
349© Springer International Publishing AG 2018 
A. Zini, A. Agarwal (eds.), A Clinician’s Guide to Sperm DNA and Chromatin 
Damage, https://doi.org/10.1007/978-3-319-71815-6_19

Chapter 19
Experimental Studies on Sperm DNA 
Fragmentation and Reproductive Outcomes
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19.1  Sperm Selection in the Female Genital Tract  
and DNA Fragmentation

Mammalian spermatozoa must overcome a number of obstacles along the female 
genital tract before reaching the fertilization site at the ampulla. The vaginal pH, the 
resistance by cervical mucus to sperm migration, the narrowness of the uterotubal 
junction, the tortuosity of the oviductal lumen, the response of the immune system, 
etc. are physio-anatomical conditions of the female genital tract that configure a 
stringent selection mechanism for those spermatozoa with certain features [1, 2]. In 
all mammalian species studied to date, among many millions of spermatozoa ejacu-
lated only tens to hundreds reach the ampulla [3–6], where the fertilization occurs. 
Presumably, this is a select group of spermatozoa with higher fertilization capability 
and better characteristics for supporting embryo development. However, little is 
known about this sperm subpopulation and its relative effectiveness as well as about 
which are the characteristics that are selected in vivo (for a review see Sakkas et al. 
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[2]). In fact, if there is a mechanism for sperm selection that has evolved in 
 mammalians through Darwinian forces, the genetic material ported in this sperm 
subpopulation should be of high integrity for ensuring a successful embryo develop-
ment and a correct transmission of the genetic information. Unfortunately, only few 
studies have addressed directly or indirectly this hypothesis.

In the vagina, the first selective barrier encountered by spermatozoa is the viscos-
ity of the cervical mucus. This secretion has been pointed to positively select motile 
spermatozoa exhibiting specific kinetics and normal motility to pass across the cer-
vix to the uterus. Whereas the selective function of the cervical mucus has never 
been satisfactorily proven in vivo, the ability of spermatozoa to migrate within it has 
been correlated to sperm quality and selection [7], especially regarding sperm kinet-
ics [8]. In a study conducted in mouse, Hourcade et al. [9] illustrated that the sper-
matozoa in the uterus show a higher level of fragmented DNA compared to 
spermatozoa retrieved from the epididymis, going against the selective function of 
the cervical mucus. It has been suggested that the fragmentation of the DNA might 
be provoked by the immune responses occurring in the cervix and uterus in response 
to the sperm migration [10] or because of the presence of nucleases in the seminal 
fluid affecting the spermatozoa in the uterus [11, 12]. Hourcade et al. [9] also dem-
onstrated that there is a strong positive selection in the uterotubal junction for sper-
matozoa carrying low fragmented DNA. Thus, from all the highly DNA-damaged 
spermatozoa found in the uterus, this selective checkpoint allows only the sperm 
subpopulation containing DNA of high integrity to enter the oviduct. The selective 
function of the uterotubal junction in mouse has been also pointed by Nakanishi 
et al. [13], showing that from chimeric mice porting a sperm subpopulation lacking 
functional testis-specific putative chaperone, only the spermatozoa with the wild- 
type phenotype entered the oviduct. Furthermore, it has been postulated that the 
involvement of the sperm reservoir, present at this location, is important in aiding in 
the selection of spermatozoa able to interact with the epithelium [14].

Once in the oviduct, it is currently accepted that the spermatozoa must be actively 
guided in order to reach the fertilization site. To date, two sperm tropism mecha-
nisms (sperm thermotaxis and rheotaxis), operating both as long-range guidance 
mechanisms within the oviduct, and a third one (chemotaxis) for guiding the sperma-
tozoa in the proximity of the oocyte at the fertilization site have been proposed [15]. 
Thermotaxis has been described for human, mouse [16], and rabbit spermatozoa 
[17], whereas rheotaxis has been found in human and mouse spermatozoa [18] and 
chemotaxis in a large variety of species mammals [19]. The tropism shown as a 
response of the spermatozoa to the stimuli in vitro together with the existence of 
well-defined molecular mechanisms in the spermatozoa for each of them [16, 18, 20] 
points to their functioning in vivo. This hypothesis is reinforced by the use of mouse 
strains to which the receptors for thermotaxis was knocked out affecting the sperm 
migration in a temperature gradient. In addition the stimuli for each of the tropism 
(temperature gradient, oviductal fluid flow, and chemoattractants) have been found 
to exist in the oviduct [15]. Thus, the ability of the spermatozoa to direct their swim-
ming direction in response to these guidance stimuli could provide a sort of selective 
mechanisms that could be also linked to the genomic integrity of the spermatozoa. 
This is a very interesting hypothesis that however no one has ever approached.
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When spermatozoa encounter the oocyte, they have to penetrate the zona  pellucida 
(ZP). Thus, the ZP could function as a last selective barrier. Accordingly, two inves-
tigations on in vitro fertilization (IVF) have reported that mouse and human sperma-
tozoa attached to the ZP exhibit lower level of DNA fragmentation compared to the 
nonattached spermatozoa [9, 21]. Furthermore, when the ZP-attached spermatozoa 
were used for ICSI, they failed to generate viable blastocysts [9]. Together these 
results indicate a fine-tuned selection process occurring during ZP penetration of 
spermatozoa able to support embryo development. This ZP-mediated selection 
seems to be linked to the source and type of sperm damage because experiments 
performed by Hourcade et al. [9] in mouse show that when the sperm DNA fragmen-
tation was generated by ɣ[gamma]-radiation during spermatogenesis, there were a 
decrease in the production of blastocysts by IVF and a reduction in the percentage of 
implantations in vivo. Conversely, following the same experiment but generating the 
DNA fragmentation by heat shock, the blastocyst production by IVF and the per-
centage of implantation in vivo were similar to the control using undamaged sperma-
tozoa [9]. This discrimination of the sperm damage is possibly related to the effect 
of the heat shock on different structures of the spermatozoa that then are negatively 
selected by the female genital tract. On the other hand, the ɣ[gamma]-radiation 
affects mainly the DNA leaving the rest of the sperm structures undamaged.

Since the female reproductive tract cannot get direct access to the sperm nucleus 
for assessing directly the DNA quality of the spermatozoa, the selection has to be 
based in other sperm features linked to the integrity of the genetic material. 
Consistently, also Hourcade et al. [9] showed that the subpopulation of mouse sper-
matozoa with the highest velocities separated in vitro contained lower level of frag-
mented DNA than the whole sperm population. Other studies have shown a negative 
correlation between various sperm quality parameters and DNA fragmentation lev-
els in humans [22, 23] and in other animals such as turkey [24] and ram [25]. 
Kasimanickam et al. [26], employing heterospermic doses of bulls for the insemina-
tion of receptive cows, showed that the female genital tract selected the spermatozoa 
from those bulls reporting lower DNA fragmentation and higher plasma membrane 
integrity. As suggested by Holt and Fazeli [27], these results point to a connection 
between the status of the DNA integrity and externally exposed characteristics of 
the spermatozoa, for example, some plasma membrane components that could be 
“read” at the surface of the spermatozoa as a “passport” by the female genital tract. 
These authors gone even further in their hypothesis of the “cryptic female choice” 
suggesting a connection between the spermatozoa features and the genotype con-
tained in its nucleus over which the female genital tract could select the spermato-
zoa containing specific sets of genes.

Sperm selection is a challenging field of research that still needs to address basic 
questions for a deeper understanding of the fundamental mechanism involved in the 
selection of the spermatozoa within the female genital tract. Animal experiments 
will certainly contribute to the discovery of the sperm characteristics that are 
selected, their linkage to the DNA integrity and to the reproductive outcome. This 
basic knowledge would be of great interest for designing procedures for the in vitro 
selection of spermatozoa that eventually could improve the outcomes of the cur-
rently poorly efficient assisted reproductive technologies (ARTs).
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19.2  Long-Term Effects of Mouse Intracytoplasmic Sperm 
Injection with DNA-Fragmented Sperm on Health 
and Behavior of Adult Offspring

Nowadays 1% of babies born in the first world are conceived using assisted 
 reproductive techniques (ART). Except for artificial insemination, ARTs bypass the 
sperm selection occurring within the female genital tract. This is especially relevant 
in case of the intracytoplasmic sperm injection (ICSI) and could explain the low 
efficiency of ART in general [28]. Nearly half of the male patients diagnosed as 
infertile show high levels of sperm DNA damage [29], and most patients subjected 
to fertility treatments show alterations in the sperm chromatin [30–33]. Moreover, 
low sperm counts have been related to higher presence of chromosomal aberrations 
in the spermatozoa. Azoospermic males show a higher frequency of numerical sex 
chromosome alterations such as XXY or XYY [34] and oligozoospermic have a 
higher frequency of translocations at autosomal chromosomes [35]. It has also been 
reported that mutations causing infertility could be transmitted to the male descen-
dants, such as Y-chromosome deletions [36, 37]. Therefore, when applying ICSI, 
the probability of choosing a sperm with damaged chromatin, fragmented DNA, or 
any kind of genetic alteration should not be neglected. This is especially important 
considering that using ICSI, the DNA-fragmented spermatozoa (DFS) are able to 
fertilize oocyte resulting in pronucleus formation, chromatin decondensation, and 
embryos developing to blastocyst stage as was shown in mouse [38]. But human 
oocyte can partially repair low DNA fragmentation levels before cleavage leading 
to a viable embryo to blastocyst, the fertilization with spermatozoa containing 
highly fragmented DNA reduces pregnancy rates [39]. Furthermore, abnormal fetal 
karyotypes have been found in the offspring of spermatozoa containing aberrant 
DNA and processed by ICSI, resulting from numerical or structural sex chromo-
somal anomalies and autosomal anomalies both inherited and de novo [40]. It is 
known that all these aberrations in the DNA produce alterations on fertility and 
failures, affecting pregnancy rates and the health of the adult descendants. Since the 
first humans born from ICSI procedures are nearly 25  years old, the long-term 
effects in adulthood remain unknown. That is why it is important to study the pos-
sible consequences on the health of ICSI offspring with DNA-fragmented sperm 
through animal models.

Using epididymal mouse spermatozoa, Yamauchi et al. [41] demonstrated that 
sperm DNA damage induced by various treatments persists after ICSI without 
changes. Epididymal mouse spermatozoa were either frozen without cryoprotectant 
or treated with Triton X-100 together with dithiothreitol to induce DNA damage. 
Both treatment groups showed increased sperm DNA fragmentation when com-
pared to untreated group used as control. After ICSI, chromosome analysis demon-
strated paternal DNA damage in those oocytes injected with both sperm-treated 
groups, frozen-thawed, or Triton X-100 but not with fresh sperm. However, there 
were no differences in the incidence of abnormal paternal karyoplates prior and 
after DNA synthesis in all the examined groups. Fernández-Gonzalez et  al. [38] 
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analyzed the short- and long-term effects of ICSI using DFS in a mouse model. In 
their work, DNA fragmentation was produced by freezing and thawing epididymal 
spermatozoa retrieved from B6D2F1 males. In addition to the DNA damage, telo-
mere loss was also observed. Oocytes were then injected with fresh- or frozen- 
thawed spermatozoa, and the resultant two-cell embryos were transferred to 
pseudopregnant CD1 females. The first notorious effect noticed was a delay of 2 h 
on the active demethylation of male pronucleus in those embryos produced by ICSI 
with DFS. Furthermore, when ICSI-DFS was performed, both the rate of preim-
plantation embryo development and litter size were reduced, and the transcription 
and methylation of epigenetically regulated genes were altered. In addition, adult 
animals produced by ICSI showed behavioral alterations as well as abnormal weight 
gain and anatomopathological alterations including solid tumors in the lungs and 
dermis and premature aging symptoms. Moreover, surviving rates of mice gener-
ated with ICSI-DFS were reduced dramatically compared with in  vivo controls. 
This work concluded that depending on the level of DFS, oocytes may either repair 
fragmented DNA, producing blastocysts able to implant and produce live offspring, 
or partially repair DNA damage leading to short- and long-term alterations or com-
pletely fail on repairing DNA aberrations producing the death of the embryo.

19.3  Effects of Intracytoplasmic Sperm Injection Using 
DNA-Fragmented Spermatozoa on Embryo-Derived 
Embryonic Stem Cells and on Transgenerational 
Heritability of Epiallele in Mice

Embryonic stem cells (ESCs) are commonly used as a valuable model to analyze 
embryonic development. Thus, Moreira et  al. [42] reported that mouse embryos 
produced by DFS-ICSI show a reduced efficiency for ESC derivation that was sug-
gested to be related to the low quality of the DFI-ICSI-derived embryos. Consistently, 
these embryos show low implantation and development rates. In another study, 
Yamagata et  al. [43] reported that 40% of DFI-ICSI-generated mouse embryos 
show abnormal chromosome segregation and chromosome fragmentation. Although 
these embryos developed to normal-looking blastocysts, almost all of them were 
lost shortly after implantation, and embryos with abnormal karyotype are less capa-
ble of generating ESC lines. Furthermore, alterations of the gene expression in the 
ESCs lines generated with DFS-ICSI embryos were found at early passages: abnor-
malities at the cellular level were associated with embryo performance and off-
spring health. The genetic alterations described in the ESC lines include alterations 
in DNA methylation and histone acetylation, on pluripotency, on epigenetic gene 
silencing, as well as on DNA damage and genes related to its reparation. However, 
these alterations were not maintained in the long-term culture [44]. Interestingly, 
males of the offspring produced by DFS-ICSI showed alterations in the testes, 
including low weight, reduced spermatogenesis, morphological abnormalities in the 
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seminiferous tubules, and an increased number of apoptotic cells [44]. Sperm 
 quantity, vaginal plug detection, and pregnancy rates after mating were also signifi-
cantly lower in these animals, while the number of females showing resorptions was 
higher. Moreover, a significant decrease in pregnancy rates and an increase in the 
resorptions rate related to the age were reported. These results suggest a deleterious 
effect of the DNA damage when DFS-ICSI is used in the resultant embryos that 
affects the male germ line and could transmit genetic alterations toward following 
generations. Consistently, it has been reported that DFS-ICSI induces epigenetic 
modifications that are transmitted to the progeny. Axin1Fu allele is a locus very 
sensitive to epigenetic alterations which regulates embryonic axis formation in ver-
tebrates. In mice the Axin1Fu phenotype consists of kinks in the tail, which are 
determined by the DNA methylation pattern. Modifications in this allele may persist 
across several generations because its methylation state in mature spermatozoa is 
identical to somatic cells, indicating that it is not epigenetically reprogrammed dur-
ing gametogenesis [45]. Using spermatozoa retrieved from Axin1Fu/+ mice in ICSI 
revealed a higher proportion of pups in the second generation expressing the active 
kinky-tail epiallele, indicating that this procedure affected the postnatal expression 
of Axin1Fu and that this modification was inherited across generations [44].

The experiments in animal models conducted to date reveal that the analyses of 
sperm DNA damage are critical when ARTs are applied. This is especially relevant for 
ICSI because all the barriers of sperm selection operating along the female genital 
tract are being bypassed. In an era in which advanced forms of ART are frequently 
used in clinical treatments of fertility, it is essential to apply protocols and methodolo-
gies for preselecting the sperm samples or for the separation of spermatozoa carrying 
the genetic material integral in order to avoid deleterious effects in the offspring.

19.4  Cryopreservation and Damage of the Sperm DNA

Cryopreservation of gametes has been widely used over the last century in human 
assisted reproduction, animal breeding, and conservation programs for endangered 
species. Although several protocols have been developed for both male and female 
gametes, sperm cryopreservation is the most extensively used technique. The limited 
volume of spermatozoa cytoplasm, together with their small size, makes sperm par-
ticularly suitable for cryopreservation. Moreover, some protocols, coupled to recently 
developed ARTs, permit long-term storage of freeze-dried sperm, even at room tem-
perature, capable of producing live offspring [46]. However, cryopreservation is not 
completely effective in stopping sperm degradation because its quality declines with 
storage time [47]. The effects of DNA fragmentation after sperm cryopreservation are 
also a controversial issue as it adversely affects early embryonic development and 
results in reduced implantation rates and pregnancy outcomes [48]. Fluctuation of 
media pH [49], osmotic stress [50, 51] or the cryoprotectant used [52, 53] may 
increase the amount of reactive oxygen species (ROS) inside the cell or activate endo-
nucleases that ultimately lead to breaks in the sperm DNA.  Interestingly, 
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cryopreservation seems to cause more DNA fragmentation to subfertile or infertile 
males [54], so perhaps inherent defects in the spermatozoa could enhance cryodam-
age. This also points to the need for evaluating the DNA integrity of the cryopreserved 
spermatozoa of this type of patients when subjected to fertility treatments involving 
ARTs and for the improvement of the sperm cryopreservation procedures.

Conventional cryopreservation (also known as slow-freezing) results in slowly 
lowering cell temperature until enzymatic reactions cannot take place within the 
cytoplasm. As intracellular milieu is an aqueous environment, ice crystals are 
formed inside the cells during freezing process, and this causes deleterious effects 
on sperm, like membrane damage, leading to decreased motility and viability. To 
avoid ice crystal formation, cryoprotectants are added to sperm prior to freezing in 
order to diminish water content of the cells. Cryoprotectants are usually small mol-
ecules with a high solubility in water at low temperatures. The presence of these 
small molecules in the freezing solution generates an osmotic pressure that forces 
intracellular water to leave the cell and, as a consequence, solutes concentrate in the 
cytoplasm. At the same time, cryoprotectants slowly diffuse through the plasma 
membrane and substitute intracellular water, impeding ice crystal formation dimin-
ishing osmotic shock after thawing due to high salt concentration in the cytoplasm. 
However, slow-freezing physically damages sperm to some extent in a variety of 
ways: decreased motility, alterations of the plasma membrane and mitochondrial 
activity, or degradation of acrosomes [55].

Besides the physical damages that ice crystals can cause on membranes, cryo-
preservation can also compromise sperm DNA integrity. Spermatozoa are highly 
specialized haploid cells in which DNA is tightly packaged in order to reduce cell 
size and to protect DNA from fragmentation. In many species, most of the nuclear 
histones are exchanged for protamines during spermiogenesis [56]. DNA forms 
loops that attach to the membrane and progressively compact around protamines 
forming toroids (donut-loop model, reviewed in Ward and Ward [57]). Although 
disulfide bridges between protamines reinforce the stability of the DNA [58], it can 
be attacked by endonucleases at toroid linker regions [59]. One interesting finding 
is that some endonucleases are actually packaged inside sperm heads [60]. After 
cryopreservation, these enzymes can be released from damaged spermatozoa and 
activated by cations present in the media [61]. Using mouse spermatozoa, Szczygiel 
and Ward [62] demonstrated that adding chelating factors to the media improves 
chromosome stability after freezing-thawing processes, even when sperm is 
 intentionally damaged with detergents and DTT.  However, some fragmentation 
persists, suggesting that other mechanisms also cause sperm DNA degradation. For 
example, an investigation performed with koala spermatozoa demonstrated that 
extreme osmotic changes during cryopreservation can also disturb the tertiary 
structure of the DNA so the chromatin relaxes and becomes more prone to DNA 
degradation [63].

Oxidative stress has also been shown to produce DNA fragmentation during 
cryopreservation. It is caused by an imbalance between the production of ROS and 
the ability of the sample to detoxify or to repair the damages in DNA [64]. ROS are 
very reactive free radicals and oxidizing subproducts of metabolism capable of 
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reacting with the DNA and producing breaks in the double chain. Damaged sperma-
tozoa produce a greater amount of ROS compared to normal ones [65], but both 
sperm and seminal plasma contain antioxidant systems that prevent genetic and 
cellular damage [66]. Unfortunately, cryopreservation can lead to an imbalance in 
the ratio between ROS and antioxidants promoting DNA fragmentation [67] and 
ejaculated sperm lack DNA repair mechanisms, so they are highly vulnerable to 
oxidative stress. Studies conducted in bulls and stallions have shown that ROS pro-
duction increases immediately after thawing slow-frozen sperm samples [55, 68] 
inducing DNA fragmentation [69]. Oxidative stress also triggers apoptosis of dam-
aged spermatozoa (reviewed in Said et al. [70]). Therefore, identification of apop-
totic markers in individual spermatozoa could be used to determine the overall 
quality of sperm or even to preselect only spermatozoa suitable for ARTs.

In the last decades, some new cryopreservation techniques, like vitrification or 
freeze-drying (FD), have been developed in order to overcome the potential deleteri-
ous effects of cryopreservation. Vitrification consists of ultra-quick freezing using 
liquid nitrogen resuspended in an aqueous solution with high concentrations of cryo-
protectants [71]. Cooling is so quick that cryoprotectants effectively prevent ice crys-
tal nucleation, and the solution becomes viscous and solidifies into a glassy state 
without forming ice. Despite this apparent advantage, vitrification seems to damage 
human sperm as much as the conventional slow-freezing protocol [72, 73]. In mou-
flon spermatozoa, for example, vitrification has been reported to generate damage at 
a greater extent than freezing-thawing [74]. As an alternative to cryoprotectants, it has 
been suggested that some components present in the seminal fluid could exert cryo-
protective characteristics in boar [75], bull [76], and dog [77] and act like an impor-
tant factor for pregnancy success (reviewed in Schjenken and Robertson [78]). 
Actually, artificial solutions have been developed based on seminal fluid composi-
tion, and they are already achieving good results in terms of sperm motility in human 
[79]. On the other hand, FD or lyophilization is a method in which frozen material is 
dried by sublimation of ice [46]. Due to lack of water molecules, enzymatic reactions 
cannot take place even though sperm is stored at 4° or transported at room tempera-
ture. This feature makes FD really attractive for long- term storage of sperm, as liquid 
nitrogen is not needed. Freeze-dried sperm can then be rehydrated by adding pure 
water to the original volume of the sample, and then it can be diluted with a suitable 
physiological saline buffer. The main drawback of FD is that membranes are destroyed 
during the process, so sperm is dead after  rehydration. However, sperm heads retain 
their fertilizing capacity if they are used for ICSI procedure, and sperm DNA integ-
rity seem to be less compromised compared to conventional freezing as was demon-
strated in mouse [46] and later in humans [80].

Cryopreservative techniques have improved greatly in the last decades in terms 
of designing procedures that are easy to perform and increasing the time that the 
samples can be stored. However, DNA fragmentation caused by cryopreservation 
and inherent to the quality of the sperm sample can result in poor-quality  spermatozoa 
and ultimately in a low pregnancy success. Animal experimentation can  contribute 
to the basic knowledge about the cryobiology of spermatozoa and help improve this 
important methodology for reproductive medicine.
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19.5  Sperm DNA Damage and Repair in Fish: A Useful 
Model

From the shape of the cell to the highly compacted status of its chromatin, the archi-
tecture of the sperm cell has been designed through natural selection for an effective 
transportation and protection of the paternal genetic information. However, once 
delivered spermatozoa encounter a hostile environment through which they migrate. 
Thus, spermatozoa are exposed to different agents that could provoke damage to 
their DNA with effects the reproductive outcomes. As mentioned earlier, it has been 
demonstrated in mouse that despite the strong sperm selection occurring within the 
female genital tract, spermatozoa porting damaged DNA are able to fertilize, poten-
tially affecting the embryo production [9]. In addition, the use of artificial reproduc-
tive techniques overcomes this selective process suggesting that the study of the 
paternal contribution to the embryo development deserves more attention.

Studying the paternal effects on mammalian embryo development in detail has 
the significant restriction of an internal location of the embryo, rendering difficult 
the monitoring of in vivo development. Thus, for the following reasons, external 
fertilizers are excellent models for studying embryo development. First, the exter-
nal location of the embryo allows real-time monitoring of the development. 
Second, embryos are more resistant to manipulation facilitating the in vivo study 
of developmental processes. Third, a high number of embryos can be obtained 
from each mating minimizing the variability related to the individual. Fourth, for 
studying the paternal effect on embryo development, the weaker sperm selection 
in contrast to mammals allows for easy fertilization with damaged or altered 
 spermatozoa [81, 82].

Pérez-Cerezales et  al. [82] were the first to show unequivocally the ability of 
trout spermatozoa porting damaged DNA to fertilize the egg. In this work, the 
authors reported a direct relationship between the level of fragmented DNA and the 
percentage of abortions during development. Furthermore, they demonstrated for 
first time in a fish specie the ability of the egg to repair the sperm DNA by the base 
scission repair (BER) pathway. Due to the limited capacity of the spermatozoa to 
repair DNA [83, 84], the repairmen of the paternal DNA relies on the oocyte after 
fertilization occurring in the zygote and in the first developmental stages [85]. 
Consequently, like in mammals, the fish oocyte contains the elements of the BER 
pathway for repairing simple-strand breaks of the DNA [86] as well as the homolo-
gous end-joining (HR) and nonhomologous end-joining (NHEJ) pathways for 
repairing double-stand breaks [85, 87]. However, these systems are limited in that 
they can only repair a certain level of damaged DNA. In trout, the zygote can repair 
around 10% of the damaged DNA by the BER [82], a similar percentage to that 
reported in mice by Ahmadi and Ng [88]. In addition, these repair systems can intro-
duce errors in the DNA sequence and provoke mutations with consequences of dif-
ferent magnitude potentially affecting offspring performance [38].

In an earlier work, Pérez-Cerezales et al. [89] similarly demonstrated in trout that 
fertilization with damaged DNA spermatozoa provokes genetic alterations in off-
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spring survival after hatching. These authors found overexpression of genes related 
to growth and development in the larvae obtained using spermatozoa with cryodam-
aged DNA. Moreover, whereas cryodamage provoked a reduction in the telomere 
length of the spermatozoa, the resultant embryos showed higher telomere length. To 
explain these surprising findings, the authors also found an overexpression of the 
telomerase reverse transcriptase (TERT), a subunit of the telomerase which function 
is to increase the telomere length in the larvae [90]. In accordance with these results, 
Fernández-Díez et al. [91], using microarrays from BER repaired trout embryos, 
reported that 810 genes were differentially expressed after hatching. Their results 
point to long-term effects of fertilizing with DNA-damaged spermatozoa due to an 
impaired DNA damage signalization and repair in the oocyte possibly introducing 
punctual mutations. These results are in agreement with the ones reported by 
Fernández-González et al. [38], showing the negative effects of DNA-fragmented 
spermatozoa used for ICSI in the pre-implantational development, implantation 
rates and embryo development to term as well as provoking abnormal behavior, 
diverse anatomopathologies, and higher incidence of cancer in the adulthood in a 
mouse model.

19.6  Conclusions

Altogether, studies in fish, mouse, and other animals have demonstrated the impor-
tance and implications of sperm DNA damage in reproductive outcomes and off-
spring performance. Understanding the origin of the sperm DNA damage, the 
mechanisms and dynamics for its reparation, the effects on embryo development, as 
well as the long-term effects on the offspring are questions that are being explored 
and need to get more attention by the scientific community, especially in the context 
of ARTs in the clinical treatment of human fertility.
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