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Sperm DNA integrity does play a crucial role =

for embryo development after ICSI, notably
when good-quality oocytes from young donors
are used
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Abstract

Based on the inconsistent literature published thus far involving infertile patients, whether intracytoplasmic sperm
injection (ICSI) allows overcoming total fertilization failure due to sperm DNA fragmentation is still unclear. Related to
this, female factors, which may have a significant impact on assisted reproduction outcomes, can mask male infertil-
ity. In this scenario, evaluating ICSI outcomes following cycles using healthy donor gametes could shed light on this
realm, as it would avoid the influence of (un)known confounding factors present in infertile individuals. The present
work, therefore, aimed to address whether single- and double-stranded sperm DNA fragmentation leads to impaired
ICSI outcomes in double gamete donation cycles. The study also compared these double-gamete donation cycles

to cycles in which only sperm were donated and oocytes were obtained from infertile patients. Two cohorts were
included: (a) the Donor-Donor (DD) cohort, which included 27 semen donor samples used in 49 ICSI cycles with
young healthy oocyte donors; and (b) the Donor-Infertile (DI) cohort, which involved 34 semen donor samples used
in 57 ICSI cycles with oocytes from patients. Single- and double-stranded sperm DNA breaks were determined with
alkaline and neutral Comet assays, respectively; ICSI was conducted following standard protocols and embryos were
monitored through time-lapse microscopy. In the DD cohort, the percentage of sperm with high overall DNA damage
correlated with fertilization rates (Rs = — 0.666; P<0.001) and with the percentage of blastocysts per injected oocyte
(Rs=— 0.414; P=0.040). In addition, sperm DNA damage delayed the first embryo division (Rs=0.421; P=0.036),
and development from the 8-cell to the morula stage (Rs=0.424; P=0.034). In contrast, double-stranded DNA breaks
had no effect in this cohort. As far as the DI cohort is concerned, while overall sperm DNA damage was not found to
be correlated to fertilization or blastocyst rates, pronuclei formation following ICSI was delayed when the incidence
of double-stranded DNA breaks was high (Rs=0.485; P=0.005). In conclusion, this study, which is the first involving
double donation cycles (i.e, a donor-donor cohort), supports that sperm DNA damage has a detrimental impact on
fertilization rates after ICSI, and delays embryo development. Moreover, the use of oocytes from infertile individuals is
suggested to hide the male-factor effect.
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sperm chromatin is highly condensed during spermato-
genesis, thanks to the replacement of most histones by
protamines [1]. Although this high degree of conden-
sation is useful to prevent enzymatic activity in most
regions of sperm DNA, thus blocking the effects of nucle-
ases [2], sperm cells may suffer genetic damage due to
an intrinsic or external increase of reactive oxygen spe-
cies, which causes oxidative stress at testicular and/or
post-testicular stages [3]. Because gene transcription is
completely interrupted in mature sperm cells, DNA alter-
ations, such as oxidized or deaminated bases, adducts,
crosslinks and single-strand or double-strand breaks,
cannot be repaired. In this scenario, the capacity of
oocytes to overhaul paternal DNA insults after fertiliza-
tion is crucial to supply the future organism with a com-
plete, uninterrupted and non-mutated genome [4—6].

In somatic cells, the presence of non-repaired DNA
breaks in the genome is deleterious and induces apop-
tosis [7]. Regarding germ cells, mounting evidence in
humans and animal models points out that DNA frag-
mentation in sperm is related to male-factor infertil-
ity, reducing the occurrence of natural pregnancy and
increasing the number of attempts needed to conceive
[8-10]. Yet, whether sperm DNA damage detrimentally
affects embryo development following assisted reproduc-
tive treatments (ART) has been a topic of much debate
among scientists and clinicians in the last decades. In
effect, while some studies reported that sperm DNA
fragmentation negatively affects embryo development in
humans [11-16], others found no influence [17-21]. This
controversy also underpinned the opposite recommenda-
tions given by the different human reproduction societies
regarding the management of patients with high sperm
DNA damage [22-24]. Hence, an unequivocal answer to
this question is vital to establish whether this variable has
a prognostic value for infertile couples; if so, this could
help determine the most suitable ART treatment in each
case.

On the way towards addressing this controversial mat-
ter, potential factors biasing data have been identified [22,
25]. First, female factors have to be taken into considera-
tion when investigating male infertility. This is especially
pertinent in studies including infertile couples, where
impaired oocyte quality can either be competent to repair
sperm DNA [26, 27], or bring additional alterations in
embryo development [28]. Indeed, because oocytes are
arrested at meiotic prophase I since fetal stages, they
are more likely to accumulate alterations and exhibit
reduced fertilizing ability in women with advanced age
[29-32]. Second, alterations in sperm count, motility
and morphology may result from unknown physiologi-
cal or molecular alterations that ultimately affect embryo
development [33-36]. Third, the assessment of sperm
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DNA integrity is not standardized among laboratories,
and methods with superior sensitivity rather than the
indirect ones may be needed to estimate DNA damage
in sperm cells with highly condensed chromatin [37-40].
Also, whether DNA breaks are single or double should
be considered as an important factor related to clinical
outcomes [41-43]. Finally, methodological procedures
such as the selection of a single sperm cell in ICSI versus
IVF [44-47], or the uninterrupted embryo culture moni-
tored under time-lapse versus sequential culture [48,
49] may cause a bias with respect to the whole sample
measurement.

Studies conducted in animal models unequivocally
show that induced sperm DNA fragmentation adversely
affects IVF and ICSI outcomes [50]. In human infertile
couples, the latest and largest meta-analysis including
more than 12,000 ART cycles revealed that while sperm
DNA fragmentation has a negative impact on assisted
reproductive outcomes after conventional IVE, it does
not have the same effect in ICSI; substantial heterogene-
ity and the existence of a publication bias could explain
these non-conclusive results [25]. Conducting further
research to shed light on whether sperm DNA damage
alters ICSI outcomes is, therefore, much warranted.

The present work aimed to evaluate if DNA damage
exerts a negative impact on assisted reproductive out-
comes after ICSI, when donor sperm and oocytes from
healthy young donors are involved. In addition, whether
the impact of sperm DNA damage on embryo develop-
ment changed when oocytes from infertile women were
microinjected was also determined.

Results
Semen donor parameters and descriptive data
for donor-donor (DD) and donor-infertile (DI) cohorts
The present work aimed to determine the impact of
sperm DNA breaks on ICSI outcomes when donor or
patient oocytes are used. For this purpose, whether
populations of semen donors of each cohort (i.e., oocyte
donation, DD; or cycles with the own couple’s oocytes,
DI) were comparable was first examined. As shown in
Table 1, no significant differences between men popula-
tions were observed for any of the assessed sperm param-
eters (P>0.05). Regarding females, the age of the patient
(i.e., woman receiving embryos) was greater in the donor-
donor than in the donor-infertile cohort (P <0.0001), but
women providing oocytes were younger in the donor-
donor cohort (P<0.0001). No differences in weight or
body mass index of females providing oocytes or receiv-
ing embryos were observed between cohorts (P>0.05).
ICSI and clinical outcomes for both cohorts are shown
in Table 2. While the number of fertilized oocytes, the
number of blastocysts and the number of embryos
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Table 1 Sperm quality parameters in donor samples used in the cycles involving oocyte donors (donor-donor cohort) and in those

using oocytes from patients (donor-infertile cohort)

Donor-donor cohort Donor-infertile cohort P-value
Mean +SD 95% Cl Mean +SD 95% Cl
Fresh semen
Total sperm count (x 106 sperm) 294141258 [2453 10 342.9] 245241431 [195.3t0 295.2] 0.163
Sperm concentration (x 106 sperm / mL) 8539+3147 [73.191t0 97.59] 81.82+3557 [68.80 t0 93.62] 0.484
Progressive motility (%A + B) 60.73£11.73 [56.18 t0 65.27] 60.93+12.89 [56.43 to 65.43] 0.924
Non-progressive motility (%C) 745+463 [5.66 t0 9.25] 7.84+4.56 [6.25 t0 9.43] 0.706
Immotile sperm (% D) 31.82+10.09 [27.91 t0 35.74] 31.23+£12.19 [26.98 t0 35.49] 0.595
Motile sperm selection after thawing
Concentration (M/mL) 3442+£17.83 [27.50 to 41.33] 37.22+£19.67 [30.36 to 44.08] 0.557
Progressive motility (%A + B) 35.84410.99 [31.58t040.11] 372548599 [34.25 t0 40.25] 0610
Non-progressive motility (%C) 6.754+3.59 [5.35t08.14] 7.8034+4.383 [6.27 t0 9.33] 0.444
Immotile sperm (% D) 5741+£12.55 [52.54 10 62.27] 549441040 [51.311t058.57] 0441
Morphology
Abnormal shapes (%) 84.32+356 [82.94 to 85.70] 83.79+£3914 [82.43 10 85.16] 0.785
Head Anomalies (%) 5543+9267 [51.84 t0 59.02] 53.65+9422 [50.36 to 56.93] 0.524
Flagellum abnormalities (%) 1.824+1.16 [1.37to 2.27] 1654+1.13 [1.26 to 2.04] 0.519
Mixed Abnormalities (%) 27.07£9.100 [23.54 t0 30.60] 2847+£10.54 [24.79 10 32.15] 0.675

Table 2 Data for ART cycles in each cohort (donor-donor or donor-infertile). (A) Female physiological parameters and (B) embryo

development

Donor-donor cohort Donor-infertile cohort P-value
Average +SD 95% ClI Average +SD 95% Cl
A
Age of female patient (years) 43.25+4.019 [42.13 to 44.37] 36.91+5.548 [35.45 to 38.37] <0.0001
Weight of female patient (kg) 62.5+1157 [59.28 t0 65.72] 5896+17.3 [5441 t0 63.51] 0418
BMI of female patient 2291+£3549 [21.92t0 23.9] 21.14£6.013 [19.56t0 22.72] 0.107
Age of the woman who provides oocytes (years) 25.17+£4.057 [24.04 t0 26.3] 369145548 [35.45 t0 38.37] <0.0001
Weight of the woman who provides oocytes (kg) 60.52+9.948 [57.75 10 63.29] 5896+173 [54411t063.51] 0.789
BMI of the woman who provides oocytes 22243138 [21.33t0 23.08] 21.14+£6.013 [19.56 t0 22.72] 0.557
B

Average number of MIl oocytes recovered 16.15+13.62 [10.76 t0 21.54] 1565+ 11.65 [11.58t0 19.71] 0.865
Average number of fertilized embryos 11.78+£9.79 [7.91 to 15.65] 11.21+£894 [8.09 to 14.33] 0.928
Average number of blastocysts 7.26+574 [4.99 t0 9.53] 5624525 [3.79t0 7.45] 0.138
Average number of embryos transferred per donor 2114185 [1.38t0 2.84] 2.0941.90 [143to 2.75] >0.999
Fertilization rate (%) 7576 +17.62 [68.92 to 82.59] 71.89+14.77 [66.65 to 77.13] 0.275
Blastocyst rate (%) 61.55£19.65 [53.93 t0 69.17] 50.38+£16.89 [44.39 t0 56.37] 0.021°
Blastocysts/MIl cocytes injected (%) 482742206 [39.71 t0 56.82] 3563+1257 [31.17 t0 40.09] 0.006°
Pregnancy/embryo transfer (%) 61.40% (35/57) 46.47% (33/71) 0.093
Cumulative pregnancy/cycle (%) 71.42% (35/49) 57.89% (33/57) 0.147
Live birth/embryo transfer (%) 56.14% (32/57) 38.02% (27/71) 0.041°
Cumulative live birth/cycle (%) 65.30% (32/49) 47.37% (27/57) 0.064
Miscarriage rate/pregnancy (%) 8.57% (3/35) 18.18% (6/33) 0.242

Bold indicates statistically significant P-values

A corresponds to female physiological parameters, B corresponds to embryo development parameters
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transferred for each donor (P>0.05) did not differ
between cohorts, blastocyst rates and percentages of
blastocysts obtained per oocyte injected were higher
in the donor-donor than in the donor-infertile cohort
(P=0.021 and P=0.006). Although rates of pregnancy
per transfer and those of cumulative pregnancy per cycle
tended to be lower in the donor-infertile than in the
donor-donor cohort, the differences were not statistically
significant (P=0.093 and P=0.147, respectively). Live-
birth rates per embryo transfer were lower in the donor-
infertile than in the donor-donor cohort (P=0.041), but
rates of cumulative live birth per cycle did not reach sta-
tistically significant differences P=0.064). Miscarriage
rates were similar between the two cohorts (P=0.242).

Basic seminal parameters in male donors do not have

an impact on ICSI outcomes, regardless of the oocyte
origin

As shown in Fig. 1, no correlation between most con-
ventional semen variables (sperm count, motility and
morphology) and ICSI outcomes (fertilization and
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blastocyst rates) was observed in any of the cohorts stud-
ied (P>0.05). Only a correlation between the percentage
of non-progressively motile sperm and the percentage
of blastocysts in the donor-infertile cohort was found
(P<0.05).

Overall DNA damage in sperm is correlated to fertilization
rates and the percentage of blastocysts only in cycles

with donor oocyte

As routine basic semen parameters showed no effect on
embryo outcomes, whether the incidences of overall and
double-stranded sperm DNA breaks influence embryo
development was tested. It was first confirmed that nei-
ther the incidence of overall sperm DNA breaks nor that
of the double-stranded ones differed between the two
men populations involved in each cohort (i.e., double
donation cycles and cycles including oocytes from infer-
tile couples; Table 3). Afterwards, correlations between
sperm DNA damage and ICSI outcomes were calculated
(Fig. 2). In the donor-donor cohort, the incidence of over-
all sperm DNA breaks (OTM) was found to be negatively
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Fig. 1 Correlation coefficients (upper value) and P-values (bottom value) between basic seminal parameters and ICSI outcomes in cycles involving
oocyte donors (donor-donor cohort) and in cycles using oocytes from patients (donor-infertile cohort). (*) indicates statistically significant
correlations (P <0.05)
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Table 3 Incidence of overall DNA damage (alkaline Comet) and of double-stranded breaks (neutral Comet) in donor sperm, and
percentages of sperm with low, medium or high DNA fragmentation

Donor-donor cohort Donor-infertile cohort P-value
Average+SD 95% Cl Average+SD 95% Cl
Global incidence of DNA breaks (Alkaline comet OTM) 32.57+6.86 [29.80-35.34] 32.89+7.62 [30.23-35.55] 0915
Percentage of sperm with low incidence of DNA damage (% low alkaline 3271£2370 [2293-4249] 32.73£2430 [24.11-41.35] 0.999

Comet)

Percentage of sperm with medium incidence of DNA damage (% medium 470541622  [40.35-53.74] 461241598 [4045-51.79] 0916
alkaline Comet)

Percentage of sperm with high incidence of DNA damage (%high alkaline 2024+£18.15 [12.75-27.74] 21.18+£1845 [14.64-27.72] 0.928
Comet)

Incidence of double-stranded DNA breaks (Neutral comet OTM) 3294227 [241-4.17] 3324+1.89 [2.66-3.98] 0.471

Percentage of sperm with low incidence of double-stranded DNA breaks (% 89.374+17.37 [82.64-96.11] 894441511  [94.17-94.71] 0.533
low neutral Comet)

Percentage of sperm with medium incidence of double-stranded DNA 10.15£16.50  [3.75-16.55]  10.18+£1452  [5.11-1524] 0.533
breaks (%medium neutral Comet)

Percentage of sperm with high incidence of double-stranded DNA breaks 048£1.11 [0.051-0.91] 044+0.79 [0.17-0.72] 0.850
(%high neutral Comet)
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Fig. 2 Correlation coefficients (upper value) and P-values (bottom value) between different types of sperm DNA damage and ICSI outcomes in
cycles involving oocyte donors (donor-donor cohort) and in cycles using oocytes from patients (donor-infertile cohort). (*) indicates statistically
significant correlations (P < 0.05)

correlated to fertilization rate (Rs=— 0.565; P=0.003) to fertilization rate (Rs=— 0.666; P<0.001) and to the
and with the percentage of blastocysts over the num- percentage of blastocysts over the number of injected
ber of injected MII-oocytes (Rs=— 0.395; P=0.046). MlIlI-oocytes (Rs=— 0.414; P=0.040). Remarkably, the
Similarly, the percentage of sperm with high overall aforementioned correlations were not seen in the donor-
DNA damage was observed to be negatively correlated infertile cohort (P>0.05).
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Overall DNA damage in sperm delays embryo
development in the donor-donor cohort

Having found that overall DNA damage in sperm was
correlated to ICSI outcomes in the donor-donor but
not in the donor-infertile cohort, and because the two
cohorts differed in blastocyst but not in fertilization rates,
we surmised that, while poor-quality oocytes could fail to
repair sperm DNA damage and thus become arrested,
the good-quality ones would repair these sperm DNA
breaks. This would cause a delay but embryos would con-
tinue to develop. To test this hypothesis, embryo kinetics
through time-lapse were determined and correlated with
variables assessing sperm DNA damage (Fig. 3).

In the donor-donor cohort, the incidence of overall
DNA breaks in sperm (OTM) was found to be correlated
with the time required for the formation of pronuclei,
the time required for the disappearance of pronuclei,
and the time spent to reach the 2-cell (t2) and morula
stages (P<0.05, Fig. 3). In addition, the incidence of
overall DNA breaks in sperm was observed to be corre-
lated to the time elapsed between the 8-cell and morula
stages (Rs=0.424; P=0.034). Moreover, the proportion
of sperm with an intermediate overall DNA damage was
found to be correlated to the time needed for the embryo
to reach the blastocyst stage (Rs=0.497; P=0.01), and
the proportion of sperm with high overall DNA fragmen-
tation was seen to correlate to the time required for the
embryo to reach the 2-cell stage (Rs=0.440; P=0.031).
In contrast, neither the incidence of double-stranded
DNA breaks (OTM) nor the percentage of sperm with
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double-stranded DNA damage correlated with embryo
kinetics (P> 0.05, Fig. 3).

In the donor-infertile cohort, no parameter evaluating
overall DNA damage in sperm was found to be corre-
lated to embryo kinetics (P>0.05, Fig. 3). The incidence
of double-stranded DNA breaks, however, correlated to
the time between ICSI and the formation of pronuclei
(Rs=0.485; P=0.005) and that needed for the embryo to
reach the 4-cell stage (Rs=0.404; P=0.022).

A high incidence of sperm DNA breaks leads to earlier
embryo development arrest

In previous analyses, sperm DNA damage was observed
to delay embryo development. This, nonetheless, does
not necessarily entail an arrest of that development. To
investigate this further, whether the incidence of sperm
DNA breaks or the percentage of sperm with fragmented
DNA were correlated to the time that embryo arrest
occurred was tested in the two cohorts.

On the one hand, the incidence of sperm DNA breaks,
either overall or double-stranded, was not found to be
correlated to the day that embryo arrest occurred, in
any of the two cohorts (P>0.05). Yet, a tendency close to
statistical significance was observed for the correlation
between the incidence of overall DNA breaks in sperm
and the day of embryo arrest in the donor-donor cohort
(Rs=— 0.386; P=0.062).

On the other hand, the percentage of sperm with low
or inexistent overall DNA damage correlated to the day
of embryo arrest in the donor-donor cohort (Rs=0.458;
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(% high alkaline Comet) | 0,091 | 0.051 | 0.031 | 0. 1366 | 0.057 | 0.631 0.864 | 0.842 | 0.762 | 0.653 | 0,693 | 0.759 | 0.407
[ Global incidene of double-stranded breaks | g 183 | 0.332 | 0.299 | 0.180 | 0.038 | -0.037 | -0.208 0.084 | 0.404%| 0.096 | 0.076 | -0.013
w (Neutral Comet OTM) | 0.362 | 0.091 | 0.130 | 0.369 | 0.851 | 0.856 | 0.307 0.648 | 0.022 | 0.602 | 0.685 | 0.945
S % Sperm with low double-stranded breaks | g 345 | 9,320 | .0.320 | -0.208 | -0.064 | -0.091 | 0.084 | | -0.255 | 0.012 | 0.031 | -0.298 | 0.022 [ -0.173 | 0.034
ot (% low neutral Comet) | 9710 | 0.103 | 0.104 | 0298 | 0.750 | 0.652 | 0.682 0.160 | 0.947 | 0.865 | 0.097 | 0.905 | 0.352 | 0.857
é % Sperm with medium double-stranded breaks | ¢ 38 | 0.304 | 0.312 | 0.154 | 0.037 | 0.094 | -0.137 0.260 | -0.015 | -0.036 | 0.293 | -0.027 | 0.169 | -0.025
E (% medium neutral Comet) | 0095 | 0.123 | 0.113 | 0.443 | 0.856 | 0.641 | 0.505 0.151 | 0.935 | 0.844 | 0.104 | 0.883 | 0.363 | 0.893
u % Sperm with double-stranded breaks | g 438 | 0.225 | 0.103 | 0.200 | -0.023 | -0.116 | -0.064 0.046 | 0.014 | 0.089 | 0.118 | 0.046 | -0.112 | -0.193

(% high neutral Comet) | 0494 | 0.259 | 0.610 | 0.318 | 0.911 | 0.563 | 0.755 0.801 | 0.940 | 0.628 | 0.521 | 0.801 | 0.550 | 0.298
Fig. 3 Correlation coefficients (upper value) and P-value (bottom value) between sperm DNA damage and the time required for the embryo to
reach a specific development stage. (*) indicates statistically significant correlations (P < 0.05)
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P=0.028; Fig. 4A), but not in the donor-infertile one
(Rs=0.244; P=0.185, Fig. 4B). Finally, the percentage of
sperm with double-stranded DNA breaks did not cor-
relate with the day of embryo arrest in any of the two
cohorts (P> 0.05, Fig. 4C, D).

Discussion

Previous research showed that sperm DNA breaks have
an adverse effect on natural reproduction [51]. Further-
more, the most recent meta-analysis assessing the impact
of paternal genotoxic damage on ART outcomes sup-
ported that alterations in sperm DNA exert a detrimental
impact on conventional IVFE. Yet, this meta-analysis also
evidenced a lack of consensus in the case of ICS], as only
50-60% of the studies reported a negative effect of sperm
DNA damage on laboratory and clinical outcomes [25].
Gaining further knowledge on this topic is of outmost
importance because understanding the factors reduc-
ing ICSI effectiveness is likely to help while providing
advice on the best treatment to couples with implanta-
tion failures. As described in the Introduction, however,
ICSI outcomes in infertile couples may be influenced and
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biased by many factors. For these reasons, the influence
of sperm DNA integrity on ICSI outcomes in the pre-
sent work was evaluated using semen and oocytes from
healthy young donors (donor-donor cohort); the results
were compared with those of cycles in which oocytes
came from patients (donor-infertile cohort).

To the best of the authors’ knowledge, this is the first
study investigating the effects of sperm DNA damage
on ICSI outcomes in a donor-donor cohort (i.e., dou-
ble donation cycles), providing a new angle to address
the issue. As the influence of sperm DNA integrity on
ICSI outcomes was interrogated in the two cohorts,
how the origin of oocytes shapes that influence could
be addressed and confounding female factors could be
avoided. The main conclusion of this approach was that
sperm DNA integrity does have an impact on ICSI out-
comes, particularly when donor, good-quality oocytes
are used. In contrast and as data from the donor-infer-
tile cohort (i.e., oocytes from infertile women were ferti-
lized) showed, oocyte quality could have a major impact
on embryo development and thus mask the effects of
sperm DNA damage. Interestingly, embryo kinetics data
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from the donor-donor cohort indicated that the inci-
dence of overall DNA breaks in sperm has an influence
on the times elapsed for pronuclear formation and dis-
appearance, the interval needed for the fertilized oocyte
to reach the 2-cell stage, and the length of the transi-
tion from the 8-cell to morula stages. These effects were
not observed when oocytes from infertile women were
involved (donor-infertile cohort), as only the incidence
of double-stranded DNA breaks in sperm was related to
embryo kinetics, thus suggesting that this type of breaks
may have a greater impact in development.

Conventional spermiogram parameters were not
detected to be associated to fertilization or blastocyst
rates, in line with what reported previously in double
donation studies [52], research involving infertile men
and oocyte donors [53], and studies including infer-
tile males and females [54—56]. The lack of associa-
tion between these sperm variables and ICSI outcomes
demands clinicians and researchers to intensify investi-
gations into molecular biomarkers that may be used to
predict ART success and understand the complex mul-
tifactorial etiology of infertility. In the present study,
both the incidence of overall DNA breaks in sperm and
the percentage of sperm with high DNA damage were
noticed to correlate to fertilization and blastocyst rates
when the two gametes came from healthy donors (ie.,
donor-donor cohort). The same results, nevertheless,
were not observed when oocytes from infertile patients
were involved (i.e., donor-infertile cohort), even though
blastocyst rates were lower. Because the only difference
between the two cohorts was the origin of the oocytes,
these data clearly suggest that the impact of sperm DNA
integrity on ICSI outcomes relies upon oocyte quality.
Hence, one may thus reasonably posit that the differ-
ences in the origin of oocytes could be one of the reasons
to explain the inconsistencies in the literature about the
actual influence of sperm DNA integrity on ICSI out-
comes, particularly when infertile patients are commit-
ted [57, 58]. In effect, while a previous work including
infertile males showed that the male factor had a great
impact on pregnancy outcomes when oocytes from infer-
tile or older women were used [14, 59] and another study
using donor oocytes reported an association between
sperm genotoxic damage and ICSI outcomes [60], other
researchers concluded that sperm DNA damage in infer-
tile males was not associated to ICSI outcomes, regard-
less of the oocyte origin [17]. Whilst these three opposite
results clearly reflect the controversy on the topic, one
has to note that all them were conducted in infertile
males; yet, the current study is the first to approach
the matter in a double donation cohort. Indeed, the
fact that the influence of different types of sperm DNA
breaks (single- and double-stranded) on ICSI outcomes
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was evaluated with respect to the oocyte origin (own
or donated) is one of the strengths of this study, as it
reduces the risk of bias due to unknown alterations in
male or female gametes from infertile individuals [29, 30,
35]. Moreover, as this work involved donor sperm, it is
worth mentioning that although three different grades of
sperm DNA damage could be established, figures fell into
the normal range and, thus, infertile individuals could
present greater sperm DNA fragmentation [10].

A remarkable finding of this study was that not only
were ICSI outcomes poorer when oocyte from patients
were involved, but correlations between sperm DNA
damage and those outcomes were lost. These find-
ings suggest that the effects of sperm DNA damage
on ICSI outcomes may be hidden when oocyte qual-
ity is diminished, and thus support that oocyte altera-
tions have a larger influence on embryo development
than sperm DNA breaks do. This is in agreement with
previous research reporting that oocyte quality is one
of the main causes of embryo aneuploidy and implanta-
tion failure [29, 61, 62]. Conversely, when oocytes from
greater quality—because they come from donors—were
involved, ICSI outcomes were better and it was thus eas-
ier to determine the influence of sperm DNA integrity on
embryo development. This would not obviously exclude
that sperm DNA fragmentation could worsen ICSI out-
comes if gametes from male and female patients are com-
bined, as suggested by previous studies [13, 59, 63].

The fact that sperm DNA fragmentation influences
ICSI outcomes suggests that embryos activate DNA
damage repair (DDR) mechanisms when they have
to deal with broken paternal DNA. Previous works
demonstrated that the canonical DNA damage repair
pathways present in somatic cells may also be active
in oocytes and embryos [4, 5]. Thanks to these mech-
anisms, DNA mismatches, excision of bases (BER),
single-stranded breaks and double-stranded breaks
(non-homologous end joining, NHE]; and homologous
recombination, HR) can be repaired [64]. The activa-
tion of these mechanisms appears to slow down DNA
replication and embryo development [65-67]. Herein,
whether sperm DNA breaks in donors could bring to
the activation of these mechanisms and delay embryo
development was tested through embryo time-lapse
assessment. Interestingly, positive correlations of the
incidence of overall DNA damage in sperm with the
time required for the formation of pronuclei, their
disappearance, and the time spent until the embryo
divided for the first time were observed. As sperm cells
contain one of the first enzymes of the BER pathway,
8-oxoguanine DNA glycosylase (OGG1) [68], zygotes
could follow this route to repair chromatin oxida-
tive damage, thus delaying the initial stages of embryo
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development [69]. In addition, because protamine-
condensed paternal chromatin is inherited along with
the nuclear matrix, and previous works suggested
that double-strand break ends may be attached to the
nuclear matrix [70], the zygote would have the oppor-
tunity to repair paternal DNA breaks at very early
development stages through NHE] or HR [6]. Moreo-
ver, the activation of BER, HR and NHE] mechanisms
could explain the delay in the formation of zygotes and
in their further development, while leading to high
blastocyst rates. According to the results of this study,
after embryos underwent the first division, there was
no correlation between sperm DNA damage and the
kinetics of the second and third division. This contrasts
with the positive correlation observed between the
incidence of overall DNA damage in donor sperm and
the time elapsed for the transition of the 8-cell to the
morula stage. Similarly, a delay in embryo development
was observed in infertile couples when sperm with a
high incidence of double-strand breaks were used [42].
Herein, a combination of single- and double-stranded
breaks appeared to have similar effects on embryo
development in the donor-donor cohort, which could
be related to the higher capacity of the DDR mecha-
nism in oocytes from healthy individuals [71, 72]. It
is worth emphasizing that, while this is the first study
assessing the relationship between sperm DNA damage
and ICSI outcomes in a donor-donor cohort, the results
obtained herein concur with previous research using
sperm from infertile patients and donor oocytes, where
slower embryo development was observed when sperm
DNA fragmentation was high [73-75].

The present work also showed that the occurrence
of embryo arrest was correlated with the percentage
of sperm with high DNA damage in the donor-donor
cohort. Related to this, earlier research demonstrated
that sperm with extensive DNA damage may drive to
embryo arrest following ICSI, probably because DNA
replication is impaired due to the activation of the
S-phase or spindle-assembly checkpoints [65, 76]. In
addition, at early blastocyst stages, apoptosis may be trig-
gered in response to sperm DNA damage, thus arresting
those embryos that present a high degree of chromosome
fragmentation or unrepaired DNA [66, 77].

Finally, regarding clinical outcomes, this study dem-
onstrated that while pregnancy/embryo transfer and
cumulative pregnancy/cycle rates were not significantly
different between cohorts, live birth rates per embryo
transfer were statistically lower in the donor-infertile
cohort than in the donor-donor one. This observation is
consistent with the greater effect of the female counter-
part on postimplantational events, and agrees with previ-
ous results published in the literature [32, 78, 79].
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Conclusions

In conclusion, this study, which is the first involving a
donor-donor gamete cohort, demonstrated that sperm
DNA integrity does have an influence on fertilization
and blastocyst rates after ICSI. In addition, the incidence
of DNA breaks in donor sperm was found to be associ-
ated to a delayed embryo development, suggesting that
the DDR mechanism is activated at zygote and morula
stages. Because these relationships were not observed
when oocytes from patients were involved, the possibil-
ity that female factors mask the paternal effects in ICSI
cycles is very likely.

Material and methods

Participants, semen samples and ethics

Semen samples coming from 61 healthy male donors
were provided for ICSI cycles under a semen donation
program. These samples were split into two groups: (a)
27 were used in 49 ICSI cycles, microinjecting oocytes
from healthy young donors (donor-donor cohort), and
the other 34 were utilized in 57 ICSI cycles involving
oocytes from infertile patients diagnosed with primary
infertility (donor-infertile cohort). Inclusion and exclu-
sion criteria for semen donors were: good overall health,
normal karyotype, lack of urinary tract infections, lack
of previous history of hereditary or sexually transmitted
diseases, and good seminal quality. Detailed criteria for
inclusion/exclusion of semen donors in the present study
are shown in Additional file 1: Table S1, and values for
the available male donor characteristics are summarized
in Additional file 1: Table S2.

For oocyte donors, general inclusion criteria were being
less than 34 years old, having a normal karyotype, lack of
history of hereditary or sexually transmitted diseases, not
suffering from anatomical or endocrine alterations, and
not having a low ovarian reserve. A more detailed list of
the screenings conducted before the inclusion of oocyte
donors can be found in Additional file 1: Table S1.

Men collected semen samples by masturbation into
a sterile cup after two to five days of sexual abstinence.
Immediately after ejaculation, samples were brought to
the laboratory, where they were allowed to liquefy for
30 min at 37 °C. Afterwards, an aliquot of the sample was
designed to assess basic semen parameters, including
pH, volume, concentration, sperm count, motility and
morphology. The remaining volume was cryopreserved
following the protocol described below; cryopreserved
samples were intended to the evaluation of sperm DNA
integrity and were used for ICSI.

This investigation complied with the Spanish leg-
islation and the Helsinki Declaration for Biomedical
Research. All donors signed an informed consent; the
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study was approved by the Ethics Committee of Hos-
pital Doctor Josep Trueta, Catalan Health Institute
(Girona, Spain; ref. PTI-HUMA 10012018).

Evaluation of sperm concentration, motility

and morphology

After samples liquefied completely, a basic sperm anal-
ysis was conducted following the instructions of the 5th
Edition of WHO Laboratory Manual for the Examina-
tion and Processing of Human Semen [80]. First, mac-
roscopical parameters (volume, viscosity and pH) were
evaluated. Volume was assessed through a volumetric
flask, viscosity (normal or viscous) was determined
using a Pasteur pipette, and pH was measured with a
pH test strip (range 6.0 to 10.0), which was compared
to a calibration one. Regarding microscopical evalu-
ation, sperm motility was estimated using an auto-
mated sperm analysis system (LensHooke® X1 PRO
[X1 PRO], Bonraybio, Taichung, Taiwan), following
the manufacturer’s instructions. Concentration was
recorded as sperm count/mL. For motility, percentages
of sperm cells with progressive motility (% type A+ %
type B) and non-progressive motility (% type C), and
those of immotile sperm (% type D) were evaluated.
Sperm morphology was assessed through Diff-Quick
staining (RAL Diagnostics, Martillac, France) follow-
ing the manufacturer’s protocol. Percentages of mor-
phologically abnormal sperm were determined under
a bright-field microscope at 1000 x . Abnormalities in
the flagellum, alterations in the sperm head and mixed
abnormalities were also considered.

Cryopreservation and thawing of sperm samples
Cryopreservation was conducted following a routinely-
established protocol at the semen bank. Briefly, sperm
were slowly mixed with Freezing Medium (Fujifilm
Irvine Scientific, Santa Ana, CA, USA), which contains
TEST-yolk buffer, at a 1:1 (v:v) ratio. After that, the mix-
ture was packaged into labelled straws, which were sus-
pended in nitrogen vapors for 20 min. Immediately after,
straws were plunged into liquid nitrogen and stored until
required.

For thawing, straws were incubated at room tempera-
ture for 40 s, and at 30 °C for further 40 s. Following this,
the two straw ends were cut with sterile scissors, and
sperm were transferred into sterile tubes. Next, samples
were slowly diluted in PureSperm Wash medium (Pure-
Sperm, Nidacon, Sweden) at 37 °C, centrifuged at 300 g
and room temperature for 5 min, washed again in the
same medium tempered, and adjusted to a concentration
of 2 x 10° sperm/mL.
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Comet assay

Alkaline and neutral Comet assays were carried out to
evaluate the incidence of single- and double-stranded
DNA breaks, respectively. The protocol was based on
that described before by Casanovas et al. [42], with
some modifications in data analysis.

Preparation of sperm-agarose slides and lysis of samples
Sperm concentration was adjusted to 1x 10°® sperm/
mL. Thereafter, samples were mixed with 1% low melt-
ing point agarose (37 °C) at a 1:2 (v:v) ratio, reaching
an agarose concentration of 0.66%. Subsequently, 6.5 pL
of the mixture was placed onto 1% agarose pre-treated
slides for gel adhesion, and covered with a coverslip.
Agarose-sample mixture was allowed to jellify at 4 °C
for 5 min on the top of a metal plate; next, coverslips
were gently removed. Two slides were prepared, one
for the alkaline Comet and one for the neutral Comet.
Both slides were immersed into the first lysis solution
containing 0.8 M Tris—HCI, 0.8 M DTT and 1% SDS
(pH=7.5) for 30 min, and then in the second lysis solu-
tion containing 0.4 M Tris—HCl, 0.4 M DTT, 50 mM
EDTA, 2 M NaCl and 1% Tween20 (pH=7.5) for fur-
ther 30 min. After these two incubations, slides were
washed in distilled water for 2 min.

Electrophoresis and dehydration

Different protocols were followed for each Comet anal-
ysis. For the alkaline Comet, slides were incubated in a
cold alkaline solution (4 °C) containing 0.03 M NaOH
and 1 M NaCl for 5 min, and electrophoresed in an alka-
line buffer (0.03 M NaOH; pH=13) at 1 v/cm for 4 min.
For the neutral Comet, slides were electrophoresed in a
TBE buffer (0.445 M Tris—HCI, 0.445 M Boric acid and
0.01 M EDTA; pH=38) at 1 v/cm for 12.5 min, and sub-
sequently incubated in a 0.9% NaCl solution for 2.5 min.
After electrophoresis, both slides were submerged into
a neutralization solution containing 0.4 M Tris—HCl
(pH=7.5) for 5 min, and dehydrated in an ethanol series
(70%, 90%, and 100%; 2 min each step). Finally, slides
were dried horizontally.

Staining and imaging

Comets were stained by incubation of dried slides with
1 x SYTOX orange (Invitrogen, Waltham, MA, USA) at
room temperature for 15 min. Slides were subsequently
washed in distilled water for 2 min and allowed them to
dry horizontally. Samples were observed under a Zeiss
Imager Z1 epifluorescence microscope (Carl Zeiss AG,
Oberkochen, Germany) at 100 x magnification, and com-
ets were captured using the Axiovision 4.6 software (Carl
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Zeiss AG, Oberkochen, Germany), avoiding the overex-
posure of comet heads and tails.

Comet analysis

The open-access CometScore v2.0 software (RexHoo-
ver) was used for the analysis of individual comets. First,
background was adjusted in each image, and individual
comets were examined using the automatic analysis
option. After that, a manual revision of the analysis was
conducted in order to eliminate captures not correspond-
ing to comets, to remove overlapping comets, and to cor-
rect the comet head/tail detection. At least 100 correctly
analyzed comets were required for each sample; when
this figure was not reached, more pictures were taken
and the process was repeated.

The CometScore software provides a wide variety of
parameters defining different aspects of the DNA pre-
sent in a given cell. Among them, the Olive Tail Moment
(OTM) was chosen as a quantitative measurement for
the incidence of DNA breaks, as different reports suggest
that it is the most informative parameter for this purpose
[39, 81]. Olive tail moment is calculated as (tail mean
intensity—head mean intensity) x %tail DNA /100. Tail
DNA, computed as tail intensity divided by comet inten-
sity, was also recorded.

In order to determine the percentage of sperm with
high DNA fragmentation, a principal component analy-
sis (PCA) was conducted using OTM and Tail DNA
parameters. First, these parameters were sorted into one
PCA component, and the regression scores for this vari-
able were used to classify each comet through a cluster
analysis, using the between-groups linkage method based
on the Euclidean distance. For each comet variant, three
sperm populations were obtained, which were defined as
with low, medium or high DNA damage. The percentages
of sperm in each of these three categories were recorded
in every sample.

Assisted reproduction procedures

Sperm preparation

Thawed sperm were washed through a density gradient
(90-75%; PureSperm, Nidacon, Sweden). Immediately
after, selected motile sperm were washed twice by cen-
trifugation at 200 g and room temperature for 20 min.
The resulting pellet was resuspended in 2 mL of gam-
ete medium (Sequential Fert., ORIGIO, Denmark), and
sperm concentration was adjusted to 0.1-0.5 x 10° pro-
gressively motile sperm/mL before ICSI.

Ovarian stimulation, oocyte retrieval and denudation

Pituitary down-regulation was carried out by administer-
ing Gonadotrophin Releasing Hormone (GnRH) agonist
or antagonist. In order to achieve ovarian stimulation, an
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injectable recombinant or urine-derived Follicle Stimu-
lating Hormone (FSH) was used. The final follicular
maturation was triggered with human Chorionic Gon-
adotrophin (hCG) and/or GnRH, when the two leading
follicles measured > 17 mm in diameter.

Oocyte-cumulus complexes (COCs) were harvested
through an ultrasound guide, which was conducted after
36 h of triggering. COCs were cultured in fertilization
media (Sequential Fert, ORIGIO, Denmark), covered
with LifeGuard oil (LifeGlobal, Cooper-Surgical, Den-
mark), and prepared for ICSI. For this purpose, oocytes
were mechanically denuded in the presence of hyaluroni-
dase (FertiPro, Belgium).

ICSI and embryo culture

Before ICSI, sperm were diluted in FertiCult Flush-
ing medium (FertiPro, Beernem, Belgium) containing
10% polyvinylpyrrolidone (PVP). Sperm with progres-
sive motility were immobilized, and ICSI was carried
out in metaphase II oocytes, between 39 and 41 h after
hCG administration. Putative embryos were cultured in
EmbryoSlide culture dish microwells (Vitrolife, Gote-
borg, Sweden) containing a single culture medium
(SAGE 1-Step with Human Albumin Solution, ORIGIO,
Malgv, Denmark). Uninterrupted culture was conducted
in an EmbryoScope incubator (Vitrolife, Goteborg, Swe-
den) at 37 °C, 7% O,, balanced N, and 6% CO,.

Time-lapse monitoring and embryo scoring

The time-lapse incubator captured images from seven
different focal-planes of embryos every 15 min between
ICSI and day 6. Image sequences were compiled, and
analysis of embryo kinetics was conducted using the
EmbryoViewer software (Vitrolife, Goteborg, Sweden).
Experienced embryologists scored embryos with the
assistance of the KIDScore D5 algorithm (Vitrolife, Den-
mark), which recorded morphokinetics. Blastocysts were
evaluated using the Gardner criteria [82].

Vitrification/warming of blastocysts and embryo transfer
Blastocysts with a quality equal to or larger than 3BB
were vitrified with Kitazato vitrification medium (Kitaz-
ato, Tokyo, Japan) and Cryotop® (Kitazato). Embryo
transfer was performed in a freeze-all basis. In brief,
embryos were first warmed at 37 °C in Kitazato medium
(Kitazato), and a single embryo at day 5-6 was sub-
sequently transferred into the uterine cavity. After
12-15 days, gestation was tested using a B-hCG preg-
nancy test and, when positive, pregnancies were followed
by ultrasound.
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Statistical analysis

Statistical analyses were conducted with Statisti-
cal Package for Social Sciences ver. 27 (IBM Corp.,
Armonk, NY, USA) and graphs were plotted with
GraphPad Prism ver. 8 (La Jolla, CA, USA). First, nor-
mal distribution was examined with the Shapiro—
Wilk test, and homoscedasticity was checked with the
Levene test. As variables did not fit with parametric
assumptions, non-parametric tests were used. Corre-
lations, therefore, were evaluated through the Spear-
man test. For comparisons between multiple variables,
Kruskal-Wallis, Mann—-Whitney and Dunn’s post-
hoc tests were run as an alternative to ANOVA. The
Chi-squared test was also utilized when clinical out-
comes (pregnancy and live birth rates) were compared
between two cohorts. A P-value <0.05 was established
as a requirement to consider the values statistically
significant.
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