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Foreword

One of the great challenges for assessing male fertility is that with the microscope 
we can see the outside of a sperm and generally how it swims but that arguably the 
most important aspects of how it works to fertilize the egg and ultimately make a 
baby are hidden from view inside its head. One of the earliest ways of trying to 
crack that puzzle was to assess how deoxyribonucleic acid is packaged within the 
sperm and whether alterations in that packaging cause problems with male repro-
duction. Scientific and clinical studies abound, but the conclusions are varied and 
challenging to interpret. The editors and authors of this book have done a masterful 
job in assembling the most complete compendium to date on the subject of sperm 
DNA packaging and most importantly its clinical relevance. It’s a reference work 
that will mark the era of sperm DNA assessment in the evaluation of male fertility 
and guide the clinician in what to order and how to interpret the results.

Craig Niederberger, MD, FACS
Department of Urology, UIC College of Medicine  
Department of Bioengineering, UIC College of Engineering�
Fertility and Sterility 
Chicago, IL, USA
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Preface

The essential role and pathophysiology of sperm DNA integrity in human reproduc-
tion has been increasingly recognized and extensively studied in the last few 
decades. Sperm DNA fragmentation (SDF) has emerged as a valuable tool for male 
infertility evaluation. Defects in sperm DNA integrity are associated with modifica-
tions during spermatogenesis, inflammatory processes, varicocele, and elevated 
post-testicular oxidative stress. Consequently, it has great potential as a functional 
diagnostic test that could complement the conventional sperm analysis. Clinical 
evidence is accumulating to show that the integrity of sperm DNA may also be 
linked with suboptimal embryo development, implantation failure, and recurrent 
miscarriage.

The focus on sperm DNA damage continues to generate enormous interest 
among reproductive health specialists and basic medical scientists, and this in part 
is fueled by the growing awareness that ICSI is not a panacea for all couples diag-
nosed with male infertility. Moreover, with the success rates of ICSI capping at 
50–60%, the pursuit for a reliable test of sperm function which can accurately pre-
dict fertility in assisted reproduction has taken on a renewed sense of urgency.

Our book A Clinician’s Guide to Sperm DNA and Chromatin Damage summa-
rizes the role of SDF in male infertility. Firstly, the normal sperm chromatin struc-
ture and causative mechanisms of SDF are briefly introduced. Currently available 
SDF assays are also described. Secondly, the etiology of SDF and its implications 
on natural pregnancy and ART outcomes are presented. Finally, treatment options 
for high SDF and the clinical application of SDF tests are proposed.

The book is written by internationally recognized experts from 15 countries and 
is organized into five sections and 32 chapters. Part I contains three chapters on the 
basic aspects of sperm chromatin structure, whereas the various tests used to evalu-
ate sperm DNA fragmentation are discussed in seven chapters under Part II. In Part 
III, the etiology of this enigmatic test is described within eight chapters, while the 
clinical usage of SDF tests, a must read, is well-elaborated in six chapters within the 
penultimate Part IV. The treatment options for men with clinically significant SDF 
are the subject of Part V which is highlighted in eight impressive chapters.
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We are deeply grateful to our distinguished group of contributors for sharing 
their research and clinical knowledge and experience. Our book is an excellent and 
timely product of effective collaboration with members of the Springer Publishing 
House. The outstanding support of developmental editors Barbara Lopez-Lucio and 
Sarah Simeziane and editor Kristopher Spring was highly commendable. The edi-
tors are tremendously grateful to their families for their unwavering love and 
support.

Montreal, QC, Canada� Armand Zini, MD, FRCSC
Cleveland, OH, USA� Ashok Agarwal, PhD
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Chapter 1
Sperm Chromatin: An Overview

Rod Balhorn

1.1  �Sperm Chromatin: The First 50 Years

Sperm chromatin research began with the discovery of the two primary molecular 
components that fill the head of mature sperm cells—DNA and protamine. Only a 
year after Gregor Mendel reported his work on the laws of heredity in 1865 [1], 
Ernst Haeckel suggested that the nuclei of cells must contain the material respon-
sible for the transmission of genetic traits [2]. Friedrich Miescher, working in Felix 
Hoppe Seyler’s laboratory in Germany, had become intrigued by cells and began 
conducting experiments to determine their chemical composition. Working initially 
with lymphocytes obtained from blood and later enriched populations of leukocytes 
he obtained from hospital bandages, Miescher noticed a precipitate that formed 
when he added acid to the cell extracts he was using to isolate proteins [3]. While he 
and the rest of the scientific community were unaware that this material, which he 
called nuclein, was the genetic material Mendel and Haeckel had referred to, he 
became fascinated by this acid-insoluble component of cells and continued to study 
its properties [4]. Walther Flemming’s work over the next decade introduced the 
scientific community to the cellular substructures called chromosomes and the con-
cept of mitosis, and Flemming was the first to introduce the term chromatin [5]. It 
took another 30  years, however, before cellular biologists began to realize the 
importance of individual chromosomes as the carriers of genetic information.

Miescher, who began his research career isolating and characterizing proteins, 
spent the majority of his later efforts investigating nuclein (DNA). When he dis-
covered he could not obtain enough of the nuclein from human cells to properly 
examine its properties, he turned to working with fish sperm. Salmon provided an 
abundance of sperm, and the sperm cells were considered ideal because they had 
almost no cytoplasm to contaminate his nuclear preparations with other proteins. 

R. Balhorn (*) 
SHAL Technologies, Inc., Livermore, CA, USA
e-mail: rod@shaltech.com; rodbalhorn@hughes.net

mailto:rod@shaltech.com
mailto:rodbalhorn@hughes.net
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In addition to being the first to isolate DNA, Miescher was also the first to isolate 
protamine, which he called protamin, and to discover its highly basic nature [6]. 
He discovered that nuclein and protamin made up the majority of the mass of the 
sperm head, and he also provided the first insight into the fundamental interaction 
that bound these two components together inside the sperm nucleus—that nuclein 
was bound in a salt-like state to protamin. As the interest in DNA and protamine 
grew, other researchers began to examine the molecules present in sperm. The 
majority of the initial work characterizing the composition of protamine molecules 
was carried out by Kossel and his group, not Miescher, over several decades span-
ning from about 1890 to the 1920s [7–10]. The proteins bound to DNA in sperm 
were distinguished from those found in other cells very early on, but the real sig-
nificance of this difference was not appreciated until almost half a century later 
when more detailed studies of spermatogenesis and spermiogenesis revealed sig-
nificant differences in DNA packaging and sperm chromatin compaction. Up until 
this time, sperm chromatin was considered by many to be similar to the chromatin 
found in somatic cells.

1.2  �Spermatogenesis: Terminal Differentiation 
and Reprogramming of the Testicular Cell Genome

The testicular cells of men and other mammals undergo a radical morphological 
transformation as they progress through a process of differentiation called sper-
matogenesis. Undifferentiated spermatogonia begin the process when they differen-
tiate into primary spermatocytes. Diploid spermatocytes containing two 
complements of the genome divide in meiosis to produce haploid spermatids that 
retain only a single copy of each chromosome. In addition to dramatic changes that 
subsequently occur in the structure of the spermatid at the cellular level (the shape 
of its nucleus and the development of the flagellum), the chromatin inside these 
cells also undergoes a series of structural and functional changes. In humans and 
other mammals, specific genes within the male genome are imprinted to identify 
their “parent of origin” [11–15], epigenetic modifications in the DNA and proteins 
packaging the genome prepare the chromatin for early embryonic development 
[16], and the chromatin is transformed from a highly functional, genetically active 
state characteristic of somatic cells (spermatogonia and spermatocytes) to a quies-
cent or completely inactive state found in the fully mature sperm cell.

One might think of this transformation as the testicular cell embarking on a path 
of terminal differentiation similar to the process that occurs when a stem cell begins 
to differentiate into a liver, kidney, or brain cell. The final cell not only differs struc-
turally from the stem cell, but it also performs very different functions. Unlike the 
genome in most stem cells, however, the genome of these spermatids undergoes an 
additional step in the process, a transient stage in which the entire genome is depro-
grammed and shut down. This genome-wide inactivation bears some similarity to 
processes of heterochromatinization that have been observed to occur with one X 
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chromosome in vertebrates [17, 18], the entire genome in avian erythrocytes [19], 
and one set of chromosomes in mealy bugs [20]. These changes, which are brought 
about by modifying or replacing the proteins that bind to and package DNA, enable 
the activity of the spermatid genome to be silenced, subsets of the genes to be 
marked for expression following fertilization, and the chromatin sequestered in a 
quiescent and protected state until the sperm enters the oocyte and its DNA is ready 
to be combined with the genome provided by the female to initiate embryogenesis. 
The process also provides a mechanism by which the genes contributed by the male 
can be reactivated in the proper temporal sequence and combinations to ensure the 
first cells function as embryonic stem cells, subpopulations of which later differenti-
ate further into the other types of cells that are required for the development of a 
fully functional organism.

1.3  �Chromatin Reorganization in Maturing Spermatids

Following the second meiotic division of mammalian spermatocytes, the chromatin 
of the haploid spermatids and their repertoire of functioning genes begin to change 
over a period of several days [21]. The entire genome of the early spermatid is ini-
tially packaged by histones in a manner that is identical to the structure of chromatin 
(Fig.  1.1) present in all other somatic cells [22]. Variants of histone H2B are 

Fig. 1.1  The structure of 
chromatin (From Ou et al. 
[215]. Reprinted with 
permission from AAAS)
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incorporated into the chromatin replacing a subset of their somatic counterparts 
prior to meiosis [23]. Other histones are posttranslationally modified by acetylation 
and methylation to modulate the interaction of the histone with DNA [24–29]. 
Acetylation of H3 has been observed to occur throughout spermatogenesis and is 
considered to relax the interaction of H3 with DNA.  H4 acetylation appears to 
increase specifically during spermatid elongation [30, 31]. While the function of H4 
acetylation has not been confirmed, it is thought to play a role in making it easier to 
displace the histone from DNA during spermiogenesis and also loosen the structure 
of the histone bound to regulatory regions of genes important for early embryonic 
development. H4 is increasingly methylated throughout spermatogenesis as sper-
matogonia differentiate into spermatids [24, 27, 32] and then this methylation is 
reduced during spermatid elongation [31]. H3 methylation, which occurs predomi-
nantly in round spermatids, has been reported to mark regulatory sites [26, 27, 33] 
on developmentally repressed genes [34] that play a role both in gamete differentia-
tion and early embryonic development.

Only a small fraction of the chromatin in mature sperm retains its histone 
packaging [33–41]. This histone-containing subset of the genome appears to be 
present in the sperm of all mammals and is small, comprising not more than 
1–2% of the sperm genome in mice and bulls. In human sperm, however, the 
fraction of DNA bound by histones is significantly larger, possibly as high as 
10–15% [41–45]. The H2A, H2B, H3, and H4 histones and their variants that 
remain associated with DNA in the chromatin of fully mature sperm [43, 46], 
which will be described in more detail in Chap. 2, have been reported to be asso-
ciated with centromeric and telomeric DNA [47, 48], matrix-associated regions 
[49], genes for epsilon and gamma globin [38], paternally imprinted genes [34, 
50], retroposons [40], microRNA clusters [34], regulatory sequences [33, 51], 
genes that produce rRNA [52] and transcription factors such as those in the Hox 
family [34], genes known to be transcribed in the final stages of spermatogenesis 
[52], and the transcription initiation sites of a number of genes expressing sig-
naling proteins important for early embryonic development [34, 35, 37, 38, 53]. 
Some studies suggest the retained histones may be associated with the transcrip-
tion sites of all genes in sperm [54, 55], preserving the epigenetics of the pater-
nal genome and providing markers to guide their expression in the early embryo 
[33, 34, 54, 56].

Although the incorporation of the histone variants and the acetylation and 
methylation of H3 and H4 do not visibly alter the structure of chromatin, a struc-
tural change is observed when two small basic transition proteins, TP1 and TP2, 
are expressed and incorporated into the spermatid chromatin (in human, step 1 for 
TP2 and step 3 for TP1) [57]. Coincident with the binding of TP1 and TP2 to 
DNA, the majority of the somatic histones are replaced, and the chromatin becomes 
more compact. The TP1 protein, which is half the size of a histone, appears to 
loosen the structure of the nucleosome and facilitate the displacement/replacement 
of the histones [58]. The larger protein TP2 has two bound zinc atoms and has 
been reported to stabilize and compact the DNA showing a preference for CG-rich 
sequences [59, 60].
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During their short period of residence in spermatid chromatin, both TP1 and TP2 
are posttranslationally modified at multiple sites by phosphorylation, acetylation, 
and methylation [61, 62]. In contrast to the methylation sites in histone, which occur 
on lysine residues, both lysine and arginine residues are methylated in the TPs. The 
presence of these modifications in the protein is likely to have a significant impact 
on the protein’s ability to bind to DNA. Phosphorylation of the serine residues in the 
C-terminal domain of TP2, which has been shown to be the region of the protein 
that condenses DNA when it binds, reduces the ability of TP2 to condense DNA 
[63]. Since TP2 was found to be a poor substrate for phosphorylation when bound 
to DNA, it has been hypothesized that the phosphorylation of TP2 is more likely to 
occur prior to DNA binding. Lysine residues in this same region of TP2 have also 
been shown to be acetylated. In addition to reducing TP2 ability to condense DNA, 
the acetylation of TP2 has been shown to block the protein’s ability to interact with 
NPM3, a histone chaperone similar to nucleoplasmin [64].

While the binding of TP1 and TP2 affect DNA differently and the two proteins 
appear to perform different functions, gene knockout studies have suggested the 
TP1 and TP2 proteins may work together with each being capable of compensating 
for the other in effecting the displacement of the majority of the somatic histones 
from the spermatid’s DNA [65, 66]. As TP1 and TP2 displace the histones, both 
proteins also appear to facilitate the repair of DNA damage incurred as the genome 
is repackaged [67, 68]. Exactly how the TPs remove the histones and whether they 
work directly or indirectly to induce or initiate DNA repair are not yet known.

HMGB4 and the rat variant HMGB4L1 (previously identified as TP4 [69]), two 
members of the high mobility group box protein family, have also been observed to 
be synthesized and deposited in chromatin near the basal pole in elongating sperma-
tids [70] around the same time as TP1 and TP2. Rat spermatids produce both pro-
teins, while neither the HMGB4L1 gene nor the HMGB4L1 protein have been 
observed in the spermatids of mice or men. HMGB4 has also been detected in sper-
matocytes and in brain and neuronal cells [71]. RNA profiling and histological 
analyses in human and mouse testes suggest HMGB4 may play a role in the organi-
zation of chromatin in X and Y chromosomes [72]. Other studies have suggested it 
may also participate in regulating the transcription of genes through the posttransla-
tional modification of histones [71].

The final proteins to be synthesized and deposited in late-stage spermatid chromatin 
are the protamines. In the mouse, synthesis of protamine P1 begins in step 12 spermatids 
approximately 24–30 h earlier than protamine P2 [73]. Unlike most mRNAs, those for 
protamines P1 and P2 are transcribed several days earlier [74–77], their translation is 
delayed, and protamine synthesis and its deposition into spermatid chromatin only begin 
after TP1 and TP2 have successfully replaced the majority of the histones. This delay 
has been shown to be essential for the proper completion of the histone-TP-protamine 
transition [78]. Without it, the synthesis of the protamines causes early condensation of 
the spermatid DNA, incomplete processing of the protamine P2 precursor, and induces 
the formation of abnormally shaped sperm heads. The binding of these protamines to 
DNA during the final steps of spermatid maturation completes the process of chromatin 
reorganization, packaging the male’s haploid genome into a highly compact, genetically 
inactive state programmed for reactivation once the sperm head enters an oocyte.
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8

1.4  �Protamines P1 and P2

Two different types of protamines have been isolated from mammalian sperm. 
Protamine P1, the smaller of the two proteins, is found in the late-step spermatids 
and mature sperm of all mammals [79]. The P1 protamine of placental mammals is 
a small protein containing only 46–51 amino acids [80]. In marsupials and mono-
tremes, the protamine P1s are slightly larger (typically 57–70 residues). Protamine 
P2, which is almost twice the size of P1 (typically 100–107 residues), is expressed 
at significant levels only in the spermatids and sperm of a subset of placental mam-
mals. These include primates, most rodents, lagomorphs, and perissodactyls [79].

Protamine P1 and P2 are similar to the protamines isolated from the sperm of 
salmon, tuna, and many other fish in that they all contain a series of (Arg)n sequences 
that wrap around the phosphodiester backbone and bind the protein to duplex 
DNA. In protamine P1, these anchoring sequences, which are typically separated by 
one or two uncharged amino acids, make up a central DNA-binding domain that is 
very similar to the entire sequence of the fish protamines. In contrast to fish prot-
amines, protamine P1 sequences from placental mammals also contain two N- and 
C-terminal peptide domains that do not bind to DNA [80, 81]. Both of these domains 
contain serine, threonine, or tyrosine residues that are phosphorylated shortly after 
the protein is synthesized [82–84]. These domains also contain multiple cysteine 
residues that form a series of inter- and intraprotamine disulfide bonds and link each 
protamine molecule to its neighbor as the spermatid matures and passes through the 
epididymis [81]. The formation of these disulfide cross-links occurs sequentially 
with the intraprotamine disulfides forming first, beginning in late-step spermatids 
and nearing completion by the time the sperm enter the caput epididymis [81, 85]. 
Once formed, the intraprotamine disulfides do not prevent the protein from being 
dissociated from DNA.  As the sperm traverse the epididymis, a series of inter-
protamine disulfides are formed, cross-linking all the protamines to each other in 
such a manner that the protamines cannot be removed from the DNA. The resulting 
network of disulfide cross-links [81, 86] stabilize the structure of the completed 
sperm chromatin complex making it more difficult for other proteins (e.g., tran-
scription factors and other enzymes) to gain access to the DNA until the protamines 
are removed following fertilization. With one exception, monotreme (platypus and 
echidna) [87] and marsupial [88–91] protamines differ from the P1 protamines of 
placental mammals in that they do not contain any cysteine residues. A shrewlike 
marsupial in the genus Planigales has been found to produce protamines that con-
tain five to six cysteines [90, 92], a number similar to the number of cysteines that 
are typically found in the P1 protamines of placental mammals.

Unlike protamine P1, P2 is synthesized as a larger precursor protein (101 resi-
dues in human, 106 residues in mouse) that is deposited onto DNA and subsequently 
shortened over a several-day period [93]. Processing of the P2 precursor, which 
does not begin until several hours after its synthesis and deposition onto DNA, 
occurs by progressive and sequential cleavage (Fig. 1.2) and removal of a series of 
short peptide fragments from the amino-terminus of the precursor [93–97]. Each 
intermediate processed form of the protein persists for several hours before being 

R. Balhorn



9

processed further [81]. The final processing step occurs approximately 24–30 h 
after the intact precursor is synthesized and deposited onto DNA. While the func-
tion of this processing remains unknown, the sequential nature of segment removal 
and the observed delay in each step suggest the amino-terminal sequence being 
removed may have some time-dependent function that facilitates P2’s integration 
into chromatin or modulates the protein’s interaction with DNA or other prot-
amines. P2 is also posttranslationally modified by phosphorylation [81, 98] on 
serine and threonine residues. Both the unprocessed precursor and the fully pro-
cessed P2 are phosphorylated [98]. The P1 and P2 protamines appear to be phos-
phorylated prior to their binding to DNA and then repeatedly dephosphorylated 
and re-phosphorylated until they are properly bound to DNA. The level of phos-
phorylation progressively declines as the spermatids traverse the epididymis [98]. 
Once the sperm reach the vas deferens, the majority of the phosphorylation has 
been removed [83].

Fig. 1.2  Processing of the P2 precursor, which does not begin until several hours after its synthe-
sis and deposition onto DNA, occurs by the sequential cleavage and removal of a series of short 
peptide fragments (black arrows) from the amino-terminal domain of the protamine P2 precursor. 
The intact P2 precursor (1, black) and partially processed forms of P2 (2, blue; 3, red; 4, green) 
migrate more slowly than P1 and P2 in acid-urea gels. Changes in tritium labeling of the intact P2 
precursor and its partially processed forms isolated from the spermatids of mice injected with 
3H-arginine show the radiolabel appears first in the intact precursor (1, black; highest 3H-arginine 
content at 2 h). As the labeling decreases in the intact precursor over time, the label moves next into 
processed form 2 (blue), followed by processed form 3 (red), and then processed form 4 (green)
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Precisely how the final processed form of P2 interacts with DNA has not yet been 
determined, but analyses of the protamines packaging sperm chromatin in several 
species suggest the majority of the length of the P2 molecule binds to DNA [42]. 
The “footprint” of P1 when bound to DNA has been estimated to be 10–11 base 
pairs, or one full turn of DNA, while the “footprint” of P2 appears to be larger (15 
base pairs) [42]. Similar to protamine P1, the final processed form of P2 also con-
tains a series of (Arg)n anchoring sequences that are used to bind the protein to 
DNA. These segments are shorter than those found in the DNA-binding domain of 
P1, and they are distributed throughout much of the length of the P2 sequence. P2 
also contains multiple cysteine residues that participate in the formation of the 
disulfide bonds that interconnect all the protamines (both P1 and P2) late in 
spermiogenesis.

In addition to phosphorylation, mouse protamines P1 and P2 are posttranslation-
ally modified by acetylation on lysine and serine residues and by methylation on 
lysine residues [99]. All three types of modifications change the charge state of the 
affected amino acid side chain in such a way that their presence could impact the 
conformation of the region of the protein containing the modification or disrupt its 
binding to DNA. In contrast to the acetylated and methylated sites, which can be 
found in the same protein molecule, phosphorylated and acetylated residues were 
not found in the same protamine molecule, suggesting they may have separate and 
possibly exclusive functions.

Protamine P2 also differs from protamine P1  in that it binds zinc [100–102]. 
Particle-induced X-ray emission (PIXE) analyses of individual mouse and hamster 
caudal sperm and ejaculated human and stallion sperm have shown the amount of 
zinc present in the sperm chromatin of each of these species is consistent with a 
single zinc atom being bound to each P2 molecule [101]. This zinc is already bound 
to hamster protamine P2 in late-step spermatids isolated from testes, and the stoichi-
ometry (1 Zn/1 P2 protamine) remains constant as hamster sperm traverse the epi-
didymis (Table  1.1). Nuclear zinc has been reported to increase once the sperm 
enters the zinc-rich seminal fluid [103, 104], but what role this zinc plays in sperm 
chromatin is currently unclear.

While analyses of zinc bound to protamine P2  in solution have suggested the 
coordination of zinc by histidine and cysteine residues may bear some similarity to 
zinc finger proteins [102, 105], other studies conducted with DNA-bound protamine 
P2 peptides and with intact hamster spermatid and sperm heads indicate zinc is 

Table 1.1  Zinc is bound to hamster protamine P2 in late-step spermatids, and the stoichiometry 
(1 Zn/1 P2 protamine) remains constant as hamster sperm traverse the epididymis

Sperm source DNA (pg) P2 (10–15 mol) Zn (10–15 mol) Zn:P2

Cauda epididymis 3.3 ± 0.1 0.131 ± 0.007 0.16 ± 0.04 1.2 ± 0.3
Caput epididymis 3.4 ± 0.1 0.132 ± 0.008 0.15 ± 0.04 1.1 ± 0.3
Testis 3.4 ± 0.1 0.142 ± 0.008 0.15 ± 0.04 1.0 ± 0.3

DNA, protamine P2, and zinc contents were determined by PIXE analysis of individual spermatids 
and sperm using the nuclear microprobe at Lawrence Livermore National Laboratory as described 
previously [102]
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coordinated differently when the protein is bound to DNA.  Two potential zinc-
binding sites were identified in the human protamine P2 peptide [100], one located 
near the amino-terminus of P2 and a second site near the carboxy-terminus. Only 
one zinc-binding site near the carboxy-terminus of hamster protamine P2 fits the 
hamster spermatid and sperm results [106]. What the analyses of P2-bound zinc in 
hamster sperm and spermatids also showed is that the amino acids in protamine P2 
coordinating the zinc change during epididymal transit [106]. Extended X-ray 
absorption fine structure analyses of sonication-resistant (late-step) hamster sper-
matids have shown that, prior to the formation of the intraprotamine disulfides, the 
zinc is coordinated by three cysteines and one histidine or carboxyl group in prot-
amine P2 (Table 1.2). Only one site located near the carboxy-terminal end of P2 
(Fig. 1.3, structure A) has three cysteine residues and a histidine in close enough 
proximity to each other to coordinate zinc [106]. Once all the protamines have been 
deposited in sperm chromatin and the sperm pass through the epididymis, the coor-
dination of zinc changes with two of the three cysteine residues coordinating zinc in 
late-step spermatids being replaced by two histidines or carboxyl groups (Fig. 1.3, 
structure B) in mature sperm. Following treatment of mature sperm chromatin with 
a reducing agent in  vitro, the amino acids coordinating zinc change back to the 
arrangement observed in late-step spermatids. This change in amino acids coordi-
nating zinc, which occurs as the inter-protamine disulfide bonds are being formed, 
may reflect the initial protection and sequestration of specific cysteine residues until 
they are needed late in spermiogenesis for inter-protamine disulfide bond 
formation.

One interesting alternative theory proposed by Bjorndahl et al. [107] suggests 
that inter-protamine disulfides may not cross-link protamines together during the 
final stage of sperm chromatin maturation, but that the final step in the stabilization 
of the DNA-protamine complex is instead brought about by zinc forming inter-
protamine zinc-dithiolate cross-links between neighboring protamine molecules 
[103, 107]. While this is unlikely to happen in the sperm of species whose DNA is 
packaged only by protamine P1 (all current studies indicate P1 does not bind zinc), 
zinc-mediated cross-linking of neighboring protamine P2 molecules (on same 
strand of DNA or neighboring strands in coiled toroid) could occur (Fig. 1.3, struc-
tures C and D) and might explain why the sperm chromatin containing protamine P2 
is more easily decondensed in species that use protamine P2 to package their DNA 
[108]. Other cases have been reported in which tetrahedral zinc coordination by two 
different protein subunits or partners is used to stabilize an interaction [109, 110]. 

Table 1.2  X-ray absorption 
fine structure (XAFS) 
analysis of zinc coordination 
by protamine P2 in sonication 
resistant Syrian hamster 
testicular sperm and caudal 
sperm

Chromatin source Ligand Coordination distance

Sperm (cauda) 1 S At 2.33 Å
3 N/O At 2.04 Å

Testicular sperm 3 S At 2.33 Å
1 N/O At 2.05 Å

MSH-treated sperm (cauda) 1 S At 2.33 Å
3 N/O At 2.08 Å
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Artificial complexes with similar structures have also been generated to test the 
feasibility of using zinc coordination by a pair of partners to create novel peptide 
assemblies [111].

1.5  �Protamine-DNA Interactions and Structure 
of the Complex

Differences in P1 and P2 protamine sequence, the synthesis of P2 as a precursor and 
its subsequent processing, the binding of zinc to P2 but not P1, the observation that 
sperm chromatins containing P2 are less stable than those containing only P1 [108], 
and the fact that no species has been identified that produces sperm with its DNA 
packaged only by protamine P2 suggest there are likely to be important differences 

Fig. 1.3  Proposed mode of zinc coordination by protamine P2 in the Syrian hamster and changes 
that occur during the final stages of sperm chromatin maturation as the sperm traverse the epididy-
mis. The site located near the carboxy-terminal end of Syrian hamster P2 has three cysteine and 
three histidine residues in close enough proximity to each other to coordinate zinc. The proposed 
zinc coordination shown in A is consistent with XAFS data obtained from analyses of Syrian 
hamster late-step spermatids (Table 1.2) which show the zinc bound to protamine P2 is coordinated 
by three cysteines and a histidine. By the time the sperm pass through the epididymis and reach the 
cauda, the amino acids coordinating the zinc in mature sperm have changed to a structure consis-
tent with that shown in B where the zinc is coordinated by a single cysteine, two histidine residues, 
and a water molecule. Possible inter-protamine P2 zinc-mediated cross-links that could form 
between C the carboxy-terminal domain of one P2 and the amino-terminal domain of a different 
P2 or D the carboxy-terminal domain of one P2 and the carboxy-terminal domain of a different P2. 
Such zinc-coordinated cross-links could form between adjacent P2 molecules bound to the same 
DNA or between P2 molecules on different strands of DNA (such as those packed together during 
the coiling of the DNA-protamine complex into a toroid)
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in the way the P1 and P2 protamines bind to and “package” DNA. The observation 
that many species of mammals produce sperm with their DNA packaged only by 
protamine P1, while none are known to use only protamine P2, also suggests that P1 
may be sufficient for the final packaging and that P2 contributes to the process but 
cannot be substituted entirely for P1. In those species whose sperm contain both 
protamines P1 and P2, the relative amounts of the P1 and P2 protamines found in 
the sperm chromatin of mammals varies widely between mammalian genera, but 
the relative proportion of the two proteins packaging the DNA appears to be con-
served among the species within a genus [79].

Beyond the knowledge that both protamines P1 and P2 bind to DNA in some 
manner that allows the two proteins to be cross-linked together by disulfide bridges 
during the final stage of sperm maturation, we know very little about how protamines 
P1 and P2 are distributed along a segment of DNA. Experiments analyzing chemi-
cally cross-linked protamines and the disulfide bonds that are formed within and 
between protamine molecules in rodents, taken together with the variability in pro-
portion of P2 present in the sperm of different mammalian species, have suggested 
protamine P2 molecules are likely to be clustered together along the DNA as dimers 
[112, 113]. This would be consistent with the observed conservation of cysteine resi-
dues (numbers and locations) in protamine sequences, and it could also explain how 
a similar pattern of disulfide bond formation could be used to interlink all the prot-
amines together irrespective of the relative proportion of P1 and P2 [112, 113].

Protamines are unusual in that they are unstructured in solution [114] and only 
adopt a specific conformation when they bind to DNA. At the molecular level, prot-
amines bind to duplex DNA in a manner that has been shown to be independent of 
base sequence [115, 116]. The primary interactions are electrostatic and involve the 
binding of the positively charged guanidinium groups in the arginine residues pres-
ent in the DNA anchoring domains of protamine to the negatively charged phos-
phates that comprise phosphodiester backbone of DNA. The high affinity of binding 
is derived from two aspects of these interactions, the formation of a salt bridge and 
hydrogen bond between the guanidinium group and the phosphate and the multiva-
lency achieved through the binding of multiple arginine residues in the DNA-
binding domain of protamine to an equivalent number of phosphate groups in 
DNA. Computer modeling, X-ray scattering, and other experimental studies [114, 
117–119] have provided evidence to suggest that the DNA-binding domain of prot-
amine P1 wraps in an extended conformation around the DNA helix (Fig.  1.4), 
positioned above and stretching across the major groove. Adjacent arginine residues 
in the (Arg)n anchoring domains bind to phosphates on opposite strands of the 
duplex DNA molecule, interlocking the relative positions of the bases together and 
preventing strand separation or changes in DNA conformation throughout the 
period that the protamines remain bound to DNA. In order for alternating arginine 
residues in the (Arg)n anchoring sequences to bind to phosphates in opposing 
strands of the DNA helix, the amide backbone of the DNA-binding domain is forced 
into a unique conformation similar to a gamma-turn [114]. Following the binding of 
the protamines to DNA, a neutral, highly insoluble chromatin complex is produced 
that enables DNA strands to be packed tightly together without charge repulsion.
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Low-angle X-ray scattering experiments performed on intact sperm heads have 
confirmed the close packing of the DNA within sperm chromatin, showing the 
center-to-center distance between adjacent DNA molecules is approximately 
2.7–3 nm [117, 120, 121]. To achieve this tight packing, the protamine-bound mol-
ecules must be organized in a hexagonal arrangement [86] with only 0.7 nm dis-
tance of separation between the surfaces of adjacent molecules. This is achieved by 
coiling the DNA into toroidal structures approximately 100  nm in diameter that 
contain ~50,000 bp of DNA. High-resolution EM studies of individual toroidal sub-
units [122] have confirmed the individual DNA molecules are tightly packed in a 
hexagonal arrangement, consistent with what has been observed by low-angle X-ray 
scattering.

1.6  �Higher-Ordered Organization of Chromatin in Mature 
Sperm

Electron microscopy (EM) images of the chromatin in differentiating spermatids 
have shown that the DNA is initially organized similar to somatic chromatin (~11 nm 
nodules/nucleosomes and 30 nm fibers [22, 123]), which subsequently transforms 
into nodular structures or fibers in late-step spermatids with diameters (50–100 nm) 
much larger than individual nucleosomes. As the protamines are deposited in the 
chromatin, dephosphorylated and their disulfide bonds begin forming, these nodules 
coalesce into increasingly larger masses or fibers that eventually become so tightly 
packed and electron dense that the individual structures can no longer be resolved. 
Both the extreme degree of compaction of the DNA into the toroidal subunits and 
the insolubility of the DNA-protamine complex have made it difficult to obtain more 
detailed information about the higher-ordered arrangement of toroids and nucleo-
somes packed inside the nucleus by direct analyses of mature sperm.

Additional information has been obtained, however, by partially disrupting sperm 
chromatin using polyanions, reducing agents, high ionic strength, or following par-
tial digestion by nucleases [112, 124–130]. EM and scanning probe microscopy 

Fig. 1.4  A computer-generated molecular model of a DNA-protamine P1 complex shows how the 
DNA-binding domain of protamine P1 wraps in an extended conformation around the DNA helix, 
positioned above and stretching across the major groove. The structure contains four turns of DNA 
(white) and two bull protamine DNA-binding domains (blue)
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images of decondensed human sperm (Fig. 1.5) have revealed the presence of two 
types of structures, small subunits similar in diameter (~10  nm) and thickness 
(~5  nm) to somatic nucleosomes and larger globular lifesaver-shaped structures 
approximately 100 nm in diameter and 20 nm thick with a hole or depression in the 
center [112]. Toroidal structures with lifesaver-like features and similar dimensions 
(100 nm) are also spontaneously generated in vitro when protamine (Fig. 1.5) [112, 
116], viral proteins involved in DNA encapsulation [131, 132], and other polyca-
tions are added to dilute solutions of DNA or to individual DNA molecules [133–
135]. The size of the toroids, which have been generated using a wide variety of 
lengths of DNA and condensing agents, appears to represent a minimal energy state 
for DNA condensed by protamines and other polycations [122, 134, 136]. The 
toroids formed by protamine binding to DNA contain approximately 50,000 bp of 
DNA [112, 116]. Closely packed structures with diameters similar to these toroids 
were found by Koehler to comprise the lamellar sheets of chromatin packed inside 
rat, rabbit, bull, and human sperm [127, 128, 137]. Such a packing arrangement for 

Fig. 1.5  Scanning probe 
microscopy images of A 
toroidal structures 
(100 nm) with lifesaver-
like features generated in 
vitro when bull protamine 
P1 is added to dilute 
solutions of DNA (7.5 kb 
plasmid) loosely bound to 
a Mg+2 treated mica 
surface (dimensions of 
each toroid image is 325 × 
325 nm) and B globular 
lifesaver-shaped toroid 
structures in dispersed 
human sperm chromatin. 
These native DNA-
protamine toroids are 
approximately 100–
150 nm in diameter and 
20 nm thick with a hole or 
depression in the center
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DNA would be consistent with the microscopy data obtained from stallion sperm 
heads [138] if the toroidal structures are stacked tightly together as lifesavers 
(Fig. 1.6 and see Chap. 3, Fig. 3.2) similar to the models presented by Ward [49] and 
Vilfan et al. [86]. While areas of less densely packed DNA similar to nucleosomal 
containing somatic chromatin were not observed by Koehler, images obtained from 
scanning probe microscopy studies of human and mouse sperm chromatin do show 
clusters of nucleosome-sized structures interspersed between much larger toroidal 
chromatin domains packaged by protamines [112].

1.7  �Preservation of DNA Domains and Nuclear Matrix 
Associations

Following the multitude of nuclear protein transitions and the final compaction of 
the spermatid genome by protamines into a densely packed chromatin “particle,” 
several aspects of somatic chromatin architecture still appear to be retained inside 
the sperm head. Confocal microscopy of somatic cells has shown in a number of 
cases that the DNA molecules that comprise individual chromosomes are not ran-
domly distributed throughout the nucleus, but each appears to be confined to a spe-
cific domain or territory inside the interphase nucleus [139–143]. Similar observations 
have been made regarding the distribution of chromosomal DNA inside the heads of 
human, bull, mouse, echidna, and platypus sperm [47, 144–147]. While studies con-
ducted with sperm from placental mammals have not provided strong evidence that 
the chromosomes are arranged in any particular order relative to each other, there is 
some evidence for a specific arrangement in echidna and platypus sperm.

Two other organizational features retained in sperm cell nuclei are the chroma-
tin loop domains and the attachment of the chromatin to a nuclear protein scaffold 
or nuclear matrix [124, 148–151]. While protein content of the nuclear matrix 
changes as the spermatid differentiates [148], the DNA remains bound to the 
matrix at a very large number of sites (~50,000). This matrix appears in EM 
images as a network of dense protein filaments filling the interior of the head of 

Fig. 1.6  Model showing arrangement of protamine-packaged DNA toroids (red) stacked side by 
side in sperm chromatin with interspersed regions of DNA packaged by histones (purple) as pro-
posed by Ward et al. [49] (See Chap. 3, Fig. 3.2, for the complete model)
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the spermatid and sperm bounded by a peripheral structure, the lamina. The DNA 
in between the sites of attachment to the matrix retain the loop organization pres-
ent in somatic cells [152, 153]. These loops, which contain ~40,000–50,000 bp of 
DNA in both the somatic and sperm nucleus, are anchored to the matrix through 
specific chromatin domains, called nuclear scaffold attachment regions/matrix 
attachment regions (SARs/MARs). The retention of the matrix and its associations 
with DNA in sperm are important to maintain because their presence would facili-
tate and speed up the process of genome reactivation following fertilization and 
the initiation of the first cycle of DNA replication in the male pronucleus [154, 
155]. The loop domains play important roles in transcriptional regulation, DNA 
replication, and chromosome organization both prior to spermiogenesis and after 
fertilization. In sperm these loops may also aid in the packing of the DNA by prot-
amines into toroids which also contain ~50,000 bp of DNA ([49, 112, 116] and 
(Fig. 1.6 and Chap. 3, Fig. 3.2).

1.8  �Reactivation of Paternal Chromatin Following Sperm-
Oocyte Fusion

Fertilization and the entrance of the haploid male genome into the oocyte trigger a 
cascade of events [156] that rapidly convert the genome back to nucleosome-
organized chromatin and activate sets of genes within the male genome required for 
the first steps in embryonic development. Removal of the protamines and paternal 
histones and deposition of the histones provided by the oocyte onto DNA appears to 
be accomplished by a histone chaperone [157–165] similar to the nucleoplasmin 
first identified in frogs [162, 166, 167]. Sequence analyses of the frog and related 
mammalian nucleoplasmins have shown these proteins contain a series of polyglu-
tamic acid sequences that may facilitate the removal of the protamines from the 
DNA prior to loading it with histones [168] by forming a series of salt bridges with 
the (Arg)n DNA-binding domains of the protamines [160, 164, 165]. The (Arg)n 
segments in the protamines, which have a higher affinity for polyglutamic acid than 
the phosphodiester backbone of DNA, would then release from the DNA and allow 
the chaperone to deposit the histones and regenerate the nucleosomal organization 
required to reactivate the new embryo’s genome.

Another early event associated with the unpacking of the sperm chromatin that 
occurs almost immediately after removing the protamines is the initiation of a 
period of DNA synthesis associated with DNA damage repair [169–172]. This 
repair synthesis is required to repair DNA strand breaks and remove DNA adducts 
or other damage that is acquired during spermiogenesis and epididymal transit and 
storage when repair activities could not be performed due to the packaging of the 
genome by protamines. Studies have shown that the majority of the damage brought 
into the oocyte by the sperm is repaired during this period of DNA synthesis, and 
this process is considered to be critical for maintaining the integrity of the male 
genome and for ensuring normal embryonic development.
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1.9  �Consequences of Disrupting Sperm Chromatin 
Remodeling

A number of the chromatin protein-related changes associated with the repackaging 
of spermatid genome have been shown to be important for male fertility. These 
include the removal of the majority of the somatic histones by transition proteins 
TP1 and TP2, the deposition and posttranslational marking of a subset of paternal 
histones, and the replacement of the TP proteins by protamine. Numerous studies 
have suggested there is a positive correlation between male subfertility or infertility 
and elevated levels of histone in mature human sperm [95, 120, 173–178]. Alterations 
in the expression and/or translation of the protamine genes leading to a change in 
the proportion of the P1 or P2 proteins present in sperm chromatin have been shown 
to not only be linked to infertility [179–189] abnormal sperm head morphology and 
high levels of DNA fragmentation [186, 190] but to also adversely impact IVF (in 
vitro fertilization) outcome and early embryonic development [191–195]. The 
observed differences in protamine content of sperm obtained from infertile males 
ranged from sperm chromatin containing very little protamine to having too little 
protamine P1 or too little protamine P2. Defects in protamine P2 precursor process-
ing, which have also been observed in infertile males [196, 197] and a male experi-
encing a high fever during an episode of influenza [198], may indirectly contribute 
to the reduction in the amount of P2 (the fully processed form of the P2 
precursor).

Other studies have shown that the timely formation of the protamine disulfide 
cross-links that occur during the final stages of sperm maturation are also impor-
tant for fertility. In mammals, both protamines P1 and P2 contain multiple cysteine 
residues. The thiol groups of these cysteines are in the reduced form (free thiols) 
when the protamines are synthesized and deposited onto DNA, and they remain 
reduced until the final stage of spermiogenesis when they participate in the forma-
tion of both intra-and intermolecular protamine disulfides as the spermatids elon-
gate and the sperm pass through the epididymis [81, 199–202]. A number of cases 
of human, stallion, and bull infertility have been associated with what appear to be 
errors in disulfide cross-linking among the protamines. In the sperm of fertile males, 
the formation of the disulfide bonds is believed to stabilize the chromatin and pro-
tect it from physical damage. An equally feasible possibility is that these disulfide 
bonds not only stabilize the chromatin, but they also prevent the thiol groups from 
being oxidized or alkylated during the long period of time required for spermatid 
maturation and sperm storage prior to fertilization. This might be important if the 
cysteine residues in mammalian protamine also participate in the process of prot-
amine removal from DNA after fertilization. Cysteine-free thiols are excellent free 
radical scavengers and are susceptible to oxidation to cysteic acid. If functional free 
thiols are required for efficient protamine removal, the oxidation or alkylation of 
even a few cysteines could potentially complicate or prevent the efficient removal of 
the modified protamine from the male genome, and its retention would block the 
gene it was bound to from being transcribed or replicated later in development. 
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Mice exposed to alkylating agents prior to protamine disulfide bond formation have 
been shown to produce sperm with alkylated protamine thiols [203–205]. Matings 
conducted with the treated males resulted in the production of embryos that died 
early in development from dominant lethal mutations [204]. The sperm containing 
the protamines with alkylated protamines succeeded in fertilizing oocytes and 
inducing embryonic development, but at some point the embryo died when a key 
gene could not be turned on.

Male infertility has also been linked to deficiencies in sperm chromatin-associated 
zinc. Zinc is known to be essential for several aspects of sperm development, rang-
ing from contributions to structural elements in the tail to roles in chromatin organi-
zation and protamine structure and function [107]. A deficiency in zinc can affect 
the developing sperm directly, or it can impact the function of other testicular cells 
that contribute to or play a role in spermatid maturation, such as Sertoli cells. 
Because zinc plays multiple roles in spermatogenesis and testicular function, it has 
been difficult to decipher how sperm chromatin-bound zinc impacts the functional-
ity of the sperm cell. Since sperm chromatin-associated zinc is almost exclusively 
bound to protamine P2 in mammals [101], it has been suggested that the coordina-
tion of the zinc by protamine P2 may influence the binding of the protamine to DNA 
[102, 105] or to other protamines [107].

An alternative possibility is that zinc coordination by cysteine residues in prot-
amine might also protect the thiol groups and prevent their oxidation [206, 207] 
until it is time for the cysteines to form inter- and intramolecular disulfide bonds. 
Several studies have also suggested that exposures to other metals, such as copper 
and lead, may result in these metals binding to the cysteines in protamine in place 
of zinc (or prior to disulfide bond formation) and their being transported into the 
oocyte upon fertilization [201, 208–210]. In addition to potentially disrupting the 
function of sperm by altering chromatin decondensation or protamine P2 function, 
the delivery of these and other toxic metals into the oocyte would also be expected 
to have an adverse impact on early embryonic development.

DNA damage incurred during spermatid chromatin reorganization, deficiencies in 
transition protein synthesis and posttranslational modification, and defects in a num-
ber of epigenetic processes that contribute to imprinting [211, 212] and the repro-
gramming of the haploid genome during spermatogenesis have also been shown to 
adversely impact male fertility and the postfertilization function of the male genome 
[213]. Because sperm histones provide epigenetic information that regulates the tran-
scription of genes in the two-cell embryo, environmental perturbations have the 
potential to change the pattern of gene expression in embryos via changes/differ-
ences in sperm chromatin composition during the reactivation of the male genome. 
Several of these processes will be described in the chapters that follow. A number of 
excellent reviews have been published describing others [14, 15, 30, 214].

Acknowledgments  I would like to thank all the amazing students, postdocs, and collaborators 
whose curiosity and creativity have led to the discoveries described in this overview. I also 
thank Monique Cosman Balhorn for her invaluable contribution to, and constructive critique of, 
this chapter.

1  Sperm Chromatin: An Overview



20

References

	 1.	Mendel G, editor. Experiment in plant hybridization. Brunn: Brunn Natural History Society; 
1865.

	 2.	Haeckel E. Generelle morphologie der organismen. Berlin: Reimer; 1866.
	 3.	Miescher F. Letter I to Wilhelm His; Tubingen, February 26th, 1869. In: His W, editor. Die 

Histochemischen und Physiologischen Arbeiten von Friedrich Miescher—Aus dem sissen-
schaft—lichen Briefwechsel von F. Miescher. Liepzig: F. C. W. Vogel; 1869. p. 33–8.

	 4.	Miescher F. Uber die chemische Zusammensetzung der Eiter—zellen. Med-Chem Unters. 
1871;4:441–60.

	 5.	Flemming W. Uber das Verhalten des Kern bei der Zellltheilung und uber dei Bedeutung 
mekrkerniger Zellen. Arch Pathol Anat Physiol. 1879;77:1–29.

	 6.	Miescher F. Das Protamin—Eine neue organishe Basis aus den Samenssden des Rheinlachses. 
Ber Dtesch Chem Ges. 1874;7:376.

	 7.	Kossel A. Ueber die Constitution der einfachsten Eiweissstoffe. Z Pysiologische Chemie. 
1898;25:165–89.

	 8.	Kossel A, Dakin HD. Uber Salmin und Clupein. Z Pysiologische Chemie. 1904;41:407–15.
	 9.	Kossel A, Dakin HD.  Weitere Beitrage zum System der einfachsten Eiweisskorper. Z 

Pysiologische Chemie. 1905;44:342–6.
	 10.	Kossel A, Edlbacher F.  Uber einige Spaltungsprodukte des Thynnins und Pereins. Z 

Pysiologische Chemie. 1913;88:186–9.
	 11.	Reik W, Walter J. Genomic imprinting: parental influence on the genome. Nat Rev Genet. 

2001;2(1):21–32.
	 12.	Solter D. Differential imprinting and expression of maternal and paternal genomes. Annu Rev 

Genet. 1988;22:127–46.
	 13.	Ade H, Zhang X, Cameron S, Costello C, Kirz J, Williams S. Chemical contrast in X-ray 

microscopy and spatially resolved XANES spectroscopy of organic specimens. Science. 
1992;258(5084):972–5.

	 14.	Biermann K, Steger K.  Epigenetics in male germ cells. J  Androl. 2007;28(4):466–480. 
doi:jandr01.106.002048 [pii]. https://doi.org/10.2164/jandr01.106.002048.

	 15.	Štiavnická M, García Álvarez O, Nevoral J, Králíčková M, Sutovsky P. Key features of genomic 
imprinting during mammalian spermatogenesis: perspectives for human assisted reproductive 
therapy: a review. Anat Physiol. 2016;6(5):236. https://doi.org/10.4172/2161–0940.1000236.

	 16.	Canovas S, Ross PJ.  Epigenetics in preimplantation mammalian development. 
Theriogenology. 2016;86(1):69–79. https://doi.org/10.1016/j.theriogenology.2016.04.020. 
S0093–691X(16)30051–6 [pii].

	 17.	Pinheiro I, Heard E. X chromosome inactivation: new players in the initiation of gene silenc-
ing. F1000Research. 2017; 6(F1000 Faculty Rev):344 (doi: 10.12688/f1000research.10707.1)

	 18.	Heard E, Clerc P, Avner P.  X-chromosome inactivation in mammals. Annu Rev Genet. 
1997;31:571–610.

	 19.	Ney PA.  Gene expression during terminal erythroid differentiation. Curr Opin Hematol. 
2006;13(4):203–8.

	 20.	Berlowitz L.  Chromosomal inactivation and reactivation in mealy bugs. Genetics. 
1974;78(1):311–22.

	 21.	Montellier E, Boussouar F, Rousseaux S, Zhang K, Buchou T, Fenaille F, et al. Chromatin-
to-nucleoprotamine transition is controlled by the histone H2B variant TH2B. Genes Dev. 
2013;27(15):1680–92. https://doi.org/10.1101/gad.220095.113. gad.220095.113 [pii]

	 22.	Annunziato A. DNA packaging: nucleosomes and chromatin. Nat Educ. 2008;1(1):26.
	 23.	Hazzouri M, Pivot-Pajot C, Faure A-K, Usson Y, Pelletier R, Sèle B et  al. Regulated 

hyperacetylation of core histones during mouse spermatogenesis: involvement of histone-
deacetylases. Eur J Cell Biol 2000;79(12):950–960. doi: 10.1078/0171–9335–00123.

R. Balhorn

https://doi.org/10.2164/jandr01.106.002048
https://doi.org/10.4172/2161–0940.1000236
https://doi.org/10.1016/j.theriogenology.2016.04.020
https://doi.org/10.1101/gad.220095.113


21

	 24.	An J, Qin J, Wan Y, Zhang Y, Hu Y, Zhang C, et al. Histone lysine methylation exhibits a 
distinct distribution during spermatogenesis in pigs. Theriogenology. 2015;84(9):1455–62. 
https://doi.org/10.1016/j.theriogenology.2015.07.013. S0093–691X(15)00371–4 [pii].

	 25.	Carrell DT.  Epigenetics of the male gamete. Fertil Steril. 2012;97(2):267–74. https://doi.
org/10.1016/j.fertnstert.2011.12.036. S0015–0282(11)02920–7 [pii]

	 26.	Godmann M, Auger V, Ferraroni-Aguiar V, Sauro AD, Sette C, Behr R, et al. Dynamic regu-
lation of histone H3 methylation at lysine 4 in mammalian spermatogenesis. Biol Reprod. 
2007;77(5):754–64. https://doi.org/10.1095/biolreprod.107.062265.

	 27.	Khalil AM, Boyar FZ, Driscoll DJ.  Dynamic histone modifications mark sex chromo-
some inactivation and reactivation during mammalian spermatogenesis. Proc Natl Acad 
Sci U S A. 2004;101(47):16583–16587. doi:0406325101 [pii]. https://doi.org/10.1073/
pnas.0406325101.

	 28.	Song N, Liu J, An S, Nishino T, Hishikawa Y, Koji T.  Immunohistochemical analysis of 
histone H3 modifications in germ cells during mouse spermatogenesis. Acta Histochem 
Cytochem. 2011;44(4):183–90. https://doi.org/10.1267/ahc.11027. AHC11027 [pii].

	 29.	Luense LJ, Wang X, Schon SB, Weller AH, Lin Shiao E, Bryant JM, et al. Comprehensive 
analysis of histone post-translational modifications in mouse and human male germ cells. 
Epigenetics Chromatin. 2016;9:24. https://doi.org/10.1186/s13072–016–0072–6. 72 [pii].

	 30.	Nair M, Nagamori I, Sun P, Mishra DP, Rheaume C, Li B, et al. Nuclear regulator Pyg02 
controls spermiogenesis and histone H3 acetylation. Dev Biol. 2008;320(2):446–55. https://
doi.org/10.1016/j.ydbi0.2008.05.553. S0012–1606(08)00920–2 [pii]

	 31.	Sonnack V, Failing K, Bergmann M, Steger K. Expression of hyperacetylated histone H4 dur-
ing normal and impaired human spermatogenesis. Andrologia. 2002;34(6):384–90. doi:524 
[pii].

	 32.	Shirakata Y, Hiradate Y, Inoue H, Sato E, Tanemura K. Histone h4 modification during mouse 
spermatogenesis. J Reprod Dev. 2014;60(5):383–7. doi:DN/JST.JSTAGE/jrd/2014–018 [pii].

	 33.	Brykczynska U, Hisano M, Erkek S, Ramos L, Oakeley EJ, Roloff TC, et al. Repressive and 
active histone methylation mark distinct promoters in human and mouse spermatozoa. Nat 
Struct Mol Biol. 2010;17(6):679–87. https://doi.org/10.1038/nsmb.1821. nsmb.1821 [pii].

	 34.	Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell DT, Cairns BR. Distinctive chromatin in 
human sperm packages genes for embryo development. Nature. 2009;460(7254):473–8.

	 35.	Arpanahi A, Brinkworth M, Iles D, Krawetz SA, Paradowska A, Platts AE, et  al. 
Endonuclease-sensitive regions of human spermatozoal chromatin are highly enriched in 
promoter and CTCF binding sequences. Genome Res. 2009;19(8):1338–49. https://doi.
org/10.1101/gr.094953.109. gr.094953.109 [pii].

	 36.	Balhorn R, Gledhill BL, Wyrobek AJ. Mouse sperm chromatin proteins: quantitative isola-
tion and partial characterization. Biochemistry. 1977;16(18):4074–80.

	 37.	Erkek S, Hisano M, Liang CY, Gill M, Murr R, Dieker J, et al. Molecular determinants of 
nucleosome retention at CpG-rich sequences in mouse spermatozoa. Nat Struct Mol Biol. 
2013;20(7):868–75. https://doi.org/10.1038/nsmb.2599. nsmb.2599 [pii].

	 38.	Gardiner-Garden M, Ballesteros M, Gordon M, Tam PP. Histone- and protamine-DNA asso-
ciation: conservation of different patterns within the beta-globin domain in human sperm. 
Mol Cell Biol. 1998;18(6):3350–6.

	 39.	Gatewood JM, Cook GR, Balhorn R, Bradbury EM, Schmid CW. Sequence-specific packag-
ing of DNA in human sperm chromatin. Science. 1987;236(4804):962–4.

	 40.	Pittoggi C, Renzi L, Zaccagnini G, Cimini D, Degrassi F, Giordano R, et al. A fraction of 
mouse sperm chromatin is organized in nucleosomal hypersensitive domains enriched in ret-
roposon DNA. J Cell Sci. 1999;112(20):3537–48.

	 41.	Wykes SM, Krawetz SA.  The structural organization of sperm chromatin. J  Biol Chem. 
2003;278(32):29471–7.

	 42.	Bench GS, Friz AM, Corzett MH, Morse DH, Balhorn R. DNA and total protamine masses 
in individual sperm from fertile mammalian subjects. Cytometry. 1996;23(4):263–71.

1  Sperm Chromatin: An Overview

https://doi.org/10.1016/j.theriogenology.2015.07.013
https://doi.org/10.1016/j.fertnstert.2011.12.036
https://doi.org/10.1016/j.fertnstert.2011.12.036
https://doi.org/10.1095/biolreprod.107.062265
https://doi.org/10.1073/pnas.0406325101
https://doi.org/10.1073/pnas.0406325101
https://doi.org/10.1267/ahc.11027
https://doi.org/10.1186/s13072–016–0072–6
https://doi.org/10.1016/j.ydbi0.2008.05.553
https://doi.org/10.1016/j.ydbi0.2008.05.553
https://doi.org/10.1038/nsmb.1821
https://doi.org/10.1101/gr.094953.109
https://doi.org/10.1101/gr.094953.109
https://doi.org/10.1038/nsmb.2599


22

	 43.	Gatewood JM, Cook GR, Balhorn R, Schmid CW, Bradbury EM. Isolation of four core his-
tones from human sperm chromatin representing a minor subset of somatic histones. J Biol 
Chem. 1990;265(33):20662–6.

	 44.	Gusse M, Sautière P, Bélaiche D, Martinage A, Roux C, Dadoune JP, et  al. Purification 
and characterization of nuclear basic proteins of human sperm. Biochim Biophys Acta. 
1986;884(1):124–34.

	 45.	Tanphaichitr N, Sobhon P, Taluppeth N, Chalermisarachai P. Basic nuclear proteins in testicu-
lar cells and ejaculated spermatozoa in man. Exp Cell Res. 1978;117(2):347–56.

	 46.	Kimmins S, Sassone-Corsi P. Chromatin remodelling and epigenetic features of germ cells. 
Nature. 2005;434(7033):583–9.

	 47.	Zalenskaya IA, Zalensky AO.  Non-random positioning of chromosomes in human sperm 
nuclei. Chromosom Res. 2004;12(2):163–73.

	 48.	Zalenskaya IA, Bradbury EM, Zalensky AO.  Chromatin structure of telomere domain in 
human sperm. Biochem Biophys Res Commun. 2000;279(1):213–8. https://doi.org/10.1006/
bbrc.2000.3917. S0006–291X(00)93917–2 [pii]

	 49.	Ward WS. Function of sperm chromatin structural elements in fertilization and development. 
Mol Hum Reprod. 2010;16(1):30–6. https://doi.org/10.1093/molehr/gap080. gap080 [pii].

	 50.	Banerjee S, Smallwood A. Chromatin modification of imprinted H19 gene in mammalian 
spermatozoa. Mol Reprod Dev. 1998;50(4):474–84.

	 51.	Castillo J, Amaral A, Azpiazu R, Vavouri T, Estanyol JM, Ballesca JL, et al. Genomic and 
proteomic dissection and characterization of the human sperm chromatin. Mol Hum Reprod. 
2014;20(11):1041–53. https://doi.org/10.1093/molehr/gau079. gau079 [pii].

	 52.	Sillaste G, Kaplinski L, Meier R, Jaakma U, Eriste E, Salumets A. A novel hypothesis for 
histone-to-protamine transition in Bos taurus spermatozoa. Reproduction. 2017;153(3):241–
51. https://doi.org/10.1530/REP-16–0441. REP-16–0441 [pii].

	 53.	Hammoud SS, Purwar J, Pflueger C, Cairns BR, Carrell DT. Alterations in sperm DNA meth-
ylation patterns at imprinted loci in two classes of infertility. Fertil Steril. 2010;94(5):1728–
33. https://doi.org/10.1016/j.fertnstert.2009.09.010. S0015–0282(09)03689–9 [pii]

	 54.	 Ihara M, Meyer-Ficca ML, Leu NA, Rao S, Li F, Gregory BD, et al. Paternal poly (ADP-
ribose) metabolism modulates retention of inheritable sperm histones and early embry-
onic gene expression. PLoS Genet. 2014;10(5):e1004317. https://doi.org/10.1371/journal.
pgen.1004317. PGENETICS-D-13–01408 [pii]

	 55.	Vavouri T, Lehner B. Chromatin organization in sperm may be the major functional conse-
quence of base composition variation in the human genome. PLoS Genet. 2011;7(4):e1002036. 
https://doi.org/10.1371/journal.pgen.1002036.

	 56.	Carrell DT, Hammoud SS. The human sperm epigenome and its potential role in embryonic 
development. Mol Hum Reprod. 2010;16(1):37–47. https://doi.org/10.1093/molehr/gap090. 
gap090 [pii].

	 57.	Steger K, Klonisch T, Gavenis K, Drabent B, Doenecke D, Bergmann M.  Expression of 
mRNA and protein of nucleoproteins during human spermiogenesis. Mol Hum Reprod. 
1998;4(10):939–45.

	 58.	Singh J, Rao MR.  Interaction of rat testis protein, TP, with nucleic acids in  vitro. 
Fluorescence quenching, UV absorption, and thermal denaturation studies. J  Biol Chem. 
1987;262(2):734–40.

	 59.	Akama K, Sato H, Oguma K, Nakano M. Isolation of intact transition protein 2 with three zinc 
finger motifs from boar late spermatid nuclei. Biochem Mol Biol Int. 1997;42(5):865–72.

	 60.	Kundu TK, Rao MR. DNA condensation by the rat spermatidal protein TP2 shows GC-rich 
sequence preference and is zinc dependent. Biochemistry. 1995;34(15):5143–50.

	 61.	Gupta N, Madapura MP, Bhat UA, Rao MRS.  Mapping of post-translational modifica-
tions of transition proteins, TP1 and TP2, and identification of protein arginine methyl-
transferase 4 and lysine methyltransferase 7 as methyltransferase for TP2. J  Biol Chem. 
2015;290(19):12101–22. https://doi.org/10.1074/jbc.M114.620443.

	 62.	Ullas KS, Rao MR.  Phosphorylation of rat spermatidal protein TP2 by sperm-specific 
protein kinase A and modulation of its transport into the haploid nucleus. J  Biol Chem. 
2003;278(52):52673–80. https://doi.org/10.1074/jbc.M308365200. M308365200 [pii]

R. Balhorn

https://doi.org/10.1006/bbrc.2000.3917
https://doi.org/10.1006/bbrc.2000.3917
https://doi.org/10.1093/molehr/gap080
https://doi.org/10.1093/molehr/gau079
https://doi.org/10.1530/REP-16–0441
https://doi.org/10.1016/j.fertnstert.2009.09.010
https://doi.org/10.1371/journal.pgen.1004317
https://doi.org/10.1371/journal.pgen.1004317
https://doi.org/10.1371/journal.pgen.1002036
https://doi.org/10.1093/molehr/gap090
https://doi.org/10.1074/jbc.M114.620443
https://doi.org/10.1074/jbc.M308365200


23

	 63.	Meetei AR, Ullas KS, Vasupradha V, Rao MR. Involvement of protein kinase A in the phos-
phorylation of spermatidal protein TP2 and its effect on DNA condensation. Biochemistry. 
2002;41(1):185–95. doi:bi0117652 [pii].

	 64.	Pradeepa MM, Nikhil G, Hari Kishore A, Bharath GN, Kundu TK, Rao MR. Acetylation of 
transition protein 2 (TP2) by KAT3B (p300) alters its DNA condensation property and inter-
action with putative histone chaperone NPM3. J Biol Chem. 2009;284(43):29956–67. https://
doi.org/10.1074/jbc.M109.052043. M109.052043 [pii].

	 65.	Yu YE, Zhang Y, Unni E, Shirley CR, Deng JM, Russell LD, et al. Abnormal spermatogenesis 
and reduced fertility in transition nuclear protein 1-deficient mice. Proc Natl Acad Sci U S A. 
2000;97(9):4683–8. doi:97/9/4683 [pii].

	 66.	Zhao M, Shirley CR, Yu YE, Mohapatra B, Zhang Y, Unni E, et al. Targeted disruption of the 
transition protein 2 gene affects sperm chromatin structure and reduces fertility in mice. Mol 
Cell Biol. 2001;21(21):7243–55. https://doi.org/10.1128/MCB.21.21.7243–7255.2001.

	 67.	Caron N, Veilleux S, Boissonneault G. Stimulation of DNA repair by the spermatidal TP1 
protein. Mol Reprod Dev. 2001;58(4):437–43.

	 68.	Kierszenbaum AL.  Transition nuclear proteins during spermiogenesis: unre-
paired DNA breaks not allowed. Mol Reprod Dev. 2001;58(4):357–8. https://doi.
org/10.1002/1098–2795(20010401)58:4<357::AID-MRD1>3.0.CO;2-T. [pii] 10.1002/ 
1098–2795(20010401)58:4<357::AID-MRD1>3.0.CO;2-T.

	 69.	Unni E, Meistrich ML. Purification and characterization of the rat spermatid basic nuclear 
protein TP4. J Biol Chem. 1992;267(35):25359–63.

	 70.	Catena R, Escoffier E, Caron C, Khochbin S, Martianov I, Davidson I. HMGB4, a novel 
member of the HMGB family, is preferentially expressed in the mouse testis and localizes 
to the basal pole of elongating spermatids. Biol Reprod. 2009;80(2):358–66. https://doi.
org/10.1095/biolreprod.108.070243. biolreprod.108.070243 [pii].

	 71.	Rouhiainen A, Zhao X, Vanttola P, Qian K, Kulesskiy E, Kuja-Panula J, et al. HMGB4 is 
expressed by neuronal cells and affects the expression of genes involved in neural differentia-
tion. Sci Rep. 2016;6:32960. https://doi.org/10.1038/srep32960.

	 72.	Petit FG, Kervarrec C, Jamin SP, Smagulova F, Hao C, Becker E, et al. Combining RNA and 
protein profiling data with network interactions identifies genes associated with spermato-
genesis in mouse and human. Biol Reprod. 2015;92(3):71. https://doi.org/10.1095/biolre-
prod.114.126250. biolreprod.114.126250 [pii].

	 73.	Balhorn R, Weston S, Thomas C, Wyrobek AJ.  DNA packaging in mouse sperma-
tids. Synthesis of protamine variants and four transition proteins. Exp Cell Res. 
1984;150(2):298–308.

	 74.	Hecht NB.  Mammalian protamines and their expression. In: Hnilica LS, Stein GS, Stein 
JL, editors. Histones and other basic nuclear proteins, CRC series in the biochemistry and 
molecular biology of the cell nucleus. Boca Raton: CRC Press; 1989. p. 347–73.

	 75.	Kleene KC, Distel RJ, Hecht NB.  Translational regulation and deadenylation of a prot-
amine mRNA during spermiogenesis in the mouse. Dev Biol. 1984;105(1):71–9. doi:0012–
1606(84)90262–8 [pii].

	 76.	Yelick PC, Kwon YK, Flynn JF, Borzorgzadeh A, Kleene KC, Hecht NB. Mouse transition 
protein 1 is translationally regulated during the postmeiotic stages of spermatogenesis. Mol 
Reprod Dev. 1989;1(3):193–200.

	 77.	Kleene KC, Flynn J. Translation of mouse testis poly (A)+ mRNAs for testis-specific protein, 
protamine 1, and the precursor for protamine 2. Dev Biol. 1987;123(1):125–35.

	 78.	Lee K, Haugen HS, Clegg CH, Braun RE.  Premature translation of protamine 1 mRNA 
causes precocious nuclear condensation and arrests spermatid differentiation in mice. Proc 
Natl Acad Sci U S A. 1995;92(26):12451–5.

	 79.	Corzett M, Mazrimas J, Balhorn R. Protamine 1: protamine 2 stoichiometry in the sperm of 
eutherian mammals. Mol Reprod Dev. 2002;61(4):519–27.

	 80.	Balhorn R. The protamine family of sperm nuclear proteins. Genome Biol. 2007;8(9):227.
	 81.	Balhorn R. Mammalian protamines: structure and molecular interactions. In: Adolph KW, 

editor. Molecular biology of chromosome function. New  York: Springer-Verlag; 1989. 
p. 366–95.

1  Sperm Chromatin: An Overview

https://doi.org/10.1074/jbc.M109.052043
https://doi.org/10.1074/jbc.M109.052043
https://doi.org/10.1128/MCB.21.21.7243–7255.2001
https://doi.org/10.1002/1098–2795(20010401)58:4<357::AID-MRD1>3.0.CO;2-T
https://doi.org/10.1002/1098–2795(20010401)58:4<357::AID-MRD1>3.0.CO;2-T
https://doi.org/10.1095/biolreprod.108.070243
https://doi.org/10.1095/biolreprod.108.070243
https://doi.org/10.1038/srep32960
https://doi.org/10.1095/biolreprod.114.126250
https://doi.org/10.1095/biolreprod.114.126250


24

	 82.	Dixon GH, Candido EPM, Honda BM, Louie AJ, Macleod AR, Sung MT. The biological 
roles of post-synthetic modifications of basic nuclear proteins. Ciba foundation symposium 
28—The structure and function of chromatin. John Wiley & Sons, Ltd, Chichester, UK. 
doi:10.1002/9780470720103.ch2.

	 83.	 Ingles CJ, Dixon GH. Phosphorylation of protamine during spermatogenesis in trout testis. 
Proc Natl Acad Sci U S A. 1967;58(3):1011–8.

	 84.	Oliva R, Dixon GH. Vertebrate protamine genes and the histone-to-protamine replacement 
reaction. Prog Nucleic Acid Res Mol Biol. 1991;40:25–94.

	 85.	Balhorn R, Corzett M, Mazrimas J, Watkins B. Identification of bull protamine disulfides. 
Biochemistry. 1991;30(1):175–81.

	 86.	Vilfan ID, Conwell CC, Hud NV. Formation of native-like mammalian sperm cell chromatin 
with folded bull protamine. J Biol Chem. 2004;279(19):20088–95. https://doi.org/10.1074/
jbc.M312777200. M312777200 [pii].

	 87.	Retief JD, Winkfein RJ, Dixon GH. Evolution of the monotremes. The sequences of the prot-
amine P1 genes of platypus and echidna. Eur J Biochem. 1993;218(2):457–61.

	 88.	Retief JD, Krajewski C, Westerman M, Winkfein RJ, Dixon GH. Molecular phylogeny and 
evolution of marsupial protamine P1 genes. Proc Biol Sci. 1995;259(1354):7–14.

	 89.	Fifis T, Cooper DW, Hill RJ.  Characterization of the protamines of the tammar wallaby 
(Macropus eugenii). Comp Biochem Physiol. 1990;95B:571–5.

	 90.	Retief JD, Rees JS, Westerman M, Dixon GH.  Convergent evolution of cysteine resi-
dues in sperm protamines of one genus of marsupials, the Planigales. Mol Biol Evol. 
1995;12(4):708–12.

	 91.	Winkfein RJ, Nishikawa S, Connor W, Dixon GH. Characterization of a marsupial sperm 
protamine gene and its transcripts from the North American opossum (Didelphis marsupia-
lis). Eur J Biochem. 1993;215(1):63–72.

	 92.	Retief JD, Krajewski C, Westerman M, Dixon GH. The evolution of protamine P1 genes in 
dasyurid marsupials. J Mol Evol. 1995;41(5):549–55.

	 93.	Yelick PC, Balhorn R, Johnson PA, Corzett M, Mazrimas JA, Kleene KC, et al. Mouse prot-
amine 2 is synthesized as a precursor whereas mouse protamine 1 is not. Mol Cell Biol. 
1987;7(6):2173–9.

	 94.	Carré-Eusèbe D, Lederer F, Lê KH, Elsevier SM. Processing of the precursor of protamine 
P2 in mouse. Peptide mapping and N-terminal sequence analysis of intermediates. Biochem 
J. 1991;277(Pt 1):39–45.

	 95.	Chauviere M, Martinage A, Debarle M, Sautiere P, Chevaillier P. Molecular characteriza-
tion of six intermediate proteins in the processing of mouse protamine P2 precursor. Eur 
J Biochem. 1992;204(2):759–65.

	 96.	Elsevier SM, Noiran J, Carre-Eusebe D.  Processing of the precursor of protamine P2  in 
mouse. Identification of intermediates by their insolubility in the presence of sodium dodecyl 
sulfate. Eur J Biochem. 1991;196(1):167–75.

	 97.	Martinage A, Arkhis A, Alimi E, Sautiere P, Chevaillier P.  Molecular characterization of 
nuclear basic protein HPI1, a putative precursor of human sperm protamines HP2 and HP3. 
Eur J Biochem. 1990;191(2):449–51.

	 98.	Green GR, Balhorn R, Poccia DL, Hecht NB. Synthesis and processing of mammalian prot-
amines and transition proteins. Mol Reprod Dev. 1994;37(3):255–63.

	 99.	Brunner AM, Nanni P, Mansuy IM.  Epigenetic marking of sperm by post-translational 
modification of histones and protamines. Epigenetics Chromatin. 2014;7(1):2. https://doi.
org/10.1186/1756–8935–7-2. 1756–8935–7-2 [pii].

	100.	Bal W, Dyba M, Szewczuk Z, Jezowska-Bojczuk M, Lukszo J, Ramakrishna G, et  al. 
Differential zinc and DNA binding by partial peptides of human protamine HP2. Mol Cell 
Biochem. 2001;222(1–2):97–106.

	101.	Bench G, Corzett MH, Kramer CE, Grant PG, Balhorn R. Zinc is sufficiently abundant within 
mammalian sperm nuclei to bind stoichiometrically with protamine 2. Mol Reprod Dev. 
2000;56(4):512–9.

R. Balhorn

https://doi.org/10.1074/jbc.M312777200
https://doi.org/10.1074/jbc.M312777200
https://doi.org/10.1186/1756–8935–7-2
https://doi.org/10.1186/1756–8935–7-2


25

	102.	Bianchi F, Rousseaux-Prevost R, Sautiere P, Rousseaux J. P2 protamines from human sperm 
are zinc -finger proteins with one CYS2/HIS2 motif. Biochem Biophys Res Commun. 
1992;182(2):540–7.

	103.	Kvist U, Björndahl L. Zinc preserves an inherent capacity for human sperm 104 decondensa-
tion. Acta Physiol Scand. 1985;124(2):195–200.

	104.	Kvist U, Björndahl L, Kjellberg S. Sperm nuclear zinc, chromatin stability, and male fertility. 
Scanning Microsc. 1987;1(3):1241–7.

	105.	Gatewood JM, Schroth GP, Schmid CW, Bradbury EM. Zinc-induced secondary structure 
transitions in human sperm protamines. J Biol Chem. 1990;265(33):20667–72.

	106.	Dolan CE. Structural and functional studies of the protamine 2-zinc complex from Syrian 
gold hamster (Mesocricetus auratus) spermatids and sperm. Davis: University of California; 
2004.

	107.	Bjorndahl L, Kvist U. Human sperm chromatin stabilization: a proposed model including 
zinc bridges. Mol Hum Reprod. 2010;16(1):23–9.

	108.	Perreault SD, Barbee RR, Elstein KH, Zucker RM, Keefer CL. Interspecies differences in the 
stability of mammalian sperm nuclei assessed in vivo by sperm microinjection and in vitro 
by flow cytometry. Biol Reprod. 1988;39(1):157–67.

	109.	Auld DS. Zinc coordination sphere in biochemical zinc sites. Biometals. 2001;14(3–4):271–313.
	110.	Heinz U, Kiefer M, Tholey A, Adolph H-W. On the competition for available zinc. J Biol 

Chem. 2005;280(5):3197–207. https://doi.org/10.1074/jbc.M409425200.
	111.	Salgado EN, Lewis RA, Faraone-Mennella J, Tezcan FA. Metal-mediated self-assembly 

of protein superstructures: influence of secondary interactions on protein oligomeriza-
tion and aggregation. J  Am Chem Soc. 2008;130(19):6082–4. https://doi.org/10.1021/
ja8012177.

	112.	Balhorn R, Cosman M, Thornton K, Krishnan VV, Corzett M, Bench G, et  al. Protamine 
mediated condensation of DNA in mammalian sperm. In: Gagnon C, editor. The male gam-
ete: from basic knowledge to clinical applications: proceedings of the 8th international sym-
posium of spermatology. Vienna: Cache River Press; 1999. p. 55–70.

	113.	Corzett M, Kramer C, Blacher R, Mazrimas J, Balhorn R. Analysis of hamster protamines: 
primary sequence and species distribution. Mol Reprod Dev. 1999;54:273–82.

	114.	Hud NV, Milanovich FP, Balhorn R. Evidence of novel secondary structure in DNA-bound 
protamine is revealed by Raman spectroscopy. Biochemistry. 1994;33(24):7528–35.

	115.	Bianchi F, Rousseaux-Prevost R, Bailly C, Rousseaux J.  Interaction of human P1 and P2 
protamines with DNA. Biochem Biophys Res Commun. 1994;201(3):1197–204.

	116.	Brewer LR, Corzett M, Balhorn R. Protamine-induced condensation and decondensation of 
the same DNA molecule. Science. 1999;286(5437):120–3.

	117.	Feughelman M, Langridge R, Seeds WE, Stokes AR, Wilson HR, Hooper CW, et  al. 
Molecular structure of deoxyribonucleic acid and nucleoprotein. Nature. 1955;175:834–8.

	118.	Prieto MC, Maki AH, Balhorn R. Analysis of DNA-protamine interactions by optical detec-
tion of magnetic resonance. Biochemistry. 1997;36(39):11944–51.

	119.	Wilkins MFH.  Physical studies of the molecular structure of deoxyribonucleic acid and 
nucleoprotein. Cold Spring Harb Symp Quant Biol. 1956;21:75–90.

	120.	Foresta C, Zorzi M, Rossato M, Varotto A. Sperm nuclear instability and staining with ani-
line blue: abnormal persistence of histones in spermatozoa in infertile men. Int J Androl. 
1992;15(4):330–7.

	121.	Sartori Blanc N, Senn A, Leforestier A, Livolant F, Dubochet J. DNA in human and stal-
lion spermatozoa forms local hexagonal packing with twist and many defects. J Struct Biol. 
2001;134(1):76–81. https://doi.org/10.1006/jsbi.2001.4365. S1047–8477(01)94365–5 [pii]

	122.	Hud NV, Vilfan ID. Toroidal DNA condensates: unraveling the fine structure and the role of 
nucleation in determining size. Annu Rev Biophys Biomol Struct. 2005;34:295–318.

	123.	Horowitz RA, Agard DA, Sedat JW, Woodcock CL. The three-dimensional architecture of 
chromatin in situ: electron tomography reveals fibers composed of a continuously variable 
zig-zag nucleosomal ribbon. J Cell Biol. 1994;125(1):1–10.

1  Sperm Chromatin: An Overview

https://doi.org/10.1074/jbc.M409425200
https://doi.org/10.1021/ja8012177
https://doi.org/10.1021/ja8012177
https://doi.org/10.1006/jsbi.2001.4365


26

	124.	Allen MJ, Lee C, Lee JD 4th, Pogany GC, Balooch M, Siekhaus WJ, et al. Atomic force 
microscopy of mammalian sperm chromatin. Chromosoma. 1993;102(9):623–30.

	125.	Evenson DP, Witkin SS, de Harven E, Bendich A. Ultrastructure of partially decondensed 
human spermatozoal chromatin. J Ultrastruct Res. 1978;63(2):178–87.

	126.	Koehler JK. Fine structure observations in frozen-etched bovine spermatozoa. J Ultrastruct 
Res. 1966;16(3):359–75.

	127.	Koehler JK. A freeze-etching study of rabbit spermatozoa with particular reference to head 
structures. J Ultrastruct Res. 1970;33(5):598–614.

	128.	Koehler JK, Wurschmidt U, Larsen MP. Nuclear and chromatin structure in rat spermatozoa. 
Gamate Res. 1983;8:357–77.

	129.	Sobhon P, Chutatape C, Chalermisarachai P, Vongpayabal P, Tanphaichitr N. Transmission 
and scanning electron microscopic studies of the human sperm chromatin decondensed by 
micrococcal nuclease and salt. J Exp Zool. 1982;221(1):61–79.

	130.	Wagner TE, Yun JS. Fine structure of human sperm chromatin. Arch Androl. 1979;2(4):291–4.
	131.	Bera A, Perkins EM, Zhu J, Zhu H, Desai P. DNA binding and condensation properties of the 

herpes simplex virus type 1 triplex protein VP19C. PLoS One. 2014;9(8):e104640. https://
doi.org/10.1371/journal.pone.0104640. PONE-D-14–16399 [pii].

	132.	Furlong D, Swift H, Roizman B. Arrangement of herpesvirus deoxyribonucleic acid in the 
core. J Virol. 1972;10(5):1071–4.

	133.	Allen MJ, Bradbury EM, Balhorn R. AFM analysis of DNA-protamine complexes bound to 
mica. Nucleic Acids Res. 1997;25(11):2221–6.

	134.	Bloomfield VA. Condensation of DNA by multivalent cations: considerations on mechanism. 
Biopolymers. 1991;31(13):1471–81.

	135.	Marquet R, Wyart A, Houssier C.  Influence of DNA length on spermine-induced con-
densation. Importance of the bending and stiffening of DNA.  Biochim Biophys Acta. 
1987;909(3):165–72.

	136.	Hud NV, Downing KH. Cryoelectron microscopy of lambda phage DNA condensates in vit-
reous ice: the fine structure of DNA toroids. Proc Natl Acad Sci U S A. 2001;98(26):14925–
30. https://doi.org/10.1073/pnas.261560398. 261560398 [pii].

	137.	Koehler JK.  Human sperm head ultrastructure: a freeze-etching study. J  Ultrastruct Res. 
1972;39(5):520–39.

	138.	Livolant F.  Cholesteric organization of DNA in the stallion sperm head. Tissue Cell. 
1984;16(4):535–55.

	139.	Cremer T, Cremer C. Chromosome territories, nuclear architecture and gene regulation in 
mammalian cells. Nat Rev Genet. 2001;2(4):292–301.

	140.	Lichter P, Cremer T, Borden J, Manuelidis L, Ward DC. Delineation of individual human 
chromosomes in metaphase and interphase cells by in situ suppression hybridization using 
recombinant DNA libraries. Hum Genet. 1988;80(3):224–34.

	141.	Savage JR.  Interchange and intra-nuclear architecture. Environ Mol Mutagen. 
1993;22(4):234–44.

	142.	Schardin M, Cremer T, Hager HD, Lang M. Specific staining of human chromosomes in 
Chinese hamster x man hybrid cell lines demonstrates interphase chromosome territories. 
Hum Genet. 1985;71(4):281–7.

	143.	Weierich C, Brero A, Stein S, von Hase J, Cremer C, Cremer T, et al. Three-dimensional 
arrangements of centromeres and telomeres in nuclei of human and murine lymphocytes. 
Chromosom Res. 2003;11(5):485–502.

	144.	Manuelidis L. Individual interphase chromosome domains revealed by in situ hybridization. 
Hum Genet. 1985;71(4):288–93.

	145.	Manvelyan M, Hunstig F, Bhatt S, Mrasek K, Pellestor F, Weise A, et al. Chromosome distri-
bution in human sperm—a 3D multicolor banding-study. Mol Cytogenet. 2008;1:25.

	146.	Mudrak O, Tomilin N, Zalensky A. Chromosome architecture in the decondensing human 
sperm nucleus. J Cell Sci. 2005;118(Pt 19):4541–50.

	147.	Zalensky A, Zalenskaya I. Organization of chromosomes in spermatozoa: an additional layer 
of epigenetic information? Biochem Soc Trans. 2007;35(Pt 3):609–11.

R. Balhorn

https://doi.org/10.1371/journal.pone.0104640
https://doi.org/10.1371/journal.pone.0104640
https://doi.org/10.1073/pnas.261560398


27

	148.	Chen JL, Guo SH, Gao FH.  Nuclear matrix in developing rat spermatogenic cells. Mol 
Reprod Dev. 2001;59(3):314–21.

	149.	Santi S, Rubbini S, Cinti C, Squarzoni S, Matteucci A, Caramelli E, et al. Ultrastructural 
organization of the sperm nuclear matrix. Ital J Anat Embryol. 1995;100(Suppl 1):39–46.

	150.	Ward WS, Coffey DS. DNA packaging and organization in mammalian spermatozoa: com-
parison with somatic cells. Biol Reprod. 1991;44(4):569–74.

	151.	Yaron Y, Kramer JA, Gyi K, Ebrahim SA, Evans MI, Johnson MP, et al. Centromere sequences 
localize to the nuclear halo of human spermatozoa. Int J Androl. 1998;21(1):13–8.

	152.	Heng HH, Goetze S, Ye CJ, Liu G, Stevens JB, Bremer SW, et  al. Chromatin loops are 
selectively anchored using scaffold/matrix-attachment regions. J  Cell Sci. 2004;117(Pt 
7):999–1008.

	153.	Heng HH, Krawetz SA, Lu W, Bremer S, Liu G, Ye CJ.  Re-defining the chromatin loop 
domain. Cytogenet Cell Genet. 2001;93(3–4):155–61.

	154.	Shaman JA, Yamauchi Y, Ward WS.  Function of the sperm nuclear matrix. Arch Androl. 
2007;53(3):135–40.

	155.	Shaman JA, Yamauchi Y, Ward WS. The sperm nuclear matrix is required for paternal DNA 
replication. J Cell Biochem. 2007;102(3):680–8.

	156.	van der Heijden GW, Dieker JW, Derijck AA, Muller S, Berden JH, Braat DD, et al. Asymmetry 
in histone H3 variants and lysine methylation between paternal and maternal chromatin of the 
early mouse zygote. Mech Dev. 2005;122(9):1008–1022. doi:S0925–4773(05)00062–6 [pii]. 
https://doi.org/10.1016/j.mod.2005.04.009.

	157.	Burns KH, Viveiros MM, Ren Y, Wang P, DeMayo FJ, Frail DE, et al. Roles of NPM2 in chro-
matin and nucleolar organization in oocytes and embryos. Science. 2003;300(5619):633–6. 
https://doi.org/10.1126/science.1081813. 300/5619/633 [pii].

	158.	Dilworth SM, Black SJ, Laskey RA. Two complexes that contain histones are required for 
nucleosome assembly in vitro: role of nucleoplasmin and N1 in Xenopus egg extracts. Cell. 
1987;51(6):1009–18. doi:0092–8674(87)90587–3 [pii].

	159.	Emelyanov AV, Rabbani J, Mehta M, Vershilova E, Keogh MC, Fyodorov DV. Drosophila 
TAP/p32 is a core histone chaperone that cooperates with NAP-1, NLP, and nucleophos-
min in sperm chromatin remodeling during fertilization. Genes Dev. 2014;28(18):2027–40. 
https://doi.org/10.1101/gad.248583.114. 28/18/2027 [pii].

	160.	 Iwata K, Hozumi K, Iihara A, Nomizu M, Sakairi N, Nishi N. Mechanism of salmon sperm 
decondensation by nucleoplasmin. Int J Biol Macromol. 1999;26(2–3):95–101. doi:S0141–
8130(99)00071–9 [pii].

	161.	Laskey RA, Mills AD, Philpott A, Leno GH, Dilworth SM, Dingwall C. The role of nucleo-
plasmin in chromatin assembly and disassembly. Philos Trans R Soc Lond Ser B Biol Sci. 
1993;339(1289):263–269.; discussion 8–9. https://doi.org/10.1098/rstb.1993.0024.

	162.	McLay DW, Clarke HJ.  Remodelling the paternal chromatin at fertilization in mammals. 
Reproduction. 2003;125(5):625–33.

	163.	Okuwaki M, Sumi A, Hisaoka M, Saotome-Nakamura A, Akashi S, Nishimura Y, et  al. 
Function of homo- and hetero-oligomers of human nucleoplasmin/nucleophosmin family 
proteins NPM1, NPM2 and NPM3 during sperm chromatin remodeling. Nucleic Acids Res. 
2012;40(11):4861–78. https://doi.org/10.1093/nar/gks162. gks162 [pii].

	164.	Prieto C, Saperas N, Arnan C, Hills MH, Wang X, Chiva M, et  al. Nucleoplasmin 
interaction with protamines. Involvement of the polyglutamic tract. Biochemistry. 
2002;41(24):7802–10.

	165.	Ruiz-Lara SA, Cornudella L, Rodriguez-Campos A. Dissociation of protamine-DNA com-
plexes by Xenopus nucleoplasmin and minichromosome assembly in vitro. Eur J Biochem. 
1996;240(1):186–94.

	166.	Frehlick LJ, Eirin-Lopez JM, Jeffery ED, Hunt DF, Ausio J. The characterization of amphib-
ian nucleoplasmins yields new insight into their role in sperm chromatin remodeling. BMC 
Genomics. 2006;7:99.

	167.	Philpott A, Leno GH. Nucleoplasmin remodels sperm chromatin in Xenopus egg extracts. 
Cell. 1992;69(5):759–67.

1  Sperm Chromatin: An Overview

https://doi.org/10.1016/j.mod.2005.04.009
https://doi.org/10.1126/science.1081813
https://doi.org/10.1101/gad.248583.114
https://doi.org/10.1098/rstb.1993.0024
https://doi.org/10.1093/nar/gks162


28

	168.	Katagiri C, Ohsumi K. Remodeling of sperm chromatin induced in egg extracts of amphib-
ians. Int J Dev Biol. 1994;38(2):209–16.

	169.	Derijck A, van der Heijden G, Giele M, Philippens M, de Boer P. DNA double-strand break 
repair in parental chromatin of mouse zygotes, the first cell cycle as an origin of de novo 
mutation. Hum Mol Genet. 2008;17(13):1922–37.

	170.	Generoso WM, Cain KT, Krishna M, Huff SW.  Genetic lesions induced by chemicals in 
spermatozoa and spermatids of mice are repaired in the egg. Proc Natl Acad Sci U S A. 
1979;76(1):435–7.

	171.	Matsuda Y, Seki N, Utsugi-Takeuchi T, Tobari I. Changes in X-ray sensitivity of mouse eggs 
from fertilization to the early pronuclear stage, and their repair capacity. Int J Radiat Biol. 
1989;55(2):233–56.

	172.	Matsuda Y, Yamada T, Tobari I. Studies on chromosome aberrations in the eggs of mice fertil-
ized in vitro after irradiation. I. Chromosome aberrations induced in sperm after X-irradiation. 
Mutat Res. 1985;148(1–2):113–7.

	173.	Blanchard Y, Lescoat D, Le Lannou D. Anomalous distribution of nuclear basic proteins in 
round-headed human spermatozoa. Andrologia. 1990;22(6):549–55.

	174.	de Yebra L, Ballesca JL, Vanrell JA, Bassas L, Oliva R. Complete selective absence of prot-
amine-P2 in humans. J Biol Chem. 1993;268(14):10553–7.

	175.	Hofmann N, Hilscher B. Use of aniline blue to assess chromatin condensation in morphologi-
cally normal spermatozoa in normal and infertile men. Hum Reprod. 1991;6(7):979–82.

	176.	Terquem A, Dadoune J. Aniline blue staining of human spermatozoa chromatin: evaluation 
of nuclear maturation. The sperm cell. The Hague: Martinus Nijhoff Publishers; 1983.

	177.	van Roijen HJ, Ooms MP, Spaargaren MC, Baarends WM, Weber RF, Grootegoed JA, et al. 
Immunoexpression of testis-specific histone 2B in human spermatozoa and testis tissue. Hum 
Reprod. 1998;13(6):1559–66.

	178.	Zhang X, San Gabriel M, Zini A. Sperm nuclear histone to protamine ratio in fertile and 
infertile men: evidence of heterogeneous subpopulations of spermatozoa in the ejaculate. 
J Androl. 2006;27(3):414–20.

	179.	Aoki VW, Liu L, Carrell DT. Identification and evaluation of a novel sperm protamine abnor-
mality in a population of infertile males. Hum Reprod. 2005;20(5):1298–306.

	180.	Balhorn R, Reed S, Tanphaichitr N. Aberrant protamine 1/protamine 2 ratios in sperm of 
infertile human males. Experientia. 1988;44(1):52–5.

	181.	Belokopytova IA, Kostyleva EI, Tomilin AN, Vorobev VI.  Human male infertility may 
be due to a decrease of the protamine-P2 content in sperm chromatin. Mol Reprod Dev. 
1993;34(1):53–7.

	182.	Carrell DT, Emery BR, Hammoud S.  Altered protamine expression and diminished sper-
matogenesis: what is the link? Hum Reprod Update. 2007;13(3):313–27.

	183.	Carrell DT, Liu L. Altered protamine 2 expression is uncommon in donors of known fertility, 
but common among men with poor fertilizing capacity, and may reflect other abnormalities 
of spermiogenesis. J Androl. 2001;22(4):604–10.

	184.	Chevaillier P, Mauro N, Feneux D, Jouannet P, David G. Anomalous protein complement of 
sperm nuclei in some infertile men. Lancet. 1987;2(8562):806–7.

	185.	Mengual L, Ballesca JL, Ascaso C, Oliva R. Marked differences in protamine content and 
P1/P2 ratios in sperm cells from percoll fractions between patients and controls. J Androl. 
2003;24(3):438–47.

	186.	Oliva R. Protamines and male infertility. Hum Reprod Update. 2006;12(4):417–35.
	187.	Steger K. Haploid spermatids exhibit translationally repressed mRNAs. Anat Embryol (Berl). 

2001;203(5):323–34.
	188.	Steger K, Fink L, Failing K, Bohle RM, Kliesch S, Weidner W, et al. Decreased protamine-1 

transcript levels in testes from infertile men. Mol Hum Reprod. 2003;9(6):331–6.
	189.	Cho C, Willis WD, Goulding EH, Jung-Ha H, Choi YC, Hecht NB, et al. Haploinsufficiency 

of protamine-1 or -2 causes infertility in mice. Nat Genet. 2001;28(1):82–6. https://doi.
org/10.1038/88313. 88313 [pii].

R. Balhorn

https://doi.org/10.1038/88313
https://doi.org/10.1038/88313


29

	190.	Torregrosa N, Dominguez-Fandos D, Camejo MI, Shirley CR, Meistrich ML, Ballesca JL, 
et al. Protamine 2 precursors, protamine 1/protamine 2 ratio, DNA integrity and other sperm 
parameters in infertile patients. Hum Reprod. 2006;21(8):2084–9.

	191.	Aoki VW, Christensen GL, Atkins JF, Carrell DT. Identification of novel polymorphisms in 
the nuclear protein genes and their relationship with human sperm protamine deficiency and 
severe male infertility. Fertil Steril. 2006;86(5):1416–22.

	192.	Aoki VW, Emery BR, Liu L, Carrell DT. Protamine levels vary between individual sperm 
cells of infertile human males and correlate with viability and DNA integrity. J  Androl. 
2006;27(6):890–8.

	193.	Aoki VW, Liu L, Jones KP, Hatasaka HH, Gibson M, Peterson CM, et al. Sperm protamine 
1/protamine 2 ratios are related to in vitro fertilization pregnancy rates and predictive of fer-
tilization ability. Fertil Steril. 2006;86(5):1408–15.

	194.	Cho C, Jung-Ha H, Willis WD, Goulding EH, Stein P, Xu Z, et al. Protamine 2 deficiency 
leads to sperm DNA damage and embryo death in mice. Biol Reprod. 2003;69(1):211–7.

	195.	Depa-Martynow M, Kempisty B, Lianeri M, Jagodzinski PP, Jedrzejczak P.  Association 
between fertilin beta, protamines 1 and 2 and spermatid-specific linker histone H1-like pro-
tein mRNA levels, fertilization ability of human spermatozoa, and quality of preimplantation 
embryos. Folia Histochem Cytobiol. 2007;45(Suppl 1):S79–85.

	196.	de Mateo S, Ramos L, de Boer P, Meistrich M, Oliva R. Protamine 2 precursors and process-
ing. Protein Pept Lett. 2011;18(8):778–85. doi:BSP/ PPL/ E pub/0319 [pii].

	197.	de Yebra L, Ballesca JL, Vanrell JA, Corzett M, Balhorn R, Oliva R. Detection of P2 precur-
sors in the sperm cells of infertile patients who have reduced protamine P2 levels. Fertil 
Steril. 1998;69(4):755–9.

	198.	Evenson DP, Jost LK, Corzett M, Balhorn R.  Characteristics of human sperm chro-
matin structure following an episode of influenza and high fever: a case study. J  Androl. 
2000;21(5):739–46.

	199.	Bedford JM, Calvin HI.  The occurrence and possible functional significance of -S-S- 
crosslinks in sperm heads, with particular reference to eutherian mammals. J  Exp Zool. 
1974;188(2):137–55.

	200.	Calvin HI, Bedford JM. Formation of disulphide bonds in the nucleus and accessory struc-
tures of mammalian spermatozoa during maturation in the epididymis. J Reprod Fertil Suppl. 
1971;13(Suppl 13):65–75.

	201.	Calvin HI, Yu CC, Bedford JM. Effects of epididymal maturation, zinc (II) and copper (II) 
on the reactive sulfhydryl content of structural elements in rat spermatozoa. Exp Cell Res. 
1973;81(2):333–41.

	202.	Saowaros W, Panyim S. The formation of disulfide bonds in human protamines during sperm 
maturation. Experientia. 1979;35(2):191–2.

	203.	Sega GA, Generoso EE.  Measurement of DNA breakage in spermiogenic germ-cell 
stages of mice exposed to ethylene oxide, using an alkaline elution procedure. Mutat Res. 
1988;197(1):93–9.

	204.	Sega GA, Owens JG. Methylation of DNA and protamine by methyl methanesulfonate in the 
germ cells of male mice. Mutat Res. 1983;111(2):227–44.

	205.	Sega GA, Owens JG.  Binding of ethylene oxide in spermiogenic germ cell stages of the 
mouse after low-level inhalation exposure. Environ Mol Mutagen. 1987;10(2):119–27.

	206.	Bray TM, Bettger WJ. The physiological role of zinc as an antioxidant. Free Radic Biol Med. 
1990;8(3):281–91.

	207.	Maret W. Metallothionein/disulfide interactions, oxidative stress, and the mobilization of cel-
lular zinc. Neurochem Int. 1995;27(1):111–7.

	208.	Hernandez-Ochoa I, Sanchez-Gutierrez M, Solis-Heredia MJ, Quintanilla-Vega 
B. Spermatozoa nucleus takes up lead during the epididymal maturation altering chromatin 
condensation. Reprod Toxicol. 2006;21(2):171–8.

	209.	Johansson L, Pellicciari CE. Lead-induced changes in the stabilization of the mouse sperm 
chromatin. Toxicology. 1988;51(1):11–24.

1  Sperm Chromatin: An Overview



30

	210.	Quintanilla-Vega B, Hoover DJ, Bal W, Silbergeld EK, Waalkes MP, Anderson LD. Lead 
interaction with human protamine (HP2) as a mechanism of male reproductive toxicity. 
Chem Res Toxicol. 2000;13(7):594–600. doi:tx000017v [pii].

	211.	Laprise SL.  Implications of epigenetics and genomic imprinting in assisted reproductive 
technologies. Mol Reprod Dev. 2009;76(11):1006–18. https://doi.org/10.1002/mrd.21058.

	212.	Marques PI, Fernandes S, Carvalho F, Barros A, Sousa M, Marques CJ.  DNA methyla-
tion imprinting errors in spermatogenic cells from maturation arrest azoospermic patients. 
Andrology. 2017;5(3):451–9. https://doi.org/10.1111/andr.12329.

	213.	Miller D, Brinkworth M, Iles D. Paternal DNA packaging in spermatozoa: more than the sum 
of its parts? DNA, histones, protamines and epigenetics. Reproduction. 2010;139(2):287–
301. https://doi.org/10.1530/REP-09–0281. REP-09–0281 [pii].

	214.	Jenkins TG, Aston KI, James ER, Carrell DT. Sperm epigenetics in the study of male fertility, 
offspring health, and potential clinical applications. Syst Biol Reprod Med. 2017;63(2):69–
76. https://doi.org/10.1080/19396368.2016.1274791.

	215.	Ou HD, Phan S, Deerinck TJ, Thor A, Ellisman MH, O’Shea CC. ChromEMT: visualiz-
ing 3D chromatin structure and compaction in interphase and miotic cells.Science 2017; 
357(6349): 370–383. pii: eaag0025. https://doi.org/10.1126/science.aag0025

R. Balhorn

https://doi.org/10.1002/mrd.21058
https://doi.org/10.1111/andr.12329
https://doi.org/10.1530/REP-09–0281
https://doi.org/10.1080/19396368.2016.1274791
https://doi.org/10.1126/science.aag0025


31© 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_2

Chapter 2
Sperm Nucleoproteins  
(Histones and Protamines)

Ferran Barrachina, Ada Soler-Ventura, Rafael Oliva, and Meritxell Jodar

2.1  �Introduction

Diploid spermatogonial stem cells differentiate into haploid spermatozoa by an 
accurately controlled process termed spermatogenesis (Fig. 2.1). Spermatogenesis 
comprises three distinct phases: a mitotic proliferation phase, a meiotic phase, and 
the differentiation/maturation phase also known as spermiogenesis [1]. During this 
last phase, the round spermatids undergo significant nuclear, morphological, and 
cytoplasmic changes to end up becoming motile, haploid, and highly condensed 
spermatozoa.

One of the most remarkable features of spermatogenesis is the chromatin 
dynamics along the different phases (Fig. 2.1) [2–5]. Similarly to somatic cells, the 
DNA in differentiating spermatogonia is packaged by nucleosomes. Spermatogonia 
replicate by mitosis to ensure the maintenance of germinal stem cell population. 
However, certain spermatogonia will enter into meiosis to halve its chromosome 
content and give rise to haploid germ cells. In the prophase of the first meiotic divi-
sion, the homologous chromosome recombination occurs. One prerequisite for the 
homologous recombination is the introduction of DNA double-strand breaks 
(DSB) and its subsequent repair. A high number of DSB are induced in meiotic 
cells, and only few of them will be resolved as chromosome crossovers, therefore 
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Fig. 2.1  Cellular and chromatin changes during spermatogenesis and fertilization. The main 
cellular changes (left) are represented together with the concomitant main chromatin changes 
(right). Spermatogonia replicate and differentiate into primary spermatocytes, which undergo 
crossing over at meiosis and genetic recombination, and give rise to the secondary spermatocytes 
after division. Secondary spermatocytes will then divide and give rise to the haploid round sperma-
tids. The round spermatids possess a chromatin structure similar to that of the preceding cells and 
somatic cells formed by nucleosomes. However, a differentiation process called spermiogenesis is 
then initiated where the nucleosomal chromatin structure is disassembled and replaced by a highly 
compact nucleoprotamine complex. The disassembly of nucleosomes changes the superhelicity of 
the DNA and requires the action of topoisomerases. In the human sperm, about 92% of the chro-
matin DNA is condensed by protamines forming highly compact toroidal structures each packag-
ing about 50 KB of DNA, and about 8% of the chromatin is formed by nucleosomes. The genes 
and repetitive sequences are specifically distributed in the nucleohistone and nucleoprotamine 
structure, and this peculiar chromatin structure is transferred to the oocyte at fertilization. After 
fertilization, the paternal chromatin must undergo the nucleoprotamine disassembly and the 
de novo assembly of nucleosomes before paternal gene expression starts



33

ensuring the genetic variability of the resulting germ cells [6]. In the meiotic and 
postmeiotic germ cells, the canonical histones are replaced sequentially, first by 
histone variants [7], subsequently, during spermiogenesis, by transition proteins 
(TNPs), and, finally, by protamines, following a precise and well-established tim-
ing (see Chap. 1) [2, 3, 5, 8]. This process results in a dramatic reorganization of 
the chromatin exchanging the nucleosomal histone-based structure in the diploid 
spermatogonia to a nuclear structure tightly packaged by protamines in the haploid 
spermatozoa, with a potential function in the sperm DNA protection [2, 3]. The 
multistep procedure of histone exchange requires the contribution of histone vari-
ants, as well as histone posttranslational modifications (PTMs); chromatin readers, 
for example, BRDT [9]; and the transient induction of DSB by topoisomerases to 
probably eliminate DNA supercoils formed during histone removal [10]. Of rele-
vance, topoisomerases or topoisomerase activity also seems to be present in the 
final sperm chromatin and may be related to sperm DNA integrity (see Chap. 3) 
[11]. However, the underlying mechanisms of chromatin reorganization in devel-
oping spermatozoa are still poorly understood. Although most of the histones are 
replaced by protamines during spermatogenesis, the human sperm retains approxi-
mately 5–15% of its genome packaged by histones [12]. After fertilization, when 
the sperm nucleus enters into the oocyte cytoplasm, protamines are quickly 
replaced by maternal histones, although this process is also poorly understood 
[13]. However, it has been suggested that the sperm chromatin bound to histones 
could act as an epigenetic signature with a pivotal role during the activation of 
zygote genome in early embryogenesis, as well as on transgenerational epigenetic 
inheritance [14–16].

In this chapter, we highlight the most relevant proteins present in mature sperma-
tozoa, the protamines, and histones, including their variants, their PTMs distribu-
tion in the sperm chromatin, and their potential correlation with male infertility.

2.2  �Nucleoprotamine Complex in Sperm

Protamines are the most abundant sperm nuclear proteins in many species and in 
human are packing approximately the 85–95% of the paternal DNA [2, 3, 17–19]. 
Protamines are small basic proteins rich in positively charged arginine residues, 
allowing the formation of a highly condensed complex with the negatively charged 
paternal DNA. Additionally, protamines are rich in cysteine residues, which allow 
the formation of disulfide bonds and zinc bridges among intra- and inter-protamine 
molecules resulting in the compact toroidal nucleoprotamine complex [20, 21]. In 
mammals, two types of protamines have been described, the protamine 1 (P1) and 
the protamine 2 (P2) family. All mammal species harbor P1 in spermatozoa, but the 
P2 family, composed by the P2, P3, and P4 components, is solely expressed by 
some mammal species, such as humans and mice [18, 22]. Typically, the genes 
encoding protamines (PRM1 and PRM2) are clustered together. In human, the prot-
amine gene cluster is located in chromosome 16 together with the transition nuclear 
protein 2 (TNP2) gene [23]. Whereas P1 is synthesized as a mature form, P2 family 
is generated from the proteolysis of the protamine 2 precursor resulting in the 
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different components of P2 family (P2, P3, P4), which differ among them only by 
one to four amino acid residues on the N-terminal extension, being the P2 the most 
abundant [17, 18].

Although several hypotheses of the P1 and P2 family functions have been pro-
posed [2, 3, 18], the most accepted protamine functions are:

	 (i)	 To tightly package the paternal genome in a more compact and hydrodynamic 
nucleus required for a proper sperm motility

	(ii)	 To protect the paternal genome from exogenous or endogenous mutagens or 
nucleases potentially present in the male and/or female tracts

	(iii)	 To compete with and remove transcriptional factors and other nuclear proteins 
from the spermatid chromatin, leaving the paternal genome in a “blank state” 
so that the paternal genome could be reprogrammed by the oocyte

	(iv)	 To be involved in the imprinting of the paternal genome during spermatogen-
esis and to confer new epigenetic marks in certain areas of the sperm genome, 
leading to gene reactivation or repression in the first steps of early embryo 
development [3, 18]

2.2.1  �Protamine Post-translational Modifications

In contrast to the well-known roles of histone PTMs, such as acetylation, methyla-
tion, and phosphorylation (see Sect. 3.2), relatively little is known about protamine 
PTMs. The most well-studied protamine PTM has been phosphorylation (Fig. 2.1, 
Table  2.1) [2, 3]. Protamines are quickly phosphorylated after their synthesis in 
elongated spermatids, as a requisite for the proper protamine binding to sperm DNA 
[17]. However, after the protamine-DNA binding, protamines are extensively 
dephosphorylated except in some residues whose phosphorylation can still be 
observed in the mature sperm (Fig. 2.2, Table 2.1) [24, 27–29]. Another type of 
protamine PTM is the differential processing of protamine 2 precursors. In fact, 
protamine 2 is synthesized as a long precursor protein which is then proteolytically 
processed to give rise to the mature P2, P3, and P4 components [30]. More recently, 
the use of mass spectrometry has allowed to identify additional PTMs in both prot-
amines, suggesting the existence of a protamine code similar to the histone code 
[31, 32] that could be relevant for zygote epigenetic reprogramming [26, 33, 34]. In 
mature human sperm, the analysis of the extracted intact protamines by mass spec-
trometry has enabled to identify mono-, di-, and tri-phosphorylations, di-acetylations, 
and a mono-methylation for P1 [25]. Using the same strategy, only the intact P3 
component could be identified from the P2 family with two potential PTMs (one 
acetylation and one methylation) [25]. However, further studies are required in 
humans including the amino acid sequencing by mass spectrometry in order to iden-
tify new protamine PTMs and localize the modified residues, as has been recently 
described in mouse (Fig. 2.2, Table 2.1) [26].

F. Barrachina et al.
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Table 2.1  Posttranslational modifications (PTMs) detected in human and mouse protamine amino 
acid sequences

Specie Protamine

Amino 
acid 
residue

Post-
translational 
modification Methodology Reference

Human Protamine 1 S8 Phosphorylation Electrospray mass 
spectrometry

Chirat et al. [24]

Phosphoserine 
conversion and 
protein sequencing

Pirhonen et al. [29]

S10 Phosphorylation Electrospray mass 
spectrometry

Chirat et al. [24]

Phosphoserine 
conversion and 
protein sequencing

Pirhonen et al. [29]

S28 Phosphorylation Phosphoserine 
conversion and 
protein sequencing

Pirhonen et al. [29]

ND Phosphorylation Mass spectrometry Castillo et al. [25]
ND Acetylation Mass spectrometry Castillo et al. [25]

Protamine 2 S50 Phosphorylation Phosphoserine 
conversion and 
protein sequencing

Pirhonen et al. [29]

S58 Phosphorylation Electrospray mass 
spectrometry

Chirat et al. [24]

Phosphoserine 
conversion and 
protein sequencing

Pirhonen et al. [29]

S72 Phosphorylation Phosphoserine 
conversion and 
protein sequencing

Pirhonen et al. [29]

Mouse Protamine 1 S8 Phosphorylation Mass spectrometry Brunner et al. [26]
S42 Phosphorylation Mass spectrometry Brunner et al. [26]
S42 Acetylation Mass spectrometry Brunner et al. [26]
T44 Phosphorylation Mass spectrometry Brunner et al. [26]
K49 Methylation Mass spectrometry Brunner et al. [26]
K49 Acetylation Mass spectrometry Brunner et al. [26]
N-terminal Acetylation Mass spectrometry Brunner et al. [26]

Protamine 2 S55 Phosphorylation Mass spectrometry Brunner et al. [26]
S55 Acetylation Mass spectrometry Brunner et al. [26]
K57 Acetylation Mass spectrometry Brunner et al. [26]
K64 Acetylation Mass spectrometry Brunner et al. [26]

The table shows the PTMs identified in human and mouse protamine 1 or protamine 2 amino acid 
residues and the methodology performed
ND Not determined
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2.2.2  �Protamine Alterations in Infertile Patients

The relative ratio of the abundance of the protamine 1 (P1) and the protamine 2 (P2) 
has been widely studied as a measure of sperm chromatin maturity and normality/
abnormality [18]. A prospective study in the general population proposed the pres-
ence of a wide range for P1/P2 ratio that can oscillate between 0.5 and 1.5 [35]. 
However, from a reproductive view, several groups proposed a P1/P2 ratio around 1 
(0.8–1.2) for fertile males [36, 37]. An altered P1/P2 ratio (below 0.8 or above 1.2) 
has been correlated among seminal parameter alterations, DNA damage, and low 
success rate of assisted reproduction techniques (Table 2.2). A recent meta-analysis 
comparing infertile and fertile patients, including data from nine different studies, 
has demonstrated a significantly increased P1/P2 ratio in subfertile patients [57].

P2 deregulation occurs more frequently than P1 deregulation, indicating that a 
P2 deregulation is normally responsible for the P1/P2 ratio alteration. Lower sperm 
count and sperm motility and/or abnormal sperm morphology have been correlated 
with abnormal P1/P2 ratio (Table 2.2) [38–45, 47, 48, 58, 59]. Furthermore, some 
studies have shown that the total absence of P2 or the incomplete processing of the 
P2 precursors reflected by a decreased pre-P2/P2 ratio is also linked to a lower 
sperm count, a lower sperm motility, and an abnormal sperm morphology (Table 2.2) 
[41, 44–46]. Additionally, an altered P1/P2 ratio or a decreased pre-P2/P2 ratio was 
also linked to an increased sperm DNA damage or to an augmented reactive oxygen 
species levels (Table 2.2) [41, 49–54, 58]. These studies suggest that an altered P1/
P2 ratio results in a sperm DNA more accessible to nuclease activity and, therefore, 
DNA damage increases. A correct protamination, as a measure of a correct P1/P2 
ratio, could be crucial for the DNA protection [49]. However, the meta-analysis 
performed by Ni et al. could not establish an association between an altered P1/P2 
ratio and DNA damage [57]. Otherwise, several studies have also correlated an 
altered P1/P2 ratio with a low fertilization rate, a low implantation rate, a low 
embryo quality score, and a low pregnancy outcome using in  vitro fertilization 
(IVF) with or without intracytoplasmic sperm injection (ICSI) treatments (Table 2.2) 
[40, 43, 45, 52, 55, 59]. Likewise, a decreased pre-P2/P2 ratio has been correlated 
to a low implantation rate and a poor pregnancy outcome [45], and the total absence 
of P2 has been correlated to a low sperm penetration ability in IVF [46]. Taken 
together, these results suggest that protamine deregulation could be involved in fer-
tilization and early embryo development processes. Other parameters such as men’s 
age and smoking have been proposed to alter the protamine P1/P2 ratio (Table 2.2) 
[38, 39, 54]. In addition, it has been reported that a mutation in the PRM1 gene 
promoter (−191AA genotype) causes an increased P1/P2 ratio suggesting that 
genetic mutations could be the cause of a defective protamination [56]. All these 
studies suggest that a correct P1/P2 ratio is important for men’s fertility and for 
proper embryo development.
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Table 2.2  Altered P1/P2 ratio in infertile patients

Study P1/P2 ratio Outcome

Correlation with seminal parameters

Simon et al. [38] Altered P1/P2 Lower sperm count; lower semen volume
Hamad et al. [39] Increased P1/P2 Lower sperm count; lower sperm vitality
Aoki et al. [40] Altered P1/P2 Lower sperm count; lower sperm motility; 

abnormal sperm morphology
Torregrosa et al. [41] Decreased 

pre-P2/P2
Lower sperm count; lower sperm motility; 
abnormal sperm morphology

Aoki et al. [58] Altered P1/P2 Lower sperm count; lower sperm motility; 
abnormal sperm morphology

Mengual et al. [42] Increased P1/P2 Lower sperm count
Khara et al. [43] Altered P1/P2 Lower sperm count; lower sperm motility; 

abnormal sperm morphology
de Yebra et al. [44] Altered P1/P2 Lower sperm count

No P2 Lower sperm count; lower sperm motility; 
abnormal sperm morphology

De Mateo et al. [45] Decreased P1/P2 Lower sperm motility
Decreased 
pre-P2/P2

Lower sperm count; lower sperm motility

Aoki et al. [59] Altered P1/P2 Lower sperm count; lower sperm motility; 
abnormal sperm morphology

Decreased P1/P2 Abnormal sperm head morphology
Carrell and Liu [46] No P2 Lower sperm motility; abnormal sperm 

morphology
Bach et al. [47] Altered P1/P2 Altered seminal parameters
Lescoat et al. [48] Altered P1/P2 Altered seminal parameters
Correlation with DNA damage

Ribas-Maynou et al. [49] Increased P1/P2 Increased DNA damage (SCD assay)
García-Peiró et al. [50] Increased P1/P2 Increased DNA damage (SCD assay)
Castillo et al. [51] Decreased P1/P2 Increased DNA damage (alkaline comet assay)
Simon et al. [52] Increased P1/P2 Increased DNA damage (alkaline comet assay)
Aoki et al. [53] Altered P1/P2 Increased DNA damage (TUNEL assay)
Torregrosa et al. [41] Decreased 

pre-P2/P2
Increased DNA damage (TUNEL assay)

Aoki et al. [58] Decreased P1/P2 Increased DNA damage (SCSA assay)
Hammadeh et al. [54] Increased P1/P2 Increased reactive oxygen species (ELISA assay)
Correlation with assisted reproduction techniques

Simon et al. [52] Decreased P1/P2 Low fertilization rate (IVF)
De Mateo et al. [45] Decreased P1/P2 Low fertilization rate (IVF); low implantation 

rate (IVF and/or ICSI); low pregnancy outcome 
(IVF and/or ICSI)

Decreased 
pre-P2/P2

Low implantation rate (IVF and/or ICSI); low 
pregnancy outcome (IVF and/or ICSI)

Aoki et al. [40] Altered P1/P2 Low fertilization rate (IVF)
Decreased P1/P2 Low chemical-pregnancy and clinical-pregnancy 

rates (IVF and/or ICSI)

(continued)
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2.3  �Nucleohistone Complex in Sperm

As mentioned before, the human spermatozoon retains approximately a 5–15% of 
its chromatin packaged in nucleosomes [18]. The nucleosome structure in sperm 
seems to be similar to that from somatic cells and consists on 147 base pairs of DNA 
wrapped around an octameric histone core including two of each H2A, H2B, H3, 
and H4 histones [60, 61]. Adjacent nucleosomes are interconnected by a linker 
DNA that can be up to 80 bp long. Members of histone H1 family (linker histones) 
are situated at the site of DNA entry and exit from the core particle binding around 
20 nt of linker DNA. Apart from acting as a linker, histone H1 plays an important 
role in the chromatin folding modulation. The final result is a constrained DNA that 
approximately achieves a fivefold compaction. Despite the high degree of compac-
tion that nucleosomes confer, histone-packaged chromatin sperm is more open and 
dynamic than the protamine-packaged chromatin and could be modulated and regu-
lated by the incorporation of histone variants [7, 62], histone PTMs [31], and nuclear 
factors that modulate the DNA and histone interactions [3, 63].

2.3.1  �Histone Variants

During spermatogenesis, some canonical histones are replaced by histone variants, 
and a subset of those remains in the nucleus of mature spermatozoa. Several histone 
variants have been identified in mature sperm by mass spectrometry, including the 
histone H4, which is less diversified compared with the most diverse H2A and H2B 
histones (Table 2.3). Despite the fact that histone variants have only small changes 

Table 2.2  (continued)

Study P1/P2 ratio Outcome

Aoki et al. [59] Decreased P1/P2 Low fertilization rate (IVF and ICSI)
Nasr-Esfahani et al. [55] Increased P1/P2 Low fertilization rate (ICSI); low embryo quality 

score in day 3 (ICSI)
Khara et al. [43] Altered P1/P2 Low fertilization rate (IVF)
Carrell and Liu [46] No P2 Low sperm penetration ability (IVF)
Correlation with other parameters

Simon et al. [38] Altered P1/P2 Men’s age
Hamad et al. [39] Increased P1/P2 Smokers
Hammadeh et al. [54] Increased P1/P2 Smokers

Decreased P2 Smokers
Jodar et al. [56] Increased P1/P2 Mutation in the PRM1 gene promoter (−191AA 

genotype)

Correlation of protamine P1/P2 ratio with seminal parameters, DNA damage, assisted reproduc-
tion techniques outcome, and other parameters
SCD sperm chromatin dispersion, TUNEL terminal deoxynucleotidyl transferase dUTP nick end 
labeling, SCSA sperm chromatin structure assay, ELISA enzyme-linked immunosorbent assay, IVF 
in vitro fertilization, ICSI intracytoplasmic sperm injection
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Table 2.3  Human sperm histone variants identified in mature sperm

Protein name Gene name Localization

♂KO effect on 
reproduction and 
embryogenesis References

Histone H1 family

Histone H1t HIST1H1T Testis Normal phenotype Lin et al. [64], 
Fantz et al. [65]

Testis-specific H1 
histone (H1t2)

H1FNT Testis Oligozoospermia, 
asthenozoospermia, 
teratozoospermia, 
abnormal spermiogenesis, 
reduced male fertility, and 
impaired fertilization

Martianov et al. 
[66], Tanaka 
et al. [67]

Histone H1x H1FX All tissues ND –
Histone H1.2 HIST1H1C All tissues Normal phenotype Fan et al. [68]
Histone H1.3 HIST1H1D All tissues Normal phenotype
Histone H1.4 HIST1H1E All tissues Normal phenotype
Histone H1.5 HIST1H1B All tissues ND –
Histone H2 family

Histone H2A 
type 1

HIST1H2AG Testis ND –

Histone H2A 
type 1-A (TH2A)

HIST1H2AA Testis ND –

Histone H2B 
type 1-A (TH2B)

HIST1H2BA Testis ND –

Histone 
H2A-Bbd type 1

H2AFB1 Testis ND –

Histone 
H2A-Bbd type 
2/3

H2AFB2 Testis ND –

Histone H2A 
type 1-B/E

HIST1H2AB Enriched in 
testis

ND –

Histone H2A 
type 1-H

HIST1H2AH Enriched in 
testis

ND –

Histone H2B 
type 1-B

HIST1H2BB Enriched in 
testis

ND –

Histone H2B 
type 1-J

HIST1H2BJ Enriched in 
testis

ND –

Core histone 
macro-H2A.1 
(mH2A1)

H2AFY All tissues Normal phenotype Changolkar et al. 
[69], Boulard 
et al. [70]

Histone H2A 
type 1-C

HIST1H2AC All tissues ND –

Histone H2A 
type 2-A

HIST2H2AA3 All tissues NP –

Histone H2A 
type 2-C

HIST2H2AC All tissues ND –

Histone H2A.V H2AFV All tissues ND –
Histone H2AX H2AFX All tissues Seminiferous tubules 

reduced diameter, small 
testes, male meiosis 
arrest, and male infertility

Celeste et al. 
[71]

(continued)



Table 2.3  (continued)

Protein name Gene name Localization

♂KO effect on 
reproduction and 
embryogenesis References

Histone H2A.Z H2AFZ All tissues Not viable Faast et al. [72]
Histone H2B 
type 1-C/E/F/G/I

HIST1H2BC All tissues ND –

Histone H2B 
type 1-D

HIST1H2BD All tissues NP –

Histone H2B 
type 1-H

HIST1H2BH All tissues ND –

Histone H2B 
type 1-K

HIST1H2BK All tissues ND –

Histone H2B 
type 1-L

HIST1H2BL All tissues ND –

Histone H2B 
type 1-M

HIST1H2BM All tissues ND –

Histone H2B 
type 1-N

HIST1H2BN All tissues ND –

Histone H2B 
type 1-O

HIST1H2BO All tissues NP –

Histone H2B 
type 2-E

HIST2H2BE All tissues KO not fertility related Santoro et al. 
[73]

Histone H2B 
type 2-F

HIST2H2BF All tissues NP –

Histone H2B 
type 3-B

HIST3H2BB All tissues ND –

Histone H2B 
type F-S

H2BFS All tissues NP –

Histone H2A 
type 1-D

HIST1H2AD – ND –

Histone H2A 
type 2-B

HIST2H2AB – ND –

Histone H3 family

Histone H3.1 HIST1H3A Testis ND –
Histone H3.1 t 
(H3t)

HIST3H3 Testis NP –

Histone H3.3C H3F3C Testis NP –
Histone H3.2 HIST2H3A All tissues ND –
Histone H3.3 H3F3A All tissues Reduced male fertility Tang et al. [74]
Histone H3-like 
centromeric 
protein A 
(CENP-A)

CENPA All tissues Not viable Howman et al. 
[75], Kalitsis 
et al. [76]

Histone H4 family

Histone H4 HIST1H4L All tissues ND –
Histone H4 HIST1H4A All tissues ND –
Histone H4-like 
protein type G

HIST1H4G ND NP –

Integrative table of the human sperm histone families combining the protein/gene name, GTEx 
localization, and the knockout effect on reproduction/embryogenesis using Mouse Genome 
Informatics database
ND no data, NP not present in mouse
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in their primary structure compared with the canonical histones, those little 
differences can lead to major changes in the nucleosome structure, stability, and 
function [62]. The destabilization of DNA-protein interaction by incorporation of 
histone variants during spermatogenesis allows the transition from the nucleohis-
tone complex to the nucleoprotamine complex [7, 18, 62, 77].

Although there are histone variants widely expressed in all tissues, there are 
some testis-specific variants that are essentially expressed in spermatocytes [78]. 
Targeting the individual histone variants in mouse models (knockouts) has revealed 
which histone variants are crucial for male fertility and reproduction (Table 2.3). 
Unfortunately, there is a lack of information about a set of histone variants that are 
not present or have not been detected in mouse (NP) or the corresponding knockout 
model has not been generated yet (ND). In addition, it is not possible to assess the 
effect on male reproduction of some histone variants because the knockouts have 
resulted in embryonic lethality [72, 75, 76], pointing out the need to generate con-
ditional knockout models to assess their importance in testes function (Table 2.3).

Knockouts of some histone variants display a normal phenotype without nega-
tive impact on fertility, for example, histone H1t, mH2A1, H2B type 2-E, H1.2, 
H1.3, and H1.4, suggesting that they are not essential for male fertility (Table 2.3) 
[64, 65, 68–70, 73]. However, it could be expected that different testis-specific his-
tone variants should have a major importance for proper fertility. As observed in 
Table 2.3, the knockout models of some testis-specific histones or widely expressed 
histone variants seem to result in reproductive failure. This is the case of a testis-
specific histone, the H1t2, and the widely expressed histones H2AX and H3.3. Each 
knockout of these three different histone variants displayed male infertility although 
due to different reasons. For example, H1t2 knockout displays an abnormal sper-
matogenesis, sperm defects, and impaired fertilization, because this histone is nec-
essary for DNA condensation and nuclear modulation during the last steps of 
spermatogenesis [66, 67]. In contrast, the disruption of H2AX and H3.3  in mice 
results in male meiosis arrest, since H2AX is crucial for meiosis because it facili-
tates the repair of induced DSBs [62, 71] and H3.3 is essential for chromosome 
segregation that takes place during meiosis (Table 2.3) [74].

2.3.2  �Histone Post-translational Modifications

The early events during the transition of histones to protamines throughout spermio-
genesis involve the incorporation of histone variants and histone PTMs, which 
enable the chromatin remodeling and trigger the protamination. Both histones and 
histone variants are modified by different PTMs [79]. The most known histone 
PTMs are acetylation, methylation, phosphorylation, ubiquitination, sumoylation, 
and ribosylation, among other forms [79]. The different combinatorial patterns of 
the huge number of histone PTMs create a complex histone code that contributes to 
chromatin organization and dynamics, as well as to gene expression [7, 60]. For 
example, the massive increase of histone acetylation is one of the first signs that the 
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protamine replacement during spermiogenesis will start [3, 18, 80–82]. Histone 
hyperacetylation relaxes the chromatin and decreases the affinity of the sperm his-
tones to the DNA, allowing the removal and replacement of histones, firstly, by 
TNPs and, finally, by protamines [3, 18, 63, 83]. Actually, histone H4 hyperacety-
lation in elongating spermatids is a prerequisite for the histone-to-protamine 
replacement [84], and an aberrant H4 hyperacetylation pattern results in impaired 
spermatogenesis [3, 18, 81, 85]. Apart from histone acetylation, there are other his-
tone modifications throughout spermatogenesis such as methylation, which could 
also be associated with nucleosome dismantlement and histone eviction. Histone 
methylation seems to modulate epigenetic signals necessary for spermatogenesis 
[14, 60]. This is the case of H3K4me, a methylation mark that is necessary to turn 
spermatogonia into spermatocytes [86, 87], and H3K9me and H3K27me, marks 
that regulate gene expression during spermatogenesis [88].

Although histone variants and histone PTMs allow chromatin remodeling and 
most of them are replaced by protamines during late spermatogenesis, some of the 
modified nucleosomes are not replaced and are retained in the mature sperm. More 
than 100 histone post-translational modifications have been identified in the remain-
ing histones present in human sperm, including acetylation, methylation, phosphor-
ylation, butyrylation, and crotonylation [31, 89, 90]. Surprisingly, some histone 
PTMs found in human mature sperm showed a high degree of conservation with 
mouse sperm, which further supports an evolutionary conserved role of histone 
PTMs [31]. Those modified paternal histones maintained in the sperm are inherited 
by the zygote, and they have been proposed to play a role in the epigenetic control 
of embryogenesis [34]. For example, alterations in the histone methylation 
(H3K4me2) pattern in mice sperm impair the development and survivability of the 
offspring, indicating the importance of the sperm epigenome in the health of the 
progeny [91].

2.3.3  �Histone-Bound Sperm Chromatin

Many studies suggest that the 5–15% retained nucleosomes in mature sperm are not 
randomly distributed through the sperm genome but occupy specific loci [12, 14, 15, 19, 
32, 89, 92, 93]. This is supported by recent sperm chromatin high-throughput genome-
wide dissection studies indicating that there is a differential distribution of genes and 
repetitive sequences between nucleohistone and nucleoprotamine complexes.

The first studies using human sperm chromatin fractionation followed by micro-
arrays or high-throughput sequencing concluded that mature sperm histones are 
associated with DNA enriched at gene regulatory regions and genes involved in 
developmental processes, including promoters of embryonic transcription factors 
and signaling pathway proteins, as well as miRNA clusters and imprinted genes 
(Table 2.4) [19, 89, 92]. In contrast, protamines seemed to be enriched at olfactory 
receptors genes and ZNF genes [92]. Interestingly, the use of sperm chromatin 
immunoprecipitation (ChIP) of specific histone PTMs followed either by microarray 
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Table 2.4  Sperm nucleosomal DNA distribution in healthy men

Study Methodology Main outcomes

Arpanahi 
et al. [92]

Sperm salt extraction and 
endonuclease digestion or 
micrococcal nuclease (MNase) 
digestion followed by a 
microarray-based genome-
wide analysis. Additionally, 
after digestion, ChIP-chip for 
acH4 was also used

Endonuclease-sensitive DNA regions are 
enriched in gene regulatory regions including 
promoter sequences involved in the 
development and CTCF-recognized sequences

Hammoud 
et al. [89]

Sperm MNase digestion 
followed by either array 
analysis or high-throughput 
sequencing. Additionally, 
ChIP-chip and ChIP-seq for 
H3K9me3, H3K27me3, 
H3K4me2/me3, TH2B, and 
H2A.Z were performed

Sperm nucleosomes are enriched at loci of 
developmental importance including imprinted 
gene clusters, miRNA clusters, HOX gene 
clusters, and promoters of embryo 
developmental transcription and signaling 
factors. Histone modifications (H3K4me2/3 and 
H3K27me3) localize to particular 
developmental loci

Brykczynska 
et al. [32]

Sperm MNase digestion 
followed by mononucleosomal 
DNA isolation and ChIP for 
H3K4me2 and H3K27me3 
combined with microarray 
analysis or high-throughput 
sequencing

Sperm nucleosomes are slightly enriched at 
TSS. H3K27me3 and H3K4me2 are retained at 
regulatory sequences in mature human 
spermatozoa and marks promoters of genes 
related with spermatogenesis and early 
embryonic development

Vavouri et al. 
[15]

Reanalysis of the data from 
Arpanahi et al. [92], 
Hammoud et al. [89], and 
Brykczynska et al. [32]

Nucleosome retention, which is determined by 
the base composition, occurs in both genic and 
nongenic regions of the genome. Nucleosomes 
at GC-rich sequences with high nucleosome 
affinity are retained at TSSs and at 
developmental regulatory genes, particularly 
TSSs of most housekeeping genes. Also, there is 
a link between nucleosome retention in sperm 
and DNA unmethylated regions in the early 
embryo

Samans et al. 
[93]

Sperm cell fractionation by 
micrococcal nuclease followed 
by DNA high-throughput 
sequencing of the nucleosomal 
fraction

Sperm chromatin nucleosomes are enriched in 
certain repetitive DNA elements, as centromere 
repeats and retrotransposons (LINE1 and 
SINEs), and the majority of nucleosomal 
binding sites are enriched in distal intergenic 
regions. Nucleosome depletion was observed 
within exons, the majority of promoters, 
5′-UTRs, 3′-UTRs, TSS, and TTS. Function of 
paternally derived nucleosomes in 
postfertilization processes

Castillo et al. 
[19]

Sperm chromatin fractionation 
using salt extraction followed 
by restriction enzyme 
digestion or MNase digestion, 
followed by high-throughput 
sequencing and proteomic 
analyses (LC-MS/MS)

Nucleosomal and subnucleosomal DNA regions 
are highly enriched at gene promoters, CpG 
island promoters, and linked to genes involved 
in embryo development

TSS Transcription start site, TTS Transcription termination site
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(ChIP-chip) or DNA sequencing (ChIP-seq) has revealed that H3K4me2 and 
H3K4me3 are enriched at developmental promoters expressed in the four- to eight-
cell stage embryos, suggesting a potential epigenetic function of those modified 
sperm histones in early embryogenesis [89]. The specific study of sperm mononu-
cleosomal DNA has shown slight differences, for example, H3K4me2 marks genes 
involved in spermatogenesis and cellular homeostasis, while H3K27me3 marks 
developmental regulators and HOX genes [32]. These differences could be attrib-
uted to different technical issues in the preparation of the human sperm mononu-
cleosomal DNA in contrast to all nucleohistone complex [32]. In silico analysis 
from the studies mentioned above revealed that spermatozoal nucleosomes are 
retained at GC-rich loci and that nucleosome retention in the sperm cell is linked to 
demethylated DNA in the early embryo [15].

In contrast to the mentioned findings above, one study claimed that retained 
nucleosomes in sperm are enriched in certain repetitive DNA sequences, such as 
centromere repeats and retrotransposons (LINE1 and SINE), and the majority of 
nucleosomal binding sites were enriched at distal intergenic regions [93]. However, 
these contradictory observations are probably due to technical issues or differences 
in the computational methodology used [94].

As a summary, there is huge evidence suggesting the existence of a differential 
distribution between histone-packaged and protamine-packaged sperm chromatin, 
which is involved in a potential sperm epigenetic signature transferred into the 
oocyte. The sperm nucleosome enrichment at developmental regulatory genes and 
gene regulatory sequences suggest that it could regulate the gene expression in early 
embryogenesis when zygote genome activation occurs and indicate that sperm chro-
matin is much more complex than it was previously thought.

2.3.4  �Histone Alterations and Male Infertility

In contrast to the vast number of studies assessing the potential correlation between 
protamines (P1/P2 ratio) and male infertility (see Sect. 2.2), very few studies have 
evaluated sperm histones in infertile patients. Early obervations already indicated 
that a large proportion of the sperm samples with an altered P1/P2 ratio also had 
increased levels of histones [3, 18, 44]. Focusing on specific histones, it has been 
described that γH2AX levels are higher in the sperm of infertile patients than in 
fertile men, and it has been correlated to an increased number of sperm DSBs [95]. 
It has also been reported that semen samples from infertile men have a significant 
higher H2B/(P1+P2) ratio than do fertile men, suggesting that an alteration of H2B/
(P1+P2) ratio could reflect an abnormal chromatin structure that results in male 
infertility [96–98]. Moreover, it has also been found an increased H2B/(P1+P2) 
ratio in smokers [39], implying a negative effect between smoking cigarettes and 
male fertility. Finally, a correlation has been found between alterations of a testis-
specific histone variant (TH2B) and male fertility, which indicates that TH2B is 
involved in sperm chromatin compaction and male pronucleus development [99].
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Apart from the abovementioned alterations in histone content, the sperm of 
infertile men has also shown an altered histone localization pattern [100]. The study 
of these infertile men revealed a randomly distributed pattern of nucleosome 
retention in the sperm chromatin [100]. This alteration in nucleohistone-bound 
genome could be attributed to a disrupted chromatin remodeling machinery or due 
to an improper histone hyperacetylation signaling during the histone exchange by 
protamines [100]. On a different line of experiments, evidence for a substantial 
deregulation of histones has been detected in normozoospermic sperm cells from 
male infertile patients with failed assisted reproduction outcomes after ICSI [101]. 
Overall, these studies demonstrate the importance of an appropriate distribution of 
genes in the sperm chromatin structure. Therefore, the potential side effects in the 
embryo associated to an improper histone retention in the sperm are an aspect that 
deserves further investigation in the future.

2.4  �Concluding Remarks

Protamines have been largely studied and correlated with male infertility, specifi-
cally by P1/P2 ratio measurement. Similarly, alterations of specific histones have 
also been associated with sperm defects. Recent studies support the idea that the 
distribution of the nucleohistone and nucleoprotamine complexes in the sperm 
chromatin is not random. The intracytoplasmic sperm injection (ICSI) of mouse 
round spermatids, that did not complete the histone replacement yet, into mature 
oocytes, derived in embryos with aberrant patterns of gene expression, thereby sug-
gesting that the paternal chromatin structure is important for the first steps of early 
embryo development [5]. The complexity of sperm chromatin highlights the need to 
perform further studies in sperm nucleoproteins content and distribution, including 
the assessment of their variants and PTMs, in order to clarify the significance of the 
sperm chromatin in male infertility and early embryo development as well as to 
shed light into the possible effects across generations. Furthermore, it will be par-
ticularly interesting to determine the specific role of the hundreds of chromatin-
associated proteins present in the normal sperm chromatin, in addition to histones 
and protamines, as derived from recent high-throughput proteomic studies 
[102–104].

Acknowledgments  Supported by grants to RO from the Spanish Ministry of Economy and 
Competitiveness (Ministerio de Economía y Competividad; Instituto de Salut Carlos III, Fondos 
FEDER, “una manera de hacer Europa,” PI13/00699, P16/00346, CP11/00312, BFU2011–29739), 
EUGIN-UB Research Excellence Program (EU-REP 2014), Fundación Salud 2000 (SERONO 
13–015), and EU-FP7-PEOPLE-2011-ITN289880. FB is granted by the Spanish Ministry of 
Education, Culture and Sports (Ministerio de Educación, Cultura y Deporte para la Formación de 
Profesorado Universitario, FPU15). MJ is granted by the Government of Catalonia (Generalitat de 
Catalunya, pla estratègic de recerca i innovació en salut, PERIS 2016–2020).

F. Barrachina et al.



47

References

	 1.	Neto FTL, Bach PV, Najari BB, Li PS, Goldstein M. Spermatogenesis in humans and its 
affecting factors. Semin Cell Dev Biol. 2016;59:10–26.

	 2.	Balhorn R. The protamine family of sperm nuclear proteins. Genome Biol. 2007;8:227.
	 3.	Oliva R, Dixon GH. Vertebrate protamine genes and the histone-to-protamine replacement 

reaction. Prog Nucleic Acid Res Mol Biol. 1991;40:25–94.
	 4.	Carrell DT, Aston KI, Oliva R, Emery BR, De Jonge CJ. The “omics” of human male infertil-

ity: integrating big data in a systems biology approach. Cell Tissue Res. 2016;363(1):295–312.
	 5.	Rathke C, Baarends WM, Awe S, Renkawitz-Pohl R. Chromatin dynamics during spermio-

genesis. Biochim Biophys Acta – Gene Regul Mech. 2014;1839(3):155–68.
	 6.	Youds JL, Boulton SJ. The choice in meiosis – defining the factors that influence crossover or 

non-crossover formation. J Cell Sci. 2011;124:501–13.
	 7.	Kimmins S, Sassone-Corsi P. Chromatin remodelling and epigenetic features of germ cells. 

Nature. 2005;434:583–9.
	 8.	Bao J, Bedford MT. Epigenetic regulation of the histone-to-protamine transition during sper-

miogenesis. Reproduction. 2016;151:R55–70.
	 9.	Goudarzi A, Shiota H, Rousseaux S, Khochbin S. Genome-scale acetylation-dependent his-

tone eviction during spermatogenesis. J Mol Biol. 2014;426(20):3342–9.
	 10.	Meyer-Ficca ML, Lonchar JD, Ihara M, Meistrich ML, Austin CA, Meyer RG. Poly(ADP-

ribose) polymerases PARP1 and PARP2 modulate topoisomerase II beta (TOP2B) function 
during chromatin condensation in mouse spermiogenesis. Biol Reprod. 2011;84:900–9.

	 11.	Gawecka JE, Ribas-Maynou J, Benet J, Ward WS. A model for the control of DNA integrity 
by the sperm nuclear matrix. Asian J Androl. 2015;17:610–5.

	 12.	Gatewood JM, Cook GR, Balhorn R, Bradbury EM, Schmid CW. Sequence-specific packag-
ing of DNA in human sperm chromatin. Science. 1987;236:962–4.

	 13.	Jones EL, Zalensky AO, Zalenskaya IA. Protamine withdrawal from human sperm nuclei 
following heterologous ICSI into hamster oocytes. Protein Pept Lett. 2011;18:811–6.

	 14.	Carrell DT, Hammoud SS. The human sperm epigenome and its potential role in embryonic 
development. Mol Hum Reprod. 2010;16:37–47.

	 15.	Vavouri T, Lehner B. Chromatin organization in sperm may be the major functional conse-
quence of base composition variation in the human genome. PLoS Genet. 2011;7(4):e1002036.

	 16.	Rando OJ. Daddy issues: paternal effects on phenotype. Cell. 2012;151(4):702–8.
	 17.	Jodar M, Oliva R.  Protamine alterations in human spermatozoa. Adv Exp Med Biol. 

2014;791:83–102.
	 18.	Oliva R. Protamines and male infertility. Hum Reprod Update. 2006;12:417–35.
	 19.	Castillo J, Amaral A, Azpiazu R, Vavouri T, Estanyol JM, Ballescà JL, et al. Genomic and 

proteomic dissection and characterization of the human sperm chromatin. Mol Hum Reprod. 
2014;20:1041–53.

	 20.	Balhorn R, Corzett M, Mazrimas JA. Formation of intraprotamine disulfides in vitro. Arch 
Biochem Biophys. 1992;296:384–93.

	 21.	Björndahl L, Kvist U. Human sperm chromatin stabilization: a proposed model including 
zinc bridges. Mol Hum Reprod. 2010;16:23–9.

	 22.	Balhorn R, Corzett M, Mazrimas J, Stanker LH, Wyrobek A.  High-performance liquid 
chromatographic separation and partial characterization of human protamines 1, 2, and 3. 
Biotechnol Appl Biochem. 1987;9:82–8.

	 23.	Nelson JE, Krawetz SA. Mapping the clonally unstable recombinogenic PRM1–>PRM2–
>TNP2 region of human 16p13.2. DNA Seq. 1995;5:163–8.

	 24.	Chirat F, Arkhis A, Martinage A, Jaquinod M, Chevaillier P, Sautière P. Phosphorylation of 
human sperm protamines HP1 and HP2: identification of phosphorylation sites. Biochim 
Biophys Acta. 1993;1203:109–14.

	 25.	Castillo J, Estanyol JM, Ballescá JL, Oliva R. Human sperm chromatin epigenetic potential: 
genomics, proteomics, and male infertility. Asian J Androl. 2015;17:601–9.

2  Sperm Nucleoproteins (Histones and Protamines)



48

	 26.	Brunner AM, Nanni P, Mansuy IM.  Epigenetic marking of sperm by post-translational 
modification of histones and protamines. Epigenetics Chromatin. 2014;7:1–12.

	 27.	Pruslin FH, Imesch E, Winston R, Rodman TC. Phosphorylation state of protamines 1 and 
2 in human spermatids and spermatozoa. Gamete Res. 1987;18:179–90.

	 28.	Papoutsopoulou S, Nikolakaki E, Chalepakis G, Kruft V, Chevaillier P, Giannakouros T. SR 
protein-specific kinase 1 is highly expressed in testis and phosphorylates protamine 1. 
Nucleic Acids Res. 1999;27:2972–80.

	 29.	Pirhonen A. Identification of phosphoseryl residues in protamines from mature mammalian 
spermatozoa. Biol Reprod. 1994;50:981–6.

	 30.	de Mateo S, Ramos L, de Boer P, Meistrich M, Oliva R. Protamine 2 precursors and process-
ing. Protein Pept Lett. 2011;18:778–85.

	 31.	Luense LJ, Wang X, Schon SB, Weller AH, Lin Shiao E, Bryant JM, et al. Comprehensive 
analysis of histone post-translational modifications in mouse and human male germ cells. 
Epigenetics Chromatin. 2016;9:24.

	 32.	Brykczynska U, Hisano M, Erkek S, Ramos L, Oakeley EJ, Roloff TC, et al. Repressive and 
active histone methylation mark distinct promoters in human and mouse spermatozoa. Nat 
Struct Mol Biol. 2010;17:679–87.

	 33.	Carrell DT, Hammoud SS. The human sperm epigenome and its potential role in embryonic 
development. Mol Hum Reprod. 2009;16:37–47.

	 34.	van der Heijden GW, Ramos L, Baart EB, van den Berg IM, Derijck AA, van der Vlag J, 
et al. Sperm-derived histones contribute to zygotic chromatin in humans. BMC Dev Biol. 
2008;8:34.

	 35.	Nanassy L, Liu L, Griffin JT, Carrell D. The clinical utility of the protamine 1/protamine 2 
ratio in sperm. Protein Pept Lett. 2011;18:772–7.

	 36.	Corzett M, Mazrimas J, Balhorn R. Protamine 1: protamine 2 stoichiometry in the sperm of 
eutherian mammals. Mol Reprod Dev. 2002;61:519–27.

	 37.	Balhorn R, Reed S, Tanphaichitr N. Aberrant protamine 1/protamine 2 ratios in sperm of 
infertile human males. Experientia. 1988;44:52–5.

	 38.	Simon L, Liu L, Murphy K, Ge S, Hotaling J, Aston KI, et al. Comparative analysis of three 
sperm DNA damage assays and sperm nuclear protein content in couples undergoing assisted 
reproduction treatment. Hum Reprod. 2014;29:904–17.

	 39.	Hamad MF, Shelko N, Kartarius S, Montenarh M, Hammadeh ME. Impact of cigarette smok-
ing on histone (H2B) to protamine ratio in human spermatozoa and its relation to sperm 
parameters. Andrology. 2014;2:666–77.

	 40.	Aoki VW, Liu L, Jones KP, Hatasaka HH, Gibson M, Peterson CM, et al. Sperm protamine 
1/protamine 2 ratios are related to in vitro fertilization pregnancy rates and predictive of fer-
tilization ability. Fertil Steril. 2006;86:1408–15.

	 41.	Torregrosa N, Domínguez-Fandos D, Camejo MI, Shirley CR, Meistrich ML, Ballescà JL, 
et al. Protamine 2 precursors, protamine 1/protamine 2 ratio, DNA integrity and other sperm 
parameters in infertile patients. Hum Reprod. 2006;21:2084–9.

	 42.	Mengual L, Ballescà JL, Ascaso C, Oliva R. Marked differences in protamine content and P1/
P2 ratios. J Androl. 2003;24:438–47.

	 43.	Khara KK, Vlad M, Griffiths M, Kennedy CR.  Human protamines and male infertility. 
J Assist Reprod Genet. 1997;14:282–90.

	 44.	de Yebra L, Ballescà JL, Vanrell JA, Bassas L, Oliva R. Complete selective absence of prot-
amine P2 in humans. J Biol Chem. 1993;268:10553–7.

	 45.	de Mateo S, Gázquez C, Guimerà M, Balasch J, Meistrich ML, Ballescà JL, et al. Protamine 
2 precursors (pre-P2), protamine 1 to protamine 2 ratio (P1/P2), and assisted reproduction 
outcome. Fertil Steril. 2009;91:715–22.

	 46.	Carrell DT, Liu L. Altered protamine 2 expression is uncommon in donors of known fertility, 
but common among men with poor fertilizing capacity, and may reflect other abnormalities 
of spermiogenesis. J Androl. 2001;22:604–10.

	 47.	Bach O, Glander HJ, Scholz G, Schwarz J. Electrophoretic patterns of spermatozoal nucleo-
proteins (NP) in fertile men and infertility patients and comparison with NP of somatic cells. 
Andrologia. 1990;22(3):217–24.

F. Barrachina et al.



49

	 48.	Lescoat D, Colleu D, Boujard D, Le Lannou D. Electrophoretic characteristics of nuclear 
proteins from human spermatozoa. Arch Androl. 1988;20:35–40.

	 49.	Ribas-Maynou J, García-Peiró A, Martínez-Heredia J, Fernández-Encinas A, Abad C, 
Amengual MJ, et al. Nuclear degraded sperm subpopulation is affected by poor chromatin 
compaction and nuclease activity. Andrologia. 2015;47:286–94.

	 50.	García-Peiró A, Martínez-Heredia J, Oliver-Bonet M, Abad C, Amengual MJ, Navarro J, 
et al. Protamine 1 to protamine 2 ratio correlates with dynamic aspects of DNA fragmentation 
in human sperm. Fertil Steril. 2011;95:105–9.

	 51.	Castillo J, Simon L, de Mateo S, Lewis S, Oliva R. Protamine/DNA ratios and DNA dam-
age in native and density gradient centrifuged sperm from infertile patients. J  Androl. 
2011;32:324–32.

	 52.	Simon L, Castillo J, Oliva R, Lewis SEM. Relationships between human sperm protamines, 
DNA damage and assisted reproduction outcomes. Reprod BioMed Online. 2011;23:724–34.

	 53.	Aoki VW, Emery BR, Liu L, Carrell DT. Protamine levels vary between individual sperm 
cells of infertile human males and correlate with viability and DNA integrity. J  Androl. 
2006;27:890–8.

	 54.	Hammadeh ME, Hamad MF, Montenarh M, Fischer-Hammadeh C.  Protamine contents 
and P1/P2 ratio in human spermatozoa from smokers and non-smokers. Hum Reprod. 
2010;25:2708–20.

	 55.	Nasr-Esfahani MH, Salehi M, Razavi S, Mardani M, Bahramian H, Steger K, et al. Effect of 
protamine-2 deficiency on ICSI outcome. Reprod BioMed Online. 2004;9:652–8.

	 56.	Jodar M, Oriola J, Mestre G, Castillo J, Giwercman A, Vidal-Taboada JM, et  al. 
Polymorphisms, haplotypes and mutations in the protamine 1 and 2 genes. Int J  Androl. 
2011;34:470–85.

	 57.	Ni K, Spiess A-N, Schuppe H-C, Steger K.  The impact of sperm protamine deficiency 
and sperm DNA damage on human male fertility: a systematic review and meta-analysis. 
Andrology. 2016;4:789–99.

	 58.	Aoki VW. DNA integrity is compromised in protamine-deficient human sperm. J Androl. 
2005;26:741–8.

	 59.	Aoki VW, Liu L, Carrell DT. Identification and evaluation of a novel sperm protamine abnor-
mality in a population of infertile males. Hum Reprod. 2005;20:1298–306.

	 60.	Kouzarides T. Chromatin modifications and their function. Cell. 2007;128(4):693–705.
	 61.	Ausió J. The shades of gray of the chromatin fiber. BioEssays. 2015;37:46–51.
	 62.	Govin J, Caron C, Lestrat C, Rousseaux S, Khochbin S. The role of histones in chromatin 

remodelling during mammalian spermiogenesis. Eur J Biochem. 2004;271:3459–69.
	 63.	Rajender S, Avery K, Agarwal A. Epigenetics, spermatogenesis and male infertility. Mutat 

Res. 2011;727:62–71.
	 64.	Lin Q, Sirotkin A, Skoultchi AI. Normal spermatogenesis in mice lacking the testis-specific 

linker histone H1t. Mol Cell Biol. 2000;20:2122–8.
	 65.	Fantz DA, Hatfield WR, Horvath G, Kistler MK, Kistler WS. Mice with a targeted disruption 

of the H1t gene are fertile and undergo normal changes in structural chromosomal proteins 
during spermiogenesis. Biol Reprod. 2001;64:425–31.

	 66.	Martianov I, Brancorsini S, Catena R, Gansmuller A, Kotaja N, Parvinen M, et  al. Polar 
nuclear localization of H1T2, a histone H1 variant, required for spermatid elongation and 
DNA condensation during spermiogenesis. Proc Natl Acad Sci. 2005;102:2808–13.

	 67.	Tanaka H, Iguchi N, Isotani A, Kitamura K, Toyama Y, Matsuoka Y, et al. HANP1/H1T2, 
a novel histone H1-like protein involved in nuclear formation and sperm fertility. Mol Cell 
Biol. 2005;25:7107–19.

	 68.	Fan Y, Sirotkin A, Russell RG, Ayala J, Skoultchi AI.  Individual somatic H1 subtypes are 
dispensable for mouse development even in mice lacking the H10 replacement subtype. Mol 
Cell Biol. 2001;21:7933–43.

	 69.	Changolkar LN, Costanzi C, Leu NA, Chen D, McLaughlin KJ, Pehrson JR. Developmental 
changes in histone macroH2A1-mediated gene regulation. Mol Cell Biol. 2007;27:2758–64.

	 70.	Boulard M, Storck S, Cong R, Pinto R, Delage H, Bouvet P, et  al. Histone variant mac-
roH2A1 deletion in mice causes female-specific steatosis. Epigenetics Chromatin. 2010;3:8.

2  Sperm Nucleoproteins (Histones and Protamines)



50

	 71.	Celeste A, Petersen S, Romanienko PJ, Fernandez-Capetillo O, Chen HT, Sedelnikova OA, 
et al. Genomic instability in mice lacking histone H2AX. Science. 2002;296:922–7.

	 72.	Faast R, Thonglairoam V, Schulz TC, Beall J, Wells JR, Taylor H, et  al. Histone variant 
H2A.Z is required for early mammalian development. Curr Biol. 2001;11:1183–7.

	 73.	Santoro SW, Dulac C, Banaszynski L, Allis C, Lewis P, Barski A, et al. The activity-dependent 
histone variant H2BE modulates the life span of olfactory neurons. Elife. 2012;1:662–74.

	 74.	Tang MCW, Jacobs SA, Wong LH, Mann JR.  Conditional allelic replacement applied to 
genes encoding the histone variant H3.3 in the mouse. Genesis. 2013;51:142–6.

	 75.	Howman EV, Fowler KJ, Newson AJ, Redward S, MacDonald AC, Kalitsis P, et al. Early 
disruption of centromeric chromatin organization in centromere protein A (Cenpa) null mice. 
Proc Natl Acad Sci. 2000;97:1148–53.

	 76.	Kalitsis P, Fowler KJ, Earle E, Griffiths B, Howman E, Newson AJ, et al. Partially functional 
Cenpa–GFP fusion protein causes increased chromosome missegregation and apoptosis dur-
ing mouse embryogenesis. Chromosom Res. 2003;11:345–57.

	 77.	Maze I, Noh K-M, Soshnev AA, Allis CD. Every amino acid matters: essential contributions 
of histone variants to mammalian development and disease. Nat Rev Genet. 2014;15:259–71.

	 78.	Banaszynski LA, Allis CD, Lewis PW. Histone variants in metazoan development. Dev Cell. 
2010;19:662–74.

	 79.	Peterson CL, Laniel M-A.  Histones and histone modifications. Curr Biol. 2004;14(14): 
R546–51.

	 80.	Oliva R, Mezquita C. Histone H4 hyperacetylation and rapid turnover of its acetyl groups in 
transcriptionally inactive rooster testis spermatids. Nucleic Acids Res. 1982;10:8049–59.

	 81.	Sonnack V, Failing K, Bergmann M, Steger K. Expression of hyperacetylated histone H4 
during normal and impaired human spermatogenesis. Andrologia. 2002;34:384–90.

	 82.	Govin J, Escoffier E, Rousseaux S, Kuhn L, Ferro M, Thévenon J, et al. Pericentric hetero-
chromatin reprogramming by new histone variants during mouse spermiogenesis. J Cell Biol. 
2007;176:283–94.

	 83.	Oliva R, Bazett-Jones D, Mezquita C, Dixon GH. Factors affecting nucleosome disassembly 
by protamines in vitro. Histone hyperacetylation and chromatin structure, time dependence, 
and the size of the sperm nuclear proteins. J Biol Chem. 1987;262:17016–25.

	 84.	Hazzouri M, Pivot-Pajot C, Faure AK, Usson Y, Pelletier R, Sèle B, et al. Regulated hyper-
acetylation of core histones during mouse spermatogenesis: involvement of histone deacety-
lases. Eur J Cell Biol. 2000;79:950–60.

	 85.	Faure AK, Pivot-Pajot C, Kerjean A, Hazzouri M, Pelletier R, Péoc'h M, et al. Misregulation 
of histone acetylation in Sertoli cell-only syndrome and testicular cancer. Mol Hum Reprod. 
2003;9:757–63.

	 86.	Godmann M, Auger V, Ferraroni-Aguiar V, Di Sauro A, Sette C, Behr R, et al. Dynamic regu-
lation of histone H3 methylation at lysine 4 in mammalian spermatogenesis. Biol Reprod. 
2007;77(5):754–64.

	 87.	Glaser S, Lubitz S, Loveland KL, Ohbo K, Robb L, Schwenk F, et al. The histone 3 lysine 
4 methyltransferase, Mll2, is only required briefly in development and spermatogenesis. 
Epigenetics Chromatin. 2009;2:5.

	 88.	Payne C, Braun RE. Histone lysine trimethylation exhibits a distinct perinuclear distribution 
in Plzf-expressing spermatogonia. Dev Biol. 2006;293:461–72.

	 89.	Hammoud SS, Nix DA, Zhang H, Purwar J, Carrell DT, Cairns BR. Distinctive chromatin in 
human sperm packages genes for embryo development. Nature. 2009;460:473–8.

	 90.	Krejčí J, Stixová L, Pagáčová E, Legartová S, Kozubek S, Lochmanová G, et  al. Post-
translational modifications of histones in human sperm. J Cell Biochem. 2015;116:2195–209.

	 91.	Siklenka K, Erkek S, Godmann M, Lambrot R, McGraw S, Lafleur C, et al. Disruption of his-
tone methylation in developing sperm impairs offspring health transgenerationally. Science. 
2015;350(6261):aab2006.

	 92.	Arpanahi A, Brinkworth M, Iles D, Krawetz SA, Paradowska A, Platts AE, et al. Endonuclease-
sensitive regions of human spermatozoal chromatin are highly enriched in promoter and 
CTCF binding sequences. Genome Res. 2009;19:1338–49.

F. Barrachina et al.



51

	 93.	Samans B, Yang Y, Krebs S, Sarode GV, Blum H, Reichenbach M, et  al. Uniformity of 
nucleosome preservation pattern in mammalian sperm and its connection to repetitive DNA 
elements. Dev Cell. 2014;30:23–35.

	 94.	Royo H, Stadler MB, Peters AHFM, Arpanahi A, Brinkworth M, Iles D, et al. Alternative 
computational analysis shows no evidence for nucleosome enrichment at repetitive sequences 
in mammalian spermatozoa. Dev Cell Elsevier. 2016;37:98–104.

	 95.	Zhong HZ, Lv FT, Deng XL, Hu Y, Xie DN, Lin B, et al. Evaluating γh2AX in spermatozoa 
from male infertility patients. Fertil Steril. 2015;104:574–81.

	 96.	Zhang X, Gabriel MS, Zini A. Sperm nuclear histone to protamine ratio in fertile and infertile 
men: evidence of heterogeneous subpopulations of spermatozoa in the ejaculate. J Androl. 
2006;27:414–20.

	 97.	Zini A, Gabriel MS, Zhang X. The histone to protamine ratio in human spermatozoa: com-
parative study of whole and processed semen. Fertil Steril. 2007;87:217–9.

	 98.	Zini A, Zhang X, Gabriel MS. Sperm nuclear histone H2B: correlation with sperm DNA 
denaturation and DNA stainability. Asian J Androl. 2008;10:865–71.

	 99.	Singleton S, Zalensky A, Doncel GF, Morshedi M, Zalenskaya IA. Testis/sperm-specific his-
tone 2B in the sperm of donors and subfertile patients: variability and relation to chromatin 
packaging. Hum Reprod. 2007;22:743–50.

	100.	Hammoud SS, Nix DA, Hammoud AO, Gibson M, Cairns BR, Carrell DT. Genome-wide 
analysis identifies changes in histone retention and epigenetic modifications at developmen-
tal and imprinted gene loci in the sperm of infertile men. Hum Reprod. 2011;26:2558–69.

	101.	Azpiazu R, Amaral A, Castillo J, Estanyol JM, Guimerà M, Ballescà JL, et  al. High-
throughput sperm differential proteomics suggests that epigenetic alterations contribute to 
failed assisted reproduction. Hum Reprod. 2014;29:1225–37.

	102.	de Mateo S, Castillo J, Estanyol JM, Ballescà JL, Oliva R. Proteomic characterization of the 
human sperm nucleus. Proteomics. 2011;11:2714–26.

	103.	Baker MA, Naumovski N, Hetherington L, Weinberg A, Velkov T, Aitken RJ. Head and flagella 
subcompartmental proteomic analysis of human spermatozoa. Proteomics. 2013;13:61–74.

	104.	Castillo J, Amaral A, Oliva R.  Sperm nuclear proteome and its epigenetic potential. 
Andrology. 2014;2:326–38.

2  Sperm Nucleoproteins (Histones and Protamines)



53© 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_3

Chapter 3
Sperm Nuclear Architecture

W. Steven Ward

3.1  �Introduction

We know a lot about sperm architecture in general, particularly the tail region, but 
in many ways the architecture of the sperm nucleus remains a mystery. The genetic 
material in the human sperm cell is condensed into a much smaller volume than in 
any other cell types [1–3]. When we try to examine the sperm nucleus by electron 
microscopy, we are often frustrated by the appearance of a solidly, electron dense 
mass that is impenetrable to visual assessment [4] (Fig. 3.1). Volume calculations of 
the sperm nucleus (mouse, in this case) have clearly shown that if the mouse sperm 
genome were packaged as mitotic chromosomes, the most tightly packaged form of 
DNA in a somatic cell cycle, it would not fit into the sperm nucleus [1–3]. As the 
first chapter discussed, the crystallization of sperm DNA into this very small vol-
ume is largely accomplished by the protamines. These protamines condense DNA 
into toroids with about 50 kb of DNA [5], suggesting that there would be at least 
60,000 in the sperm nucleus. How these 60,000 protamine toroids are compacted so 
tightly that even transmission electron micrographs cannot resolve such chromatin 
structure in the fully condensed nucleus is the question that we will ponder in this 
chapter. There are many more questions than answers, but there are several impor-
tant studies that point the way to a model for how it might be accomplished, reveal-
ing some insights into sperm chromatin function.

Sperm nuclear architecture remains an interesting mystery. The DNA that makes 
up the 23 human chromosomes is a little over 1 m in length. It is essentially crystal-
lized and then efficiently folded into a volume barely larger than the DNA itself. It 
cannot be crystallized randomly. The process must be compliant with the needs of 
the embryo, which will unpackage this DNA into the active genome. However, this 
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crystallized DNA must still be viable. Moreover, there are epigenetic signals that 
must be incorporated into this compact chromatin that contribute to the instructions 
for the developing embryo’s use of the paternal genome. Epigenetic signals are any 
chromatin-associated molecular change that does not change the DNA sequence. 
These include, but are not limited to, histone modifications, DNA methylation, and 
DNA attachment sites on the sperm nuclear matrix. Understanding how the 23 chro-
mosomes are packaged in this “dark matter” requires a delicate unpackaging of this 
tightly wound knot of DNA strands, and several studies, discussed below, have 
made important contributions to our current models for sperm chromatin structure. 
However, they all suffer from the potential criticism that the original chromosome 
packaging was somewhat disrupted by the partial extraction procedures needed to 
visualize the structures. When it is unpackaged in the oocyte, it successfully trans-
mits more than just the genetic information encoded in the base-pair sequences of 
the DNA but also epigenetic instructions for its use.

The first two chapters of this volume covered the best-known aspects of sperm 
chromatin structure, the protamines and histones that bind directly to the DNA and 
condense it at the molecular level. In this chapter, we will explore what is known 
about how the protamine/histone-bound chromosomes are folded into higher-order 
structures so that they can fit into the sperm nucleus and how these larger organizing 
features of sperm chromatin contribute to sperm function. Much of what is said in 
this chapter is our speculation based on the data we have so far. The difficult fact is 
that we do not yet have a strong model for how chromosomes are folded in the 
sperm nucleus. However, we do know many pieces of the puzzle, and some of these 
have important clinical applications.

Fig. 3.1  Thin section 
transmission electron 
micrograph of a human 
sperm head (Courtesy of 
Dr. Ryuzo Yanagimachi)
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3.2  �A Model

We will start the discussion of this seemingly impregnable subject with a model for 
how chromosomes are folded into the human sperm nucleus. This is only a model, 
with many question marks still in place, and the evidence that supports various 
aspects of it will be discussed below (or, in some cases, has been mentioned in the 
previous two chapters of this volume). This model helps us to visualize the ques-
tions that remain to be answered in the context of what is known. To visualize the 
problem, let us start with a single chromosome which contains one strand of double 
helix DNA that is roughly 50,000 times as long as the sperm nucleus (remember, 
too, that the sperm nucleus accommodates 23 of these). Imagine that we were put-
ting together the elements that fold this chromosome from a double helix into the 
condensed form that actually occupies in the sperm nucleus (in reality, of course, 
this is not the way chromosomes are folded during spermiogenesis, but this model-
ing helps to understand how it is condensed). The first step in this imaginary process 
would be to attach the DNA onto a structural component of the sperm nucleus 
termed the nuclear matrix [6–8] (Fig. 3.2). This compacts the DNA considerably, 
but not enough to make it fit into the sperm nucleus. The next step would be to con-
dense each loop domain into a single protamine toroid [9] (Fig. 3.2c and discussed 
in Chap. 1). This is actually the most important step in “crystallizing” the sperm 
DNA. Protamines render the sperm DNA resistant to external assaults from nucle-
ases [10] and mechanical shearing [11]. We do not really know, however, how these 
toroids are packaged together. We and others [12, 13] have proposed that the prot-
amine toroids are stacked together like lifesavers, and this seems to be the most 
likely method of compacting toroids into the densest configuration possible. But 
this has not yet been demonstrated conclusively, and this part of the model remains 
a big question. It is also clear that some tracks of the DNA remain associated with 
histones. If all the DNA were packaged into toroids that were stacked together as 
shown in Fig. 3.2c, we have calculated that the 23 chromosomes would still be 700 
times as long as the sperm nucleus. Thus, there must be a higher-order chromosome 
structure that folds these stacks of protamine toroids, but we do not yet have the 
information to propose a model for this. Lastly, several excellent publications from 
the Zalensky laboratory have shown that chromosomes from several mammalian 
species are configured so that their centromeres are positioned together in a chro-
mocenter and their telomeres are together at the periphery of the nucleus (Fig. 3.2e). 
This orders the chromosomes themselves within the nucleus and can be considered 
the highest order of packaging of the entire genome.

3.3  �Sperm Nuclear Matrix

The first step in reconstructing a sperm chromosome from the DNA strand would be 
to attach it to the sperm nuclear matrix in loop domains, as depicted in Fig. 3.2b. 
This has the practical effect of isolating the looped segments of DNA into topologi-
cal domains. That means that because the DNA is tethered at either end on the 
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Fig. 3.2  Model for sperm chromatin packaging. This is a theoretical diagram of packaging chro-
matin into a sperm nucleus. (a) Each chromosome is made up of one long DNA double helix. (b) 
The DNA is organized into loop domains attached at their bases to the nuclear matrix (green). (c) 
Each DNA loop domain is condensed into a crystalline like toroid by protamines. These protamine 
toroids are probably stacked side by side. Some of the loop domains are packaged by the bulkier 
histones (purple loops). (d) A major unanswered question is how the stacked protamines are fur-
ther coiled to fit into the sperm nucleus. (e) Evidence suggests that chromosomes occupy distinct 
domains in the sperm nucleus with the telomeres of each chromosome paired at the periphery and 
the centromeres all located in a chromocenter in the middle
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nuclear matrix, if it is twisted or coiled in some way, it does not directly affect the 
neighboring loops. The first demonstration that vertebrate sperm DNA was actually 
arranged in topological domains came from the work of Risley and colleagues in 
1986 [14] who showed that Xenopus sperm DNA could be supercoiled by ethidium 
bromide if the histones and protamines were removed. Three years later, we visual-
ized these loop domains, directly, by using a technique which prepares sperm 
nuclear matrices with the DNA still attached as loop domains [6]. Since that time, 
several laboratories have verified that mammalian sperm DNA is organized into 
loop domains by the nuclear matrix [7, 15–17].

There are many questions about this particular level of sperm DNA organization. 
In somatic cells, the attachment sites for the loop domains, the so-called matrix 
attachment regions or MARs, are probably the sites where DNA replication begins 
in each replicon [18–21] and are probably the sites where DNA is transcribed into 
RNA [22–25]. Evidence supports the model that DNA is bound to the sperm nuclear 
matrix at specific sites [8, 26, 27], suggesting that there may be a physiological 
reason for this organization. Two possibilities exist: (i) that organization of sperm 
DNA by the nuclear matrix reflects chromatin functions that occur during spermio-
genesis or (ii) that they provide epigenetic information for the embryo after fertil-
ization. These two possibilities are, of course, not mutually exclusive, and neither 
has been definitively shown to be the case. We have provided evidence that the 
mouse sperm nuclear matrix is required for proper embryogenesis [28, 29] and, 
more specifically, that it is required for DNA replication of the paternal genome 
after fertilization [30] (Fig. 3.3b), supporting the second hypothesis. However, for 
the purposes of this discussion, either function of the sperm nuclear matrix organi-
zation, whether it be for proper spermiogenesis to form functional spermatozoa or 
to provide a matrix on which to replicate the DNA after fertilization, would impact 
clinical fertilization.

One important example of a sperm nuclear matrix function that may directly 
affect human fertility is its possible role in DNA integrity. We have shown that 
mouse [31], hamster [10], and human [32] sperm can be induced to digest their own 
DNA. This appears to be mediated by topoisomerase 2 at the bases of the DNA loop 
domains [33] (Fig. 3.3). This type of digestion of the chromatin is similar to apop-
totic degradation of DNA in somatic cells, which begins with a reversible DNA 
double-stranded break at the base of the loop domains on the nuclear matrix and 
proceeds with an irreversible nuclease digestion of the chromatin. We have shown 
that there are two stages in sperm DNA digestion that mirror the two steps in somatic 
cell apoptosis [34, 35]. Using this mouse model for sperm DNA breaks, we have 
shown that in mouse sperm, this first, reversible double-stranded DNA breaks can 
be hidden by traditional methods that identify DNA breaks because the DNA 
remains attached to the nuclear matrix [36]. We have also shown that the single-
stranded DNA breaks that occur in the second step are clearly identified by the 
SCSA assay and less efficiently by the TUNEL assay [34]. Though we are still in 
the process of linking the various DNA damage assays to the structural aberrations 
that each assay is thought to identify, it is already apparent that the different assays 
may detect particular types of chromosomal damage and that the different types of 
damage have different clinical implications [34].
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3.4  �Sperm Chromosomes

One question that has been difficult to answer is how the chromosomes are arranged 
in the nucleus as a whole. In somatic cells, numerous studies have shown that indi-
vidual chromosomes occupy discrete domains that do not overlap [37], and similar 
studies in human sperm point to the same conclusion [38]. This suggests that in the 
compact human sperm nucleus, the chromosomes are packaged into discrete units—
that is they are not wound around each other in a random fashion. In monotremes, 
the chromosomes appear to be ordered in a specific sequence indicating that there 
are clear rules for the packaging of sperm chromosomes [39]. There is also very 
good evidence for how the chromosomes are arranged spatially. The telomeres of 
each chromosome pair appear to be attached to each other in at least six different 
mammalian species, and they are located toward the periphery of the sperm nucleus 
[40–42]. The centromeres of all the chromosomes are located together in a chromo-
center in the middle of the sperm nucleus [43–45]. This suggests a model diagramed 
in Fig. 3.2e showing an ordered packaging of the chromosomes with the telomeres 
pointed outward and the centromeres organized together in the center. This model is 
diagrammatic, only, as one would expect that many of the chromosomes would be 
stacked on top of each other in the thickest parts of the nucleus and not arranged 
side by side in a flat plane as shown.

Fig. 3.3  Two functions of sperm DNA loop domain organization by the nuclear matrix. (a) Sperm 
DNA is organized into loop domains that serve two functions. (b) After fertilization, the paternal 
DNA is replicated on the sperm nuclear matrix. (c) In mature sperm cells, the nuclear matrix can 
be induced to cleave the DNA at the base of the loop domains. This suggests that the nuclear matrix 
may play a role as a checkpoint for sperm DNA integrity

W. Steven Ward
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3.5  �Conclusions

We understand a lot about sperm chromatin structure, but there are still many more 
questions than answers at this point. One major unsolved riddle is the composition 
of the nuclear matrix, which remains a mystery because it is so complicated. At least 
one group has published a proteome of the rat sperm nuclear matrix showing 290 
proteins [46]. Thus, we still do not know the major proteins that are responsible for 
organizing the sperm DNA into loop domains (Fig. 3.2b). Another complication is 
the mapping of the matrix attachment regions (MARs) and the chromosome points 
at which the DNA binds to the nuclear matrix. One group has made significant 
progress in this area [47, 48] and has concluded that there are sequences that appear 
to be enriched on the nuclear matrix. This suggests that either the attachment points 
are not rigidly defined or that our methods for identifying them have not yet been 
developed well enough. Finally, there is one level of sperm chromatin structure 
about which we have no idea. It is pretty clear that the protamine toroids must be 
stacked on top of each other as shown in Fig. 3.2c. But how these chromosomes are 
further folded or coiled to fit into the short space between the center of the nucleus 
and the periphery is still not known (Fig. 3.2d). We do not have any reasonable 
models for this level of sperm chromatin folding.

What is clear is that understanding sperm chromatin structure is crucial to our 
interpretations of what our various sperm DNA assays are telling us about the stabil-
ity of the paternal genome. Different types of sperm DNA damage will have different 
effects on the outcome of ART, and a clearer understanding of how sperm is pack-
aged will be important for fully understanding the clinical implications of these tests.
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Chapter 4
Sperm Chromatin Structure Assay (SCSA®): 
Evolution from Origin to Clinical Utility

Donald P. Evenson

4.1  �Origin, Standardization, and Verification of the SCSA 
Test as Marker of Male Sub-/Infertility

4.1.1  �Origin of the SCSA Test

Thin section electron microscopy of ejaculated human sperm shows significant het-
erogeneity of nuclear chromatin structure between different men and within indi-
viduals [1]. Since sperm nuclear morphology is related to chromatin condensation 
and other nuclear phenomena occurring during spermatogenesis, it was hypothe-
sized, as have others [2], that misshaped sperm nuclei have an altered chromatin 
structure. Furthermore, since the resistance of in situ DNA to thermal denaturation 
is related to counter ion and protein interactions with DNA [2, 3], it was further 
hypothesized that an altered chromatin structure would reflect in an abnormal DNA 
denaturation profile.

The hypothesis was introduced that if isolated and purified sperm nuclei were 
heated at 100 °C for 5 min, the denaturation of nuclear DNA would be heteroge-
neous between samples from high and low fertility humans and animals. Semen 
samples were obtained from three sources: (a) men of known fertility and men 

This chapter is dedicated to the memory of Marcello Spano who died of a fatal heart attack in his 
ENEA lab in Rome, December, 2016. In 1979, Marcello invited me to his lab to set up the SCSA 
test. In 2000, he published a seminal paper, Sperm Chromatin Damage Impairs Human Fertility. 
The Danish First Pregnancy Planner Study Team. Fertil. Steril. 73:43-50. His frequent collabora-
tion with Aleksander Giwercman and Mona Bungum in Sweden brought a wealth of valuable 
SCSA clinical data on sperm DNA fragmentation as related to male factor infertility. We are grate-
ful for his excellent collaboration and warm friendship; he will be greatly missed.
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attending an infertility clinic, (b) bull semen from known fertile bulls and subfertile 
bulls, and (c) sperm from mice on a normal diet and diet of Zn+2 deficiency, a known 
factor required for intact sperm nuclear chromatin structure. Human and bull sperm 
from known subfertile donors as well as mice on a Zn+2-deficient diet had two to 
four times greater red fluorescence (broken and denatured DNA) as seen by light 
microscopy (Fig. 4.1) and precisely quantitated by flow cytometry [4].

This new concept and solid data were the origin of the first publication [4] of 
flow cytometry-measured in situ sperm DNA denaturation as related to fertility both 
by men at an infertility clinic and bulls of known levels of high and low fertility. The 
ranking of the five bulls by their degree of sperm DNA denaturation was inversely 
the same as their ranking of field fertility by the Eastern Artificial Insemination 
Cooperative (Ithaca, NY).

Importantly, not only did the in situ DNA of misshaped sperm nuclei have sig-
nificantly decreased resistance to thermal denaturation, but many morphologically 
normal nuclei derived from subfertile donors had abnormal susceptibility to in situ 
thermal denaturation of their DNA. This important point has been confirmed in vari-
ous human clinical studies. For example, Avendaño et al. [5] found that in infertile 

Fig. 4.1  Fluorescence 
photomicrograph of bull 
sperm nuclei heated and 
stained with acridine 
orange [4] (From Evenson 
et al. [4]; used with 
permission)
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men with moderate and severe teratozoospermia, the sperm with apparently normal 
morphology present in the motile fractions after swim-up may have broken DNA.

Studies by Wyrobek et al. [6] showed that sperm from genotoxin-exposed mice 
had high dose-response correlations with sperm head morphology. Studies, shown 
below, also demonstrated a very high dose-response correlation between abnor-
mal sperm head morphology and SCSA data on sperm from genotoxin-exposed 
mice [7].

4.1.2  �Standardization of the SCSA Test: Changes 
to the Finalized and Federal Registered Protocol

4.1.2.1  �Problems with the Heated Sperm Nuclei Protocol

A high percentage of the nuclei stuck to the heated containers including surfaces of 
glass, plastic, polypropylene, siliconized surfaces, and others. Also, measuring 
whole sperm was equivalent to data on isolated nuclei [7]; thus, the time to prepare 
the samples was long and very technician unfriendly.

4.1.2.2  �Low pH to Denature DNA at DNA Break Sites

Fortunately the two-step acid procedure used for somatic cells [3] gave the same 
results as the heat protocol [4, 7]. Technician time and effort were dramatically 
reduced. This procedure, as well as specific steps for preparation, measurement, and 
data processing, has been the FIXED SCSA® protocol for over three decades. 
Table 4.1 briefly outlines the protocol. Extensive details are published elsewhere 
[8–10].

Table 4.1  SCSA® Protocol

1. Prepare and measure one semen sample at a time
2. Transfer vial of frozen semen in LN2 tank near FCM to a 37° C water bath and immediately 
dilute with TNE buffer to ~1–2 × 106 sperm/ml
3. Acid (pH 1.20 for 30 s) denaturation (open up) DNA double helix at sites of ss or ds DNA 
breaks
4. AO staining of ss (red) and ds (green) DNA
5. Immediately place in flow cytometer and run sample/sheath for 1–2 min to establish fluidic 
equilibrium
6. Measure 5000 sperm by flow cytometry at rates <250/s
7. Computer calculations of data for clinical report
8. Send report to clinic by secure WEB site

Detailed protocol: ask for PDF (don@scsatest.com)

4  Sperm Chromatin Structure Assay (SCSA®): Evolution from Origin to Clinical Utility
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4.1.3  �Biochemistry of Acridine Orange (AO) and Sperm DNA 
Interactions of the SCSA Test

Figure 4.2 illustrates AO intercalated into dsDNA and stacked on ssDNA. At sites 
with ss or ds DNA strand breaks, the heat or acid locally denatures or “opens” the 
ds to ss DNA. AO stacks on the ssDNA that then collapses into a crystal and when 
exposed to blue laser light has a metachromatic shift to red fluorescence [3]. With 
an increasing number of DNA breaks, there is a concomitant decrease of green fluo-
rescence and an increase of red fluorescence.

A very significant advantage of the SCSA test is that its marker for DNA strand 
breaks is the very small (MW 265), flat planer acridine orange (AO) molecule. 
Thus, AO likely penetrates the entire highly compact nuclear chromatin structure 
[11, 12]. In contrast, the TUNEL assay requires the large terminal deoxynucleotidyl 
transferase enzyme to label at sites of DNA strand breaks, except those breaks with-
out a 3′OH end, and it is likely that the protamine toroid is not penetrable by this 
enzyme, thus reducing the efficiency of flow cytometric TUNEL testing by about 
1/3 [11, 12]. Research from the lab of J Aitken [13] shows that the TUNEL assay 
consistently underestimates DNA damage in human spermatozoa and is influenced 
by DNA compaction and cell vitality. Efforts are described in using a S-S reducing 
agent (DTT: dithiothreitol) to open up the S-S compacted chromatin.

The light microscope TUNEL further reduces the %DFI from that measured by 
flow cytometry (FCM). Figure 4.3 illustrates the different potential staining sites by 
the SCSA and TUNEL tests.

Fig. 4.2  Schematic of 
sperm nuclear DNA shift 
of staining from intact 
DNA (green) to high levels 
of DNA denaturation at 
sites of single-strand (ss) 
and double-strand (ds) 
DNA breaks (red)
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4.1.4  �Does the SCSA Test Measure Potential or Existing 
Sperm DNA Strand Breaks?

Early publications of SCSA data stated that AO stained sites of decreased resistance 
to in situ denaturation leaving open any interpretation of mechanism [4]. The term 
“resistance to in situ denaturation” was later spoken of as sites of “sperm DNA 
fragmentation” leading to the expression “DNA fragmentation index” or % DFI, as 
adopted by users of other sperm DNA fragmentation (SDF) assays. A current 
expression is “sites of ss or ds DNA strand breaks” [12]. Previous literature often 
stated the concept that the TUNEL assay was a “direct” measure of DNA strand 
breaks, while the SCSA test was an “indirect test” measuring “potential DNA 
breaks.” A recent review [14] stated that the “SCSA starts with an acid denaturation 
step and depends on the principle that abnormal DNA is more prone to further frag-
mentation by acid denaturation than intact DNA.” Does that imply that the acid 
causes fragmentation, i.e., DNA strand breaks? No, all data to date strongly suggest 

Fig. 4.3  SCSA vs. TUNEL accessibility to sperm chromatin for detection of DNA strand breaks. 
(A) Model of sperm chromatin, (B) TUNEL assay accessible sites, (C) SCSA accessible sites. 
SCSA = AO; TUNEL = TdTA + fluorochrome; TUNEL % DFI values 1/3 less than SCSA values 
[10, 11] (From Gawecka [11]; used with permission). 

4  Sperm Chromatin Structure Assay (SCSA®): Evolution from Origin to Clinical Utility



70

that the function of the heat or pH 1.20 treatment for 30 s is to denature (open) the 
two DNA strands at the sites of existing single or double DNA strand breaks, i.e., 
“normal DNA” with single- or double-strand breaks.

Since neither heat (100 °C, 5 min) nor acid (pH 1.20/30 s) breaks the DNA phos-
phodiester backbone, both the TUNEL (listed as a “direct test”) and the SCSA 
(listed as an “indirect test”) are measuring existing DNA breaks available to each 
specific molecular probe. This view is supported by the following:

	1.	 The first and likely foremost evidence needs to come from the co-founder, 
Z. Darzynkiewicz, of both the SCSA test [4] and TUNEL test [15]. These two 
tests, most importantly done by an expert in the same laboratory using the same 
flow cytometer, showed a correlation of r = 0.87; P < 0.05. This is a strong evi-
dence suggesting that these two tests measure the same sites available to each 
specific probe.

	2.	 Studies using bull semen samples showed a remarkably high correlation (0.99) 
between the TUNEL and SCSA tests for consecutive collections from a single 
bull [16]. However, the data suggest a one-third (60/90) less efficiency in label-
ing sites of DNA strand breaks using the TUNEL assay. Figure 4.4 shows data 
[16] on 38 bull semen samples measured by the SCSA and TUNEL tests 
(r = 0.78, P < 0.001). These data confirm the observations from Aitken’s lab [13] 
that the TUNEL test underestimates DNA strand breaks.

4.1.5  �Change in SCSA Terminology

The Sperm Chromatin Structure Assay (SCSA®) was named as such since it mea-
sures both sperm DNA fragmentation and abnormal chromatin structure. The major 
use of the SCSA test has been to determine the percentage of sperm with frag-
mented DNA. The original term for describing the percentage of sperm in a semen 
sample with fragmented DNA was cells outside the main population (COMP αt). 
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Fig. 4.4  Regression 
analysis depicting the 
relationship between 
%TdTA staining and % 
DFI staining of bull 
(n = 38) sperm. r = 0.78, 
P < 0.001 [16]. Note the 
top right dot at 60% DFI 
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Due to suggestions from human medical andrology interests that the acronym 
COMP αt did not explain well what this meant, the COMP αt terminology was 
changed to %DFI (DNA fragmentation index) [9]. Thus, the three equivalent values 
[(original): (new)] that describe the extent of DNA fragmentation are [%COMP 
αt,]:(%DFI); [X αt]:(X DFI); and [SD αt]:(SD DFI). All of the other current sperm 
DNA fragmentation tests have now adopted the concept of %DFI expression of the 
percentage of sperm with fragmented DNA. However, in the animal andrology field, 
the original SCSA terms have been kept by most authors.

4.1.6  �Clinical Report

Figure 4.5 shows typical SCSA clinical data on ejaculated sperm from men attend-
ing an infertility clinic. These raw and computer converted data are inserted into a 
clinical report that includes suggestions for clinical intervention.
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Fig. 4.5  SCSA test data. Top Box. Left panel. Raw data from a flow cytometer showing each of 
5000 sperm as a single dot on a scattergram. Y axis = green fluorescence with 1024 gradations 
(channels) of DNA stainability. X axis = red fluorescence with 1024 gradations of red fluorescence 
(ss DNA). Axes shown are 1024/10. Dotted line at Y = 75 marks the upper boundary of DNA stain-
ing of normal sperm chromatin; above that line are sperm (dots) with uncondensed chromatin 
allowing more DNA stainability. Three levels of sperm DNA integrity: normal, moderate, and high 
levels of DNA fragmentation. Bottom left corner shows gating out of seminal debris. Middle panel. 
Raw data from left panels are converted by SCSAsoft® software (or equivalent) to red/red + green 
fluorescence. This transforms the angled normal sperm display in left panel to a vertical pattern 
that is often critical for accurately delineating the % of sperm with fragmented DNA. Y axis = total 
DNA stainability vs. X axis = red/red + green fluorescence (DFI). Right panel: Frequency histo-
gram of data from middle panel showing computer gating into three categories: normal, moderate, 
and high DFI (moderate DFI + high DFI = total %DFI). Bottom box. SCSAsoft calculations of 
mean of two independent measures of mean and SD of DFI, SD DFI, and % DFI and %HDS
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4.1.7  �Relationship Between Sperm DNA Fragmentation Data 
and Classical Semen Parameters

Investigation of the male partner of infertile couples is traditionally based on the 
conventional WHO semen analysis, which includes an assessment of sperm count, 
motility, and normal sperm morphology. This analysis has, however, a limited value 
both as a diagnostic tool and as a guide to selection of the therapeutic procedure 
[17]. In numerous studies using the SCSA test, many investigators have recorded 
correlations between %DFI and the standard semen parameters. These stated cor-
relations vary widely; however, the consensus is that the correlations are weak 
enough to conclude that the SCSA %DFI is a relatively independent parameter. The 
most highly correlated parameter is usually with motility. The rationale is that reac-
tive oxygen species (ROS) activity breaks DNA and damages cellular membranes, 
including the mitochondrial membranes, likely inhibiting motility.

4.2  �Biochemical Characteristics of SCSA-Defined Sperm 
Populations

Some investigators using other DNA fragmentation techniques that employ light 
microscopy have stated that their method advantageously analyzes single cells, 
while the SCSA measures groups of cells but not single cells. No, the very essence 
of flow cytometry is that every single cell is measured one at a time at a fast rate. 
Any single cell or cluster of cells can be characterized on a 1024 × 1024 grid on the 
computer monitor as seen in Fig. 4.5. As an example, a single cell, or cluster, may 
have a characteristic Y value of 540 nm green fluorescence (native DNA) and X 
value of 650 red fluorescence (broken DNA). Sperm with such values can be flow 
cytometry (FCM) sorted out for further morphological and biochemical 
characterization.

4.2.1  �FCM Sorted SCSA Populations to Analyze Sperm 
Nuclear Morphology

A FACsort flow cytometer (Becton Dickenson, San Jose, CA) was used to separate 
four (normal, moderate DFI, high DFI, and HDS) SCSA populations [18]. Using 
the computer gates seen in Fig. 4.5, the sorted sperm were collected in tubes, spun 
down, resuspended, and then forced onto a glass microscope slide using a cytocen-
trifuge (Shandon Cytospin II, Minneapolis, MN) that concentrates the sperm into a 
small region of the glass slide.

For the first experiment, Feulgen-stained nuclei were photographed with a Nikon 
800 light microscope interfaced to computer image analysis software. Three 
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measured slides/population for a total of 600 nuclei were analyzed for each sorted 
population. Of interest, both the SCSA normal population AND the moderate DFI 
population had nearly identical nuclear morphology images. Of clinical interest, 
these sperm may be picked up for ICSI due to their normal morphology, but they 
likely contain fragmented (broken) DNA.

In the second experiment [18], each of the four populations that was sorted onto 
glass slides was subjected to pH 10 (neutral) comet assay that identifies (a) sperm 
without dsDNA breaks and (b) sperm with dsDNA breaks having a pattern of an 
astrological comet. The main population and HDS population had few (background 
noise) comets. As seen in Fig. 4.6, about 75% of the sperm with moderate and high 
DNA fragmentation also had positive pH 10 comets indicative of dsDNA breaks, 
thus confirming the presence of dsDNA breaks measured by the SCSA test.

An alkaline comet assay was not run; it is hypothesized that both moderate and 
high %DFI fractions would show 100% alkaline comets, thus confirming SCSA 
measurements of both ds and ssDNA breaks, i.e., breaks in the phosphodiester back-
bone of one or both of the DNA strands. This has also been described as DNA frag-
mentation (Latin: fragmentum—a broken piece—thus, DNA with pieces of broken 
ss or ds DNA).

4.2.2  �Characteristics of HDS Population: New Emphasis 
for the ART Lab

HDS sperm have abnormal nuclear proteins and/or other factors that prevent normal 
chromatin condensation thereby exposing more DNA to AO staining of ds DNA; 
this includes excess histones and other proteins such as unprocessed protamines 
[19]. Histone-complexed DNA has a 2.3 X greater AO staining than protamine-
complexed DNA [20].

Fig. 4.6  Flow cytometry-
sorted SCSA sperm 
populations of normal, 
HDS, and DFI populations. 
These sperm on glass 
slides were processed by 
the pH 10 (neutral) comet 
assay. Five hundred sperm 
per group were scored for 
the % with comets 
indicative of double-strand 
DNA breaks
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In a study by Zini et al. [21], samples from men (n = 87) attending an infertility 
clinic showed a significant relationship between sperm morphology defects accord-
ing to strict criteria and SCSA parameters (%DFI and %HDS), i.e., normal sperm 
forms and both %HDS (r = −0.40) and sperm motility (r = 0.32). The observed 
relationship between sperm head defects and %HDS suggests that sperm head 
abnormalities may, in part, be due to incomplete sperm chromatin condensation.

Of importance, it is becoming clearer that a high %HDS is correlated with 
increased probability of early embryo-grown cessation and miscarriage [22–25]. 
The laboratory of Menezo [22] has been at the forefront in providing evidence on 
the importance of the decondensed chromatin population. Menezo’s lab has called 
the %HDS fraction “DNA decondensation state index” (SDI) measured by aniline 
blue (AB) or by SCSA, which fortunately can simultaneously measure both DFI 
and HDS. Some gene families that are highly important for early embryo develop-
ment are associated with histones in human spermatozoa [24]. “While it is well 
known that the oocyte can repair limited sperm DNA breaks, its capacity to improve 
tertiary structure is rather limited.” Menezo’s lab/clinical data [26] suggest that 
defective methylation linked to methylenetetrahydrofolate reductase (MTHFR) 
may contribute to sperm pathogenesis via increased %HDS (%SDI) [26].

The negative impact of high sperm chromatin decondensation (high HDS) may 
occur at the time of early developmental arrests up to miscarriages [23–25].

In a study of 1417 ART patients [26] where the man had an SCSA test, 77% had 
less than 20% HDS, 10% had 20 to <25% HDS, and 12% had >25% HDS. High 
%HDS values result in a large embryo loss at an approximate eight-cell stage. A 
very preliminary study at our SCSA diagnostic lab has seen ~80% embryo failure 
when HDS >35%, while the %DFI values were at acceptable levels.

It is of great interest that the negative influence of HDS on pregnancy outcomes 
follows closely to the curve shown in Fig. 4.7 for %DFI. Specifically, all is well with 

Fig. 4.7  Odds for in vivo/IUI/IFV pregnancy vs. % DFI. The curve was estimated from data from 
intercourse [8, 27], IUI [54] and IVF/ICSI [28] data. Below 15–20% DFI is without a known prob-
lem. Threshold for in vivo and IUI fertilization is 25%, and at that level ICSI should be considered. 
At ~40% DFI presents a high risk for no pregnancy and increased probability for miscarriage
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<20% HDS. However, the outcomes become poorer from 20 % to 30% HDS, and at 
>30% HDS there is a high level of cessation of early embryo growth [25, 26].

Menezo’s group have described how defective methylation linked to MTHFR 
may contribute to sperm pathogenesis via increased SDI (HDS). While the egg has 
repair capacity for broken sperm DNA, it has no capacity to fix the lack of organiza-
tion found in the uncondensed chromatin (HDS) that may be critical to synthesizing 
the specific needed proteins for growth of the embryo.

4.3  �Validation of SCSA Clinical Thresholds

4.3.1  �Humans

The early SCSA human experiments suggested that the threshold for male factor 
subfertility via intercourse was ~25–27% DFI [8, 27]. Spano et al. [27] showed that 
pregnancy rate via intercourse begins to drop with >20% DFI [27]. Note that this 
represents TWO different statistical thresholds, namely, 20%DFI for the beginning 
level for fall off reproductive outcomes and 25% as a statistical threshold for in vivo 
success. Furthermore, a third threshold is at >40%DFI for very low success by any 
fertilization method and an increased level of miscarriages [27, 28]. The most com-
mon question asked by patients is “If 25% of my sperm have fragmented DNA, why 
can’t the other 75% be sufficient for attaining a pregnancy?” More dramatically, the 
threshold for boars has repeatedly been shown to be 6%DFI [29]. An answer to this 
question is described as the “iceberg phenomena” [9]. The human threshold at 25% 
is equivalent to an iceberg with 25% of its mass above the water line. However, the 
75% of the iceberg under the water line likely have sperm with negative factors such 
as pre-apoptotic sperm.

4.3.2  �Animals

As stated by Barratt and De Jong [30], validation of sperm DNA fragmentation tests 
needs to include animal models where the breeding can be controlled to a much 
greater degree than for humans. To achieve this recommendation, known fertility 
data from bulls and boars were correlated with SCSA data.

4.3.2.1  �Bulls

Perhaps the best way to eliminate many of the variables in potential female factor 
assessment of male fertility is to conduct heterospermic inseminations that are pos-
sible only in animal studies. Thus, e.g., if equal numbers of motile sperm from a 
black bull and a white bull are inseminated into 100 females, the ratio of black and 
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white calves shows which bull has the greater fertility potential. SCSA test data [31] 
on sperm from nine bulls showed a very high correlation with a known fertility 
competitive index, measured by heterospermic performance (%DFI, −0.74, 
P < 0.05; SD DFI, −0.94, P < 0.01).

4.3.2.2  �Boars

Heterospermic trial. Encouraged by the field [32] and heterospermic bull data [31], 
similar heterospermic experiments were done with boars [33]. Semen from six phe-
notypically different boars was mixed in equal motile sperm numbers in six three-
way combinations and inseminated into at least three Duroc gilts per combination. 
The SCSA correctly predicted both the high and low fertility boars based on a ratio 
of offspring as deviated from the theoretical percentage. The “low fertility boars” 
had 3.0 times higher %DFI values than for the high fertility boars. The offspring of 
the high fertility boars were 4.8 times more than from the low fertility boars.

Multiparous animals. A great advantage for investigating not only fertility data 
on single-birth animals is to use multiparous animals that can help detect embryo 
loss in vivo as related to male factor.

Didion et al. [29] evaluated 18 sexually mature boars having fertility informa-
tion. Boar fertility was defined by farrow rate (FR) and average total number of pigs 
born (ANB) per litter of gilts and sows mated to individual boars. Fertility data were 
compiled for 1867 matings across the 18 boars (Table 4.2).

The boar fertility rate had a high correlation with the %DFI (r = −0.60, P < 0.01) 
and SD DFI (r = −0.68, P < 0.003) [29]. It is of great interest to note the significant 
correlations between %DFI and SD DFI values and average number of piglets born 
(APB)/liter. Since oocytes do not discriminate against sperm with damaged DNA 
[34], these sperm with damaged DNA likely fertilize and the resulting embryo 
implants in the female only to be lost later when likely needed proteins are lacking 
due to a break in the DNA/gene required to supply that vital protein. Human data 
have clearly shown that DFI >30% are related to increased miscarriage rate [8, 27]. 
As stated by Borini et  al. [35], high %DFI can compromise “embryo viability,” 
resulting in pregnancy loss.

Table 4.2  Pearson 
correlation coefficients (r) of 
SCSA variables and fertility 
for 18 boars bred to 1867 
females

FR APB

%DFI −0.55a −0.54a

SD DFI −0.67b −0.54c

ap < 0.01
bp < 0.003
cp < 0.02
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4.4  �Validation of the SCSA Test for Precision and Accuracy

4.4.1  �Invaluable Use of Flow Cytometry

Of critical importance for validation of any test is its precision and accuracy. Without 
a doubt flow cytometry is invaluable to achieve this requirement for the SCSA test. 
Flow cytometry (FCM) measuring of cells is highly rapid with exceptional mechan-
ical precision that avoids human eye biases. Both TUNEL and SCSA tests are ame-
nable for use with flow cytometry; SCSA has a significant advantage of being a dual 
parameter measurement. Thus, each sperm is characterized by 1024 × 1024 units 
(channels) of green vs. red fluorescence seen as a dot plot on the FCM monitor 
(Fig. 4.5). And for accuracy, i.e., the extent to which a given measurement agrees 
with the standard value for that measurement, it is near perfect for the SCSA test. 
Thus, EVERY SINGLE SPERM in a SCSA measurement can be characterized by 
the exact extent of DNA damage.

Figure 4.8 provides evidence for two important features of the SCSA test [36]: 
(1) lack of difference of %DFI between fresh and frozen samples and (2) the ability 
of setting up the flow cytometer for exact repeat measurements by the use of refer-
ence samples consisting of numerous frozen aliquots of a semen sample with about 
10–15% DFI [9, 10]. These reference samples are used to set the mean green and 
red fluorescence values to the same exact (+ 5 channels) X and Y coordinates each 
time the FCM is set up for measuring samples.
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Fig. 4.8  Epididymal sperm from mice treated with triethylenemelamine (TEM) and over 45 weeks 
harvested with one fresh set measured by the SCSA test and a frozen aliquot measured months 
later by the SCSA test [36]
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4.4.2  �Repeatability of SCSA Data

4.4.2.1  �Within Human Donors Over Time

It is well known that semen parameters such as count, motility, and morphology can 
vary widely over short periods of time [17]. For this reason, it is often recommended 
that a man has at least two classical semen tests over some weeks of time. In con-
trast, the evidence is strong that the SCSA test data are highly stable over months of 
time for healthy men [37] as seen in Fig. 4.9.

Note the consistent, unique cytogram patterns from month to month within indi-
viduals. Left column, excellent DNA integrity; middle column, poor DNA integrity 
with high % DFI; and right column, high %HDS and near absence of DNA break-
age. Note that if the clinical report on the latter only listed %DFI, this would score 
as a very normal sample; however, the very high %HDS changes the clinical report 
to an increased probability of early embryo cessation of growth [22–26]. The CV of 
intra-individual eight monthly samples of 45 men was 10% [37].

Some studies have stated that the intra-individual CV for SCSA measures is as 
high as 30% [38]. This was a retrospective study of 282 consecutive patients referred 
for ART with repeated (2–5) SCSA measurements. The mean CV of DFI for 
repeated SCSA measurements was 29%. Thirty-seven percent of patients with DFI 
>30.0% in the first test had DFI <30.0% in the second test. Also, 27% of patients 
with 21–30% DFI values in the first test had DFI >30% in the second test. The 
authors concluded that with this high intra-individual variability in %DFI of 
repeated SCSA measurements, repeat SCSA measurements are recommended. 
However, a problem with this conclusion is that patients with an initial value of, 
e.g., 29.9% and a follow-up value of 30.1% would be scored as changing categories, 
while it is obvious that these two numbers are statistically the same.

To help resolve this problem, a new study [39] was done in which SCSA analy-
ses were performed on 616 samples from men between 18 and 66 years of age. A 
calculation was performed using an interval of 29–31% instead of the 30.0% cutoff 
value (switch from <29 to >31% or vice versa). “When the DFI interval 29–31% 
was used instead of the 30% cut-off level, 12% of the subjects switched categories. 
Thus, in the clear majority of the subjects, repeated SCSA testing does not result in 
a switch in DFI category, in relation to the clinical cut-off level of 30%. This repeat-
ability adds to the utility of the SCSA %DFI as a valuable tool in the investigation 
of men from infertile couples.” There is a highly likely reason why the CV of % 
DFI is greater in patients than what is seen in non-patient donors. When a man at 
an infertility clinic has a high % DFI with the realization that pregnancy would be 
more easily obtained with a lower % DFI, the patient is often encouraged to ingest 
antioxidants [40], keep the testes cool [41], lower BMI values, avoid some medica-
tions (e.g., selective serotonin reuptake inhibitors (SSRIs) [42], reduce stress, fix 
large varicoceles [43, 44], and overall move to a healthier lifestyle. Many of the 
changes are known to reduce %DFI by a significant amount. And consequently, 
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Fig. 4.9  Repeatability of SCSA measures of donor sperm over time. Shown here are semen sam-
ples from three donors obtained for eight consecutive months. Note the highly consistent patterns 
for each man despite a significant difference between the men shown [37] (From Evenson et al. 
[37]; used with permission)
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there is often a greater CV for repeat measurements due to the patient and not the 
SCSA test.

Data on repeatability of %DFI in a single non-smoking fertile donor over 
10  years (age 40–50) showed that semen parameters and sperm DNA integrity 
remained normal, and no trend was observed over the study period. Of interest, the 
%DFI was less than 20% [45].

4.4.2.2  �SCSA Data Using Different Flow Cytometers Internationally 
on Sperm from Eight Different Mammalian Species

Now that flow cytometers are available in numerous laboratories and medical insti-
tutions around the world, it is very important to know whether multiple types of 
flow cytometers are compatible to measure with exacting results for the two sperm 
DNA fragmentation assays that use flow cytometry, namely, the SCSA and TUNEL 
tests. For the SCSA test, it has long been known that measurements on different 
flow cytometers produce the same results when using the SCSAsoft®, or equiva-
lent, software for clinical output. In 1995, Evenson and ten collaborators in seven 
centers on two continents made comparative SCSA %DFI measurements of ali-
quots of the same frozen semen aliquots from human, mouse, rat, turkey, bull, ram, 
boar, and stallion [46]. Both epi-illumination and orthogonal optic flow cytometers 
were compared. Even with the great difference in the shape of the cytograms 
between FCMs with orthogonal vs. epi-illumination optics, using software equiva-
lent to SCSAsoft showed the near exact same level of %DFI (26% and 25% DFI) 
(Table 4.3).

Of great importance, the overall %DFI values for the total 132 samples had cor-
relations of 0.9886 (P < 0.001). This number solidly demonstrates that the crucial 
SCSA measurements around the world on very different flow cytometers produced 
with SCSAsoft (or equivalent red/red + green fluorescence) the near exact same 
results.

Table 4.3  Correlations between the same SCSA variables measured on the PCP22A and 
Cytofluorograf 30 FCM

Species
Bull 
(n = 23)

Rams 
(n = 18)

Boars 
(n = 28)

Stallions 
(n = 39)

Mice 
(n = 14)

Humans 
(n = 10)

Overall 
(n = 132)

%DFI 0.9788 0.9816 0.9952 0.9864 0.9961 0.9833 0.9871
SD DFI 0.9902 0.9934 0.9983 0.9909 0.9998 0.9241 0.9886
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4.4.2.3  �Comparisons Between Measurements of Aliquots of Human 
Patient Semen Samples on Three Continents

A near exact level of reproducibility is seen (Fig.  4.10) with aliquots of human 
semen samples shared between SCSA Diagnostics, Inc. and SCSA certified labora-
tories in Denmark and India. Similar correlations between international labs using 
the same FCM and the TUNEL assay have been reported [47].

Fig. 4.10  Correlations between SCSA data obtained on three continents. Upper box. Correlation 
between SCSA %DFI on ten frozen/thawed human samples on two different brands of flow cytom-
eters (Cytofluorograf 30; Ortho Diagnostics) at SCSA Diagnostics, Inc. in South Dakota. USA and 
(FACScan, Beckton Dickenson) at the University of Copenhagen, Denmark. (Correlation: 
R2 = 0.961). Lower box. Correlation between SCSA %DFI on 57 frozen/thawed human samples 
on two different brands of flow cytometers (Cytofluorograf 30; Ortho Diagnostics) at SCSA 
Diagnostics, Inc. in South Dakota and a Beckman Coulter flow cytometer in the Andrology Lab, 
Coimbatore, India. (Correlation: R2 = 0.9812)
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4.5  �SCSA Data as Related to Male Age, a Very Important 
Infertility Issue

While the age of females seeking pregnancy has received vast amounts of coverage 
in medical and laymen publications, very little has been said about the effects of the 
man’s age on male factor infertility. Data in Fig. 4.11 show that above age 45, the 
man’s sperm DNA integrity deteriorates more rapidly with increasing %DFI.

Both healthy donors [48] and men attending infertility clinics (n = 3026) [49] 
show a significant increase of %DFI at about age >45 and a decreasing %HDS. These 
data have been hypothesized to relate to the data in a Swedish study that followed 
the consequences on offspring of fathers conceiving a child after the age of 40 [49]. 
Sperm DNA fragmentation becoming significantly elevated at >40 age is consistent 
with the significantly elevated psychiatric birth defects of offspring [50].

Fig. 4.11  Data on 3026 men attending fertility clinics and sending semen samples to SCSA 
Diagnostics showing %DFI and %HDS
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4.6  �SCSA Data Are Predictive of Male Infertility 
Via Intercourse, IUI, IVF, and ICSI

4.6.1  �Pioneer In Vivo Male Factor Study

The 1980 Science paper [4] showed the first flow cytometric comparison of sperm 
DNA fragmentation between known fertile men and men attending an infertility 
clinic. The mean sperm DNA fragmentation score for men seeking their fertility 
status was nearly twice as high as the score for men of known fertility [4]. These 
human data were complemented with clear results (as seen above) of data on bulls 
and boars of known varying fertility.

The first well-executed in vivo study correlating sperm DNA integrity with preg-
nancy outcome was done in collaboration with Mike Zinaman at Georgetown 
University [8]. The SCSA test was used to measure human semen samples from 165 
presumably fertile couples wishing to achieve pregnancy over 12 menstrual cycles. 
Any woman with female infertility factors was excluded. SCSA data from the male 
partners of 73 couples (group 1) achieved pregnancy during months 1–3 were com-
patible with “high fertility.” These SCSA values were significantly different from 
those of 40 couples (group 3) achieving pregnancy in months 4–12 (P < 0.01) and 
of those male partners of 31 couples (group 4) not achieving pregnancy (P < 0.001). 
Group 2 contained couples who had a miscarriage. “Based on logistic regression, 
the level of %DFI was the best predictor for whether a couple would not achieve 
pregnancy.” Some 84% of males in Group 1 had <15% DFI; no couples achieved 
pregnancy in Group 1 with >30% DFI. Using selected cutoff values for chromatin 
integrity, the SCSA data predicted 7 of 18 miscarriages (39%).

Shortly after the above publication, Spano et al. [27] published a time to natural 
pregnancy on 215 “Danish first pregnancy planners” with no previous knowledge of 
their fertility status. Data was obtained on 1301 cycles (838 cycles, months 1–6; 463 
cycles, months 7–24). The probability of pregnancy in a menstrual cycle across the 
entire range of SCSA values obtained from the initial semen samples is incorpo-
rated into the drawing in Fig. 4.7 that also includes pregnancy estimates from IUI 
and IVF/ICSI studies [8, 27, 28, 51–54].

At 20% DFI, fecundability started dropping and became very small for values of 
30–40%. Thus, the probability of producing a healthy pregnancy via intercourse 
sharply declined beginning at 20% DFI and was negligible when this fraction added 
up to 40%. As stated by the authors, “this level ‘makes this individual a good candi-
date’ not to conceive.” The results of both above studies [8, 27] are consistent with 
the finding that sperm chromatin structure is reflective of fertility potential, which 
significantly deteriorates when %DFI is >30%. As stated, SCSA data is highly 
indicative of male subfertility, regardless of the number, the motility, and the mor-
phology of the spermatozoa [27].

The publications of the two above studies remained for many years as the only two 
papers showing odds ratios (ORs) via intercourse on semen samples measured by the 
SCSA. These ORs of 7–8 were confirmed by independent meta-analysis [51, 52]. 
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In contrast to the data presented in these two above studies, the 2006 (and subsequent 
years) American Society for Reproductive Medicine Compendium of Practice Report 
found no significant effects of elevated sperm DNA fragmentation by using a 30% 
DNA fragmentation index (DFI) threshold for natural fertilization and SCSA data 
(odds ratio, 1.07; 95% confidence interval, 0.39–2.93) [51]. In an independent meta-
analysis [51, 52], it was shown that these two in vivo studies showed significant odds 
ratios of 6.54 (95% confidence interval, 1.71, 24.91) and 7.58 (95% confidence inter-
val, 2.54, 22.67), which resulted in the conclusion that the pregnancy rates are statisti-
cally significantly higher for the group with DFI below the thresholds of 30% and 
40%, respectively.

4.6.2  �ART Clinic

4.6.2.1  �IUI

A SCSA study including IUI couples was done by Bungum et al. [54] in 2007. Of 
great interest was the observation that when the SCSA %DFI value was greater than 
30%, the pregnancy rate was a dramatically low 1.5% in contrast to those with 
<30% that had a successful pregnancy rate of 19.0%. These data strongly suggested 
that men with a DFI of >30% had a very low chance with both natural and IUI con-
ception and should move to ICSI.  These IUI data are also incorporated into the 
clinical interventions as seen in Fig. 4.7.

Figure 4.7 shows the very significant drop in successful pregnancies as the %DFI 
falls from the 20 % to 30%. The threshold for IUI and natural fertility has been set 
at ~25% DFI [8, 27, 54].

4.6.2.2  �IVF/ICSI

Bungum et al. [54] analyzed a total of 998 cycles (387 IUI, 388 IVF, and 223 ICSI). 
No statistical difference between the outcomes of IVF versus ICSI was observed in 
the group with DFI ≤27%. In the DFI >27% group, however, the results of ICSI 
were significantly better than those of IVF. Comparing ICSI with IVF, the OR (95% 
CI) for BP was 26 (1.9–350). The IVF and ICSI fertilization rates were not statisti-
cally different between high- and low-DFI groups. More men with >15% HDS had 
lower (<25% and <50%) IVF fertilization rates. Men with >30% DFI were at risk 
for low blastocyst rates (<30%) and no ongoing pregnancies. Thus, the authors pro-
posed that “all infertile men should be tested with SCSA as a supplement to the 
standard semen analysis. When DFI exceeds 30%, ICSI should be the method of 
choice.”

A recent study by Oleszczuk et al. [28] was based on 1633 IVF or ICSI cycles. 
DFI values were categorized into four intervals: DFI ≤  10% (reference group), 
10% < DFI ≤ 20%, 20% < DFI ≤ 30%, and DFI > 30%. For the three latter intervals, 
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the following outcomes of IVF/ICSI procedures were analyzed in relation to the 
reference group: fertilization, good quality embryo, pregnancy, miscarriage, and 
live births. In the standard IVF group, a significant negative association between 
DFI and fertilization rate was found. When calculated per ovum pickup (OPU), 
odds ratios (ORs) for at least one good quality embryo (GQE) were significantly 
lower in the standard IVF group if DFI > 20%. OR for live birth calculated per OPU 
was significantly lower in standard IVF group if DFI > 20% (OR 0.61; 95% CI: 
0.38–0.97; p = 0.04). No such associations were seen in the ICSI group. OR for live 
birth by ICSI compared to IVF was statistically significantly higher for DFI > 20% 
(OR 1.7; 95% CI: 1.0–2.9; p = 0.05). OR for miscarriage was significantly increased 
for DFI > 40% (OR 3.8; 95% CI: 1.2–12; p = 0.02). The results suggest that ICSI 
might be a preferred method of in vitro treatment in cases with high DFI.

4.7  �Conclusions

Now after nearly four decades of basic and clinical research with an estimated > 
~150,000 animal and human sperm samples measured by the SCSA, it can be stated 
with confidence that the SCSA test is well suited for testing in the human clinic. 
Specifically:

•	 A 0–20% DFI is considered excellent DNA integrity. However, for the man with 
one or more abnormal WHO semen parameters, the OR significantly decreases 
for a successful pregnancy.

•	 From 20% to 30% DFI, a continuous falling off odds for a successful pregnancy 
by in vivo and IUI.

•	 HDS >25% [22–26] and certainly >35% leads to very poor embryo development, 
few blastocysts, and embryos arresting at about eight-cell stage.

•	 When SCSA %DFI is above 20–30%, there are data to support moving from 
standard IVF treatment to ICSI.

•	 Above 40–50% DFI, the odds for pregnancy are very low by any means of fertil-
ization and with increased odds for miscarriages. Consideration may be made to 
use testicular sperm/ICSI (TESE) [55].

•	 Men above the age of 45 seeking to father a child should have sperm analyzed by 
SCSA since these men are at increased risk of sperm DNA damage and this is the 
point of age at which the mean %DFI is indicative of poorer pregnancy 
outcomes.

•	 It is a small cost, relative to many other male and female infertility tests, to take 
a SCSA test that may indicate the male as the prime factor in lack of a pregnancy. 
Such SCSA reports become highly valuable to both the patient and the clinic’s 
interests.

•	 A recent review by Agarwal et  al. [56] outlined the evolution of sperm DNA 
fragmentation (SDF] tests from their origin to current utility in the urology and 
infertility clinics and recognize that SDF has been generally acknowledged as a 
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valuable tool for male fertility evaluation. These authors [56] note that the latest 
American Urological Association (AUA) and the European Association of 
Urology (EWAU) have acknowledged the importance of DNA fragmentation in 
sperm as guidelines on male infertility. The authors conclude their review with 
the statement: “SDF testing should be included in the evaluation of male factor 
fertility along with the standard semen analysis. Any couple that fails to obtain a 
pregnancy within a year would gain a valuable insight into the potential that 
couple infertility may be due to sperm DNA fragmentation and, if so, to proceed 
with the recommendation to reduce SDF by lifestyle changes or select an ART 
procedure in part determined by the results of a SDF test.”

•	 SCSA testing can be done at any lab that follows the precise published protocol 
on all known flow cytometers when using SCSAsoft, or equivalent, software for 
clinical reports; alternatively, most continents have labs with commercial SCSA 
testing, including North America (www.scsatest.com), London (www.tdlpathol-
ogy.com), India (www.andrologycenter.in), Brazil (www.androscience.com), 
and Sweden (www.med.lu.se), and other sites may become available.
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Chapter 5
TUNEL Assay

Monica Muratori and Elisabetta Baldi

5.1  �Introduction

Routine semen parameter evaluation is the cornerstone analysis in a male fertility 
workup and helps the clinician in choosing the suitable assisted reproductive tech-
nique (ART) treatment of infertile couples. However, routine semen analysis cannot 
reveal many sperm traits necessary to successfully fertilize the oocyte and deliver an 
intact paternal genome [1] and thus shows a limited value for diagnosis of male 
infertility. The poor predictive ability of routine semen analysis is further worsened 
by the high technical (intra- and interassay [2, 3]) variability and the poor individual 
stability over time of semen parameters [4, 5]. Several sperm markers have been 
investigated in the last decades to discriminate between fertile and infertile subjects, 
and DNA integrity appears to be one of the most promising sperm traits. High levels 
of sperm DNA damage negatively impact human reproduction by delaying natural 
pregnancy [6–8] and increasing the miscarriage rate [9, 10]. Many studies also 
report a negative impact on ART outcomes, even if other investigations have failed 
to establish a clear relationship between sperm DNA damage and the success of 
fertilization, embryo development, and achievement of pregnancy in couples treated 
by in vitro fertilization/intracytoplasmic sperm injection (IVF/ICSI) [11, 12]. Such 
controversy derives likely from a great heterogeneousness of the characteristics of 
the studies [13], including couple selection criteria and the different techniques used 
to assess sperm DNA integrity. Regarding the latter point, among the available tech-
niques, the most popular are sperm chromatin structure assay (SCSA), single-cell 
gel electrophoresis assay (known as comet), terminal deoxynucleotidyl transferase 
(TdT) dUTP nick-end labeling (TUNEL), and the sperm chromatin dispersion 
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(SCD, also known as Halosperm) test. These techniques largely differ in many fea-
tures including the type, the amount, and the manner of expressing the detected 
DNA damage, the degree of access into the compacted sperm nuclei, and the speci-
ficity and sensitivity of the measurements. Given all these aspects, it is not surpris-
ing that also the clinical correlates of sperm DNA damage can be different depending 
on the technique used [9, 12].

The variability of the measurements of sperm DNA damage occurs also within 
the same method, since most procedures lack the necessary standardization to mini-
mize the technical variation of sperm DNA damage assessment and to compare the 
results among different laboratories.

Two recent studies employed different techniques to reveal sDF and its impact on 
reproduction in the same patient cohort, thus blunting the variability due to the 
study design and couple recruitment. Ribas-Maynou et al. [14] employed TUNEL, 
SCSA, SCD, and alkaline and neutral comet assays, to compare the ability to dif-
ferentiate between fertile and infertile subjects, and reported that all techniques, 
except neutral comet, successfully predicted male fertility. TUNEL and alkaline 
comet assay showed the best performance, confirmed by a recent meta-analysis 
[15]. In addition, Simon et al. [16] reported that both TUNEL and comet, but not 
FCCE (flow cytometric chromatin evaluation, a method similar to SCSA), success-
fully predicted pregnancy in couples treated with IVF/ICSI. However, only large, 
multicenter standardized studies would be able to solve the old-standing problem of 
establishing, if any, the gold standard method of revealing sDF in the clinical setting 
[9, 12].

Here, we will revise briefly the main differences among the available versions of 
the TUNEL technique used to detect sDF and introduce the TUNEL/PI assay cur-
rently used in our laboratory.

5.2  �Versions of TUNEL Assay

TUNEL is one of the most popular techniques used to detect sperm DNA breakage, 
since it is rapid and easy to perform as it can be revealed also by fluorescence micro-
scope besides flow cytometry. The TUNEL assay detects sperm DNA fragmentation 
(sDF) as it labels single- and double-DNA strand breaks using modified dUTP 
nucleotides (dUTPs) that are incorporated into DNA by the TdT enzyme. The modi-
fied dUTPs can be directly fluorescent or revealed by secondary detection (indirect 
system). The TdT enzyme possesses the unusual property of incorporating nucleo-
tides in a primer and template-independent manner; thus, it is able to label double-
stranded fragments at the 3′OH ends (i.e., blunt-ended or 5′ recessed DNA 
fragments), as well as single-stranded fragments [17]. The access of TUNEL 
reagents into sperm chromatin appears to be limited by the high degree of compact-
ness of sperm nuclei. Indeed, TUNEL measures increase in samples treated with 
dithiothreitol, which breaks the disulfide bridges between adjacent protamine mol-
ecules and thus relaxes sperm chromatin [18, 19]. The sensitivity of TUNEL appears 
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further reduced when indirect revealing systems are used, such as that incorporating 
5-bromo-2′-deoxyuridine-5′-triphosphate (BrdUTP) into DNA fragments subse-
quently revealed with a fluorescent antibody anti-BrdUTP (Forte et al., unpublished 
results).

As mentioned, fluorescent dUTPs can be revealed by both a fluorescence micro-
scope and a flow cytometer [20]. Flow cytometry is an objective, highly reproduc-
ible technology and guarantees measurements based on large numbers of cells, 
unlike procedures using a microscope. On the other hand, flow cytometry requires 
skilled operators and appropriate strategies to recognize and separate spermatozoa 
from signals of other cells/elements present in the sample which, conversely, can be 
easily recognized using fluorescence microscopy.

Since the first studies employing TUNEL to label DNA breaks [21, 22], many 
versions of the assay have been developed, differing in one or more steps of the 
procedure, all affecting the measurements of sDF [23]. One of the major sources of 
variability is represented by the use of two types of instrumentation to measure the 
percentage of TUNEL-positive spermatozoa, i.e., flow cytometry and fluorescence 
microscopy [24]. With flow cytometry, the percentage of TUNEL-positive sperma-
tozoa is usually determined in a test sample (labeled in the presence of TdT), using 
a negative (TdT omitted) or, less frequently, a positive (DNA fragmentation induced 
by treatment with DNase) control [25] as a reference. The measurements taken with 
a microscope rely on scoring brilliant spermatozoa [20] and result in about half of 
those obtained by flow cytometry [24] suggesting limited sensitivity for the micro-
scopic evaluation.

An often neglected and poorly standardized feature of the TUNEL technique 
regards storing after the fixing procedure and before processing the semen samples. 
We found that fixation with paraformaldehyde modified the amount of sDF during 
prolonged storage at 4 °C [23]; thus, in the procedure currently used in our labora-
tory, labeling of DNA breaks immediately follows the fixation step. At our knowl-
edge, no data have been reported about the effect of storing conditions in samples 
fixed with other reagents.

As a result of the employment of many versions of the TUNEL assay, average 
percentages of DNA-fragmented spermatozoa in semen of subfertile men can vary 
from a few points (for instance, in [26]) to more than 40% (for instance, in [27]). In 
the absence of a standardized procedure to which adheres to measuring sDF by 
TUNEL assay, each laboratory must build up its own threshold value to be used in 
the diagnosis of male infertility.

One advantage of TUNEL is the possibility to detect simultaneously, by flow 
cytometry, DNA fragmentation and other cell parameters, thus allowing us to quan-
titatively study several characteristics of sperm with DNA fragmentation. TUNEL-
positive sperm can also be recovered by cell sorting and further analyzed for features 
nondetectable by flow cytometry [19]. Other available tests detecting sDF do not 
use flow cytometry and/or rely on partial or complete cell destruction, preventing 
the simultaneous detection of other cell traits. Recently, our group has used TUNEL 
to study, at a single-cell level, the association between sDF and (i) caspase activity 
and cleaved poly ADP-ribose polymerase, (ii) creatine phosphokinase, and (iii) 
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8-hydroxy-2′-deoxyguanosine and malondialdehyde, in order to investigate the role 
of apoptosis, defects in maturation, and oxidative attack in the origin of sperm DNA 
breakage [19]. The role of incomplete maturation was further investigated in sorted 
TUNEL-positive sperm by staining with aniline blue, a dye revealing the excess of 
residual histones [19]. Another interesting example of simultaneous detection of 
TUNEL with other cell characteristics is the dual staining procedure for sDF and 
sperm vitality, the latter revealed by a fluorescent reagent that binds to dead cells in 
the fresh sample in a stable manner, hence remaining after the washing and fixation 
steps required by the TUNEL procedure. With this novel version of TUNEL assay, 
Mitchell et al. [18] showed that a great amount of DNA-fragmented sperm in the 
ejaculate is nonviable. In addition, the same authors later investigated whether sDF 
in the viable sperm fraction (the one taking part to the oocyte fertilization) improved 
the ability of the assay to discriminate between fertile and infertile men, failing 
however to increase the diagnostic performance with this novel version of TUNEL 
[27]. Finally, coupling TUNEL to sperm nuclear staining as in TUNEL/PI assay 
(see below) allowed us to ameliorate the accuracy of flow cytometric measures of 
sDF and unveiled the existence of two different sperm populations [28].

5.2.1  �TUNEL/PI Assay

Our group has been long using TUNEL assay coupled to flow cytometry for sDF 
detection. As mentioned before, flow cytometric analysis of fluorescent cells needs 
a strategy to identify the cell population of interest, and this is particularly true when 
analyzing human semen which is a very complex biological matrix. For flow cytom-
etry identification of spermatozoa, the usual gating strategy based on size and inter-
nal complexity properties is not sufficient, due to the presence in semen of apoptotic 
bodies that partially locate in the same FSC/SSC region (FR) of spermatozoa [29, 
30] (Fig. 5.1a). Semen apoptotic bodies (Fig. 5.1b) were first described in our labo-
ratory as round anucleate elements massively occurring in poor-quality semen sam-
ples [29, 30] and provoking a heavy underestimation of TUNEL measures of sDF if 
they are not excluded from the flow cytometric analysis [28] (Fig. 5.2). Since apop-
totic bodies do not or poorly contain chromatin, staining semen samples with a 
nuclear dye (such as propidium iodide (PI)) and gating the events that simultane-
ously locate in the FR region and stain with PI guarantee the exclusion of every 
non-sperm element (somatic and immature germ cells and apoptotic bodies) present 
in semen (Fig.  5.1). Recently, it has been demonstrated that this gating strategy 
includes all spermatozoa present in the sample, as the sperm number obtained by 
scoring PI-stained events in the FR region overlaps with the number of sperm 
counted in the analyzed sample by routine methods, indicating that the gated sper-
matozoa are representative of the entire ejaculate [31]. The TUNEL/PI version of 
TUNEL shows good precision (intra-assay coefficient of variation <5%, [23]) and 
is currently used for the clinical service of sDF determination and for research pur-
poses in our laboratory. A scheme of TUNEL/PI assay is shown in Fig. 5.3.
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The clinical usefulness of a biological parameter also depends on its stability 
over time in one individual. SDF shows an average intraindividual coefficient of 
variation (i-i CV) around 10–30%, when assessed by both SCSA [32, 33] and 
TUNEL [34]. By using TUNEL/PI assay, when sDF determination was repeated 
within 90 days or 1 year, we found an average i-i CV of, respectively, 9.2 ± 8.6% 
(n = 25) and 12.9 ± 12.7% (n = 53) which resulted lower than that of any conventional 
semen parameter [35]. The lower intraindividual variability of sDF found in our 
study with respect to previous ones could be explained by the exclusion of patients 
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Fig. 5.1  (a) Image of a semen sample after smearing and staining with May-Grunwald Giemsa. 
Note that apoptotic bodies () can have a similar size to sperm heads. (b) FSC/SSC dot plot of a 
semen sample. FR region excludes debris and large cells and includes apoptotic bodies and sper-
matozoa. (c, d) TUNEL/PI dot plots depicting the events of FR region in the negative control (c) 
and in the test sample (d). After exclusion of apoptotic bodies, a vertical marker is set in the nega-
tive control and then translated to the test sample for determination of the percentage of sDF. Note 
that PI staining separates apoptotic bodies from spermatozoa and brighter and dimmer populations 
within spermatozoa
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presenting any conditions known to affect sDF (for instance, treatment with antibi-
otics or high fever [36, 37]). In addition, the exclusion of semen apoptotic bodies, 
highly correlating to poor semen parameters, might render sDF values more inde-
pendent from semen quality, thus decreasing the variability of the percentages of 
DNA-fragmented sperm.

5.2.2  �Brighter and Dimmer Sperm Populations

Staining semen samples after fixation for TUNEL/PI assay unveiled the occurrence 
of two sperm populations, differing for the intensity of PI staining and thus indi-
cated as PI dimmer and PI brighter populations [28]. These two sperm populations 
show many other differences, and, from the beginning, we suspected that they could 
have also a different clinical meaning. PI dimmer sperm are all dead [38] and DNA 
fragmented [28], whereas the brighter population contains both live and dead [38] 
and both fragmented and not fragmented sperm [28]. Recently, we also found that 
the origin of sDF can be different in the two populations [19]. Indeed, DNA 

0 10 20 30 40 50 60 70
Difference

Fig. 5.2  Differences 
between the percentages of 
sDF calculated by TUNEL/
PI and TUNEL assay 
(respectively, excluding 
and including semen 
apoptotic bodies from flow 
cytometric analysis of 
sDF) in 89 patients
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breakage in the dimmer and in the dead brighter sperm appears to derive mainly 
from apoptotic processes occurring in the testis [19]. Conversely, the fraction of live 
DNA-fragmented sperm in the brighter population can be attributed to oxidative 
attack, possibly occurring during the transit through the male genital tracts [19]. 
This finding suggests that the brighter fraction is a more focused target than total 
sDF for testing the ability of antioxidant therapies to decrease the amount of DNA 
damage in infertile patients [19]. Originally, the lower staining of PI-dimmer sperm 
seemed to be caused by the loss of chromatin fragments following the apoptotic 
DNA cleavage [31]; however, the two sperm populations cannot be more distin-
guished after a sharp nuclear decondensation, indicating that a similar DNA content 
occurs in dimmer and brighter spermatozoa (Forte et al., unpublished results). A 
super compacted status of chromatin, possibly due to the apoptotic process 

TUNEL/PI assay

Sample preparation Wash of semen samples with  HTF medium

Fixation PFA 3.7%, 30’ at RT

Permeabilization 0.1% Triton X-100 0.1% sodium citrate, 4’ in ice

DNA breaks labelling Incorporation of fluorescent  dUTPs

Nuclear staining PI, 0.6 µg/ml

Fluorescence detection Flow Cytometry

Data Analysis
Marker setting on negative control and translation 

into test sample

Fig. 5.3  Scheme of the procedure of TUNEL/PI assay. HTF human tubal fluid, PFA paraformal-
dehyde, PI propidium iodide
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generating sDF in this population [19, 39], appears to be responsible for the ham-
pered access of nuclear dyes into the nuclei of these spermatozoa (Forte et  al., 
unpublished results). Another interesting difference between the two sperm popula-
tions regards the relationship with conventional semen parameters. Indeed, whereas 
dimmer sDF sharply correlates with abnormal morphology and reduced motility 
and sperm count, brighter sDF is completely independent from semen quality [28]. 
This finding suggests that the weak association between sperm DNA damage and 
conventional semen parameters reported by many studies [40–42] is driven by dim-
mer sDF and that the brighter fraction of sDF is the one that could provide addi-
tional information on male fertility status in addition to routine semen analysis.

Recently, we evaluated sDF in the brighter, dimmer, and total (i.e., brighter + 
dimmer) sperm population in 86 subjects of proven fertility and 348 male partners 
of infertile couples attending our clinic to perform routine semen analysis [35]. 
Since this type of patient cohort could include up to 40% of fertile men [43], we 
could not establish a true sDF threshold for discrimination between fertile and infer-
tile men; however, we could compare the ability to predict male fertility status in the 
three fractions of sDF. We found that all the fractions of sDF showed greater median 
values in patients (total, 43.9[33.0–55.7]%; brighter, 24.4[17.7–32.4]%; dimmer, 
15.4[10.0–25.4]%) than in fertile men (total, 28.9[23.1–39.6]%; brighter, 17.0 
[12.3–23.3]%; dimmer, 10.8[7.1–17.0]%) and discriminated the two groups of sub-
jects [35]. However, after matching fertile men and patients for conventional semen 
parameters and age, dimmer fraction completely lost its predictive ability, unlike the 
brighter fraction [35]. This finding indicates that the predictive ability of dimmer 
sDF depends on the poorer semen quality and older age of patients, whereas the 
predictive power of brighter sDF is independent from these confounding variables 
[35]. After matching, it was observed that, at high values of total sDF, the brighter 
fraction is a better predictor of male fertility status than total sDF [35]. Such finding 
can be explained by the different contribution of brighter and dimmer populations 
to total sDF, in patients and fertile men. Whereas in the latter, the high values of sDF 
were mainly due to the dimmer spermatozoa (i.e., those ones that do not participate 
in the fertilization process as they are all dead), in the former, brighter and dimmer 
spermatozoa contributed equally to the total sDF (Fig. 5.4). As a consequence, the 
brighter sDF is able to still discriminate between fertile men and patients with simi-
lar age and semen parameters, even in the case that they exhibited equal amounts of 
total sDF [35].

TUNEL/PI assay was recently used to investigate the effect of sperm selection 
with density gradient centrifugation (DGC) on DNA damage and on pregnancy rate 
in infertile couples treated by IVF/ICSI [44]. We found that in about 45% of patients, 
DGC is associated with an increased level of DNA damage and subsequently 
reduced probability of pregnancy (50% lower than those subjects where DNA dam-
age induction does not occur following DGC) (OR  =  3.12; 95% CI, 1.05–9.27; 
p = 0.041, after adjustment for female factor, female and male age, and female BMI) 
[44]. In this study, we used brighter sDF to evaluate the variation of DNA damage 
during DGC as the results are more sensitive than the total fraction in detecting the 
increases of sDF when it occurs [44]. Indeed, brighter sDF is not affected by the 
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decrease of sDF due to elimination of dead and DNA-fragmented sperm of the dim-
mer population during sperm selection [28, 38, 44].

5.3  �Concluding Remarks

TUNEL is a popular method used to detect sDF, as it is rapid and easy to execute. 
However, many variants of this assay make TUNEL results difficult to compare 
among studies. One major advantage of TUNEL is the possibility to be detected by 
flow cytometry, adding statistical robustness to the measurements, and to be cou-
pled with the detection of other cell features. In particular, the TUNEL/PI version 
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improves the accuracy of the sDF measurements with flow cytometry and distin-
guishes sDF in two fractions, brighter and dimmer. Detecting sDF in the brighter 
fraction appears more accurate and sensitive in identifying fertile/infertile subjects 
and in revealing those patients undergoing an increase of DNA damage during 
sperm selection by DGC with respect to the evaluation of the total TUNEL-positive 
sperm population.
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Chapter 6
TUNEL Assay by Benchtop Flow Cytometer 
in Clinical Laboratories

Rakesh Sharma, Zeynep Cakar, and Ashok Agarwal

6.1  Introduction

Infertility is described as the inability of a sexually active couple to get pregnant 
within a year of unprotected sex. Up to 12–15% of couples are considered infertile, 
of which approximately 35% is due to female factors, 30% due to male factors, 20% 
due to a combination of both male and female factors, and 15% unexplained [1]. 
When encountering male infertility, routine semen analysis is the first step for labo-
ratory evaluations. Almost 15% of infertile men who undergo this test display semen 
parameters that are within normal reference range [2]. Thus, assessing an individu-
al’s fertility not only depends on physical parameters of spermatozoa but also on 
their functional capability. Numerous studies have reported that sperm DNA frag-
mentation (SDF) is linked to reduced fertilization rate. Several hypotheses have 
been proposed in order to understand the origin of sperm DNA fragmentation [3]. 
The first is characterized by endonuclease-mediated DNA cleavage, also called 
abortive apoptosis. This occurs when sperm with damaged DNA escape from nor-
mal programmed cell death [4]. The second hypothesis is DNA strand breaks 
induced by oxidative stress [5]. The third hypothesis is that during spermiogenesis, 
the increase in torsional stress can increase the activity of endogenous endonucle-
ases, which may stimulate DNA fragmentation [4].
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6.2  DNA Fragmentation and Male Infertility

Infertile males have more sperm DNA fragmentation compared to males of proven 
fertility [6, 7]. As the male contributes to half the genetic material of the embryo, 
increased DNA damage in human spermatozoa may compromise embryonic devel-
opment [8].

Many intrinsic and extrinsic factors can cause sperm DNA damage, specifically 
via DNA fragmentation such as single-strand and double-strand DNA breaks. Some 
of these intrinsic factors include oxidative stress [9], endogenous endonuclease and 
caspase activation [10], alterations to chromatin remodeling during spermiogenesis, 
[11] and apoptosis of germ cells at the beginning of meiosis [12]. Extrinsic factors 
include radiotherapy, chemotherapy, and environmental toxicants [13–16].

A number of sperm function tests have been introduced to assess sperm DNA 
integrity. It is becoming increasingly important to define which DNA damage test is 
the most appropriate for clinical screening purposes. Sperm chromatin structure 
assay (SCSA), comet assay, sperm chromatin dispersion (halo) test (SCD), and ter-
minal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay are the 
main tests that are currently used to measure sperm DNA fragmentation (Table 6.1). 
SCSA measures the susceptibility of sperm DNA to acid-induced DNA denatur-
ation in situ [17, 18]. The comet assay can detect either single- or both double-
strand breaks. The principle of this assay is based on the concept that DNA fragments 
have different mobility in the electrophoretic field depending on their size [16], 
whereas the SCD test detects sperm with fragmented DNA based on the fact that 
they do not produce the characteristic halos of DNA strands after acid denaturation 
and removal of nuclear proteins [19]. The TUNEL assay is used for identifying 
DNA fragmentation that results from apoptotic signaling cascades. Mechanism of 
TUNEL assay depends on the presence of nicks in the DNA that can be recognized 
by terminal deoxynucleotidyl transferase or TdT, an enzyme that catalyzes the addi-
tion of dUTPs secondarily labeled with a marker [18].

TUNEL assay can be further analyzed either with flow cytometry or fluorescence 
microscopy. Flow cytometry is a robust and widely used technique to analyze mul-
tiple parameters of individual cells within heterogeneous populations [20]. Currently 
SCSA is considered the gold standard; however, there is a lack of standardized 
protocols for other tests [21]. TUNEL assay is an efficient tool that provides objec-
tive and reproducible analysis for andrology lab and male infertility [22].

Two earlier studies reported TUNEL cutoff values in an attempt to quantify the 
amount of DNA fragmentation that can appropriately distinguish fertile and infer-
tile male populations. A study by Sergerie et al. reported a cutoff value of 20% [23], 
whereas, Sharma et al. reported a cutoff of 19.25% obtained by comparing male 
infertility patients and controls with proven and unproven fertility [24]. Recently, 
these authors described a detailed protocol and quality control steps for measure-
ment of TUNEL assay using benchtop flow cytometry on a large cohort of patient 
and controls with proven and unproven fertility. A reference value of 16.8% was 
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(continued)

Table 6.1  Tests for measurement of DNA fragmentation

Assay Advantages Disadvantages

SCSA

For single-stranded DNA
1.	 Mild acid treatment 

denatures DNA with 
single-strand (SS) or 
double-strand (DS) breaks

2.	 Acridine orange binds to 
DNA

3.	 Double-stranded DNA 
(non-denatured) fluoresces 
green, single-stranded DNA 
(denatured) fluoresces red

4.	 Flow cytometry counts 
10,000 cells

5.	 DNA fragmentation index 
(DFI)—the percentage of 
sperm with a ratio of red to 
(red+green) fluorescence 
greater than the main cell 
population

1.	 Direct and objective
2.	 Established clinical 

thresholds
3.	 Many cells rapidly 

examined
4.	 High repeatability
5.	 Fresh or frozen samples
6.	 Most published studies 

and is reproducible

1.	 Proprietary method
2.	 Not available in 

commercial kits
3.	 Expensive equipment
4.	 Acid-induced denaturation
5.	 Small variations in lab 

conditions affect results
6.	 Calculations involve 

qualitative decisions
7.	 Very few labs conduct this 

assay

COMET

For single- and double-stranded 
DNA

1.	 Electrophoresis of single 
sperm cells

2.	 DNA fragments form tail

3.	 Intact DNA stays in head
Alkaline COMET

1.	 Alkaline conditions, 
denatures all DNA

2.	 Identifies both DS and SS 
breaks

Neutral COMET
1.	 Does not denature DNA
2.	 Identifies DS breaks

1.	 Indirect assay, subjective
2.	 Poor repeatability
3.	 High sensitivity
4.	 Fresh samples only
5.	 Correlates with seminal 

parameters
6.	 Small number of cells 

required
7.	 Versatile (alkaline or 

neutral)

1.	 Variable protocols
2.	 Unclear thresholds
3.	 Not available in 

commercial kits
4.	 Time and labor intensive
5.	 Small number of cells 

assayed
6.	 Subjective
7.	 Lacks correlation with 

fertility
8.	 Requires special imaging 

software

SCD test

1.	 Individual cells immersed 
in agarose

2.	 Denatured with acid then 
lysed

3.	 Normal sperm produce halo

1.	 Easy
2.	 Can use bright-field 

microscopy

1.	 Thresholds for SCD are 
not clearly established for 
men with unexplained 
infertility

2.	 Low-density nucleoids are 
faint and produce less 
contrasting images

3.	 Few studies have shown 
correlation between sperm 
DNA damage and ART 
outcome

4.	 Cannot discriminate the 
type of DNA fragmentation 
or quantify the amount of 
DNA damage at the 
spermatozoa level
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identified [2]. In this chapter, we describe the protocol for the measurement of DNA 
fragmentation using the TUNEL assay in conjunction with Accuri C6 benchtop flow 
cytometer (Fig. 6.1a).

6.3  Principle of the TUNEL Assay

DNA fragmentation occurs when endonucleases are activated during apoptosis. 
These nucleases degrade the higher order sperm chromatin structure into fragments 
~30 kb in length and then subsequently into smaller DNA pieces. This fragmented 
DNA can be detected by the TUNEL (terminal deoxynucleotidyl transferase dUTP 
nick end labeling) assay. It is a single-step staining method that labels DNA breaks 
with FITC-dUTP; flow cytometry is then used to identify the sites of the strand 
breaks. TUNEL utilizes a template-independent DNA polymerase called terminal 
deoxynucleotidyl transferase (TdT) that non-preferentially adds deoxyribonucleo-
tides to 3′ hydroxyl (OH) single- and double-stranded DNA. Deoxyuridine triphos-
phate (dUTP) is the substrate that is added by the TdT enzyme to the free 3′-OH 
break-ends of DNA (Fig. 6.1b). The more DNA strand break sites are present, the 
more labels are incorporated within a cell. The assay kit used in this protocol is the 
APO-DIRECT™ Kit (BD Pharmingen, Catalog #556381). It consists of the follow-
ing components:

•	 Negative control cells
•	 Positive control cells
•	 Rinse buffer
•	 Wash buffer
•	 Reaction buffer
•	 FITC-dUTP

Table 6.1  (continued)

Assay Advantages Disadvantages

TUNEL

1.	 Adds labeled nucleotides to 
free DNA ends

2.	 Individual template
3.	 Labels SS and DS breaks
4.	 Measures percent cells with 

labeled DNA

1.	 Direct objective
2.	 Performed on few sperm 

(10,000)
3.	 High repeatability
4.	 Objective, high sensitivity 

(flow cytometry)
5.	 Fresh or frozen samples
6.	 Indicative of apoptosis
7.	 Correlates with semen 

parameters
8.	 Associated with fertility
9.	 Available in commercial 

kits

1.	 Thresholds not 
standardized

2.	 Variable assay protocols
3.	 Not designed specifically 

for spermatozoa
4.	 Need for special 

equipment (flow 
cytometer)

5.	 Template independent
6.	 Requires proper controls
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Fig. 6.1  (a) Schematic of the TUNEL assay; (b) benchtop flow cytometer

6  TUNEL Assay by Benchtop Flow Cytometer in Clinical Laboratories
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•	 TdT enzyme
•	 PI/RNase staining buffer

6.3.1  Preparation of Semen Sample for TUNEL Assay

6.3.1.1  Specimen Collection

	1.	 Ideally, the sample will be collected after a minimum of 2–3  days of sexual 
abstinence.

	2.	 Following liquefaction, evaluate semen specimens for volume, round cell con-
centration, sperm concentration, total cell count, motility, and morphology.

	3.	 Adjust the sperm concentration to 2.5 × 106/mL.

Label each tube with the following information:

•	 TUNEL
•	 Patient name
•	 Medical record number
•	 Date

6.3.2  Preparation of Test and Negative Control

	1.	 Label two tubes as “test sample” and two as “negative sample.”
	2.	 Add the required amount of seminal ejaculate into the tube. Centrifuge the sam-

ple at 400 g for 7 min and remove seminal plasma. Resuspend the pellet in 1 mL 
of phosphate buffer saline (PBS).

6.3.3  Preparation of Positive Control

	1.	 Prepare a 2% hydrogen peroxide solution (1:14 dilution) from the 30% stock 
solution.

	2.	 Resuspend the spermatozoa in 1 mL of the diluted H2O2 solution.
	3.	 Place the tube in heating block at 50 °C for 1 h.
	4.	 Centrifuge for 7 min at 400 g.
	5.	 Remove the supernatant and replace with 1 mL of PBS.
	6.	 Centrifuge for 7 min at 400 g.
	7.	 Remove the supernatant and replace with 1 mL of PBS.
	8.	 Together with the test and the negative samples, centrifuge for 7 min at 400 g.
	9.	 Remove the supernatant and proceed to fixation and permeabilization.
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6.3.4  Fixation and Permeabilization

	1.	 Prepare paraformaldehyde 3.7% solution by diluting the 10 mL stock formalde-
hyde 37% solution in 90 mL of PBS.

	2.	 After removing the supernatant from the samples and spermatozoa controls, add 
1 mL of 3.7% paraformaldehyde solution. Incubate at room temperature for 15 min.

	3.	 Centrifuge for 4 min at 400 g.
	4.	 Remove the paraformaldehyde and add 1 mL of PBS.
	5.	 Centrifuge for 4 min at 400 g, remove the supernatant, and replace with 1 mL of 

ice cold ethanol (70%).

6.3.5  Preparation for TUNEL Staining

6.3.5.1  Preparation of Kit Controls and Test Samples

Vortex the negative (Cat# 6553LZ; White cap) and positive (Cat# 6552LZ; Brown 
cap) samples provided in the kit.

Note  Verify the catalog numbers and the cap color to match each vial.

	1.	 Mix the contents of each vial by vortexing. Remove 2 mL aliquots of the control 
cell suspensions (approximately 1 × 106 cells/mL), and place in 12 × 75 mm cen-
trifuge tubes.

	2.	 Return the vials to −20 °C.
	3.	 Include three to four samples with known DNA damage along with the kit 

controls.
	4.	 Centrifuge at 400 g for 7 min and discard the supernatant.
	5.	 Centrifuge the control cell suspensions for 5 min at 400 g, and remove the 70% 

(v/v) ethanol by aspiration, being careful to not disturb the cell pellet.
	6.	 To the control and test samples, add 1.0 mL of “wash buffer” (6548AZ) (blue 

cap) and vortex. Centrifuge as before and discard the supernatant.
	7.	 Repeat the “wash buffer” treatment. Centrifuge and discard the supernatant.
	8.	 Number the tubes consecutively beginning with “negative” and “positive kit con-

trols,” “test samples,” and negative and positive test controls.

6.3.5.2  Staining for TUNEL Assay

	1.	 Check the number of tubes that will be required for the TUNEL assay. It is help-
ful to prepare the stain for an additional three to five tubes.

	2.	 Remove the reaction buffer from 4 °C and the TdT and FITC-dUTP from −20 °C, 
and place them at 37 °C for 20 min to warm.

	3.	 Prepare the stain and calculate the required volumes.

6  TUNEL Assay by Benchtop Flow Cytometer in Clinical Laboratories
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Note  The preparation of the stain and all subsequent steps must be carried out in 
the dark.

	 4.	 For the negative controls, omit the TdT enzyme from the staining solution.
	 5.	 Return the stains to appropriate storage temperature.

Note  The staining solution is active for approximately 24 h at 4 °C.

	 6.	 Resuspend the pellet in each tube in 50 μL of the staining solution.

Note  The same tip can be used to add the stain as long as the stain is added on the 
side of the tube and the tip does not come in contact with the solution.

	 7.	 Incubate the sperm in the staining solution for 60 min at 37 °C. Cover the tubes 
with aluminum foil.

Note  Record the incubation time on the aluminum foil.

	 8.	 At the end of the incubation time, add 1.0 mL of “rinse buffer” to each tube, and 
centrifuge at 400 g for 7 min. Discard the supernatant.

	 9.	 Repeat the cell rinsing with 1.0 mL of the “rinse buffer,” repeat centrifugation, 
and discard the supernatant.

	10.	 Resuspend the cell pellet in 0.5 mL of the “PI/RNase staining buffer.”
	11.	 Incubate the cells in the dark for 30 min at room temperature.
	12.	 Number the tubes according to the sample list. Cap the tubes and carefully 

cover the tubes with aluminum foil. The tubes are now ready for analysis.

Note  The cells must be analyzed within 3 h of staining. Cells may begin to deterio-
rate if left overnight before analysis.

6.3.5.3  General Setup

All boxes are deselected or “unchecked” before selecting the box as “checked.”

	1.	 Open the software by double-clicking the “BD Accuri C6 software” icon on 
desktop.

	2.	 Check the fluid levels in all bottles. The waste bottle must be empty and the 
sheath, cleaner, and decontamination bottles full.

	3.	 Pull the sample stage forward underneath the Sheath Injection Port (SIP).

Note  The sample stage accommodates any brand of 12 × 75  mm tube and most 
microcentrifuge tubes. Be careful not to bend or catch the SIP when inserting tubes.

	4.	 Place a tube with 0.22 μm-filtered deionized water.

Note  A tube of 0.22 μm-filtered deionized (DI) water is placed on the SIP at all 
times to keep the SIP from drying out—before use, during use, and even after the 
machine is shut down.
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	 5.	 Firmly press the power button on the front of the cytometer unit.
	 6.	 While starting up the BD Accuri software, “traffic light” will turn yellow and 

the pumps will start to run.
	 7.	 Wait 5 min for the machine to flush the fluidics line with sheath fluid.

Warning  Do not open the lid of the cytometer during this time. This will disrupt 
the laser warm-up process.

	 8.	 The BD Accuri software “traffic light” will turn green and displays “C6 is con-
nected and ready” when complete.

	 9.	 To remove bubbles from the system, place a tube of 0.22 μm-filtered DI water 
on the SIP.

	10.	 Select “run with limits” and set to 15 min.
	11.	 Select “fluidics” speed to “fast” and click the “RUN” button.
	12.	 Leave tube on SIP.

Note  Validate the performance of the cytometer using the 8-Peak Validation Beads 
for FL1-FL3 (Spherotech, Catalog # 653144) and 6-Peak Validation Beads for FL4 
(Spherotech, Catalog # 653145, BD Bioscience) according to the manufacturer’s 
instructions before processing any samples.

6.3.6  Shutting Down and Ending the Run

	1.	 Place a tube with 2 mL of bleach (diluted decontamination solution) on the SIP, 
and select an empty “data well” in the collect tab of the BD Accuri software.

	2.	 Set a time limit of “2 min” and set fluidics speed to “fast” and click the “RUN” 
button.

	3.	 Once the run is finished, remove the tube from the SIP, and place a new tube with 
0.22 μm-filtered DI water on the SIP.

	4.	 Select another empty “data well” in the BD Accuri software and repeat #2 and #3.
	5.	 Press the power button to start the shutdown cycle. The cycle will take 15 min to 

complete then the cytometer will automatically shut down.

Note  The automatic shutdown cycle can be bypassed by pressing down the power 
button for 5 s. However, the cytometer will take additional time to recover and return 
to the steady state if it is shut down in this manner. The BD Accuri software will 
display the following message if the machine is shut down using this method. It is 
unnecessary to shut down the software or computer during the shutdown process.

	6.	 Maintenance and Troubleshooting: Follow the instructions provided in the BD 
Accuri C6 Flow Cytometer Instrument Manual.

	7.	 Instrument validation is done by using 8-peak and 6-peak beads provided by the 
company, BD.

	8.	 Running Kit Controls

Note  Kit controls are run under the “collect” tab.
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	 1.	 Double-click “Kit Control Template.”
	 2.	 All data will be saved in folder.
	 3.	 Save the workspace.
	 4.	 Select well “A1” (move to adjacent cell if occupied).
	 5.	 In field “A1” type “kit negative-date-tech initials.”
	 6.	 Set the run parameters as follows:

•	 “Run with limits”: 10,000 events; in ungated samples
•	 “Fluidics” speed: slow
•	 Threshold: 80,000 on FSC-H. If it does not show, click Threshold and enter 

the number 80,000.

	 7.	 Remove tube of DI water from the SIP.
	 8.	 Vortex and place negative control on the SIP.
	 9.	 Click “RUN” button.
	10.	 Run will finish after collecting 10,000 events.
	11.	 Data will populate in plots 1–4.

•	 Plot 1: FSC-A/SSC-A
•	 Plot 2: FSC-A/FL2-A
•	 Plot 3: FL2-A/FL2-H
•	 Plot 4: FL1-A/FL2-A

	12.	 Select well “A2” and repeat steps #4 – #9.
	13.	 Remove negative kit control from SIP/stage.
	14.	 Clean the SIP with a lint-free wipe.
	15.	 Put a positive control tube on the SIP.
	16.	 Click well “A3.”
	17.	 Name “A03” as “kit positive-date-tech initials.”
	18.	 Repeat steps #4 – #9.
	19.	 Select well “A4” and repeat steps for positive control run (steps #15 and #16).

6.3.7  Data Acquisition

6.3.7.1  Running Kit Controls (Kit Control Template)

Note  Maintain a written record of all results.

	1.	 Under the collect tab, click on well A1 for the first negative kit control.
	2.	 Observe the graph for the negative control.
	3.	 The last plot is a quadrant: lower left (Q-LL), lower right (Q-LR), upper left 

(Q-UL), and upper right (Q-UR).
	4.	 Observe only the percent positive (FITC+) value in the upper right quadrant 

(Q-UR).
	5.	 Click on well A2 and follow steps #2 – #4 for the second negative kit control.
	6.	 Click on well A3 and A4 for the positive kit controls.
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6.3.7.2  Running Patient Samples

Note  Samples are run under the “collect” tab. All data should be saved in folder.

	 1.	 Double-click on the “Assay template” under folder.
	 2.	 Wait for the software to load.
	 3.	 Check each well to ensure no data already exists inside.
	 4.	 Select well “A5.”
	 5.	 Begin with tube #5 (first test sample).
	 6.	 Remove DI water from the SIP.
	 7.	 Vortex the tube (test sample) and place on the SIP.
	 8.	 Set the run parameters as follows:

•	 “Run with limits”: 10,000 events
•	 “Fluidics” speed: slow
•	 Gate P1 in P3
•	 Threshold: 80,000 on FSC-H

	 9.	 Click the “RUN” button to start the collection.
	10.	 After 10,000 events the run will finish.
	11.	 Remove tube from SIP and clean the SIP with a lint-free.
	12.	 Vortex and place the subsequent tube on the SIP.
	13.	 Select the next well (A6 and so on) for the new sample.
	14.	 Repeat steps #5–#13 until all samples have been processed.
	15.	 Remove final tube and place the “bleach tube” on the SIP.
	16.	 Set the parameters as follows:

•	 “Run with limits”: 2 min
•	 “Fluidics” speed: fast
•	 Threshold: 80,000 on FSC-H

	17.	 Click the “RUN” tab.
	18.	 When the run is finished, wipe SIP.
	19.	 Remove tube and replace with DI water tube.
	20.	 Repeat steps steps #17–#19 with DI water.
	21.	 Proceed to shutdown step.

6.3.8  Data Analysis

The following strategies will be used for data analysis.

	1.	 Alignment strategy and data analysis in “Collect tab”: use a standard acquisition 
file of a sperm sample that is tested negative for DNA fragmentation to align all 
the samples. This strategy is done in the “Collect tab.”

	2.	 Data analysis in the “Analyze tab”: align each sample, to its respective “Negative 
control.” This strategy is used in the “Analyze tab.”
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6.3.8.1  Alignment Strategy and Data Analysis in “Collect Tab”

	 1.	 Click on File, open Workspace or template (Fig. 6.2).
	 2.	 Click on the well where the standard is to be imported. It is important to have 

an internal standard with a known amount of DNA damage. In the analyze tab, 
the quadrant will be adjusted to coincide with this DNA damage.

	 3.	 Go to the standard template and select it and click on the file import.
	 4.	 Click on the workspace.
	 5.	 Go to the Results folder, click on your recent TUNEL results.
	 6.	 Select the negative peak of the standard sample as the standard to be applied to 

all samples.
	 7.	 Click on F1 well.
	 8.	 Click on the histogram.
	 9.	 Change the X-axis parameter from FSC-A to FL2-A (Fig. 6.2).
	10.	 Change the gate to P3 in P1 for plot 5. This gate is the same as plot 4, which is 

a quadrant gate (Fig. 6.2).
	11.	 Select the vertical line icon at the bottom left of the histogram plot (Fig. 6.3A).

	 i.	 Align the selected red line to the center of the histogram to obtain 50% cell 
population on either side

	 ii.	 Note: Zoom on the histogram for easy alignment of the red bar in the middle 
of the peak.

	12.	 Right click on the X-axis and click on virtual gain (Fig. 6.3A).
	13.	 Align the blue line to the center of the peak of the histogram plot (Fig. 6.3B).
	14.	 Next pick the sample to be aligned, for example, A5 (Fig. 6.3C).
	15.	 Align the blue line to the center of the peak of the sample (Fig. 6.3D).
	16.	 Click on the “Preview,” “Apply” (Fig. 6.3E).
	17.	 Chose option “Apply” to this sample only and close.

Note  Do not change any of the settings in the four plots.

	18.	 The plots in which Virtual Gain applied will appear with an asterisk in the FL1 axis.
	19.	 Go to file and save the changes (save workspace as a result and analysis file).

6.3.8.2  Data Analysis in Analyze Tab

It is necessary to create a new set of three plots for each sample.

	 1.	 The analysis of the data acquired is done using the Accuri C6 Software in the 
Analyze tab.

	 2.	 When the Analyze tab is opened for the first time, the workspace is empty.

Note  The plots are automatically selected from the original template. Make sure 
the original gates are used.
To close the plot, do not click on the X at the corner but click in the box with a hori-
zontal line.
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Fig. 6.2  Template for the analysis of sperm for TUNEL assay showing gating of the spermatozoa 
with expected size

Fig. 6.3  Steps showing application of the virtual gain selection for the histogram plot and align-
ment of test sample to the standard sample
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	 3.	 Plots need to be copied from the Collect tab.
	 4.	 Gating strategies that were set up in the collect tab are applied in Analyze tab 

as well.
	 5.	 Select the samples acquired and create a three plot group for each sample:

	 i.	 FSC-A/SSC-A
	ii.	 FSC-A/FL2-A
	iii.	 FL1-A/FL2-A

	 6.	 The first plot has no gating and the cell population is P9.
	 7.	 The gate in the second plot will be P9 in all events. The population is P8.
	 8.	 The gate in the third plot will be P8 in P9 (in all events) (Fig. 6.4).
	 9.	 The adjustment is recorded only in the BD Accuri C6 Software file.
	10.	 The percentage damage is recorded from the FL1-A/FL2-A PLOT (Fig. 6.4).
	11.	 For more information about how to apply virtual gain, consult the BD Accuri 

C6 Software User Guide.
	12.	 Write the preliminary results of the analysis in the TUNEL Laboratory Report 

Form.
	13.	 Go to file and save the changes (save workspace as a result and analysis file).

6.3.9  Final Sperm DNA Fragmentation Result Calculation

	1.	 Calculate the average negative sample value for each sample.
	2.	 The average value of the negative samples of each sample has to be subtracted 

from the average value obtained from the data analysis. This is done to subtract 
the autofluorescence in the sample.

Fig. 6.4  Representative plot in the analyzed mode showing the percentage of DNA damage
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6.3.10  Validation of TUNEL Test

To confirm that the TUNEL test was correctly performed and that the DNA frag-
mentation was accurately detected, two conditions have to be fulfilled:

	i.	 The percentage of spermatozoa positive for TUNEL in the spermatozoa-positive 
control sample has to be higher than the percentage for the non-control sperma-
tozoa samples.

	ii.	 The percentage of cells positive for TUNEL in the kit positive control cells has 
to be higher than 30%.

If both these conditions are verified, the assay is considered correct.

6.3.11  Reference Values

A cutoff of 17% with >95% specificity can differentiate infertile men with DNA dam-
age from healthy men. The high sensitivity and specificity makes this an ideal test.

6.3.12  Factors Affecting the Assay Results

Several factors are important to consider when performing this assay:

	1.	 Accessibility of the DNA
	2.	 Sperm preparation
	3.	 Presence of dead cells
	4.	 Number of cells examined
	5.	 Interobserver and intraobserver as well as inter-assay and intra-assay variations.

6.4  Conclusion

The TUNEL assay is an efficient protocol that allows for objective analysis of sperm 
DNA fragmentation with validated thresholds for the evaluation of male infertility.
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Chapter 7
The Comet Assay

Elva I. Cortés-Gutiérrez, Martha I. Dávila-Rodríguez, 
and Carmen López-Fernández

7.1  �Introduction

The main difference between a damaged DNA molecule in somatic and germ line 
cells is that while in somatic cells the DNA damage can be partially repaired, the 
DNA damage present in the germ line cells (this is true especially in spermatozoa, 
cells that possess a nonorthodox DNA molecule) cannot be repaired due to the 
absence of DNA repair mechanisms and a highly condensed chromatin structure. 
Repair of sperm DNA damage occurs within the oocyte after fertilization. There are 
four possible mechanisms that have been identified to play a role in the pathophysi-
ology of sperm DNA damage: (i) abortive apoptosis: spermatozoa with defective 
DNA escape the physiological apoptotic pathway during meiosis I resulting in the 
ejaculate [1]; (ii) defective chromatin condensation during spermatogenesis: DNA 
breaks occur as a result of inappropriate protamination and insufficient chromatin 
packaging [2]; (iii) oxidative stress resulting from an imbalance between reactive 
oxygen species (ROS) production and antioxidant capacity [3]; and (iv) the exis-
tence of endogenous sperm nucleases that cleave the DNA into loop-sized frag-
ments of about 50 kB [4]. This activity, in fact, resembles that of several nucleases 
in somatic cells that cleave the DNA into similar sizes during the activation of apop-
tosis [5–9]. The function of these nucleases in the mature spermatozoa is to carry 
the DNA to the oocyte without any damage. In humans, the nature of damaged DNA 
that occurs within certain patient populations is still poorly understood [10, 11].
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One of the key aspects that needs to be investigated concerning the problem of 
cellular DNA damage is the discrimination between the presence of single-strand 
DNA breaks (SSBs) and double-strand DNA breaks (DSBs) or both affecting the 
same DNA thread. This is mainly related to the origin of the DNA damage. The 
causes of sperm DNA damage resulting in SSBs or DSBs are extremely variable 
and include exposure to adverse environmental factors such as pesticides, radiation, 
smoking, or pathological conditions such as cancer, varicocele, and infection (bac-
terial, viral) [12]. These and presumably other causes of sperm DNA breakage are 
mediated through one or a combination of the mechanisms mentioned above. With 
respect to the putative origin of DNA fragmentation in the sperm cells, we might 
also expect different types of DNA lesion that could possibly be predictive or diag-
nostic in nature. For example, nucleases, either endogenous or exogenous, usually 
produce SSBs and/or DSBs, whereas DNA breaks produced by chromatin remodel-
ing during spermiogenesis appear to correspond to DSBs produced by topoisomer-
ase II and SSBs produced by topoisomerase I [13]. On the other hand, we have ROS 
and other radical molecules such as those derived from nitric oxide which generate 
SSBs associated with the creation of abasic sites or the presence of 8-hydroxyguanine 
[14, 15]. It has been reported that more than 20 damaged DNA base lesions can be 
present in a cell exposed to oxidative stress [16].

The comet assay, also known as single-cell gel electrophoresis (SCGE), was 
developed in 1984 [17] and is known for its ability to detect DNA damage at a 
single-cell level. The rationale of the technique is very simple. The assay requires 
detergents to first lyse the cells embedded in an inert agarose matrix on a slide. A 
high salt concentration results in deproteinized nuclei recognized as nucleoids. 
Following this, DNA is electrophoresed. The idea of the technique is that nuclei 
containing DNA segments that are detached from the original chromosome migrate 
toward the anodes, resulting in an image resembling a comet that can be observed 
under the microscope. The comet is formed by a part of the original nucleoid retain-
ing a large part of undamaged DNA and an emerging tail that putatively accumu-
lates a large part of the DNA that presented DNA breaks (Fig. 7.1a, original image, 
and 7.1b, digitally enhanced images). Most of the DNA retained in the head consists 
of intact DNA that is not recognized by the technique, whereas the tail is made up 
of broken DNA or strands with heterogeneous molecular weights. The intensity of 
the comet represents the proportion of DNA that has been broken off, and the dis-
tance traveled by the comet relates to the relative size of the DNA fragments.

The comet assay commonly utilizes commercially available software programs 
to evaluate the extent of DNA damage at the single-cell level. These programs pro-
vide a large number of measurement outcomes, i.e., tail length (the length of the tail 
measured from the leading edge of the head), tail DNA percentage (the percentage 
of DNA in the tail compared to the percentage in the “head” or unfragmented DNA), 
and olive tail moment (OTM). OTM is the percentage of tail DNA × tail moment 
length (tail DNA percentage = 100 × tail DNA intensity/cell; the tail moment length 
is measured from the center of the head to the center of the tail). The OTM is 
expressed in arbitrary units. Each of these parameters describes endogenous DNA 
damage corresponding to DNA strand breakage and/or alkali-labile sites (ALSs). In 
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the optimization of the alkaline comet for use with sperm, tail DNA was found to be 
the most reproducible parameter [18]; therefore, sperm DNA damage is expressed 
as tail DNA (Fig. 7.1c, digitally enhanced images).

The formation of a tail provides information on two important issues related to 
DNA damage concerning (i) the amount of DNA damage present in the original 
nucleoid and (ii) the type of DNA damage affecting the orthodox double-strand 
DNA conformation. For (i), it is generally assumed that the larger the tail and/or the 
higher the DNA density in the tail, the greater is the extent of DNA damage. For (ii), 
the presence of ssDNA breaks or dsDNA breaks or both affecting the same DNA 
thread is of crucial importance for understanding the images produced by the comet 
assay.

There are three types of comet assay techniques: (i) The neutral comet assay 
[18], in which DNA stretches originated from DSBs migrate under a neutral buffer 
according to the size of the DNA fragment. The larger the fragment, the lower the 
migration distance. (ii) The alkaline comet assay [19], in which DNA stretches con-
taining both DSBs and SSBs migrate under alkaline conditions. Because alkaline 
conditions produce DNA denaturation, single-strand DNA threads resulting from 
DNA denaturation starting from the 5′ to 3′ free ends at the place of the DNA break 
migrate to the anode. (iii) The two-dimensional or two-tailed comet (2T-comet) 
assay combines the ability of the neutral and alkaline comet assay, allowing the dif-
ferentiation within the same cell of the presence of DSB and SSB at the original 
nucleoid [20, 21].

These three techniques can be used on somatic cells, as well as in spermatozoa 
to assess DNA damage. However, as explained in detail later, given that the DNA is 
complexed with different proteins (histones, protamines, or both), depending on the 
cell type or cell activity, a general protocol does not exist to produce equivalent 

Fig. 7.1  Original (a) and image after application of a common electronic filter showing the comet 
head (consists of intact DNA) and emerging tail which possesses DNA breaks (b), features that are 
important for comet assay analysis (c)
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results on different cells and the basic methodology requires technical adaptations 
to obtain the best results.

7.2  �Neutral Comet Assay

DSBs are considered to be the most biologically lethal lesions affecting somatic 
and sperm DNA mainly because they are difficult to repair and often lead to 
genome instability even after being repaired by nonhomologous chromosome 
rejoining [22, 23].

The rationale of the technique is very simple, since is based on the principle that 
a naturally charged DNA molecule migrates when subjected to an electrophoretic 
field. Subsequently, identification of DNA damage is simple. Basically, when lysed 
cells with no DNA fragmentation are subjected to an electric field and by using a 
buffer under non-denaturing conditions, no substantial comet tails will be formed 
(Fig. 7.2a). In contrast, those spermatozoa containing sperm with a damaged DNA 
molecule tend to show an extensive migration of DNA fragments emerging from the 
original sperm nucleoid (Fig. 7.2b, c). These migrating DNA fragments are associ-
ated with the presence of DSBs at the origin, but it is not possible to know if the 
DNA threads that distribute along the comet tail contain SSBs.

Confirmation that comets visualized under neutral conditions are indeed large 
DNA molecules containing DSBs is based on the observation that similar comets 
can be produced after incubation with classic double-strand DNA cutters such as 
restriction endonucleases [24].

Double-stranded breaks may be a male infertility factor. Understanding its 
mechanism and its identification in different clinical groups (such as asthenoterato-
zoospermic (ATZ) with or without varicocele, oligoasthenoteratozoospermic 
(OAT), balanced chromosome rearrangements, and fertile donors) may be useful 
for determining the prognosis of male infertility associated with these conditions. 
Double-stranded DNA damage is also related to a higher risk of male factor-associ-
ated miscarriage, possibly due to the failure of repair of sperm DSB breaks by the 
oocyte [23].

7.3  �Alkaline Comet Assay

The technical aspect of this version of the comet assay is similar to the previous 
methodology described with the principle based on the fact that DNA stretches 
containing 3′ 5′ free ends denaturize when the protein-depleted nuclei are subjected 
to an alkaline environment producing single-strand free threads of DNA. The altera-
tions found in DNA such as strand breaks (single or double) result in the extension 
of DNA loops from lysed and salt-extracted nuclei; these in turn form a comet-like 
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Fig. 7.2  Nonfragmented (a, d, and g) and fragmented spermatozoa (b, c, e, f, and i) in alkaline 
(a–c), neutral (d–f), and 2T-comet assays (g–i). Different levels of sperm DNA damage are shown 
for spermatozoa (SYBR® Green staining). The 2T-comet assay detected simultaneous DNA SSBs 
and DSBs in human spermatozoa. Undamaged (g) single-stranded DNA breaks (SSBs) (h), 
double-stranded DNA breaks (DSBs) (i), and SSBs/DSBs in the same cell (i). (a′–i′) Images after 
application of a common electronic filter scale
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tail after alkaline electrophoresis, indicating global DNA damage identifying both 
single- (SSBs) and double-strand breaks (DSBs) [18, 25, 26].

DNA breaks are the starting points for alkaline DNA unwinding due to the dis-
ruption of hydrogen bonds between purines and pyrimidines. Moreover, mutagens 
may induce DNA base loss, and deoxyribose lesions may be transformed into SSBs 
by alkaline conditions, being designated as alkali-labile sites (ALS). Remarkably, 
when the spermatozoa of mammalian species are subjecting to denaturant alkaline 
conditions and electrophoresed, they exhibit a prominent comet tail (Fig. 7.2d–f) 
[25, 26]. Probably, the need of a highly compacted DNA molecule at the spermato-
zoa is favored by the presence of these ALS.

ALS can also be detected using DNA breakage detection-fluorescence in situ 
hybridization (DBD-FISH). This technique quantifies putative DNA breaks and 
ALS in situ within a single cell. It has the added advantage that it may also be uti-
lized to scan the whole-genome or specific DNA sequences in sperm cells that have 
been embedded within an inert agarose matrix on a specifically prepared micro-
scope slide [27]. The cells are then lysed to remove the membranes and proteins, 
and the resulting nucleoids are exposed to a controlled denaturation step using alka-
line buffers. The alkali gives rise to ssDNA stretches starting from the 5′ to 3′ free 
DNA ends or from highly sensitive DNA motifs to alkaline conditions. These 
ssDNA threads may then be detected by hybridization with specific or whole-
genome fluorescent DNA probes. Because DNA breaks increase in a target region, 
additional ssDNA are produced and further DNA probes are hybridized, resulting in 
a more intense FISH signal as additional ssDNA is produced (Fig.  7.3e, f). The 
resulting hybridized signal in the whole genome can be quantified using image anal-
ysis systems. The DBD-FISH signal obtained in the absence of exogenous DNA-
damaging agents reflects the background level of ALS present in a genome 
(Fig. 7.3d) [28].

DNA damage detected by the comet assay suggests a possible high density of 
short unpaired DNA stretches that could act as origins of denaturation for alkaline 
treatment in the DBD-FISH procedure [28].

This same result has been seen in the large pericentromeric interstitial telomeric 
repeat sequence blocks from Chinese hamster cell lines. These short unpaired DNA 
segments could be a consequence of torsional stress of DNA loops during the pro-
cess of chromatin packing, as they were initially found to be abundant in the chro-
matin of condensing mitotic chromosomes [29].

The comet assay is found to be a more sensitive technique in the evaluation of 
sperm DNA damage and fragmentation compared to the conventional TUNEL 
(Terminal deoxynucleotidyl transferase dUTP nick end lebeling), the sperm chro-
matin dispersion test, or flow cytometry [30]. Particularly, the alkaline comet assay 
has been tested in vitro and in vivo in a wide variety of mammalian cells [19, 31, 32] 
employing a number of different genotoxic stimuli including UV radiation, carcino-
gens, radiotherapy, and chemotherapy [33]. It has been shown to be rapid [33, 34], 
reproducible [35], and with higher sensitivity than alkaline elution or nick transla-
tion assays, even with prior chromatin decondensation [36, 37]. The alkaline comet 
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assay can detect damage equivalent to as few as 50 single-strand breaks (SSBs) per 
cell. One of its unique and powerful features is the ability to characterize the 
responses of a heterogeneous population of cells by measuring DNA damage within 
an individual (Fig. 7.2d), cells as opposed to just one overall measure of damaged 
cells versus undamaged (Fig. 7.2e, f).

Evaluation of sperm DNA damage by the alkaline comet assay is a more promis-
ing diagnostic test for male infertility as well as prognostic test for assisted repro-
ductive technology (ART) outcomes. It has been shown to be closely associated 
with numerous fertility outcomes including negative relationships with fertilization, 
embryo quality, implantation, and positive relationships with miscarriage and child-
hood diseases [38].

Fig. 7.3  Sperm cell classification according to DNA damage levels after alkaline comet assay 
(a–c) and DBD-FISH (d–f). Sperm with a “structural comet” or without DNA damage (a) exhibit 
a slightly fluorescent signal, (d) and nuclei with a prominent comet tail (b and c) result in a more 
intense FISH signal after DBD-FISH (e and f)

7  The Comet Assay
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7.4  �Two-Tailed (2T)-Comet Assay

A modification of the original comet assay has been developed for the simultaneous 
evaluation of DNA SSBs and DSBs in human spermatozoa. The 2T-comet assay is 
a relatively fast, sensitive, and reliable technique for the quantification and charac-
terization of whole DNA damage in spermatozoa [39–41].

In this protocol, cells are subject to an electrophoretic field under non-denaturing 
conditions to mobilize isolated free discrete DNA fragments produced from DSBs. 
This is similar to the neutral comet as explained above. Following mobilization of 
the DNA containing DSBs, a second electrophoresis which runs perpendicular to 
the first one but under alkaline conditions is performed to produce DNA denatur-
ation. This process exposes both SSBs and DSBs existing in the comet head and tail 
formed during the first neutral electrophoresis. The result is a two-dimensional 
comet tail emerging from the core where SSBs and DBBs can be simultaneously 
discriminated (Fig. 7.2g–i). Three different comet figures may be produced (i) small 
comet representing a sperm free of DNA damage, resulting from the presence of 
large alkali-labile sites at each sperm (displacement at Y-axis) (Fig. 7.2g) (ii) comet 
at the Y-axis with equivalent size to the previous one but presenting additionally 
DNA displacement at the X-axis (Fig. 7.2i): this image is interpreted as a spermato-
zoa presenting DSBs at the origin and (iii) comet presenting displacement at the 
X- and Y-axis: in this case, the presence of SSBs is integrated at the Y-axis comet, 
while DSBs are mostly placed at the X-axis (Fig. 7.2i). The tail DNA produced after 
the first electrophoresis is formed because of the presence of DSBs at the origin but 
may contain SSBs distributed along the DNA threads. After denaturation, single-
stranded DNA threads mobilize at the Y-axis, parallel to the migrating DNA remain-
ing at the original comet head.

The 2T-comet assay is an innovative method for assessing whole sperm DNA 
integrity, which has not been extensively used for diagnostic purposes related to 
male infertility [39–42]. The technique can be used to assess highly damaged sperm 
DNA characterized by the presence of extensive presence of single- and double-
strand breaks in some clinical situations such as Kartagener’s syndrome [41] or in 
varicocele patients [40, 42].

7.5  �The Clinical Relevance of the Comet Assay

Sperm DNA damage assays are important in assisting in the diagnosis of male infer-
tility [36, 43–50] and may serve as prognostic tests for predicting ART outcomes. 
High levels of damaged DNA in the ejaculate of patients have been shown to have 
negative relationships with fertilization, embryo quality, and implantation failures 
and positive relationships with miscarriage and childhood diseases [38]. However, 
the optimal sperm DNA test and the value of these tests as predictors of reproduc-
tive outcomes still remain debatable.
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The comet assay can be considered a reliable tool to assess sperm DNA damage, 
but most laboratories find it more difficult to perform compared to the Sperm 
Chromatin Structure Assay (SCSA), the TUNEL, or the Sperm Chromatin 
Dispersion (SCD) test. It is true that a standardized protocol with high quality con-
trols for reproducibility is necessary in order to produce consistent and comparable 
results among different laboratories. With these limitations in mind, our experience 
using this technique is positive allowing a fine definition on the nature of the DNA 
break (SSBs or DSBs) present in the ejaculate. We must bear in mind that the pres-
ence of high level of DSBs in fertilizing spermatozoa shall be practically unrepair-
able at the oocyte with highly negative results on the embryo development even 
during the first stage [51, 52].

All types of comet assays have been used to assess different aspects of DNA 
quality in human sperm in order to find any possible correlation with pregnancy. 
However, as mentioned above, the alkaline comet assay has the capacity to visualize 
SSBs, DSBs, and additionally all constitutive alkali-labile sites present in the mam-
malian sperm. The proponents of the alkaline comet assay suggest that this assay is 
the most powerful to assess all DNA damage present in cells because it is based on 
the full capacity to denature the DNA when free 5–3′ breaks are present along the 
DNA molecule [53]. The neutral comet assay has not been used as widely as the 
alkaline comet assay but may be of relevance at the time of evaluating massive pres-
ence of DSBs. The 2T-comet assay is the least used methodology to assess sperm 
DNA damage, but important aspects on the nature of the DNA damage, such as the 
assessment of the relative presence of DSBs versus SSBs, are possible, and its rel-
evance in fertility remains to be evaluated.

With respect to the neutral comet assay indicating the relative amount of DSBs 
affecting a certain proportion of the whole sperm population, some interesting 
information can be derived from published studies. Thus, SDF assessed by neutral 
comet has been found to be quite variable among different patient groups, with dif-
ferent sperm qualities [54]. While in normozoospermic individuals, Sperm DNA 
Fragmentation (SDF) values were around 10.5%, they were higher in other groups 
such as asthenozoospermic (15.2%), oligoteratozoospermic (18.3%), asthenoterato-
zoospermic (17.5%), or oligoasthenoteratozoospermic (21.3%). These results sug-
gest that a single threshold value of SDF is probably not representative of the 
sperm’s fertilizing capacity in achieving pregnancy, and the value needs to be tai-
lored according to the type of patient under study.

Using the neutral comet assay, Ribas-Maynou et al. [55] studied the presence of 
DSBs and SSBs in sperm samples of patients with asthenoteratozoospermia (ATZ) 
with or without varicocele, oligoasthenoteratozoospermia (OAT), or balanced chro-
mosome rearrangements. All of these patient groups were compared to fertile 
donors. The results revealed different sperm DNA damage profiles. Fertile donors 
presented low values for DSBs as well as for SSBs. OAT, ATZ, and ATZ presenting 
with an additional varicocele had higher SSB and DSB percentage compared with 
normozoospermic individuals. Interestingly in rearranged chromosome carriers, 
they presented with two different profiles: a high-equivalent comet assay profile, 
which could be compatible with a bad prognosis, and a nonequivalent comet assay 
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profile, which was found in three fertile donors. These results support the theory 
that a neutral comet assay profile applied to different clinical groups may be useful 
for characterizing different male infertility groups.

The predictive value of the neutral comet assay in pregnancy loss has also been 
reported [23]. The study included 25 fertile donors and 20 recurrent pregnancy loss 
(RPL) patients with at least two unexplained first-trimester miscarriages. SDF val-
ues were analyzed using both alkaline and neutral comet assays. The unexplained 
RPL patients showed a low SSB and high DSB profile. This profile was observed in 
85% of unexplained RPL and 33% of fertile donors, suggesting that DSBs can be 
associated with a male factor-related RPL. Receiver operating characteristic (ROC) 
curve analysis done with respect to recurrent miscarriage set the cutoff value at 
77.50% of DSBs.

The alkaline comet assay has been shown to have a significant clinical value in 
male reproductive health and in predicting the success of ART [56]. Although the 
assay is not included in routine infertility tests, some studies recognize this experi-
mental approach as an advanced, accurate, and reliable test for analyzing all DNA 
damage affecting a genome. When the alkaline comet assay is used to assess human 
semen quality and sperm DNA damage in infertile and fertile males, a significantly 
lower sperm concentration, sperm viability, and sperm motility were observed in all 
of the infertile subjects presenting with a high level of SDF [57].

The alkaline comet assay is also suitable for obtaining information about the 
level of SDF present after density gradient centrifugation. This is crucial as the 
sperm selection for IVF influences the chances of achieving pregnancy. It was found 
that men with SDF higher than 25% had a high risk of infertility (OR, 117.33; 95% 
confidence interval [CI], 12.72–2731.84; RR, 8.75) [56]. Fertilization rates and 
embryo quality decreased as SDF increased in semen and in density gradient cen-
trifugation sperm. These results suggest that the risk of failure to achieve a preg-
nancy increased when SDF exceeded a prognostic threshold value of 52% for semen 
(OR, 76.00; CI, 8.69–1714.44; RR, 4.75) and 42% for density gradient centrifuga-
tion sperm (OR, 24.18; CI, 2.89–522.34; RR, 2.16). In a different study, the alkaline 
comet assay was used to assess SDF in neat semen samples and in spermatozoa 
following density gradient centrifugation. In this case, 203 couples undergoing In 
Vitro Fertlization (IVF) and 136 couples undergoing ICSI were included to estab-
lish any relationship existing between SDF level and live-birth rate after IVF and 
intracytoplasmic sperm injection (ICSI). Following IVF, couples with <25% SDF 
had a live-birth rate of 33%. In contrast, couples with >50% SDF had a much lower 
live-birth rate of 13% following IVF. Following ICSI, there were no significant dif-
ferences in levels of sperm DNA damage between any groups of patients [58].

Sperm DNA damage evaluated by an alkaline comet assay was also associated 
with implantation and embryo quality [59]. In a cross-sectional study of 215 men 
from infertile couples undergoing ART, the paternal effect of sperm DNA damage 
was observed at each stage of early embryonic development. In both the early and 
late paternal effect stages, the low DNA damage group had a higher percentage of 
good-quality embryos (P < 0.05) and a lower percentage of poor-quality embryos 
(P < 0.05) compared with the high DNA damage group. Implantation was lower in 
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the high DNA damage (33.33%) group compared with intermediate DNA damage 
(55.26%; P < 0.001) and low DNA damage (65.00%; P < 0.001) groups.

The implications of genomic damage in spermatozoa of type 1 diabetic patients 
were evaluated by alkaline comet assay [60] by comparing the SDF and the levels 
of oxidative DNA modifications with nondiabetic men. Spermatozoa from 11 
patients with type 1 diabetes showed significantly higher levels of DNA fragmenta-
tion (44% versus 27%; P < 0.05) and concentrations of 8-OHdG (3.6 versus 2.0 
molecules of 8-OHdG per 10(5) molecules of deoxyguanosine; P < 0.05) compared 
to 12 patients without diabetes. Furthermore, a positive correlation (rs  =  0.7; 
P < 0.05) was observed between DNA fragmentation and concentration of 8-OHdG.

By using the alkaline comet assay, the actual damage load of small cohorts of 
sperm may be measured. As the alkaline comet only requires 100 cells for analysis, 
it has also been particularly useful for studies involving DNA of testicular sperm 
and for men with low sperm concentrations [61]. This is of importance as in addi-
tion to the low number of spermatozoa present in these samples, they are also con-
taminated with somatic cells. Other methodologies such as the SCSA are not 
operative in these cases. Using the alkaline comet assay, the apoptotic indices and 
SDF were compared in sperm collected after ejaculation from vasectomized men 
and fertile men undergoing vasectomy. Testicular biopsies from vasectomized 
(n  =  26) and fertile men (n  =  46) were used to calculate sperm/gram and also 
formalin-fixed to determine the numbers of developing sperm and incidence and 
intensities of testicular FasL, Fas, Bax, and Bcl-2. Increased intensities of FasL and 
Bax staining were observed in the seminiferous tubules of vasectomized men. FasL 
positivity also increased in Sertoli cells, and both FasL and Fas positivity increased 
in primary spermatocytes and round spermatids of vasectomized men [62]. These 
results demonstrate that SDF can be considered an end point marker of apoptosis 
with significantly higher sperm SDF in vasectomized men compared to fertile men. 
Another study [63] concluded that an inverse relationship between pregnancy and 
SDF is observed for both testicular and ejaculated sperm. However, no relationships 
were observed between SDF and fertilization rates.

According to the information we have summarized previously, it seems that a 
high level of SDF in the ejaculate or in the selected sample for fertilization purposes 
is negatively correlated with reproductive outcomes. However, it is not only the 
amount of detected damaged DNA but also the nature of the DNA breaks that is of 
importance in explaining certain reproductive outcome failures [39, 40]. In this sce-
nario, the 2T-comet assay may provide additional information not provided by the 
neutral or alkaline comets regarding the nature of the DNA damage. This methodol-
ogy may provide important and singular information understanding a part of andro-
logical pathology as is the case for Kartagener’s syndrome [41].

Some studies have obtained interesting results using the 2T-comet assay. Enciso 
et al. [21] studied the frequency of sperm cells containing SSBs and DSBs in the 
ejaculates of a group of ten infertile patients with abnormal semen parameters such 
as volume, concentration, and sperm motility and compared them with those 
obtained in a group of ten normozoospermic fertile men. The infertile patient group 
had a significantly higher percentage of spermatozoa containing DSBs, compared to 
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the group of fertile subjects. Nevertheless, no significant differences were found in 
the percentage of spermatozoa with SSBs between infertile patients and fertile men.

In another study, Gosálvez et al. [41] established SSB and DSB profiles in infer-
tile patients with varicocele and compared them to fertile normozoospermic sub-
jects by 2T-comet assay. In this study, the authors analyzed a particular sperm class 
observed after applying the sperm chromatin dispersion test that was referred to as 
“degraded” sperm because they showed relatively low amounts of chromatin 
remaining in the nucleoid after protein removal when compared to normal or even 
sperm containing fragmented DNA. The 2T-comet assay demonstrated that degraded 
sperm containing both massive double- and single-strand DNA breaks coexist in the 
same spermatozoa. Recently, it has been reported that these types of spermatozoa, 
also present in the ejaculate of normal individuals, are fully covered with ALS 
which can be used as another indication of the presence of sperm DNA damage 
[27]. These “degraded” spermatozoa, a distinctive subpopulation in varicocele 
patients (six times more than fertile men), probably occur due to the fact that both 
DNA and protein fractions are affected by intratesticular oxidative stress. The 
2T-comet assay has been also used to assess SSBs and DSBs in one patient with 
Kartagener’s syndrome with four failures of fertilization after ISCI using testicular 
sperm obtained with testicular sperm aspiration [41]. The authors concluded that in 
addition to a failure of sperm motility, this patient was infertile because of a high 
level of unrepairable DBSs (85.2%) present in the ejaculate.

The clinical implication of the information provided by the comet assay in fertil-
ization and embryo development depends on the balance between the DNA damage 
in sperm and the oocyte’s repair capacity. Moreover, the type and/or complexity of 
DNA lesions in the different sperm can vary, and this would influence the embry-
onic development. After penetration into the oocyte, sperm with extensive DSBs, 
associated with apoptotic-like processes, will lead to a delayed paternal DNA repli-
cation, paternal DNA degradation, and arrest of embryo development if this exceeds 
the repair capacity of the oocyte [63]. Conversely, when sperm DNA damage is 
composed mainly of a low level of DSBs, SSBs, abasic sites, and/or DNA base 
modifications, the oocyte’s various specific DNA repair pathways are likely to be 
more effective, resulting in functional male pronucleus DNA and normal early 
embryonic development. Nevertheless, some misrepaired or unrepaired DNA 
lesions could still potentially lead to mutations or chromosome aberrations. 
Unrepaired SSBs or other lesions types may also result in DSBs when DNA is rep-
licating, leading to structural chromosomal abnormalities [64]. If these chromo-
some aberrations are unstable, they are more likely to affect the normal mitotic 
segregation of chromosomes, resulting in genomic instability and cell death, and 
thereby adversely affect embryo development [65]. When DNA repair is complete, 
the morula and blastocyst stages can be achieved. In contrast, if the repair processes 
are defective, blastocyst arrest or spontaneous abortion may then result [66]. SDF 
can lead to congenital malformations and genetic illnesses, as well as potentially 
increase the risk of certain cancers in related offspring [67]. The long-term conse-
quences on development and behavior of mice generated by ICSI with fragmenta-
tion sperm were investigated [66]. Anatomopathological analysis of animals at 
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16 months of age showed that 33% of females produced with fragmented sperm 
presented some solid tumors in the lungs and the dermis of the back or neck.

The comet assay, in its different versions, offers the possibility of discriminating 
between single- and double-strand breaks, and this aspect is of relevance in predict-
ing the fate of the embryo prior to implantation. However, further studies are neces-
sary to understand the mechanisms of paternal DNA damage as a cause of early loss 
of developmental stages and congenital malformations. The technical problems 
inherent to the comet assay represent the only bottleneck that limits its wide use in 
reproduction. In Table 7.1 we have summarized the different types of comet assay 
and the main clinical relevance associated with each one.

7.6  �Conclusions

(i) Assessment of DNA damage (DSBs) can be obtained using a neutral comet 
assay; whole (SSBs and DSBs) sperm DNA damage can be performed using an 
alkaline comet assay; the study of whole DNA damage and discrimination between 
SSBs and DSBs is possible using a 2T-comet assay. (ii) DNA damage evaluation by 
comet assay – or alternative strategies – as a predictor of male fertility is highly 
appreciated to assist in the diagnosis of recurrent spontaneous abortions or failures 
in ART. However, until we demonstrate with certainty which is the best protocol to 
assess sperm DNA damage, the acceptability and widespread application of any 
version of the comet assay will limit the application of this test as a research tool.

Table 7.1  Types of comet assay and their clinical importance

Comet assay

Type
DNA break 
detected Clinical relevance

Neutral DSBs DSBs have been associated with male infertility [54, 55] and 
pregnancy loss [23]. The identification of DSBs has biological 
importance at the sperm because of deficiency of DNA 
damage reparation mechanisms. Standardization, 
reproducibility, and validation of this technique are necessary

Alkaline SSBs + DSBs + 
ALS

Clinical relevance in infertility [38], embryo quality [58, 59], 
implantation [59], and miscarriage [66] pregnancy [56].Used 
to assess SDF in obstructive azoospermia [61], varicocele [40, 
55] vasectomy [62], chromosomal abnormalities [64], 
childhood diseases cancer [66], and diabetes mellitus [60]. The 
methodology is not included in routine infertility tests

Two-tailed 
comet 
(neutral + 
alkaline)

Discrimination 
of DSBs and 
SSBs

An innovative method to assess the simultaneous presence of 
DSB + SSB profiles within the same cell. It has been used to 
assess infertility [39], varicocele [40], and in a case of 
Kartagener’s syndrome [41]. This methodology may provide 
important and singular information to understand a part of 
human fertility and andrological associated problems

SSBs single-strand breaks, DSBs double-strand breaks, ALS alkali-labile sites, SDF sperm DNA 
fragmentation
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Chapter 8
Sperm Chromatin Dispersion (SCD) Assay

José Luis Fernández, Stephen Johnston, and Jaime Gosálvez

8.1  �Introduction

The essential function of a spermatozoon is the transmission of a haploid genome 
from the male to the female oocyte. Nevertheless, current spermiogram appears 
primarily centered on the carrier of the DNA package and not in the content [1]; 
indeed, in the past, many andrologists were primarily interested in sperm motility, a 
sperm characteristic with little importance in the context of ICSI. In contrast, the 
relevance of sperm DNA integrity in the classical spermiogram is typically regarded 
with a lower level of interest and importance in many centers. This occurs as the 
focus has been given to sperm motility instead, based on the assumption that motile 
spermatozoa must contain a normal DNA molecule. If this were to be true, a simple 
swim-up procedure would not only eliminate non-motile spermatozoa but also 
sperm with DNA damage. However, this is not the case. In every isolated subpopu-
lation obtained from a swim-up, it is possible to find spermatozoa with evidence of 
fragmented DNA [2, 3]. Furthermore, given the logical relevance of sperm DNA 
integrity to completion of the diploid zygote and normal embryonic development, 
the assessment of this parameter should be incorporated as part of the fundamental 
component of conventional semen analysis [4–7].

J.L. Fernández (*) 
Unidad de Genética, Complejo Hospitalario Universitario A Coruña (CHUAC),  
Instituto de Investigación Biomédica de A Coruña (INIBIC),  
15006, As Xubias, 84, A Coruña 15006, Spain 

Laboratorio de Genética Molecular y Radiobiología, Centro Oncológico de Galicia,  
A Coruña, 15009 Spain
e-mail: Jose.Luis.Fernandez.Garcia@sergas.es 

S. Johnston 
School of Agriculture and Food Sciences, The University of Queensland, Gatton, Australia 

J. Gosálvez 
Unidad de Genética, Facultad de Biología, Universidad Autónoma de Madrid, Spain

mailto:Jose.Luis.Fernandez.Garcia@sergas.es


138

Although all mammalian species that have been examined to date have shown 
evidence of some proportion of the ejaculate containing sperm with fragmented 
DNA, the occurrence of this phenomenon appears to be both species-specific and 
varies interindividually [8, 9]. In humans, it has been well established that infertile 
males and poor sperm quality samples (according to the standard seminal analysis) 
tend to have a higher proportion of spermatozoa with fragmented DNA [10–12]. 
Even some individuals with normal standard parameters may show elevated levels 
of sperm with DNA fragmentation (SDF) [13]. Furthermore, studies performed on 
semen samples subjected to assisted reproductive technology (ART) have demon-
strated that increased SDF in the processed sample negatively affect the fertilization 
rate, embryo quality, blastocyst rate, implantation rate, and the pregnancy outcome 
[14–17]. Additionally, the assessment of sperm DNA integrity has also been shown 
to have relevance or be associated with common andrological pathologies, such as 
varicocele [18], genital infections [19], cancer [20], and toxicogenetics [21].

Several techniques have been applied to analyze DNA fragmentation in sperma-
tozoa, including sperm chromatin structure assay (SCSA), terminal deoxynucleoti-
dyl transferase-mediated nick end labeling (TUNEL), in situ nick translation (ISNT) 
assay, single-cell gel electrophoresis (SCGE), and comet assay [14, 22–24]. These 
procedures are all useful and reliable when adequately performed. Nevertheless, 
they are comparatively complex to perform on a routine basis as they are difficult to 
implement, time-consuming, technically demanding, relatively expensive, and 
requiring skilled personnel. In many cases, sperm samples need to be delivered off-
site to a specialized center to be processed. Consequently, most of these procedures 
are not ideal to be performed routinely in the conventional semen analysis labora-
tory. The sperm chromatin dispersion (SCD) test overcomes some of these limita-
tions, offering a user-friendly procedure that is cost-effective and easy to conduct in 
routine evaluation of SDF.

8.2  �The SCD Test: DNA Denaturation Coupled 
with Controlled Nuclear Protein Depletion

The human SCD assay is a simple yet elegant scientific concept, consisting of three 
main steps: (1) embedding of the sperm cells in an inert microgel matrix, (2) sequen-
tial incubation in an acid and a species-specific lysing solution, and (3) staining for 
visualization [25].

Firstly, the native unfixed spermatozoa are immersed in an agarose matrix on a 
microscope slide, which provides an inert suspension-like substrate to manipulate 
the cells. Secondly, the cells are incubated in an acid DNA unwinding solution fol-
lowed by a lysing solution. The acid solution is a soft DNA denaturant, which 
“melts” the DNA double helix only when it contains massive DNA breakage. These 
DNA breaks behave as starting points of denaturation which subsequently move 
along the DNA helix [26, 27]. If the sperm DNA molecule is massively broken, 
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most of the genome will be denatured, whereas non-fragmented DNA will remain 
intact. Having said that, stronger denaturants can also affect the non-fragmented 
sperm DNA; therefore, precise incubation with the acid solution for an appropriate 
length of time allows a better discrimination between the two.

Secondly, the sperm are immersed in a specific lysing solution to remove nuclear 
proteins, especially the protamines. These highly basic proteins strongly pack the 
DNA loops together within the sperm nucleus. Protamine removal results in spread-
ing of DNA loops into the surrounding microgel, in a phenomenon akin to what 
happens in the nucleus of somatic cells after the removal of histones [28]; these 
deproteinized nuclei are known as nucleoids, whereby the dispersed loops consti-
tute a peripheral halo of DNA-chromatin emerging from a central core or residual 
nuclear area. Accordingly, nucleoids of sperm without fragmented DNA (i.e., with-
out significant denatured DNA by the previous acid treatment) show large halos of 
dispersed DNA. Conversely, when lysis is performed on sperm nucleoids with mas-
sively broken DNA, which are susceptible to denaturation, dispersal of DNA in 
microgel is not observed or occurs only to a limited extent; these nucleoids there-
fore appear without a halo or possess only a very small halo. This particular behav-
ior is likely related to the characteristic sperm chromatin structure.

Finally, after a brief wash and dehydration in increasing ethanol baths, the sperm 
nucleoids are stained for visualization under bright-field microscopy using the 
Wright stain or the Diff-Quik (Fig. 8.1a). Alternatively, they can also be observed 
using the fluorescence microscope after staining with any suitable DNA fluoro-
chrome (Fig. 8.1b). Occasionally, some nucleoids without halos may also appear 
faintly or irregularly stained; these nucleoids as revealed by the SCD test are desig-
nated as “degraded” and are associated with more severe nuclear damage affecting 
both DNA and the proteinaceous matrix. Spermatozoa with fragmented DNA there-
fore correspond to those with a small halo, no halo, or degraded. Microscopic visu-
alization of these different nucleoid categories is easy to differentiate (Figs. 8.1 and 
8.2). An important element of the SCD test is that the species-specific lysing solu-
tion also preserves the morphology of sperm tail which can be stained with the 
bright-field dye or using fluorochromes for proteins like the 2.7-dibrom-4-hydroxy-
mercury-fluorescein [29]. Using these fluorochromes, the tail or any residual pro-
teins in the core will fluoresce green, whereas the nucleoid may be contrasted in red 
or blue fluorescence using GelRed (Biotium, Hayward, CA, USA) or 
4′,6-diamidino-2-phenylindole (DAPI), respectively. The visualization of the tail 
helps to discriminate sperm from other cell types presented in the ejaculate or tes-
ticular biopsy.

The SCD test is available as a kit (Halosperm®), which provides all the reagents 
of the assay to ensure easy technical operation and provide repeatable and consis-
tent results in different clinical laboratories. The technical procedure is simple, can 
be completed in 45 min, and does not require any costly equipment. Furthermore, 
the nucleoid scoring process is also very fast: 500 sperm may be categorized under 
the microscope in 5–10 min, depending on the sperm concentration. While it is pos-
sible to employ a microscope with a motorized stage and a digital camera for image 
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capture coupled to specifically validated image analysis software to automate scor-
ing, analysis using the naked eye is equally as effective.

Evaluation under the microscope also allows for simultaneous identification of 
the presence of cells other than sperm, including spermatogonia, spermatocytes, 
leukocytes, epithelial cells, and even bacteria. High proportions of these cells could 
potentially confound the results in non-morphological-based assays of sperm DNA 
fragmentation. For the same reason, the SCD test is ideal for the assessment of 
samples with very few sperm such as in oligospermic patients or in testicular 
biopsies.

Fig. 8.1  Bright-field (a) and fluorescence microscope (b) images of human sperm processed by 
the SCD test. Sperm showing big- and medium-sized halos of chromatin dispersion contain non-
fragmented DNA, whereas those showing small or no halos carry fragmented DNA. Degraded 
sperm have fragmented DNA, showing no halo and irregular or faint stain of the core
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8.3  �The SCD Test: Validated by Different Sequential In Situ 
Assays

The SCD test has been extensively validated with a range of different but comple-
mentary approaches. The sperm nucleoids obtained after the SCD test are also ame-
nable to be processed to determine DNA breaks using other in situ procedures. DNA 
breakage detection-fluorescence in situ hybridization (DBD-FISH) is a powerful 
technique for detecting DNA breaks and, in fact, has some similarity in its concept 
and application to that of the SCD assay [30, 31]. In DBD-FISH, cells embedded in 
the microgel are exposed to a DNA denaturant solution that transforms DNA breaks 
into single-stranded DNA motifs starting from the end of the breaks. These single-
strand regions are targets for hybridization of fluorescent-labeled DNA probes. 
Using dose-dependent ionizing radiation to artificially induce DNA breaks and the 
subsequent unwinding of single-stranded DNA motifs, it is possible to demonstrate 
a corresponding dose-dependent greater hybridization of the probe, reflected in 
intensity of the fluorescence that is measured. The DBD-FISH is a reliable tech-
nique that allows determination of DNA breakage within a specific sequence or 
chromatin area; different sequence regions may also be compared for DNA 

Fig. 8.2  Human sperm processed by the SCD test and visualized under the bright-field micro-
scope (a). Representative sperm with big halo (b), medium-sized halo (c), small halo (d), no halo 
(e), and degraded (f). (b′–f′) Electronically filtering to enhance domains of the halo (blue) and the 
core (red)
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breakage density by hybridizing differentially labeled DNA probes [31, 32]. The 
SCD procedure also makes use of the DNA unwinding and lysis steps, so that before 
dehydration and staining, the sperm nucleoids can be incubated with the fluorescent-
labeled human whole-genome DNA probe. This probe then hybridizes with the 
single-stranded DNA produced from DNA breaks by the unwinding acid solution. 
When this microgel preparation is DNA counterstained, it reveals only those sperm 
nucleoids with a small or no halo to be labeled by the DBD-FISH assay; in fact, this 
is the basis of the original development of the SCD test [33, 34]. Given the complex 
and time-consuming nature of the DBD-FISH procedure and the near perfect cor-
relation between halo size and hybridization of the nucleoid with the DNA probe, it 
is much more cost-, labor-, and time-efficient to employ the SCD assay for the 
assessment of sperm DNA fragmentation.

The nucleoids resulting from SCD processing may not only be incubated with 
labeled DNA probes but also with enzymes such as terminal deoxynucleotidyl 
transferase (TdT) or the Klenow fragment of the DNA polymerase I from Escherichia 
coli. These enzymes form the basis of the TUNEL and end-labeling procedures as 
they allow incorporation of fluorescent-labeled nucleotides to the free 3′-hydroxyl 
group of the DNA break [22, 23, 35]. E. coli DNA polymerase I may also be 
employed in a similar manner, extending the nicks along the DNA duplex in the 
5–3′ direction while replacing these sites with new labeled nucleotides, following 
the ISNT assay [23, 35]; again, only those sperm nucleoids with small or no halo are 
labeled by the enzymatic assays. The SCD test is the only SDF assay which has 
been systematically validated in situ with other breakage labeling procedures per-
formed on the same sperm cell [34, 36].

Several conventional strategies have confirmed the reliability of the SCD test. 
Treatment of sperm with DNase I that produces single- and double-strand DNA 
breaks specifically with 3′-hydroxyl ends results in nucleoids without halo after 
SCD processing [37]. The same result occurs with restriction endonucleases that 
produce double-strand DNA breaks. Moreover, incubation of sperm with increasing 
concentrations of sodium nitroprusside (SNP), a nitric oxide (NO) donor, also 
results in a progressive increase of the proportion of nucleoids with small or no halo 
[36, 37]. NO reacts with molecular oxygen producing nitrous anhydride and with 
the superoxide radical yielding peroxynitrite, a potent oxidant that induces DNA 
damage [38]. Furthermore, treatment with hydrogen peroxide, which decomposes 
into highly reactive hydroxyl radicals that leads to DNA damage including single-
strand breaks with chemically modified ends, also results in sperm nucleoids with 
small halo or without a halo [37]. These experiments with different DNA damaging 
agents provide convincing evidence that the SCD test is able to detect both single- 
and double-strand DNA breaks, either with “clean” or with chemically altered ends.

Finally, a strong correlation has been obtained when the same sperm samples 
were processed with different DNA fragmentation assays like the TUNEL, comet, 
or SCSA, in human and in different animal species [39, 40].
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8.4  �The SCD Test: A Versatile Methodology for Basic 
and Clinical Research

The nucleoids obtained after acid and lysis incubation can be processed with other 
techniques to obtain further information on chromatin structure and packaging or 
that can be directly correlated with the presence or absence of DNA fragmentation 
in specific individual spermatozoa; this allows the technique to be used for both 
basic and applied forms of research activity. The combination of SCD with other 
techniques has already been demonstrated in the previous section of this chapter 
with regard to the sequential use of DBD-FISH or enzymatic labeling of DNA 
breaks. For example, conventional FISH can be performed on dehydrated sperm 
nucleoids obtained by the SCD procedure [41]. For such purpose, DNA is denatured 
and hybridized with a range of locus-specific DNA probes. It should be noted that 
the denaturation process mentioned here must not be confused with that of the acid 
treatment; as the denaturation is now performed in all nucleoids, so the DNA probe 
hybridizes in all of them.

It is also important to understand that nucleoids are very delicate; the halos may 
be lost by the action of strong denaturation, long incubation with DNA probe, and 
washing steps. Consequently, sperm without fragmented DNA (i.e., those with large 
halos) may then resemble those with DNA fragmentation if conditions are not care-
fully controlled [42]. As such, sperm halos should be scored both before and after 
denaturation and hybridization. Nucleoid denaturation with preservation of halos 
can be achieved by formaldehyde fixation and a very brief incubation with NaOH 
for a few seconds. After incubation with the DNA probes, the washing steps in for-
mamide solution should not be higher than 44°C and long incubation times should 
be avoided. Only those slides with well-preserved halos (with categories of SCD 
nucleoids comparable to that of the control undenatured slide and similar before and 
after treatment) should be analyzed. Using this approach, aneuploidies and DNA 
fragmentation can be assessed simultaneously in each sperm as it has been demon-
strated that sperm with fragmented DNA, with small or without halos, contain a 
significant higher proportion of chromosomal aneuploidies [41]. The possibility 
that could explain this is that the sperm with an abnormal genome as a consequence 
of meiotic failure could be genetically inactivated inducing DNA fragmentation.

Denatured sperm nucleoids may also be incubated with antibodies against spe-
cific DNA lesions or modifications. Using an antibody against 8-oxoguanosine 
(8-oxoG), this base lesion has been identified in sperm with fragmented DNA (those 
with small or without halos) [37]. Since 8-oxoG is a product of oxidative stress, 
such finding infers that DNA fragmentation is likely linked to oxidative damage. As 
another example, SCD nucleoids can be incubated with antibodies against 
5-methylcytosine so that DNA fragmentation and DNA methylation levels can be 
simultaneously evaluated.

As previously indicated, fluorescence microscopy allows the synchronous use of 
different fluorochromes for evaluation of different targets. Thus, besides DNA 
dyes, proteins can be stained by the green emission fluorochrome 2.7-dibrom-4-
hydroxy-mercury-fluorescein to observe the residual nuclear matrix of lysed sperm 
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as well as the tail [29]. Somatic cells such as leukocytes could also be present in the 
ejaculate and be processed through the SCD procedure. Despite the lysis, these 
cells retain the histone proteins as a consequence of the previous acid treatment; 
therefore, they do not produce halos and show strong green fluorescence by the 
fluorochrome. The concurrent staining of DNA with a red emission fluorochrome 
results in a yellow fluorescence in a double band-pass filter, in which leukocytes 
can be easily discriminated.

8.5  �The SCD Test: Its Diagnostic Value for Predicting ART 
Outcome

SDF cannot be overlooked as an irrelevant neutral characteristic of sperm. The SCD 
test was performed on 210 sperm donors and a random cohort of 775 males attend-
ing an infertility clinic and revealed that donor sperm had a mean SDF (10.7 ± 8.7) 
that was significantly lower than the random cohort (29.2 ± 17.6). A SDF cutoff 
value of 16% discriminated both cohorts of individuals with a sensitivity of 85% 
and a specificity of 75% [12]. Initial studies using the SCD assay revealed a signifi-
cant correlation between SDF and (1) oocyte fertilization rate, (2) embryo quality, 
(3) blastocyst rate, and (4) implantation rate but not with pregnancy rate [16, 43]. 
The lack of strong relationship between SDF and clinical pregnancy rate could be 
due to two reasons. Firstly, following ICSI, embryos fertilized by sperm containing 
fragmented DNA may not be selected for transfer, decreasing the predictive value. 
Many studies performed in animals, where embryos are not selected, have shown a 
clear influence of SDF on pregnancy [44, 45]. A second and very important factor is 
the variability of the moment when the SDF procedure is determined, since SDF 
may increase with time after ejaculation. This, in fact, may be the explanation for 
the lack of convincing results in an old IUI study [46] as well as in other reports 
using different SDF techniques. SDF is not a static phenomenon, and iatrogenic 
DNA damage progresses over time after in vitro incubation prior to ART and is 
dependent on the laboratory conditions and processing of the individual sample. 
Under these uncontrolled circumstances, SDF assessment is unlikely to be 
meaningful.

Many recent reports corroborate the value of the SCD test in human fertility 
assessment and in predicting pregnancy outcome. For example, in a cohort study of 
152 infertile couples, SDF was found more informative than using high magnifica-
tion assessment of detailed sperm morphology. The predictive cutoff for pregnancy 
established using the SCD test was 25.5% of sperm DNA fragmentation, with a 
negative predictive value of 72.7% [47]. Time-lapse recording of embryos produced 
following ICSI (n  =  165) has shown that higher SDF levels correlated with an 
increase in the period of time to achieve the blastocyst stage and decreased preg-
nancy rates [48].
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As expected, female factor infertility may accentuate the adverse effect of SDF 
on reproductive outcome [49]. As a matter of fact, the impact of SDF was found to 
be more significant in women with a lower ovarian reserve. In a study of 2865 
couples undergoing IVF-ICSI, Jim et al. [50] determined that a cutoff value of SDF 
at 27.3% could help predict the clinical pregnancy rate in the group of women with 
reduced ovarian reserve. Above this SDF threshold, live-birth and implantation rates 
were significantly decreased. Moreover, the risk of early abortion was also increased 
in the group of women with normal ovarian reserve when SDF was above the same 
cutoff. Regarding the relationship between SDF and miscarriage, it has been 
reported that SDF was higher in men from couples with idiopathic recurrent spon-
taneous abortion, unlike Y microdeletion frequency [51]. The influence of SDF in 
abortion was also confirmed when using testicular sperm for ICSI instead of ejacu-
lated sperm, in oligozoospermic males with high SDF levels in the ejaculated sam-
ple (n = 147 couples). In this study, it was evidenced that testicular sperm decreased 
SDF from 40.7 to 8.3%, and the miscarriage rate dramatically dropped from 34.4 to 
10.0%, so the live-birth rate increased from 26.4 to 46.7% [52].

To control for the DNA repair capacity of the oocytes, a prospective study using 
high-quality donor oocytes was performed in 70 couples to examine on the effects 
of SDF on reproductive outcomes. The SCD procedure was conducted in both the 
raw and the swim-up processed sperm sample subsequently employed for ICSI and 
at equivalent time period to account for any adverse iatrogenic-induced DNA dam-
age. The swim-up procedure usually decreases SDF in comparison with the original 
neat sample. Whereas the cutoff value for pregnancy in the neat semen of this study 
was 24.8%, a 17% threshold SDF value for established pregnancy was determined 
for the swim-up processed aliquot, with 77.8% sensitivity and 71.1% specificity 
[53]. Then, the SDF from the selected highly motile sperm fraction maintains the 
predictive significance but at a lower threshold number [54]. It is possible that the 
SFD value sometimes could be indicative of some unrecognized damage in the rest 
of the sperm population [14, 17].

8.6  �The SCD Test: Provides Complementary Information 
in Andrological Assessment

SDF can be increased in the ejaculates of males with a range of andrological pathol-
ogies, providing additional relevant information that can be used to complement 
standard seminal analysis. For example, sperm from individuals with varicocele 
tend to show elevated SDF values in comparison with fertile subjects, similar to 
those samples from infertile patients [18]. Interestingly, the subpopulations of 
sperm with fragmented DNA from individuals with varicocele also tend to possess 
a higher proportion of “degraded” sperm subcategory. The faint or irregular staining 
of DNA in these spermatozoa could be the result of extreme nuclear damage, in both 
DNA and proteins [55]. The proportion of “degraded” sperm in the whole 
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population of sperm with fragmented DNA has been termed as the sperm DNA 
degradation index (SDDI) [55, 56]. After analysis of 593 semen samples from 
donors and patients with different pathologies, sperm samples from individuals with 
varicocele diagnosed as either clinical or subclinical showed a remarkable elevated 
SDDI; a SDDI value >0.33 was able to predict varicocele patients with an accuracy 
of 94% [56]. It has been speculated that this extreme nuclear damage could be a 
consequence of a higher than normal level of testicular oxidative stress associated 
with poor thermoregulation of the testis and epididymis. From a practical point of 
view, when performing a SDF evaluation using the SCD test, if one out of three 
sperm with fragmented DNA is degraded, this is likely to be associated with the 
presence of a clinical or subclinical varicocele. In addition, detection of lower levels 
of SDDI would also be of great value in the follow-up of any successful treatment 
of this pathology.

The SCD test has also been used to linked elevated SDF levels to urogenital 
infections. This was demonstrated in vitro after incubation of sperm samples with 
farnesol, a quorum-sensing molecule released to the medium by the yeast Candida 
albicans in order to inhibit the transition to the filamentous growth form. Farnesol 
induces sperm DNA fragmentation in a dose-dependent way, and it is possible that 
yeast infection could also influence host fertility [57]; such a phenomenon could 
easily be explored using the SDF test, as it could also be used to test the cytotoxic 
effects of range of pathogens.

Patients with urogenital infection with Chlamydia trachomatis and Mycoplasma 
(n = 143) showed a 3.2-fold increase in the frequency of spermatozoa with frag-
mented DNA with respect to fertile controls, whereas standard seminal parameters 
were scarcely affected [19]. A higher incidence of sperm DNA damage associated 
with chlamydiosis or the inflammation associated with the disease could explain the 
subfertility of the infected patients. Furthermore, antibiotic treatment of patients in 
this study reversed the high incidence of SDF in the majority of the 95 patients 
examined 3 months following treatment [19]. Consequently, the determination of 
sperm DNA fragmentation may not only have value in disease detection but also in 
assessing the efficacy of therapies designed to treat the disease or inflammation.

Even before any therapy, the presence of some forms of cancer can elevate the 
incidence of SDF to a magnitude similar to that found in most infertile subjects; 
Meseguer et al. [20] found that 35.8% of cryopreserved samples from 50 patients 
presenting with lymphoma, leukemia, testicular tumors, and other cancers had ele-
vated levels of SDF. The increase in SDF was considered independent of the origin 
of the neoplasia and perhaps could be an underlying cause of transient infertility. 
Therefore, we maintain that SDF should be evaluated in the sperm samples to be 
frozen before therapy in order to select those most adequate cells for preservation.

SDF is of great interest in reproductive toxicology as it can be used to reveal and 
evaluate the adverse effect of different endogenous or environmental agents on the 
germ line. For example, the SCD test has been used to detect an increase of SDF in 
samples from smokers, when sperm were selected by swim-up [21]. Moreover, a 
SDF dynamic assay may enhance the detection of sperm damage associated with 
reproductive toxicology that might otherwise go undetected. Following this 

J.L. Fernández et al.



147

approach, the sample is incubated in vitro at 36–37°C and SDF is determined for 
consecutive periods of time and the SDF increases progressively at a particular rate. 
This dynamic procedure can be easily accomplished using the Dyn-Halosperm® kit 
and accurate statistical analysis is performed using the Kaplan-Meier survival 
curves. When sperm samples are transiently exposed to damaging agents like SNP 
or high temperature or low pH, they may not show a significant variation in SDF 
when immediately assessed. However, if these same sperm samples are evaluated 
dynamically, it may be possible to elucidate a higher rate of SDF with respect to the 
control untreated samples [58]. This is a proof of concept that the dynamic assay 
may unmask cryptic sperm damage initially not evident. The damage may be ini-
tially induced at different targets, DNA, proteins, or membranes, and is later 
expressed by triggering processes that lead to DNA fragmentation which can then 
be detected.

In the clinical laboratory, possible cryptic iatrogenic damage induced to sperm 
during sample processing ex vivo can also be demonstrated using the dynamic SDF 
assay, for example, during storage or centrifugation [59]. In this study, the rate of 
SDF following thawing of cryopreserved samples from five donors was found to be 
4.3% per hour after 6 h of incubation. This velocity was on average three times 
higher than that found in fresh samples of the same semen, 1.6% per hour [60], and 
clearly emphasizes the necessity of the rapid use of the thawed sperm. The dynamic 
SDF assay is a powerful tool for quality control of the procedures of sperm 
handling.

8.7  �The SCD Test: Easy Assessment of Sperm DNA 
Longevity

SDF increases with time after ejaculation in vitro and therefore most likely does the 
same in vivo within the female genital tract. As a consequence, different times of 
examination for different samples make the comparisons of SDF inappropriate and 
the correlations with the different fertility parameters inaccurate. This may be one 
explanation as to the disparity of results in some clinical studies as the time dimen-
sion must be taken into account when reporting the SDF value from a sample, espe-
cially if a frozen-thawed semen sample is being evaluated.

SDF dynamics varies between species and individuals [8, 9]. The differences in 
“DNA longevity” of the different sperm can be consequence of cryptic damage in 
different biochemical sperm components, which precipitate the subsequent DNA 
fragmentation, as described above [58]. Interestingly, oral antioxidant treatment for 
3  months in a cohort of 20 infertile asthenoteratozoospermic patients not only 
decreased the basal SDF but also increased the DNA stability as demonstrated with 
the dynamic SCD test [61].

Furthermore, chromatin architecture deeply influences DNA stability. A thor-
ough comparison of sets of 10 samples from 11 animal species points to 
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protamination-related packing as a significant factor. Species with higher sperm 
DNA longevity like bull and boar contain strongly packed chromatin with only one 
protamine type (P1) with a high level of cysteine residues and disulfide bonds 
between them. Otherwise, mouse and human sperm, which includes two protamine 
types, P1 and P2, and less disulfide bonding show a less stable chromatin. 
Consequently, abnormal protamination or poor chromatin packing could decrease 
sperm DNA stability [9]. In fact, human patients exhibiting unbalanced P1/P2 ratios 
show a higher rate of SDF [62].

The rate of SDF damage for cryopreserved human spermatozoa samples after 
incubation in vitro at 36°C (temperature of the female genital tract) has been shown 
to be habitually faster during the first 4 h after thawing. Nevertheless, one individual 
may show a rapid SDF increase per hour, whereas another exhibits a slow increase 
[8]. If the first sample is used for IUI or IVF, the prolonged time required for fertil-
ization either in vivo or in vitro would result in a much higher SDF than that obtained 
after ejaculation. Accordingly, some studies on IVF have recommended only short 
periods of co-incubation with the oocyte to achieve better rates of fertilization [63]. 
This would also happen if there is a significant delay between collection or thawing 
of the cryopreserved sample and the ICSI procedure. The information on the SDF 
dynamics of an individual patient may help to improve the strategy of how to handle 
the sperm prior to the IVF or ICSI procedure. Besides evaluation of the treatment 
efficacy in individual patients [61], dynamic SDF studies are also relevant to donor 
sperm banks in order to select those individuals exhibiting the highest DNA 
stability.

8.8  �Conclusion

DNA transmission from one individual to the next is the fundamental basis of suc-
cessful reproduction, so that it would seem pertinent and logical that any standard 
seminogram should also include systematic evaluation of sperm DNA quality. 
While there are a variety of techniques which have been used to determine sperm 
DNA damage, we have presented in this review evidence for the utility of the sperm 
chromatin dispersion test in terms of its validation, its use in fundamental and 
applied clinical research, and its efficacy as a cost-effective simple user-friendly 
assay. We have also demonstrated how the assay can be applied in dynamic assess-
ment of sperm DNA fragmentation and how this paradigm might be used to explore 
in vitro incubation as a model for what happens to the sperm in the female reproduc-
tive tract and to prevent and/or improve clinical practice associated with iatrogenic-
induced DNA pathology.
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Chapter 9
Cytochemical Tests of Sperm Chromatin 
Maturity

Juris Erenpreiss and Ksenija Zubkova

9.1  �Introduction

Infertility affects approximately 15% of couples trying to conceive, and a male 
cause is believed to be a sole or contributing factor in approximately half of these 
cases [1]. In clinical practice, the traditional, manual-visual light microscopic meth-
ods for evaluating semen quality maintain their central role in assessment of male 
fertility potential. However, often a definitive diagnosis of male fertility cannot be 
made as a result of basic semen analysis due to the overlap of sperm concentration, 
motility, and morphology between fertile and infertile men [2].

It has been demonstrated that abnormalities in the male genome, characterized 
by disturbed chromatin packaging and damaged sperm DNA may be a cause for 
male infertility regardless of routine semen parameters [3, 4]. Focus on the chroma-
tin maturity and integrity of the male gamete has been intensified by the growing 
concern about transmission of damaged DNA through assisted reproductive tech-
niques (ARTs), especially by means of intracytoplasmic sperm injection (ICSI) that 
bypasses processes of natural selection during sperm-oocyte interaction, which are 
still present in conventional in vitro fertilization (IVF). There are concerns relating 
to potential chromosomal abnormalities, congenital malformations, and develop-
mental abnormalities in ICSI-born progeny [5–8]. Accumulated evidence suggests 
a negative relationship between abnormal sperm chromatin structure and the fertil-
ity potential of spermatozoa both in vivo and in vitro [9–13].

Abnormalities in the sperm chromatin organization may be indicative of male 
infertility regardless of normal semen parameters [3, 4]. Evaluation of sperm chro-
matin structure is an independent measure of sperm quality that provides good prog-
nostic and diagnostic capabilities. Therefore, it may be considered a reliable 
predictor of a couple’s inability to conceive.
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Many techniques have been described for evaluation of the chromatin status and 
maturity. There is a group of methods based on the ability of some stains to test the 
conformation of sperm chromatin, which in turn depends on sperm DNA breaks and 
DNA interaction with proteins. These assays, often referred to as “cytochemical,” 
include acidic aniline blue (AAB), toluidine blue (TB), and chromomycin A3 tests.

9.2  �Cytochemical Properties of Human Sperm Chromatin

In many mammals, spermatogenesis leads to the production of highly homogenous 
spermatozoa. For example, mouse sperm nuclei contain more than 95% protamines 
in their nucleoprotein component [14]. This allows the mature sperm nuclei to adopt 
a volume 40 times less than that of normal somatic nuclei [15]. The final, very com-
pact packaging of the primary sperm DNA filament is produced by DNA-protamine 
complexes, which contrary to nucleosomal organization in somatic cells provided 
by histones approach the physical limits of molecular compaction [16]. Human 
sperm nuclei, however, contain considerably fewer protamines (around 85%) than 
sperm nuclei of bull, stallion, hamster, and mouse [17, 18]. Human sperm chroma-
tin, therefore, is less regularly compacted and frequently contains DNA strand 
breaks [19, 20].

To achieve this uniquely condensed state, sperm DNA must be organized in a 
specific manner, which differs substantially from that of somatic cells [15]. The 
fundamental packaging unit of mammalian sperm chromatin is a toroid containing 
50–60 kb of DNA. Individual toroids represent the DNA loop domains highly con-
densed by protamines and fixed at the nuclear matrix; toroids are cross-linked by 
disulfide bonds, formed by oxidation of sulfhydryl groups of cysteine present in the 
protamines [16, 21]. Thus, each chromosome represents a garland of toroids, while 
all 23 chromosomes are clustered by centromeres into a compact chromocenter 
positioned well inside the nucleus with telomere ends united into dimers exposed to 
the nuclear periphery [22, 23]. This condensed, insoluble, and highly organized 
nature of sperm chromatin acts to protect genetic integrity during transport of the 
paternal genome through the male and female reproductive tracts. It also ensures 
that the paternal DNA is delivered in the form that sterically allows the proper 
fusion of two gametic genomes, their centromeric rings, and enables the developing 
embryo to correctly express the genetic information [23–25].

In comparison with other species [26], human sperm chromatin packaging is 
exceptionally variable. This variability has been mostly attributed to its basic pro-
tein component. The retention of 15% histones, which are less basic than prot-
amines, leads to the formation of less compact chromatin structure [16]. Moreover, 
human spermatozoa contain two types of protamines, P1 and P2, with a second type 
deficient in cysteine residues [27]. This results in diminished disulfide cross-linking 
responsible for more stable packaging as compared to species containing P1 alone 
[28].
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Chromatin structural probes using aromatic cationic dyes allow to analyze chro-
matin structure in terms of protein packaging correctness and disulfide cross-linking 
density. These probes are both sensitive and simple to use and therefore attractive 
for clinical use. However, their cytochemical background is rather complex. Several 
factors influence the staining of the chromatin by planar ionic dyes: (1) secondary 
structure of DNA, (2) regularity and density of chromatin packaging, and (3) bind-
ing of DNA to chromatin proteins.

9.2.1  �DNA Secondary Structure and Conformation

Fragmented DNA is easily denatured [29]. However, even a single DNA strand 
break causes conformational transition of the DNA loop domain from a supercoiled 
state to a relaxed state. Supercoiled DNA avidly takes up intercalating dyes (like 
acridine orange) because this reduces the free energy of torsion stress. In contrast, 
the affinity for intercalation is low in relaxed DNA and is lost in fragmented DNA. In 
this case, an external mechanism of dye binding to DNA phosphate residues and 
dye polymerization (metachromasy) is favored [30, 31]. Nevertheless, fragmenta-
tion of DNA is not the only factor affecting the determination between metachro-
matic and orthochromatic staining. Chromatin packaging density also influences 
this balance.

9.2.2  �Chromatin Packaging Density

If the chromatin is regularly arranged and sufficiently densely packed, dye coplanar 
polymerization providing metachromatic shift (change of color) is favored [32, 33]. 
However, if the chromatin is packaged even more densely (as in normal sperm), the 
polymerization of the dye is hindered [34] and may even prevent dye binding, espe-
cially by large, bulky dyes at an unfavorable pH. The latter case is seen with aniline 
blue at low pH where it stains basic proteins loosely associated with DNA and is 
unable to bind to the chromatin of normal sperm, which is very densely packaged 
and low charged. Binding of protamine molecules to DNA facilitates DNA conden-
sation and toroid formation [35]. Substitution of histones for more basic protamines 
occurring during spermiogenesis neutralizes the DNA negative charge and decreases 
the accessibility of DNA-specific cationic dyes. Thus, the fluorescence staining 
intensity of a haploid sperm is much lower than the fluorescence intensity of a hap-
loid round spermatid. However, after removal of nuclear proteins (e.g., by acid 
extraction), increase in sperm DNA stainability can vary depending on the chemical 
structure of the dye and the binding type the dye forms with the DNA substrate [36].
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9.2.3  �Chromatin Proteins

Chromatin proteins affect the binding of DNA dyes in the way that they themselves 
bind differently to relaxed (fragmented) or supercoiled DNA. DNA supercoiling 
requires covalent binding of some nuclear matrix proteins and tighter ionic interac-
tions between DNA and chromatin proteins to support negative supercoils [37]. 
Relaxed and fragmented DNA has looser ionic interactions with chromatin proteins, 
which can be more easily displaced from the DNA, thus favoring external metachro-
matic binding of the dye to DNA phosphate groups. Both mechanisms of dye bind-
ing, external and intercalating, compete within each constraint loop domain (toroid) 
depending on its conformational state.

9.3  �Sperm Chromatin Structural Probes

Chromatin proteins in sperm nuclei with the impaired DNA appear to be more 
accessible to binding with the acidic dye, as found by the AAB test [38, 39]. An 
increase in the ability to stain sperm by AAB indicates a looser chromatin packag-
ing and increased accessibility of the basic groups of the nucleoprotein. This is due 
to the presence of residual histones [40]. Chromomycin A3 (CMA3) is another 
staining technique, which has been used as a measure of sperm chromatin conden-
sation anomalies. CMA3 is a fluorochrome specific for GC-rich sequences and is 
believed to compete with protamines for association with DNA. The extent of stain-
ing is therefore related to the degree of protamination of mature spermatozoa [41, 
42]. In turn, phosphate residues of sperm DNA in nuclei with loosely packed chro-
matin and/or impaired DNA will be more liable to binding with basic dyes. Such 
conclusions were also deduced from the results of staining with basic dyes, such as 
TB, methyl green, and Giemsa stain [43, 44].

9.3.1  �Acidic Aniline Blue

The AAB stain discriminates between lysine-rich histones and arginine/cysteine-
rich protamines. This technique provides a specific positive reaction for lysine and 
reveals differences in the basic nuclear protein composition of human spermatozoa. 
Histone-rich nuclei of immature spermatozoa are rich in lysine and will conse-
quently take up the blue stain. On the contrary, protamine-rich nuclei of mature 
spermatozoa are rich in arginine and cysteine and contain relatively low levels of 
lysine, which means they will not take up the stain [45].

Technique: slides are prepared by making a smear of 5 μl of either raw or washed 
semen sample. The slides are air-dried and fixed for 30 min in 3% glutaraldehyde in 
phosphate-buffered saline (PBS). The smear is dried and stained for 5 min in 5% 
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aqueous AB solution (pH 3.5). Sperm heads containing immature nuclear chroma-
tin stain blue and those with mature nuclei do not. The percentage of spermatozoa 
stained with AB is determined by counting 200 spermatozoa per slide under bright-
field microscopy [46].

A strong association between the results of AAB staining and male infertility has 
been shown [47]. It has been reported by some studies that chromatin condensation 
as visualized by the AAB staining is predictive for IVF outcome [48], but it was not 
a case for ICSI. Other studies, in turn, have reported an association also with the 
ICSI outcomes: fertilization and cleavage rate [49, 50]. Also, an association of poor 
chromatin condensation as detected by the AAB test with the abortion rates follow-
ing the IUI cycles has been reported [51].

9.3.2  �Toluidine Blue Stain Assay

TB is a basic planar nuclear dye used for metachromatic and orthochromatic stain-
ing of the chromatin. The phosphate residues of sperm DNA in nuclei with loosely 
packed chromatin and/or impaired DNA become more liable to binding with TB, 
providing a metachromatic shift due to coplanar dimerization of the dye molecules 
from light-blue to purple-violet color [38, 52]. This stain is a sensitive structural 
probe for DNA structure and packaging.

Technique: thin smears were prepared on pre-cleaned defatted slides and then 
air-dried for 30 min. Dried smears are fixed with freshly made 96% ethanol-acetone 
(1:1) at 40 °C for 30 min to 12 h and air-dried. Hydrolysis is performed with 0.1 N 
HCl at 40C for 5 min followed by three changes of distilled water, 2 min each. 
Toluidine blue (0.05% in 50% Mcllvaine’s citrate phosphate buffer at pH 3.5) is 
applied for 5 min. The slides are rinsed briefly in distilled water, dehydrated in ter-
tiary butanol and xylene (both two times for 3  min) at room temperature, and 
mounted with DPX.

The results of the TB test are estimated using oil-immersion light microscopy. 
Sperm heads with good chromatin integrity stain light blue, and those with dimin-
ished integrity stain violet (purple) [53]. The proportion of cells with violet heads 
(high optical density) is calculated based on 200 sperm cells examined per sample. 
Based on the different optical densities of sperm cells stained by the TB, the image 
analysis cytometry test had been elaborated [54].

TB staining may be considered a fairly reliable method for assessing sperm chro-
matin. Abnormal nuclei (purple-violet sperm heads) have been shown to correlate 
with counts of red-orange sperm heads as revealed by the acridine orange test [38]. 
Also, correlations between the results of the TB test, sperm chromatin structure 
assay (SCSA), and terminal deoxynucleotidyl transferase dUTP nick-end labeling 
(TUNEL) tests have been demonstrated [53]. A threshold for proportion of sperm 
cells with abnormal sperm chromatin structure (violet staining) was set at 45%, 
providing 92% specificity and 42% sensitivity for infertility detection [55]. The 
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association between the TB test and the outcome of IVF/ICSI cycles has not been 
investigated.

TB staining is simple and inexpensive and has advantage of providing permanent 
preparations for use with an ordinary microscope. However, these methods may 
have the inherent limits of repeatability dictated by a limited number of cells, which 
can be reasonably scored.

It has been shown that sperm chromatin maturity as demonstrated both by AAB 
and TB tests is associated by zygote development following ICSI [56].

9.3.3  �Chromomycin A3 Assay

Chromomycin A3 is a fluorochrome that specifically binds to guanine-cytosine 
DNS sequences. It reveals chromatin that is poorly packed in spermatozoa by visu-
alization of protamine-deficient DNA. Chromomycin A3 and protamines compete 
for the same binding sites in the DNA. Therefore, high CMA3 fluorescence is an 
indicator of the low protamination state of the chromatin of spermatozoa [41].

Technique: for CMA3 staining, semen smears are first fixed in methanol-glacial 
acetic acid (3:1) at 40C for 20 min and are then allowed to air-dry at room tempera-
ture for 20 min. The slides are treated for 20 min with 100 μl of CMA3 solution 
that consists of 0.25 mg/mL CMA3 in Mcllvaine’s buffer (pH 7.0) supplemented 
with 10 mmol/L MgCl2. The slides are rinsed in buffer and mounted with 1:1 v/v 
PBS-glycerol. The slides are then kept at 40C overnight. Fluorescence is evaluated 
using a fluorescence microscopy. A total of 200 spermatozoa are randomly evalu-
ated on each slide. CMA3 staining is evaluated by distinguishing spermatozoa that 
stain bright yellow (CMA3 positive) from those that stain dull yellow (CMA3 
negative) [41].

CMA3 staining has demonstrated a sensitivity of 73% and specificity of 75% for 
the IVF success (>50% oocytes fertilized) [57]. It appears that semen samples with 
high CMA3 positivity (>30%) may have significantly lower fertilization rates if 
used for ICSI, and poor chromatin packaging can contribute to a failure in the 
decondensation process and reduced fertility [58, 59].

The CMA3 assay yields reliable results as it is strongly correlated with other 
assays used in the evaluation of sperm chromatin. The sensitivity and specificity of 
the CMA3 stain (75% and 82%, respectively) are comparable with those of the 
AAB stain (60% and 91%, respectively) if used to evaluate the chromatin status in 
infertile men.

It has been shown that the results of the AAB and TB tests (both detecting chro-
matin condensation and conformation) are well correlated [60, 61]. However, the 
results of the CMA3 test differ from these two in some specific biological condi-
tions, for example, after induced sperm capacitation [61], providing another evi-
dence not only for the complexity of the cytochemical background behind these 
assays as described above but also for the complexity of sperm chromatin biology. 
It also shows the complexity of sperm chromatin remodeling during sperm 
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functioning processes like sperm capacitation when the change of sperm chromatin 
conformation (or condensation) can be detected by assays like AAB and TB, but 
assays like CMA3 (competing with protamines) or sperm chromatin structure assay 
(SCSA, targeting the susceptibility of abnormal sperm chromatin for in situ dena-
turation) do not detect any change in sperm chromatin [61].

A relationship between poor sperm chromatin maturity and integrity is detected 
by means of all three methods (AAB, TB, and CMA3), and recurrent spontaneous 
pregnancy loss has been shown [62, 63]. Regarding the utility of these methods in 
context of the ART, there is still inconsistency regarding the published data whether 
sperm chromatin maturity and integrity as tested by these cytochemical methods are 
related to the outcome of the IVF and ICSI. For example, some studies have shown 
an association between CMA3 test and fertilization rates following ICSI, failing to 
demonstrate the same associations for the AAB test [59], while other studies are 
showing such a relationship between the AAB test and ICSI outcome [64]. Some 
studies do not find any association between the results of all three tests (AAB, TB, 
and CMA3) and the outcome of ICSI [65]. Therefore, unlike the good predictive 
power of these tests for in vivo fertility capacity of men, their utility in IVF/ICSI 
cycles is still debatable.

9.4  �Conclusion

Cytochemical sperm chromatin assays described here (AAB, TB, and CMA3 
assays) are simple, inexpensive to perform, and sensitive tests for the evaluation of 
sperm chromatin structure, although their cytochemical backgrounds and targeting 
tools in sperm chromatin are different. They are reliable methods for the more 
refined diagnosis of male in vivo fertility and are also shown to be predictive of 
in vitro fertilization processes, although the accumulation of more evidence for the 
relationship between the results of these methods and in vitro fertilization is needed. 
A very robust reproducibility of these assays might be their weak point because of 
the assessment of the limited numbers of sperm cells (usually 200–300) under the 
bright-field or fluorescence microscopy. On the other hand, the acquisition of 
the permanent preparations by the AAB and TB assays must be mentioned as the 
strength of these tests.
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Chapter 10
Is There an Optimal Sperm DNA Test?

Michelle M. Kim and Cigdem Tanrikut

10.1  �Overview of Common Sperm DNA Assays

Assessment of sperm DNA integrity has become a common part of the male fertility 
evaluation. It provides additional information to the standard semen analysis, poten-
tially identifying male factor issues and predicting outcomes for assisted reproduc-
tive technology (ART) [1, 2]. There are several tests now available to measure sperm 
DNA damage as reviewed in more detail by the preceding chapters (see Table 10.1). 
These tests are classified as either direct or indirect DNA assays. Direct tests assess 
DNA fragmentation by incorporating probes at sites of damage, thus directly detect-
ing DNA strand breaks. Indirect assays measure the susceptibility of DNA to dena-
turation and damage. This chapter will briefly present the various tests commonly 
used, review correlations and comparisons among the assays, and contend whether 
there may be an ideal assay for determination of sperm DNA integrity.
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10.1.1  �Direct Tests

10.1.1.1  �TUNEL Assay

The terminal deoxynucleotidyl transferase-mediated (TdT) deoxyuridine triphos-
phate (dUTP) nick end labeling (TUNEL) assay is a direct test that quantifies sperm 
DNA breaks. It incorporates fluorescing dUTP into strand defects via a reaction 
catalyzed by the template-independent enzyme TdT. Single- and double-stranded 
breaks can then be assessed using fluorescent microscopy, light microscopy, or flow 
cytometry. Sperm are categorized as TUNEL positive or negative based on the per-
centage of total sperm in population. [For more detail regarding TUNEL assays, 
please refer to Chaps. 5 and 6.]

10.1.1.2  �Comet Assay

The comet assay is a sperm DNA test that derives its name from the DNA fragments 
that move through the electrophoresis gel, resembling a comet’s tail [3, 4]. DNA 
damage is quantified using decondensed sperm suspended in an agarose gel, which is 
then subjected to either alkaline or neutral conditions to identify DNA breaks [5, 6]. 
Alkaline tests detect both single- and double-stranded DNA breaks, whereas the neu-
tral test detects single-stranded DNA breaks and some double-stranded DNA breaks. 
The longer and denser the tail, the more DNA damage present. [For more detail 
regarding the comet assay, please refer to Chap. 7.]

Table 10.1  Summary of DNA assays

Method Assay Measurement

Direct TUNEL Measures % cells with labeled DNA
Detects single- and double-stranded DNA breaks

Comet Measures % sperm with long tails resembling a “comet”
Alkaline: detects all single- and double-stranded DNA breaks
Neutral: detects double-stranded and some single-stranded 
DNA breaks

In situ nick translation 
assay

Measures % cells with incorporated dUTP
Detects single-stranded DNA breaks

Indirect Sperm chromatin 
structure assay

Measures DNA fragmentation index (red/red+green), 
susceptibility to acidic denaturation
Detects single-stranded DNA and double-stranded DNA

Sperm chromatin 
dispersion test

% Normal spermatozoa that produce halo characteristic of 
DNA decondensation

Staining assays
Acridine orange Denatures double-stranded and single-stranded DNA with 

breaks, binds to DNA
Aniline blue Impaired sperm DNA denoted with increased staining
Toluidine blue Incorporates stain into damaged dense chromatin
Chromomycin A3 Indirect visualization of nicked, denatured DNA
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10.1.1.3  �In Situ Nick Translation Assay

In situ nick translation (ISNT) incorporates biotinylated dUTP at single-stranded 
DNA (ssDNA) breaks using template-dependent DNA polymerase I [7]. The num-
ber of fluorescent sperm with incorporated dUTP is measured.

10.1.2  �Indirect Tests

10.1.2.1  �Sperm Chromatin Structure Assay

The Sperm Chromatin Structure Assay (SCSA®) is the oldest test in use to evaluate 
sperm DNA integrity [8]. This assay measures the susceptibility of sperm DNA to 
denaturation after exposure to heat or acidic conditions. Acridine orange (AO) bind-
ing determines the fraction of denatured DNA by changing “good” sperm from 
green to red as measured by flow cytometry. Acridine orange (AO) binding deter-
mines the fraction of sperm with double-stranded DNA (dsDNA—emits green fluo-
rescence) to that with single-stranded DNA (ssDNA—emits red fluorescence), and 
this can be measured by flow cytometry. The denatured fraction of sperm DNA is 
reported as a percentage of total sperm in the sample and referred to as the DNA 
fragmentation index (DFI). [For more detail regarding SCSA®, please refer to 
Chap. 4].

10.1.2.2  �Sperm Chromatin Dispersion Test

The sperm chromatin dispersion (SCD) test is a simple and inexpensive assay for 
sperm DNA testing [9]. Sperm are treated with a denaturing acid or alkaline solu-
tion to remove nuclear proteins and to generate ssDNA from DNA breaks. When 
treated with a lysis buffer, this produces nucleoids with a central core and a periph-
eral halo of dispersed DNA loops. Sperm with fragmented DNA fail to produce a 
halo of dispersed DNA loops that is characteristic of non-fragmented DNA. [For 
more detail regarding the SCD test, please refer to Chap. 8.]

10.1.2.3  �Acridine Orange

Acridine orange is a nucleic acid-specific fluorescent cationic dye which measures 
the amount of DNA denaturation with a mild acid treatment [10]. AO binds to 
double-stranded DNA (dsDNA) to produce green fluorescence, while binding of 
AO to ssDNA produces red fluorescence. The change in fluorescence approximates 
the DNA sperm damage. The AO assay uses a fluorescence microscope to detect 
DNA denaturation.
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10.1.2.4  �Aniline Blue

Aniline blue (AB) is an acidic dye which measures sperm chromatin integrity [11]. 
Immature spermatozoa have a higher proportion of residual histones, leading to 
looser chromatin packing. This, in turn, allows increased aniline blue staining of the 
basic groups of the nucleoproteins.

10.1.2.5  �Toluidine Blue

Toluidine blue (TB) evaluates sperm chromatin integrity by staining the phosphate 
residue of sperm DNA. When the stain attaches to lysine-rich regions of the histone, 
it produces violet-blue coloration, indicating loosely packed sperm chromatin. The 
sample can be analyzed with an ordinary light microscope. Flow cytometry can also 
be used for assessment [12].

10.1.2.6  �Chromomycin A3

Chromomycin A3 (CMA3) is a fluorochrome specific for guanine-cytosine-rich 
sequences and interacts with DNA at the same site at which protamine binds DNA 
[13]. The extent of staining is related to the degree of protamination of mature 
sperm. Greater intensity of staining indicates protamine deficiency or aberrant chro-
matin packing.

10.2  �Correlation Among Sperm DNA Assays

The available sperm DNA assays measure different aspects of DNA integrity but, 
overall, provide comparable results in assessing sperm DNA integrity and ART out-
comes [9, 12, 14–18]. The following section will review the literature on correla-
tions among sperm DNA assays.

10.2.1  �Assessment of Sperm DNA Integrity

Sperm DNA integrity has been extensively studied using many of the available 
assays. While the SCSA® was the first and most commonly studied DNA assay, 
many studies have compared the SCSA® to other tests to assess sperm DNA integ-
rity. SCSA® has been most commonly compared to the TUNEL assay and has been 
shown to be highly correlated in several studies [15, 16, 19, 20]. Comparisons of 
TUNEL found similar results to the SCSA® data (r = 0.859, p < 0.001; r = 0.63, 
p  =  0.005) [15, 19]. This held true for other animals including bulls (r  =  0.78, 

M.M. Kim and C. Tanrikut



167

p < 0.001), stallions (r = 0.65, p < 0.001), and rams (r = 0.84, p < 0.001) [20]. Spano 
et al. also found that both the TUNEL assay and SCSA® showed increased levels of 
DNA abnormalities in sperm from men who have poor semen parameters [16].

Among fertile and infertile men, Chohan et al. found a strong correlation among 
the SCSA®, TUNEL, and SCD assays with respect to detection of DNA fragmenta-
tion [14]. This degree of concordance was not observed between SCSA® and the 
AO test for DNA fragmentation in assessing infertile men and fertile donors [14]. 
Garcia-Peiro et  al. similarly studied sperm DNA fragmentation for TUNEL, 
SCSA®, and SCD and found no difference in the estimation of DNA damage across 
the three assays with note of strong correlation among the assays (r > 0.75) [21]. 
Ribas-Maynou et al. compared correlations among various sperm DNA fragmenta-
tion assays performed in infertile patients [22]. Strong correlations were noted 
between SCD and SCSA® (r = 0.71; p < 0.001), as well as SCSA® and TUNEL 
(r = 0.79, p < 0.001).

DNA fragmentation index measured by SCSA® and the percentage of sperm 
cells with fragmented DNA measured by SCD had significant concordance between 
the two tests (r = 0.85) [9]. SCD had a slightly higher sensitivity for detecting sperm 
DNA fragmentation than SCSA®, but both were deemed interchangeable. Irvine 
et al. compared the comet and two ISNT assays (one with and one without chemical 
decondensation) in normozoospermic men without reproductive difficulty and men 
seeking treatment at a fertility center. Control subjects had lower levels of DNA 
damage detected by comet only [23]. However, ISNT assays were more salient in 
detecting semen quality when assessing efficiency of DNA compaction and dam-
age. Zini et al. found significantly higher rates of DNA denaturation and fragmenta-
tion in infertile men compared to fertile men when using both AO and TUNEL 
assays [24]. DNA denaturation was also significantly negatively correlated with 
sperm motility, morphology, and concentration.

Other staining assays such as AO, toluidine blue, AB, and CM3 also correlate 
well with SCSA®, TUNEL, and with each other [12]. Erenpreiss et al. found that 
toluidine blue correlated strongly with the proportion of abnormal cells detected by 
SCSA® and TUNEL assays (r = −0.84, r = −0.80, p < 0.001) [15]. The assays also 
showed significant negative correlations with sperm concentration, motility, and 
normal morphology. The TB assay had higher positive abnormal cells than those for 
SCSA® and TUNEL assays. DNA chromatin packaging was negatively correlated 
with CMA3 (r = 0.40; p = 0.001) and with AB (r = 0.33; p = 0.001).

10.2.2  �Assessment of Sperm Chromatin Structure in Fertility 
Evaluations

Sperm chromatin structure has been shown to be associated with male fertility. 
Evenson et al., in creating the SCSA®, examined human and bull sperm DNA and 
found that the spermatozoa of fertile subjects had less heat-induced DNA fragmen-
tation than subfertile subjects [8]. Their subsequent work in boars also showed that 
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the degree of DNA fragmentation was highly correlated with pregnancy outcome 
(r ≤  0.93, p  <  0.01) [25]. Human studies have corroborated the animal studies, 
showing a strong correlation between infertile men and higher levels of DNA dena-
turation and fragmentation and ART outcomes [26, 27].

As the first sperm DNA assay, SCSA® has been researched extensively. Most 
studies have indicated that DFI levels >30% were associated with poorer fertility 
in vivo or in vitro, despite the results of standard semen parameters [16, 27, 28]. 
Other sperm DNA assays have shown similar results in predicting fertility. Using 
the comet assay, a higher risk of infertility has been demonstrated in men with 
sperm DNA fragmentation greater than 25% (OR, 117.33; 95% confidence interval 
[CI], 12.72–2731.84) [29]. As DNA fragmentation increases, embryo quality and 
fertility rates decrease. Other assays using TUNEL, SCD, and aniline blue as the 
testing modalities have also demonstrated that high levels of DNA labeling in infer-
tile men are associated with poorer fertility outcomes [30–37].

Comparisons of these assays have shown that the alkaline comet assay was supe-
rior in predicting male infertility, followed by TUNEL, SCD, and SCSA®, whereas 
the neutral comet assay did not have predictive power [22]. IUI outcomes investigating 
sperm DNA quality on intrauterine insemination (IUI) outcomes using TUNEL and 
AO found that they were moderately correlated (r = 0.22–0.33; p < 0.01) [38]. Other 
studies examined less commonly used assays, ISNT and CMA3, to determine the 
impact of sperm DNA quality on fertilization rates in conventional in vitro fertilization 
(IVF) [39]. ISNT and CMA3 were significantly correlated with fertilization rates.

Defects in sperm chromatin structure have also raised concerns about ART out-
comes [27, 30, 38, 40–42]. Furthermore, it has been questioned whether ART is able 
to compensate for poor sperm DNA quality [27, 28, 40]. Evenson et al. performed 
meta-analyses of the association of sperm chromatin defects with ART outcomes 
using SCSA® [43]. They found that a DFI threshold of <30% was associated with 
increased likelihood of IVF-associated pregnancy but did not show an association 
with pregnancy employing intracytoplasmic sperm injection (ICSI). Zini et al. also 
conducted a meta-analysis of sperm DNA damage and pregnancy loss after conven-
tional IVF or IVF-ICSI [1]. They found that sperm DNA damage was significantly 
associated with an increased risk of miscarriage. Specifically, they reviewed those 
studies that had used SCSA® or TUNEL to evaluate DNA damage. The meta-
regression analysis in their study demonstrated a significant difference in the odds 
ratio estimates between the TUNEL and the SCSA® studies (p = 0.012). Similarly, 
Collins et al. conducted a meta-analysis of sperm DNA integrity and ART outcomes 
reviewing studies that had measured SCSA® or TUNEL [44]. While they found that 
the DNA integrity estimates in SCSA® and TUNEL studies were similar, both tests 
were poor in their predictive capacities for ART outcomes.

Along these lines, more recent meta-analyses have demonstrated significant, 
albeit modest, relationships between sperm DNA damage and reproductive out-
comes after IVF-ICSI [45, 46]. Specifically, sperm DNA damage has been associ-
ated with poorer IVF-ICSI pregnancy rates and an increased risk of pregnancy loss. 
These studies provide a clinical consideration for assessment of sperm DNA dam-
age prior to ART in order to elucidate the association between sperm DNA integrity 
and pregnancy loss [1].
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10.3  �Comparisons of Sperm DNA Assays

Each test that assesses DNA integrity has advantages and disadvantages that should 
be considered when selecting which test to pursue (see Table 10.2). It is especially 
important to determine what each test measures and whether data link the test results 
to semen parameters and/or fertility outcomes.

10.3.1  �Direct Tests

10.3.1.1  �TUNEL Assay

The TUNEL assay, while not a standardized test like SCSA ®, can provide mean-
ingful clinical information by measuring both single- and double-stranded DNA 
fragmentation. It is an inexpensive, less technically demanding test that can be 

Table 10.2  Comparison of DNA assays

Method Assay Pros Cons

Direct TUNEL Few sperm needed Variable protocols across 
different labs

Inexpensive Non-standardized thresholds
Detects single- and double-
stranded DNA breaks
Not technically demanding

Comet Measures DNA damage in 
individual cells

Labor intensive, need 
experienced lab technicians

Can detect heterogeneity
Few sperm needed Interobserver variation
Standardized Non-standardized protocols

Requires imaging software
Alkaline: identifies all DNA 
breaks

Alkaline: identifies some 
clinically irrelevant DNA breaks

Neutral: identifies mostly 
clinically relevant DNA breaks

Neutral: may not identify all 
DNA breaks

In situ nick 
translation assay

Simple Only quantifies single-stranded 
DNA breaks

Inexpensive Thresholds not determined
Indirect Sperm chromatin 

structure assay
Standardized Expensive
Precise

Sperm chromatin 
dispersion test

Inexpensive Non-standardized
Simple, does not require 
expensive equipment

Interobserver variation

Staining assays Simple, does not require 
expensive equipment

Heterogeneity of staining and 
coloring of slide

Acridine orange Interlab and observer variation
Aniline blue Lack of reproducibility
Toluidine blue Rapid color fading
Chromomsycin A3
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conducted in various labs with fewer sperm cells. However, this also leaves room 
for varying protocols, making comparisons challenging. While thresholds may dif-
fer between laboratories due to the variation in practices, there may be consensus 
within the same laboratory [47].

Previous versions of the assay did not have a lysis step which prevented acces-
sibility of the TdT to the entire DNA structure [48]. Recent improvements to the 
assay, including cell lysis, allow for relaxation of the whole chromatin structure, 
thus providing TdT access to all defects [49]. If DNA fragmentation is >10% as 
detected by TUNEL, low rates of fertilization have been demonstrated [38, 42]. A 
meta-analysis of IVF outcomes has shown that the clinical pregnancy rate decreased 
significantly with higher degrees of sperm DNA damage (RR 0.68, 95% CI 0.54–
0.85, p = 0.0006). A negative correlation has also been demonstrated between sperm 
DNA fragmentation rate and quality of embryo development [50].

10.3.1.2  �Comet Assay

The comet assay is unique in that it measures DNA damage within an individual cell 
rather than reporting an aggregate measure of damage as do the TUNEL assay and 
SCSA®. This allows for sperm DNA heterogeneity to be uncovered [12]. The comet 
assay only uses 5000 sperm, allowing remaining sperm to be reserved for clinical 
use, if needed. Comet is standardized by manipulating various conditions such as 
pH, temperature, salinity, and electrophoresis time in order to reduce protocol vari-
ants with different sensitivities. This manipulation requires experienced laboratory 
technicians to perform the comet assay. As such, this labor intensive process with 
significant interobserver variability imposes a major limitation to wide use of this 
test [12]. Men with a DNA fragmentation of greater than 25% as measured by comet 
assay have a higher risk of infertility. Clinical thresholds for diagnosis with the 
comet assay have been established to predict successful IVF cycles; the risk of fail-
ure to achieve pregnancy increased when sperm DNA fragmentation exceeded a 
threshold of 52% [29]. In addition, inverse relationships have been shown between 
comet length and embryo quality [41].

10.3.1.3  �In Situ Nick Translation Assay

ISNT is a simple, inexpensive test which only requires a fluorescent microscope. 
The major limitation is that it uses a template-dependent polymerase and it can only 
quantify single-stranded DNA breaks, potentially leading to underestimation of 
DNA fragmentation [12]. Studies have shown that ISNT staining is negatively cor-
related with sperm concentration, motility, and morphology [13, 39]. The numbers 
of ISNT-stained (DNA-damaged) spermatozoa was significantly higher in infertile 
men [39].
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10.3.2  �Indirect Tests

10.3.2.1  �Sperm Chromatin Structure Assay

SCSA®, one of the original sperm DNA tests, is a standardized test performed by a 
single primary reference laboratory (SCSA® Diagnostics, Brookings, SD) or its 
approved centers. Semen is batched and shipped to the primary lab and analyzed 
using its dedicated flow cytometer. Given the strict conditions under which this test 
is performed, it has high statistical robustness and is considered by some to be the 
most precise and repeatable DNA fragmentation assay [12, 51]. The SCSA® clas-
sifies DNA fragmentation as low (<15%), moderate (15–30%), and high (>30%); 
these values have been shown to have a strong association with fertility-related out-
comes. Men with a DFI between 10% and 20% had an increased risk of infertility 
in comparison to men with a DFI <10% (OR, 2.5; 95% CI, 1.0–6.1) [52]. Men with 
a DFI >20% (OR, 8.4; 95% CI, 3.0–23) also had a higher incidence of infertility.

The probability of ongoing pregnancy or live birth with natural conception or IUI 
is near zero if the proportion of sperm cells with DFI >30% is detected by SCSA®. 
Similarly, IVF outcomes are poorer as DFI increases [16, 27, 28, 53].

10.3.2.2  �Sperm Chromatin Dispersion Test

The SCD assay is an inexpensive test that is simple and does not require complex 
instrumentation. SCD, like the comet assay, requires that sperm be embedded in an 
agarose gel but without employing electrophoresis, thus making it comparatively 
faster and easier [12]. Light microscopy can be used if staining is done by eosin and 
azure B solution; otherwise, a fluorescence microscope is needed if fluorochromes 
are used for DNA detection. Interobserver subjectivity to categorize the halos limits 
this technique—an otherwise reasonable assay for DNA damage quantification. 
Infertile men have been found to have a high percentage of DNA fragmentation 
compared to fertile men with this test [9, 12, 14]. Specifically, a DNA fragmentation 
rate <18% was a significant predictor of oocyte fertilization [33].

10.3.2.3  �Staining Assays

The AO, toluidine blue, aniline blue, and CMA3 staining assays are all inexpensive 
tests that can be conducted with a light microscope. All of these tests suffer from 
heterogeneity of staining and coloring on the slide as well as interlab and interob-
server variation and lack of reproducibility [12, 15, 54]. One study found that the 
sensitivity and specificity values for CMA3 and AB were 75% and 82%, and 60% 
and 91%, respectively.
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10.4  �Ideal Sperm DNA Test

Several advancements in sperm DNA testing have occurred over the past 30 years 
and have led to a burgeoning area of research and clinical interest. Many mecha-
nisms have been proposed for male infertility as reflected by abnormalities in sperm 
DNA quality related to intrinsic and extrinsic factors [2]. These include apoptosis in 
the seminiferous tubule epithelium, defects in chromatin remodeling during sper-
miogenesis, post-testicular DNA fragmentation induced by oxygen free radicals, 
DNA fragmentation induced by endogenous endonucleases, and DNA damage as a 
consequence of exposures to radiotherapy, chemotherapy, and environmental toxins 
[31]. As a result, test development has moved toward understanding and targeting 
these mechanisms for diagnosis.

Current technology for sperm DNA testing exhibits limitations in its ability to 
diagnose and predict male infertility [1, 44]. Sperm DNA tests focus on measuring 
global sperm DNA incompetence such as DNA fragmentation and strand breaks 
that may or may not be clinically significant. SCSA® and TUNEL, two of the main-
stays of sperm DNA testing, are among the most commonly used studies. The 
SCSA® is the original sperm DNA test. It is an expensive standardized test, which 
reduces interlab and observer variability, leading to robust and consistent results. 
This is in contrast to TUNEL, which is less expensive and requires fewer sperm but 
is lab dependent, introducing some variability to the results. Other tests also have 
pros and cons as previously discussed. Yet even with the varying characteristics, all 
of these tests fare poorly in their predictive capacity for determining male fertility 
and ART outcomes. As a result of the many of the studies publishing equivocal 
fertility outcomes, the American Society for Reproductive Medicine does not 
endorse routine sperm DNA testing in the evaluation of the infertile male [55].

As the popularity of sperm DNA testing grows in conjunction with increased use 
of assisted reproductive therapies, new tests will be developed to better understand 
and measure sperm DNA integrity. These tests should be designed to be simple, 
inexpensive, and easy to interpret. But more importantly, they must provide a level 
of standardization that allows accuracy with a high sensitivity and specificity. This 
would allow detection of infertile patients with positive tests and fertile patients 
with negative tests [2, 56].

Furthermore, DNA tests should better define specific DNA parameters associ-
ated with poor fertilization, embryo quality, and pregnancy rates [56]. Tests should 
answer questions about the quality and location of the DNA defects, as well as 
define thresholds for determining fertility potential. Current tests may show that an 
infertile patient has elements of DNA damage, but the degree to which this matters 
still is not completely clear. Lastly, tests should be geared to cost-effectiveness, as 
infertility evaluation and treatment may not be accessible to the general public due 
to high costs and variable insurance coverage.
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10.5  �Conclusion

Male factor infertility is a multifaceted problem that requires a thorough evaluation. 
Recent advances have improved the diagnosis and treatment of male factor infertil-
ity. Among these advances are sperm DNA tests which evaluate sperm chromatin 
quality and DNA fragmentation. These tests have shed light on the association 
between sperm DNA abnormalities and male factor infertility as well as failed ARTs 
[42, 44, 57]. Since the advent of SCSA®, the first sperm DNA test, many more tests 
have been developed including the TUNEL, comet, and SCD assays. Each of these 
tests has advantages and disadvantages and may be used as an adjunct to the stan-
dard infertility work-up. However, there has yet to be a single test that best diagno-
ses and predicts male infertility. Further research will aim to develop a more 
predictive test that is cost-effective and broadly accessible.

References

	 1.	Zini A, Boman JM, Belzile E, Ciampi A. Sperm DNA damage is associated with an increased 
risk of pregnancy loss after IVF and ICSI: systematic review and meta-analysis. Hum Reprod. 
2008;23:2663–8.

	 2.	Zini A, Sigman M. Are tests of sperm DNA damage clinically useful? Pros and cons. J Androl. 
2009;30:219–29.

	 3.	Klaude M, Eriksson S, Nygren J, Ahnström G. The comet assay: mechanisms and technical 
considerations. Mutat Res/DNA Repair. 1996;363:89–96.

	 4.	Baumgartner A, Cemeli E, Anderson D. The comet assay in male reproductive toxicology. Cell 
Biol Toxicol. 2009;25:81–98.

	 5.	Singh NP, McCoy MT, Tice RR, Schneider EL. A simple technique for quantitation of low 
levels of DNA damage in individual cells. Exp Cell Res. 1988;175:184–91.

	 6.	Cortés-Gutiérrez EI, López-Fernández C, Fernández JL, Dávila-Rodríguez MI, Johnston SD, 
Gosálvez J. Interpreting sperm DNA damage in a diverse range of mammalian sperm by means 
of the two-tailed comet assay. 30 years of the Comet Assay: an overview with some new 
insights. 2015:123.

	 7.	Gorczyca W, Melamed MR, Darzynkiewicz Z. Apoptosis of S-phase HL-60 cells induced by 
DNA topoisomerase inhibitors: detection of DNA strand breaks by flow cytometry using the 
in situ nick translation assay. Toxicol Lett. 1993;67:249–58.

	 8.	Evenson D, Darzynkiewicz Z, Melamed M. Relation of mammalian sperm chromatin hetero-
geneity to fertility. Science. 1980;210:1131–3.

	 9.	Fernández JL, Muriel L, Goyanes V, Segrelles E, Gosálvez J, Enciso M, LaFromboise M, De 
Jonge C. Simple determination of human sperm DNA fragmentation with an improved sperm 
chromatin dispersion test. Fertil Steril. 2005;84:833–42.

	10.	Tejada RI, Mitchell JC, Norman A, Marik JJ, Friedman S. A test for the practical evaluation of 
male fertility by acridine orange (AO) fluorescence. Fertil Steril. 1984;42:87–91.

	11.	Dadoune J, Mayaux M, Guihard-Moscato M. Correlation between defects in chromatin con-
densation of human spermatozoa stained by aniline blue and semen characteristics. Andrologia. 
1988;20:211–7.

	12.	Shamsi MB, Imam SN, Dada R. Sperm DNA integrity assays: diagnostic and prognostic chal-
lenges and implications in management of infertility. J Assist Reprod Genet. 2011;28:1073–85.

10  Is There an Optimal Sperm DNA Test?



174

	13.	Manicardi GC, Tombacco A, Bizzaro D, Bianchi U, Bianchi PG, Sakkas D. DNA strand breaks 
in ejaculated human spermatozoa: comparison of susceptibility to the nick translation and 
terminal transferase assays. Histochem J. 1998;30:33–9.

	14.	Chohan KR, Griffin JT, Lafromboise M, Jonge CJ, Carrell DT.  Comparison of chromatin 
assays for DNA fragmentation evaluation in human sperm. J Androl. 2006;27:53–9.

	15.	Erenpreiss J, Jepson K, Giwercman A, Tsarev I, Erenpreisa J, Spano M. Toluidine blue cytom-
etry test for sperm DNA conformation: comparison with the flow cytometric sperm chromatin 
structure and TUNEL assays. Hum Reprod. 2004;19:2277–82.

	16.	Spanò M, Bonde JP, Hjøllund HI, Kolstad HA, Cordelli E, Leter G. Danish first pregnancy plan-
ner study team. Sperm chromatin damage impairs human fertility. Fertil Steril. 2000;73:43–50.

	17.	Aravindan G, Bjordahl J, Jost L, Evenson D. Susceptibility of human sperm to in situ DNA 
denaturation is strongly correlated with DNA strand breaks identified by single-cell electro-
phoresis. Exp Cell Res. 1997;236:231–7.

	18.	Donnelly ET, O'Connell M, McClure N, Lewis SEM. Differences in nuclear DNA fragmenta-
tion and mitochondrial integrity of semen and prepared human spermatozoa. Hum Reprod. 
2000;15:1552–61.

	19.	Gorczyca W, Gong J, Darzynkiewicz Z. Detection of DNA strand breaks in individual apop-
totic cells by the in situ terminal deoxynucleotidyl transferase and nick translation assays. 
Cancer Res. 1993;53:1945–51.

	20.	Sailer B, Jost L, Evenson D. Mammalian sperm DNA susceptibility to in situ denaturation asso-
ciated with the presence of DNA strand breaks as measured by the terminal Deoxynucleotidyl 
transferase assay. J Androl. 1995;16:80–7.

	21.	García-Peiró A, Oliver-Bonet M, Navarro J, Abad C, Guitart M, Amengual M, Gosálvez J, 
Benet J. Dynamics of sperm DNA fragmentation in patients carrying structurally rearranged 
chromosomes. Int J Androl. 2011;34:e546–53.

	22.	Ribas-Maynou J, García-Peiró A, Fernández-Encinas A, Abad C, Amengual M, Prada E, 
Navarro J, Benet J. Comprehensive analysis of sperm DNA fragmentation by five different 
assays: TUNEL assay, SCSA, SCD test and alkaline and neutral comet assay. Andrology. 
2013;1:715–22.

	23.	 Irvine D, Twigg J, Gordon E, Fulton N, Milne P, Aitken R. DNA integrity in human spermato-
zoa: relationships with semen quality. J Androl. 2000;21:33–44.

	24.	Zini A, Bielecki R, Phang D, Zenzes MT. Correlations between two markers of sperm DNA 
integrity, DNA denaturation and DNA fragmentation, in fertile and infertile men. Fertil Steril. 
2001;75:674–7.

	25.	Evenson D, Thompson L, Jost L. Flow cytometric evaluation of boar semen by the sperm 
chromatin structure assay as related to cryopreservation and fertility. Theriogenology. 
1994;41:637–51.

	26.	Zini A, Fischer MA, Sharir S, Shayegan B, Phang D, Jarvi K. Prevalence of abnormal sperm 
DNA denaturation in fertile and infertile men. Urology. 2002;60:1069–72.

	27.	Larson KL, DeJonge CJ, Barnes AM, Jost LK, Evenson DP. Sperm chromatin structure assay 
parameters as predictors of failed pregnancy following assisted reproductive techniques. Hum 
Reprod. 2000;15:1717–22.

	28.	Evenson DP, Jost LK, Marshall D, Zinaman MJ, Clegg E, Purvis K, de Angelis P, Claussen 
OP. Utility of the sperm chromatin structure assay as a diagnostic and prognostic tool in the 
human fertility clinic. Hum Reprod. 1999;14:1039–49.

	29.	Simon L, Lutton D, McManus J, Lewis SEM. Sperm DNA damage measured by the alkaline 
comet assay as an independent predictor of male infertility and in vitro fertilization success. 
Fertil Steril. 2011;95:652–7.

	30.	Lopes S, Sun J, Jurisicova A, Meriano J, Casper RF. Sperm deoxyribonucleic acid fragmen-
tation is increased in poor-quality semen samples and correlates with failed fertilization in 
intracytoplasmic sperm injection. Fertil Steril. 1998;69:528–32.

	31.	Sakkas D, Alvarez JG. Sperm DNA fragmentation: mechanisms of origin, impact on reproduc-
tive outcome, and analysis. Fertil Steril. 2010;93:1027–36.

M.M. Kim and C. Tanrikut



175

	32.	Høst E, Lindenberg S, Smidt-jensen S. DNA strand breaks in human spermatozoa: correlation 
with fertilization in vitro in oligozoospermic men and in men with unexplained infertility. Acta 
Obstet Gynecol Scand. 2000;79:189–93.

	33.	Velez de la Calle JF, Muller A, Walschaerts M, Clavere JL, Jimenez C, Wittemer C, Thonneau 
P. Sperm deoxyribonucleic acid fragmentation as assessed by the sperm chromatin dispersion 
test in assisted reproductive technology programs: results of a large prospective multicenter 
study. Fertil Steril. 2008;90:1792–9.

	34.	Muriel L, Garrido N, Fernández JL, Remohí J, Pellicer A, de los Santos MJ, Meseguer 
M. Value of the sperm deoxyribonucleic acid fragmentation level, as measured by the sperm 
chromatin dispersion test, in the outcome of in vitro fertilization and intracytoplasmic sperm 
injection. Fertil Steril. 2006;85:371–83.

	35.	Hammadeh ME, al-Hasani S, Stieber M, Rosenbaum P, Kupker D, Diedrich K, Schmidt 
W. The effect of chromatin condensation (aniline blue staining) and morphology (strict crite-
ria) of human spermatozoa on fertilization, cleavage and pregnancy rates in an intracytoplas-
mic sperm injection programme. Hum Reprod. 1996;11:2468–71.

	36.	Haidl G, Schill W. Assessment of sperm chromatin condensation: an important test for predic-
tion of IVF outcome. Arch Androl. 1994;32:263–6.

	37.	Hammadeh M, Stieber M, Haidl G, Schmidt W. Association between sperm cell chromatin 
condensation, morphology based on strict criteria, and fertilization, cleavage and pregnancy 
rates in an IVF program. Andrologia. 1998;30:29–35.

	38.	Duran EH, Morshedi M, Taylor S, Oehninger S.  Sperm DNA quality predicts intrauterine 
insemination outcome: a prospective cohort study. Hum Reprod. 2002;17:3122–8.

	39.	Tomlinson MJ, Moffatt O, Manicardi GC, Bizzaro D, Afnan M, Sakkas D. Interrelationships 
between seminal parameters and sperm nuclear DNA damage before and after density gradient 
centrifugation: implications for assisted conception. Hum Reprod. 2001;16:2160–5.

	40.	Morris ID, Ilott S, Dixon L, Brison DR.  The spectrum of DNA damage in human sperm 
assessed by single cell gel electrophoresis (Comet assay) and its relationship to fertilization 
and embryo development. Hum Reprod. 2002;17:990–8.

	41.	Tomsu M, Sharma V, Miller D. Embryo quality and IVF treatment outcomes may correlate 
with different sperm comet assay parameters. Hum Reprod. 2002;17:1856–62.

	42.	Benchaib M, Braun V, Lornage J, Hadj S, Salle B, Lejeune H, Guerin JF. Sperm DNA frag-
mentation decreases the pregnancy rate in an assisted reproductive technique. Hum Reprod. 
2003;18:1023–8.

	43.	Evenson D, Wixon R. Meta-analysis of sperm DNA fragmentation using the sperm chromatin 
structure assay. Reprod BioMed Online. 2006;12:466–72.

	44.	Collins JA, Barnhart KT, Schlegel PN. Do sperm DNA integrity tests predict pregnancy with 
in vitro fertilization? Fertil Steril. 2008;89:823–31.

	45.	Cissen M, van Wely M, Scholten I, Mansell S, de Bruin JP, Mol BW, Braat D, Repping S, 
Hamer G. Measuring sperm DNA fragmentation and clinical outcomes of medically assisted 
reproduction: a systematic review and meta-analysis. PLoS One. 2016;11:e0165125.

	46.	Simon L, Zini A, Dyachenko A, Ciampi A, Carrell DT. A systematic review and meta-analysis 
to determine the effect of sperm DNA damage on in vitro fertilization and intracytoplasmic 
sperm injection outcome. Asian J Androl. 2017;19:80–90.

	47.	Henkel R, Kierspel E, Hajimohammad M, Stalf T, Hoogendijk C, Mehnert C, Menkveld R, 
Schill W, Kruger TF. DNA fragmentation of spermatozoa and assisted reproduction technol-
ogy. Reprod BioMed Online. 2003;7:477–84.

	48.	Tesarik J, Mendoza-Tesarik R, Mendoza C. Sperm nuclear DNA damage: update on the mech-
anism, diagnosis and treatment. Reprod BioMed Online. 2006;12:715–21.

	49.	Mitchell LA, De Iuliis GN, Aitken RJ. The TUNEL assay consistently underestimates DNA 
damage in human spermatozoa and is influenced by DNA compaction and cell vitality: devel-
opment of an improved methodology. Int J Androl. 2011;34:2–13.

	50.	Sun JG, Jurisicova A, Casper RF. Detection of deoxyribonucleic acid fragmentation in human 
sperm: correlation with fertilization in vitro. Biol Reprod. 1997;56:602–7.

10  Is There an Optimal Sperm DNA Test?



176

	51.	Bungum M, Bungum L, Giwercman A. Sperm chromatin structure assay (SCSA): a tool in 
diagnosis and treatment of infertility. Asian J Androl. 2011;13:69–75.

	52.	Giwercman A, Lindstedt L, Larsson M, Bungum M, Spano M, Levine RJ, Rylander L. Sperm 
chromatin structure assay as an independent predictor of fertility in vivo: a case–control study. 
Int J Androl. 2010;33:e221–7.

	53.	Venkatesh S, Singh A, Shamsi MB, Thilagavathi J, Kumar R, Mitra DK, Dada R. Clinical sig-
nificance of sperm DNA damage threshold value in the assessment of male infertility. Reprod 
Sci. 2011;18:1005–13.

	54.	Schulte RT, Ohl DA, Sigman M, Smith GD. Sperm DNA damage in male infertility: etiologies, 
assays, and outcomes. J Assist Reprod Genet. 2010;27:3–12.

	55.	Practice Committee of the American Society for Reproductive Medicine. The clinical utility of 
sperm DNA integrity testing. Fertil Steril. 2006;86:S35–7.

	56.	Agarwal A, Allamaneni SS. Sperm DNA damage assessment: a test whose time has come. 
Fertil Steril. 2005;84:850–3.

	57.	Simon L, Brunborg G, Stevenson M, Lutton D, McManus J, Lewis SEM. Clinical significance 
of sperm DNA damage in assisted reproduction outcome. Hum Reprod. 2010;25:1594–608.

M.M. Kim and C. Tanrikut



Part III
Etiology of Sperm DNA Damage: 

Biological and Clinical Factors



179© 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_11

Chapter 11
Oxidative Stress

Ralf Henkel and Michael Solomon

11.1  �Introduction

According to the International Committee for Monitoring Assisted Reproductive 
Technology (ICMART) and the World Health Organization (WHO), infertility is 
clinically defined as “a disease of the reproductive system defined by the failure to 
achieve a clinical pregnancy after 12 months or more of regular unprotected sexual 
intercourse” [1]. As such, this condition affects almost 50 million couples world-
wide [2] rendering it an important health and social concern, particularly in African 
and Asian countries where the onus of reproduction rather rests on the female part-
ner [3]. Reported prevalence rates are between 9% [2] and 15% [4, 5] with about 
50% of the causes for couple infertility being associated with the male [3, 6, 7], 
which represents about 7.5% of male partners affected by infertility during their 
reproductive lifetime. Thus, the prevalence of male infertility is even higher than for 
diabetes mellitus types I and II, which are considered as common diseases [8].

Male factor infertility is a multifactorial disorder, and patients clinically present 
with low or absent sperm counts or nonfunctional spermatozoa [9]. Despite increas-
ing research efforts with relevant results during the past decades, this condition 
remains largely idiopathic with a wide variety of different causes including dysfunc-
tions along the hypothalamic-pituitary-gonadal axis, hypogonadism, Kallmann syn-
drome, varicocele, cryptorchidism, infections (e.g., epididymitis) [10], environmental, 
chemical, and lifestyle (e.g., poor nutrition, alcohol, smoking) exposures, or iatro-
genic causes (e.g., chemotherapy, radiotherapy) [11–14]. A major component of the 
pathophysiological mechanism of many of the conditions causing male infertility is 
the so-called oxidative stress [15]. Oxidative stress is a concept that was coined and 
introduced into redox biology and medicine by Helmut Sies in 1985 [16] and 
“denotes a shift in the prooxidant/antioxidant balance in favor of the former” [17].
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Considering that oxidative stress is involved in the pathogenesis of many condi-
tions ranging from infections, inflammations, obesity, and cancer to male factor 
infertility, the general prevalence of this condition can be expected to be very high. 
Even in the aging process, oxidative stress is involved [18]. This is also reflected by 
the high number of almost 154,000 PubMed entries for a general search for “oxida-
tive stress” and 1741 entries for the combination “oxidative stress” and “sperm” in 
July 2016. For oxidative stress contributing to sperm damage, prevalence rates 
between 30% and 80% have been reported in infertile men [19–23]. The prevalence 
of male genital tract infections in this patient group ranges from 35% up to 45% [24, 
25]. The feature of this condition is that it is caused either by an excessive produc-
tion of reactive oxygen species (ROS) or a deficiency in the antioxidative defenses 
of the body [26, 27]. Therefore, it is important to understand not only the patho-
physiology and biochemistry of the respective medical condition, as well as the 
consequences and treatment options.

11.2  �Reactive Oxygen Species (ROS)

Since cyanobacteria started producing oxygen in the process called photosynthesis 
about 2.4 billion years ago, the atmospheric oxygen concentration rose to about 
2–4% [28, 29] corresponding to 20–40 μM dissolved oxygen in the surrounding 
water, which is close to the oxygen partial pressure in most mammalian tissues at 
the ends of capillary beds and to the saturation midpoint (P50) of hemoglobin [30]. 
In contrast, at the site of the oxygen consumption, cytochrome c, in modern mito-
chondria the oxygen P50 is with 0.3 μM [31] about 150 times lower than outside the 
cell [32]. Over time, atmospheric oxygen level increased to 20% that we see nowa-
days. Nevertheless, most metabolic pathways including fatty acid oxidation and 
synthesis, heme synthesis, glutathione metabolism, or the Krebs cycles that we 
know today relate back to the chemistry of life of about 3.5 billion years ago when 
the earth was anaerobic (an atmosphere without oxygen) [33, 34]. Since these times, 
life adapted to these increased oxygen levels and many organisms developed protec-
tive mechanisms against this primary toxic and unsafe element, oxygen, as this 
element is highly reactive.

From a chemical point of view, atmospheric and dissolved oxygen is not a single 
atom, but molecular as O2. Although the electronic structure with its even number 
of electrons in the triplet ground state explains the relative kinetic inertness of 
molecular oxygen (O2), molecular oxygen has two unpaired electrons in its outer 
molecular orbitals. Radicals are highly reactive compounds and are defined as 
atoms or molecules having one or more unpaired electrons in the outer valence 
molecular orbital. Considering that molecular oxygen has two unpaired electrons, 
this renders this element a biradical. The two free, unpaired electrons have the same 
spin quantum number. If molecular oxygen oxidizes other atoms or molecules, the 
two new electrons must have parallel spin, which imposes significant restrictions on 
the oxidation process by molecular oxygen as normally an electron pair in an atom 
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or molecular orbital has antiparallel spins [35]. As a result, only one electron at a 
time can be transferred in this process (Fig. 11.1). Three types of reactions can take 
place leading to superoxide radical (.O2−) and related species, peroxyl radicals 
(ROO.), and singlet oxygen (1O2).

For these reasons, ROS are chemically unstable and exhibit half-life times 
between nanosecond (10−9 s) (.OH; hydroxyl radicals) and a few seconds (RO.; 7 s), 
depending on the specific oxygen derivative (Fig. 11.2). Due to this highly reactive 
nature, ROS are commonly said to have detrimental effects on cells. However, in 
biological systems, these compounds not only cause damage but also have physio-
logical functions in terms of triggering essential physiological events. In spermato-
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Fig. 11.1  Oxidation forms of oxygen. If molecular oxygen, which is a biradical with two unpaired 
electrons, is reduced, it acquires four electrons and water (H2O) is formed. The dashes around the 
oxygen (O) represent paired electrons; the points represent unpaired electrons

Fig. 11.2  Some examples of reactive oxygen species (ROS) with respective half-life times and 
specific features
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zoa, these physiological events include hyperactivation, capacitation, and acrosome 
reaction [36–39].

With regard to their intracellular energy production, spermatozoa are principally 
not different from other cells, and energy as ATP is largely aerobically produced in 
the mitochondria by means of oxidative phosphorylation and oxidation of hydrogen 
in the form of nicotinamide adenine dinucleotide (NADH). This process of cellular 
energy production involving the mitochondrial electron transfer chain is affected by 
taking up of four electrons by elementary oxygen (O2) whereby highly reactive 
intermediate products as free radicals and eventually water (H2O) are generated. In 
addition, spermatozoa also produce chemical energy in the form of ATP via gly-
colysis. However, this is species-specific and dependent on the demands set in the 
female genital tract [40].

In the midpiece of the flagellum, sperm contains a specific NADPH-dependent 
oxidoreductase (diaphorase) [41, 42]. Furthermore, mitochondria in somatic cells 
have been shown to possess at least nine sites capable of producing superoxide radi-
cals (Eq. 11.1) [43], of which the Complex I (NADH dehydrogenase) and Complex 
III (coenzyme Q: cytochrome c—oxidoreductase) have been demonstrated in sper-
matozoa [44, 45]. Disruption of the mitochondrial electron transfer chain and sub-
sequent electron leakage leads to ROS production from Complex I or III [18, 45]. 
This is a normal process which results in about 1–5% of the consumed oxygen 
being converted into ROS [46, 47]. ROS produced via this mechanism are regarded 
as cytotoxic by-products that are involved in the etiology of disease and aging [48].

	
NADH O O NAD H+ → ⋅ +−

+ +2 22 2 	
(11.1)

The superoxide that is produced dismutates into H2O2 by the action of superox-
ide dismutase (SOD) (Eq. 11.2) rendering spermatozoa as very competent produc-
ers of superoxide and hydrogen peroxide.

	
2 2

2 2 2 2⋅ + → +−
+O H O H O

SOD

	
(11.2)

In vivo, these two reactions are coupled in the Fenton and Haber-Weiss reaction 
which are accelerated by other cofactors as well as transition metal ions such as 
Fe2+/Fe3+.

·O2−  + Fe3+ → Fe2+ + O2 Fenton reaction

Fe2+ + H2O2 → Fe3+ +  ⋅ OH + OH−

·O H O O OH OH
Fe

2 2 2 2

2

−

+

+ → + + ⋅−

Haber-Weiss reaction

In intact systems such as in other somatic cells, the production of these highly 
reactive compounds is counter-regulated by scavenging enzymes like manganese 
superoxide dismutase (MnSOD), copper/zinc superoxide dismutase (Cu/ZnSOD), 
glutathione peroxidase (GPx), and catalase (CAT).
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Considering that normal functional spermatozoa have only very little cytoplasm, 
they lack such protective enzymes. Yet, immature germ cells where the cytoplasm is 
not removed by the Sertoli cells during spermiogenesis and spermatozoa with poor 
morphology are deemed to generate excessive amounts of ROS [49–51] as this pro-
cess is then excessively fueled by the sperm cells’ own cytoplasmic glucose-6-
phosphate dehydrogenase [49].

11.3  �What Is Oxidative Stress?

Under normal physiological circumstances, cells are functioning rather in a chemi-
cally reduced state. Therefore, cellular production of ROS and their relevant scav-
engers need to be in a finely balanced equilibrium in order for spermatozoa to 
fertilize oocytes [52]. These scavengers can be categorized as enzymatic antioxi-
dants like glutathione peroxidase or catalase, nonenzymatic antioxidants such as 
vitamins A, C, or E, glutathione or L-carnitine, as well as other antioxidants like 
ubiquinol, albumin, or carotenes [53]. On the other hand, the principles of the anti-
oxidant mechanisms can be categorized in three processes, namely, (i) prevention, 
(ii) interception, and (iii) repair [54]. Prevention refers to two mechanisms, whereby 
either ROS are not releases by the enzymes involved or where metal chelation is a 
major means of controlling lipid peroxidation. The interception process can be 
achieved by scavenging the radicals that are produced, either enzymatically or non-
enzymatically. Lastly, in case the aforementioned processes are not sufficient or as 
the last chance of cells to counteract the damaging influence of oxidative stress, 
cells have the ability to repair damages to DNA oxidized proteins and lipids. Hence, 
cells are constantly facing the dilemma between the oxidative and reductive status. 
In cases where this steady state derails for whatever reason, an imbalance in favor 
of oxidants is created, which can then potentially cause cellular or genetic damage. 
This condition is called “oxidative stress” [16], and the relevant biochemical and 
clinical consequence includes infertility or the induction of cancer (Fig. 11.3). The 
latter would then develop due to the fact that DNA damage cannot be repaired 
because of the shutdown of apoptotic caspases which would normally eliminate 
badly damaged or necrotic cells. As a result, these damaged cells will survive and 
cause injury to neighboring areas.

Oxidative stress is particularly detrimental for spermatozoa as the male germ cell 
is especially sensitive to this condition because of (i) the lack of cytoplasm and 
therefore a lack of protective enzymes and (ii) the extraordinary high content of 
polyunsaturated fatty acids (PUFAs) in their plasma membrane [55–57].

On the other hand, an uncontrolled and nonphysiologic shift of the redox status 
from the normal physiologic zone into the reduced state is also highly problematic 
for cells in general and spermatozoa in particular, as then the trigger function of 
ROS for physiologic cellular events such as capacitation and acrosome reaction 
would be abolished. This condition is then called “reductive stress” and is as dan-
gerous for cells as oxidative stress.
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11.4  �Consequences of Oxidative Stress

Considering the high reactivity of ROS, the extraordinarily high amount of PUFAs, 
as well as the lack of sufficient antioxidative protection of spermatozoa, this has dire 
consequences for male germ cells if they are exposed to oxidative stress as sperma-
tozoa are particularly susceptible to this stress. The chemical nature of PUFAs is to 
have numerous double bonds in the molecules which can easily be oxidized by 
excessive ROS levels present in the sperm cells’ environment. These ROS can either 
originate from an extrinsic source (e.g., ROS from activated leukocytes in case the 
patient is suffering from an infection or inflammation) [58–61] or intrinsic ROS 
from apoptotic or damaged spermatozoa [62]. Extrinsic ROS derived from external 
sources like leukocytes or damaged spermatozoa preferably attack the plasma mem-
brane lipids initiating a process called “lipid peroxidation” (LPO). Ultimately, this 
process decreases membrane fluidity of both plasma and organelle membranes and, 
as a result, damages membrane function, ion gradients, receptor-mediated signal 
transduction, etc. [63, 64]. As a result, the plasma membrane loses its function; 
hence, the male germ cell loses its functional ability and fertilization is impaired 
[65, 66]. While extrinsic ROS affect the plasma membrane and its functions, intrin-
sic ROS rather affect the sperm nuclear DNA integrity [62] and possibly mitochon-
drial membrane potential and mitochondrial DNA integrity [67–69].

11.4.1  �Lipid Peroxidation

Lipid peroxidation is the oxidative degradation of lipids. This process has three phases, 
namely, the initiation, propagation, and termination phases. In the initiation phase, 
ROS attack carbon atoms adjacent to the double bonds in PUFAs. This reaction creates 

Fig. 11.3  Schematic representation of the balance between oxidation and reduction. Too many 
oxidants or too little antioxidants cause “oxidative stress,” while a lack of oxidants or an excessive 
amount of antioxidants is causing “reductive stress”
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reactive methylene groups by abstraction of hydrogen atoms and transforms the lipid 
molecule into a lipid radical, which is stabilized by delocalization of the free electron 
in so-called resonance structures, which are energetically more stable than the initiat-
ing ROS. Lipid radicals, in turn, are unstable and react spontaneously with O2 to form 
lipid peroxides.

These lipid peroxide radicals react with neighboring lipids in a so-called radical 
chain reaction, thus propagating the degradation process of lipids. In turn, these 
newly created lipid peroxides react with oxygen to form yet more lipid peroxides. 
Thus, in this way, numerous lipid molecules are damaged just by one initiating radi-
cal leading to the oxidization of almost 60% of the PUFAs present in the plasma 
membrane [70].

When one radical reacts with another radical, the two free electrons form a cova-
lent bond resulting in a non-radical, thereby terminating the propagation of the radi-
cal chain reaction. This termination takes place when a sufficiently high concentration 
of lipid radicals is available. In addition to the described propagation and termina-
tion processes of lipid peroxidation, lipid molecules are also broken down to a num-
ber of stable carbonyl by-products such as malondialdehyde and 4-hydroxy-2-alkenals 
such as 4-hydroxy-nonenal. Malondialdehyde is highly mutagenic, and 4-hydroxy-
nonenal is genotoxic [71], hence posing additional danger to spermatozoa, namely, 
cytotoxicity and DNA damage by forming DNA adducts [72], mainly pyrimido[1,2-
a]purin-10(3H)-one [73], thereby indirectly causing DNA damage.

Semen samples from patients with high oxidative stress levels show significantly 
higher malondialdehyde levels compared to the controls and correlate negatively 
with the sperm count [74–76]. The thiobarbituric acid reactive substance as mea-
sured for the malondialdehyde concentration was negatively correlated with fertil-
ization rates after IVF [77]. Antioxidants like vitamins C or E as well as 
ROS-scavenging enzymes such as superoxide dismutase or catalase reduce the risk 
of lipid peroxidation-induced cell damage. However, due to the genotoxicity and 
mutagenicity of the mentioned lipid peroxidation by-products and their ability to 
form DNA adducts, it is obvious that the cellular defense mechanisms are not 100% 
efficient [78], particularly in spermatozoa.

11.4.2  �Nuclear and Mitochondrial DNA Damage

Apart from the above described damage to the plasma membrane initiated by ROS 
through lipid peroxidation and its consequences to motility and membrane-
associated sperm functions, ROS can cause damage to nuclear (nDNA) [79–82] and 
mitochondrial DNA (mtDNA) [83, 84]. The association between nDNA damage 
and poor fertilization and pregnancy rates has repeatedly been demonstrated [80, 
85, 86] and confirmed in a meta-analysis [87]. For intrauterine insemination and 
IVF, this connection appears to be without doubt [80, 88]. However, for intracyto-
plasmic sperm injection (ICSI), the effect of nDNA damage on fertilization and 
pregnancy is controversial [89, 90], and reasons for this are still unknown.
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For mtDNA damage, St. John and co-workers [91] described a potential risk of 
abnormal transmission of mtDNA for patients undergoing assisted reproduction 
procedures. More recent findings suggest that ROS, mtDNA mutations, increased 
sperm mtDNA content as well as mtDNA depletion have to be considered major 
etiological factors in male infertility [68, 92, 93]. Unlike nDNA, mtDNA is highly 
sensitive to oxidative stress as it is not protected by histones or protamines, repli-
cates very fast without proper proofreading, and has only a basic repair mechanism 
[94]. As a result, it was suggested that the mitochondrial genome is about 100 times 
more sensitive to assaults and mutations [95]. However, a more recent study by Lim 
et al. [96] indicates that the level of mtDNA damage in vivo is not higher than that 
of nDNA as the detected damage might be artifactual. On the other hand, high levels 
of mtDNA mutations strongly correlate with poor sperm motility [97]. mtDNA 
appears to show defects in oligoasthenozoospermic men that makes DNA unavail-
able for amplification. Only in motile sperm, mitochondria were functional to exe-
cute the electron transfer chain [83]. These results appear to be consistent with 
recent findings by Treulen et al. [98] indicating that damage to the mitochondrial 
outer membrane increases the production of ROS and thereby decreases sperm 
motility and velocity, but with only negligible effects on sperm DNA integrity. On 
the contrary, Bonanno et al. [99] reported that asthenozoospermic patients not only 
show elevated ROS levels but also a significantly increased number of mtDNA cop-
ies and decreased mtDNA integrity and mitochondrial membrane potential. The 
latter parameters were also closely associated with elevated ROS levels. Yet, nDNA 
fragmentation was only increased in 20% of the patients. If this patient group with 
increased nDNA damage represents an end point due to an extended or increased 
exposure of these spermatozoa to elevated levels of oxidative stress, still remains 
unclear.

11.5  �Treatment of Oxidative Stress

In the light of the potential significant detrimental effects of oxidative stress on 
numerous medical conditions including male fertility, questions related to reducing 
oxidative stress point in two directions, namely, the causes of its generation and 
possible medical treatments. With regard to the causes of oxidative stress, a modern 
western lifestyle, with its relatively low intake of natural antioxidants such as veg-
etables or fruit as well as a relatively high exposure to exogenous sources of ROS 
including alcohol, cigarettes, or environmental pollutants, may be an important 
cause of oxidative stress [12, 14, 100, 101]. Male genital tract infections, varicocele 
[102], toxins [103, 104], or even cell phone radiation [105] represent other causes 
of oxidative stress. The prevalence of oxidative stress is estimated to be up to 35% 
in a nonselected group of men consulting for infertility, and up to 45% in patients 
with a history of urethral discharge have been reported [24, 25]. Many causes of 
oxidative stress are potentially correctable, either by avoiding the exposure to ROS-
generating and causing agents, correcting the varicocele, or treating infection or 
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inflammation. In practice, surgical or medical therapy (e.g., antibiotics or anti-
inflammatories in the form of tables) seems to be easier for patients than changing 
the lifestyle, which would include the reduction/cessation of drinking, smoking, or 
the abandonment of other habits such as the use cell phones or eating low-vitamin 
processed or fast foods. Occupational exposure in certain professional groups such 
as long-distance drivers, welders or office workers (heat exposure), or workers in 
the chemical industry (environmental toxins) might also be at risk.

In order to compensate for the low of vitamin intake in the modern diet, many 
people are taking high dosages of antioxidants such as food supplements which 
contain ROS scavengers like vitamin C [106] and E [107]. In addition, numerous 
antioxidant herbal products containing polyphenols flavonoids are advertised to 
counteract oxidative stress [108–112]. However, such therapies, although beneficial 
in many cases, might have either no effect or even detrimental effects [113–118]. In 
addition, Aitken and co-workers [117] reported that not all polyphenols have benefi-
cial effects. In fact, except for resveratrol, genistein, and 2,2,′4,4′-tetrahydroxy-
diphenyl at concentrations below 100 μM, all other compounds investigated in the 
study caused loss of motility and mitochondrial membrane potential and stimulated 
ROS production with subsequent nDNA fragmentation. This is consistent with ear-
lier findings of polyphenols inducing DNA damage and therefore might act as che-
mopreventives for cancer [119, 120]. This might be a result of the chemical nature 
of the compound in question as many biomolecules either donate electrons (antioxi-
dant) or function as electron acceptor (antireductant) depending of the respective 
chemical conditions. While vitamin E is relatively bad electron acceptor, but good 
electron donor, resveratrol has better electron-accepting and poorer electron-
donating properties. Compounds like vitamin A or β-carotene exhibit the latter 
properties even much more so [121]. Therefore, antioxidative therapies are debated 
[23, 122] as it seems that the effectiveness of an antioxidant therapy is dependent on 
the composition and concentration of the preparation.

11.5.1  �The Antioxidant Paradox

The apparent contradictory results might be due to several reasons. First, one cer-
tainly has to differentiate between the different chemical natures of various antioxi-
dants. Second, vitamins, such as vitamins C or E, are rather regarded as antioxidants, 
while polyphenols, besides having antioxidant capacity, also appear to have other 
effects. Moreover, a single antioxidant compound administered to a patient might be 
less effective than a combination of different antioxidants at specific concentrations. 
The third major problem is that scientists and clinicians still do not know what is the 
normal redox status in the human body is; no tests for this parameter are clinically 
performed. Due to this lack of knowledge with respect to the redox status, uncon-
trolled antioxidant treatment could have detrimental effects to the patient. Clinically, 
this might play a role as Henkel et al. observed spontaneous pregnancy in a couple 
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who discontinued all antioxidant intake recommended by the fertility specialist and 
the additional over-the-counter antioxidants (Henkel et al., unpublished).

The phenomenon that antioxidants can have such paradoxical effects is called 
the “antioxidant paradox,” a term which was coined by Halliwell [123], and postu-
lates that the body’s “total antioxidant capacity” seems unresponsive to high doses 
of dietary antioxidants and that manipulation of endogenous antioxidant levels (e.g., 
by supplying weak prooxidants) may be a more useful approach to treatment and 
prevention of diseases in which reactive oxygen species are important rather than 
the consumption of high doses of antioxidants. According to the principle, the 
human body needs an essential amount of antioxidants for normal cell function as 
cells are generally functioning in a reduced state. Conversely, a certain limited level 
of ROS in is also necessary for normal cell function. In the case of the male germ 
cell, ROS are essential to trigger capacitation, hyperactivation, and acrosome reac-
tion [36–39]. Moreover, for the regulation of MAP kinases or normal function of 
several gene transcription factors [124, 125], a controlled amount of ROS is neces-
sary. Even the induction of apoptosis, which is on the one hand caused by oxidative 
stress, is characterized by a shift toward a more oxidized status of the cell since 
caspases are sensitive to the redox status of the cell. Thus, this whole process is 
regulated by a fine balance between oxidation and reduction which is triggering or 
inhibiting the process [126, 127]. Therefore, an overdose of antioxidants can be 
detrimental and even cause cancer [123] or male infertility.

11.6  �Reductive Stress

Since oxidative stress can derail cellular functions, the redox status must be finely 
balanced. In case of an overexposure of cells to antioxidants, this fine balance will 
be shifted from oxidation status into reduction status, a condition which has been 
termed “reductive stress” [128]. Accordingly, reductive stress is defined as an imbal-
ance in the redox status with increased levels of reducing equivalents in form of 
redox couples such as GSH/GSSG or NADPH/NADP [129]. Reductive stress can 
cause cardiac injury, neurological diseases such as Alzheimer’s disease [130, 131], 
and dysregulations of embryogenesis [132]. Thus, reductive stress is as dangerous 
for cells and organs as oxidative stress [133]. Paradoxically, the injury induced to 
cells under reductive stress conditions is of oxidative nature since high levels of 
antioxidants (reducing equivalents) promote excessive ROS production exceeding 
the ROS-scavenging capacity. This results in a mitochondrial spillover of hydrogen 
peroxide [134] and might also explain the observation of a spontaneous pregnancy 
in the couple who was asked to discontinue their excessive intake of antioxidants.

Henkel [135] and Chen et al. [136] pointed out the problem of a possible over-
treatment of patients which may lead to male infertility due to reductive stress. 
Therefore, relevant standardized assays and proper cutoff values need to be estab-
lished. These assays would have to include both sides of the redox scale, oxidation, 
and reduction, to establish what is “normal” in this context. One assay for which a 
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seminal cutoff value was established by means of ROC curve analysis is the total 
antioxidant capacity [137]. Another, perhaps easier and cheaper, tests system might 
be measuring the oxidation-reduction potential with the MiOXSYS system [138]. A 
clinical evaluation of this method, however, is still outstanding.

11.7  �Summary

Under aerobic conditions, cells metabolize oxygen in a stepwise reaction in the 
mitochondria to generate energy in the form of ATP. During this process, about 5% 
of the oxygen leaks in the form of highly reactive radicals from the mitochondrial 
electron transfer chain. Normally, these oxidants are neutralized by antioxidants. 
However, in the case of an imbalance toward elevated levels of reactive oxygen radi-
cals, this can cause oxidative stress. In spermatozoa, the unique plasma membrane 
is rich in high amounts of polyunsaturated fatty acids. Oxidative stress causes dam-
age of these membrane lipids by induction of lipid peroxidation. This process does 
not only lead to the loss of membrane function and functional capacity of the male 
germ cell but can also cause sperm nuclear DNA damage as the stable carbonyl by-
products and 4-hydroxy-2-alkenals of lipid peroxidation are highly mutagenic and 
genotoxic. Therefore, it is important to minimize oxidative stress. This can either be 
achieved by elimination of conditions causing oxidative stress or by antioxidants. 
However, an oversupply of antioxidants in the body can cause the opposite condi-
tion of oxidative stress known as reductive stress, which is as dangerous for cells as 
oxidative stress as it can also be the cause of various diseases and infertility. The 
challenge is that up to now, the normal value for this fine balance between oxidation 
and reduction is unclear. Relevant tests still need to be developed and evaluated.
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Chapter 12
Apoptosis in Ejaculated Spermatozoa 
and in the Normal and Pathological Testes: 
Abortive Apoptosis and Sperm Chromatin 
Damage

Denny Sakkas and Hasan M. El-Fakahany

12.1  �Introduction

The term “programmed cell death” was originally used to describe the coordinated 
series of events leading to cell demise during development. The term “apoptosis” 
refers to a morphologically distinct form of cell death that plays a major role during 
the normal development and homeostasis of multicellular organisms. This mode of 
cell death is a tightly regulated series of energy-dependent molecular and biochemi-
cal events orchestrated by a genetic program [1].

Apoptosis is either developmentally regulated (launched in response to specific 
stimuli, such as deprivation of survival factors, exposure to ionizing radiation and 
chemotherapeutic drugs, or activation by various death factors and their ligands) or 
induced in response to cell injury or stress. It is now widely accepted that apoptosis 
serves as a prominent force in sculpting body parts, deleting unneeded structures, 
maintaining tissue homeostasis, and as a defense mechanism to remove unwanted 
and potentially dangerous cells, such as self-reactive lymphocytes, virus-infected 
cells and tumor cells. Apoptosis has also been recognized in the pathogenesis of 
many diverse human diseases including cancer, acquired immune deficiency syn-
drome, neurodegenerative disorders, atherosclerosis, and cardiomyopathy. 
Maintaining the homeostatic relationship between apoptosis and cell proliferation is 
important for tissue development and degeneration. Decreased apoptosis may lead 
to neoplasia, whereas increased apoptosis may lead to a dystrophic condition [1].

D. Sakkas (*) 
Boston IVF, Waltham, MA, USA
e-mail: dsakkas@bostonivf.com 

H.M. El-Fakahany 
Department of Dermatology, STDs and Andrology, Al-Minya University, Al-Minya, Egypt

mailto:dsakkas@bostonivf.com


198

12.1.1  �Cellular Characteristics of Apoptosis Versus Necrosis

The process of apoptosis is associated with well-defined morphological and bio-
chemical changes, including a reduction in cell volume, blebbing of the cell mem-
brane, chromatin condensation and margination, and formation of apoptotic bodies 
(Table 12.1). In contrast to physiological cell death or apoptosis, necrosis is a pas-
sive process that does not require energy expenditure by the cell and occurs in 
response to a wide variety of noxious agents. Necrosis (Table 12.1) does not occur 
in a developmental context, usually affects a group of contiguous cells, and is char-
acterized by swelling of the cell and its organelles (as a result of ion pump failure) 
and results ultimately in membrane rupture and cell lysis [1].

A unique biochemical event in apoptosis is the activation of calcium–magnesium-
dependent endonuclease activity, which specifically cleaves cellular DNA between 
regularly spaced nucleosomal units. Such fragments are a characteristic DNA pat-
tern, which is considered the hallmark of apoptosis. In necrosis, as opposed to apop-
tosis, the genomic DNA is degraded randomly by a host of cytosolic and lysosomal 
endonucleases, producing a continuous spectrum of sizes [2, 3].

Table 12.1  Key events occurring during spermatogenesis when comparing apoptosis and necrosis

APOPTOSIS NECROSIS
ACTION ROLE IN 

SPERMATOGENESIS
STIMULATED BY Tissue remodeling Cytoplasmic remodelling Metabolic stresses

Maintenance of cell 
pool size

Maintains spermatogonia 
numbers

Absence of nutrients

Genomic Damage
Important in 
Spermatocytes

Changes in pH, 
temperature

Metabolic 
derangement
hypoxia Hypoxia, anoxia
Imbalance in 
signaling pathways

MORPHOLOGICAL 
CHANGES
Affected cells Individual Cells Can impact overall 

sperm morphology
Groups of cells

Cell volume Decreased Increased
Chromatin Condensed Fragmented
Lysosomes Unaffected Abnormal
Mitochondria Initially remain 

normal Morphologically Aberrant

Inflammatory response None
Cell fate Apoptotic bodies 

consumed by 
neighboring cells

Sertoli Cells can act as 
macrophages Lysis

MOLECULAR CHANGES
Gene activity Required for program Replacement of Histones 

by Protamine shuts 
down gene activity and 
also changes the ability 
for uniform DNA 
fragments to occur

Not needed
Chromosomal DNA

Cleaved at Specific 
sites leading to 
uniform sized DNA 
fragments

Random Cleavage

The impact of apoptosis on aspects of spermatogenesis is highlighted in the Role in Spermatogenesis 
column
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Another important distinguishing feature of apoptosis is the rapid clearance of 
dead cells by “professional” phagocytes (such as macrophages) before they can 
lyse, spill their noxious contents, and cause an inflammatory reaction. This clear-
ance mechanism is efficient and rapid. In contrast, during the pathological or acci-
dental cell death that results from overwhelming cellular injury, cells swell and lyse, 
releasing noxious contents that often trigger an inflammatory response. An addi-
tional change associated with cells during the early phases of apoptosis is the altera-
tion of plasma membrane phosphatidylserine asymmetry. In normal cells, the 
phosphatidylserine is located on the cytoplasmic side or on the inner leaflet of the 
plasma membrane. Early in apoptosis, phosphatidylserine is translocated from the 
inner to the outer surface of the plasma membrane and, consequently, is exposed to 
the external cellular environment. Surface exposure of phosphatidylserine occurs 
along with chromatin condensation that precedes the increase in membrane perme-
ability and constitutes one of the principal targets of phagocyte recognition [4].

A disruption in the mitochondrial transmembrane potential occurring before 
nuclear changes has been observed in many cells undergoing apoptosis. This perme-
ability transition involves the opening of a large channel in the inner membrane of 
the mitochondrion that leads to the release from mitochondria to the cytosol of 
apoptosis-inducing factors (AIF). In addition, permeability transition causes the 
mitochondrial generation of reactive oxygen species (ROS) and rapid expression of 
phosphatidylserine residues in the outer plasma membrane leaflet [5].

Moreover, during apoptosis, mitochondrial inner membrane proteins, such as 
cytochrome c, leak out into the cytosol. At least two other cytosolic proteins, apop-
totic protease activating factors Apaf-1 and Apaf-3, have been identified that col-
laborate with cytochrome c (also known as Apaf-2) to induce proteolytic processing 
and CASPASE activation and, in turn, kill cells by apoptosis [3, 6].

These key differences between classic apoptosis and necrosis are confounded by 
the intricate changes occurring during spermatogenesis to the nuclear and cytoplas-
mic architecture (Table 12.1). For example, the replacement of histones by prot-
amines: (i) creates a shutdown of gene activity during spermiogenesis hence 
inhibiting any active orchestrated contribution of apoptosis to this process and (ii) 
alters chromatin architecture so that the classic ordered fragmentation of nucleo-
somes seen in most cells cannot occur in sperm. For these reasons, we believe that 
although aspects of apoptosis are used to control spermatogenesis, it cannot be 
viewed as true apoptosis; hence some of the signals we associate with apoptosis 
become more complicated to understand.

12.1.1.1  �Programmed Cell Death Cascade

Broadly, the programmed cell death cascade can be divided into at least three to four 
phases: signal activation, control, execution, and structural alterations. Multiple sig-
naling pathways lead from death-triggering extrinsic signals to a central control and 
execution stage [1].
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Three major pathways are involved in the process of caspase activation and apop-
tosis in mammalian cells. The intrinsic pathway for apoptosis involves the release of 
cytochrome c into the cytosol where it binds to Apaf1. Once activated by the cyto-
chrome c, Apaf-1 then binds to procaspase 9 resulting in the activation of the initiator 
caspase 9 and the subsequent proteolytic activation of the executioner caspases 3, 6, 
and 7. The active executioners are then involved in the cleavage of a set of proteins, 
such as poly ADP ribose polymerase (PARP), and causes morphological changes to 
the cell and nucleus typical of apoptosis. A major player in the process is the B-cell 
lymphoma/leukemia 2 (BCL2, Bcl2) family of proteins [7] which act to regulate 
apoptosis through the interplay of the pro- and anti-apoptotic BCL family members. 
Members of the Bcl2 family of proteins play a major role in governing this mito-
chondria-dependent apoptotic pathway, with proteins such as Bax functioning as 
inducers and proteins such as Bcl2 as suppressors of cell death [3].

The extrinsic pathway for apoptosis involves ligation of a death receptor (e.g., 
Fas) to its ligand (e.g., Fas ligand (FasL). For the Fas pathway, binding of FasL to 
Fas activates Fas receptors, which recruit the Fas-associated death domain, which in 
turn binds to the initiator caspase 8 or 10 [8].

A third subcellular compartment, the endoplasmic reticulum has also shown to 
be involved in apoptotic execution. Crosstalk between these pathways does occur at 
numerous levels. In certain cells, caspase 8 through cleavage of Bid, a pro-apoptotic 
Bcl2 family member, can induce cytochrome c release from mitochondria in Fas-
mediated death signaling. All these pathways converge on caspase 3 and other exe-
cutioner caspases and nucleases that drive the terminal events of programmed cell 
death [8].

In this chapter, we will discuss apoptosis in relation to how and if it occurs in 
mature spermatozoa and how apoptosis functions in testes of men with normal sper-
matogenesis and different pathologies.

12.1.2  �Apoptosis in Mature Spermatozoa

Numerous studies have now reported the presence of apoptotic protein markers on 
sperm membranes, including Fas [9], Bcl family proteins [10], and annexin V [11, 
12]. As stated above the question of whether spermatozoa undergo apoptosis has 
perplexed a number of researchers. This question was raised in our initial study 
[9] of the presence of apoptotic proteins in ejaculated sperm, and we even coined 
the phrase abortive apoptosis [9] to convey a distinction from normal apoptosis. 
In addition, the finding that human spermatozoa can exhibit high levels of DNA 
fragmentation [13–20] has further pointed to apoptosis being a key mechanism in 
the control of spermatogenesis. Unfortunately, it has not been helped by the use of 
various DNA assessment techniques that have been confused with the diagnosis 
of apoptosis. The distinct mechanisms described above and in Table 12.1, includ-
ing morphological and biochemical changes, reduction in cell volume, blebbing 
of the cell membrane, chromatin condensation, controlled DNA fragmentation and 
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margination, and formation of apoptotic bodies, are not always evident in such a 
specialized cell like a mature spermatozoon.

The discovery of the internucleosomal fragmentation of genomic DNA to regu-
lar repeating oligonucleosomal fragments generated by Ca/Mg-dependent endonu-
clease is accepted as one of the best characterized biochemical markers of apoptosis 
(programmed cell death). In 1970, Williamson [21] described that cytoplasmic 
DNA isolated from mouse liver cells after culture was characterized by DNA frag-
ments with a molecular weight consisting of multiples of 135 kDa. This finding was 
consistent with the hypothesis that these DNA fragments were a specific degrada-
tion product of nuclear DNA. In 1978, Zakharyan and Pogosyan presented a paper 
revealing that glucocorticoid-induced DNA degradation in rat lymphoid tissue, thy-
mus, and spleen occurred in a specific pattern producing fragments of DNA that 
were electrophoretically similar to those observed after treatment of chromatin with 
micrococcal nuclease, which indicated that an internucleosomal cleavage pattern of 
DNA degradation occurred during apoptosis [22–24].

This classic ordered DNA fragmentation seen in apoptotic cells is not evident in 
human spermatozoa because of the differences in chromatin packaging imparted by 
protamines [13] (Table 12.1). There are however some hallmarks of apoptosis. For 
example, it has been shown that human sperm contains the proteins necessary for 
the autophagy process. Proteins related to the autophagy/mitophagy process (LC3, 
Atg5, Atg16, Beclin 1, p62, m-TOR, AMPKα 1/2, and PINK1) were all found pres-
ent in human spermatozoa. Aparicio et al. [25] showed that autophagy-related pro-
teins and upstream regulators were present and functional in human spermatozoa.

Overall, mature spermatozoa display several features of apoptotic cells; however, 
they also appear to be able to escape programmed cell death once transcription is 
shut down. Improving our understanding of this enigma is one area of research that 
requires further attention.

12.1.3  �Testicular Germ Cell Apoptosis in Normal 
Spermatogenesis

In contrast to mature ejaculated spermatozoa, the role of apoptosis is quite clear in 
the testes. The testes of normal men produce more than 100 million spermatozoa 
daily; however up to 75% of the spermatogonia die in the process of programmed 
cell death before reaching maturity. Spermatogenesis is therefore a dynamic pro-
cess, and both germ cell proliferation and differentiation need to be tightly regu-
lated. This output depends on proliferative activity in the basal compartment of the 
seminiferous epithelium where the spermatogonial cells are found and differentiate 
toward the lumen where meiosis and spermatogenesis occur. During regular sper-
matogenesis, testicular germ cells therefore degenerate by an apoptotic process. In 
mammals, germ cell death is conspicuous during spermatogenesis and occurs spon-
taneously at various phases of germ cell development such that seminiferous epithe-
lium yields fewer spermatozoa than might be anticipated from spermatogonial 
proliferations [26].
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In normal newborns, apoptotic cells in the seminiferous cords were identified as 
being mostly spermatogonia, even though Sertoli cells were also detected. The 
extent of testicular cell proliferation during fetal and neonatal development deter-
mines the final adult testis size and potential for sperm output in the human with 
subsequent stabilization during the first years of prepuberty. Even though gonado-
tropins start to increase during the first month of life, it is remarkable that the peak 
of the activation of the hypothalamic–pituitary–gonadal (HPG) axis that takes place 
during the second and third months of life was not associated with a lower rate of 
apoptosis or with increase in testis weight. Hormonal or growth factors present in 
the feto-placental unit might influence testicular cell growth for a few weeks after 
birth. The newborn period is characterized by increased cell mass in the two com-
partments of the testis. This cell growth seems to be mainly mediated by decreased 
apoptosis. The main mechanism for modulation of cell number in the prepubertal 
testis is the regulation of apoptotic cell death relative to cell proliferation [27].

Similarly, apoptosis is the underlying mechanism of germ cell death during nor-
mal spermatogenesis in adult humans. Human testes exhibit a spontaneous occur-
rence of germ cell apoptosis involving all three classes of germ cells, including 
spermatogonia, spermatocytes, and spermatids. The incidence of spontaneous germ 
cell apoptosis in humans varies with ethnic background. For example, the incidence 
of spermatogonial and spermatid apoptosis was higher in Chinese men than in 
Caucasian men. The triggering factors for spontaneous germ cell apoptosis during 
normal spermatogenesis are not known, and it is uncertain why there are ethnic dif-
ferences in the inherent susceptibility of germ cells to programmed cell death. 
However, it should be noted that, in testes, as in many other tissues, the contribution 
of spontaneous germ cell apoptosis has been grossly underestimated due to the 
rapid and efficient clearance of apoptotic cells by professional phagocytes (Sertoli 
cells) [1]. The Sertoli cells, lining the seminiferous epithelium, supervise spermato-
genesis by providing structural and nutritional support to germ cells.

The survival of conjoined spermatogonial cell progenies depends in part on 
maintaining structural and functional relationships with both neighboring Sertoli 
cells and with the basal lamina of the seminiferous tubular wall. Spermatocytes are 
less dependent on the basal lamina relationship and more dependent on Sertoli cell 
support. When apoptosis signaling is activated, the CASPASEs initiate a cell disas-
sembling procedure, generating apoptotic bodies leading to the final demise of 
entire spermatogonial and spermatocyte progenies [28].

During spermatogenesis, spermatogonia and round spermatids almost certainly 
die by apoptosis [29]. Peak germ cell loss has been observed during the stages of 
mitosis of type A spermatogonia, meiotic division of spermatocytes, and during 
spermiogenesis [30]. Apoptotic germ cells are either sloughed into the tubule lumen 
or phagocytosed by Sertoli cells. Spermatozoa also demonstrate changes consistent 
with apoptosis. The percentage of germ cells undergoing apoptosis in normal sub-
jects is significantly lower than that seen in men with oligoasthenoteratozoosper-
mia, Hodgkin’s disease, and testicular cancer [31].
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Five possible functional roles have been proposed in the literature for the pres-
ence of apoptosis during normal spermatogenesis:

•	 Maintenance of an optimal germ cell/Sertoli cell ratio. It has been established 
that each Sertoli cell can support only a finite number of germ cells throughout 
their development into spermatozoa. Therefore, supraoptimal numbers of sper-
matogonia may undergo apoptosis to maintain an optimal ratio [32].

•	 Elimination of abnormal germ cells. There may be a selective process in which 
abnormal germ cells, especially chromosomally abnormal germ cells, are elimi-
nated from the population by apoptosis [26].

•	 The formation of the blood-testis barrier by tight junctions between Sertoli cells 
requires the elimination of excessive germ cells. Suppression of germ cell apop-
tosis by means of inactivating Bax, an apoptosis-inducing gene, prevents the 
formation of these tight junctions [33].

•	 Creation of a prepubertal apoptotic wave facilitates the eventual functional 
development of mature spermatogenesis. A massive wave of germ cell apoptosis 
normally takes place as mammalian species approach puberty. This wave serves 
as a regulator of the ratio between germinal cells in various stages and Sertoli 
cells. There is evidence that preventing this wave of apoptosis by expression of 
apoptosis inhibitory proteins, such as BclxL or Bcl2, results in highly abnormal 
adult spermatogenesis accompanied by sterility [34].

•	 Selective removal of unneeded portions of sperm cytoplasm. Apoptosis contrib-
utes during spermatogenesis in the process of removing abnormal sperm. For 
example, spermatids display many of the histological and molecular fingerprints 
of apoptosis. Maturing spermatids form darkly staining basophilic bodies and 
express multiple CASPASEs within these “residual bodies.” In addition, these 
bodies contain proteins linked to the regulation of cell death such as Fas and p53. 
The cytoplasm of maturing spermatids is collected and removed by residual bod-
ies. This is probably done by neighboring Sertoli cells, which recognize and 
phagocytose them as they are shed. All of this has led to the idea that developing 
spermatozoa use the apoptotic machinery to selectively dissipate unneeded por-
tions of their cytoplasm. In this view, apoptotic factors are somehow segregated 
to the cytoplasm—away from the nucleus—and this segregation permits the 
emerging sperm to utilize the apoptotic machinery without dying [35].

12.1.4  �Regulators of Testicular Apoptosis

Apoptotic cell death seems to be strictly regulated by extrinsic and intrinsic factors 
and can be triggered by a wide variety of stimuli. Examples of extrinsic stimuli 
potentially important in testicular apoptosis are irradiation, trauma, viral infection, 
toxin exposure, and the withdrawal of hormonal support. It has been widely assumed 
that certain hormones, growth factors, or cytokines are necessary for cell survival 
and cell cycle progression and that their absence leads to apoptosis of their target 
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cells. Moreover, genetic control plays a prominent role in apoptosis through molec-
ular regulatory factors, which act as intrinsic mediators [36].

12.2  �Intrinsic Regulators

12.2.1  �Genes Regulating Germ Cell Apoptosis

Disruption of a number of genes results in infertility through accelerated germ cell 
apoptosis in mice. These findings give a first glimpse of the mechanisms involved in 
the regulation of germ cell apoptosis and may help in defining important genetic 
principles that may apply to genes important for human fertility. Male mice defi-
cient in Bax were infertile and displayed accumulation of premeiotic germ cells 
with complete loss of advanced spermatids. In addition, mice misexpressing Bcl2 in 
spermatogonia displayed an accumulation of spermatogonia before puberty but, 
during adulthood, exhibited loss of germ cells in the majority of the tubules [37].

12.2.1.1  �Fas-FasL

The cell surface receptor, Fas, is a transmembrane glycoprotein that belongs to the 
tumor necrosis factor/nerve growth factor family. The Fas-FasL interaction triggers 
the death of cells expressing Fas. Expression of Fas and FasL is not only detected 
on the Sertoli cells but also in germ cells and Leydig cells [38].

In testis, the Fas system has been implicated in maintaining immune privilege. 
According to this hypothesis, FasL-expressing Sertoli cells eliminate Fas-positive 
activated T cells, providing general protection against rejection in the testicular 
environment. Moreover, if Sertoli cells are injured, they increase the expression of 
FasL to eliminate Fas-positive germ cells, which cannot be supported adequately. 
These findings and the response of FasL and Fas, expressed by Sertoli cells and 
germ cells, respectively, to environmental conditions by initiating germ cell death 
implicate the Sertoli cell in the paracrine control of germ cell output during sper-
matogenesis by a Fas-mediated pathway [39].

Although Fas may contribute to germ cell homeostasis, it is not essential. Mice 
with complete lack of Fas are fertile without any overt defects in germ cell apoptosis 
[40]. It may still play a key role in coordinating the number of sperm in human. 
Recently, Wang et al. [41] investigated whether single nucleotide polymorphisms 
(SNP) in the promoter regions of two Fas pathway genes can influence their tran-
scriptional activities and result in abnormal cell apoptosis, thus leading to impair-
ment of spermatogenesis. They showed that frequencies of FASLG -844CC, CT, 
and TT genotypes among infertile men were significantly different from those 
among controls (P = 0.024). Men with FASLG -844TT genotype had an increased 
risk of idiopathic azoospermia or severe oligozoospermia compared with those with 
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CC and CT genotype (odds ratio 2.72, 95% confidence interval 1.25–5.93). The 
results suggest that FASLG -844C/T SNP may be a genetic predisposing factor of 
idiopathic azoospermia or severe oligozoospermia.

12.2.1.2  �Bcl2 Family

Bcl2 is the first identified member of a growing family of genes that regulates cell 
death in either a positive or a negative fashion. The Bcl2 family of proteins, which 
contains both pro-apoptotic (Bax, Bak, Bclxs, Bad) and anti-apoptotic (Bcl2, 
Bcl-xL, Mcl, A1) proteins, constitutes a critical, intracellular checkpoint within a 
common cell death pathway that determines the susceptibility of a cell to apoptosis. 
It is generally believed that the ratio of pro-apoptotic to anti-apoptotic Bcl2 family 
proteins is the critical determinant of cell fate, with an excess of Bcl2 resulting in 
cell survival but an excess of Bax resulting in cell death. Although these molecules 
compete, it has not been established firmly yet whether anti-apoptotic or pro-
apoptotic members are dominant in determining the key survival-promoting deci-
sion point. Paradoxically, a given family member may perform either function, 
depending on the cell systems used [8].

Bcl2 protects cells from apoptosis by its capacity to reduce production of 
ROS. Other members of the Bcl2 family, including Bax, Bak, and Bad, can block 
the ability of Bcl2 to inhibit apoptosis and subsequently to promote cell death. Bax, 
for example, functions to increase the sensitivity of cells to apoptotic stimuli [42]. 
Disruption of Bax, an apoptosis-inducing gene, prevented the process of apoptosis 
in the testis and resulted in an accumulation of immature germ cells (mainly sper-
matocytes) in the tubules [33].

The impact of the Bcl pathway may differ in varying male infertility pheno-
types as Stronati et al. [43] have shown that when exposed to environmental pol-
lutants, certain chemicals might alter sperm DNA integrity and BclxL levels in 
European adult males. Finally, it is also known that normal testicular function is 
dependent upon hormones acting through endocrine and paracrine pathways both 
in vivo and in vitro. Sertoli cells provide factors and it has been shown that their 
removal induces germ cell apoptosis. One classic example is the proteins of the 
Bcl-2 family. These key apoptotic proteins in particular provide one signaling 
pathway which appears to be essential for male germ cell homeostasis controlled 
hormonally [44].

12.2.1.3  �p53

The p53 family of transcription factors, including p53, p63, and p73, are critical for 
many physiological processes, including female fertility, but little is known about 
their functions in spermatogenesis. p53 suppresses oncogenic transformation by 
promoting apoptosis. p53 is found in high concentration in the testis and plays a 
significant role in temperature-induced germ cell apoptosis. This cell cycle 
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regulator also seems to be required for radiation-induced apoptosis of spermatogo-
nia, as evidenced by de novo induction of p53 expression in spermatogonia and 
degenerating giant cells in the testis following irradiation [36].

p53-induced testicular apoptosis involves:

	1.	 Activation of redox-related genes also known as p53-induced genes
	2.	 Generation of ROS
	3.	 Oxidative degradation of mitochondrial components permitting the release of 

apoptosis-inducing factors, including AIF, cytochrome c, Apaf1, and Apaf3, into 
the cytosol to activate the CASPASEs [45]

In mouse models, it has also been reported that deficiency of the TAp73 isoform, 
but not p53 or DeltaNp73, results in male infertility because of severe impairment 
of spermatogenesis [46]. These results indicate that abnormal regulation of p53 
family members could impact human male infertility.

12.2.1.4  �CASPASEs

CASPASEs are cysteine proteases that promote apoptosis in mammals. Evidence 
for the role of CASPASEs in cell death is based on findings that their inhibition can 
prevent apoptosis, whereas their overexpression and activation cause apoptosis. 
CASPASEs mediate apoptosis by cleaving selected intracellular proteins, including 
poly (ADP-ribose)polymerase (PARP), lamin, and actin, and cause morphological 
changes to the cell and nuclei [47, 48].

In vitro, apoptosis of human male germ cells can be prevented by CASPASE 
inhibition [49]. On the other hand, CASPASE activity could not be detected in 
human adult germ cells obtained from men with normal spermatogenesis and cul-
tured in vitro under conditions that led to massive DNA fragmentation, suggesting 
the implication of an alternative, CASPASE-independent mechanism [50, 51]. In 
contrast, Kim et al. [52] have shown that the expression of FasL is upregulated in 
the testes of patients with SCO and MA, which suggests that it may be associated 
with apoptotic elimination or altered maturation of Fas-expressing germ cells 
through the activation of caspase 3.

12.2.1.5  �c-Myc

c-Myc is a nuclear phosphoprotein, encoded by a proto-oncogene, c-Myc. It plays 
a key role in the control of cell proliferation by acting as a transcription factor. 
Overexpression of the c-Myc gene in transgenic rats induces germ cell apoptosis 
at the meiotic prophase of primary spermatocytes. Depletion of sperm and semi-
niferous tubule atrophy causing sterility have been observed in the male trans-
genic rats [53].
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12.2.1.6  �Cyclic Adenosine Monophosphate Responsive Element 
Modulator (CREM)

The transcriptional activator, cyclic adenosine monophosphate (cAMP)-responsive 
element modulator (CREM), which is highly expressed in postmeiotic cells, may be 
responsible for the activation of haploid germ cell-specific genes involved in the 
structuring of the spermatozoa. CREM is responsive to the cAMP signal pathway 
and is required for expression of postmeiotic germ cell-specific genes. Mice that are 
CREM-deficient are phenotypically normal but have a maturation arrest at the early 
spermatid stage associated with a marked increase in apoptosis [54].

CREM is expressed in nuclei of round spermatids but not in elongated sperma-
tids. CREM may be important for spermatid development and as a stage-specific 
regulator of human spermatogenesis. Absence of CREM may play a causative role 
in testicular failure associated with various types of human male infertility [55].

12.2.1.7  �c-kit

c-kit has been identified as a germ cell apoptosis-preventing gene. Blockade or loss 
of the c-kit receptor results in the inability of mature spermatozoa to undergo the 
acrosome reaction. Decreased expression of the c-kit receptor and its ligand, stem 
cell factor, may alter the balance between cell proliferation/differentiation and cell 
death, resulting in increased apoptosis in the testes [56].

In mice, c-kit is involved in the migration of primordial germ cells and is 
expressed early in spermatogenesis. It is expressed in type A, intermediate, and type 
B spermatogonia, and its ligand is expressed in Sertoli cells [57].

12.2.2  �Genetic Regulators of DNA Repair

DNA damage is one of the most potent triggers of apoptosis. DNA damage (e.g., 
chromosomal abnormalities, failure of DNA repair or genetic recombination, ion-
izing radiation, chemotherapy) leads to the elimination of damaged cells scattered 
within the epithelium via apoptosis [58].

PARP is a chromatin-associated enzyme with a presumptive role in DNA repair 
during replication and recovery from strand breaks caused by genotoxic agents. It is 
particularly active in the testis, where its expression varies according to the stage of 
germ cell differentiation. The degradation of PARP is also one of the classic indica-
tors of apoptosis [59].

12  Apoptosis in Ejaculated Spermatozoa and in the Normal and Pathological Testes…



208

12.3  �Extrinsic Regulation (Hormonal Regulation)

Withdrawal of gonadotropins or testosterone can markedly accelerate germ cell 
apoptosis. In rodents, spermatogenesis and apoptosis have been shown to be hor-
monally dependent. As in other hormonally sensitive reproductive organs, such as 
the prostate, endometrium, and ovary, the withdrawal of hormonal stimulation 
results in the selective degeneration of specific cell types [36].

Assessing the relationship between hormonal deprivation and the induction of 
germ cell apoptosis in adult rats following the withdrawal of testosterone demon-
strated a significant rise in testicular cells with a low DNA content in combination 
with a decrease in haploid cells after testosterone deprivation [60].

Glucocorticoids act at the level of the pituitary and testis to suppress testosterone 
secretion and as a result may generate testicular apoptosis [61, 62]. Also, adminis-
tration of exogenous glucocorticoid resulted in testicular germ cell apoptosis in rats 
[61, 62]. Severe stress may provoke the release of endogenous glucocorticoids in 
men, resulting in decreased serum testosterone and possibly triggering apoptosis 
[63].

There is an increase in DNA fragmentation in seminiferous tubules after hypoph-
ysectomy [64], further supporting the concept that androgen deprivation increases 
programmed cell death in the seminiferous epithelium. GnRH antagonist-induced 
germ cell apoptosis is most prominent among meiotic spermatocytes. Administration 
of a GnRH antagonist resulted in morphologic signs of germ cell degeneration in 
spermatocytes and spermatids [1].

Gonadotropin-dependent germ cell apoptosis seems to be age-related. A marked 
increase in apoptotic DNA fragmentation was seen in aging rats treated with a 
potent GnRH antagonist to suppress circulating levels of FSH, LH, and testoster-
one. Testicular apoptosis may, therefore, be enhanced in the aging male, given the 
decline in free testosterone levels that occur with advancing age [65].

12.3.1  �Testicular Germ Cell Apoptosis During Testicular 
Dysfunction Conditions

12.3.1.1  �Aging

With aging, both potential daily sperm production and Leydig cell function decline. 
As for spermatogenesis, histopathological examination reveals that there is a sig-
nificant decline in the number of Sertoli cells per seminiferous tubule and the num-
ber of spermatids and primary spermatocytes per Sertoli cell [66].

Germ cell loss associated with aging occurs by apoptosis, probably because of a 
combination of a primary testicular defect and secondary hypothalamic pituitary 
dysfunction. Reproductive aging in the rat is characterized by decreased Leydig cell 
steroidogenesis associated with seminiferous tubule dysfunction. Accelerated germ 
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cell apoptosis involving spermatogonia, spermatocytes, and spermatids is greater in 
the testes of aging rats than in the testes of younger animals [67].

We have previously explored the relationship between men’s age and DNA dam-
age repair proteins related to apoptosis in human testicular germ cells [68]. 
Statistically significant differences in DNA damage repair-associated proteins 
(PARP1, PAR, XRCC1, and APE1) and apoptosis markers (caspase 9, active cas-
pase 3, and cleaved PARP1) were observed in testicular samples from older men. 
These differences were most marked in spermatocytes. It is clearly apparent that 
there is an age-related increase in human testicular germ cell DNA break repair and 
apoptosis with age.

Diminished spermatogonial proliferation was also found concomitant with low 
spermatogonial apoptosis. The decline of spermatogonial apoptosis might reflect a 
compensatory role of apoptosis in spermatogonia for the diminished proliferation 
that occurred during aging. Accelerated apoptosis of primary spermatocytes was 
detected in the testis of elderly men. It was speculated that apoptosis of primary 
spermatocytes might be the most relevant cause of impaired spermatogenesis in the 
aged testis. Sertoli cells might already have digested many apoptotic spermatids at 
the time of the detection of DNA fragmentation, because those cells are phagocy-
tosed in the early phase of the apoptotic process in the rat testis [69].

The aspect of declining sperm quality in aged men has further implications with 
a number of studies now showing that there is a paternal age-related decline in fer-
tility, a higher rate of certain neurodegenerative pathologies in offspring fathered by 
aged men, and possible transgenerational effects related to the paternal lineage 
[70–75].

12.3.1.2  �Varicocele

Several varicocele-associated factors, including heat stress, androgen deprivation, 
and exposure to toxic elements, may induce pathways, which result in apoptosis 
[76]. Our own studies have shown that that there is an increase in human testicular 
germ cell DNA repair and apoptosis in infertile varicocele patients and that their 
profile resembles that of premature aging [77].

Apoptosis in the Ejaculate of Men with Varicocele

Varicocele induces apoptosis, which is initiated in the testicular tissue and is then 
expressed in the semen. Up to 10% of sperm cells in the ejaculate of men with a 
varicocele were apoptotic, as compared with 0.1% in fertile controls [78]. Saleh 
et al. [79] showed that infertile men with varicoceles had significantly greater DNA 
damage in spermatozoa than had normal men. Bertolla et al. [80] also evaluated 
DNA fragmentation in adolescents with clinically diagnosed varicoceles and deter-
mined that these boys had a higher percentage of cells with DNA fragmentation 
than did adolescents with no varicocele.
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The expression of Fas protein was upregulated in semen samples obtained from 
patients with varicocele when compared to a control group, whereas little or no 
changes in FasL expression were detected in both groups. The relationship between 
varicoceles and apoptosis was explored by monitoring the concentrations of the 
soluble form of Fas (s-Fas) in seminal plasma, to characterize the Fas-signaling 
system with regard to hypospermatogenesis as a result of varicocele. By screening 
the seminal plasma of oligospermic men with varicoceles, oligospermic men with 
no varicocele, and normal controls, for the levels of s-Fas and the s-Fas ligand, s-Fas 
ligand was not detected in any of the cases, whereas s-Fas levels were specifically 
lower only in cases of varicocele [81, 82].

These reduced s-Fas levels were reversed by varicocelectomy. However, although 
higher temperatures may inhibit s-Fas production in patients with varicocele, the 
reason for this decrease in s-Fas levels remains unknown [81, 82].

In contrast, Chen et al. [83] identified no relationship between semen quality and 
apoptosis in fresh semen samples obtained from 30 patients with varicocele and 15 
fertile controls. Although the varicocele patients had a significantly higher apoptotic 
index (AI) than fertile controls, semen quality and sperm motion characteristics 
were not significantly different between the two groups.

Seminal ROS may result in sperm DNA damage in patients with varicoceles. At 
the molecular level, ROS affect DNA directly and alter the levels of intracellular 
Ca+2, which is known to be one of the most effective means of inducing apoptosis. 
Morphological alterations in testicular tissues have been reported as “stress pat-
terns” in patients with varicoceles. This stress pattern is reminiscent of, although not 
identical to, the cytomorphological changes in apoptosis [76].

High levels of seminal ROS and reduced total antioxidant capacity were detected 
in both fertile and infertile men with a clinical diagnosis of varicocele. Therefore, it 
was hypothesized that spermatozoal dysfunction in association with varicoceles 
may be related, at least in part, to elevated levels of sperm DNA damage induced by 
the high levels of ROS which are common in such patients [84].

Interestingly in a recent study, Agarwal and colleagues [85] identified and ana-
lyzed proteins of interest in infertile men with unilateral varicocele by searching for 
differentially expressed proteins (DEP) compared to fertile men. They identified 29 
proteins of interest involved in spermatogenesis and other fundamental reproductive 
events such as sperm maturation, acquisition of sperm motility, hyperactivation, 
capacitation, acrosome reaction, and fertilization. Proteins expressed uniquely in 
the unilateral varicocele group were cysteine-rich secretory protein 2 precursor 
(CRISP2) and arginase-2 (ARG2). They concluded that expressions of these pro-
teins of interest are altered and possibly functionally compromised in infertile men 
with unilateral varicocele.

Apoptosis in the Testicular Tissue in Men with Varicocele

Simsek et al. [86] evaluated the presence of apoptosis in testicular tissue, using the 
TUNEL assay. Apoptosis was very rare in the testicular tissues of the control group 
compared to the varicocele group. The mean percentage of apoptotic cells per total 
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germ cell was 2% in the control and 14.7% in the varicocele group. Hassan et al. 
[87] showed that testicular apoptosis is increased in varicocele-associated men 
either fertile or infertile. They found that the occurrence of apoptotic changes com-
prised all types of germ cells but did not affect Sertoli cells. Mean tubular apoptotic 
indices of fertile or infertile men with varicocele were significantly higher than 
controls (mean of 4.55 and 6.29% versus 2.71; P < 0.05). Mean Leydig cells apop-
totic indices of infertile men with varicocele were also significantly higher than 
those of fertile men without varicocele as well as controls.

Benoff et  al. [88] also reported that there were far more apoptotic nuclei, as 
assessed by TUNEL labeling in testis biopsy sections, in the seminiferous tubules 
of men with varicocele than in normal controls and that the percentage of apoptotic 
nuclei was noticeably higher in some men with varicoceles.

Although Bcl2 was not expressed in the germ cells in infertile patients with vari-
cocele, these cells expressed low levels of Bax, with no significant differences to the 
specimens from fertile men. In the testes from infertile patients with varicoceles 
stained for Caspase 3, significantly fewer germ cells were detected than those in the 
testes of normal controls. It was suggested that apoptosis might be suppressed as the 
result of reduced expression of caspase 3 and that the mitochondrial pathway involv-
ing Bcl2 and Bax may not be involved in apoptotic regulation in germ cells [89].

12.3.1.3  �Failure of Spermiogenesis

The causes of complete spermiogenesis failure are not completely known. These 
include the withdrawal of some developmentally important ligands, such as testos-
terone [90] or vitamin A [91]; mutations of the receptors with which these ligands 
and their metabolites can act, such as the retinoic acid receptor A [92] or the retinoid 
X receptor B [93]; alterations of molecules involved in signal transduction path-
ways, downstream of receptors, such as CREM protein [54]; or mutations of com-
ponents of cell DNA repair enzyme systems [94]. Such conditions are often 
associated with germ cell apoptosis [95].

Reduced expression of CREM was also detected in patients with predominant 
round spermatid maturation arrest in comparison with men with normal spermato-
genesis or with mixed testicular atrophy [55], and increased apoptosis of testicular 
cells has been demonstrated in patients with abnormal spermatogenesis [96]. It can 
thus be postulated that the low efficacy of round spermatid sperm injection in cases 
of complete spermiogenesis failure is due to the activation of apoptosis-promoting 
mechanisms similar to those operating in the experimental models of spermiogen-
esis arrest [97].

Apoptosis is involved in the removal of arrested germ cells from the testis of 
patients with spermatogenic disorders. The degree of spermatocyte and spermatid 
DNA fragmentation in the group of patients with incomplete spermiogenesis failure 
appears higher as compared to men with normal sperm production [1].

In addition to DNA fragmentation, apoptotic cells also undergo a rearrangement 
of plasma membrane lipids, leading to translocation of phosphatidylserine from 
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the inner side of the plasma membrane to the outer layer, probably as a result of 
disintegration of plasma membrane cytoskeleton that, in healthy cells, stabilizes 
membrane structure by connecting plasma membrane components to the cellular 
interior. It was suggested that this plasma membrane modification may serve to 
mark apoptotic cells for subsequent recognition and removal by the phagocytotic 
machinery [98].

Tesarik et al. [99], using double labeling with TUNEL and annexin V, concluded 
that patients with complete spermiogenesis failure (round spermatids is the latest 
stage detected histologically in the testicular biopsy in azoospermic patients) had 
significantly higher frequencies of primary spermatocytes and round spermatids 
carrying the apoptosis-specific DNA damage in comparison with patients with 
incomplete spermiogenesis failure (elongated spermatids is the latest stage detected 
histologically in the testicular biopsy in azoospermic patients). Apoptosis-related 
phosphatidylserine externalization occurs rarely until the advanced stages of sper-
miogenesis. Since externalized phosphatidylserine is expected to be involved in the 
recognition of apoptotic cells by phagocytes, apoptotic spermatocytes and round 
spermatids may not be removed easily by phagocytosis. The high frequency of 
DNA damage in round spermatids from patients with complete spermiogenesis fail-
ure explains the low success rates of spermatid conception in these cases. They also 
recommended that the evaluation of apoptosis could help to predict success rates of 
spermatid conception.

CASPASE activation and DNA fragmentation are frequent phenomena in germ 
cells from men with non-obstructive azoospermia, especially in cases of meiotic 
and postmeiotic maturation arrest. The incidence of CASPASE activation and DNA 
fragmentation is somewhat lower in samples from patients with hypospermatogen-
esis, in which some germ cells achieve the late elongated spermatid stage [50].

12.3.1.4  �Obstructive Azoospermia

The mechanism inducing apoptosis after obstruction remains unknown. Since the 
obstruction of the vas deferens would also induce an increase of pressure in the 
seminal tract, it may cause apoptosis. Increased pressure occurring prior to testicu-
lar development might have a more adverse effect than that occurring in adulthood. 
The difference in apoptotic change between prepubertal and adult cases might thus 
relate to the susceptibility to pressure. However, these pressure increases also seem 
to be reduced by epididymal development [100].

Flickinger et al. [101] reported that obstruction of the seminal tract in immature 
rats caused epididymal granulomas, which might in turn have caused fairly high 
pressure to the seminal tract. In case of prepubertal obstruction when epididymis is 
not well developed, the increased pressure may directly affect the testis to cause 
increased germ cell apoptosis.

Patients with congenital absence of the vas deferens who generally have good 
spermatogenesis are somewhat different from acquired obstructions. They have life-
long history of seminal tract obstruction; however, the increase or the fluctuation of 
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the pressure may not occur. This could be supported by the report that the vasecto-
mized men showed significantly greater seminiferous tubular wall thickness than 
the patients who had congenital absence of the vas deferens [102].

12.4  �Conclusion

The importance of understanding how apoptosis functions in both the normal and 
abnormal testes is paramount. It is becoming clear that subtle abnormalities in a 
sperm can become a significant factor in defining the progress of not only pregnancy 
but also of fetal and childhood development [72, 74, 103]. Improving our under-
standing of apoptosis and the factors that control it in the testes may allow us to 
better define male infertility and also treat it in a way that can limit any adverse 
paternal effects from spermatozoa that escape apoptosis.
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Chapter 13
Defective DNA Repair in Spermiogenesis

Tiphanie Cavé, Olivier Simard, Marie-Chantal Grégoire, 
and Guylain Boissonneault

13.1  �Introduction

DNA repair offers essential protection from endogenous or exogenous genotoxic 
sources. Faulty repair has been shown to increase de novo mutations, translocations, 
or persistent DNA damage, leading to apoptosis or cancer.

DNA damage in mature sperm may have important consequences as it may be 
transmitted to the next generation. Andrologists are now aware of the many potential 
origins of DNA alterations during spermatogenesis given the multiple steps involved 
in this differentiation program. Over the past 10 years, our research has focused on 
the postmeiotic events of spermatogenesis (spermiogenesis) given the genetic threat 
potentially associated with the major chromatin-remodeling steps in spermatids. The 
eviction of most of the histones and their replacement by protamines lead to a six- to 
tenfold compaction of the chromatin, providing greater mechanical and chemical 
stability to the genome. However, the specific steps of nuclear protein exchange offer 
a window of opportunity for genetic alterations [1–3]. Most strikingly, we and others 
have established that the transition is characterized by a transient surge in DNA strand 
breaks including a significant proportion of double-strand breaks (DSBs) that become 
repaired once differentiation proceeds to the final steps [4]. Although evidence sug-
gests that DSBs are seemingly conserved from Drosophila to humans [5–9], the func-
tion of the endogenous breaks remains unknown. One leading hypothesis is that DNA 
breaks would relieve the massive increase in free DNA supercoiling created by the 
nucleosome withdrawal. Regardless of whether these DSBs arise enzymatically or as 
a result of high torsional stress, effective and global DNA repair must be operating so 
as to minimize residual breaks in the mature gamete. Potential inducers of DSBs in 
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spermatids, haploid DNA repair mechanisms, and genetic consequences of faulty 
repair are briefly discussed in this chapter. This may prove to represent a major com-
ponent of the well-known male bias for transmission of de novo mutations [10].

13.2  �Topoisomerases and Elimination of Torsional Stress

As outlined above, torsional stress from the accumulation of negative supercoiling 
must be eliminated during chromatin remodeling, allowing for efficient DNA com-
paction by protamines [11]. Evidence of transient DSBs in spermatids were obtained 
by pulsed-field gel electrophoresis (PFGE), comet assays, TUNEL determination of 
DSBs, and in situ DNA end labeling ([4] and Grégoire et al. personal communica-
tion). It is worth noting that because mechanical DNA breaks do not generate 3′OH 
DNA ends (Grégoire et al. personal communication), the surge of 3′OH end label-
ing, specifically detected by the latter two techniques, provides strong evidence that 
enzymes must also be involved in the process. Studies from our group showed that 
topoisomerase IIβ is present in elongating spermatids in mice during chromatin 
remodeling [12, 13], and the use of type II topoisomerase inhibitors led to a signifi-
cant decrease in DSB [4]. In addition, topoisomerase I, topoisomerase IIα[alpha], 
topoisomerase IIIα, and Sp011 have also been detected by immunofluorescence, 
whereas type I and type II topoisomerase activities have been detected in vitro by 
plasmid relaxation using nuclear extract from sonication-resistant spermatids (SRS) 
(unpublished data). Type II topoisomerase proceeds through the induction of a DSB 
to decrease the linking number in steps of two, thereby reducing supercoiling [13]. 
Evidence of impaired topoisomerase ligation activity in elongating spermatids was 
provided by immunofluorescence detection of TDP1 [13] and TDP2  in nuclei 
(unpublished data). Both proteins are found at stalled topoisomerase in order to 
remove the covalently bound protein on DNA and recruit the DSBs DNA repair 
machinery. The deposition of transition proteins and protamines may in part be 
responsible to hinder the topoisomerase catalytic cycle and to trigger TDP1 and 
TDP2 signaling. However, confirmation of the role of topoisomerase in the transient 
DNA DSBs must await deletion of topoisomerase in spermatids by conditional 
knockout in mice.

13.3  �Nonhomologous End Joining

The sharp but transient increase in endogenous DSBs implies that an efficient DNA 
repair mechanism is operating in spermatids in order to prevent accumulation of 
unrepaired DNA DSBs in the mature sperm. A rough estimate based on preliminary 
data from PFGE analysis suggests an induction of around 45,000 transient DSBs in 
elongating spermatids compared to round spermatids (Grégoire et al. unpublished). 
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This may be considered important relative to somatic cells [14] although an unde-
termined fraction of the detected surge in DSBs may arise from intermediates of the 
topoisomerase II catalytic cycle released by proteolytic treatment during DNA 
extraction. A significant number of DSBs, however, are still observed following 
extensive treatment by an efficient topoisomerase II inhibitor (HU-331) in short-
term culture of seminiferous tubules (unpublished data) and leading to the complete 
loss of 3′OH labeling. The persistent DSBs suggest that they must arise from 
mechanical breaks. Persistence of DSBs in mature sperm is likely to impact fertility 
if the level exceeds a given threshold or impacts the genetic program of the develop-
ing embryo [15]. Spermatids are haploid cells and so cannot rely on a sister chroma-
tids for reliable templated DNA repair [10]. Under haploid conditions, only 
nonhomologous end joining (NHEJ) is operating to repair DSB as homologous 
recombination (HR) is unlikely to proceed. However, NHEJ is error-prone and has 
been shown to create small insertions or deletions at break sites [16, 17]. Mutational 
insertions and deletions can be especially deleterious, if, for instance, they create a 
frame shift in coding sequences, hence generating alternative proteins.

Evidence for NHEJ as a prominent DNA repair mechanism in spermatids 
includes detection of key proteins involved in this pathway, using immunoblots or 
immunofluorescence [5], as well as in  vitro inhibition of NHEJ in SRS nuclear 
extracts using ligase IV inhibitors such as SCR7 (unpublished data). Pioneer in vitro 
studies using testicular extracts also demonstrated NHEJ activity from cloning and 
sequencing of the repair template [18].

NHEJ deserves some attention to better appreciate how functional alteration of 
key components of the repair pathways may impact DNA integrity in spermatids. 
Two general NHEJ repair mechanisms are now emerging: the canonical NHEJ 
(C-NHEJ, which is also called classical NHEJ) and the alternative end joining 
(Alt-EJ, also referred to as Alt-NHEJ or A-NHEJ). The C-NHEJ is the primary 
repair pathway, while Alt-EJ is considered a backup pathway [14, 17, 19–23] 
(Fig.  13.1). During C-NHEJ repair, DNA overhangs are simply ligated together 
avoiding search for complementary sequence, thus resulting in small insertions and 
deletions, generally of one or few nucleotides [17] (Fig. 13.1a). However, in some 
instances, the resulting modifications may involve structural changes such as chro-
mosomal translocation or chromosomal aberrations [24, 25]. Although the Alt-EJ 
detailed mechanism is still unclear, a consensus is shown in Fig. 13.1b. Larger inser-
tions or deletions are expected from this mechanism [17, 22, 26].

As recently shown, both small or larger paternally transmitted insertions and 
deletions may be implicated in diseases with a genetic component such as autism 
spectrum disorder (ASD) [27]. Because DSB repair in spermatids must depend 
solely on NHEJ-related pathways and given that NHEJ activity declines with age 
[28–30], the impact of such a functional decline is expected to be worse in sperma-
tids than for somatic cells. We suspect that it may be in part responsible for the 
observed age dependence of male-transmitted de novo mutations and the higher 
propensity for transmission of neurological disorders [31–35].
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Fig. 13.1  NHEJ repair pathways. (a) During C-NHEJ repair, the Ku70–80 heterodimer detects 
and binds the broken ends of the DSB. DNA-dependent protein kinase catalytic subunit (DNA-
PKcs) is recruited and specifically binds the Ku70–80 heterodimer. In the case of minor DNA 
damage, the ligation is then possible with minimal processing involving the core complex 
XLF:XRCC4:DNA ligase IV and PAXX. However, in the case of more severe damages, polymer-
ases (Pol μ and Pol λ) and additional enzymes are required at the break site in order to process the 
DNA ends. (b) The Alt-EJ pathway is an alternative to C-NHEJ and is available when C-NHEJ 
cannot operate. Two Alt-EJ sub-pathways become available depending on the DNA sequence to be 
processed. One is mediated by Pol θ (TMEJ), and one can be directed by microhomology (MMEJ). 
Both DNA ligases I and III are required in the Alt-EJ pathway. Although C-NHEJ repair is more 
efficient than Alt-EJ, both are error-prone and may lead to insertions or deletions (See references 
[14, 17, 19–23] for further details)
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13.4  �Defective Mismatch Repair and Trinucleotide Repeat 
Instability

The mismatch repair (MMR) is used for the repair of base-base mismatches, inser-
tions, and deletions that occur during DNA replication and recombination. MMR is 
also involved in suppression of homologous recombination and also has a role in 
DNA damage response in eukaryotic cells [36]. Inactivation of the MMR leads to an 
increase in spontaneous mutations and predisposes to the development of tumors 
and cancers [36, 37]. MMR is therefore generally recognized as a repair mechanism 
promoting genome stability.

Trinucleotide repeats (TNRs) such as CAG, CTG, or CGG are involved in sev-
eral neurological disorders, such as Huntington disease, spinocerebellar ataxias, and 
more [38]. In these diseases, symptoms are observed once a critical number of 
repeats are reached in the corresponding gene. In the case where TNRs are localized 
within coding regions such as Huntington disease, an inverse correlation between 
the number of repeats and the age at onset of symptoms has been observed. TNRs 
are dynamic and have been shown to either extend or contract, mostly when a hair-
pin structure is adopted by the repeat during various cellular processes [38]. In such 
a situation, MMR recognizes the hairpin but displays defective repair activity, which 
leads to TNR length variation [39].

TNR extensions and contractions also occur during gametogenesis, which 
directly affects the number of repeats transmitted to the offspring. When an exten-
sion occurs, this results in the anticipation of the disease whereby an increased 
number of repeats is being transmitted to the offspring, resulting in an earlier age at 
onset of the symptoms. Using a mouse model for Huntington’s disease, we showed 
that CAG repeats can be extended toward the end of the chromatin-remodeling steps 
in spermatid [40]. This extension was previously shown to be dependent on MMR 
activity [41]. Hence, the genetic instability in spermatids is also reflected by TNR 
extension within neurodevelopmental genes. The potential for spermiogenesis to 
create both de novo insertion/deletion and TNR variations that impact neurodevel-
opment emphasizes the need to further study this chromatin transition when search-
ing the etiology of these genetic diseases.

13.5  �Other Sources of DNA Damage in Spermatids

We briefly outline other important sources of DNA damage in spermatids for which 
the repair mechanisms have not yet been characterized.
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13.6  �Reactive Oxygen Species

Reactive oxygen species (ROS) can be considered an additional endogenous [42] or 
exogenous [43] factor capable of inducing DNA damages in the form of strand 
breakage in spermatids. However, it is yet unclear whether the observed surge in 
DSBs is associated with a timely increase in ROS.  A proper balance of ROS is 
apparently needed in order to promote proper sperm maturation [44], but an excess 
in oxidative stress may induce cellular damage [45–47]. Hence, not only the integ-
rity of DNA but also the sperm chromatin state can be impacted by ROS. Interestingly, 
studies have shown a negative correlation between the efficiency of sperm chroma-
tin protamination and the degree of oxidative DNA damage [48]. Base excision 
repair (BER) and nucleotide excision repair (NER) have a leading role in repair of 
various DNA lesions [49–51], including oxidative damages [52]. Whether BER or 
NER is operating in spermatids has yet to be determined.

13.6.1  �Chemotherapy

Chemotherapy or radiation therapy induces a wide range of DNA damage in the 
male reproductive system [53–57] and often leads to infertility because replicating 
cells at premeiotic stages are exquisitely sensitive to genotoxic drugs [55–57]. The 
chromatin-remodeling steps in spermatids have also been shown to be sensitive to 
chemotherapy [58, 59]. Although the underlying mechanisms are yet to be identi-
fied, one can speculate that the transient DSB and active repair process are espe-
cially vulnerable to such genotoxic insults. Further discussion regarding the impact 
of chemotherapy on spermatogenesis can be found in Chap. 15.

13.7  �Conclusions and Future Direction

Further studies may lead to the identification of genetic conditions that can alter 
DNA repair processes during spermiogenesis. Mutations leading to defective DNA 
repair in spermatids have so far not been identified, but the impact of genetic altera-
tion in the DNA damage response has been confirmed at other stages of spermato-
genesis. For instance, deletion of Ku70 gene prevents the synthesis of the associated 
protein (which is central to C-NHEJ) and established that this protein is critical for 
DNA repair during meiosis [60]. BRD7 gene knockout mice displayed alteration of 
p53 activity which is a key factor for proper regulation of several testis genes 
involved in DNA repair [61]. Although p53 is known to participate in most DNA 
repair processes including HR, BER, NER, and MMR, it has been also recently 
linked to NHEJ [62]. Given the extent of DNA DSBs in elongating spermatids, any 
impairment in DNA repair could trigger programmed cell death. Apoptosis of germ 
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cells is a normal process allowing for the elimination of cells unable to process a 
threshold level of DNA damage. “Abortive apoptosis” has therefore been proposed 
as a source of persistent DNA damage in spermatids and spermatozoa since in this 
case normal elimination of cells with a high level of DNA damage does not proceed 
normally [63, 64].

In summary, spermiogenesis may prove to represent a very vulnerable chromatin 
structure transition and a significant source of genetic instability potentially leading 
to de novo genetic disorders in the offspring.
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Chapter 14
Defective Spermatogenesis and Sperm DNA 
Damage

Rakesh Sharma and Ashok Agarwal

14.1  �Neurological Pathways

Spermatogenesis is initiated through hormonal controls in the hypothalamus 
(Fig. 14.1). The hypothalamus secretes gonadotropin-releasing hormone (GnRH), 
triggering the release of luteinizing hormone (LH) and follicle-stimulating hormone 
(FSH) from the adenohypophysis or anterior lobe of the pituitary. LH assists with 
steroidogenesis by stimulating the Leydig cells which are located in the testicular 
interstitium, while FSH stimulates the Sertoli cells to aid with the proliferative and 
developmental stages of spermatogenesis. In addition to LH and FSH, the adenohy-
pophysis also secretes adrenocorticotropic hormone, prolactin, growth hormone, 
and thyroid-stimulating hormone—all of these hormones play an important role 
throughout spermatogenesis. The primary hormones are responsible for initiating 
spermatogenesis inside the testes, which is the central organ of the reproductive 
axis. GnRH stimulations are regulated through three types of rhythmicity: (1) sea-
sonal, peak GnRH production occurring during the spring; (2) circadian, daily regu-
lator with the highest output during the early morning; and (3) pulsatile, highest 
output occurring on average every 90–120 min.
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14.1.1  �Steroid Hormone Interaction and Neurological Axis

Androgens are an integral part of spermatogenesis. Dihydrotestosterone is formed 
by metabolizing testosterone with 5α-reductase. Both testosterone and dihydrotes-
tosterone regulate various genes and the various developmental stages during 
gestation [1]. Estrogen, on the other hand, as commonly regarded “female” hor-
mone, is also necessary for proper spermatogenesis [2, 3]. During Sertoli cell 
differentiation, estrogen levels drop to a minimum, and during the pre-pubescent 
years, estrogen shuts off androgen production by the Leydig cells. When puberty 
begins, estrogen levels fall to enable androgen production by Leydig cells and initi-
ate spermatogenesis. Thyroid hormones play a key role in spermatogenesis involv-
ing Sertoli cell proliferation and development. All of these hormones interact with 
one another in the testicular axis in both the interstitial region and the Sertoli cells 
to enable spermatogenesis. In addition to hormones, growth factors secreted 
directly by the Sertoli cells also play an important role in regulating spermatogen-
esis. Specifically, transforming growth factor (alpha and beta), insulin-like growth 
factor, and β-fibroblast growth factor facilitates germ cell migration during embry-
onic development, proliferation, and regulation of meiosis and cellular 
differentiation.

Fig. 14.1  Schematic representation of the hypothalamic pituitary axis and the hormonal feedback 
system (Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 
2010. All Rights Reserved)
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14.2  �Organization of the Testis

The testes are ellipsoid in shape, measuring of 4.5–5.1 cm in length [4, 5], 2.5 × 
4 cm in width [6], and have a volume of 15–25 mL [7]. They are engulfed by a 
strong connective tissues capsule (tunica albuginea) [6] and are the only organs in 
the human that are located outside the body. The reason for the extracorporal local-
ization of the testes is that Sertoli cells are temperature-sensitive. Therefore, sper-
matogenesis occurs at temperatures that are optimally 2–4° lower than body 
temperature [8]. The testis is loosely connected along its posterior border to the 
epididymis, which gives rise to the vas deferens at its lower pole [9]. The testis has 
two main functions: produce hormones, in particular testosterone, and produce male 
gamete—the spermatozoa (Fig. 14.2).

14.2.1  �Supporting Cells

14.2.1.1  �Leydig Cells

The Leydig cells are irregularly shaped cells that have granular cytoplasm present 
individually or more often in groups within the connective tissue. They contribute 
to about 5–2% of the testicular volume [10–12]. Leydig cells are the prime source 

Fig. 14.2  The human testis and the epididymis. The testis shows the tunica vaginalis and tunica 
albuginea, seminiferous tubule septa, rete testis and the overlying head, body, and tail of the epididy-
mis. To the left is a diagrammatic representation of a fully mature spermatozoon (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography © 2010. All Rights Reserved)
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of the male sex hormone testosterone [13–15]. LH acts on Leydig cells to stimulate 
the production of testosterone. This acts as a negative “feedback” on the pituitary to 
suppress or modulate further LH secretion [15]. The intratesticular concentration of 
testosterone is significantly higher than the concentration in the blood. Some of the 
key functions of testosterone are: (i) activation of the hypophyseal-testicular axis, 
(ii) masculinization of the brain and sexual behaviors, (iii) initiation and mainte-
nance of spermatogenesis, (iv) differentiation of the male genital organs, and (v) 
acquisition of secondary sex characteristics.

14.2.1.2  �Seminiferous Tubules and Sertoli Cells

Most of the volume of the testis is made up of seminiferous tubules, which are 
packed in connective tissue within the confines of the fibrous septa. The testis is 
incompletely divided into a series of about 370 lobules or fibrous septae consist-
ing of the seminiferous tubules and the intertubular tissue. The seminiferous 
tubules are a series of convoluted tubules within the testes. Spermatogenesis 
takes place in these tubules, scattered into many different proliferating and devel-
oping pockets (Fig. 14.3). The seminiferous tubules are looped or blind-ended 
and separated by groups of Leydig cells, blood vessels, lymphatics, and nerves. 
Each seminiferous tubule is about 180 μm in diameter. The height of the germi-
nal epithelium measures 80 μm, and the thickness of the peritubular tissue is 
about 8 μm [16].

Seminiferous tubules consist of three layers of peritubular tissue: (1) the outer 
adventitial layer of fibrocytes that originate from primitive connective tissue from 
the interstitium, (2) the middle layer composed of myoid cells that are distributed 
next to the connective tissue lamellae, and (3) the peritubular layer, a thick, inner 
lamella that mainly consists of collagen. The seminiferous tubule space is divided 
into basal (basement membrane) and adluminal (lumen) compartments by strong 
intercellular junctional complexes called “tight junctions.” The seminiferous tubules 
are lined with highly specialized Sertoli cells that rest on the tubular basement 
membrane and extend into the lumen with a complex ramification of cytoplasm. 
They encourage Sertoli cell proliferation and development during the gestational 
period. Both ends of the seminiferous tubules open into the spaces of the rete testis 
[17]. The fluid secreted by the seminiferous tubules is collected in the rete testis and 
delivered into the excurrent ductal system of the epididymis.

Approximately 40% of the seminiferous tubules consist of Sertoli cells, and 
roughly 40% of the Sertoli cells are occupied with elongated spermatids [18, 19]. 
Sertoli cells have larger nuclei than most cells, ranging from 250 to 850 cm3 [19]. 
Each Sertoli cell makes contact with five other Sertoli cells and about 40–50 germ 
cells in various stages of development and differentiation. The Sertoli cells provide 
structural, functional, and metabolic support to germ cells. Functionally and endo-
crinologically competent Sertoli cells are necessary for optimal spermatogenesis. 
During spermatogenesis, the earlier germinal cells rest toward the epithelium region 
of the seminiferous tubules in order to develop and mature, while the more devel-
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oped germinal cells move toward the lumen of the seminiferous tubules in order to 
exit the seminiferous tubule system and continue with the final phases of 
spermatogenesis.

Sertoli cells function as “nurse” cells for spermatogenesis, nourishing germ cells 
as they develop and participating in germ cell phagocytosis. Multiple sites of com-
munication exist between Sertoli cells and developing germ cells for the mainte-
nance of spermatogenesis within an appropriate hormonal milieu. FSH binds to the 

Fig. 14.3  Section of the germinal epithelium in the seminiferous tubule. Sertoli cells divide the 
germinal epithelium in a basal and adluminal compartment, via the Sertoli cell. Spermatozoa are 
released into the lumen (Reprinted with permission, Cleveland Clinic Center for Medical Art & 
Photography © 2010. All Rights Reserved)
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high-affinity FSH receptors found on Sertoli cells, signaling the secretion of 
androgen-binding protein (ABP). ABP allows androgens such as testosterone and 
dihydrotestosterone to bind and increase their concentrations to initiate and/or con-
tinue the process of spermatogenesis. Sertoli cells also release anti-Müllerian hor-
mone that allows for the embryonic development of the male by reducing the growth 
of the Müllerian ducts [20, 21], which in females develop into the fallopian tubes. 
Sertoli cells also secrete inhibin, a key macromolecule hormone that is participating 
in pituitary FSH regulation by providing negative feedback.

Considering that spermatozoa are only produced as from puberty, the male germ 
cells are not recognized by the immune system which develops during the first year 
of life. Therefore, spermatozoa must be protected from immunological attack. The 
structure providing this essential protection and forming a special microenviron-
ment for spermatogenesis to occur in an immunologically privileged site is the 
blood-testis barrier. It is formed by neighboring Sertoli cells that are connected via 
so-called tight junctions. The blood-testis barrier divides the seminiferous tubules 
into two regions: a basal region located near the seminiferous epithelium and an 
adluminal region that is positioned toward the lumen region of the seminiferous 
tubules. The basal region is the spermatogenic site for the development of the dip-
loid spermatogonia and primary spermatocyte, while the adluminal region serves as 
a developmental site for the haploid cells, secondary spermatocytes, and sperma-
tids. The blood-testis barrier has three different levels: (1) tight junctions between 
Sertoli cells, which help separate premeiotic spermatogonia from the rest of the 
germ cells, (2) the endothelial cells in both the capillaries, and (3) peritubular 
myoid cells.

Some of the main functions of the Sertoli cell are:

	 1.	 Maintenance of integrity of seminiferous epithelium
	 2.	 Compartmentalization of seminiferous epithelium
	 3.	 Secretion of fluid to form tubular lumen to transport sperm within the duct
	 4.	 Participation in spermiation
	 5.	 Phagocytosis and elimination of cytoplasm
	 6.	 Delivery of nutrients to germ cells
	 7.	 Steroidogenesis and steroid metabolism
	 8.	 Movement of cells within the epithelium
	 9.	 Secretion of inhibin and androgen-binding protein
	10.	 Regulation of spermatogenic cycle
	11.	 Providing a target for LH, FSH, and testosterone receptors present on Sertoli 

cells

14.3  �Spermatogenesis

The process of differentiation of a simple diploid spermatogonium into a spermatid 
is known as spermatogenesis [17]. It is a complex, temporal event whereby primi-
tive, totipotent stem cells divide to either renew themselves or produce daughter 
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cells that are transformed into a specialized testicular spermatozoon (Fig. 14.4). It 
involves both mitotic and meiotic divisions and extensive cellular remodeling. 
Spermatogenesis can be divided into three phases: (i) proliferation and differentia-
tion of spermatogonia, (ii) meiosis, and (iii) spermiogenesis, a complex process that 
transforms round spermatids after meiosis into a complex structure called the sper-
matozoon. In humans, the process of spermatogenesis starts at puberty and contin-
ues throughout the entire life span of the individual. Once the gonocytes have 
differentiated into fetal spermatogonia, an active process of mitotic replication 
begins very early in the embryonic development.

Within the seminiferous tubule, germ cells are arranged in a highly ordered 
sequence from the basement membrane to the lumen. Spermatogonia lie directly on 
the basement membrane, followed by primary spermatocytes, secondary spermato-

Fig. 14.4  A diagrammatic representation of major events in the life of a sperm involving sper-
matogenesis, spermiogenesis, and spermiation during which the developing germ cells undergo 
mitotic and meiotic division to reduce the chromosome content (Reprinted with permission, 
Cleveland Clinic Center for Medical Art & Photography © 2010. All Rights Reserved)
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cytes, and spermatids, as they progress toward the tubule lumen. The tight junction 
barrier supports spermatogonia and early spermatocytes within the basal compart-
ment and all subsequent germ cells within the adluminal compartment.

14.3.1  �Types of Spermatogonia

Fetal spermatogonia become transitional spermatogonia and later spermatogonia 
type Ad (dark). Spermatogonial stem cells undergo proliferative events and produce 
a population of cells that have distinct nuclear appearance that can be seen with 
hematoxylin and eosin staining. Spermatogonia can be categorized into three types: 
(i) dark type A, (ii) pale type A, and (iii) type B spermatogonia (Fig. 14.5).

Dark type A spermatogonia are stem cells of the seminiferous tubules that have 
an intensely stained dark ovoid nucleus containing fine granular chromatin. These 
cells divide by mitosis to generate dark type A and pale type A spermatogonia. Pale 
type A spermatogonia have pale staining and fine granular chromatin in the ovoid 
nucleus. Other proliferative spermatogonia include Apaired (Apr), resulting from 
dividing Aisolated and subsequently dividing to form Aaligned (Aal). Further dif-
ferentiation of spermatogonia includes type A1, A2, A3, A4, intermediate, and type 
B, each a result of the cellular division of the previous type. In humans, four sper-
matogonial cell types have been identified: Along, Adark, Apale, and type B [22–
24]. In the rat, type Aisolated (Ais) is believed to be the stem cell [25, 26], whereas 
in humans, it is unclear which type A spermatogonia is the stem cell.

Type B spermatogonia are characterized by large clumps of condensed chroma-
tin under the nuclear membrane of an ovoid nucleus. These cells divide mitotically 
to produce primary spermatocytes (preloptotene, leptotene, zygotene, and pachy-
tene), secondary spermatocytes, and spermatids (Sa, Sb, Sc, Sd1, and Sd2) [23] 
(Fig. 14.6). Spermatogonia do not separate completely after meiosis but remain 
joined by intercellular bridges, which persist throughout all stages of spermato-
genesis. This facilitates biochemical interactions and synchronizes germ cell mat-
uration [27].

14.3.2  �Spermatocytogenesis

Spermatocytogenesis consists of the meiotic phase in which primary spermatocytes 
undergo meiosis I and meiosis II to give rise to haploid spermatids. This takes place 
in the basal compartment. Primary spermatocytes enter the first meiotic division to 
form secondary spermatocytes. The prophase of the first meiotic division is very 
long. Primary spermatocytes have the longest life span. Secondary spermatocytes 
undergo the second meiotic division to produce spermatids. Secondary spermato-
cytes are short lived (1.1—1.7 days).
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Fig. 14.5  Schematic representation of the development of a diploid undifferentiated germ cell into 
a fully functional haploid spermatozoon along the basal to the adluminal compartment and final 
release into the lumen. Different steps in the development of primary, secondary, and spermatid 
stages are also shown and the irreversible and reversible morphological abnormalities that may 
occur during various stages of spermatogenesis (Reprinted with permission, Cleveland Clinic 
Center for Medical Art & Photography © 2010. All Rights Reserved)
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14.3.3  �Mitosis

Mitosis involves the proliferation and maintenance of spermatogonia. It is a pre-
cise, well-orchestrated sequence of events in which the genetic material (chromo-
somes) is duplicated, with breakdown of the nuclear envelope and formation of 
two daughter cells as a result of equal division of the chromosomes and cytoplasm 
[28]. DNA is organized into loop domains on which specific regulatory proteins 

Fig. 14.6  Differentiation of a human diploid germ cell into a fully functional spermatozoon 
(Reprinted with permission, Cleveland Clinic Center for Medical Art & Photography © 2010. All 
Rights Reserved)
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interact [29–33]. The mitotic phase involves spermatogonia (types A and B) and 
primary spermatocytes (spermatocytes I). Primary spermatocytes are produced by 
developing germ cells interconnected by intracellular bridges through a series of 
mitotic divisions. Once the baseline number of spermatogonia is established after 
puberty, the mitotic component proceeds to provide precursor cells and initiate the 
process of differentiation and maturation. Chromosomes are most vulnerable dur-
ing mitosis, and all DNA repair processes are shut down to prevent fusion of telo-
meres [34].

14.3.4  �Meiosis

The meiotic phase involves primary spermatocytes until spermatids are formed, and 
during this process, chromosome pairing, crossover, and genetic exchange take 
place until a new genome is determined. Meiosis consists of two successive divi-
sions to yield four haploid spermatids from one diploid primary spermatocyte. After 
the first meiotic division (reduction division), each daughter cell contains one part-
ner of the homologous chromosome pair, and they are called secondary spermato-
cytes (2n).

Meiosis is characterized by prophase, metaphase, anaphase, and telophase. The 
process starts when type B spermatogonia lose contact with the basement mem-
brane and form preleptotene primary spermatocytes. During the leptotene stage of 
prophase, the chromosomes are arranged as long filaments. During the zygotene 
stage, the homologous chromosomes called tetrads are arranged linearly by a pro-
cess known as synapsis and form synaptonemal complexes. Crossing over takes 
place during this phase, and chromosomes shorten in the pachytene stage. The 
homologous chromosomes condense and separate from sites of crossing over dur-
ing diakinesis. This random sorting is important to maintaining genetic diversity in 
sperm. At the end of prophase, the nuclear envelope breaks down, and in metaphase, 
chromosomes are arranged in the equatorial plate. At anaphase, each chromosome 
consists of two chromatids migrating to opposite poles. In telophase, cell division 
occurs with the formation of secondary spermatocytes having half the number of 
chromosomes. Thus, each primary spermatocyte can theoretically yield four sper-
matids, although fewer actually result, as the complexity of meiosis is associated 
with a loss of some germ cells. The primary spermatocytes are the largest germ cells 
of the germinal epithelium.

The prophase of the second meiotic division is very short, and in this phase, the 
DNA content is reduced to half as the two chromatids of each chromosome separate 
and move to the opposite poles. At the end of telophase, the spermatids do not sepa-
rate completely but remain interconnected by fine bridges for synchronous develop-
ment. These spermatids are haploid with (22, X) or (22, Y) chromosome and 
undergo complete differentiation/morphogenesis known as spermiogenesis.
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14.3.5  �Spermiogenesis

Spermiogenesis is the process of differentiation of the spermatids into a spermato-
zoon with fully compacted chromatin. During this process, morphological changes 
occur once the process of meiosis is completed. In humans, six different stages have 
been described in the process of spermatid maturation; these are termed as Sa-1 and 
Sa-2, Sb-1 and Sb-2, and Sc-1 and Sc-2 (Fig. 14.6). Each stage can be identified by 
the morphological characteristics. During the Sa-1 stage, both the Golgi complex 
and mitochondria are well developed and differentiated. In addition, the acrosomal 
vesicle appears, the chromatoid body develops in one pole of the cell opposite from 
the acrosomal vesicle, and the proximal centriole and the axial filament appear. 
During the Sb-1 and Sb-2 stages, acrosome formation is completed, the intermedi-
ate piece is formed, and the tail develops. This process is completed during the Sc 
stages. During the postmeiotic phase, progressive condensation of the nucleus 
occurs with inactivation of the genome. Testicular histones are replaced by transi-
tional proteins and, finally, by protamines, specific alkaline proteins that allow 
arrangement of the DNA in arrays instead of supercoiled solenoids. In addition, 
protamines are stabilized by disulfide bonds which essentially provide for nuclear 
stability in the male germ cell. During spermiogenesis, the developing male germ 
cells are extremely sensitive to oxidative stress. Spermatids have limited capacity 
for renewing glutathione and DNA repair and are therefore dependent on the anti-
oxidant protection conferred by the Sertoli cells [35].

14.3.6  �Spermiation

A mature spermatid frees itself from the Sertoli cell and enters the lumen of the 
tubule as a spermatozoon in a process called spermiation. Spermatids that originate 
from the same spermatogonia remain connected by bridges to facilitate the transport 
of cytoplasmic products. Sertoli cells actively participate in spermiation, which may 
also involve the actual movement of the cell as the spermatid advances toward the 
lumen of the seminiferous tubules [19]. The mature spermatids close their intracel-
lular bridges, disconnect their contact with the germinal epithelium, and become 
free cells called spermatozoa. Portions of the cytoplasm in the Sertoli cell known as 
the cytoplasmic droplet are completely eliminated, or, at times, they may be retained 
in the immature spermatozoon during the process of spermiation [36].

14.3.7  �The Cycle or Wave of Seminiferous Epithelium

A cycle of spermatogenesis involves the division of primitive spermatogonial stem 
cells into subsequent germ cell types through the process of meiosis. Type A sper-
matogonial divisions occur at a shorter time interval than the entire process of 
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spermatogenesis. Therefore, at any given time, several cycles of spermatogenesis 
coexist within the germinal epithelium. Spermatogenesis is not a random but well-
orchestrated series of well-defined events in the seminiferous epithelium. Germ 
cells are localized in spatial units referred as stages. Each stage is recognized by 
development of the acrosome: meiotic divisions and shape of the nucleus and 
release of the sperm into lumen of the seminiferous tubule. A stage is designated by 
Roman numerals. Each cell type of the stage is morphologically integrated with the 
others in its development process. Each stage has a defined morphological entity of 
spermatid development called a step, which is designated by an Arabic number. 
Several steps occur together to form a stage, and several stages are necessary to 
form a mature sperm from immature stem cells [37, 38]. In rodent spermatogenesis, 
only one stage can be found in a cross section of seminiferous tubule.

Within any given cross section of the seminiferous tubule, there are four to 
five layers of germ cells. Cells in each layer comprise a generation or a cohort of 
cells that develop as a synchronous group. Each group has a similar appearance 
and function. Stages I–III have four generations comprising type A spermatogo-
nia, two primary spermatocytes, and an immature spermatid. Stages IV–VIII 
have five generations: type A spermatogonia, one generation of primary sper-
matocyte, one generation of secondary spermatocytes, and one generation of 
spermatids. Thus, a position in the tubule that is occupied by cells comprising 
stage I will become stage II, followed by stage III, until the cycle repeats. The 
cycle of spermatogenesis can be identified for each species, but the duration of 
the cycle varies for each species [23].

The stages of spermatogenesis are sequentially arranged along the length of the 
tubule in such a way that it results in a “wave of spermatogenesis.” Although it 
appears that the spatial organization is lacking or is poor in the human seminiferous 
tubule, these stages are tightly organized in an intricate helicine pattern [39]. In 
addition to the steps being organized spatially within the seminiferous tubule, the 
stages are organized in time. Spermatozoa are released only in certain cross sections 
along the length of the seminiferous tubule. In the rat, all stages are involved in 
spermatogenesis, but spermatozoa are released only in stage VIII. In humans, this 
wave appears to be a spiral cellular arrangement as they progress down the tubule. 
This spatial arrangement probably exists to ensure that sperm production is a con-
tinuous and not a pulsatile process. The spermatocyte takes 25.3 days to mature. 
Spermiogenesis occurs in 21.6 days, and the duration of the cycle is 16 days. The 
progression from spermatogonia to spermatozoa or spermatogenesis is 74 days or 
four and a half cycles of the seminiferous cycle.

14.4  �Chromatin Remodeling/Alterations During Sperm 
Differentiation

Mammalian sperm chromatin is unique in that it is highly organized, condensed, 
and compacted. This feature protects the paternal genome during transport through 
the male and the female reproductive tracts and helps ensure that it is delivered to 
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the ova in good condition. Mammalian sperm DNA is the most tightly compacted 
eukaryotic DNA [40]. This feature is in sharp contrast to the DNA structure in 
somatic cell nuclei. Somatic cell nuclear DNA is wrapped around an octamer of 
histones and packaged into a solenoid structure [41]. This type of packaging adds 
histones, which increase the chromatin volume. The sperm nucleus does not have 
this type of packaging, and the volume is highly compacted. Chromatin changes 
occur in the testis during meiosis in which copies of the genome are partitioned into 
haploid spermatid cells and during spermiogenesis in which spermatids elongate to 
form sperm with fully compacted chromatin. These events are largely controlled by 
posttranslational events for transcription. Translation greatly subsides as DNA 
becomes compacted, and the cytoplasm is jettisoned during spermiogenesis [42, 
43]. After meiosis, sperm DNA experiences extreme chromosome compaction dur-
ing spermiogenesis.

Chromatin modeling is accompanied by changes in the nuclear shape, conver-
sion of negatively supercoiled nucleosomal DNA into a non-supercoiled state [44], 
induction of transient DNA breaks [45], and chromatin condensation. It is mediated 
by drastic changes at the most fundamental level of DNA packaging where a nucleo-
somal architecture shifts to a toroidal structure [46]. This change is implemented by 
sperm nuclear basic proteins (SNBs) that include variants of histone subunits, tran-
sition proteins, and protamine proteins [47, 48]. Chromatin proteins do not act 
exclusively to compact sperm DNA. This transition occurs in a stepwise manner, 
replacing somatic histones with testis-expressed histone variants, transition pro-
teins, and finally protamines [49]. Histone localization and posttranslational modi-
fication of histones encode epigenetic information that may regulate transcription 
important for sperm development [50]. They may also serve to mark the heterochro-
matin state of specific regions of the genome that may be important after fertiliza-
tion, when somatic histones are incorporated back into paternal chromatin or during 
subsequent zygotic development [51]. Male infertility can result from deficits of 
SNBs [52–54].

14.4.1  �Histone and Basic Nuclear Protein Transitions 
in Spermatogenesis

In the course of spermatogenesis, histones are replaced in developing sperm by 
testis-specific histone variants that are important for fertility [55]. The cells 
depend on posttranslational modifications to implement subsequent stages of 
sperm formation, maturation, and activation as de Novo transcription in postmei-
otic sperm is largely silenced [43]. During this whole process, sperm chromatin 
undergoes a series of modifications in which histones are lost and replaced with 
transition proteins and subsequently with protamines [56–58]. Approximately 
15% of the histones are retained in human sperm chromatin, subsequently 
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making chromatin less tightly compacted [59, 60]. Chromatin remodeling is 
facilitated by the coordinated loosening of the chromatin by histone hyperacety-
lation and by the DNA topoisomerase II (topo II), which produce temporary 
nicks in the sperm DNA to relieve torsional stress that results from supercoiling 
[45, 61–63]. However, if these nicks are not repaired, DNA-fragmented sperm 
may be present in the ejaculate [64].

14.4.2  �Role of Transition Proteins

The histone-to-protamine transition is important in the formation of spermatozoa 
[65]. This occurs in two steps in mammals: replacement of histones by transition 
nuclear proteins (TPs)—TP1 and TP2—and replacement of TPs by protamines 
(protamine 1 and protamine 2). TPs are required for normal chromatin condensa-
tion, for reducing the number of DNA breaks, and for preventing the formation of 
secondary defects in spermatozoa and the eventual loss of genomic integrity and 
sterility.

The transition proteins are localized exclusively to the nuclei of elongating and 
condensing spermatids [66] and were first detected in steps 10–11 spermatids [67, 
68] (Figs. 14.7 and 14.8). Maximum levels of these TPs are acquired during steps 
12–13, when they constitute about 90% of the chromatin basic protein, with TP1 
being about 2.5 times of those of the TP2 levels [53]. After the early stages of step 
15, both proteins are no longer detected in the nucleus [67, 68]. Defective protamine 
2 processing is correlated with infertility in humans [69] and mouse mutants [53, 
54] and could be due solely to the secondary cytoplasmic effects on sperm develop-
ment resulting in a reduced ability to penetrate the egg.

14.4.3  �Protamines as Checkpoints of Spermatogenesis

Sperm from infertile men show an altered P1/P2 ratio and/or no detectable P2 in 
mature sperm. Protamine abnormalities in sperm from fertile men are extremely 
rare [69–73].

Protamines are approximately half the size of histones [74]. They are highly 
basic sperm-specific nuclear proteins that are characterized by an arginine-rich 
core and cysteine residues [75, 76]. Protamines confer a higher order of DNA pack-
aging in sperm than that found in somatic cells. All of these levels of compaction 
and organization help protect sperm chromatin during transport through the male 
and female reproductive tract. This also ensures delivery of the paternal genome in 
a form that allows developing embryo to accurately express genetic information 
[60, 77–79].
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14.4.4  �DNA Methylation During Spermatogenesis

Nucleohistones are present in human and rat sperm and are absent in mouse sperm. 
About 15% of the histones are retained in the mature human spermatozoa [60]. 
There are widespread differences in methylation of specific sequences during 
oogenesis and spermatogenesis. DNA methylation may be involved in genomic 
imprinting in mammals and is one of the major epigenetic marks established during 
spermatogenesis [80]. Mature sperm shows a unique DNA methylation profile, one 
that is different from that of somatic cells [81]. The level of DNA methylation does 
not correlate with fertilization but with pregnancy rate after IVF [82].

Fig. 14.8  Diagrammatic representation of the steps where the histones are replaced with the tran-
sition proteins and protamines in the round spermatid progresses into a condensed spermatid just 
before it is released into the lumen (Reprinted with permission, Cleveland Clinic Center for 
Medical Art & Photography © 2010. All Rights Reserved)
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14.5  �Origin of DNA Damage

Mammalian spermiogenesis involves important changes in the cytoarchitecture and 
dramatic remodeling of the somatic chromatin; most of the nucleosomal DNA 
supercoiling is eliminated [83, 84]. This modification in chromatin structure occurs 
in elongating spermatids and is an important contributor to the nuclear integrity and 
acquisition of full fertilization potential of the male gamete [85]. DNA fragmenta-
tion occurs both in the mitochondria and the nucleus [86]. Spermatozoa that exhibit 
mitochondrial dysfunction also show a high rate of nuclear DNA fragmentation 
[87]. DNA damage in the male germ line is characterized by replication errors and 
DNA fragmentation [88].

14.5.1  �Sperm DNA Damage

Sperm DNA damage is characterized by abasic sites, base modifications, single-
strand and double-strand breaks, and DNA protein cross-links. Although DNA frag-
mentation does not constitute a mutation, it is a promutagenic change that has the 
potential to generate mutations in the offspring if the repair mechanisms are defec-
tive or inadequate. DNA damage involves (1) post-meiotically initiated abortive 
apoptosis when the ability to drive this process to completion is in decline, (2) 
unresolved strand breaks created during spermiogenesis to relieve torsional stress 
associated with chromatin remodeling, and (3) oxidative stress as a result of reactive 
oxygen species. Three major mechanisms for the creation of DNA damage in the 
male germ line have been proposed: chromatin remodeling by topoisomerase, oxi-
dative stress, and abortive apoptosis.

DNA damage could arise due to a combination of all three mechanisms. 
Furthermore, a two-step hypothesis has been proposed [85, 89]. Defects in the chro-
matin remodeling process result in the production of spermatozoa that are charac-
terized by reduction in the efficiency of protamination, abnormal protamine 1 to 
protamine 2 ratio, and relatively high nucleohistone content [79, 90, 91]. These 
defects in chromatin modeling create a state of vulnerability whereby spermatozoa 
become increasingly susceptible to oxidative damage. In the second step of this 
DNA cascade, reactive oxygen species attack chromatin. Sperm chromatin compac-
tion is believed to play an important role in protecting the male genome from insult. 
This specific chromatin structure of the sperm essential for proper fertility is, in 
part, due to the proteins that are bound to the DNA, including histones, protamines, 
and components of the nuclear matrix [92, 93]. The cascade of events leading to 
DNA damage involves an error in chromatin remodeling during spermiogenesis. 
This leads to generation of spermatozoa with poorly protaminated nuclear DNA that 
is increasingly susceptible to oxidative attack [89].
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14.5.2  �Sperm Apoptosis

Spermatogenesis is accompanied by germ cell apoptosis in the seminiferous epithe-
lium, a process which normally occurs throughout the life span. In addition, germ 
cell loss can be triggered by a variety of factors such as exposure to toxicants, altera-
tions in the hormonal support, heat, radiation, or chemotherapeutic exposure [94–
97]. Apoptosis of germ cells is necessary to maintain the optimal germ cell to Sertoli 
cell ratio and eliminate abnormal germ cells, especially during puberty. 
Approximately 75% of the spermatogonia are eliminated by programmed cell death 
before they can attain maturity [98, 99]. Spermatozoa do exhibit some of the hall-
marks of apoptosis including caspase activation and phosphatidylserine exposure 
on the surface of the cell [100]. Sertoli cells can support only a limited number of 
germ cells in the testis. Therefore, apoptosis normally occurs to prevent the overpro-
duction of germ cells and to selectively remove injured germ cells [101]. Clonal 
expansion of the germ cells in the testis occurs at very high levels, and thus, apop-
tosis is necessary to limit the size of the germ cell population to one which the 
Sertoli cell is able to support [102]. Men with poor seminal parameters often display 
a large percentage of Fas-expressing sperm in their ejaculate [79]. Some of these 
sperm with DNA damage and Fas expression may have undergone “abortive apop-
tosis” in which they started but subsequently escaped the apoptotic pathway [103]. 
Reactive oxygen and nitrogen species can trigger the intrinsic apoptotic pathways. 
The extrinsic apoptosis is mediated by activation of Fas protein receptors. These 
receptors are activated by binding of Fas ligand.

The combination of both intrinsic and extrinsic pathway results in a lethal cell 
response and activation of caspase-9, which in turn will activate executioner cas-
pases resulting in the fragmentation of the cell [104, 105]. Fas receptors are present 
in less than 10% of ejaculated spermatozoa from healthy spermatozoa and more 
than 50% of ejaculated spermatozoa from infertile men with oligozoospermia [106]. 
Sperm apoptosis can be recognized by both early and late stage markers—the early 
sign of phagocytosis is the translocation of the phosphatidyl serine residues from 
the inner to the outer plasma membrane of the spermatozoa. It is also an indication 
that abortive apoptosis is occurring in men with abnormal semen parameters [79]. 
DNA fragmentation is the late stage marker of apoptosis.

14.5.3  �Oxidative Stress in the Testis

Sertoli cells provide nutritional support to the differentiating germ cells in the testis. 
They protect the differentiating germ cells from oxidative stress as these cells pass 
through meiosis and emerge as haploid cells known as round spermatids. At this 
stage of development, these cells are transcriptionally silent. Even in the absence of 
any regulated gene transcription, they are able to undergo cellular transformation 
into a fully differentiated, highly specialized cell—the spermatozoon. This is 
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accomplished thorough a highly orchestrated differential translation of preexisting 
mRNA species through a process called spermiogenesis. Cells are sensitive to oxi-
dative stress during spermiogenesis. Throughout this phase, they are highly depen-
dent on the nurturing Sertoli cells, which possess antioxidants such as superoxide 
dismutase, glutathione reductase, transferase, and peroxidase [35]. Isolated sperma-
tozoa have a limited capacity for DNA repair [107] and do not transcribe novel 
RNA [108].

14.5.4  �Spermiogenesis and Etiology of DNA Damage

Spermiogenesis, the process by which haploid round spermatids differentiate into 
spermatozoa, is a key event in the etiology of DNA damage in the male germ line. 
During this process, the chromatin undergoes extensive remodeling, which enables 
the entire haploid genome to be compacted into a sperm head measuring 5 × 2.5 μ. 
This occurs as physiological DNA strand breaks are introduced by topoisomerase to 
relieve the torsional stresses involved in DNA packaging during sperm differentia-
tion. These strand breaks are corrected by a complex process involving H2Ax 
expression, formation of poly(ADP-ribose) by nuclear poly(ADP-ribose) polymer-
ases (PARP), and topoisomerase [109]. If the process of spermiogenesis is disrupted 
for any reason, restoration of the cleavage sites is impaired, and defective sperma-
tozoa with unresolved physiological strand breaks are released from the germinal 
epithelium. Transition proteins play a key role in maintaining DNA integrity during 
spermiogenesis as they move into the sperm nucleus between the removal of his-
tones and the entry of protamines. Functional deletion of these proteins results in 
the production of spermatozoa with poor fertilizing ability, poor chromatin compac-
tion, and high levels of DNA fragmentation [65]. DNA damage in human spermato-
zoa is associated with the disruption and poor chromatin remodeling during 
spermiogenesis [91, 110].

The efficiency of spermatogenesis is reflected by conventional semen character-
istics such as sperm count and morphology and the correlation with DNA damage 
[111, 112]. Poor protamination results in spermatozoa that possess nucleohistone-
rich regions of chromatin that is vulnerable to oxidative attack [85]. Oxidative stress 
is a major determinant of the quality of spermiogenesis, and disruption will lead to 
the production of spermatozoa vulnerable to oxidative stress, 8-OHdG formation, 
and, ultimately, DNA fragmentation as a consequence of apoptosis [108, 113, 114].

14.5.5  �Efficiency of Spermatogenesis

The efficiency of spermatogenesis varies between different species; it appears to be 
relatively constant in man. The time needed for spermatogonia to differentiate into 
mature spermatozoa is estimated to be 70 ± 4 days [115]. In comparison to animals, 
the spermatogenetic efficiency in man is poor, and the daily rate of spermatozoa 
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production is about 3–4 million per gram of testicular tissue [116]. Although a much 
higher sperm count than the 15 million/mL described by WHO manual [117] should 
be expected in the ejaculate, this is not the case. This is largely because most devel-
oped cells (>75%) are eliminated as a result of apoptosis. In the remaining cells, 
more than half are abnormal. Therefore, only about 12% of the spermatogenetic 
potential is available for reproduction [118]. Furthermore, daily sperm production 
in men also declines with age, a process which is associated with the loss of Sertoli 
cells, an increase in germ cell degeneration during prophase of meiosis, or the loss 
of primary spermatocytes along with a reduction in the number of Leydig cells, non-
Leydig interstitial cells, and myoid cells.

14.6  �Post-Spermiation Events

The process of spermiation and the journey of a sperm through the excurrent duct 
of the testis to a site where it can be included in the ejaculate take an additional 
10–14 days. The nucleus progressively elongates as its chromatin condenses; the 
head is characterized by a flattened and pointed paddle shape, which is specific to 
each species, and involves the Golgi phase where the centrioles migrate from the 
cytoplasm to the base of the nucleus; and the proximal centriole becomes the 
implantation apparatus to anchor flagellum to the nucleus and the distal centriole 
becomes the axoneme. In the cap phase, the acrosome forms a distinct cap over the 
nucleus covering about 30% to 50% of the nuclear surface [119]. The acrosome 
contains the hydrolytic enzymes necessary for fertilization. The manchette is 
formed, and the spermatids are embedded in Sertoli cells. During the maturation 
phase, mitochondria migrate toward the segment of the growing tail to form the 
mitochondrial sheath and outer dense fibers. A fibrous sheath is formed to com-
plete the assembly of the tail. Most of the spermatid cytoplasm is discarded as a 
residual body, and the spermatid moves toward the lumen of the seminiferous 
tubule. Once elongation of the spermatid is complete, Sertoli cell cytoplasm 
retracts around the developing sperm, all unnecessary cytoplasm is stripped, and 
spermatozoa are finally released it into the tubule lumen. The mature spermato-
zoon is an elaborate, highly specialized cell produced in large numbers—about 300 
per g of testis per second.

14.7  �DNA Repair Mechanisms

About 105 DNA lesions/cells are produced daily in the mammalian genome as a 
result of cellular metabolism and replication errors [120]. There are five repair 
mechanisms in place irrespective of the cause of DNA damage to compensate for 
the DNA damage and maintain genomic integrity in the spermatozoa: (1) nucleotide 
excision repair, (2) base excision repair, (3) mismatch repair, (4) double-strand 
break repair, and (5) post-replication repair.
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14.7.1  �Nucleotide Excision Repair

Nucleotide excision repair or NER mechanism acts upon lesions caused by oxida-
tive stress damage, mismatched bases, or DNA intra-strand cross-links causing dis-
tortion of the helical DNA structure [121, 122]. Global genome NER (GG-NER) 
and transcription-coupled NER (TC-NER) are the two pathways responsible for the 
underlying mechanism of NER.  GG-NER is responsible for DNA damage, and 
TC-NER is responsible for detecting lesions in the coding strand of actively tran-
scribed genes.

14.7.2  �Base Excision Repair

Base pair excision repair (BER) is responsible for removal of non-helix-distorting 
base lesions; these excisions are increased by deamination or oxidation [122, 123]. 
8-Oxo-2′-deoxyguanosine is the most significant and a well-characterized lesion. 
Abasic sites are generated in spermatozoa when 8-OHdg is cut by 8-oxoguanine 
glycosylase I (OGG1) [124]. Since the apyrimidinic endonuclease is absent in sper-
matozoa, the apyrimidinic sites created by OGG1 in DNA-damaged spermatozoa 
are repaired in the S-phase of the first mitotic division in the zygote [124, 125].

14.7.3  �Mismatch Repair Mechanism

Mismatches are caused by inefficient proofreading by DNA polymerase [126]. The 
common mismatches are the base-base mismatches such as G-T or A-C and 
insertion-deletion loops. Mismatch repair mechanism increases the DNA replica-
tion fidelity by 100-fold and suppresses genomic instability [125]. Four important 
proteins involved in MMR are also involved in male infertility, namely, MLH1, 
MLH2, MSH4, and RAD51. Meiotic arrest is seen at the pachytene stage as a result 
of deficiency or absence of these genes [127].

14.7.4  �DNA Double-Strand Repair

Double strand DNA breaks can occur as a result of a variety of factors such as failed 
DNA replication and repair, recombination, ionizing radiation, and chemotherapeu-
tic agents and reactive oxygen species. If these double strands are not repaired, these 
can result in translocations, DNA fusions, and cell death. Nonhomologous end-
joining repair (NHEJR) mechanisms help in repairing the DNA double-strand 
breaks [122].
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14.7.5  �Homologous Recombination

Homologous recombination repair mechanism operates mainly during the inter-
phase and G2 phase where the double-strand DNA breaks are protected from exo-
nuclease activity by the binding of Rad51 protein to the strand. DNA double-strand 
breaks activate both ataxia-telangiectasia mutated (ATM) and MRE11-RAD50-
NBS1 complex and generate 3′-ssDNA [128, 129]. Gonadal atrophy and azoosper-
mia are seen in men with ATM as a result of failure of primary spermatocytes at the 
leptotene-zygotene transition. Meiotic recombinations are blocked by mutations of 
MRE11 [127].

14.7.6  �Nonhomologous End Joining

Ku70 and Ku 8–0 heterodimer recognize and bind to the double-stranded breaks in 
DNA and recruit DNA-dependent protein kinase [127]. This results in recruitment 
of MRE11 complex, which induces the removal of non-ligatable termini. Deficiency 
in the nonhomologous end joining predisposes to cancer and immune deficiency 
syndrome [122, 130].

In addition, there are proteins associated with DNA repair and infertility 
such as the retinoblastoma gene (RB1) which results in hypermethylation of 
O6-methylguanine-DNA methyltransferases (MGMT) when inactivated result-
ing in silencing and reduction of MGMT.  Knockout mice studies have dem-
onstrated that retinoblastoma is essential for proper terminal differentiation of 
Sertoli cells.

Ubiquitin-protease pathway (UPP) is involved in the DNA repair, protein fold-
ing, and translocation, and apoptosis and maximum mammalian UPP activity are 
seen in the testis. UPP is involved in different stages of spermatogenesis such as 
meiosis and acrosome biogenesis. Sperm malfunction and increased risk of infertil-
ity are seen as a result of abnormal or deficient UPP [131]. Fanconi anemia (FA) 
genes are essential for DNA inter-strand cross-link repair. Of the 16 FA pathway 
proteins, eight are essential for inter-strand cross-link repair and involved in mono-
ubiquitination FANCD2 and FANCI [127, 132]. In addition to homologous recom-
binational repair of double-strand breaks, FANCN mutant male mice exhibited 
reduced fertility as a result of defective meiosis and increased apoptosis in germ 
cells [133].

14.8  �Regulation of Spermatogenesis

Both intrinsic and extrinsic regulation influence spermatogenic process.
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14.8.1  �Intrinsic Regulation

Testosterone, neurotransmitters (neuroendocrine substances), and growth factors 
are secreted by Leydig cells to neighboring Leydig cells, blood vessels, the lamina 
propria of the seminiferous tubules, and Sertoli cells [12, 118, 134]. In this sense, 
Leydig cells help maintain the nutrition of the Sertoli cells, and the cells of the peri-
tubular tissue influence the contractility of myofibroblasts and regulate the peristal-
tic movements of seminiferous tubules and transportation of the spermatozoa. 
Leydig cells also help regulate blood flow in the intertubular microvasculature [6]. 
Sertoli cells, in turn, deliver different growth factors, and various germ cells partici-
pate in the development and regulation of germ cells. These factors represent an 
independent intratesticular regulation of spermatogenesis.

14.8.2  �Extrinsic Influences

The hypothalamus and hypophysis control local regulation of spermatogenesis by 
pulsatile secretion of GnRH and release of LH. Leydig cells produce testosterone, 
which influences spermatogenesis and provides feedback to the hypophysis that 
regulates the secretory activity of Leydig cells. FSH action on the Sertoli cells is 
necessary for maturation of the germ cells. Both FSH and LH are necessary for 
complete spermatogenesis. Testicular function is determined by interaction between 
the endocrine and paracrine mechanisms [135, 136]. Sertoli cells secrete inhibin, 
which functions in the feedback mechanism directed to the hypophysis. Thus, both 
growth and differentiation of testicular germ cells involve a series of complex inter-
actions between somatic and germinal elements [135, 137, 138].

14.8.3  �Immune Status of the Testis

Mature spermatozoa, late pachytene spermatocytes, and spermatids express unique 
antigens that are not formed until puberty, and therefore, immune tolerance is not 
developed. Considering that the blood-testis barrier develops as these autoantigens 
develop, the testis is regarded an immune-privileged site, i.e., transplanted foreign 
tissue can survive for a period of time without immunological rejection. Yet, an 
immune surveillance is present in the testis and the epididymis, which shows an 
active immunoregulation to prevent autoimmune disease [139, 140].

14.8.4  �Disturbances of Spermatogenesis

Disturbances in both proliferation and differentiation of the male germ cells and the 
intratesticular and extratesticular mechanisms regulating spermatogenesis can occur 
as a result of environmental influences or as a result of diseases that directly or 
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indirectly affect spermatogenesis [141, 142]. In addition, nutrition, therapeutic 
drugs, hormones and their metabolites, increased scrotal temperature, toxic sub-
stances, and radiation can reduce or completely inhibit spermatogenesis. Thus, all 
these series of changes are necessary to transform the stem cells into fully mature, 
functional spermatozoa equipped to fertilize an egg (Fig. 14.7).

14.9  �Sperm Transport in the Epididymis, Storage, 
and Capacitation

The epididymis is an androgen-dependent organ with both absorptive and secretory 
functions that lies along the dorsolateral border of each testis. It comprises the vasa 
efferentia, which emanates from the rete testis and the epididymal ducts and is 
divided into three functionally distinct regions: the head, body, and tail, otherwise 
known as the caput epididymis, corpus epididymis, and cauda epididymis, respec-
tively. Its primary function is post-testicular maturation and storage of spermatozoa 
during their passage from the testis to the vas deferens. Much of the testicular fluid 
that transports spermatozoa from the seminiferous tubules is reabsorbed in the 
caput, thereby increasing the concentration of the spermatozoa by 10- to 100-fold. 
As the newly developed spermatozoa pass through these regions of the epididymis, 
many changes occur including alterations in net surface charge, membrane protein 
composition, immunoreactivity, phospholipid and fatty acid content, and adenylate 
cyclase activity.

14.9.1  �Epididymal Sperm Storage

As many as half of the spermatozoa released from the testis die and disintegrate 
within the epididymis and are reabsorbed by the epididymal epithelium. The 
remaining mature spermatozoa are stored in the cauda epididymis providing a 
capacity for repetitive fertile ejaculations. This storage capacity decreases distally, 
and the spermatozoa in the vas deferens may only be motile for a few days. After 
prolonged sexual activity, caudal spermatozoa first lose their fertilizing ability, fol-
lowed by their motility and then their vitality; they ultimately disintegrate. Older, 
senescent spermatozoa must be eliminated from the male tract at regular intervals. 
Otherwise, their relative contribution to the next ejaculate(s) increases, reducing 
semen quality, even though such ejaculates do have a high sperm concentration. The 
vas deferens is not a physiological site of sperm storage and contains only about 2% 
of the total spermatozoa in the male tract. Sperms transit through the fine tubules of 
the epididymis in approximately 10–15 days in humans.

Sperm mature outside the testis but have very limited motility or none at all and 
are incapable of fertilizing an egg while still being within the testis. Both epididy-
mal maturation and capacitation are necessary before fertilization. Capacitation is 
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the final step required for fertilization and involves the elimination of the so-called 
de-capacitation factors that are added on the sperm plasma membranes during tes-
ticular development and epididymal maturation. This function may be an evolution-
ary consequence of the development of a storage system for inactive sperm in the 
caudal epididymis. Preservation of optimal sperm function during this period of 
storage requires adequate testosterone levels in the circulation.

14.9.2  �Capacitation and Acrosome Reaction

Capacitation is a series of cellular or physiological changes that spermatozoa must 
undergo in order to fertilize an egg [143, 144]. It is characterized by the ability to 
undergo the acrosome reaction, bind to the zona pellucida, and acquire hypermotil-
ity. During capacitation, the seminal plasma factors that coat the surface of the 
sperm are removed, and the surface charge is modified along with the sperm mem-
brane, sterols, lipids, and glycoproteins and the outer acrosomal membrane lying 
immediately under it. Levels of intracellular free calcium also increase [145].

The acrosome reaction enables sperm to penetrate the zona pellucida and also 
spurs the fusogenic state in the plasmalemma overlying the nonreactive equatorial 
segment, which is needed for interaction with the oolemma. The changes termed as 
“acrosome reaction” prepare the sperm to fuse with the egg membrane and involve 
the removal of cholesterol from the surface membrane in preparation for the acro-
some reaction [146, 147]. In addition, d-mannose-binding lectins are also involved 
in the binding of human sperm to the zona pellucida [148, 149]. Thus, all these 
series of changes are necessary to transform the stem cells into fully mature, func-
tional spermatozoa equipped to fertilize an egg (Fig. 14.7).

14.10  �Conclusion

The testis is an immune-privileged site in the adluminal compartment that is set up 
in the blood-testis barrier and provides a microenvironment for spermatogenesis to 
occur. The seminiferous tubules are the site of sperm production. The process of 
differentiation of a spermatogonium into a spermatid is known as spermatogenesis. 
It involves both mitotic and meiotic proliferation as well as extensive cell remodel-
ing. In humans, the process of spermatogenesis starts at puberty and continues 
throughout life. Spermatogenesis produces genetic material necessary for the repli-
cation of the species. Meiosis assures genetic diversity. Along the length of the 
seminiferous tubule, there are only certain cross sections where spermatozoa are 
released. Sperm production is a continuous and not a pulsatile process. Spermatozoa 
are highly specialized cells that do not grow or divide. The spermatogenic process 
is maintained by different intrinsic and extrinsic influences. Proper expression of 
genes is a prerequisite for regulation of mitosis, meiosis, apoptosis, and 
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maintenance of genomic integrity, which is important for reproduction and survival 
of the species. Oxidative stress together with apoptosis specifically during spermio-
genesis is the key event in the etiology of DNA damage resulting in defective sper-
matogenesis. Aberrations in recombination, defective chromatin packaging, abortive 
apoptosis, and oxidative stress are all involved in the etiology of DNA damage in 
the germ line. Controlling of oxidative stress experienced by the germ cells during 
differentiation and maturation is important. Spermatozoa have to undergo a series of 
changes such as capacitation and acrosome reaction before they can fertilize.
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Chapter 15
Sperm Chromatin and Lifestyle Factors

Sarah K. Fatool and Avi Harlev

15.1  �Introduction

DNA fragmentation refers to an accumulation of multiple double-stranded DNA 
breaks that are not repairable by nuclear proteins. Sperm have limited repair mecha-
nisms and, thus, are more susceptible to oxidative stress, which may lead to DNA 
fragmentation [1, 2]. In addition, sperm DNA fragmentation can occur during sper-
matogenesis, and in fact, excessive DNA fragmentation is an indicator of apoptosis.

Men with a high percentage of sperm DNA fragmentation are more likely to be 
infertile and have abnormal offspring [3]. The loss of sperm DNA integrity affects 
practically every stage of conception and embryo development [3].

Furthermore, DNA fragmentation is a predictor of infertility in couples with 
unknown fertility status [4]. After establishing the significant difference in sperm 
DNA fragmentation in couples with successful IVF treatment to those who failed 
(33.8 ± 3.6% vs. 68.5 ± 2.3%, p < 0.001), Simon et al. [5] reported that men with 
DNA fragmentation of over 25% are more likely to fail IVF treatment with a sensi-
tivity of 63.6% and a specificity of 93.3%) [5]. Moreover, such ability of sperm 
DNA fragmentation in predicting infertility was found to be consistent regardless of 
the DNA fragmentation assay used: DFI, SCSA, TUNEL, or comet [3].

Sperm DNA fragmentation begets inferior embryos. In a sample of couples 
undergoing IVF, men with high sperm DNA fragmentation produced embryos of 
lower quality [5]. In mice models, embryos fertilized with DNA-fragmented sperm 
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using intracytoplasmic sperm injection (ICSI) grew slower than those embryos fer-
tilized with normal sperm [6]. If implantation did occur, the mouse fetus would 
often not survive to term [6]. Such findings mirror the observations seen in fertility 
[7] and IVF clinics [8]. In mice models, when ICSI is performed using sperm with 
high DNA fragmentation, the offspring had a shorter lifespan, organomegaly, and 
solid tumors, while the female offspring showed increased anxiety, deficit in short-
term special memory, and age-dependent hypolocomotion (p < 0.5) [6]. Therefore, 
distinguishing factors that damage sperm DNA may help to improve reproductive 
outcomes.

The objectives of this chapter are to identify lifestyle factors that affect sperm 
DNA integrity, investigate mechanism(s) for such damage, explore alleviating fac-
tors, and propose future investigations. Although there are many different lifestyle 
factors that are involved, the most relevant topics have been selected for discussion, 
including obesity, nutrition, smoking, alcohol consumption, and radiation.

15.2  �Mechanisms of DNA Fragmentation

Impaired spermatogenesis, abortive apoptosis, and oxidative stress are the three pri-
mary mechanisms of sperm DNA damage. Spermatogenesis is a dynamic process 
involving both intracellular development and extracellular signaling, and this pro-
cess can easily awry if the proper conditions are not maintained. Protamine distribu-
tion is an example of the impact of intracellular development on fertility. During 
spermatogenesis, DNA packaging proteins change from histones to lysine-rich tran-
sition proteins, and then replaced by protamines [9]. Protamines are cross-linked 
with disulfide bonds to maintain DNA stability [10]. Protamine 1 (P1) and prot-
amine 2 (P2) are equally distributed in the sperm DNA, and deficiency of P2 is 
found to be associated with male infertility [11].

Apoptosis is physiological cell death that plays a major role in regulating sperm 
development [12]. Fas, a ubiquitously expressed apoptosis initiator, requires Fas 
ligand (FasL) to begin the apoptotic cascade, and FasL is only expressed in selective 
cell populations [13]. Sertoli cells express FasL [14] and can reduce spermatozoa 
population to 25% [15] of its potential in order to prevent abnormal sperm from 
developing and to keep the sperm population at capacity. After initiation of the 
apoptotic cascade, the increase in endonuclease activity induces double-stranded 
DNA breaks. Many sperm that have DNA fragmentation, however, do not have 
apoptotic signaling molecules and display signs of immaturity [12]. Sakkas et al. 
proposed that while these sperm are “earmarked” for apoptosis, a malfunction in the 
Fas/FasL signaling caused the sperm to abort the process [12]. Such “escape” or 
abortive apoptosis seems to play a role in sperm DNA fragmentation in smoking 
[16], alcohol [17–19], and radiation exposures [20].

Oxidative stress in semen primarily originates from leukocytes and, in lesser 
amount, from the mitochondria and dead sperm. Within the sperm, mitochondria 
house the electron transport chain (ETC), and the containment of these electrons are 
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important for the redox balance. When electrons leak from Complex I and III in the 
ETC, intrinsic reactive oxygen species (ROS) are generated [21]. Outside of the 
sperm cells, the presence of leukocytes is the main contributor to ROS, in part from 
the production of bactericidal hydrogen peroxide [22]. Oxidative stress from the 
neighboring dead sperm cells also contributes to the oxidative stress in the ejaculate 
[23]. Oxidative stress caused by leukocytes and dead sperm, however, was reported 
to be correlated more with loss of sperm mobility and less with DNA fragmentation 
[22]. ROS generated from the mitochondria or intrinsic ROS, on the other hand, was 
found to be present in sperm with higher DNA damage [22].

The ejaculate contains several antioxidant compounds that can reduce ROS lev-
els [24], but sperm have limited capacity to deal with intrinsic oxidative stress and 
the resulting DNA damage. Sperm that are subjected to large amounts of oxidative 
stress can lose their mobility [2] and ability to fuse with the oocyte for successful 
fertilization [2] and may also result in sperm DNA damage. As mentioned before, 
sperm DNA fragmentation is correlated with infertility [4], impaired early embryo 
development [5], pregnancy loss [6–8], and poor long-term health outcomes of the 
offspring [3, 6]. Many modifiable lifestyle factors, such as smoking [25] and toxin 
exposure [26], and non-modifiable factors, such as age [2], are involved in causing 
oxidative stress.

While presented separately, defective spermatogenesis, abortive apoptosis, and 
oxidative stress are intertwined. Some studies have suggested that abortive apopto-
sis could be caused by oxidative stress [27], while other evidence demonstrates the 
opposite [28]. Apoptosis is initiated in sperm undergoing defective spermatogene-
sis. This chapter will address mechanism in more detail in each section.

Obesity rate continues to rise in the United States and globally [29]. The negative 
effects of obesity on cardiovascular, endocrine, and overall health has led to the 
hypothesis that there may be a link between obesity and male sub- and infertility. 
Molecular studies substantiate their suspicions; obesity has been found to increase 
seminal oxidative stress [30]. In fact, some researchers have proposed a connection 
between the high rates of obesity in young men [31] and the global decline in sperm 
quality [32]. After adjusting for marital status, obese men were found to father less 
children than their normal weight counterparts [33]. Additionally, a Norwegian 
study found that couples with overweight or obese male partners were more likely 
to be infertile even when adjusting for female BMI, male and female ages, smoking, 
and coital frequency (OR 1.36; CI 95% = 1.13–1.63) [34].

Many studies show a clear correlation between obese and overweight men and 
increased sperm DNA fragmentation [35, 36]. In a recent meta-analysis, Campbell 
et al. [32] asserted that obese men have a statistically significant increase of sperm 
with DNA fragmentation compared to their normal weight peers. However, other 
studies have asserted the opposite conclusion. Bandel et  al. [37] pooled several 
study populations and found that normal weight men had higher DNA fragmenta-
tion index (DFI) measurements than overweight men, and there was no correlation 
between BMI and DNA fragmentation after adjusting for cofounders. The study 
population primarily consisted of Swedish nationals, and since the effects of oxida-
tive stress has been linked to a complex interaction of exposure and genetics in other 
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lifestyle factors such as smoking, Bandel et  al.’s conclusion may only apply to 
Swedes. Rybar et al. [38] conducted a similar study and also found no association 
between obesity and DNA fragmentation. However, the obese group was only 16 
participants and did not examine morbid obesity as a separate group. So, does obe-
sity cause an increase in sperm DNA fragmentation?

An experiment conducted by Duale et al. [35] on mice models may help to clear 
up the confusion. DNA fragmentation was studied in three different mice models of 
obesity: high-fat-diet-induced obesity, leptin-deficient obesity, and leptin-induced 
obesity on a high-fat diet. In both models, the average sperm DNA fragmentation 
was higher than the lean controls, as was the variability. Some mice within the 
experimental group had normal chromatin structure, and others had measurements 
that indicated infertility [38]. Some obese mice were able to compensate or prevent 
DNA damage while their genetically similar littermates had a dramatic increase in 
sperm DNA fragmentation. Finally, sperm DNA damage was nonsignificant 
(p  <  0.05) between dietary groups, indicating that a high-fat diet is a possible 
cofounder. Keeping in mind the importance of cofounders and genetics, more stud-
ies are needed to establish a firm connection between obesity and sperm DNA dam-
age if one exists.

If obesity is associated with sperm DNA fragmentation, identifying the mecha-
nism involved is important to mitigate the effects, and several mechanisms have 
been proposed. Obesity has been established as a low-inflammation state. Tunc 
et al. [30] identified that an increased BMI was correlated with increased testicular 
oxidative stress possibly due to seminal macrophages [30]. Obese men also have 
increased estrogen and decreased testosterone [30], and such hormone imbalance 
may affect spermatogenesis. Obesity is correlated with scrotal hyperthermia, a 
known cause of poor sperm quality, and increased fat around the genital region may 
be the mechanism involved [39]. Other researchers have proposed that cofounders, 
such as diet and metabolic syndrome [40], and not obesity itself may be responsible 
for the change in sperm parameters. Hakonsen et al. [41] studied the effect of weight 
loss on sperm parameters in obese adults. While many sperm parameters improved 
after weight loss, DFI did not [41]. However, animal models have shown that anti-
oxidants, diet, and exercise may reverse or prevent DNA damage resulting from a 
high-fat diet [42, 43].

More studies are required in order to further explore the effect of obesity on 
sperm DNA integrity. During these investigations, researchers should also keep in 
mind the heterogeneity of the obese population. A patient who has been obese since 
childhood would possibly have more exposure to oxidative stress than another 
patient with adult-onset obesity. Fat percentage may be a better indicator than 
BMI. Morbid obesity should be analyzed separately from obesity in future studies. 
Finally, if hyperthermia is the mechanism, fat distribution may be the most impor-
tant variable. Future work should strive to find why obesity affects some men’s 
sperm DNA and not others.
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15.3  �Nutrition

Diet is another possible factor contributing to sperm DNA damage as nutrition defi-
ciency or overabundance may affect the balance between ROS and antioxidants. 
Instead of focusing on the effect of specific food groups of sperm DNA fragmenta-
tion, Jurewicz et al. [44] examined diet holistically to account for food interactions. 
Jurewicz et al. [44] surveyed 336 infertile men with respect to their diet. Diets were 
categorized into a “prudent diet” (fish, chicken fruit, cruciferous vegetables, toma-
toes, leafy green vegetables, legumes, and whole grains), a Western diet (red and 
processed meat, butter, high-fat dairy, refined grains, pizza, snacks, high-energy 
drinks, mayonnaise, and sweets), and a mixed diet. It was found that men with a 
prudent diet had a significantly lower DFI (15.20%) than men on mixed (16.04%) 
or Western (17.98%) diets (p < 0.05) [44]. These findings suggest that a Western diet 
may be responsible for declining sperm quality in Western civilizations. Vujkovic 
et al. [45] conducted a similar study in subfertile men and found that men who made 
more health-conscious food choices (diet high in fish, chicken, vegetables, and 
whole grains) had lower percentage of sperm DNA fragmentation (p = 0.05). When 
stratified by food group, fruits, vegetables, and nuts were significantly associated 
with lower sperm DNA fragmentation (p < 0.05). These studies suggest that a diet 
with a high amount of fruits, vegetables, and nuts may prevent sperm DNA frag-
mentation, and a traditional Western diet may increase sperm DNA fragmentation.

While consumption of fruits, vegetables, and nuts seem to be a protective factor 
for sperm DNA fragmentation, would a diet that consists of only these food 
groups—vegetarians and vegans—lower the sperm DNA fragmentation? A popula-
tion study was conducted on lifelong vegans, lacto-ovo-vegetarians, and nonvege-
tarians, and no difference in chromatin integrity was found between the three 
groups. Furthermore, vegan and vegetarian diet had a negative impact on other 
sperm variables [46].

The Western diet has been proven to be damaging to sperm DNA integrity in 
animal models as well. When compared to those who are fed a normal diet, rats on 
a high-fat diet have an increase of lipid peroxidation (increase of 30%; p < 0.05) 
[47] and DNA damage (p < 0.05) [50]. Two alleviating or protective factors have 
been identified. Yan et al. [48] found that metformin reduced the number of sperma-
tozoa with DNA damage in rats on a high-fat diet (p < 0.05). In fact, metformin 
reduced DNA damage so much that there was no significant difference between the 
normal diet group and the metformin group [48]. Another alleviating factor found 
was change in diet and increased exercise. Palmer et al. [43] investigated rats on a 
high-fat diet that were put on a diet improvement regimen, exercise program, or 
both. In all cases with such lifestyle intervention, the sperm DNA damage reduced 
to that of the lean controls (p < 0.01) [43].

Besides diet choice, antioxidant supplementation may prove beneficial in ame-
liorating sperm DNA damage keeping in mind that the primary mechanism involved 
in sperm DNA damage is redox imbalance. Dattilo et al. [42] administered an anti-
oxidant cocktail to the male partners of infertile couples who have failed at least two 
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assisted reproduction technology (ART) attempts and had a DFI or SDI greater than 
20%. The antioxidant treatment consisted of B vitamins, zinc, opuntia fig extract, 
N-acetyl-cysteine, and vitamin E, taken one to two times a day for 2–12 months. In 
addition to half of the men found to have decreased levels in both the SDI and DFI, 
20% of the couples achieved a spontaneous pregnancy. The final live birth rate was 
39% in the overall study group and 57% in the couples with improved SDI and DFI 
measurements (p < 0.001) [42].

Overall, diet appears to have an impact on sperm DNA fragmentation. A “gener-
ally healthy” diet consisting of chicken fish, fruits, vegetables, and nuts is associated 
with lower rates of sperm DNA fragmentation, while a high-fat and Western diet is 
associated with more oxidative stress and subsequently DNA damage. Lifestyle 
modifications including diet change and exercise as well as medication such as met-
formin are the potential solutions to alleviate the sperm DNA damage caused by 
high-fat diet. Antioxidant supplements may also be potentially useful for infertile 
couples with a high DFI.

15.4  �Smoking

In addition to the numerous detrimental effects cigarette smoking has on the cardio-
vascular and pulmonary systems, the carcinogenic and genotoxic nature of its sub-
stance causes cancer in multiple systems including the testes. In spite of numerous 
campaigns held to end smoking by the World Health Organization (WHO), over 1.1 
billion smokers still burden the health care system globally [49]. Furthermore, the 
rates of smokers are on the rising trend in Eastern Mediterranean and African coun-
tries [49], so immigrants from these countries should also be thoroughly questioned 
about their smoking habits and secondhand smoke exposure. As smoking is more 
prevalent in males [49], it has become a major issue in men’s health. In a large meta-
analysis done by Sharma et  al. [50], smoking was found to be associated with 
reduced sperm count, motility, and morphology; however, the link between sperm 
DNA damage and smoking was less clear.

Compounds in cigarette are directly and indirectly mutagenic. In vitro experi-
ments in human sperm have shown that cigarette smoke causes sperm DNA frag-
mentation in a dose-dependent manner [51]. Nicotine, cadmium, and lead have all 
been found to be associated with sperm DNA damage. When sperm from healthy 
volunteers were incubated in nicotine levels similar to those found in smoker’s sem-
inal fluid, sperm DNA fragmentation significantly increased (p < 0.05) [52]. Higher 
levels of cadmium and lead have been found in men with fertility disorders [53]. In 
mice, cadmium was associated with increased sperm DNA fragmentation [54]. 
Cadmium also downregulates 8-oxoguanine DNA glycosylase [55], which is 
involved in repairing DNA oxidative damage, perpetuating the fragmentation. 
Finally, lead increases DFI rate in vitro in both fertile and infertile men [56].

Smoking reduces the activity of catalase. Catalase, an antioxidant, reduces 
hydrogen peroxide to water, thereby protecting the sperm cells from oxidative 
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damage. Peltola et  al. [26] studied the effects of smoking on this antioxidative 
enzyme using a rat model. After a single smoking session, catalase activity was 
found to be reduced in rat testes for 12 h to 5 days [26].

Smoking reduces the expression of Chk1. After analyzing semen from infertile 
men in North China, Cui et al. [57] found not only in vitro sperm DNA fragmenta-
tion rate associated with smoking regardless of the exposure to smoking (30% vs. 
70%; p < 0.05) but also found reduced levels of mRNA of Chk1 (p < 0.05). Chk1, a 
checkpoint protein that promotes the survival and repair of sperm with DNA dam-
age, is usually associated with loss of DNA integrity; however, Chk1 mRNA levels 
were inversely related to sperm DNA fragmentation in smokers. The reduction of 
Chk1 with smoking indicates that this habit not only increases the existing sperm 
DNA fragmentation but also prevents DNA repair and encourages apoptosis [57].

Smoking also induces apoptosis. Men with infertility and idiopathic oligoasthe-
noteratozoospermia showed a positive correlation between the number of cigarettes 
per day and apoptotic markers such as s-Fas and caspase-3 (r = 0.907 and r = 0.867, 
respectively; p < 0.001 in both) [16]. The percentage of DNA fragmentation was 
also highly associated with s-Fas and caspase-3 (r = 0.908 and r = 0.919, respec-
tively; p  <  0.001  in both) [16]. One possible explanation is that these abnormal 
sperm are undergoing “abortive apoptosis” where the normal apoptotic mechanism 
causes double-stranded DNA breaks but not complete death of the sperm [58].

While in vitro studies and studies of certain populations indicate that cigarette 
toxins have a negative effect on sperm DNA and chromatin, the effects of smoking 
on sperm DNA in the general population remain somewhat controversial [25]. 
Several studies prove that smoking is significantly associated with decreased DNA 
integrity in men who are seeking treatment for infertility [57, 59, 60], while other 
studies show there was no significant association [61, 62]. Part of the challenge of 
these studies is that it is difficult to determine the dose-response smoking has on 
SDF. A high number of pack years tends to come with increasing age, and SDF also 
increases with age [63]. Hence, this could be one of the cofounder that could explain 
the contradicting conclusions drawn by the studies.

Some men are more genetically susceptible to oxidative stress and more sensitive 
to the toxins in cigarette smoking. As seen in Table 15.1, polymorphisms in several 
genes that reduce oxidative stress and are involved in detoxification of the tobacco 
toxins are linked to idiopathic infertility [25, 64–67]. One of the genes, OGG1, is 
involved in such process, and a homozygotic polymorphism in this gene is linked to 
increased oxidative DNA damage in sperm and increased risk of infertility [67]. 
Taken together, these studies show a complex relationship between exposure and 
genetics. Moreover, genetic polymorphism may determine the primary mechanism 
of the sperm DNA damage in smokers.

Nongenetic factors may also play a role in determining the severity of DNA dam-
age caused by cigarette smoke. Anifandis et al. [68] analyzed semen samples that 
were gathered for fertility evaluation and found that smoking and alcohol consump-
tion were significantly associated with SDF, and the combination of these two life-
style habits enhanced the damage. Another susceptible population is patients 
diagnosed with varicocele. Patients with this pathology are more likely to have 
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higher DNA fragmentation than those without. Varicocele results in venous stasis in 
the testes, allowing toxins from cigarette smoke, such as cadmium, to accumulate, 
and it also causes a decrease in the amount of antioxidants [69]. In a population of 
men with varicoceles, Fariello et al. [70] evaluated moderate smoking and heavy 
smoking groups for sperm DNA fragmentation using comet assay, comparing them 
to a control group. A significant dose-dependent relationship between smoking and 
sperm DNA fragmentation was observed in men with varicocele, especially in the 
moderate smoking and high DNA fragmentation groups (p = 0.033 and p < 0.0001, 
respectively) [70].

There is strong molecular evidence on smoking causing sperm DNA damage, 
even though specific population-based investigations have conflicting findings. 
Perhaps the most convincing evidence lies in the group of patients with specific 
polymorphisms in checkpoint and DNA repair genes. Nongenetic factors, such as 
varicocele, may also increase the effects of smoking on sperm DNA.

15.5  �Alcohol

Alcohol is one of the most widely abused substances globally. More than half of the 
men in the United States reported using alcohol in the past 30 days, and almost 25% 
of men binge drink five times a month [71]. The effects of alcohol on the reproduc-
tive system include gynecomastia, erectile dysfunction, loss of libido, disturbance 
in sex hormones [72, 73], and testicular atrophy [74]. Chronic alcohol exposure was 
found to cause vast histological changes in mice including the following: germative 
cell loss, lipid droplet accumulation, irregular diameter of seminiferous tubules, and 
dilated interstitial blood vessels [74].

Table 15.1  Effects of various polymorphisms on infertility in smoking men and other populations

Gene polymorphism Function of gene Polymorphism Effect of polymorphism

Cytochrome P450 
1A1

Metabolizes xenobiotics, 
drugs, oxidative toxins, 
and polyunsaturated fatty 
acids

3801T>C Increases risk of male 
infertility in smokers*

N-acetyltransferase Metabolizes xenobiotics, 
arylamines, aromatic 
amines, and hydrazines

590G>A Increases risk of male 
infertility in smokers,* 
alcohol abusers,* and low 
fruit and vegetable 
consumers*

Glutathione 
S-transfer genes

Responsible for 
detoxification of 
xenobiotics and redox 
reaction

GSTM1+/
GSTT1 del;
GSTP1 105IV/
GSTT1+

Increases the risk of male 
infertility in smokers*

8-Oxoguanine DNA 
glycosylase 1

Repairs oxidative DNA 
damage

Ser326Cys Increases the risk of 
infertility in male smokers*

*p < 0.05 [64–67]
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Alcohol damages chromatin integrity and increases DNA fragmentation in 
mouse [17], rat [18, 75], and human sperm [68, 76]. Robbins et al. [76] found an 
association between alcohol consumption and the following sperm chromosome 
abnormalities: aneuploidy, diploidy, and duplication. Diabetic patients and smokers 
are at increased risk of sperm DNA fragmentation from alcohol consumption. 
Pourentezari et al. [77] found that while diabetes and alcohol individually increased 
sperm DNA fragmentation in mice (p < 0.001), the two factors seemed to have a 
cumulative effect (p < 0.05). Finally, as mentioned before, patients who consume 
alcohol and smoke are at increased risk of DNA fragmentation [68]. However, while 
smoking has multiple different proposed mechanisms for sperm DNA damage, eth-
anol seems to have a clear primary mechanism.

Evidence suggests that apoptosis is the primary mechanism of sperm DNA damage 
in chronic ethanol users [17, 19]. Eid et al. [19] studied histological changes in the 
sperm and testes in rats after chronic exposure to ethanol. Significantly higher number 
of apoptotic germinal cells, depletion of germinal epithelium, and apoptotic seminif-
erous tubules were seen in the experimental group (p < 0.01). Germinal cells intensely 
stained with Fas and caspase-3 in the ethanol group. While FasL was observed on the 
basal side of the Sertoli cells in the control group, it translocated to the spermatogonia 
side in the ethanol-exposed group. Caspase-3, caspase-8, and caspase-9 were all 
higher in the testicular homogenate in ethanol-treated group (p < 0.5, p < 0.5, and 
p < 0.9, respectively). Zhu et al. [18] observed that rats with chronic alcohol exposure 
had higher testicular p53 levels, which is a major regulator of apoptosis.

While it is evident that alcohol causes apoptosis, what initiates the cascade? 
Talebi et al. [75] suggested that apoptosis is in part due to DNA denaturation, sug-
gesting that ethanol is genotoxic. Other studies suggest that apoptosis is due to low 
testosterone levels in alcohol users [73]. An alternative hypothesis is oxidative 
stress. While several articles showed link between alcohol and oxidative stress in 
general [78], the link between alcohol intake and ROS damages in the testes has not 
been thoroughly examined [75]. Alcohol alters the redox balance, especially in the 
liver, by changing the NAD+/NADH ratio, damaging mitochondria, inducing mild 
hypoxia, and affecting antioxidant enzymes [78]. Two studies linked redox imbal-
ance to ethanol consumption in prepubescent [79] and adult rats [80], while antioxi-
dants were found to alleviate the redox imbalance [80]. However, without a clear 
link between oxidative stress and sperm DNA fragmentation (SDF) from alcohol 
exposure or a clear link between antioxidant use and increased fertility in a chronic 
alcoholic, these findings are purely esoteric.

Finally, another possible mechanism of action is impaired spermatogenesis [17]. 
Koh et al. [81] identified a reduction in a proliferative marker in ethanol-exposed rats. 
However, spermatogenesis is a dynamic process requiring a specific environment and 
signals, making it difficult to observe the real-time effects of ethanol exposure.

Chronic alcohol users are at higher risk for loss of sperm DNA integrity most 
likely due to an increased rate of apoptosis. Future research should determine the 
role of oxidative stress and impaired spermatogenesis in SDF due to alcohol 
exposure. Supplemental antioxidants may play a role in reversing SDF in chronic 
alcoholics if oxidative stress is truly the main mechanism involved in this process.
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15.6  �Irradiation

Radiation clearly affects fertility [82], and one well-established associated mecha-
nism is radiation-induced sperm DNA damage [83, 84]. The mechanism of DNA 
damage on sperm depends on the type and length of exposure. This chapter will 
examine only a few sources of irradiation: hospital occupational exposure, X-ray 
radiation, radiotherapy, and cell phones.

The carcinogenic and mutagenic effects of chronic exposure to ionizing radiation 
are well established, and sperm DNA are not spared. A cross-sectional study con-
ducted by Kumar et al. [85] identified a connection between sperm DNA fragmenta-
tion and ionizing radiation exposure in a hospital setting (p < 0.05). However, there 
was no association with aneuploidy [85].

High doses of radiation exposure in healthcare are harmful to male fertility, and 
the two types of radiation that will be examined in this chapter are X-rays and radio-
therapy treatment. X-rays are a common medical tool used for routine diagnosis of 
cardiovascular, pulmonary, gastrointestinal, and orthopedic conditions. Haines et al. 
[83] found an increase in sperm DNA fragmentation 45 days after mice were exposed 
to a single dose of X-ray radiation. Interestingly, the authors found that even though 
spermatogonia have DNA repair proteins that mature spermatozoa do not, damaged 
spermatogonia were allowed to mature with existing DNA damage instead of induc-
ing the apoptotic mechanism [83]. Also, using a mouse model, Cordelli et al. [20] 
discovered that spermatogonia responded to the immediate and direct X-ray damage 
by an initial attempt of DNA repair. As the damaged spermatogonia mature, the 
double-stranded breaks and apoptotic markers increased as well [20]. Taken together, 
these studies suggest that X-rays cause direct and immediate DNA fragmentation in 
spermatogonia and a delayed apoptotic double-stranded breaks.

Radiotherapy is used for localized cancers such as testicular cancer. In the United 
States, testicular cancer has an estimated 5-year survival rate of 80% for all stages 
[86] leaving hundreds of young survivors with questions about their quality of life 
and fertility potential. Paoli et al. [87] found that while DFI increased 3 months after 
initiating radiotherapy (p < 0.001), the increase was not affected by the patients’ age 
or the histotypes of the cancer (p > 0.05 in all cases). Of note, the DFI normalized in 
3–5 years after radiotherapy, but it took 5 years for normalization in the chemother-
apy group [87]. As with most exposures, polymorphisms may influence the extent of 
damage that radiotherapy causes. Zhu et al. identified that hMSH5 P29S could aug-
ment DNA damage induced by testicular radiotherapy in patients with testicular germ 
cell tumor [88]. Melatonin may be a protective factor for radiotherapy. Preliminary 
results in mice suggest that pretreatment of melatonin may prevent DNA strand 
breaks by the reduction of apoptotic signaling [89]. However, the clinical implica-
tions of preventing apoptosis in a cancerous tissue may be counterproductive.

The final source of radiation that will be examined in this section is the cell 
phone. Seldom does the industrialized world males have a cell phone further than an 
arm reach away, in spite of the numerous studies that link cell phone use with sperm 
DNA fragmentation [84, 90, 91]. In a retrospective population study, Radwan et al. 
[90] found that cell phone use for more than 10 years was associated with a higher 
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degree if sperm DNA fragmentation (p  <  0.04). Moreover, in  vitro studies con-
ducted on sperm from healthy males confirm these epidemiological findings. 
Gorpinchenko et al. [92] treated semen from men with normozoospermia for 5 h 
with cell phone exposure and compared it to sperm that was not exposed. Sperm in 
the experimental group had significantly higher DNA fragmentation than the con-
trol group (8.8% vs. 4.2%, p < 0.05) [92].

While cell phone exposure may increase sperm DNA damage in men without 
any previous fertility issues [90], it probably has a higher impact in men with exist-
ing fertility issues [91].

Zalata et al. [91] exposed semen samples of men with normozoospermia, asthe-
nozoospermia, asthenoteratozoospermia, and oligoasthenoteratozoospermia to radi-
ation similar to a cell phone 10 cm away for 60 min and measured the sperm DNA 
fragmentation. In all groups, the exposed group significantly increased in DNA 
damage. The oligoasthenoteratozoospermic group showed the most significant 
increase (40.0% vs. 80%, p  <  0.001) [91], while the normozoospermic group 
showed the slightest increase (11.5% vs. 30.8%, p < 0.01) [91], indicating that men 
with existing fertility issues are more sensitive to the radiation from cell phone use. 
Cell phone use also affects other sperm parameters. For example, Zilberlicht et al. 
[93] found that there was a statistically significant decrease in sperm concentration 
in men talking on the phone for more than 1 h a day (p = 0.04) and talking while 
charging the cell phone (p = 0.02).

Cell phones generate small amounts of radiation via radiofrequency electromag-
netic field (RF-EMF). De Iuliis et al. [84] found that RF-EMF increases the ROS 
generation in the mitochondria, increasing intracellular oxidative stress and DNA 
damage [84]. De Iuliis et al. were also able to link oxidative stress resulting from 
RF-EMR to both oxidative DNA damage (formation of 8-hydroxy-2′-
deoxyguanosine) and fragmentation (r2 = 0.727 and r2 = 0.861, respectively) [84]. 
One possible explanation for the ROS release from mitochondria is that RF-EMF 
also damages mitochondrial DNA, resulting in dysfunction mitochondrial proteins, 
inadequate electron sequestration, and ROS generation from redox imbalance [94]. 
Future work on cell phone radiation should focus on how to reduce exposure.

Radiation from occupational exposure, X-ray radiation, radiotherapy, and cell 
phone radiation have all been linked to increased sperm DNA fragmentation. 
Although the exact mechanism for the damage seems to be different for each expo-
sure, a study comparing these mechanisms is yet to be done. Further investigation is 
needed to solidify the exact mechanism and identify the alleviating factors for sperm 
DNA damage.

15.7  �Conclusion

As sperm DNA fragmentation is a relatively new sperm parameter in fertility, 
researchers are rapidly discovering lifestyle factors that correlate with increased 
sperm DNA damage. While obesity has yet to be definitively correlated with high 

15  Sperm Chromatin and Lifestyle Factors



274

sperm DNA fragmentation [37], a high-fat diet is positively associated, and a health-
conscious diet is negatively associated [44, 45]. Moreover, since damage from a 
high-fat diet can be alleviated by diet and exercise in rat models [43, 48], the cause 
of obesity, such as diet and sedentary lifestyle, is more likely a risk factor than obe-
sity itself. Studies on rat models show that sperm DNA damage from a high-fat diet 
may also be alleviated by metformin [48]. Vegans and vegetarians were no different 
than nonvegetarians in terms of sperm DNA damage [46].

Smoking is only a risk factor for high sperm DNA fragmentation in the following 
populations: genetically susceptible males [64–67], alcoholics [68], and men with 
varicocele [70]. Alcohol consumption increases DNA fragmentation [68, 76], espe-
cially in those who also smoke [68]. Unfortunately, alleviating factors for sperm 
DNA damage due to smoking and chronic alcoholism have yet to be determined.

Radiation exposure in the form of X-rays, radiotherapy, and cell phones are risk 
factors for loss of sperm DNA integrity. Radiotherapy temporarily increases the 
sperm DNA damage but then normalized in 3–5 years [89]. Melatonin pretreatment 
was identified as a protective factor for radiotherapy-induced sperm DNA damage in 
mice [89]. Cell phone use increases sperm DNA fragmentation, especially in men 
who have existing fertility issues such as asthenozoospermia [91]. Future research of 
these and other factors should focus on the interplay between genetics and lifestyle.

This chapter only covered a few major lifestyle factors that can affect sperm 
DNA integrity (Table 15.2), but many more have yet to be studied. Unfortunately, 
industrial advancement has created many of these risk factors. For example, though 

Table 15.2  Summary of lifestyle factors in this chapter

Lifestyle Correlation with SDF Future work

Obesity Controversial Identify cofounders such as high-fat 
diet and metabolic syndrome

High-fat diet Positive correlation with SDF Determine the effects of different fat 
sources (e.g., vegetable fat vs. 
animal fat)

Health-conscious diet Negative correlation with SDF Continue to identify specific foods 
that prevent SDF

Vegan/vegetarian diet 
vs. meat-inclusive diet

No significant difference Conduct more studies needed to 
confirm there is no significant 
difference

Smoking Controversial for general 
population; genetic 
susceptibility in some men

Continue to identify genetically 
susceptible populations and possible 
alleviating factors

Alcohol consumption Positive correlation Identify possible cofounders and 
determine if there is genetic 
susceptibility

X-rays Positive correlation Develop protective or alleviating 
factors

Radiotherapy Positive correlation Develop protective or alleviating 
factors

Cell phone use Positive correlation Develop protective or alleviating 
factors

SDF sperm DNA fragmentation
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previously a rarity, a high-fat diet is normal in an increasing number of countries 
feeding the recent obesity epidemic. Moreover, cell phones are almost ubiquitously 
available in developed nations. While increased food availability and improved 
communications have advanced society in some aspects, continuous research is 
needed to keep up with the effects of the evolving global environment on male 
health.
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Chapter 16
Cancer and Sperm DNA Damage

Peter T.K. Chan and Bernard Robaire

16.1  �Introduction

Recent epidemiological studies indicate that there is a worldwide rise in the inci-
dence of many cancers that affect boys and young men [1–3]. Simultaneously, with 
the advances in medical technology for early detection of cancer and the improve-
ment in the efficacy of cancer therapies, the survival rates of many of these cancer 
patients have improved dramatically in the past decades. Many young cancer survi-
vors have not started or completed forming a family. Thus, the impact of cancer and 
cancer therapies on male reproductive health and the options for fertility preserva-
tion are important issues in survivorship for young cancer patients.

16.2  �Epidemiology of Cancer in Boys and Young Men

Common cancers in men that receive most attention in the public media include 
lung, colon, prostate, skin, and liver cancers. These cancers, however, tend to affect 
men who have passed the reproductive age. For boys and young men, the most com-
mon cancers include testicular cancer, lymphoma, leukemia, sarcoma, and brain 
cancers. The incidence of childhood cancer worldwide has been steadily increasing 
over the past 50 years [1–3]. With an estimated cumulative incidence of 1720 per 
million, equivalent to a risk of 1  in 581, childhood cancer is indeed one of the 
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leading causes of death among children younger than 15  years of age [4, 5]. 
According to the recent data from the American Cancer Society [4], 10,380 children 
in the United States under the age of 15 will be diagnosed with cancer in 2016. 
Interestingly, boys were affected 1.2 times more frequently than girls [6].

Thanks to tremendous strides in cancer management, including early detection 
strategies and advances in various treatment modalities such as surgeries, radia-
tion, and combination chemotherapy regimens, the survival rates of many child-
hood cancers have increased dramatically over the past 40 years [7, 8]. In particular, 
testicular cancer, which is the most commonly diagnosed solitary cancer in young 
men between the ages of 18 and 35 years [9], has a 5-year survival rate of over 
90%, even in cases with metastasis. Approximately half of childhood cancers are 
hematologic malignancies (leukemia and lymphoma) with an anticipated long-
term survival greater than 75%. Improvements in prognosis and survival rates have 
also been observed for many other childhood malignancies, including Wilms’ 
tumor, malignant bone tumors, and rhabdomyosarcomas. The latest statistics indi-
cate that the relative 5-year survival rate for all childhood cancers combined is 
approximately 84% [3]. It is estimated that in North America approximately 1 in 
900 of the population aged 20–45 years is a childhood cancer survivor [10]. In 
Canada, this translates to approximately 10,000 people who are survivors of child-
hood cancer and are expected to have 70  years or more of life after successful 
treatment [11].

16.3  �Fertility After Cancer Therapy: Patients’ Perspectives

While many of these young cancer survivors can expect a good quality of life, 
they may also face a series of undesired consequences related to their cancer and 
cancer therapies. Impairment in reproductive health is a well-known complica-
tion of cancer therapy; it occurs in a significant proportion of cancer survivors 
due to the inhibition of spermatogenesis (spermatotoxicity) of cancer treatments 
such as chemotherapy and radiation therapy. Many young cancer survivors have 
not initiated or completed forming a family. Interestingly, surveys indicated that 
almost 80% of childless cancer survivors report the desire to have children and 
believe that their experience of surviving cancer will make them better parents 
[12–14]. In a recent study, adolescents prioritized fertility as a top goal after 
good health [15].

For the majority of cancer survivors who desire to have children but have poor 
sperm quantity and quality, assisted reproductive technologies (ART), including 
in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), are sought 
to help them to father their own children [16]. While ART is becoming more 
popular and available, and our knowledge and experience in its efficacy and safety 
have expanded tremendously in recent years, some studies reported an association 
of ART with significant health risks to the offspring, including an increased risk 
of congenital malformations, genetic anomalies, low birth weight, and multiple 
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pregnancies [17–21]. Health-care professionals counseling cancer patients and 
survivors must be prepared to provide them with precise and up-to-date options 
on post-cancer fertility.

16.4  �Reproductive Health Before Cancer Treatment

It should be pointed out that the reproductive health of many cancer patients may be 
suboptimal even before receiving specific cancer therapies, as revealed by studies 
on the sperm density and morphology of pre-chemotherapy sperm banked samples 
and on case-control studies of their natural fecundity [22–25]. The reason for the 
impaired fertility status may, in part, be due to the decline in the physical state (poor 
nutrition, fever, cachexia, pain, etc.) of the patients due to cancer. The psychosocial 
stress attributed to the cancer diagnosis may play a role in the well-being of the 
subject. Prolonged periods of sexual abstinence may also contribute to the poor 
sperm quality before chemotherapy. In testicular cancer, poor sperm profile may be 
explained by the fact that there is only one remaining contralateral noncancerous 
testis to produce sperm. Indeed, some studies have shown that the contralateral 
noncancerous testis may have compromised reproductive function due to a higher 
risk of coexisting intraepithelial germ cell tumors and abnormal spermatogenesis, 
both quantitatively and qualitatively [24, 26].

Using a complementary panel of molecular genetic assays, including the AO/
SCSA, TUNEL, and comet assays to determine sperm DNA damage and mBBr-SH 
labeling and the CMA3 assay to assess chromatin packaging, we have recently 
reported that, prior to chemotherapy, 37% of men with testis cancer and 81% of men 
with Hodgkin lymphoma demonstrate abnormal sperm chromatin structure despite 
having normal sperm density and motility [25]. Although several studies have sup-
ported our findings [27–32], other investigators [33, 34] have failed to confirm all 
our observations, but Smith et al. [34] did observe a higher level of sperm DNA 
fragmentation rate in non-Hodgkin lymphoma patients. Taken together, these 
studies suggest that with subsequent cytotoxic cancer therapy, sperms from cancer 
patients are at risk for further genetic damage.

16.5  �Cancer Management Strategies

Generally, cancer management involves three major modalities, namely, surgery, radia-
tion, and chemotherapy. The choice of treatment depends on the nature and stage of the 
cancer and the comorbidity of the subject. Not uncommonly, a combination of these 
modalities in various orders may be required to achieve optimal cancer control.

Complications of each modality also vary. Mechanisms of how each treatment 
modality may potentially compromise male reproductive health are discussed in 
this section.
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16.5.1  �Impact of Surgical Management for Cancer on Male 
Reproductive Status

The purpose of surgical resection of tumor is to remove the tumor with adequate 
surgical margins to aim for cure or to debulk the volume of tumor to facilitate the 
effect of adjuvant therapy with radiation or chemotherapy and thus control the can-
cer. A common surgical management for testicular cancer in young males is radical 
orchiectomy. Removal of one testis may affect the total spermatogenic activity in an 
individual.

Indeed, men with testicular cancer are at risk of having decreased spermatogenic 
activity in the contralateral testis. Other surgical managements for cancers in young 
males may result in damage to the autonomic nervous system required for semen 
emission.

Pelvic and lower intestine surgeries, retroperitoneal lymph node dissection for 
advanced testicular cancer, or any procedures involving the spine and other parts of 
the central nervous system may result in postoperative anejaculation. Despite the 
fact that spermatogenic function is generally not affected in these patients, they are 
at risk of having impaired fertility due to the absence of semen emission. Although 
it is well established in several animal models, including the monkey, that compen-
satory hypertrophy of the remaining testis occurs in the adult when one testis is 
removed prior to puberty [35–37], in human subjects, clinical studies indicate that 
this occurs only to a limited extent [38–40] and is insufficient to compensate for the 
loss of one testis.

With regard to the sperm chromatin integrity, a study using Swedish tumor reg-
istry data from 1970 to 2002 [41] reported that sperm DNA fragmentation index 
increased significantly in men aged 18–45 who were previously treated for child-
hood cancer (brain tumors, lymphomas, leukemia, Wilms’ tumor, testicular cancer, 
and other malignancies) before 18 years of age with surgery only without radiation 
or chemotherapy. Their findings implied that childhood cancer patients have under-
lying genomic instability or defects in DNA repair mechanisms, as reported by 
other investigators [42].

16.5.2  �Radiation Therapy

Germ cells and somatic cells in testes are prone to damage postradiation. The usual 
clinical dosage of radiation therapy for cancer ranges from 0.2 to 70 Gy, depending 
on the nature, stage, and anatomical location of the tumor. A cumulative dosage of 
2.5–6 Gy directly to the testes may permanently damage germ cells, leading to pro-
longed or permanent azoospermia [43]. Even for radiation therapy outside the pel-
vic areas (e.g., para-aortic lymph nodes) with gonadal shielding to reduce the extent 
of gonadal toxicity, the scattering effects of radiation may still contribute to impaired 
fertility postirradiation. Such damage to sperm production may be further attributed 
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to damage to cells in the somatic compartment of the testis. Using spermatogonial 
stem cell (SCC) transplantation in rat, Zhang et al. [44] demonstrated that transplan-
tation of SCCs from irradiated animals into testes of irradiated nude mice (which 
had normal differentiation of their own spermatogonia) permitted differentiation of 
the donor spermatogonia to spermatozoa. Conversely, transplantation of SCCs from 
untreated prepubertal rats into irradiated rat testes showed that the donor spermato-
gonia were able to colonize along the seminiferous tubules but could not differenti-
ate. Their findings suggest that the defect caused by radiation in the rat testes that 
hinder spermatogonial differentiation is due to damage to the somatic compartment 
[44].

Clinically, radiation therapy appeared to have a negative impact on sperm chro-
matin integrity for men treated with childhood cancers [41, 45] or prostate cancer as 
adult [46]. Fluorescence in situ hybridization (FISH) further demonstrated an 
increase in the incidence of sperm aneuploidy on chromosomes 18, X, and Y in men 
treated with radiotherapy for testicular seminoma [47]. Taken together, current evi-
dence supports the presence of a significant risk of impairment of the male repro-
ductive status after radiotherapy for cancer. In order to allow clinicians to properly 
counsel these patients, further longitudinal studies are required to evaluate the tra-
jectory of sperm chromatin changes over time post therapy and to evaluate the 
health risks of offspring.

16.5.3  �Chemotherapy

Chemotherapy is generally indicated in advanced and metastatic cancer, although 
its use in certain cancers, such as germ cell tumors at an early, localized stage, may 
help to lower the risks of subsequent metastasis. In addition to malignant cells, any 
rapidly dividing cells, including germ cells at various phases of spermatogenesis, 
are targets of chemotherapy. Gonadotoxicity of chemotherapy to an individual 
depends on at least three factors: (1) the nature of the malignancy, which dictates the 
type of chemotherapeutic agents to be used; (2) the stage of the disease, which dic-
tates the duration and dosages of chemotherapy; and (3) the host factors, such as the 
baseline reproductive health of the individual. The impact of chemotherapy on male 
reproductive health is discussed in the next section.

16.5.3.1  �Impact of Chemotherapy on Male Reproductive Health: Animal 
Studies

Using rodents (rats and mice) as models, a large body of evidence has emerged 
demonstrating that treatment with chemotherapeutic agents usually has dramatic 
effects on the production of male germ cells [48, 49]. Depending on the mechanism 
by which such agents act on the different phases of spermatogenesis (spermatogo-
nial mitotic cell division, meiosis, or spermiogenesis), consequences can range from 
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complete elimination of germ cells from the testis, resulting in Sertoli-cell-only 
syndrome, to no apparent histological effects on spermatogenesis but functional 
effects on germ cells (their motility, fertilizing ability, or capacity to produce 
normal viable offspring). Over the past 20 years, studies on male-mediated adverse 
effects of chemotherapeutic drugs, such as cyclophosphamide (CPA), bleomycin, 
etoposide, cisplatin, or procarbazine, on fertility and progeny outcome have clearly 
established some of the underlying molecular mechanisms that result in loss of 
fertility and altered progeny outcome [50–53].

Using CPA or the combination of drugs used for treating testicular cancer 
(bleomycin, etoposide, and cisplatin, BEP) as model drugs and the rat as the model 
animal, it has been demonstrated that paternal exposures result in adverse repro-
ductive outcomes that range from increased preimplantation and postimplantation 
loss or early postnatal death to growth retardation and congenital malformation; 
significantly, some of these outcomes are transmitted to subsequent generations 
[54, 55]. It is particularly noteworthy that the action of such drugs on germ cells 
not only affects the number of germ cells that the testis can produce but also alters 
markers of chromatin structure (comet, acridine orange, TUNEL, mBBr, and 
CMA3 assays, nuclear proteome) in spermatozoa [56, 57]. It is clear from animal 
studies that spermatozoa that have damaged chromatin as a result of paternal drug 
treatment are capable of fertilizing oocytes [54, 58–60]. These studies have also 
revealed that the effects of paternal exposure on progeny can be wide ranging. 
While treatment with BEP caused a decrease in both sperm production and sperm 
motility, no apparent effects were observed on progeny at the end of gestation, yet 
postnatal death rates were dramatically increased [58]. By contrast, chronic CPA 
treatment had minimal effects on sperm number and motility, yet a wide range of 
effects were observed in progeny, ranging from abnormalities at birth to learning 
deficits as adults and in subsequent generations as well as abnormal reproductive 
capacity [51, 54, 61].

The effects of such chemotherapeutic treatments cannot only result in DNA 
breaks and cross-links but can also cause epigenetic modifications; these include an 
alteration in DNA methylation profile [62] and changes in sperm nuclear proteins 
[63, 64]. Remarkably, proteins implicated in the translational control and post-
translational processing of protamine 1 are also significantly elevated 9 weeks post-
BEP treatment, suggesting that histone eviction may dictate the DNA availability 
for protamine binding [65]. Males mated to control females 9  weeks after BEP 
treatment have reduced litter sizes; moreover, the profile of gene expression in the 
developing testes of their pups is altered [65]. Liu et al. [66] recently reported that 
exposure of male germ cells to a BEP induces telomere shortening in all stages of 
rat spermatogenesis. Thus altering epigenetic marks or nuclear proteins in mature 
spermatozoa impacts on male fecundity, potentially threatening normal progeny 
development; this raises concerns regarding transgenerational risks of chemotherapy 
exposure.
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16.5.3.2  �Clinical Studies

The assessment of the consequences on progeny outcome of exposure of men to 
chemotherapeutic drugs presents remarkable challenges. Chemotherapy often 
results in transient or permanent azoospermia or oligozoospermia in cancer patients 
[67]. Large epidemiological studies, discussed above, have revealed that there is 
clearly an effect on fertility and time to pregnancy [14]. In addition, the standard 
semen parameters (sperm number, motility, and morphology) as established by the 
World Health Organization (WHO) [68] are not sufficiently reliable predictors of 
male fertility [25, 69–71].

Consequently, the focus has shifted in recent years to assessing the nature and 
quality of chromatin in spermatozoa. In recent comprehensive reviews, Barratt et al. 
[72] and Zini et al. [73] have outlined our current clinical understanding and uncer-
tainties related to the many assays used to ascertain sperm chromatin quality. 
Aneuploidy, an abnormal number of chromosomes, is one of the more striking con-
sequences of anticancer drugs on sperm chromatin quality. Using multicolor fluo-
rescent in situ hybridization to detect sperm aneuploidy for chromosomes 13, 21, X, 
and Y in testicular cancer and Hodgkin lymphoma patients before and up to 
24 months after the initiation of chemotherapy, Tempest et al. [74] found that at 
6  months, all cancer patients showed significantly increased frequencies of XY 
disomy and nullisomy for chromosomes 13 and 21. Although frequencies of aneu-
ploidy generally declined over time after termination of treatment, increased aneu-
ploidy frequencies persisted in some chromosomes for up to 24 months.

Using a series of assays that provide complementary information on sperm chro-
matin structure, e.g., extent of single- and double-strand breaks, degree of protami-
nation, and cross-linking of sulfhydryl bonds, O’Flaherty et  al. [25] have shown 
that, prior to initiation of chemotherapy, sperm chromatin integrity was poorer in 
cancer patients than in a control population. After treatment with chemotherapeu-
tics, not only was there the expected decline in sperm production and chromatin 
quality but also, up to 2 years later, a reduction in spermatozoal chromatin integrity 
in over 40% of the patients who had a return of spermatogenesis [75, 76]. Subsequent 
multicenter prospective longitudinal studies of Hodgkin and non-Hodgkin lympho-
mas [32] and testicular germ cell tumors [31] supported these findings.

The negative impact of antineoplastic agents appears to extend beyond the 
genome in humans as well as it does in animals. It has recently been reported that 
temozolomide, an oral alkylating agent used for treatment of advanced astrocytoma 
and melanoma, affected sperm quantity and quality (increased aneuploidy rate) as 
well as epigenome integrity [77]. One of the mechanisms of action of temozolomide 
is alkylation/methylation of DNA at the O-6 position of guanine residues resulting 
in DNA mismatch repair and subsequent double-strand breaks and apoptosis. 
Epigenetic analysis of human sperm following treatment with temozolomide dem-
onstrated hypomethylation at the DMR (differentially methylated region) locus of 
the H19 (a gene with CpG-rich regions important for human tumor growth) [77]. 
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This locus is paternally imprinted and hypermethylated in normospermic men. 
Alteration of spermatozoal DNA methylation profiles has a known association with 
clinical male infertility with oligozoospermia [78]. Hypomethylation of normally 
hypermethylated paternally imprinted loci is associated with neoplasia and other 
metabolic and growth defects such as Beckwith-Wiedemann syndrome and disorders 
in neurodevelopment, cognition, and behavior. Further studies are thus required to 
evaluate if such an imprinting error is corrected after fertilization and the potential 
extent of transgenerational risks to children.

Based on the limited studies to date, it is clear that the presence of several cancers 
in young men results, to varying degrees, in sperm chromatin with reduced integrity. 
Furthermore, treatment of cancer may cause transient partial or complete loss of 
spermatozoa. Under some conditions, it is clear that the germ cells that eventually 
return to repopulate the seminiferous epithelium are still damaged, while under 
others, they appear to be normal. Whether spermatogonial stem cells (SCC) are able 
to repair all the damages caused by radiation or chemotherapy or not remains to be 
established.

16.6  �Male Fertility Preservation and Restoration Strategies

Fertility preservation has become recognized as part of the important global care of 
cancer patients at the time of cancer diagnosis. This has come about because of 
the potential long-term negative impact of cytotoxic cancer therapies on male repro-
ductive health and the expressed desire of many young cancer survivors to have 
children.

Continuing research efforts are being made to contribute to the development of 
multidisciplinary counseling strategies to best advise cancer patients and survivors 
regarding their potential risks for adverse pregnancy and progeny outcomes.

16.6.1  �Sperm Cryopreservation

Sperm cryopreservation or sperm “banking” is currently the only available strategy 
to preserve male fertility. Ideally, sperm samples should be collected before any 
cytotoxic cancer therapies, through ejaculation by masturbation after 2–4 days of 
sexual abstinence. Then, sperm samples should be analyzed, frozen, and stored in 
aliquots in liquid nitrogen for future use. With the advances in and increased access 
to ART, such as IVF/ICSI, a very low number of living spermatozoa are required to 
achieve fertilization; therefore, even sperm samples that are far from meeting the 
semen parameters set by the WHO may still be used to achieve fertilization. Sperm 
cryopreservation does have its limitations as a fertility preservation strategy. First, 
only subjects beyond the state of physical maturity of adolescence, when “spermarche” 
begins within the testes, can have spermatozoa in the semen for cryopreservation. 
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One study of 62 attempts by adolescents to bank sperm before cancer therapy 
resulted in totally normal semen in only 4 subjects [79]. Semen procurement by 
masturbation may not always be feasible among adolescents, even for those who 
have spermatogenesis. In fact, for cultural and religious reasons, the act of mastur-
bation may be viewed as inappropriate by parents of young adolescent cancer 
patients [80]. Alternative methods to obtain mature sperms in adolescents using 
high-frequency penile vibratory stimulus, electroejaculation, or surgical testicular 
sperm extraction will require sedation/anesthesia and are deemed too invasive for 
youngsters. Thus, sperm banking is not universally practiced in pediatric oncology 
centers, and few adolescent-friendly facilities exist.

For preadolescent boys with cancer, there is currently no accepted and proven 
option for fertility preservation. Early investigators held the view that being prepu-
bertal during anticancer therapy conferred protection against gonadal damage. 
However, a study evaluating 12 men who survived childhood malignancy revealed 
that although puberty had progressed apparently normally in all 12, 8 patients were 
azoospermic, and only 1 had normal semen analysis 2–16.5 years post-chemother-
apy [81]. In addition, following treatment of Hodgkin lymphoma in childhood, 
severe germ cell damage was observed in the majority of patients, even 17 years 
after chemotherapy [76, 82]. Evidently, there is no gonadal protection in the prepu-
bertal male against chemotherapy-induced damage [83, 84]. In fact, some investiga-
tors believe that prepubertal testes are more vulnerable to the cytotoxic effects of 
chemotherapy than adult testes [85].

16.6.2  �Pharmacological Strategies

The hypothesis that blocking the hypothalamic-pituitary-gonadal axis prior to the 
initiation of chemotherapy preserves the nondividing germ cells or SSC population 
was first proposed by Glode et al. [86]. Hormonal manipulation, including the use 
of exogenous GnRH (gonadotropin-releasing hormone) analogs and steroids (tes-
tosterone) to suppress gonadotropin release, has been investigated as a potential 
fertility preservation strategy. Since cytotoxic treatment acts mainly on rapidly 
dividing cells, germ cells have been postulated to be less susceptible to cytotoxic 
effects if hormone treatments are used to render the testes quiescent. This technique 
has been successful in some rodents (rats but not mice) [87, 88]; in addition, in rats 
the extent of the damage of chemotherapeutic agents has been shown to extend 
beyond the germ cells to the somatic cells surrounding them [89]. There is no evi-
dence of a similar spermatogonial block in monkeys [90]. Thus far, clinical trials 
have not shown any benefit of this method [83, 91]. Furthermore, this approach 
would be ineffective for prepubertal children as the proliferation of germ cells in 
prepubertal primates appears to be gonadotropin independent [92]. Clearly, there is 
an urgent need for novel strategies that are effective and minimally invasive for 
fertility preservation in young male cancer patients.
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16.6.3  �Fertility Restoration with Germ Cell Transplantation

Stem cells of the male germ line, termed SSCs, exist in the testis prior to birth. 
Harvesting either SSCs or tissue blocks from testes for cryopreservation before anti-
cancer therapies offers the hope for prepubertal boys with cancer to preserve fertil-
ity and form their family in the future [93]. After the patient is cured and is at an 
appropriate state of maturity, preserved SSCs, or SSCs derived from frozen tissue 
blocks, could be autotransplanted back to the seminiferous tubules to regenerate 
complete spermatogenesis. Cryopreservation of the testis tissue from prepubertal 
boys has revealed that germ cells can be preserved [94]. An important feature of this 
strategy is that instead of just preserving fertility, it aims to “restore” fertility. This 
fertility restoration scheme, based on germ cell or tissue transplantation, has been 
established with mice and other species [89, 93–101] and is currently under investi-
gation to extend its application to humans.

To date, several groups have reported different cell culture systems designed 
to maintain and expand human SSCs [102–108]. Further, xenotransplantation of 
cultured human SSCs to immunodeficient mice—a well-acknowledged and only 
available assay for functionality of human SSCs—demonstrated their migration to 
the niche at the basal membrane of the seminiferous tubules, indicating their SSC 
capabilities [102]. Initiation of human spermatogenesis in the host mice has yet to 
be achieved; nonetheless, the steady progress in the development of male fertility 
restoration strategy with SCCs in the past two decades gives hopes to breakthroughs 
that will affect clinical practice.

The advances of the SCC cell culture system open an opportunity to combine 
with the exciting germ line genomic editing technology to potentially improve clini-
cal outcomes. Several recent reports demonstrated the feasibility of genetic and 
epigenetic editing in SSC transplantation [109–112]. The use of CRISPR-Cas9 sys-
tem has been shown in human to successfully repair mutations in hemoglobin beta 
gene in β-thalassemia [113] and dystrophin gene in Duchenne muscular dystrophy 
patient-induced pluripotent stem cells [114]. Another report describes successful 
repair of the cystic fibrosis transmembrane conductor receptor locus in cultured 
intestinal stem cells from patients with cystic fibrosis [115]. Potentially, identified 
cancer-inducing genes can be corrected in SCCs harvested in cancer patient during 
fertility preservation to reduce or eliminate the risk of transmission of cancer to 
offspring.

While significant progress has been made in this fertility restoration regime in 
the recent years, several hurdles must be overcome prior to realizing its clinical 
application. In addition to using a minimally invasive surgical approach to harvest 
SCCs (particularly when dealing with preadolescent boys) from the testes and 
proper isolation of the SCC population for cryopreservation, culture, clonal expan-
sion, and subsequent transplantation for spermatogenesis reintroduction, the risk of 
contamination with lingering cancer cells, as in the case of hematological cancers 
(e.g., leukemia) or metastatic cancers, must be reduced to zero. Several groups have 
reported mixed results in the elimination of cancer cells when harvesting SCCs 
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[116–118]. Additionally, the costs, risks, success rate, and efficacy along with the 
potential well-being of the offspring produced with the complex interplay of various 
biotechnologies must be considered through rigorous ethical reflection and societal 
debate, particularly when genomic or epigenomic editing of the SCCs aimed at 
correcting adverse mutations may soon be a reality.

16.7  �Health of Offspring of Male Cancer Survivors

Whereas the nature, mechanisms, and extents of gamete damage from cytotoxic 
anticancer therapies are important research questions, for cancer survivors, one of 
the most important clinical questions is the health risks to their offspring after can-
cer. Several recent studies reported a nonsignificant risk of adverse offspring health 
outcomes from cancer survivors. Two studies from retrospective cohort analyses of 
the Childhood Cancer Survivor Study reported no increase in the risk of stillbirth, 
neonatal death [119], and congenital anomalies [120] among survivors of childhood 
cancers who had undergone radiation and chemotherapy. A Danish case-cohort 
study also reported no increased risks of genetic disease from cancer survivors 
exposed to childhood/adolescent alkylating chemotherapies or radiation [121]. 
Using data collected from 1953 to 2004 from registries (e.g., national cancer, popu-
lation birth, and hospital discharge registries) on close to 7000 offspring of cancer 
survivors with congenital anomalies and over 35,000 offspring of these survivors’ 
siblings, another recent study demonstrated no significant increase in offspring 
anomaly rates from cancer survivors, regardless of the age when the cancer was 
diagnosed. However, the researchers did note a significantly higher risk of congeni-
tal anomalies in the offspring of survivors with cancer diagnosed in earlier period 
(1955–1964, prevalence ratio 2.77, 95% CI 1.26–6.11) [122].

While messages from these new studies may be reassuring, a few important 
points must be noted. First, other earlier and contemporary series observed either 
increased [123–125] or no increased risks [14, 126–129] of congenital malforma-
tions in the offspring of cancer survivors. The inconsistency of the results may be in 
part related to the differences in sample size and power, definitions of outcomes, 
study designs, and selection bias. Further, it should be noted that most of these data 
focus on outcomes of offspring from natural conceptions rather than with assisted 
reproduction—which many male cancer survivors may need with fresh or cryopre-
served sperm. Indeed Stahl et al. [125] reported a significantly higher risk of birth 
abnormalities in offspring of men with a history of cancer (relative risk 1.17, 95% 
CI = 1.02–1.31) with both natural conception and assisted reproduction. Perhaps 
most importantly, these data do not address adequately other important reproductive 
outcomes such as time required to achieve pregnancy, risks of lower number of 
offspring, or rate of miscarriage, particularly early (<20 weeks) miscarriage; these 
are some of the endpoints that might be predicted to be affected based on the animal 
studies described above.
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Taken together, cytotoxic cancer therapies not only will have negative impact on 
the quantitative and qualitative changes in conventional semen parameters and 
sperm DNA quality leading potentially to adverse reproductive outcomes: clinical 
infertility, increased use of assisted reproduction, and potential adverse offspring 
outcomes. Even for male cancer survivors who managed to achieve live births natu-
rally or via assisted reproduction, the potential risks of adverse outcomes including 
congenital malformation, genetic diseases, and low birth weight cannot be com-
pletely eliminated. Further large-scale prospective longitudinal studies of cancer 
survivor cohorts and multicenter cancer registry follow-up studies will shed lights 
on the actual reproductive risks to allow formulation of proper counseling to these 
young cancer survivors. Meanwhile, precancer treatment fertility preservation 
counseling is the key to minimize the potential risks of adverse outcomes in the 
reproductive status of these patients.

16.8  �Clinical Perspectives on Male Fertility Preservation 
and Fertility Outcomes

Understanding that currently sperm banking through cryopreservation prior to 
cancer therapy is the only feasible option of male fertility preservation, important 
questions remain to be answered. These include:

•	 What are the key components of an effective strategy to increase the willingness 
of these young men with newly diagnosed cancer to bank sperm?

•	 What are the assisted reproductive outcomes on the usage of these banked sperm?

Young men with newly diagnosed cancer who require cytotoxic therapy experi-
ence simultaneously complex psychosocial stress [130]. We have previously evalu-
ated important factors that influence the sperm banking decision of cancer patients 
[131]. These factors include health-care providers’ role in discussing fertility pres-
ervation, importance of fatherhood, current fatherhood status, partner’s/parent’s 
influence, attitudes toward survival, complexity of sperm banking, cultural factors, 
sexual orientation, and cost. The negative impact of cost of sperm banking is further 
highlighted in our recent report [132] demonstrating that in the absence of fees for 
sperm banking and subsequent storage, young cancer patients are willing to come 
for significantly more sperm banking sessions to preserve their fertility prior to 
cancer treatment, despite the fact that they are under significant level of stress and 
time constraint to begin treatment. The result is that a great quantity of sperm would 
be available for their future use, potentially leading to a higher chance of procre-
ation success.

For male cancer survivors who fail to achieve pregnancy either naturally or with 
assisted reproduction using their fresh ejaculated sperm, if available, the use of their 
cryopreserved sperm is the only option for them to father genetic children. With the 
reduction in sperm quantity, motility, morphology, and chromatin quality from 
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cryo-damage, the majority of these patients will require ICSI as a choice of assisted 
reproductive technology when using their banked sperm. Little is known on the 
reproductive outcomes on their usage of cryopreserved sperm. We recently reported 
that, while the usage rate of cryopreserved sperm is significantly lower among 
cancer survivors compared to noncancer patients (e.g., for infertility treatment) 
(11% vs 31%), the live birth rate of ICSI in cancer survivors was comparable to that 
of noncancer patients (62% vs 40%) [133]. As noted earlier, some cancer patients 
may have impaired sperm DNA integrity even prior to anticancer therapy at the time 
of fertility preservation. Thus, for some cancer survivors, despite successful fertility 
preservation, subsequent use of the cryopreserved sperm with conventional ICSI 
may not necessarily lead to live birth due to impaired sperm DNA quality. Advanced 
sperm selection strategies such as ultra-morphological selection, electrophoresis 
selection, hyaluronan-binding selection, and magnetic-activated cell sorting may 
be used in selected cases to improve the assisted reproductive outcomes, as we 
previously reported [134].

16.9  �Looking to the Future

While the risks of impaired fertility after cancer therapy have long been recognized, 
the biological mechanisms and the nature and extent of sperm damage at the molec-
ular level have only been revealed recently. The importance of fertility after cancer 
is gradually being accepted as an essential survivorship issue for young cancer 
survivors.

The establishment of effective fertility preservation protocols and counseling 
strategies represents an ongoing effort of researchers and clinicians.

A multidisciplinary approach, including input from oncologists, urologists, 
reproductive biologists, social workers, ethicists, geneticists, and embryologists, is 
the essence of successful development and implementation of any fertility manage-
ment plan for young cancer survivors. Many questions remain to be answered: What 
is the potential of further recovery of sperm quality in long-term post chemother-
apy? How long should a patient wait post chemotherapy before he can safely use his 
fresh sperm for procreation? What is the nature and extent of risk of adverse repro-
ductive outcomes using sperm with impaired sperm chromatin post chemotherapy? 
What are the transgenerational risks, particularly in the context of using assisted 
reproduction? To what extent would such risks be reduced by using sperm cryopre-
served prior to chemotherapy for procreation? What sperm biological markers and 
what assays provide the best clinical prediction of the risks of adverse reproductive 
outcomes when using sperm with impaired chromatin quality? Further research to 
address these and other related questions is clearly needed to help health-care 
professionals and health policy makers to enhance the quality of counseling and 
to establish practice guidelines on the subject of fertility after cancer.
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Chapter 17
Sperm Chromatin and Environmental Factors

Aleksander Giwercman and Marcello Spanó

17.1  �Introduction

During the past 25 years, the possible time-related deterioration in the function of 
male reproductive organs has been a matter of debate [1]. In the 1990s alarming 
reports on declining sperm counts as well as on increasing incidence of congenital 
malformations of male genital organs—cryptorchidism and hypospadias—have 
been published, although the validity of these data is still a matter of discussion 
[2–4]. On the other hand, there is no doubt that testicular cancer has become signifi-
cantly more common over the past four to five decades [5]. The rapid rise in the 
incidence of testicular cancer points towards a negative impact of environment- or 
lifestyle-related factors on male reproductive function. The deleterious effect of the 
environment and/or lifestyle on semen parameters might have a negative impact on 
the integrity of the sperm DNA. Such effect might not only have an impact on the 
fertility potential of the subject but also introduce genetic aberrations which might 
be transmitted to the next generation [6].

This chapter will focus on the available evidence regarding environment- and 
lifestyle-induced changes in the sperm DNA and the biological and clinical implica-
tions of such effect.
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17.2  �How Can Environment/Lifestyle Affect Sperm 
Chromatin?

Apart from numerical and structural chromosomal changes, environmental exposure 
may, in principle, affect sperm DNA by introducing DNA fragmentation (or DNA 
strand breaks) and/or epigenetic changes in the genome of the male gamete.

Meiotic crossing-over is associated with the genetically programmed introduc-
tion of DNA double-strand breaks (DSBs) by specific nucleases of SP011 family 
[7]. These DNA DSBs should be ligated until the end of meiosis I. Defective repair 
may interrupt spermatogenesis or lead to persistent sperm DNA fragmentation in 
ejaculated spermatozoa. Stage-specific occurrence of transient DNA strand breaks 
during spermiogenesis has been observed [8–10]. Both single-strand breaks (SSBs) 
and DSBs have been found in round and elongating spermatids. DNA breaks are 
necessary for transient relief of torsional stress, favouring casting off of the nucleo-
some histone cores and aiding their replacement with transitional proteins and prot-
amines during maturation of elongating spermatids [9–11]. Thus, chromatin 
packaging necessitates endogenous nuclease activity to both create and ligate 
breaks, in order to reassemble DNA around the new protamine core. Chromatin 
packaging is completed and DNA integrity restored during epididymal transit [12]. 
Although there is little evidence that spermatid maturation-associated DNA breaks 
are fully ligated, biologically this must be the case [13]. Ligation of DNA breaks is 
necessary not only to preserve the integrity of the primary DNA structure but also 
for reassembly of the important unit of genome expression—the DNA loop domain.

Enzymatic activity involved in the creation of DNA breaks in spermatids has 
only been proven (by decatenating activity and specific inhibition) for topoisomer-
ase II (Topo II) generating and ligating DSBs [9, 14]. Remodelling of chromatin by 
histone H4 hyperacetylation weakens the ionic interactions between the DNA and 
histone cores and is needed for Topo II activity to be introduced in spermatids [14]. 
Interestingly, Topo II activity seems to be androgen dependent [15], and, since many 
of the environmental toxicants act as endocrine disrupters, they may, in principle, 
have an impact on sperm DNA integrity.

Although deficiencies in recombination during spermiogenesis may be a cause 
of sperm DNA strand breaks, it has been proposed that the most important mecha-
nism behind DNA damage in spermatozoa is a two-step process including (1) devel-
opment of increased vulnerability to free radical attack and (2) oxidative stress 
mediated by variety of reactive oxygen species (ROS) [16].

A major factor leading to increased ROS vulnerability of the male gamete relates 
to the state of protamination of sperm chromatin. The exchange of histones with 
protamines occurs during the spermiogenesis, and insufficient protamination 
implies defective compaction of the DNA and subsequently an increased risk of 
damage following oxidative attack. Whereas it has been shown that drugs, as those 
used in cancer treatment, can negatively affect sperm chromatin [17], it remains to 
be investigated whether the protamination process can be negatively affected by 
environmental chemicals.
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For several reasons spermatozoa are sensitive to the negative effects of oxidative 
stress. They have an abundance of substrates susceptible to free radical attack, 
including high amount of polyunsaturated fats in their plasma membrane. Their 
antioxidant defensive capacity is low because most of the cytoplasm is removed 
during the process of spermiogenesis. This leads to reduction of cytoplasmic anti-
oxidants such as catalase and superoxide dismutase. Furthermore, the cells, by 
themselves, create ROS due to electron leakage from their mitochondria [18]. The 
most important activator of such ROS generation is the induction of apoptosis in 
response to senescence or other adverse circumstances, including exposure to toxic 
chemicals [19].

It has been shown that some men possess abnormal spermatozoa generating a 
particularly high level of ROS. Abnormal spermatozoa with excessive cellular con-
tent of polyunsaturated fatty acids, a phenomenon which may be related to impact 
of lifestyle or environmental factors on the male reproductive system, were observed.

Another external source of ROS having a negative impact on sperm DNA is leu-
kocytes. However, since the male gametes come into contact with infiltrating leuko-
cytes is at the moment of ejaculation, it is believed that this source of free radicals 
is of less importance for the level of sperm DNA damage in ejaculated spermatozoa 
due to the high antioxidant capacity of the seminal plasma. On the other hand, when 
seminal plasma was removed, as a part of preparation for assisted reproduction, 
ROS produced by the leukocytes may negatively affect the spermatozoa negatively, 
impacting on their motility and DNA integrity.

Furthermore, smoking and poor diet may add to reduction of the antioxidant 
protection of the spermatozoa and, thereby, lead to oxidative DNA damage [20, 21], 
whereas environmental toxicants were shown to increase the level of oxidative 
stress [22].

Another type of potentially environmentally induced sperm chromatin alterations 
are epigenetic changes in the genome. Epigenetics refers to changes in gene expres-
sion caused by mechanisms other than changes in the underlying DNA sequence. 
Examples of epigenetics include gene methylation or demethylation leading to their 
inactivation or deactivation, respectively [23].

17.3  �Epidemiological Indications of Environmentally 
Induced Changes in Sperm DNA

Genetic or epigenetic changes in the sperm genome introduced by environment- 
and/or lifestyle-related factors may have a serious impact on the reproductive func-
tion of an individual. Thus, such alterations may not only lead to impaired male 
fertility but, once established, may be paternally passed to the subsequent genera-
tions [24, 25].

Although there is no direct evidence of sperm DNA alterations induced by envi-
ronment/lifestyle and then subsequently passed to the offspring, there are some 
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examples which can be considered as indirect evidence of existence of such 
mechanisms. The Y chromosome has been argued to be particularly vulnerable to 
DNA damage because it cannot correct double-stranded DNA deletions by homolo-
gous recombination [6].

Paternal smoking, reported to introduce sperm DNA damage [26], has been 
reported to lead to an increased risk of childhood cancer in offspring [27–29] 
although others could not find the association [30]. Another possible consequence 
of sperm DNA damage might be microdeletions in the Y chromosome, which will 
lead to infertility in the male offspring [31].

It has been suggested, although the data seem somewhat contradictory, that increas-
ing paternal age is associated to a higher frequency of aneuploidies, point mutations, 
sperm DNA breaks, loss of apoptosis, genetic imprinting and other chromosomal 
abnormalities and has been considered as the major cause of new mutations in human 
populations [32]. Apart from age, paternal occupation has been linked to certain birth 
defects or diseases in the offspring which supposedly would act through genetic or 
epigenetic mechanisms [33]. Epigenetic abnormalities have been associated to 
imprinting diseases, for which a paternal role has been reported [34], and have been 
suggested to be increased in babies following conception by assisted reproduction.

A yet unresolved question being of great importance for evaluation of the risk of 
transmission of sperm DNA changes to the offspring is the ability of the fertilised 
oocyte to repair such changes. However, animal experiments might indicate that (1) 
sensitivity of induction of transmissible genetic damage is germ cell-stage depen-
dent, the male postmeiotic cells being the most sensitive, (2) cytogenetic abnormali-
ties at first metaphase after fertilisation are critical intermediates between paternal 
exposure and abnormal reproductive outcomes, and (3) the amount of sperm DNA 
damage that is converted into chromosomal aberrations in the zygote and that 
directly affects the risk for abnormal reproductive outcomes is regulated by mater-
nal susceptibility factors [35]. The zygote has machinery necessary for the repair of 
sperm DNA damage, but the mechanism of action is not fully clarified. It is sup-
posed that such repair should, preferably, take place prior to the first mitotic division 
and any inadequacies in the repair and replication process may have major adverse 
consequences for the embryo and also for the health of the offspring [19].

17.4  �Sperm Chromatin and Environment

A significant number of studies have addressed the issue of association between 
certain environment-related exposures and sperm DNA integrity. Generally, the 
results are somewhat conflicting. This may be to some degree due to use of different 
methods for assessment of DNA damage, large variation in sample size, as well as 
variation in recruitment of study subjects, including men from general population, 
infertility patients, or occupationally exposed men. Below, these results, in relation 
to the most extensively studied exposures, will be summarised. An overview of 
studies related to this topic is given in Tables 17.1, 17.2, 17.3, and 17.4.
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17.4.1  �Tobacco and Other Lifestyle Factors

The impact of cigarette smoking on sperm DNA integrity has been extensively 
studied. Some studies have shown increased level of sperm DNA damage in smok-
ing men. Thus, Shen et al. [36] reported on positive correlation between 8-OHdG 
amount—considered as the best marker of oxidative sperm DNA damage [37]—and 
blood cotinine levels. The same was true for three studies based on use of TUNEL 
[38–40] and one using SCSA [39]. All these reports were based on relatively small 
sample sizes, none of them with a sample size more than 60.

On the other hand, a number of reports could not confirm the association between 
tobacco smoking and sperm DNA damage [41–45]. This list includes studies based 
on use of COMET, TUNEL, SCSA, as well as 8-oxodG analyses. Interestingly, 
Saleh et al. [46] reported higher levels of ROS but not sperm DNA strand breaks in 
smokers as compared to non-smokers. Similarly, Viloria et  al. [42] found lower 

Table 17.1  List of studies dealing with impact of cigarette smoking on sperm DNA integrity

Smoking as main exposure or 
confounding factor Assay used

No 
participants Effect Reference

Main exposure 8-OHdG 60 ↑ [36]
Confounding factor TUNEL 113 ↑ [38]
Main exposure SCSA 25 = [105]
Main exposure SCSA 277 = [106]
Main exposure TUNEL 70 ↑ [39]
Main exposure SCSA 70 ↑ [39]
Main exposure TUNEL 97 = [107]
Main exposure SCSA 65 = [46]
Confounding factor COMET 

(alkaline)
71 = [54]

Confounding factor 8-OHdG 225 = [45]
Main exposure COMET 

(alkaline)
40 = [108]

Main exposure COMET (neutral) 257 = [41]
Confounding factor SCSA 176 = [62]
Main exposure TUNEL 108 ↑ [40]
Confounding factor COMET (neutral) 379 = [43]
Main exposure OxyDNA assay 55 = [42]
Confounding factor SCSA 279 = [109]
Confounding factor SCSA 225 = [110]
Main exposure TUNEL and 

8-OHdG
116 ↑ [111]

Main exposure (mother) SCSA 265 = [47]
Main exposure (mother and/or father) SCSA 295 = [48]

= No effect found
↑ Exposure-related increase in percentage of spermatozoa with DNA damage (Adapted from M 
Spanó, unpublished data)
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Table 17.2  List of studies dealing with impact of environmental/occupational (except pesticide 
and PCB) exposure on sperm DNA integrity

Exposure Assay used
No 

participants Effect Reference

Air pollution SCSA 266 ↑ [58]
Air pollution SCSA 36 ↑ [59]
Air pollution SCSA and CMA 228 = [60]
Air pollution TUNEL 68 ↑ [61]
Styrene (mandelic acid 
urinary concentration)

SCSA 44 ↑ [52]

Styrene (mandelic acid 
urinary concentration)

COMET (alkaline) 73 ↑ [54]

Styrene (mandelic and 
phenylglyoxylic acid 
urinary concentration)

COMET (alkaline) 67 ↑ [53]

Boron (blood and urine) COMET and TUNEL 103 = [55]
Phthalate esters Sperm nuclear 

chromatin 
decondensation test

53 ↑ [65]

Phthalate and phthalate 
metabolites

COMET (neutral) 168 ↑ [112]

Phthalate and phthalate 
metabolites

COMET (neutral) 379 ↑ [43]

Phthalate and phthalate 
metabolites

SCSA 234 = [74]

Phthalate and phthalate 
metabolites

SCSA 300 ↑ [72]

Phthalate metabolites SCSA 314 = DFI [75]
↑ High DNA 
stainability

Phthalate metabolites 
(maternal sera—pregnancy)

SCSA 112 = [76]

Acrylonitrile COMET (alkaline) 60 ↑ [113]
Lead SCSA 503 = at blood  

Pb conc. 
<45 μg/dl

[57]

Lead Nuclear chromatin 
decondensation 
(NCD) test

68 ↑ [114]

Lead SCSA 80 ↑ [56]
Mercury SCSA 195 = No synergism 

with PCB 
exposure

[115]

= No effect found
↑ Exposure-related increase in percentage of spermatozoa with DNA damage (Adapted from M 
Spanó, unpublished data)
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level of sperm anti-oxidative enzymes in smokers as compared to non-smokers, 
however, without any difference in the degree of sperm DNA damage between 
those two groups.

Two studies [47, 48] focused on effects of prenatal exposure to cigarette smok-
ing, and although sons of mothers as well as fathers smoking during pregnancy 
presented with lower sperm counts, no difference in regard to sperm DNA integrity 
was seen.

Table 17.3  List of studies dealing with impact of pesticide exposure on sperm DNA integrity

Exposure Assay used
No 

participants Effect Reference

p,p′-DDE COMET 
(neutral)

212 = [44]

p,p′-DDE SCSA 176 = [62]
p,p′-DDE SCSA 707 = [63]
p,p′-DDE SCSA 680 ↑ only in subjects with 

androgen receptor CAG 
repeat length of 21 or less

[95]

p,p′-DDE/DDT SCSA 209 ↑ [67]
p,p′-DDE TUNEL 652 = [64]
p,p′-DDE Aniline 

blue
116 ↑ [68]

Pesticides (occupation 
exposure)

SCSA 251 = [77]

Pesticides (dietary 
intake)

SCSA 256 = [78]

Pesticides SCSA 256 = [116]
Organophosphoric 
pesticides

SCSA 66 ↑ [80]

Organophosphoric 
pesticides

ISNT 54 ↑ paraoxonase: 192RR 
genotype more susceptible

[79]

Hexachlorobenzene COMET 
(neutral)

212 = [44]

Insecticides 
(fenvalerate)

COMET 
(alkaline)
TUNEL

63 ↑ [82]

Insecticides 
(chlorpyrifos, carbaryl)

COMET 
(neutral)

260 ↑ [84]

Insecticides
Pyrethroids

COMET 
(neutral)

207 ↑ [83]

Insecticides (carbaryl) TUNEL 46 ↑ [81]
Insecticides 
(pyrethroids)

TUNEL 240 ↑ [117]

= No effect found
↑ Exposure-related increase in percentage of spermatozoa with DNA damage (Adapted from M 
Spanó, unpublished data)
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Thus, although some studies might indicate a negative effect of cigarette smoking 
on sperm DNA integrity, the results are rather conflicting, the largest of them does 
not find a correlation between cigarette smoking and sperm DNA damage 
(Table 17.1).

Among other lifestyle-related factors, one study addressed the issue of coffee 
drinking in relation to the sperm DNA integrity. The authors reported that the major 
finding [49] was that using the COMET assay, men consuming more than three cups 
coffee per day have approximately 20% higher tail DNA—a measure of level of 
sperm DNA damage—under neutral but not alkaline conditions compared with men 
who consumed no caffeine (P = 0.005).

Although animal experiments have indicated that cocaine may induce increased 
apoptosis [50] as well as alteration of gene imprinting in germ cells [51], similar 
data in humans are lacking.

17.4.2  �Occupational Exposure

Surprisingly few epidemiological studies have addressed the issue of occupational 
exposure in relation to sperm DNA integrity. Three studies dealing with impact of 
styrene exposure, two of them using COMET assay and one applying SCSA, found 
a statistically significant increase in the indices of impairment of DNA integrity in 
exposed workers as compared to unexposed subjects [52–54].

One study focused on occupational boron exposure and reported no significant 
correlations between blood and urine boron and adverse semen parameters includ-
ing sperm DNA breaks and percentage of apoptotic cells [55].

Hsu et al. [56] reported on the effect of lead exposure on SCSA parameters in a 
group of battery factory workers in Taiwan and found a positive correlation between 
the blood levels of this metal and the percentage of sperm with DNA fragmentation. 

Table 17.4  List of studies dealing with impact of PCB or bisphenol A exposure on sperm DNA 
integrity

Exposure Assay used No participants Effect Reference

PCB NCD 53 ↑ [65]
PCB COMET (neutral) 212 = [44]
PCB SCSA 176 ↑ [62]
PCB SCSA 707 ↑ [63]

In Caucasians but not in Inuits
PCB TUNEL 652 ↑ [64]

In Caucasians but not in Inuits
Bisphenol A COMET (neutral) 190 ↑ [85]
Bisphenol A COMET (neutral) 132 ↑ [86]

= No effect found
↑ Exposure-related increase in percentage of spermatozoa with DNA damage (Adapted from M 
Spanó, unpublished data)
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An earlier study performed by Bonde et al. [57] only partly supported these results 
by reporting deterioration of sperm chromatin found in men with the highest con-
centrations of lead within spermatozoa.

17.4.3  �Air Pollution

Animal studies have linked air pollution to the level of sperm DNA damage. Similar 
findings have also been done in Czech men, both in a cross-sectional [58] and a 
longitudinal [59] set-up. However, a study by Hansen et al. [60] based on a cohort 
of 228 fertile men could not find any association between the level of exposure to 
ozone and particulate matter (<2.5 μm in aerodynamic diameter) on sperm DNA 
indices as assessed by SCSA and by chromomycin A3 staining. On the other hand, 
Calogero et al. [61] reported a higher DFI in motorway tollgate workers as com-
pared to controls.

17.4.4  �Persistent Organohalogen Pollutants (POPs)

A number of studies have addressed the issue of the impact of exposure to POPs in 
relation to the sperm chromatin integrity. In a multicentre European Union-funded 
study (www.inuendo.dk), focus was given to association between serum levels of 
CB-153, a marker of exposure to polychlorinated biphenyls (PCBs), and concentra-
tions of p,p′-DDE (dichlorodiphenyldichloroethylene), a metabolite of dichlorodi-
phenyltrichloroethane (DDT) and sperm parameters, including DNA integrity. 
Using both SCSA and TUNEL, high levels of PCB exposure were found to be 
associated with increased percentage of spermatozoa with DNA damage. However, 
interestingly these associations were found in Caucasian populations (Sweden, 
Ukraine, Poland) but not in Greenlandic Inuits, the latter—despite very high levels 
of CB-153—presenting with significantly lower DNA Fragmentation Index as com-
pared to the European men [62–64]. This finding might indicate an interaction 
between POP exposure and genetic (see below) and/or other lifestyle or environ-
mental factors in relation to the integrity of sperm DNA. The Inuendo findings seem 
to be in agreement with an earlier study by Rozati et al. [65] showing positive cor-
relation between seminal PCB levels and percentage of spermatozoa with single-
stranded DNA.

Study results on the impact of DDT exposure on sperm chromatin integrity are 
more diverging. No correlation between p,p′-DDE and TUNEL as well as SCSA 
parameters was found in the Inuendo study—if the impact of genetic polymor-
phisms was not taken into consideration (see below) [63]. However, it should be 
kept in mind that there was a high level of correlation between serum levels of 
CB-153 and the p,p′-DDE concentration, in an epidemiological set-up [66], making 
it impossible to detangle the biological effects of these two compounds. Thus, in a 
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men living in areas with endemic malaria, where due to use of DDT the plasma 
levels of its metabolite can reach levels 1000-fold higher than in other populations, 
there was a positive correlation between SCSA DFI and the concentration of p,p′-
DDE [67, 68].

Apart from the link between POPs and the extent of sperm DNA strand breaks, 
exposure to these compounds was also seen to be associated with sperm DNA hypo-
methylation, which may indicate epigenetic consequences of POP exposure leading 
to activation of genes which usually are silenced [69].

17.4.5  �Phthalates

During the past few years, a lot of attention has been given to the potential endo-
crine disrupting effect of phthalates, chemicals believed to interfere with the Leydig 
cell function [70, 71] and thereby affect the levels of intra-testicular testosterone. A 
recent study has shown a positive correlation between the level of phthalate expo-
sure and ROS production [72]. Therefore, these chemicals may exert a negative 
effect on sperm DNA integrity both by inducing high ROS levels and, through hor-
monal deregulation, by interfering with normal intra-testicular function of DNA 
repair enzymes.

Three studies on men attending infertility clinics found a positive association 
between at least some of the phthalate metabolites, and indices of sperm DNA dam-
age, assessed by COMET [43, 73] or SCSA [72]. However, no such association was 
found in a younger group of Swedish military conscripts [74, 75]. In a recent study, 
no association between phthalate levels in maternal serum during early pregnancy 
and DFI of their sons was seen [76].

17.4.6  �Insecticides and Pesticides Other Than DDT

Within this quite heterogeneous category of environmental toxicants, the studies 
have focused on either occupational exposure or consumption of food containing 
rests of such compounds.

Studies on effect of pesticides generated conflicting results. While no association 
between pesticide use and sperm DNA damage was demonstrated in the Danish 
agricultural workers, a positive correlation was observed in Mexico [77–80]. A 
number of reports related to exposure to insecticides have shown positive associa-
tion between the levels of these chemicals and markers of sperm DNA damage. 
These findings have been rather consistent both in relation to occupational [81, 82] 
and environmental exposure [83, 84].

Also the exposure to organophosphoric pesticides (see Table 17.3) seems to have 
a negative impact on sperm DNA integrity [79, 80], whereas in two studies compar-
ing organic and nonorganic farmers [77, 78], no such effect was found.
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17.4.7  �Other Exposures

There are a limited number of studies regarding the impact of exposure to bisphenol 
A—a high production volume chemical used in the manufacture of polycarbonate 
plastics, which can be used in baby and water bottles, and epoxy resins, used in food 
container linings and other applications. However, in two reports [85, 86], a positive 
association between the levels of this chemical and DFI was seen.

No indications for deleterious effects on sperm DNA integrity were reported in 
relation to exposure to perfluoroalkyl substances (PFAS) [87], polybrominated 
diphenyl esters [88], and hexachlorobenzene [89]. For PFAS, widely used in indus-
trial processes and products, no consistent link with level of sperm DNA global 
methylation was seen. However, for some of the compounds belonging to the PFAS 
family, some statistically significant associations with DNA hypo- or hypermethyl-
ation were reported leaving the question of epigenetic alteration related to these 
compounds still unresolved [90]. Interestingly, when looking at subjects from geo-
graphical regions with differing profile of environmental load of chemical toxicants, 
significant discrepancies in the level of DNA global methylation were seen [91]. 
Furthermore, this parameter was not associated with any of the standard sperm indi-
ces indicated that normal semen quality is not a guarantee of sperm genome.

17.5  �Gene-Environment Interaction and Sperm Chromatin

Impairment of sperm chromatin integrity due to lifestyle- or environment-related 
factors represents a unique form of “gene-environment interaction”—namely, envi-
ronmental stress having a negative impact on the genome of the gamete and those 
changes being potentially transmittable to the following generation(s). The results 
of the study by Anway et al. [24], although focusing on epigenetic changes rather 
than direct DNA damage, illustrate that such scenario is not unlikely. However, in 
traditional terms, the term “gene-environment interaction” usually refers to interin-
dividual variation in susceptibility to environmental/lifestyle factors based on 
genetic differences between the subjects. There are several indications of such 
mechanisms operating even in relation to impairment of sperm DNA integrity.

Thus, as already mentioned, in the Inuendo study, Inuits were found to have sig-
nificantly lower DNA Fragmentation Index as compared to Caucasian men [63], the 
association between levels of PCB exposure being seen among the latter but not in 
the former ethnic group. Although nutritional or other environmental factors might 
be the cause of such difference, genetic diversity as a causative factor should not be 
overlooked.

Our research group has been focusing on polymorphisms in the androgen recep-
tor gene (AR) as modifiers of the effect of endocrine disrupting chemicals, includ-
ing POPs. One of the polymorphic regions in the AR is the glutamine encoding 
CAG repeats in the exon I of this gene [92]. It has been shown that the number of 
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these repeats, which in a Caucasian normal population varies between 10 and 30 
with a mean number of 22, has an impact on the receptor activity [92–94]. In the 
Inuendo study, we found that the association between p,p′-DDE, but not CB-153 
levels, and the DFI depended on the CAG number [95]. For CAG lengths of 21 or 
less, those with high levels of the p,p′-DDE presented with 40% higher percentage 
of spermatozoa with impaired DNA integrity than those with low concentrations of 
this POP. Such association between exposure and sperm DNA damage was not seen 
for other CAG lengths. These findings might, at least partly, explain the robustness 
of Inuits to the deleterious effects of POP exposure. The mean CAG number is on 
average 1.5–2 higher in Inuits as compared to Caucasians, thus a lower proportion 
of men having the genotype encoding for higher level of susceptibility [96].

In same cohorts the association between POP exposure and sperm DNA integrity 
was also modified by genetic variations in gene encoding for the aryl hydrocarbon 
receptor (AHR) as well as in the AHR-repressor gene [97].

In the study of the impact of air pollution on sperm DNA integrity, this effect was 
shown to be modified by the polymorphisms in the glutathione-S-transferase M1 
gene [98] as well as by variations in several DNA repair genes [99].

Therefore, it is to be expected that even for the other environmental and lifestyle 
factors shown to have an impact on sperm DNA integrity, the genetically deter-
mined susceptibility may vary between the individuals. Such gene-environment 
interaction might, at least partly, explain the mechanisms between the above-
mentioned somewhat diverging results, when different population cohorts are inves-
tigated and/or several techniques for detection of sperm DNA damage are used.

17.6  �Clinical Relevance

The issue of the possible effect of environment and lifestyle on sperm chromatin 
integrity is important from a clinical point of view. Infertility affects 15–20% of all 
couples and is a serious condition—both from a medical and also socio-economic 
point of view. In a large majority of cases, the causes are not or only poorly under-
stood, and the treatment is purely symptomatic, based on assisted reproduction. It is 
now well established that at least certain types of sperm DNA damage may have a 
negative impact on the fertility of the subject in vivo and even in vitro.

Thus, we have reported that in subjects with normal standard sperm parameters, 
the odds ratio for spontaneous pregnancy significantly decreases when the DFI, as 
determined by the sperm chromatin structure assay (SCSA), exceeds the level of 
20% [100]. However, this decrease in fertility in vivo is already seen at DFI above 
10%, if one of standard sperm parameters is abnormal. Since many of the environ-
mental toxicants may affect not only sperm DNA integrity but also concentration, 
motility, and/or morphology [101], a slight increase in percentage of sperms with 
abnormal DNA, combined with deterioration of some other semen characteristics, 
may lead to decrease in fertility.
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The results of assisted reproduction seem to be dependent on the level of sperm 
DNA damage. For intrauterine insemination—similarly to what we see for sponta-
neous pregnancy—the chance of pregnancy starts to decline for DFI above 20% to 
approach the level of zero when DFI exceeds 30% [102].

Sperm DNA damage seems also to affect the results of in  vitro fertilisation, 
although the impact is more pronounced in relation to standard in vitro fertilisation 
(IVF) than with respect to intracytoplasmic sperm injection (ICSI). For IVF the 
chance of live birth seems to decrease if the DFI is higher than 20% whereas such 
effects is not seen for ICSI. For both methods of fertilisation the risk of early mis-
carriage increases when DFI is above 40% [103].

As a consequence of these observations, a question arises: to which degree 
these DNA defects, which seem not to exclude child birth when ICSI is applied, 
are becoming repaired following the process of fertilisation. Unrepaired damaged 
sperm DNA introduced into the embryo might, in theory, impair foetal growth and 
induce congenital malformations and/or diseases arising during different phases 
of the postnatal life. These problems might not only occur in the offspring of the 
man exposed to such factors but might become manifest in the subsequent 
generation(s) [104].

The complexity of the question, the rather recent access to techniques for evalu-
ation of sperm DNA integrity, and the relatively short follow-up of IVF and ICSI 
children do not allow a definite answer to be drawn at the moment. However, this 
issue should have a high priority on the future agenda of evaluating the potential 
risks of assisted reproduction.

Identification of environment- and lifestyle-related factors deleterious to sperm 
DNA does have implications in relation to the possibility of prevention and treat-
ment of male-related infertility problems. Thus, once the implications of environ-
ment and lifestyle on sperm DNA integrity are understood, preventive measures can 
be taken. Furthermore, studying the mechanisms of environment-/lifestyle-related 
changes in the genome of the male gamete will also increase our level of under-
standing of the mechanisms involved in the impairment of testicular function. Such 
knowledge is crucial, not only for preservation of infertility but also for the develop-
ment of specific drugs for treatment of fertility problems.

Therefore, studying and understanding the phenomenon involved in the effects 
of environmental and lifestyle factors on sperm DNA may be an important step in 
preventing and treating of infertility problems as well as other important diseases, 
not only in relation to the generation actually being exposed but also in their off-
spring and, possibly, even in the subsequent generations.

17.7  �Conclusions

Available experimental and human data show that a number of lifestyle- and 
environment-related exposures may have negative effects on sperm DNA integrity. 
The extent of the sperm DNA damage seems to differ between different studies. 
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Such discrepancy may partly be due to use of several methods for assessment of 
sperm DNA integrity, these techniques not measuring exactly same characteristics 
of sperm DNA. Another contributing factor may be genetically determined varia-
tion in the individual susceptibility.

Sperm DNA damage due to environmental and lifestyle factors may have a nega-
tive impact on fertility, and there is a potential risk of transmission to the offspring. 
Therefore, it is of importance to focus on the association between environment and 
sperm DNA integrity in order to prevent male subfertility and to avoid potentially 
serious health effects in the next generation(s).
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Chapter 18
Sperm DNA Damage and Oocyte Repair 
Capability

Sezgin Gunes and Semra Sertyel

18.1  �Introduction

Approximately one in every six couples suffers from infertility (17%), and male 
factor contributes to 40–50% of these cases [1, 2]. The causes of almost half of these 
male factor-associated infertilities are unexplained/idiopathic, and within this group, 
5–10% men had high amount of sperm DNA fragmentation despite having normal 
semen parameters. In fact, DNA fragmentation is observed in 5–10% of infertile nor-
mozoospermic men [3–5]. Today, routine semen analysis is the “gold standard” test 
used in the evaluation of male infertility; however, it is unable to identify the causes 
of some of the cases [6]. Therefore, in order to distinguish infertile men from the 
fertile population and to predict the success of in vitro fertilization (IVF) cycle out-
comes, a new diagnostic test is required. The use of DNA fragmentation tests as a part 
of the routine analysis in fertility investigation remains controversial [7–9], despite 
the fact that many research groups are greatly in favour of these test [10–13].

Some studies have shown that sperm DNA fragmentation is correlated with poor 
reproductive outcomes including miscarriages, chromosomal aberrations, congeni-
tal malformations, genetic disorders, neurological defects and cancer in offspring 
[14, 15]. Understanding the mechanisms after fertilization in the zygote is there-
fore important.

This chapter reviews closely the process of DNA damage in spermatozoa, origin 
of DNA damage, the effect of sperm DNA damage on reproductive outcomes and 
the selection methods for spermatozoa as well as the DNA repair mechanisms in the 
oocyte.
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18.2  �Sperm DNA Damage

Sperm DNA damage results from any modifications of the molecular structure of 
DNA, including a chemically changed base such as 8-OHdG, a base missing from 
the backbone of DNA or single-stranded DNA breaks (SSBs) and/or double-
stranded DNA breaks (DSBs). DNA fragmentation of sperm has been assessed in 
epididymal, testicular and ejaculated sperm [16]. In male germ cells, DNA repair is 
highly effective during mitosis and meiosis until the last 3 weeks of spermatogene-
sis. Therefore, spermatozoa are very susceptible to DNA damage towards the end of 
spermatogenesis in the haploid and compacted nucleus of spermatid due to insuffi-
cient DNA repair system, and these lesions would be transmitted unrepaired into the 
egg [16, 17]. Errors in maternal repair of sperm DNA damage may, thus, lead to 
chromosomal abnormalities in zygotes [18].

In general, there are two pathways in which sperm DNA fragmentation is origi-
nated: intrinsic and extrinsic factors.

18.3  �Origin of DNA Fragmentation in Sperm Nucleus

18.3.1  �Intrinsic Factors

18.3.1.1  �Aberrations in Recombination During Spermatogenesis

DSBs are formed by specific nucleases during meiotic crossing-over process. 
These breaks should be ligated prior to meiosis II. Generally, before the DNA is 
fully fixed, the recombination checkpoint of the prophase does not permit the cells 
to proceed to meiosis I [19]. However, the defects that occur or persist at the check-
point may result in permanent DNA fragmentation in ejaculated spermatozoa [20].

18.3.1.2  �Abnormal Spermatid Maturation (or Abnormal Protamination 
Defects) During Spermatogenesis

Both SSBs and DSBs occur during the maturation process of spermatozoa into sper-
matids. These breaks are necessary for the packaging of sperm DNA with protamines 
[21] and are usually repaired and restored prior to the epididymal transit [20].

18.3.1.3  �Apoptosis During Spermatogenesis

Male germ cells are regulated by Sertoli cells; nearly half of them undergo apoptosis 
at meiosis I during spermatogenesis. These selected cells are labelled with the Fas-type 
apoptotic markers and should be phagocytosed and removed by the Sertoli cell [22].
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18.3.1.4  �Oxidative Stress

Reactive oxygen species (ROS) are extremely unstable particles that comprises of 
oxygen metabolites [23]. Sources of ROS can be exogenous or endogenous. 
Exogenous sources of ROS originate from outside of the cells/environment, includ-
ing radiation (x-rays, UV light), cigarette smoking, herbicides, alcohol abuse, chronic 
stress, drugs (acetaminophen) and air pollution. On the other hand, the endogenous 
sources are those arise from within the cell, including mitochondrial respiration and 
enzymatic systems such as xanthine oxidase and NADPH oxidase [18].

18.3.2  �Extrinsic Factors

18.3.2.1  �Age

Some studies have indicated that men with advanced age have an elevated sperm 
DNA fragmentation, while DNA fragmentation is considerably lower in younger 
men (<35 years) [24, 25]. mtDNA is more vulnerable to ROS (generated by electron 
transport chain) than nuclear DNA. Mutations accumulate in mtDNA and result in 
mitochondrial dysfunction, which in turn causes an increase in ROS production and 
oxidative damage and decrease in ATP/ADP ratio. Elevated ROS production, 
decreased ATP production and apoptosis are three features of dysfunctional mito-
chondria disrupted by ageing. Some studies have indicated higher DNA fragmenta-
tion index (DFI) in older men. Furthermore, high oxidative stress leads to increased 
apoptosis and spermatozoal DNA damage. Although apoptosis is essential for sper-
matogenesis under normal conditions, the balance between proliferation of sper-
matogonia and apoptosis of different germ cell types appears to be disturbed with 
ageing. This is supported by recent histological and ultrastructural study showing 
increased apoptosis along with a reduced proliferation in germ cells of the ageing 
testes. Although the significant decrease in the number of germ cells was found at 
the late spermatid level, primary spermatocytes did show a numerical decrease in 
the elderly men compared with the young controls. As the effect of age on sperm 
DNA single- and double-strand breaks is well documented, the presence of DNA 
damage repair-associated proteins such as poly (ADP-ribose) polymerase 1 (PARP-
1) was also investigated in testicular tissue samples from older men. Statistically 
significant differences in the expression of DNA repair proteins as well as apoptosis 
markers, such as active caspase-3 and cleaved PARP-1, were found most markedly 
in ageing spermatocytes [24].

18.3.2.2  �Abstinence Time

Recent studies have claimed that short abstinence period between ejaculations may 
lead to lower levels of sperm DNA fragmentation (24 h and 3 h) [26]. Sperm DNA 
fragmentation appears to become considerably elevated during the transit in the 
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seminiferous tubules towards the epididymis, possibly associated with oxidative 
stress, and as a result, DNA fragmentation levels rise within the sperm population 
because of the non-functional DNA repair pathways [27].

18.3.2.3  �Scrotal Temperature

The scrotal temperature is 2–8 °C lower compared to the rest of the body, and this 
is essential for proper spermatogenesis in mammals. In a mouse model study, a high 
level of DNA fragmentation was observed in spermatocytes retrieved from testes 
exposed to 40–42 °C [28].

18.3.2.4  �Response to Clinical Process, Medications, Environmental 
Pollutants and Smoking

Some environmental factors including radiation, smoking and alcohol consumption 
contribute to male infertility [29–31]. Untreated cancer patients [32] as well as 
those who have been exposed to chemotherapy and radiotherapy [33], environmen-
tal pollutants [34, 35] and certain cytotoxic medications [36] may be prone to sperm 
DNA fragmentation.

Tobacco smoke has known to have mutagenic effects and has been associated 
with a decrease in semen quality, fertilizing capacity and elevation in the quantity of 
abnormal cells [29, 37]. Smoking generates reactive intermediates, including reac-
tive nitrogen species (RNS) and reactive oxygen species (ROS), which can induce 
various genetic and epigenetic alterations. Through the interaction of these interme-
diates, exposure to tobacco smoke can directly or indirectly cause the formation of 
DNA and protein adducts, mutations, promoter methylation, sister chromatid 
exchange (SCE), chromosomal abnormalities and micronucleus formation [29]. 
Additionally, several studies indicate that the sperm DNA fragmentation index is 
significantly elevated in fertile smokers [37, 38].

Various studies have demonstrated that alcohol consumption may change both 
spermatogenesis and the secretion of testosterone. Alcohol consumption produces 
notable morphological changes in spermatozoa including breakage of the sperm 
head, distention of the midsection and curled tails. Overall these effects may be 
based on alterations of the endocrine system controlling the hypothalamic–pitu-
itary–testicular (HPT) axis function and/or testis and/or male accessory glands [30].

Ionizing radiation produces DNA lesions leading to DNA damage, and muta-
tions result in genomic instability that is very harmful for fertility and/or the off-
spring in adult spermatogenic cells. Although the unique organization of 
spermatogenic cells within seminiferous tubules makes them less radiosensitive 
compared to somatic cells, DNA repair rate and frequency of unrepaired lesions are 
slower in spermatogenic cells compared to somatic cells. Therefore, the use of hap-
loid cells with genomic instability in assisted reproduction could increase the hered-
itary risk [31, 39].
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18.3.2.5  �Varicocele

Varicocele affects approximately 15–20% of males and is one of the commonest 
causes of poor sperm quality (sperm concentration and motility). Significantly 
higher DNA fragmentation has been observed in patients with varicocele [40, 41] 
although the underlying mechanism still remains unclear.

18.3.2.6  �Microbial Infections and Leucocytospermia

Elevated sperm DNA fragmentation has been found in some patients with genitouri-
nary tract infection such as Mycoplasma and Chlamydia trachomatis in comparison 
to fertile controls [42, 43]. The presence of such genital tract infection is associated 
with a higher concentration of leucocytes and immature germ cell in semen [44] 
which could lead to the generation of ROS, leading to higher DNA damage. In addi-
tion, a higher level of DNA damaged cells were reported [45] in semen samples of 
leucocytospermic patients.

18.3.2.7  �Sperm Preparation Techniques and Cryopreservation

Semen collection techniques and sperm preparation methods affect sperm DNA 
quality [46, 47]. To preserve spermatozoa with higher motility rates and lower 
sperm DNA fragmentation, density gradient and swim-up techniques have been 
suggested to be used for in vitro fertilization (IVF) [48, 49]. Cryopreservation 
of sperm is a useable method to preserve male fertility for utilization in artifi-
cial reproduction techniques (ART) in the future prior to chemotherapy, radio-
therapy, surgical treatments or vasectomy. However, some studies have 
demonstrated that this method might have a negative effect on sperm DNA 
stability [48, 50].

18.4  �The Role of Sperm DNA Integrity on Reproductive 
Success

Model organism reports demonstrated the significance of sperm DNA integrity 
during prenatal development and implantation [51]. Following studies correlated 
the level of DNA damage and fertility indexes of the offspring including fertiliza-
tion success, rate and quality of embryo cleavage, implantation, pregnancy, and live 
birth rates (Table 18.1).
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18.4.1  �Association Between DNA Damage and Basic Semen 
Criterion

Although a few reports have indicated a slight or non-significant association between 
semen parameters (sperm count, motility, progression and morphology) and sperm 
DNA damage, many studies show that sperm from men with abnormal sperm param-
eters have a higher percentage of DNA damage [52, 67–71] .

There are different causes of DNA damage during spermatogenesis. If sperm 
DNA damage arises from the failure of DNA break repair (DBR), it would also be 
correlated with other indications of spermatogenic failure including teratozoosper-
mia and oligozoospermia.

Similarly, if the damage of sperm DNA is primarily a consequence of the nega-
tive effects of ROS, sperm motility will also be affected as ROS can induce lipid 
peroxidation in sperm membrane which contains high amount of unsaturated fatty 
acids [52, 67–71]. Unrepaired DSB can cause mutations as a result of fixed DNA 
fragmentation [72].

Table 18.1  The association amongst sperm DNA damage, pregnancy and abortion rate

High DNA damage Low DNA damage

Assay

Cut-
off 
(%)

Pregnancy 
(%)

Abortion 
(%) Total

Pregnancy 
(%)

Abortion 
(%) Total Reference

SCSA 27 50 0 10 29 0 24 [52]
Comet 
assay

NI 29 83 30 27 0 22 [53]

SCSA 30 28 NI 57 47 NI 107 [54]
TUNEL 15 32 36 44 36 8 258 [55]
TUNEL 30 27 26 201 30 23 797 [56]
SCSA 30 28 63 29 34 42 77 [57]
TUNEL 15 6 100 18 44 0 18 [58]
TUNEL 10 12 60 43 28 8 89 [59]
TUNEL 10 13 100 18 29 30 34 [60]
SCSA 27 28 NI 25 29 NI 61 [61]
Acridine 
orange

30 55 33 11 51 12 49 [62]

TUNEL 35 39 35 52 62 10 65 [63]
SCSA 27 51 27 43 52 10 180 [64]
TUNEL 36 42 46 26 56 11 135 [65]
Comet 
assay

50 19 14 192 33 17 147 [25]

Acridine 
orange

50 49 37 39 47 25 114 [66]

NI not indicated
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18.4.2  �Natural Fertility

Recent studies have indicated an important relationship between IVF and the integ-
rity of sperm DNA. A few reports have demonstrated significant variation in the 
degree of sperm DNA damage between infertile and fertile males by using different 
techniques [52, 71, 73–75]. If the level of spermatozoa with DNA fragmentation is 
higher than 30% detected by SCSA, the probability of natural conception is almost 
zero [3, 73]. Couples in whom the man has an elevated level of sperm DNA damage 
have low natural conception potential, with a long time to pregnancy. The sperm 
DNA integrity tests may be used to predict pregnancy outcomes of couples who do 
not know their fertility potential [71, 73].

18.4.3  �Intrauterine Insemination

The fertilization potential by intrauterine insemination (IUI) is reportedly low if 
sperm DNA fragmentation is higher than 30% as detected by SCSA [56, 70]. In 
addition, sperm samples with sperm DNA fragmentation (SDF) index higher than 
12% detected by TUNEL method have demonstrated that no pregnancies were 
achieved in insemination [76]. Sperm DNA stability and the level of fragmenta-
tion effected by insufficient maturation, oxidative damage, apoptosis and other 
causes may be a marker of poor IUI outcome. Thus, sperm DNA damage has a 
negative correlation with fertilization, and the evaluation of sperm DNA integrity 
can be used as a prognostic tool in predicting the outcomes of both natural con-
ception and IUI [56].

18.4.4  �In Vitro Fertilization

The correlation between high levels of sperm DNA damage and IVF and 
intracytoplasmic sperm injection (ICSI) outcomes remains questionable. A negative 
association between embryo development in IVF cycles and sperm DNA damage 
has been reported [77]. In addition, several reports have also shown an important 
relationship between sperm DNA integrity and fertilization success in IVF [15] and 
ICSI [78, 79]. It has been demonstrated that for a success in pregnancy both by ICSI 
and IVF, the predictive DFI cut-off value detected by SCSA was 27% [75]. On the 
other hand, an association between IVF rates and the low level of sperm DNA dam-
age has been shown in several studies. Their results demonstrated that sperm DNA 
damage has a better prognostic value in IVF compared with ICSI [15, 75, 80]. A few 
studies reported that a successful pregnancy could still be achieved with severe poor 
sperm parameters and low sperm chromatin integrity by ICSI using testicular sper-
matozoa [81–84].
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18.4.5  �Embryo Growing Quality and Blastulation Rate

Results of several clinical reports have proposed an association between sperm 
DNA damage/poor sperm quality and embryo development/maturation [62, 72, 
85]. The impact of DNA damage on the embryo seems to be related to the devel-
opment of embryo more than the embryo quality [86]. Virro and colleagues have 
suggested that fertilization rate was not statistically distinctive between the 
patients groups with low and high DNA fragmentation level. However, high DNA 
fragmentation (> or =30% DFI) caused a lower blastocyst and pregnancy rates 
[54]. The blastocyst development is controlled by maternal genes during the first 
few steps of development, while paternal gene expression starts at four- to eight-
cell stage (approximately 48–56 h after fertilization process) [85]. Thus, during 
this stage, fragmented DNA inherited by father may affect negatively on the 
embryo development and/or blastocyst formation. Interestingly, a study has dem-
onstrated that the adverse paternal effect on development of embryo may occur at 
a later stage even if there are no morphological anomalies at the zygote stage [17]. 
Repeated failures of assisted reproduction without any evident defective zygote 
formation and cleavage of embryo are frequently correlated with high sperm DNA 
fragmentation levels.

18.4.6  �The Role of DNA Damage on Embryo Progress 
After IVF

Blastocyst development is negatively affected by the degree of sperm DNA 
fragmentation in prepared ejaculated spermatozoa used in IVF. An important inverse 
relationship has been reported between the apoptotic activity of sperm specimens 
and blastocyst progress after either ICSI or IVF [77]. Second- and third-day embryo 
scoring was unaffected because the paternal genome is activated after the four-cell 
stage, until which point embryo development is mainly controlled by maternally 
inherited mRNA [17, 87].

The early paternal effects were not related with sperm DNA fragmentation; 
however, the late paternal effects were correlated with sperm DNA integrity; there-
fore, analysis of sperm DNA integrity may be helpful to predict late paternal effect. 
The early paternal effect has been suggested to be mediated by deficiency of 
oocyte-activating factors or centrosome dysfunction and commence at the four-cell 
stage [17]. It is well documented that the incidence of pronuclear stage defect is 
higher in couples with female factor infertility [88]. The late paternal effect may 
comprise sperm DNA damage, sperm aneuploidy or abnormal chromatin packag-
ing of paternal genome, which can affect the proper activation of paternal gene 
expression [17]. The role of sperm DNA integrity on the embryo quality is report-
edly less important during conventional IVF process compared to ICSI [86]. Sperm 
DNA repair in the oocyte and the natural selection that occurs during IVF may 
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result in lack of influence of sperm DNA damage on IVF embryo quality. In fact, 
the sperm DNA integrity is associated with sperm membrane and motility; there-
fore, the chance of fertilization with DNA-fragmented sperm at conventional IVF 
is low compared to ICSI [89].

18.4.7  �The Role of DNA Damage on Embryo Quality 
After ICSI

Highly fragmented sperm DNA can escape from the natural selection and fertilize 
the oocyte. Despite a range of DNA damage are repairable by the oocyte after fer-
tilization, excessive damage may possibly cause poor embryo development. A study 
has shown that high levels of DNA damage were present in semen samples with 
teratozoospermia and also those with normal morphology [72, 90, 91]. The distinc-
tion between the IVF and ICSI studies has shown that the impact of sperm DNA 
fragmentation on embryo quality/growing rate is more remarkable with ICSI com-
pared to conventional IVF [86].

18.4.8  �The Impact of DNA Damage on Pregnancy 
and Pregnancy Loss

An inverse relationship has been reported between elevated sperm DNA 
fragmentation and pregnancy rate using SCSA [3, 75], TUNEL [3, 58, 59] and 
Comet assay [92], although a few reports have shown no relation between preg-
nancy and sperm DNA damage [74, 86]. Two systemic reviews have also shown an 
important correlation between high DNA damage and decreased pregnancy rate 
[93, 94]. The reported relationship between sperm DNA damage and pregnancy loss 
may be caused by abnormal embryo development as a result of abnormal paternal 
genome [59]. In fact, the oocyte can easily repair SSBs; however, the repair capabil-
ity of high levels of DSBs is limited; therefore, these DSBs may lead to chromo-
somal rearrangements and mutations that may subsequently block or modify embryo 
development leading to pregnancy loss [87].

18.5  �Management of Infertile Patients with Elevated Sperm 
DNA Fragmentation

The relationship between sperm DNA integrity and fertility potential is a grow-
ing interest amongst researchers [3]. As mentioned before, there are significant 
differences in the sperm DNA fragmentation levels between infertile and fertile 
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men [71]. Both in vivo and in vitro, fertility capacity has been found to be lower 
in men with elevated level of DNA fragmentation [73, 95]. DNA fragmentation 
also has an impact on sperm parameters [96], embryonic development [17], chro-
mosomal aneuploidy [97], implantation [11, 76, 98–100] and recurrent miscar-
riages [94, 101–103].

18.5.1  �Antioxidant Treatment

The presence of high polyunsaturated fatty acids (PUFA) in the sperm membrane 
makes them highly susceptible to oxidative stress. Previous reports, using indirect 
assays, have demonstrated that oral antioxidant treatment could reduce the elevated 
levels of sperm DNA fragmentation in ejaculated spermatozoa [104, 105].

Harmful outcomes of ROS on sperm DNA have been reported in different 
studies [58, 106–109]. ROS generation can be controlled in some degree by the 
seminal plasma antioxidants. The favourable impact of antioxidants including 
reduction of DNA fragmentation level in ejaculated spermatozoa can be detected 
following 2 months of oral antioxidant therapy [109]. Additionally, dietary anti-
oxidants are an appropriate therapeutic option to alleviate sperm DNA damage 
for infertile men [108].

18.6  �The Use of Different Sperm Sources

18.6.1  �The Use of Testicular Sperm

Two recent reports have indicated the lack of pregnancy and birth when the sperm 
subpopulation manifesting DNA fragmentation is higher than 20% and 15%, 
respectively, using TUNEL [55, 110]. When comparing testicular sperm samples to 
the ejaculate samples, a significantly decreased level of sperm DNA fragmentation 
was demonstrated in patients with fragmented sperm DNA (≥15%) during the treat-
ment with ICSI.  Additionally, high implantation, pregnancy and birth rates are 
reported in ICSI by using testicular spermatozoa [55, 110]. It has been shown that 
retrieved testicular spermatozoa have a reduced level of DNA damage than ejacu-
lated sperm in men with continuously high DFI after previously ineffective oral 
antioxidant treatment [107]. Recently, we reported that ICSI using testicular sper-
matozoa retrieved by TESA appears to be an effective option for patients with ele-
vated DNA fragmentation (>30%) and repeated pregnancy lost [111]. The 
reproductive outcomes of testicular and ejaculated spermatozoa were analysed 
using ICSI. The pregnancy rate using testicular and ejaculated spermatozoa was 
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44% and 6%, respectively. Implantation percentage was found as 22% and 2% using 
testicular spermatozoa and ejaculated spermatozoa, respectively [110, 112].

18.6.2  �Utilization of the Second Ejaculation

An ongoing pregnancy rate of higher than 30% can be achieved by taking a second 
consecutive sperm ejaculate on the day of oocyte pick-up to increase the total motile 
sperm number for IVF treatment. Invasive sperm processing techniques and unnec-
essary micromanipulation can be avoided by this method [113].

Some studies have suggested that spermatozoa are significantly exposed to ROS 
and reactive nitrogen species (RNS) during epididymal transfer and storage; there-
fore, low intracellular ROS values may be an indication of efficient epididymal 
function and the short duration in the epididymis [114]. The reduction of intracel-
lular ROS has been seen in samples received after only 1 day of abstinence; this 
can be explained by the fact that these spermatozoa spent a shorter period of time 
in the epididymis and that their intracellular antioxidants have not been fully con-
sumed. Hence, recurrent ejaculations can potentially be an approach to reduce 
sperm DNA damage and improves IVF treatment success rate [26, 115]. 
Nevertheless, frequent daily ejaculation of 2 weeks has no major adverse effects on 
both conventional and functional sperm parameters. Therefore, frequent daily 
ejaculations can be utilized as an alternative treatment option in male infertility 
cases with high oxidative stress.

18.7  �Sperm Preparation Techniques

18.7.1  �Conventional Sperm Preparation Techniques

Different sperm centrifugation and sedimentation techniques are routinely used in 
the semen sample preparation for the ART for separating sperm from seminal 
plasma. Density gradient centrifugation and swim-up techniques have been used for 
separation of fragmented sperm DNA.  Swim-up is a better sperm preparation 
method to eliminate fragmented sperm DNA. The fragmentation level reduced from 
12% to 5.5% after swim-up [14, 77, 116]. Sperm DNA quality in neat sperm or 
prepared samples is important in the success of ARTs. The sperm obtained by den-
sity gradient separation provide spermatozoa with higher progressive motility, via-
bility and lower fragmented DNA as compared to those which are prepared by the 
other conventional sperm separation techniques [117]. Consequently, a combination 
of swim-up and density gradient separation methods has been suggested to reduce 
sperm with damaged DNA during sperm preparation in IVF treatment [118].
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18.7.2  �Alternative Sperm Preparation Techniques Before ICSI

Magnetic-activated cell sorting (MACS) is a technique used in separation of 
apoptotic sperm [119] and reduction of sperm with fragmented DNA [120]. This 
method is based upon the property of spermatozoa in expressing the apoptotic sig-
nal phosphatidylserine that attached to annexin-V-combined micro-beads. 
Spermatozoa with apoptotic signal and fragmented DNA could be distinguished by 
a magnetic field to annexin-V-positive and annexin-V-negative fractions. This tech-
nique is recommended to use in IVF laboratories for sperm preparation [119]. The 
utilization of hyaluronic acid is another way of selection. The method is based on 
binding of spermatozoa with DNA fragmentation to hyaluronic acid [121]. 
Electrophoretic separation of spermatozoa for sperm selection is another advanced 
technique, which is based upon detection of mature spermatozoa because of the 
negatively charged glycocalyx rich in sialic acid remnants [122].

18.8  �Advanced Sperm Selection for ICSI

18.8.1  �Morphological Selection

Motile and morphologically normal sperm are selected for ICSI process; however, 
these sperms may have an elevated level of DNA fragmentation. Therefore, analysis 
of DNA fragmentation is suggested for motile and morphologically normal 
spermatozoa before ICSI procedure [67].

18.8.2  �Sperm Selection Under High Magnification

Recently, to increase the reproductive outcomes of ICSI, non-invasive methods 
have been requested for patients with poor sperm quality [119, 122, 123], espe-
cially, selection of morphologically best sperm for injection based upon motility 
and morphology of organelles analysed at over 6000 magnification [124] to improve 
pregnancy and abortion rates. Intracytoplasmic morphologically selected sperm 
injection (IMSI) is a sperm selection method based on selection of motile sperma-
tozoa without head vacuoles simultaneously under high magnification (>6000×). 
The presence of vacuoles in the nuclear region of the sperm head is one of the most 
prognostic indicators of poor sperm quality. These vacuoles seem to be related with 
fragmentation and/or denaturation of sperm DNA and lead to poor embryo devel-
opment [125, 126].
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18.8.3  �Human Motile Sperm Head Birefringence

Sperm head birefringence (SHBF) is used as a criterion for the selection of best 
sperm to use in ICSI. A few studies reported a significant higher DNA fragmenta-
tion in spermatozoa with sperm head birefringence total (SHBF-T) than in those 
with sperm head birefringence partial (SHBF-P) [127].

18.9  �DNA Repair Mechanisms

DNA damage/lesions arise as a result of spontaneous errors during DNA replication 
and spontaneous cellular metabolism. Approximately 105 DNA lesions are gener-
ated in a cell each day [128]. A number of mechanisms in our body are able to rec-
ognize and repair these DNA lesions. The DNA repair rate of these lesions is based 
on the cell types, the age of the cell and the extracellular environment of the cell. 
Following the DNA damage, the cell can enter one of three states, namely, (i) apop-
tosis, (ii) mutations or (iii) rearrangement and DNA repair (Fig. 18.1).

DNA repair mechanisms have evolved to compensate the DNA damage to main-
tain genomic integrity and stability. These mechanisms are base nucleotide excision 
repair (NER), excision repair (BER), mismatch repair (MMR), DSB repair (DSR) 
and post-replication repair. These mechanisms detect and correct the DNA lesions 
regardless of the cause (Fig. 18.2).

Zygote with DNA damage

Minor 
DNA damage

Extensive 
DNA damage

DNA repair Apoptosis Mutations and 
rearrangements

Fig. 18.1  Fate of DNA 
damage after zygote 
formation
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18.9.1  �Nucleotide Excision Repair

NER mechanism repairs substantial lesions including oxidative damage and DNA 
intrastrand cross-links, pyrimidine dimers caused by the UV mismatched bases or 
bulky adducts [129, 130]. These lesions cause distortion of helical structure of DNA 
[131]. The DNA damage is scanned and detected by roughly 30 different proteins in 
the NER mechanism. Global genome NER (GG-NER) and transcription-coupled 
NER (TC-NER) are the two pathways of NER. Each pathway is liable for recogni-
tion of different types of damage [18]. GG-NER pathway repairs DNA damage 
throughout the whole genome [132], while TC-NER pathway is responsible for 
repairing lesions on the transcribed strand of DNA [130]. DNA damage is scanned 
and detected by XPC/RAD23B proteins in GG-NER pathway [130, 132–134]. XPC 
and RAD23B proteins are expressed highly in oocyte [18]. TC-NER activated by 
DNA distortions block the elongating RNA polymerase II complex [134, 135]. 
Following damage recognition, both of the pathways utilize the same repair machin-
ery. Firstly, DNA helix unwinds to permit xeroderma pigmentosum (XP) comple-
mentation group A (XPA) binding by replication protein A (RPA) to DNA strand for 
secondary DNA damaged recognition. Subsequently, endonucleases XPG and XPF/

Fig. 18.2  DNA damage and DNA repair mechanisms
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ERCC1 cleave the DNA, leading to removal of lesions [129]. Lastly, DNA poly-
merase fills the remaining gap and the remaining nick is sealed by DNA ligase. The 
expression of both XPA and RPA proteins is found at high levels in oocyte [18]. 
Defects in the NER mechanism may result in autosomal recessive diseases such as 
Cockayne syndrome (CS), xeroderma pigmentosum and trichothiodystrophy (TTD) 
[136, 137].

18.9.2  �Base Excision Repair

BER is a highly coordinated mechanism in charge of the removal of non-helix-
distorting base damages caused by different reactions/mechanisms such as oxida-
tion or adduction [18, 138]. DNA glycosylases recognize specific base substitution 
in DNA helix and catalyse hydrolytic elimination of altered base [130]. Uracil 
DNA glycosylase (UNG) expression was reported to be high in the oocyte in ger-
minal vesicle (GV) stage [139]. 8-Oxoguanine (80HdG) glycosylase 1 (OGG1) 
[140, 141] cuts the 80HdG residue and generates abasic sites. AP endonuclease 1 
(APE1) incises phosphate backbone of DNA to insert unmodified nucleotide [141, 
142]. The expression of OGG1 was found to be moderate; however, etheno-
adenosine, 3-methyl adenine and N-methylpurine-DNA glycosylase (MPG) that 
distinguishes hypoxanthine are highly expressed in oocyte [139]. A recent study 
has demonstrated that post-translational modification to BER enzymes is initiated 
by conception such as OGG1 and X-ray repair cross-complementing protein 1 
(XRCC1), causing nuclear localization and accelerated excision of 80HdG. The 
expression level of OGG1  in the oocyte is low compared to the male germ line 
where it is the only constituent of the BER pathway. Therefore, male germ line 
cooperates with female germ line to repair oxidative DNA damage, and oocytes are 
defenceless to high 80HdG levels being transmitted into the zygote by the fertiliz-
ing spermatozoon [143].

18.9.3  �Mismatch Repair Mechanism

During DNA replication, mismatches occur as a consequence of tautomerization of 
the DNA strand bases due to inefficient proofreading by DNA polymerase [144]. 
Mismatches are base–base mismatches, for instance, G/T or A/C, and insertion–
deletion loops [145]. MMR enhances fidelity of DNA replication about 100 times 
and suppresses the genomic instability of a cell. The mechanism is highly conserved 
evolutionarily to prevent genomic instability [142] in all living organisms. In order 
to repair the mismatch, MMR proteins first identify the mispaired nucleotides. The 
differentiation of parental and newly synthesized strands is performed through 
methylation, where the parental strand is methylated and the newly synthesized 
strand remains unmethylated in prokaryotes. However, in eukaryotes, MMR is 
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associated with DNA replication machinery that facilitates discrimination via bind-
ing of proliferating cell nuclear antigen (PCNA) in the leading strand and free 5′ 
ends of Okazaki fragments at the lagging strand [130, 144]. MutS protein is respon-
sible for the recognition and binding to mismatched base of the newly synthesized 
DNA strand. MutL is a latent clamp-structured molecule that binds at unmethylated 
sites along the newly synthesized strand to induce exonuclease activity of MutH in 
prokaryotes [146].

There are several homologs of the proteins MutS and MutL in eukaryotes. MutS 
homologs such as MSH1–MSH6 and MutL include MLH1–MLH3, PMS1 and 
PMS2 which form heterodimers [146, 147]. Maduro and colleagues showed genomic 
instability and defects of MLH1 or MSH2 in nonobstructive azoospermia [148]. In 
meiotic recombination process, MSH4 and MSH5 proteins are essential. There are 
two types of MutS homolog heterodimers. The first type is MutSa (MSH2⁄MSH6) 
which plays a role in DNA base–base mispairs. The second is MutSb (MSH2/
MSH3) which is involved in insertion–deletion loop mispair repair [147]. The con-
nection of MutL with MutS–DNA complex activates the MutH, which nicks the 
daughter strand and recruits DNA helicase II to disconnect the DNA double strands 
[149]. Germ line mutations of these proteins are related to hereditary nonpolyposis 
colorectal cancer (HNPC). Mutations or aberrant methylation of these genes is also 
related with sporadic cases [150, 151]. Exonucleases are recruited to digest the SSD 
tail followed by the formation of a gap. The gap is filled by DNA polymerase and 
sealed by an unidentified DNA ligase. MLH1 and MLH3 are essential to facilitate 
recombination and chiasmata separation during pachytene and diplotene.

18.9.4  �DNA Double-Strand Repair

DSBs are caused by several factors including failed DNA replication through 
replication across a nick and DNA repair, ROS, recombination, meiosis, inadvertent 
action by nuclear enzymes on DNA including type II topoisomerases, chemothera-
peutic agents and ionizing radiation [152]. Unrepaired DSBs can cause chromo-
somal instability through DNA fusions and chromosomal rearrangements, as well 
as cell death. Homologous recombination (HR) and non-homologous end-joining 
(NHEJ) repair are the two major pathways to repair DSBs [130].

18.9.4.1  �Homologous Recombination

HR repair mechanism is an error-free repair mechanism that functions primarily 
during S and G2 phases of cell cycle [18, 130]. In this process, DSBs are protected 
from exonuclease activity, by the binding of RAD51 to the strands. Ataxia–telangi-
ectasia mutated (ATM) and MRE11–RAD50–NBS1 (MRN) complex are the initia-
tors of DSBs [129, 153], and 3′-ssDNA is generated by resecting the broken DNA 
ends through interactions with carboxy-terminal-binding protein (CtIP) [154]. The 
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tail of the ssDNA is coated by replication protein A (RPA) to remove secondary 
disruptive structures; RPA are replaced with RAD51 homologous sequence on the 
sister chromatid [155]. RAD51C interacts with BRCA2 to form complexes for 
homologous pairing [156]. Few studies have suggested a relation between altera-
tions of HR mechanism and infertility. A study conducted by Xu and Baltimore 
(1996) indicted that men with ataxia–telangiectasia (AT) have azoospermia and 
gonadal atrophy, due to the failure of primary spermatocytes at the leptotene–zygo-
tene transition [157].

18.9.4.2  �Non-homologous End-Joining

The Ku70/Ku80 heterodimers recognize and bind to DSBs in DNA and then 
recruit dependent protein kinase (DNA–PKcs) [129, 158]. The recruitment of 
DNA–PKcs induces the removal of non-ligatable termini by an inward transloca-
tion followed by replication of DNA polymerases and ligation to create compati-
ble ends. Defects in this repair system, whether in non-homologous end-joining or 
homologous recombination, predispose a person to cancer and immunodeficiency 
syndromes [130, 159]. DNA repair proteins associated with germ cells are 
summarized in Table 18.2.

18.10  �Conclusion

Sperm DNA damage has been shown to adversely associate with reduced male 
reproductive potential including natural fertilization, intrauterine insemination out-
comes, IVF pregnancy rates, development of embryo and health of the offspring. 
However, the ASRM Practice Committee does not recommend routine use of sperm 
DNA tests [9]. In mice, sperm DNA damage has been found to be associated with 
chromosomal abnormalities, developmental loss, reduced longevity and birth 
defects [91]. Identification of a new tool that could help in predicting male fertiliz-
ing potential is one of the main areas of male infertility research nowadays. Several 
assessment techniques have been developed for evaluating sperm DNA damage and 
integrity [13, 112, 119]. Further studies are required to understand the molecular 
basis of sperm DNA damage repair and could provide better and tailor-made thera-
peutic options for couples.

It is well known that ART, especially ICSI, bypasses the natural selection mecha-
nisms and leads to fertilization with spermatozoa with DNA damage, which is not 
compatible with fertilization under natural circumstances. However, in  vivo 
improvement of spermatozoa before application of assisted reproductive techniques 
remains of ultimate importance. The repairing capacity of the human oocyte may be 
insufficient to overcome paternally transmitted damage. Deficiencies in DNA repair 
mechanisms in oocytes likely contribute to miscarriages, chromosomal aberrations, 
congenital malformations, genetic disorders, neurological defects and the 
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development cancer in offspring. However, further research is required to elucidate 
the precise underlying pathophysiologic mechanisms and thus in the development 
of potential treatments for DNA repair. The true clinical value of sperm DNA frag-
mentation and its impact on embryo quality and embryo development are critical 
areas that need further research.
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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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Chapter 20
Sperm DNA and Natural Pregnancy

Marcello Spanò and Aleksander Giwercman

20.1  �Introduction

Infertility is defined as a reproductive disease in which a couple desiring a child is 
unable to conceive after 12 consecutive months of regular, unprotected sexual inter-
course. Estimates on the responsibilities of the partners are almost equally distrib-
uted: 35–40% of infertility cases are due to a solely female factor, pure male factor 
accounts for 20–25% of the problem, and the remaining 30–40% is due to a combi-
nation of both male and female factors, and unexplained couple infertility is con-
fined to some 10% [1]. Thus, a male factor is implicated in almost 50% of the cases, 
either solely or in combination with female factors. Male (and couple) infertility 
must be considered as a multifactorial disease generally resulting from the entangle-
ment of a variety of genetic, epigenetic, environmental, and lifestyle factors. The 
start-up of the male infertility diagnosis is the semen quality analysis performed 
according to the procedures outlined in the latest WHO guidelines [2, 3] which can 
detect radical forms of sperm dysfunction (e.g. azoospermia or globozoospermia) 
and, more commonly, can provide useful information regarding the male fertility 
potential and causes of its impairment. Nevertheless, the presence of values below 
the WHO thresholds per se might not preclude the possibility of starting an in vivo 
pregnancy, or, contrastingly, a “normal” spermiogram does not necessarily guaran-
tee a satisfactory fertilizing potential. Actually, it is estimated that roughly 15% of 
men with normal basic semen analysis profiles have nonetheless been associated 
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with infertility [4]. Thus, even though WHO conventional semen analysis is a cor-
nerstone examination, limitation exists in the diagnostic potential of the traditional 
spermiogram, and there is a substantial overlap in semen parameters among men 
who did achieve a pregnancy or not [5, 6]. Furthermore, its predictive power in the 
context of medically assisted reproductive technologies (ARTs) is even more lim-
ited. WHO parameters do not provide information about one of the most important 
players of the reproductive outcome, i.e. paternal DNA. In the last decades, a variety 
of potential semen biomarkers to be used diagnostically or prognostically have been 
studied and proposed. We will concentrate here on biomarkers based on sperm 
DNA/chromatin, which have demonstrated their clinical utility and have gained sci-
entific popularity and acceptance.

Our view that sperm cell is a mere vehicle for commuting the male genomic 
material to the oocyte, embedded into an inert, highly condensed chromatin, is rap-
idly fading. On the other hand, the integrity of the sperm cell, of its genome, and of 
its epigenome represents essential requirements for a successful fertilization and 
embryo development [7–10]. DNA defects that can be found in the sperm and that 
the father can pass to the zygote include microscopy visible karyotype changes, 
DNA sequence, and chemical modifications. These defects can arise spontaneously 
during chromatin remodelling or can be induced by the action of reactive oxygen 
species (ROS) or by compounds capable to modify nucleotides and DNA-associated 
proteins [11, 12]. DNA damage is quite a common feature in human sperm, and 
each man has his own fraction of DNA-defective sperm. This personal burden can 
increase with ageing, because of some pathological condition and some medical 
treatment, due to a variety of exogenous toxic compounds present in the environ-
ment we live in often exacerbated by individual negative lifestyles, or due to danger-
ous occupational exposures [13–15]. DNA damage may decrease the fertility 
potential or, most worryingly, may increase the sperm mutational load. Normally, 
DNA brought into the zygote is effectively repaired by the oocyte. But when the 
egg’s repair capacity is occasionally defective or overwhelmed by a high level of 
damage, paternal DNA may either remain unrepaired or be aberrantly repaired cre-
ating mutations, which can have a significant impact on the viability of the embryo 
and on the health of the progeny. Thus, sperm DNA damage can have different and 
multifactorial origins, but the underlying processes are probably not necessarily 
mutually exclusive and somehow entangled. Unified theories integrating into a 
coherent framework reactive oxygen species (ROS), oxidative stress, apoptosis, 
chromatin compaction, oxidative DNA damage, and DNA fragmentation have been 
put forward [11, 12, 16, 17].

Whatever the origin, DNA damage in spermatozoa seems linked to impaired 
embryonic development, pregnancy loss, and birth defects. Therefore, sperm DNA 
damage assessment can provide information on both spermatogenesis quality and 
about the risk that defective genetic material will be transmitted to the progeny. 
Even though the clinical significance of sperm DNA damage has been and contin-
ues to be a highly debated topic [18–21], a bulk of data has accumulated demon-
strating an association between genetic damage and subfertility or progeny outcome 
[reviewed in 16, 20, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33]. Being that sperm 
DNA integrity is an essential prerequisite for successful embryo development, it has 
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been proposed as a supplement to the traditional sperm parameters used to assess 
semen quality. This chapter will deal mainly with the effects of unspecific and non-
positional DNA breaks and the objects detected by a variety of sperm DNA damage 
techniques described in detail in other chapters in this book and in other reviews 
[16, 20, 22, 24, 27, 29, 33]. The most common assays are the SCSA (sperm chroma-
tin structure assay) [34, 35], the Comet (single-cell gel electrophoresis) assay [36, 
37], the TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP nick end 
labelling) assay [38, 39], and the SCD (sperm chromatin dispersion) assay [40, 41]. 
All these tests are able to detect the fraction of DNA/chromatin-defective sperm 
within a given ejaculate, often expressed in terms of DNA fragmentation index 
(DFI). To a certain extent, these tests may complement each other as, working 
according to different strategies of damage detection, they may have different acces-
sibility to DNA-damaged sites and/or may preferentially recognize some kind of 
DNA lesions. Furthermore, we can reasonably assume that the DNA damage itself 
can be heterogeneous in nature (single-stranded/double-stranded DNA breaks, 
damage to nucleotides, damage to introns, exons, or regulatory regions) and such 
heterogeneity can impact on the clinical relevance and predictive power of the assay. 
By and large, these assays have shown a moderate level of correlation with each 
other, according to the results provided by several studies on fertile and subfertile 
men where at least two different approaches could be compared [42–47]. 
Interestingly, these tests have also shown a good correlation with the level of 
8-hydroxy-2′-deoxyguanosine (8-OHdG) evaluated by HPLC (high-performance 
liquid chromatography) considered a reliable biomarker of oxidative damage [46, 
48–51]. One thing not to be overlooked is the lower variability (and higher intra-
sample, inter-sample, inter-laboratory repeatability) of sperm DNA damage tests as 
compared with other semen quality variables [52–58].

20.2  �Factors Potentially Impacting Sperm DNA Integrity

Semen quality in adult men can be affected by a variety of lifestyle, environmental, 
and occupational factors [reviewed in 13, 14, 59, 60, 61, 62, 63, 64, 65]. The personal 
burden of sperm DNA fragmentation can increase under the influence of some of 
these external stressors as exposures can directly target DNA or can indirectly impact 
DNA integrity by the induction of oxidative stress. Reproductive epidemiological 
studies where sperm DNA/chromatin integrity has been associated to exposures to 
physical agents and chemicals including therapeutic drugs, pesticides, metals, air pol-
lutants, and recreational drugs will be reported in other chapters of this book. As well, 
other important pathological conditions, like cancer and varicocele, which have been 
considered for their impact on the fraction of DNA-defective sperm in the ejaculate 
will be discussed in other sections of this book. Here we briefly review the scientific 
evidence about the impact of a few important determinants of the chance of natural 
pregnancy related with lifestyle and habits, pathological conditions, and ageing, as the 
impairment of sperm DNA integrity might be a part of the pathogenetic mechanism.
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20.2.1  �Prenatal Determinants

For some reproductive problems manifest during adult life, such as male 
infertility and testicular cancer, it has been speculated that they might have a 
foetal origin [66, 67]. However, the literature on whether prenatal exposures 
could impact sperm DNA integrity in the adult is quite scanty. In a population-
based cohort study of 337 young men in Denmark, the potential association 
between several prenatal and preconceptional exposures (maternal smoking 
during pregnancy, maternal alcohol intake during pregnancy, parental over-
weight, maternal coffee intake during pregnancy, parental waiting time to preg-
nancy, parental treatment for infertility) and sperm DNA integrity has been 
investigated [68]. The results indicated that SCSA-derived DFI can be affected 
by prenatal exposures, such as parental obesity, and is also associated with a 
prolonged time to pregnancy (TTP), but confidence limits were wide and results 
statistically insignificant.

20.2.2  �Smoking

Tobacco smoking is one of the greatest risk factors of more than 60% of non-
communicable diseases, among them decreased male (and female) fertility [69, 70]. 
Even if the relationship between smoking habits and sperm DNA damage remains 
to be clarified, it has been reported that tobacco smoke can increase the level of 
sperm oxidative stress, the level of DNA oxidative lesions, and DNA damage [64, 
71, 72]. Inefficient or aberrant repair of such premutational sperm DNA lesions by 
the oocyte could account for genomic instability [73] and increased cancer risk in 
the children of smoking fathers.

20.2.3  �Obesity

In addition to tobacco smoking, another worldwide epidemic is obesity, also 
known to be associated with the induction of systemic oxidative stress [64]. 
Recent studies have indicated an association between obesity, generally evalu-
ated from the individual body mass index (BMI), and reduced semen quality 
[74–77]. More conflicting results about the impact of obesity on sperm DNA 
fragmentation have been reported. With some notable exception [78–82], the 
majority of studies do not indicate that overweight and obesity per se have a 
negative impact on sperm DNA integrity [68, 76, 83–89]. A synopsis of studies 
(with cohorts of at least 100 men) in which BMI has been associated with DNA 
fragmentation is shown in Table  20.1. Even if the issue of obesity and sperm 
DNA integrity remains open, a program of body weight loss among the 
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therapeutic repertoire for male (and couple) infertility is suggested, and pilot 
studies showed that weight reduction programs could be of benefit for semen 
quality recovery [85].

20.2.4  �Abstinence

Several studies have reported that the higher the abstinence period, the higher the 
fraction of DNA-defective sperm. It seems likely that this correlation stems from a 
longer exposure of sperm to ROS attacks. By and large, with a few exceptions [52, 
90, 91], weak positive correlations have been found, using a variety of techniques, 
both in the general population and in infertile patients [54, 68, 92–102]. The results 
of studies where potential associations between abstinence time and sperm DNA 
integrity have been considered are reported in Table  20.2. Interestingly, reduced 
male abstinence periods are associated with a reduced fraction of DNA-defective 
sperm and a significant increase in pregnancy rate when using ICSI (IntraCytoplasmic 
Sperm Injection) [102].

Table 20.1  Association between BMI and sperm DNA integrity (only studies with >100 men)

Cohort Assay Country Reference

Positive studies

520 healthy patients undergoing semen 
analysis

SCSA USA [78]

483 male partners in subfertile couples Comet (neutral) USA [79]
305 male patients presenting for clinical 
evaluation

Comet (alkaline) Brazil [80]

150 healthy non-smoking men from 
general population

FCM TUNEL Italy [81]

330 male partners in subfertile couples Fl M TUNEL France [82]
Negative studies

279 men from infertile couples SCSA The Netherlands [83]
227 men from infertile couples 
undergoing ART

SCSA The Netherlands [84]

153 men from infertile couples SCSA Czech Republic [85]
337 men from general population SCSA Denmark [68]
612 men from infertile couples 
undergoing ART

SCSA Denmark [88]

468 men from infertile couples SCSA USA [76]
1503 men from general population SCSA Sweden, Greenland, 

Poland, Ukraine, 
Norway

[89]

ART assisted reproductive technology, BMI body mass index, FCM TUNEL flow cytometry 
TUNEL assay, Fl M TUNEL fluorescence microscopy TUNEL assay, SCSA sperm chromatin 
structure assay
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20.2.5  �Ageing

In contrast to women, there is no abrupt loss of fertility as men age, and 
reproductive capability can be retained till old age. However, the quality of male 
gametes deteriorates with time, starting at around the age of 35 [103]. An age-
associated decline in androgen levels, semen volume, percentage motility, pro-
gressive motility, and normal morphology and an increase in the fraction of sperm 
with damaged DNA have been reported [104, 105]. The older the father, the higher 
the risk of miscarriage, and, if the pregnancies carry to term, the higher are the 
chances of disease in the offspring [64]. The mechanisms that are behind this 
paternal age-dependent rise in mutational load carried by children are complex 
and likely involve an array of factors (replication error, accumulation of 

Table 20.2  Association between abstinence time and sperm DNA integrity

Cohort Assay Country Reference

Positive studies

277 men from general population SCSA Denmark [92]
215 young men first-pregnancy 
planners

SCSA Denmark [93]

503 men from general population SCSA Italy, UK, Belgium [95]
278 young men from general 
population

SCSA Sweden [96]

449 young men from general 
population

SCSA Denmark, Sweden [54]

707 fertile men from general 
population

SCSA Sweden, Greenland, Poland, 
Ukraine

[94]

282 men from infertile couples 
undergoing ART

SCSA Sweden [97]

88 non-smoking men from general 
population

SCSA USA [98]

337 men from general population SCSA Denmark [68]
113 men from infertile couples 
undergoing ART

Fl M 
TUNEL

Australia [99]

1633 men undergoing infertility 
investigation

FCM 
TUNEL

France [100]

33 normozoospermic men SCD Spain [101]
190 men from infertile couples 
undergoing ART

SCD Spain [102]

Negative studies

45 men from general population SCSA USA [52]
11 men from infertile couples SCSA USA [91]
148 men from infertile couples 
undergoing ART

FCM 
TUNEL

Canada [90]

ART assisted reproductive technology, FCM TUNEL flow cytometry TUNEL assay, Fl M TUNEL 
fluorescence microscopy TUNEL assay, SCD sperm chromatin dispersion assay, SCSA sperm 
chromatin structure assay
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mutations, de novo mutation, coupled with aberrant repair of sperm DNA damage 
in the oocyte immediately after fertilization). Increased life expectancy, advanced 
age of marriage, and various socio-economic factors have led couples to start their 
family at a later age delaying reproduction. It is well documented that there is a 
continuing rise in the age of fathers in most regions of the world [106]. The 
increased accessibility to ART has increased the chance of older parents with poor 
pregnancy outcomes to conceive children, hence, increasing the average paternal 
age at first childbirth. The age-related increase of damage in male germ cells 
raises substantial health concerns regarding the possible long-term consequences 
of increasing paternal ages on the viability and genetic health of the offspring 
[107]. The issue of deterioration of sperm DNA integrity with ageing is discussed 
in detail in another part of this book. By and large, with few exceptions [108], in 
accordance with the age-dependent decline in standard semen parameters, several 
studies, carried out all over the world with different sperm DNA integrity tests, 
have demonstrated that sperm DNA damage is associated with advanced paternal 
age either in men from general population [92, 94, 98, 109–113] or in male part-
ners of infertile couples [57, 83, 84, 86, 100, 114–124]. The potential clinical 
importance of these results is obvious and strongly suggests that DNA fragmenta-
tion should at least be routinely screened for men of advanced age and counselling 
should be offered about the potential risks.

20.2.6  �Other Pathological Conditions

Some specific clinical conditions have been associated with a higher prevalence of 
elevated sperm DNA fragmentation. Usually, a higher percentage of defective sperm 
is found in varicocele patients, probably attributable to oxidative stress [119, 125–
131]. In many cases, sperm chromatin quality was improved after surgery [132–
134] or by antioxidant therapy [135, 136]. As far as microorganism-associated 
pathologies are concerned, patients with infectious diseases like genitourinary 
infection by Chlamydia trachomatis or Mycoplasma showed an increased fraction 
of DNA-damaged sperm in comparison with fertile controls, and antibiotic therapy 
was shown to ameliorate infection-induced high DNA fragmentation levels [137]. 
This is consistent with the results from another study where patients with bacterio-
spermia had improvement in DFI after antibiotic treatment [135]. On the other 
hand, the concomitant occurrence of viruses (i.e. herpes, papilloma) in the ejaculate 
seemed not affecting the fraction of DNA-defective sperm [138]. A higher fraction 
of DNA-defective sperm has repeatedly observed in men with spinal cord injury 
[139–141]. In a case-control study among infertile patients, diabetes mellitus was 
found to be associated with a higher DNA-defective sperm fraction [142]. Finally, 
it has been occasionally observed that high fever can impact markedly on both the 
conventional semen parameters and sperm DNA integrity with a recovery to normal 
values in the next spermatogenic cycles [143, 144].
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20.3  �Male Infertility and Sperm Chromatin Damage

20.3.1  �Association with the Traditional WHO Sperm 
Parameters and Sexual Hormones

Several studies have demonstrated a weak-to-moderate inverse correlation, if any, 
between sperm DNA fragmentations measured by the various sperm integrity assays 
and the traditional semen parameters. As shown in Table 20.3, the correlation levels 
among different studies can vary even for the same sperm DNA/chromatin integrity 
assay when looking at population groups representative of the general population or 
of infertile patient cohorts [45, 47, 54, 83, 90, 92–94, 96, 100, 116, 118, 119, 124, 
145–150]. The variable degree of association probably reflects the different meth-
ods used for DNA integrity testing, the variability in the conventional semen quality 
analyses, and the lack of uniformity of the population groups involved [4]. Motility 
has generally been the parameter with the highest degree of association to sperm 
DNA defects, probably because both sperm chromatin compaction and acquisition 
of motility are parallel differentiation processes culminating during the passage of 
the maturing male gamete in the epididymal tract [54, 57, 151, 152]. Swim-up pre-
pared motile sperm cells are characterized by a lower fraction of DNA-defective 
sperm as compared to that initially present in the neat semen [153, 154], whereas 
morphologically normal human sperm can carry fragmented DNA [155]. Few stud-
ies have tried to assess the relation between the fractions of DNA-defective sperm 
and blood concentration of sexual hormones and other biomarkers of the sexual 
accessory glands. In a study involving 278 young men with no knowledge of their 
fertility status [96], the SCSA DFI was weakly inversely correlated with oestradiol 
and free testosterone and positively correlated with the seminal concentration of 
zinc and fructose. In another study of 279 men from infertile couples, the SCSA 
DFI was positively associated with the level of FSH, but not with the levels of 
inhibin B and LH [83]. Finally, in a study involving 362 male partners of infertile 
couples [156], the fraction of sperm with high DNA damage, evaluated by the neu-
tral Comet assay, resulted positively associated with free thyroxine and total 
triiodothyronine.

20.3.2  �Prevalence of Sperm DNA Fragmentation in Fertile 
and Infertile Men

Sperm cells with DNA breaks are always present in the ejaculate although the levels 
will vary from one man to another. There is an extensive literature where the aver-
age frequency of DNA-defective sperm has been measured and compared between 
infertile patients and a control population represented by healthy, normozoospermic 
men [55, 157–159], proven fertile men [41, 42, 44, 57, 83, 160–182], or unselected 
men from general population [9, 48, 183]. In almost all studies, carried out in 
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several parts of the world with a variety of assays, the infertile population was 
characterized by significantly higher mean values of the DNA-defective sperm frac-
tion and by a higher incidence of men with high DFI. Even the Practice Committee 
of the American Society for Reproductive Medicine [19], which does not endorse 
sperm DNA integrity testing in the clinical setting to predict pregnancy rates in 
ART, states that “sperm DNA damage is more common in infertile men and may 
contribute to poor reproductive performance”. There is an overwhelming evidence 
showing that even within the group of men with subfertility problem, the DFI is 
significantly lower among those with normal standard semen parameters as com-
pared to those having one or more abnormal WHO sperm parameters [41, 57, 118, 
147, 165, 167, 184–189]. As shown in Table  20.4, in studies where subfertile 
patients have been discriminated between normozoospermic (idiopathic male infer-
tility) and dyspermic men, the relative incidence of men characterized by a high DFI 
fraction is generally lower in men having WHO parameters in the normal range [55, 
57, 100, 118, 165, 189–191]. A notable concern is that a large fraction of infertile 
patients possess high levels of sperm DNA damage. A lower rate of men with high 
level of DNA fragmentation emerged also from studies where cohorts of fertile men 
with normal semen parameters were compared with men from unexplained infertil-
ity couples [176, 191]. It is important to stress that, for almost all these studies, the 
values of normality for standard semen quality parameters have been considered the 
ones proposed by the WHO manual, 1999 edition [192]. As the latest WHO manual 
has revised some reference values as compared to the previous editions, for exam-
ple, setting the lower limit for sperm concentration at 15 million/mL, the risk of 

Table 20.4  Incidence of patients characterized by a high level of sperm DNA fragmentation (DFI 
≥30%) in cohorts of male partners of infertility couples discriminated as normozoospermic or 
dyspermic (non-azoospermic) men

Assay Country Normozoospermic men Dyspermic men Reference

N
% of men with DFI 
≥30% N

% of men with DFI 
≥30%

SCSA Canada 13 8% 75 17% [165]
SCSA USA 25 12% 50 52% [190]
SCSA Sweden 126 5% 224 16% [189]
SCSA Canada 408 0.5% 1652 29% [118]
SCSA Netherlands 20 10% [83]
SCSA Sweden 119 8.4% [191]
FCM 
TUNEL

France 1633 30.7% [100]

FCM 
TUNEL

USA 194 44.8% [55]

FCM 
TUNEL

France 1974 11% 2371 20%a [57]

DFI DNA fragmentation index, FCM TUNEL flow cytometry TUNEL assay, SCSA sperm chroma-
tin structure assay
aValue referred to the entire cohort of 4345 infertile men
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including more subfertile men as normal controls in epidemiological studies and the 
risk that a large number of couples previously diagnosed with male factor infertility 
will now be classified as having unexplained infertility (with normozoospermia) 
have been put forward [57, 193–196]. As such, a critical reexamination of the asso-
ciation between the results of sperm DNA integrity tests and the new evidence-
based WHO reference values will be necessary.

20.3.3  �Intra-individual Variation of Sperm Chromatin 
Parameters

It is known that traditional semen parameters, even if assessed under highly stan-
dardized conditions, usually exhibit a high intra-individual variability [197–199] 
and coefficients of variation (CV) as high as 54% have been reported [200]. On the 
other hand, sperm DNA integrity parameters seem characterized by a higher level of 
repeatability. Time-related intra-individual changes of sperm DNA/chromatin 
parameters have specifically been addressed by different groups, with consistent 
results. In a study of 45 men who delivered eight monthly semen samples, the aver-
age within-donor CV of DFI as measured by SCSA was around 23% [52]. These 
results were confirmed by other SCSA studies. Zini et al. [53] measured the DFI in 
21 men who provided two semen samples, 2–6 weeks apart, and observed a within-
subject CV of 21%. In another study, involving 277 men, semen was measured 
twice during 6 months, and a within-subject CV of 23% for DFI was obtained [92]. 
In another study on 282 patients undergoing ARTs (assisted reproductive technolo-
gies) with repeated (between two and five) SCSA measurements, CV of DFI resulted 
about 29% [97]. Similar mean DFI CV values of 30% were recently obtained after 
repeated SCSA analyses on 616 samples from men from infertile couples between 
18 and 66 years of age [56]. Altogether, these data from quite large studies point to 
a lower level of intra-individual variation for SCSA measurements as compared to 
the standard sperm parameters. Notably, SCSA DFI was not significantly affected 
during a 2-week period of daily ejaculations [201].

Time stability of sperm DNA integrity was assessed both by the SCSA and the 
TUNEL assays in a healthy non-smoking fertile volunteer, characterized by a low 
DFI, over a 10-year period. Compared with TUNEL data, SCSA measurements 
showed less variation over the data collection period with a DFI within-subject CV of 
47.4% and 22.3%, respectively. DFI remained normal, and no trend was observed over 
the period of observation [202]. The stability over time of the flow cytometry TUNEL 
assay, during a 6-month period, was tested in a longitudinal study using 15 donors 
who provided monthly semen samples. A good reproducibility of the assay was 
obtained: individual CVs for sperm DFI ranged from 12.9% to 43.9%, whereas paral-
lel measurements on cell counts showed within-donor CVs ranging from 16.7% up to 
63.2% [203]. The results of a recent study involving up to 70 men with the flow cytom-
etry TUNEL assay corroborated the previous findings as repeated measurements at 
100 days, 1 and 2 years apart, gave mean CVs ranging from 9.2% to 14% [58].
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Stability along time of sperm DNA integrity tests has obvious clinical implications 
for those tests that have a threshold for the choice of ART treatment. A recent study 
involving 616 men from infertile couples evaluated whether SCSA test results could 
switch from being above to below a defined sperm DFI threshold of 30% (or vice 
versa) over a 30-month period. The results were quite reassuring as, compared with 
the first measurement, 85% of the men remained on the same side of the DFI cutoff 
point of 30% [56]. Thus, a single SCSA measure remains a reliable (reproducible) 
marker of male fertility potential in vivo.

20.3.4  �Impact of Sperm DNA Damage on Fecundity 
in General Population

Almost all we know about the predictive power of sperm DNA damage on fecundity 
in general population comes from a few studies, carried out with the same SCSA 
approach, which produced remarkably homogeneous and consistent results. In this 
context, fecundity, which is the demographic term corresponding to the term fertil-
ity in reproductive medicine, refers to the ability to conceive and have children, 
given unprotected intercourse. Whether sperm chromatin integrity parameters, 
independently from the WHO parameters, could predict the chances of spontaneous 
pregnancy was a question addressed at the turn of the century by two almost con-
comitant studies, one carried out in the USA (the Georgetown study, 165 couples) 
and the other carried out in Europe (the Danish first-pregnancy planners study, 215 
couples). Both studies demonstrated that in couples from the general population, the 
chance of spontaneous pregnancy, measured by the TTP, decreases when DFI 
increases, and this happens independently of sperm concentration (as defined by the 
WHO 1999 edition). In the Georgetown study [183], SCSA DFI values from the 
male partners of couples not achieving pregnancy were higher than values in men of 
couples achieving pregnancy in months 4–12 and even much higher with respect to 
couples achieving pregnancy after 1–3 months; no couples achieving fast pregnancy 
had a DFI ≥30%. In the Danish study [93], fecundability progressively decreased as 
a function of the percentage of DNA-defective sperm, starting at DFI >20%, and, 
for DFI ≥30%, the chances of spontaneous pregnancies were quite negligible with 
TTP tending to become infinite. These two studies showed that the pregnancy rates 
after normal intercourse are significantly higher (6.5 times) for the group with DFI 
below the threshold of 30% [204]. Thus, from these studies, the fraction of sperm 
with defective DNA seems the best predictor for a couple’s probability to achieve 
pregnancy, and a threshold value of 30% coherently emerges as the DFI value above 
which the man’s fertility potential markedly deteriorates. Interestingly, in the same 
population of Danish first-pregnancy planners [93], the likelihood of pregnancy 
during the six-menstrual cycle follow-up was inversely associated with the level of 
80HdG [205]. This observation corroborated the result of the previous SCSA analy-
sis and reinforced the notion that oxidative DNA damage can play a major role in 
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the genesis of DNA breaks [11]. The risk for infertility has also been calculated in a 
Swedish cohort of 264 men (of which 127 from infertile couples with no known 
female factor) in relation to SCSA-determined DFI fraction [176]. As compared 
with men with a DFI <10%, men with a DFI between 10% and 20% had a 2.5-fold 
increased risk for infertility. The risk rose to 8.4 for men with a DFI >20%. In men 
with normal standard sperm parameters, the odd ratios (OR) for infertility were 5.1 
higher for DFI >20%, whereas if at least one of the WHO semen parameters was 
abnormal, the OR for infertility was 16 already at DFI >10%. These results rein-
force previous observation on infertile patients where it was noted that men with 
low sperm motility and abnormal morphology had significantly higher OR for hav-
ing a DFI >20% (4.0 for motility and 1.9 for morphology) and DFI >30% (6.2 for 
motility and 2.8 for morphology) compared with men with normal sperm motility 
and morphology [189]. Further, a significant proportion of men (almost 30%) diag-
nosed as having unexplained infertility according to traditional diagnostic methods 
can have SCSA-determined DFI above 20% indicating reduced chances of fathering 
a child naturally [191]. Thus, SCSA DFI seems to add to the value of semen analy-
sis in predicting the chance of natural conception, and a high fraction of sperm with 
abnormal DNA/chromatin makes individuals at higher risk of not fathering a child. 
The obvious clinical implication is that couples with a high sperm DFI should avoid 
prolonged attempts to achieve pregnancy by normal intercourse and take into con-
sideration other strategies to have children.

20.3.5  �Clinically Operative Threshold Values

Any sperm DNA damage test to be useful diagnostically or prognostically must 
have cutoff levels that can provide adequate discriminatory power in the clinical 
situation [20]. All sperm DNA integrity tests can define thresholds that mirror, in 
a probabilistic perspective, the fertility potential of an individual, especially 
when integrated with the result of WHO assessment. We have already seen that 
the various sperm DNA integrity tests may complement each other as they may 
have different accessibility to DNA damage and may preferentially recognize 
different kinds of DNA lesions. Thus, we can choose among a variety of assays, 
often proposing some variations of the published protocol, but, so far, we cannot 
comfortably decide which is the most robust and why. Often the choice is dic-
tated more by logistic problems (accessibility to sophisticated laboratory equip-
ment, self-confidence with a technology) than driven by scientific reasons. Cost 
is another variable, but it can change, at least for patients, in different countries 
according to the specific health system. Statistically validated threshold values 
could be of help in the future clinical applications of sperm DNA integrity tests. 
So far, SCSA has been the only method providing thresholds of clinical relevance 
for in  vivo and in  vitro conception based on repeated large-scale studies per-
formed in different centres.
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Operative, clinical SCSA threshold values able to reasonably predict whether a 
man has chances to father a child naturally are well documented. The chance of 
pregnancy in vivo decreases when the DFI exceeds the level of 20%, the probability 
of spontaneous pregnancy being close to zero for DFI >30% [93, 183]. Similar fig-
ures emerged with IUI (intrauterine insemination) [206] and for the risk of miscar-
riages [183]. Men seeking treatment for infertility may have normal standard sperm 
characteristics but a DFI >20%, indicating that the impairment of sperm DNA integ-
rity is an independent predictor of male fertility status [206]. Proposed TUNEL 
assay thresholds for very low chance of natural pregnancy are more variable. In a 
Canadian study involving 47 proven fertile men and 66 infertile patients, the calcu-
lated threshold value for TUNEL assay to distinguish between fertile and infertile 
men was 20% [170]. A very similar value was obtained in an American study 
involving 25 healthy male volunteers (controls) and 194 infertile men (with male 
factor infertility), where a TUNEL assay cutoff of 19.3% with observed 100% spec-
ificity could differentiate infertile men with DNA damage from healthy men [55]. In 
an Australian study involving a cohort of 50 random patients undergoing ART treat-
ments and a cohort of 36 unselected healthy donors of unknown fertility status [49], 
values of 40% for neat samples and of 25% following Percoll centrifugation were 
established using a modified flow cytometry TUNEL assay [207]. Finally, in a 
recent Italian study, another modified version of the TUNEL assay was adopted able 
to distinguish specific subfractions of DNA-damaged cells and improve the predic-
tive value of the analysis. This method was applied to a cohort of 348 unselected 
patients and 86 proven fertile men; a threshold value of 36% emerged when referred 
to the whole population of DNA-damaged sperm, and a value of 22.4% was found 
when a particular subpopulation of brighter cells was considered [58]. In a Northern 
Irish study on 75 male partners of couples undergoing IVF (in vitro fertilization) 
and 28 fertile donors and employing the alkaline Comet assay, it was observed that 
a fraction of defective sperm ≥25% was able to discriminate between patients and 
donors and that men with semen samples above this threshold had a ninefold higher 
risk of infertility; the risk of failure to achieve a pregnancy (in IVF) increased when 
sperm DNA fragmentation exceeded a prognostic threshold value of 52% evaluated 
on the neat semen (and 42% if assessed on sperm separated after discontinuous 
gradient centrifugation) [181].

Therefore, by and large, when a fraction of DNA aberrant sperm around 30% is 
detected, whatever the technique of damage assessment, human fertility seems at 
stake. On the other hand, it should be kept in mind that whereas high DFI is a good 
predictor of severe subfertility, the normal value of this parameter does not guaran-
tee normal male fertility. It looks like that all these tests can detect only a subgroup 
of the possible alterations of the DNA molecule and, likely, only a “tip of the ice-
berg” of the overall DNA damage is measured [34]. Unravelling unknown factors 
such as the extent of DNA damage per sperm, the type and location of DNA dam-
age, and if it is clinically important or irrelevant, the association of DNA breaks to 
other types of DNA lesions, and how much and what kind of sperm DNA damage 
an oocyte can cope with, will require a much deeper investigation, and further fun-
damental research is mandatory to solve these key questions.
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20.3.6  �Strategies Aimed at Reducing Sperm DNA Damage

Cause-related therapy is almost non-existing in male subfertility. As oxidative 
damage is considered one of the main, if not the most important, factors underlying 
the induction of sperm DNA damage, potential benefits of an antioxidant therapy for 
sperm DNA quality have been exploited to treat subfertile patients. However, the few 
studies so far have been small and conflicting, and there are no convincing data that 
these treatments improve pregnancy rates by an amelioration of the level of DNA 
fragmentation. Further trials are needed to investigate whether such therapy and 
other types of causal treatment are effective. Standardized, well-designed clinical 
trials should be undertaken to address the effectiveness of antioxidant therapies [17].

20.3.7  �Clinical Application of Sperm DNA Integrity Testing 
in Relation to Natural Pregnancy

Having in mind that the assessment of sperm DFI is a powerful tool in the prediction 
of in vivo subfertility, in our opinion this analysis has an important role in managing 
clinical issues related to fertility. The figures below refer to SCSA analysis, but the 
threshold values can be adjusted to other measurement techniques.

20.3.7.1  �In Managing Infertility Patients

Explaining the cause of infertility is an important part of the management of this 
serious clinical problem. DFI above 20% indicates reduced male fertility, even 
though the standard WHO parameters may be within normal range. If the DFI is 
higher than 30%, the chance of obtaining pregnancy, by intercourse or IUI, is close 
to zero. Further management is dependent on the female age and fertility status:

•	 If the female partner is above 35 years and/or has an untreatable cause of infertil-
ity, a DFI above 20% should lead to immediate referral for in vitro infertility 
treatment, preferably ICSI [33].

•	 In case the partner is 35 or younger and has no known cause of subfertility, for 
those men having DFI >20%, changes in lifestyle and/or treatment with antioxi-
dants can be considered. If no effect on DFI is seen following 3–6 months of inter-
vention, the same recommendations as those mentioned above should be applied.

20.3.7.2  �In Fertility Counselling

Since more and more couples postpone the childbearing, there is a growing demand 
of “fertility counselling” identifying couples for which relatively high age at the 
time of attempting to become pregnant may be associated with high risk of 

20  Sperm DNA and Natural Pregnancy



380

infertility [208]. Even in this scenario, DFI assessment plays an important role due 
to the association between sperm DNA integrity and lifestyle factors, intake of 
pharmaceuticals drugs, as well as age. Finding of DFI >20% should be followed by 
repeated testing and counselling regarding possible lifestyle changes and the con-
sequences that the delayed attempt of parenthood may have for the chance of 
achieving natural pregnancy.

20.4  �Conclusions

The fraction of sperm with damaged DNA is generally higher in infertile men and 
is predictive of chances of natural conception. Although an indiscriminate applica-
tion of sperm nuclear integrity testing in the infertility work-up has been argued, 
there are specific conditions where men would certainly benefit from this analysis. 
DNA fragmentation assays measure strand breaks as an end point. While it provides 
data on the level of breakage, it provides little-to-no insights into the origin of the 
damage. Biochemical characterization of the DNA adducts present in human sper-
matozoa could provide additional clues to the DNA damage aetiology supplement-
ing the data generated by DNA fragmentation assays.

So far, matters of particular urgency to be addressed are the delay in standardiza-
tion of some of the techniques and the definitions of clinical thresholds for the vari-
ous assays. These shortcomings have certainly hampered the adoption of the sperm 
DNA damage assessment as a routine test in the couple infertility work-up [209]. 
From a clinical long-term perspective, we cannot overlook the message from exten-
sive animal experiments providing unequivocal links between DNA damage in 
spermatozoa and defects in embryonic development or in the health of the offspring. 
The results of an impressive amount of data from animal experiments demonstrate 
that DNA-damaged sperm have the ability to fertilize the oocyte but that embryonic 
development can be derailed depending on the gravity and degree of DNA damage 
[210, 211]. Deleterious effects on reproduction can be dramatic, including increase 
in embryo lethality, heritable translocations, malformations, and cancer in the off-
spring. This can happen either after normal mating [212–214] or after ICSI with 
DNA-defective sperm [215, 216]. Therefore, a sort of a “precautionary principle” 
should be adopted deploying all possible strategies aiming at reducing the involve-
ment of defective sperm in the fertilization process.

Finally, the future of a holistic, system biology-based approach for diagnosis of 
male infertility will ultimately rely on the efficient combination of information 
derived from the conventional semen parameters, from the sperm genomic integrity 
assessment, and from the results of other -omics approaches [9, 217, 218]. 
Large-scale targeted studies are necessary to standardize the variables determining 
the specific traits and reference values that will aid the optimized diagnosis, treat-
ment, and prevention of specific aspects of male factor infertility. A more precise 
diagnosis would enable clinicians to better counsel the infertile couple and may also 
result in improvement and further development of cause-related therapy.
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Chapter 21
Sperm DNA and ART (IUI, IVF, ICSI) 
Pregnancy

Mona Bungum and Krzysztof Oleszczuk

21.1  �Introduction

Up to one fourth of all couples in reproductive age are seeking medical help for 
involuntary childlessness. However, by the use of assisted reproductive techniques 
(ART), intrauterine insemination (IUI), in vitro fertilization (IVF) or intracytoplas-
mic sperm injection (ICSI) now, almost every involuntarily childless couple has a 
realistic hope of parenting. In 1992, the introduction of ICSI represented a break-
through in the treatment of infertility [1, 2]. The indication of ICSI has been expand-
ing from treatment for severe male factor infertility to, nowadays, couples without 
a significant male factor. However, despite all the advancement, ART results have 
been relatively stable rate during the last decades. One reason for this can be a lack 
of methods to identify the most effective type of ART treatment in a given couple.

Traditionally, diagnosis of male infertility is based on the conventional sperm 
parameters including concentration, motility and morphology. The criteria for nor-
mality, set by the WHO [3], are however claimed to be poorly standardized, subjec-
tive and not good predictors of fertility. A search for better predictors of male 
fertility has led to a growing focus on the genomic integrity of sperm. Several meth-
ods to assess sperm DNA damage have been developed. Although many questions 
remain unanswered, it is now well documented that sperm DNA integrity is a good 
marker of male fertility, alone or in combination with the traditional semen param-
eters, in natural conception as well as in ART. During the present chapter, the role 
of sperm chromatin integrity in ART will be reviewed.
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21.2  �Assisted Reproductive Techniques (ART)

The term ART covers medical treatments where gametes are handled outside the 
body, either sperm alone as in IUI or oocytes, spermatozoa and embryos as in IVF 
and ICSI [4]. The simplest and often first choice of ART treatment used in unex-
plained infertility, ovulatory dysfunction and milder forms of male subfertility is 
IUI. Following hormone stimulation of the female partner, prepared spermatozoa is 
inseminated into the women’s uterus. IVF or ICSI is used in other indications [5]. 
Oocytes are fertilized by sperm in vitro, either by co-incubating around 25,000–
150,000 sperm together with the oocytes as in IVF or by injecting one single sper-
matozoon directly into the cytoplasm of the oocyte as in ICSI. Two to 5 days later, 
the pre-embryo(s) is transferred to the woman’s uterus. Around 25–30% of the 
couples per cycle will succeed having a child.

21.3  �Traditional Predictors of ART Outcome

The best predictor of ART outcome is female age [6, 7]. There has been a continu-
ous search for other parameters able to assess fertility capacity; however, none have 
been shown to be powerful. For instance, a panel of other sperm function tests have 
been suggested, such as antisperm antibody test, vitality staining, hypoosmotic 
swelling test, biochemical analysis, sperm penetration assay, hemizona assay, reac-
tive oxygen species (ROS) tests and computer-assisted sperm analysis (CASA). 
However, the clinical value of all these tests has been questioned [5].

In ART, semen samples are normally prepared by a swim-up or density gradient 
centrifugation to sort out populations of spermatozoa with the highest fertilization 
potential. Unfortunately, none of these procedures is sufficient for the prediction of 
male fertility capacity [8]. The parameters are found to be subjective, poorly stan-
dardized [9] and not powerful predictors of fertility [10, 11]. However, traditionally, 
concentration and motility after sperm preparation have been used by clinicians in 
deciding the choice of ART method for a given couple. However, in many cases this 
is not sufficient for assessing the fertilizing capacity and the quality of a sperm, and, 
as a consequence, the criteria for IVF and ICSI as well as the ratio between the two 
methods vary tremendously between countries as well as between clinics.

21.4  �Sperm DNA Integrity Testing

During the last decades, a growing focus on sperm chromatin integrity testing in pre-
diction of fertility is seen. It is well documented that infertile men have more sperm 
DNA damage than fertile men and that in order to predict fertility capacity, sperm 
DNA integrity testing can be used in addition to the traditional sperm parameters [12].

M. Bungum and K. Oleszczuk



395

A number of techniques to assess sperm DNA integrity are available [13]. 
Principles, procedures and more specific aspects of the different tests are described 
in detail in other chapters of this book. Briefly, four DNA damage tests are used, 
namely, the Comet assay (single cell gel electrophoresis) [14], the TUNEL (termi-
nal deoxynucleotidyl transferase-mediated dUTP nick end labelling) assay [15], the 
Sperm Chromatin Structure assay (SCSA) [16] and the sperm chromatin dispersion 
test (SCD) [17, 18].

In the Comet assay, spermatozoa are mixed with melted agarose and then placed 
on a glass slide. Thereafter, the spermatozoa are lysed and DNA visualized with the 
help of a DNA-specific fluorescent dye. By electrophoresis technique, potential 
DNA damage is quantified by measuring the displacement of the fragmented DNA 
(tail) away from the intact DNA at the comet head.

The TUNEL assay can be run both by use of bright-field/fluorescence micros-
copy and by flow cytometry. In the TUNEL assay, terminal deoxynucleotidyl trans-
ferase (TdT) incorporates labelled nucleotides to 3′-OH at single- and double-strand 
DNA breaks to create a signal, which increases with the number of DNA breaks. 
On a glass slide, sperm are scored and classified positive or negative depending 
whether they are labelled or not. In flow cytometry, the fraction of positive sperm 
is represented by the cells above a threshold channel value on a relative fluores-
cence intensity scale.

SCSA is a flow cytometric test that measures the susceptibility of sperm DNA to 
acid-induced DNA denaturation in situ, followed by staining with acridine orange. 
The level of DNA denaturation is determined by measuring the shift from green 
fluorescence (double-stranded, native DNA) to red fluorescence (single-stranded, 
denatured DNA) in a flow cytometer, followed by further analysis by a specific 
SCSA-software. The extent of DNA denaturation is expressed as DNA fragmenta-
tion index (DFI) [19]. The fraction of high DNA stainable (HDS) cells, thought to 
represent immature spermatozoa, is also recorded [20]. However, HDS has not been 
shown to be of clinical value.

Infertile men have significantly more sperm DNA damage compared to fertile 
men, and sperm DNA fragmentation was found to be an independent predictor of 
time to pregnancy in spontaneous pregnancy as well as an independent predictor of 
success in couples undergoing intrauterine insemination (IUI) [21].

In parallel to the SCSA test, the fluorescence/light microscopic SCD test deter-
mines the susceptibility of sperm DNA to acid denaturation. Spermatozoa are first 
mixed with agarose, then placed on a slide, treated with a low pH solution to dena-
ture fragmented or broken DNA and finally treated with lysis buffer to remove 
membranes and proteins. Removal of nuclear proteins results in nucleoids with a 
central core and a peripheral halo of dispersed DNA loops. Sperm nuclei with 
elevated DNA fragmentation produce very small or no halos of DNA dispersion, 
whereas those sperm with low levels of DNA fragmentation release their DNA 
loops forming large halos. The sperm nucleoids may be visualized using 
fluorescence microscopy, after staining with a DNA-specific fluorochrome or by 
bright-field microscopy.
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Moderate-to-high correlations between the different tests have been reported, 
indicating that, very likely, they are addressing different aspects of DNA damage 
[22]. The tests that have been most extensively tested clinically and found to have 
the most stable clinical threshold values are the SCSA and the Comet assays.

21.5  �Sperm DNA Integrity Testing in ART

21.5.1  �Intrauterine Insemination (IUI)

Duran and co-workers published the first study indicating an association between 
sperm DNA damage and reduced pregnancy chances after IUI [23]. In a retrospective 
study of 154 IUI cycles, they assessed sperm DNA damage by the TUNEL assay and 
reported no pregnancies when DFI was above the level of 12%. Thereafter, Saleh 
et al. performed a small study where 12 of 19 couples had a DFI value as measured 
by SCSA above the level of 28%. None of these couples achieved a pregnancy [24]. 
A Danish study including 48 IUI couples reported no pregnancies for those with a 
high DFI above 30%. In another larger Danish study of 387 IUI cycles, where SCSA 
was used to assess DNA damage, it was shown that DFI can be used as an indepen-
dent predictor of fertility. Whilst the baby take-home rate was 19.0% when the DFI 
value was below 30%, it was only 1.5% for those with a DFI above 30% [25]. In a 
recent meta-analysis, Castilla and colleagues found that the clinical value of sperm 
DNA damage detected with SCSA was more than three times higher than that of 
sperm morphology [26]. In another meta-analysis, Evenson and Wixon found that 
patients with a DFI below 30% (assessed by SCSA) were 7.3 times more likely to 
achieve a pregnancy than patients with a DFI >30% (n = 518, P = 0.0001) [27].

These IUI results are in good accordance with those results reported from natural 
conception. Both Evenson and Spano demonstrated that time to pregnancy increased 
when the proportion of sperm with abnormal chromatin measured by the SCSA was 
high [25, 28]. In contrast, one single study of 100 Spanish IUI patients has reported 
no correlation found between SCD results and pregnancy outcome [29].

For an overview of IUI papers, see Table 21.1.

21.5.2  �In Vitro Fertilization (IVF) and Intracytoplasmic Sperm 
Injection (ICSI)

A number of retrospective studies as well as meta-analyses have examined the role 
of sperm chromatin damage in IVF and ICSI.

In Table 21.2 an overview of IVF and ICSI studies using SCSA, TUNEL, Comet 
or SCD assays is presented.

In Table 21.3 an overview of relevant published meta-analyses of IVF and ICSI 
is presented.
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21.5.3  �Pregnancy Outcome

Larson and Evenson suggested early that a DFI above 27% as measured by SCSA 
could be used as a cutoff value for infertility [39]. They reported that in couples with 
a DFI above 27%, no pregnancy could be obtained, regardless of the type of ART 
used. However, in 2004 three other individual groups demonstrated that a DFI level 
above 27% (by SCSA) was indeed compatible with pregnancy and delivery after 
IVF as well as after ICSI demonstrating that ART can compensate for poor sperm 
chromatin quality [31–41].

In a study of 34 IVF and ICSI couples, Gandini found no difference in DNA 
damage level between patients obtaining pregnancies or not and found normal 
pregnancies with levels of DFI up to 66.3%. In a study by Bungum and co-workers 
including 109 IVF and 66 ICSI patients, no statistically significant difference in the 
pregnancy outcome was seen when dividing patients according to the previously 
suggested DFI level of 27%. However, in the group with a high DFI (above 27%), 
the pregnancy and delivery outcome of ICSI were significantly better than those of 
IVF, clinical pregnancy (CP) (52.9 vs. 22.2%), implantation (37.5 vs. 19.4%) and 
delivery (D) (47.1 vs. 22.2%). Virro also studied 249 couples undergoing IVF/ICSI 
and found that those with DFI below 33% had significantly better chances to give 
rise to a pregnancy, lower risk of miscarriages and an increased probability of 
ongoing pregnancy at 12  weeks (47 versus 28%) compared to men with a DFI 
above 33%.

These data were in agreement with reports using TUNEL or Comet assays [34, 
71], reporting that sperm DNA damage is more predictive in IVF treatment than in 
ICSI. Two other very large datasets confirmed these findings [72, 73]. In a study 
including close to 1000 men in IUI, IVF or ICSI treatment using DFI 30% as thresh-
old level, no statistically significant difference between the outcomes of ICSI versus 
IVF in the group with DFI ≤30% was seen. However, in the DFI >30% group, the 
results of ICSI were significantly better than those of IVF with odds ratios (ORs) for 
biochemical pregnancy (BP), CP and D of 3.0 (95% CI: 1.4–6.2), 2.3 (5% CI: 1.1–
4.6) and 2.2 (95% CI: 1.0–4.5), respectively. In the ICSI group, also a tendency 
towards higher rates of BP, CP and D and implantation with a DFI >30% versus a 

Table 21.1  Impact of sperm DNA damage on pregnancy rates in IUI treatment

First author year of 
publication Patients (n)

Pregnancy rates 
affected

Test 
applied

DFI threshold 
suggested (%)

Duran et al. (2002) [23] 154 Yes TUNEL 12
Saleh et al. (2003) [30] 19 Yes SCSA 30
Bungum et al. (2004) [31] 131 Yes SCSA 27
Muriel et al. (2006) [29] 100 No SCD _
Bungum et al. (2007) [32] 387 Yes SCSA 30

IUI intrauterine insemination, SCSA sperm chromatin structure assay, TUNEL terminal deoxynu-
cleotidyl transferase dUTP nick end labelling, SCD sperm chromatin dispersion test
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Table 21.2  Impact of sperm DNA damage on fertilization, embryo development and pregnancy 
rates in IVF and ICSI

First author year of 
publication

IVF 
(n)

ICSI 
(n)

Fertilization 
rates impaired

Embryo 
development 
impaired

Pregnancy 
rates impaired

Test 
applied

Tomsu et al. 
(2002) [33]

40 0 No Yes Yes Comet

Morris et al. 
(2002) [34]

20 40 No Yes NA Comet

Caglar et al. 
(2007) [35]

0 56 No No No Comet

Lewis et al. (2004) 
[36]

0 77 No NA Yes Comet

Nasr-Esfahani 
(2005) [37]

0 28 No No NA Comet

Larson-Cook et al. 
(2003) [38]

55 34 No No Yes SCSA

Larson et al. 
(2000) [39]

24 
IVF/
ICSI

NA No No Yes SCSA

Saleh et al. (2003) 
[30]

10 4 Yes Yes Yes SCSA

Bungum et al. 
(2004) [31]

109 66 No No Yes SCSA

Gandini et al. 
(2004) [40]

12 24 No Yes  
(blastocysts)

Yes SCSA

Virro et al. (2004) 
[41]

249 
IVF/
ICSI

NA No No Yes SCSA

Check et al. (2005) 
[42]

0 106 No No Yes SCSA

Payne et al. (2005) 
[43]

46 54 No No No SCSA

Boe-Hansen et al. 
(2006) [44]

139 47 No No Yes SCSA

Bungum et al. 
(2007) [32]

388 223 No No Yes SCSA

Oleszczuk et al. 
(2016) [45]

516 1117 Yes Yes Yes SCSA

Sun et al. (1997) 
[46]

143 0 Yes Yes NA TUNEL

Lopes et al. (1998) 
[47]

0 150 Yes No NA TUNEL

Høst et al. (2000) 
[48]

50 61 Yes NA NA TUNEL

Tomlinson et al. 
(2001) [49]

140 0 No No Yes TUNEL

(continued)
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DFI ≤30% were found. The most recent study by Oleszczuk and colleagues included 
1633 IVF and ICSI cycles and categorized DFI values into four intervals: DFI ≤ 10% 
(reference group), 10% < DFI ≤ 20%, 20% < DFI ≤ 30% and DFI > 30%. OR for 
live birth calculated per oocyte retrieval was significantly lower in the standard IVF 
group if DFI > 20% (OR 0.61; 95% CI: 0.38–0.97; p = 0.04). No such associations 
were seen in the ICSI group. OR for live birth by ICSI compared to IVF was 
statistically significantly higher for DFI > 20% (OR 1.7; 95% CI: 1.0–2.9; p = 0.05). 
Also these results suggested that ICSI should be a preferred method of in vitro treat-
ment in cases with high DFI [45].

Table 21.2  (continued)

First author year of 
publication

IVF 
(n)

ICSI 
(n)

Fertilization 
rates impaired

Embryo 
development 
impaired

Pregnancy 
rates impaired

Test 
applied

Benchaib et al. 
(2003) [50]

50 54 Yes No Yes TUNEL

Henkel et al. 
(2003) [51]

208 54 No No No TUNEL

Huang et al. 
(2005) [52]

217 86 Yes No No TUNEL

Seli et al. (2004) 
[53]

49 NA NA Yes No TUNEL

Henkel et al. 
(2004) [54]

208 54 No No No TUNEL

Hammadeh et al. 
(2006) [55]

26 22 NA NA No TUNEL

Borini et al. (2006) 
[56]

82 50 NA NA Only for ICSI TUNEL

Benchaib et al. 
(2007) [57]

88 234 Only for ICSI Only for ICSI No TUNEL

Bakos et al. (2008) 
[58]

45 68 Only for IVF No Only for ICSI TUNEL

Frydman et al. 
(2008) [59]

117 0 NA NA Yes TUNEL

Tarozzi et al. 
(2009) [60]

82 50 NA NA Only for ICSI TUNEL

Muriel et al. 
(2006) [29]

85 
IVF/
ICSI

NA NA NA No SCD

Velez de la Calle et 
al. (2008) [61]

622 
IVF/
ICSI

NA No Yes No SCD

Tavalace et al. 
(2009) [62]

92 
IVF/
ICSI

NA Only for ICSI NA No SCD

IVF in vitro fertilization, ICSI intracytoplasmic sperm injection, SCSA sperm chromatin structure 
assay, TUNEL terminal deoxynucleotidyl transferase dUTP nick end labelling, SCD sperm chro-
matin dispersion test, NA not applicable
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In contrast, one single study reported that the poorer the integrity of sperm 
nuclear DNA, the better the pregnancy outcome. However, with only 100 IVF/ICSI 
treatments, the power of the study was weak [43].

Chohan did not observe any significant relationship between sperm chromatin 
damage and fertilization rate, embryo quality and pregnancy rate after IVF/ICSI 
[74]. Regarding embryo quality, a TUNEL-based study by Benchaib and colleagues 
did not show any association [50]. The same was shown by Henkel in relation to 
fertilization rate [51]. However, both studies reported a negative impact of sperm 
DNA damage on the chance of pregnancy.

Despite convincing data from several authors, some reports have challenged the 
predictive value of sperm DNA integrity testing. The studies differ, however, in study 
design, are mixing ART procedures and are using various techniques for sperm DNA 
integrity assessment. One example is the position paper from the Practice Committee 
of the American Society for Reproductive Medicine [75] recognized that fragmented 
sperm DNA is more frequent in infertile than in fertile men and may contribute to poor 
reproductive performance; they concluded that, so far, there was no proven role for 
routine DNA integrity testing in the evaluation of infertility. The ASRM followed up 
their report with similar conclusions in 2008 and 2014 [76, 77].

Another two meta-analyses including studies using either TUNEL or SCSA 
assays also questioned the predictive value of DNA integrity test in IVF/ICSI out-
comes. Both Collins and co-workers, who considered 13 IVF/ICSI studies (9 car-
ried by SCSA and 4 by the TUNEL assay, in total 2162 cycles) [78], and Zini and 

Table 21.3  Impact of sperm DNA damage on pregnancy rates in IVF/ICSI (meta-analyses and 
systematic reviews)

Reference Method
Result significant(s)/not 
significant (ns) Technique

Evenson and Wixon 
et al. (2006) [63]

IUI/IVF/ICSI s-IUI, IVF
ns-ICSI

SCSA

Li et al. (2006) [64] IVF/ICSI s-TUNEL
ns-SCSA

SCSA/TUNEL

Agarwal et al. (2007) 
[65]

Infertile men s SCSA/TUNEL/
Comet/CMA3

Zini et al. (2008) [66] Miscarriage after 
IVF/ICSI

s SCSA/TUNEL

Castilla et al. (2010) 
[26]

IUI/spontaneous s SCSA/CSP

Zini et al. (2011) [67] IVF/ICSI ns SCSA/TUNEL/
Comet/CC

Osman et al. (2015) 
[68]

IVF/ICSI s SCSA/TUNEL/
Comet

Zhang et al. (2015) 
[69]

IVF/ICSI ns SCSA/TUNEL/AOT

Simon et al. (2017) 
[70]

IVF/ICSI s SCSA/TUNEL/
SCD/Comet

IUI intrauterine insemination, SCSA sperm chromatin structure assay, TUNEL terminal deoxynu-
cleotidyl transferase dUTP nick end labelling, SCD sperm chromatin dispersion test
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co-workers [66], who included 9 IVF (6 carried out by TUNEL assay and 3 by 
SCSA) and 11 ICSI studies (6 SCSA and 5 TUNEL assay), found only small asso-
ciations between sperm DNA integrity test results and pregnancy in IVF and ICSI.

Two other meta-analyses including only SCSA studies have been performed. 
Based on 14 papers, Evenson and Wixon [63] reported that in IVF and ICSI, CP was 
closely related to DFI. In contrast, based on three papers, Li and colleagues found 
that DFI had no effect on the chance of CP after IVF or ICSI [64]. Overall, a signifi-
cant increase was observed in life birth rate (LBR) in couples with low compared 
with those with high sperm DNA fragmentation (RR 1.17, 95% CI 1.07–1.28; 
P = 0.0005). In IVF treatments the LBR results of the four studies were pooled, and 
the three assays combined together (n = 553). Significantly higher LBR was seen 
after IVF in men with low compared with those with high sperm DNA fragmenta-
tion (RR 1.27, 95% CI 1.05–1.52; P = 0.01). When the LBR results of the five ICSI 
studies were pooled (n = 445), a marginally significant difference was seen in LBR 
in men with low compared to those with high sperm DNA fragmentation (RR 1.11, 
95% CI 1.00–1.23, P = 0.04). Similar conclusions were found in a recent meta-
analysis [68]. The detrimental effect of high DNA damage on LBR was seen in the 
IVF group but not when ICSI was used.

In a more recent meta-analysis of mixed DNA fragmentation methods, the 15 
included studies were divided into 3 groups according to the DFI cutoff value 
(>27%, 15–27%, ≤15%). Within each group, subgroup analysis was performed by 
the type of fertilization (IVF or ICSI) and sperm DNA integrity method. When the 
studies with a DFI cutoff value >27% were pooled, the OR demonstrated that the 
couples were more likely to achieve CP if the DFI was <27% (OR (95%CI) = 1.437 
(1.186–1.742), p = 0.000). For the IVF group, the pooled OR indicated a similar 
result (OR (95%CI) = 1.742 (1.382–2.195), p = 0.000). However, in the ICSI group, 
the result was not statistically significant (OR (95%CI) = 0.895 (0.629–1.273), 
p = 0.537). Separate analysis by detection method (SCSA and TUNEL) revealed a 
higher chance to obtain CP if DFI <27% in the TUNEL group (OR (95% CI) = 1.87 
(1.36–2.58), p = 0.000), whilst DFI was not associated with clinical pregnancy in 
SCSA subgroup (OR (95% CI) = 1.24 (0.98–1.58), p = 0.076) [69].

The largest and most recent meta-analysis published so far by Simon and col-
leagues included 56 studies with a total of 8068 ART cycles including 16 IVF stud-
ies, 24 ICSI studies and 16 mixed (IVF + ICSI) studies [70]. These studies measured 
DNA damage by 1 of 4 assays: 23 SCSA, 18 TUNEL, 8 SCD and 7 Comet assay. The 
combined OR of 1.68 (95% CI: 1.49–1.89; P < 0.0001) indicated that sperm DNA 
damage may influence CP following IVF and/or ICSI treatment. In addition, the 
combined OR estimates of IVF (OR = 1.65; 95% CI: 1.34–2.04; P < 0.0001), ICSI 
(OR  =  1.31; 95% CI: 1.08–1.59; P  =  0.0068) and mixed IVF + ICSI studies 
(OR = 2.37; 95% CI: 1.89–2.97; P < 0.0001) were also statistically significant. Thus, 
the authors observed a strong negative association between sperm DNA damage and 
clinical pregnancy after ART and also separately for IVF and/or ICSI.  Here the 
TUNEL, Comet and SCD assays were applied. They concluded that there is suffi-
cient evidence in the existing literature to suggest that sperm DNA damage has a 
negative effect on clinical pregnancy following IVF and/or ICSI treatment.
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21.5.4  �Sperm DNA Damage in Relation to Fertilization

Whether there is a relationship between sperm DNA damage and fertilization rates 
after ART is also debatable. Using a mouse model, Ahmadi and Ng demonstrated 
that spermatozoa with DNA damage were able to fertilize. Also, several human 
studies have shown that men with high number of sperm with damaged DNA have 
the same ability to fertilize in vitro as men with a low number of sperm with DNA 
damage. However, there are contrasting findings even in ICSI [79].

HDS (an SCSA parameter thought to represent immature spermatozoa with 
incomplete protamination) was found to be related to IVF but not ICSI fertilization 
rates. Consequently, the authors suggested that men with HDS >15% should be 
treated with ICSI. However, this finding has not been confirmed by others, and HDS 
does not appear to have importance in clinical practice [32].

In a cross-sectional study where Comet assay was used to assess DNA damage, 
the low DNA damage group had a higher percentage of good-quality embryos 
(P < 0.05) and lower percentage of poor-quality embryos (P < 0.05) compared with 
the high DNA damage group. Implantation was lower in the high DNA damage 
(33.33%) compared with intermediate (55.26%; P < 0.001) and low DNA damage 
groups (65.00%; P < 0.001) [80].

The most recent and largest study so far by Oleszczuk and colleagues included 
1633 IVF and ICSI cycles [45]. In this study, DFI values as assessed by SCSA were 
categorized into four intervals: DFI ≤ 10% (reference group), 10% < DFI ≤ 20%, 
20% < DFI ≤ 30% and DFI > 30%. In the standard IVF group, a significant negative 
association between DFI and fertilization rate was found. This was not the case for 
ICSI patients.

21.5.5  �Sperm DNA Damage in Relation to Pre-embryo 
Development

Several investigators have explored the potential impact of sperm DNA damage on 
human embryo development and offspring health. Based on data from mice, Ahmadi 
and Ng first reported that sperm DNA damage is related to poor embryo develop-
ment. Corresponding studies in human are somewhat conflicting. Whilst some 
authors have reported similar cleavage stage embryo developmental rates between 
high and low DFI groups, others have shown that sperm DNA damage is negatively 
correlated with embryo quality after IVF and ICSI. Two studies have also reported 
that men with high levels of DNA fragmentation are at increased risk of low blasto-
cyst formation compared to men with a low DFI.

In the recent published paper by Oleszczuk et al., DFI values were categorized 
into four intervals: DFI ≤10% (reference group), 10%  <  DFI  ≤  20%, 
20% < DFI ≤ 30% and DFI > 30% [45]. When calculated per ovum pick-up (OPU), 
ORs for at least one good-quality embryo (GQE) were significantly lower in the 
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standard IVF group if DFI was >20%. OR for live birth calculated per OPU was 
significantly lower in the standard IVF group if DFI was above 20% (OR 0.61; 95% 
CI: 0.38–0.97; p = 0.04). No such associations were seen in the ICSI group. The 
authors suggested that ICSI might be a preferred method of in vitro treatment in 
cases with high DFI.

Embryo development is a highly dynamic process, and with the use of traditional 
embryo scoring, it is impossible to precisely time the different developmental 
stages. However, the new time-lapse technology represents a new tool in IVF by 
providing digital images of embryos at continuous time intervals as well as provid-
ing a more stable, undisturbed environment for the embryos [81]. Thus far, only one 
published work on the association between morphokinetic parameters and sperm 
DNA damage exists [82]. Analysing only transferred embryos from 165 couples 
undergoing ICSI, the investigators found that a low DFI implied that embryos 
reached the blastocyst stage at a faster rate as compared to cases with a high 
DFI. Another retrospective study based on 6117 oocytes from 639 ART treatments 
(256 IVF and 383 ICSI) (Oleszczuk et al., submitted) found that in the ICSI group, 
the mean time of appearance of pronuclei was significantly lower for 10%<DFI 
≤20% and DFI >20, as compared to the DFI ≤10% as the reference group. The 
effect of reduced mean time in ICSI relative to IVF was observed for pronuclei fad-
ing and early cleavage. However, the significance was achieved only for DFI >20. 
Also, the mean time for starting blastulation was significantly longer in the ICSI 
group for DFI ≤20 as compared to IVF, but no such association was observed within 
the IVF/ICSI group.

In a recent meta-analysis, Zini and co-workers included 28 studies (8 IVF, 12 
ICSI and 8 mixed IVF-ICSI studies), in total 3226 treatment cycles [67]. Sperm 
DNA integrity was assessed with SCSA, TUNEL, Comet, chromatin compaction 
test, aniline blue test, SCD and DNA oxidation test. Of the 28 studies, 16 reported 
on embryo quality, 11 reported on embryo development and 1 reported on both 
embryo quality and embryo development. Eleven of the 28 studies reported a sig-
nificant inverse relationship between sperm DNA damage and embryo quality and/
or embryo development. Of the 17 studies that evaluated embryo quality, 5 reported 
a significant association between sperm DNA damage and embryo quality.

To conclude, sperm DNA integrity seems to have an impact on embryo quality 
and development; however, more research is needed.

21.6  �Neat Versus Prepared Semen

In order to separate the most normal, motile spermatozoa from lymphocytes, epithe-
lial cells, abnormal or immature sperm, cell debris, bacteria and seminal fluid, 
sperm samples used for ART are normally prepared by density gradient centrifuga-
tion or swim-up. When comparing neat semen samples and samples prepared for 
ART, several authors have reported an improvement in DFI after preparation [83]. 
However, others show unchanged or worse results [84].
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When analysing semen samples before and after density gradient centrifugation in 
510 consecutive ART cycles, no predictive value of DFI assessed by SCSA could be 
seen. This finding is in contrast to what has been reported for raw semen in relation to 
ART pregnancy outcome. These data supported the two first SCSA–ART studies 
where the SCSA parameters were analysed also on prepared semen in 24 and 34 
patients, respectively. Borini and colleagues found a DFI >10% in density gradient 
centrifuged semen as measured by the TUNEL assay to be discriminative for ICSI 
pregnancy [56]. Duran’s group tested washed semen samples and found no IUI preg-
nancy if DFI (by TUNEL assay) exceeded the level of 12%. Duran et al. suggested 
that a high DFI in neat semen may reflect chromatin or other abnormalities within the 
entire sperm population interfering with the ability of the sperm to fertilize, but that is 
not completely eliminated by the sperm preparation procedure [23].

21.7  �Intra-individual Variation of DFI in Relation to ART

One of the obstacles of the traditional WHO sperm parameters is the huge intra-
individual variation reported. In contrast, a lower intra-individual variation for DFI 
measures is seen for SCSA. Erenpreiss et al. reported a day-to-day variation of DFI 
with a mean coefficient of variation (CV) of 29% [85], and in the study by Oleszczuk 
et al., it was shown that among 616 men who had their semen analysed by SCSA 
both in infertility workup and in the actual ART cycle, 85% of the men remained in 
the same DFI category, <30% or >30% from measurement 1 to 2. Clinically, it 
means that only 15% will have a clinically relevant change if a repeat SCSA mea-
surement is obtained [86].

21.8  �Conclusions

Sperm DNA integrity assessment and conventional semen analysis can be, to a cer-
tain degree, complementary to each other. The combination of these two methods 
can be helpful both during the diagnostic process and therapeutic procedure. It can 
differentiate more effectively men with reduced fertilizing ability and put the right 
diagnosis of “male factor” to the couples classified before as “unexplained infer-
tile”. It’s apparently profitable to the patients. Infertile couples can get more proper 
information about their status and can react more accurately – either continue with 
the most correct treatment method or contrary, depending on other biological, eco-
nomic or social reason, continue attempts to conceive spontaneously. Also on the 
later stage of the process, when in  vitro procedure is already begun, the better 
assessment of sperm fertilizing potential help to reduce the dilemma which fertiliza-
tion method should be adopted. This enables to use preferable standard IVF as wide 
as possible and, in the same way, minimalizes risk of decreased fertilization rate and 
complete fertilization failure, in extreme cases.

M. Bungum and K. Oleszczuk



405

Men with high numbers of DNA-fragmented sperm have similar chances of 
obtaining pregnancy by IVF and ICSI as men with low sperm DNA fragmentation. 
However, the group of men who will benefit from sperm DNA integrity assessment 
is those diagnosed with unexplained infertility. Roughly, one out of four, with normal 
WHO sperm parameters, will have a SCSA–DFI above 20–30%, which is the DFI 
level where the chance of giving rise to a spontaneous or IUI-induced pregnancy 
reduces significantly. In order to find these men with sperm DNA damage as hidden 
causes to their childlessness, those where the traditional semen analysis shows one or 
no abnormality should be offered sperm DNA testing using a validated assay. In men 
where all standard parameters are normal, chances of in vivo pregnancy start reduc-
ing for DFI above 20%. In the presence of one abnormal semen quality parameter, 
the chance of spontaneous pregnancy is significantly reduced already at DFI above 
10%. Thus, in such couples, DFI should be taken into consideration, and the couple 
should consider a more advanced ART such as IVF/ICSI.

In some studies, the SCSA and the Comet assays have provided the most stable 
clinical threshold values in relation to infertility. It is evident that the relevance of 
sperm DNA integrity testing concerns, first of all, in vivo fertilization. In addition to 
being a predictor of natural conception, DFI can be used as an independent predic-
tor of success in couples undergoing IUI. However, the predictive value of sperm 
DNA damage in IVF and ICSI needs to be further investigated by prospective, ran-
domized studies.

The correlation between sperm DNA damage and fertilization rates remains con-
troversial. However, a large SCSA dataset recently showed that IVF but not ICSI 
fertilization rates are correlated with the level of sperm DNA fragmentation. The 
same study also demonstrated that the chance of having at least one GQE was sig-
nificantly lower in the standard IVF group if DFI >20%. However, no such associa-
tions were seen in the ICSI group. Studies also suggest that high levels of DNA 
fragmentation are associated with low blastocyst formation.

More research is needed to improve our understanding of DNA damage in sper-
matozoa. A better standardization of the methods of DNA damage evaluation is 
necessary. Moreover, a better insight into the causes of sperm DNA damage should 
help us develop treatment strategies for men with sperm DNA damage and contrib-
ute to improved assisted reproduction outcome.
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Chapter 22
Sperm DNA and Pregnancy Loss After IVF 
and ICSI

Nirlipta Swain, Gayatri Mohanty, and Luna Samanta

22.1  �Introduction

The relative rate of success of reproduction in humans is extremely low with only 
30% of all conceptions resulting in live birth [1]. Assisted reproductive technologies 
(ART) are the treatment of choice for many couples facing infertility issues, be it 
due to male or female factor or idiopathic [2, 3]. Every year there is an increase by 
4% in the number of couples seeking ART for conception. ART involves procedures 
like fertility medication, artificial insemination, in vitro fertilization (IVF), micro-
manipulation of gametes, and surrogacy as well. It is well established that high-
quality gametes are required to produce high-quality embryos and that both the 
sperm and oocyte genomes contribute to the embryonic genome [4]. In contrast to 
natural selection of the male gametes that occurs during transit in the female genital 
tracts, in the ART laboratory healthy spermatozoa are selected with routine separa-
tion techniques. Despite the advancement in ART during the last 30 years, the rate 
of pregnancy failures post ART being high (about 70%), thus warrants further 
improvements [5, 6].

ART bypass the natural selection barrier which would compromise the quality of 
the fittest sperm selected for fertilization. There is a chance that a normal-looking 
sperm with abnormal genomic material, which naturally may be incompetent for 
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impregnation, may still be utilized for ART [7]. In such a scenario, concern over the 
use of the damaged DNA for artificial fertilization is growing. With the success rate 
of pregnancy using ART remains comparatively low and somewhat unpredictable, 
the identification of perfect sperm is an area of active research. Procedures for 
detection of suitable spermatozoa having strong prognostic power in predicting suc-
cessful IVF and ICSI outcomes are mostly aimed at techniques for determination of 
sperm DNA quality. However, the true clinical significance of sperm DNA damage 
assays remains to be established since the available studies are few and 
heterogeneous.

Several studies have shown the role of paternal genomic alterations in predicting 
the success rates of ART [8, 9]. Not only fertilization rates and embryo quality but 
also subsequent ‘embryo viability’ and progression of pregnancy would be affected 
by the status of sperm DNA integrity [10]. When spermatozoa with extensive DNA 
damage are used, the embryo may fail to develop or implant in the uterus or it may 
be naturally aborted at a later stage [11]. It could be suggested that functional sper-
matozoon with intact DNA may have higher chances of successfully delivering a 
healthy progeny. In this chapter the primary focus is on the role of a fertilizing 
spermatozoon carrying DNA damage on pregnancy outcome. The ability of DNA 
tests assessing different aspects of DNA damage, in predicting IVF or ICSI out-
come, is discussed with consistent proofs and meta-analysis studies. Moreover, the 
chapter gives an insight into the late paternal effect and repair capability of oocytes 
of damaged sperm DNA. In an era where ART are frequently used, study of the 
influence of sperm DNA damage on embryonic development holds a pivotal role for 
improvement of success rate.

22.2  �DNA Damage and Sperm

DNA damage refers to alterations in the chemical structure of DNA, namely, DNA 
strand breaks, a base missing from the backbone of DNA (depurination or depyrim-
idination), and a chemically changed base such as 8-oxoguanine (8-oxoGua), 
5-hydroxymethyluracil (5-hmUra), 6-methylguanine, and deaminated cytosine. 
Most of these changes are attributed to oxidative stress since despite extensive DNA 
repair oxidatively, damaged DNA are abundant in many human tissues, and these 
modified bases are potential mutagens [12]. Thus, it will not be out of context to 
mention that spermatozoa, devoid of substantial cytoplasm, lack effective antioxi-
dants within the cell making them more prone to oxidative DNA damage. When the 
oxidative DNA damage occurs in the germ cells of the testis, it will result in the 
production of spermatozoa laden with damaged DNA and/or mutated DNA, and if 
inseminated with these spermatozoa, the ART outcome will be severely affected.

The aetiology of DNA damage is multifactorial (Fig. 22.1) and categorized as (i) 
primary (i.e. testicular) or secondary (i.e. environmental) [13]. Single and double 
DNA strand breaks resulting in abnormal sperm chromatin/DNA structure are 
thought to arise from four potential sources, namely, (i) strand breaks during 
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chromatin remodelling in the processes of spermiogenesis, (ii) abnormal spermatid 
maturation (disturbances in protamination), (iii) abortive apoptosis during sper-
matogenesis, and (iv) oxidative stress [14–16]. Moreover, the damage can be 
induced and aggravated by exogenous factors like environmental conditions, toxins, 
pathological diseases [17], and iatrogenic (e.g. ART preparation protocols) [9].

Damaged DNA has been observed in testicular, epididymal, and ejaculated 
human spermatozoa. Single-strand breaks are a direct result of oxidative damage 
on sperm DNA, while double-strand breaks may arise from exposure to 
4-hydroxyl-2-nonenal, a major product of lipid peroxidation [18]. Two types of 
DNA adducts, namely, 8-hydroxy-2-deoxyguanosine and two ethenonucleosides 
(1, N6-ethenoadenosine and 1, N6-ethenoguanosine), are found in human sper-
matozoa, both of which have been considered key biomarkers of DNA damage 
caused by oxidative stress [19].

22.3  �Effect of Sperm DNA Damage on Fertilization Rate 
and Embryogenesis

Depending on the level of DNA fragmentation, a sperm may lose its fertilizing abil-
ity and developmental potential. Analysis of 170 non-fertilized oocytes from cou-
ples attending an IVF programme showed that sperm with a high degree of defective 

Fig. 22.1  Sources of DNA damage in spermatozoa used in assisted reproductive technologies
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chromatin packaging would lead to probable sperm DNA decondensation failure in 
oocytes [20]. Similarly, Sakkas et  al. [21] have demonstrated that spermatozoon 
with a high level of abnormalities in the chromatin when used for ICSI apparently 
would impede the initiation or completion of decondensation, therefore leading to a 
failed fertilization. It can be postulated that DNA fragmentation, improper chroma-
tin packaging (protamine deficiency), epigenetic defects, or sperm chromosomal 
aneuploidies might impair fertilization [22]. However, studies on animal models 
have shown the association of sperm DNA damage with abnormal embryo develop-
ment and subsequent impaired implantation. Ahmadi and Ng [23, 24] showed that 
high sperm DNA fragmentation did not impair fertilization but prohibited the blas-
tocyst formation. They artificially created different levels of DNA damage in sperm 
by exposing the sample to different doses (5, 10, 50, and 100 GY) of gamma radia-
tion prior to insemination. Fertilization rates (FR) of 64.3, 59.9, 58.5, and 61.1% for 
the different dosages were seen as compared to 53.2% in the control group, imply-
ing that DNA-damaged sperm can fertilize the oocytes at a rate comparable to that 
of sperm having intact DNA. However, the blastocyst development was decreased 
from 49.8% in the control group to 20.3, 7.8, 3.4, and 2.3%. Of the transferred blas-
tocysts in the control group, 69.8% were implanted and 33.9% developed into live 
foetuses. The rates of implantation (57.1 and 21.4%) and live foetuses (20 and 0%) 
were decreased significantly when spermatozoa were exposed to doses of 5 and 10 
GY, respectively. Higher dosages of gamma radiation, resulting in severe DNA 
damage, reduced blastocyst formation to less than 5%. Furthermore, none of these 
could reach full term.

Recently, Wdowiak et al. [25] reported that higher sperm genomic damage can 
also slow down embryo morphokinetic parameters such as attaining the blastocyst 
stage much later, thus affecting ICSI outcome. Tesarik et al. [26] have reported that 
with pre-damaged paternal genome, high proportions of zygotes would be formed 
with abnormal pronuclear morphology. These zygotes would cleave slowly and 
show extensive fragmentation and blastomere irregularities resulting in arrested 
growth even before blastocyst formation. An early transcriptional activity of human 
male pronucleus is essential for early embryonic development. A weak transcrip-
tional activity detected in defective male pronucleus would lead to retarded male 
pronuclear development in comparison to female pronucleus, thus impairing amphi-
mixis. Furthermore, Speyer et al. [27] postulated that strand breaks in the sperm 
DNA may not affect early embryo growth but begin to have an effect at the stage of 
blastocyst development and then have a very marked effect on implantation of the 
embryo. A late paternal effect [11] has been mainly attributed to anomalies in the 
organization of the sperm chromatin (i.e. reduced chromatin condensation, chromo-
some anomalies, and increased DNA strand breaks or fragmentation). The embry-
onic genome is demonstrated to be activated on day 3 [28], and blastocyst shows the 
earliest expression of an ‘errant paternal genome’ [29]. A negative effect of high 
DNA fragmentation index (DFI) on the formation of blastocysts has been reported 
[30–32]. If critical genes are damaged when the paternal genome is activated at day 
3 (four- to eight-cell stage), then sensitive developmental programme of embryo is 
badly affected [33]. Tesarik et  al. [11] have demonstrated that a (late) adverse 
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paternal effect on embryo development can be existent even in the absence of any 
morphological abnormalities at the zygote stage. Thus, embryos with extensive 
paternal DNA damage may reach the blastocyst stage. Nevertheless, only those 
embryos without extensively compromised parental genetic material can progress 
to full term (Fig. 22.2).

22.4  �Failure of DNA Damage Repair by Oocyte: 
A Confounding Factor

One of the limiting factors in analysing the adverse effect of sperm DNA fragmenta-
tion on pregnancy rates following ART is its dependency on both male factors 
(extent of DNA damage) and female factors (capacity to repair DNA) [34]. This 
might be the rationale underlying the disparity between the correlations of sperm 
DNA damage and fertility reported by different studies (Fig. 22.2). Experimental 
evidence in a number of in vivo and in vitro systems demonstrated the repair ability 
of vertebrate oocyte of both endogenous and exogenous DNA damage [19]. DNA 
repair can occur either during or post-fertilization in the oocyte and the developing 
zygote. Expression of genes and maternal mRNA in human oocytes and blastocysts 
involved in DNA repair have been detected suggesting the existence of potentially 
functional DNA repair systems [35, 36]. Ahmadi and Ng [23] suggested that the 
oocyte repair machinery may not be sufficient to repair DNA damage of sperm 
>8%. Studies have indicated that implantation of embryos with a normal karyotype 
may be impaired if there is the presence of unrepaired DNA damage above a critical 
threshold. Therefore, the varying quality of the oocyte would represent a major 

Fig. 22.2  Effect of sperm DNA damage and failure of its repair on different stages of development 
from fertilization to live birth. Blue solid arrows: normal development; red broken arrows: impaired 
development leading to pregnancy loss
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potential confounding variable when making fertility predictions based solely on 
sperm DNA damage. This favours the use of high-quality oocytes from proven 
donors as a useful strategy for controlling female factor contribution [37]. The qual-
ity and competence of the oocyte especially depends on female age, as the innate 
capacity to repair sperm DNA damage may be weaker in eggs from older women 
(>35 years) [38]. Moreover, when DNA damage is extensive, some lesions remain 
unrepaired or are mis-repaired, and the embryo may fail to develop or implant in the 
uterus or may be aborted naturally at a later stage (uncompensable damage) [19]. 
The factors affecting this inadequate repair are female age, ovarian environment, 
and level of fertility as evident from donated oocytes [34].Therefore, several studies 
have used young healthy egg donors to obtain embryos and to acknowledge the 
effect of sperm DNA damage on implantation and pregnancy rates which reduces 
the variability of associated oocyte quality [37, 39–41].

22.5  �Iceberg Effect

The discrepancies between the studies to support the predictive value of sperm 
DNA damage in ART can also be explained by the ‘iceberg effect’ [9, 42]. The first 
level of iceberg corresponded to easily detectable sperm cells with high sperm DNA 
fragmentation (SDF), using current available technologies, while the second level 
includes the sperm with undetectable, cryptic SDF within the population with a high 
possibility that this cryptic population would contain sufficient DNA damage to 
have a detrimental effect on embryonic development, especially if the oocyte is not 
capable of DNA repair. The bottom layer of the ‘iceberg’ model represents the sper-
matozoa with minimal damage; however, current methodologies are difficult to iso-
late them from the rest. Gosalvez [37] proposed a strong correlation between 
spermatozoa found in the tip of the ‘iceberg’ and the proportion of spermatozoa in 
level 2 under the surface. For example, it is possible that a patient may have a high 
underlying undetectable population of sperm with a predisposition for DNA dam-
age but has a low detectable level of DFI. On the other hand, a patient might have a 
low underlying subpopulation of sperm with a predisposition for DNA damage but 
may have a high detectable level of DFI. The situation may also exist where a simi-
lar detectable level of SDF is present in two individuals, but differences in the 
underlying undetectable population are present. Therefore, the variability in the 
amount, quality, and distribution of DNA damage among the different spermatozoa 
in the ejaculate explains the possibility of successful pregnancies despite a high DFI 
in sperm [43]. Besides DNA damage, protamination failure is another compounding 
factor leading to defective chromatin condensation affecting FR and embryo devel-
opment. In spontaneous recurrent pregnancy loss, the number of spermatozoa hav-
ing intermediate acidic aniline blue staining were significantly higher than their 
fertile counterparts [44], suggesting that spermatozoa with intermediate defect are 
equally responsible for successful pregnancy.
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22.6  �The ART Protocol and Sperm DNA Damage

The ART procedures involve extensive sperm handling and processing that increase 
the potential risk of damaging paternal DNA material (Table 22.1). These proce-
dures utilize sperm sorting methods (swim-up and density-gradient centrifugation) 
to select viable sperm from the semen. These methods use multiple centrifugation 
steps, which have been shown to generate reactive oxygen species (ROS) affecting 
DNA integrity. Exposure to artificial media and light during ART protocols are also 
examples of non-natural environment that has no equivalent when fertilization is 
natural. As spermatozoa get exposed to conditions that are contrary to physiological 
state, it can be hypothesized that all these procedures could damage sperm 
DNA. However, studies have found that the percentage of spermatozoa with frag-
mented DNA and the degree of fragmentation within these cells in prepared sper-
matozoa are significantly less than in neat semen [45–48]. Sperm preparation can 
enrich the sperm population by eliminating defective sperm with nicked DNA and 
poorly condensed chromatin, which is likely to improve the chances of achieving a 
viable pregnancy [49–51]. Moreover Zini et al. [52] reported that in comparison to 
density-gradient centrifugation, spermatozoa recovered after swim-up possess 
higher DNA integrity. But Hammadeh et  al. [53] observed that the fertilization, 
implantation, and pregnancy rates were similar in both semen preparation methods. 
Moreover, arguments were put forth to justify the effectiveness of DFI in neat semen 
as better predictors of pregnancy outcome post ART as compared to DFI in pro-
cessed semen [54]. Tomlinson et al. [55] propose the ‘normalizing’ effect of density-
gradient preparations as the reason for the little prognostic value of DFI in processed 
semen. Nevertheless, if the DFI is high in both neat and processed semen, both 
fertilization rate and embryo quality are adversely affected [48, 56]. It is presumed 
that advanced techniques (motile sperm organelle morphology examination: 
MSOME) [57], electrophoresis [58], microfluidics [59], zeta potential [60, 61], and 
birefringence [62]) that eliminate the centrifugation steps of conventional sperm 
preparation (Table  22.1) may improve the selection of sperm with higher DNA 
integrity, normal morphology, and motility resulting in improved ART outcomes (as 
reviewed by Rappa et al. [63]).

22.7  �In Vitro Fertilization and Pregnancy Loss

Conventional IVF involves ovarian hyperstimulation to generate and collect multi-
ple eggs, preparation and co-incubation of gametes, and fertilization, culture, and 
selection of resultant embryos before embryo transfer into a uterus. In congruence 
to natural conception, IVF allows naturally selected best sperm to compete and 
reach the oocyte in artificial media unlike ICSI [64]. Studies have reported a signifi-
cant adverse effect of defective DNA structural integrity and breakage on different 
parameters of reproductive outcome post IVF (Table 22.2).

22  Sperm DNA and Pregnancy Loss After IVF and ICSI
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Table 22.1  Effect of sperm processing in ART on DNA integrity

Sperm processing 
technique Outcome Limitations References

Conventional 
swim-up
Direct swim-up/
density-gradient 
centrifugation

Mean numbers and 
percentage of structurally 
normal spermatozoa with less 
DNA damage can be selected 
by swim-up

Immature sperm with 
elliptical or roundish nuclei, 
distorted acrosomes, and 
uncondensed chromatin 
remain part of fertilizing pool

[50]

Density-gradient-prepared 
spermatozoa have 
significantly less DNA 
damage than in neat semen 
(P < 0.005)

Generated ROS during 
processing may cause sperm 
DNA damage

[45, 46]

Both PureSperm® and 
Percoll® density-gradient-
prepared spermatozoa have 
less nicked DNA than 
swim-up preparation

– [49]

Zeta potential Larger percentages of mature 
sperm, intact DNA, strict 
normal morphology, 
hyperactivation, and 
progressive motility

Recovery rate only 8.8%
Not suitable for 
oligozoospermic samples

[60, 61]

Magnetic-assisted 
cell sorting (MACS) 
system

Selects higher proportion of 
sperm with normal protamine 
content and lesser DNA 
fragmentation

– [61]

Electrophoresis 
(microflow)

Less oxidative DNA damage 
due to decrease in exposure 
to ROS

– [58]

Motile sperm 
organellar 
morphology 
examination 
(MSOME)

Sperm with more than 50% 
vacuolated nuclei are 
associated with DNA 
fragmentation

Incubation of sperm for 
longer time compromises 
quality

[57]

Microfluidics In comparison to swim-up, a 
microfluidic device resulted 
in a significantly lower rate 
of DNA damage (16.4% 
swim-up vs. 8.4% MF)

– [59]

Birefringence Partial birefringence had a 
significant lower proportion 
of DNA fragmentation 
compared to total 
birefringence (7.3% vs. 
19.5%)

– [62]
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22.7.1  �Fertilization Rate

Studies have shown that high DFI may impair FR in IVF procedures, resulting in 
poor embryo quality (EQ) and higher pregnancy loss (PL). A negative correlation 
between the percentage of sperm with high DFI (TUNEL assay) and FR in couples 
undergoing IVF was reported [65–67]. It was proposed that FR was more likely to 
be adversely affected by high DNA damage in a sample with abnormal chromatin 
packaging [68, 69]. Studies have shown a negative correlation between FR and 
sperm chromatin defects (as detected by staining methods such as chromomycin A3 
[70, 71] or ethidium bromide [72]). Moreover, underprotamination would also 
adversely affect the FR [73]. A higher level of intact DNA with an acridine orange 
test (AOT) score of >24% results in a better FR [74]. Similarly Liu et  al. [75] 
reported that the percentage of sperm bound to zona pellucida had low amounts of 
DNA damage and good IVF rates.

Table 22.2  Effect of sperm DNA damage on IVF outcome

DFI assay 
undertaken Study population Sample size Results after IVF References

TUNEL Canada 298 Fertilization failure [65]
France 111 [64]
Italy 82 [71]
Denmark 50 [56]
Australia 45 [66]

Alkaline COMET Ireland 73 [48]
SCD China 136 [70]

Slovenia(Europe) 113 [69]
AOT China 302 [65]

South Africa 76 [74]
CA3 South Africa 72 [20]
TUNEL USA 49 Impaired blastocyst 

formation
[31]

SCSA South Dakota 63 [30]
TUNEL Germany 249 Lower pregnancy rates [77]
COMET Ireland 203 [79]

England 40 [80]
SCD Spain 152 [78]

Croatia (Europe) 88 [64]
NT and CA3 England 140 [55]

22  Sperm DNA and Pregnancy Loss After IVF and ICSI
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22.7.2  �Pregnancy and Live-Birth Rates

Several studies have shown that a compromised sperm DNA would reduce the chances 
of positive pregnancy outcome. The blastocyst formation rate is significantly lower in 
couples with severely impaired sperm DNA [76]. Cut-off scores as determined by dif-
ferent DFI analysis assays could be associated with higher probability of IVF failure. 
Cut-off DFI values as measured by microscopy-based TUNEL were reported to be 
20% [31], FACS-based TUNEL to be 36.5% [77], SCSA to be 30% [30], and SCD to 
be 25.5% [78]. Similarly, couples with sperm DFI >50% (Comet assay) had 13% live-
birth rate, while sperm DFI <25% had a live-birth rate of 33% [79]. Another study has 
shown that both Comet head DNA damage and tail damage can be used as good pre-
dictors of successful pregnancy or failure [80]. Recently Tandara et al. [64] argued the 
suitability of measuring the percentage of spermatozoa with undamaged DNA as bet-
ter prognostic parameter of embryo quality and pregnancy achieved by conventional 
IVF rather than DFI. Samples with AOT score of ≥12% [77] and big halo % of >38% 
have lower blastocyst rates and pregnancy failure.

22.8  �ICSI and Pregnancy Loss

In intra-cytoplasmic sperm injection (ICSI), a single sperm is selected and injected 
directly into oocyte. The results of a meta-analysis support the use of ICSI over IVF 
in men with high sperm DNA fragmentation [81]. The rationale advocated that ICSI 
involves selection of morphologically normal motile sperm which is believed to 
have lower DNA fragmentation. The stratified analysis by type of procedure (IVF 
vs. ICSI) revealed that sperm with high DNA damage have higher pregnancy rate in 
ICSI, while the rate of miscarriage is similar in both IVF and ICSI [38]. Table 22.3 
summarizes the studies correlating sperm DNA integrity and ICSI outcome.

Table 22.3  Effect of sperm DNA damage on ICSI outcome at different stages

DFI assay Study population Sample size Results after ICSI References

TUNEL Canada 150 Lowered fertilization rate [82]
France 54 [32]

SCD Iran 92 [22]
AOT Turkey 56 [83]
TUNEL Italy 50 Lowered pregnancy rate [84]

Virginia 36 [33]
SCSA Poland 60 [85]
AOT Italy 50 [86]
FISH Italy 48 [89]

Spain 19 [87]
Italy 18 [88]
USA 9 [90]
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22.8.1  �Pregnancy Rate

Paternal genomic alterations may compromise not only fertilization and embryo 
quality [82, 83] but also ‘embryo viability’ and progression of pregnancy, resulting 
in spontaneous miscarriage. Avendano et  al. [33] investigated the percentage of 
morphologically normal sperm with fragmented DNA and observed a negative 
association with mean embryo score. The study showed that when the percentage of 
normal sperm DNA fragmentation was ≤17.6%, the likelihood of pregnancy was 
3.5 times higher. Another study reported a threshold TUNEL score of 20% as cut-
off for miscarriage [84]. Similarly, a reduction in pregnancy rates was observed with 
samples having DFI of 23% as determined by SCSA [85]. Dar et al. [86] found a 
close relationship between DNA fragmentation and post-implantation development 
in ICSI by comparing the miscarriage rates between two groups with low DFI 
(<15%) and with high DFI (>50%). The study detected a trend toward a higher 
miscarriage rate in high DFI group.

Couples with a clinical background of recurrent miscarriages of unknown aetiol-
ogy or implantation failure after ICSI were also characterized for abnormal sperm 
aneuploidy by FISH [87]. Higher rates of miscarriage were obtained in patients with 
abnormal sperm FISH results. Calogero et al. [88] reported that unselected patients 
undergoing ICSI had an elevated sperm aneuploidy rate related to subsequent preg-
nancy failure. Similarly, Burrello et al. [89] focussed on role of sperm aneuploidy 
on ICSI outcome in patients with male factor infertility. Taking a cut-off value of 
aneuploidy as >1.55%, lower pregnancy and implantation rates were observed. 
Targeting the recurrent miscarriages post ICSI in oligoasthenozoospermic sample, 
FISH, using directly labelled (fluorochrome-dUTP) satellite or contig DNA probes 
specific for chromosomes 4, 6, 7, 8, 9, 10, 11, 12, 13, 17, 18, 21, X, and Y, was per-
formed on decondensed spermatozoa [90]. Significantly elevated frequencies of 
diploidy, autosomal disomy and nullisomy, sex chromosome aneuploidy, and total 
aneuploidy in these patients suggest increased risk of abortion.

22.9  �Effect of DNA Damage on Outcome of IVF and ICSI: 
A Comparison

In patients with poor spermiogram, ICSI is the treatment of choice, as it is assumed 
that DFI has a minimal effect on ICSI outcome [91]. However, the chances of select-
ing a normal sperm with fragmented DNA for oocyte injection put every ICSI cycle 
at high risk. Thus it warrants finding a threshold value of DFI which determines the 
type of ART treatment to be chosen. Nonetheless, the heterogeneity of the threshold 
value set among the various studies is due to difference in methods used for sperm 
preparation and assessment of DNA damage.

Sergerie et al. [92] proposed a pathological DFI threshold of 20% (TUNEL) for 
fertility status in vivo; however, a threshold for IVF and ICSI failures is controversial. 
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Taking 15% as TUNEL threshold score, the risk of non-transfer due to blocked 
embryo development increased, more so for ICSI (18.2%) than that for IVF (4.2%) 
with an odds ratio of 5.05 [93]. Similarly, the miscarriage risk increased fourfold 
(37.5% for ICSI vs. 8.8% for IVF) with ≥15% DFI. The threshold DFI (SCSA) for 
better pregnancy rates is higher in case of IVF (≤ 30%), in comparison to ICSI 
(≤19%) [27]. Bungum et al. [94] found that in the patients with the SCSA score 
>30%, the pregnancy results of ICSI were significantly better than those of IVF. It 
is advocated that in vitro ART is able to bypass the impairment of sperm chromatin, 
in particular if ICSI is chosen as a fertilization method. So, when DFI exceeded a 
level of 30%, ICSI is a more efficient treatment option. However, another study 
reported a DFI value of 30% (AOT) as threshold for decreasing FR, cleavage, 
implantation, and pregnancy in ICSI cycles but not significantly in IVF cycles [95]. 
The biological rationale explained is that in IVF mostly sperm with higher DNA 
integrity are naturally selected for oocyte penetration and fertilization [96].

Irrespective of ART technique used, FR were affected when TUNEL score was 
>10% [97]. The effect on FR was more pronounced in IVF than ICSI. Similarly, 
above a threshold SCD score of 18%, EQ and FR can also be adversely affected 
[98]. Muriel et  al. [10] proposed that higher DNA fragmentation determined by 
SCD would produce an increased proportion of zygotes showing asynchrony 
between the nucleolar precursor bodies of zygote pronuclei (73.8% vs. 28.8% 
P < 0.001). Moreover, slower embryo development and reduced implantation rate in 
IVF/ICSI were also associated with higher sperm DNA fragmentation. Similarly, no 
patients achieved clinical pregnancy after ART, if SCSA values exceeded 27% 
(P < 0.01) [99]. Henkel et al. [100] observed a significantly reduced pregnancy rate 
in both IVF and ICSI patients inseminated with TUNEL-positive spermatozoa. It 
could be inferred here that although patients may be able to conceive via ART, 
sperm DNA damage might be a limiting factor, and severe damage would lead to 
increase in abortion rates [101].

22.10  �Inference Drawn from Meta-analysis Studies

Evenson et al. [9] carried out comparative meta-analyses taking 17 studies to com-
pare the effect of sperm DNA damage on pregnancy outcome after IVF and 
ICSI.  Using the Cochran–Mantel–Haenszel (CMH) statistic, the meta-analysis 
results found that patients using in vivo fertilization were 7.0 times (CI 3.17, 17.7) 
more likely to achieve a pregnancy/delivery if the DFI was <30% (n  =  362, 
P  =  0.0001). In comparison, infertile couples were approximately 2.0 times (CI 
1.02, 2.84) more likely to become pregnant with IVF treatment if their DFI was 
<30% (n = 381, P = 0.03). For ICSI, the results indicated 1.6 times (CI 0.92, 2.94) 
higher possibility to achieve a pregnancy/delivery if the DFI was <30% (n = 323, 
P  =  0.06). A MEDLINE and bibliographic search (from Jan 1978 to Apr 2006) 
resulted in selection of eight articles based on inclusion/exclusion criteria [102]. 
RevMan software was used, and the relative likelihood of DNA damage effect on 
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IVF/ICSI outcomes was expressed as a risk ratio (RR). About five studies which 
measured DFI by TUNEL assay revealed that there is 32% (CI 0.54–0.85, 
P = 0.0006) and 24% (CI 0.55–1.04, P = 0.09) reduction, respectively, in the odds 
of having pregnancy for IVF and ICSI patients (n = 816), with high degree of sperm 
DNA damage compared with those with low degree of sperm DNA damage. 
However, 3 studies that used the SCSA assay and took 299 subjects indicated there 
are no significant effects of sperm DNA damage on the clinical pregnancy rate after 
IVF (RR 0.58, 95% CI 0.25–1.31, P = 0.19) or ICSI (RR 1.18, 95% CI 0.81–1.74, 
P = 0.38). Thus, the above study favours TUNEL assay over SCSA as a better pre-
dictor of ART outcome.

Zini et al. [8] carried out meta-analysis looking at 11 studies that involve 1549 
cycles of treatment (808 IVF and 741 ICSI) with 640 pregnancies (345 IVF and 295 
ICSI) and 122 pregnancy losses. Six (6) studies measured DFI using SCSA and 
estimated OR of 1.77 for pregnancy loss (95% CI, 1.01–3.13; P = 0.05); five studies 
measured DFI by TUNEL and estimated OR of 7.04 (95% CI, 2.81–17.67; 
P  =  0.001). The fixed effects model combined OR of 2.48 (95% CI 1.52–4.04, 
P < 0.0001) indicates that sperm DNA damage is predictive of pregnancy loss after 
IVF and ICSI. Similarly another systemic review and meta-analysis were carried 
out on 16 cohort studies (2969 couples), 14 of which were prospective [103]. 
Searches were conducted on MEDLINE, EMBASE, and the Cochrane Library from 
database inception to January 2012. Meta-analysis of relative risks of miscarriage 
was performed with a random effects model. A cumulative risk ratio of 2.16 (1.54–
3.03; P = 0.00001) indicates a significant increase in miscarriage in patients with 
high DNA damage compared with those with low DNA damage. About six studies 
used TUNEL assay and had the strongest miscarriage association (RR = 3.94, 95% 
CI 2.45–6.32; P < 0.00001). While the summary RR estimate of studies using SCSA 
(six studies) was 3.94 (95% CI, 2.45–6.32; P = 0.00001), using the Comet assay 
(two studies) was 1.43 (95% CI, 0.4–5.14; P = 0.58), and using the AOT assay (one 
study) was 2.78 (95% CI, 0.59–13.11; P = 0.20). A subgroup analysis showed a 
strong association of the prepared semen with high DNA damage and miscarriage 
(RR = 3.47, 95% CI: 2.13 t–5.63; P = 0.00001) than the raw semen group (RR = 
1.50, 95% CI: 1.11–2.01; P = 0.007).

An exhaustive electronic literature search from database inception to October 
2013 included 16 cohort studies (3106 couples) and examined the influence of 
sperm DNA damage on pregnancy and miscarriage following IVF/ICSI [38]. A 
meta-analysis showed that high-level sperm DNA fragmentation is detrimental to 
IVF/ICSI outcome, with decreased pregnancy rate (OR = 0.81, 95% CI:0.70–0.95; 
P  =  0.008) and increased miscarriage rate (OR  =  2.28, 95%CI:1.55–3.35; 
P < 0.0001). The stratified analysis by type of procedure (IVF vs. ICSI) indicated 
that high sperm DNA damage was related to lower pregnancy rates in IVF with OR 
of 0.66 (95% CI: 0.48–0.90; P = 0.008) but not in ICSI cycles, whereas it was sig-
nificantly associated with higher miscarriage rates in ICSI cycles (OR 2.68; 95% 
CI:1.40–5.14; P  =  0.003). Furthermore, the study also observes significant OR 
when DFI was measured by TUNEL as compared to SCSA. Osman et al. [81] con-
ducted a meta-analysis of six studies to evaluate the relationship between the extent 
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of sperm DNA damage and live-birth rate (LBR) per couple. Overall, they found a 
significant increase in LBR (RR 1.17, 95% CI 1.07–1.28; P = 0.0005) in couples 
with low sperm DNA fragmentation compared to those with high sperm DNA frag-
mentation. After IVF and ICSI, men with low sperm DNA fragmentation had sig-
nificantly higher LBR (RR 1.27, 95% CI 1.05–1.52; P = 0.01) and (RR 1.11, 95% 
CI 1.00–1.23, P = 0.04), respectively. A sensitivity analysis observed no statistically 
significant difference in LBR between low and high sperm DNA fragmentation 
when ICSI treatment was used (RR 1.08, 95% CI 0.39–2.96; P = 0.88). High sperm 
DNA fragmentation in couples undergoing ART is associated with lower LBR. The 
most recent and extensive meta-analytical report [104] identified 41 articles (with a 
total of 56 studies) including 16 IVF studies, 24 ICSI studies, and 16 mixed (IVF + 
ICSI) studies. These studies measured DNA damage (by one of four assays: 23 
SCSA, 18 TUNEL, 8 SCD, and 7 Comet) and included a total of 8068 treatment 
cycles (3734 IVF, 2282 ICSI, and 2052 mixed IVF + ICSI). The combined OR of 
1.68 (95% CI: 1.49–1.89; P < 0.0001) indicates that sperm DNA damage affects 
clinical pregnancy following IVF and/or ICSI treatment. In addition, the combined 
OR estimates of IVF (16 estimates, OR = 1.65; 95% CI: 1.34–2.04; P < 0.0001), 
ICSI (24 estimates, OR = 1.31; 95% CI: 1.08–1.59; P = 0.0068), and mixed IVF + 
ICSI studies (16 estimates, OR = 2.37; 95% CI: 1.89–2.97; P < 0.0001) were also 
statistically significant. Moreover, a strong negative association was observed 
between sperm DNA damage and clinical pregnancy (with a statistically significant 
combined OR estimate) utilizing assays that measure sperm DNA damage directly 
(TUNEL and Comet assays) than those measured indirectly (SCSA and SCD assay).

Contrary to the above studies, a systematic review and meta-analysis [105] eval-
uated 13 relevant studies with 18 estimates of the diagnostic test properties of sperm 
DNA integrity tests in 2162 cycles of treatment. The summary diagnostic OR was 
1.44 (95% CI, 1.03, 2.03), but the likelihood ratios (LR) were not predictive of 
pregnancy outcome (LR+ = 1.23; 95% CI, 0.98, 1.54; LR− = 0.81; 95%CI, 0.67, 
0.98). Thus, the above meta-analysis shows that neither SCSA, NT, nor TUNEL 
was predictive of IVF/ICSI outcome. Recently, Zhang et al. [106] included about 20 
studies for a meta-analysis and proposed that infertile couples were more likely to 
get pregnant if DFI was less than threshold value (i.e. >27% and 15–27% group, 
combined overall OR (95% CI) = 1.437 (1.186–1.742), 1.639 (1.093–2.459) respec-
tively). However, the predication value of DFI for IVF or ICSI outcome could not 
be confirmed.

22.11  �Making the Right Choice

With a handful of DNA assessment assays with different levels of efficacy to iden-
tify sperm DNA damage, both the patient and physician can be frustrated. It is still 
noteworthy to mention that irrespective of the low predictive power of sperm DNA 
testing, clinicians counsel their patients depending upon the knowledge gained 
through several clinical trials. That is, for couples planning their first pregnancy, test 
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of sperm DNA damage (especially SCSA) is a good predictor of negative pregnancy 
outcome. The level of DNA fragmentation would help them to know their potential 
for natural fertility and opt for ART if needed [7]. Moreover, if evaluated in men 
before ART, sperm DNA abnormalities would likely identify the cause of infertility 
in a large percentage of patients. DNA tests like SCSA would help the infertile 
couples to go for intrauterine insemination (IUI) as the first-line treatment for unex-
plained infertility [96]. However, if the male partner has high levels of sperm DNA 
damage, the couples should consider advanced forms of assisted reproduction (IVF 
or ICSI) to achieve a pregnancy. Moreover, couples facing recurrent miscarriages 
post ART should be advised to check their sperm DNA integrity. When high DFI is 
detected (>30%), ICSI using testicular spermatozoa was an effective option particu-
larly for those with repeated ART failures in terms of clinical, ongoing pregnancies 
and miscarriages even though conventional sperm parameters are within normal 
range. Recently, Pabuccu et  al. [107] took normozoospermic subjects with high 
sperm DFI facing previous ART failures. They studied the pregnancy rates of tes-
ticular aspirated sperm (TESA sample) vs. ejaculated spermatozoa (EJ) in those 
subjects. They found that clinical (41.9% versus 20%) and ongoing pregnancy rates 
(38.7% versus 15%) were significantly better and miscarriages were lower in TESA 
group when compared to EJ group. The authors recommended sperm DFI to be a 
part of male partner’s evaluation following unsuccessful ART attempts.

22.12  �Conclusion

Conventional semen parameters remain the epitome for assessment of the fertility 
potential in males opting for ART. However, their utility in predicting reproductive 
success is questionable. In contrast, sperm DNA damage has been associated with a 
significantly increased risk of pregnancy loss post IVF and ICSI, as evidenced from 
the documented literature. Ambiguity over the influence of female factors can be 
minimized by ovum donation. Despite our limited knowledge about the possible 
mechanisms involved in miscarriage caused by DNA damage, the contribution of the 
paternal genome in miscarriages cannot be underestimated. Studies have shown that 
when the paternal genes are ‘switched on’, the deleterious consequences of frag-
mented paternal DNA became evident pausing further embryonic development.

Moreover, the ability of the oocyte to repair DNA damage in the fertilizing sper-
matozoon is going to depend not only on the severity but also on the type of damage. 
In general, single-stranded DNA damage is easier to repair than double-stranded 
DNA damage [19]. The failure of meta-analysis interpretations to address the con-
troversial association between DFI and ART outcome could be based on the ratio-
nale that mostly the assays for sperm DNA fragmentation were performed on raw 
semen samples. These samples would contain a high percentage of immotile, nonvi-
able, or degenerated sperm with abnormal chromatin. On the contrary, the proce-
dures followed for sperm preparation may not directly affect the integrity of the 
DNA but increase the susceptibility of the DNA to damage. The significant 
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limitations (methodological and design weakness) of the sperm DNA studies war-
rant further research on the predictive value of sperm DNA fragmentation on preg-
nancy outcomes after ART.
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Chapter 23
Sperm DNA Tests Are Clinically Useful: Pro

Luke Simon, Douglas T. Carrell, and Armand Zini

23.1  �Introduction

Sperm is a vehicle that aids the transport of the haploid paternal genome to the 
oocyte. The delivery of intact and complete genetic material to the oocyte is required 
for normal embryonic development [1]. To facilitate this process, the sperm nucleus 
is equipped with a unique design of nuclear architecture, where the nuclear proteins 
are replaced by smaller and positively charged protamines that allow the chromatin 
to form a compact structure [2]. During sperm nuclear structural reorganization, the 
sperm loses its cytoplasm, which provides the sperm its streamline nature and facili-
tates movement through the male and female reproductive tract. On the other hand, 
the lack of cytoplasm leaves the nucleus vulnerable and unprotected against the free 
radicals [3]. The seminal plasma not only acts as a medium for the sperm to swim 
in but also scavenges the free radicals to minimize the effect of oxidative stress-
mediated DNA damage [4].

Despite such precaution, DNA fragmentation is common and is believed to 
be a property of all sperm. However, the level of DNA damage may vary from 
one sperm to another [5]. DNA damage occurring in sperm can be the result of 
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intrinsic factors where poor organization of sperm chromatin leaves the sperm 
vulnerable to oxidative stress-mediated DNA damage [1]. Studies have sug-
gested that there may be a cascade of events that starts with seminal oxidative 
stress leading to DNA base modifications and DNA fragmentation resulting in 
apoptosis of sperm [6, 7]. Other factors such as medication, heat, radiation, etc. 
are some of the extrinsic factors also known to cause sperm DNA damage [8–
11]. Either way, sperm lacks any DNA repair mechanism to fix the fragmented 
DNA, and therefore the damage occurring to sperm DNA is believed to be an 
irreversible process.

Most commonly studied damage to the sperm chromatin are the single- and 
double-strand breaks, commonly known as DNA fragmentation. A number of tests 
are now available to measure the level of sperm DNA fragmentation rates. Of these 
methods, the single-cell gel electrophoresis (commonly called as the comet assay) 
and the terminal deoxynucleotide transferase-mediated dUTP nick-end labeling 
(TUNEL) assays more directly measure the level of DNA fragmentation. Whereas, 
the sperm chromatin dispersion (SCD) assay (commonly called as the halo test) and 
sperm chromatin structure assay (SCSA) are known to indirectly measure the level 
of DNA fragmentation in sperm. Each of these tests measure different aspects of 
DNA fragmentation in sperm.

23.2  �Effect of Sperm DNA Fragmentation on Clinical 
Outcomes: Literature Review

The comprehensive review of the published literature yielded 88 articles for 
systematic review, following exclusion of overlapping data, inappropriate sam-
pling method, assays that are less commonly used (neutral comet assay, in situ 
nick translation assay and acridine orange slide-based staining method), and 
studies with insufficient data. The studies included for systematic review 
involved DNA fragmentation assays using TUNEL assay (34 studies), SCSA 
(31 studies), comet assay (12 studies), and SCD assay (11 studies). Based on the 
treatment types, these studies involve IUI (11 studies), IVF (28 studies), ICSI 
(33 studies), and IVF+ICSI mixed (17 studies). 42 studies were identified that 
compared fertile and infertile men using the abovementioned assays. Sixty-
seven of the abovementioned studies provided sufficient data to construct two-
by-two table to perform a meta-analysis, and the data of meta-analysis was 
recently published [12]. Among these studies, there were differences in defini-
tion of threshold values for DNA damage assays, study design, lack of control 
for female factors, small sample size, diverse patient group, insufficient statisti-
cal power, non-consecutive recruitment of patients, and variations in the proto-
cols used to measure DNA fragmentation, and in some studies the selection of 
subjects were not clearly stated.

L. Simon et al.
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23.2.1  �Is Sperm DNA Fragmentation Associated with Male 
Fertility?

A number of studies have compared DNA fragmentation between fertile and infer-
tile men [13–21]. Overall, DNA fragmentation is more prevalent in the sperm of 
infertile men and may contribute to their declined fertility status. In addition, chro-
mosomal abnormalities were shown to be increased in these patients [22, 23]. An 
increase in the level of DNA fragmentation in infertile men can be attributed to 
abnormal histone to protamine exchange [24], abnormal protamine content and 
ratio [25], and reduced antioxidant activity in the seminal plasma [26, 27]. A study 
examining the effect of DNA fragmentation on male fertility among first-pregnancy 
planners with no previous knowledge of their fertility capability suggested that 
fecundity declined with an increase in sperm DNA fragmentation, indicating the 
necessity of normal sperm chromatin for the expression of full male fertility poten-
tial [28]. Overall, the existing literature suggests a negative impact of sperm DNA 
fragmentation on male reproductive health.

23.2.2  �Can Sperm DNA Fragmentation Predict Intrauterine 
Insemination (IUI) Success?

We identified ten studies that analyzed the association between sperm DNA frag-
mentation with IUI outcome. A total of 1673 IUI cycles were analyzed using SCSA 
(seven studies), TUNEL (two studies), and SCD (one study) assays. The results 
from five of the seven studies by SCSA [18, 29–32] and one study using the TUNEL 
assay [33] suggested a significant statistical difference in the level of sperm DNA 
fragmentation between the clinically pregnant and nonpregnant groups. Conclusive 
results were not reported in two studies using SCSA [34, 35], while no correlations 
were reported in two studies: using TUNEL assay [36] and using SCD assay [37].

Data was available to construct a two-by-two table from six of the seven studies 
performed using SCSA (except for Alkhayal et  al. [35]—data not available). A 
meta-analysis was performed on five studies (Bungum et  al. [29]—overlapping 
study was excluded) consisting of 1135 IUI cycles and with an overall pregnancy 
rate of 18.23%, resulted in an odds ratio of 5.61 (CI: 2.59–12.16; Z statistics: 4.37; 
p < 0.0001) and relative risk of 1.17 (CI: 1.12–1.22; p < 0.0001) indicating a strong 
association between sperm DNA fragmentation and IUI outcome (unpublished 
data). The positive and negative predictive values were 96.0% and 15.9%, respec-
tively. This model provided a low sensitivity (16%) but high specificity (93%) val-
ues. In conclusion, this meta-analysis showed a slight but significant predictive 
ability of DNA fragmentation assay (SCSA) to predict IUI success, and this is in 
contrast to recommendations provided by the Practice Committee of the American 
Society for Reproductive Medicine [38], which included four of the ten studies 
presented above for their analysis.
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23.2.3  �Is Sperm DNA Fragmentation Associated 
with Fertilization In Vitro?

We identified 67 eligible articles that analyzed sperm DNA fragmentation with 
assisted reproductive treatment (ART) outcomes, of which 15 did not have data 
associating fertilization rate with sperm DNA fragmentation. The 52 eligible arti-
cles included 73 studies (25 IVF, 31 ICSI, and 17 mixed IVF+ICSI studies) and 
involved 8590 treatment cycles (2997 IVF, 2470 ICSI, and 3123 mixed IVF+ICSI 
cycles). Twenty-eight of the 73 studies (13 TUNEL, 5 SCSA, 6 SCD, and 4 comet) 
reported a significant inverse relationship between sperm DNA damage and fertil-
ization rate, whereas the other 45 studies (16 TUNEL, 18 SCSA, 6 SCD, and 5 
comet) showed no significant relationship between these parameters (Table 23.1).

Although we did not perform a formal meta-analysis, our systematic review of 
studies on sperm DNA fragmentation and fertilization rate after IVF and/or ICSI 
demonstrated that 38% (28/73) of the studies reported a significant inverse rela-
tionship between the two parameters. We found that a higher proportion of the 
IVF studies (60% or 16/25) reported a significant inverse relationship between 
sperm DNA fragmentation and fertilization rate than the ICSI (23% or 7/31) and 
mixed IVF+ICSI studies (35% or 6/17) (Table 23.1). A complete description of 
studies associating sperm DNA fragmentation with fertilization rate is presented 
in Table 23.2.

It is known that sperm progressive motility and sperm DNA fragmentation are the 
two most important sperm factors to affect IVF rate [39]. Indeed, there is an associa-
tion between sperm DNA fragmentation and progressive motility [40–45], and this 
may explain the influence of these two parameters on IVF rates. A possible explana-
tion for fertilization failure could be that sperm with abnormal chromatin may not 
properly decondense after penetrating the oocyte, and this can prevent development 
of the pronuclear stage [46–48]. The differential adverse effect of sperm DNA frag-

Table 23.1  Summary of studies associating sperm DNA fragmentation with fertilization rate

Fertilization rate

IVF ICSI IVF+ICSI
Studies 
(n)

Cycles 
(n)

Studies 
(n)

Cycles 
(n)

Studies 
(n)

Cycles 
(n)

Studies reporting no effect 10 1327 24 1831 11 1640
 � TUNEL 5 461 9 460 2 291
 � SCSA 5 866 8 805 5 811
 � SCD 0 0 3 323 3 478
 � Comet 0 0 4 243 1 60
Studies reporting adverse 
effect

15 1670 7 639 6 1483

 � TUNEL 7 810 5 543 1 238
 � SCSA 1 111 2 96 2 300
 � SCD 4 387 0 0 2 707
 � Comet 3 362 0 0 1 238

L. Simon et al.
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mentation on IVF and ICSI fertilization may be due to the fact that conventional IVF 
occurs “naturally” as a result of sperm-oocyte interaction, whereas during ICSI treat-
ment this natural selection process is bypassed [49]. With ICSI, the embryologist 
manually selects morphologically normal and motile sperm [50], which may increase 
the probability of selecting sperm with low DNA fragmentation [51], as negative 
correlations between these parameters have been reported [33, 40–42, 52–57]. The 
differential effect of sperm DNA fragmentation on IVF and ICSI fertilization may 
also be influenced by the atypical (delayed) sperm nuclear decondensation that 
occurs after ICSI [58]. These results presented here are also in agreement with the 
meta-analysis [59], showing that ICSI fertilization rates are higher than IVF rates in 
patients with unexplained infertility and in normozoospermic men presented with 
increased sperm DNA fragmentation [45, 60, 61]. In conclusion, sperm DNA frag-
mentation may be associated with IVF rate but not with ICSI fertilization rates.

23.2.4  �Does Sperm DNA Fragmentation Decrease Embryo 
Quality?

We identified 67 eligible articles that analyzed sperm DNA fragmentation with ART 
outcomes, of which 22 articles did not have data associating embryo quality with 
sperm DNA fragmentation. The 45 eligible articles included 62 studies (22 IVF, 24 
ICSI, and 16 mixed IVF+ICSI studies) and involved 9055 treatment cycles (3957 
IVF, 2409 ICSI, and 2689 mixed IVF+ICSI cycles). Embryo markers such as 
embryo grade (33 studies), embryo development (20 studies), fragmentation (3 
studies), combined embryo grade and development (4 studies), multinucleation (1 
study), and embryo cleavage rate (1 study) were used to determine embryo quality 
in these studies. In 34% (21/62) of the studies (5 TUNEL, 4 SCSA, 7 SCD, and 7 
comet), a significant inverse relationship between sperm DNA fragmentation and 
embryo quality was reported, whereas the remaining 41 studies (18 TUNEL, 14 
SCSA, 7 SCD, and 2 comet) showed no significant relationship between these 
parameters.

Embryo quality was assessed on day 2 or 3 in 48 studies (15 TUNEL, 16 SCSA, 
9 SCD, and 8 comet) and on day 5 in 13 studies (5 TUNEL, 5 SCSA, 2 SCD, and 1 
comet). Of the 62 studies, 36% of IVF studies (8/22), 21% of ICSI studies (5/24), 
and 50% of mixed IVF+ICSI studies (8/16) reported a significant correlation 
between sperm DNA damage and embryo quality (Table 23.3). When the studies 
were analyzed for embryo markers, delayed embryo development was associated 
with sperm DNA fragmentation in 37.5% of the studies (9/24), whereas an associa-
tion between sperm DNA fragmentation and embryo grade was reported in 27.0% 
of studies (10/37). Studies involving the alkaline comet assay (78%) reported an 
adverse effect, whereas 22% of TUNEL, 22% of SCSA, and 42% of SCD reported 
adverse effect of sperm DNA fragmentation on embryo quality. A complete 
description of studies associating sperm DNA fragmentation with embryo quality is 
presented in Table 23.2.
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These results presented here are consistent with an earlier systematic review, 
reporting no clear relationship between sperm DNA damage and embryo quality 
[62]. Although experimental models (where there is diffuse and uniform sperm 
DNA fragmentation) show that sperm DNA fragmentation can have a profound 
effect on the developing IVF embryo [63, 64], this cannot be translated to human 
studies, where a wide spectrum of sperm DNA fragmentation is observed within an 
ejaculate [5, 65] and the quality of the sperm fertilizing the oocyte is unknown. 
This analysis reported a slightly higher proportion of the IVF studies (36%) and 
reported an association between sperm DNA damage and embryo quality than the 
ICSI studies (21%), although a statistical comparison is not possible due to the 
heterogeneity of these studies.

A higher proportion of the evaluable studies reported an association between 
sperm DNA fragmentation and embryo development (37.5%) than between sperm 
DNA fragmentation and embryo quality (27%). Embryos with a faster cleavage rate 
are more likely to develop into a blastocyst [66–69] and result in a successful preg-
nancy following transfer [70]. It is possible that extensive sperm DNA fragmenta-
tion could affect normal embryonic development [71, 72] by interfering with a 
variety of cellular processes, including DNA repair mechanisms, transcription, and 
cell cycle control [73, 74].

We observed a differential association between sperm DNA fragmentation and 
embryo quality, when the studies were segregated into groups based on the type of 
DNA fragmentation measurement assays. Sperm DNA fragmentation detected by the 
alkaline comet assay was associated with poor embryo quality in 78% of the studies 
compared to other assays. This association may be due to the increased sensitivity of 
the comet assays, where both single- and double-strand breaks are measured [75] and 
the intensity of broken DNA in the comet tail is directly proportional to the level of 
actual damage [76]. Although the TUNEL assay estimates DNA fragmentation 
directly, the unique organization of the sperm DNA [2] and the lack of a decondensa-
tion step to remove the protamines during the TUNEL protocol may result in the 

Table 23.3  Summary of studies associating sperm DNA fragmentation with embryo quality

Embryo quality

IVF ICSI IVF+ICSI
Studies 
(n)

Cycles 
(n)

Studies 
(n)

Cycles 
(n)

Studies 
(n)

Cycles 
(n)

Studies reporting no effect 14 3171 19 1925 8 1000
 � TUNEL 6 708 9 671 3 529
 � SCSA 5 965 5 574 4 379
 � SCD 3 1498 3 542 1 92
 � Comet 0 0 2 138 0 0
Studies reporting adverse 
effect

8 846 5 424 8 1689

 � TUNEL 2 318 2 254 1 49
 � SCSA 1 60 2 142 1 249
 � SCD 1 66 0 0 4 1093
 � Comet 4 402 1 28 2 298
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measurement of peripheral DNA damage rather than complete DNA fragmentation, 
thereby reducing the sensitivity of the assay. In conclusion, there is no consistent rela-
tionship between sperm DNA fragmentation and embryo quality (including embryo 
development); however the relationship between the two parameters may be associ-
ated with the ability of the assay to determine both single- and double-strand breaks.

23.2.5  �Can Sperm DNA Fragmentation Predict ART Success?

An extensive review of the existing literature and meta-analysis of studies testing 
the effect of DNA fragmentation on ART treatment was recently published by 
Simon et al. ([12], published online, ahead of print). In this meta-analysis (56 stud-
ies), clinical pregnancy was analyzed in 3734 IVF treatment cycles from 16 studies, 
2282 ICSI treatment cycles from 24 studies, and 2052 mixed IVF+ICSI treatment 
cycles from 16 studies. An overall relationship between sperm DNA fragmentation 
and clinical pregnancy outcome from 56 studies (including 8068 ART cycles) sup-
ported a strong and significant association between the two parameters (odds ratio 
(OR) = 1.68; 95% CI, 1.49–1.89; P < 0.0001) [12].

The relationship between sperm DNA fragmentation and clinical pregnancy out-
come were analyzed based on the type of treatment. A significant association 
between sperm DNA fragmentation and clinical pregnancy was observed for IVF 
treatment (OR = 1.65; 95% CI, 1.34–2.04; P < 0.0001), ICSI treatment (OR = 1.31; 
95% CI, 1.08–1.59; P = 0.0068), and combined IVF+ICSI treatment (OR = 2.37; 
95% CI, 1.89–2.97; P < 0.0001) [12]. The association between sperm DNA frag-
mentation and clinical pregnancy outcome was analyzed by assay type. The analysis 
with TUNEL assay studies (n = 2098 cycles from 18 studies; OR = 2.22; 95% CI, 
1.61–3.05; P  <  0.0001), SCD assay studies (n  =  2359 cycles from 8 studies; 
OR  =  1.98; 95% CI, 1.19–3.3; P  =  0.0086), and alkaline comet assay studies 
(n = 798 cycles from 7 studies; OR = 3.56; 95% CI, 1.78–7.09; P = 0.0003) all 
showed a strong association between the two parameters. However, this was not the 
case with SCSA studies (n = 2813 cycles from 23 studies; OR = 1.22; 95% CI: 
0.93–1.61; P = 0.1522) [12]. The meta-analysis was performed using the fixed and 
random effect models (Table 23.4).

Previous published meta-analysis [38, 77–79] has concluded that there is very little 
data to show a relationship between sperm DNA fragmentation and clinical pregnancy 
outcomes. However, the recent meta-analysis drawn across 56 eligible studies [12] 
reported a strong and a significant association between the two parameters. Overall, 
irrespective to the type of treatment or the method of analysis, the sensitivity and 
specificity of sperm DNA testing to predict clinical pregnancies were 32.6% and 
76.4%, respectively, while the positive and negative predictive values to predict a 
clinical pregnancy were 71.2% and  38.8%, respectively. Although, we observe an 
increase in the positive and negative predictive values using the alkaline comet assay 
(81.7% and 46.8%, respectively), the overall predictive value suggests a moderate but 
significant association between sperm DNA fragmentation and clinical pregnancy.
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In conclusion, the updated meta-analysis [12] reported a modest but significant 
association between sperm DNA damage and clinical pregnancy rate in all three 
ART treatment groups (IVF, ICSI, and mixed IVF+ICSI studies) with a variable 
effect according to the type of sperm DNA assay. One explanation for a moderate 
relationship between the two parameters may be due to patient inclusion factors. 
Most of the studies have included couples with female factors, and therefore the 
effect of sperm DNA damage on pregnancy outcome is compromised by female 
infertility factors [19]. Specifically, in the studies [56, 80–82] more than half of the 
couples had been diagnosed with female infertility. Whereas, in studies where 
patients with female infertile factor were eliminated, the odds to predicting a suc-
cessful pregnancy have significantly increased irrespective to the type of DNA frag-
mentation testing method [19, 83]. In conclusion, the adverse effect of sperm DNA 
fragmentation on clinical pregnancies is observed in both IVF and ICSI treatments; 
however, the odds to predict a clinical pregnancy may vary according to the type of 
assay used to measure sperm DNA fragmentation.

23.2.6  �Is Sperm DNA Fragmentation Associated 
with Pregnancy Loss?

The existing data associating sperm DNA fragmentation with spontaneous pregnancy 
loss is limited, yet a negative impact of DNA fragmentation on miscarriage following 
ARTs is observed in most studies. A meta-analysis [84] analyzed the association of 
these two parameters by identified 16 articles which included seven articles involving 
SCSA [14, 30, 34, 55, 85–87], six articles involving TUNEL assay [40, 41, 81, 88–
90], two articles involving comet assay [61, 65], and one article involving acridine 
orange slide-based staining method [91]. These articles included 14 ICSI studies and 
11 IVF studies comprising 2969 couples undergoing ART treatment resulting in 1252 
pregnancies and 225 spontaneous pregnancy losses [84].

The results of the meta-analysis [84] suggested a significant increase in miscar-
riage in patients with high DNA damage compared with those with low DNA dam-
age (Relative risk (RR), 2.16; 95% CI, 1.54–3.03; P < 0.0001). The meta-analysis 
also reported a strong association of DNA fragmentation measured by SCSA and 
TUNEL assays with miscarriages, while that of comet and acridine orange assays 
did not reach a statistical significance. The impact of DNA fragmentation on 
miscarriages was observed when DNA fragmentation was measured in the raw 
semen (RR, 1.65; 95% CI, 1.66–2.33; P < 0.0001) as well as the density gradient 
prepared subpopulation (RR, 3.47; 95% CI, 2.13–5.63; P < 0.0001; [84]). Earlier 
meta-analysis [92] also reported a positive impact of sperm DNA fragmentation on 
spontaneous pregnancy loss.

Aspects involving spontaneous pregnancy loss are not well understood. However, 
both maternal and paternal factors are known to be associated with pregnancy loss 
[93]. The negative impact of sperm DNA fragmentation is more pronounced in ani-
mal models where this leads to abnormal embryo development, reduced implanta-
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tion rate, and frequent pregnancy loss [63, 64, 94]. Such prolonged effect of sperm 
DNA fragmentation, also known as the late paternal effect [95], may be in part due 
to the inability of the oocyte to repair the damaged sperm chromatin when it exceeds 
the threshold value [72]. In conclusion, the findings of the recent meta-analysis sug-
gest that sperm DNA fragmentation is positively associated with pregnancy loss 
after IVF and ICSI treatments [84].

23.3  �Clinical Value of Tests of Sperm DNA Fragmentation

The evidence based on the current literature search supports the fact that there is an 
influence of sperm DNA fragmentation on male reproductive health, and sperm DNA 
testing could be incorporated into routine clinical use [96], although some clinical 
reviews and meta-analyses do not support the clinical use of sperm DNA fragmentation 
[78, 97]. Despite controversies, in recent years there has been a marked increase in the 
commercial sperm DNA testing for clinical use. In the following sections, we will dis-
cuss some of the evidence in support of the use of sperm DNA testing in infertile men.

23.3.1  �Sperm DNA Fragmentation as a Biomarker

DNA fragmentation is a common property of the sperm. Once the damage occurs, 
the sperm lacks any mechanism to fix it, and therefore the fragmentation occurring 
to sperm chromatin is a permanent change. Sperm DNA fragmentations is showed 
to be higher in patients with infertility issues [13–21] and associated with abnormal 
semen parameters [33, 40–42, 44, 52, 55, 56, 86]. Studies on time to pregnancy have 
suggested that sperm DNA fragmentation is an excellent predictor of natural con-
ception [14, 28]. Sperm DNA fragmentation is associated with advanced male age 
[34], exposure to environmental toxins [98, 99], in cancer patients and treatments 
[65, 100–102], and infertility conditions such as varicocele [18, 103–105]. Sperm 
DNA fragmentation is also a useful biomarker for various end points during ARTs, 
such as fertilization rate [41, 43, 106, 107], embryo quality [44, 87, 108], embryo 
development [41, 65, 109], clinical pregnancy [81, 82, 106, 107], miscarriage [41, 
55, 81], and live birth [61, 81, 110]. In conclusion, sperm DNA fragmentation can 
be used as a biomarker independent of semen parameters.

23.3.2  �Diagnosis of Male Infertility

Male factor infertility is the primary cause of infertility in approximately 20–30% 
of infertile couples. Male factor infertility is contributing factor in another 30–40% 
of infertile couples in addition to female factors [111, 112]. Thus, male factor 
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infertility is present in half of all couples with infertility issues. To date, the routine 
method of male factor infertility diagnosis is based on traditional semen analysis 
[113]. Recently, it is estimated that approximately 15–20% of men with infertility 
issues have a normal semen analysis profile [114], and therefore a definitive diagno-
sis of male infertility cannot be performed only on the basis of semen analysis. A 
number of studies comparing sperm DNA fragmentation status between fertile and 
infertile men [13–18, 20, 21, 115] have suggested that DNA fragmentation could be 
a useful biomarker for male infertility diagnosis. Although, sperm DNA fragmenta-
tion is correlated with abnormal semen parameters such as sperm concentration, 
motility, and morphology [33, 40, 41, 44, 52, 55, 56, 86, 116], this is not a consistent 
finding in all studies [65, 81, 88, 91, 117–119]. Therefore, sperm DNA fragmenta-
tion can be considered an independent factor of male infertility and should be used 
together with the semen analysis as an added parameter to diagnose the status of 
male reproductive health.

23.3.3  �Counseling Infertile Couples Prior to Initiating 
Infertility Treatment

As discussed earlier, the structure and stability of the sperm chromatin are 
important for male fertility and normal in  vitro fertilization. In a study by 
Evenson et al. [14], using the sperm chromatin structure assay, DNA fragmenta-
tion above the threshold value of 30% is associated with a significant reduction 
in male infertility potential, and the time to pregnancy in  vivo is longer in 
patients with DNA fragmentation >30% compared to <20%. The likelihood of 
achieving a natural pregnancy is significantly lower when DNA fragmentation 
is greater than 30% [120]. Another study examining the effect of DNA fragmen-
tation among first-pregnancy planners with no previous knowledge of their fer-
tility capability suggested that fecundability declined with an increase in sperm 
DNA fragmentation [28]. These reports summarize that when DNA fragmenta-
tion exceeds the threshold value, then male fertility is significantly reduced [14, 
28]. Therefore, in couples who are planning for first pregnancy, the DNA frag-
mentation assay is a good predictor of male fertility potential and negative preg-
nancy outcomes. In couples where the male partner has extensive DNA 
fragmentation, counseling to improve their reproductive health and strategies to 
reduce the level of sperm DNA fragmentation should be provided (Grade B 
recommendation).

Sperm DNA testing can also be useful in another area of pretreatment coun-
seling involving IUI treatment. A meta-analysis performed in this chapter 
(unpublished data) involving all the available studies using SCSA [18, 30–32, 
34] reported a positive  predictive value of 96% when DNA fragmentation is 
above the threshold (30%), while the sensitivity of the assay was 16%. In cou-
ples with high sperm DNA fragmentation, assisted reproduction (IVF or ICSI) 
should be considered.
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23.3.4  �Counseling Infertile Couples Planning to Choose 
Assisted Treatment

The question still remains whether ICSI would be a beneficial treatment of choice if 
the male partner presents with an increased level of sperm DNA fragmentation. An 
increase in success rate following ICSI [121, 122] may be attributed to a lower pro-
portion of female factor infertility, where improved oocyte quality would be associ-
ated with a better DNA repair capability of the oocytes when fertilized with DNA 
fragmented sperm [123]. It can also be postulated that selection of physiologically 
motile and morphologically normal sperm for ICSI insemination [50] by the embry-
ologists increases the probability of choosing sperm with low DNA fragmentation. 
In such conditions, the probability of selecting sperm with relatively low DNA frag-
mentation is higher compared to the overall sperm population as these factors (nor-
mal morphology and progressive motility) are inversely correlated with sperm DNA 
fragmentation [19, 33, 40–42, 44, 52–54, 124].

We performed a literature search to identify studies that simultaneously performed 
sperm DNA fragmentation assays (SCSA, TUNEL, SCD, and comet assays) on 
patients undergoing IVF and ICSI inseminations. We identified 23 studies that fit this 
criterion, following elimination of studies using mixed (IVF and ICSI combined) 
patient group. Of the 23 studies, 18 studies compared the effect of sperm DNA frag-
mentation with clinical pregnancy outcome following IVF and ICSI treatments. The 
relationship between sperm DNA fragmentation (above and below the threshold 
value) and clinical pregnancies (after IVF vs. ICSI insemination) was analyzed by 
two-by-two table obtained from 15 studies [19, 30, 31, 34, 40, 41, 54, 55, 61, 85, 105, 
119, 125–127], while data was not available for three studies [128–130]. This analysis 
included 5564 treatment cycles from 3853 IVF cycles and 1711 ICSI cycles (unpub-
lished data). Pregnancy rates were comparable between IVF and ICSI treatment when 
DNA fragmentation was below the threshold value, 34.19% for IVF and 37.15% for 
ICSI treatment (Chi Sq. = 2.847; df = 1; p = 0.0915). However, when the clinical 
pregnancies were analyzed when sperm DNA fragmentation was above the threshold 
value, then ICSI had a higher clinical pregnancy rate (32.14%) compared to IVF 
(16.41%) treatment (Chi Sq. = 20.815; df = 1; p < 0.0001). As expected the clinical 
pregnancy rates were higher in both IVF and ICSI treatments when sperm DNA frag-
mentation is below the threshold value (unpublished data).

A comprehensive large study by Simon et al. [72], comparing the quality of 2210 
embryos (observed on day 2, 3, and 5) obtained from IVF and ICSI insemination at 
different levels of sperm DNA fragmentation, reported that the quality of ICSI 
embryos are significantly higher than IVF embryos when patients are presented with 
high sperm DNA fragmentation (Table 23.5). The literature presented above provides 
sufficient evidence to show that ICSI treatment is not affected by the level of sperm 
DNA fragmentation. In fact, the ICSI treatment resulted in twice the amount of preg-
nancies compared to IVF treatment when the DNA fragmentation was above the 
threshold value. A meta-analysis reported no difference in miscarriage rates following 
IVF or ICSI treatments when sperm DNA fragmentation is above the threshold value 
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[84]. It can be argued that the outcomes following ICSI treatment may depend on the 
oocyte quality, where the negative impact of high DNA fragmentation on ART out-
comes can be overcome by good quality oocytes that are able to repair the fragmented 
sperm DNA [131]. Since the success of ARTs has great emotional, financial, and age-
related consequences for the couple, the selection of an appropriate treatment (IVF or 
ICSI) may favor the patient’s success.

Based on the results of our meta-analysis [12], the data suggest that tests of 
sperm DNA damage may provide some predictive value in the context of IVF, ICSI, 
and mixed IVF + ICSI. An analysis of the 16 IVF studies (with a median pregnancy 
rate of 32%) revealed a median PPV of 79% and median NPV of 35%. This means 
that in populations with an overall IVF pregnancy rate of 32%, sperm DNA tests can 
discriminate between IVF pregnancy rates of 21% (positive test) and 35% (negative 
test), which represent a clinically important difference in pregnancy rate. An analy-
sis of the 24 ICSI studies (with a median pregnancy rate of 36%) revealed a median 
PPV of 64% and median NPV of 40%. In the context of ICSI, sperm DNA tests can 
discriminate between ICSI pregnancy rates of 36% (positive test) and 40% (nega-
tive test), which is a small difference of modest clinical value. With the 16 mixed 
(IVF + ICSI) studies, we observed a median PPV of 70% and median NPV of 50%, 
suggesting that in populations with an overall mixed (IVF + ICSI) pregnancy rate of 
44%, sperm DNA damage assessment can discriminate between mixed (IVF + 
ICSI) pregnancy rates of 30% (positive test) and 50% (negative test), a notable dif-
ference in pregnancy rate of important clinical value. Therefore, couples with high 
sperm DNA fragmentation and enrolled in an IVF treatment cycle should proceed 
to ICSI rather than IVF (Grade C recommendation).

23.3.5  �As a Biomarker for Reproductive Toxicological Studies

Sperm are particularly vulnerable to xenobiotic action which can result in DNA 
damage [132]. The exposure to xenobiotics can be classified into three major types 
such as occupational exposure, environmental exposure, and pharmacological 
exposure. Studies have shown that sperm DNA fragmentation is higher among coke 

Table 23.5  Comparison of embryo quality between IVF and ICSI insemination methods at three 
levels of sperm DNA fragmentation

Embryo quality Level of sperm DNA fragmentation
Observation day Quality Low (<30%) Intermediate (31–70%) High (>71%)

Two Good IVF = ICSI IVF ↓ + ICSI ↑ IVF ↓ + ICSI ↑
Poor IVF ↑ + ICSI ↓ IVF ↑ + ICSI ↓ IVF ↑ + ICSI ↓

Three Good IVF = ICSI IVF ↓ + ICSI ↑ IVF = ICSI
Poor IVF ↑ + ICSI ↓ IVF ↑ + ICSI ↓ IVF = ICSI

Five Good IVF = ICSI IVF ↓ + ICSI ↑ IVF = ICSI
Poor IVF ↑ + ICSI ↓ IVF ↑ + ICSI ↓ IVF = ICSI

L. Simon et al.
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oven workers in contact with polycyclic aromatic hydrocarbon exposure [133]. Oh 
et al. [134] had shown that there are elevated levels of DNA fragmentation among 
the waste incineration workers when compared with men from similar origin. Men 
working in the factories in contact with organic molecules such as styrene show a 
significant amount of increase in sperm DNA fragmentation [135]. Similarly, men 
working in the insecticide and pesticide industries have been proven to show 
increases in sperm DNA fragmentation [136, 137]. Other occupational exposure 
such as farmers exposed to insecticides is also known to significantly stimulate 
sperm DNA fragmentation [136, 137]. Workers exposed to organic chemicals are 
also reported to exhibit high levels of sperm DNA fragmentation [135].

Today, pharmacological exposure has become very common due to advances in 
molecular medicine, especially in the field of cancer. Pharmacological intervention 
for the treatment of diseases results in genotoxicity to sperm and male germ cells. 
Such exposures are genotoxic to the male germ cells and cannot be avoided. A well-
known example for such intervention is cyclophosphamide, which is used as che-
motherapeutic agents to treat cancer [138]. Environmental exposure to xenobiotics 
cannot be avoided in the present-day life because these pollutants are present along 
with food or water or air. Environmental estrogens and similar compounds are 
known  for their effect on male infertility and sperm DNA fragmentation [139]. 
Some of the other environmental pollutions that have the ability to induce DNA 
fragmentation are organo-chlorides [140], smog [98]. Aitken et al. [141] suggested 
that paternal exposure to xenobiotics not only results in genetic or epigenetic 
changes to the sperm but also causes adverse consequences for the offspring. 
Exposure to xenobiotics can result in high levels of sperm DNA fragmentation 
beyond the capacity of the oocyte to repair and can result in preimplantation failure 
[132]. Number of studies support the concept that exposure to xenobiotics can have 
a powerful impact on sperm DNA and its function. Therefore, sperm DNA testing 
may not only be useful to identify male reproductive health status but also is a 
method commonly used for toxicological studies (Grade C recommendation).

23.3.6  �Unexplained Infertility

We know that 25–30% of couples undergoing ARTs are diagnosed with unex-
plained infertility [142]. In these cases, men have no obvious history of fertility 
problems and physical conditions or endocrine issues, and the semen analysis 
results are normal [143]. The prevalence of high DNA fragmentation is showed in 
men with unexplained infertility [60, 144, 145]. In a study, when 147 unexplained 
infertile men were screened for sperm DNA fragmentation, 84% of these patients 
had DNA fragmentation above the 25% cutoff value used to determine fertile from 
infertile men [61]. Further analysis of the study [61] reported that approximately 
41% of men categorized with unexplained infertility issues have sperm DNA frag-
mentation above the threshold (52%) to obtain a clinical pregnancy following IVF 
treatment [61]. Similarly, another study using the SCSA reported that 26% of men 
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diagnosed with unexplained infertility had high DNA fragmentation index [60]. 
Feijo et  al. [145] reported that men with unexplained infertility have high level 
of sperm DNA fragmentation measured by SCD and TUNEL assays. More than 
60% of men with unexplained infertility are showed to have abnormal protamine 
profile [19], which could be a causative agent for increased sperm DNA fragmen-
tation [20]. These results suggest that to some extent sperm DNA fragmentation 
assays may help to identify men with fertility problems even when they are pre-
sented with normal semen analysis, as reported in unexplained infertility cases. 
Therefore, in men with unexplained infertility sperm, DNA testing can be used 
as additional marker of sperm quality to help in the counseling of these couples 
(Grade C recommendation).

23.4  �Why Sperm DNA Testing Is Not Routinely Used 
Clinically? “Sperm DNA Testing: Pro” Point of View

Sperm DNA test has been performed for more than 30 years. However, vast majority 
of the data associating the effect of sperm DNA fragmentation on clinical outcomes 
is published in the last 20 years. A recent literature search using terms related to 
“sperm DNA damage,” “sperm DNA fragmentation,” and “sperm DNA integrity,” 
along with “male infertility,” “ART,” “IVF,” and “ICSI” yielded more than 1300 
related articles. Despite a well-studied area of research, controversies do exist as to 
the effect of sperm DNA fragmentation on male infertility and assisted reproductive 
outcomes. The controversy is largely due to the fair quality of the available studies. 
In this section, we highlight few facts that would help the readers understand the 
discrepancies regarding the use of sperm DNA fragmentation for clinical use.

23.4.1  �Sperm DNA Testing Is a Broad Term Used to Refer 
to a Number of Assay Methods

There are four widely used methods to access sperm DNA fragmentation: the comet 
assay [13], TUNEL assay [146], SCSA [14], and SCD assay [147]. The comet and 
TUNEL assays are the detect methods to measure DNA strand breaks, while the 
SCSA and SCD indirectly measure chromatin integrity by measuring the suscepti-
bility of DNA to denaturation [97]. These assays are known to measure different 
aspects of sperm DNA fragmentation [148, 149], while the ability of these assays to 
accurately measure the level of DNA fragmentation depends on the technical and 
biological aspects of each test [150]. A recent meta-analysis [12] associating the 
four DNA fragmentation assays with ART outcomes suggests that the prognostic 
value of these assays is different [12]. The odds ratio (OR, 2.35; 95% CI, 1.99–2.78; 
P < 0.001) and relative risk (RR, 1.35; 95% CI, 1.28–1.43; P < 0.001) to predict a 
clinical pregnancy by the direct methods (TUNEL and comet assays including 2897 
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ART cycles) were higher than the indirect methods (SCSA and SCD assays includ-
ing 5172 ART cycles) odds ratio (OR, 1.12; 95% CI, 0.98–1.28; P = 0.096) and rela-
tive risk (RR, 1.04; 95% CI, 0.99–1.09; P = 0.089). Although, DNA fragmentation 
measured by the indirect methods were not significantly associated with clinical 
pregnancy following ARTs (P  >  0.05), the overall predictive value (obtained by 
combining all four sperm DNA tests) was significant [12]. The fact that prior meta-
analyses [38, 77–79, 92] have reported an uncertain effect of sperm DNA fragmen-
tation on ART outcome is likely due to the heterogeneity of the studies (combining 
studies using direct and indirect methods). We believe that future meta-analysis 
should be performed with independent analyses based on assay type.

23.4.2  �The Structural Organization of the Sperm Chromatin Is 
an “Achilles Heel”

As discussed earlier, each assay measures different aspects of sperm DNA fragmenta-
tion. The available literature suggests that there is a wide difference in the threshold 
values between the assays, not referring to the variations in threshold values observed 
within the assays. A study comparing three different assays on the same patient popu-
lation suggests a difference in threshold value, the comet assay (82%), TUNEL (10%), 
and SCSA (27%; 75), while the threshold for SCD assay may vary between 30% and 
35% [44, 105]. These threshold values are primarily based on the range of sperm 
presented with DNA fragmentation measured by each assays. For example, the ability 
of an assay to determine the level or percentage of sperm with DNA fragmentation 
within an individual is variable: TUNEL (0–66%), SCSA (0–44%), SCD assay 
(0–50%), and the alkaline comet assay (0–100%) [37, 55, 75, 125, 126, 151].

Are the observed differences between assays related to the ability of these assays 
to access the sperm chromatin? In other words, how much sperm chromatin is acces-
sible within the sperm head by these DNA fragmentation assays? To answer this ques-
tion, we first have to understand the structural organization of sperm chromatin [152, 
153]. The sperm head consists of one half of the genome and tightly packed with the 
help of protamines [2]. It is reported that the sperm chromatin is six times more com-
pact than that of somatic cells and it is almost crystalline in nature [154]. Recently, 
Simon et al. [5] demonstrated that the volume of sperm nuclei (28.2 ± 0.2 μ[mu]m3, 
[155]) is almost doubled (~63 μ[mu]m3) by the process of decondensation within the 
intact sperm (without breaking the cell wall), and the process of lysis and decondensa-
tion results in 34-fold increase in volume (~1018 μ[mu]m3) of the sperm chromatin 
(after breaking the cell wall). Another experiment [156] reported that decondensation 
of sperm nucleus increases the ability of TUNEL to detect increased levels of DNA 
fragmentation in sperm. Similarly, during the alkaline comet assay, the reduction of 
disulfide bonds connecting protamines using DTT [157] and removal of protamines 
under alkali conditions [158] help to relax the sperm chromatin [5] and access the 
complete level of DNA fragmentation within the sperm. In conclusion, due to the 
condensed nature of the sperm chromatin, the sperm DNA assays should consider 
decondensation of sperm chromatin prior to DNA fragmentation analysis.
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23.4.3  �Infertility Is a Multifactorial Issue, While Testing Sperm 
DNA Testing Is One Part of an Equation

For the past 30 years, several studies have identified factors that could influence the 
success of an assisted treatment. These factors can be broadly classified into female-
derived factors, male-derived factors, and embryonic factors (prior to transfer). In a 
meta-analysis involving commonly reported factors that are known to influence 
ART success was reported by van Loendersloot et  al. [159]. This meta-analysis 
reported that some factors (female age, duration of subfertility, basal FSH level) 
were negatively associated with ART success, and the number of oocytes retrieved 
was positively associated with ART success, while other factors (parity, indication 
for subfertility, method of fertilization, and number of embryos transferred and 
embryo development) was not significantly associated with ART success [159]. It is 
reasonably known that transfer of good quality blastocysts has increased chances of 
pregnancy than lower-quality embryos, early-stage blastocysts, or cavitating morula 
[160, 161]. Among the male-derived factors, male age and functional quality of 
sperm had no influence on ART success [162]. Based on the recent meta-analysis 
[12], we now know that there is an association between sperm DNA fragmentation 
and ART outcome. Despite a significant association between the two parameters, 
the predictive value of sperm DNA fragmentation to achieve a successful pregnancy 
is low [19, 75]. One explanation for the low predictive value of sperm DNA frag-
mentation on ART success can be attributed to the involvement of female-derived 
factors, where in couples with female factors, the effect of sperm DNA fragmenta-
tion on pregnancy outcome is compromised. In support of this theory, a study by 
Simon et al. [19] concluded that sperm DNA fragmentation can be an independent 
factor to predict a successful pregnancy (OR,  76.00; 95% CI, 8.69–1714.44; 
P < 0.001) following elimination of couples with known female factors and cases 
with unexplained causes of infertility. In conclusion, the effect of sperm DNA frag-
mentation on ART success is likely diminished by the presence of female factors. 
Therefore, future studies associating these two parameters (sperm DNA fragmenta-
tion on ART success) should control for female factors to accurately determine the 
clinical value of sperm DNA fragmentation [83].

23.4.4  �Reliable Testing and Reporting of Sperm DNA 
Fragmentation

Four assays are commonly used to determine the level of DNA fragmentation in 
sperm. The current literature reports a wide range of variations within each assay in 
terms of assay protocol, software used for analysis, the type of sample used (fresh 
or frozen), study population and control, and reporting of results. These variations 
observed within the studies question the reliability of DNA fragmentation testing. 
Assays having standardized protocol along with automated software for analysis 
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such as the SCSA [14] have a strict threshold value ranging from 27% to 30% [86, 
163, 117]. When the specified software [14] for SCSA is not used, the ability of the 
assay to predict ART success at the specified threshold (27–30%) value is not 
observed [55, 80, 127, 164], and such discrepancies are understandable, while some 
research groups using alternative software for SCSA have established their own 
threshold value outside the specified range 27–30%. These studies report a signifi-
cant association between SCSA and ART outcomes at a lower threshold value [32, 
165]. When all the studies using SCSA are summarized using a meta-analysis, the 
association between DNA fragmentation and ART success is reduced [12].

The slide-based TUNEL assay has a standard protocol (using the commercial 
kit) but does not use a software to compute the results (the reporting of results is 
solely based on the technician’s observation). In this case, a wide range of threshold 
value has been reported, 4% [54, 125], 10% [40, 75], 15% [41, 90], 17.6% [108], 
20% [52, 88], 35% [81], 36.5% [53], and 48% [118]. Here we see the authors have 
established the threshold values according to their laboratory conditions, which 
means the suggested threshold value may not work at another laboratory setting or 
a different technician. Despite such wide range of threshold values established for 
TUNEL assay (4–48%), the meta-analysis suggests a strong correlation between 
DNA fragmentation and ART success [12]. In conclusion, we rely on assays that 
have been validated with testing of control-fertile populations and with well-
established thresholds. Variation in the threshold values may raise concerns, but in 
cases when there is no standard software to compute the results, threshold values 
should be established according to the specific laboratory settings.

23.4.5  �Association Between Sperm DNA Fragmentation 
and ART Outcomes Is a Subject of Experimental Bias

It is well-known that sperm DNA fragmentation may vary with time. Within an 
ejaculate, the level of DNA fragmentation is not consistent in all the sperm; some 
sperm are vulnerable to DNA fragmentation and some don’t. In a recent study using 
the comet assay, it is showed that the level of DNA fragmentation in the sperm 
population may vary and could be potentially classified into three types [5]. 
Therefore, under natural conception the sperm fertilizing an oocyte is a random 
event (in terms of DNA fragmentation) as motile sperm are known to carry frag-
mented DNA [61, 119]. In accordance with the random selection effect, we see that 
in all studies conducted on DNA fragmentation and time to pregnancy with first-
pregnancy planners, the time for conception increases with an increase in sperm 
DNA fragmentation [14, 28, 166]. A meta-analysis (presented in Sect. 2.2) consist-
ing of 1135 IUI cycles suggested that sperm DNA fragmentation is strongly associ-
ated with IUI outcome, although selection of a motile sperm population by density 
gradient centrifugation (DGC) is subjected to experimental bias unless DNA frag-
mentation analysis is performed in the prepared sperm population. Under natural 
conception as well as IUI treatment, the sperm fertilizing an oocyte is selected 
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randomly in terms of sperm DNA fragmentation. This is not surprising because we 
know that randomization reduces selection bias and allows us to determine any 
effects of the treatment efficiently.

Let’s consider the scenario of studies that associate sperm DNA fragmentation 
with IVF or ICSI outcomes. Experimentally, the first line of bias arises from the 
sperm selection process. Most often in assisted reproduction, DGC is the standard 
procedure to select the prepared sperm population. Studies comparing DNA frag-
mentation before and after DGC have reported that the level of DNA fragmentation 
is reduced in the prepared sperm population [5, 119]. In conventional IVF treat-
ment, the sperm fertilizing an oocyte is random (although prepared sperm popula-
tion is used), while during ICSI treatment, the embryologists further select for 
physiologically motile and morphologically normal sperm. Since DNA fragmenta-
tion is negatively associated with progressive motility and normal morphology [19, 
40, 42, 54, 124], the second sperm selection process may facilitate an additional 
selection of sperm with absent or low of DNA fragmentation. This is in support of 
the results presented in the meta-analysis (presented in Sect. 3.4), where the clinical 
pregnancy rates are twice higher after ICSI treatment compared to IVF treatment 
when DNA fragmentation is above the threshold value.

The second line of experimental bias arises at the embryo transfer stage. It is well 
documented that a successful pregnancy is favored by the transfer of high-quality 
embryos [70]. Irrespective to IVF or ICSI treatments, the best quality blastocysts 
(generally two) are selected for transfer from the pool of available embryos. Using 
animal model [63] and in human subjects [72, 167], sperm DNA fragmentation is 
reported to influence the quality of the embryo. Therefore, in both IVF and ICSI 
treatments, the good quality embryo used for transfer is presumably fertilized by 
reasonably good quality sperm, and such sperm does not represent the initial level 
of DNA fragmentation measured in the ejaculate. Here we see the process of ran-
domization is absent, and during the process of assisted treatment, randomization is 
impossible.

In studies that associate sperm DNA fragmentation with clinical pregnancy out-
come, we assume that the sperm used to fertilize the embryos that were subse-
quently transferred represents the population of sperm in the ejaculate (in terms of 
DNA fragmentation). However, this is subjected to experimental bias as these 
sperm were not randomly selected but in fact selected at two stages. Despite a 
biased experimental design, several studies and meta-analyses have demonstrated 
significant association between sperm DNA fragmentation and pregnancy outcome 
is simply astonishing [12]. We suspect that the effect of sperm DNA fragmentation 
on ART outcome would be greater if each step during the process of ART was ran-
domized, but such a scenario is not possible under the current clinical setting.

The third line of experimental bias arises in assisted reproduction when the 
couple undergoing assisted treatment is presented with female factor infertility. 
Very few studies in the available literature have controlled for female infertility 
factors and those who did reported a highly significant association between sperm 
DNA fragmentation and ART outcome [12]. As discussed in Sect. 4.3, despite 
absence of DNA fragmentation, the presence of female infertility factors may 
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reduce the chances of a successful pregnancy. In a clinical setting of couples where 
half of them are presented with female infertility factor, the probability of a preg-
nancy is affected by 50%, even if the sperm have normal DNA. In conclusion, we 
need to recognize that assisted reproduction is heavily biased. Despite such bias, 
the current literature [12] still shows a significant negative association between 
sperm DNA fragmentation and ART outcome supporting a true relationship 
between the two parameters.

23.5  �Conclusion

A clinically useful test for sperm function should have the following characteristics: 
reliability, cost-efficiency, ability to predict outcomes in vitro and in vivo, and abil-
ity to assist clinicians in decision-making [168, 169]. Conventional semen analysis 
is the only test currently available for men with infertility issues. Although sperm 
DNA fragmentation shows a correlation with sperm parameters (especially sperm 
motility, viability, and morphology), these correlations are generally weak. 
Comparative studies of infertile men and fertile controls report a strong association 
between sperm DNA fragmentation and infertility. Therefore, sperm DNA fragmen-
tation is associated with male infertility independent of semen parameters. Studies 
associating semen parameters and fertility in populations of first-pregnancy plan-
ners report a weak or no association between the two parameters [170–172]. In 
contrast, a strong association is observed between sperm DNA fragmentation and 
time to pregnancy [14, 28] suggesting the importance of sperm DNA integrity test-
ing for male reproductive health.

The primary function of the sperm is to deliver the haploid genetic material to the 
oocyte. During the process of assisted reproduction, sperm is delivered near the 
oocyte (IVF) or delivered into the oocyte (ICSI). In such case, it is not reasonable to 
expect any of the semen parameters to predict ART success [119]. Presumably, 
sperm DNA fragmentation should be more closely associated with ART outcomes. 
The meta-analyses and systematic reviews presented here demonstrate that sperm 
DNA fragmentation is a good predictor of IUI failure and is associated with IVF 
pregnancy but less so with ICSI outcomes. Sperm DNA fragmentation is also 
negatively associated with embryo development and implantation and positively 
associated with miscarriage rates [12].

Another clinical utility of sperm DNA fragmentation is to assist clinicians and 
infertile couples to help choose the type of assisted treatment. The meta-analysis 
review presented here on IUI cycles suggests that a sperm DNA fragmentation 
above the threshold value results in a 96% IUI failure rate. The meta-analysis on 
IVF and ICSI cycles demonstrates that in couples with DNA fragmentation above 
the threshold value, clinical pregnancies following ICSI (32.14%) are double than 
following IVF (16.41%) treatment.

Overall, the evidence presented here (both in vivo and in vitro) and elsewhere 
favors sperm DNA fragmentation testing as a potential and clinically useful bio-
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marker to predict male infertility and ART outcome [173, 174]. We support the view 
that sperm DNA testing should be done in addition to the conventional semen analy-
sis for a complete diagnosis of male reproductive health.
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Chapter 24
Sperm DNA Tests Are Clinically Useful: CON

Katherine Rotker and Mark Sigman

24.1  �Introduction

The diagnostic semen analysis remains the mainstay laboratory test in the evalua-
tion of the infertile man. However, conventional semen parameters have limited 
diagnostic value for male fertility and are poor predictors of reproductive outcomes. 
There is significant overlap between semen parameters in groups of fertile and 
infertile men [1]. Therefore, substantial efforts have been made to identify improved 
diagnostic tests to provide a more accurate infertility diagnosis than by evaluation 
of standard semen parameters alone. Sperm DNA integrity assays have gained inter-
est as a potential test to discriminate infertile from fertile men. Despite a growing 
body of literature, controversy still exists regarding the ability of these assays to 
provide clinically useful data in the evaluation of the infertile man. The Practice 
Committee of the American Society for Reproductive Medicine (ASRM), the 
American Urological Association (AUA) practice guidelines, and the European 
Society for Human Reproduction and Embryology (ESHRE) have concluded that 
current data doesn’t support the use of sperm DNA testing on a routine basis [2–4]. 
In this chapter we will discuss the reasons that, despite future promise, sperm DNA 
damage testing in its current state is not a routinely clinically useful test.
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24.2  �Inherent Issues

In its most basic form, a diagnostic test should provide information that affects 
patient management. A successful test should ideally direct management or at least 
provide valuable information on prognosis. In this case, a sperm DNA test should 
reliably differentiate a fertile from an infertile man or provide a reliable, clinically 
relevant prognosis for intercourse or ART success. Not all DNA fragmentation is 
pathologic. Some DNA nicking occurs as part of the normal process of winding and 
unwinding DNA, and a certain amount of single-stranded DNA breaks may be 
repaired by the oocyte [5]. Current assays do not selectively differentiate clinically 
important DNA fragmentation from clinically insignificant fragmentation. Perhaps 
for this reason, although DNA damage has been associated with male infertility, 
fertile men also possess detectable levels of DNA damage [6]. Therefore, upper 
threshold levels are set, but a portion of fertile men fall over the threshold, and a 
portion of infertile men fall under the threshold.

The task of proving the clinical usefulness of sperm DNA testing is made more 
difficult by the significant heterogeneity present in the tests and thresholds. As dis-
cussed further in other chapters of this book, several assays exist to measure sperm 
DNA and chromatin damage. Each assay measures different aspects of sperm DNA 
and chromatin integrity, and some have undergone more rigorous testing than oth-
ers. Furthermore, even using the same assay, sample preparation, handling, and con-
ditions can significantly impact the final test results. Finally, not all assays have 
standardized and clinically relevant threshold values for the upper normal level. For 
these reasons, it is difficult to combine studies and make broad conclusions. 
Additionally, most of the evaluable studies on sperm DNA tests have poorly con-
trolled clinical parameters including female factors, female age, and number of 
embryos transferred, making the ability to draw clinical conclusions difficult.

Sperm DNA integrity testing determines the percentage of cells with DNA frag-
mentation or chromatin defects. As this implies, not all sperm within a sample have 
high levels of fragmentation. Animal models have provided strong evidence that 
sperm DNA fragmentation is highly correlated with fertility potential and even 
pregnancy loss [7]. However, these experiments may or may not translate to equiva-
lent clinical effects because unlike sperm DNA damage in humans, DNA damage in 
animal models is induced experimentally and is present in all spermatozoa [7]. Most 
assays to evaluate sperm DNA integrity involve treatment of the sample (e.g., DNA-
binding dye) which makes the individual sperm unusable for advanced reproductive 
techniques (ART). This necessitates that the sample used for testing is different than 
the one utilized for ART. Put another way, current tests do not provide information 
on the DNA status of individual sperm used to fertilize ova.

Although to what degree is debated, some intraindividual variability exists in 
these tests over time. Therefore, it can be difficult to extrapolate results from a sin-
gle test to future attempts at intercourse or ART. A study examined a group of cou-
ples undergoing IUI, IVF, or ICSI for more than one cycle. In those couples with an 
initial normal DNA fragmentation, tests in subsequent cycles showed DNA 
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fragmentation above the threshold in 15%. Additionally, for those with initially high 
DNA fragmentation scores, 37% were found to have normal scores on subsequent 
testing [8]. A more recent analysis in 2011 again found a high intraindividual coef-
ficient of variation for DNA fragmentation index utilizing a sperm chromatin struc-
ture assay. In this study 11% of patients identified as being in the normal category 
were reassigned to the high fragmentation category in subsequent testing. 
Additionally, 4.4% of those identified as high DNA fragmentation initially were 
subsequently categorized as normal [9]. This alone would make it difficult to coun-
sel a couple to make a significant management decision, for example, not attempt-
ing intercourse and moving straight to advanced reproductive techniques, based on 
an initial positive result.

The test is also limited by the fact that no proven treatment exists. Sperm DNA 
fragmentation has been associated with numerous environmental toxins and expo-
sures. However, testing fails to differentiate different exposures or provide clinical 
information beyond what is known without testing, i.e., that one should try to avoid 
these exposures if possible. For example, although the DNA fragmentation percent-
age may be higher in a patient who smokes, one hardly needs a test to recommend 
that a patient stop smoking [10]. Although limited studies suggest oral antioxidant 
treatment decreases sperm DNA fragmentation, no convincing data exists for any 
treatment to improve pregnancy rates related to DNA fragmentation. Therefore, 
diagnosing a patient with high DNA fragmentation at this time doesn’t allow for a 
proven treatment or intervention.

Finally, in the current healthcare environment, more attention is drawn to effi-
cient use of resources and containment of costs. New diagnostic tests need not only 
to meet the burdens of sensitivity, specificity, and clinical relevance, but they must 
also be cost-effective.

24.3  �Evidence-Based Utility

24.3.1  �Intercourse

One possible arena for sperm DNA testing is in the couple planning for first-time 
pregnancy. A 2008 meta-analysis showed a strong association between sperm DNA 
damage and failure to achieve a natural pregnancy with a combined odds ratio of 
7.15 [11]. In the two included studies with a median pregnancy rate of 64%, the 
median positive predictive value of the assay was 73%, and the median negative 
predictive value was 68% [12, 13]. An odds ratio of 7.15 sounds great, and this 
indication is often stated to be an area of greatest value for sperm DNA testing. 
However, when one considers the prevalence of infertility in the study populations, 
the clinical value is more questionable. In one of the most commonly quoted studies 
included, 25.6% of patients failed to achieve pregnancy. Of those patients, the sperm 
DNA test was abnormal in only 6.2% [12]. The sensitivity of the assay was only 
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19%, meaning that the test failed to identify infertility in four out of five infertile 
patients. Also notable was that out of the 132 patients tested, only 6 (3.7%) were 
found to have high DNA fragmentation and did not achieve pregnancy. This means 
that 96.3% paid for a test that didn’t provide any benefit or guidance. Most worri-
some, out of all the patients with an abnormal test, 40% still achieved pregnancy. 
Therefore, it would be difficult to counsel even those patients who did have an 
abnormal test not to try pregnancy by intercourse since they would still have a 40% 
success rate. A test that proves diagnostic to very few patients and provides limited 
prognostic ability at best to those for whom it is positive would be unlikely to 
change management and be clinically useful.

An additional study published in 2010 compared sperm parameters and DFI val-
ues between fertile and infertile men and found that a higher DNA fragmentation 
index was more common in the group of infertile men than in the fertile group. 
Thus, the odds ratio of being in the infertile group increased as the DFI increased. 
Of note, 49% of infertile men and 10% of fertile men had DFI values of >20%. As 
a diagnostic test, the sensitivity was only 51% with a specificity of 89%, indicating 
again that while there is an association between higher DFI and infertility, it falls far 
short of being a good diagnostic test that should be routinely used for couples trying 
to conceive. Moving the threshold to 30% increased the specificity (fewer false-
positive results) to 96%, but sensitivity dropped to 21% [14].

Finally, the sperm DNA test is most accurate when used during the month of 
attempted conception. In both the studies of pregnancy by intercourse, predictive 
ability was best if the test was done close to the time of intercourse and performed 
more poorly when it was performed further ahead of time. This makes the assay 
impractical for couples attempting conception by intercourse each month. Take, for 
example, a couple newly considering pregnancy. If diagnosed with high levels of 
fragmentation, the sample could differ the following month, and they would still 
have a reasonable chance of conception. Therefore, the couple should continue to 
attempt conception by intercourse for 12 months just as they would if they had never 
had the test performed rendering the test clinically useless in this scenario.

24.3.2  �Intrauterine Insemination

Another possible indication for sperm DNA testing would be in the infertile couple 
who has failed intercourse and is determining the utility of IUI versus advancing to 
IVF or ICSI. A number of studies have found an association between sperm DNA 
damage [15, 16] and lower IUI pregnancy rates, but in only one study was an odds 
ratio able to be calculated [17]. In this study, an odds ratio of 9.9 was derived, and a 
PPV of 97% and a NPV of 24% were calculated. However, the sensitivity of the 
assay was only 20.7%, meaning that the test again failed to identify four out of five 
couples that did not conceive by IUI. Out of all samples tested, abnormal results 
were obtained in only 17%, but 80% of patients didn’t go on to conceive with 
IUI. The test would have to be performed on 83.4% of people for whom it would 
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have no diagnostic or prognostic value in order to benefit only 16.6% of people. In 
this study, the sample used for IUI was the same sample utilized for testing raising 
concern about the accuracy of testing performed remotely. In clinical practice, there 
would need to be time after the test resulted in order for it to affect management 
decisions. Additionally, this is based on a single study. More studies are needed for 
a proper statistical evaluation and would certainly be necessary before adding sperm 
DNA testing to routine clinical practice.

24.3.3  �IVF and ICSI

The literature regarding sperm DNA damage and its effect on IVF/ICSI outcome is 
controversial at best, and numerous studies and a number of recent meta-analyses 
have been performed. Each meta-analysis reaches slightly different conclusions 
suggesting that if any difference does exist in IVF/ICSI outcomes between men 
with high and normal levels of DNA damage, it is likely slight and very unlikely to 
be clinically significant enough to warrant the additional cost of testing.

In one of the earliest meta-analyses, Li et al. concluded that the SCSA assay had 
no significant effect on the chance of clinical pregnancy after IVF or ICSI treatment 
and that the TUNEL assay was associated with significant decreases in the chance 
of IVF clinical pregnancy but was not associated with changes in IVF fertilization, 
ICSI fertilization, or ICSI clinical pregnancy [18]. A total of eight articles met inclu-
sion/exclusion criteria at that time (five utilizing TUNEL assay and three utilizing 
SCSA), and for the only significant finding, the clinical pregnancy rate using IVF 
was 27.75% for those with positive sperm DNA testing and 43.11% for those with 
a negative test (RR 0.68, 95% CI 0.54–0.85, p = 0.0006). A meta-analysis published 
in 2008 included 13 studies in analysis and found a small but statistically significant 
association between sperm DNA integrity test results and pregnancy in IVF and 
ICSI cycles but concluded the difference was “not strong enough to provide a clini-
cal indication for routine use of these tests in infertility evaluation of men” [19]. The 
studies included varied widely, and the sensitivity of the tests ranged from 6% to 
71%, and the specificity ranged from 38% to 98%. The American Society for 
Reproductive Medicine performed a meta-analysis in 2013 and concluded that 
“existing data do not support a consistent relationship between abnormal DNA 
integrity and reproductive outcomes” [2]. Another meta-analysis of 21 articles in 
2014 found no association between DFI and clinical pregnancy by IVF or ICSI [20].

In contrast, Zhao et al. performed a meta-analysis in 2014 where 16 studies met 
inclusion criteria. They found a significant decrease in pregnancy rates in patients 
with high DNA damage using all techniques combined (IUI/IVF/ICSI) with a small 
odds ratio of 0.81 (95% CI 0.70–0.95; p = 0.008). When stratified by a type of pro-
cedure, an association was found with IVF but not ICSI [21]. A meta-analysis in 
2016 also concluded that “there is sufficient evidence in the existing literature sug-
gesting that sperm DNA damage has a negative effect on clinical pregnancy follow-
ing IVF and/or ICSI treatment” [22]. This included 41 studies in the analysis and 
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found a combined odds ratio of all studies (IVF, ICSI, and IVF/ICSI combined) 
utilizing a random effects model to be 1.84 (95% CI 15–2.27, p = 0.0001). Notably, 
this robust effect was only noted for studies utilizing the TUNEL, comet, and SCD 
assays. No effect was noted in the studies utilizing the SCSA assay. The inclusion 
of the SCD and comet assays differentiates this analysis from the ASRM evaluation 
which primarily included studies utilizing SCSA and TUNEL assays. This points 
out that the prognostic significance may very well depend on the type of assay uti-
lized. This issue needs to be clarified since assays such as the SCSA are the most 
commonly employed ones in clinical practice. Until more data is accumulated, the 
value of these tests for IVF and ICSI remains questionable. In addition, even if the 
assays are used to predict lower ART success, management is not affected since 
couples will still proceed with ICSI as the test does not predict inability to conceive 
but a slightly lower pregnancy rate by ART in those with high DNA fragmentation.

24.3.4  �Pregnancy Loss

A theoretical risk exists that successful fertilization with DNA-damaged sperm may 
cause de novo mutations in the offspring, despite the ability of the oocyte and 
embryo to repair this DNA damage [5]. No relationship has been found between 
level of sperm DNA fragmentation and characteristics of children born after ART 
[23]. In addition, current testing does not allow for evaluation of the DNA integrity 
in the individual sperm that is utilized for ART.

However, the relationship between sperm DNA fragmentation and recurrent 
pregnancy loss has been examined. An early meta-analysis looked at the association 
between high DNA fragmentation and pregnancy loss and included 11 studies. It 
found that sperm DNA damage was statistically significantly associated with preg-
nancy loss when IVF/ICSI studies were combined with an odds ratio of 2.48 (95% 
CI 1.52–4.04, p = <0.0001). With an overall pregnancy loss rate of 18%, the median 
positive predictive value was 37%, and the median negative predictive value was 
90% [24]. A more recent meta-analysis included 14 publications and found a sig-
nificant association between DNA damage and miscarriage rate with a slightly 
lower combined OR of 2.28 (95% CI 1.55–3.35, p = <0.001) for IVF/ICSI studies 
combined [21].

The major issue is what clinically one would do with these results, other than 
cause anxiety, which in itself has been implicated in poor pregnancy outcomes [25]. 
Take, for example, a couple considering IVF/ICSI. Using current data, those with a 
negative test would still have a pregnancy loss rate of 10% but would be reassured. 
In fact, 60% of all pregnancy loss cases would have a negative test (sensitivity 40%). 
However, those with a positive test would have a 37% chance of pregnancy loss. 
This means that 63% of couples with a positive test would still go on to have a via-
ble, term pregnancy with IVF/ICSI. One can hardly tell a couple not to proceed to 
IVF/ICSI because they have high DNA fragmentation if they have a two-thirds 
chance that any pregnancy will go to term. If data on effective treatments for DNA 
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fragmentation accumulate and clearly show a positive effect, this may be the one 
area where the test could be useful in this very selected population. However, testing 
in its current state is not clinically useful for this concern.

24.4  �Conclusion

As a routine test in the infertile couple, sperm DNA testing adds expense to the 
healthcare system and does not provide a clinical benefit for most couples. The 
techniques and thresholds are not standardized, and the results are variable over 
time. With suboptimal sensitivity and specificity, the tests do not differentiate clini-
cally significant from insignificant fragmentation and cannot evaluate individual 
sperm used for ART. Finally, with no proven treatment, the test fails to change man-
agement. Despite the potential, at this point, DNA fragmentation testing does not 
meet the criteria of a clinically useful diagnostic test in the evaluation of the infertile 
male.
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Chapter 25
Antioxidant Therapy

Ahmad Majzoub and Ashok Agarwal

25.1  �Introduction

Infertility, defined as the inability to conceive after at least 12 months of regular, 
unprotected intercourse, is caused by male-related factors in almost half of the 
reported cases [1–3]. While several causes for male factor infertility have been rec-
ognized, the etiology remains unknown in the majority of the cases [2]. In search of 
molecular causes of infertility, oxidative stress, a condition caused either by too 
high levels of oxidants or too low amounts of antioxidants in the body, has been 
suggested as a significant contributor to idiopathic male infertility.

Reactive oxygen species (ROS) are molecules derived from oxygen metabolism 
that play an important role in cell signaling and homeostasis. Normally, small 
amounts of ROS are produced by sperm cells to exhibit beneficial sperm functions 
such as promotion of sperm capacitation, regulation of sperm maturation, and 
enhancement of cellular signaling pathways [4]. On the other hand, abnormally 
high ROS levels can cause harmful effects such as sperm DNA damage, lipid per-
oxidation (LPO), and deactivation of several enzymes necessary for spermatogen-
esis [5]. In the reproductive tract, ROS are kept in equilibrium with the antioxidant 
defense mechanisms that exist in the body [6].

Antioxidants are molecules that are capable of neutralizing or eliminating free 
radicals, thereby preventing their damaging cellular effects. Two antioxidant sys-
tems exist: (i) the enzymatic system comprised by superoxide dismutase, catalase, 
and glutathione peroxidase and (ii) the nonenzymatic antioxidant system which 
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includes ascorbic acid (vitamin C), urate, tocopherol (vitamin E), pyruvate, 
glutathione, lycopene, β[beta]-carotene, taurine, and hypotaurine [7]. When exces-
sive amounts of ROS are produced, or when antioxidant activity fails, the equilib-
rium state between oxidation and reduction is disrupted, resulting in oxidative stress 
(Fig. 25.1). The sperm cells’ characteristic sparse cytoplasm renders them excep-
tionally vulnerable to oxidative stress as they lack the cytoplasmic enzyme repair 
systems necessary for antioxidant activity. Moreover, spermatozoa also contain an 
extraordinary high amount of polyunsaturated fatty acids in their plasma membrane 
making them susceptible to ROS-induced LPO.

Studies have shown that up to 25% of infertile men have significantly higher levels 
of ROS in their semen when compared with fertile men [8]. Moreover, significant 
negative correlations have been detected between oxidative stress and semen param-
eters, fertilization rate, embryonic development, and pregnancy rate [9, 10]. Thus, 
identifying and treating increased ROS production and/or low levels of antioxidants 
should be an integral step in infertility management. While antioxidant supplementa-
tion has been proposed as a favorable approach to increase the scavenging capacity of 
seminal plasma [11], controversy still surrounds its actual clinical utility. This is 
mainly because studies examining different antioxidant forms revealed considerable 
variations in the dosage or combinations used as well as the outcome.

25.2  �Antioxidants

Antioxidants are readily available biologic or chemical compounds present either in 
normal diet or taken as oral supplements. Among all available antioxidants, the 
most frequently utilized compounds include vitamins C and E, carnitine, N-acetyl 
cysteine, selenium, and zinc (Table 25.1). Although the number of studies demon-
strating a positive influence for antioxidant therapy is increasing, additional com-
prehensive placebo-controlled trials are required to establish a clearer role of 
antioxidants in the prevention of oxidative stress [12, 13]. Moreover, the uncon-
trolled or exaggerated use of antioxidants should be disfavored. In this context, one 
has to consider the concept of the so-called antioxidant paradox, which highlights 
the potential of antioxidants to cause both positive and serious negative effects on 

Oxidative Stress 
Fig. 25.1  Oxidative stress
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male fertility and well-being. It is believed that an overdose of antioxidants may 
disrupt the fine bodily balance between oxidation and reduction causing “reductive 
stress,” which is as dangerous for cells as oxidative stress [14–17]. An increase in 
sperm DNA decondensation is one example that has been reported to occur as a 
consequence of higher doses of vitamin C [18, 19]. It may induce chromosomal 
abnormalities, leading to cytoplasmic fragments in the embryo and can be deleteri-
ous for early embryo development. Menezo et al. [18] assessed the effect of 90 days’ 
treatment with oral antioxidants consisting of vitamin C (400  mg), vitamin E 
(400 mg), β[beta]-carotene (18 mg), zinc (500 μmol), and selenium (1 μmol) on 
sperm DNA fragmentation and DNA decondensation. Despite reporting a signifi-
cant decrease in sperm DNA fragmentation from 32.4% to 26.2% (using sperm 
chromatin structure assay, P < 0.001), a significant increase in sperm DNA decon-
densation was observed from 17.5% to 21.5% (P < 0.001). The authors attributed 
this increase to vitamin C influenced reduction in disulfide bonds and opening of 
disulfide bridges [18].

As stated previously, antioxidants exist in two forms: enzymatic or naturally 
occurring antioxidants and nonenzymatic antioxidants which are principally 
obtained from food supplements.

25.2.1  �Enzymatic Antioxidants

The glutathione peroxidase/reductase system provides the main endogenous anti-
oxidant protection against lipid peroxidation in the epididymis and testes [20]. 
Through scavenging lipid peroxides and hydrogen peroxide (H2O2), these enzymes 

Table 25.1  Mechanism of action of endogenous antioxidants and commonly utilized nonenzymatic 
antioxidants

Antioxidants Mechanism of action

Enzymatic
Superoxide dismutase Neutralizes superoxide anions
Catalase Breaks H2O2 into H2O and O2

Glutathione peroxidase Scavenges free radicals
Nonenzymatic antioxidants
Tocopherol (vitamin E) Neutralizes free radicals
Ascorbic acid (vitamin C) Neutralizes free radicals
Carnitine Neutralizes free radicals and acts as an energy source
Coenzyme Q10 In its reduced form, scavenges free radicals intermediate in 

mitochondrial electron transport system
N-acetyl cysteine Enhances enzymatic antioxidant activity
Folic acid Scavenges free radicals
Selenium Enhancement of enzymatic antioxidant activity
Zinc Inhibition of NADPH oxidase
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confer protection for lipid constituents, thus preserving sperm viability and motility 
[21]. In vitro, studies have confirmed the protective effect of glutathione reductase 
on tail-beat frequency, LPO, and sperm membrane characteristics [22]. Superoxide 
dismutase scavenges both extracellular and intracellular superoxide anions through 
catalyzing the conversion of superoxide into oxygen and H2O2, thus preventing lipid 
peroxidation of the plasma membrane [23]. Additionally, it aids in the decomposi-
tion of H2O2, after conjugating with catalase or glutathione peroxidase [23]. 
Superoxide dismutase also optimizes sperm functional capabilities before fertiliza-
tion through preventing premature sperm hyperactivation and capacitation induced 
by superoxide radicals before ejaculation [24]. On the other hand, catalase activates 
nitric oxide (NO)-induced sperm capacitation, which is a complex mechanism 
involving H2O2 [25]. It is believed that low levels of H2O2, which is principally 
under the control of catalase, are required for optimal sperm capacitation [26].

25.2.2  �Nonenzymatic Antioxidants

25.2.2.1  �Vitamin E (Dose 200–600 IU/Day)

Vitamin E (α[alpha]-tocopherol), an organic fat-soluble compound located mainly in 
cell membranes, is a powerful antioxidant capable of quenching free hydroxyl radicals 
and superoxide anions. Such activity is favored because it reduces lipid peroxidation 
initiated by ROS at the level of plasma membranes. Vitamin E is available in food such 
as nuts, vegetable and olive oils, leafy vegetables (spinach), fortified cereals, and meat.

In Vivo Studies

Vitamin E has been investigated in many studies, the majority of which conveyed a 
significant benefit on semen parameters. In a placebo-controlled study, 300 mg of 
daily vitamin E resulted in significant improvement in sperm motility, reduction of 
oxidative stress measures, and a resultant 21% spontaneous pregnancy rate in the 
treatment group compared to 0% in the placebo group [27]. Studies investigating 
vitamin E in combination with other vitamins have specifically revealed a signifi-
cant improvement in sperm concentration [28, 29] together with a decrease in SDF 
[28] and seminal ROS [29]. ElSheikh et al. investigated the combination of vitamin 
E with clomiphene citrate and demonstrated a significant improvement in sperm 
concentration (p = 0.001) and sperm motility (p < 0.001) [30].

In Vitro Studies

The in vitro antioxidant activity of vitamin E was investigated on 122 semen samples, 
where at a dose of 10 mmol/1, significant suppression of lipid peroxidation was 
detected, leading to preservation of sperm motility [31]. The in vitro use of vitamins E 
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and C also had favorable effects on sperm function tests, where a reduction in the 
levels of ROS and SDF was observed in both normozoospermic and asthenozoo-
spermic samples [32].

25.2.2.2  �Vitamin C (500–1000 mg/Day)

Vitamin C (ascorbic acid) is a water-soluble compound found in seminal plasma at 
concentrations about ten times higher than that in blood serum [33]. Vitamin C pro-
vides protection for human spermatozoa against endogenous oxidative damage 
through its ability to neutralize hydroxyl, superoxide, and hydrogen peroxide radi-
cals [34]. Studies have confirmed the presence of lower vitamin C levels and higher 
ROS levels in the seminal plasma of asthenozoospermic men [35]. Additionally, a 
dose-dependent positive correlation between vitamin C levels and sperm motility 
[36] and percentage of normal sperm morphology [37] was detected. Vitamin C is 
mainly obtained through the intake of fruits (citrus fruits) and vegetables (tomatoes 
and potatoes).

In Vivo Studies

Vitamin C has been mainly investigated in combination with other vitamins and 
minerals [38, 39]. Patients treated with vitamins C and E had a significant reduction 
in the percentage of sperm DNA fragmentation (SDF) and a significant improve-
ment in clinical pregnancy and implantation rates following intracytoplasmic sperm 
injection (ICSI) [39]. Similarly, combination therapy with zinc, vitamin E, and vita-
min C resulted in a significant increase in sperm motility and decrease in SDF [40]. 
A randomized double-blind, placebo-controlled trial investigated a combined anti-
oxidant regimen, including vitamin C, using Menevit (lycopene 6 mg, vitamin E 
400 IU, vitamin C 100 mg, zinc 25 mg, selenium 26 mcg, folate 0.5 mg, garlic 1 g) 
in couples undergoing ICSI. The authors reported a significant improvement in via-
ble pregnancy rate in the treatment group, where 38.5% of transferred embryos 
resulted in a viable fetus compared to 16% in the placebo group [41]. On the con-
trary, another randomized, controlled double-blind study by Rolf et  al. failed to 
show improvement in semen parameters, sperm survival, or pregnancy rates in cou-
ples with male factor infertility after the administration of high-dose oral vitamin C 
and E for 56 days [42].

In Vitro Studies

Vitamin C, at higher doses (>1000  mmol/1), has been found to paradoxically 
increase ROS levels causing worsening of sperm motility in vitro [43]. However, at 
therapeutic doses, a dose-dependent effect was observed, with optimal motility 
achieved after incubation in 800  mmol/1 for 6  h [43]. As previously stated, the 
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in vitro combination of vitamins C and E significantly reduced the levels of ROS 
and SDF in both normozoospermic and asthenozoospermic samples [32].

25.2.2.3  �Carnitine (500–2000 mg/Day)

Carnitine is a water-soluble antioxidant that may be considered as a fuel source as 
it is actively involved in sperm motility. It assists in free fatty acid utilization and 
prevents lipid oxidation [44]. Carnitines are readily obtained from red meat and 
dairy products. The main forms used in the treatment of male subfertility are 
L-carnitine (LC) and L-acetyl carnitine (LAC).

In Vivo Studies

Most studies involving carnitines have demonstrated a significant influence particu-
larly on sperm motility [45–47]. Lenzi et al. demonstrated significant improvement in 
sperm motility and pregnancy rate in patients with oligoasthenoteratozoospermia 
(OAT) receiving a combination of LC and LAC [45]. Similarly, Balercia et al. con-
firmed such response to therapy specifically among patients with lower baseline values 
of motility [47]. Cavallini et al. investigated patients with low-grade varicocele and 
idiopathic infertility and demonstrated significant improvement in all semen parame-
ters in addition to higher spontaneous pregnancy rates among patients treated with LC 
and LAC in comparison to placebo (21.8% versus 1.7%, respectively) [46].

In Vitro Studies

Aliabadi et al. compared the effect LC and LAC to pentoxifylline (PF) on testicular 
sperm motility and chromatin integrity in mice. While sperm motility was signifi-
cantly improved with LC, LAC, and PF, sperm chromatin quality only improved 
significantly following the administration of LC and LAC [48]. Human studies have 
also conveyed similar results. Al-Dujaily et al. [49] investigated semen from 100 
infertile men dividing their samples into four groups: control, PF only, LC only, and 
a combination of PF and LC groups. Results revealed a statistically significant 
increase in the percentage of progressive motility, the highest of which occurred 
among the combination group (LC + PF) [49]. Furthermore, a favorable response to 
LC on sperm motility was also detected after incubation and centrifugation.

25.2.2.4  �Coenzyme Q10 (100–600 mg/Day)

Coenzyme Q10 (CoQ10) is an essential antioxidant that is ubiquitous to almost all 
body tissues. It is highly concentrated in the sperm mitochondria where it plays an 
integral role in energy production [50]. Dietary sources of CoQ10 include fish, 
meat, whole grains, and certain vegetables such as parsley and cabbage.
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In Vivo Studies

CoQ10 has been shown to significantly improve sperm concentration and motility 
in comparison to placebo [51]. Safarinejad randomly assigned 212 infertile men 
with idiopathic OAT to receive either a 300 mg CoQ10 or a placebo orally for a 
period of 26 weeks. He demonstrated a significant increase in sperm density and 
motility with CoQ10 therapy (P = 0.01) [51]. In another study, the same author 
reported a beneficial effect on spontaneous pregnancy rates in men receiving CoQ10 
[52]. Moreover, improvement in fertilization rate after ICSI treatment has also been 
reported in patients receiving 60 mg/day of oral CoQ10 [50]. Gvozdjáková et al. 
investigated the effect of CoQ10 in combination with L-carnitine, vitamin E, and 
vitamin C (Carni-Q-Nol) demonstrating improvement in sperm function with a 
pregnancy rate of 45% after 6 months of treatment [53].

In Vitro Studies

The beneficial effect of CoQ10 on sperm motility was also observed in vitro. In one 
study, semen samples from 38 asthenozoospermic men were incubated for 24 h in 
HAM’s medium alone, HAMs with 1% dimethyl sulfide, and HAMs with 5 μ[mu]
M or 50  μ[mu]M CoQ10, respectively. A significant increase in motility was 
observed in the 50 μ[mu]M CoQ10 subgroup (P < 0.05) [50].

25.2.2.5  �N-Acetyl Cysteine (300–600 mg/Day)

N-acetyl cysteine (NAC) is an amino acid that is converted in the body to cysteine, 
a precursor to glutathione, thereby exhibiting its antioxidant properties. Glutathione 
is an intracellular sulfhydryl or thiol group-containing compound that is capable of 
replacing the protein (–SH) groups eliminated during oxidative stress. Deficiency 
of glutathione was found to be associated with sperm mid-piece instability and 
abnormal motility [54]. While NAC is not available in food, cysteine is highly 
present in proteins such as meat and eggs and in vegetables (broccoli, red peppers, 
and onions).

In Vivo Studies

Treatment with NAC (600 mg daily) resulted in a significant improvement in sperm 
motility in comparison to placebo in 120 patients with idiopathic infertility [55]. 
Moreover, authors reported higher serum total antioxidant capacity and lower total 
peroxide and oxidative stress index in the NAC-treated group compared with the 
control group. The combination of 600 mg NAC and 200 μ[mu]g selenium (Se) 
resulted in a significant improvement in all semen parameters with a dose-dependent 
positive correlations between the sum of Se and NAC concentrations, mean sperm 
concentration, motility, and percent of normal morphology [55].
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In Vitro Studies

A direct dose- and time-dependent reduction of seminal ROS after exposure of 
human spermatozoa to NAC was reported by Oeda et  al. [56]. The authors con-
cluded that the treatment of patients with NAC might be a useful option in reducing 
oxidative stress. Prolonged in vitro incubation of human spermatozoa is associated 
with the activation of mitochondrial ROS and loss of protein (–SH) groups. Aitken 
et al. [57] demonstrated that the addition of nucleophilic (–SH)-containing proteins 
to semen samples generated a protective effect against ROS-induced motility reduc-
tion. NAC was also found to exhibit an inhibitory effect on germ cell apoptosis in 
the human seminiferous tubules in vitro [58].

25.2.2.6  �Folic Acid (0.25–5 mg/Day)

Folic acid is a B vitamin carrying free radical scavenging abilities. It plays a vital 
role in nucleic acid synthesis and amino acid metabolism. It can be supplied by 
foods such as vegetables (mainly dark-green leafy vegetables), fruits, nuts, beans, 
dairy products, meats, eggs, and grains.

In Vivo Studies

In a double-blind, placebo-controlled interventional study, 108 fertile men and 103 
subfertile men were randomized into four groups: (i) folic acid only, (ii) zinc only, 
(iii) a combination of both folic acid and zinc, and (iv) placebo. After 26 weeks of 
treatment, a statistically significant 74% increase in total normal sperm concentra-
tion was noted among subfertile men receiving combination therapy [59]. Another 
double-blind, placebo-controlled study evaluated endocrine and semen parameters 
of 47 fertile and 40 subfertile males before and after treatment with folic acid and 
zinc sulfate. After 26 weeks of treatment, a significant improvement in sperm con-
centration of subfertile males was detected with no documented effect on other 
semen and endocrine parameters [60]. Using a branded mixture of antioxidants con-
taining 0.5 mg of folic acid, Tremellen et al. reported significant improvement in 
pregnancy rates following assisted reproductive techniques [41]. On the other hand, 
high doses of folic acid may result in methylation of promoter regions in several 
genes involved in cancer and neurobehavioral disorders [61]. Thus, folic acid sup-
plementation must be carefully prescribed in order to avoid placing patients in 
unnecessary health risks.

In Vitro Studies

One study evaluating the effects of several antioxidants on seminal plasma of 
patients undergoing ART reported an inverse correlation between seminal plasma 
folate and sperm DNA fragmentation index (DFI) [62].
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25.2.2.7  �Selenium (50–200 mcg/Day)

Selenium (Se) is an essential trace element mainly involved in normal testicular 
development and spermatogenesis, protecting sperm DNA against oxidative stress 
damage. The precise mechanism by which Se eliminates oxidative stress is not well-
established. It is believed to exert its biochemical and cellular effects through the 
activity of glutathione peroxidases and thioredoxin reductases, thus playing an inte-
gral role in the function of biologic glutathione. Morphologic sperm mid-piece 
abnormalities and impairment of sperm motility were associated with Se deficiency 
[63]. As for any other antioxidant and micronutrient, the daily selenium intake has 
to be balanced because both high and low intake may cause numerous sperm abnor-
malities and can thus affect male fertility [64]. Dietary Se can be found in seafood, 
nuts, cereals, meat, and dairy products.

In Vivo Studies

Few studies have documented a beneficial effect for Se on semen parameters in sub-
fertile men. As previously noted, Safarinejad et al. [65] reported a statistically signifi-
cant improvement in all semen parameters in men receiving 200 μ[mu]g of Se either 
alone or in combination with NAC for 26 weeks [65]. The combination of Se with 
vitamin E resulted in an increase in sperm motility [66, 67]. However, these changes 
in sperm parameters did not exert a significant influence on the overall pregnancy 
rates [66]. In a recent literature review, Se was found to have a favorable influence on 
the viability of spermatozoa by providing a protective effect against ROS [64].

In Vitro Studies

Most in vitro studies examined the effects of Se on cryopreservation techniques. 
Early reports on the in vitro use of Se as a semen extender revealed a protective 
effect against freezing injury [68]. The addition of 1 and 2 μ[mu]g/ml of Se to the 
semen before freezing significantly increased the post-thaw motility compared to 
non-treated specimens. Animal studies also conveyed similar results, where the 
addition of similar concentrations of Se to semen extenders significantly improved 
post-thaw sperm motility, viability, membrane integrity, and semen total antioxidant 
capacity and reduced DFI in water buffalo sperm [69].

25.2.2.8  �Zinc (50–250 mg/Day)

Zinc is another essential trace mineral involved in DNA and RNA metabolism and 
has anti-apoptotic and antioxidant properties. Its effect on spermatogenesis appears 
to be protective through prevention of premature oxidation of sulfhydryl groups 
during epididymal maturation [70–72]. Although the antioxidant properties of zinc 
were first utilized in antiaging supplements and immune boosters, studies have 
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shown an inverse association between the seminal concentration of zinc and male 
fertility potential [73]. Dietary zinc deficiency causes increased oxidative stress [74] 
and poor sperm morphology [75].

In Vivo Studies

Omu et al. compared zinc therapy to no therapy in men with asthenozoospermia for a 
period of 3 months revealing a significant improvement in sperm count (P < 0.02), pro-
gressive motility (P < 0.05), fertilizing capacity (P < 0.01), and a reduction in the inci-
dence of antisperm antibodies (P < 0.01) among the treatment group [40]. Additionally, 
oral zinc supplementation successfully restored seminal catalase-like activity and 
improved sperm concentration and progressive motility in a group of asthenozoosper-
mic men [76]. As noted earlier, several randomized controlled trials have demonstrated 
a beneficial effect of oral intake of zinc + folate on semen parameters [59, 60].

In Vitro Studies

Similar to the reported animal study on Se, Dorostkar et al. investigated the in vitro 
use of zinc sulfate as a semen extender demonstrating a protective effect of low 
doses of zinc (0.288 mg/L) against freezing-thawing oxidative damage [77].

25.3  �Systematic Reviews of Antioxidants

Several systematic reviews investigated the available evidence on antioxidant use in 
male subfertility yielding variable conclusions. A Cochrane review of 48 random-
ized controlled clinical trials including 4179 subfertile men was recently performed 
[78]. Live birth and pregnancy rates were reported in four and seven trials, respec-
tively. Despite a considerable variability in the reported antioxidant effect on semen 
parameters, a statistically significant improvement in live birth rate (OR 4.21, 95% 
CI 2.08–8.51, P < 0.0001) and clinical pregnancy rate (OR 3.43, 95% CI 1.92–6.11, 
P < 0.0001) were detected [78]. Different selection criteria were utilized in other 
literature reviews. Ross et al. [79] analyzed 17 randomized trials, including a total 
of 1665 infertile men in whom oral antioxidants were compared to placebo or no 
treatment. Semen parameters and reported pregnancy rates were the outcome mea-
sures analyzed. Despite the methodological and clinical heterogeneity, an improve-
ment in sperm after antioxidant therapy was reported in 14 out of 17 trials. Pregnancy 
rates were measured in seven trials, six of which showed a significant improvement 
after antioxidant therapy. The authors concluded that the use of oral antioxidants in 
infertile men may have beneficial effects on sperm quality and pregnancy rates. In an 
attempt to evaluate the impact of oral antioxidants on measures of sperm oxidative 
stress and DNA damage, Gharagozloo and Aitken selected 20 trials that assessed 
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such an association [12]. The analysis showed that 19 out of the 20 studies reported 
a significant reduction in oxidative stress or DNA damage after treatments with 
antioxidants. Moreover, a significant improvement in sperm motility was observed 
in seven out of the seven studies particularly performed on asthenozoospermic 
patients [12]. In addition to addressing the effect of oral antioxidants on sperm dys-
function and DNA damage, Zini and Al-Hathal also investigated the in vitro use of 
antioxidants prior to assisted reproduction revealing a protective effect for antioxi-
dants against exogenous ROS, sperm cryopreservation, and thawing [13].

Although many reviews generally demonstrate a favorable influence of antioxi-
dants on male fertility (Table 25.2), the optimum regimen of antioxidants is still 
unknown. Many experts suggest an individualized treatment approach, whereby the 
dose and type of antioxidant given to a particular patient should be adjusted accord-
ing to the clinical presentation and/or the level of seminal oxidative stress.

25.4  �Conclusion

The use of antioxidant therapy for the treatment of male subfertility has been inves-
tigated with several undersized studies. Despite the presence of considerable evi-
dence confirming their beneficial effects in reversing oxidative stress-induced sperm 
dysfunction and in improving pregnancy rates, the heterogeneous nature of the 
study designs hampers our ability to implement an ideal treatment modality and 
calls for the conduct of large-scale randomized controlled trials. Furthermore, the 
optimum safe management of oxidative stress is critical and only possible with 
antioxidants that work in synergy with some selectivity for the male reproductive 
tract. The uncontrolled use of antioxidant formulations with random ingredients and 
dosages may have negative influences on male fertility adding to the plight of cou-
ples who are desperate to have a healthy child. The in vitro use of antioxidants is 
undoubtedly relevant in the era of ART but must also be applied carefully as 
improper dosage or combination with unfavorable media compounds could lead to 
unexpected adverse effects. Finally, additional studies are needed to determine the 
optimal antioxidant preparation to be used in vivo and in vitro.

Table 25.2  Available evidence on the effect of antioxidants in the treatment of male infertility

Antioxidant supplementation has been shown to:
Improve semen parameters (concentration, motility,  and 
morphology)

[12, 28, 29, 40, 45–47, 51, 
52, 55, 65, 79]

Reduce seminal oxidative stress [12, 13, 27, 28, 64]
Reduce sperm DNA fragmentation [13, 29, 39, 40]
Improve clinical pregnancy rate [27, 39, 41, 46, 52, 78, 79]
Improve live birth rate [78]
Provide protection for sperm in vitro against the detrimental 
effects of incubation time and freezing-thawing

[13, 32, 43, 49, 50, 57, 58, 
62, 69, 77]
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Chapter 26
Varicocelectomy

Matheus Roque and Sandro C. Esteves

26.1  �Introduction

Varicocele is defined as a dilatation of the pampiniform plexus veins. It is a com-
mon condition found both in men with normal spermatogenesis and in men with 
abnormal semen parameters. Varicocele has been considered the most common 
cause of male infertility, affecting about 15–20% of the general population, 
35–40% of men presenting with primary infertility [1–3], and up to 80% of men 
with secondary infertility [3]. Despite being more common on the left side, vari-
coceles are found bilaterally in up to 50% of the patients [3, 4]. On the contrary, 
isolated right side varicocele is a rare condition that may be associated with situs 
inversus, retroperitoneal tumors, and insertion of the spermatic vein into the right 
renal vein [4, 5].

The diagnosis of varicocele is primarily based on physical examination. 
However, imaging studies have been indicated when the physical examination is 
inconclusive or in cases of recurrence after previous repair. Only clinically pal-
pable varicocele has been clearly associated with infertility [6]. The most widely 
used classification is the Dubin grading system, which classifies the varicocele on 
a scale of 1–3, with grade 3 being present on visual inspection of the scrotum, 
grade 2 being palpable, and grade 1 only being palpable with the aid of Valsalva 
maneuver [7].
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Varicocele can impair spermatogenesis through several distinct pathophysiological 
mechanisms, namely, scrotal hyperthermia, hormonal disturbances, testicular hypo-
perfusion, hypoxia, and backflow of toxic metabolites (Fig. 26.1). Recent studies, 
however, indicate that oxidative stress is a central element in the pathophysiology of 
varicocele-related infertility. As a matter of fact, both reactive oxygen species (ROS) 
and apoptosis markers are elevated in the semen of infertile men with varicocele 
[8–11]. Despite having an important physiological role in fertility [12], ROS in 
excess may overcome the body’s antioxidant protection and result in oxidative 
stress (OS). As human spermatozoa contain high concentrations of unsaturated fatty 
acids, lipid peroxidation ensues in the presence of excessive ROS [13]. As a result, 
damage to sperm membrane occurs, affecting both sperm motility and sperm-oocyte 
fusion. Furthermore, OS may negatively affect the sperm chromatin by inducing 
breaks in the DNA strands [5, 14, 15]. Notwithstanding, the reasons why some 
patients with varicocele are infertile, whereas the majority of patients are not, 
remain unclear [16].

Fig. 26.1  The detrimental effect of varicocele on male reproduction (Reprinted from: Cho et al. 
[10] (This figure is available under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike License (CC BY-NC-SA), which permits noncommercial use, distribution, and repro-
duction in any medium))
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Although sperm with fragmented DNA are able to fertilize oocytes with an 
apparent similar efficiency as sperm without DNA fragmentation [16, 17], it has 
been found that sperm DNA fragmentation (SDF) may negatively impact embryo 
development through its effects on the integrity of the embryonic genome [18, 19]. 
In fact, SDF has been associated not only with infertility but also with poor out-
comes in assisted reproduction treatments, including miscarriages [20–22].

Whereas the routine use of OS markers, including SDF, has been debated [23], 
the assessment of SDF in men with varicocele may provide valuable information to 
guide therapeutic interventions [11, 24, 25]. For instance, determining which 
patients are affected by SDF could enable clinicians to better select varicocele can-
didates for early surgical interventions [26]. Moreover, oxidative stress markers can 
be used to monitor the effectiveness of interventions [16]. In fact, varicocele repair 
may alleviate OS and reduce SDF, thus leading to improved fertility, both natural 
and assisted [27–31].

In this chapter, we summarize (1) the current evidence concerning the associa-
tion between varicocele and sperm DNA fragmentation and (2) the benefit of vari-
cocele repair in infertile men with elevated SDF.

26.2  �Varicocele and Oxidative Stress

Although small quantities of ROS play important roles in sperm function, a dispro-
portionate increase in ROS usually leads to OS that may cause damage to both 
nuclear and mitochondrial sperm DNA, including base modifications, strand breaks, 
and chromatin cross-links [11]. OS has also been implicated in apoptosis-like pro-
cesses affecting sperm maturation and nuclear protamination [10].

Several studies comparing fertile men with and without varicocele have found 
that the former exhibit increased levels of seminal OS markers. However, it is 
still unknown by which mechanisms fertility is maintained in these men [15, 
32–34]. Likewise, OS markers are also elevated in infertile men with varicocele. 
Elevated levels of ROS, nitric oxide, and lipid peroxidation products are com-
mon findings [35–37], thus indicating that the presence of varicocele exacerbates 
the generation of oxidative stress [16]. Furthermore, an association between vari-
cocele grade and OS seems to exist, as the larger the varicocele, the higher the 
levels of OS [38–42]. Others have demonstrated that men with varicocele had 
diminished seminal antioxidant capacity when compared to fertile counterparts 
[9, 32, 33, 37, 42–45].

Added to this, ROS generation has been associated with scrotal hyperthermia, 
testicular hypoxia, reflux of adrenal and renal metabolites, cadmium accumulation, 
and epididymal dysfunction [5, 10]. However, it is likely that intrinsic factors either 
protecting or exacerbating the harmful effects of oxidation on germ cells exist, thus 
modulating the fertility status of men with varicocele [5]. In this scenario, sperm 
DNA fragmentation is probably the manifestation of these aforementioned factors 
on spermatogenesis [9].
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26.3  �Varicocele and Sperm DNA Fragmentation

As depicted in Fig.  26.1, there are several distinct mechanisms, namely, scrotal 
hyperthermia, hormonal disturbances, testicular hypoperfusion, hypoxia, and back-
flow of toxic metabolites related to the pathophysiology of varicocele. All of them 
are associated with ROS generation and ROS-mediated oxidative stress, including 
lipid peroxidation, which damages not only the sperm membrane but also the DNA 
contents [5]. As a consequence, DNA fragmentation ensues both in mitochondrial 
and nuclear DNA. Although mitochondrial DNA is more susceptible to ROS, sperm 
nuclear damage has a greater clinical significance [10]. It is therefore prime to dis-
cuss how the distinct pathophysiological mechanisms involved in varicocele are 
associated with oxidative stress and sperm DNA fragmentation, as we will see in the 
sections below.

26.3.1  �Heat Stress

Spermatogenesis is optimal at temperatures 2.50 °C lower than the body’s tempera-
ture. However, due to the reflux of abdominal blood through incompetent valves of 
the internal spermatic and cremasteric veins into the pampiniform plexus, scrotal 
temperature increases in patients with varicocele. Scrotal hyperthermia is the most 
widely accepted hypothesis to explain oxidative stress in varicocele [46]. ROS pro-
duction from mitochondria, plasma membrane, cytoplasm, and peroxisome increase 
in the presence of heat stress. The cell damage due to hyperthermia occurs in differ-
ent grades in the various cell compartments [10]. In the testes, spermatogonia B and 
developing spermatozoa are highly vulnerable to heat stress. On the contrary, sper-
matogonia A, Leydig and Sertoli cells are thermo-resistant [5]. Figure 26.2 depicts 
the association between heat stress and ROS production in varicocele.

26.3.2  �Testicular Hypoxia

Studies evaluating venographic pressure and testis histopathology showed that tis-
sue ischemia occurs if venous hydrostatic pressure of internal testicular vein exceeds 
the testicular arteriolar pressure [47, 48]. Ischemia signs, including arteriolar occlu-
sion by microthrombi, germ cell degeneration, Leydig cell atrophy, and fibrotic 

Fig. 26.2  (continued) that is mediated through a variety of mechanisms and targets lipids, pro-
teins, sugars, and nucleic acids. Excessive ROS overwhelm primary sperm defenses against oxida-
tive stress—the tight packing of sperm DNA and seminal antioxidants. The harmful effects of 
oxidative stress are caused by lipid peroxidation of sperm plasma membrane and nuclear as well 
as mitochondrial sperm DNA damage (Adapted by permission from Macmillan Publishers Ltd.: 
Nature Reviews Urology. Agarwal et al. [5])

M. Roque and S.C. Esteves



499

Fig. 26.2  Oxidative stress is the central and common pathogenic mediator of testicular damage in 
varicocele, while exposure to heat, hypoxia, and toxic adrenal and renal metabolites are stimula-
tors of reactive oxygen and nitrogen species generation. ROS encompass a broad category of 
highly reactive substances formed as byproducts of oxidative and reductive metabolic reactions. 
Reactive nitrogen species constitute a subset of ROS that contains nitrogen atoms. Three compo-
nents can release ROS in men with varicocele under heat and hypoxic stress: the principal cells in 
the epididymis, the endothelial cells in the dilated pampiniform plexus, and the testicular cells 
(developing germ cells, Leydig cells, macrophages, and peritubular cells). An imbalance between 
seminal ROS and their neutralizing antioxidants in men with varicocele results in oxidative stress 
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thickening of the basement membranes of seminiferous tubules have been observed 
in testicular biopsy specimens of infertile men with varicocele [47]. ROS are pro-
duced by various sources during hypoxia, including activation of hypoxia inducible 
factor 1 (HIF-1), mitochondrial dysfunction, xanthine dehydrogenase/oxidase, 
membrane-associated NAPDH oxidase 5 (NOX5), and phospholipase A2 [5]. 
Moreover, hypoxia can lead to increase in the expression of leptin and cytokines in 
testicular tissue, including IL-1 and IL-6, which can induce the generation of ROS 
[40, 49–51].

26.3.3  �Reflux of Adrenal/Renal Metabolites and Cadmium 
Accumulation

The retrograde blood flow through the left testicular vein with adrenal prostaglan-
dins and renal and adrenal metabolites can induce cellular OS [52]. Norepinephrine 
can contribute to vasospasm and aggravate hypoxia, generating more ROS [5].

Cadmium is a natural metal that has been identified in elevated levels in the wall 
of internal spermatic veins, testicular tissue biopsy specimens, and the seminal fluid 
of patients with varicocele [53–55]. It is hypothesized that increased hydrostatic 
pressure and hypoxia might result in a porous blood-testis barrier that enables cad-
mium to build up [55]. However, it is still unclear how cadmium affects fertility.

26.3.4  �Epididymis Dysfunction

Experimental varicoceles have been used to study epididymal structural and func-
tional changes in response to varicocele [5]. In the epididymis, there are three 
important sources of ROS, namely, the luminal fluid from the testis, the endothelial 
cells layering the rich capillary network around the caput, and the metabolically 
active principal cells [5]. The initial epididymal segment seems to be the primary 
site for ROS accumulation. In all epididymal segments, there also seems to exist 
cells capable of generating enzymatic and nonenzymatic antioxidants. Hypoxia and 
heat stress are the likely triggers for the imbalance between ROS and antioxidant 
defenses. Under these stressful conditions, the principal cells can generate excessive 
ROS that when combined with impaired production of antioxidants result in oxida-
tive damage to the maturing sperm and epididymal cells [10].

26.3.5  �Clinical Data

A meta-analysis of seven studies assessed SDF rates in men with varicocele. Higher 
sperm DNA damage was found in patients with varicocele than controls. The over-
all estimate showed a mean difference of 9.84% (95% CI 9.19–10.49; P < 0.00001) 
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in SDF rates between patients and controls [56]. In another review article, the 
authors identified 16 case-control studies that measured SDF in fertile and infertile 
men with varicocele [9]. The control groups were formed by sperm donors, fertile 
men, or infertile men without varicocele. Nine studies investigated the association 
between varicocele and SDF in infertile men; SDF rates were higher in infertile men 
with varicocele than infertile men without varicocele in four studies. The remaining 
seven studies specifically included fertile men with varicocele. In six of them, SDF 
rates were higher in men with varicocele (and no history of infertility) than fertile 
men or sperm donors without varicocele [9].

In a multicenter study, we evaluated SDF by sperm chromatin dispersion (SCD) 
test in 593 men with various etiologies attending infertility clinics. A total of 98 men 
with varicocele and 80 fertile controls were included [46]. Both men with varicocele 
and those with leukocytospermia exhibited the highest SDF rates among the studied 
men, with 35.7% (±18.3%) and 41.7% (±17.6%) damaged sperm, respectively. The 
SDF rates were also higher in testicular cancer patients and in couples with repeated 
in vitro fertilization (IVF)/ICSI failure than controls (P < 0.05) [46]. Importantly, 
we identified two distinctive sperm subpopulations within fragmented DNA in the 
varicocele subgroup, namely, standard fragmented sperm and degraded sperm 
(DDS), similarly than previously reported [57–59]. Spermatozoa with standard 
fragmented DNA exhibited either the absence or the presence of a small halo of 
chromatin dispersion around a compact nucleoid. On the contrary, spermatozoa 
with degraded DNA exhibited a ghost-like morphology owing to massive single- 
and double-strand DNA breaks as well as nuclear protein damage [59]. The rates of 
degraded sperm (DDSi), determined by the proportion of degraded sperm in the 
whole population of spermatozoa with fragmented DNA, were eightfold higher in 
varicocele than donors. Although DDS is not pathognomonic of varicocele, it was 
possible to identify varicocele based solely on SCD results with 94% accuracy, thus 
making it an attractive marker for the presence of varicocele [46] (Fig. 26.3).

26.4  �Varicocelectomy and Sperm DNA Fragmentation

Varicocele treatment is generally recommended when the following criteria are met: 
(1) presence of clinical varicoceles on physical examination regardless of its grade, 
(2) presence of infertility, (3) female partner with normal fertility or with a poten-
tially treatable cause of infertility and time to pregnancy is not a major concern, and 
(4) male partner has abnormal semen parameters [6]. However, the identification 
and treatment of the underlying pathology is one of the main objectives when man-
aging infertile men [1]. Given that abnormalities in sperm chromatin may be present 
even in men with semen analysis within normal ranges [60], it seems sound to offer 
SDF testing to all infertile men undergoing fertility evaluation, including those with 
varicocele. Testing for SDF has been proposed not only to identify those patients in 
whom SDF is contributory to infertility but also to offer interventions to alleviating 
SDF and potentially improve pregnancy outcome, both naturally and with assisted 
reproductive technology (ART) [61].
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Fig. 26.3  The possible etiologies and consequences of sperm DNA damage (Reprinted from: Cho 
et  al. [10]. (This figure is available under the terms of the Creative Commons Attribution-
NonCommercial-ShareAlike License (CC BY-NC-SA), which permits noncommercial use, distri-
bution, and reproduction in any medium))

As aforementioned, varicocele is associated with OS and is one of the major 
causes of SDF. Therefore, it seems logical that varicocele repair may result in 
improvements in overall semen quality, including SDF [9, 11, 62]. In fact, the 
levels of oxidative-stress markers, including 4977-bp mitochondrial DNA dele-
tion, 8-OHdG, TBARS, and nitrate plus nitrite content are decreased or normal-
ized after varicocelectomy [15, 37, 42, 63]. Furthermore, varicocele repair has 
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been shown to improve or normalize TAC levels both in the seminal plasma and 
peripheral blood, as well as retinol, selenium, and zinc levels [63–65]. These stud-
ies indicate that varicocelectomy is beneficial not only for alleviating OS and its 
negative effect on fertility but also for preventing and protecting against the pro-
gressive nature of varicocele and its consequent upregulation of systemic OS [30]. 
On the contrary, some studies have failed to demonstrate reduction of OS markers 
after varicocelectomy [66–68], making it unclear why not all men improve after 
varicocelectomy [69].

As far as SDF is concerned, a meta-analysis including six studies evaluated the 
effect of varicocelectomy. The authors found that SDF rates were overall reduced, 
with a mean difference of −3.37% (95% CI −4.09–2.65; P  <  0.00001) [56]. 
Subsequently, others have corroborated these aforementioned findings. Kadioglu 
et al. retrospectively analyzed 92 consecutive infertile men presenting with clinical 
varicocele and who were subjected to subinguinal microsurgical varicocele repair. 
Sperm DNA fragmentation was evaluated using the terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) assay. In addition to the improve-
ments in conventional semen parameters, there was a significant decrease in DNA 
fragmentation index (DFI) from a preoperative mean of 42.6% to a postoperative 
mean of 20.5% (P < 0.001) [70]. Ni et al. evaluated 42 subfertile patients with clini-
cal varicocele and altered seminal parameters subjected to microsurgical varicoce-
lectomy. SDF was measured by sperm chromatin structure assay (SCSA), and the 
protamine-1/2 mRNA ratio was also assessed. The preoperative results were com-
pared to a control group of semen donors. The protamine-1/2 ratio and SDF indexes 
were significantly higher preoperatively in the patient group than in the control 
group. After varicocelectomy, the mean P1/P2 ratio was significantly improved after 
a mean time of 3–6 months in men who were able to impregnate their wives, and 
postoperative results did not differ from the control group. Overall, SDF was also 
significantly lower 3–6 months after surgery when compared to the preoperative 
levels, although still higher than in controls. However, in the group of patients 
unable to impregnate their wives naturally after a follow-up of 6 months, postopera-
tive P1/P2 mRNA and SDF rates were not different compared to the preoperative 
levels [71]. Lastly, Smit et al. prospectively evaluated 49 men with clinical varico-
cele, oligozoospermia, and at least 1 year of infertility subjected to varicocelectomy. 
These authors also observed postoperative improvements in sperm parameters and 
decreases in SDF indexes. Lower postoperative SDF results were associated with a 
higher chance of pregnancy, both naturally and with ART [72]. Notwithstanding, 
the repair of subclinical varicoceles is not warranted. In a recent study, Garcia-Peiró 
et  al. evaluated 60 infertile patients with varicocele using several SDF methods 
(TUNEL, SCD, and SCSA). While SDF rates decreased after repairing clinical vari-
coceles, there were no improvements in SDF rates in infertile patients with 
subclinical varicocele subjected to surgery [79]. In conclusion, fair evidence indi-
cates that (1) SDF is reduced after varicocelectomy in infertile men with clinical 
varicocele, and (2) a decrease in SDF is associated with a higher chance of preg-
nancy. Table 26.1 summarizes the main results of the studies examining the role of 
varicocelectomy on SDF.
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26.5  �Future Research

A variety of tests has been developed to measure SDF in sperm, as discussed in 
detail elsewhere in this book. Nowadays, the most commonly used tests are sperm 
chromatin structure assay (SCSA), terminal deoxynucleotidyl transferase-mediated 
fluorescein-dUTP nick-end labeling (TUNEL), COMET, and sperm chromatin dis-
persion (SCD) test. However, it is still unknown which test would be optimal to 
detect DNA damage in men with varicocele. And further research is needed to 
determine which SDF thresholds would better discriminate infertile from fertile 
men with varicocele.

Recently, a clinical guideline on the use of SDF testing based on clinical sce-
narios shed some light on the role of SDF testing in men with varicocele [80]. In 
their paper, Agarwal et al. reviewed the existing literature and recommended SDF 
testing for (i) infertile men with large varicocele (grades 2 and 3) and normal con-
ventional semen analysis (WHO criteria) and (ii) infertile men with small varicocele 
(grade 1) and borderline or normal semen analysis. The rationale is to aid the clini-
cal decision of recommending varicocelectomy to these patients. The authors advo-
cate surgery to the aforementioned subjects with high SDF rates (grade C 
recommendation). They argued that SDF testing could identify men with already 
compromised sperm function and otherwise “normal” conventional parameters. 
Given that the authors’ recommendation was mainly based on retrospective studies, 
more data is needed to elucidate the role of SDF testing to both diagnosis and man-
agement of varicocele.

The development of genomics, epigenomics, proteomics, and metabolomics bio-
markers may also help to understand the pathophysiology of varicocele and why 
some men are infertile whereas others are not. Proteomic studies have suggested 
that varicocele leads to a deviation from homeostasis toward a dynamic equilibrium 
in an altered state [81, 82]. In adolescents, a general dysfunction is observed in the 
seminal plasma proteome whereas functions critical for fertilization are underrepre-
sented in adults [81]. It seems that the proteomic signature differs when men with 
varicocele are compared to controls without varicocele [82]. New studies identify-
ing molecular markers related to oxidative stress and SDF in men with varicoceles 
are very much anticipated, as molecular markers seem to hold promise as a better 
means of selecting patients that require treatment [83].

26.6  �Conclusions

Significant advancements have been obtained in biomolecular techniques, enabling 
us to better understand the mechanisms involved in testicular damage caused by 
varicocele. Fair evidence indicates that varicocele exacerbates the generation of 
reactive oxygen species (ROS), which is associated with oxidative stress. Although 
small quantities of ROS have important roles in sperm function, a disproportionate 
increase in ROS may lead to OS that can cause damage to nuclear and 
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mitochondrial sperm DNA. Therefore, both OS and SDF play an important role in 
the pathophysiology of varicocele-related infertility. Sperm DNA fragmentation has 
been associated with infertility and poorer reproductive outcomes, both natural and 
assisted. It has been suggested that SDF testing should be included during male 
infertility workup as infertile men with so-called “normal” semen analysis may 
present with elevated rates of SDF. Furthermore, assessment of OS markers, includ-
ing SDF, may allow the identification of men with abnormal markers who may be 
the best candidates for surgery. Varicocele repair may alleviate oxidative stress and 
as a consequence decrease the proportion of spermatozoa exhibiting SDF.  As a 
result, fertility can be either restored or improved, and better outcomes are expected 
if assisted reproduction is required.

References

	 1.	Esteves SC, Miyaoka R, Agarwal A. An update on the clinical assessment of the infertile male. 
[corrected]. Clinics (Sao Paulo). 2011;66:691–700.

	 2.	Shiraishi K, Matsuyama H, Takihara H. Pathophysiology of varicocele in male infertility in the 
era of assisted reproductive technology. Int J Urol. 2012;19:538–50.

	 3.	Gorelick JI, Goldstein M. Loss of fertility in men with varicocele. Fertil Steril. 1993;59:613–6.
	 4.	Alsaikhan B, Alrabeeah K, Delouya G, Zini A. Epidemiology of varicocele. Asian J Androl. 

2016;18:179–81.
	 5.	Agarwal A, Hamada A, Esteves SC. Insight into oxidative stress in varicocele-associated male 

infertility: part 1. Nat Rev Urol. 2012;9:678–90.
	 6.	Practice Committee of the American Society for Reproductive Medicine, Society for Male 

Reproduction and Urology. Report on varicocele and infertility: a committee opinion. Fertil 
Steril. 2014;102:1556–60.

	 7.	Miyaoka R, Esteves SC. A critical appraisal on the role of varicocele in male infertility. Adv 
Urol. 2012;2012:597495.

	 8.	Agarwal A, Sharma RK, Desai NR, Prabakaran S, Tavares A, Sabanegh E. Role of oxidative 
stress in pathogenesis of varicocele and infertility. Urology. 2009;73:461–9.

	 9.	Zini A, Dohle G. Are varicoceles associated with increased deoxyribonucleic acid fragmenta-
tion? Fertil Steril. 2011;96:1283–7.

	10.	Cho CL, Esteves SC, Agarwal A. Novel insights into the pathophysiology of varicocele and 
its association with reactive oxygen species and sperm DNA fragmentation. Asian J Androl. 
2016;18:186–93.

	11.	Esteves SC.  Novel concepts in male factor infertility: clinical and laboratory perspectives. 
J Assist Reprod Genet. 2016;33:1319–35.

	12.	Griveau JF, Le Lannou D. Reactive oxygen species and human spermatozoa: physiology and 
pathology. Int J Androl. 1997;20:61–9.

	13.	Ni K, Steger K, Yang H, Wang H, Hu K, Zhang T, Chen B. A comprehensive investigation of 
sperm DNA damage and oxidative stress injury in infertile patients with subclinical, normo-
zoospermic and astheno/oligozoospermic clinical varicocele. Andrology. 2016;4:816–24.

	14.	Tremellen K.  Oxidative stress and male infertility—a clinical perspective. Hum Reprod 
Update. 2008;14:243–58.

	15.	Blumer CG, Restelli AE, Giudice PT, Soler TB, Fraietta R, Nichi M, Bertolla RP, 
Cedenho AP.  Effect of varicocele on sperm function and semen oxidative stress. BJU Int. 
2012;109:259–65.

	16.	Hamada A, Esteves SC, Agarwal A. Insight into oxidative stress in varicocele-associated male 
infertility: part 2. Nat Rev Urol. 2012;10:26–37.

M. Roque and S.C. Esteves



509

	17.	Sakkas D, Alvarez JG. Sperm DNA fragmentation: mechanisms of origin, impact on reproduc-
tive outcome, and analysis. Fertil Steril. 2010;93:1027–36.

	18.	Aitken RJ, Krausz C. Oxidative stress, DNA damage and the Y chromosome. Reproduction. 
2001;122:497–506.

	19.	Seli E, Gardner DK, Schoolcraft WB, Moffatt O, Sakkas D. Extent of nuclear DNA damage 
in ejaculated spermatozoa impacts on blastocyst development after in vitro fertilization. Fertil 
Steril. 2004;82:378–83.

	20.	Avendaño C, Franchi A, Duran H, Oehninger S. DNA fragmentation of normal spermatozoa 
negatively impacts embryo quality and intracytoplasmic sperm injection outcome. Fertil Steril. 
2010;94:549–57.

	21.	Robinson L, Gallos ID, Conner SJ, Rajkhowa M, Miller D, Lewis S, Kirkman O, Brown J, 
Coomarasamy A. The effect of sperm DNA fragmentation on miscarriage rates: a systematic 
review and meta-analysis. Hum Reprod. 2012;27:2908–17.

	22.	Zini A, Boman JM, Belzile E, Ciampi A. Sperm DNA damage is associated with an increased 
risk of pregnancy loss after IVF and ICSI: systematic review and meta-analysis. Hum Reprod. 
2008;23:2663–8.

	23.	Practice Committee of the American Society for Reproductive Medicine. The clinical utility of 
sperm DNA integrity testing: a guideline. Fertil Steril. 2013;99:673–7.

	24.	Esteves SC.  Clinical relevance of routine semen analysis and controversies surround-
ing the 2010 World Health Organization criteria for semen examination. Int Braz J  Urol. 
2014;40:443–53.

	25.	Esteves SC, Sharma RK, Gosálvez J, Agarwal A. A translational medicine appraisal of special-
ized andrology testing in unexplained male infertility. Int Urol Nephrol. 2014;46:1037–52.

	26.	Majzoub A, Esteves SC, Gonsálvez J, Agarwal A. Specialized sperm function tests in varico-
cele and the future of andrology laboratory. Asian J Androl. 2016;18:205–12.

	27.	Zini A, Blumenfeld A, Libman J, et al. Beneficial effect of microsurgical subinguinal varico-
celectomy on human sperm DNA integrity. Hum Reprod. 2005;20:1018–21.

	28.	Marmar JL, Agarwal A, Prabaskan S, Agarwal R, Short RA, et al. Reassessing the value of 
varicocelectomy as a treatment for male subfertility with a new meta-analysis. Fertil Steril. 
2007;88:639–48.

	29.	Kroese AC, de Lange NM, Collins J, Evers JL. Surgery or embolization for varicoceles in 
subfertile men. Cochrane Database Syst Rev. 2012;10:CD000479.

	30.	Tiseo BC, Esteves SC, Cocuzza MS. Summary evidence on the effects of varicocele treatment 
to improve natural fertility in subfertile men. Asian J Androl. 2016;18:239–45.

	31.	Esteves SC, Roque M, Agarwal A.  Outcome of assisted reproductive technology in men 
with treated and untreated varicocele: systematic review and meta-analysis. Asian J Androl. 
2016;18:254–8.

	32.	Pasqualotto FF, Sundaram A, Sharma RK, Borges E Jr, Pasqualotto EB, Agarwal A. Semen 
quality and oxidative stress scores in fertile and infertile patients with varicocele. Fertil Steril. 
2008;89:602–7.

	33.	Mostafa T, Anis T, Imam H, El-Nashar AR, Osman IA. Seminal reactive oxygen species—anti-
oxidant relationship in fertile males with and without varicocele. Andrologia. 2009;41:125–9.

	34.	Zylbersztejn DS, Andreoni C, Del Giudice PT, Spaine DM, Borsari L, Souza GH, Bertolla RP, 
Fraietta R. Proteomic analysis of seminal plasma in adolescents with and without varicocele. 
Fertil Steril. 2013;99:92–8.

	35.	Saleh RA, Agarwal A, Sharma RK, Said TM, Sikka SC, Thomas AJ Jr. Evaluation of nuclear 
DNA damage in spermatozoa from infertile men with varicocele. Fertil Steril. 2003;80:1431–6.

	36.	Mehraban D, Ansari M, Keyhan H, Sedighi Gilani M, Naderi G, Esfehani F. Comparison of 
nitric oxide concentration in seminal fluid between infertile patients with and without varico-
cele and normal fertile men. Urol J. 2005;2:106–10.

	37.	Sakamoto Y, Ishikawa T, Kondo Y, Yamaguchi K, Fujisawa M. The assessment of oxidative 
stress in infertile patients with and without varicocele. BJU Int. 2008;101:1547–52.

	38.	Köksal IT, Tefekli A, Usta M, Erol H, Abbasoglu S, Kadioglu A. The role of reactive oxygen 
species in testicular dysfunction associated with varicocele. BJU Int. 2000;86:549–52.

26  Varicocelectomy



510

	39.	Allamaneni SS, Naughton CK, Sharma RK, Thomas AJ Jr, Agarwal A. Increased seminal reac-
tive oxygen species levels in patients with varicoceles correlate with varicocele grade but not 
with testicular size. Fertil Steril. 2004;82:1684–6.

	40.	 Ishikawa T, Fujioka H, Ishimura T, Takenaka A, Fujisawa M. Increased testicular 8-hydroxy-
2′-deoxyguanosine in patients with varicocele. BJU Int. 2007;100:863–6.

	41.	Abd-Elmoaty MA, Saleh R, Sharma R, Agarwal A. Increased levels of oxidants and reduced 
antioxidants in semen of infertile men with varicocele. Fertil Steril. 2010;94:1531–4.

	42.	Mostafa T, Anis TH, El-Nashar A, Imam H, Othman IA. Varicocelectomy reduces reactive 
oxygen species levels and increases antioxidant activity of seminal plasma from infertile men 
with varicocele. Int J Androl. 2001;24:261–5.

	43.	Pasqualotto FF, Sharma RK, Nelson DR, Thomas AJ Jr, Agarwal A. Relationship between 
oxidative stress, semen characteristics, and clinical diagnosis in men undergoing infertility 
investigation. Fertil Steril. 2000;73:459–64.

	44.	Sharma RK, Pasqualotto FF, Nelson DR, Thomas AJ Jr, Agarwal A.  The reactive oxygen 
species-total antioxidant capacity score is a new measure of oxidative stress to predict male 
infertility. Hum Reprod. 1999;14:2801–7.

	45.	Hendin BN, Kolettis PN, Sharma RK, Thomas AJ Jr, Agarwal A. Varicocele is associated with 
elevated spermatozoal reactive oxygen species production and diminished seminal plasma 
antioxidant capacity. J Urol. 1999;161:1831–4.

	46.	Esteves SC, Gosálvez J, López-Fernández C, Núñez-Calonge R, Caballero P, Agarwal A, 
Fernández J.  Diagnostic accuracy of sperm DNA degradation index (DDSi) as a potential 
noninvasive biomarker to identify men with varicocele-associated infertility. Int Urol Nephrol. 
2015;47:1471–7.

	47.	Gat Y, Zukerman Z, Chakraborty J, Gornish M.  Varicocele, hypoxia and male infertility. 
Fluid mechanics analysis of the impaired testicular venous drainage system. Hum Reprod. 
2005;20:2614–9.

	48.	Gat Y, Gornish M, Navon U, Chakraborty J, Bachar GN, Ben-Shlomo I.  Right varicocele 
and hypoxia, crucial factors in male infertility: fluid mechanics analysis in male infertility: 
fluid mechanics analysis of the impaired testicular drainage system. Reprod BioMed Online. 
2006;13:510–5.

	49.	Ambrosini G, Nath AK, Sierra-Honigmann MR, Flores-Riveros J. Transcriptional activation 
of the human leptin gene in response to hypoxia. Involvement of hypoxia inducible factor 1. 
J Biol Chem. 2002;277:34601–9.

	50.	Nallella KP, Allamaneni SS, Pasqualotto FF, Sharma RK, Thomas AJ Jr, Agarwal 
A. Relationship of interleukin-6 with semen characteristics and oxidative stress in patients 
with varicocele. Urology. 2004;64:1010–3.

	51.	Sahin Z, Celik-Ozenci C, Akkoyunlu G, Korgun ET, Acar N, Erdogru T, Demir R, Ustunel 
I. Increased expression of interleukin-1α and interleukin-1β is associated with experimental 
varicocele. Fertil Steril. 2006;85(Suppl 1):1265–75.

	52.	 Ito H, Fuse H, Minagawa H, Kawamura K, Murakami M, Shimazaki J. Internal spermatic vein 
prostaglandins in varicocele patients. Fertil Steril. 1982;37:218–22.

	53.	Benoff S, Hurley IR, Barcia M, Mandel FS, Cooper GW, Hershlag A. A potential role for 
cadmium in the etiology of varicocele-associated infertility. Fertil Steril. 1997;67:336–47.

	54.	Benoff SH, Millan C, Hurley IR, Napolitano B, Marmar JL.  Bilateral increased apoptosis 
and bilateral accumulation of cadmium in infertile men with left varicocele. Hum Reprod. 
2004;19:616–27.

	55.	Jeng SY, Wu SM, Lee JD.  Cadmium accumulation and metallothionein overexpression in 
internal spermatic vein of patients with varicocele. Urology. 2009;73:1231–5.

	56.	Wang YJ, Zhang RQ, Lin YJ, Zhang RG, Zhang WL. Relationship between varicocele and 
sperm DNA damage and the effect of varicocele repair: a meta-analysis. Reprod BioMed 
Online. 2012;25:307–14.

	57.	Fernández JL, Muriel L, Goyanes V, Segrelles E, Gosálvez J, Enciso M, LaFromboise M, De 
Jonge C. Simple determination of human sperm DNA fragmentation with an improved sperm 
chromatin dispersion (SCD) test. Fertil Steril. 84:833–42.

M. Roque and S.C. Esteves



511

	58.	Enciso M, Muriel L, Fernández JL, Goyanes V, Segrelles E, Marcos M, Montejo JM, Ardoy M, 
Pacheco A, Gosálvez J. Infertile men with varicocele show a high relative proportion of sperm 
cells with intense nuclear damage level, evidenced by the sperm chromatin dispersion (SCD) 
test. J Androl. 2006;27:106–11.

	59.	Gosálvez J, Rodríguez-Predreira M, Mosquera A, López-Fernández C, Esteves SC, Agarwal 
A. Characterization of a subpopulation with massive nuclear damage, as recognized with the 
sperm chromatin dispersion (SCD) test. Andrologia. 2014;46:602–9.

	60.	Feijó CM, Esteves SC.  Diagnostic accuracy of sperm chromatin dispersion test to evalu-
ate sperm deoxyribonucleic acid damage in men with unexplained infertility. Fertil Steril. 
2014;101:58–63.

	61.	Agarwal A, Cho CL, Esteves SC. Should we evaluate and treat sperm DNA fragmentation? 
Curr Opin Obstet Gynecol. 2016;28:164–71.

	62.	Esteves SC, Oliveira FV, Bertolla RP. Clinical outcome of intracytoplasmic sperm injection in 
infertile men with treated and untreated clinical varicocele. J Urol. 2010;184:1442–6.

	63.	Chen SS, Huang WJ, Chang LS, Wei YH. Attenuation of oxidative stress after varicocelectomy 
in subfertile patients with varicocele. J Urol. 2008;179:639–42.

	64.	Cervellione RM, Cervato G, Zampieri N, Corroppolo M, Camoglio F, Cestaro B, Ottolenghi 
A.  Effect of varicocelectomy on the plasma oxidative stress parameters. J  Pediatr Surg. 
2006;41:403–6.

	65.	Hurtado de Catalfo GE, Ranieri-Casilla A, Marra FA, de Alaniz MJ, Marra CA. Oxidative 
stress biomarkers and hormonal profile in human patients undergoing varicocelectomy. Int 
J Androl. 2007;30:519–30.

	66.	Yesilli C, Mungan G, Seçkiner I, Akduman B, Açikgöz S, Altan K, Mungan A. Effect of vari-
cocelectomy on sperm creatine kinase, HspA2 chaperone protein (creatine kinase-M type), 
LDH, LDH-X, and lipid peroxidation product levels in infertile men with varicocele. Urology. 
2005;66:610–5.

	67.	Rodriguez Peña M, Alescio L, Russell A, Lourenco da Cunha J, Alzu G, Bardoneschi 
E. Predictors of improved seminal parameters and fertility after varicocele repair in young 
adults. Andrologia. 2009;41:277–81.

	68.	Lacerda JI, Del Giudice PT, da Silva BF, Nichi M, Fariello RM, Fraietta R, Restelli AE, 
Blumer CG, Bertolla RP, Cedenho AP. Adolescent varicocele: improved sperm function after 
varicocelectomy. Fertil Steril. 2011;95:994–9.

	69.	Redmon JB, Carey P, Pryor JL. Varicocele—the most common cause of male factor infertility? 
Hum Reprod Update. 2002;8:53–8.

	70.	Kadioglu TC, Aliyev E, Celtik M. Microscopic varicocelectomy significantly decreases the 
sperm DNA fragmentation index in patients with infertility. Biomed Res Int. 2014;2014:695713.

	71.	Ni K, Steger K, Yang H, Wang H, Hu K, Chen B. Sperm protramine mRNA ratio and DNA 
fragmentation index represent reliable clinical biomarkers for men with varicocele after micro-
surgical varicocele ligation. J Urol. 2014;192:170–6.

	72.	Smit M, Romijn JC, Wildhagen MF, Veldhoven JLM, Webert RFA, Dohle GR.  Decreased 
sperm DNA fragmentation after surgical varicocelectomy is associated with increased preg-
nancy rate. J Urol. 2013;189(1 Suppl):S146–50.

	73.	Werthman P, Wixon R, Kasperson K, Evenson DP. Significant decrease in sperm deoxyribo-
nucleic acid fragmentation after varicocelectomy. Fertil Steril. 2008;90:1800–4.

	74.	Moskovtsev SI, Lecker I, Mullen JB, Jarvi K, Willis J, White J, Lo KC. Cause-specific treat-
ment in patients with high sperm DNA damage resulted in significant DNA improvement. Syst 
Biol Reprod Med. 2009;55:109–15.

	75.	Smit M, Romijn JC, Wildhagen MF, Veldhoven JL, Weber RF, Dohle GR. Decreased sperm 
DNA fragmentation after surgical varicocelectomy is associated with increased pregnancy 
rate. J Urol. 2010;183:270–4.

	76.	Vignera L, Condorelli R, Vicari E, D’Agata R, Calogero AE. Effects of varicocelectomy on 
sperm DNA fragmentation, mitochondrial function, chromatin condensation, and apoptosis. 
J Androl. 2012;33:389–96.

26  Varicocelectomy



512

	77.	Li F, Yamaguchi K, Okada K, Matsushita K, Ando M, Chiba K, Yue H, Fujisawa M. Significant 
improvement of sperm DNA quality after microsurgical repair of varicocele. Syst Biol Reprod 
Med. 2012;58:274–7.

	78.	Baker K, McGill J, Sharma R, Agarwal A, Sabanegh E Jr. Pregnancy after varicocelectomy: 
impact of postoperative motility and DFI. Urology. 2013;81:760–6.

	79.	García-Peiró A, Ribas-Maynou J, Oliver-Bonet M, Navarro J, Checa MA, Nikolaou A, 
Amengual MJ, Abad C, Benet J. Multiple determinations of sperm DNA fragmentation show 
that varicocelectomy is not indicated for infertile patients with subclinical varicocele. Biomed 
Res Int. 2014;2014:181396.

	80.	Agarwal A, Majzoub A, Esteves SC, Ko E, Ramasamy R, Zini A. Clinical utility of sperm 
DNA fragmentation testing: practice recommendations based on clinical scenarios. Transl 
Androl Urol. 2016;5:935–50.

	81.	Camargo M, Intasqui P, Bertolla RP. Proteomic profile of seminal plasma in adolescents and 
adults with treated and untreated varicocele. Asian J Androl. 2016;18:194–201.

	82.	Agarwal A, Sharma R, Samanta L, Durairajanayagam D, Sabanegh E. Proteomic signatures 
of infertile men with clinical varicocele and their validation studies reveal mitochondrial dys-
function leading to infertility. Asian J Androl. 2016;18:282–91.

	83.	Esteves SC, Agarwal A. Afterword to varicocele and male infertility: current concepts and 
future perspectives. Asian J Androl. 2016;18:319–22.

M. Roque and S.C. Esteves



513© 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_27

Chapter 27
Physiological Intracytoplasmic Sperm 
Insemination Based on Hyaluronic  
Acid-Binding Ability

Mohammad Hossein Nasr-Esfahani, Shaghayegh Foroozan-Boroojeni, 
and Marziyeh Tavalaee

27.1  �Introduction

Among millions of sperm entering the female reproductive tract naturally, only a few 
gain the opportunity to meet the oocyte. Therefore, it appears that nature uses firm and 
decisive barriers to select the most qualified spermatozoa [1]. Despite the presence of 
numerous physiological barriers, some of these barriers are known, like those present 
in cervical mucus, but the type and exact mechanisms of most of these barriers remain 
to be explored. It is assumed that the sperm which reach the oviduct are highly prolific 
and may have passed most, if not all, the required strict criteria for successful fertiliza-
tion and development. Yet, one might believe the process of fertilization is a purely 
random event. This notion, however, remains vetoed by the fact that the overwhelm-
ing majority of motile sperm in subfertile men are incapable of fertilization even 
in vitro and numerous evidence showing a negative correlation between DNA frag-
mentation and semen parameters [2–4]. Notwithstanding these natural barriers in vivo, 
assisted reproductive techniques (ARTs), especially intracytoplasmic sperm injection 
(ICSI), bypass them all, to accomplish fertilization and development [5].

Ejaculated sperm population is highly heterogeneous and may contain apoptotic 
sperm with high degree of DNA fragmentation along with abnormal DNA packag-
ing [6, 7]. In addition, traditional sperm processing like density gradient centrifuga-
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tion (DGC) and swim up, in certain cases, may further aggravate the severity of this 
phenomenon as result of production of reactive oxygen species due to exposure of 
sperm to shearing forces during processing and/or also ROS produced by somatic 
cells present in semen [1]. Indeed in this regard, Avendaño et al. [8] revealed higher 
percentage of spermatozoa with normal morphology showing DNA damage in 
infertile and subfertile population compared to fertile individuals [8], and Ramos 
et al. [9] believe that around 50% of injected sperm during ICSI contain damaged 
DNA [9], and therefore, one out of every two oocytes is wasted due to improper 
selection of sperm during ICSI [8]. Considering the negative correlation between 
sperm DNA fragmentation and semen parameters [2–4], the number of oocyte lost 
due to insemination of sperm with damaged DNA during ICSI is increased in cou-
ples with severe male infertility. These effects are all due to the fact that sperm lack 
DNA repair mechanisms and cannot repair DNA breaks post-spermiogenesis, and 
repair of these breaks is carried out by oocyte which highly depends on the severity 
of DNA damage, age, and quality of inseminated oocyte. Consequently, these situ-
ations are further intensified in aged couples [10, 11].

Nowadays, ARTs contribute to over five million births all over the world and the 
amount is increasing day by day [1]. Despite this momentous achievement, which 
has had and will have ongoing emotional, social, and economic impacts, some 
experts believe that there is a price to pay for passing on the subfertility or infertility 
phenotypes, namely, increased abortion rate, obstetric complication, fetal anoma-
lies, and possible increase in risk of cancer [12, 13]. In addition, these procedures 
remain sub-efficient and are far from being perfect and effective [1]. Therefore, it is 
believed that these dearths might be reduced by selecting more fecund sperm in the 
ejaculate rather than mere selection of sperm based on viability and morphology, 
and neglecting other important aspect of sperm, such as DNA integrity [14–16]. In 
regard to this, researchers have used different approaches to imitate the natural bar-
riers [17–19]. Some of these approaches are completely independent of routine 
sperm processing procedures like swim up and DGC, while other approaches are 
carried out along with these procedures. In addition, some procedures isolate a sub-
population of sperm with high DNA integrity, while other procedures select “a sin-
gle physiological sperm” with intact DNA rather than a subpopulation. Therefore, a 
procedure which can recover an adequate number of sperm with high degree of 
intact DNA may have the greatest advantage [17]. In this regard, one of the 
approaches to imitate natural sperm selection is based on the ability of sperm to 
bind to hyaluronic acid [20, 21]. This procedure selects “a physiological sperm” and 
is commonly used along with DGC or swim-up procedure.

27.2  �Hyaluronic Acid

Hyaluronic acid (HA) belongs to glycosaminoglycans (GAGs) and has a polysac-
charide chain of proteoglycans (PGs), a class of molecules that have essential roles 
as a component of the extracellular matrix (ECM). HA is unique and dissimilar to 
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other GAGs, since this molecule does not bind to core proteins and is non-sulfated 
[22]. HA is ubiquitous in all of connective tissues and ECM in mammals and is 
evolutionarily conserved, indicating the functional and structural importance of this 
molecule [23]. Despite its simple structure, hyaluronan functions in most cell bio-
logical mechanisms such as survival, differentiation, proliferation, migration, adhe-
sion, motility, and intracellular signal transduction. HA exists in two forms: high 
molecular weight (HMW) and low molecular weight (LMW) [22, 24, 25].

27.3  �HA Receptors and Their Functional Role in Sperm 
Physiology

HA receptors such as CD44 and sperm adhesion molecule 1 (SPAM1) also known 
as PH-20 are expressed on plasma membrane of spermatozoa in many species 
including humans. Various roles related to sperm maturation, motility, and fertiliza-
tion have been envisaged for these receptors [26, 27].

CD44 is the most well-known receptor of HA with high specificity for this GAG 
which is present in all cells. Despite its ubiquitous presence, all cells do not bind to 
HA [23]. Structurally, CD44 is a transmembrane glycoprotein with an extracellular 
domain for binding to hyaluronan, a hydrophobic domain, and an intracellular 
domain which is believed to be involved in initiating several signal transduction 
pathways. HA binds to CD44 in a multivalent manner occurring mostly in lipid rafts 
and so leading to stabilization of CD44-containing complexes on the cell surface 
[28]. Several studies have shown that the dynamic of interaction between CD44 and 
hyaluronan is regulated by these lipid rafts and many functions are envisioned for 
interaction of HA-CD44 such as increasing human sperm motility mediated through 
intracellular Ca2+ concentration, preventing apoptosis, and protecting sperm from 
immune system [22, 29–31] (Fig. 27.1).

SPAM1 is the most widely conserved mammalian sperm antigen and considered as 
a functional hyaluronidase present in sperm, so this molecule is a “hyase.” Structurally, 
SPAM1 is a single-chain glycoprotein which has four functional domains (Fig. 27.2):

•	 Neutral hyase domain (NHD): This domain is in charge of flagellar activity and 
breakage of HA present in cumulus—oocyte complex ECM.

•	 HA-binding domain (HABD): SPAM1 is able to bind to HA via this domain and 
this interaction leads to Ca2+ signaling required for acrosome reaction.

•	 Zona pellucida (ZP) binding domain (ZPBD): Sperm, after passing the cumulus-
oocyte complex, is confronted with ZP and to traverse this structure and reach 
the oocyte, this task is achieved by this domain.

•	 Acidic hyase domain (AHD): This domain helps sperm to breakdown HA in ZP 
and perivitelline space and allows it to reach its destination.

SPAM1 is produced and secreted in male and female reproductive tracts and is 
translocated to spermatozoa to increase their fertilization potential. In humans, to 
attain successful in vitro fertilization (IVF), certain level of hyases should be present 
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Fig. 27.1  Interaction 
between CD44 and 
hyaluronan (Modified 
figure from Murai [29])

Fig. 27.2  Four functional domains of SPAM
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[32–34]. There are also other types of HA receptors (e.g., RHAMM) which have 
functions in sperm [22, 35]. However, it is not well established which of these 
receptors play the main role in sperm binding to HA.

27.4  �Hyaluronic Acid-Binding Assay and Sperm Selection

At the end of the twentieth century and the beginning of the twenty-first century, 
Huszar and his colleagues were working on specific sperm maturation markers in 
fresh ejaculated and cryopreserved-thaw spermatozoa and showed that the presence 
of HA in the medium could improve human sperm motility and viability [36]. Based 
on these findings, further studies showed the existence of HA receptors on head 
region of sperm membrane with intact acrosome [37]. These authors verified that 
only viable mature sperm have the ability to bind to solid HA [38]. In addition, the 
proportion of sperm presenting DNA fragmentation and active caspase-3 showed 
reduced ability to bind to HA compared to unselected sperm. Therefore, mature 
sperm with intact chromatin can be selected through solid HA for clinical applica-
tion, especially for ICSI [38, 39]. In one study, these authors categorized individuals 
according to percentage of sperm bound to HA (≥80%, between 60–80% and ≤60–
65%), and they suggested that the first group are fertile and there is no need of 
intervention, the second group could be treated by intrauterine insemination (IUI), 
and the third group are candidates for ICSI [38]. The results of another experiment 
revealed that in vitro sperm selection by using coated dishes with HA for ICSI could 
improve the outcome of ICSI procedure and reduce chromosomal aneuploidy [40]. 
After that, many laboratories and researchers tried to evaluate HA-binding assay or 
used HA-coated dishes to evaluate semen quality [40–49] (Table 27.1). Technically, 
performing a HA-binding assay in a laboratory is easy and cost-effective. Besides 
commercially available systems, a “homemade” HA sperm selection dish can be 
prepared with little effort in any laboratory [21, 41, 43]. Currently, two ready-to-use 
kits are available for researchers or infertility clinics: (1) a dish with microdots of 
HA hydrogel attached to the surface of the dish known as PICSI (physiologic ICSI) 
and (2) a viscous medium containing HA (SpermSlow). In both procedures (see 
section below), the sperm is prepared via sperm washing or centrifugation [50].

27.5  �PICSI or Physiologic ICSI

To perform the PICSI procedure, semen samples are processed by swim up or 
DGC. Then, hyaluronan microdots are directly covered by processed sperm suspen-
sion or covered by suitable sperm diluent, and then processed semen samples are 
introduced into these droplets at a later stage. Concomitantly with preparation of these 
droplets, PVP (polyvinylpyrrolidone) or other required droplets for micromanipula-
tion are prepared and the dish is covered with oil. Then, adequate time is provided for 
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hyaluronan microdots to hydrate and sperm to bind to HA. Afterwards, hyaluronan-
bound sperm are identified based on vigorous tail beating but without progressive 
movement. The selected sperm are collected by the aid of an ICSI needle and intro-
duced to the PVP drop. Among the selected sperm, viable sperm with the best mor-
phology are selected for insemination of oocytes [41, 51].

27.6  �SpermSlow

For ICSI using SpermSlow, a small droplet of DGC or swim-up prepared sperm is 
placed in the vicinity of a larger droplet containing viscous medium (SpermSlow 
medium). The droplets are connected together with help of a pipette tip. Alongside 
with preparation of these droplets, other required droplets for micromanipulation 

Table 27.1  Comparison and correlation analysis for sperm chromatin maturity [aniline blue (AB) 
and chromomycin A3 (CMA3)], DNA integrity [acridine orange (AO), terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL), and sperm chromatin dispersion (SCD)], apoptosis 
(caspase-3), and chromosomal aneuploidy [fluorescence in situ hybridization (FISH)] in sperm 
population selected based on HA-binding ability

Author, year
Analysis 
approach

HA-binding 
method Assessed parameters

Huszar et al. (2003) [37] Comparison Homemade AB staining ↓
Cayli et al. (2004) [39] Comparison PICSI Immunostaining of 

caspase-3
↓

Jakab et al. (2005) [40] Comparison Homemade Chromosomal 
aneuploidy

↓

Nasr-Esfahani et al. (2008) 
[41]

Correlation Homemade CMA3 staining ↓
SCD ↓

Tarozzi et al. (2009) [42] Comparison PICSI TUNEL ↓
Razavi et al. (2009) [43] Comparison Homemade CMA3 staining ↓

SCD –
Parmegiani et al. (2010) [44] Comparison SpermSlow SCD ↓
Yagci et al. (2010) [45] Comparison PICSI AO staining ↓
Vozdova et al. (2012) [46] Comparison PICSI Chromosomal 

aneuploidy
↓

Mongkolchaipak et al. 
(2013) [47]

Comparison PICSI TUNEL ↓
Chromosomal 
aneuploidy

↓

Molnar et al. (2014) [48] Correlation PICSI AB staining ↓
Huang et al. (2015) [49] Comparison PICSI AO staining ↓
↓: A significant difference was observed between control (semen) and HA-selected sperm (com-
parison) or a significant correlation was observed between % HA-bound sperm with the assessed 
parameters (correlation)
–: No statistical significant difference was observed
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are prepared and the dish is covered with oil. After passage of adequate time, a 
single viable hyaluronan-bound sperm with normal morphology is collected with 
aid of a micromanipulation or injection needle from the interface of the two drop-
lets. The selected sperm are used for insemination of oocytes [41, 51].

We carried out a literature search in PubMed and found 13 clinical trials using 
HA-binding assay as bases for sperm selection procedure [41, 44, 52–58]. A brief 
summary of these clinical trials is provided below and in Table 27.2.

27.7  �Sperm Selection Based on Hyaluronic Acid-Binding 
and ART

In the literature, the HA trials can be divided into two groups based on control 
group. Seven out of nine studies used conventional ICSI procedure as a control 
group and two studies used HA-unbound sperm. It is important to note that in con-
trol of the former group, in insemination samples, both bound and unbound sperm 
were present, while in the control of the latter group, only unbound sperm were used 
for insemination. As shown in Table  27.2, only one study observed significant 
increase in fertilization rate using homemade dishes [41]. Two studies by one group 
observed increase in embryo quality compared to control group [44, 54]. Two out of 
nine studies observed significant improvement: one for implantation rate [54], while 
the other for clinical pregnancy rate [58]. The latter also observed a reduction in 
pregnancy loss [58] (Table 27.2).

To evaluate the heterogeneity observed between the outcomes of these trials, two 
studies further evaluated the role of HA-binding score on clinical outcomes of 
ICSI. Worrilow et al. [57] used a cutoff value of 65% HA binding: patients with 
≤65% score were divided into control and HA-binding (HAB) selection groups and 
those with >65% were divided to non-participatory (NP), control, or HAB groups. 
Although they did not observe any significant differences in clinical outcomes over-
all, when they divided their participants according to HA-binding score, they 
observed a significant decrease in pregnancy loss in patients with ≤65% score in 
favor of HAB group [57]. In addition, Mokanszki et al. [58] categorized patients 
into two groups according to hyaluronan binding score >50% and ≤50% and 
observed significant increase in fertilization, implantation, and clinical pregnancy 
rates and a significant decrease in pregnancy loss in group with HBA score <50% 
compared to control group with less than <50% HBA, which did not use the PICSI 
procedure [58]. These two latter studies suggest that sperm selection based on 
HA-binding ability should be implemented for couples with severe male infertility 
with low binding score. In other words, implementation of HA-binding assay for 
couples with high HBA score has no beneficial effects, since the person performing 
the ICSI procedure is also selecting a viable sperm with best morphology, which is 
very likely to have a high HA-binding potential. Therefore, this procedure has ben-
eficial effects in the group of patients with low binding ability, and selection based 
on viability and morphology alone cannot select sperm with high HA-binding 
ability, specially in severe male factor infertility.
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In contrast, Huang et al. [49] compared the percentage of intact DNA between 
population of microscopic sperm selection and HA-binding selection and reported 
a lack of statistical difference between these two sperm selection methods based on 
acridine orange staining. Moreover they stated “A well-trained embryologist will 
have the same ability to choose sperm with intact DNA by conventional micro-
scopic selection as with HA-binding sperm selection.” However, they did not con-
duct a clinical evaluation of the two procedures to see whether the two methods 
would affect ICSI clinical outcomes [49]. Parmegiani et al. [51] also compared two 
commercial systems, PICSI and SpermSlow, and concluded no significant differ-
ence between these two procedures for clinical purposes [51].

Assisted reproductive procedure used in all of the aforementioned studies was 
ICSI. Searching PubMed database revealed other studies that investigated the usage 
of HA-binding assay for other techniques. Ye et  al. [59] showed that HA-binding 
assay has a significant correlation with fertilization rate when IVF was performed 
[59]. In contrast, Tarozzi et  al. [42] found no significant correlation between 
HA-binding ability and clinical outcomes of IVF [42]. In another study by Kovacs 
et al. [60], they tried to predict fertilization potential of semen sample in couples with 
unexplained infertility undergoing IVF treatment via HA-binding assay, but they con-
cluded that this procedure did not foretell spontaneous fertilization potential in these 
couples. Therefore, they suggested that HA-binding screening does not help with the 
selection of an artificial reproductive technique [60]. Furthermore, Yildirim et al. [61] 
tried to assess prognostic ability of HBA in IUI. They observed that “HBA does not 
predict IUI outcome in couples with unexplained infertility or mild male factor infer-
tility, but it can be used together with semen parameters to verify sperm quality” [61].

HA binds to its receptors on the surface of sperm. These receptors are lost during 
the process of capacitation [62]. Considering the fact that sperm processing media 
contain albumin, it is very likely that capacitation is initiated or may be completed 
[63] by the time that HA-binding assay is implemented. Therefore, good sperm which 
have the ability to undergo capacitation may have lost their ability to bind to HA, and 
they might become part of unbound sperm population. Whether such a discrepancy 
may account for variations reported between studies remains to be explored. Indeed, 
Parmegiani et al. [51] suggested that the ability of sperm to bind to HA decreases after 
a certain period of time and binding ability is regulated by sperm hyaluronidase activ-
ity, the PH-20. They believe that hyaluronidase activity reduces HA binding since it 
digests the HA and allows sperm to detach themselves from the binding site and 
restore their motility, until they find the chance to bind to new HA in another area [51]. 
However, to our knowledge, we have seen no study which has focused on this con-
cept, i.e., loss of HA activity as sperm become capacitated.

In conclusion, based on the clinical studies reported thus far, sperm selection by 
HA binding may improve the ICSI outcomes of couples with low HA-binding capac-
ity. The rate of pregnancy loss may also be decreased. However, to make solid con-
clusions, further multicenter clinical trials are needed, so that further meta-analysis 
can be carried out. Nevertheless, in these studies, factors such as time after processing 
should be also considered as a variable factor. It is important to note that a meta-
analysis already exists in this field. In the meta-analysis by Beck-Fruchter et al. [14], 
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seven studies with 1437 cycles were included. They concluded that the use of the 
hyaluronic acid-binding sperm selection technique yielded no improvement in fertil-
ization and pregnancy rates.” A meta-analysis of all available studies showed an 
improvement in embryo quality and implantation rate; an analysis of prospective 
studies only showed an improvement in embryo quality. Evidence does not support 
routine use of hyaluronic acid-binding assays in all ICSI cycles. Identification of 
patients that might benefit from this technique needs further study” [14].

27.8  �Comparison of Sperm Selection Based on Hyaluronic 
Acid-Binding with Other Novel Sperm Selection 
Procedures

ICSI has gained tremendous popularity in ARTs and accounts for a considerable 
number of birth per annum, especially in developed countries due to late marriage 
and increase rate of male infertility. Therefore, selection of the “best sperm” through 
novel sperm selection procedures is opening its way to ART laboratories [17, 19]. 
Selection of the best procedure can be achieved through comparison of these tech-
niques. There is only one study so far comparing HA binding with Zeta sperm selec-
tion procedure based on surface electrical charge and showed that Zeta procedure 
has a higher ability to select sperm with intact chromatin using sperm chromatin 
dispersion assay and chromomycin A3 (CMA3) staining for assessing DNA integ-
rity and protamine deficiency, respectively. These authors stated that in Zeta proce-
dure, sperm are selected based on their surface electric charge (Zeta potential) and 
only one of sialylated glycoproteins involved in production of the electric is PH-20 
or CD44, the receptor for HA. However, it is important to note that in this study, 
homemade dishes were used, and to solidify such a conclusion, further studies are 
required to compare with PICSI dishes [43].

27.9  �HA Sperm Selection and Patient Management

Today, HA sperm selection procedure is advised for couples with low HA-binding 
score. Considering the fact that beyond the semen analysis, sperm chromatin integ-
rity tests (especially those directly assessing DNA fragmentation) are gaining their 
place in infertility management, carrying out HA-ICSI selection based on DNA 
fragmentation may have important role in patient management. In addition, varia-
tions observed between studies might be related to the time and medium used to 
carry out HA sperm selection, since both duration and exposure to medium contain-
ing different serum concentration increase the chance of capacitation and increase 
loss of PH-20 involved in HA binding. Therefore, future studies should take these 
points into consideration for research to conclude on the efficiency of this procedure 
in ART management.
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27.10  �Conclusion

HA sperm selection has been inspired from innate physiological processes and 
selected sperm through this procedure have higher quality in terms of chromatin 
integrity, chromosomal euploidy, maturity, and morphology. However, the data 
derived from randomized clinical studies suggest that not all couples undergoing 
ICSI will gain from this procedure. To date, it appears that couples with severe male 
infertility with low HA-binding score may benefit from it in that they will experi-
ence lower rates of early pregnancy loss.
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Chapter 28
Advanced Sperm Processing/Selection 
Techniques

Ashok Agarwal and Manesh Kumar Panner Selvam

28.1  �Introduction

A total of five million births all over the world and around 2–4% of births in 
developed countries are the result of ART [1, 2]. Half of the DNA contributed to the 
offspring is by the sperm. Numerous techniques were developed to isolate superior-
quality spermatozoa with intact chromatin condensation and without chromosomal 
abnormalities for use in ART. Currently available conventional techniques such as 
density gradient centrifugation (DGC), the swim-up and the glass wool filtration 
techniques select sperm based on their motility and morphology. However, the 
important factors that affect the fertility such as oxidative stress and DNA integrity 
cannot be assessed by any of these conventional techniques [3, 4].

In many laboratories, DNA integrity-based testing is done prior to the use in 
ART. This allows to select spermatozoa with high DNA integrity to achieve high 
fertilization rates, whereas the use of sperm with poor DNA integrity in the ART 
procedure is associated with decreased implantation and pregnancy rates [5–7]. In a 
prospective study, our group has also demonstrated that increased DNA damage to 
spermatozoa is associated with poor ART outcome [8]. Similarly, another meta-
analysis reported that reduced fertilization rates by natural conception are associ-
ated with poor DNA integrity of spermatozoa [9].

An increase in the incidence of infertility coupled with progress in the field of 
biotechnology has led researchers to develop advanced techniques beyond the con-
ventional selection methods in order to reduce the oxidative and physiological dam-
age caused by the sperm selection process. Hence, several advanced sperm selection 
techniques were introduced to select spermatozoa with high DNA integrity to 
increase the success rate of ART.
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28.2  �Selection Based on Net Electric Charge

28.2.1  �Electrophoresis

Morphologically normal and mature spermatozoa have a high concentration of 
sialic acid residues in the sperm membrane and therefore possess a higher negative 
charge compared to immature and abnormal spermatozoa. Based on the size and 
surface charge differences, electrophoresis is used to separate functionally active 
normal spermatozoa from immature, abnormal sperm and leukocytes present in the 
semen sample.

28.2.1.1  �Microflow Cell

The microflow cell consists of outer and inner chambers. Outer chambers are con-
nected with platinum-coated titanium electrodes, and the inner chamber is divided 
into two compartments, the inoculation chamber to load 400 μL of semen and the 
collection compartment filled with buffer to collect the separated spermatozoa. A 
polycarbonate membrane (5 μm) present between the two chambers filters out the 
sperm from the leukocytes and epithelial germ cells present in the semen (Fig. 28.1). 
Briefly, the sample and the buffer are equilibrated in loading and collecting com-
partments, respectively, for 5 min before electrophoresis at 23 °C with a constant 
current of 75 mA and variable voltage of 18–21 mV [10]. The sorted spermatozoa 
are recovered from the collection chamber and can be used for ART.

Fig. 28.1  Microflow cell separation of spermatozoa from leukocytes using polycarbonate separa-
tion membranes and sorting based on the movement in the applied electric field (Reprinted with 
permission, Cleveland Clinic Center for Medical Art & Photography ©2011–2017. All Rights 
Reserved)
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28.2.1.2  �Microelectrophoresis

Similarly, a microelectrophoresis technique to isolate the negatively charged 
spermatozoa (NCS) from neat semen sample as well as from the double density 
gradient-prepared sperm was developed by Simon et al. [11]. The sterile microelec-
trophoresis unit consists of electrophoresis, egg inoculation, and bubble restriction 
chambers. Basically, microelectrophoresis of sperm is carried out under the ICSI 
stage. 10–15 μL of semen are electrophoresed in the buffer with increasing current 
(6–14 mA) and variable voltage (30–100 V). During electrophoresis, the sperm are 
monitored with an inverted microscope under 200X magnification, and based on the 
movement of the sperm under the influence of electric current, sperm are picked up 
using the ICSI pipette [11].

ART Outcome
The microflow cell was able to separate the viable and morphologically normal 
motile sperm with high DNA integrity from the semen samples of infertile men [10]. 
Similarly, NCS isolated using microelectrophoresis had significantly lower DNA 
fragmentation [11]. Sperm sorted by electrophoresis were also free of oxidative 
DNA damage and exhibited normal zona pellucida binding [12, 13]. Ainsworth et al. 
effectively used the sperm selected with high DNA integrity, to establish pregnancy 
from the semen sample with high DNA fragmentation by ICSI [14]. This method can 
be a handy and convenient tool for the isolation of spermatozoa for ART.

28.2.2  �Zeta Potential

Mature spermatozoa possess a negative electric surface charge ranging from −16 mV 
to −20 mV across the plasma membrane [15]. This negative electric charge is known 
as zeta potential or electrokinetic potential which is used for sorting the high-quality 
spermatozoa from the low-graded sperm using positively charged centrifuge tube.

In this technique, 100 μL of the washed sperm are suspended in 5 mL of serum-
free HEPES-HTF medium. After rapidly pulling the tube after rotating it two to 
three times in a latex glove, the negatively charged mature sperm stick to the walls 
of the positively charged (2–4 mV) plastic centrifuge tube (Fig. 28.2). After keep-
ing the tube still at room temperature for 1 min, it is centrifuged at 300 × g for 
5 min, and the fluid is subsequently discarded. Finally, sperm holding negative zeta 
potential attached to the walls are recovered in the 0.2 mL of serum-supplemented 
HEPES-HTF medium, which neutralizes the charge on the test-tube wall [16].

ART Outcome
Sperm samples processed by means of the zeta potential technique contained highly 
motile, hyperactive, mature spermatozoa with normal morphology and intact DNA 
[17]. Protamine-deficient spermatozoa were eliminated by this technique, and high-
quality sperm with less DNA fragmentation are retained [18]. Negative zeta poten-
tial sperm in IVF had a higher fertilization rate (65.79%) compared with sperm 
isolated with double density gradient centrifugation.
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28.3  �Annexin V Affinity-Based Separation

In normal healthy spermatozoa, phospholipids and phosphatidylserine (PS) present 
on the plasma membrane are directed toward the protoplasm of viable spermatozoa. 
However, when a cell undergoes apoptosis, PS translocates from the inner leaflet of 
the plasma membrane to the outer leaflet and is then exposed on the outer surface of 
the sperm plasma membrane [19]. Annexin V, a 35 kDa protein, has high affinity to 
bind to PS and can thus serve as biomarker for apoptotic cells.

28.3.1  �Magnetic-Activated Cell Sorting (MACS)

In this method, apoptotic sperm cells are separated from normal matured cells with 
high DNA integrity. Micromagnetic beads (0.5 μm) coated with annexin V are incu-
bated with liquefied semen. 100 μL of sperm sample are mixed with 100 μL of 
homogenized magnetic microbeads and incubated at room temperature for 15 min. 
Then, the suspension is passed through a specially designed MACS column placed 

Fig. 28.2  Selection of 
spermatozoa using zeta 
potential principle. The 
negatively charged mature 
sperm sticks to the walls of 
the positively charged 
centrifuge tube, while 
non-mature sperm in the 
suspension are discarded 
(Reprinted with 
permission, Cleveland 
Clinic Center for Medical 
Art & Photography 
©2011–2017. All Rights 
Reserved)
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in the activated magnetic field on either side of the column (Fig. 28.3a, b). Apoptotic 
spermatozoa bind to the magnetic beads and are retained in the column by the exter-
nal magnetic field (Fig. 28.3c). When rinsing the column with buffer, the unbound 
healthy sperm cells flow through the selection column, and a fraction of spermato-
zoa with normal morphology and minimum DNA damage is collected.

Fig. 28.3  (a) Magnetic-activated cell sorting and collection device. The MACS columns are 
placed on the stand surrounded by magnetic field. (b) Loading the MACS columns with liquefied 
semen (apoptotic and non-apoptotic sperm) labeled with annexin V-coated micromagnetic beads. 
(c) Activated magnetic field retains the apoptotic sperm bound to micromagnetic beads coated with 
annexin V in the column and allows the non-apoptotic healthy sperm cells to flow through the 
selection column (Reprinted with permission, Cleveland Clinic Center for Medical Art & 
Photography ©2011–2017. All Rights Reserved)
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28.3.2  �Annexin V-Based Glass Wool Filtration

By modifying the conventional glass wool filtration technique, Paasch et  al. 
introduced this technique to sort out non-apoptotic spermatozoa. Here, the solid 
phase containing glass wool fibers is linked with annexin V molecules. When the 
sample is passed through the column, apoptotic spermatozoa bind to the solid 
phase and are thus filtered out, separating them from healthy sperm passing 
through the filtration system [20]. This is a promising technique which can select 
the spermatozoa of high motility and normal mitochondrial potential with supe-
rior fertilizing ability.

28.3.3  �Flow Cytometry

Flow cytometry analyzes cells based on their physical and fluorescence proper-
ties. Flow cytometry sorters were initially used for sex sorting of spermatozoa 
and also employed to identify DNA fragmentation in spermatozoa using fluores-
cent apoptotic markers [21]. Later, this technique was also used to separate 
DNA-damaged (annexin V-positive) sperm from non-apoptotic (annexin 
V-negative) spermatozoa. 10 × 106 sperm were washed and suspended in the 
195 μL of binding buffer. To this, 5 μL of FITC-labeled annexin V are added and 
incubated in the dark for 15  min at room temperature. Finally, the volume is 
made to 1 mL by adding 800 μL of binding buffer [22]. Spermatozoa are passed 
through the flow channel and sorted out based on the fluorescence signals gener-
ated by the stained cells. Spermatozoa are examined at a flow rate of <100 cells/
sec. Fractions containing annexin V-positive and annexin V-negative cells are 
collected separately in the wash medium.

ART Outcome
MACS-selected sperm subjected to cryopreservation for further use in ART have 
shown high levels of normal mitochondrial membrane potential with high DNA 
integrity and decreased percentage of apoptotic cells [23–27]. In addition, the 
sperm-oocyte penetration capacity was high in MACS-selected spermatozoa. Also, 
in comparison with the zeta method, it was found that MACS is able to isolate a 
higher proportion of sperm with a normal acrosome and protamine content [28]. 
Embryo cleavage and pregnancy rates were high in sperm used in ICSI selected by 
MACS compared with DGC in oligo-, astheno-, and teratozoospermic men [29–31]. 
Use of bioluminescent magnetic nanoparticles was in initial stages of development 
to isolate high-quality sperm for use in ART [32] and found to be safe and reliable 
for use in an assisted reproduction program.

Even though flow cytometry and annexin V-based glass wool filtration can effi-
ciently isolate annexin V-positive spermatozoa and allow for recovery of non-
apoptotic sperm cells, there is a lack of clinical studies using these sperm in IVF and 
ICSI procedures.
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28.4  �Microfluidics

Microfluidics is a novel technique for separating spermatozoa based on their morphol-
ogy and motility using a microchannel. These channels are made of polydimethylsilox-
ane (PDMS) silicon polymers that are nontoxic and transparent [33]. Different 
microfluidic devices were developed to separate sperm such as the passively driven 
microfluidic device [34, 35], the chemoattractant microfluidic device [36], chemotaxis 
device [37], microfluidic fertilization device [38], macro-microfluidic sperm sorter 
[39], Zech selector [40], circular microfluidic device [41], microgroove and channel 
device [42], and boundary-following behavior-based passive microfluidic device [43].

Fig. 28.4  Microfluidic device used for sorting sperm based on their swimming patterns: left-hand 
side (left swimmers), right-hand side (right swimmers), or straight (straight swimmers). Live sperm 
navigate from the inlet toward the outlet, while dead sperm and debris remain in the inlet (Reprinted 
with permission, Cleveland Clinic Center for Medical Art & Photography ©2011–2017. All Rights 
Reserved)
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The recently developed passive microfluidic device separates sperm with high DNA 
integrity based on their boundary-following behavior. The device contains a radial net-
work of 52 μ channels which enables the sorting of sperm as left, right, and straight 
swimmers through the channel (Fig. 28.4). Initially, a 200 μL aliquot of raw semen is 
loaded into the inlet ring using a plastic syringe and kept undisturbed for 15 min. The 
temperature of the device and the media is maintained at 37 °C. Motile sperm move 
and flow through the microchannel in the medium mimicking the viscosity of female 
reproductive tract fluid. Whereas dead and non-motile sperm are retained in the inlet, 
motile sperm are collected in a micropipette from the outlets of the microchannel [43].

ART Outcome
Sperm sorted using the microfluidic technology are motile with normal morphol-
ogy, reduced chromosomal abnormalities, increased chromatin condensation, and 
high sperm DNA integrity of up to 80% [34, 40, 41, 44]. Also, sperm recovered 
using microfluidic sorters had reduced ROS levels compared with conventional 
swim-up technique [39, 45].

The use of a microfluidic device shortened the time in the ICSI treatment of por-
cine sperm and increased the number of viable embryos without reducing the in vitro 
production efficiency. An application in human ART is suggested [46, 47]. The tech-
nique requires only a low concentration of sperm in a murine IVF model [48]. A 
robotic-assisted reproduction platform was developed to carry out IVF on a chip by 
fertilizing the preloaded ova with superior-quality spermatozoa selected by microflu-
idic technique [49]. Thus, the microfluidic sperm sorting proved to have a great poten-
tial in clinical IVF and ICSI for achieving early embryo development.

28.5  �Morphology and High-Resolution Microscopy-Based 
Selection

Abnormal sperm morphology has a major impact on the fertilization and male fer-
tility [50, 51]. Therefore, selection of high-quality spermatozoa based on the mor-
phology is a necessary criterion for their subsequent use in assisted reproduction. 
Conventional selection of sperm by using a 400× magnification microscope for 
ICSI does not reveal important structural abnormalities such as nuclear vacuoles. 
Hence, high magnification microscopes with magnifications up to 6300 × are used 
to analyze these morphological defects.

28.5.1  �Motile Sperm Organelle Morphology Examination

This technique assesses the morphology of the sperm head components (acrosome, 
post-acrosomal lamina), the mid-piece, the tail region, the mitochondria, and the 
nucleus chromatin content and also for the presence and size of vacuoles in real time 
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of live spermatozoa. Sperm are generally examined under the digitally enhanced 
light microscope using Nomarski optics that increases magnification by 6300× [52].

In brief, 1 μL of sperm suspension is mixed with 5 μL droplet of modified HTF 
medium containing 7% polyvinylpyrrolidone solution (PVP medium; Irvine 
Scientific). The microdroplets containing motile sperm are placed in a sterile glass 
petri dish and observed under high magnification. Images of the spermatozoa are 
captured, and the morphological evaluation is carried out on the monitor [53]. Based 
on the nuclear vacuoles, spermatozoa are graded and selected. Increased levels of 
DNA fragmentation are associated with large vacuoles [52].

28.5.2  �Birefringence

Sperm birefringence is noticed in the mature sperm nucleus and associated with the 
nucleoproteins. Due to the presence of subacrosomal protein filaments oriented in 
longitudinal fashion, birefringence (double refraction) is exhibited by spermatozoa 
when light passes through the protoplasm. Spermatozoa exhibit either partial or 
total birefringence based on the composition of the protoplasm. In live sperm cells, 
birefringence is evaluated under an inverted microscope using Hoffman contrast, 
polarizing and analyzing lens [54]. This technique distinguishes acrosome-reacted 
from non-reacted spermatozoa [54].

Birefringence is directly associated with DNA integrity [55]. Partial and total 
birefringence spermatozoa differ in their DNA fragmentation by 7.3% and 19.5%, 
respectively [55].

ART Outcome
Spermatozoa with more than 50% vacuolated nuclei are associated with DNA frag-
mentation [56]. MSOME-selected sperm further used for intracytoplasmic morpho-
logically selected sperm injection (IMSI) are significantly and positively associated 
with fertilization and pregnancy rates as well as pregnancy outcome compared with 
standard ICSI [57, 58]. Moreover, this technique also presented low rates of chro-
mosomal aneuploidy and miscarriage [57, 59]. Additionally, Garolla et al. success-
fully demonstrated the selection of sperm with low DNA damage by using a 
combination of MSOME and birefringence [60].

In cases of oligoasthenoteratozoospermia, the use of IMSI is preferred over 
ICSI as it increased implantation and pregnancy rate with decreased miscarriage 
[61]. Even though IMSI in combination with MSOME has beneficial effects on 
the improvement in the embryo quality compared with ICSI [62, 63], certain 
studies indicate no significant advantage of either of these two techniques over 
the other [64]. This was also pointed out in a meta-analysis implicating that the 
outcomes of IMSI and ICSI do not differ significantly [65]. Accordingly, 
MSOME-based selection remains a potential method for the selection of high-
quality sperm. However, more clinical studies have to be conducted to demon-
strate its efficacy in ART.
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28.6  �Possible Future of Sperm Selection Methods

Confocal light absorption and scattering spectroscopic (CLASS) microscopy works 
on the combination of the two principles, the light scattering spectroscopy and con-
focal microscopy, to visualize subcellular structures of the sperm including the 
chromatin [66, 67]. The sperm are selected based on the high chromatin integrity 
without damaging the structure of the spermatozoa.

Interferometric phase microscopy (IPM) is a live cell imaging system used for 
label-free morphological evaluation and selection of spermatozoa [68]. IPM tracks 
the sub-nanometric changes in the cells by capturing the two-dimensional optical 
path delay or optical cell thickness [68]. Under low-power illumination at different 
sperm spatial points, the cell optical thickness is quantified and presented as a 
holographic image. Holographic imaging is done in a single exposure without 
scanning the spermatozoa [69]. This technique was able to identify sperm abnor-
malities with high accuracy and makes it a suitable tool for selection of sperm in 
ART use [68, 69].

Raman spectrometry is used to evaluate the integrity of the sperm nuclear DNA 
and protamine content based on the light scattered when a specific wavelength of 
light is focused on the sperm head [70]. It provides complete information about the 
chromatin packing in the spermatozoa and can be used to select the superior-quality 
sperm with minimal damage for further use in the ICSI procedure [70].

A synthetic oligopeptide (DWI) labeled with the dye terminal rhodamine B was 
designed against the p53 protein to evaluate DNA breaks in human spermatozoa 
(Fig. 28.5) [71]. In this technique, the plasma membrane is permeabilized to stain 
the spermatozoa. However, more research is needed to optimize the permeabiliza-
tion process and allow this technique for selection of live spermatozoa with intact 
DNA for further use in ICSI, IVF, and IMSI.

28.7  �Limitations of Advanced Sperm Selection Techniques

For an overview of the limitations of advanced sperm selection techniques, see 
Table 28.1.

28.8  �Conclusion

It is an established fact that the presence of damaged DNA in spermatozoa leads 
to poor fertilization, pregnancy failure, and birth defects. Various advanced 
sperm selection techniques discussed in this chapter are currently available for 
ART as a treatment to overcome the male infertility. Most of these techniques are 
sophisticated and expensive and lack clinical data to document their efficacy. 
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Fig. 28.5  Multi-domain organization of p53 protein. It contains N-terminal transcription-
activation domain (TAD) (1–60), a central sequence-specific DNA-binding core domain (100–
300), and a multifunctional C-terminal domain (300–393) that contains the tetramerization domain 
(325–355) and, at the extreme carboxyl terminus, a stretch of 30 amino acids that is rich in basic 
residues (363–393) (Reprinted with permission, Cleveland Clinic Center for Medical Art & 
Photography ©2011–2017. All Rights Reserved)

Table 28.1  Limitations of advanced sperm selection techniques

Technique Limitations

Microflow cell Complexity of apparatus
Restricted for daily routine use

Microelectrophoresis Low yield due to limited volume that can be analyzed
Not suitable for IUI

Zeta potential Low sperm recovery rate
Cannot be used for oligozoospermic samples
Cannot be used on sperm extracted from testicular/epididymal 
region or in a humid environment as the surface charges are 
neutralized
Samples need to be processed immediately after collection as the 
sperm lose their negative charge when they undergo capacitation

MACS MACS cannot remove the leukocytes, immature germ cells, and 
epithelial cells; it has to be subjected to DGC
Sperm can be used for IVF and IUI, not much benefit in ICSI
High cost of the equipment restricted its use in small centers

Annexin V-based glass 
wool filtration

Debris are noticed in sample after filtration

Microfluidics Cannot sort high volumes of sperm and hence it is not suitable for 
IUI

MSOME Due to prolonged incubation at 37 °C, sperm exhibit decreased 
motility and vitality
Highly skilled and technical person is required to carry out the 
technique

Therefore, further evaluation of these techniques is required by carrying out 
sound clinical studies. Success rates can be increased by complete andrological 
examination of the men and choosing the most suitable sperm selection method 
for establishing pregnancy in the female partner. Therefore, it is most important 
to improve the efficacy of these techniques and maintain their safety.
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Chapter 29
Use of Testicular Sperm for ICSI: Pro

Sandro C. Esteves and Matheus Roque

29.1  �Introduction

Infertility, defined by the inability of a sexually active and non-contracepting couple 
to achieve pregnancy in 1 year, affects approximately 8–15% of couples. Of these, 
the male factor is solely responsible in ~20% and contributory in another 30–40% 
of couples. Although male infertility is usually associated with the presence of 
abnormal semen parameters, it may be present even when the conventional semen 
analysis is normal [1, 2], which occurs in approximately 15% of the cases [3]. 
Despite its multifactorial nature, male factor infertility is not yet fully understood, 
and approximately half of the cases are deemed unexplained or idiopathic [4–6].

Increasing evidence indicates that sperm DNA damage is more common in infer-
tile patients than in fertile counterparts and that DNA integrity is important for 
normal embryo development [7, 8]. Sperm DNA damage is also important because 
genetic information passed on to the next generation depends on sperm DNA integ-
rity [9, 10]. As a consequence, sperm DNA fragmentation (SDF) testing has emerged 
as an important tool for assessing male fertility potential [11, 12]. The test has been 
proposed as complementary to but different from the information provided by rou-
tine semen analysis [7, 13, 14]. Some authors advocate its use as a routine testing in 
the clinical evaluation of male factor infertility [10, 13–16].

Furthermore, the literature is rich in studies claiming an association between 
elevated sperm DNA damage and poor assisted reproductive outcomes (revised by 
Agarwal et al. 2016) [13]. It has been found that although sperm with fragmented 
DNA are able to fertilize an egg with apparently the same efficiency as sperm 
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without DNA fragmentation, SDF negatively impacts embryo quality by compro-
mising integrity of the embryonic genome [17–19]. These alterations may jeopar-
dize in vitro fertilization (IVF)/intracytoplasmic sperm injection (ICSI) outcomes 
[20–22], including by increasing the rates of miscarriage [22, 23], but also be asso-
ciated with a higher risk of birth defects in the offspring [7]. The use of the term 
“late paternal effect” has been suggested for the developmental disadvantage con-
ferred to embryos by spermatozoa carrying damaged DNA [24].

Notwithstanding, the impact of sperm DNA damage on reproductive out-
comes may be modulated by the cytoplasmic and genomic quality of the oocyte, 
which is closely related to the women’s age. Moreover, the quality of sperm 
DNA is also related to the paternal age, and this may further exacerbate the nega-
tive effects of SDF seen in assisted reproductive techniques (ART) cycles per-
formed in women of advanced age [25–27]. Along the same lines, SDF has also 
a greater impact on the outcomes of IVF/ICSI cycles among women with reduced 
ovarian reserve [28].

Since several etiological factors have been implicated in the impairment of sperm 
DNA content, including environmental lifestyle factors, varicocele, male accessory 
gland infections, advanced paternal age, and systemic diseases, assessment of sperm 
DNA fragmentation (SDF) offers an opportunity to better understand and treat such 
sperm dysfunctions [9, 12, 13]. Thus, several strategies have been attempted to 
overcome SDF in couples subjected to ART. In addition to varicocele repair [29], 
oral antioxidant intake [30, 31], and use of short ejaculatory abstinence periods [32] 
and recurrent ejaculations before fertilization [33, 34], sperm selection techniques 
such as magnetic cell sorting [35, 36], physiological ICSI [37], and intracytoplas-
mic morphologically selected sperm injection [38–40] have been proposed. 
However, none of these interventions, alone or in combination, have been unequivo-
cally proven to be of clinical value to bypass the potential detrimental effect of 
abnormal SDF on ART outcomes [2]. Among the sperm selection techniques, it has 
been advocated that the use of testicular sperm for ICSI instead of ejaculated sperm 
in men with high SDF would be of benefit [14]. In this chapter, we discuss the avail-
able evidence regarding the use of testicular sperm to overcome high levels of SDF 
in ejaculated sperm using a SWOT (strengths, weaknesses, opportunities, and 
threats) analysis.

29.2  �Strengths

The post-testicular induced DNA fragmentation occurs mainly by reactive oxygen 
species (ROS) during sperm transport through the seminiferous tubules and the epi-
didymis. This potential damage could be avoided or at least decreased by bypassing 
the epididymis and using testicular sperm [27]. Previous studies observed that 
sperm DNA damage is significantly higher both in ejaculated sperm [41] and sperm 
from the cauda epididymis [42, 43] than testicular sperm.
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The epithelial cells of the epididymis may be involved in ROS-induced DNA 
damage through hydroxyl 1 radical or nitric oxide [44, 45] or through the activa-
tion of sperm caspases and endonucleases by physicochemical factors such as 
high temperature [45, 46] and environmental factors [47]. In infertile men with 
varicocele, for instance, who usually have higher SDF than counterparts without 
varicocele, reactive oxygen and nitrogen species are released not only by the 
endothelial cells in the dilated pampiniform plexus and the testicular cells (devel-
oping germ cells, Leydig cells, macrophages, and peritubular cells) but also by the 
principal cells in the epididymis [48, 49]. Thus, the use of testicular sperm 
obtained by testicular sperm aspiration (TESA) or extraction (TESE) would be of 
clinical interest in cases of high levels of DNA fragmentation in the semen and 
repeated implantation failure [27], as the probability of selecting spermatozoa 
free of DNA damage for ICSI will increase [50]. Likewise, the fertilization of an 
oocyte by genomically intact testicular spermatozoa will increase the chances of 
creating a normal embryonic genome that will ultimately increase the likelihood 
of pregnancy and live birth [50].

The first study to propose the use of testicular sperm as an alternative to ejacu-
lated sperm in men with fertility compromised by sperm DNA damage was pub-
lished in 2005 [41]. The authors evaluated 18 couples who had at least two previous 
unsuccessful ICSI with ejaculated sperm and whose seminal evaluation showed 
≥15% of SDF assessed by the terminal deoxyribonucleotidyl transferase-mediated 
dUTP nick-end labeling (TUNEL) assay. Testicular sperm were obtained by testis 
biopsy, and SDF was evaluated on prepared smears containing minced testicular 
tissue in a similar manner as for ejaculated sperm smears. Two hundred spermato-
zoa per sample were analyzed in both ejaculated and the testicular specimens col-
lected on the same day. But in the second ICSI attempt, all sperm injections were 
performed with testicular sperm. The mean ± SD SDF rates in testicular sperm and 
ejaculated sperm were 4.8 ± 3.6% and 23.6 ± 5.1%, respectively (P < 0.001). There 
were no significant differences in fertilization and cleavage rates and also in the 
proportion of embryos with good morphology when the first and second ICSI 
attempts were compared. However, whereas only one pregnancy – that spontane-
ously aborted  – was obtained in the cycles with ejaculated sperm, eight clinical 
pregnancies (four singletons and four twins) were obtained in the cycles carried out 
with testicular sperm. No miscarriages were recorded.

In 2010, two studies [27, 51] compared DNA damage in ejaculated and testicular 
spermatozoa. Moskovtsev et al. evaluated 12 men with persistently high DNA dam-
age despite taking oral antioxidants for 3 months. They compared the levels of DNA 
fragmentation by TUNEL in testicular sperm obtained by TESE with that of ejacu-
lated sperm collected on the day of ICSI. The rates of SDF in ejaculated sperm were 
threefold higher than testicular sperm (39.7 ± 14.8 vs. 13.3 ± 7.3, P < 0.001) [51]. 
In another study, Sakkas and Alvarez showed that pregnancy outcomes were 
improved using testicular sperm rather than ejaculated sperm in patients with high 
levels of sperm DNA fragmentation. These authors studied 72 patients with DNA 
fragmentation by TUNEL >20% and found statistically higher implantation 
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(P = 0.0021) and clinical pregnancy rates (P = 0.035) and lower miscarriage rates in 
ICSI cycles with testicular sperm [27]. Subsequently, Mehta et al. evaluated a small 
cohort of 24 men with oligozoospermia (<5 million/mL), SDF by TUNEL >7%, 
and previous failed ICSI attempts [52]. Patients were subjected to microdissection 
testicular sperm extraction (micro-TESE), and the retrieved sperm were used for 
ICSI. Clinical pregnancy was achieved in 50% of 24 couples in the first cycle, and 
all pregnancies resulted in deliveries of healthy babies. The mean TUNEL-positive 
level was 24.5% for ejaculated sperm and 4.6% for testicular sperm.

In a recent prospective comparative study evaluating a larger cohort of 172 
infertile men with elevated SDF subjected to ICSI for the first time, Esteves et al. 
[50] compared treatment outcomes between ejaculated and testicular sperm. In 
this aforementioned study, the authors enrolled infertile men with idiopathic mild 
to moderate oligozoospermia (5–15 million spermatozoa/ml) presenting with per-
sistent high SDF (>30%) despite oral antioxidant therapy with a combination of 
vitamins C and E, folic acid, selenium, and zinc for 3  months. On the day of 
oocyte retrieval, SDF was assessed in all patients after 2–3 days of ejaculatory 
abstinence using the sperm chromatin dispersion (SCD) test. In the group of 
patients undergoing sperm retrieval, performed either by testicular sperm extrac-
tion (TESE) or testicular sperm aspiration (TESA), SDF was also assessed in 
testicular specimens using the SCD method combining a dual fluorescent probe to 
target both the DNA and proteins. This method allowed for discrimination between 
spermatozoa and other cell elements in testicular suspensions. The rates of SDF 
in these aforementioned men were fivefold higher in the semen (40.7 ± 9.9%) than 
in the testis (8.3 ± 5.3%; P < 0.001; Fig. 29.1); all sperm injections were per-
formed with testicular sperm. On the contrary, SDF rates were 40.9 ± 10.2% in the 
group of patients subjected to ICSI with ejaculated sperm. The comparison groups 
were similar with regard to male and female demographic characteristics. 
However, the miscarriage rates were lower, whereas the live birth rates were 
higher in the couples subjected to sperm injections with testicular sperm 
(Fig. 29.2). The adjusted relative risk for miscarriage and live birth between tes-
ticular and ejaculated groups were 0.29 (95% CI, 0.10–0.82; P = 0.019) and 1.76 
(95% CI, 1,15–2.70, P-0.008), respectively. The number needed to treat by tes-
ticular compared to ejaculated samples to obtain an additional live birth per fresh 
transfer cycles was 4.9 (95% CI, 2.8–16.8). To our knowledge, this is the largest 
and best-designed study published to date comparing ICSI outcomes using ejacu-
lated and testicular sperm in couples with elevated SDF.

29.3  �Weaknesses

The available evidence favoring the use of testicular sperm for ICSI in cases with 
high SDF is still limited. Most studies have evaluated a small cohort of men [27, 
41, 51, 52]. Only one prospective comparative study, albeit not randomized, was 
powered to detect differences in live birth rates [50]. Given the lack of 
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Fig. 29.1  (a) Comparison of sperm DNA fragmentation rates in ejaculated and testicular sperm of 
81 infertile men undergoing ICSI. Use of testicular sperm for ICSI resulted in a fivefold reduction 
in SDF (absolute reduction, 32.6%; relative reduction, 79.7%). (b) Sperm chromatin dispersion 
(SCD) for assessment of SDF in testicular sperm. A variant of the Halosperm test (Halotech DNA, 
Spain) that combines a dual fluorescent cocktail probe to discriminate somatic cells from sperma-
tozoa was used. Spermatozoa and somatic cells exhibit differences in the wavelength emission 
associated with each fluorochrome (green for proteins and red for DNA). Spermatozoa exhibit only 
red fluorescence on the sperm head owing to protamine removal, while nonsperm cells fluoresce 
yellow as a result of the combined emission of both fluorochromes (a). Spermatozoa exhibiting red 
fluorescence with a green flagellum and no halo of chromatin dispersion represented those with 
fragmented DNA (arrow cap). In contrast, spermatozoa exhibiting red fluorescence with a green 
flagellum and haloes of chromatin dispersion represented those with non-fragmented DNA 
(arrow). A somatic cell with its typical high protein and DNA contents and a spermatozoon with 
its characteristic low protein remnant and high DNA content are seen in panels “b” and “c,” respec-
tively, using a single-channel fluorescence emission. After merging the information provided by 
protein and DNA selective staining, somatic cells and spermatozoa can be easily distinguished (d 
and d’). In addition, the sperm tail fluoresces green, and this feature also helps to distinguish sper-
matozoa from other cell elements (a and d’) (Adapted with permission from Elsevier 2015, [50]. 
Reprinted with permission from Springer 2016 [14])
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randomized clinical trials supporting the routine use of testicular strategy in cases 
involving high DNA fragmentation, the current evidence should be interpreted 
with caution. Furthermore, the cost-effectiveness of implementing this strategy 
should be determined, as does its efficacy in other subgroups of men, including 
those with semen parameters within normal limits and in men with severe oligo-
zoospermia. Along the same lines, the usefulness of testicular ICSI in specific 
etiology categories that has been associated with high SDF, such as varicocele, 
needs to be determined. Lastly, it is also important to assess the health of offspring 
generated from fathers with infertility associated with SDF and who have used 
testicular sperm for obtaining fatherhood.

It is important to recognize that testicular sperm may not always overcome the 
problem of SDF. It is well known that sperm DNA damage may also occur in the 
seminiferous tubule epithelium by apoptosis or it can be due to defects in chromatin 
remodeling during spermiogenesis [27]. Moreover, despite being associated with 
low rates of complications, sperm retrievals are invasive procedures that may result 
in postoperative pain, hematoma, and testicular atrophy [53]. Thus, their application 
should be only justified after a careful examination of the benefits and risks and 
reserved for selected men who have failed less invasive treatments for known and 
unknown causes of sperm DNA damage.

Fig. 29.2  Clinical pregnancy, miscarriage, and live birth rates after sperm injections using either 
ejaculated sperm (EJA-ICSI; n = 91) or testicular sperm retrieved by TESE or TESA (TESTI-ICSI; 
n = 81) cohorts (Adapted with permission from Elsevier 2015,[50]. Reprinted with permission 
from Springer 2016 [14])
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29.4  Opportunities

Given the importance of SDF to both natural and medically assisted reproductive 
outcomes, several strategies have been attempted to alleviate SDF and/or select 
sperm with higher-quality chromatin content for ART. The intake of oral antioxi-
dants [30, 31], treatment of subclinical genital infections, varicocelectomy (dis-
cussed in Chap. 26), and the use of recurrent ejaculations and short abstinence 
periods before fertilization [32, 54] alone or combined with micromanipulation- 
based sperm selection techniques (discussed in Chaps. 27 and 28) have been 
attempted (Fig. 29.3). Yet none of these interventions, alone or combined, have been 
unequivocally proven to be of clinical value to bypass the potential detrimental 
effect of abnormal SDF on assisted reproductive technology (ART) outcomes [2].

The use of testicular sperm for ICSI (TESTI-ICSI) has emerged as an attractive 
alternative to overcome infertility in men with high SDF who are candidates to ART, 
including those with oligozoospermia and persistent high levels of SDF after anti-
oxidant therapy [41, 50]. On the contrary, the use of testicular sperm for ICSI in 
cases of cryptozoospermia and repeated implantation failures where SDF can be a 
contributory cause has been poorly studied [55–57]. To our knowledge, there are 
few reports assessing ICSI outcomes in men with cryptozoospermia [55, 56]. 

Fig. 29.3 Possible treatment alternatives to overcome high sperm DNA fragmentation. The figure 
highlights the role of SDF testing to better manage couples facing infertility. Possible treatment 
strategies to overcome high SDF are indicated. ART, assisted reproductive technology; ICSI, intra-
cytoplasmic sperm injection; IMSI,  intracytoplasmic morphologically selected sperm injection or 
ultrahigh magnification sperm injection (Reprinted with permission from Springer 2016 [14])
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Ben-Ami et  al. studied 17 cryptozoospermic men who underwent several failed 
ICSI cycles with ejaculated sperm, followed by cycles using testicular sperm 
extracted by testicular sperm extraction (TESE) [55]. Despite no significant differ-
ences in fertilization rates between the groups, testicular sperm yielded higher 
implantation rate (20.7% vs. 5.7%; P = 0.003), higher pregnancy rate (42.5% vs. 
15.1%; P = 0.004), and higher delivery rate (27.5% vs. 9.4%; P = 0.028). Hauser 
et al. studied 13 couples whose male partner had virtual azoospermia or cryptozoo-
spermia [56]. The patients were subjected to multiple ICSI cycles with ejaculated 
and fresh and frozen testicular sperm, and the results indicated that fertilization 
rates (50.0% vs. 38.2%, P < 0.05), high-quality embryo rates (65.3% vs. 53.2%, 
P < 0.05), and implantation rates (18.1% vs. 5.1%; P = 0.04) favored fresh testicular 
sperm compared with ejaculated sperm. In a recent systematic review and meta-
analysis including five cohort studies encompassing 272 ICSI cycles and 4596 
injected oocytes, Abhyankar et al. evaluated ICSI outcomes in cryptozoospermic 
patients comparing TESTI-ICSI versus ejaculated sperm for ICSI.  The authors 
didn’t find any difference in pregnancy rates (relative risk [RR] 0.53, 95% CI 0.19–
1.42, P  =  0.21) and fertilization rates (RR 0.91, 95% CI 0.78–1.06, P  =  0.21) 
between TESTI-ICSI and ejaculated groups. In conclusion, the available literature 
does not support the use of testicular instead of ejaculated sperm in men with cryp-
tozoospermia submitted to ICSI [57]. And as far as repeated implantation failure is 
concerned, Weissman et al. reported success with the use of testicular sperm in four 
couples with multiple failed ICSI attempts [58]. However, all aforementioned stud-
ies compared fertility outcomes without assessing SDF, making it difficult to ascer-
tain that SDF was the effect modulator.

Furthermore, it is yet to be determined if testicular sperm could overcome infer-
tility in cases of repeated miscarriage. The plausibility of a role for TESTI-ICSI in 
such cases relies on the positive association between high SDF and miscarriage in 
IVF/ICSI cycles. In a recent meta-analysis evaluating 2969 couples, the risk of mis-
carriage was increased by 2.2-fold when semen specimens with an abnormally high 
proportion of DNA damage were used for ICSI (95% CI, 1.54–3.03; P < 0.00001) 
(Robinson et al. 2012). In another meta-analysis pooling data of 14 studies, elevated 
SDF was associated with higher miscarriage rates in ICSI (OR 2.68; 95% CI 1.40–
5.14; P = 0.003) cycles [59].

Altogether, the existing evidence, albeit limited, indicates that TESTI-ICSI may 
overcome infertility related to SDF, but more research is needed to confirm these 
initial findings. Furthermore, there are also opportunities to explore the effective-
ness of TESTI-ICSI compared to other laboratory preparation methods used to 
deselect sperm with damaged DNA, such as magnetic cell sorting (MACS), physi-
ological ICSI (PCSI), and intracytoplasmic morphologically selected sperm injec-
tion (IMSI). In a recent study, it has been suggested that live birth rates were higher 
in couples whose male partners had been subjected to ICSI with testicular sperm 
(49.8%) than other laboratory selection techniques, such as IMSI (28.7%) and 
PICSI (38.3%). The worse live birth rates were observed when no intervention had 
been carried out to deselect sperm with SDF (24.2%) compared with testicular 
sperm (49.8%; P = 0.020) [60].
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29.5  �Threats

While defective spermatozoa passing the testicular barrier can be eventually 
deselected via natural apoptotic-like process [61], it is possible that testicular 
sperm originating from a subpopulation that would be blocked in its ontogeny 
during the maturation process is selected for ICSI cycles using testicular sperm 
and carries putative deficiencies [62]. It has been shown that aneuploidy rates 
were higher in testicular sperm obtained from men with nonobstructive azo-
ospermia compared to epididymal sperm and ejaculated sperm [63–66]. While 
testicular spermatozoa appear favorable for ICSI in terms of lower DNA dam-
age, this potential advantage could be offset by the higher aneuploidy rates in 
testicular spermatozoa [66]. In one study, Moskovtsev et  al. compared aneu-
ploidy rates at the testicular and post-testicular levels in the same patients with 
persistently high SDF despite prior 3-month oral antioxidant therapy. Although 
SDF rates were almost threefold lower in testicular sperm (40.6 ± 14.8% vs. 
14.9 ± 5.0%, P < 0.05), higher aneuploidy rates for chromosomes 18, 21, X, and 
Y were observed in testicular spermatozoa [67]. Notwithstanding, these find-
ings are yet to be confirmed in larger series comprising both men with oligozoo-
spermia and normal semen parameters. The limited evidence favoring ICSI 
outcomes with the use of testicular sperm in men with high SDF calls for con-
tinuous monitoring until the safety of this strategy is confirmed. Any genetic 
and epigenetic effects in the offspring will require a more extensive investiga-
tion and long-term follow-up.

29.6  �Conclusions

Fair evidence indicates that sperm DNA fragmentation is associated with poorer 
ART outcomes. There is a rationale for the use of testicular sperm for ICSI owing to 
the improvement in live birth rates in men with high SDF, defined by the presence 
of >30% spermatozoa with fragmented DNA in the neat semen. The threshold level 
of 30% for proceeding to TESTI-ICSI derives from few studies using SCD and 
TUNEL. The biological plausibility of this favorable effect relates to the fact that 
post-testicular exposure of spermatozoa to oxidative DNA damage in the epididy-
mis is avoided. Given the limited evidence in favor of TESTI-ICSI and the potential 
risks associated with sperm retrieval, the method should be reserved for selected 
men who have failed less invasive treatments for known and unknown causes of 
sperm DNA damage. Ample opportunities exist to further investigate the role of 
testicular sperm for ICSI (1) in different subgroups of men with high DNA damage, 
(2) in comparison with other laboratory methods of sperm selection, and (3) in the 
health of offspring.
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Chapter 30
Debate on the Use of Testicular Sperm 
for ICSI: Con

Peter T.K. Chan

30.1  �Introduction

In the previous chapter, Dr. Esteves provided compelling evidence why surgically 
retrieved testicular sperm can provide superior reproductive outcomes compared to 
using ejaculated sperm for ICSI in some infertile couples. In reality, the statement 
that “testicular sperm performs better than ejaculated sperm with ICSI” is at best 
controversial. The purpose of this chapter is to present alternative interpretations 
and critiques on the existing data in the current literature and to provide readers dif-
ferent perspectives on this complex and controversial issue of testicular versus ejac-
ulated sperm on ICSI outcomes.

Surgical sperm retrieval procedure from the testis for ICSI generally can be per-
formed percutaneously under local anesthesia without requiring a scrotal incision in 
an outpatient office setting. However, testicular sperm aspiration (TESA) and 
extraction (TESE) can be associated with complications [1–5] such as bleeding, 
hematoma, pain, scrotal swelling, and infection. Men who have baseline impaired 
spermatogenic function are at higher risks for complications as they may require 
multiple testicular punctures to obtain adequate amount of sperm. This, along with 
the cost and added complexity of sperm processing in the embryology laboratory 
associated with surgically retrieved testicular sperm, is among the reasons why 
ejaculated sperm is the first choice for ICSI in patients attempting their first trial of 
ICSI, so long as they are of adequate quantity and quality, as reflected by their 
motility and morphology, for the number of mature oocyte retrieved in the ICSI 
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cycle. Indeed, most earlier studies have stated that regardless whether the source of 
sperm for ICSI is from the testis or ejaculation, ICSI outcomes were similar [6–11], 
and, in particular, testicular sperm do not necessarily perform better than ejaculated 
sperm [12]. Thus, despite the strong arguments provided by Dr. Esteves in the previ-
ous chapter that testicular sperm perform better than ejaculated sperm, most experts 
would argue against using testicular sperm upfront for the first ICSI cycle among 
men with adequate number of usable ejaculated sperm. The same notion holds true 
even among those with subnormal semen parameters or with repeated failure with 
IUI or conventional IVF.

30.2  �How the Idea of Using Testicular Sperm Instead 
of Ejaculated Sperm for ICSI Came About

The recommendation of using testicular sperm despite having adequate usable ejac-
ulated sperm for ICSI generally is usually made when the infertile couple has one 
or more of the following conditions. First, there is previously history of ICSI failure 
at postfertilization steps including poor embryo quality, failure of implantation, or 
early pregnancy loss at first trimester. Second, there are anomalies in semen param-
eters, particularly with regard to the quality of sperm such as severe astheno-
teratospermia or impaired sperm chromatin integrity that cannot be corrected or 
reversed (e.g., by lifestyle modification, medical treatment for underlying infection/
inflammation, correction of clinical varicoceles, usage of antioxidants or other 
empirical therapies). Third, there is absence of significant female infertility factor to 
account for the ICSI failure.

The idea behind using testicular sperm for ICSI after failure with ejaculated 
sperm probably originated from the early observations by various investigators [13, 
14] that in some men with severe oligo-astheno-teratospermia (OAT) or cryptozoo-
spermia or sperm DNA damage, testicular sperm may have better quality and per-
form better with ICSI. This idea then somehow gets extrapolated to infer that other 
men with adequate ejaculated sperm but failed ICSI could also benefit from using 
testicular sperm to repeat ICSI. What one may not realize is that studies showing 
testicular sperm performed better than ejaculated sperm in severe OAT or crypto-
zoospermia may have included, albeit inadvertently, men with partial obstruction of 
the excurrent ductal system (e.g., incomplete ejaculatory ductal obstruction, postva-
sectomy reversal, inflammation of the epididymis or other parts of the excurrent 
ductal system) or ejaculatory dysfunction (neurogenic or situational) who have nor-
mal spermatogenic function. Indeed, some reports claiming superior ICSI outcomes 
with testicular sperm either left out or provided imprecise description of important 
information on the patient characteristics such as past history, physical examination 
(physique, testicular volume, etc.), hormonal profile, etc. [13, 15, 16]. To be fair, 
even experienced clinicians may sometimes have doubt whether a cryptozoosper-
mic man may have partial obstruction of the excurrent ductal system contributing to 
their poor semen parameters. Even in studies when efforts were made to obtain 
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testicular biopsies to confirm spermatogenic dysfunction, a significant portion of 
subjects may have incomplete data [13] to completely rule out the inclusion of men 
with normal spermatogenesis with obstructive causes of infertility. Fresh testicular 
sperm from men with obstruction and normal spermatogenesis may have better 
quality [17, 18] than post-testicular sperm. Hence, it is not surprising that testicular 
sperm could perform better with ICSI than with the aged and degenerated sperm 
that eventually make it to the semen from a severely obstructed system. Using tes-
ticular sperm for ICSI in such a scenario may yield different outcomes than in men 
with impaired spermatogenic function or other testicular factors contributing to 
poor ejaculated sperm quantitatively and qualitatively.

30.3  �Reasons Why All Parties Willingly Accept Using 
Testicular Sperm Instead of Ejaculated Sperm for ICSI

With the significant negative factors including risks and cost associated with testicu-
lar surgical sperm retrieval and with another cycle of ICSI, why would all the 
involved parties (reproductive urologists, REIs, embryologists, patients) readily 
accept and go forward with this treatment plan? The reason perhaps is more than 
just their beliefs that it would yield better outcome (which as we will see later in this 
chapter is based on circumstantial evidence at best). The thought processes of how 
the various parties involved readily come to an agreement to proceed with another 
ICSI cycle using testicular sperm are worth a discussion.

It is conceivable that part of the reasons of their acceptance is that there are 
enough gains for all involved parties to repeat ICSI with testicular sperm. First, the 
REI and the reproductive center would welcome additional treatment cycles for the 
obvious reason of financial gain. Even for urologists, performing testicular sperm 
extraction for ICSI represents additional financial gain that would not have been 
present otherwise if the couples are to use only ejaculated sperm. The relative risks 
of repeating ICSI with testicular sperm for both treating parties are generally accept-
able and outweighed by these gains. Financial gain aside, when counseling these 
couples, having something potentially promising to offer them is far better than 
admitting that they do not know what went wrong, that they have reached the limit 
of their knowledge or ability, and that the couple should seek help from bigger and 
better centers. Even from the patients, particularly those who are frustrated with 
repeated ICSI failure and are desperate for success, knowing that there is hope with 
something as “simple” as using testicular sperm obtained through a relatively minor 
procedure is indeed comforting. Despite recurrent failure, many of these couples are 
financially prepared and willing to give it one more trial while accepting the associ-
ated risks and burdens, even if it is just for the purpose of having a proper “closure” 
of their journey. Another very important point: these couples are well prepared for 
yet another failure. Thus, any success would be a bonus—nothing to lose but all to 
gain! With these thoughts in mind, it is understandable why the notion of repeating 
ICSI with testicular sperm would face little resistance or challenge by all involved 
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parties and that any favorable evidence, even when they are circumstantial at best, 
would be welcomed and inadequately scrutinized to justify their presumptions that 
testicular sperm is better than ejaculated sperm for ICSI.

30.4  �Any Scientific Basis Indicating that Testicular Sperm 
Are Better than Ejaculated Sperm?

Some studies have speculated on the biological mechanisms that support why 
sperm surgically retrieved from the testes are better than epididymal [17, 18] and 
ejaculated sperm [14, 19–22], as Dr. Esteves discussed in the previous chapter. 
Unfortunately, the citation of these studies serves only to support a view (that 
testicular sperm is “better” than ejaculated sperm) that the authors have already 
accepted. Virtually every report claiming better reproductive outcomes with ICSI 
with testicular sperm has quoted these same studies in their discussion to “sup-
port” their reported findings. To have a more balanced perspective, readers should 
be aware also that there are studies in the literature indicating that testicular 
sperm is “biologically inferior” to post-testicular and ejaculated sperm for repro-
duction. The rationales include poor motility, poor fertilizing capacity, and even 
higher aneuploidy rates associated with testicular sperm [21, 23–30]—all can 
potentially be linked to adverse reproductive outcomes. It is not difficult to imag-
ine that for investigators reporting inferior reproductive outcomes with testicular 
sperm than ejaculated sperm, this latter group of studies will be quoted and 
emphasized in their discussion instead. Thus, a detailed discussion of the under-
lying biological mechanisms, though extremely important to allow advancement 
in our understanding on the physiological processes of human reproduction, 
serves little in settling the debate of whether testicular sperm is superior to ejacu-
lated sperm for ICSI.

30.5  �Critiques on the Current Literature Demonstrating 
Testicular Sperm Is Better than Ejaculated Sperm 
for ICSI

30.5.1  �The Difficulties in Conducting a Proper Study Design

To demonstrate that testicular sperm yields superior results with ICSI to ejacu-
lated sperm, properly designed comparative studies must be conducted and con-
firmed by other centers with comparable results. Obviously, properly designed 
randomized controlled trials (RCT) would be ideal. As any investigators would 
agree, conducting an RCT with enough power to detect a significant improve-
ment in the ICSI outcomes of testicular vs ejaculated sperm is far from being 
easy. Just to recruit enough subjects or couples that would match with various 
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important variables such as age (particularly female age), reproductive status 
(ovarian reserve, baseline FSH), lifestyle and comorbidities, semen parameters, 
and baseline sperm chromatin quality would be extremely difficult. Further, the 
procedures involved in the processing of ejaculated and testicular sperm in the 
embryology laboratory are distinctive enough to make proper blinding from the 
embryologists in the treatment arms complicated in a trial setting. From the per-
spectives of the infertile couples, under a research trial setting, when presented 
with the choices of repeating (and thus paying for) the same treatment that previ-
ously or repeatedly failed versus another potentially better choice (instead of 
being presented with two different approaches that may potentially perform bet-
ter than their past failed cycles), it is understandable that many couples may 
decline to participate in the trial and request to repeat ICSI using testicular sperm. 
This would certainly make recruitment and randomization difficult and prone to 
bias. Thus, the literature on this topic consists mainly of retrospective case series 
with large variations in the characteristics of the comparison or control groups 
and in the comparative models used.

30.5.2  �The Impact of Publication Bias

Despite the inclusion of some levels of quantitative or statistical analyses in their 
comparative models, case series in any subject in medical science or clinical 
research tend to have small number of subjects. More importantly, by nature of them 
being retrospective, they were not exactly planned out by the investigators but likely 
observed by chance by the investigators to have favorable outcomes. This means 
that perhaps the investigators noticed a trend of the outcomes (e.g., a series of ICSI 
cycles with testicular sperm seemed to have better outcomes than with ejaculated) 
and then followed on this hunch to carry out data analysis to develop a manuscript. 
Unfortunately, this research methodology, though seemingly reasonable and logi-
cal, would lead to publication bias.

Let us assume that the ultimate truth is that the outcomes of ICSI with testicu-
lar sperm are NOT different from those with ejaculated sperm. Then in a small 
series of patients, simply by chance, the investigators may observe that ICSI with 
testicular sperm yields BETTER outcomes than with ejaculated sperm, leading to 
the production of a manuscript supporting a false claim. Of course, sometimes 
with a small sample size, an observed difference in the outcomes between groups 
may not pass a proper statistical analysis to demonstrate its significance. This 
disappointing result often led investigators to perform more complex statistical or 
analytical maneuvers on the raw data to develop alternative comparative models 
until they reach one that could demonstrate statistically significant differences in 
some measured variables between groups for publication. Alternatively, some 
investigators would choose to highlight a clinical trend between group results 
despite the absence of a statistically significant difference. In other times, the 
investigators may simply call off the study.
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Moreover, investigators who failed to notice a difference between using testicu-
lar or ejaculated sperm for ICSI may simply not have initiated further analyses to 
avoid wasting time, energy, money, and other resources to generate a manuscript 
with negative results that may be rejected for publication. As a result, the current 
literature on the subject may contain preferentially studies from investigators that 
noticed, perhaps by chance, a difference in a small retrospective series of patients 
from their centers. Without understanding the impact of this publication bias, when 
seeing a series of publications from various reputable centers and investigators, 
using various methodologies and perhaps sophisticated analyses, coming to a simi-
lar conclusion, one could easily be misled to believe the face value of these reports. 
The impact of this publication bias may go even further. Seeing so many existing 
publications, some from world-renowned groups of investigators and large centers, 
as listed by Dr. Esteves in the previous chapter, supporting the use of testicular 
sperm for ICSI for better outcomes, other investigators who do not notice a benefit 
with testicular sperm for ICSI in their centers would understandably hesitate to 
report their negative results unless they have, instead of data from yet another 
whimsy case series, solid and high-quality data from a properly designed RCT to 
prove otherwise. Thus, few contemporary publications exist on this subject demon-
strating no statistically significant differences in ICSI outcomes between using tes-
ticular or ejaculated sperm [11, 31, 32].

30.5.3  �The Need to Demonstrate Impact on Relevant Clinical 
Outcomes

But let’s take a closer look at the existing studies supporting the use of testicular 
sperm for a repeat ICSI.  What reproductive outcomes should studies include to 
illustrate superiority when using testicular sperm compared to ejaculated sperm for 
ICSI? Obviously various outcomes from sperm quality (motility, morphology, chro-
matin structure integrity, aneuploidy, etc.), fertilization rate, embryo qualities, 
implantation rate, clinical pregnancy rate, ongoing pregnancy rate, and miscarriage 
rate are all considered important parameters. For clinicians and particularly for 
infertile couples, however, it is healthy live-birth rate that matters most. Thus, stud-
ies that reported a statistically significant superiority of various reproductive out-
comes other than live-birth rate [10, 16, 33] or did not report the rate of healthy 
live-birth [16, 20, 33, 34] inevitably limit the impact of their studies on modifying 
the counseling strategies clinicians can use for their patients. In fact, it is puzzlingly 
rare to see investigators of these studies publishing subsequent reports to include 
live-birth rates of their series with expanded sample sizes. Theoretically speaking, 
if using testicular sperm for ICSI yield better outcomes in most parameters but not 
a significantly higher live-birth rate, this may imply a higher rate of subsequent 
adverse outcome such as failure of implantation, early or late pregnancy loss, or 
miscarriage. In other words, while using testicular sperm for ICSI may allow the 
infertile couples to advance further in their progress on the reproductive journey, 
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they may risk eventual failure at a more advanced stage of pregnancy which can be 
more devastating and dangerous than an early failure. Thus, demonstration of 
improvement in healthy live-birth rate is a key for these types of studies.

30.5.4  �Improper Comparison and Additional Confounding 
Factors in the Current Literature

On the methodology and design of the studies, simply demonstrating success with 
live-births [35, 36] or whatever relevant reproductive outcomes [10, 16, 33] when 
using testicular sperm with ICSI among couples with previous failure of ICSI with 
ejaculated sperm cannot be considered convincing evidence. First, these studies 
were generally conducted in large, reputable reproductive centers with presumably 
higher overall success rate than the average reproductive centers. Therefore, previ-
ous failures of ICSI performed in smaller, less experienced centers and later success 
in bigger centers with special expertise may simply be a reflection of the higher 
level of experience of the bigger centers rather than any true benefits of using tes-
ticular sperm for ICSI. Further, even when these couples had undergone previous 
failed ICSI with ejaculated sperm within the same centers, the fact that these same 
couples had subsequent success in ICSI with testicular sperm cannot be fairly attrib-
uted to any potential benefits of using testicular sperm. This is simply because all 
the subjects began with a 0% or very poor success (from previous failed ICSI cycles 
with ejaculated sperm); the outcomes of a subsequent trial of ICSI (with testicular 
sperm) can thus only be better. It is important to appreciate that there exists also a 
series of couples who have success with a repeat ICSI simply using ejaculated 
sperm again. But this latter group offers little innovation or interest and as a result 
was not discussed in most of the publications. Indeed, in one of the most recent 
studies on this subject, Pabuccu et al. [34] reported a clinical pregnancy rate per 
started ICSI cycles with testicular sperm to be over 40% in couples with repeated 
ART failure (mean 3.2 trials of previous failed ART). But in couples with a signifi-
cantly more complex history of recurrent ART failure (mean 4.0 trials of previous 
failed ART, p < 0.02), repeating ICSI with ejaculated sperm once again yielded a 
clinical pregnancy rate of still 20%. This highlights the importance of having a 
proper comparison group to allow proper interpretation of study outcomes.

Another important consideration is that the better outcomes observed in repeat 
ICSI with testicular sperm may be attributed to modifications of other factors in the 
latest cycle that can allow for higher success rates (e.g., more efficient stimulation 
protocol, embryo transfer performed more cautiously with more experienced per-
sonnel or significantly more embryo transferred per cycle in the subsequent testicu-
lar sperm cycle, use of ICSI instead of mainly or only conventional IVF in previously 
failed cycle, etc.) [15, 36]. The couples may also have changed their lifestyle 
significantly (weight reduction, use of antioxidant, cessation of smoking, etc.) that 
led to better fertility status and treatment outcomes.
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30.6  �Looking Forward

Clearly, we still lack adequate, definitive evidence to conclude that testicular sperm 
performs better with ICSI than ejaculated sperm. For investigators who truly believe 
ICSI with testicular is better, in addition to striving to conduct better investigations, 
it is important to define what subgroups of patients (e.g., based on semen parame-
ters, previous ART outcomes, age or other reproductive status) would benefit, and to 
what extent would such a benefit be, from repeating ICSI with testicular sperm. 
Equally valuable is to identify those couples who are UNLIKELY to benefit from a 
repeat ICSI cycle with testicular sperm. This is a particularly important consider-
ation when there are significant coexisting female infertility factors in the couples, 
as most studies on this subject have excluded female partners with poor ovarian 
reserves or responses [13, 15, 16, 20, 34, 37]. Likewise, some men with infertility 
due to certain well-described, though rare, specific defects identified in the ejacu-
lated sperm such as complete globozoospermia characterized by secondary absence 
of acrosome [38–44], macrocephalospermia [45, 46], and sperm neck defects with 
centriole dysfunction [47–54] should not undergo testicular sperm extraction, as 
their testicular sperm will likely have the same defect and thus would not contribute 
to an improved success rate.

There are further questions that we must be prepared to answer. As discussed 
above, several studies [20, 36, 37] on this subject indicated that one of the important 
reasons why testicular sperm performs better than ejaculated sperm is due to their 
better sperm chromatin structure, as determined by various molecular assays. Does 
it mean that the benefits of using testicular sperm are only found in men with better 
testicular sperm chromatin structure results but not in those with results that are 
equally bad or worse than those in ejaculated sperm? If so, does that mean before 
contemplating using testicular sperm for another ICSI cycle, these men should first 
undergo a testicular sperm extraction and measure sperm chromatin structure from 
both the testicular and ejaculated sperm and compare? Though the cost and risk of 
this evaluation are significant, at least this approach is less costly (and perhaps less 
risky) than a full ICSI cycle. To go one step further, if an infertile couple can only 
undergo one ICSI cycle (for financial, health, or other personal reasons), should 
they undergo testicular sperm and ejaculated sperm chromatin evaluation to decide 
what sperm to use for the one ICSI cycle that they can afford? Then should every 
couple have this evaluation prior to using ICSI? In other words, should we know 
what source of sperm to use upfront instead of waiting for ICSI failure with ejacu-
lated sperm?

Finally, one potential benefit of facing this controversy is that the male partners 
of many of these “idiopathic” ART failure couples would get a referral to see a 
urologist for fertility evaluation that would otherwise not happen. At least in theory, 
this would allow significant pathologies and health risks including smoking, obe-
sity, varicoceles, obstruction, inflammation, infection, testicular cancer, erectile 
dysfunction, and genetic and endocrinological anomalies to be diagnosed and 
managed. However, if the view that “testicular sperm with ICSI is better” prevails, 
all parties will persuade these couples to this route rather than offering proper evaluation 
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and treatment to the male partners that may truly benefit their reproductive and 
general health. While awaiting further evidence, clinicians must recognize the limi-
tations of the quality of current scientific evidence in the literature on the use of 
surgically retrieved testicular sperm for another cycle of ICSI to infertile couples 
experiencing unexplained failure of ICSI with ejaculated sperm and provide proper 
counseling to these frustrated, vulnerable, and often desperate couples, with prudent 
considerations on the risks, financial and psychosocial burdens, cost-effectiveness, 
and efficacy of further fertility treatment options.

Disclaimer  The contents of this chapter are presented for informational and academic purposes 
only. It should not be used by patients in isolation without proper clinical counseling with experi-
enced healthcare professionals to make any clinical decisions on their fertility management.
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Chapter 31
Strategies to Diminish DNA Damage in Sperm 
Samples Used for ART

Jaime Gosálvez, Ashok Agarwal, and Sandro C. Esteves

31.1  �Introduction

31.1.1  �Sperm DNA Fragmentation and Reproductive Outcome

In general, individuals presenting high levels of sperm DNA fragmentation (SDF) 
in their ejaculates have poor semen quality parameters, including reduced sperm 
count, motility, and morphology [1–3]. Moreover, assisted reproductive outcomes 
of couples whose male partner has high SDF are poorer than those in whom SDF is 
not a contributory factor [4]. It has been reported that SDF levels are three times 
higher in men attending infertility clinics with different etiology categories than 
those observed in sperm donors [5, 6]. Furthermore, SDF has been shown to accu-
rately discriminate populations of infertile from normal men. At a cutoff level of 
16%, SDF assessed by the sperm chromatin dispersion test (SCD) discriminate both 
populations with sensitivity of 85% and specificity of 75% [6, 7]. This means that 
SDF results in a net ejaculate provide useful information that is complementary to 
but more distinct than those of conventional semen analysis. Overall, the actual role 
of SDF testing has been undervalued. We believe that there are at least two crucial 
aspects requiring further research, namely, (1) quantitative SDF, which accounts for 
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the relative amount of sperm affected in the neat ejaculate and/or post-processing, 
and (2) qualitative SDF, which accounts for the presence of single- or double-strand 
breaks or alternative DNA configurations to a Watson-Crick and the respective asso-
ciation to the capacity of the oocyte for DNA repair.

In general, a direct relationship between a discrete value of SDF and the reproduc-
tive outcome cannot be clearly demonstrated [8]. This is partially due to the fact that 
ART has been refined and is able to decrease the probability of selecting defective 
sperm for fertilization. Additionally, there are confounding factors that may account 
for the conflicting results concerning the predictive value of SDF on pregnancy out-
comes. For instance, it is important to estimate the amount of iatrogenic sperm DNA 
damage generated during sperm handling in vitro before fertilization. Secondly, it is 

Fig. 31.1  A map of putative modulators that may influence sperm DNA fragmentation (SDF) 
having a negative impact on pregnancy. The complex interaction of multiple factors as depicted in 
the figure may help to understand why the search for a cutoff value of SDF in the neat ejaculate 
that is able to predict the pregnancy outcome would be challenging
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important to investigate the association between other seminal characteristics and 
SDF values. Lastly, little is known about the effectiveness and fidelity of DNA repair 
at the oocyte level once fertilization has occurred. Likewise, different sperm selec-
tion techniques and various strategies used to fertilize the oocyte may also affect the 
fertilization rates, embryo development, and pregnancy rates.

In fact, seeking for a discrete number of SDF value that is directly associated 
with reproductive outcome is difficult because the whole biological process 
involved is rather complex with many inherent and uncontrolled patient factors as 
well as those related to the ART practice (Fig.  31.1). Within this scenario of 
uncertainties, the iterative question which reproductive medicine specialists 
should ask is once an abnormal level of SDF has been detected in a patient, how 
can we solve the problem?

In this chapter, we review the methods for assessing SDF and the strategies that 
can be used to diminish SDF in samples used for fertilization. Some of these strate-
gies may produce a synergistic effect for SDF reduction, as we will see.

31.1.2  �Assessing Sperm DNA Fragmentation

This book includes detailed information about the different available techniques to 
evaluate sperm DNA fragmentation. Although a correlation does exist among the 
different techniques used for assessing SDF, the threshold values may vary among 
them [9–11]. In this chapter, most of the results presented relates to the application 
of the sperm chromatin dispersion test (SCD) on its commercial version (Halosperm, 
Halotech DNA, Madrid, Spain). A comprehensive review of the sperm chromatin 
dispersion test is provided in Chap. 8. Using the SCD test, sperm presenting with 
non-fragmented DNA show a homogeneous and large halo of dispersed chromatin 
surrounding a compact core (Fig.  31.2a–c). Conversely, sperm with fragmented 
DNA show either a small halo of dispersed chromatin (Fig. 31.2d) or lacking such 
a halo of dispersed chromatin (Fig. 31.2e, f). All spermatozoa showing fragmented 
DNA according to the halo technique are arrowed in green in Fig. 31.1.

31.2  �Clinical Management of Sperm DNA Fragmentation

31.2.1  �The Influence of Environment and Lifestyle

It is known that toxicity caused by exposure to environmental pollutants or certain 
unhealthy lifestyle factors may induce the generation of ROS, resulting in cellular 
oxidative damage. Both of these effectors of cell damage have become a major 
health concern nowadays [12]. Obesity/overweight, pollution exposure, tobacco 
and/or drug abuse, excessive physical activity, UV radiation, excessive exposure to 
electromagnetic radiation such as the ones emitted by cell phones, and heavy metal 
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exposure, among others, can produce an imbalance in the enzyme activation sys-
tems involving REDOX processes and result in cell damage at different levels [12–
15]. Notwithstanding the difficulties in controlling all confounding variables when 
addressing the influence of each aforementioned factor on sperm SDF, fair evidence 
has indicated that environment and lifestyle may affect the sperm DNA molecule. 
For instance, an association between exposure to bisphenol A and abnormal levels 
of SDF has been demonstrated [16, 17]. Using boars as an experimental system, it 
was demonstrated that an excessive intake of zinc, a common oligoelement present 
in most of the antioxidant cocktails, may increase the level of SDF with only 50 ppm 
more than the recommended daily intake [18]. These examples illustrate that the 
direct negative effects of environmental conditions on SDF are difficult to be con-
trolled or avoided. We therefore must be conscious that overexposure to these 

Fig. 31.2  Evaluation of sperm DNA fragmentation after Halosperm processing. (a) Full view of a 
microscope field showing sperm containing fragmented and non-fragmented DNA.  Individual 
spermatozoon with intact (b, c) and damaged (d–f) nuclear DNA is shown. Original image cap-
tured under fluorescence microscopy and GelRed staining
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effectors can produce a severe disruption of normal sperm chromatin conformation 
that may result in poor reproductive outcomes. Although it has not been properly 
demonstrated, most of these negative effects, however, can be reversed by lifestyle 
modification such as having a balanced and healthy diet.

Given that oxidative stress is resulting from an imbalance between the amount of 
ROS and their counteracting antioxidants, a logical strategy to avoid its negative 
effect would be the administration of antioxidant cocktails to rebalance the REDOX 
system. Both the incorporation of antioxidant cocktails to the diet [19, 20] and sup-
plementation to the sperm preparation medium have been attempted [21, 22] to 
prevent local ROS attack during sperm handling. However, the putative beneficial 
effects of such methods are not as straightforward as it has been generally assumed 
[23–25]. There are three important biases identified in the experimental approaches 
used in these studies: (i) most of the studies are underpowered and lacked a placebo-
controlled arm and a double-blind design; (ii) studies were performed using differ-
ent antioxidants in different combinations, dosages, and durations; (iii) most studies 
did not examine the effect of antioxidants on specific groups of infertile patients. 
Having said that, it is important to acknowledge that most of the published literature 
is supportive of the beneficial roles of antioxidants in improving semen quality [26]. 
Nevertheless, antioxidants are usually administered without any prior evaluation of 
ROS/antioxidant capacity. This is mainly due to the general assumption that sperm 
DNA damage and low sperm motility are mainly caused by an excess of 
ROS.  However, other factors related to patients’ genetic background might also 
affect the sperm membrane structure, the levels of protamination, and other struc-
tural sperm elements. These factors may negatively impair sperm quality regardless 
the level of ROS in the media. Furthermore, side effects and health risks of long-
term vitamin use in unselected patients have been reported. All these factors indi-
cate that it is inadvisable to generalize the association between oxidative stress and 
sperm DNA fragmentation [27].

Ideally, the antioxidant cocktails should be prescribed only following the confir-
mation of redox imbalance in the ejaculate of men with low sperm motility and/or 
low membrane quality and/or high levels of SDF.

31.2.2  �Impact of Ejaculatory Abstinence Duration

The World Health Organization (WHO) recommends semen sample to be collected 
after 2–7 days’ abstinence [28]. Although this practice mainly focuses at obtaining 
a higher volume of ejaculate, its benefit in the context of ART remains unclear 
because prolonged ejaculatory abstinence can be deleterious to sperm DNA integ-
rity and male fertility capacity [29]. Moreover, in the era of ICSI where only one 
spermatozoon is needed to fertilize the oocyte, this practice could be easily cen-
sured. Given the potential deleterious effects of ROS during epididymis transit and 
the absence of active mechanism of DNA repair in maturing sperm, the practice of 
asking patients to abstain from ejaculation for long periods before collecting sperm 

31  Strategies to Diminish DNA Damage in Sperm Samples Used for ART



576

for ART purposes is equivocal. In fact, sperm containing non-fragmented DNA can 
be affected by external and internal effectors of DNA damage (oxidative stress, 
DNase activity) after long storage in the epididymis. In a recent study, the effect of 
ejaculatory abstinence periods on routine and advanced sperm tests was assessed in 
a group of normozoospermic men who provided semen samples after 1, 2, 5, 7, 9, 
and 11 days of abstinence [30]. Although semen volume, sperm concentration, and 
total sperm count increased significantly with abstinence duration, sperm DNA 
fragmentation was also found to be increased. Both 1 and 2 days of ejaculatory 
abstinence had the least amount of DNA fragmentation. The authors concluded that 
shortening of ejaculatory abstinence time was not detrimental to sperm quality in 
normozoospermic men and could potentially be a strategy in reducing sperm DNA 
fragmentation. In another study, recurrent ejaculations, i.e., for three consecutive 
days, also resulted in a significant decrease in the proportion of spermatozoa con-
taining a damaged DNA molecule [31, 32]. Moreover, the DNA quality improved 
further if the samples were processed using density gradient centrifugation (DGC) 
after repeated ejaculations (3 h of abstinence) (Table 31.1). In addition, recent stud-
ies have suggested that shorter abstinence is better for intrauterine insemination 
(IUI) and assisted reproductive technology (ART) than the abstinence recommended 
by WHO for performing a diagnostic semen analysis [40]. A possible explanation 
for these observations is that more immature spermatozoa enter the epididymis as a 
result of repeated ejaculations. Some of these immature spermatozoa may be defec-
tive because they have entered the epididymis before complete maturation in the 
testis. It is also possible that the repeated ejaculation prevents the complete oxida-
tion of sperm nuclear sulfhydryl groups during epididymal transit. Combining 

Table 31.1  Summary of the effect on sperm DNA fragmentation (SDF) reduction after using 
different strategies of sperm selection

Protocol
SDF 
ejaculate

SDF 
selected

SDF 
reduction Reference

Testicular sperm 40.9 8.3 79.7 Esteves et al. [33]
Recurrent ejaculation (72 h) 26.9 19.6 27.1 Gosálvez et al. [31]
Recurrent ejaculation (3 h) 20.8 10.8 48.1 Gosálvez et al. [31]
Ejaculate fractionation 23.5 16.8 28.5 Hebles et al. [34]
SU (successful pregnancy) 25.3 16.9 33.2 Gosálvez et al. [35]
SU (no successful 
pregnancy)

34.9 23.7 32.1 Gosálvez et al. [35]

DGC (donors) 18.2 12.3 32.4 Gosálvez et al. [36]
DGC (patients) 27 19.6 27.4 Sánchez-Martín et al. 

[37]
Ejaculate fractionation 
(stallion)

11.1 7.3 34.2 de la Torre et al. [38]

Sex sorting (bull) 7.9 3.1 60.8 Gosálvez et al. [39]

SDF in all samples assessed with Halosperm (human) or Halomax (animals: cursive). All values 
are percent
SU swim-up, DGC density gradient centrifugation

J. Gosálvez et al.



577

recurrent ejaculations with sperm selection using DGC, the proportion of immature 
sperm increases in the ejaculated sample, but they are trapped in one of the layers of 
the density gradient. This is because the whole sperm surface of the immature sperm 
head is larger than that of normal sperm. Thus, most of these immature cells with 
damaged DNA will be eliminated in the sample to be used for ART. From our obser-
vations, sperm DNA damage decreases in virtually all cases after recurrent ejacula-
tion and DGC. The magnitude of SDF decrease is up to 50% compared with the 
SDF values obtained in the original ejaculate (Table 31.1; 31).

In conclusion, recurrent ejaculation is a noninvasive and simple strategy that can 
be combined with DGC to reduce the proportion of sperm containing damaged 
DNA in semen specimens to be used for ART. The synergistic effects of combining 
recurrent ejaculations with PICSI, MACS, or other methodologies for sperm selec-
tion need to be explored further.

31.2.3  �Impact of Ejaculate Fractionation

The laboratory methods of processing sperm for ART purposes do not conform to 
the rules designed by nature. After semen collection, the final sample represents a 
mixture of different ejaculated fractions. Conversely in nature, a given ejaculation 
consists of different semen fractions with different characteristics. In most of the 
mammalian species, the ejaculate comprises the pre-ejaculatory fraction, which is 
free of sperm and includes the fluid fraction of the Cowper’s and Littre’s glands, and 
the first and second fractions. In humans, the first fraction represents 15–45% of the 
ejaculate. This rich sperm fraction originates from the epididymal sperm and con-
tains prostatic secretions, including acid phosphatase, citric acid, magnesium, and 
zinc, and it appears to exert a protective effect on sperm. The second fraction is the 
remaining 55–85% of the volume and is characterized by having a low sperm count 
immersed in secretions of the seminal vesicles [41, 42]. It can be therefore hypoth-
esized that the first ejaculated fraction contains sperm with better seminal parame-
ters. Therefore, semen fractionation could be used as an effective method for 
selecting sperm prior to fertilization.

Interestingly, the first ejaculate fraction has lower volume, higher sperm concen-
tration, sperm with better motility, and lower levels of SDF (16.85 ± 7.2%) than the 
second fraction (30.3% ± 15.0%) [34, 38]. In asthenozoospermic and teratozoosper-
mic males, these differences have also been observed [43]. Similar experiments 
performed with stallions have showed an equivalent effect (first fraction SDF = 
7.3% ± 2.5%; second fraction SDF = 25.1% ± 19.3%). It seems that a certain level 
of interspecies concordance exists in the proportion of SDF reduction observed by 
semen fractionation (Table 31.1; 38).

In conclusion, ejaculate fractionation is a simple method that may generate a 
sperm population characterized by increased sperm motility and concentration and, 
most importantly for ART, lower level of damaged DNA than that observed in the 
whole ejaculate.
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31.2.4  �Use of Testicular Sperm for ICSI

Sperm obtained directly from the testicle have shown to have lower levels of DNA 
damage compared to ejaculated counterparts [44–47]. As a matter of fact, testicular 
tissue extraction has been advocated as a method with potential beneficial effects 
for couples undergoing ART when elevated SDF is a contributory infertility factor.

In a recent study, 147 couples with oligozoospermia and elevated SDF (SCD 
>30%) were offered ICSI with ejaculated or testicular sperm [33]. Among patients 
subjected to testicular sperm retrieval, the level of SDF level was 8.3% compared to 
40.7% in their ejaculates collected at the same day after 2–3 days of ejaculatory 
abstinence (Table 31.1). The magnitude of SDF reduction was approximately 80%. 
Added to this, ICSI outcomes were significantly better in the group of patients using 
testicular sperm compared to the group of similar characteristics where only ejacu-
lated sperm and ICSI were used [33]. Although the clinical pregnancy rates were not 
statistically different among the studied groups, the proportion of women experi-
encing early miscarriage was significantly lower if testicular sperm was used, result-
ing in higher live birth rates in this aforementioned group [33].

In conclusion, the use of testicular sperm seems to be a valid strategy to overcome 
infertility in couples subjected to ICSI in whom the male partner has elevated SDF.

31.2.5  �Impact of Laboratory Sperm Selection Techniques

Not all spermatozoa in the ejaculate present with the optimal characteristics for 
fertilization even when they have normal morphological characteristics [48]. The 
proportion of spermatozoa that are able to reach and fertilize the oocyte, giving rise 
to syngamy with the female nucleus, is highly variable among individuals. This is 
one of the reasons why different laboratory strategies have been developed in ART 
in order to improve the relative proportion of sperm with full fertilization potential. 
Such methods are aimed to concentrate the subgroup of cells exhibiting normal 
motility, morphology, and normal chromatin contents, which may result in higher 
pregnancy rates when used for intrauterine insemination (IUI), in vitro fertilization 
(IVF), or intracytoplasmic sperm injection (ICSI).

Swim-up (SU) or density gradient centrifugation (DGC) can be considered as 
basic techniques for sperm handling in the laboratory. These methods represent the 
classical examples of strategies conducted to improve the relative sperm quality as 
compared to the original ejaculate. These methods remove the seminal plasma and 
select the sperm subpopulation that exhibit progressive motility. They also proved 
to be partially effective in eliminating spermatozoa exhibiting a damaged DNA 
molecule [36, 49, 50].

There are also other techniques that can be used to select spermatozoa with better 
physiological or morphological quality. While techniques such as the hyaluronic 
binding assay (HA) attempt to select mature sperm that are bound to the molecules 
of hyaluronic acid [51], the motile sperm organelle morphology examination 
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(MSOME) is aimed at visualizing sperm abnormalities that are not visible at low 
magnification [52–54]. Although these techniques potentially deselect spermatozoa 
with DNA damage [55, 56], their effectiveness for reproductive outcome remains to 
be confirmed.

One option to further deselect sperm with damaged DNA would be the combina-
tion of SU and DGC with MSOME, HA, or PICSI (physiological ICSI), but this 
strategy needs to be studied. On the contrary, the use of magnetic-activated cell 
sorting (MACS) represents one of the few strategies of sperm selection that specifi-
cally removes apoptotic spermatozoa. Arguably, spermatozoa negatively selected 
for the presence of annexin V are more likely to present with DNA free of strand 
breaks [57, 58].

While in theory, these techniques should be able to eliminate a large part of 
sperm deficiencies at different levels, it may not be so in real situation as certain 
parameters such as motility can be negatively affected after their applications [59, 
60]. With respect to SDF, selection using SU or DGC may result, in some patients, 
in a higher level of DNA damage in the ejaculate [36]. In some cases, critical issues 
such as those concerning the length of telomeric DNA sequences at the sperm frac-
tion, which would be used in ART, might be compromised [61].

Most of these shortcomings relate to the fact that all these techniques require 
labor-intensive laboratory manipulation, which may cause iatrogenic sperm damage 
[62, 63]. Moreover, the effectiveness of these complex techniques to deselect sperm 
with DNA fragmentation for ART remains equivocal [64]. Factors such as the 
patient profile and type of technique may affect the ability of these methods to 
remove sperm with damaged chromatin [65, 66]. For instance, it has been shown 
that DCG has low efficiency to remove apoptotic sperm [66]. Notwithstanding, 
using a two-tail comet assay to assess simultaneously single- and double-strand 
DNA breaks, it was found that SU and DGC are equally efficient in eliminating 
spermatozoa containing double-strand DNA damage, but DGC is more efficient 
than SU in selecting spermatozoa that are free from single-strand DNA damage 
[67]. The determination of the best technique to be used in each patient, alone or 
combined, is still not clear.

In conclusion, the existing laboratory sperm selection techniques may reduce the 
proportion of sperm with DNA damage, but at present, none of them, alone or com-
bined, provide complete elimination of sperm with damaged chromatin.

31.2.6  �Iatrogenic Sperm Damage During Sperm Handling

The use of in vitro conditions when handling sperm in the laboratory is inherently 
associated with potential iatrogenic damage [62, 68, 69]. In general, it is recom-
mended to avoid long periods of sperm incubation, incubation at 37 °C, and aggres-
sive centrifugation force. With respect to the negative impact of DNA quality, it is 
known that SDF increases with incubation in a time-dependent fashion, but it also 
depends on individual characteristics [70, 71]. This fact brings about the concept of 
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sperm DNA longevity and the rate of SDF (rSDF): proportion of spermatozoa con-
taining a fragmented DNA molecule increases per time unit after ejaculation [63, 
70]. It is remarkable that significant differences exist between different individuals 
despite using the same conditions for sperm handling [36]. In some cases, sperm 
DNA exhibit a relatively slow degradation, resulting in a very good fit of the loga-
rithmic curve function, while in other cases this increase is exponential [70, 71]. In 
Fig. 31.3, the differential dynamic behavior of SDF in two cohorts of individuals 
(n = 10 per group) after 24 h of neat sperm incubation at 37 °C is shown. While the 
blue line shows a logarithmic tendency of SDF increase, the orange one shows an 
exponential tendency confirming a long SDF longevity for these patients. This rate 
is variable, depending on the conditions of sperm manipulation [72]. Interestingly, 
the composition of the semen extenders may also affect the rates of SDF within the 
same individual [73]. Sperm DNA longevity is species-dependent [74] and is in part 
related to the protamination characteristics of the sperm chromatin [75].

It is challenging to investigate the clinical implications of iatrogenic damage. In 
certain experimental models, the increase of sperm DNA damage after sperm collec-
tion produces a significant decrease in embryo quality. For instance, in zebra fish, 
where SDF increases shortly after sperm activation, significant differences in fertiliza-
tion rates are not apparent, but a higher miscarriage rate is noted [76]. A similar situ-
ation is observed in multi-ovulating species such as rabbits [77]. In humans, on the 

Fig. 31.3  Dynamic representation of sperm DNA fragmentation (SDF) along 24 h of incubation 
at 37 °C using neat sperm samples on normal seminogram (n = 10 per group). Criteria of inclusion 
(SDF lower than 50% after 24 h of incubation). Blue line shows a logarithmic tendency for SDF 
increase, while this tendency is exponential in the orange-line plotted group
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other hand, it has been shown that a reduction in the time from the ejaculation until the 
sample is used for fertilization is associated with better reproductive outcome [78].

In conclusion, the obvious recommendation would be to minimize iatrogenic-
induced sperm damage during their handling in the laboratory. Long periods of 
sperm incubation, especially at 37 °C, should be avoided. A dynamic evaluation of 
the rSDF in each patient would provide useful information on the stability of the 
sperm DNA. Subsequently, we may design customized strategies of sperm collec-
tion in order to minimize the negative impact that may be present post-ejaculation 
and during sperm collection and in vitro handling.

31.2.7  �The Influence of Sperm Concentration

In mammalian species, it is known that changes in the membrane quality, motility 
characteristics, and other seminal parameters could occur in the samples prepared 
for cryopreservation. Notably, commercial vials of semen for insemination used in 
the veterinary field tend to have fewer sperm than that of the original ejaculate. In 
fact, the recommended number of spermatozoa per seminal dose varies among dif-
ferent animal species [79, 80]. Moreover, sperm concentration is critical when sam-
ples for insemination are sorted for sex separation [81]. Some studies have shown 
that both motility and membrane integrity improve with increased dilution of the 
cryopreserved specimen, although the proportion of acrosome-reacted sperm does 
not vary greatly. For example, in bulls, sperm dilution after incubation of the sample 
using relatively high and low room temperature for 24 h results in minor differences 
between both experimental conditions in terms of viability or susceptibility to 
osmotic stress. However, samples with lower sperm concentration present with a 
higher proportion of viable cells with reacted acrosomes [82]. The influence of 
sperm concentration within the same ejaculate was tested in ram; it was demon-
strated that sperm DNA longevity is larger when low sperm concentrations are used 
in preparing the seminal doses [83]. In other words, samples prepared with low 
sperm concentration are less affected by iatrogenic DNA damage. Ongoing experi-
ments using human normozoospermic patients in our laboratory also indicate that 
in vitro DNA longevity decreases with sperm concentrations of 100M and greater 
and achieves stability when reaching concentrations lower than 10M (Gosálvez 
et al. unpublished results). Although a conclusive explanation for these observations 
is lacking, it seems plausible that the level of oxidative stress occurring after the 
collision of moving sperm would be higher. Low sperm concentration would dimin-
ish the probability of random collisions. Moreover, the amount of cellular debris in 
the medium increases as sperm die, as do the levels of active enzymes from the 
acrosome or free topoisomerases contained in spermatozoa with defective 
protamination.

In the ART scenario, especially when ICSI is indicated, sperm concentration is 
not a limiting factor. Therefore, handling ex vivo specimens with low sperm con-
centration may improve DNA stability.
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31.2.8  �Creating a Mini-cryopreserved Sperm Bank 
for Personal Use

As reported above, sperm DNA damage is lower in donors and normozoospermic 
men than infertile men [2, 5]. Added to this, there is a variation in SDF from one 
ejaculate to another in the same men [3, 73]. So the question that poses to us is the 
following: when a man with severe male factor infertility in whom SDF is an impor-
tant contributory factor subjected to ART, why should the ejaculate sample obtained 
on the day of fertilization be used rather than the ones obtained previously with 
confirmed lower levels of SDF?

Creating a mini-cryopreserved sperm bank derived from different ejaculates 
from the same patient where SDF levels are systematically assessed would allow 
selecting the specimens with lower SDF to be used for fertilization. Such autolo-
gous sperm bank could contain specimens with SDF lower than those obtained fresh 
at the day of fertilization. In a prospective study including five couples with repeated 
ART failure and severe male factor infertility presenting with high levels of SDF, 
two couples were able to achieve pregnancy using the sperm sample from the self 
mini-bank that exhibited a lower level of sperm damage than that presented on the 
day of fertilization.

The potential benefits of mini sperm banks for personal use seem to be an attrac-
tive option; however, its use requires further investigation.

31.2.9  �Sperm Sorting

Flow cytometry sperm sorting has been used in separating X- and Y-bearing sperm 
based on DNA charge associated with the sex chromosomes. Sperm sorting has 
been successfully used to produce viable offspring in some mammalian species [84, 
85]. In humans, the method has been applied successfully in some countries for sex 
selection [86–88]. This technique not only offered as a sex selection for family plan-
ning but also as an option to avoid sex-linked genetic diseases.

Furthermore, sperm sex sorting is used for milk production control as part of 
dairy farming. Using bulls as an experimental model, it has been demonstrated that 
sperm sorting using flow cytometry reduces the proportion of sperm containing a 
fragmented DNA molecule compared with the original ejaculate [39]. Sperm sort-
ing for bulls uses a neutral food dye that is able to penetrate and dye the nuclei of 
those spermatozoa with permeable membranes (dead sperm). The laser beam can be 
arranged for targeting those specific unviable spermatozoa and separate them from 
the rest. Interestingly, a large part of such spermatozoa contain a damaged DNA 
molecule [39]. In theory, using this rationale and avoiding DNA nuclei staining 
could possibly separate the viable sperm from the non-viable population, and this 
selected subpopulation would likely contain a lower level of SDF. A protocol that 
applies only a neutral dye, which is unable to penetrate the live sperm presenting an 
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orthodox cell membrane, however, is not currently available to be used for the pur-
pose of reducing sperm DNA damage. Nonetheless, it seems plausible that such a 
strategy can be used for selecting sperm with intact chromatin contents.

31.3  �Conclusions

Sperm DNA damage cannot be considered as neutral sperm parameter for preg-
nancy. Any technique or strategy that could be conducted to minimize the sperm 
DNA damage should be implemented to improve sperm capacity for fertilization, 
pregnancy rate, and embryo quality. In Table 31.1, we summarized the efficiency of 
different methods to deselect sperm with SDF, most of which are currently used in 
andrology laboratories. However, the literature is poor in studies comparing the 
methods tail-to-tail, as it is in comparing the synergistic effect of such strategies to 
reduce SDF. In order to optimize the management of patients with infertility, we 
recommend a first assessment of SDF when a standard seminogram is prescribed. 
Subsequently, if a high level of SDF is observed, the level should be controlled 
using some of the strategies we have outlined in this chapter.
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Chapter 32
Sperm DNA Testing: Where Do 
We Go from Here?

Ahmad H. Al-Malki and Armand Zini

32.1  �Introduction

The assessment of male fertility potential traditionally depends on the semen analy-
sis, and the most important parameters of this analysis are sperm concentration, 
motility, and morphology. Unfortunately, the clinical value of these parameters in 
the diagnosis of male infertility remains limited [1]. While some authors recognize 
the importance of semen parameters in the assessment of male fertility potential 
[2, 3], others question the prognostic value of this test [4–6]. Moreover, with the 
introduction of intracytoplasmic sperm injection (ICSI), the clinical importance of 
the semen analysis has declined [7].

The genomic integrity of the spermatozoon is essential for the accurate transmis-
sion of genetic information and for the proper development and maturation of the 
embryo [8, 9]. Animal models of sperm chromatin and DNA damage have clearly 
shown that sperm DNA fragmentation (e.g., experimentally induced damage) is 
associated with reduced male fertility potential [10–13]. These experimental studies 
have shown that sperm DNA damage is associated with adverse reproductive out-
comes after ARTs, lower pregnancy rates, chromosomal abnormalities, pregnancy 
loss, reduced longevity, and birth defects [14–17]. These studies have raised concerns 
regarding the potential adverse outcomes associated with the use of DNA-damaged 
sperm in the context of human assisted reproduction.

A large number of tests have been developed to measure sperm chromatin and 
DNA damage in human spermatozoa [18, 19]. These tests were developed with the 
hope that they might further our understanding of sperm nuclear architecture, accu-
rately measure sperm chromatin and DNA damage, and be valuable tools in clinical 
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practice. To date, the studies show that sperm DNA tests may be good markers of 
male fertility potential. Prospective studies of couples with unknown fertility status 
have shown that sperm DNA damage is associated with a lower probability of 
conception (odds ratio = ~7) and a prolonged time to pregnancy [20–23]. These 
studies also reveal that sperm DNA test results may be better predictors of pregnancy 
than conventional sperm parameters in this context [23].

Several systematic reviews of studies correlating sperm DNA test results and 
reproductive outcomes after ARTs have shown that sperm DNA damage is associ-
ated with lower intrauterine insemination (IUI) (odds ratio = ~9) and conventional 
in vitro fertilization (IVF) pregnancy rates (odds ratio = ~1.6–1.9) [19, 24–27]. 
In contrast, systematic reviews have shown that the relationship between sperm 
DNA damage and intracytoplasmic sperm injection (ICSI) pregnancy rates is weak 
(OR = ~1.3) [19, 24–27]. Several systematic reviews have also shown that sperm 
DNA damage is associated with an increased risk of pregnancy loss after an estab-
lished natural, IVF, or ICSI pregnancy [28, 29].

The widespread clinical application of sperm DNA tests in the evaluation of 
infertile men and in the management of couples enrolled in IUI and IVF treatment 
cycles has not been firmly established despite a large number of clinical studies 
(40–50 relevant studies). One of the important reasons for the poor acceptance of 
sperm DNA tests in the evaluation of infertile men is the marked heterogeneity of 
the study characteristics. Studies on sperm DNA damage and reproductive out-
comes differ in their design (prospective, retrospective, case-control) and in patient 
(e.g., female factors) and cycle characteristics (e.g., day of embryo transfer). 
Moreover, it is difficult to compare studies because they use one of several sperm 
DNA tests (e.g., SCSA (sperm chromatin structure assay), comet assay (also known 
as single-cell gel electrophoresis), TUNEL (terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling) assay).

Another reason sperm DNA tests have not been widely utilized in clinical 
practice is the limited understanding of what the individual assays actually mea-
sure [30]. All of the assays require some preparation of the sperm nucleus (vari-
able degree of nuclear decondensation) prior to addition of an enzyme or dye that 
permits detection of the target sites (e.g., sites of damaged DNA). As such, it 
remains unclear if a test measures real damage or damage induced by the assay 
conditions. Ultimately, it is believed that all sperm DNA tests provide an indirect 
measure of DNA damage (e.g., SCSA, TUNEL) because the assay conditions 
alter the chromatin state [9, 31, 32]. It is the unique property of the sperm nucleus 
(i.e., with a tightly packaged chromatin) that limits the accessibility of assay 
reagents to all areas of the genome and complicates the correct interpretation of 
assay results [33]. The limited and variable accessibility of reagents to poten-
tially damaged sites in the sperm DNA and chromatin is one reason that the 
precise nature, location, and clinical significance of sperm DNA damage remain 
poorly understood.

The lack of consensus on what is considered an acceptable assay and/or assay 
conditions has been another reason for the limited utilization of these assays in the 
clinic [30, 34]. Similarly, the lack of standardized protocols for these assays is 
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another worry voiced by many clinicians. This has led to some concern regarding 
precision, reproducibility, and repeatability of the various assays. Another impor-
tant weakness of these studies is the fact that multiple cutoffs or thresholds have 
been used, even for the same assay (e.g., 15% or 30% for DFI using the SCSA). 
The variability of DNA damage thresholds has led to some confusion and misinter-
pretation of test results [35]. Moreover, the thresholds for many of these tests have 
not been adequately validated (not adequately powered or not using appropriate 
control populations).

The biological variability of sperm DNA tests is also an important point to 
remember when interpreting sperm DNA test results and using these results in clini-
cal decision-making. It has been shown that tests of sperm DNA damage exhibit a 
small to moderate degree of biologic variability (coefficient of variation (CV) in the 
range of 10–30%) such that one may need to repeat the assay to confirm the result 
[36–40]. Several studies have shown that sperm DNA test results can be influenced 
by sexual abstinence, with longer abstinence periods being associated with higher 
levels of sperm DNA damage [41, 42]. Finally, external factors (e.g., fever, infections, 
medications) can also affect sperm DNA integrity [43–45].

Given the important clinical and biological uncertainties of sperm DNA testing, 
additional work in this area is much needed. In the future, basic studies should be 
aimed at improving our understanding of the nature of sperm chromatin and DNA 
damage and what it is that the various sperm DNA tests truly measure. We should 
also establish standardized sperm DNA assay protocols that provide reproducible 
results across different laboratories. Future clinical studies evaluating the relation-
ship between sperm DNA damage and reproductive outcomes should be designed 
as prospective, controlled trials with well-defined populations. These studies should 
help establish validated and clinically relevant sperm DNA damage thresholds. 
Ultimately, such studies will help establish the clinical value of sperm DNA tests as 
markers of male fertility potential.

32.2  �Conclusions

A large number of clinical studies (over 50 relevant studies to date) have shown 
that sperm DNA damage is associated with reproductive outcomes. However, the 
widespread clinical application of sperm DNA tests in the evaluation of the infer-
tile man has not been firmly established due to a number of limiting clinical and 
biological factors. The factors responsible for the limited acceptance of sperm 
DNA tests in the evaluation of infertile men include the marked heterogeneity of 
clinical studies, the incomplete understanding of sperm chromatin and DNA 
damage, the lack of standardized sperm DNA test protocols, and the biological 
variability of these assays. Future studies should be aimed at improving our 
understanding of the nature of sperm chromatin and DNA damage and, ulti-
mately, help establish the clinical value of sperm DNA tests in the evaluation of 
infertile men.
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�Epilogue

The study of sperm DNA and chromatin abnormalities has gained significant 
importance in the past several years, largely due to the major advances in assisted 
reproductive technologies (ARTs). Studies in this field have demonstrated that the 
genetic integrity of the sperm is a key aspect of the paternal contribution to the 
offspring, particularly, in the context of ARTs. We are now starting to better 
understand the unique organization of the sperm chromatin, as well as, the nature 
and etiology of sperm DNA damage.

In Chap. 1 of the textbook, Dr. Rod Balhorn, a pioneer in the field of sperm 
chromatin structure, describes the dramatic transformation of the physical and func-
tional state of the chromatin during spermiogenesis. A more detailed description of 
the nuclear proteins and chromatin structure is presented by Dr. Steven Ward and 
Dr. Raphael Oliva’s group in Chaps. 2 and 3, respectively. These chapters provide 
us with a better understanding of the unique organization of the sperm chromatin 
but also show that there are still many unanswered questions about its structure.

The laboratory evaluation of sperm DNA tests is discussed by experts in the field 
in Chaps. 4, 5, 6, 7, 8, and 9. The authors present us with a detailed description of 
the SCSA (Dr. Evenson), TUNEL assay (Drs. Muratori and Baldi), benchtop flow 
cytometer TUNEL assay (Dr. Agarwal et  al.), comet assay (Dr. Cortes-Gutierrez 
et al.), sperm chromatin dispersion assay (Jaime Gosalvez et al.), and cytochemical 
tests (Dr. Juris Erenpreiss et  al.). A broader review of these tests is presented in 
Chap. 10 (Dr. Tanrikut et al.), and it is concluded that no one test is deemed the 
optimal assay in the assessment of male infertility.

The etiology of sperm DNA damage is thought to be multifactorial, with the 
understanding that both primary testicular and secondary (external and post-
testicular) factors are involved in its pathogenesis. The putative primary factors 
responsible for sperm chromatin and DNA damage (oxidative stress (Dr. Henkel 
et al.), abortive apoptosis (Dr. Sakkas et al.), defective DNA repair (Dr. Boissonneault 
et al.), and defective spermatogenesis (Drs. Sharma and Agarwal)) are presented in 
Chaps. 11, 12, 13, and 14. A number of the better known external factors involved 
in the pathogenesis of sperm DNA damage are discussed in Chaps. 15, 16, and 17 
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(lifestyle factors (Dr. Harlev et  al.), cancer (Drs. Chan and Robaire), and 
environmental factors (Drs. Giwercman and Spano)). The role of the oocyte in the 
repair of sperm DNA damage is presented in Chap. 18 (Drs. Gunes and Sertyel).

The impact of sperm DNA damage on reproductive outcomes and the clinical utility 
of sperm DNA tests are topics of ongoing debate. In Chap. 19, Dr. Gutierrez-Adan 
et al. demonstrate from the results of their experimental (animal) studies that sperm 
DNA damage clearly has a negative impact on reproductive outcomes. In Chaps. 20, 
21, and 22, the influence of sperm DNA and chromatin damage on human reproduc-
tion are presented (natural pregnancy (Drs. Spanò and Giwercman), ART pregnancy 
(Drs. Bungum and Oleszczuk), pregnancy loss (Dr. Samanta et al.)). In Chaps. 23 
and 24, the pros (Dr. Zini et al.) and cons (Dr. Sigman et al.) of sperm DNA tests in 
the assessment of male infertility are discussed. These chapters illustrate the strengths 
and weaknesses of the available studies on sperm DNA damage and human reproduc-
tion. The factors responsible for the limited acceptance of sperm DNA tests in the 
evaluation of infertile men include the marked heterogeneity of clinical studies, the 
incomplete understanding of sperm chromatin and DNA damage, the lack of standard-
ized sperm DNA test protocols, and the biological variability of these assays.

There are several treatment options for men with sperm DNA damage. 
Non-specific treatments are discussed in Chaps. 25 (antioxidant therapy, Dr. 
Agarwal et al.), 27 (physiological ICSI, Dr. Tavaalee et al.), 28 (advanced sperm 
processing techniques, Dr. Agarwal et al.), and 31 (strategies to diminish DNA dam-
age, Dr. Esteves et al.). In Chap. 26, Dr. Esteves et al. discuss the influence of vari-
cocele on sperm DNA damage and the beneficial effect of varicocelectomy on 
sperm DNA damage. The potential value of using testicular rather than ejaculated 
sperm for ICSI in men with sperm DNA damage is debated in Chaps. 29 (pro, Dr. 
Esteves et al.) and 30 (con, Dr. Chan).

We have made great advances in our understanding of the organization of the sperm 
chromatin, the etiology of sperm DNA damage, and the potential influence of sperm 
DNA damage on reproduction. However, several important clinical and biological 
uncertainties remain. Future studies should be aimed at improving our knowledge of 
what the various sperm DNA tests measure. Sperm DNA assay protocols should be 
standardized such that they can provide reproducible results across different labora-
tories. Future clinical studies evaluating the relationship between sperm DNA 
damage and reproductive outcomes should be designed as prospective, controlled 
trials with well-defined populations. These studies will help establish validated and 
clinically relevant sperm DNA damage thresholds. These steps will surely help 
address the often heard criticism of the lack of sufficient high-grade evidence in sup-
port of the routine use of sperm DNA damage testing in specific clinical scenarios. 
Ultimately, we hope to establish the clinical value of sperm DNA tests as markers of 
male fertility potential and develop sound treatment options for infertile men.

Armand Zini
Montreal, QC, Canada

Ashok Agarwal
Cleveland, OH, USA

Epilogue
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