, indirect
assay, labour
intensive

Simple, semi-
quantitative,
slide-based,
indirect assay

Objective,
quantitative, direct
assay, complex
image analysis

Semi-quantitative,
direct assay,
quantitative if flow
cytometry-based

Quantitative,
direct assay,
labour intensive

Note: TUNEL = terminal deoxynucleotidyl transferase-mediated dUTP-nick

end-labelling.
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tion, oxidation) or indirectly (sperm chromatin compaction)
(Table 1). Direct assessment of DNA damage can be obtained
by means of single-cell gel electrophoresis assay or “Comet”
assay (electrophoresis causes DNA fragments to migrate
away from the central DNA core, revealing a “comet”), termi-
nal deoxynucleotidyl transferase-mediated dUTP-nick end-
labelling or “TUNEL” assay (the ends of fragmented DNA are
tagged) and liquid chromatography to measure DNA oxida-
tion levels.*** DNA damage can also be assessed indirectly by
means of sperm chromatin integrity assays and by evaluation
of nuclear protein levels.>**"* Sperm chromatin integrity as-
says include slide-based sperm nuclear protein stains (e.g.,
aniline or toludine blue [detects histones], CMA3 [detects un-
derprotamination]) and DNA stains (e.g., acridine orange
[detects denatured or single-stranded DNA]).*”** The sperm
chromatin structure assay uses flow cytometry to estimate the
percentage of spermatozoa with DNA denaturation (sperma-
tozoa are stained with acridine orange).>™* Nuclear protein
levels are assessed by means of protein extraction, gel separa-
tion and immunoblotting with specific antibodies.*

Effect of sperm DNA damage
on reproductive outcomes

The integrity of the sperm DNA may be tested to predict preg-
nancy outcomes in couples who do not know their fertility po-
tential (i.e., first pregnancy). Couples in whom the man has a
high percentage of spermatozoa with DNA damage have very
low potential for natural fertility>* and will have to wait a long

time before conceiving.*® Couples whose pregnancy resulted
in miscarriage demonstrate a trend toward poorer sperm DNA
integrity compared with highly fertile couples.*

With the advent of IVF and intracytoplasmic sperm injec-
tion (ICSI); (the direct injection of sperm DNA, damaged or
otherwise, into an oocyte), the concern over using damaged
DNA has become apparent. In natural conception, a DNA-
damaged sperm would likely be unsuccessful in fertilizing an
egg. Human spermatozoa that bind to oviduct (fallopian
tube) cells have better DNA integrity than spermatozoa that
do not bind to these cells, which suggests that nature can se-
lect spermatozoa with enhanced DNA integrity during natural
fertilization.”* However, assistive reproductive technologies
bypass this selection process, which may result in the inad-
vertent use of DNA-damaged spermatozoa.

Numerous studies have examined the possible influence of
sperm DNA integrity on reproductive outcomes after both
standard IVF and IVF/ICSI (Table 2). There is no consistent re-
lation between sperm DNA damage and fertilization rates dur-
ing IVF or IVF/ICSI.**** Neither fertilization nor early embryo
development is dependent on sperm DNA integrity, since the
embryonic genome is not expressed until after the second
cleavage division (i.e., at the 4-cell embryo).*® There is also no
consistent relation between sperm DNA damage and embryo
quality after ICSI (roughly half of the studies have shown an
adverse effect of DNA damage on embryo quality). However,
high levels of sperm DNA damage are inversely related to
pregnancy rates in most, but not all, studies.”* These clinical
observations are not entirely consistent with animal studies,
which indicate that DNA damage is associated with both poor

Table 2: Influence of sperm DNA damage on fertilization rates, embryo quality and pregnancy rates during IVF

and IVF/ICSI
Influence of sperm DNA damage*

IVF, no. of ICSI, no. of On fertilization On embryo On pregnancy
Study subjects subjects rates quality rates Assay used
Lopes, 1998% 0 150 4 0 NA TUNEL
Host, 2000° 50 61 LIVF NA NA TUNEL
Tomlinson, 2001%* 140 0 )} TUNEL
Tomsu, 20025 40 0 ) l Comet
Morris, 2002 20 40 0 J NA Comet
Benchaib, 2003’ 50 54 4 0 dicsl TUNEL
Larson-C, 2003% 55 34 0 0 4 SCSA
Henkel 2004 249 0 NA )} TUNEL
Seli, 2004 49 NA d 0 TUNEL
Virro, 2004%' 249 - 0 J \ SCSA
Bungum, 2004>° 109 66 NA NA 0 SCSA
Payne, 2005% 46 54 N NA Tt SCSA
Huang, 2005% 217 86 4 0 0 TUNEL
Zini, 2005b% 0 60 J SCSA

Note: IVF = in vitro fertilization, ICSI = intracytoplasmic sperm injection, NA = not available, TUNEL = terminal deoxynucleotidyl transferase-
mediated dUTP-nick end-labelling, Comet = single-cell gel electrophoresis assay, SCSA = sperm chromatin structure assay.

*| = sperm DNA damage is associated with poor reproductive outcome, 0 = sperm DNA damage has no effect on reproductive outcome.
1The atypical results may be due to the high proportion of couples with female factor infertility.
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embryo development and poor pregnancy outcomes. This is
probably because the stringent process of sperm and embryo
selection during ICSI will mitigate the potential adverse effects
of sperm DNA damage on reproductive outcomes.®

It is now known that IVF/ICSI is associated with an increased
(although relatively low) risk of birth defects and genetic and
epigenetic abnormalities in the child. To date, it is unclear
whether it is the ICSI procedure or the underlying infertility that
is responsible for these defects.®””” The risk of birth defects
(major and minor) was found to be significantly higher (odds
ratio ~1.5) among children conceived through IVF/ICSI than
among naturally conceived children.®””* The prevalence of chro-
mosomal abnormalities (de novo abnormalities) was found to
be significantly higher (1.6%]/0.5%) among children conceived
through ICSI than among naturally conceived children.” Epi-
genetic abnormalities, such as errors in DNA methylation, have
been linked to certain rare genetic diseases (Beckwith/Wiede-
mann and Angelman’s syndromes) and, while still rare, are
found in slightly higher numbers among children conceived
through IVF/ICSI than among naturally conceived children.”

To date, the short- and long-term ramifications of success-
ful fertilization and development with DNA-damaged sperma-
tozoa are unknown. Clearly, the understanding that sperm
DNA damage is common in infertile men, together with the
concerning preliminary reports on genetic and epigenetic ab-
normalities in children conceived through ICSI, urge us to ex-
plore the subject of sperm DNA damage further. DNA that
possesses measurable damage (specifically, DNA oxidation)
may cause misreading errors to occur during DNA replication,
and this might cause de novo mutations.” Although the con-
cept has not been tested in the context of mammalian repro-
duction, we cannot dismiss the possibility that successful fer-
tilization with DNA-damaged sperm may cause de novo
mutations in the offspring (despite the ability of the oocyte
and embryo to repair this DNA damage).® For example, stud-
ies have found that children of fathers who smoked cigarettes
preconceptually have a higher risk of childhood cancers than
do children of nonsmoking fathers.” These studies suggest
that there may be a link between sperm DNA damage and the
subsequent development of childhood diseases.

Clinical value of tests of sperm DNA
damage

Based on the current evidence, the clinical indications for

tests of sperm DNA damage as follows:

« Counselling people who are planning their first preg-
nancy: these tests (especially the sperm chromatin struc-
ture assay) are good predictors of negative pregnancy out-
comes.>? If the male partner has high levels of sperm DNA
damage, the couples should consider advanced forms of
assisted reproduction (IVF or ICSI) to achieve a pregnancy.

+ Counselling people planning to undergo intrauterine insem-
ination: these tests (especially the sperm chromatin structure
assay) are good predictors of negative pregnancy outcome.>
If the male partner has high levels of sperm DNA damage,
the couple should consider IVF or ICSI instead.
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+ Counselling people planning to undergo IVF or ICSI: these
tests are only fair predictors of negative or positive preg-
nancy outcomes.>*>%%4%

+ Conducting reproductive toxicology studies and longitudi-
nal studies: these tests (especially the sperm chromatin
structure assay) are objective, highly reproducible (much
more so than conventional semen parameters) and can be
performed on frozen samples.

+ Monitoring the potential risk to offspring: these tests can
be used, but the optimal test for this purpose is not known.
Further study using longer follow-up periods is necessary
to ascertain the real risk of birth defects and the potential
future development of genetically linked diseases.

Summary

Successful human reproduction depends in part on the inher-
ent integrity of the sperm DNA. There appears to be a thresh-
old of sperm DNA damage beyond which embryo develop-
ment and subsequent pregnancy outcome are impaired.
Clinical evidence now shows that sperm DNA damage is detri-
mental to reproductive outcomes and that the spermatozoa of
infertile men possess substantially more DNA damage than do
the spermatozoa of fertile men. However, our understanding
of the causes of sperm DNA damage and the full impact of this
sperm defect on reproductive outcomes in humans remains
rudimentary. Additional studies are needed to fully define the
clinical value of testing of sperm DNA damage.
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