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Abstract

Background: Sperm chromatin integrity is essential for normal embryo development and
pregnancy outcome. Sperm DNA fragmentation (SDF) testing constitutes a diagnostic tool
to measure the proportion of spermatozoa with damaged chromatin in the ejaculate. SDF
is associated with potentially treatable conditions, including varicocele, male accessory
gland infections, inadequate lifestyle, and gonadotoxin exposure, thus prompting their
treatment as a means of improving sperm DNA quality and the reproductive outcomes.
Obijective: To provide an up-to-date review of the role of clinical and surgical inter-
ventions on SDF values in subfertile men.

Materials and methods: An extensive search of studies examining the relation-
ship between male infertility conditions associated with SDF was performed using
PubMed and MEDLINE, with a focus on interventional therapy. The start date for
the search was not defined, whereas the end date was March 2019. Randomized and
non-randomized controlled trials, observational studies, systematic and narrative re-
views, and case series were evaluated.

Results: Treating the underlying male infertility factor seems a promising way to alle-
viate SDF and to increase the likelihood of achieving natural and assisted conception,
but data remain limited. The best evidence relates to varicocele repair and hormo-
nal therapy with the follicle-stimulating hormone. Antioxidant therapy and lifestyle
changes might alleviate oxidative sperm markers and decrease SDF but their effects
on pregnancy outcomes are still unclear. Among men with high SDF undergoing as-
sisted reproductive technology, the use of testicular spermatozoa in preference over
ejaculated spermatozoa for intracytoplasmic sperm injection (ICSI) has been shown
to improve pregnancy rates possibly owing to the better sperm chromatin quality in
testicular spermatozoa than in ejaculated spermatozoa.

Conclusion: Current evidence supports interventional therapy as a means to alleviate
sperm DNA damage. Identification of the conditions associated with SDF remains
important to enable treatment to potentially improve pregnancy outcomes but given
the limited data further research is needed to determine the exact role of specific

interventional therapy for subfertile men with impaired sperm chromatin.
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1 | INTRODUCTION

Globally, over 180 million people struggle with infertility, and the
male factor is partially or entirely accountable for about 50% of
cases.! While the basis of male infertility remains undefined in up to
50% of patients on routine assessment,?# increasing evidence sug-
gests that sperm DNA fragmentation (SDF) plays an independent
and significant role in its etiology.””

SDF involves multiple non-mutually exclusive causative mecha-
nisms that provoke breaks to DNA.°*2 Overproduction of reactive
oxygen species (ROS) during sperm transport through the seminif-
erous tubules and epididymis results in oxidative stress (OS), which
has been suggested to be the primary causative factor leading to
SDF.**'* Other mechanisms, including apoptosis during spermato-
genesis, deficient chromatin remodeling during spermiogenesis,*”
activation of endogenous caspases and endonucleases,*® and exog-
enous factors, such as environmental toxicants, radiotherapy, and

chemotherapy,”’19

might also mediate SDF.

Human spermatozoa are highly vulnerable to OS, an effect which
mainly relates to three non-mutually exclusive factors, namely (i)
plasma membranes rich in polyunsaturated fatty acid (PUFA), (ii) lim-
ited cytosolic content of antioxidant factors, and (iii) truncated DNA
damage detection and repair mechanisms.?° In particular, PUFA is
highly susceptible to ROS, and under OS conditions, PUFA amplifies
the generation of ROS in a vicious OS circle.?! Upon reaching the
sperm nucleus, ROS can promote harm by modifying bases, creating
abasic sites, chromatin protein cross-linking, and DNA strand breaks
(both single and double) depending on the magnitude of the oxida-
tive attack.* For instance, excessive ROS leads to the formation
of oxidized base adducts (eg, 8-oxo-7,8-dihydro-2-deoxyguanosine
[BOHAG]. A sperm enzyme named 8-oxoguanine DNA glycosylase 1
(OGG1) cleaves oxidized base adducts out of the DNA, which creates
a relatively unstable abasic site more prone to fragmentation.??24

Several male infertility conditions have been associated with
SDF, including varicocele, male accessory gland infection (MAGI),
endocrine abnormalities of the reproductive system, chronic illness,
cancer, advanced paternal age, environmental exposure to toxicants,
and lifestyle factors.2>3! These conditions are also associated with
excessive OS, thus suggesting that SDF is probably one of the critical
consequences of OS via ROS.

Furthermore, a number of studies suggest that SDF might ad-
versely influence the chances of conception, both natural and as-

d,%%%7 albeit the evidence is not unequivocal‘38'39 The reasons

siste
explaining the reported impaired pregnancy rates among couples
whose male partners have high SDF are not fully understood, but
it has been hypothesized that the underlying genetic and epigenetic
components associated with the damaged sperm chromatin might
be the driving cause of poor reproductive outcomes,10:40-43
Spermatozoa with impaired chromatin content can hamper fer-
tilization, early embryo development, implantation, and pregnancy
over its effects on the stability of the embryonic genome.** The oxi-
datively induced SDF may dysregulate methylation processes and ex-

pression of critical genes for fertilization, embryo development, and

implantation.20 Moreover, 8-OHdG residues might cause transversion
mutations (G-C to T-A), thus altering gene expression if not repaired by
oocyte enzymes before the zygote's S-phase.???% There is a growing
concern that an underlying DNA damage could be transferred to the
embryo by defective spermatozoa and thus affect the health of the
resulting offspring.2? At present, little is known about the effective-
ness and accuracy of DNA repair at the oocyte level. Apparently, aged
oocytes have less effective repair mechanisms, ultimately resulting in
persistence of DNA lesions and mutagenic bases might increase the
risk of embryo genetic and epigenetic abnormalities. 20224

Studies have also shown the negative effect of SDF on reproduc-
tive outcomes across a diverse range of animal species.‘“”47 Increases
in chromosome abnormalities at the first cleavage division, whereas
reduction in fertilization rates, development to the first cleavage di-
vision, and implantation rates was observed when spermatozoa with
damaged chromatin from mutant mice were used for intracytoplas-
mic sperm injection (ICSI).%® In rabbits, the rate of stillborn pups was
significantly higher when artificial insemination was carried out with
spermatozoa with high SDF.* In another ICSI study, embryo devel-
opment to the blastocyst stage was only reached from rams whose
spermatozoa had low levels of SDF.>°

In the era of assisted reproductive technology (ART), remarkable
energy is invested in improving embryo quality and pregnancy success,
but the merit of proper male evaluation and pre-treatment strategies is
overlooked as ICSl can provide the couple with a baby without the need
to explain the nature of underlying male infertility.**>*>® However, the
notion that SDF could impair reproductive outcomes has prompted the
use of SDF testing in clinical settings,’* albeit controversies still exist
on the utility of SDF as a biomarker for male infertility.%%>°

Moreover, given the association of SDF and potentially reme-
diable conditions, medical interventions have been explored as a
means of improving sperm DNA integrity, with the ultimate goals of
enhancing fertility and increasing the likelihood of achieving healthy
offspring. In this review, we summarize the current evidence on the
role of interventions to reduce SDF, with a primary focus on clinical
and surgical treatments. We also provide an overview of SDF effects
on male infertility, describe the technical aspects of SDF diagnostic
measurement, and consider its indications.

2 | IMPACT OF SPERM DNA
FRAGMENTATION ON FERTILITY AND
REPRODUCTIVE OUTCOMES

2.1 | Male infertility

A 2018 systematic review—followed by meta-analysis—of twenty-
eight studies comparing 2883 infertile to 1294 fertile men demon-
strated that infertile men have higher SDF in their ejaculates than
fertile counterparts (mean difference: 1.61; 95% confidence inter-
val [CI] 1.21-2.12; P < .001).%° In this study, the authors performed
ROC analysis and found that the SDF threshold of 20% best dis-
criminated fertile from infertile men, with an area under the curve
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[AUC] of 0.84 (P < .001), a sensitivity of 79%, and specificity of
86%. Among the 28 studies included in the meta-analysis by Santi
et al, only one study reported SDF values using the Comet assay,>®
which typically reveals higher SDF levels than the sperm chroma-
tin structure assay (SCSA), terminal deoxynucleotidyl transferase-
mediated dUTP-biotin nick-end labeling (TUNEL) assay, and sperm
chromatin dispersion (SCD) test.’” The remaining 27 studies,
which represented over 95% of the dataset, used TUNEL, SCSA, or
SCD. These three assays have shown to be highly correlated, and
thresholds ranging from 19% to 23% with AUCs of 0.79 to 0.90
were reported for male infertility diagnosis.>” Therefore, the SDF
threshold of 20% reported by Santi et al is consistent with previ-
ous reports, thus suggesting that SDF tests provide distinct and
more meaningful information than those of conventional semen
analysis.?”*® Nevertheless, caution should be taken to interpret
threshold values when Comet studies are combined with the three
assays mentioned above, owing to the increased sensitivity of the
former to reveal DNA fragmentation in spermatozoa.

The reasons explaining why SDF values are overall higher in
infertile men than fertile counterparts are not fully understood,
but current evidence suggests a critical role of OS in the patho-
physiology of SDF-associated infertility.3%°-*®> Among men seek-
ing fertility evaluation at one of the authors (SCE) Fertility Center,
up to 52% subjects were found to have SDF indices—assessed by
the sperm chromatin dispersion (SCD) test—above 20% (Figure 1;
unpublished data). Along the same lines and using the commonly
reported threshold of 30% for the SCD test,®* approximately 25%
of the men showed high SDF values. Notably, 15% of our patients
exhibited high SDF even though conventional semen parameters—
according to the 2010 World Health Organization (WHO) crite-
ria—were within normal ranges. Our observations are in line with
previously published studies.®%°> Additionally, data from ART pro-
grams using SCSA indicate that SDF affects over 30% of patients

undergoing in vitro fertilization (IVF) and ICSI treatment.®®

2.2 | Natural pregnancy

SDF values assessed by TUNEL and SCSA have been indepen-

dently associated with the chances of achieving natural pregnancy,
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with lower SDF thresholds for better outcomes.*¢7%? Among
couples from the general population, SDF by SCSA was associ-
ated with failure to achieve natural pregnancy with an odds ratio
(OR) of 7.01 (95% Cl: 3.68-13.36).7° High sensitivity of 80-85% and
specificity of 85-90% have been reported with the use of SCD and
TUNEL in the prediction of natural pregnancy.“'72 In the SCSA
studies, fecundability decreased when SDF values were 20% and
over, and for values 230%, occurrence of natural pregnancies was
quite rare.”®

Criticism of the studies mentioned above is that they did not
utilize live births as an outcome. However, the prospective LIFE
(longitudinal investigation of fertility and the environment) study
provided level 1 evidence, suggesting that SDF is associated with
time to pregnancy (TTP). In this study, carried out in the United
States, a total of 473 couples discontinuing contraception whose
male partners provided at least one semen sample for evaluation
was followed for one year while trying to conceive. Both the DNA
fragmentation index (DFI) and the high DNA stainability—assessed
by the SCSA assay—were negatively associated with TTP, although
the point and interval estimates were close to 1.

2.3 | Intrauterine insemination

Many studies have suggested the adverse role of SDF on pregnancy
achievement following intrauterine insemination (IUl). Among cou-
ples with unexplained infertility undergoing IUl, pregnancy rates
were reduced when SDF values by the SCD test were >20%.”
Furthermore, the odds of pregnancy were remarkably decreased (by
7.0- to 8.7-fold) in the general population of infertile couples sub-
jected to Ul with sperm specimens from men with SDF levels >30%
(by SCSA) in the neat semen.®¢7°

Along the same lines, a 2019 systematic review and meta-anal-
ysis compiled the data of ten studies and over 2800 treatment cy-
cles. High SDF, defined in most included studies as values of 25% or
higher, using either the SCSA or the SCD test, was associated with
decreased pregnancy rates (relative risk [RR]: 0.34, 95% Cl 0.22-
0.52, P <.001). Among the two studies reporting delivery rates after
IUl, high SDF values were negatively associated with the likelihood
of delivery (RR 0.14, 95% Cl: 0.04-0.56, P < .001).”’

‘\iﬂ - 2% . SDF index 20% or greater

FIGURE 1 Distribution of sperm DNA
fragmentation (assessed by the sperm
chromatin dispersion test) among men
attending a tertiary fertility center. Source:
Andrology laboratory, ANDROFERT
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2.4 | Invitro fertilization and intracytoplasmic
sperm injection

The most recent meta-analyses of IVF/ICSI studies concur over-
all that SDF adversely affects pregnancy success. A 2014 study
indicated that the likelihood of pregnancy was lower in couples
whose male partners had high SDF rates in the ejaculated semen
(combined relative risk [RR] = 0.81; 95% CI 0.70-0.95; P = .008).*’
In this report, there was a significant increase in the risk of mis-
carriage among couples whose male partner had high DNA dam-
age irrespective of the insemination method, IVF or ICSI (OR 2.68,
95% Cl 1.40-5.14; P = .003). Furthermore, a 2017 study polling
data from 56 studies and over 8,000 treatment cycles showed that
SDF adversely affected clinical pregnancy following IVF (OR 1.65,
95% Cl 1.34-2.04; P < .0001) and ICSI (OR 1.31, 95% Cl 1.08-1.59;
P = .0068).36 In the study mentioned above, the risk of miscar-
riage also increased among couples undergoing ART with high
(versus low) SDF rates (RR 2.16, 95% Cl 1.54-3.03; P < .0001).
These results were corroborated by a recent meta-analysis of 23
studies comprising 6771 cycles, which showed that among infer-
tile couples whose male partners had high DFI both the clinical
pregnancy rates (23 studies; 6771 cycles; RR = 1.57; 95% Cl 1.18,
2.09; P < .01) and the miscarriage rates (25 studies; 3992 patients;
RR = 0.85, 95% Cl 0.75-0.96; P < .01) were negatively impacted;
in this study, however, live birth rates were not differentially af-
fected by SDF (10 studies; 1785 couples).”®

2.5 | Effect of SDF on embryo quality following ART

The role of SDF on human embryo development has yielded mixed
results. In a 2011 systematic review of 28 IVF and ICSI studies
involving 3226 treatment cycles, SDF was associated with poor
embryo quality and/or development in 11 studies, whereas the
remaining 17 studies showed no apparent association between
SDF and embryo quality and/or development.”’ A limitation of
the studies reporting on the effect of SDF on embryo develop-
ment relates to the lack of adjustment concerning oocyte quality,
which was shown to have a role in DNA repair.?* Notably, a 2017
ICSI study using donor oocytes showed that the blastulation rates
were negatively correlated with DFI measured with the TUNEL
assay.80 These findings have been corroborated by recent IVF and
ICSI studies using the SCD test, 8183 although the evidence is not
unequivocal.®*

The subjectivity of embryo assessment using morphological char-
acteristics remains a critical shortcoming of studies evaluating the
role of SDF on embryo quality. Non-invasive time-lapse techniques
and invasive comprehensive genetic testing might provide more ac-
curate information on overall embryo quality and chromosomal in-
tegrity, respectively. ICSI studies using time-lapse technology showed
positive correlations between DFl—assessed by the alkaline Comet
assay or the SCD test—and the time to reach each stage of embryo
development.®>8 It has been suggested that the type of SDF might

differentially affect embryo development, with Comet assay's dou-
ble-stranded DNA breaks (DS-DB) being more relevant than sin-
gle-stranded DNA breaks (SS-DB) concerning embryo kinetics and
implantation.8>®” By contrast, recent studies examining blastocyst
genetic content using comprehensive 24-chromosome genetic testing
suggest that SDF does not seem to affect embryo euploidy status.®88?

Collectively, sperm DNA integrity seems essential for healthy
human embryo development and successful pregnancy outcome.
Current evidence indicates that SDF—measured particularly with
the use of TUNEL, Comet, SCD, and SCSA—increases the risk of
infertility and impaired reproductive outcomes. Additionally, there
seems to be an increased risk of diseases in offspring when natu-
ral or artificial inseminations are carried out with specimens from
men with high frequencies of fragmented DNA in neat semen,
assessed by either the alkaline Comet assay or the SCSA.2270.91
The mechanistic effects have not been fully elucidated but seem
to involve OS and altered expression of critical genes involved in
sperm function, fertilization, and embryo development. However,
the data are still limited, and additional prospective studies are
necessary to conclusively determine the role of SDF values on
natural pregnancy, IUl, and ART. Nonetheless, given the ubiquity
of SDF among men facing infertility issues, it is suggested that
SDF indices are clinically useful for male infertility diagnosis and

management.

3 | CURRENT RECOMMENDATIONS FOR
SPERM DNA FRAGMENTATION TESTING

Owing to the essential role of sperm DNA integrity for normal em-
bryo development and successful pregnancy outcome, assessments
of sperm DNA damage have been used to obtain information about
sperm DNA quality. Despite acknowledging that SDF can be clini-
cally informative for ART outcomes, professional societies, such as the
American Society for Reproductive Medicine (ASRM), the American
Urological Association, and the European Association of Urology, have
not recommended SDF testing in the routine infertility workup.*3%5>92
Possible reasons relate to technical issues concerning assays’ distinct
characteristics and patient population heterogeneity, which have re-
sulted in ambiguous conclusions concerning the clinical utility of SDF
testing.?”°%%% In particular, the ASRM Practice Committee underlies
the fact that existing data concerning the association between SDF
and reproductive outcomes are too limited to routinely recommend
the use of SDF testing for the male partner in an infertile couple.
Moreover, it adds that “..because the prognostic clinical value of DNA
integrity testing may not affect the treatment of couples, the routine use
of DNA integrity tests in the clinical evaluation of male-factor infertility is
controversial.” Nevertheless, in 2015, the ASRM guidelines acknowl-
edged that (i) “Varicocele repair and antioxidant use may affect sperm
DNA integrity,” and (ii) “Sperm retrieved from the testis tend to have better
sperm DNA quality in men with abnormal ejaculated sperm DNA integrity,”
although a note of caution indicated that “no treatment for abnormal

DNA integrity has been proven to have clinical value”.”®

85U8017 SUOWWIOD AIT1D) 8|qe!(dde aup Aq peusenob ae Sspie YO ‘SN JO S9Nl J0j AriqiT 8UlUO A8]I/M UO (SUONIPUOD-PUR-SWRILD" A3 1M Ae1q Ul UO//SdNL) SUORIPUOD pue SWie | 8y} 89S *[£202/50/S0] Uo AriqiTauliuo Asjim ‘euspoN AiseAIUN Ad vZ.2ZT 1PUe/TTTT OT/I0p/WL0o A 1M Atelq Ul |uo//sdny wolj pepeojumod ‘T ‘0202 ‘L262.702



ESTEVES ET AL.

Since the publication of the guidelines mentioned above, new
evidence supports a remarkable relationship between SDF and
clinical varicocele, unexplained infertility, ART outcomes, and
environmental and lifestyle factors, as we will discuss in the following
sections. Furthermore, new data emerged concerning the potential
benefit of clinical and surgical interventions as a means to reduce
SDF, thus emphasizing the need for updates in the existing clinical
recommendations.

Along these lines, two recent clinical practice guidelines (CPG)
provide specific recommendations concerning SDF testing. The CPG
on recurrent pregnancy loss (RPL) issued by the European Society
for Human Reproduction and Embryology stated that “assessing SDF
in couples with RPL—defined by two or more pregnancy losses from
the time of conception until 24 weeks of gestation—can be consid-
ered for explanatory purposes, based on indirect evidence”?* A 2019
systematic review and meta-analysis of thirteen prospective stud-
ies pooling 579 male partners of women with recurrent pregnancy
loss and 434 male partners of fertile control women demonstrated
that DFI rates were significantly higher in the former (mean differ-
ence [MD] 11.9%, 95% Cl 4.9%-18.8%). The pooled MD was higher
for the TUNEL assay (14.2%, 95% Cl 4.86-23.64) than the SCD test
(3.5%, -3.30-10.3%), the Comet assay (5.2%, 95% Cl 0.31-10.1), and
the SCSA (10.1%, 95% Cl 2.1-18.1).7

The 2017 CPG on SDF testing based on clinical scenarios issued
by the Society for Translational Medicine (STM) also provided evi-
dence-based guidance for recommending SDF testing.”® This guide-
line translated the current evidence and provided a framework of
standardized care based on clinical scenarios (Table 1). Specifically,
the STM guideline recommends testing for couples with unexplained
infertility and those suffering from RPL. Male patients with risk fac-
tors for oxidative stress, including but not limited to lifestyle condi-
tions (eg, smoking, obesity, metabolic syndrome), varicocele, genital
infections, advanced age, and exposure to toxicants (eg, environ-
mental, licit or illicit drugs, radiation, chemotherapy), should also be
screened. The guideline mentioned above goes on by recommend-
ing testing after failed IUI, IVF, or ICSI provided no other apparent
reasons exist to explain that failure. The CPG by the STM was the
first collaborative attempt to aggregate the existing evidence and
provide clinicians with evidence-based guidance for interventions.
The document was reviewed by many experts across the globe,
whose authoritative commentaries on its clinical utility can be found

elsewhere.®77-%

4 | DIAGNOSTIC METHODS TO MEASURE
SDF

SDF is characterized by the presence of SS-DB and/or DS-DB af-
fecting the DNA. SS-DBs give rise to free 5-3' ends affecting
only one DNA strand whereas DS-DBs produces blunt 5-3" ends
affecting both DNA strands. These breaks can be detected in the
neat or processed ejaculate, as well in spermatozoa retrieved from

the epididymis or testicle, using a variety of tests. Probes or dyes

ANDROLOGY & B3

TABLE 1 Clinical practice guidelines for sperm DNA
fragmentation testing by the Society for Translational Medicine

I. Sperm DNA fragmentation testing?:

e Neat semen sample should be used for SDF testing

e A fixed ejaculatory abstinence before collection of semen sample
should be applied

e A standardized protocol with stringent quality control is essential
for a reliable SDF testing result

e SDF threshold reflects the probability on reproductive outcome

b

Recommendations:

Clinical varicocele

e SDF testing is recommended in patients with grade 2/3 vari-
cocele with normal conventional semen parameters (grade C
recommendation)

e SDF testing is recommended in patients with grade 1 varico-
cele with borderline/abnormal conventional semen parameter
results (grade C recommendation)

Unexplained infertility/IUl failure/recurrent pregnancy loss:

e SDF testing should be offered to infertile couples with RPL or
prior to initiating 1Ul (grade C recommendation)

e Early IVF or ICSI may be an alternative to infertile couple with
RPL or failed IUI (grade C recommendation)

IVF and/or ICSI failure:

e SDF testing is indicated in patients with recurrent failure of
assisted reproduction (grade C recommendation)

e The use of testicular sperm rather than ejaculated sperm may
be beneficial in men with oligozoospermia, high SDF, and
recurrent IVF failure (grade B-C recommendation)

Borderline abnormal (or normal) semen parameters with risk factor:

e SDF testing should be offered to patients who have a modifiable
lifestyle risk factor of male infertility (grade C recommendation)

Note: SDF, sperm DNA fragmentation; RPL, recurrent pregnancy loss;
IUl, intrauterine insemination; IVF, conventional in vitro fertilization;
ICSI, intracytoplasmic sperm injection. Adapted from Agarwal A,
Cho CL, Majzoub A, Esteves SC. (2017) The Society for Translational
Medicine: clinical practice guidelines for sperm DNA fragmentation
testing in male infertility. Transl Androl Urol 6(Suppl. 4): 720-733.

?Grade B-C recommendation.

SDF levels represent one of the many variables that can affect a
couple's reproductive outcome.

are used to identify DNA breaks with the aid of fluorescence mi-
croscopy, optical microscopy, and flow cytometry according to the
method type (reviewed by*°).

The four commonly used tests to measure DNA fragmentation
in human spermatozoa are the SCSA,'90 the TUNEL assay,101 sin-
gle-cell gel electrophoresis (Comet) assay,102 and the SCD test.!® A
2017 survey among forty-nine infertility specialists from nineteen
countries indicated that SCSA and SCD test were the most com-
mon methods used to evaluate SDF, followed by TUNEL and Comet
assays.””

Despite often used to refer to any test that assesses the sperm
chromatin integrity, the term “fragmentation” should be reserved
for the assays mentioned above as not all sperm chromatin dam-
age relates to breaking the DNA into “fragments”.1% Other assays,
including aniline blue staining, chromomycin A3 staining, and tolu-
idine blue staining, do not measure SDF,10:2758.105 thece tests pro-

vide a crude measurement of the level of chromatin compaction.'%
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Defects in nucleus condensation predominantly relate to protamine
mispackage via defective DNA-protein ionic links at later stages of
spermatogenesis, whereas SS-DB and DS-DB are primarily associ-
ated with OS.11:12.22.87,107

Although deficient chromatin compaction renders the sperm
DNA more susceptible to ROS attack, the effect depends on the
semen redox properties and OS levels.?” By contrast, excessive ROS
directly affects the sperm membranes and chromatin by inducing
DNA breaks.?119819? Thys, tests that measure SDF should be pre-
ferred over those that assess chromatin compaction owing to the
ubiquity of OS in men with infertility.!2”>8 In the next sections, we
will focus only on the four major SDF tests, namely TUNEL, SCSA,
SCD, and Comet.

4.1 | Sperm DNA fragmentation assays

These methods act by incorporating either DNA probes/dyes or
modified nucleotides at the site of damage with or without the use
of heat, acid, or lysis solution to (open) the DNA strands at the sites
of existing single or double DNA strand breaks.>**°

The TUNEL assay relies on a terminal deoxynucleotidyl transfer-
ase (TdTA) enzyme for the “direct” labeling of 3' free ends of DNA.
The sites of breaks can be identified with the aid of optical fluo-
rescence microscopy or flow cytometry.°2115112 The TUNEL test
essentially assays the protamine toroid linker DNA as the relatively
large TdTA molecule might not penetrate the highly compacted pro-
tamine toroid.1® Protocol modifications have been introduced to
increase its sensitivity, including DNA decompaction using dithio-
threitol (DTT).13:114

SCSA is based on acid denaturation of the chromatin at the
sites of existing single- or double-strand breaks.*'® Acridine orange
(AOQ) is used for staining, the dye penetrates the sperm chromatin
and intercalates into double-stranded DNA (intact DNA), which
fluoresces green when exposed to blue laser light. By contrast, AO
attachment to single-strand DNA creates a complex that produces
a metachromatic shift to red fluorescence. The red fluorescence
represents DNA strands that originate from the sites of single- or
double-strand breaks.!'® The fluorescence patterns emitted by
spermatozoa are captured using a flow cytometer, and the ratio of
red to total (green + red) fluorescence intensity is used to calculate
the percentage of spermatozoa with DNA fragmentation (DFI, DNA
fragmentation index.*”1”

The SCD test relies on the principle that spermatozoa with
DNA fragmentation fail to produce the characteristic halo of dis-
persed DNA loops that are observed in spermatozoa with non-frag-
mented DNA, following acid denaturation and removal of nuclear
proteins.}®® Sperm suspensions are embedded in agarose gel on
slides and treated with an acid denaturation solution (HCI) to gen-
erate restricted single-strand DNA motifs at the sites of existing
single- or double-strand breaks. The denaturation is stopped, and
spermatozoa are exposed to a lysing solution based on DTT, so-

dium dodecyl sulfate, and NaCl to remove the sperm membrane

and nuclear proteins. Then, the slides are stained with DAPI (4',6-di-
amidino-2-phenylindole) or the Diff-Quik stain, and the percentages
of spermatozoa with nondispersed and dispersed chromatin loops
are manually assessed by fluorescence or bright-field microscopy,
respectively.’%3118 The halos correspond to relaxed DNA loops at-
tached to the residual nuclear structure as seen in spermatozoa with
low or no SDF. By contrast, spermatozoa with very small or no halos
correspond to those exhibiting SDF as confirmed by DNA breakage
detection-fluorescence in situ hybridization, a procedure in which
the restricted single-stranded DNA motifs generated from DNA
breaks can be detected and quantified.'®

Lastly, the Comet assay relies on DNA decompaction and protein
depletion coupled to single-cell electrophoresis in agarose micro-
gel.2%2 The removal of protamines and histones creates a nucle-
oid-like structure containing supercoiled loops of DNA.* Alkaline
or neutral pH conditions allow the uncoil of double-stranded DNA,
which under electrophoresis results in migration of fragments of
single- and double-stranded DNA toward the anode, thus forming a
comet tail that can be observed under fluorescence microscopy.m'120
The relative fluorescence in the tail compared with its head reflects
the level of SDF; spermatozoa with increased fluorescence intensity
in the comet tails have high levels of chromatin damage. Additional
guantitative parameters can be used to increase the test's precision,
such as nucleus diameter, olive tail movement, and comet length.
The alkaline Comet assay detects both single- and double-stranded
DNA breaks, as well as alkali-labile sites, whereas the neutral Comet
assay detects double-stranded DNA breaks only. Alternatively, the
two-tailed Comet assay can assess both types of breaks in the same
spermatozoon.'?! The assay firstly applies neutral lysis and elec-
trophoresis to detect double-strand breaks, and then, by turning
the slide 90° and applying alkaline lysis and electrophoresis, sin-
gle-strand breaks are detected.

4.2 | Correlation of test results, biological
variation, and standardization

Although the SDF assays discussed above rely on different mecha-
nisms for DNA breaks detection, there is an overall good corre-
lation among TUNEL, SCSA, SCD, and alkaline Comet. 17122 |p
a study involving both fertile and infertile men, high correlations
were found between the SCD test and SCSA (r = 0.71, P < .001),
between SCD test and TUNEL assay (r = 0.70; P < .001), and be-
tween SCSA and the TUNEL assay (r = 0.79; P < .001), whereas
moderate correlations were found between the alkaline Comet
assay and the SCD test (r = 0.61; P < .001), between the alkaline
Comet and SCSA (r = 0.59; P < .001), and between the alkaline
Comet and TUNEL assay (r = 0.72; P < .001).>” These results have
been corroborated by a 2019 study using similar design and meth-
0ds.'2® Thus, it has been suggested that irrespective of the assay,
SDF test results can provide information concerning the quality
of the whole semen specimen, not just the damaged spermatozoa
detected by the test.'?*
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Furthermore, SDF seems to have lower biological intra-indi-
vidual variation than conventional semen parameters.109125126 |
one report, the DFI coefficient of variation (CV)—measured with
the aid of SCSA—was significantly lower (9.2%) than that of sperm
count (43.0%), progressive motility (28.3%), and sperm morphology
(28.3%).12° Notwithstanding, a study involving 282 infertile men un-
dergoing IUl or ART revealed that the mean CV of DFI for repeated
SCSA measurements was 29%, with about 1/3 of the patients cross-
ing the threshold levels in repeated analyses. In this study, however,
the ejaculatory abstinence period was quite variable (mean + SD:
4.6 + 3.3 days), thus potentially affecting results as there is an in-
verse relationship between abstinence time and SDF values.'?’
Further research is needed as data are still limited concerning the
biological variability of SDF using different testing methods.

Proper standardization also remains an issue concerning SDF
tests.”® However, efforts to make protocols standardized and re-
producible are increasing steadily, in particular, concerning the flow
cytometer TUNEL assay and SCD test, recent reports show low in-
traobserver variability and high interobserver agreement, thus in-

creasing precision of estimations,112128-130

4.3 | SDF test thresholds

Threshold values beyond which a semen sample can be consid-
ered pathological vary according to SDF assay and clinical effect.
Although no definite reference values have been agreed upon, cut-
off values have been reported for SDF testing with regard to preg-
nancy prediction and infertility risk.

For instance, threshold values in the range of 16%-22% for
TUNEL assay, 18%-20% for SCSA, 20%-26% for the SCD test, and
40%-50% for alkaline Comet assay have been utilized to discrim-
inate fertile from infertile men.”””212% Moreover, a 2018 system-
atic review of 28 studies including 2883 infertile men and 1294
fertile men indicated that the threshold of 20% was the best value
to discriminate fertile from infertile men considering the four most
common SDF tests, with a sensitivity of 79%, specificity of 86%,
and an area under the curve [AUC] of 0.844. In this report, most
studies utilized the TUNEL assay; the ROC built on this subgroup
of studies confirmed the overall fit of the analysis (AUC 0.831;
P=.002).%

An early study using the SCSA assay on neat semen indi-
cated that the cutoff value of 30% had high predictive power for
the likelihood of pregnancy both in vivo and ART; patients with
a SDF < 30% were 7.1 times [95% confidence interval (Cl), 3.37-
14.91] and ~2.0 times (95% ClI, 1.10-2.96) more likely to achieve a
pregnancy in vivo and after ART, respectively.*! However, these
results did not hold when the SCSA assay was carried out on spec-
imens processed by the density gradient centrifugation, as no DFI
cutoff values could be set for in vivo fertility or clinical pregnancy
after Ul and ART.*%2

Furthermore, a DFI of 25.5% by SCD was shown to have a sen-
sitivity of 86.2% and a negative predictive value (NPV) of 72.7%
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(P =.02) in predicting pregnancy achievement in ART treatment.'3°
In a recent study, SDF values by SCSA of 27% and over were nega-
tively associated pregnancy outcome with Ul (X2 = 6.87,P<.05)and
ICSI (OR = 5.65; 95% Cl: 4.32-7.11; P < .05) (.”®

Collectively, the existing data suggest that the threshold range
of 25-30% by SCSA or SCD assessed on neat semen is clinically
useful for placing infertile couples into a statistical probability of
longer time to achieve natural pregnancy, low odds of pregnancy
by IUl and conventional IVF, and a higher risk of miscarriage, both
natural and assisted.'®43> Despite that, the evidence is not equiv-
ocal as others have found no robust association between SDF val-
ues and pregnancy achievement.?®% |t is therefore crucial that
clinicians be judicious when using this information to predict re-
productive outcomes. Consideration of female factors is import-
ant as the presence of SS-DB might be repaired by the oocyte
repair machinery, thereby alleviating the adverse consequences of
SDF. Given the multitude of confounding factors, various cutoff
values may be required to ensure optimal performance of the test
in distinct clinical scenarios.

In summary, the ideal method to measure SDF and its opti-
mal thresholds are still to be determined, but the four major tests,
namely TUNEL, SCSA, Comet, and SCD, seem reliable to provide in-
formation about sperm DNA quality and possibly for the identifica-
tion of a male factor contributing to infertility. Nevertheless, factors
such as type (SS-DB or DS-DB), site (intron or exons), and extent of
DNA damage on each spermatozoon, along with the ability of the
oocyte to repair SDF during fertilization most likely influence the
predictive power of SDF tests. Given the different mechanisms for
DNA break detection, the type of SDF detected by each assay may
be complementary to each other in different clinical settings. Thus,
it is critical that clinical decisions are made considering the technical
limitations of the assays and the possible benefits of SDF testing for
clinical outcomes.

5 | INTERVENTIONS TO DECREASE SPERM
DNA FRAGMENTATION

5.1 | Varicocele repair
5.1.1 | Introduction

Varicocele is regarded as the most frequent cause of male infertil-
ity.2%¢! The testis responds to varicocele-associated cell stressors,
such as heat stress, ischemia, or reflux of adrenal and renal metabo-
lites, by producing excessive amounts of free radicals, which might
ultimately lead to SDF.*? Indeed, the levels of seminal OS markers
(ROS, nitric oxide, lipid peroxidation products) are usually higher in
both fertile and infertile men with varicocele than in counterparts
without varicocele 108136138140 \Moreover, infertile men with vari-
cocele have decreased seminal antioxidant capacity compared to
fertile men with varicocele.**'4% About half of subjects with clini-

144,145

cal varicoceles exhibit high SDF values, and coincidentally,
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OS markers are usually elevated in varicocele men with high SDF

indices.”’

5.1.2 | Hypothesis

It has been hypothesized that varicocele repair might ameliorate OS
markers and consequently, SDF indices, with a positive effect on
fertility.

5.1.3 | Treatment

The standard treatment for varicocele is surgical repair by an open
approach (with or without magnification), laparoscopy, or through
percutaneous embolization of the internal spermatic vein. Regardless
of the chosen technique, the ultimate goal is the occlusion of the di-

lated veins that compose the pampiniform plexus. %63

5.1.4 | Summary evidence

Several controlled studies have shown that varicocelectomy miti-
gates OS and boosts sperm chromatin integrity, thus underscoring
the association between varicocele, OS, and SDF4314¢155 (Taple 2).
In non-controlled studies, a positive effect on SDF values—as de-
termined by the SCSA—could be observed in 78-90% of the treated
patients 3-6 months postoperatively.!#4143

Reductionin SDF by varicocele repair seems to translate into higher
chances of initiating a pregnancy. In one study including 49 infertile
men with clinical varicocele and oligozoospermia,'*® couples that be-
come pregnant either naturally or with ART had lower postoperative
SDF levels (26.6 + 13.7%, SCSA) than those who did not (37.3 + 13.9%;
P =.013). In another study which enrolled 42 subfertile patients with
clinical varicocele and abnormal semen parameters,*>? SDF (by SCSA)
decreased significantly from 28.4% to 22.4% (P = .018) after varicocele
repair, despite that postoperative results were still higher than con-
trols. Nonetheless, SDF values in patients who achieved pregnancy
naturally after varicocelectomy (20.6 + 3.5%) were not significantly
different from controls (11.5 + 3.9%). Moreover, SDF values in preg-
nant couples were lower than both preoperative values (27.4 + 6.3%,
P < .01) and non-pregnant patients (24.7 + 6.5%; P < .010).

By contrast, Baker et al evaluating a cohort of 24 infertile men
with clinical varicocele who underwent microsurgical varicocele re-
pair showed that although SDF index was reduced after varicocele
repair, results were not different in pregnant and non-pregnant cou-
ples (TUNEL DFI 22.2% + 14.4% vs. 25.7% + 14.5%, respectively).14®

A 2018 systematic review compiled the data of 21 stud-
ies concerning the effect of varicocele repair on SDF, including
1270 infertile men.®® Despite using different SDF sperm assays,
mixed design, and variable sample size, all studies involving infer-
tile men with palpable varicocele unequivocally reported a signif-

icant postoperative decrease in SDF rates in a follow-up period

ranging from 3 to 12 months. Of the studies providing pregnancy

148152156157 hostoperative SDF rates were lower in men

outcomes,
from couples who achieved pregnancy success than those who did
not in three out of four studies.’®?'*41%” |n this review, the vast ma-
jority of studies that also assessed OS markers reported a concomi-
tant reduction in OS markers and SDF after varicocele repair.

Nineteen of the 21 studies mentioned above provided data to be
meta-analyzed.®® A total of 1153 men with clinical varicocele who
had their varicoceles repaired were included. Overall, there was a
significant decrease in the SDF levels after varicocele repair (MD
-8.3%, 95% Cl -10.3%, -6.4%, P < .0001). Given the heterogene-
ity of SDF assays, the results were also analyzed according to the
method of SDF measurement, in particular, TUNEL and SCSA, which
were the methods used in most studies. The decrease in SDF after
varicocele repair remained statistically significant regardless of the
SDF method (SCSA: MD -7.1%; 95% Cl -9.3%, -4.9%; P < .0001, and
TUNEL: MD -15.0%; 95% Cl -21.3%, -8.7%; P<.0001).

5.1.5 | Mechanism of action

It has been speculated that in men with varicocele SDF is probably a
critical OS endpoint (Figure 2). The concurrent impairment in sperm
DNA integrity and elevated OS markers supports this assumption.
ROS and nitrogen species are released in the endothelium of vari-
cose veins, testicular cells, and principal cells of the epididymis.>**>?
The imbalance between excessive ROS production and antioxidant
protection harms the sperm membrane via lipid peroxidation, and the
chromatin through nuclear and mitochondrial DNA breaks. 64108107
As a result, the overall sperm DNA quality is reduced, thus making a
subset of varicocele men less fertile.”>11%0 Varicocele repair might
ameliorate OS markers and consequently, SDF indices, with a posi-
tive effect on fertility.®®

Nevertheless, it is still unclear how infertility is obviated in fer-
tile men with varicocele. Individual factors, including antioxidant
enzymes such as catalase, superoxide dismutase, vitamin C, and
glutathione peroxidase, could protect fertile men from the adverse
effect of varicocele.”” Additionally, other defensive mechanisms
might act synergistically, including a slower rate of germ cell apopto-
sis, increased turnover machinery for the oxidized proteins impeding
their aggregation, and reduced cellular signal-transducing effects of
ROS.30:161 By contrast, disruption of these protective mechanisms
could exacerbate the harmful effects of oxidation in infertile vari-
cocele men.

5.1.6 | Conclusion

Collectively, current evidence underpins OS as a central factor in
the pathophysiology of infertility caused by varicocele. The testis
and epididymis respond to OS via distinct mechanisms, including the
production of antioxidants that might sustain the fertility potential

in men with varicocele. Failure of these mechanisms could explain
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FIGURE 2 Pathophysiology of
varicocele and its association with
oxidative stress and sperm DNA
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testicular and epididymal dysfunctions, and consequently infertil-
ity, in some men with varicocele. Increased SDF levels, commonly
seen in men with clinical varicocele, are plausibly the endpoint of the
oxidative-induced damage. Current data reassure the clinical util-
ity of varicocele repair to both alleviating oxidatively induced SDF
and increasing the likelihood of both natural and assisted pregnancy
(reviewed by®3). Therefore, it has been suggested that practitioners
providing care to infertile couples should advise those men with pal-
pable varicoceles of the connection between sperm DNA damage
and oxidative stress and discuss varicocele repair as a possible way
to reduce SDF and improve fertility”® (Figure 3).

5.2 | Treatment of male genital tract infection
5.2.1 | Introduction

Specific microbial pathogens activate seminal leukocytes. The lat-
ter generates a significant amount of ROS, thereby causing OS and
eventually affecting sperm DNA integrity.1*> Among asymptomatic
patients with ultrasound signs of male genital tract infection (MAGI),
aerobes (enterobacteria and Gram-positive bacteria), anaerobes,
Chlamydia trachomatis, and Ureaplasma urealyticum are detected
in 58%, 11%, 20%, and 11% of patients, respectively.'®® Oxidative
stress markers and SDF indices are higher in men with bacterio-
spermia or leukocytospermia.’®41° It has been suggested that ART
outcomes could be affected in infected patients due to impaired

sperm chromatin integrity.166

5.2.2 | Hypothesis

It has been hypothesized that among infertile men with MAGI, SDF
is caused by excessive OS generated by leukocytes. Leukocytes are
the primary source of ROS in the male reproductive tract. Treatment
of the underlying infection decreases the number of leukocytes,
thus normalizing OS levels and consequently, SDF indices, with a

positive effect on fertility.

5.2.3 | Treatment

MAGI is usually treated with antibiotics, in particular, broad antibac-
terial spectrum agents against Gram-negative and Gram-positive
pathogens, as well as Chlamydia trachomatis and Ureaplasma urea-
lyticum. The preferred remedies are quinolones (eg, ofloxacin), tet-
racyclines (eg, doxycycline), or macrolides (eg, azithromycin), which
are excreted primarily by the kidneys with minimal metabolism
and therefore have adequate penetration into the inflamed sexual
glands, low adverse effect on spermatozoa, and high specific in vitro

susceptibility.*¢71¢?

5.2.4 | Summary evidence

Among 122 asymptomatic men with MAGI (>10° colony-forming
units (CFU)/ml], seminal leukocytes and ROS levels were signifi-

cantly reduced after antibiotic treatment.'%® In this study, the female
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FIGURE 3 Medical and surgical strategies to potentially alleviate sperm DNA fragmentation and improve reproductive outcomes

partners were also treated, and there was a significant difference
in the likelihood of achieving natural pregnancy between treated
(28.5%) and untreated couples (5.4%, P = .0097). Notably, ROS pro-
duction was reduced in parallel with the reduction in microbial and/
or white blood cells, in particular, among couples achieving preg-
nancy success. SDF, however, was not assessed.

Another study evaluated fourteen infertile patients with bacte-
riospermia and SDF values over 30%—as measured by SCSA—who
completed a two-week course of antibiotics.** Enterococcus and
Enterobacteria (Enterobacter cloacae and Escherichia coli) were treated
with ciprofloxacin (500 mg twice a day or extended-release (XL)
1000 mg daily) or amoxicillin (500 mg three times a day), whereas
Ureaplasma urealyticum was treated with azithromycin 250 mg for
five days. In this study, SDF rates were significantly lower after antibi-
otic treatment, even in patients with a coexistent palpable varicocele
(pre-treatment: 53.4% + 24.3 vs. post-treatment: 43.5% + 20.1; P < .01).

In a study involving men with MAGI caused by chlamydia
or mycoplasma, SDF rates (by SCD test) were 3.2 times higher
(35.2% + 13.5%) than in controls without infection (10.8% * 5.6%).1°
In this study, seminal leukocytes were 5.2 times higher in patients
than in controls. Following specific antibiotic therapy using a mac-
rolide, a tetracycline, or a quinolone, combined with a course of
anti-inflammatory agents, SDF rates decreased in 91% of patients,
from 37.7% + 13.6% to 24.2% + 11.2% (P < .0001), with a 35.7% me-

dian SDF relative improvement after treatment. In the above study,

a total of 86% of couples that attempted pregnancy succeeded
3-6 months after therapy. Lastly, when comparing patients with and
without pregnancy success, the only differences found were a lower
SDF index in the former (32.2% + 7.6% vs. 43.3% + 14.1%, P = .047),

as well as better sperm morphology.

5.2.5 | Mechanism of action

Antibiotic treatment reduces microbial and therefore the number of
activated ROS-producing leukocytes. Consequently, a reduction in
OS markers might be achieved, with a positive effect on oxidatively
induced SDF.

5.2.6 | Conclusion

Collectively, the current evidence suggests that MAGI increases
inflammatory response and ROS production, ultimately affecting
sperm chromatin integrity. Antibiotic treatment can reduce seminal
leukocytes and ROS levels, thus lowering the frequency of sperma-
tozoa with fragmented DNA (Figure 3). However, data on pregnancy
outcomes in treated and untreated men with MAGI remain scanty.
Minimal evidence suggests that antibiotic therapy might be relevant

to increase the likelihood of pregnancy in infertile men with MAGI.
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5.3 | Treatment of endocrine disorders
5.3.1 | Introduction

Diabetes and metabolic syndrome are associated with impaired
spermatogenesis, poor sperm chromatin quality, and sexual dys-
function.'’*”# The subjacent mechanisms are not fully understood
but seem to include dysfunction of the hypothalamic-pituitary-go-
nadal axis, OS, disrupted sympathetic innervation and increased
inflammatory response by interleukins (such as IL-17 and IL-18).17°
Furthermore, thyroid dysfunction seems to adversely affect the
testicular function and redox status.}”® Men with hyperthyroidism
or hypothyroidism can have abnormal serum levels of sex hormone-
binding globulin as well as free and bioavailable testosterone concen-
trations. Hyperprolactinemia might also lead to infertility via direct

and indirect effects on spermatogenesis and steroidogenesis.'””

5.3.2 | Hypothesis

It has been speculated that treatment of endocrine disorders helps
in regulating testicular function, and could improve steroidogenesis,
proliferation and differentiation of non-germ cells, semen character-

istics, and testicular redox status.

5.3.3 | Treatment

Management of metabolic syndrome and type 2 diabetes includes
weight loss, healthy diet, regular exercise, and possibly, diabetes
medication (eg, metformin, sulfonylureas, meglitinides, thiazolidin-
ediones, dipeptidyl peptidase 4 inhibitors, long-acting glucagon-like
peptide 1 receptor agonists, and sodium-glucose cotransporter-2
inhibitors) or insulin therapy. Thyroxine replacement therapy or an-
tithyroid drugs are used in cases of hypothyroidism and hyperthy-
roidism, respectively, whereas bromocriptine and cabergoline are

commonly prescribed to treat idiopathic hyperprolactinemia.

5.3.4 | Summary evidence

Studies focusing on the role of endocrine disorders in SDF are
scarce, and to date, no studies have examined the possible benefit of
treatment of endocrine disorders on sperm DNA integrity. However,
a few reports suggest that SDF rates are higher in men with type Il
diabetes and in those with metabolic syndrome (MetS), which are
summarized below.

In one cohort study involving a group of infertile men under-
going ART, SDF values (by SCD) were higher among non-insu-
lin-dependent diabetic men than non-diabetic men (37.0 £ 12.7 vs.
21.0 £ 10.1; P < .001).28 Notably, increased SDF in the diabetic co-
hort was positively correlated with adverse embryo development

and pregnancy outcome. In a case-control study involving 150 men

attending a fertility center, diabetic men (both obese and non-obese)
were shown to have higher SDF rates (by SCSA) than non-obese and
non-diabetic counterparts. (non-obese: 47.8 + 1.2, obese: 51.7 + 2.1
(obese); controls: 23.4 + 1.6; P = .003).7?

Furthermore, a cohort study involving 120 men attending an an-
drology unit showed that SDF rates (using the Comet assay) were
significantly higher among those with MetS (both fertile and infer-
tile) than fertile controls.*® Interestingly, sperm insulin and CIDEA
(cell death-inducing DNA fragmentation factor-a-like effector A)
gene expression were also significantly increased in infertile men
with MetS compared with both fertile counterparts as well as fer-
tile controls, and the values in both groups of men with MetS were
significantly higher than in the control group. CIDEA, which belongs
to the CIDE family of proapoptotic proteins, has a role in lipid me-
tabolism, body weight regulation, and the development of metabolic
disorders.'® Since obesity, hyperglycemia, and dyslipidemia were
reported to induce an OS state in the testicular microenvironment

by increasing the production of ROS,8184

it has been conjectured
that both DNA fragmentation and CIDEA gene expression represent

OS endpoints.

5.3.5 | Mechanism of action

Restoration of normal gonadal function and redox status.

5.3.6 | Conclusion

Despite the plausible association between endocrine disorders and
SDF, the effect of endocrine treatment on SDF and reproductive

outcomes remains unknown.

5.4 | Lifestyle changes

5.4.1 | Introduction

Exposure to environmental, occupational, and therapeutic toxi-
cants can cause SDF. A positive relationship between environ-
mental exposure to air pollutants (particulate matter 2.5 and
10, nitrogen oxides, sulfur oxides, and ozone) and SDF has been
documented.'®>18% |ikewise, environmental and occupational ex-
posure to polycyclic aromatic hydrocarbons, ionizing radiation,
organophosphate, and carbamate pesticides has been shown to
increase SDF rates.'®”1?! Chromic exposure to bisphenol A, an en-
vironmental endocrine disruptor utilized in the production chain
of plastics and resins, has also been associated with increased
SDF values.’” Moreover, environmental and occupational ex-
posure to lead might result in OS and defective sperm function,
including impaired sperm DNA integrity.?”® Lastly, therapeutic ex-
posure to chemotherapy and radiotherapy can also induce single-

and double-strand DNA breaks. In one prospective study, patients
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with lymphoma treated with chemotherapy had SDF values (by
SCSA and TUNEL) higher than controls for up to two years after
treatment.*”* Similarly, testicular cancer patients who received ra-
diotherapy had persistently higher levels of SDF than controls for
up to two years after exposure.195 In patients with testicular germ
cell tumors, SDF values by SCSA seem to be significantly higher
among those treated with radiotherapy than those treated with
chemotherapy.t?®

Many studies have consistently reported the adverse influence of
smoking on semen quality and sperm DNA integrity.!?”2%? Cigarette
smoke contains over 7000 chemicals, including free radicals, several
of which have been shown to harm sperm function through alter-
ations in the plasma membrane, DNA integrity, and proteomic pro-
file.2%3 At present, convincing evidence indicates that tobacco users
tend to have increased levels of ROS, 8-OHdG, and higher SDF rates
than non-smokers.%*

Obesity has been suggested to be a contributing factor to im-
paired sperm chromatin integrity. The mechanisms by which obesity
influences sperm DNA quality are not fully understood, but a mul-
tifactorial nature is postulated.?’® Secondary hypogonadism due to
excess peripheral conversion of testosterone to estrogen, increased
levels of ROS, and increased testicular temperatures owing to exces-
sive suprapubic fat are the candidate mechanisms. Despite that, a
2017 systematic review and meta-analysis including a total of seven
studies and 3250 subjects from both IVF clinics and the general pop-
ulation found no obvious association between body mass index and
SDF.2% Overall, SDF values using all assays combined were slightly
increased in both overweight (mean difference [MD] =0.62%; 95%
Cl-2.20, 3.44] 12 = 93%) and obese men (MD = 0.64%; 95% Cl -3.79,
5.07, 1> = 94%), when compared with normal body mass index (BMI)
men, but the results were not statistically different. In this study,
the pooled effect estimates were neither affected by the method
to measure SDF nor the study population (general population vs. in-
fertile men). Nonetheless, statistical heterogeneity was high across
all comparisons, thus suggesting a marked variation across the in-
cluded studies. Lastly, the association between BMI and pregnancy
outcomes remains equivocal. In another study evaluating infertile
couples undergoing ART, being overweight or obese had no appar-
ent effect on live birth rates (LBR) with either IVF (OR 0.91, 95% ClI
0.78-1.06) or ICSI (OR 1.00, 95% CI 0.50-1.99).2%7

5.4.2 | Hypothesis

Changes in lifestyle and avoid exposure to toxicants may help to al-
leviate related testicular dysfunctions. As a result, the genetic and
epigenetic constitution of spermatozoa might improve.

5.4.3 | Treatment

Avert exposure to environmental and occupational toxicants, smok-

ing cessation, dietary and lifestyle changes, and weight loss.

ANDROLOGY & B3

5.4.4 | Summary evidence

Clinical data on the effects of averting exposure to environmental
and occupational chemicals on fertility, and SDF in particular, are
lacking. Likewise, the effect of smoking cessation as a means to re-
duce SDF remains unclear as no study has yet evaluated its impact
on this population.

By contrast, recent studies suggest that dietary patterns could
influence sperm DNA integrity. In a 2018 study from Poland, 336
infertile men with normal sperm count (as per the 2010 World
Health Organization criteria) were interviewed as regards their
diet.?%® Patients were classified into three groups based on their
dietary pattern, namely Western, Mixed, or Prudent. The Prudent
diet consisted of high intakes of fish, chicken, fruit, vegetables, and
whole grains, whereas the Western diet included high intakes of
red and processed meat, butter, high-fat dairy, refined grains, fast
food, high energy drinks, and sweets. After controlling for ejacula-
tory abstinence, age, smoking, previous diseases, and alcohol con-
sumption, the authors noted that the Prudent diet was associated
with increased sperm counts, higher testosterone serum levels,
and decreased SDF rates compared with the Western diet (SCSA:
15.2% + 10.4% vs. 17.9% + 8.1, P < .05).

Along the same lines, a 2016 study from India suggested that
improvement in SDF could be obtained by adopting meditation and
yoga-based lifestyle.”® The authors assessed the levels of ROS, SDF
(by SCSA), 8-OHdG, and telomere length in 56 fathers of children
with childhood cancer (retinoblastoma) and 50 controls (fathers of
healthy children) according to yoga, meditation practice, and smok-
ing status at day O, and after 3 and 6 months of the intervention.
The intervention program consisted of two hours of theory and
practice sessions each day and lasted for six months. The seminal
mean levels of ROS (RLU/s/million: 36.1 + 1.8 vs. 20.5 + 2.7, P < .01),
SDF by SCSA (31.5% + 6.7% vs. 21.9% + 9.4; P < .01), and 8-OHdG
(66.0 pg/mL + 2.9 vs. 23.1 pg/mL * 2.7; P < .01) were higher in
fathers of children with retinoblastoma than in controls, whereas
the relative mean sperm telomere length was shorter in the former
(telomere to single-copy gene ratio: 0.35 + 0.02 vs. 0.38 + 0.02;
P < .05). Levels of ROS were reduced in tobacco users (P < .05)
as well as in alcohol users (P < .05) after the adoption of medita-
tion and yoga-based lifestyle modification. SDF values decreased
(P < .05) after six months of yoga and meditation practice in both
groups, whereas a decrease in the levels of 8-OHdG was evident
from the third month of practice.

Studies evaluating the impact of weight loss on SDF values are
rare. To our knowledge, only a small cohort study involving six obese
men was published to date.?%? In this study, a nutritionist-led individ-
ualized dietary program coupled with exercise was used to reduce
intra-abdominal fat over a 3- to 8-month period. All men had unex-
plained infertility and SDF values—by TUNEL—of 25% or higher. The
DNA quality improved (P = .01) in all patients who had their semen
specimens analyzed both before and after the intervention, and their
partners achieved pregnancy and full-term deliveries, either natu-

rally or assisted.
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5.4.5 | Mechanism of action

Lifestyle modifications could influence the endocrine regulation of

the male reproductive system and testicular redox status.

5.4.6 | Conclusion

Collectively, minimal data are available concerning the clinical util-
ity of lifestyle changes as a means to decrease SDF values. Some
evidence suggests that dietary changes and yoga might benefit men
with high SDF values, but further research is needed both to confirm
these preliminary data and to determine how these changes could
translate into better reproductive results (Figure 3). Nonetheless,
the information provided by SDF tests might help to implement life-
style modifications as well as to monitor patient compliance in health
improvement programs. Moreover, knowledge about the SDF status
can be used to reinforce patients’ counseling concerning the overall
reproductive health and treatment prognosis.

5.5 | Oral antioxidants
5.5.1 | Introduction

Antioxidants constitute the primary defense mechanism against OS
induced by free radicals. These substances are readily available com-
pounds that can be consumed through diet or as oral supplements.”®
Oral antioxidant supplementation is among the most common
therapies used for the treatment of male infertility.?° The reasons
relate to the common belief that excessive free radicals cause SDF
and contribute to male infertility, and therefore, scavenging free
radicals by antioxidants could add clinical benefit. Moreover, anti-
oxidants are listed as dietary supplements rather than medical drugs,
thus making them easily available, and its continued use has been
associated with few side effects and relatively low cost. However,
antioxidant therapy to men who have infertility remains empirical,
since the literature is scarce in studies investigating the association
between real deficiencies of specific antioxidants and the effect of

oral supplementation.

5.5.2 | Hypothesis

Oral antioxidants scavenge excess free radicals and enhance semi-
nal antioxidant capacity. As a result, the oxidatively induced SDF is
minimized.

5.5.3 | Treatment

Oral antioxidant therapy is usually prescribed as a combination

of non-enzymatic (eg, vitamins E and C, carotenoids, flavonoids,

carnitine, coenzyme Q10, zinc, and selenium) and enzymatic antioxi-

dants (eg, N-acetyl cysteine).

5.5.4 | Summary evidence

Improvements in conventional semen parameters, OS markers, and
SDF values have been observed with the use of oral antioxidant ther-
apy in men with infertility (reviewed by”®). However, the evidence
is not unequivocal, and the effect might be age-dependent as the
magnitude of improvement in SDF values—measured by SCSA—was
shown to be lower in men older than 40 years of age.144 Nonetheless,
most published studies included small patient cohorts and used a
mixture of antioxidants in short treatment protocols, thus limiting
clinical recommendations concerning the ideal regimen and dura-
tion?11220 (Taple 3).

A 2019 Cochrane meta-analysis of 61 randomized controlled
trials on the use of antioxidants in 6,264 infertile men found that
these regimens may improve pregnancy rates in couples attending
fertility clinics.??! Although a total of 18 different oral antioxidants
were analyzed, only seven trials reported on live birth. The pooled
results of these trials indicated that antioxidant therapy was as-
sociated with increased live birth rates compared with placebo or
no treatment (OR: 1.79, 95% CI 1.20-2.67; P = .005). Nonetheless,
no significant effect on live birth was observed when the stud-
ies with a high risk of bias were removed from the analysis. The

study mentioned above is an update of a 2014 meta-analysis,?%?

223,224 ayaluated the

in which only two trials involving 100 patients
impact of antioxidant therapy on SDF values; the pooled effect
estimates revealed a significant reduction in SDF values—assessed
by the TUNEL assay—after oral antioxidants (MD: -13.8%; 95% Cl:
-17.3%, -10.4%; P < .000001). In the 2019 updated review, ad-
ditional RCTs were included,??>:2%¢ totaling four studies and 254
men. The updated pooled estimates indicated that antioxidant
use was associated with a tendency to lower SDF than placebo
(MD -5.0%, 95% Cl -12.6% to 2.6%, six intervention arms, P = .20,
12 = 89%). This association became more evident when the study of
Barekat et al was removed from the analysis (MD -10.0%, 95% CI
-12.9% to -7.2%, 219 men, 3 RCTs, P < .001, I? = 74%).2? Although
this study reported decreased SDF rates (by TUNEL) with the use
of enzymatic antioxidants, therapy was given as an adjuvant to
varicocele repair, which could have biased the overall effect es-
timates due to the positive association of varicocele and SDF.?%»
Noteworthy, the study of Raigani and colleagues, which reported a
weak association between the use of oral antioxidant therapy and
SDF, applied other assays for SDF assessment than the four major
tests included in this review.?2

By contrast, some data indicate that the indiscriminate use of an-
tioxidants might induce a state of “reductive stress,” which enhances
ROS generation by mitochondria.??” In one study, male partners
of couples with failed IVF or ICSI received antioxidant treatment
consisting of daily oral vitamins C and E (400 mg each), B-carotene

(18 mg), zinc (500 pmol), and selenium (1 pmol) for 90 days. The
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(Continued)

TABLE 3

SDF testing
method

Treatment
duration

Author and
Year

Main results

Number of subjects

Study design

Antioxidants (daily intake)

Improvement in sperm chromatin integrity among

TUNEL

3 mo

35 infertile men with

Randomized controlled

trial

N-acetyl-L-cysteine (NAC) 200 mg

Barekat

men subjected to varicocelectomy who received

varicocele, subjected to

varicocele repair;
20 control group;

three times daily

et al®?®

NAC post-surgery compared to those who did not

(11.8% + 2.01% vs. 4.7% + 1.3, P < .01)

15 treatment group

No significant decreased in SDF values

SCSA

mo

77; 37 treatment group
40 placebo group

Randomized, double-blind,

Commercial fertility supplement

Stenqvist

Placebo-controlled study

containing vitamins (vitamin
C 30 mg, vitamin E 5 mg and

et al?'8

vitamin B12 0.5 pg), antioxidants

(I-carnitine 750 mg, coenzyme Q10
10 mg and folic acid 100 pg) and oli-
goelements (zinc 5 mg and selenium

25 pg)

ESTEVES T AL.

Abbreviations: DDS, DNA degraded sperm; SCSA, sperm chromatin structure assay; SDF, sperm DNA fragmentation; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling.

?No values were provided.

authors observed that while SDF values (by SCSA) significantly de-
creased as a result of treatment, sperm decondensation increased by
25% overall.?*® The authors speculated that owing to its high redox
potential, vitamin C reduced cystine to two cysteine moieties and
opened the interchain disulfide bridges in the protamines. Notably,
high rates of decondensed spermatozoa might offset the positive
effect of antioxidants on SDF as it can result in asynchronous chro-
mosome condensation.®°

At present, the best candidates for antioxidant therapy, the
optimal regimen, dosage, and duration are yet to be determined.
Ideally, antioxidant therapy should be offered to infertile men with
high OS markers. Nonetheless, most techniques used to measure
ROS are complex, which limit their widespread utilization as a rou-
tine procedure in the andrology clinic. SDF values could be used as
a surrogate measure of the OS status, but as already mentioned,
SDF is not always associated with OS. Moreover, studies using
transgenic animal models indicate that even moderate sperm DNA
oxidation, not resulting in SDF, might lead to reproductive fail-
ures.?2® Thus, screening the infertile patient for OS using low-cost
assays developed for rapid assessment of total OS in the human
ejaculate has been recommended before initiating antioxidant

therapy.10’229'232

5.5.5 | Mechanism of action

Oral antioxidant therapy scavenges ROS thus boosting seminal an-
tioxidant capacity. A drop in ROS levels results in alleviation of OS,

which could decrease the oxidatively induced SDF.”®

5.5.6 | Conclusion

Oral antioxidant therapy might be used to decrease the oxidatively
induced SDF. Despite the overall beneficial effect, the absolute re-
duction on SDF values is small. There are limited data concerning
oral antioxidant therapy in infertile men with high SDF, and there-
fore, further research is needed to determine its clinical utility in
terms of pregnancy success as well as the ideal candidates, antioxi-

dant regimen, and treatment duration.

5.6 | Hormonal therapy
5.6.1 | Introduction

In adult men, FSH stimulates DNA synthesis in spermatogonia and
preleptotene spermatocytes and acts on Sertoli cells to enhance sur-
vival of premeiotic germ cells.?® The FSH receptor (FSHR) mediates
FSH action on Sertoli cells. FSHR is prone to single nucleotide poly-
morphisms (SNP) that might affect receptor sensitivity.2** Sperm
DNA fragmentation predominantly originates either in the testis re-

sulting from an abortive apoptotic mechanism or OS during transit in
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the male genital tract.'? FSH administration seems to reduce sperm
apoptosis and improve the qualitative properties of the acrosome,

axoneme, and chromatin.?®”

5.6.2 | Hypothesis

Follicle-stimulating hormone (FSH) therapy could be used to reduce

apoptosis-associated SDF.

5.6.3 | Treatment

Exogenous FSH administration (recombinant or urinary FSH), sub-
cutaneously, 75-150 IU, twice or thrice a week, for approximately

twelve weeks.

5.6.4 | Summary evidence

A 2012 RCT compared the effects of recombinant human FSH
(rec-hFSH) treatment (150 IU on alternate days for 90 days) with
non-antioxidant vitamins on SDF rates in 65 men with idiopathic oli-
goasthenoteratozoospermia.236 After treatment, SDF rates assessed
by TUNEL were significantly lower in the treatment group than in the
control group (12.6% vs. 23.9%, respectively, P < .05). Subsequently,
in 2018, the same group investigated the role of rec-hFSH on SDF on
a prospective study enrolling 115 men with unexplained infertility.?>’
In this study, FSH (150 IU) administered subcutaneously every other
day for three months reduced SDF values in approximately 70% of pa-
tients, with a 35% average relative decrease compared with baseline.
The authors noted that the effect of treatment was more pronounced
in men with basal SDF values lower than 17% (as assessed by TUNEL)
and in those with FSH basal levels between 2.16 and 4.27 1U/L.
However, pregnancy outcomes were not assessed in either study.

A prospective study involving 89 men with idiopathic infertil-
ity and high SDF rates (DFI > 15% by TUNEL) explored the effect
of 150 IU of rec-hFSH given every other day for 12 weeks.?3® The
authors found a significant decrease (P = .008) in SDF values in pa-
tients who were carriers of the homozygous N polymorphism of
FSH receptor (FSHR p.N680S) compared to those with the S allele
(p.N680S). Apparently, the SNP FSHB -211G>T genotype modulated
the observed effect as patients with this genotype were the most
responsive to therapy. The authors suggested that FSHR genotype
could be a pharmacogenetic marker of response to FSH therapy. In
their study, however, the natural pregnancy rates (21.4% vs. 15.8%)
achieved during and after the conclusion of the trial were not signifi-
cantly different between homozygous carriers of N and S p.N680
allele. Lastly, a cohort study involving 166 patients treated with pu-
rified human FSH (150 U 3x/wk) for three months resulted in a 10%
relative reduction in SDF values (assessed by TUNEL), which was
followed by improved pregnancy outcomes in the population who

responded to the therapy.?%’

ANDROLOGY & 3 BaVj| LEYJ—H

A recent meta-analysis, combining clinical trials that included men
with idiopathic infertility, evaluated FSH treatment efficacy on SDF.%°
Six prospective trials were identified, including 383 men treated with
either recombinant or urinary FSH,236:238:239.240241,242 (Tqy e 4). FSH
therapy reduced SDF values (using the four major assays combined)
by 4.24% (95% Cl: 0.24-8.25%; P = .04) after a treatment period of
three months, although a significant increase in the total sperm count
was not detected. These results support the clinical utility of SDF
testing in the management and follow-up of infertile men during hor-

monal treatment.

5.6.5 | Mechanism of action

It has been speculated that FSH administration decreases SDF
by reducing apoptosis in the testis via its cellular pro-survival
properties that counteract the intratesticular intrinsic apoptotic

pathway.243

5.6.6 | Conclusion

Collectively, hormone therapy with exogenous FSH administration
might reduce SDF in men with idiopathic infertility (Figure 3). In par-
ticular, FSH treatment seems to improve SDF mainly in idiopathic in-
fertile men with the p.N680S homozygous N FSHR. Higher FSH doses
and/or duration of therapy might be beneficial to the other geno-
types. Further studies are warranted to determine how the effect of

this intervention translates into better reproductive outcomes.

5.7 | Testicular sperm for ICSI
5.7.1 | Introduction

The integrity of the sperm genome and epigenome is vital for the
birth of healthy infants.?** As the spermatozoon loses most cyto-
solic antioxidants during spermiogenesis, the male gamete is highly
susceptible to oxidative-induced DNA damage. Abnormal levels of
critical DNA repair enzymes could explain the persistence of SDF
in ejaculated spermatozoa from infertile men (reviewed by?>*)
The fertilization of oocytes by spermatozoa with damaged chro-
matin through ICSI might lead to an increased risk of fertilization
failure, embryo development arrest, implantation failure, miscar-
riage, congenital malformations, as well as perinatal and postnatal

morbidity.32’54'245

5.7.2 | Hypothesis

The use of testicular spermatozoa in preference over ejaculated
spermatozoa might be a useful strategy to overcome the oxidative-

induced SDF in non-azoospermic ICSI candidates.
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TABLE 4 Studies examining the effect of follicle-stimulating hormone (FSH) therapy on sperm DNA fragmentation

Author Antioxidants
and Year (daily intake) Study design Number of subjects
Palomba Urinary FSH Prospective 36 men with idi-
etal 242 observational opathic infertility
study
Colacurci Recombinant ~ Case-control pro- 65 men with oligoas-
et al?%¢ FSH spective study thenoteratozoo-
spermia
64 controls
Ruvolo Recombinant  Prospective 53 men with oligoas-
et al 240 FSH observational thenoteratozoo-
study spermia
Garolla Urinary FSH Case-control pro- 92 men with
et al 24 spective study oligozoospermia
82 controls
Simoni Recombinant  Prospective 55 men with idi-
et al*®® FSH observational opathic infertility
study
Garolla Urinary FSH Case-control pro- 84 men with
et al®®? spective study oligozoospermia
82 controls

SDF

Treatment  testing

duration method Main results

3 mo SCD SDF reduction after FSH administra-
tion, from 24.6 + 12.7 to 16.7 + 7.8%

3 mo TUNEL SDF reduction after FSH administra-
tion, from 23.7 £ 9.4 to 12.6 + 7.0%

3 mo TUNEL No SDF changes after FSH administra-
tion (from 10.5 £ 4.2 to 11.4 + 4.5%)

3 mo TUNEL No SDF changes after FSH administra-
tion (from 24.4 £ 9.5 to 24.1 £ 8.2%)

3 mo TUNEL SDF reduction after FSH admin-
istration, from 57.8 + 17.3 to
52.9 +18.2%

3 mo TUNEL SDF reduction after FSH administra-

tion, from 26.7 £ 7.9 to 23.4 £+ 7.4%

Abbreviations: FSH, follicle-stimulating hormone; SCD, sperm chromatin dispersion; SDF, sperm DNA fragmentation; TUNEL, terminal

deoxynucleotidyl transferase dUTP nick-end labeling.

5.7.3 | Treatment

Both percutaneous and open sperm retrieval procedures have been
used to harvest spermatozoa from the seminiferous tubules in non-
azoospermic men with high SDF in the ejaculate.’? These methods
are commonly carried out on an outpatient basis and the same day
of oocyte retrieval.

5.7.4 | Summary evidence

Evidence from both animal and human studies shows that SDF is
lower in testicular spermatozoa than in ejaculated or epididymal
spermatozoa.*862:223.246251 gt djes examining paired testicular
and ejaculated specimens from the same men confirmed that SDF
values are threefold to fivefold lower in the former.62247247 |n 3
2017 meta-analysis of five studies, SDF levels were compared be-
tween ejaculated and testicular spermatozoa for 143 patients who
served as their controls.®? The pooled estimates showed that the
mean difference in SDF rates (using TUNEL and SCD combined
between testicular spermatozoa and ejaculated spermatozoa was
-24.6% (95% Cl -32.53% to -16.64%, 1> = 92%; P < .001). Among
the studies, all but one used the TUNEL assay for the assessment
of SDF in paired specimens. When only TUNEL studies were com-
bined, the MD in SDF values was -19.78% (95% Cl -22.35% to
-17.21%; I> = 15%; P < .001). In the single study using the SCD
method, the MD was -32.4% (95% Cl -34.85% to -29.95%;

P < .001) favoring testicular sperm.

The meta-analysis mentioned above also compiled the data of
four ICSI studies (Table 5).6%223:252.253 A tota| of 507 cycles was
carried out in infertile couples with high SDF values on the neat
semen, in which 3840 oocytes were injected with either ejacu-
lated sperm or testicular sperm. The OR for clinical pregnancy
(2.42, 95% Cl 1.57-3.73; I? = 34%; P < .0001) and live birth (OR:
2.58,95% Cl 1.54-4.35, > = 0%; P = .0003) favored the use of tes-
ticular sperm (Testi-ICSI) in preference over ejaculated sperm.3?
Likewise, the OR for miscarriage (0.28, 95% CI 0.11-0.68, I? = 11%;
P =.005) was also in favor of the Testi-ICSI group. Recent studies
using the SCD, SCSA, and TUNEL assay corroborate the superior-
ity of testicular sperm over ejaculated sperm for ICSI in men with
high SDF values (Table 5).2342%¢

Furthermore, data from a 2019 study using whole-exome se-
guencing molecular karyotype to assess sperm aneuploidy rates in
ejaculated and testicular spermatozoa suggested that aneuploidy
rates were lower in testicular spermatozoa.257 The authors studied
fertile donors and infertile patients (both men with non-obstruc-
tive azoospermia and non-azoospermic men with high SDF as-
sessed by TUNEL). Aneuploidy rates in testicular specimens were
as low as those of ejaculated samples from fertile donors (1.9%
vs. 1.2%), whereas aneuploidy rates were 11.1% for ejaculated
specimens of patients (P < .001). More importantly, paired assess-
ments in ejaculated and testicular specimens of non-azoospermic
men with high SDF showed that both SDF rates and aneuploidy
rates were significantly lower in testicular spermatozoa (8% and
1.2%) than in ejaculated spermatozoa (20% and 8.4%). This report

was corroborated by a recent ICSI study that evaluated blastocyst
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euploidy probability—by comprehensive 24-chromosome genetic
testing with next-generation sequencing—after sperm injections
with either ejaculated or testicular spermatozoa from non-azo-
ospermic men with high SDF values (by the SCD test) on neat
semen.®8 The authors showed that the probability of a metaphase
Il oocyte turn into a euploid blastocyst was not adversely affected
by the use of testicular spermatozoa, thus supporting the safe uti-
lization of testicular spermatozoa.

Notably, infertile men showing high SDF values on the neat semen
usually have an overall preserved sperm count; therefore, sperm
retrieval success is high regardless of the acquisition method.?>®
Nonetheless, there are risks involved with sperm retrieval, including
infection, hematoma, and testicular atrophy. Although the risks are
low (<5%),2%7 sperm retrieval should be performed by reproductive
urologists who are familiar with testicular anatomy. Identification of
the male factor associated with SDF might ease treatment to mit-
igate SDF, thus potentially making possible natural conception or
ART with ejaculated spermatozoa. Currently, Testi-ICSl is reserved
for men with persistently high SDF after the use of other measures

to alleviate SDF.260-261

5.7.5 | Mechanism of action

ICSI using spermatozoa with a lower risk of having SDF might ex-
plain, at least in part, the improved reproductive outcome with
testicular spermatozoa as consistently reported in various studies.
However, other mechanisms involving epigenetic factors might play

a role and warrant further investigation.

5.7.6 | Conclusion

Collectively, contemporary evidence indicates that SDF rates are lower
in testicular spermatozoa than in ejaculated spermatozoa of infertile
men undergoing ART. Testi-ICSI seems to be advantageous over ICSI
with ejaculated spermatozoa to infertile men with high levels of SDF in
the semen, with improvements reported in rates of clinical pregnancy,
miscarriage, and live birth (Figure 3). Possible reasons explaining the
reported better pregnancy outcomes by Testi-ICSI over Ejac-ICSI in
this patient subset seem to involve the injection of spermatozoa with
a lower risk of DNA damage rather than the transfer of embryos with
better embryo ploidy status. Nonetheless, more research is needed to
confirm the clinical efficacy of Testi-ICSI in prospective trials and its

safe utilization concerning the health of offspring.

6 | CONCLUSIONS

At present, limited data exist concerning the clinical utility of medi-
cal and surgical interventions to alleviate SDF. The best available
evidence concerns clinical varicocele, in which surgical repair has

been shown to decrease SDF values with a potentially positive

effect on pregnancy outcomes, and the use of FSH therapy in men
with idiopathic infertility. Additionally, some evidence suggests that
lifestyle changes and oral antioxidant therapy might alleviate SDF,
but the effects on pregnancy are unclear. Among ICSI candidates
with high SDF, the use of testicular spermatozoa in preference over
ejaculated spermatozoa is associated with lower SDF values and bet-
ter reproductive outcomes. Given the notable association between
underlying male infertility conditions and SDF, a comprehensive
andrological evaluation remains essential to identify the causes of
infertility and enable treatment to improve the chances of achiev-
ing natural or assisted conception potentially. However, further re-
search is needed to determine the exact role of medical and surgical
interventions for subfertile men with abnormal seminal levels of

sperm DNA fragmentation.
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