®

Check for
updates

Sperm Chromatin Integrity Tests

and Indications
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Key Points

Assessment of sperm chromatin integrity is impor-
tant. It provides useful information in cases of male
idiopathic infertility, post-chemo/radio therapy, and
in couples pursuing assisted reproduction.
Pathologically increased sperm DNA fragmenta-
tion (SDF) is a paternal-derived cause of repeated
ART failures.

Assessment of SDF is important for evaluating
semen samples prior to their use in assisted repro-
duction particularly in men with multiple sperm
defects.

There are multiple assays that can be used to evalu-
ate sperm chromatin and SDF.

It is important to evaluate the real cause of DNA
damage and provide proper therapeutic
strategies.

Several studies have correlated sperm DNA frag-
mentation with pregnancy outcome in IVE.

The predictive value of SDF testing in regards to
IVF/ICSI outcomes is controversial.

There is a strong recommendation that sperm DNA
fragmentation be included in the evaluation of
infertile men.

8.1 Introduction

Laboratory-based semen analysis is the cornerstone assess-
ment for male factor infertility [1]. However, impaired semen
parameter cannot predict the fertility [2]. As a result, this
laboratory test cannot differentiate fertile from infertile men.
Earlier studies have shown that male infertility did not only
include abnormal conventional semen parameters but also
showed a correlation between compromised efficiency of
DNA integrity and reduced fertility potential [3]. Human
sperm DNA is a complex configuration which is very sus-
ceptible to damage resulting in defective chromatin structure
and quality leading to infertility. One of the main causes of
sperm DNA damage is reactive oxygen species (ROS) [4].
ROS are known to induce lipid peroxidation of the plasma
membrane of the sperm which is the primary cause of sperm
DNA fragmentation (SDF). High levels of SDF have been
shown to have a negative impact on semen parameters and
reproductive potential. This abnormality cannot be detected
in routine semen analysis.

Many tests have been developed to measure SDF. The
most commonly used SDF tests are the terminal deoxynucle-
otidyl transferase deoxyuridine triphosphate (dUTP) nick
end labeling (TUNEL) assay, sperm chromatin structure
assay (SCSA), and sperm chromatin dispersion (SCD) assay
[5]. A panel composed of fertility experts worldwide exten-
sively studied the utility of sperm DNA fragmentation test as
part of the evaluation of infertile men [6]. Their practice rec-
ommendations are based on clinical scenarios, and recom-
mend SDF testing for men with varicocele (high grade
varicocele with normal semen parameters or low grade vari-
cocele with abnormal semen parameters), unexplained infer-
tility, recurrent pregnancy loss, recurrent intrauterine
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insemination (IUI) failures, exposure to environmental pol-
lutants, drugs, radiation, smoking, febrile illness, varicocele,
advanced age, and obesity can increase SDF fertilization
(IVF) and intracytoplasmic sperm injection (ICSI) failures
and men with lifestyle risk factors such as exposure to envi-
ronmental pollutants, drugs, radiation, smoking, febrile
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illness, varicocele, advanced age, and obesity can increase
SDF smoking [6]. Despite the impact of SDF testing to eval-
uate infertile men, many reproductive societies such as the
American Society for Reproductive Medicine (ASRM),
European Association of Urology (EAU), American
Urological Association (AUA), and National Institute of
Clinical Excellence (NICE) do not recommend its use as part
of the routine assessment of male infertility. Good method-
ological studies should be conducted to determine chromatin
packaging defects as well as the clinical utility of SDF test-
ing in the evaluation of infertile men. In this chapter, we
describe the sperm chromatin structure, factors associated
with abnormal chromatin structure, and discuss the methods
available to analyze sperm DNA chromatin and DNA
integrity.

8.2 Limitation of Semen Analysis

Routine semen analysis continues to be the cornerstone of
laboratory evaluation of male infertility. However, its ability
to diagnose male fertility is limited. Semen analysis provides
important information about spermatogenesis, sperm pro-
duction, formation of spermatozoa, and the individual com-
ponents of semen and their function; however, there is a
significant overlap in the semen parameters such as concen-
tration, motility, and morphology between fertile and infer-
tile [7]. Although sperm motility, concentration, and
morphology are parameters that collectively provide impor-
tant information about the efficiency of spermatogenesis, it
is important to look for tests beyond traditional semen analy-
sis [8].

The latest edition of the WHO 2010 laboratory manual
provides statistically derived 5th centile lower reference lim-
its. The traditional semen analysis has limited ability to iden-
tify the underlying alterations in the molecular and cellular
mechanisms that play a critical role in fertilization and fertil-
ity. Standard measurements of semen parameters do not pro-
vide information about the subtle sperm defects that can
affect fertility. The head must contain DNA that has been
correctly assembled during spermatogenesis and disassem-
bled during spermiogenesis and finally correctly reassem-
bled to partner with the female DNA to ultimately form the
new genome. Similarly, the midpiece must contain mito-
chondria to provide energy, and the flagellum must be pres-
ent to transfer the energy to provide the motility. Thus, the
outcome can help alleviate the emotional and financial bur-
den to the patient [9, 10]. The introduction of improved auto-
mated semen analyzers, smart phone semen testing,
microfluidics, and proteomics are all platforms that may
potentially provide useful information [11-14], but the tech-
nology is still far away from predicting the correct diagnosis
with 100% accuracy.

Therefore, there is a need to combine other diagnostic
tools to better discriminate infertile men from fertile men,
predict pregnancy outcome in female partners, and calculate
the risks associated with adverse reproductive events.
Perhaps the candidate test with the greatest potential for
inclusion is DNA integrity assessment.

8.3 Sperm DNA Integrity

Sperm chromatin abnormalities have been extensively stud-
ied as a cause of male infertility. With the increasing use of
assisted reproductive technologies (ART), especially ICSI,
attention has focused on the genomic integrity of the male
gamete and concerns about the transmission of damaged
DNA. The ability of the oocyte to repair DNA damage is
limited, and excessive DNA damage raises concerns about
potential chromosomal abnormalities, congenital malforma-
tions, and developmental abnormalities in ICSI-born chil-
dren [15-18]. Disturbances in the male genomic content are
negatively associated with fertility potential of spermatozoa,
both in vivo and in vitro [19-27]. Sperm DNA damage is
indicative of male subfertility regardless of the normal semen
parameters [28, 29]. High sperm DNA fragmentation can
compromise embryo quality and result in pregnancy loss fol-
lowing ART [23]. With increasing reports in the literature
regarding the association of sperm DNA fragmentation with
pregnancy outcome, there is a strong recommendation for
inclusion of sperm DNA fragmentation in the evaluation of
male infertility [30].

Sperm chromatin is different from that of somatic cells in
terms of the chromatin packaging [31, 32]. The histones are
replaced by protamines, which make the sperm nuclei highly
compacted [33]. While in the mice, 95% of nucleoproteins
are comprised of protamines which confers 40% less nuclear
volume than that of normal somatic nuclei [34], human
sperm nuclei retains about 15% of the histones and contains
considerably fewer protamines (85%) when compared to the
sperm nuclei of other species such as bull, stallion, hamster,
and mouse [35, 36]. The distinct mammalian sperm chroma-
tin packaging called toroids is comprised of 50-60 kb that
are cross-linked by disulfide bonds [37, 38]. This condensed,
insoluble, and highly organized structure confers genetic
integrity during transport of the paternal genome through the
male and female reproductive tracts, ensuring proper fusion
of the male and female genome and correctly expressing the
genetic information in the developing embryo [30, 39, 40].

In contrast to other species which contain only one type of
protamine (P1), human and mice spermatozoa contain a sec-
ond protamine called P2 which is deficient in cysteine resi-
dues [31]. P2 diminishes the disulphide cross-linking which
is responsible for stable packaging and makes the sperm
nuclei less compacted and more susceptible to DNA strand
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breaks [41]. Furthermore, the alterations in P1/P2 ratio and
absence of P2 are associated with male fertility problems
[42—46]. Distinct differences in P1/P2 ratio are reported
between fertile and infertile men and P1/P2 ratio has been
shown to correlate with sperm DNA fragmentation [47].
Alterations in P1/P2 ratio have been shown to be a good indi-
cator of disturbances in spermatogenesis and lead to male
infertility [48].

8.4 Indications and Importance of Sperm

DNA Integrity in Male Infertility

Evaluation of sperm chromatin integrity can be challenging;
it is difficult to link it with the known physiological mecha-
nisms. Furthermore, its role in clinical practice especially
ART is still controversial [49-51]. Evaluating sperm chroma-
tin structure is complex and different methods are necessary
to assess this structure. Several confounding factors such as
lack of standardized protocols, validated reference ranges,
and the assay principles of various sperm DNA testing assays
complicate the interpretation of the results. Not all DNA
damage is lethal and the oocyte has the ability to repair sperm
DNA damage. Although a sperm with damaged DNA can fer-
tilize an egg, it can result in compromised embryonic growth,
miscarriage, or childhood deformities [52-56]. Numerous
studies have demonstrated significant differences in sperm
DNA damage levels between infertile and fertile men [49,
57-61]. Several etiological factors have been implicated in
damaging sperm DNA including environmental and lifestyle
factors, varicocele, male accessory gland infections, advanced
paternal age, and systemic diseases [5, 52, 62-66].
Varicocele has been shown to have an adverse effect on
SDF [67]. Higher SDF has been shown in men with varico-
cele compared to fertile men [68]. Another study reported
higher SDF in infertile men with varicocele compared to
infertile men without varicocele [69]. Similarly, the same
study reported higher SDF rates in men with varicocele and
no history of infertility compared with fertile men without
varicocele [69]. In a study by Esteves et al., using SCD, vari-
cocele was identified with 94% accuracy based on the rates
of degraded sperm determined by the proportion of degraded
sperm in the population of spermatozoa with fragmented
DNA which was eight-fold higher in men with varicocele
than in donors [62]. SDF is also increased in the presence of
oxidative stress in these men [70-72]. Varicocelectomy has
been shown to be beneficial in select cases [73]. Varicocele
repair has been shown to lower SDF and increase the chances
of a natural pregnancy [67]. A meta-analysis comprised of
six studies that evaluated the effect of varicocelectomy on
SDF and found an overall reduction in SDF with a mean dif-
ference of —3.37% (95% CI: —4.09 to —2.65; p < 0.00001)
[68]. Another study evaluated 92 patients with clinical vari-

cocele and examined semen parameters and SDF before and
after subinguinal microsurgical varicocele repair [74].
Significant improvement in SDF was reported from a preop-
erative mean of 42.6-20.5% post-operative (p < 0.001).
Similarly, Smit et al. [75] evaluated 49 men with varicocele,
oligozoospermia, and primary infertility. Following varico-
cele repair, SDF was significantly reduced post-operatively,
and higher pregnancy rates through natural conception with
ART were reported. Other reasons for testing DNA fragmen-
tation are recurrent pregnancy loss, unexplained infertility,
ART, and cancer patients undergoing chemotherapy or radio-
therapy [6].

8.5 Clinical Relevance of DNA Integrity

with ART Outcomes

Sperm chromatin integrity is important for effective trans-
mission of genetic information. Abnormal sperm chromatin
affects both natural fertility and ART outcomes [70, 73, 76—
80]. High SDF as determined by SCSA was shown to result
in natural pregnancy failure with high odds ratio of 7.01
(95% CI: 3.68-13.36) [81]. High SDF was also shown to
result in increased time to pregnancy in first-time couples
without any history of infertility [82, 83]. Both, SCD and
TUNEL were able to predict natural pregnancy with over
80% sensitivity and specificity [84, 85]. High levels of SDF
have also been associated with poor IUI outcomes [86, 87].
A significant adverse effect of high SDF on clinical preg-
nancy in both IVF and ICSI was also demonstrated in a
meta-analysis comprised of 8068 treatment cycles [86].
Another meta-analysis comprising of 2969 couples demon-
strated a 2.2 fold risk of miscarriage when semen specimens
with high SDF were used for ICSI (95% CI: 1.54-03.03;
p < 0.00001) [88]. Similarly, another meta-analysis study
comprising of pooled data from 14 studies, abnormally high
SDF was associated with higher miscarriage rates in ICSI
cycles (OR: 2.68; 95CVI: 1.40-5.14; p = 0.003) [89].
Furthermore, SDF was higher in couples experiencing recur-
rent pregnancy loss compared to fertile controls
(18.8% = 7.0% vs 12.8% +5.3%; p < —0.9001) [90]. All
these studies elucidate that higher SDF plays a role in both
natural pregnancy and in ART outcomes.

8.6 Contemporary Sperm Chromatin

Integrity Tests

Different methods such as aniline blue staining, acridine
orange staining, SCSA, 8-hydroxy-2-deoxyguanosine
(8-OHdG) assay, Comet assay, sperm chromatin dispersion
(SCD) assay and TUNEL assay are available to evaluate sperm
chromatin and DNA integrity. These are described below.
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8.6.1 Aniline Blue Staining

The acidic dye aniline blue has a strong affinity for binding
with loose or decondensed proteins due to residual histones.
Aniline blue does not measure SDF. It does not even measure
DNA features. It is only a measure for chromatin condensa-
tion. Aniline blue staining differentiates lysine-rich histones
and arginine/cysteine-rich protamine nuclei. Immature
sperm nuclei are rich in lysine-rich histones and sperm are
stained blue, whereas protamines are rich arginine and
cysteine and therefore do not pick up the stain, thus remain
unstained. Therefore, this technique is able to differentiate
immature and mature sperm in ejaculated spermatozoa [91].

The technique involves air-dried smears of ejaculated or
washed spermatozoa fixed in 3% glutaraldehyde in phos-
phate buffered saline (PBS) for 30 min. The fixed slides are
stained in acidic (pH 3.5) 5% aqueous aniline blue solution
for 5 min. A total of 200 spermatozoa are counted under
bright field microscopy. Percentage sperm stained with ani-
line blue is counted and should not exceed 25% [92].
Immature, decondensed sperm nuclei are stained light blue
(Fig. 8.1la—c). A modified method combines aniline blue
counterstained with 0.5% Eosin Y for 1 min [93].

The advantage of this technique is that it is simple and
inexpensive and requires only a simple bright field micro-
scope. The disadvantage is that the staining is not homoge-
nous. A high percentage of sperm with nuclear instability is
reported with aniline blue staining in patients with varico-
cele, idiopathic infertility, and unilateral cryptorchidism
[94]. While its correlation with other sperm parameters is
controversial, aniline blue-stained spermatozoa showed nor-
mal sperm count, motility, and morphology [95, 96]. While
immature sperm chromatin may or may not correlate with
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Fig. 8.1 Aniline blue (AB) staining of sperm chromatin in a man with
spontaneous recurrent abortion showing (a) normal spermatozoa versus
(b) spermatozoa with moderate level of remaining histones and (c)
spermatozoa with extensive levels of histones. (Reprinted from
Kazerooni et al. [96]. With permission from Springer Nature)

abnormal morphology patterns in asthenozoospermic sam-
ples [91, 97], chromatin condensation observed by aniline
blue staining was reported to be a good predictor of IVF out-
come [93, 94]. The aniline blue test could be considered as
one of the complimentary tests of semen analysis for assess-
ment of male infertility [96, 98].

8.6.2 Toluidine Blue Staining

Toluidine blue is a basic thiazine metachromatic dye that
binds selectively with acidic components of the tissue. It has
a high affinity to bind with the phosphate residues present in
sperm DNA of immature nuclei [6, 99, 100]. Air-dried sperm
smears are fixed in ethanol-acetone (1:1) at 4°C for 30 min
and hydrolyzed in 0.1 N HCI at 4°C for 5 min, followed by
rinsing thrice in distilled water. Smears are stained for 5 min
with Toluidine blue (0.05%) prepared in 30% citrate phos-
phates or Mcllvain buffer, pH 3.5. Permanent preparations
are prepared after dehydrating in tertiary butanol twice for
3 min each followed by xylene twice for 3 min each. Staining
is observed using light microscopy. Normal sperm heads
stain light blue, whereas sperm heads with abnormal DNA
stain purple—violet due to the metachromatic shift [101,
102]. It is therefore a sensitive probe for DNA structure and
packaging. Toluidine blue staining has demonstrated appli-
cation in assessment of male fertility potential with 95%
specificity and a sensitivity of 42% when the threshold is set
at 45% [103, 104]. It is a simple and inexpensive stain that
has been used for morphological assessment by light micros-
copy. It has also been shown to correlate with other advanced
tests of sperm DNA fragmentation, i.e., SCSA and TUNEL
[102, 105].

8.6.3 CMA 3 Assay

Chromomycin A3 (CMA3) is an indirect assay to measure
protamine deficiency in sperm DNA. It is only a measure for
chromatin condensation. Poor chromatin packaging is
revealed by CM A3 a guanine-cytosine-specific fluorochrome
which competes with protamine for binding to the minor
grooves of DNA [106]. Spermatozoa exhibiting low prot-
amination show high CMA3 binding [107]. The technique
involves air drying of methanol-glacial acetic acid (3:1) fixed
sperm at 4°C for 20 min. The slides are treated for 20 min
with CMA3 solution prepared in Mclvlain’s buffer supple-
mented with 10 mmol/l MgCl,. Slides are rinsed in buffer
and mounted with PBS-glycerol (1:1 vol./vol.) and kept
overnight at 4°C.

Staining is observed under fluorescence microscope and
200 spermatozoa are counted on each slide. CMA3-positive
spermatozoa indicative of poor protamination stain bright
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Fig. 8.2 Chromomycin A3 (CMA3) staining of sperm chromatin in a
man with (a) spontaneous recurrent abortion showing normal sperma-
tozoa versus (b) spermatozoa with protamine deficiency. (Reprinted
from Kazerooni et al. [96]. With permission from Springer Nature)

yellow or bright green, whereas CMA3-negative spermato-
zoa (high protamination) stain faint yellow or dull green [96,
108, 109]. (Figure 8.2a-b). CMA3 staining has demonstrated
a sensitivity of 73% and a specificity of 75% and reported to
be a good discriminator of IVF success [110, 111]. CMA3
results have shown an inverse correlation with sperm con-
centration, motility especially morphology. Men with poor
sperm morphology exhibited a greater degree of protamine
deficiency and DNA damage [112, 113]. Furthermore, sig-
nificantly higher CMA3 staining has been demonstrated in
globozoospermic patients [114]. The sensitivity and specific-
ity of CMA3 staining is strongly correlated with that of ani-
line blue staining [108]. However, this assay is limited due to
inter-observer subjectivity.

8.6.4 Acridine Orange

Acridine orange is a flurochrome dye used to measure the
susceptibility of the sperm nuclear DNA to acid-induced
denaturation. It intercalates into double-stranded DNA as a
monomer and binds to a single-stranded DNA as aggregate.
Acridine orange fluoresces green when bound to native
DNA and green the relaxed acridine orange fluoresces red in
denatured DNA [115, 116]. Acridine orange is used both in
fluorescence microscopy and in flow cytometry. For fluores-
cence microscopy, thick semen smears are fixed in Carnoy’s
fixative (methanol: acetic acid; 1:3) for 2 hours and stained
in acridine orange for 5 min. After rinsing in deionized
water, about 200 spermatozoa are examined for the intact
(green) and damaged DNA (yellow—orange to red) [96]
(Figure 8.3a-c). The DNA fragmentation index is calculated
by measuring the ratio of yellow to red/green + yellow to
red florescence [115].

Fig. 8.3 Acridine orange (AO) staining of sperm chromatin of a man
with spontaneous recurrent abortion showing (a) normal, (b) moder-
ately denaturated, and (¢) completely denaturated spermatozoa.
(Reprinted from Kazerooni et al. [96]. With permission from Springer
Nature)

For flow cytometry, 25—100 pL of sample containing about
1 x 10° spermatozoa are suspended in ice cold PBS at pH 7.4
and centrifuged at 600 x g for 5 min. The pellet is resus-
pended in ice-cold TNE (0.01 mmol/l of tris-HCI, 0.15 mol/l
NaCl, and 1 mmol/l EDTA, pH 7.4) and centrifuged at
600 x g for 5 min. After removing the supernatant, the pellet
is again resuspended in TNE containing 10% glycerol and
fixed in 70% ethanol for 30 min. The fixed samples are treated
with triton-X 100 solution (0.15 mol/l NaCl and 0.08 N HCI;
pH 1.2) for 30 seconds. Acridine orange (6 pg/mL, 37 mmol/l
citric acid, 126 mmol/l Na,HPO, 1 mmol/L disodium EDTA
and 0.15 mol/l NaCl, pH 6.0) is added. A minimum of 5000
cells are examined by flow cytometery using a light source
with excitation at 488 nm light source. The ratio of acridine
bound to intact double-stranded DNA fluorescing green at
513-530-nm and acridine orange bound to damaged single-
stranded DNA fluorescing red is calculated (630 nm) [117].

Acridine orange positive cells are more likely to have
structural abnormalities compared to acridine-orange-
negative spermatozoa [118]. In infertile men, acridine orange
technique demonstrated significantly higher DNA damage in
infertile men compared to controls in men with varicocele.
This was significantly reduced after varicocele repair dem-
onstrating the clinical utility of this technique [104, 119].
The acridine orange assay shows low intra-assay variability,
and the technique is highly reproducible. A strong positive
correlation has been demonstrated between acridine orange
assay and other techniques that are used to measure single-
stranded DNA, such as TUNEL assay [120]. The cutoff to
differentiate between fertile and infertile men varies between
20% and 50% [109, 121, 122]. Single-stranded DNA stain-
ing has also shown to negatively correlate with the classical
IVF and lower pregnancy rates [116, 122-125].
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8.6.5 Sperm Chromatin Structure Assay

The sperm chromatin structure assay (SCSA) measures in
situ DNA susceptibility to the acid-induced conformational
helix-coil transition by acridine orange (AO) fluorescence
staining. The extent of conformational transition in situ fol-
lowing acid or heat treatment is determined by measuring the
metachromatic shift of AO fluorescence from green (native
DNA) to red (denatured or relaxed DNA) (Fig. 8.4). The
SCSA acid method is much easier to use than the heat treat-
ment. DNA damage that is SCSA-defined is manifested by
the DNA Fragmentation Index (DFI) [121].

An aliquot of unprocessed semen (about 13-70 pl) is
diluted to a concentration of 1-2 x 10° sperm/ml with TNE
buffer (0.01 M Tris-HCI, 0.15 M NaCl, and 1 mM EDTA,
pH 7.4). This cell suspension is treated with an acid deter-
gent solution (pH = 1.2) containing 0.1% Triton X-100,
0.15 mol/l NaCl, and 0.08 N HCI for 30 seconds, and then
stained with 6 mg/l purified AO in a phosphate-citrate buffer,
pH 6.0. The stained sample is placed into the flow cytometer
sample chamber [121]. The extent of DNA fragmentation is
measured as % of sperm with fragmented DNA termed as
DNA fragmentation Index, or DFL. It is the ratio of red fluo-
rescence to total (red + green fluorescence). Native (double-
stranded) or intact spermatozoa fluoresce green and
fragmented DNA (single-stranded DNA) fluoresce red
(Fig. 8.4). Since the SCSA is more constant over prolonged
periods of time than routine World Health Organization
(WHO) semen parameters, it may be used effectively in epi-
demiological studies of male infertility [126]. No significant
male age-related increase in DFI was demonstrated [127].
SCSA has clearly established clinical thresholds for utility in
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Fig. 8.4 Schematic of SCSA test showing fluorescence color shift
from normal double-stranded (Normal or Native DNA) (green) to frag-
mented single-stranded DNA (red). (Reprinted from Evenson [221].
With permission from Elsevier)

the human infertility clinic [128]. In clinical applications, the
SCSA parameters can distinguish fertile and infertile men. In
addition, these parameters are also able to classify men
according to the level of in vivo fertility, i.e., high fertility
(pregnancy initiated in less than 3 months), moderate fertil-
ity (pregnancy initiated within 4—12 months), and no proven
fertility (no pregnancy by 12 months). Furthermore, a DFI
threshold of <30% can identify samples compatible with
in vivo pregnancy (<30%) [25, 86, 129-131].

SCSA can predict the various outcomes of ART. However,
this is true only for neat semen [132] including the fertiliza-
tion and implantation rates [22, 86, 133, 134], but this find-
ing was not supported by a study by Lin et al. [135] who
reported increased abortion rate in the high DFI (>27%)
group. Reports suggest that DFI can be used as an indepen-
dent predictor of fertility in couples undergoing IUI [22], but
an association between SCSA results and IVF and ICSI out-
comes are not strong enough [136]. It is also proposed that
all infertile men should be tested with SCSA as a supplement
to the standard semen analysis [137]. Recent data suggests
that ICSI should be the method of choice when DFI exceeds
30% [86].

The SCSA accurately estimates the percentage of DNA-
damaged sperm and has a cut-off point (30% DFI) to dif-
ferentiate between fertile and infertile samples [22, 129].
However, it requires the presence of expensive instrumen-
tation (flow cytometer) and highly skilled technicians.
SCSA DFI shows significant association with TUNEL
assay results when Spearman’s rank correlation was used,
however, regression and concordance correlation results
showed that these methods are not comparable. SCSA
rather measures DNA damage in terms of susceptibility to
DNA denaturation, while TUNEL measures “real” DNA
damage [138].

8.6.6 Measurement of 8-Hydroxy-2-
Deoxyguanosine (8-OHdG)

This assay measures levels of 8-hydroxy-2-deoxyguanosine
(8-OHdG), which is a byproduct of oxidative DNA damage
in spermatozoa. It is the most commonly studied biomarker
for oxidative DNA damage. Among various oxidative DNA
adducts, 8-OHdG is representative of oxidative DNA dam-
age owning to its high specificity, potent mutagenicity, and
relative abundance in DNA [139].

The technique involves three steps: in step 1, DNA extrac-
tion is performed with chloroform-isoamyl alcohol (12:
1 v/v) after the sperm cells are washed with sperm wash buf-
fer (10 mmol/l Tris-HCI, 10 mmol/l EDTA, 1 mol/l NaCl,
pH 7.0) and lysed at 55 °C for 1 hour with 0.9% SDS, 0.5 mg/
ml proteinase K, and 0.04 mol/I dithiothreitol (DTT). After
ribonuclease A treatment to remove RNA residue, the
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extracted DNA is dissolved in 10 mmol/l Tris-HCI (pH 7.0)
for DNA digestion. Step II involves the enzymatic DNA
digestion that is performed with three enzymes: DNAase I,
nuclease P1, and alkaline phosphatase. The final solution is
dried under reduced temperature and pressure and is redis-
solved in distilled and deionized water for HPLC. The third
step uses HPLC analysis and consists of a pump, a parti-
sphere 5 C18 column, an electrochemical detector, an ultra-
violet detector, an autosampler, and an integrator. The mobile
phase consists of 20 mmol/l NH4H,PO,, 1 mmol/l EDTA,
and 4% methanol (pH 4.7). The calibration curves for
8-OHdG are established with standard 8-OHdG, and the
results are expressed as 8-OHdAG/10* dG [97]. 8-0x0G can
also be determined using a specific fluorescent probe
(8-0x0G) from the OxiDNA assay kit.

8-OHdG provides the most direct evidence suggesting
that oxidative sperm DNA damage is involved in male infer-
tility, based on the finding that levels of 8-OHdG in sperm
are significantly higher in infertile patients than in fertile
controls and have an inverse relationship with sperm concen-
tration [97]. 8-OHdG formation and DNA fragmentation
assessed by TUNEL are highly correlated with each other
[140]. 8-OHdG levels also are highly correlated with the dis-
ruption of chromatin remodeling [141]. Levels of 8-OHdG in
sperm DNA have been reported to be increased in smokers,
and they inversely correlate with the intake and seminal
plasma concentration of vitamin C. It is demonstrated that
infertile patients with varicocele have increased §-OHdG
expression in the testis which is associated with deficient
spermatogenesis [142]. If not repaired, 8-OHdG modifica-
tions in DNA are mutagenic and may cause embryo loss,
fetal malformations, or childhood cancer. Moreover, this
modification could be a marker of OS in sperm, which may
have negative effects on sperm function [143, 144].

8.6.7 Comet Assay

The comet assay or the single-cell gel electrophoresis is
based on the principle of permeabilization and electropho-
retic migration of cleaved fragments of DNA. In the neutral
comet assay, the migration of the double-stranded DNA
loops from a damaged cell comes in the form of a tail
unwinding from the relaxed supercoiled nucleus. This
unwinding is proportional to the damage that the cell is sub-
jected to. This gives rise to the characteristic appearance of a
comet with the tail when seen under fluorescence micro-
scope using DNA stains.

This assay was later modified by Singh et al. [145] using
alkaline electrophoresis buffers to expose the alkali-labile
sites on the DNA and increase to the sensitivity of the assay
to detect both single- and double-stranded DNA. The single-
and double-stranded DNA breaks can also be evaluated by

the modified two-tailed comet assay [146, 147]. Poor quality
chromatin is closely associated with, and highly indicative
of, some fertility problems. Many methodologies to assess
DNA fragmentation in spermatozoa are available, but they
are all unable to differentiate between single-stranded DNA
breaks (SSB) and double-stranded DNA breaks (DSB) in the
same sperm cell.

The two-tailed Comet assay (2 T-Comet) protocol over-
comes this limitation. A modification of the original Comet
assay was developed for the simultaneous evaluation of DNA
SSB and DSB in human spermatozoa. In this assay, the DNA
damage is quantified by measuring the displacement between
the genetic material of the nucleus or the comet head and the
resulting tail. The tail length is used as an index of the dam-
age. In addition, the “tail moment” is a product of tail length
and the intensity or the fraction of the total DNA in the tails.
It can also be defined as similar to the torsional moment of
the tail [148].

The comet assay is a simple, versatile, sensitive, and rapid
assay and has demonstrated some correlation with other
assays such as SCSA and TUNEL [149]. The assay requires
expertise in result interpretation as it is based on the fluores-
cence microscopy. The 2 T-Comet assay is a fast, sensitive,
and reliable procedure for the quantification and character-
ization of DNA damage in spermatozoa [150] (Figs. 8.5a-b
and 8.6a—c).

The comet assay has been used to evaluate the DNA dam-
age after cryopreservation [151]. It has been used to predict
embryo development after IVF and ICSI, especially in cou-
ples with unexplained infertility [152, 153]. Although the
clinical thresholds have been established for diagnosing
infertility and predicting IVF outcome [154-157], not all
studies have demonstrated such an association [158].

8.6.8 Sperm Chromatin Dispersion Test
(Halosperm Assay)

The sperm chromatin dispersion (SCD) test produces sperm
nucleoids consisting of a central or core and peripheral halo
caused by release of DNA loops, signifying the absence of
DNA fragmentation. When sperm are treated with an acid
solution prior to lysis buffer, a complete absence or a mini-
mal halo is produced in spermatozoa with fragmented
DNA. A distinct halo is seen in spermatozoa with intact
DNA integrity [159]. When spermatozoa with non-
fragmented DNA are immersed in an agarose matrix and
directly exposed to lysing solutions, the resulting deprotein-
ized nuclei (nucleoids) show extended halos of DNA disper-
sion, which can be observed either by bright field microscopy
or fluorescent microscopy. The presence of DNA breaks pro-
motes the expansion of the halo of the nucleoid [80,
160-165].
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Fig. 8.5 Two-tailed (2 T) comet assay protocol detects seven comet
types: (1) undamaged; (2) low level of single-stranded DNA breaks
(SSB); (3) high level of SSB; (4) low level of double-stranded DNA

breaks (DSB); (5) high level of DSB; (6) low level of SSB and low level
of DSB; (7) high level of SSB and high level of DSB. Scale bar: 10 pm.
(Reprinted from Enciso et al. [150]. With permission from Elsevier)

Fig.8.6 Characterization of single-stranded DNA (ssDNA) or double-
stranded DNA (dsDNA) by fluorescence in-situ hybridization (FISH)
and acridine orange staining. (a) ssDNA detection by FISH with a
digoxigenin-labeled whole human genome probe and fluorescein
isothiocyanate-detected (green) on two-tailed (2 T)-Comets obtained
from human spermatozoa, counterstained with propidium iodide (red).

In this assay, aliquots of sperm at a concentration of
5-10 million/ml are prepared by diluting in PBS. The sam-
ples are mixed with 1% low-melting-point aqueous agarose
(to obtain a 0.7% final agarose concentration) at 37 °C.
Aliquots of 50 pl of the mixture are pipetted onto a glass
slide precoated with 0.65% standard agarose dried at 80 °C,
covered with a coverslip, and left to solidify at 4 °C for
4 min. The coverslips are then carefully removed, and the
slides are immediately immersed horizontally in a tray of
freshly prepared acid denaturation solution (0.08 N HCI) for
7 min at 22 °C in the dark, which generates restricted single-
stranded DNA (ssDNA) motifs from DNA breaks.
Denaturation is then stopped, and the proteins are removed
by transferring the slides to a tray with neutralizing and lys-

(b) 2 T-Comet types found in a normal semen sample first electropho-
resed under neutral conditions (from right to left; X-axis) and then 90°
electrophoresed under alkaline conditions (from upper to lower; Y-axis),
stained with 0.5 x 10—4 mol/l acridine orange. (¢) Same images after
application of a common electronic filter. (Reprinted from Enciso et al.
[150]. With permission from Elsevier)

ing solution 1 (0.4 mol/l Tris, 0.8 mol/l DTT, 1% SDS, and
50 mmol/l EDTA, pH 7.5) for 10 min at room temperature.
The slides are then incubated in neutralizing and lysing
solution 2 (0.4 mol/l Tris, 2 mol/l NaCl, and 1% SDS,
pH 7.5) for 5 min at room temperature. The slides are thor-
oughly washed in Tris-borate EDTA buffer (0.09 mol/l Tris-
borate and 0.002 mol/l EDTA, pH 7.5) for 2 min, dehydrated
in sequential 70%, 90%, and 100% ethanol baths (2 min
each), and air-dried. For bright-field microscopy in the
improved SCD test (Halosperm® kit), slides were horizon-
tally covered with a mix of Wright’s staining solution
(Figs. 8.7a—1 and 8.8). Cells can also be stained with DAPI
(4’,6-diamidino-2-phenylindole) (2 pg/ml) for fluorescence
microscopy [109, 159].
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Fig. 8.7 Nucleoids from human sperm cells obtained with the
improved SCD procedure. (a—e) DAPI staining for fluorescence micros-
copy. (a’—e’) Sequential DBD-FISH with a whole genome probe to
demonstrate DNA breakage. (a”—e”) Wright staining for bright-field
microscopy. (a, a’, a”) Nucleoids with big halo of DNA dispersion. (b,
b’, b”) Nucleoids with medium-sized halo. (¢, ¢’, ¢”) Nucleoids with
small halo size. (d, d’, d”) Nucleoids without halo. (e, ', ¢”) Nucleoids
without halo and degraded. According to the DBD-FISH signal, those
nucleoids with small halo, without halo, and without halo and degraded

f

contain fragmented DNA. (f) Microscopic field visualized after Wright
staining. Those sperm cells with fragmented DNA are indicated by an
asterisk. (g—i) Besides the preservation of the tails, the improved SCD
protocol allows for a better chromatin staining, obtaining highly con-
trasting images for bright-field microscopy (g), where the core and the
periphery of the halo are well delimitated (h). (i) The estimation of the
halo size was established by comparison of the halo width (2) with the
minor diameter of the core (1). (Reprinted from Fernandez et al. [222].
With permission from Elsevier)
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Fig. 8.8 The SCD test in an individual with varicocele. The frequency
of sperm cells without halo and degraded (asterisks) is high, reflective
of a very high degree of nuclear damage. (Reprinted from Ferndndez
et al. [222]. With permission from Elsevier)

The SCD test is simple, fast, and reproducible with com-
parable results to those of the SCSA [162, 164] and TUNEL
[166]. The currently available protocol is suitable for bright
field microscopy as it significantly reduces equipment cost.
The test is successfully used in clinical studies to detect
sperm DNA damage [167] and can be simultaneously com-
bined with the FISH (SCD-FISH) assay for detection of
aneuploidy in sperm cells [168]. This is the only test allow-
ing sperm DNA fragmentation and chromosomal aneuploidy
by FISH in the same cell. Oxidative DNA damage can also
be simultaneously determined in the same sperm cell by
combining SCD and incubation with an 8-oxoguanine DNA
probe [169]. A commercially available Halosperm kit is
available to perform this test [170]. Reports suggest that
sperm DNA fragmentation as reported by the SCD test is
negatively correlated with fertilization rates and embryo
quality in IVF/ICSI but not with clinical pregnancy rates or
births [162, 171].

8.6.9 Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labeling (TUNEL) Assay

This single step staining method labels DNA breaks with
FITC-dUTP followed by flow cytometric analysis. TUNEL
utilizes a template-independent DNA polymerase called
Terminal Deoxynucleotidyl Transferase (TdT), which non-
preferentially adds deoxyribonucleotides to 3’ hydroxyl
(OH) single- and double-stranded DNA. Deoxyuridine tri-
phosphate (dUTP) is the substrate that is added by the TdT
enzyme to the free 3’-OH break-ends of DNA [172-174].
DNA fragmentation can be quantified with conventional or
the bench top flow cytometry [172] (Fig. 8.9).

TUNEL utilizes a template-independent DNA polymerase
called terminal deoxynucleotidyl transferase (TdT) that non-
preferentially adds deoxyribonucleotides to 3’ hydroxyl (OH)
single and double-stranded DNA. Deoxyuridine triphosphate
(dUTP) is the substrate that is added by the TdT enzyme to
the free 3’-OH break-ends of DNA. To assess the DNA frag-
mentation by TUNEL, an APO-DIRECT Kit (BD Pharmingen,
CA) is used. It contains the reaction buffer, TdT, FITC-dUTP,
and propidium iodide/ RNase stain. The assay kit also con-
tains negative and the positive controls, which are not sperm
cells. About 2.5 x 10° sperm are fixed with 3.7% paraformal-
dehyde for a minimum of 30 min at 4 °C. The sample is cen-
trifuged at 300 x g for 7 min.

Paraformaldehyde is removed by centrifuging the sam-
ples at 300 x g for 7 min. Supernatants are discarded and the
pellets resuspended with 1 mL of ice-cold ethanol (70% vol./
vol.). The tubes are kept at —20 °C for at least 30 min. To
create negative sperm controls, the enzyme terminal transfer-
ase is omitted from the reaction mixture. To create positive
sperm controls, the samples are pretreated with 2% (v/v)
hydrogen peroxide and incubation for 1 h at 50 °C. A 50 pL
of the stain is added and incubated for 1 h. Following two
washes with 1 mL of the “Rinse buffer,” PI /RNase stain is
added and incubated for 30 min. For flow cytometry, the
laser excitation is provided at 2 wavelengths of 488 nm sup-
plied by a solid blue laser at 20 mW and 640 nm powered by
14.7 mW diode red laser. Green fluorescence (480-530 nm)
is measured in the FL-1 channel and red fluorescence
(640 nm) in the FL-2 channel. The percentage of positive
cells (TUNEL-positive) is calculated on a 1023-channel
scale from the flow cytometer software (Fig. 8.10a—e). The
analysis is conducted with a similar strategy on both the C6
and the C6 Plus flow cytometer, and dot plots are generated
by the BD Accuri software (BD Biosciences, Ann Arbor, MI,
United States) [173]. TUNEL results of SDF obtained from
a standard (C6) flow cytometer have been compared with a
newer version of the same instrument (C6 Plus), and the cut-
off, sensitivity, specificity without calibration (adjustment),
and after adjustment have been examined. Using identical
sperm preparation, matched acquisition settings, the perfor-
mance of two flow cytometers and two observers has been
examined to assess the strength of agreement of the results
[175]. After adjustment of the settings, overall concordance
was high and the two cytometers showed 100% positive and
negative predictive value with 100% area under the curve.
The overall correlation coefficient observed between C6 and
C6 plus was highly significant (p < 0.0001; r = 0.992; 95%
CI 0.982-0.997). After adjustment, the two cytometers
showed very high precision of 98% and accuracy of >99%.
The inter-observer agreement on C6 flow cytometer for the
two observers was 0.801 + 0.062 and 0.746 + 0.044 for C6
Plus. A strong agreement was demonstrated between the
samples tested on the two flow cytometers after calibration
and established the robustness of both instruments [175].
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Fig. 8.9 Schematics of the
TUNEL assay using the
Apo-Direct kit and bench
flow cytometer. (Reprinted
with permission, Cleveland
Clinic Center for Medical Art
& Photography © 2015-2019.
All Rights Reserved)

The standard TUNEL assay can be improved to become
more sensitive to DNA fragmentation by incubating sperm
cells in 2 mm dithiothreitol (DTT) solution for 45 min prior
to fixation with formaldehyde. This modified version of the
TUNEL assay was shown to significantly enhance its sensi-
tivity. Mitchell et al. modified the TUNEL methodology by
incubating spermatozoa for 30 min at 37 °C with LIVE /
DEAD Fixable Dead Cell Stain (far red) (Molecular Probes,
Eugene, OR, United States). The cells were then washed
three times with culture medium before incubation with DTT
allowing both DNA integrity and vitality to be simultane-
ously assessed [176].

The TUNEL assay has been widely used in male infertil-
ity research related to sperm DNA fragmentation. A negative
correlation was found between the percentage of DNA-
fragmented sperm and motility, morphology, and concentra-

\Sperm DNA

PO\ DD

TUNEL
assay

tion in the ejaculate [120, 177]. It also appears to be
potentially useful as a predictor for IUI pregnancy rates, IVF
embryo cleavage rates, and ICSI fertilization rates [19]. In
addition, it provides an explanation for recurrent pregnancy
loss [149, 177-179]. A predictive threshold of 19.2% has
been shown significant differentiation between fertile and
infertile men with a sensitivity of 64.9% and a specificity of
100% [57, 149]. This is higher than that demonstrated for
IUI procedures (12%) [179]. A very high specificity (91.6%)
and positive predictive value (90%) was reported at a cutoff
point of 16.8% (Fig. 8.11a, b). The high specificity of the
TUNEL assay is helpful in correctly identifying infertile
patients who do not have sperm DNA fragmentation as a
contributory factor [172, 180]. Due to its high positive pre-
dictive value, the assay is able to confirm that a man who
tests positive is likely to be infertile due to elevated sperm
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Fig.8.10 Example of Accuri C6 Workspace and gating strategy used
in both laboratories for TUNEL data analysis. (a) FSC/SSC plot
showing the gate used for spermatozoa selection (G1). (b) PI/FSC
plot with gating for PI positivity (G2). (¢) PI/FITC plot of negative
control sample (TdT enzyme omitted). (d) PI/FITC plot of standard
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Fig. 8.11 Receiver operator characteristic (ROC) curve showing (a)
TUNEL cutoff and the area under the curve. Values within the parenthe-
ses represent the 95% confidence interval and (b) Distribution of

DNA fragmentation. A similar specificity (91%) of TUNEL
was reported [181]. The calculated cutoff would be ideal as
any value above this threshold will be strongly associated
with infertility.
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2015-2019. All Rights Reserved)

The TUNEL assay is relatively expensive and time- and
labor-consuming. Also, a number of factors can significantly
affect assay results including the type and concentration of
fixative, fixed sample storage time, the fluorochrome used to
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label DNA breaks, and the method used to analyze flow cyto-
metric data [182]. The flow cytometric method of assessment
is generally more accurate and reliable than fluorescent
microscopy, but it is also more sophisticated and expensive
and it presents limitations in the accuracy and reproducibility
of the measures of sperm DNA fragmentation [182]. Fairly
good quality control parameters with minimal inter- and
intra-observer variation (<8%) have been demonstrated for
the fluorescent TUNEL assay using the bench top flow
cytometer [180, 183].

8.7 Limitations of Current Protocols

One of the criticisms on SDF testing is lack of standard-
ization [184]. While it is true that some of the methods for
SDF suffer from high inter-laboratory variation, other
tests have been studied extensively to standardize the
methods. To achieve this, it is recommended that the test-
ing for SDF should be done in a facility equipped with
appropriate instrumentation, qualified technicians, and
with both internal and external quality control measures
[185]. For example, in a blinded study, two experienced
observers carried out inter- and intra-observer variation of
TUNEL assay using bench top flow cytometer [183]. The
mean TUNEL assay measurement from one observer was
confined to the average measurement of the two observers
combined with an absolute difference of 1.73% and per-
cent difference of 6.68% in 80% of cases. On the other
hand, one TUNEL assay measurement from one observer
was likewise limited to the average measurement of the
two observers with an absolute difference of 3% in 90% of
the cases, while the percentage difference was 9.68% in
80% of the cases. In another study, standardization of the
method on SDF testing was assessed in two reference lab-
oratories [183]. No significant differences were detected
between the duplicate results. The mean difference
between the duplicate readings within each testing centers
was 0.5%, while the correlation showed exemplary results
(r=0.75-0.95).

There are three categories in which SDF can be measured
directly or indirectly [184]. These include the tests that mea-
sure the degree of compaction of the chromatin, tests that
measure the DNA breaks before and after DNA denaturation
and tests that measure SDF by inserting DNA probes or
modified nucleotides at the site of damage. Due to these cat-
egories, the results measured from one SDF testing do not
imperatively correlate with those obtained by the other tests
[186]. In a prospective comparative experimental study on
20 sub-fertile men with unexplained infertility, SCD test
measured significantly higher SDF compared to TUNEL
assay (20.6 + 14.0% vs 11.5 + 7.3%, p < 0.05) [165].
However, these two tests were poorly correlated (r = 0.29)

due to the fact that they implemented two distinct methods of
SDF detection [165].

As it stands, there are still no clear cutoff values for SDF
testing. Sharma et al. [172] provided a detailed protocol and
quality control steps on SDF measurement using the TUNEL
assay on 95 semen specimens from controls and 261 from
infertile men. The positive predictive value was 91.4%, while
the negative predictive value was 33.1%. Based on these
findings, men with elevated SDF levels are most likely to
present a challenge in their reproductive potential. Wewak
et al. [84] determined the sperm deoxyribonucleic acid frag-
mentation index (DFI) of 26.1% as a cutoff point to differen-
tiate infertile men and fertile men using the SCD assay. At
this threshold, the prevalence ratio of 2.84 demonstrated the
onset of male infertility. In another test using SCD, Lopez
et al. [28] reported that the predictive cutoff value of 25.5%
DFI could distinguish between successful and unsuccessful
IVF or ICSI outcome from 152 infertile couples. SCSA was
used to examine the relationship of DNA fragmentation with
ART outcomes [59]. The chance of pregnancy in IUI was
significantly higher if the value of DFI was 27%. On the
other hand, IVF and ICSI outcomes were non-significant in
groups with DFI less than 27%. In another study examining
the effect of sperm DFI on pregnancy outcome and preg-
nancy loss in 531 couples after autologous ICSI (n = 416),
donor egg procedure (n = 39), and IUI (n = 76), a cutoff of
DFI 27% correlated with reproductive outcomes [187].

The current SDF testing methods cannot identify the
nature of DNA damage and the location of DNA breaks
[188]. Not all SDF tests measure the same damage. Aniline
blue and toluidine blue determine the degree of chromatin
decondensation while TUNEL, SCD, and SCSA measure
DNA breaks [184]. Unlike the semen sample used in ART,
SDF measurement is carried out using unprocessed semen
[189]. Bungum et al. [132] assessed the effect of SCSA mea-
surement in semen sample from 510 ART cycles prepared by
density gradient centrifugation (DGC). No significant differ-
ence was seen in clinical pregnancy outcomes between
SCSA performed in a neat semen compared to post DGC. In
another prospective, observational study comprising of 44
non-azoospermic infertile men and nine fertile men, DFI
measured by SCSA increased significantly in infertile men
following DGC (25% vs. 15%, p < 0.01) [190]. This may
reflect a potential deleterious effect of sperm processing on
the integrity of sperm DNA. Similar results were demon-
strated in 223 couples undergoing IVF where SDF measure-
ments were analyzed by SCSA after swim-up preparation
[191]. Although an abnormal DFI (> 27%) had a lower
healthy embryo rate (13.2% vs 27.5%, p < 0.05), there was
no noticeable significant differences in fertilization rate,
clinical pregnancy rate, and delivery rate. Zini et al. [192]
compared the effects of the two sperm processing methods
on sperm DNA integrity in 22 semen samples collected from
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non-azoospermic infertile men. SDF was significantly higher
in Percoll-treated spermatozoa compared to samples pro-
cessed by swim up (10.1% vs 4.8%, p < 0.0001). Mean
sperm motility was significantly improved with the two
methods (p < 0.005) [192].

8.8  Controversies of Sperm DNA

Fragmentation

Varicocelectomy is recommended in men with a palpable
varicocele and abnormal semen parameters [1]. In recent
guidelines proposed by Agarwal et al. [193], elevated SDF
testing levels may significantly shift the way fertility special-
ists are discussing varicocelectomy in men with normal
semen parameters. Varicocele repair can be considered in
infertile men with high grade varicoceles and normal conven-
tional semen parameters or low grade varicoceles with abnor-
mal conventional semen parameters. Multiple studies have
determined that elevated SDF can be observed in men with
varicoceles even in those with normal conventional semen
parameters [63, 194]. Significant reduction in SDF is observed
after varicocelectomy [195]. In a prospective study of 60 men
with varicocele and abnormal semen parameters, DFI was
significantly improved 3—-6 months after varicocelectomy
(from 29.49% to 18.78%, p < 0.001) [196]. There was a con-
comitant reduction in ROS (p < 0.001) and significant increase
in total non-enzymatic antioxidant capacity (TAC) (p < 0.001)
post varicocelectomy. In another prospective study of 72
infertile men with varicocele and oligozoospermia, a signifi-
cant reduction in DFI was observed after varicocelectomy
(from 34.5% to 28.2%, p = 0.024) [197]. Also, other semen
parameters such as total sperm count, sperm concentration,
percent progressive motility, percent normal morphology
were also significantly improved. In recent study of 157
semen samples with varicocele, elevated sperm DFI mea-
sured by SCSA of more than 30% was significantly associ-
ated with poor motility and viability (p < 0.01). Likewise,
abnormal sperm concentration was observed in men with
high DFI (24.5% vs. 33.5%, p < 0.05) [198]. SDF testing can
help physicians prognosticate infertile men with varicocele.
Despite the improvement of SDF after varicocelectomy, there
are a number of confounding variables [199]. Further research
is warranted to understand fully the exact mechanism(s) of
SDF in infertile men with varicocele.

Limited data is available to recommend the benefit of
screening for SDF in unexplained infertility, recurrent preg-
nancy loss, and IUI failure [184]. Couples with unexplained
infertility usually demonstrate DNA damage. Vandekerckhove
et al. [200] examined the incidence of SDF in couples with
previously unexplained infertility who underwent IUI. Using
SCD test with a DFI of 20%, the incidence of SDF was
42.9%.

There is still an existing controversy regarding the predic-
tive value of SDF testing the outcomes of IVF and ICSI pro-
cedures. SDF alone cannot predict the pregnancy outcomes
due to a wide list of factors influencing the ART outcomes
[184]. Although the negative impact of elevated SDF on the
reproductive outcome in conventional IVF is well studied, its
poor association with ICSI is not clearly demonstrated [6].
Lin et al. [135] investigated the relationship of SDF on the
outcomes of IVF and ICSI. In 233 couples undergoing ART
(IVF = 137; ICSI =86), no significant differences were
observed in fertilization rate, good embryo rate and preg-
nancy rate between the two procedures even in low to high
DFI (>27%). On the other hand, total and progressive sperm
motility was negatively correlated with high DFI [201, 202].
The quality of post-implantation embryo and spontaneous
abortion should be a concern with high DFI affecting the
pregnancy outcomes [88, 203]. Cissen et al. [204] performed
a systematic review and meta-analysis of 30 extractable data
on SDF and clinical outcomes of medically assisted repro-
duction. TUNEL assay, SCD test, and Comet assay showed
no predictive values between IVF and ICSI outcomes. Due to
the significant limitations of the evidence available, further
research is needed to determine the effect of SDF in repro-
ductive outcome after medically assisted reproduction. In
contrast to the recent systematic review and meta-analysis,
Simon et al. [205] provided sufficient evidence that SDF has
negative impact on reproductive outcome following ART
procedures. SDF significantly affects the clinical pregnancy
after IVF (OR = 1.65; 95% CI: 1.34-2.04; p < 0.0001) and
ICSI (OR = 1.31; 95% CI: 1.08-1.59; p = 0.0068).

Numerous factors can affect the reproductive abilities not
only of men but also of women. This is the reason why both
partners in an infertile couple should be evaluated at the
same time during the assessment of their fertility status. The
role of female factors should be addressed in the manage-
ment of men with SDF [206]. Jin et al. [207] investigated the
impact of SDF in 2865 women with different ovarian reserves
who underwent ART procedures. Live-birth rate and implan-
tation rate were significantly reduced in women with reduced
ovarian reserves when DFI is above 27.3%. In contrast,
women with normal ovarian reserves did not demonstrate
significance in clinical pregnancy, live-birth rate, and implan-
tation rate with the same values of DFI. Carlini et al. [90]
conducted a study on the male factor in 114 Italian infertile
men whose wives had recurrent pregnancy loss following
natural conception. SDF values were significantly higher in
infertile men compared to the controls (18.8% vs 12.8%,
p <0.001).

Based on the results of SDF testing, clinicians may advise
the infertile men to take measures to decrease SDF. Yet, there
is a lack of evidence to demonstrate that lifestyle changes
will improve SDF in men with borderline abnormal or nor-
mal conventional semen analysis [184]. Improvement in
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dietary patterns was able to reduce the DFI (p = 0.05) in 336
men with normal sperm concentration or slight oligozoo-
spermia. In addition, higher sperm concentration and higher
level of serum testosterone were observed. The use of anti-
oxidants has also shown a beneficial impact on basic semen
parameters, advanced function, outcomes of ART proce-
dures, and live-birth rate [208].

In a placebo-controlled, double-blind, randomized study
of 77 infertile men with DFI more than 25%, there was no
statistically significant difference observed in those men tak-
ing antioxidants for 6 months. Although sperm concentration
was significantly improved after the treatment period of
3 months (p = 0.028) and 6 months (p = 0.053) [209]. Intake
of antioxidants (vitamins with zinc and selenium) resulted in
significant reduction of SDF (-19.1%, p < 0.0004) after
90 days of treatment. In another study, Greco et al. [210]
evaluated 38 men with DFI more than 15% and whose wives
had one failed ICSI attempt. After 2 months of treatment
with antioxidants (vitamin C 1 g/day, vitamin E 1 g/day),
significant improvement in clinical pregnancy (48.2% vs
6.9%) and implantation rates (19.6% vs 2.2%) were observed.
Despite these findings, further studies with appropriate
methodological designs are warranted to determine the ben-
efit of antioxidant therapy to resolve SDF. Despite these find-
ings, antioxidant therapy is a reasonable option for the
management of infertile men [211].

8.9 Common Laboratory Protocols
for Measuring DNA Fragmentation by
TUNEL and Flow Cytometry (Direct

and Indirect Methods)

Sperm DNA integrity is fundamental in sustaining the repro-
ductive potential of a man. This is relevant because of the
popularity of ART procedures, which bypass natural selec-
tion barriers unlike in the natural process, which only selects
sperm with intact DNA to undergo fertilization. The endo-
nucleases which are activated during programmed cell death
degrade the sperm chromatin initially into fragments (30 kb)
and then into much smaller fragments (50 kb) [180]. DNA
fragments being produced during this process can be detected
by TUNEL assay. Flow cytometry and fluorescent micros-
copy can identify the DNA strand breaks using TUNEL
assay [28, 212].

The TUNEL assay is one of the most promising methods
to measure SDF. This measures both single and double DNA
strand breaks. It directly quantifies DNA damage while other
tests assess the DNA integrity indirectly by examining its
susceptibility to acid or alkaline denaturation. It is detected
by flow cytometry making it a robust evaluation for SDF
[173, 183, 213]. The modified dUTP can be labeled either
directly with fluorescein-dUTP or indirectly through labeled

antibodies or streptavidin. Flow cytometry is used in quanti-
fication with TUNEL assay which make rapid evaluation of
more than 10,000 spermatozoa per sample. This is combined
with staining of the nucleus with propidium iodide (PI) to
factor out apoptotic bodies in the semen sample which allows
additional diagnostic power in two distinct intensities of the
spermatozoa. Spermatozoa with normal DNA integrity will
only demonstrate background staining. On the other hand,
those fragmented DNA with multiple chromatin 3°’OH ends
will fluoresce brightly [117].

The protocols must be standardized and validated before
it can be used in clinical practice. Sharma et al. [180] reported
an earlier detailed standardization of the TUNEL assay with
less than 10% on both inter- and intra-observer variability
and inter assay variability. With a sensitivity of 64.9% and
specificity of 100%, a threshold value of 19.25% can differ-
entiate infertile men with SDF from fertile men. In a more
recent study on the standardization of TUNEL assay, the cut-
off value of 16.8% showed a specificity of 91.6% and sensi-
tivity of 32.6 with a positive predictive value of 91.4% and a
negative predictive value of 33.1%. At this threshold, abnor-
mal SDF level are strongly indicative that SDF may be the
cause of reproductive incapacity of a man [172].

8.10 Challenges Using Indirect Assays
to Measure DNA Integrity by TUNEL
Assay

Ribeiro et al. [214] compared the efficacy between the indi-
rect antibody-based labeling system (BrdUTP/fluorescein-
anti-BrdUTP) and the direct labeling system
(fluorescein-dUTP). Both labelling systems showed similar
staining functions in live spermatozoa. When compared to
direct labeling system, the TUNEL indirect labeling system
underestimates the SDF with the differences ranging from
19.2% to 85.3% (p < 0.05). These differences were more
pronounced in semen samples with total motility less than
40% or weak propidium iodide stained spermatozoa (PI dim-
mer spermatozoa) higher than 14%. In addition, a major dif-
ference was observed when dead spermatozoa were stained
(40.1% vs 65.7%, p < 0.05). There was a correlation between
the number of immotile spermatozoa and the intensity of dif-
ference between the two labeling systems. Indirect TUNEL
labeled to lesser extent the PI dimmer population. Compared
to direct labeling, indirect labeling only stained a small num-
ber from the PI — dimmer population (90.6% vs 17.9%).
Overall, only 30—100% of the total number of spermatozoa
stained with direct TUNEL labeling system was stained with
indirect method. In this study, the most probable reason in
the different staining efficiency of both the labeling system
was due to the steric hindrance of the antibody during its
binding to the BrdUTP. In addition, condensed chromatin
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architecture in dead spermatozoa contributed to the staining
differences.

In earlier studies, measurement of TUNEL assay was
highly correlated with sperm vitality [176, 215]. There was a
significant difference on the staining efficiency of the dead
population of indirect labeling compared to direct labeling
(40.1% vs 65.7%, p < 0.05). On the other hand, no signifi-
cant difference was found on staining the number of live
spermatozoa using both TUNEL labeling methods 8.9% vs
8.3%, p > 0.05) [214]. TUNEL assay should be standardized
in all laboratory centers performing this specialized test.
This will help clinicians to further assess these infertile men
whose treatment options may highly depend in the results of
SDF testing.

8.11 Common Direct Methods to Measure

DNA Integrity

Apart from the TUNEL assay, the comet assay is likewise a
direct method to measure SDF. This quantifies the amount of
DNA damage per spermatozoon. The degree of SDF is pro-
portional to the intensity and length of the DNA fragments
that stream out of the sperm head. This represents the amount
of migrated DNA which looks like a comet with a tail when
viewed under the fluorescent microscope and DNA stains.
This assay is beneficial for men with severe oligozoospermia
as low as 5000 sperm [216]. Comet assay can detect altera-
tions in DNA bases aside from its identification of the usual
DNA strand breaks. However, this is not a rapid test, as it
demands highly specialized personnel to run the assay.

8.12 Current Challenges in Sperm
Chromatin Integrity Tests

Well-known professional specialty societies do not recom-
mend the routine use of SDF testing in the evaluation of men
presenting with problematic reproductive potential [217].
This is due to unavailability of good quality methodological
studies in support of the application of this laboratory test in
the clinical scenarios. On the other hand, there is a wide list
of evidences including systematic reviews and meta-analyses
demonstrating the beneficial impact of SDF testing to repro-
ductive outcome. Despite these findings, different profes-
sional societies still do not recommend the routine use of
SDF testing in the evaluation of infertile men [1, 217, 218].
In a strengths-weaknesses-opportunities-threats (SWOT)
analysis by Esteves et al. on the clinical utility of SDF test-
ing, 51 out of 58 fertility expert participants were supportive
of the recommendation set by the clinical practice guideline.
Thirty participants expressed their concerns regarding the
technical weak points of the SDF testing [184].

Cost of the SDF testing is one of the drawbacks of request-
ing this procedure. It was reported that SDF testing costs
roughly $170.4 + 122.9 (range $0-450). In a survey, 46.9%
of clinicians expressed their unwillingness to utilize these
test due to cost to the patients [219]. Majzoub et al. [219]
developed a questionnaire to survey fertility specialists on
major aspects of SDF testing. Forty-nine invited scholars
from 19 different countries mostly composed of urologists
(44.9%) completed the questionnaires. The majority (79.6%)
of the participants commonly requested SDF testing as part
of the evaluation of infertile men. TUNEL (30.6%) and
SCSA (30.6%) were frequently utilized to analyze SDF. DFI
of 30% was used as a threshold value by 61.2% of the par-
ticipants. The most common indication to request for SDF
testing was recurrent conventional IVF failure or pregnancy
loss following conventional IVF (91.8%). The least common
reason was to assess patients with low grade varicocele and
subnormal semen parameters (46.9%). Cost (46.9%) and
lack of validation (36.7%) were major factors for not request-
ing for SDF testing.

8.13 Future Direction

With support from the Society for Translational Medicine in
endorsing the clinical practice guidelines for SDF testing in
the evaluation of infertile men, other specialty societies may
re-review their recommendations on the potential benefit of
this specialized test [193]. There should be an expanded list
of indications on who will benefit from this testing and not
only be limited to practice recommendations. Good method-
ological studies should be conducted to determine the posi-
tive impact on the clinical utility of SDF testing in the
evaluation of infertile men [220]. With more research, a solid
evidence-based foundation for future utilization of SDF test-
ing will benefit those men with reduced reproductive poten-
tials as this might be their only hope to father a child.

8.14 Conclusion

In this chapter, we have emphasized the importance of
assessing sperm chromatin integrity. Results of sperm assess-
ment provide useful information in cases of male idiopathic
infertility and in couples pursuing assisted reproduction.
There are multiple assays that can be used to evaluate sperm
chromatin. Each assay has advantages and limitations.
Choosing the right assay is important and depends on factors
such as equipment cost, availability of an andrology labora-
tory, and the presence of experienced technicians. It is impor-
tant to determine the underlying cause of DNA damage and
provide proper therapeutic treatment before attempting ART
to minimize downstream potential side effects of offspring.
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It is important to design methods for selecting sperm with
undamaged DNA in ART, especially in ICSI. Assessment of
sperm DNA damage can be a potential tool for evaluating
semen samples prior to their use in assisted reproduction. It
allows for the chance to select spermatozoa with intact DNA
or with the least amount of DNA damage for use in assisted
conception. It provides better diagnostic and prognostic
capabilities than standard sperm parameters for assessing
male fertility potential. There is a strong data supporting the
inclusion of sperm DNA fragmentation in the evaluation of
the infertile male.

8.15 Review Criteria

An extensive search of studies examining the relationship
between sperm chromatin and sperm DNA fragmentation
and male infertility and ART outcome was performed using
search engines such as Google Scholar and PubMed. The
start and end dates for these searches were September 1996
and September 2018, respectively. The overall strategy for
study identification and data extraction was based on the fol-
lowing key words: “male infertility,” “sperm chromatin,”
“reactive oxygen species,” “infertile men,” “DNA fragmen-
tation,” “marks of sperm chromatin assessment,” “direct and
indirect markers of sperm DNA fragmentation,” “sperm
DNA fragmentation and male infertility,” and “sperm DNA
fragmentation and ART failure.” Articles published in lan-
guages other than English were excluded. Data published in
conference or meeting proceedings, websites, or books was
also excluded.
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