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Abstract

This study was carried out to evaluate the level of nuclear sperm DNA damage in
men with isolated polymorphic teratozoospermia and examining its relationship with
apoptosis and oxidative stress. A total of 89 subjects were divided into two groups:
men with isolated teratozoospermia (n = 69) and men with normal semen param-
eters (n = 20) as controls. Sperm DNA breaks were determined by using acridine
orange staining. The proportion of viable spermatozoa with mitochondrial transmem-
brane depolarization was detected by fluorescence microscopy through the use of
MitoPTJC-1 staining method. Bivariate Annexin V/6-CFDA analysis was then set out
in order to measure the percentage of both viable and dead spermatozoa with phos-
phatidylserine (PS) externalization. Seminal antioxidant profile (reduced glutathione
(GSHr); oxidized glutathione (GSSG); glutathione S-transferase (GST)) and total pro-
tein sulfhydryl (P-SH) concentrations were measured spectrophotometrically. Men
with isolated teratozoospermia, when compared to controls, showed significantly
increased level of single sperm DNA breaks and higher proportions of spermatozoa
with phosphatidylserine externalization and mitochondrial depolarization. Among the
differently studied oxidative stress seminal parameters, the rates of seminal GSHr,
GST, and P-SH were significantly decreased in the teratozoospermic group. However,
the seminal rates of GSSG and GST have decreased, but only GST did not show a
significant difference. Interestingly, significant correlations were found between the
studied apoptotic markers and the rate of atypical sperm forms with the incidences
of head abnormalities. Furthermore, positive inter-correlations were found between
sperm DNA defects, impaired seminal antioxidant status, and the apoptotic sperm
markers. Such data provide clear evidence that the apoptotic alterations are closely
correlated to abnormal sperm morphology and DNA damage. Moreover, decreased
seminal antioxidant profile may be a crucial factor involved in the mechanism of

sperm cell death-mediated DNA breaks in teratozoospermic semen.

KEYWORDS
DNA damage, mitochondrial depolarization, phosphatidylserine externalization, seminal
antioxidant status, teratozoospermia

© 2020 American Society of Andrology and European Academy of Andrology

Andrology. 2020;00:1-12.

wileyonlinelibrary.com/journal/andr

1


https://core.ac.uk/display/351116957?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
www.wileyonlinelibrary.com/journal/andr
mailto:﻿
https://orcid.org/0000-0001-7537-6465
mailto:ammaroumayma2014@gmail.com

AMMAR ET AL.

CRIVUTRSS | DROLOGY © B
1 | INTRODUCTION

Over the past years, the cytogenetic investigations of severe terato-
zoospermia have been one of the most productive areas within the
topic of male infertility and assisted conception.r* Teratozoospermia
is defined as a percentage of spermatozoa with normal shape under
the lesser reference limit. The cutoff values for normality var-
ied greatly in recent decades from 50% in the first World Health
Organization (WHO) classification® to 4% according to Kruger clas-
sification® or 15%, according to the modified classification of David’
in the last published version.” To be treated as morphologically nor-
mal, a spermatozoon would have a normal acrosome, an oval head
between 2.5 and 3.5 pm width and 5 and 6 pm long, a midpiece of
4.0 to 5.0 pm, and a tail about 50 um long.® Several reports have
found higher rates of DNA damage, sperm aneuploidy, and protam-
ination defects in infertile men with impaired semen parameters in
comparison with controls and their association with morphological
abnormalities.??12

Not so far, we have found that men with isolated teratozoosper-
mia show numerous nuclear alterations, namely DNA breaks and
chromatin decondensation.®* These results may explain the poor
fertility prognosis of these subjects.**® However, the pathological
mechanism linking nuclear defects to abnormal sperm morphology
remains unclear.

Three hypotheses have been advanced concerning the origins
of DNA damage in the male germ line: (a) the failure of repair of
physiological spermatic strand DNA breaks occurring during sper-
miogenesis as a consequence of activated topoisomerase to relieve
the torsional stresses associated with chromatin remodeling, (b)
an abortive apoptosis initiated post-meiotically when the ability to
drive this process to completion is in decline,'” and (c) an oxidative
stress (0S).131817 Oxidative stress is due to an imbalance between
reactive oxygen species (ROS) overproduction and antioxidant scav-
enging activities in semen. ROS are highly toxic when reacting with
nuclear spermatozoa as they originate oxidative base modifications
and high levels of DNA Breaks.?%?! Interestingly, recent studies
have clearly shown that high seminal levels of both lipid perox-
idation (LPO) and ROS with decreased antioxidant enzymes were
strongly correlated with increased spermatozoa DNA fragmen-
tation and sperm chromatin decondensation in men with isolated
teratozoospermia.3'11’22'24

On the other hand, many data indicate that poor sperm mor-
phology is associated with higher rates of caspases’ expression,z“*25
suggesting an association between teratozoospermia and apoptosis.
Many reports have indicated the occurrence of apoptosis-like char-
acteristics, including DNA breakage, presence of activated caspases,
and externalization of the phosphatidylserine (PS) on the sperm
plasma membrane in ejaculated human spermatozoa of infertile
men with different potential of infertility,n*z"’28 however, the link
between apoptosis and teratozoospermia has been poorly investi-
gated so far.

Therefore, this study aimed to examine the relationship be-

tween DNA damage, OS, and apoptosis, the latter investigated by

two apoptotic biochemical markers: membrane phosphatidylserine
externalization (PS) and mitochondrial function in ejaculated sper-

matozoa from men with isolated teratozoospermia.

2 | MATERIALS AND METHODS
2.1 | Subjects and samples

The protocol was approved by the local ethics committees, and
written informed consent was previously obtained from all studied
subjects. This prospective controlled study has involved 69 infertile
men referring to consulting clinic of infertility at the Department
of Cytogenetic and Reproductive Biology, Fattouma Bourguiba
University Teaching Hospital, Monastir, Tunisia. These subjects pre-
sented isolated teratozoospermia as the other semen parameters
were normal. Besides, 20 healthy men with normal semen profiles
and proven fertility were recruited as controls. All subjects in either
group had no history of chemotherapy, radiotherapy, medication,
varicocoele, or chronic illness. Sperm samples were collected into
sterile pots by masturbation after 3 days of sexual abstinence. After
sample liquefaction, standard semen parameters were evaluated ac-
cording to the World Health Organization® guidelines. Detailed mor-
phological assessment was performed according to David et al,?? as
modified by Auger & Eustash’and using 15% as reference value was
performed to score the specific types of morphological abnormali-
ties of spermatozoa. Each abnormal spermatozoon was evaluated for
defects of the head, midpiece, and principal piece, and for the pres-
ence of excess residual cytoplasm (volume more than one-third of
the sperm head size). Index of multiple morphological defects was
calculated as multiple anomalies index (MAI), that is mean number of
anomalies per abnormal spermatozoon.® Spermatozoa viability was
estimated by using eosin-nigrosin (Sigma, French) staining protocol,
and it was expressed as a percentage of live spermatozoa. When the
count of dead spermatozoa exceeds 42%, a necrozoospermia is sus-
pected. Each fresh semen sample was divided into two aliquots: one
immediately served for Annexin and MitoPT assays and the other
was washed twice in phosphate-buffered saline (PBS, pH 7.4), then
centrifuged for 10 min at 3500 rpm to obtain supernatant of semi-
nal plasma and pellet of spermatozoa. Seminal plasma was frozen
at - 20°C until oxidative stress analyses, and the pellet was then
fixed in methanol/acetic acid (3:1) for at least 30 min at 4°C. The
fixed specimens were stored at - 20°C until 116 acridine orange
assay.

2.2 | Sperm phosphatidylserine (PS) externalization

The translocation of PS to the outer leaflet of the plasma membrane
was detected using the Annexin V Cy3.18 Apoptosis Detection Kit
(Hexabiogen, biovision) according to the manufacturer's guidance.
In the early apoptosis, PS, normally found on the cytoplasmic leaf-

let of the plasmatic membrane, translocates to the extracellular
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leaflet. Annexin V Cy3.18 (red fluorescence) joins to PS on the ex-
ternal surface of spermatozoa membrane undergoes cell death. A
second stain, 6-carboxyfluorescein diacetate (6-CFDA, green fluo-
rescence), is used to assess the viability and differentiate between
apoptotic and necrotic cells. Using fluorescent microscopy, living
cells stain only with 6-CFDA (Annexin V-negative, green). Necrotic
cells stain only with Annexin V Cy3.18 (negative, red). Early ap-
optotic cells stain with both Annexin V Cy3.18 (red) and 6-CFDA
(Annexin V Cy3.18 positive/6-CFDA positive) and are therefore
green-red cells.3® Aliquots of sperm suspension (3 million sperma-
tozoa) were placed on poly-L-lysine-coated slides (Sigma), washed
with binding buffer, and incubated with 50 ul of double-label stain-
ing solution (Annexin V Cy3.18 and 6-CFDA) at room temperature
protected from light. Analysis of the samples was realized using
fluorescence microscopy (Leica DFC) as mentioned upon. At mini-
mum, 100 spermatozoa were counted per slide through five ran-

dom fields.

2.3 | Sperm mitochondrial function

As described by the manufacturer, sperm mitochondrial function was
analyzed on at least consecutive live spermatozoa with the commer-
cial kit MitoPTJC-1 (immunochemistry technologies LLC). The Mito PT
JC-1 assay detects the depolarization of the mitochondrial membrane
applying the fluorescent dye JC-1. In health cells, JC-1 accumulates in
negatively polarized mitochondria and emits an orange fluorescence
at 590 nm. When the potential of the mitochondrial membrane col-
lapses in apoptotic or metabolically stressed cells, the JC-1 reagent is
dispersed in the cell and emits green fluorescence at 527 nm. Briefly,
after washing with the 1X assay buffer (diluted 1:10 in distilled water),
three millions of spermatozoa are stained with the MitoPT JC-1 and
incubated for 30 min. Then, a second washing is carried out in the
1X assay buffer centrifuging at 2000 rpm/10 min. Sperm scoring was
done at x 40 and x 100 by using a fluorescence microscopy (Leica
DFC.) Spermatozoa with green stained mitochondria were considered
pathological.

2.4 | Sperm DNA integrity

Spermatozoa, obtained as described above, were thawed and
centrifuged for 10 min at 1200 rpm, and the pellet was resus-
pended in TNE buffer (50 mm Tris-HCI, pH 7.4, 100 mm NaCl,
0.1 mm EDTA) (0.5 mL) to 2 x 10° spermatozoa/ml and held in ice
until stain. The suspension (200 plL) was subjected to brief acid
denaturation by mixing with 400 uL of chilled (0°C) lysis solu-
tion [0.1% Triton X-100 (v/v), 0.15 M NaCl,0.08 M HCI, pH 1.4],
held for 30 s, and mixed with 1.2 ml acridine orange (Fluka AG,
Switzerland) solution (50 pg acridine orange/ml in buffer: citric
acid 0.1 M, Na,HPO4 0.2 M, NaCl 0.15 M, EDTA 1 mM pH 6).
Following a 3-min incubation, the samples were centrifuged at
1200 rpm for 10 min and washed with TNE buffer (100 pL); the

pellet was spread on a slide, dried in an open area, and mounted
using a mixture of glycerin and PBS [(v/v), pH 7.2]. All slides were
prepared in duplicate and read on the same day with a fluores-
cence microscope (Leica, DFC). Sperm heads were subdivided
into those showing a green and a red staining (orange-yellow
staining was scored as the red one), as recommended.3! A total of
300 cells were assessed on each slide.

2.5 | Measurement of seminal reduced glutathione
(GSH)

The seminal plasma content of reduced glutathione (GSH) was meas-
ured according to Srivastava & Beutler®? method. Briefly, 0.2 mL of
seminal plasma and 1.8 mL of distilled water were mixed with 3 mL
of precipitating solution (Trichloroacetic acid 5%). After standing for
5 min, the solution was filtered and 1 mL of clear filtrate mixed with
4 mL of freshly prepared disodium hydrogenphosphate and 0.5 mL
of DTNB reagent (5, 5'dithiobis-2-nitrobenzoic acid). Absorbance
of the developed yellow color was read on a spectrophotometer at
412 nm.

2.6 | Measurement of seminal oxidized Glutathione
(GSSG)

The seminal plasma content of oxidized glutathione (GSSG) was
measured according to the method of Akerboom & Sies,®® in which
100 pL of seminal plasma was mixed with 400 pL of sodium car-
bonate and 4 L of pyridine. Then, the mixture was centrifuged at
3000 rpm/10 min. The absorbance of the developed yellow color
was read in a spectrophotometer at 412 nm.

2.7 | Measurement of seminal glutathione
S-transferase activity (GST)

The enzymatic activity of glutathione S-transferase (GST) in semi-
nal plasma of all studied groups was determined according to the
method used by Habig & Jakoby.®* The activity of this enzyme was
determined via the formation of 1-glutathione-2, 4-dinitrobenzene,
which serves as a chromophore adsorbing at the wavelength of
340 nm (at 25°C) from 1-Cl-2,4-dinitrobenzene (CDNB). GST activ-
ity was expressed in pmol/mg of protein.

2.8 | Measurement of seminal protein sulfhydryl
groups (P-SH)

The seminal plasma concentration of P-SH in was measured as char-
acterized by the modified method of Kasperczyk et al*® using DTNB,
which undergoes reduction by compounds containing sulfhydryl

groups, yielding the yellow anion derivative, 5-thio-2-nitrobenzoate,
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which absorbs at 412 nm as revealed using an automated Perkin
Elmer analyzer. The results were shown in pmol/g protein.

2.9 | Measurement of seminal protein content

The seminal plasma level of total proteins was determined spectro-
photometrically using commercial reagent kits (Elecsys® S100B)
from Roche Diagnostics Gmbh.

2.10 | Statistical analysis

The statistical analysis was done by using SPSS 21 (SPSS Inc). Studied
parameters were given as mean + standard deviation or median (in-
terquartile range). Student's t test independent was used to estimate
differences between the teratozoospermic and control groups. To

test normal distribution, the Kolmogorov-Smirnov test was also used.

Mean = SD n =69 Mean + SD

Age 36.36 +6.41 36.3+7.16
Volume 3.14+£1.6 3.42 £1.29
pH 797 £0.14 7.88 +0.17
Number (10%spz/mL) 166.65 £ 92.78 134 + 127.94
Leukocyte concentration 0.40 +0.32 0.55+0.86

(10%/mL)
Total sperm motility (%) 50.26 + 6.56 47.66 + 6.8
Necrozoospermia 15.89 £ 8.33 15.43 £ 9.59
Atypical forms (%) 82.45+3.13 92.49 +3.11
Head abnormalities (%) 15.2+1.7 17.6 + 3.4
Macrocephalic (%) 3.5+25 2.65+2.6
Microcephalic (%) 26.85+11.23 31.10 + 14.92
Tapered head (%) 10.25 + 7.06 15.66 + 9.31
Double head (%) 0.25+0.44 1.34+£1.85
Irregular head (%) 41.2 +10.72 40.31 + 13.39
Thinned head (%) 8.1+4.43 8.47 +4.86
Acrosomal anomalies 14.85 +4.93 24.27 +10.86
Tail abnormalities (%) 4,52 +2 6.69 £2.97
Two tails (%) 0.55 £0.75 1.88 +2.15
Coiled tail (%) 10+ 6.6 14.23 + 8.65
Bent tail (%) 6.55 +4.29 9.02 +5.56
Short tail (%) 1+11 1.65+2.11
Cytoplasmic droplet (%) 1.25+14 1.5+1.96
Multiple anomalies index 1.52+0.15 1.7+0.21

Control group n = 20

Teratozoospermic group

Correlation coefficients were calculated by Spearman's test. The
criterion for difference was significant when P < .05 or highly signif-
icant when P < .01.

3 | RESULTS

3.1 | Analysis of semen and detailed morphology
assessments

The statistical analysis of semen parameters and the age of infer-
tile group with isolated teratozoospermia and controls are given in
Table 1. Among sperm shape anomalies, teratozoospermic showed
higher percentages of sperm head abnormalities (P = .002), tapered
heads (P = .018), double heads (P = .01), and acrosome anomalies
(P =.001) with respect to control Table 1. Regarding the abnormali-
ties of tail, teratozoospermic men showed higher percentage of dou-
ble tails (P = .008) and coiled tails (P = .046).

TABLE 1 Comparison of age, semen
parameters, and detailed morphology
characteristics between control and study
970 groups

.608
.510
.150
472

P value

150
.851
.001°
.002°
.203
.24
.018°
01°
78
75
.001°
.003
.008°
.046°
.07
189
.578
.001°

Note: Sperm parameters are expressed as mean + SD or median (interquartile range) depending
on their normal distribution tested by the Kolmogorov-Smirnov test. Data were analyzed by

independent t test.

Significant difference with control group (P < .05).
PHighly significant difference with control group (P < .01).
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TABLE 2 Statistic comparison of
apoptotic sperm markers and sperm DNA
denaturation between control group and

teratozoospermic group
AO staining assay

DNA denaturation (%)

MiTo PT assay

MiTo PT (%)

Annexin V-Cy3 assay
Viable cells (%)
Apoptotic cells (%)

Necrotic cells (%)

ANDROLOGY @ |

Controln =20 Teratozoospermic n = 69

Mean + SD Mean £ SD P value

11.38 £ 5.47 26.74 + 14.78 .001°2
26.4 +19.55 67.06 + 13.87 .0012

62.95+12.12 36.23 £ 15.15 .001?

3216 £11.44 59.58 + 15.15 .0017
3.66 £4.22 418 +7.15 .879

Note: All values are expressed as mean + standard deviation and analyzed using the independent t

test.

?Highly significant difference with control group (P < .01); NS not significant Viable cells, ANX-/
CFDA+; apoptotic cells, ANX+/CFDA+; necrotic cells, ANX+/CFDA-

3.2 | Analysis of apoptotic sperm biomarkers

The results of apoptotic sperm biomarkers analysis in the semen of
men with isolated teratozoospermia and controls are presented in
Table 2. As shown, semen of teratozoospermic showed high pro-
portions of viable spermatozoa with externalized PS (P < .01) and
viable spermatozoa with decreased mitochondrial transmembrane
potential when compared with controls (P < .01). Moreover, viable
spermatozoa without externalized PS were significantly less fre-
quent in males with altered morphology than in those with normal
one (P < .01). Finally, the rate of necrotic spermatozoa did not differ
significantly between infertiles and controls (P > .05), in agreement
with the percentage of necrozoospermia found by eosin staining
Table 1.

3.3 | Analysis of sperm DNA denaturation

The proportion of spermatozoa with denatured DNA was signifi-
cantly higher in the teratozoospermic group than in control group
(P < .01), as assessed by acridine orange staining. Table 2.

The detailed results of the correlation analyses between sperm
morphology characteristics and both apoptotic biomarkers and DNA
denaturation in ejaculated sperm samples of teratozoospermic men
and fertile donors are shown in Table 3.

As presented, the proportions of viable spermatozoa pre-
sented statistically significant negative correlations with the per-
centage of atypical forms (P < .01), and MAI (P < .01), whereas
apoptotic spermatozoa showed similar correlation, but positive.
In particular, these correlations regarded head (P < .001) and tails

TABLE 3 Relationship between sperm morphology characteristics with apoptotic sperm biomarkers and sperm DNA denaturation.

N = 89; control group n = 20; teratozoospermic group n = 69

Atypical Head Acrosomal Tail abnormalities Midpiece Multiple
forms (%) abnormalities (%) abnormalities (%) (%) abnormalities (%) anomalies index
AO staining assay
DNA denaturation r=.516 r=.489 r=.295 r=.198 r=.070 r=.196
(%) P<001  P<.001 P=.014 P=.103 p=.284 P=.106
MiTo PT assay
MiTo PT r=.379 r=.012 r=.715 r=.273 r=.198 r=.061
(%) P=.05 P=.480 P <.001 P=.122 P=.103 P=.399
Annexine-V-Cy3 assay
Viable cells (%) r=-.470 r=-.273 r=-.348 r=-.227 r=-.090 r=-.261
P<.001 P=.004 P<.001 P=.015 P=.202 P=.006
Apoptotic cells (%) r=.481 r=.306 r=.350 r=.187 r=.092 r=.266
P<.001 P=.002 P<.001 P=.038 P=.194 P=.005
Necrotic cells (%) r=.330 r=.200 r=.062 r=.066 r=.065 r=.044
P=.001 P=.032 P=.283 P=.478 P=.272 P=.342

Note: Correlation analyses were performed using the Spearman rank-order correlation test. NS Not significant; viable cells, ANX-/CFDA+; apoptotic

cells, ANX+/CFDA+ (%), necrotic cells, ANX+/CFDA-
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abnormalities (P < .05). Meanwhile, the proportions of dead sper-
matozoa with externalized PS showed significant correlation with
the percentage of atypical forms (P =.001) and head abnormalities
(P =.032).

In addition, the proportion of viable spermatozoa with decreased
mitochondrial transmembrane potential was significantly and posi-
tively correlated with the percentage of atypical forms (P < .01), and
MAI (P < .01). Finally, similar positive significant correlations with
both percentages of atypical forms (P < .01) and head abnormalities
(P < .01) were found also for the proportion of spermatozoa with
denatured DNA Figure 1.

3.4 | Relationship between apoptotic sperm
biomarkers and sperm DNA denaturation

Negative correlations were noted between the proportion of viable
spermatozoa without externalized PS (intact/normal spermatozoa)
and both sperm DNA denaturation (P = .018) and viable spermato-
zoa with decreased mitochondrial transmembrane potential dena-

turation (P = .005) in sperm samples of teratozoospermic men and

controls Figure 1 and Table 4. In contrast, positive correlations were
found with the proportion of viable spermatozoa with externalized
PS (P = .050). The proportion of dead spermatozoa with externalized
PS was correlated significantly and positively only with the high level
of sperm DNA denaturation (P = .040) Table 4. On the other hand,
we noted a positive but not significant correlation between the pro-
portion of sperm DNA denaturation and the proportion of viable
spermatozoa with decreased mitochondrial transmembrane potential
(P > .05) Table 4.

3.5 | Analysis of seminal antioxidants and protein
sulfhydryl concentration

The seminal plasma antioxidant status of our samples is shown
in Table 5. We detected a significant decrease in seminal GSH
concentration in the group with teratozoospermia compared
to controls (P = .014). The seminal P-SH concentration was also
significantly decreased in the same group (P = .024). However,
this difference was not significant for the seminal GST activity
(P > .05). On the other hand, the seminal concentration of GSSG
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FIGURE 1 Relationships between atypical sperm form, sperm DNA denaturation, mitochondrial sperm depolarization, and apoptotic
spermatozoa with phosphatidylserine externalization. Statistical analysis was performed using the Spearman rank-order correlation test
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TABLE 4 Relationship between Apoptotic sperm biomarkers and sperm DNA denaturation. N = 89; control group n = 20;

teratozoospermic group n = 69

DNA denaturation (%) MiTo PT (%)
DNA denaturation (%) - -
MiTo PT (%) r=.123
P=.325 -
Viable cells (%) R=-.248 r=-.557
P=.018 P=.005
Apoptotic cells (%) r=.191 r=.557
P=.05 P=.005
Necrotic cells (%) r=.300 r=.218
P=.04 P=.178

Viable cells (%) Apoptotic cells (%) Necrotic cells (%)

r=-930

P<.001 = =
r=-.253 r=.311

P=.016 P=.003 -

Note: Statistical analysis was performed using the Spearman rank-order correlation test. NS Not significant; viable cells, ANX-/CFDA+; apoptotic

cells, ANX+/CFDA+; necrotic cells, ANX+/CFDA-

TABLE 5 Statistic comparison of oxidative biomarkers between
control group and study group. N = 89; control group n = 20;
teratozoospermic group n = 69

Teratozoospermic
Controln=20 n=69

Mean = SD Mean = SD \F:alue
GST(mmol /min/mg P) 0.1+0.16 0.7+0.23 43
GSH (mmol GSH/mg P)  0.029 £0.25 0.0195 + 0.005 .014*
GSSG (mmol GSH/mg P)  0.055+0.016 0.077 +2.047 .021°
P-SH (mg/mL) 0.89 +1.13 0.37 +£0.28 .024°

Note: All values are expressed as mean * standard deviation and
analyzed using the independent t test.
Significant difference with control group (P < .05); NS not significant.

was significantly increased in the group of the teratozoospermic
(P =.014).

3.6 | Relationship between sperm morphology
characteristics and seminal oxidative
stress parameters

Correlations between seminal antioxidant status, seminal P-SH
level, and sperm morphology characteristics, as assessed in all re-
cruited subjects, were also investigated in this study and presented
in Table 6.

Significant correlations were found between the seminal level of
GSH with the percentage of atypical forms (r=-281, P = .009) and the
total tail abnormalities (r = -.205, P = .04). The seminal level of GSSG
showed negative correlation only with the percentage of atypical
forms (P =.01).

Interestingly, the seminal level of P-SH was negatively correlated
with MAI (r = -.340, P = .017) and the total tail abnormalities (r =
-.340, P =.017).

In contrast, none of the sperm morphology characteristics was

correlated significantly to the seminal GST activity (P > .05).

3.7 | Relationship between seminal oxidative stress
parameters with the apoptotic sperm biomarkers and
sperm DNA denaturation

The results in Table 6 illustrate the correlation between seminal oxi-
dative stress parameters with the apoptotic sperm biomarkers and
sperm DNA denaturation, as assessed in all the recruited subjects.

It can be noted that a significant positive correlation exists
between the level of seminal GSH and the proportions of viable
spermatozoa without externalized PS (P = .05). In contrast, the
proportions of viable spermatozoa with externalized PS were neg-
atively and significantly correlated with the seminal level of GSH
(P =.02).

Furthermore, we noted another positive correlation between
seminal P-SH concentration and the proportions of dead spermato-
zoa (P = .03). Interestingly, a positive and significant correlation was
observed between the seminal level of oxidized glutathione and the

proportion of spermatozoa with denatured DNA (P = .02).

3.8 | Relationship between the
oxidative parameters

Correlation between the studied oxidative parameters was also in-
vestigated in teratozoospermic men and controls and reported in
Table 7. Our study showed a negative correlation between GSH and
GSSG contents (P = .012) in seminal plasma of the studied groups.
In contrast, a positive relationship was found between seminal GSH
level and seminal P-SH (P = .036).

4 | DISCUSSION

Sperm DNA integrity of men with teratozoospermia has recently
been the subject of intense research studies which reported that
these subjects show high levels of sperm nuclear defects.®*&3¢

However, the origins of such defects are still a matter of debate. It
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TABLE 6 Relationship between sperm morphology
characteristics and seminal oxidative stress biomarkers. N = 89;
control group n = 20; teratozoospermic group n = 69

GSH GSSG GST P-SH
Atypical forms (%) r=-.281 r=.268 r=-.027 r=-.114
P=.009 P=.01 P=.427 P=.247
Head r=-118 r=.165 r=.036 r=-046
abnormalities (%) p_ 149 p-079 P=.402 P=.103
Acrosomal r=-.222 r=.208 r=.058 r=-.101
abnormalities (%) p_ 034 p-.036 P=.345 P=.247
Tail abnormalities r=-.205 r=.107 r=.055 r=-.350
(%) P=04 P=.180 P=.355 P=.016
Midpiece r=-003 r=-139 r=.208 r=.057
abnormalities (%) p_ 490 p-117 P-=478 P=.366
Multiple anomalies r=-.149 r=.088 r=-.055 r=-.354
index P=113 P=.227 P=.355 P=.015
DNA denaturation r=-.122 r=.318 r=.106 r=-.020
(%) P=193 P=.02 P=.266 P=.459
MiTo PT (%) r=-201 r=.265 r=-364 r=.247
P=.246 P=.152 P=.168 P=.261
Viable cells (%) r=196 r=-146 r=-231  r=.003
P=.05 P=.104 P=.055 P=.493
Apoptotic cells (%) r=-.246 r=.070 r=-.146 r=-.003
P=.02 =273 P=.156 P=.493
Necrotic cells (%) r=-.128 r=.081 r=.223 r=-.304
P=.147 P=.243 P=.062 P=.03

Note: Statistical analysis was performed using the Spearman rank-
order correlation test. NS Not significant; viable cells, ANX-/CFDA+;
apoptotic cells, ANX+/CFDA+; necrotic cells, ANX+/CFDA-

is known that both apoptosis and abnormal spermatogenesis and
oxidative stress can cause sperm DNA damage.?””%7 In this study,
we aimed at assessing whether apoptosis and oxidative stress may
be underlying mechanisms of DNA damage related to teratozoo-
spermia. Thus, we determined the level of DNA breaks as well as the
seminal antioxidant status and apoptotic features in sperm ejacu-
lates from men with isolated teratozoospermia.

Regarding sperm DNA damage, we found an elevated percent-
age of spermatozoa with DNA denaturation in the group of infertile
men compared to donors group. In addition, we identified significant
relationships between the rate of DNA denaturation and abnormal
sperm forms, especially those showing defects in head morphology,
in agreement with previous studies.>%%?*! These findings are in
agreement with Ammar et al®and Ammar et al*who used four assays
to evaluate the nuclear sperm integrity of men with isolated tera-
tozoospermia such as TUNEL, single-cell gel electrophoresis (comet
assay), toluidine blue, and acridine orange and showed positive cor-
relations between sperm DNA damage and different features of
morphological abnormalities. Moreover, in vivo study of Cho et al*?
demonstrated that mouse spermatozoa with reduced chromatin sta-

bility and protamine deficiency exhibit abnormal shape particularly

TABLE 7 Relationship between the different oxidative
biomarkers. N = 89; control group n = 20; teratozoospermic group
n =69

Oxidative biomarkers

GSH GSSG GST P-SH
GSH - - - -
GSSG r=-.285

P=.012 - - -
GST r=-172 r=-.029

P=.129 P=.424 - -
P-SH r=.303 r=.035 r=-.148

P=.036 P=.420 P=.213 -

Note: Statistical analysis was performed using the Spearman rank-order
correlation test; NS, not significant

abnormal head morphology, further strengthening the link between
sperm DNA damage and abnormal morphology. In contrast, in the

studies of Zini et al*3, Chan et al**, Donnelly et al,*

no significant
relationships were found between sperm DNA damage as well as
atypical sperm forms and abnormal head morphology).

To detect apoptosis in ejaculated spermatozoa, we used Annexin
V-Cy3 in conjunction with a vital dye (CFDA), allowing to detect
early and late apoptosis (or necrosis).'>*¢#” The percentages of both
necrotic and early apoptotic spermatozoa were significantly associ-
ated with the rate of atypical sperm forms and the rate of various
forms of sperm abnormalities including head and tail. In opposite,
the study by Shen et al*® presented only an association between al-
tered seminal quality and a late stage of apoptosis and suggested
that ejaculated spermatozoa contain only late apoptosis signs being
the process began in testis. However, our data indicate that apopto-
sis can be triggered also during the transit in the male genital tract
and thus signs of early stage of cell death in the ejaculated sperma-
tozoa can be detected as well. Although recent studies support this
hypothesis,?® additional studies are needed to validate this concept.

Another early feature of programmed cell death in ejaculated
spermatozoa is mitochondrial depolarization. Mitochondrial disrup-
tion includes changes in the membrane potential and alterations
to the oxidation-reduction potential of the mitochondria and was
detected by membrane-permeant JC-1 dye which is widely used in
apoptosis studies to monitor mitochondrial health.

We found that men with teratozoospermia showed a signifi-
cantly higher proportion of viable spermatozoa with decreased mi-
tochondrial transmembrane potential than controls in agreement
with other studies.*> We observed also a significant positive
correlation between translocation of PS and loss of mitochondrial
membrane potential further evidencing that early stages of apopto-
sis phenomena might be indeed present in ejaculated spermatozoa
with a high level of atypical sperm forms. However, further studies
are needed to determine the mechanisms leading such plasma and
mitochondria membrane alterations.

As mentioned, alterations of mitochondrial transmembrane

membrane potential and PS externalization are early signs of
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apoptosis in somatic cells; these alterations precede other man-
ifestations of programmed cell death, such as DNA fragmenta-
tion.#¢4%52:53 Consistently, our study demonstrated that the DNA
breaks is associated with the sperm translocation of PS and the loss
of mitochondrial membrane potential.

As mentioned, another mechanism that could generate DNA
damage in infertile men with teratozoospermia is oxidative attack.
In this study, we evaluated important endogenous antioxidants in
humans, which play a central role in the defense against oxidative at-
tacks and toxins such as the GST enzyme and the level of free thiol.
Regarding GST, we observed the presence of a detectable amount of
GST in the seminal plasma of all studied subjects and no significant
difference between the control and the teratozoospermic group.
Data on GST in human seminal plasma are limited.>*

The activity of GST is related to the two forms of GSH, the GSHr,
and the GSSG one. However, there is little information on the effects
of seminal glutathione on semen quality, and the results are contro-
versial. Ochsendorf et al**found a reduction of GSH in men with oli-

5556 and other studies found

gozoospermia compared to fertile men,
GSH levels below the limit of detection (<2.5 uM) in seminal plasma
of the same type of subjects. In our study, the level of GSHr, albeit
detectable in both group of subjects, was lower in teratozoospermic
men compared to fertile men. In contrast, the seminal level of GSSG
was significantly increased in the infertile group. These results were
in line with those obtained by other reports®”>? but in contrast with
reports which could not observe any difference in GSH concentration
between fertile and infertile men.%°

The impairment on seminal GSHr/GSSG levels in the infertile
group may be due to an excessive ROS produced by the abnormal
spermatozoa. Actually, we noted significant correlations between
the percentage of atypical sperm form and the decreased and in-
creased rates of seminal GSHr and GSSG, respectively. Raijmakers

et al!

also noted that median rates of seminal GSH were signifi-
cantly lower in infertile men as compared to controls and found
positive relationships between seminal GSH level and sperm motility
and morphology.

This result provides evidence that GSHr in seminal plasma seems
to protect the quality of sperm cell against oxidative damage and
to improve sperm morphology®? supporting the negative influence
of low seminal glutathione level on semen quality. In fact, GSH can
react directly with ROS by its free sulphydryl groups. During their
presence in extracellular space, GSH is able to react directly with
cytotoxic aldehydes generated during the lipo-peroxidation and thus
protects the plasmatic membrane of spermatozoa.®® Accordingly, we
can suggest that the sperm morphological defect in teratozoosper-
mic samples can be linked to the over-oxidation of sperm protein.

This evidence is confirmed by the lower concentration of pro-
tein sulfhydryl groups (P-SH) in the seminal of men with a high level
of atypical sperm forms observed in our investigation, in agreement
with a previous study.®* The maintenance of P-SH in semen is im-

portant for correct protein folding and activity,®>%¢

and sulfhydryl
protein groups have been recently used as indirect biomarkers of

oxidative stress.®”¢® The positive and significant relationship found
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between GSHr and P-SH confirms that reduction in the seminal GSH
level is associated with the decline of seminal antioxidant capac-
ity and the increase of protein SH depletion leading to low sperm
quality.

Impaired antioxidant status detected in the seminal plasma of men
with isolated teratozoospermia may be an important risk factor for
nuclear sperm defects. Indeed, we have clearly indicated that lower
antioxidant status and decreased P-SH seminal concentrations were
closely associated with an increase in the sperm DNA breaks. These
correlations confirm also the essential role of seminal antioxidants in
the protection of sperm DNA integrity against excessive ROS produc-
tion.**%?-7% Overall, our finding is consistent with data from early reports
demonstrated that teratozoospermic subjects have reduced antioxidant
profile and increased DNA fragmentation in their semen®'!, because
morphologically abnormal spermatozoa have a capacity to produce high
levels of ROS causing DNA strand breaks.>”? Free radicals can attack
the nuclear material, engaging in H-abstraction reactions with the ri-
bose unit and inducing the formation of DNA base adducts. This pro-
cess greatly destabilizes DNA integrity and may ultimately result in the
formation of DNA strand breaks. The damage can be extended by the
presence of poorly compacted sperm chromatin, possibly due to the
impairment of the inter- and intra-protamine disulfide bonds.

Finally, the morphological as well as the biochemical and the nu-
clear alterations were accompanied by remarkable apoptotic signs.
We also observed a statistically significant relationship between im-
paired seminal antioxidant capacity and the level of phosphatidylser-
ine externalization in both live and dead spermatozoa. This finding is
consistent with the idea that ROS are important factors triggering
apoptosis. Indeed, it has been reported that ROS induce cytochrome
c and caspases 9 and 3, ultimately resulting in a high frequency of
single- and double-stranded DNA strand breaks.”>”* On the other
hand, as discussed above, in teratozoospermic semen, ROS mediat-
ing such an attack could result from impaired antioxidant defenses
and morphologically abnormal spermatozoa.

This study has some limitations. The link between the signs of
DNA damage, apoptosis, oxidative stress, and morphological de-
fects was investigated by detecting these variables in the bulk of
semen samples and performing correlation analyses. Concomitant
detection of DNA damage/apoptosis/oxidative stress in morpho-
logical abnormal spermatozoa, when feasible, would strengthen
the results. Another issue is the use of acridine orange assay cou-
pled to fluorescence microscopy which can be biased by a sub-
jective score. However, results obtained here with this assay are
consistent with other studies reporting higher rate of DNA breaks

43,75-77

in men with teratozoospermia and using different tech-

niques to assess sperm DNA fragmentation, like SCD and SCSA.

5 | CONCLUSION

Our study first investigated the association between early apop-
tosis markers, DNA breaks, and seminal oxidative status in sperm

samples of men s with isolated teratozoospermia. Using correlation
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analyses, we showed that sperm DNA defects as well as apopto-
sis and seminal oxidative stress can be interlinked in the context of
teratozoospermia and may constitute a unified pathogenic molecular
mechanism. In fact, ROS generated from morphologically abnormal
spermatozoa as well impaired seminal antioxidant defenses induces
many changes in sperm cells, including membrane and DNA disor-
ders and cell death; they can also act as an inducer of apoptosis in
spermatozoa and in turn promote DNA damage.

Accordingly, combined analysis of oxidative stress, apoptotic
markers, and nuclear defects provides complementary measure-
ments for the evaluation of sperm quality and could contribute to
provide adequate reproductive and genetic counseling for hypofer-
tile men with isolated teratozoospermia.
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