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Preface

This book is the result of contributions from many authors and researchers across
the globe. Divided into four sections, this volume covers all the relevant clinical 
aspects of infertility. The first section elaborates on the recent understanding of
infertility, which has developed as a result of newer imaging tools, serum hormone
detections, and chemical analysis. The second section describes the recent develop-
ments in diagnosis and treatment of infertility. The third section covers the ethical 
and legal aspects of assisted reproductive technology (ART). The fourth section
gives recent insights into contraception.

The first chapter introduces the tools used to comprehend the physiology of
reproduction. It elaborates the male factor and describes multiple environmental
and epigenetic factors affecting spermatozoa and seminal plasma. The chapter
also explains the etiologies and pathophysiology of diminished sperm qual-
ity. Since the etiology and pathogenesis is segregated and multifactorial, there
are multitudes of resulting sperm defects. The second chapter describes these
pathophysiological factors in detail. The third chapter explains the recent use of
novel markers of semen analysis. The fourth chapter examines the biophysical
and serum markers of oocyte reserve and quality. It also elaborates on the rational
basis of drugs used for controlled hyper stimulation.

The second section discusses the newer low molecular weight ligands of gonadotro-
pins. It explains newer laboratory techniques of omics to help readers optimize ART
results. It also presents the preparation and use of autologous platelet-rich plasma
to improve endometrial receptivity in recurrent implantation failures. The chapter
on recurrent implantation failure helps us to understand the intricacies of embryo–
endometrial interactions. The chapter also provides meticulous detail regarding 
the practical procedure of in vitro maturation of oocytes. The in vitro culture of
oocytes is likely to open new horizons of hope for cancer patients and patients who
have repeated ovarian hyper stimulation syndromes. This technology also carries
potential benefits of reducing cost and time.  

The chapter on bioethics weighs the ethical and legal aspects of assisted reproduction
in light of religious beliefs and provides insights into how far is far enough.

This book is an attempt to identify and standardize technology that is likely to
improve ART outcomes.  The basic scientific knowledge is valuable, pure, and
self-correcting. Future studies are likely to provide new insights, developing these
new concepts even further. We wish to express our gratitude to all the authors
for their time, effort, and commitment in sharing their knowledge and skills.
The authors have painstakingly prepared chapters and modified and proofread
drafts despite all the laboratory work. Our sincere thanks to Ms. Mia Vulovic
for communicating with all authors and singlehandedly coordinating this entire
effort to ensure a final book of quality. We have to acknowledge the support of
our publisher IntechOpen for their continuous guidance and support. Finally, we
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Chapter 1

The Sperm: Parameters and 
Evaluation
Tanya Milachich and Desislava Dyulgerova-Nikolova

Abstract

Sperm abnormalities are a major factor of human infertility. Since 1987, there 
are several references in different editions of World Health Organization (WHO) 
manual defining optimal sperm parameters. Over the years, many reproductive 
specialists have been constantly debating, suggesting and remodeling the frame 
values in those guidelines. Semen parameters have a leading role both in natural 
conception and assisted reproduction technologies (ART) outcomes. Deviations 
expressed in lower sperm count, impaired motility, abnormal morphology, and high 
percentage of sperm DNA fragmentation are linked to reduced chances to achieve 
pregnancy. In cases with low sperm count, severe oligoasthenozoospermia (OA) or 
azoospermia, karyotyping or evaluation with sperm aneuploidy test (SAT) could be 
an option and genetic counseling will be necessary if there is an obvious deviation 
or aberration (e.g., translocation, aneuploidy, etc.). Taking care of lifestyle factors 
as body mass index (BMI), diets, alcohol intake, smoking, using some additional 
nutrition and vitamin supplements might affect sperm parameters and contribute 
to the chances of a couple to conceive.

Keywords: sperm count, OAT, azoospermia, ART, karyotyping, sperm aneuploidy, 
DNA fragmentation, genetic testing, lifestyle

1. Introduction

The link between semen quality and fertility has been studied in humans since 
1930 [1]. Semen analysis, as a standard laboratory test, gives basic information on 
spermatogenesis, secretory activity of the gonads and patency of the male genital 
tract [2]. The results obtained during the semen sample analysis could point out 
absence of spermatozoa, severe or mild deviation in sperm parameters or normal val-
ues for semen volume, sperm count and concentration, motility and morphology of 
the spermatozoa. Over the years many reproductive specialists have been constantly 
debating, suggesting and remodeling the frame values of the semen in reference to 
male fertility. Since 1987, there are several updates in different editions of World 
Health Organization (WHO) manuals defining the optimal sperm parameters with 
reference to pregnancy outcomes. The last (fifth) edition of the manual, published 
in 2010, defines serious decrease in cutoff values for sperm parameters related to 
chances of achieving pregnancy and thus its significance was widely discussed [3, 4]. 
One of the strong limitations of semen analysis and the defined fertility potential ref-
erences in the last WHO edition is the lack of correlation with the female age, as only 
30% of infertility in couples is due to male factors alone [5, 6]. The sixth edition of 
WHO is in discussion as some of the directions of changes would be: semen analysis 
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references including the Asian population for reference establishment; additional 
separate chapters for sperm morphology and computer assisted sperm analysis 
(CASA); importance of microbiological assessment. Some of the inapplicable tests 
at the modern andrology lab tests, e.g., postcoital test, capillary tube, Hamster test, 
counting in glass chambers will be excluded from the manual. New techniques such 
as sperm DNA fragmentation tests, aneuploidy screening, acrosome reaction assay, 
motile sperm organelle morphology examination (MSOME), Calcium ionophore 
activation, Catsper channels activity examination, influence of epigenetics and 
miRNA will be described [7].

2. Semen sample parameters

Semen sample parameters could be influenced by various factors such as sexual 
abstinence periods [8, 9], gonadal activity [10], abnormal hormonal levels [11], tes-
ticle size [12], body mass index (BMI) [13–15], urogenital infections and antibiotics 
or anabolic substances intake [16–18], individual diet regiment [19–21], working 
environment and lifestyle [22–24]. Sperm parameters have a leading role both in 
natural conception and assisted reproduction technologies (ART) outcomes. In 
order to establish male fertility potential, at least two to three sperm samples in a 
3-month period should be analyzed [25]. Attention to intraindividual variability 
in parameters has to be considered. Reports in various studies show fluctuation in 
sperm volume and count, concentration, motility and morphology in one indi-
vidual [26–29]. There are limitations to semen analysis depending on the patient 
specificity and the use of good laboratory practice protocols. Only this analysis by 
itself has a contradictory clinical value and might not be a stand-alone predictor 
for male fertility [30, 31]. In conditions such as azoospermia, globozoospermia or 
necrozoospermia, exceptions are made and male infertility could be stated [32].

When there are no sperm cells detected through microscope observations 
(azoospermia), the condition needs further investigation. Performing at least two 
separate semen analysis is needed. Centrifugation of the whole ejaculated volume 
is necessary in order to detect specific conditions [33]. When several or sporadic 
sperm cells are routed out in the sediment of the centrifuged sample the definition 
would be cryptozoospermia [34].

2.1 Azoospermia

Approximately 10–15% of all infertile men are diagnosed with azoospermia. 
When according to laboratory test a patient is diagnosed with azoospermia, further 
hormonal and genetic tests along with andrology, urology, genetic consultation and 
ultrasound scan are needed [35].

Obstructive azoospermia (OA): could be due to obstruction in the epididymis, vas 
deferens or the ejaculatory duct [36]; it could also be the consequence of infections, 
inflammation, scrotal trauma, rare genetic conditions (cystic fibrosis), vasectomy 
or injury of vas deferens or previous surgery [37]. Depending on the specific case, 
microsurgery is an option for restoring the passage of the sperm cells. Different 
techniques for sperm retrieval: percutaneous epididymal sperm aspiration (PESA), 
microsurgical epididymal sperm aspiration (MESA), testicular sperm aspiration 
(TESA) or testicular sperm extraction (TESE) could be applied in order to obtain 
reproductive cells for further use in in vitro fertilization (IVF) or ICSI treatment [38].

Nonobstructive azoospermia (NOA): could be the consequence of hormonal 
imbalance [39, 40], Y-chromosome deletion or altered karyotype [41, 42], long 
period of toxins exposure [43], chemotherapy or radiation treatment [44], certain 
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medications intake or varicocele [45]. Resurrecting the spermatogenesis process 
could be achieved depending on the factors inducing azoospermia. Another option 
is performing TESE and ICSI procedure when sperm cells are retrieved after the 
extraction. In order to suggest and apply the proper treatment for the patient with 
NOA, adequate genetic consulting and testing should be present [46, 47].

Oligozoospermia: the condition is characterized by reduced sperm density as 
sperm concentration below the fifth centile in fertile men was recently reduced 
from 20 to 15 million/ml [48]. In 75% of the cases with oligozoospermia the cause 
of infertility is considered idiopathic [49]. In men with severe oligozoospermia, 
concentration of less than 5 × 106 sperm/ml, possibility of residual spermatogenic 
function decline has been reported [50]. Fertility preservation via sperm freezing is 
an option. Another, yet controversial, issue reflecting in low sperm count is obesity. 
WHO consultation in 1997 [51] recognized obesity as a global epidemic affecting 
society in the developed countries [52, 53]. Studies point out correlation of obesity 
and overweight to increased risk of azoospermia and oligozoospermia [54] and 
adherence to healthy and diverse diet could improve male fertility [55].

2.2 Sperm morphology

Sperm cell morphology is strongly correlated to male reproduction. 
Abnormalities might affect sperm motility, sperm fertilize ability and concep-
tion. Some conditions such as globozoospermia or stunted tail sperm defects 
could lead to inability to father biological children as a consequence of natural 
conception [56–58].

Recently, the intact human flagellum has been studied using cryo-electron 
microscopy and tomography [59]. A novel structure—tail axoneme intra-lumenal 
spiral (TAILS)—was reviled and described [60]. This new discovery suggests the 
need of further exploration and observation of sperm structures—not only in order 
to connect them to sperm function but also to clarify their significance. As previous 
studies reported, abnormal tail structure is correlated to sperm motility disorders, 
as nonspecific flagellar anomalies (NSFAs) are found to be the most frequent flagel-
lar pathology in severe asthenozoospermia, and thus reduces the chance for natural 
conception [61]. According to the new data revealing TAILS, the explanation to 
some cases considered as unexplained infertility might be reviled.

Link between sperm morphology and numerical or structural chromosome 
abnormalities are suggested and investigated [62–64]. In fertile men, who have 
different translocations the frequencies of sperm chromosomal abnormalities were 
high (33–92%) in comparison to those with normal karyotype [65].

Post-radiotherapy treatments also show in altered number of structural and 
numerical chromosome aneuploidies (from 6 to 67% respectively [65]. Studies on 
infertile men with teratozoospermia (<14% normal forms), globozoospermia and mac-
rocephalic, multinucleated or multiflagellate spermatozoa show an increased incidence 
of sperm aneuploidy up to 50% [65, 66]. Sperm with normal chromosome constitu-
tions can be exhibited in men with normal or abnormal sperm parameters [67, 68].

2.3 Sperm sample evaluation and references

Investigating male fertility potential initially is based on routine semen analysis. 
Establishment of certain values for semen in order to predict chances of conception 
generates the need of references for male fertility. Requirement for semen analysis 
and semen parameters have been set as recommended in successive editions of WHO 
in 1980, 1987, 1992, 1999 and 2010 [1]. The following table [69] represents changes 
for cut off values for semen parameters according consecutive WHO manuals:
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Sperm sample evaluation in a modern andrology lab might be measured by the 
means of CASA. The use of computer aid does not exclude additional evaluation by 
the human eye [70, 71]. For sperm morphology evaluation, WHO [72] recommends 
criteria by strict morphology [73].

3. DNA fragmentation

Recently, DNA fragmentation tests have been widely incorporated in labora-
tory practice. DNA integrity and sperm hereditary information are essential to the 
offspring as male gametes has major contribution to the fertilization processes, 
embryo quality and embryo development even in early gestational stages [74–76]. 
Sperm contains almost 3000 different kinds of mRNA coded for proteins that are 
active in the early embryo development period. There are also some others still 
unknown and with no equivalent in the oocyte [77, 78].

3.1 Morphology evaluation and sperm selection in real time

Since the introduction of ICSI as routine procedure, the significance of standard 
semen analysis was neglected, as sperm concentration and motility have no longer 
such importance, since a single sperm cell has to be injected. When standard ICSI 
procedure under a Hoffman modulation contrast microscope, or Nomarski optics at 
magnification ×400 is performed visualization and assessment of sperm head (size 
and shape) mid-piece and tail are possible, but detailed ultrastructural morphology 
examination is limited [79, 80]. When conventional ICSI is performed, it would be 
difficult to evaluate and select morphologically normal sperm based on its detailed 
structural portrait: vacuolization, membrane invaginations, mid-piece thickness 
or deformity, etc. It is controversial whether high vacuolization in the sperm head 
is associated with higher DNA fragmentation and aneuploidy rate [81, 82] that 
may have adverse effect on embryo quality and postimplantation development 
and higher frequency of pregnancy loss at early gestational stages. Still, for some 
couples detailed sperm examination prior ICSI is preferable [83, 84].

Intracytoplasmic morphologically selected sperm injection (IMSI) is the corner-
stone to sperm morphology evaluation. Based on the examination of motile sperm 
organelle morphology (MSOME) IMSI is the only real-time, unstained method used 
for selection of motile and morphologically normal spermatozoa for intracytoplas-
mic injection. IMSI was first introduced by Baratoov et al. [85]. MSOME selection 
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is made under inverted light emitting microscope with Differential interference 
contrast or Nomarski differential interference contrast optics and digital camera 
at high magnification ranging from ×6600 to ×13,000. Using MSOME criteria, the 
motile sperm fraction and each cell malformation is evaluated according to the mor-
phological status of six organelles comprising the acrosome, post-acrosomal lamina, 
neck, mitochondria, tail and nucleus. Only 33% of spermatozoa from the examined 
samples appeared morphologically normal according to these criteria [86].

Defects defined for each area are:
acrosomal area—lack, partial or vesiculated;
post-acrosomal lamina—lack or vesiculated;
neck—abaxial, cytoplasmic droplet.
mitochondria—lack, partial, disorganization;
tail—lack, coiled, broken, multi, short;
nucleus—small or large oval, narrow, wide or short, regional disorder, vacuoles 

occupying more than 4% of the nuclear area [87, 88]. However, evaluation of motile 
spermatozoa might differently be determined by various scientists [89].

What seems to be the most important in the observation of motile spermatozoa 
under high magnification in real time is evaluating the presence of vacuoles in the 
head of the sperm cell—number, size and location. The precise origin of the vacu-
oles is still unknown, but different hypothesis suggest they derived from early stages 
of spermatogenesis during sperm maturation and their number increase on account 
of vacuole area [90]. Other studies suggest that vacuoles formation in spermatozoa 
starts in incubation and capacitation period after ejaculation [91]. Nevertheless, 
high vacuolization or the presence of large vacuoles in the sperm head might be 
associated with increased DNA fragmentation rates and increased level of chroma-
tin immaturity and could influence fertilization and pregnancy rates [92–94].

Sperm morphology evaluation could be based on the Cassuto and Barak Score as 
a precise rate system for sperm selection [94]. For the establishment of the score six 
parameters of the spermatozoon were taken into account: head, acrosome, vacuole, 
basis, insertion, and cytoplasmic droplet (“HAVBIC”). Head, vacuole, and basis 
were considered as major criteria for abnormalities, and acrosome, insertion, and 
cytoplasmic droplet are minor criteria for sperm evaluation. The following equation 
was developed:

  Score of spermatozoa   =    (2 × Head)  +  (3 × Vacuole)  +  (1 × Base)   (1)

Based on the formula, sperm cells score could vary between 0 and up to 6, and in 
relation to the quality three groups were differentiated:

Class 1—High-quality spermatozoa (score 4–6);
Class 2—Medium-quality spermatozoa (score 1–3); and
Class 3—Low-quality spermatozoa (score 0) [81].

Since its introduction and based on the first articles demonstrating increase 
in the pregnancy rates using IMSI compared to ICSI [85, 87] the method became 
widely incorporated in laboratory practice despite it is a time-consuming technique.

Evaluation of motile spermatozoa under high magnification is suitable for 
patients with high levels of DNA fragmentation sperm aneuploidy, severe oligo- or 
oligoasthenozoospermia and/or teratozoospermia, recurrent implantation failures 
or history of repeated early miscarriages, advanced female age and advanced male 
age [80]. Subsequent studies provided further analysis and information for the 
importance of the new method evaluating sperm morphology for obtaining better 
results in patients with male factor infertility.
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There are still controversial study conclusions for the impact of IMSI procedure 
on in vitro cycle outcomes. However, what seems to benefit its practice is the better 
understanding of sperm morphology and function [95].

3.2 Genetics and sperm count

Y-chromosome deletion is associated with azoospermia, oligozoospermia (low 
sperm count) or abnormal sperm morphology and motility [96, 97]. When AZFa 
and AZFb deletions are detected, testicular sperm retrieval would be ineffective 
[98], but it is successful option for most males with AZFc deletions [99–101]. There 
is a case [102] reporting natural conception and Y-microdeletion passing. When 
diagnosed, and considering that Y chromosome infertility is inherited in a Y-linked 
manner, the patients should discuss and consult the specific genetic condition with 
genetics specialists as this could lead to infertility in the next generations [103].

Another gene that could be investigated in order to obtain the option for TESE is 
the Testis expressed gene 11 (TEX 11). Studies show that TEX11 (X-linked meiosis-
specific gene) is mutated in azoospermic men [104]. Sperm retrieval is not appli-
cable for those patients [105, 106].

Congenital bilateral absence of vas deferens (CBAVD) and the lack of sperm 
cells in the ejaculate are superable using microsurgical TESE or PESA followed by 
ICSI [107]. As CBAVD has been associated with mutations in the cystic fibrosis 
transmembrane conductance regulator (CFTR) gene [108, 109] investigating the 
condition and genetic testing and consultation prior the procedures should be 
provided as there is a risk for the couple to have a child with cystic fibrosis [110].

In conclusion, genetic counseling as well as prenatal genetic diagnosis (PGD) or 
preimplantation genetic screening (PGS) should be offered as part of the fertility 
treatment [111, 112].

4. Cross points between cancer treatment and male fertility

Cancer healing by chemo- or radiation- therapy may disturb hormone produc-
tion, ejaculation and spermatogenesis for long period of time or even permanently. 
These aggressive treatments could lead also to higher DNA sperm fragmentation 
[113, 114]. For cancer patients with assigned therapy, freezing one or several semen 
samples prior the start of any medicaments and manipulations (including opera-
tion, X-ray for additional diagnostics) is an option for further fertility preservation. 
Although cryopreservation of sperm does not guarantee preserving fertility or 
achieving pregnancy, it is substantial to consult and encourage the patient/couple to 
do it. Still, in patients with terminal loss of spermatogenesis due to cancer treat-
ment, frozen samples are the only chance of hope to father a biological child. When 
a female partner is involved, counseling should consider the fact that female age is a 
leading factor in conception and postponing the ART or natural conception, could 
seriously decrease the chances of having a baby [115–119].

4.1 Using donor sperm in ART

Despite the advances of modern science and reproductive medicine, for some 
men, the only chance to father a child is through donated sperm [120]. In cases 
when after thorough examination male sterility was diagnosed [121]; severe 
hereditary conditions are established, or a couple with male factor infertility had 
numerous in vitro cycles [122] with no positive results, using donated sperm is an 
option. Employing donor spermatozoa in the fertility treatment could influence the 
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couple’s psychological state, the relationship between the partners and their rela-
tives [123, 124]. In order to perceive infertility and take informed choice for further 
fertility treatment psychological support could be of help [125].

5. Reactive oxygen species (ROS)

Superoxide anion (O2−), hydrogen peroxide (H2O2), hypochlorite (OHCl), and 
hydroxyl radical (OH) are highly reactive oxygen species (ROS) and their production 
occurs during normal metabolism of the cell. In semen ROS are produced mostly 
by the leukocytes and immature spermatozoa and are related to acrosome reaction, 
capacitation, mitochondrial stability, and fusion with oocyte. Imbalance between 
the formation of ROS and the inability of the antioxidants to neutralize the excessive 
production of ROS is defined as oxidative stress (OS). As seminal plasma contains 
antioxidants and has natural antioxidant capacity, it sustains the free radicals balance 
in the sperm; overproduction of ROS and OS results in lipid peroxidation, protein 
changes, DNA damage and sperm death, and this may affect male fertility [126, 127].

High concentrations of ROS as potential cause of male infertility have been stud-
ied since 1943 [128]. Potential internal yield of excess ROS could be consequence to 
damaged or abnormal spermatozoa, varicocele, cryptorchism, testicular torsion, 
infection, inflammation and aging. Some external factors such as exposure to toxins 
(toluene, methoxyethanol, sulfur dioxide), metals (cadmium) chemotherapy and 
ionizing radiation (cancer treatment) may also influence ROS levels and form OS.

Studies demonstrate association between elevated ROS levels and abnormal 
sperm concentration, motility, morphology, higher DNA damage and apoptosis. 
Comparison between infertile men and donors showed that excess ROS values 
had a sensitivity of 68.8% and specificity of 93.8% in correlation with poor semen 
parameters and could result in infertility [129, 130].

It is important to understand the physiological role of ROS as they are relevant 
to sperm capacitation, hyperactivation and sperm-egg fusion formation. ROS are 
involved in intracellular cyclic adenosine monophosphate (cAMP) increase fol-
lowed by protein Kinase A activation and elevation of tyrosine phosphorylation. 
These changes lead to sperm capacitation and hyperactivation, sperm membrane 
becomes unstable and initiates acrosome reaction (releasing enzymes contained 
in the acrosome—nonzymogen acrosin, proacrosin, inhibitor-bound acrosin, 
hyaluronidase, acid phosphatase, beta-glucuronidase, beta-glucosidase, beta-N-
acetylglucosaminidase, beta-galactosidase and beta-N-acetylgalactosaminidase) 
which allows the binding of sperm cell to oocytes zona pellucida (ZP) [131].

Imbalanced ROS levels could compromise semen quality and functions and 
keeping them in normal concentration is considered essential to fertility. Oxidative 
stress and nutritional status are of importance to every person as antioxidant 
deficiency and malnutrition may alter the health in general. ROS are also related to 
various respiratory and cardiovascular diseases, neurodegenerative, digestive disor-
ders and even cancer. The clinical importance of OS in relation to fertility is thor-
oughly studied. The clinical awareness of nutritional balance in disease occurrence, 
progression and outcome is still limited, but the need of balanced diet nutrients and 
antioxidants is urged and necessary [132, 133].

6. Processing sperm samples in vitro

The ability of a men to become biological father is not only a consequence of nor-
mal sperm count but is also linked to the normal function of the male reproductive 
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couple’s psychological state, the relationship between the partners and their rela-
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6. Processing sperm samples in vitro

The ability of a men to become biological father is not only a consequence of nor-
mal sperm count but is also linked to the normal function of the male reproductive 
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tract and sperm activity. Failure in sperm production or low sperm count and 
motility, poor morphology, disturbance in sperm movement and progressive pas-
sage through the cervical mucus, uterus, ampulla of the oviducts, capacitation and 
acrosome reaction, binding zona peluccida, etc. can result in male infertility.

To overcome male infertility in ART different protocols for sperm processing 
have been developed. There are still many debates on the exact influence of specific 
techniques used for sperm processing and their benefit to achieve pregnancy. 
Selecting a proper technique must be strongly individual according the couple’s 
infertility history and ART treatment plan along with semen quality. Isolating 
an optimal fraction (higher count with progressive movement, morphologically 
normal rates) of spermatozoa gives the opportunity for selection and usage of the 
spermatozoa with a better fertilizability and higher chances to contribute for a 
viable fetus, for intrauterine insemination (IUI), IVF or ICSI.

Two of the most explored methods for sperm processing in ART—density gradi-
ent centrifugation (DGS) and swim-up (SU)—are investigated in details. Compared 
to fresh sample, the processed one has lower DNA fragmentation rates [134, 135] 
and lower concentration of ROS regardless which method was used [136, 137].

As there are studies exploring telomere length in reproductive cells (oocytes and 
spermatozoa) and their connection to infertility, shorter telomeres in spermatozoa 
might be assumed as a factor causing idiopathic infertility [138]. Truncated telo-
meres and altered DNA integrity in sperm could negatively influence fertilization, 
pronuclei formation, embryo morphology and quality and thus could compromise 
blastocyst formation and implantation. Spermatozoa obtained by either DGC or SU 
have longer telomeres compared sperm cells in the raw semen [139].

Some substances such as pentoxifylline (methylxanthine derivate primarily used 
in intermittent claudication and other vascular disorders treatment) might enhance 
the motility and quantity of motile sperm after processing. By using pentoxifylline 
primarily on samples with poor quality increased sperm viability in infertile men 
with oligoasthenozoospermia, was observed. Samples obtained by PESA or TESE 
could also be improved by implementing this xanthine derivative in cultural media 
and thus improve sperm motility [140].

Sperm preparation methods along with technical advantages of MSOME allow the 
selection of sperm cells, with best predictive values, for ART treatments. There are 
some limitations related to each method used and that is now an open field to research 
and establish new noninvasive protocols for sperm selection in the routine practice.

7. Conclusion

Spermatogenesis is a complexed process of division and formation of male repro-
ductive cells. It is highly sensitive to various internal (hormonal regulation, trans-
mitters, growth factors) and external (nutritive substances, therapeutics, drugs, 
hormones and their metabolites, different toxic substances or X-radiation, increased 
temperature) factors [141]. Given that the time frame for formation of every new 
generation of spermatozoa takes approximately 3 months, it should be considered 
that unfavorable effects purge would be the consequence to time consuming treat-
ment or lifestyle changes.

Modern day society—environment, lifestyle and diet are suspected to be 
harmful to different processes in the organism such as spermatogenesis and could 
negatively affect the quality and quantity of life through human lifespan including 
the ability to reproduce. Considering that sex formation takes place during early 
fetal development attention to mother’s nocuous habits, lifestyle, and environmen-
tal specifics should be advert. Events during pregnancy could also influence male 
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fertility later in life [142]. In some specific cases, when there was a long exposure to 
high dosage of toxins, chemotherapy or radiotherapy, spermatogenesis regenera-
tion would most probably take years or may never be restored. Healthy life style 
along with regular medical check and tests could indicate on time and even prevent 
urological or fertility problems.
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Appendix: this appendix presents the definitions of terms/notations 
used through the report

АМА advanced maternal age
ART assisted reproduction technology
BMI body mass index
CASA computer assisted sperm analysis
cAMP cyclic adenosine monophosphate
CBAVD congenital bilateral absence of vas deferens
CFTR cystic fibrosis transmembrane conductance regulator gene
DGC density gradient centrifugation
ICSI intracytoplasmic sperm injection
IMSI intracytoplasmic morphologically selected sperm injection
IUI intrauterine insemination
IVF in vitro fertilization
MESA microsurgical epididymal sperm aspiration
MSOME motile sperm organelle morphology examination
NOA nonobstructive oligoasthenozoospermia
OA oligoasthenozoospermia
OS oxidative stress
PESA percutaneous epididymal sperm aspiration
PGD preimplantation genetic diagnosis
PGS preimplantation genetic screening extraction
ROS reactive oxygen species
SAT sperm aneuploidy test
SU swim up
TAILS tail axoneme intra-lumenal spital
TESE testicular sperm
TEX 11 testis expressed gene
WHO World Health Organization
ZP zona pellucida
H2O2 hydrogen peroxide
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OHCl hypochlorite
OH hydroxyl radical
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Chapter 2

Insights of Sperm Pathology and 
Its Association with Infertility
Mohd Sajad and Sonu Chand Thakur

Abstract

This section considers the structural characteristics of spermatozoon, its assem-
bly, composition, and mechanism behind regulation of their peculiar function. 
The spermatozoon is tremendously peculiar cell with an arrangement of structural 
characteristics which furnish it with remarkable capability of carrying the genome 
of male to the egg. A variety of genes are only expressed in spermatids and result in 
the formation of proteins that are very crucial and distinctive to spermatozoa. These 
proteins package the DNA, form the head of sperm, account the component of 
matrix and enzymes of acrosome, construct the flagellar structure, and work as ion 
channels that are associated in modulating the motility of sperm and also become 
adenylyl cyclase which yields cyclic adenosine monophosphate (cAMP) to induce 
signaling effect which regulates the function of spermatozoon. These proteins are 
critical essential to sperm and, sometimes, mutation inhibits their synthesis or 
disrupts their function which leads to male infertility. Researchers are trying to 
identify those proteins that are significant for proper function of sperm through 
gene knockout approach in mice that are probable to be necessary in humans as 
well. However, various questions still persist regarding the spermatozoon composi-
tion, organization, and function and need to be answered.

Keywords: sperm, spermatogenesis, ROS, infertility, oxidative stress, motility

1. Introduction

Male reproductive function can be divided into three subdivision: (i) hormonal 
balance of male reproductive function (ii) spermatogenesis, development of sperm; 
and (iii) fulfill of male sexual act.

Spermatogenesis begins within the seminiferous tubules of testis through the 
successive mitotic, meiotic and post meiotic phases which results in the formation 
of spermatozoon, the end product of this process. To expand the spermatogonial 
population, the germ line stem cell during the mitotic phase undergo a series of 
division which culminates into two meiotic division and formation of haploid 
spermatids without the replication of DNA. For the development of male gam-
etes these two phases are very significant. During this phase the remodeling of 
spermatids occurs extensively into sperm by acrosome formation, condensation 
of nucleus, development of flagella and loss of cytoplasm. The head and flagel-
lum are the two-substantial component of sperm. These two components are 
joined together by a connective piece. The head carries the nucleus, cytoskeleton 
element and cytoplasm. It comprises various types of enzymes homogeneous to 
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element and cytoplasm. It comprises various types of enzymes homogeneous to 
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lysosomes of a typical cell, including hyaluronidase (having the ability to digest 
proteoglycan filaments of tissue) and powerful proteolytic enzymes which can 
digest proteins having an important role in the process of oocyte fertilization. 
The flagellum is divided into three regions: mid piece, principle piece and termi-
nal piece. A central complex of microtubules covered by outer dense forms the 
axoneme. Mitochondria are present in the mid piece which surrounds the outer 
dense fibers and neighboring axoneme. The principle part of the flagellum is 
mostly comprised by the existence of fibrous sheath which surrounds the dense 
fibers and axoneme. In higher vertebrates these dense fibers and fibrous sheath are 
developed due to internal fertilization and these are cytoskeletal material of sperm 
flagellum [1]. The plasma membrane as in sperm head surrounds the flagellum 
tightly and contains scattered cytoplasm. Invertebrate’s sperm usually have an 
acrosome in the head region and mitochondria and an axoneme in the flagellar 
region but the accessory or additional cytoskeletal elements are absent [2]. To 
achieve the fertilization the acrosome, have an enzyme which plays a key role to 
penetrate into egg. The flagellum of the sperm contains the source of energy that 
generates sperm motility required to reach the egg. All these characteristics of 
sperm are necessary to deliver the genetic material exists in sperm nucleus to egg. 
After that, zygote is formed by the fusion of haploid pronuclei of male and female, 
and thus development initiates. In most mammals, the nucleus of haploid sperm 
carries the sex chromosome decides the sex of resulting animals [3]. The genome 
of both maternal and paternal parents is essentially required to proceed the normal 
development, generally due to distinctive genes imprinting in males and females 
during gametogenesis [4, 5].

This chapter gives center of attention on the unique features of mammalian sper-
matozoa with especial consideration to molecules presently known that enrich to the 
structure and function of sperm. The main topics contemplated are; physiology of 
male sexual organ, spermatogenesis, sperm count, heritable effect on human sperm 
structure, regulation of sperm motility, effect of oxidative stress on male reproduc-
tive system, sources of reactive oxygen species in seminal plasma, physiological role 
of ROS in seminal plasma, consequence of Oxidative Stress on male Reproductive 
System, management and prevention of oxidative stress, correlation between biol-
ogy of male reproduction and sleep and role of inflammation in infertility.

2. Physiology of male sexual organ

The favorable outcome of male reproductive system depends mainly upon the 
cohesive function of vast array of tissues. It comprises of assembly of sperm in the 
testes, sperm maturation in epididymis, secretion of seminal fluid by addition sex 
glands, deliver sperm into the reproductive tract of female, erection of penis, emis-
sion and final ejaculation. Fertilization of the egg requires the motility of sperm, 
successful capacitation and acrosomal reaction. These entire needs are dependent 
directly or indirectly on the secretion of testosterone hormone by the Leydig cells. 
The testis of male is comprised of up to 900 coiled seminiferous tubules, in which 
the sperm is formed and each seminiferous tubule exceeds up to 1 meter long in 
average. The sperm then discharged into one more coiled tube which is about 
6-meter long known as epididymis. The epididymis enlarges into vasa deferens 
that infiltrates into prostate gland. There are two seminal vesicles and the material 
(Is secreted) from both the ampulla and seminal vesicles. The excretion from both 
the prostate gland and seminal vesicles enters into the ejaculatory duct through the 
body of prostate gland and then vacant into the internal urethra. Mucus released 
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from urethral gland and more from bilateral bulbourethral glands which is located 
near to urethra is supplied to urethra [6].

3. Spermatogenesis

The process of spermatogenesis takes place in each of the testis tubules. In 
this process the spermatozoa are produced by the population of germ cells (sper-
matogonia) through process of mitosis and meiosis. This entire spermatogenesis 
process starts during the onset of puberty and last till the old age. This process 
involved various stages starting with germ cells formation in the germinal epithe-
lium and followed by continuous development into primary and secondary sper-
matocytes. These spermatocytes finally developed into functional spermatozoa. 
Spermatogenesis is extremely well-ordered process; male germ cells proliferate and 
differentiate rapidly and the modulation of spermatogenesis occurs at the extra 
testicular and intra testicular level and can be dispersed ubiquitously. As aforemen-
tioned, spermatogonia originated from the primordial germ cells that migrate into 
the genital ridge of the indifferent gonads, during embryo development and are 
present in two to three layers in seminiferous tubules. At puberty, the spermatogo-
nia starts mitotic division, proliferate and differentiate continuously to form mature 
sperm cells [7] (Figure 1).

Figure 1. 
General characteristics of germ.
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3.1 Steps of spermatogenesis

The process of spermatogenesis starts at an average age of 12–13 years, continues 
throughout the remaining life, and markedly decreases during the older age. During 
the initial stage of spermatogenesis, the spermatogonia shift toward the central 

Figure 2. 
Steps of spermatogenesis.
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lumen of seminiferous tubules. The Sertoli cells are part of a seminiferous tubule 
and support the process of spermatogenesis. Its main function is to nourish the 
developing sperm cells throughout the stages of spermatogenesis. Sertoli cells con-
trol the entry and exit of nutrients, hormones and other substances into the tubules 
of the testis. The Sertoli cells are also responsible for establishing and maintaining 
the spermatogonial stem cell niche, which ensures the renewal of stem cells and 
the differentiation of spermatogonia into mature germ cells, that progress stepwise 
through the long process of spermatogenesis, ending in the release of spermatozoa.

3.2 Meiosis

Spermatogonia which are able to pass across Sertoli cell layer change and grow 
in size progressively into primary spermatocytes. The two secondary spermatocytes 
are formed by meiotic division from the primary spermatocytes. These secondary 
spermatocytes, also divide to produce spermatids that transform into sperm after 
a period of time. During the process of spermatocyte to spermatid stage trans-
formation, the 23 pair of chromosomes (46 chromosome total) of spermatocytes 
also divides, and as a result, 23 chromosomes go to one spermatid and the rest 23 
chromosomes to the other spermatid. It takes about 74 days to complete the entire 
process of spermatogenesis, from spermatogonia to spermatozoa [6] Figure 2. 
Suggested: Round and elongated spermatids will differentiate into mature sperma-
tozoa, by the process of spermiogenesis.

4. Sperm motility

Motility of sperm cells is provided by the back-and-forth movement of tail 
and it results from rhythmic longitudinal sliding motion between the anterior and 
posterior tubules [8]. Different molecular markers of sperm, such as mitochon-
drial membrane potential (MMP), DNA fragmentations and ROS have presently 
concluded as reliable estimators of sperm function that can be used to evaluate the 
quality of the sperm [9]. Due to the overloading of ROS, osmatic stress is increased 
which in turn decreases the MMP and increases the fragmentation of DNA, affect-
ing the viability of sperm [10]. It is broadly accepted that motility of sperm mainly 
depends upon ATP which is produced by the mitochondria. The latest is located 
in mid piece of spermatozoa, which explains the correlation between motility and 
mitochondrial membrane potential [11, 12].

4.1 Sperm count: how much is considered normal?

The spermatozoon is the cell of male reproductive system. Sperm count, also 
known as sperm concentration, is the parameter to measure the number of sperm 
cells in the ejaculate. During each coitus the quantity of ejaculated semen in aver-
age, is about 3.5 milliliters, and 120 million sperm might be present in average in 
each milliliter of semen. However, in normal males this count can vary from 35 to 
200 million. In several milliliters of each ejaculated semen, an average of total of 
400 million sperms might be present. When the sperm count is less than 20 million 
in 1 milliliter (ml), it might point to infertility. A relatively high sperm count might 
elevate the chances of conception [6].

There are several causes of infertility in males such as genetic factors like crypt-
orchidism, congenital absence of vas deferens, karyotype abnormalities and some 
acquired factors like trauma, varicocele, medication, urogenital infection, inflam-
mation, testicular torsion and idiopathic factors.
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3.1 Steps of spermatogenesis

The process of spermatogenesis starts at an average age of 12–13 years, continues 
throughout the remaining life, and markedly decreases during the older age. During 
the initial stage of spermatogenesis, the spermatogonia shift toward the central 

Figure 2. 
Steps of spermatogenesis.
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Semen deficiencies are termed as

a. Oligospermia or oligozoospermia—lower than normal number of spermatozoa 
in semen.

b. Aspermia—complete lack of semen.

c. Azoospermia—absence of sperm cells in semen.

d. Hypospermia—reduction in the seminal volume.

e. Teratospermia—abnormal morphology of sperm cells.

f. Asthenozoospermia—reduced motility of sperm.

4.1.1 Oligospermia

Oligospermia, is one of male infertility causes, defined as low concentration 
of sperm cells in the ejaculate. Semen with decreased concentration of sperm 
may often depict considerable abnormalities in morphology and motility of sper-
matozoa. Low sperm count may be due to an endocrinopathy such as varicocele, 
prolactinoma or it may be a genetic cause. In about 6 and 15% of patients with 
severe low sperm count or azoospermia (respectively), microdelitions can be found 
in azoospermic factor (AZF) region of Y chromosome. AZF refers to one of several 
proteins or their genes, which are coded from the AZF region located in the human 
male Y chromosome. Deletions in this region are associated with inability to pro-
duce sperm. Subregions within the AZF region are AZFa, AZFb and AZFc, located 
in the long arm of Y chromosome [13]. By cytogenetic analysis, chromosomal 
abnormalities were detected in 2% of men having low sperm count and 15–20% 
with no sperm count. These abnormalities include translocation of nonsex chromo-
some and Klinefelter syndrome [14].

4.1.2 Asthenozoospermia

Asthenozoospermia, low sperm motility, could be derived due to:

A. Inborn metabolic deficiency (such as Kartagener’s syndrome or immotile cilia 
syndrome—ICS).

B. Abnormal ultrastructure of the sperm flagellum: as primary ciliary dys-
kinesia; spermatozoa consist of altered peri-axonemal structure but have 
normal axoneme. Densed individual fibers are extended abnormally along 
the axoneme, location and number of longitudinal columns of fibrous 
sheath are modified and change in the order of termination of these 
structures [15].

Sperm with the following syndromes: abnormal axoneme, partial or complete 
lacking of dynein (a family of cytoskeletal motor proteins that move along microtu-
bules in cells and convert the chemical energy stored in ATP to mechanical work), 
lack of central sheath and lack of inner arms might be unable to show motility;

C. Necroozospermia—binding of antisperm antibodies or an increase in 
white blood cell concentration in the ejaculate, which later results in the 
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overproduction of reactive oxygen species, might lead to damages in the 
spermatozoa [16].

D. Dysplasia of fibrous sheath spermatozoa: spermatozoa with very short, thick, 
rigid and immotile tail, mainly due to disorganized and hyperplastic fibrous 
sheath [17, 18].

5. Heritable effect on human sperm structure

The hereditary condition which causes the defects in the flagella of sperm is 
termed as Kartagener’s syndrome, immotile cilia syndrome (ICS), or primary ciliary 
dyskinesia (PCD). It often leads to chronic respiratory problems, male sterility and 
situs inversus [19]. These states are linked directly or indirectly with the autosomal 
recessive traits. The aforementioned conditions make the flagella unable to show 
normal movement. Sperm with these syndromes have abnormal axoneme lacking 
dynein arm partially or completely, lack of central sheath, lack of inner arms [20]. 
Due to variety of defects presented in sperm and cilia, many genes are mutated and 
contribute to the syndrome [21]. Another flagellar defect characterized by severe 
asthenozoospermia is familiar as dysplasia of fibrous sheath. In this type of disor-
der, the sperm have disorganized and hyperplastic fibrous sheath, and very short, 
thick, rigid and immotile tail [17, 18]. Another flagellar defect which appears in 
sperm cells of infertile men is known as flagellar dyskinesia [15]. This type of defect 
was observed in brothers and has been suggested that it arises due to the genetic 
abbreviation [22]. The sperm consist of altered peri-axonemal structure but have 
normal axoneme. Densed individual fibers are extended abnormally along the axo-
neme location and number of longitudinal columns of fibrous sheath are modified 
and else, there are changes in the order of termination of these structures [15].

6. Regulation of sperm motility

Sperm depicts two kinds of motility:

a. Progressive motility—typical for newly ejaculated sperm.

Spermatozoa acquire the ability of progressive motility in the epididymis. 
Relatively symmetrical motion of flagella which leads to forward movement has 
been shown in this type of motility [23].

b. Hyperactivated motility—after sometimes either in reproductive tract of 
female or in culture, sperm achieves the hyperactivated motility that is char-
acterized by whip like beating of flagellum, asymmetrical flagellar bends and 
circular swimming [24].

6.1 Activation of motility

It is broadly acquired that precious motility of sperm is the chief component of 
fertility of male. During the beginning of progressive motility and origin of hyper 
activation of sperm, key factors are involved. These key factors are calcium (Ca2+), 
cyclic adenosine monophosphate (cAMP) and bicarbonate (HCO3

−). Olfactory 
and GABA receptors are the possible candidates which trigger the progressive and 
hyperactivated motility of sperm.
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Due to variety of defects presented in sperm and cilia, many genes are mutated and 
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and GABA receptors are the possible candidates which trigger the progressive and 
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Innovations in Assisted Reproduction Technology

30

6.2 Role of calcium in motility

Calcium plays a key role in sperm function by different aspects. Recent studies 
have been demonstrated that in knockout mice there are at least four components 
participate in the intracellular regulation of calcium level and initiation of sperm 
motility. These are CatSper1, CatSper2, Cav2.3 and PMCA4. CatSper1 are localized 
in the principle piece of sperm and it is a voltage gated Ca2+ channels of the testis. 
Lacking or any mutation in CatSper1 gene reduces the progressive motility and 
causes infertility. A sperm cell that lacks the CatSper1 showed progressive motility 
but failed to develop hyperactivated motility [25]. CatSper2 present in flagellum 
shows similarity to CatSper1 and it is also a voltage-gated ion channel. Sperm of 
mice having knockout CatSper2 gene depict decreased flagellar amplitude and also 
failed to develop hyperactivated motility [26]. Disruption of gene for PMCA4, that 
have Ca2+/calmodulin dependent ATPase activity involve in efflux of Ca2+, also 
causes infertility in men. In developing sperm cells and sperm flagellum the cyclic 
nucleotide gated Ca2+ channels are present. The role of these channels is to regulate 
the influx of calcium in various micro domains of the flagella [26].

6.3 cAMP and motility

During sperm motility regulation, cAMP is the second key messenger. Adenylate 
cyclase converts the ATP into cAMP. Thus, the level of cAMP increases and in turn 
activates the cAMP dependent kinase A (PKA) which phosphorylates the serine 
and threonine residues in the flagellum, which ultimately causes the phosphoryla-
tion of tyrosine residues in the proteins [27, 28]. In most cells the adenylyl cyclase is 
activated by G protein in response to external stimuli. In mouse sperm the plasma 
membrane bounds (mACs) activated by G protein take a part in the acrosome 
reaction, and in chemotaxis and hyperactivation in human sperm [29]. It was 

Figure 3. 
Signalling pathway showing regulation of motility of sperm in mammals.
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demonstrated that HCO3
− and Ca2+ are inculpated in cAMP regulated activation of 

sperm motility. The activity of soluble adenylyl cyclase is augmented by HCO3
− with 

increased activation of enzymes (adenylyl cyclase) and by reducing the substrate 
inhibition that happens at higher concentration of ATP-Mg2+. Due to low level of 
HCO3

−, activity of soluble adenylyl cyclase would be reduced in sperm by substrate 
inhibition stored in epididymis [30].

6.4 PKA and motility

PKA causes the phosphorylation of tyrosine residue of flagellar proteins. The pro-
teins anchoring with PKA site (AKAP3, AKAP4 and TAKAP-80) in the fibrous sheath, 
point out that the main role of this structure is to bind PKA in the principle piece of 
flagellum [31]. Regulatory and catalytic subunits are present in PKA holoenzyme. 
Four genes (RIα, RIβ, RIIα and RIIβ) are present in regulatory subunits (R subunit) in 
human and mouse; three catalytic (C subunit) Cα, Cβ and Cγ in human, and two C 
subunit Cα and Cβ in mice. The cAMP binding site are present in R and C subunits. C 
subunits is released when cAMP binds to R subunits and their catalytic site is activated 
by cAMP. The R and C subunits are involved in the motility of sperm (Figure 3).

7. Effect of oxidative stress on male reproductive system

Oxidative stress is a state which causes disproportion between systemic reac-
tive oxygen species and detoxifying capability of biological system to neutralize 
the reactive intermediates, also called antioxidant defenses. Spermatozoa have 
antioxidant defense mechanism that quench the ROS and therefore protects the 
cells of gonads and mature spermatozoa from oxidative damage [32]. Statistics from 
United States depicted that the major cause of male infertility is ROS. In 30–40% 
of infertile men’s seminal plasma, there is an increase in the level of ROS [33]. In 
spermatozoa ROS are generated by two methods.

1. At the level of sperm plasma membrane—by nicotinamide adenine dinucleo-
tide phosphate oxidase system.

2. At the level of mitochondria—by nicotinamide adenine dinucleotide- 
dependent oxidoreductase reaction [34].

The production of ROS at the level of mitochondria is the chief source. Large 
concentration of mitochondria is present in spermatozoa because of a constant need 
of energy to spermatozoa for motility. In semen, presence of nonfunctional sper-
matozoa considerably increases the level of ROS that in turn impair the function of 
mitochondria and motility of sperm. In human spermatozoa, ROS which is produced 
in large concentration is O2

−. It reacts with itself to generate H2O2 by dismutation. 
H2O2 and O2

− generates most destructive and reactive OH− by Haber-Weiss reaction 
in the presence of iron and copper. OH− affects the function of sperm by disrupting 
the fluidity of membrane [35, 36]. Recent studies depicting that O2 production in 
spermatozoa showed the presence of calcium dependent NADPH oxidase also called 
NOX5 has been residing in acrosomal and midpiece region of spermatozoa [37]. 
Initially the NOX5 resides in human testis. It is activated upon binding of calcium to 
its cytosolic domain and causes conformational changes in cells [35]. ROS is generated 
during the normal metabolism of cells. Under physiological conditions the mitochon-
drial respiration is the chief source of superoxide anion radicals. Quality of sperm and 
function is affected by the high concentration of ROS and is potentially toxic.



Innovations in Assisted Reproduction Technology

30

6.2 Role of calcium in motility

Calcium plays a key role in sperm function by different aspects. Recent studies 
have been demonstrated that in knockout mice there are at least four components 
participate in the intracellular regulation of calcium level and initiation of sperm 
motility. These are CatSper1, CatSper2, Cav2.3 and PMCA4. CatSper1 are localized 
in the principle piece of sperm and it is a voltage gated Ca2+ channels of the testis. 
Lacking or any mutation in CatSper1 gene reduces the progressive motility and 
causes infertility. A sperm cell that lacks the CatSper1 showed progressive motility 
but failed to develop hyperactivated motility [25]. CatSper2 present in flagellum 
shows similarity to CatSper1 and it is also a voltage-gated ion channel. Sperm of 
mice having knockout CatSper2 gene depict decreased flagellar amplitude and also 
failed to develop hyperactivated motility [26]. Disruption of gene for PMCA4, that 
have Ca2+/calmodulin dependent ATPase activity involve in efflux of Ca2+, also 
causes infertility in men. In developing sperm cells and sperm flagellum the cyclic 
nucleotide gated Ca2+ channels are present. The role of these channels is to regulate 
the influx of calcium in various micro domains of the flagella [26].

6.3 cAMP and motility

During sperm motility regulation, cAMP is the second key messenger. Adenylate 
cyclase converts the ATP into cAMP. Thus, the level of cAMP increases and in turn 
activates the cAMP dependent kinase A (PKA) which phosphorylates the serine 
and threonine residues in the flagellum, which ultimately causes the phosphoryla-
tion of tyrosine residues in the proteins [27, 28]. In most cells the adenylyl cyclase is 
activated by G protein in response to external stimuli. In mouse sperm the plasma 
membrane bounds (mACs) activated by G protein take a part in the acrosome 
reaction, and in chemotaxis and hyperactivation in human sperm [29]. It was 

Figure 3. 
Signalling pathway showing regulation of motility of sperm in mammals.

31

Insights of Sperm Pathology and Its Association with Infertility
DOI: http://dx.doi.org/10.5772/intechopen.90950

demonstrated that HCO3
− and Ca2+ are inculpated in cAMP regulated activation of 

sperm motility. The activity of soluble adenylyl cyclase is augmented by HCO3
− with 

increased activation of enzymes (adenylyl cyclase) and by reducing the substrate 
inhibition that happens at higher concentration of ATP-Mg2+. Due to low level of 
HCO3

−, activity of soluble adenylyl cyclase would be reduced in sperm by substrate 
inhibition stored in epididymis [30].

6.4 PKA and motility

PKA causes the phosphorylation of tyrosine residue of flagellar proteins. The pro-
teins anchoring with PKA site (AKAP3, AKAP4 and TAKAP-80) in the fibrous sheath, 
point out that the main role of this structure is to bind PKA in the principle piece of 
flagellum [31]. Regulatory and catalytic subunits are present in PKA holoenzyme. 
Four genes (RIα, RIβ, RIIα and RIIβ) are present in regulatory subunits (R subunit) in 
human and mouse; three catalytic (C subunit) Cα, Cβ and Cγ in human, and two C 
subunit Cα and Cβ in mice. The cAMP binding site are present in R and C subunits. C 
subunits is released when cAMP binds to R subunits and their catalytic site is activated 
by cAMP. The R and C subunits are involved in the motility of sperm (Figure 3).

7. Effect of oxidative stress on male reproductive system

Oxidative stress is a state which causes disproportion between systemic reac-
tive oxygen species and detoxifying capability of biological system to neutralize 
the reactive intermediates, also called antioxidant defenses. Spermatozoa have 
antioxidant defense mechanism that quench the ROS and therefore protects the 
cells of gonads and mature spermatozoa from oxidative damage [32]. Statistics from 
United States depicted that the major cause of male infertility is ROS. In 30–40% 
of infertile men’s seminal plasma, there is an increase in the level of ROS [33]. In 
spermatozoa ROS are generated by two methods.

1. At the level of sperm plasma membrane—by nicotinamide adenine dinucleo-
tide phosphate oxidase system.

2. At the level of mitochondria—by nicotinamide adenine dinucleotide- 
dependent oxidoreductase reaction [34].

The production of ROS at the level of mitochondria is the chief source. Large 
concentration of mitochondria is present in spermatozoa because of a constant need 
of energy to spermatozoa for motility. In semen, presence of nonfunctional sper-
matozoa considerably increases the level of ROS that in turn impair the function of 
mitochondria and motility of sperm. In human spermatozoa, ROS which is produced 
in large concentration is O2

−. It reacts with itself to generate H2O2 by dismutation. 
H2O2 and O2

− generates most destructive and reactive OH− by Haber-Weiss reaction 
in the presence of iron and copper. OH− affects the function of sperm by disrupting 
the fluidity of membrane [35, 36]. Recent studies depicting that O2 production in 
spermatozoa showed the presence of calcium dependent NADPH oxidase also called 
NOX5 has been residing in acrosomal and midpiece region of spermatozoa [37]. 
Initially the NOX5 resides in human testis. It is activated upon binding of calcium to 
its cytosolic domain and causes conformational changes in cells [35]. ROS is generated 
during the normal metabolism of cells. Under physiological conditions the mitochon-
drial respiration is the chief source of superoxide anion radicals. Quality of sperm and 
function is affected by the high concentration of ROS and is potentially toxic.



Innovations in Assisted Reproduction Technology

32

8. Sources of reactive oxygen species in seminal plasma

The production of ROS in the seminal plasma originated from different endoge-
nous and exogenous pathways. Ejaculate of human contains varieties of mature and 
immature cells, epithelial cells, leukocytes and round cells. Of these, leukocytes, 
immature spermatozoa, macrophages and neutrophils are considered to be the main 
endogenous source. Others life style practices as: excessive alcohol consumption, 
smoking and environmental factors (e.g., toxins and radiations) may contribute to 
exogenous ROS production [38–40].

8.1 Endogenous sources of ROS

8.1.1 Leukocytes

Peroxidase-positive leukocytes include polymorphonuclear leukocytes in about 
50–60% and macrophages 20–30%. Peroxidase-positive leukocytes originates in 
large proportion from prostrate and seminal vesicles of male. These main sources 
of ROS are activated by different intracellular and extracellular responses such as 
inflammation and infection. The latest can produce 100 times reactive oxygen spe-
cies than normal and also increase the secretion of NADPH through hexose mono-
phosphate shunt [41, 42]. There is a decrease in the level of antioxidant superoxide 
dismutase and an increase in the concentration of proinflammatory cytokines, 
which can lead to the increased level of ROS and respiratory burst ultimately lead-
ing to formation of oxidative species OS. OS will than cause the damage of sperm 
if the concentration of seminal leukocytes is abnormally high [43]. Although in 
phagocytic clearance and immuno surveillance of unhealthy (abnormal) sperm, 
leukocytes and ROS play a decisive role. Inflammatory changes are depicted in 
the testes of smokers due to increased concentration of leukocyte activated free 
radicals. These leukocytes overcome the protective action of antioxidants and lead 
to oxidative stress. OS causes severe single and double stranded breaks in DNA by 
changing sperm chromatin integrity, modification of bases, deletions and rear-
rangement of chromosome [7].

8.1.2 Immature spermatozoa

During the process of spermatogenesis, the developing spermatozoa expel their 
cytoplasmic content to prepare itself for the process of fertilization. Due to the 
arrest in spermiogenesis, the abnormal spermatozoa retained excess of cytoplasm 
around the midpiece. This condition is referred as excess residual cytoplasm (ERC). 
By virtue of hexose monophosphate shunt the ERC activates the NADPH system, 
which is used as a source of electron by spermatozoa for production of ROS and OS 
[30]. Therefore, ERC affects the morphology, motility and fertilization potential of 
sperm which can lead to infertility [44].

8.1.3 Varicocele

Varicocele is a condition of abnormal enlargement of vein in scrotum, i.e., in the 
plexus pampiniformis situated throughout the spermatic cord. It is considered to be 
an etiology of male infertility, because varicocele is found in 19–40% of male part-
ners in infertile couples. Current evidence suggested that oxidative stress is the cen-
tral element contributing to infertility in men with varicocele [45]. Varicocele arises 
when damage occurs in valves into the spermatic vein(s) resulting in dysfunction 
and retrograde blood flow into scrotum from abdomen creating an inappropriate 
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environment for development of sperm. Several studies reveal that oxidative stress 
also leads to varicocele in male, which occurs due to decrease in the concentration 
of antioxidants. It results in the deterioration of structure of cell membrane and 
in the DNA integrity. Nitric oxide is a lipophilic molecule which is presented in the 
spermatic vein of varicocele patient. Both NO and superoxide might cause a damage 
in spermatozoa [46].

8.2 Exogenous sources of ROS

8.2.1 Radiation

Radiation, a natural source of energy, has a considerable effect on humans. 
Several studies have been depicted that radiation emitted from mobile phone 
increases the concentration of ROS in human semen resulting in impaired sperm 
quality [47, 48]. In vitro studies showed that in human, spermatozoa electromagnet 
radiation urges the production of ROS and damages of DNA. These changes fur-
ther diminish the vitality and motility of sperm cells [49]. Due to the presence of 
varieties of charged molecules in the cytosol the flow of electron along the internal 
membrane of cells can be negatively affected by these radio frequency electro-
magnet radiations, and therefore interferes with the functions of the cell and the 
organelles [50].

8.2.2 Toxins

Toxins which are discharged from industrial products and structural materi-
als accumulates in the body of human and increases the production of ROS in the 
testes. This might result in the negative impact on the structure and function of 
sperm [51]. Phthalates which are found in the plastics objects used for industrial 
and domestic’s purpose have been found to impair the spermatogenesis process 
and causes DNA damages in spermatozoa. Moreover, it has been studied that those 
laborers who were continuously exposed to metal toxins such as chromium, mer-
cury, manganese and cadmium were more probable to have diminished quality of 
sperm, sperm count, density and volume [50].

8.2.3 Smoking

Tobacco is familiar to be one of the major causes of worldwide death. It has been 
reported that more than 4000 toxic chemical compounds have been present in 
cigarettes which includes nitrosamines, alkaloids and inorganic molecules. In the 
semen of smokers some of those chemicals were depicted to be the source of imbal-
ance between antioxidant and ROS [41]. This disproportion between the ROS level 
and antioxidant adversely affects the overall quality of semen. It has been depicted 
that smoking increases by 48% the concentration of seminal leukocytes and 107% 
the ROS level in semen [52]. Due to the substantial increase in the level of 8-OHdG 
which is also a biomarker of oxidative damage, a decrease of the antioxidant level 
in seminal plasma, like vitamin C and vitamin E occurs, thus causing more risk of 
oxidative damage [40]. A study performed on smokers found an increased con-
centration of lead and cadmium in their semen and blood, which led to increase 
the production of ROS with a decrease in the motility of the sperm [53]. Moreover, 
the spermatozoa of smoker were substantially more prone to acid mediated dena-
turation as compare to nonsmoker spermatozoa which led to DNA strand break 
[54]. Furthermore, it was shown that prolonged smoking damages sperm DNA and 
apoptosis which results in male infertility.
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8. Sources of reactive oxygen species in seminal plasma
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in the DNA integrity. Nitric oxide is a lipophilic molecule which is presented in the 
spermatic vein of varicocele patient. Both NO and superoxide might cause a damage 
in spermatozoa [46].

8.2 Exogenous sources of ROS

8.2.1 Radiation

Radiation, a natural source of energy, has a considerable effect on humans. 
Several studies have been depicted that radiation emitted from mobile phone 
increases the concentration of ROS in human semen resulting in impaired sperm 
quality [47, 48]. In vitro studies showed that in human, spermatozoa electromagnet 
radiation urges the production of ROS and damages of DNA. These changes fur-
ther diminish the vitality and motility of sperm cells [49]. Due to the presence of 
varieties of charged molecules in the cytosol the flow of electron along the internal 
membrane of cells can be negatively affected by these radio frequency electro-
magnet radiations, and therefore interferes with the functions of the cell and the 
organelles [50].

8.2.2 Toxins

Toxins which are discharged from industrial products and structural materi-
als accumulates in the body of human and increases the production of ROS in the 
testes. This might result in the negative impact on the structure and function of 
sperm [51]. Phthalates which are found in the plastics objects used for industrial 
and domestic’s purpose have been found to impair the spermatogenesis process 
and causes DNA damages in spermatozoa. Moreover, it has been studied that those 
laborers who were continuously exposed to metal toxins such as chromium, mer-
cury, manganese and cadmium were more probable to have diminished quality of 
sperm, sperm count, density and volume [50].

8.2.3 Smoking

Tobacco is familiar to be one of the major causes of worldwide death. It has been 
reported that more than 4000 toxic chemical compounds have been present in 
cigarettes which includes nitrosamines, alkaloids and inorganic molecules. In the 
semen of smokers some of those chemicals were depicted to be the source of imbal-
ance between antioxidant and ROS [41]. This disproportion between the ROS level 
and antioxidant adversely affects the overall quality of semen. It has been depicted 
that smoking increases by 48% the concentration of seminal leukocytes and 107% 
the ROS level in semen [52]. Due to the substantial increase in the level of 8-OHdG 
which is also a biomarker of oxidative damage, a decrease of the antioxidant level 
in seminal plasma, like vitamin C and vitamin E occurs, thus causing more risk of 
oxidative damage [40]. A study performed on smokers found an increased con-
centration of lead and cadmium in their semen and blood, which led to increase 
the production of ROS with a decrease in the motility of the sperm [53]. Moreover, 
the spermatozoa of smoker were substantially more prone to acid mediated dena-
turation as compare to nonsmoker spermatozoa which led to DNA strand break 
[54]. Furthermore, it was shown that prolonged smoking damages sperm DNA and 
apoptosis which results in male infertility.



Innovations in Assisted Reproduction Technology

34

8.2.4 Alcohol consumption

Alcohol is widely known as the inducer of ROS and it interferes with the antioxi-
dant defense mechanism of the body, mainly in the liver. Acetaldehyde which is the 
byproduct of ethanol metabolism, may react with protein and lipids forming the 
ROS, and may lead to damages in DNA, protein and lipids at the molecular level. 
The excessive consumption of alcohol is linked with a decrease in the concentration 
of normal sperm in asthenozoospermia patients [55] (Figure 4).

9. Physiological role of ROS in seminal plasma

Physiological level of ROS plays a significant task in the physiological process 
such as capacitation, hyperactivation, acrosomal reaction, fusion of sperm and 
oocyte in order to assure the proper fertilization [56].

9.1 Capacitation

When spermatozoa pass the epididymis, it is supposed to be mature and 
their activity is checked by different inhibitory factors which are produced by 
genital duct epithelia. However, at that time sperm is unable to fertilize the ova. 
Ejaculated mammalian spermatozoa should reside in the female genital tract 
for several hours before gaining their fertilizability. In humans however, sperm 
must move out of the seminal plasma immediately after ejaculation and appear 

Figure 4. 
Demonstration of various factors responsible for male infertility (origin).
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in the fallopian tube within minutes. As soon as sperm cells are moving out of 
the ejaculate and passing the cervical mucus, they undergo several biochemical 
changes collectively called capacitation. These changes involve molecules absorb-
ing on, or integrating into, the sperm plasma membrane during epididymal 
maturation. The removal or alteration of these molecules prepares the sperm 
toward successful binding, penetration and fertilization with the egg [57]. During 
the process of capacitation a production of ROS occurs in spermatozoa that 
initiates various molecular modifications. Firstly, there is an increase in cAMP; in 
various organisms and varieties of life processes, this cAMP pathway is necessary 
because it might activate various enzymes and might regulate the expression of 
genes [58]. cAMP activates the protein kinase A and causes the phosphorylation 
of PKA substrate like arginine, serine and threonine. This successively leads to the 
phosphorylation of MEK, threonine-glutamate-tyrosine, and tyrosine phosphory-
lation of fibrous sheath proteins. This cAMP increase makes the hyperactivation 
of sperm. Only the hyperactivated spermatozoa undergo acrosomal reaction due 
to increased motility and acquired all those properties which are necessary for 
fertilization [59, 60].

9.2 Hyperactivation

Hyperactivation is the peculiar condition of sperm motility. The hyperactiva-
tion process is significant for lucrative fertilization and it regarded a subcategory 
of capacitation. Hyperactivated sperm have characteristics of asymmetric flagellar 
movement, high amplitude, side to side head displacement and also a nonlinear 
motility [61].

9.3 Acrosome reaction

Hyperactivated spermatozoon binds to zona pellucida after passing the cumu-
lus oophorus, starting the exocytotic discharge of hyaluronidase and proteolytic 
enzymes, sperm acrosome reaction (AR) induced by oocyte investment, is a 
prerequisite event for the spermatozoa. It is obligatory for the sperm cell to enable 
to penetrate the zona pellucida (ZP) and to fuse with the oocyte. Progesterone 
(P4), secreted by cumulus cells, is an important cofactor for the occurrence of this 
exocytosis event. The AR results from the fusion between outer acrosomal and 
plasma membranes leading to inner acrosomal membrane exposure. Binding of 
agonists, P4 or ZP3 glycoprotein, to plasma membrane sperm receptors activates 
intraspermatic signals and enzymatic pathways involved in the AR. Among 
the proteins or glycoproteins described as potential sperm receptors for ZP, Gi/
Go protein-coupled and tyrosine kinase receptors have been described. ZP- and 
P4-promoted AR is mediated by an obligatory intracellular calcium increase, 
appearing first at the acrosome equatorial segment and spreading throughout 
the head. The plasma membrane channels involved in calcium entry are operated 
by a plasma membrane depolarization and protein phosphorylation mediated by 
protein kinase C and tyrosine kinase protein. Part of the calcium increase could 
also be due to intracellular store release through nucleotide (cAMP)-gated chan-
nels. Besides adenylate cyclase and phospholipase C activations, intracellular 
calcium increase also stimulates phospholipase A2 and actin depolymerization, 
leading to membrane fusion [62]. The sperm cell crosses the physical barrier of 
zona pellucida and within few minutes it fuses with the oocytes. ROS is involved 
in the action of the spermatozoa by phosphorylating three plasma membrane 
proteins [63].
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to penetrate the zona pellucida (ZP) and to fuse with the oocyte. Progesterone 
(P4), secreted by cumulus cells, is an important cofactor for the occurrence of this 
exocytosis event. The AR results from the fusion between outer acrosomal and 
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zona pellucida and within few minutes it fuses with the oocytes. ROS is involved 
in the action of the spermatozoa by phosphorylating three plasma membrane 
proteins [63].
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9.4 Sperm-oocyte fusion

High concentration of docosahexaenoic acid (DHA) plays a considerable part 
in maintaining the fluidity of the membrane of spermatozoa. ROS enhances the 
fluidity of membrane and sperm-oocyte fusion rate, during the process of capaci-
tation and acrosomal reaction. Throughout the entire capacitation process, ROS 
hinder the protein tyrosine phosphate activity and arrest the dephosphorylation 
and turnoff the phospholipase A2. PLA2 increases the fluidity of the membrane 
by cleaving the secondary fatty acid from the triglycerol backbone of membrane 
phospholipid [64, 65].

10. Management and prevention of oxidative stress

Sperm DNA of healthy males is protected from osmotic stress by two 
mechanisms;

1. Tightly packed and coiled DNA so that the genetic material is less exposed to 
ROS [66].

2. Production of ROS is minimized by natural antioxidant present in seminal 
plasma and spermatozoa.

Enzymatic and nonenzymatic antioxidant like superoxide dismutase (SOD), 
Catalase, Vitamin C, Vitamin E and Carotenoids react with ROS and neutralize it, 
thus prevent the onset of osmatic stress and also preserves the function of sperm 
[67] (Table 1).

Antioxidant Mechanism of action Effect

Superoxide 
dismutase

Neutralizes the superoxide anions Prevents lipid peroxidation.

GSH/GPX Scavenges the free radicals Prevents the lipid peroxidation 
and enhance the sperm membrane 
characteristics.

Catalase Splits down the H2O2 into H2O and O2. Also arrests the lipid peroxidation.

Vitamin C Counteracts free radicals Protects the viability and motility of 
sperm.

Vitamin E Counteracts free radicals Blocks the lipid peroxidation 
and enhance the activity of other 
antioxidant.

Carotenoids Suppresses the singlet molecular O2. Blocks the lipid peroxidation.

Carnitine Acts as energy source and neutralize the 
free radical.

Prevents the damage of DNA and 
lipid peroxidation.

Cysteines Elevates the concentration of GSH 
synthesized.

Inhibits lipid peroxidation.

Pentoxifylline Prevents the breakdown of cAMP and 
quench the formation of proinflammatory 
factors.

Inhibits lipid peroxidation.

Table 1. 
Procedure of action and consequences of different antioxidants.
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11. Correlation between biology of male reproduction and sleep

The whole process of spermatogenesis is controlled by hypothalamic pituitary 
gonadal axis. Hypothalamus secretes GnRH that stimulates the anterior pituitary to 
secrete LH and FSH. FSH act on the testicular tissue and LH triggers the secretion 
of testosterone in the testis by Leydig cells. Maximum level of testosterone secre-
tion occurs during sleep. This nocturnal rise in testosterone secretion appears at the 
same time with the beginning of resting eye movement sleep and it is not concerned 
with the change in the level of melatonin [68]. In male reproductive system, 
prolactin hormone secreted by anterior pituitary o has also a key role. Prolactin 
increases in Leydig cells the utterance of LH receptors at physiological level. The 
latest leads to increased secretion of testosterone promoting spermatogenesis. The 
increasing pervasiveness of 24/7 constant distribution of entertainment, disrupts 
the circadian rhythm and impair the duration and quality of sleep on population 
level. The schedule of sleep and wake is delayed by the use of electronic devices at 
night time. More over blue light emitted by LED reduces the secretion of melatonin 
and thus decreases the prolonged, objective and subjective sleepiness. Sleep restric-
tion disrupts the level of gonadal hormone. The level of testosterone is reduced in 
10 volunteer’s healthy males in 1 week of restricted sleep. While in another exami-
nation of sleep restriction of 4–5 hours in 15 men is also associated with reduction 
in the level of testosterone. Effect of sleep restriction and resting eye movement 
deprivation was analyzed by Alvarenga et al. on parameter of sperm and expression 
of testis specific genes in male rat. Both sleep restriction (SR) and rapid eye move-
ment sleep deprivation (RSD) group has decreased viability of sperm [69].

12. Inflammation and infertility

Inflammation is a complexed process of response to tissue damage and injury. It 
starts with the aggregation of leukocytes and more plasma molecules to infection 
site. Several factors may be responsible for inflammation in reproductive tract of 
male. (i) Blockage of ejaculatory duct (ii) epididymitis that causing pain, swelling 
in scrotal area, penile leakage and presence of blood in urine (iii) sexual transmit-
ted diseases by several agents like E. coli (iv) Urethritis (v) testicular torsion is 
another pathology affects the fertility in male. It occurs due to abnormality in 
supportive tissue of testis and causing the testis to pervert inside the scrotum which 
result in severe swelling and pain [70]. During the process of inflammation, the 
quality of semen is reduced due to abnormal function of accessory glands, sperm 
transport hindrance and spermatogenesis dysregulation [71, 72]. Cytokines which 
are either secreted by activated cells or secreted after receiving stimulus might assist 
help in normal function of reproductive system [73, 74]. Testicular macrophage is 
the chief source of cytokine in male but Leydig and Sertoli cells are also depicted 
to secrete cytokines. Two types of changes are seen due to inflammation in male 
genitalia; an increase in secretion of seminal fluid leads to redness, local heat and 
depletion in velocity of seminal flow. Cytokines (TNF-α, IL-6, and IL-1) induce the 
oxidative damages that impair the quality of semen and have bad impact on fertil-
ity of male. Raised level of few cytokines in male semen also disrupts the quality, 
density and morphology of sperm. The increased level of TNF-α is linked with low 
sperm count, motility and morphology of sperm. In semen raised level of TNF-α 
induced apoptosis due to proliferation and differentiation of B-cell, T- cell and 
NK cells. At the site of inflammation, the blood vessels are dilated permitting the 
leukocytes in high concentration to migrate out of blood and bind with vascular 
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endothelium. Accumulation of local fluid due to increased permeability causes pain 
and swelling. So different types of disorders either due to hormonal imbalance, 
physical or physiological problems lead to infertility in male [7].

13. Summary

Vast array of knowledge about the structural and functional characteristics of 
spermatozoa has been obtained in last few decades. This study provides an infor-
mation about the molecular composition and mechanism of function responsible 
behind the unique features of spermatozoa. No doubt that the function of sperma-
tozoa is to carry the haploid genome of male and deliver it to the oocyte, so that it 
can fuse with haploid genome of female to begin the development of future genera-
tion. In the last decade the most substantial approaches in knowledge regarding 
spermatozoa have come by using many tools of molecular biology and proteomics to 
recognize the gene and protein controlling composition of spermatozoa and using 
gene targeting method for ascertaining the function of particular gene in sperm. A 
few of these advances are;

a. Determination of calcium channels that helps in motility of sperm.

b. Identification of activated adenylyl cyclase.

c. Phosphorylation of tyrosine flagellar proteins during capacitation.

d. Finding the role of heredity on the structure and function of sperm.

About 15% of couples are diagnosed as infertile and in these cases, male contrib-
utes 40%. Osmatic stress has been recognized as the inducer of male fertility due 
to dysfunction of sperm. It has been depicted that antioxidant defense mechanism 
is disrupted by the production of ROS in large concentration, while only a little 
concentration of ROS is demanded for normal function of sperm. This augmented 
production of ROS has negative impact on spermatozoa quality and damage their 
capacity of fertilizing the egg. ROS itself and their metabolites can cause the death 
of cells by attacking DNA, proteins and lipids, impair the function of the enzymes, 
creating irreparable damage and ultimately results to diminish in semen parameter 
concerned with infertility of male. So, an enhanced knowledge is also needed about 
the composition, organization and function of spermatozoon so that highly specific 
approaches are to be developed to regulate the function of sperm and essential for 
determining the environmental effect on male fertility.
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Chapter 3

Understanding the Epigenetic 
Modifications in Sperm Genome
Eswari Beeram

Abstract

Sperm genome condensation is mainly important as the genome expression 
should be repressed until it is fertilised with oocyte. In most of the mammals, 
protamines play an important role in genome condensation. In humans, histone 
variants were present in germ cells when compared with somatic cells. How suc-
cessful replacement of histones by protamines occurs in most of the mammals is 
an interesting question. Little information is known about transition proteins that 
replace histones with protamines. Apart from condensation, which mechanisms 
prevent expression of X and Y chromosomes in sperm is to be studied. If exposed 
to genotoxic agents like Metosartan that damage testes should also be considered, in 
order for assisted reproductive technologies like in vitro fertilisation to succeed.

Keywords: assisted reproductive technology (ART), intra cytoplasmic sperm 
injection (ICSI), invitro fertilisation (IVF), stem cell factor (SCF), protein dependent 
kinase (PDK), glial cell derived neurotropic factor (GDNF), post translational 
modification (PTM), chromatin assembly factor (CAF), testes specific serine/
threonine kinase 6 (TSSK6), nucleolar organising region (NOR), p- element induced 
wlmphy testes in drosophila (PIWI), a disintegrin and metalloprotease (ADAM)

1. Introduction

Spermiogenesis involves several steps and finally differentiate to A spermato-
gonia from stem cells [1]. Self renewal of stem cells was necessary for production 
of sperm cells throughout the life. C-Kit and SCF play an important role in deter-
mining the germ cell fate. Retinoic acid receptor plays a crucial role in prolifera-
tion of germ cells. Expression of Proteins like PP2A is reduced in later stages of 
the spermiogenesis and differentiation of A- spermatozoa in to B spermatozoa 
occurs through various intermediate stages like Apr, Aal, A1–4 and finally to B- 
spermatozoa. Commitment to B- spermatozoa was followed by meiosis-I and 
ii leading to formation of round spermatids. During the separation of chromo-
somes, cohesins hold the sister chromatids and disassemble after the homologous 
recombination leading to separation of chromosomes, defects in which leads to 
stage IV arrest. The round spermatids undergo several morphological and cyto-
logical changes like elongation of sperm head, acrosome formation and shedding 
of the cytoplasm. During the process, several signalling mechanisms like PDK-
Akt pathway, GDNF-GFR1 pathway, mTOR pathway, and MAP kinase pathways 
operate proceeding to spermiogenesis.
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2. Protamines are originated from histone H1

In humans and mammals histones was replaced by either protamines or histone 
variants in sperm cell. But recent discovery of protamine P1 show both N- terminal 
and C- terminal sequence similarity between each other, and where as histone vari-
ant precursor resembled to that of protamine P2. Histones are basic proteins rich in 
Arg and Lys residues where as protamines in Styela contain polyarginine tracts than 
compared with histones.

Sperm condensation is one of the important criteria to be considered during 
assisted reproductive technologies in order to prevent genetic defects in upcoming gen-
eration. Spermatid formation involves 12–14 steps, and finally elongation of nuclear 
material leads to elongated sperms with acrosome. In sperm, histones are replaced by 
protamines and in humans histone variants are present leading to sperm condensa-
tion. Disulfide bonds contribute additional stability to the condensation as it results in 
interlinking of protamines [2, 3]. Certain PTMs of histones was also one of the epigen-
etic modifications required for condensation. Decondensation of Sperm chromatin 
takes place after sperm penetration in to oocyte which leads to exposure of sperm 
DNA [4] to oocyte reducing agents like glutathione. As known, glutathione reduces 
disulfide bonds between the protamines and relaxing the sperm DNA. From the 
previous reports, agents like SDS, EDTA reduces the disulfide bonds in combined state. 
Glycosaminoglycans like heparin sulphate binds to receptors on sperm membrane and 
promotes decondensation instead with nonsulfated form heparin (Figure 1).

Figure 1. 
Flow cytometry of spermatozoa showing DNA fragmentation. Where (a) is control, (b) is testes treated with 
Metosartan (c) with RNaseA +aspirin and (d) with RNaseA+metosartan.
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Acrosome and mitochondrial sheath formation occurs at 6 and 16 steps of the 
sperm biogenesis. Acrosome vesicles are secreted from the Golgi vesicles and form 
acrosomes cap around the nucleus. Defect with vesicle fusion or vesicle proteins 
leads to abnormalities in sperm head. Mitochondria is the major energy reserve 
of the sperm and the movement of mitochondria occurs through IMT pathways. 
Finally the sperms shed their cytoplasm by forming a cytoplasmic droplet around 
the neck region and remains attached to Sertoli cells until they become mature. 
Apical epistatic interaction involves holding of sperms at Sertoli junctions through 
the help of adherens proteins like NECTIN, Integrin- laminin and cadherin- 
catenin. Loss of Protein leads to premature release of sperms from Sertoli cells into 
the lumen of seminiferous tubules and abnormalities leads to vice versa of the same.

3. Testes-specific histones

H1T1 was one of the variant of linker histone found during pachytene of the cell 
division. H1T2 was the other linker variant found in apical pole of spermatids and 
responsible for male fertility. In case of humans HilS1 is necessary for condensation 
in elongated spermatids. Certain Core histone variants like TH2A and TH2B are 
found to be elevated during elongation of spermatids and whereas the normal core 
histones show low amounts of expression. Gene knock outs of TH2A and TH2B 
induced male infertility but PTMs on core histones compensate the loss of these 
variants in the spermatids [5]. TH2A was found to be present at transcriptional start 
site [6] and where as TH2B is required during leptotene of the cell division.

Other histone variant is with core histone H3 which include H3.3, H3T and 
CenP. H3.3 is present at the stage of spermatids [7] and where as H3T was specifi-
cally expressed in testes and both differ by 5 amino acid residues from core histone 
H3.1. H3.3 represents actively transcripted regions where as H3.1 represents tran-
scriptionally repressive regions and may be involved in replacement of Histones 
by protamines. H3.1 may be required for maintaining the repression of X and Y 
chromosomes where as H3.1 is involved in activating the genes required for transi-
tion protein and protamine synthesis.

Recently, humans contain histone variants instead of canonical histones which 
are subjected to acetylation at H4K5, H4K8, H4K12 and H4K16. In Drosophila H3 is 
also acetylated especially at H3 K9 by Plant domain containing protein PYGO2 and 
responsible for open confirmation of chromatin. Presence of histone chaperones 
as identified recently in Drosophila named CAF1 (Chromatin Assembly Factor) 
and in humans was normal Heat shock protein variant namely HSPA2 (HSP 70.2). 
These chaperones acts as chromatin remodellers and responsible for exchange of 
transition proteins with protamines. ATP dependent remodeller proteins that act as 
histone chaperones was not known up to now, but above mentioned are some of the 
remodellers that help in chromatin remodelling in testes.

4. Various histone modifications during spermiogenesis

Histone modifications like phosphorylation, acetylation and ubiquitination play 
an important role in spermiogenesis [8]. Phosphorylation is found to be common 
on the four core histone proteins, and acetylation was mostly seen in H4, whereas 
ubiquitination was with respect to H2A and B. Phosphorylation and acetylation 
leads to neutralisation of charges on histones whereas ubiquitylation causes Rnf 8 
mediated recruitment of transition proteins and found to be normal in gene knock 
out animals with respect to meiosis and repression of expression in germ cells.
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Methylation is one of the main PTM to be considered during spermiogenesis. 
Lysine methylation is the most common methylation in histones during sper-
miogenesis. To some extent arginine methylation by type iii arginine methylases 
was also one of the common methylation that occurs in protamines like PRM2. 
Methylations like H2BK117 and H2BK121 is required for TH2B replacement in germ 
cells. Methylation in H3K9 was required for maintaining chromatin in repressed 
state [9], and it helps in maintaining some residual nucleosome core histones in 
paternal genome seen in sperm. Phosphorylation of H2A byTSSK6 is required 
for histone acetylation followed by condensation of chromatin [10, 11]. May be 
DNA double strand breaks activate TSSK6 in late spermatids forming ɤH2AX foci 
required for replacement of histones with protamines [12].

Poly ADP-ribosylation is one of the events involved in gene regulation and Cell 
proliferation. ADP-ribosylation was another important modification to be consid-
ered during meiotic programme and also during DNA condensation [13]. Both the 
steps requires ds break formation and as per recent reports poly ADP ribosylation 
was seen during stages of spermatocytes and spermatids but not in case of mature 
spermatids. Ds breaks activates enzyme Poly ADP ribosyl polymerase which was 
taken as a score of DNA damage that proceeds with ds break formation [14, 15].

Methylation, Ubiquitination, acetylation were some of the common modifica-
tions seen in sperm chromatin during late spermatid stages. However sumoylation 
is attributed to centromere and telomeric heterochromatin regions. Presence of 
canonical histones was necessary for the identification of the paternal genome by 
embryo. In late spermatid stage most of the genome mRNA is kept in repressed state 
where as Protamine and transition proteins synthesis occurs in early spermatocytes.

Phosphorylation is one of the PTM that protamine undergoes before its exchange 
with transition proteins. After loading on DNA dephosphorylation and disulfide 
bond formation of protamine occurs. Protamine P2 is synthesised as precursor and 
processed later on in order to get a functional protein. Disulfide bond formation 
mainly occurs during the transit of spermatozoa from caput to cauda. Thiol content 
has positive relation with tyrosine phosphorylation and infertility. Some of the resid-
ual Histones must be required in the sperm cells as it is necessary for gene expression 
and genetic imprinting of certain genes in paternal genome. Phosphorylation of 
protamines was effectively seen at some places and necessary for effective binding 
with DNA. Zinc stabilises the sperm chromatin mainly due to binding to protamines. 
Protamines interacts with toxic metals so pesticides used, damages DNA integrity by 
binding to protamines and some of them may also cause alkylation of protamines.

5. Nuclear basic proteins

Transition proteins TNP1 and TNP2 are involved in transition of histones to 
protamines. TNP2 was responsible for the condensation of DNA through interacting 
with PRM2 by methylating events. TNP1 and 2 are the basic proteins rich in lysine 
and arginine residues where as protamines consists of lysine and cysteines residues 
and loss of protein interactions between TNP2 and PRM2 results in prevention of 
histone replacement with protamines proved by spatiotemporal orientation of these 
genes on chromosome [16]. TNP1 is involved in decondensation of chromatin [17] at 
nucleosome core and relaxing DNA with the help of topoisomerase which removes 
positive supercoiling. TNP1 is also involved in repair of ss breaks of DNA generated 
during the chromatin remodelling. Histones are present as nucleosome core up to 
11–12 step and replaced by TPs at 12–13 steps and by protamines in 13–15 steps. TNP1 
and TNP2 are loaded on to DNA at apposition ends [18, 19] and the mutants of TNPs 
does not alter the expression of protamines PRM1 [20] and 2 (Figure 2).
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Histone to protamine transition involves replacement of histones by protamines. 
From the previous reports, transition proteins play an important role in guiding 
this process. But recent report on male infertility has proved that ubiquitination 
of histones by RNF8 a ring domain containing proteins in the nucleus [21]. This 
protein mainly interacts with MIWI a PIWI protein and sequesters the protein 
RNF 8 in the cytoplasm. This interaction mainly prevents histone replacement by 
protamines even though the expression of protamines and transition proteins are 
normal. In this case not only the replacement of histones, but also the posttransla-
tional modifications in protamines also play a major role in male fertility [22]. For 
example incorporation of Prm2 on chromatin requires phosphorylation of Prm2 to 
attain maturity of the protein so that it can interact with DNA. Phosphorylation of 
Prm2 is carried out by CAMK, loss of which leads to male infertility.

From the recent reports RNF8 is required for ubiquitination of H2A and H2B 
followed by H4 acetylation. Ubiquitinated H2 and H2B acts as platform for binding 
of MOF (Males absent of first) necessary for dosage compensation in drosophila fly 
and adds acetyl groups to H4 leading to free chromatin. The role of RNF8 is limited 
to spermatid stage and post meiotic, and plays an important role in male fertility. 
But how the ubiquitinated histones are protected from degradation by proteasome 
is a major question. But it is solved by spatial and temporal expression of protea-
somal proteins especially in the late spermatid state.

Males defective in genes Tnp1 and Tnp2 does not effect the expression of pro-
teins either protamines or Tnps. But abnormal retention of Tnp1 and 2 is the main 
reason for elevated levels in both Tnp−/− and as well as Tnp+/− mutants. The 
mutations would not affect the transition from histones to protamines. Histone to 
Protamine transition follows inter and intra disulfide bond formation in between 

Figure 2. 
Factors responsible for maintenance of genome integrity from parent to offspring.
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Figure 3. 
Overall schematic representation of condensation and decondensation of sperm DNA.

cysteines of protamines there by centering the amino and carboxy terminal ends 
with DNA binding domain. Disulfide bonds are necessary for further compaction 
of DNA and four of seven cysteines in protamines were involved in disulfide bond 
formation. Reduction of disulfide bonds leads to decondensation of chromatin 
proved by X-ray crystallography. Intra and inter linking of protamines through 
disulfide bond formation occurs at spermatid stage especially during maturation in 
epididymis [23], before to 14 days of their release.

Inhibin B activates mainly five pathways namely GPCR signalling, calcium path-
way [24], MAP kinase pathway, PI3 pathway, Phospholipase A2 pathway. In which 
GPCR signalling, calcium Pathway and MAP kinase pathway causes phosphoryla-
tion of CAMP Responsive Element Modulator (CREM). This will leads to decreased 
expression of Prm2 causing male infertility. As earlier discussed histone—
Protamine replacement requires certain modifications in histones like acetylation. 
In mouse CHD5 promotes H4 acetylation and ablation of this gene leads to retention 
of H3 and decreased condensation of nuclear DNA in head. This gene is expressed 
in both brain and testes but with higher in testes. Haploid insufficiency of gene does 
not have any effect on male fertility but the DNA condensation is affected further 
from step 9 of spermiogenesis [25] with out affecting brain tissue. Abnormality of 
sperm was mainly due to defects in condensation of chromatin [26] but not due to 
other defects like cytoplasmic retention, apical epistatic specialisation, acrosomes 
biogenesis, flagella movement and mitochondrial sheath formation.

6.  ABP as the main molecule for chromatin condensation and 
decondensation

Androgen Binding Protein (ABP) acts as carrier for steroid hormone [27] 
Dihydrotestosterone the potent form of testosterone which acts as acceptor of 
hydrogen atoms. It oxidises disulfide bonds in the nucleus of sperm at the time of 
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maturation in caput epididymis. 3- Hydroxy steroid dehydrogenase is the enzyme 
that has both oxidase and reductase activities but oxidase activity requires activa-
tion by female sex hormones like oestrogens or Progesterone. The enzyme requires 
NADPH as reducing equivalent and later glutathione after oocyte penetration to 
induce decondensation [2]. The process requires 3- diol instead of dihydrotestos-
terone. The steps of condensation are ABP > ABP—Dihydrotestosterone > Nuclear 
Localisation > Release of Dihydrotestosterone > Condensation > Penetration in to 
oocyte by sperm > Decondensation > Decondensation further By Glutathione > 
Reducing disulfide bonds in DNA (Figure 3).

7. Cell cycle analysis in spermatozoa using aniline blue

In S phase the dye uptake is more compared to G1 phase, where as similar in M 
phase as that of the S phase because immature sperms are stained by aniline blue 
and in case of aneuploid and apoptotic cells the dye uptake is low. By aniline blue 
we cannot distinguish the dividing cells from the cells undergoing segregation of 
the nuclear content followed by cytokinesis. The maximum absorption spectrum of 
aniline blue is 234.5 nm which can be used to detect the dye by flow cytometry using 
detector at this wavelength. It is low cost effective compared to propidium iodide but 
it has yet to be used and by this, we can study the aneuploidy, sperm maturity and 
apoptosis of sperm cells by using ejaculated semen sample. Flow cytometry analysis 
of sperm suspension collected from epididymis can be performed after staining with 
aniline blue as protamines exclude aniline blue, only immature sperms takes aniline 
blue so, this property of dye can be used to study sperm maturity by flow cytometry.

8. Understanding the topology of spermatocytes

Spermatocyte recombination mainly occurs by double strand break formation 
and involves interactions between chromosome domains by forming nuclear ter-
ritories. The telocentric chromosomes along with NORs form bouquet like structure 
at the periphery of the nucleus where as metacentric chromosomes at centre of the 
nucleus. If 2n = 24, 8 bivalents are formed and attached to form bouquet structure. 
There was little exchange seen between the nonhomologous chromosomes in Mus 
species so evolutionary importance is less in these species. Heterochromatin sur-
rounding the centromere form the basis for absence of recombination as it encodes 
proteins that keep the centromere integrity.

Constitutive heterochromatin in nucleolus makes the rDNA arrangement with 
difference in different species. Together with proximal arrangement with respect to 
telomere and metacentric chromosomes with NORs in long arms serve as excellent 
models for study of both NORs and bouquet formation, seen in maintenance of 
topology. Bouquet formation is necessary for interaction of chromosomal domains 
in nuclear territories. Two telocentric chromosome forms a single metacentric 
chromosome which forms the basis of recombination.

EtBr is normally used as intercalating dye to study DNA and also to stain 
DNA. Increased concentrations of EtBr causes decondensation of DNA as the 
bonds between the intercalated bases rearrange and results in loop formation. After 
certain concentration of dye, the decondensed DNA will be condensed again, i.e., 
biphasic kinetics was seen with the epididymal sperms. In late elongated spermatids 
histones are already replaced by protamines as cysteines present in protamines 
provide extra stability and these sperms are proven to resistant to DNase I digestion, 
up to shorter time periods.
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9. Molecular chaperones are necessary for male fertility

Molecular chaperones are the proteins, which help in folding of proteins and 
prevent their aggregation. So after spermiogenesis, post testicular maturation in 
requires proteins like chaperones in addition to several other proteins in epididymis. 
Those are the proteins like HSP60, HSP70 family including HSPA2, HSPA5, and 
other than HSP 70 family include chaperonin containing t- complex protein and 
HSP90. HSP 70 plays an important role in maintaining proteins in partially folded 
state and facilitates in transport of those proteins in the membranes. HSPa2 is 
responsible for spermiogenesis and also aids in maturation of sperms. It binds to the 
plasma membrane of sperm along with its co chaperones and forms heterocomplex 
with CDC2 and cyclin B during G1- S phase and G2- M phase transitions. This 
protein is also present in ovial secretions along with HSPA5 and is necessary for 
capacitation of sperms.

As discussed previous the thiol content reflects the tyrosine phosphorylation. 
HSPa2 promotes condensation analogous to decondensation factor and terminates 
signalling by tyrosine phosphorylation. Chaperonin containing t- complex protein 
(CCT) binds to sperm plasma membrane and promotes ZP binding as it promotes 
binding to ZP receptors. CCT protein along with its co chaperones enters the 
sperm through endocytosis of receptor and ligand coated with caveolin protein in 
membrane rafts. This protein is mainly present in t-complex of sperm and prevents 
protein aggregation or misfolding. CCT is mainly composed of 8 subunits in which 3 
subunits form the domains and substrate recognition was through electrostatic and 
hydrophobic interactions, and then transported to the central cavity of the protein.

HSP60 was the other molecular chaperone found in mitochondria and helps in 
transport of proteins in to mitochondria. HSPA5 also known as Bip aids in folding of 
proteins in endoplasmic reticulum and participates in ER stress signalling pathway. 
Like HSPA5 calcium binding protein Calmigen also express in ER and become 
arrested after late spermatid stage. HSPA8 the one of the member of HSP70 and 
was expressed ubiquitously and facilitates binding of sperm to ovum. So, injection 
of this protein with IVF may be useful as it is important for enhanced survival of 
sperm in vivo.

Calmigen and Calsporin were the variants of Calnexin and Calreticulin seen 
in testes and along with ADAM1A, ADAM2 and ADAM 3 were required for sperm 
capacitation by interacting with zona of oocyte and helps in sperm—oocyte interac-
tion. Calreticulin is mainly necessary for calcium oscillations inside the sperm cells 
for hyper activation and capacitation. PDI (Protein Disulfide Isomerase) along with 
Calmigen is necessary for disulfide bond formation and remodelling in sperm.

10. Epigenetic modulations in sperm genome

Histone H3 undergoes demethylation at K9 due to loss of lysine demethylase 
in primordial germ cells after E7.5 days. In meiotic recombination histone mono, 
di tri methylations are responsible for DSBs and recombination. Methylation at 
pericentric regions [28] is responsible for preventing homologous recombination. 
Retrotransposons restrict methylating events and responsible for maintenance of 
genome imprinting. Reduced DNA methylation in retrotransposons leads to gene 
expression in LINE 1 transposons and proteins like PIWI and AUBERGINE under-
goes methylation in repetitive elements of PGC and responsible for gene silencing 
mechanisms [29]. This pattern was found to be conserved in mice and in animals 
and mammals, in addition to mutational hotspots there are some recombination 
hotspots characterised by H3K4me3 and H3K9 acetylation.
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Paternal genomes are hypomethylated compared to maternal genome and in 
Drosophila the protamine eviction was done by DHD (Dead Head) by reducing the 
disulfide bonds with the help of thioredoxin and NADPH. Protamines form oligo-
mers by intrachain disulfide bonds. Molecular chaperone TAP/p32 acts on mono-
meric protamines and causes their eviction and found to be inactive on oligomers. 
DHD interacts physically with TAP/P32 to cause the eviction of protamines from 
DNA and TAP/P32 binds poorly to DNA. DHD normally found in sperm nucleus 
and was degraded after fertilisation. DHD domain was necessary for the reduc-
tion of disulfide bonds, DNA decondensation, and protamine eviction and also 
functions as chaperone. It shares some common properties with thioredoxins and 
also has unique properties necessary for the embryo formation. Mutation in DHD 
domain is non tolerant and results in haploid embryo formation with the absence of 
male pronucleus [30].

Proteomic profile of testes sperm was one of the important researches in 
progress nowadays. Normally in DNA condensing proteins the disulfide bonds 
are oxidised spontaneously and does not require any enzymatic source. There are 
certain proteins in sperm which require enzymes like thioredoxin/Glutathione 
reductase which acts on glutathione peroxidise and induces disulfide bond forma-
tion. Thioredoxin glutathione reductase catalyses isomerisation of disulfide bonds 
in these proteins and the protein was mainly localised at mid piece of mitochondrial 
sheath and was required for structural maintenance of mid piece and tail proteins. 
Those include proteins like mitochondrial capsule selenoprotein, two outer dense 
fibre (ODF) and glutathione-s-transferase M5. Differences in maternal and paternal 
chromosomes mainly occur at pericentric chromosomes, through which epigenetic 
message is conveyed to embryo.

11. Differentiation in meiotic events of sperm and oocyte in C. elegans

In oocyte, synaptonemal complex (SC) is formed along the lateral and central 
axis. In sperms condensation plate is formed after diplotene. Formation of karyo-
somes, [the aggregation of chromosomes] is characterised in both oocytes and 
sperms of C. elegans and other mammals and referred as karyosome stage in C. 
elegans. The meiotic process mainly differs in microtubule dynamics. In oocytes 
chromosome dependent spindle formation is necessary for chromosome segrega-
tion, where as in case of sperms centrioles are present. So, the spindle formation is 
mediated by centrioles.

There are some of the kinetochore differences observed in oocytes and sperms. 
In sperms, outer kinetochore proteins attract the inner proteins. CENP –c is pres-
ent in spermatocytes and CENP- A is present in oocytes. Some of the kinases like 
AIR-2 is present in spermatocytes and PLK-1 is found in oocytes. SYP-1 is necessary 
protein of central element in SC and recruits AIR-2. Mutation in SYP-1 protein 
leads to random distribution of metaphase bivalents. Some of the kinases like AIR-2 
phosphorylates Rec-8 protein which is required for cohesion of sister chromatids. 
Cytokinesis after meiosis −1 is incomplete in both sperms and oocyte without any 
necessity for re condensation of chromatin after diplotene.

12.  Oxidative potential in testes and epididymis is required for 
spermiogenesis

GPRX 4 and PXRX4 are the two enzymes which are mainly required for com-
paction of chromatin in sperm mainly by sulfoxidation of protamines attached to 
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certain proteins in sperm which require enzymes like thioredoxin/Glutathione 
reductase which acts on glutathione peroxidise and induces disulfide bond forma-
tion. Thioredoxin glutathione reductase catalyses isomerisation of disulfide bonds 
in these proteins and the protein was mainly localised at mid piece of mitochondrial 
sheath and was required for structural maintenance of mid piece and tail proteins. 
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chromosomes mainly occur at pericentric chromosomes, through which epigenetic 
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axis. In sperms condensation plate is formed after diplotene. Formation of karyo-
somes, [the aggregation of chromosomes] is characterised in both oocytes and 
sperms of C. elegans and other mammals and referred as karyosome stage in C. 
elegans. The meiotic process mainly differs in microtubule dynamics. In oocytes 
chromosome dependent spindle formation is necessary for chromosome segrega-
tion, where as in case of sperms centrioles are present. So, the spindle formation is 
mediated by centrioles.

There are some of the kinetochore differences observed in oocytes and sperms. 
In sperms, outer kinetochore proteins attract the inner proteins. CENP –c is pres-
ent in spermatocytes and CENP- A is present in oocytes. Some of the kinases like 
AIR-2 is present in spermatocytes and PLK-1 is found in oocytes. SYP-1 is necessary 
protein of central element in SC and recruits AIR-2. Mutation in SYP-1 protein 
leads to random distribution of metaphase bivalents. Some of the kinases like AIR-2 
phosphorylates Rec-8 protein which is required for cohesion of sister chromatids. 
Cytokinesis after meiosis −1 is incomplete in both sperms and oocyte without any 
necessity for re condensation of chromatin after diplotene.

12.  Oxidative potential in testes and epididymis is required for 
spermiogenesis

GPRX 4 and PXRX4 are the two enzymes which are mainly required for com-
paction of chromatin in sperm mainly by sulfoxidation of protamines attached to 
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DNA. PXRX4 is necessary for condensation in testes where as GPRX4 is specifically 
in epididymis. Hydrogen peroxide acts as signalling molecule and causes phosphory-
lation of tyrosine molecules in the receptor, necessary for proliferation of sperm cells 
[31]. Abnormal signalling by hydrogen peroxide leads to sperm cancer which can be 
avoided by reduction of H2O2 by enzymes like SOD and catalase. Totally GPRX4 and 
PXRX4 is necessary for nuclear stability, condensation and spermiogenesis.

13.  Factors responsible for condensation and decondensation of 
chromatin

Zinc is well known for maintenance of membrane stability and found to be 
present in seminal plasma. It is decreased during penetration of sperm in to the 
female reproductive tract and decrease of zinc causes premature decondensation 
of chromatin as it destabilises the sperm plasma membrane. Albumin also binds to 
zinc and accelerates decondensation. In humans heparin is involved in decondensa-
tion of chromatin. Zinc also binds to free thiols and increases stability of chromatin, 
necessary for reducing disulfide bonds and accelerating the reaction (Figure 4).

Few of the recent techniques used for measurement of DNA condensation 
and decondensation include using of TPM motions and energy. Condensation of 
DNA leads to decrease in length as protamines are organised as toroids. Where as 
decondensed chromatin is more in length as protamines are replaced by histones. 
Differences in motions of the DNA attached to the coverslip is captured and 
ultimately the difference in energy. Positive relation is seen between the persons 
with premature decondensation in DNA and infertility and DNA damage based 
on the studies in human subjects. Sperm fluorescent in situ hybridisation is other 
technique used to assess the relation between sperm DNA [32] condensation and 
abnormalities of head.

14.  Assisted reproductive technologies required for success of 
reproductive outcome

ICSI and IVF are the techniques used in assisted reproductive technology, 
in which ICSI resulted in more percentage of PCC (pre mature condensation of 

Figure 4. 
Percentage of cells with DNA fragmentation using different techniques of assessment.
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chromatin) compared to IVF. It is mainly due to lack of activation of oocytes. and 
Pre mature condensation is due to the condensing factors released from the unac-
tivated oocytes without affecting the sperms with intact plasma membrane. The 
main failure for ICSI is due to the injection of whole sperm in to oocytes. Fusion 
of oocytes and sperm membranes activates the oocytes lacking of which, was one 
of the main drawback seen in ICSI [33, 34]. Even damage to sperm membrane is 
another draw back seen with this technique.

Expression of decondensing factors like MPF is transient, as temporal expres-
sion is seen whereas in later stages sperm dependent factor SDF is mainly involved 
in activation of oocytes causing further decondensation of sperm chromatin. IVF 
does not include steps that cause damage to sperm DNA [35] and prevention of 
oocyte activation. The low rate of success is due to many reasons. One of the main 
reasons is DNA damage in spermatozoa. ART involves use of techniques which does 
not involve natural fertilisation. So, there may be chance of DNA damage. Sperm 
DNA lacks repair proteins that aids in protection against DNA damage. So, oocyte 
acts as source for repair proteins as it is active in gene expression. If the DNA dam-
age overwhelms the oocyte capacity it leads to genetic aberrations in future genera-
tions. So, instead of choosing a single technique one has to get through the different 
techniques that help in selecting the single top spermatozoa.

When compared with high DNA damage the rate of pregnancy is more in case of 
IVF compared to ICSI. But in case of miss carriages rate it is more in ICSI compared 
to IVF. The reason is the post paternal factors play a pivotal role in repair of damage, 
and use of testicular sperm is helpful in ICSI if there is repeated miss carriages and 
low pregnancy rates. The assessment of sperm genome integrity is limited because 
different techniques used gives different outcomes. But SCSA is useful to assess 
testicular sperm for good outcome of results. Finally the outcome of ICSI cannot 
be predicted with respect to DNA condensation in both testicular sperm collected 
by biopsy and ejaculated spermatozoa in terms of pregnancy, cleavage and embryo 
formation.

15. Summary

Condensation of sperm genome was necessary for maintaining genome integrity 
by transition of histones by transition proteins which in turn by protamines. These 
proteins undergo some of PTM namely phosphorylation, Acetylation, poly ADP 
ribosylation and methylation. Further stability in interaction between DNA and 
protamine involves addition of disulfide bonds to form interlinking protamines. 
Dihydrotestosterone acts as hydrogen donor and acceptor in testes and necessary 
for maturation of sperms. Zinc acts as stabiliser of Genome through its interaction 
with protamines and toxicity due to metals responsible for male infertility [36] is 
due to interaction of these metal ions with protamines. So, safe ART is required to 
maintain genome integrity in offspring.

16. Metosartan acts as genotoxic agent of testes

Metosartan induces endometrial carcinoma in testes and causes changes in 
chromatin dynamics and causes prematurity in sperms. It causes competitive and 
non competitive inhibition of RNase present in male Wistar rats. It also decreases 
the sperm count, motility and induces abnormalities in sperm structure. It also 
causes apoptosis in both testes and sperm by increasing the permeability of 
mitochondria.
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chromatin) compared to IVF. It is mainly due to lack of activation of oocytes. and 
Pre mature condensation is due to the condensing factors released from the unac-
tivated oocytes without affecting the sperms with intact plasma membrane. The 
main failure for ICSI is due to the injection of whole sperm in to oocytes. Fusion 
of oocytes and sperm membranes activates the oocytes lacking of which, was one 
of the main drawback seen in ICSI [33, 34]. Even damage to sperm membrane is 
another draw back seen with this technique.

Expression of decondensing factors like MPF is transient, as temporal expres-
sion is seen whereas in later stages sperm dependent factor SDF is mainly involved 
in activation of oocytes causing further decondensation of sperm chromatin. IVF 
does not include steps that cause damage to sperm DNA [35] and prevention of 
oocyte activation. The low rate of success is due to many reasons. One of the main 
reasons is DNA damage in spermatozoa. ART involves use of techniques which does 
not involve natural fertilisation. So, there may be chance of DNA damage. Sperm 
DNA lacks repair proteins that aids in protection against DNA damage. So, oocyte 
acts as source for repair proteins as it is active in gene expression. If the DNA dam-
age overwhelms the oocyte capacity it leads to genetic aberrations in future genera-
tions. So, instead of choosing a single technique one has to get through the different 
techniques that help in selecting the single top spermatozoa.

When compared with high DNA damage the rate of pregnancy is more in case of 
IVF compared to ICSI. But in case of miss carriages rate it is more in ICSI compared 
to IVF. The reason is the post paternal factors play a pivotal role in repair of damage, 
and use of testicular sperm is helpful in ICSI if there is repeated miss carriages and 
low pregnancy rates. The assessment of sperm genome integrity is limited because 
different techniques used gives different outcomes. But SCSA is useful to assess 
testicular sperm for good outcome of results. Finally the outcome of ICSI cannot 
be predicted with respect to DNA condensation in both testicular sperm collected 
by biopsy and ejaculated spermatozoa in terms of pregnancy, cleavage and embryo 
formation.

15. Summary

Condensation of sperm genome was necessary for maintaining genome integrity 
by transition of histones by transition proteins which in turn by protamines. These 
proteins undergo some of PTM namely phosphorylation, Acetylation, poly ADP 
ribosylation and methylation. Further stability in interaction between DNA and 
protamine involves addition of disulfide bonds to form interlinking protamines. 
Dihydrotestosterone acts as hydrogen donor and acceptor in testes and necessary 
for maturation of sperms. Zinc acts as stabiliser of Genome through its interaction 
with protamines and toxicity due to metals responsible for male infertility [36] is 
due to interaction of these metal ions with protamines. So, safe ART is required to 
maintain genome integrity in offspring.

16. Metosartan acts as genotoxic agent of testes

Metosartan induces endometrial carcinoma in testes and causes changes in 
chromatin dynamics and causes prematurity in sperms. It causes competitive and 
non competitive inhibition of RNase present in male Wistar rats. It also decreases 
the sperm count, motility and induces abnormalities in sperm structure. It also 
causes apoptosis in both testes and sperm by increasing the permeability of 
mitochondria.
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Abstract

The human ovary is a complex structure that is controlled by endocrine, para-
crine, and autocrine mechanisms. The number of eggs retrieved after controlled 
ovarian stimulation in in vitro fertilization depends on the physiological follicular 
reserve pool of ovaries. Ovarian reserve is decided genetically and decreases with 
advancing age and gets affected by ovarian surgery, chemotherapy, radiotherapy, 
and autoimmune disorders. Environmental influences like chronic smoking, hyper-
glycemia, and conditions interfering ovarian vascularity also reduce the ovarian 
reserve. This chapter summarizes the methods to assess the ovarian reserve. This 
helps in deciding the initiating dose of gonadotropins for controlled ovarian hyper 
stimulation for optimal follicular response.

Keywords: ovary, controlled ovarian hyper stimulation, in vitro fertilization,  
ovarian reserve, ovulation

1. Introduction

Each natural ovulatory menstrual cycle has a 25% probability of spontaneous 
conception. Infertility is investigated when there is failure to conceive naturally 
following 1 year of unprotected intercourse in cases where the female is ≤35 years 
of age or following 6 months of unprotected intercourse for women >35 years of 
age. In 40% of the cases it can result due to female factor, in another 20% of cases 
it’s the male factor, which is the cause, and combined factors can cause infertility in 
about 20% of cases. The causative female factors can be further classified into tubal 
factors (40%), ovulatory factors (40%), uterine factors (10%) and cervical factors 
(10%). The commonest etiology of female infertility is ovulation dysfunctions and 
fallopian tube anatomical and physiological obstruction. The cornerstone first line 
examinations and investigations for the subfertile couple should detect of ovula-
tion and pituitary and ovarian secretion of hormones by hormonal assay (early 
follicular FSH and LH levels, mid-luteal progesterone) to assess the endogenous 
hypothalamo-pituitary-ovarian endometrial axis, and evaluation of tubal patency 
and function by diagnostic hysterolaparoscopy. GnRH hormone in hypothalamo-
pituitary portal circulation cannot be detected in peripheral blood samples.

2. Physiology of folliculogenesis

Ovaries are almond-shaped organs located in the pelvis on either side of the 
uterus. In addition to production of ova the ovaries are also a distinct endocrine 
organ producing hormones primarily estrogen and progesterone that are very 
important for normal reproductive function. The adult ovary can be divided into 
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3 main regions superficial to deep. These are the a. Cortex that consists of tunica 
albuginea ovarian follicles (primordial, primary, secondary, small medium, large 
Graafian follicles, and corpus luteum, atretic follicles. The B. medulla consists of 
blood vessels and nerves in connective tissue. The innermost hilum contains large 
spiral arteries and Leydig cells.

Normally the ovary produces a single dominant follicle in each menstrual cycle 
that undergoes maturation and results in ovulation (Figure 1). The granulosa cells 
of the growing follicles produce estradiol during the first half of the menstrual 
cycle or the follicular phase. The folliculogenesis begins with recruitment of a 
primordial follicle into a pool of growing follicles and it is a long process almost a 
year for a primordial follicle ultimately resulting in ovulation of the follicle or death 
by atresia. The process of folliculogenesis can be divided into 2 phases. First phase 
is “preantral” or “gonadotrophin independent” phase, where there is growth and 
differentiation of oocyte. The preantral phase mainly controlled by local factors 
growths factors by autocrine and paracrine processes. The second phase is the 
“gonadotrophin dependent” phase or the “antral phase” when there is a fast growth 
in the size of the follicle itself and it is under the control of gonadotrophin. The 
Antral phase is regulated by FSH and LH and also by paracrine growth factors that 
cause intracellular signaling and multiplication of cells.

The process of this folliculogenesis goes through multiple sub phases too. These 
include: 1. primordial follicle recruitment; 2. preantral follicle development; 3. 
Selection and growth of antral follicle; and 4. follicle atresia. The primordial follicle 
is the reproductive unit of ovary. It gives rise to dominant follicle. In human female 
fetus, primordial follicles are formed 6 and 9 months of gestation and many of 
the primordial follicles undergo apoptosis. The number of primordial follicles 
decreases progressively due to recruitment and apoptosis and very few of them are 
present after menopause. Primordial follicle recruitment is completely dependent 
on paracrine mechanism largely controlled by growth factors especially TGF-beta 
superfamily.

A primary follicle is in the next sequence that has the presence of one or more 
cuboidal granulosa cells arranged in a single layer around the oocyte. The most 
important event at this stage is the FSH receptor expression and oocyte growth and 

Figure 1. 
Folliculogenesis, ovulation and corpus luteal formation.
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maturation. Granulosa cells express receptors for FSH at this stage and the stimulus 
for this is FSH itself. Further development of primary follicle into preantral follicle 
is FSH dependent. The development of primary follicle is associated with striking 
change in oocyte too. Even there is a development of intimate connections between 
oocyte and granulose cells through the transzonal oocyte processes and gap junc-
tions (cumulus oophorus complex). FSH is an important factor in supporting 
follicle growth after antrum formation and in also preventing apoptosis thus it is a 
survival factor for antral follicles. Thus FSH plays a very important role in selection 
and dominant follicle development. The proliferation of granulosa cells is a very 
important feature for development of dominant follicles. FSH is the most important 
factor for granulosa cell proliferation.

As the granulosa cells proliferate and a dominant follicle develops it acquires the 
capacity to produce estradiol. FSH mediates the granulosa cells to acquire the above 
potential. The progressive increase in estradiol production by the dominant follicle 
from Day 7-Day 12 of menstrual cycle is only possible due to increased levels in 
P450AROM gene expression by FSH in granulosa cells.

The physiologic mechanism by which dominant follicle produces estradiol is 
the two cells two-gonadotrophin concept. When FSH recruits follicles to preovula-
tory development, their granulosa cells develop LH receptors, start undertaking 
aromatization and also inhibin production. Inhibin has the capability to increase 
LH stimulated thecal androgen production. LH receptors are present on theca cells 
throughout the menstrual cycle. LH acts on theca cells to produce primarily andro-
stenedione and to a lesser extent testosterone. Theca cell synthesized androstene-
dione is transported by paracrine circulation into the granulosa cells. In granulosa 
cells androstenedione and testosterone are aromatized to estrone and finally into 
estradiol by 17-β-hydroxysteroid dehydrogenase type I. This is known as the two-
cell, i.e., theca cell and follicular cell, two-gonadotropin, i.e., FSH and LH and two 
hormone, i.e., estradiol and progesterone theory of regulation of estrogen synthesis 
in the human ovary as shown in Figure 2. Granulosa cell derived inhibin takes 
part in a paracrine mechanism communicating with theca cells and thus amplify-
ing androgen synthesis. This theca cell derived androgen is converted to estradiol 
in granulosa cells of preovulatory follicles. Inhibin B has an early follicular phase 
elevation and lower values after ovulation. Thus it suggests Inhibin B is a granulosa 
cell product and can be a marker for follicular function, oocyte number and thus 
plays a role in follicular development in early part of the cycle.

2.1 Follicular phase

The follicular phase starts from the first day of menstrual cycle D1 until ovula-
tion. Basal body temperature chart normally shows lower values during this phase. 
Development growth trajectories of the ovarian follicles characterize this first 
phase of the cycle. Folliculogenesis starts during the last few days of the preceding 
menstrual cycle and continues till the release of the mature follicle at the time of 
ovulation. The primary development of the follicle to the preantral follicle is not 
gonadotropin dependent, and further follicular growth beyond this point requires 
gonadotropin action.

The secretion of gonadotropins from anterior pituitary is regulated by gonado-
tropin releasing hormone (GnRH), steroid hormones, and various peptides released 
by the dominant follicle. The growth of follicular size and number of granulosa cells 
in each follicle leads to an increase in estradiol serum concentrations in the early 
follicular phase. FSH receptors exist only on the granulosa cell membrane. There is 
increase in the number of FSH receptors with the gradual rise in serum FSH levels 
during the late follicular phase. The rise in serum FSH along with the rise in FSH 
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receptors leads to an increase in estradiol secretion by granulosa cells. It has to be 
noted at this point clearly that the increase in FSH receptor numbers is due to an 
increase in the population of granulosa cells and not an increase in the concentra-
tion of FSH receptors per granulosa cell. FSH has a positive stimulating effect for 
the formation of LH receptors on granulosa cells thus allowing the production of 
small quantities of progesterone and 17-hydroxyprogesterone (17-OHP) that exert a 
positive feedback on the estrogen-primed pituitary to augment luteinizing hormone 
(LH) release. Without LH, the increased progesterone synthesis from granulosa 
cells under the influence of FSH advances the endometrium and the resulting 
asynchronous development reduces the chances of embryo implantation (Figure 2). 
This phenomenon is also called as ENLOP or Elevated Non Luteinised Origin of 
Progesterone leading to displaced window of implantation. The addition of LH in 
follicular phase reduces premature progesterone increase and improves the likeli-
hood of implantation and clinical pregnancy.

FSH is elevated during the early follicular phase, declines as estradiol secretion 
increases from the granulosa cells, has a second rise before ovulation and then 
begins to decline until ovulation. FSH also stimulates several steroidogenic enzymes 
including aromatase, and 3β-hydroxysteroid dehydrogenase (3β-HSD). The second-
ary rise of FSH is important for inducing LH receptors on theca cells and granulosa 
cells and thereby preparing for the action of LH surge.

2.2 Luteal phase

The positive feedback from the rising estrogen levels during the follicular phase 
results in gradual increase in LH level by mid follicular phase that is low to start with 
during the early follicular phase. Estradiol levels must be greater than 200 pg/mL for 
approximately 50 hours in duration for the positive feedback effect of LH release to 
occur. During the early follicular phase, LH secretion occurs at a pulse frequency of 

Figure 2. 
Theca and granulosa cells (two cells) respond to luteinizing hormone and follicle stimulating hormone (two 
gonadotropins) to produce 17-OH progesterone and estradiol (two hormones).
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60 to 90 minutes with relatively constant pulse amplitude. During the late follicular 
phase prior to ovulation, the pulse frequency and may be amplitude of LH secretion 
increases. LH pulse amplitude increase results in ovulation [1, 2]. After ovulation 
corpus luteum is formed and theca cells continue to secrete progesterone.

The reduction of steroid production by the corpus luteum and the sudden fall of 
inhibin A allow the follicle stimulating hormone (FSH) to increase during the last 
few days of the menstrual cycle. In the late luteal phase, as corpus luteum lso degen-
erates there is no the estrogen and progesterone secretion from the ovary resulting 
in FSH rise because of increased GnRH pulsatile secretion. This elevation in FSH 
is very crucial for the recruitment of a cohort of ovarian follicles in each ovary out 
of that one follicle will be destined to ovulate during the next menstrual cycle. As 
menstruation starts the FSH levels begin to decline due to the negative feedback of 
estrogen and the negative effects of inhibin B produced by the developing follicle 
[1, 2]. The cyclical hormone changes are depicted in Figure 3.

3. Ovarian reserve

Ovarian reserve plays an important role in achieving pregnancy following any 
treatment in infertile and sub fertile women. The main function of the ovary in a 
woman is the production of a mature and viable oocyte that is capable of fertiliza-
tion and subsequently leads to an embryo development and implantation. At birth, 
each ovary has a fixed number of oocytes available for folliculogenesis during the 
later life. This fixed number of available oocytes is termed as “the ovarian reserve” 
of the woman. Delayed childbearing, voluntary or involuntary, is a common 
feature in couples visiting fertility clinics nowadays as they are career oriented and 
mostly working. The estimation of ovarian reserve is routinely performed prior to 
interventions through various ovarian reserve tests (ORTs) in an effort to predict 
the response and outcome in couples in vitro fertilization techniques and to even 
counsel them. The ovarian reserve estimation has to be routinely performed prior 

Figure 3. 
The cyclical harmonious balance of gonadotropin secretion from pituitary and estrogen and progesterone 
secretion from ovary results in LH surge resulting in final maturation of oocyte and ovulation.
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to any interventions for infertility through various ovarian reserve tests (ORTs) in 
an effort to predict the response and outcome in couples seeking help for infertil-
ity treatment such. The widely used tests are basal follicle stimulating hormone, 
Anti-Mullerian Hormone (AMH) and Antral Follicle Count (AFC). Ovarian reserve 
reduction is a physiological phenomenon characterized by declining follicular pool 
and oocyte quality. The reduction of ovarian reserve starts at about 30 years in 
south Asian population and at 35 years in Caucasians [3].This rate of age-related 
reduction of follicle count in the human ovary is more than doubles when numbers 
fall below a critical figure of 25,000 at ~37.5 years of age [4].

3.1 Ovarian reserve testing

Ovarian reserve tests (ORT) serve as an indirect measures of a woman’s remain-
ing follicular pool when she presents herself for infertility treatment. ORT should 
be easy to perform, should be sensitive, specific, valid, and help to individualize 
the starting dose of gonadotropins for multifollicular development. The ovarian 
reserve testing helps to differentiate normoresponders, hyporesponders, and hyper-
responders. Ovarian reserve is deciphered through a number of markers. These 
markers also help to prognosticate poor responders. Ovarian reserve is predicted 
clinically using a combination of clinical, biochemical and biophysical tests.

The tests are being used all over the world but the sensitivity and specificity of 
these test to detect the oocyte number, quality, and fecundity has to be still ascer-
tained with further research [5]. More recently, their value in predicting hyper-
response and hypo response and thus using safe stimulation regimes to prevent 
OHSS is also explored [2]. The interpretation of the results of the ovarian reserve 
test is complicated by the lack of uniform definitions for hypo or hyper-responders 
and uniform threshold values to identify abnormal results. Several static and 
dynamic ovarian functional markers like biological (age), biochemical, biophysical, 
and histological tests have been used to identify ovarian reserve [1, 2].

In most cases of decreased ovarian reserve, the cause remains undetected. In 
specific cases like exposure to chemotherapy, pelvic irradiation, and genetic abnor-
malities there is a premature decrease in ovarian pool of oocytes. Cigarette smoking 
has been associated with a decrease in ovarian reserve. With diminished ovarian 
reserve a reproductive age woman has regular periods with normal or shortened 
duration of menstrual cycles but there is a decrease in response to ovarian stimula-
tion and fecundity. Thus women of same age can differ in their response to ovarian 
stimulation and thus the fecundity can vary.

3.1.1 Age

It is long established that ovarian reserve reduces progressively with age. This is 
due to a combination of two factors the body ‘spending’ the eggs through routine 
ovulation and the ovaries aging and preparing for menopause. Individual varia-
tion of the ovarian reserve can be explained by the two instances given as- a young 
woman with certain reproductive health problems may start out with smaller than 
the normal reserve of healthy eggs, and some women’s reserves decrease more 
quickly than others with age. Fecundity in both natural and stimulated ovarian 
cycles declines with maternal age, beginning in the late 20s and becoming more 
abrupt in the late 30s. The fall in ovarian reserve with age in is a universal phenom-
enon in all ethinic groups. The initiation and rate of this decline varies considerably 
with ethinicity. Calender Age per se cannot determine ovarian responses. Ovarian 
reserve can also be traced indirectly by other biochemical and biophysical markers 
of ovarian function [6–11].
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3.1.2 Basal follicle stimulating hormone

One of the most classically used biochemical levels to measure ovarian reserve 
is the Basal follicle stimulating hormone (FSH) levels measured on day 3 of the 
menstrual cycle. An increase in FSH levels occurs due to follicle depletion as the 
age of the woman progresses [9, 10]. The measurement of FSH is easy, and inex-
pensive reproducible and its specific. FSH levels are known to have diurnal, intra- 
and intercycle variations that have to be kept in mind. There is definite precise 
parameter value to detect a woman with poor ovarian reserve. A vague demarking 
values more than 25 IU/L was used arbitrarily in some studies to detect high basal 
FSH. Several subsequent reviews did not identify values to satisfy the specificity 
and sensitivity for basal FSH as a test for poor ovarian response to stimulation or 
prediction of non-pregnancy. In women with regular menstrual cycles, FSH can 
predict a poor response adequately only at very high levels, and hence will be help-
ful only to a small number of women as a screening test for ovarian reserve testing 
and further counseling. It is thus clear that the ovarian aging begins several years 
prior to any elevation in FSH levels is noted and thus a normal test cannot rule out 
a poor ovarian response in some women. When FSH level is combined with other 
markers it can be used to counsel couples and planning treatment option regarding 
a poor response but it should not be used to exclude regularly cycling women from 
ART. The specificity of basal FSH testing in a general sub-fertile population or 
elevated levels in young, regularly cycling women is thus unclear and needs further 
studies [11–13]. Additionally the reliability of FSH is challengeable because of its 
pulsatile and circadian release and its isoforms. There are no cut off values available 
to predict poor responders.

3.1.3 Anti-Mullerian hormone

Anti-Mullerian hormone (AMH) is a dimeric glycoprotein exclusively produced 
by granulosa cells of preantral (primary and secondary) and very small and small 
antral follicles (2–6 mm) in the ovary. The serum levels of AMH reflect the number 
of follicles that have made the transition from primordial pool into the growing 
pool but still it is not under gonadotrophin control. The secretion of AMH starts 
once there is a follicular transition from the primordial to the primary stage, and it 
continues until the follicles reach till the follicles attain antral stages of diameters 
2–6 mm. The number of the small Antral Follicles indirectly reflects size of the 
primordial follicle pool. With the decrease in the number of the antral follicles 
with age, AMH production seems to reduce and become undetectable at and after 
menopause. The physiological function of AMH is to modulate primordial follicle 
recruitment. It inhibits the action of FSH on follicular growth and selection. AMH 
is considered to be reflective of FSH independent follicular growth, so it is a direct 
measure of ovarian reserve. AMH reflects qualitative and quantitative assessment 
of ovarian reserve. AMH levels also strongly correlate with basal antral follicle 
count (AFC) measured by transvaginal ultrasonography. Serum AMH levels corre-
late inversely with age from 25 years onwards and reaches undetectable levels after 
menopause, thus AMH levels is an important ovarian reserve marker. Serum AMH 
levels can be measured on any day of the cycle and does not exhibit inter-cycle vari-
ability unlike other biochemical markers. Threshold values of 0.2–1.26 ng/ml, have 
been used to identify poor responders with 80–87% sensitivity and 64–93% speci-
ficity. Thus by understanding of its clinical implications, AMH too has the potential 
to predict a hyper-response during treatment as well. The nomograms of the values 
of AMH can predict and identify the age-related physiological decline in the AMH 
levels and thus ovarian reserve, and abnormal deviation in the levels of AMH can be 
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used for counseling couples wishing to delay childbirth. Still the available evidence 
is not sufficient enough to suggest that serum AMH can be used as a single marker 
to predict pregnancy. Furthermore, studies of the levels of follicular fluid AMH has 
shown that oocytes obtained from follicles with higher levels of AMH have a better 
fertility potential compared to those with lower AMH levels [14–16]. Serum AMH 
estimations have also been useful to diagnose “Transitional Ovarian Failure” and 
“Insipient Ovarian Failure.”

Studies conducted longitudinally in fertile women have clearly shown a decline 
in serum AMH levels with progressing age. AMH is one of the earliest markers to 
show a decline progressively in young women with aging thus offering the prob-
ability of a screening test for women to counsel against delay in childbirth. Levels of 
0.5–1.26 ng/ml of AMH suggests impending menopause in next 3–5 years [17, 18]. 
AMH is also a most promising marker for predicting age of natural menopause too. 
The serum levels of AMH are not controlled by hypothalamus pituitary axis that 
makes it important marker in diagnosing conditions such as PCOS and premature 
ovarian failure.

3.1.4 Inhibin B

Inhibin B is a glycoprotein hormone produced by small ovarian follicular granu-
losa cells and thereby it is an indirect indicator of the follicular pool. Inhibin B is not 
a reliable parameter for measuring ovarian reserve though serum levels <45 pg/ml 
have been associated with poor response to controlled ovarian stimulation since it 
is not a reliable predictor of pregnancy. Inhibin B levels are lower in poor respond-
ers than in women with normal ovarian reserve. Inhibin B levels if exaggerated in 
stimulated cycle is an indicator of hyper response thus it can be used to monitor the 
response to exogenous FSH. Use of Inhibin B as a sole predictor of ovarian response 
is not recommended [19].

3.1.5 Basal estradiol

Estradiol is a steroid hormone secreted by the granulosa cells of the growing 
ovarian follicles. Day 2 or Day 3 basal estradiol is commonly assessed for observ-
ing the early oocyte development. Estradiol also exerts a negative feedback on the 
secretion of FSH from the pituitary thus high basal estradiol can reduce the FSH 
levels. Thus it is a helpful parameter in combination with FSH to establish the 
baseline ovarian reserve. Elevated basal estradiol has been associated with a poor 
response to ovarian stimulation. An early rise in serum estradiol is a characteristic 
sign of reproductive aging and can lower the elevated basal FSH into normal range 
thus resulting in misinterpretation of the test.

4. Clomiphene citrate challenge test

This is a dynamic test of ovarian function. This basically involves the Day 3 test-
ing of basal FSH levels and serum estradiol. Administering 100 mg of Clomiphene 
citrate tablets per day for 5 days from Day 5 to Day 9 of the cycle follows this. The 
FSH level is measured on Day 10 of the cycle. In cases of low reserve FSH is elevated 
on Day 10. FSH is the primary stimulus for final follicular maturation. It is under 
negative feedback from estradiol and inhibin B. Basal FSH levels are elevated it 
indicates a diminished follicular pool. Clomiphene citrate challenge test is a good 
predictor of ovarian reserve but not an absolute indicator of ovarian hypofunction. 
Thus the clinical value of CCCT is not clearly better than basal FSH and AFC in 
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combination. The Day 3 or Day10 FSH levels more than 10 mIU/ml is considered 
abnormal by most studies. Though there are different opinions still CCCT remains 
a gold standard in testing ovarian reserve. The justification of this test is that as the 
ovarian follicle develops in patients with normal ovarian function and will produce 
levels of inhibin and estradiol sufficient enough to suppress FSH production by 
Day 10 of the cycle concerned [20].Other dynamic tests used are GAST (GnRH 
Analogue Stimulation Test) and EFFORT (Exogenous FSH Ovarian Reserve Test).

5. Ultrasound parameters

5.1 Antral follicle count

After menarche, gradually a regular bi-fortnight ovulation is established. The 
immature oocyte covered with granulosa and theca cells rests in a small fluid filled 
cavity called as the antral follicle. These small fluid filled cavities are visualized 
sonologically in early follicular phase. These reflect follicles that were selected 
from the primordial follicle in this wave (wave theory of folliculogenensis) and so 
the antral follicle counts may vary in various mentstral cycles. There is no clear-
cut consensus on the criteria to identify antral follicles. Various litreture reviews 
suggest that the follicles with a diameter of 2 to 10 mm can be considered as AFa 
[5, 21]. Thus, the antral follicle count (AFC) is the number of follicles with cavity 
less than 10 mm in diameter with Transvaginal Ultrasound (TVUS) imaging in the 
early follicular phase of the cycle (Figure 4a–c). Antral follicle count is a quantita-
tive aspect of ovarian aging. As a direct marker of the cohort of growing follicles 

Figure 4. 
(a) Ovarian antral follicular count in hypo responders; (b) ovarian antral follicular count in normal 
responders; and (c) ovarian antral follicular count in hyper responders.
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in the early menstrual cycle, the AFC is believed to correlate strongly with the 
number of primordial follicles present in the ovary and, thus, the ovarian reserve. 
Antral Follicles are routinely measured by 2 D transvaginal ultrasonography in the 
early follicular phase, by taking the mean of two perpendicular measurements. 
Inversion made is useful for counting multiple follicles. The numbers of follicles 
in both ovaries are added for the total Antral Follicle count. (AFC). AFC has been 
predominantly used as a marker of ovarian reserve over a period of time. A count of 
8–10 is taken as a normal response of ovaries. Different diameters are used to define 
antral follicles of varying sizes as those measuring 2–6 and 7–10 mm. There is no 
clear consensus regarding the size of antral follicles, which truly represent ovarian 
reserve. The number of small antral follicles (2–6 mm) is significantly related to age 
and also to all endocrine ORTs tested, suggesting the number of small antral fol-
licles represents the functional ovarian reserve. It is seen that the number of antral 
follicles of 2–6 mm in size decreases with age and correlates with other markers such 
as serum basal FSH and CCCT whereas follicles of size 7–10 mm remains constant 
and thus, the former appears to be a more reliable marker of ovarian reserve. 
Measurements taken repeatedly of the antral follicles have shown that there is only 
a limited intercycle variability. 3D ultrasound imaging also does not carry any better 
advantage in comparison to 2D ultrasound for the detection of functional ovarian 
reserve [22–25]. Meta-analyses showed that women with AFC less than four were 
8.7 times more likely not to get pregnant after IVF (two studies; 95% CI,) than 
women with AFC four or more. The sensitivity and specificity of AFC to predict 
cycle cancelation was 66.7 and 94.7%, respectively [21].

5.2 Ovarian volume

The volume of the ovaries is calculated by imaging and callipering the ovary 
in three perpendicular planes with using the formula of ellipsoid volume as 
(L1 × L2 × L3 × π/6). An alternative automatic method is calculation of Ovarian 
volume through “virtual organ computer-aided analysis” or VOCAL. The predictive 
performance of ovarian volume toward poor response is clearly inferior compared 
with that of AFC. Therefore, the AFC may be considered the test of first choice 
when estimating quantitative ovarian reserve before IVF. Total Basal Ovarian 
Volume (BOV) is obtained by adding the volumes of both. The ovarian volume is 
constant till the perimenopausal period and the measurement does not increase the 

Figure 5. 
Doppler ovarian stromal vascularity measurements with 2D doppler calculation of pulsatility index and 
resistivity index.
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positive predictive value of AFC. Furthermore, the decrease in the Basal Ovarian 
Volume is a very late phenomenon women >40 years [25, 26]. Ovarian volume 
measurement, at a cut off value of 3 cm3, showed specificity for prediction of cycle 
cancelation and non-pregnancy of 92% (three studies, 95% CI, 89–94) and 93% 
(three studies, 95% CI), respectively [21].

5.3 Ovarian stromal vascularity

The observation of the ovarian stromal Doppler flow during ovarian stimulation 
has been studied in IVF cycles. Poor ovarian stromal vascularization impairs the access 
of gonadotropins to the ovarian follicles. Power Doppler US in combination with 3D 
VOCAL is an appropriate approach for correlating the ovarian vascular network with 
the ovarian response to ART. The gradual increase in the Doppler flow noted during 
stimulation may provide additional information to AFC (Figure 5) [27–36].

6. Conclusion

Ovarian pathophysiology is complex. Ovarian folliculogenesis follicular rupture 
and luteal transition should be studied elaborately. Endometrial evaluation should 
be also done in a nonstimulated cycle. Serum hormone values should be measured 
in normal non-induced menstrual cycle to study the ovarian reserve and detect any 
undiagnosed synchronizing defects in embryo invasion and endometrial implanta-
tion window. Sonoendocrinology is a new imaging science deciphers the hormonal 
action on target organs. Antral follicle count, at a cut off value of less than four, 
had high specificity for the prediction of cycle cancelation in assisted reproduction. 
Ovarian volume, at a cut-off value 3 mL3, had high specificity for the prediction of 
non-pregnancy and cycle cancelation in assisted reproduction. Doppler studies of 
ovarian stromal blood flow are promising, but more research is needed. AFC and 
ovarian volume provide direct measurements of ovarian response, while AMH, 
Inhibin B and estradiol are released from the growing follicles and so they reflect 
the follicular cohort that has been selected from the follicular pool.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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the ovarian response to ART. The gradual increase in the Doppler flow noted during 
stimulation may provide additional information to AFC (Figure 5) [27–36].

6. Conclusion

Ovarian pathophysiology is complex. Ovarian folliculogenesis follicular rupture 
and luteal transition should be studied elaborately. Endometrial evaluation should 
be also done in a nonstimulated cycle. Serum hormone values should be measured 
in normal non-induced menstrual cycle to study the ovarian reserve and detect any 
undiagnosed synchronizing defects in embryo invasion and endometrial implanta-
tion window. Sonoendocrinology is a new imaging science deciphers the hormonal 
action on target organs. Antral follicle count, at a cut off value of less than four, 
had high specificity for the prediction of cycle cancelation in assisted reproduction. 
Ovarian volume, at a cut-off value 3 mL3, had high specificity for the prediction of 
non-pregnancy and cycle cancelation in assisted reproduction. Doppler studies of 
ovarian stromal blood flow are promising, but more research is needed. AFC and 
ovarian volume provide direct measurements of ovarian response, while AMH, 
Inhibin B and estradiol are released from the growing follicles and so they reflect 
the follicular cohort that has been selected from the follicular pool.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
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Chapter 5

Paternal Effects on Embryonic, 
Fetal and Offspring Health: The 
Role of Epigenetics in the ICSI and 
ROSI Era
Jan Tesarik

Abstract

Paternal effects on the developmental potential of human embryos have been 
studied since the early 1990s, particularly with respect to newly emerging assisted 
reproduction technologies. Both genetic and epigenetic paternal effects can influ-
ence postfertilization development and cause implantation failure or miscarriage. 
However, it is only over the last few years that issues related to paternal effects 
associated with different assisted reproduction techniques on the health status of 
newborn and adult progeny have been focused. At the same time, new findings 
point out different, yet unexplored, areas of research into the potentially responsi-
ble factors, including the activity of the sperm-derived oocyte-activating factor and 
the oocyte signaling pathways mediating its action, the methylation status of both 
imprinted and non-imprinted genes, correct replacement of sperm nuclear prot-
amines with oocyte-derived histones, the histone acetylation status, and the func-
tion of sperm-borne small RNAs. It is increasingly important to know how these 
developmentally important epigenetic regulators can be altered in the context of 
the current micromanipulation-assisted fertilization techniques, intracytoplasmic 
sperm injection (ICSI) and round spermatid injection (ROSI). Last but not least, 
transgenerational transmission of acquired, environmentally conditioned disorders 
from fathers to offspring is a newly emerging issue which warrants further research.

Keywords: paternal effects, embryonic health, fetal health, offspring health, 
epigenetics, ICSI, ROSI, assisted reproduction, epigenetic inheritance

1. Introduction

There are two types of paternal factors involved in problems of embryonic, fetal 
and offspring health: the genetic ones and the epigenetic ones. The terms “hard” 
and “soft” inheritance, first introduced in 1980 [1], are increasingly used to refer to 
the genetic and epigenetic inheritance, respectively [2, 3]. These terms reflect very 
nicely the nature of the two kinds of inheritance. The genetic inheritance, the hard 
one, is based on transmission of DNA sequences, and it is this type of inheritance 
which has been the main subject of human genetic studies for the past 60 years. On 
the other hand, a number of studies carried out over the past 20 years have revealed 
that phenotypes are affected by more complex layers of information besides DNA 
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sequences. These factors, interposed between the DNA sequence of a gene and 
its phenotypic expression, are termed epigenetic marks and can be modified by 
environmental exposures [4].

This chapter reviews the current knowledge about the factors affecting epi-
genetic marks in human gametes and embryos and about the ways how improper 
function of the male gametes during the process of fertilization can influence 
further embryonic and fetal development, with particular attention to possible 
adverse epigenetic effects related to the new micromanipulation-assisted fertiliza-
tion technologies, intracytoplasmic sperm injection (ICSI) and round spermatid 
injection (ROSI).

2. Hard and soft hereditary elements

Hard hereditary elements are stable DNA sequences constituting specific genes 
that can only be modified by mutations or deletions. The system of soft hereditary 
elements is made up by a variety of molecules (epigenetic factors) that interact with 
each other and determine if, and to what extent, individual genes will be expressed 
at any given time of life. Early studies into epigenetic regulations in mammals largely 
focused on two constitutive events: genomic imprinting [5, 6] and X chromosome 
inactivation [7, 8]. However, later studies have pointed out that epigenetic regulation 
is a much more ample phenomenon than thought previously, involving a number of 
both imprinted and non-imprinted genes, and their role is particularly important in 
developmental processes, such as embryogenesis and organogenesis [9].

DNA methylation at the 5′ position of cytosin in CpG dinucleotides [2, 10] 
and histone acetylation are the two most widely known processes involved in 
epigenetic regulations. However, more recent studies have revealed other players in 
these complex processes, especially non-coding RNAs (siRNAs, microRNAs, and 
 piRNAs) [11–18], some of which have been detected in the germline [14, 15, 17, 18], 
as well as factors regulating higher-level organization of chromatin [19, 20]. Some 
of these elements can be modified by environmental factors leading to alternate 
gene expression [18–20].

3. Gamete and embryo epigenetics

In spite of the ample knowledge about epigenetic mechanisms involved in gene 
expression control during the early embryogenesis fetal development and adult 
life [9], the environmental epigenetic inheritance through gametes was initially 
thought impossible because of the belief that all epigenetic marks, including DNA 
methylation, histone acetylation status and small RNAs, are completely erased and 
subsequently reset during germline reprogramming [21]. In mammals, these events 
take place both in the germline and in zygote immediately after fertilization [21, 
22]. However, it is now known that this reset is not complete, and some parental 
imprinted loci can resist the global demethylation after fertilization, owing to the 
action of different mechanisms [23–26]. These findings explain previous observa-
tions on transgenerational transmission of environmentally conditioned disorders. 
For instance, the incidence of effects of parental ionizing irradiation on genomic 
instability in the offspring is too high to be explained by radiation-induced muta-
tions which occur at a substantially lower rate [27]. Epigenetic inheritance through 
gametes can also explain transgenerational transmission of obesity [28, 29], diabetes 
[30, 31], and some types of cancer [32, 33].

77

Paternal Effects on Embryonic, Fetal and Offspring Health: The Role of Epigenetics in the ICSI…
DOI: http://dx.doi.org/10.5772/intechopen.88589

All these data converge to suggest that epigenetic marks carried by the fertil-
izing spermatozoon are important for a variety of physiological and pathological 
processes that can affect offspring throughout life.

4. Potential sources of paternal epigenetic issues

It has been known since the early 2000 that human embryonic development 
is subject to paternal effects that can affect not only the early postfertilization 
events but also later phases of preimplantation and postimplantaion develop-
ment [34–36]. Two types of paternal effects were distinguished: the early 
paternal effect and the late paternal effect [35]. The early paternal effect was 
reflected by an impairment of postfertilization development as early as the 
1-cell zygote stage and subsequently was often associated with irregular cleav-
age divisions and blastomere fragmentation [34]. The late paternal effect was 
not detectable during the early cleavage stages, but became manifest after the 
8-cell stage [35, 36]. Unlike the early paternal effect, the late paternal effect was 
often, though not always, associated with abnormally increased levels of DNA 
fragmentation in the father’s sperm [35]. Both types of paternal effect reduced 
the chance of pregnancy [36].

In view of more recent data about sperm epigenetics, the meaning of these early 
observations can now be extended and reinterpreted. Since both the early and the 
late paternal effect were evaluated only in patients treated by intracytoplasmic 
sperm injection (ICSI), facilitating fertilization with spermatozoa carrying differ-
ent morphological and functional abnormalities, which would not be capable of 
fertilizing oocytes by their proper means, the analysis of the resulting embryos can 
yield valuable information about the impact of sperm abnormalities and immatu-
rity on fertilization and early development.

4.1 Fertilization with abnormal spermatozoa

ICSI has made it possible to achieve fertilization, embryonic and fetal devel-
opment and childbirth by using spermatozoa with severe morphological and 
functional abnormalities. However, these abnormalities cannot be blamed for 
most of the negative paternal effects observed in ICSI-derived embryos. In fact, 
data have shown that fertilization with spermatozoa from certain individuals 
consistently leads to the formation of embryos with developmental abnor-
malities detectable as early as the 1-cell zygote stage [34]. Interestingly, these 
 abnormalities almost always included abnormal pattern of the formation of 
nucleolar precursor bodies (NPBs) in the zygote pronuclei [34], as character-
ized previously [37]. The process of NPB assembly in human zygotes requires 
an early onset of RNA synthesis activity in the adjacent chromatin regions [38, 
39]. The nature of the RNA molecules synthesized at this stage is unknown, but 
they are likely to be non-coding ones, since the first signs of embryonic gene 
 expression can only be detected between the 4-cell and the 8-cell stage of the 
human preimplantation development [40–42]. These non-coding RNA species 
may be involved in the early epigenetic events that condition further embry-
onic development. Interestingly, the assembly of NPBs and the accompanying 
 pronuclear RNA synthesis coincide with the assembly of microtubule organizing 
centers in human zygotes [43], and abnormalities of NPB assembly are associated 
with abnormal development of human preimplantation embryos [37, 44] and an 
increased risk of embryo aneuploidy [45].
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Some conditions potentially responsible for sperm epigenetic abnormalities, 
such as advanced paternal age [46], tobacco smoking [47], and various lifestyle 
factors including dietary habits, physical activity or alcohol consumption [48], have 
been pointed out. However, a more comprehensive analysis of factors involved in 
these phenomena remains a big challenge for future research.

4.2 Fertilization with immature male germ cells

The final stage of sperm maturation is achieved during sperm passage through 
the epididymis. However, spermatozoa recovered directly from the testis [49, 50] 
and even round spermatids [51–55] are able to fertilize human oocytes and generate 
normal offspring when incorporated into oocytes via ICSI and ROSI, respectively. 
Moreover, live offspring was born in mice after fertilization with secondary sper-
matocytes [56], and in humans after fertilization with round spermatids developed 
in vitro from germ cells of men with spermatogenic arrest at the primary spermato-
cyte stage [57, 58].

Recent reports on the postnatal development of 108 babies born after fer-
tilization of oocytes by round spermatid injection (ROSI), 90 of them in Japan 
and 18 in Spain [59], did not show any significant differences as compared with 
naturally conceived babies in either physical or cognitive development during 
the first 2 years after birth, and none of them developed any of the syndromes 
associated with genomic imprinting defects [59]. Thus, the use of immature male 
germ cells for fertilization, in spite of the still relatively low success rates, does 
not appear to be associated with an increased risk of epigenetic abnormalities in 
the offspring.

4.3 Disorders of paternally induced oocyte activation

As discussed in the previous sections, human embryonic development appears 
to be particularly sensitive to epigenetic events taking place during an early phase 
of the fertilization process, referred to as oocyte activation. Oocyte activation has 
been extensively studied since the mid-1990s, especially in relation with the new 
technologies. Both ICSI and ROSI avoid the initial contact between the surfaces of 
the fertilizing spermatozoon and the oocyte preceding their fusion during natural 
fertilization. Yet, this contact activates a series of signal transduction events that 
participate in physiological oocyte activation [60, 61].

These early signal transduction events are obviously by-passed when oocytes 
are fertilized by ICSI. This shortcut, however, does not prevent fertilization in most 
mammalian species. In fact, sperm-induced oocyte activation is driven by repeated 
rises of free cytosolic Ca2+ ions, referred to as calcium oscillations, mediated by 
periodic release and uptake of calcium by two types of calcium stores (basically 
endoplasmic reticulum), one opened by inositol trisphosphate (IP3) and the other 
by the very increase in free cytosolic calcium in its  vicinity [62, 63]. In order to 
sustain the periodic calcium oscillations, the oocyte’s calcium stores have to be 
sensitized by a soluble factor released from the fertilizing spermatozoon, initially 
called “oscillin” and later identified as a special form of phospholipase C (PLC) 
referred to as PLCζ [64]. Even in the absence of the initial contact between the 
sperm and oocyte surfaces, the release of PLCζ from the injected spermatozoon to 
the oocyte cytoplasm, together with an early extracellular calcium influx produced 
by the ICSI procedure itself, is sufficient to sustain calcium oscillations needed for 
proper oocyte activation [65]. However, the temporal pattern of the oscillations 
after ICSI (Figure 1) is slightly different from that following sperm-oocyte fusion 
(Figure 2). The release of PLCζ from the spermatozoon to the oocyte cytoplasm 
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marks the spatial pattern of the first calcium rise, which propagates in a wave-like 
manner from the sperm position site across the oocyte (Figure 3).

Figure 1. 
Oscillations of free cytosolic Ca2+ concentration induced by sperm-oocyte fusion, recorded by confocal 
microscopy in a living human oocyte loaded with fluorescent calcium indicator Fluo-3 as described [65].

Figure 2. 
Oscillations of free cytosolic Ca2+ concentration after ICSI (arrow), recorded by confocal microscopy in a living 
human oocyte loaded with fluorescent calcium indicator Fluo-3 as described [65].
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In spite of the fact that the slight difference in the temporal pattern of the first 
sperm-induced calcium rise does not appear to have any impact on zygote and 
embryo development, the frequency and duration of the ongoing calcium rises have 
been shown to affect embryo development in different mammalian species [66–68] 
including the human [69]. Recent findings have pointed out the possibility that 
inherent abnormalities of the sperm-born PLCζ, but also in the oocyte response 
mechanisms, including steps downstream of the calcium releasing machinery, may 
influence mitotic divisions and gene expression during subsequent development 
and have to be considered an additional epigenetic risk factors to be taken into 
consideration in relation with the current-assisted fertilization technologies [70].

5. Current clinical experience

Several studies have suggested that both IVF and ICSI may increase the risk of cer-
tain types of birth defects in general [71–73] and heart defects in particular [74, 75]. 
However, there does not appear to exist a significant difference between the children 
conceived by conventional IVF and by ICSI [76, 77]. During the early years of its use, 
ICSI was preferentially employed in cases of poor sperm quality, while conventional 
IVF was used in cases with normal or nearly normal sperm, and the lack of significant 
differences between the outcomes of conventional IVF and ICSI suggests that sperm 
quality, as reflected by spermogram, spermocytogram and other standard sperm 
evaluation methods, has little, if any, impact on the health of offspring. Hence, the 
trend toward a higher risk of birth defects after IVF and ICSI as compared with natu-
ral conception is likely to be related to different, largely sperm-independent factors, 
such as the underlying cause of infertility, higher maternal age or a higher incidence 
of twin pregnancies [75, 78].

Even though there is no strong correlation between the conventional sperm 
parameters and ICSI outcome, sperm abnormalities, especially morphological ones, 
were shown to be associated with different genetic and epigenetic abnormalities 
[79], such as increased sperm DNA fragmentation [80] or abnormal patterns of 
DNA methylation [81]. Morphological abnormalities of the human sperm head 

Figure 3. 
Spatial propagation of the first sperm-induced increase in free cytosolic Ca2+ concentration, recorded by confocal 
microscopy in a living human oocyte loaded with fluorescent calcium indicator Fluo-3 as described [65].
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have been shown to be associated with different types of genetic abnormalities 
[79], increased sperm DNA fragmentation [80] and different potentially harmful 
epigenetic factors, such as abnormal patterns of DNA methylation [81] and the 
absence or defective function of the sperm-derived oocyte-activating factor [82]. 
These observations explain the findings of increased implantation and pregnancy 
rate and decreased miscarriage rate [83–85], as well as a significantly decreased risk 
of major birth defects [86, 87], with the use of high-magnification ICSI (IMSI) as 
compared with conventional ICSI, although some studies failed to confirm these 
differences [88, 89].

As to fertilization by ICSI with immature (testicular) spermatozoa and by round 
spermatid injection (ROSI), the initial fears that incomplete or defective DNA 
methylation and chromatin configuration of these immature germ cells might cause 
syndromes related to genomic imprinting abnormalities [90] were not confirmed. 
In fact, no increase in the frequency of health problems caused by genomic imprint-
ing abnormalities, such as Beckwith-Wiedemann, Prader-Willi, and Angelman 
syndromes, has been detected in children born after ICSI with testicular sper-
matozoa [91] and ROSI [59]. A recent study [92] has suggested that the supposed 
increase of imprinting errors, present in the sperm of infertile patients, does not 
have an obvious influence on assisted reproduction outcome or the imprinting of 
offspring, probably because the imprinting errors in sperm are selectively discarded 
or corrected during development [20, 93].

In contrast to the reassuring clinical data concerning the potential epigenetic 
risk of using abnormal and immature male germ cells for fertilization, there is 
increasing concern about the possible transmission of epigenetic abnormalities and 
diseases acquired during the father’s life via his spermatozoa. This risk is difficult 
to evaluate with the use of currently available diagnostic methods because it is not 
necessarily associated either with sperm morphology or with its DNA integrity. It 
was actually demonstrated in humans that nutritional status and physical activity 
levels were associated with dynamic epigenetic changes in spermatozoa, includ-
ing DNA methylation patterns and small RNA expression [94–97]. This kind of 
acquired epigenetic changes in spermatozoa is suspected to mediate transgenera-
tional epigenetic inheritance of neurological disorders [95] and susceptibility to 
diabetes [31] and obesity [96, 97], and this list does not appear to be definitive, 
since new evidence of environmentally driven sperm-borne epigenetic factors, 
which are capable of altering the phenotype of the next generation, is emerging on 
a large scale. Paternal aging [46] and smoking [47] were also shown to affect sperm 
DNA methylation patterns, with still ill-defined developmental and health conse-
quences for the offspring.

6. Future prospects for paternal epigenetic diagnosis and treatment

Abnormal patterns of sperm DNA methylation, small RNA expression, and 
chromatin configuration can now be detected with a relative ease. However, many 
of these abnormalities lack clinical significance because they might be corrected 
during fertilization and postfertilization development. The mechanisms responsible 
for this repair are still largely hypothetical and poorly understood. However, they 
are very likely to exist because a recent publication, based on the analysis of 1280 
IVF-related treatment cycles, did not show any influence of either male age or 
sperm parameters on clinical pregnancy and live birth outcomes [92], in spite of the 
existence of data suggesting that there are very clear consequences of aging in the 
sperm epigenome that can be directly detected in DNA methylation patterns [46]. 
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Obviously, further studies are needed to assess whether any effects of male age and 
sperm parameters on the offspring health status can be detected later in life.

In order to be able to distinguish between “benign” paternal epigenetic altera-
tions that can be repaired spontaneously, on the one hand, and clinically relevant 
alterations that can cause negative effects on the embryonic, fetal and offspring 
health, studies are needed to relate DNA methylation status of specific genes and 
the expression pattern of specific small RNAs with specific developmental abnor-
malities. This work can be done by analyzing nucleic acids extracted directly from 
sperm cells or by using the “liquid biopsy” approach, based on the use of soluble 
nucleic acids isolated from blood plasma or seminal fluid. This latter approach is 
particularly interesting in azoospermic men so as to avoid the need for testicular 
biopsy to obtain a sample.

The identification of the developmentally relevant sperm epigenetic abnor-
malities is a necessary pre-requisite to design possible therapeutic interventions. 
These may go from relatively simple to more complex ones. It has been shown in 
the mouse that several waves of microRNAs and tRNA fragments are shipped to 
sperm during post-testicular maturation in the epididymis [98]. If some pathogenic 
paternal epigenetic signals are conveyed to sperm essentially during epididymal 
passage, ICSI with spermatozoa retrieved surgically from the testis, the technique 
already used with success in men with elevated levels of sperm DNA fragmentation 
[99, 100], might be a relatively simple and immediately available solution. If this 
approach is not possible, other, more sophisticated technologies, such as injecting 
specific microRNA molecules, capable of repairing specific epigenetic defects, into 
the early zygote [98] or induction of DNA methylation of the genes of interest by a 
Dnmt3-type de novo DNA methyltransferase targeted to the corresponding sperm 
DNA sequence by a nuclease-inactivated CRISPR variant (dCas9) [101], may be 
explored.

7. Conclusions

Since the availability of cell micromanipulation technologies enabling fertiliza-
tion of human oocytes by ICSI with immature (testicular) spermatozoa and by 
round spermatid injection (ROSI), the role of paternal factors on embryonic, fetal, 
and offspring health needed a profound revision. While genetic abnormalities 
contributed by injected spermatozoa or spermatids can be controlled by preim-
plantation genetic testing and usually lead to a miscarriage, sperm-borne epigenetic 
abnormalities are much more difficult to detect and may be at the origin of different 
health problems throughout the offspring life. The current knowledge of the origin, 
nature, and mechanism of action of these sperm-borne epigenetic factors is outlined 
in this chapter. Surprisingly, in spite of multiple types of sperm epigenetic abnormal-
ities associated with defective spermatogenesis and male aging, the current clinical 
experience is reassuring. In fact, no significant increase in the prevalence of diseases 
attributable to abnormal genomic imprinting was detected in children conceived by 
testicular spermatozoa or spermatids, probably because of the existence of efficient 
repair mechanisms acting in postfertilization stages of development.

By contrast, there is increasing evidence suggesting that transgenerational 
inheritance of paternally acquired epigenetic abnormalities via spermatozoa is more 
frequent than previously thought and can occur even in cases with normal conven-
tional sperm parameters and during natural conception. The known pathologies 
transmitted in this way include neurological disorders, obesity, and diabetes, and 
their list is in continuous expansion. Future diagnostic and therapeutic possibilities 
applicable in these cases are discussed.
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Chapter 6

Implantation: Cross Talk of 
the Developing Embryo and 
Endometrium
Lauren Grimm, Amber Cooper, Angie Beltsos  
and Roohi Jeelani

Abstract

The window of implantation has long posed as a challenge in understanding the 
exact synchronized cross talk that must take place in order for a developing embryo 
to be appropriately received by the endometrium. This is due mostly to the fact 
that it is difficult to study human models of implantation without sacrificing the 
potential for pregnancy. For many who present with a diagnosis of infertility with 
an otherwise unexplained etiology, recurrent implantation failure or a displaced 
window of receptivity may be an underlying, silent cause. As assisted reproductive 
technology (ART) continues to advance and offer new scientific breakthroughs 
allowing greater insight and understanding to reproductive failure and infertility, 
endometrial receptivity testing may offer answers to struggling patients.

Keywords: window of implantation, uterine receptivity, endometrium, blastocyst, 
embryo

1. Background

In order for pregnancy to occur, two events must take place:

1. Fertilization: the moment the sperm fertilizes the oocyte

2. Implantation: the moment the developing embryo meets the uterus, creating a 
nest from which to grow and develop

Following fertilization, the developing embryo must embed itself within the 
endometrium. In order for this to take place, both the embryo and uterus require the 
secretion and suppression of specific proteins that allow for implantation, including 
the expression of adhesion molecules on the cell surface, secretion of growth factors, 
and morphologic cell differentiation. Similarly, the embryo must also have developed 
to the blastocyst stage and be able to secrete appropriate protein factors for invasion 
and immunosuppression. These events between the embryo and endometrium must 
occur concomitantly in order for proper implantation to occur. If either the embryo 
or endometrium is asynchronous to the other, implantation will not take place, 
inducing the next cycle of menses. While great scientific advances have been made in 
the field of assisted reproduction since its inception in 1978, it is only within the last 
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Figure 1. 
The menstrual cycle: ovarian hormone production and uterine phase diagram.

10 years that we have really begun to understand this intricate network of synchro-
nized events that allows the embryo and uterus to meet and become one.

2. The window of implantation

The uterus is constantly preparing itself for the possibility of implantation. As 
will be described in depth throughout this section, the uterus undergoes two phases 
throughout the normal menstrual cycle. To quickly summarize, following regular men-
ses, estrogen released from the growing follicles in the ovaries causes the uterine lining 
to grow and thicken in what is known as the uterine proliferative phase. Following 
ovulation and the release of the oocyte into the canal of the fallopian tubes, the result-
ing corpus luteum acts to secrete progesterone, which plays a vital role in the ability of 
the endometrium to become receptive and available for implantation. This phase of the 
uterine cycle that correlates to the luteal phase of the menstrual cycle is known as the 
secretory phase, characterized by increased vascularization of the endometrium, uter-
ine secretions, and reduced contractility of the surrounding smooth muscle [1]. While 
the uterine secretory phase lasts for about 2 weeks, coming to an end with the onset of 
menses, the window of implantation is thought to only occur over the course of a few 
hours, roughly 7–9 days following the LH surge or 6–8 days after ovulation (roughly 
days 20–24 of the menstrual cycle). During this time, the cells of the endometrial lining 
form small, finger-like protrusions, known as pinopods, which act to absorb fluid and 
macromolecules within the uterus. As the embryo begins to invade the endometrial tis-
sue, a variety of cytokines, glycoproteins, and plasminogens are secreted by the embryo 
and uterus alike, allowing for changes in the cytoskeleton of decidual cells in the uterus 
and adhesion of the embryoblast to the succeeding layers of the endometrium [2]. Once 
implantation is complete, the embryo can continue to grow and develop into a matur-
ing fetus, receiving blood and nutrients from the mother (Figure 1).

2.1 The proliferative phase

The proliferative phase of the endometrium corresponds with the follicular phase 
of the menstrual cycle. As estrogen is produced and released by the granulosa cells of 
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the developing follicle, it is secreted into the bloodstream where it can bind a number 
of tissues, including the brain, breasts, uterus, and ovaries. As it pertains to the 
uterus, estrogen binds to estrogen receptors (ER; alpha and beta) in the cytoplasm 
or nucleus of endometrial glandular and epithelial stromal cells. The resulting E2-ER 
complex can then directly interact with the promoter regions of specific sequences 
of DNA related to the G1 phase of the cell cycle and induce mitotic proliferation by 
regulating cyclins, cyclin-dependent kinases (cdk), and cyclin-dependent kinase 
inhibitors [3]. One of these cyclins includes cyclin E, which increases in concentra-
tion during the endometrial proliferative phase and in response to estrogen signal-
ing. Along with cdk2, cyclin E is believed to be the rate-limiting activator of G1 to S 
phase [4]. Other cyclins that are directly regulated by binding of the E2-ER complex 
include cyclin B1 and cyclin D1 [3]. Throughout the ovarian follicular phase, as 
serum estrogen levels continue to rise in response to folliculogenesis, the transcrip-
tion of cell cycle-related genes in the endometrial tissue increases.

Estrogen not only has a transcriptional effect on endometrial tissue but on a vari-
ety of other important proteins is necessary for uterine preparation. This includes 
the induction of a variety of cytokines and growth factor proteins that help to 
stimulate uterine lining proliferation and endothelial growth. Many of these growth 
factors include transforming growth factors (TGF family), epithelial growth factor 
(EGF), and platelet-derived growth factor (PDGF), which all help to contribute to 
an overall thickened endometrium [5]. However, one of the most important growth 
factors that aids in the building and thickening of the endometrium is vascular 
endothelial growth factor (VEGF), which is believed to mediate angiogenic activ-
ity within the endometrium. The expansion of heavy vasculature throughout the 
endometrial lining contributes to not only an abundant supply of nutrients to the 
growing tissue but also a rich supply of vasculature for the growing fetus to attach to 
following implantation.

As the uterus continues to prepare for the moment of implantation, estrogenic 
binding also results in the presentation of progesterone receptors on the cell surface 
[3]. This effect on endometrial cells is important as the uterus begins to prepare to 
enter into the next uterine cycle phase.

2.2 The secretory phase

Once ovulation has occurred, estrogen levels abruptly decrease, resulting in a 
shift of the endometrium from the proliferative phase to the secretory phase. Once 
the oocyte is released from the surrounding granulosa cells, the resulting follicle 
turns into a corpus luteum that begins to secrete progesterone. Progesterone (p4) 
is one of the key steroid hormones that contributes to the ability of implantation to 
be successful. While estrogen ensures the endometrial lining is thick and heavily 
vascularized, progesterone makes the uterine lining sticky, providing the perfect 
environment to accept a growing embryo.

With the onset of ovulation and the dramatic decrease in estrogen levels, much of the 
proliferation that had previously taken place along the endometrial surface of the uterus 
begins to slow down. There is a slowing down of proliferation rather than a complete 
halt due to the small amount of estrogen the corpus luteum continues to secrete follow-
ing release of the oocyte [6]. However, with the induction and secretion of progesterone 
now underway, the endometrial lining shifts focus in its preparation for implantation. 
One of the ways progesterone aids in this shift is via the activation of cyclin-dependent 
kinase inhibitor p27. As a reminder, following the formation of the E2-ER complex, 
initiation of transcription and translation of cycle E, and its partner cdk2, provides 
initiation of the mitotic cell cycle within the endometrial tissue. However, p27 acts as an 
inhibitor of this complex and thus prevents cell cycle progression [4]. Therefore, via the 
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tion of cell cycle-related genes in the endometrial tissue increases.
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now underway, the endometrial lining shifts focus in its preparation for implantation. 
One of the ways progesterone aids in this shift is via the activation of cyclin-dependent 
kinase inhibitor p27. As a reminder, following the formation of the E2-ER complex, 
initiation of transcription and translation of cycle E, and its partner cdk2, provides 
initiation of the mitotic cell cycle within the endometrial tissue. However, p27 acts as an 
inhibitor of this complex and thus prevents cell cycle progression [4]. Therefore, via the 
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secretion of p4 and the induction of an active p27, endometrial proliferation is down-
regulated during the uterine secretory phase (Figure 2).

Apart from slowing down proliferation, much of the secretory phase of the 
uterine cycle consists of the transcription and translation of molecules necessary for 
embryo implantation. Implantation can be classified into three stages: apposition, 
adhesion, and invasion [2]. During blastocyst apposition, the embryo makes its way 
across the endometrial lining and is guided towards the optimal spot for adhesion. 
Once the embryo subsequently anchors to the endometrial lining, the embryo-
endometrial binding can no longer be dislodged from uterine flushing [2]. It is at 
this point the embryo can begin to invade the endometrial lining tissue. As you will 
see, much of this process uses many of the same biomarkers and molecules well 
known to the immune system and necessary for cellular migration, adhesion, and 
invasion during infection.

2.2.1 Apposition

Blastocyst apposition is primarily thought to take place as a result of mucins that 
line the basal lamina of the endometrium. Mucins are a heavy molecular weight gly-
coprotein that contain an intracellular cytoplasmic tail and a variable extracellular 
domain. Of all the mucins known to exist within the human genome, only Mucin-1 
(MUC1) and Mucin-6 (MUC6) have been found in the human endometrium [7]. 
When highly expressed along the endometrial cell surface, MUC1 and MUC6 
interfere with cellular adhesion between the embryo and uterine lining due to steric 
hindrance.

Normally, the apical surface of epithelial cells found throughout the body are 
protected by a shield of thick glycocalyx that is highly composed of mucins meant to 
guard the tissue surface from any surrounding pathogens. In the case of the endome-
trium, MUC 1 extends beyond this thick glycocalyx barrier, repelling the blastocyst 
from premature adhesion until it finds the optimal space and time for implantation. 
It has been found that the distribution and regulation of MUC1 and MUC6 var-
ies throughout the menstrual cycle, in which both are downregulated right before 
implantation in the mouse model [8]. Thus, it is believed that the high progesterone 
levels exhibited during the window of implantation must inhibit MUC1 and MUC6 
expression, thus facilitating embryo to endometrium interactions.

2.2.2 Adhesion

The primary type of molecules that contribute to cell-to-cell adhesion of the 
developing embryo and endometrium are cellular adhesion molecules (CAMs). 

Figure 2. 
Blastocyst hatching, followed by implantation via apposition, adhesion, and invasion of the endometrial tissue.
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The CAM family of proteins is composed of four known members: integrins, 
cadherins, selectins, and immunoglobulins. How these adhesion molecules aid in 
embryo to endometrial linkage and embryonic invasion can be seen in Figure 3.

To start, a large variety of integrins have been associated with the luminal and 
glandular endometrial cells of the endometrium [9]. Most integrins are consistently 
expressed throughout the basal lamina of the uterine lining. However, some are 
expressed and regulated at specific times throughout the menstrual cycle. These 
include cycle-specific integrins a1b1, a4b1, and aVb3, which have been shown 
to be co-expressed during the window of implantation [10]. Similarly, integrins 
have been found to be expressed by the human trophoblast at the time of optimal 
implantation of the embryo. It is thus thought that integrins play a significant role 
in endometrial and embryonic adhesion, in which the integrins present on both 
the epithelial surface of the endometrium and the trophoblast of the developing 
embryo bind to specific extracellular matrix components [10, 11]. The ECM compo-
nents are typically thought to include oncofetal FN secreted by the trophoblast and 
osteopontin, which has been positively identified by immunohistochemistry of the 
receptive endometrium [11].

It is true that just like the rest of the uterine cycle, ovarian steroid hormones 
also play a large role in the expression and inhibition of adhesion molecules like 
integrins. Accordingly, integrin aVb3 expression has been shown to be induced by 
EGF, among other growth factors, and negatively regulated by estrogenic factors 
[12]. Therefore, during the proliferative phase, high E2 levels effectively suppress 
integrin expression on the endometrial cell surface, while luteal phase progesterone 
acts to downregulate estrogen receptor activity, thus indirectly mediating the acti-
vation of integrin activity. Progesterone also has a direct effect on the presentation 
of integrin ligands, like osteopontin, by stimulating its gene expression [13].

Selectins, specifically L-selectin, of the CAM family of proteins also play a 
major role in blastocyst adhesion and implantation. L-selectin consists of a large, 
heavily glycosylated extracellular domain, and a small cytoplasmic tail, similar 
to that of integrins. Selectins are best known to play important roles in leukocyte 

Figure 3. 
Embryo epithelial interactions during implantation at a glance.
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secretion of p4 and the induction of an active p27, endometrial proliferation is down-
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Figure 2. 
Blastocyst hatching, followed by implantation via apposition, adhesion, and invasion of the endometrial tissue.
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transendothelial cellular trafficking. Just like with leukocytes, selectins have been 
found to be heavily expressed along the trophectoderm of the blastocyst [14]. The 
endometrium, on the other hand, thus expresses oligosaccharide-based ligands such 
as HECA-452 and MECA-79 that bind selectively to L-selectin on the embryonic 
cell surface [14]. While MECA-79 has been shown to be immunolocalized along the 
luminal and glandular epithelium of the endometrium, its expression is known to 
intensify during the mid-secretory phase, in which implantation typically occurs 
[15]. Previous experimental findings suggest that the interaction between L-selectin 
on the trophoblast cells and its oligosaccharide ligand on the endometrium may 
make up the initial step in the implantation process of embryonic binding [16].

2.2.3 Invasion

Once adhesion has taken place, invasion of the embryo into the endometrial 
lining is necessary for continued blastocyst development. Cellular adhesion mol-
ecules play a role not only in the adhesion of the blastocyst but also in its invasion of 
uterine tissue. The most well-understood example of this is the downregulation of 
cadherins among the endometrial cells.

Biomarkers present during embryo implantation as seen in the mouse model and 
human endometrium.

Cadherins consist of a group of glycoproteins that are responsible for calcium 
(Ca+)-dependent cell-to-cell adhesion mechanism. Among the three subclasses, E-, 
P-, and N-cadherins, E-cadherin represents the most studied subclass in relation to 
implantation. The regulation of E-cadherin at the epithelial cell surface enables cellular 
control [17]. Intracellular Ca+ is essential in the E-cadherin regulation and assembly, 
in which a rise in intracellular Ca+ induces a signaling cascade that results in cytoskel-
etal reorganization and the disassembly of E-cadherins between cellular junctions. 
Consequently, calcitonin expression is induced by increased progesterone secretion, 
which results in an increase in intracellular Ca+ concentrations [18]. This specifically 
seems to take place during the mid-secretory phase, at which time the window of 
implantation is implicated to occur. It is thus believed that progesterone indirectly 
regulates E-cadherin expression via the calcitonin pathway, providing the developing 
blastocyst an opportunity for invasion, following initial apposition and adhesion.

2.2.4 Histologic dating

Back in 1950, Noyes et al. described histologic dating of the endometrium [19]. 
For decades, histologic dating was a commonly used tool to diagnose a displaced 
window of implantation based on the endometrial samples’ physical appearance. 
In some women, the menstrual cycle date can lag behind the actual cycle date [2]. 
When the menstrual cycle lags more than 2 days from the actual cycle date, the 
endometrium is considered “out of phase.” For those that were diagnosed with an 
out of phase endometrium, exogenous hormonal supplementation could be used to 
treat and manipulate the window of implantation.

While histologic endometrial dating is now somewhat outdated due to the advance-
ments in new and updated methodologies of evaluating the window of implantation, 
one important cell structure characteristic of uterine receptivity is worth noting. 
Pinopodes are bulb-like projections found on the apical surface of endometrial cells 
that are several micrometers wide and project into the lumen of the uterus above the 
microvilli. Pinopod physiologic expression is specific and limited in its expression to 
the 2 days of the menstrual cycle corresponding to implantation [20]. Morphologic 
expression of pinopods has been found to be progesterone dependent. Moreover, 
HOXA-10, a homeobox gene whose expression is required for implantation, has been 
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found to have an essential role in pinopod formation [21]. While the exact function of 
pinopods remains unknown, studies have shown developing embryos preferentially 
attach to and invade specific areas of the endometrium where pinopod formation was 
allowed to occur in vitro [22]. Further studies have also demonstrated that endometrial 
pinopod morphogenesis is associated with increased mid-luteal phase expression of 
LIF as well as progesterone and integrin aVb3 [13, 23, 24].

2.2.5 Other important biomarkers related to implantation

There are a number of other important endometrial biomarkers specifically 
expressed during the uterine secretory phase that have major roles in coordinating 
successful implantation.

One of the most important biomarkers not yet mentioned is that of cytokines. 
Cytokines make up a type of protein that affects a variety of cellular functions, 
including cellular proliferation and differentiation. Cytokines that have been found 
to be present during the window of implantation include LIF, IL-6, and IL-1 [2]. 
Studies have demonstrated the importance of all three cytokines via knockout 
experiments in mice, in which lack of LIF, IL-6, or IL-1 resulted in decreased 
implantation [2, 25]. Importantly, all three cytokines have also been shown to have 
temporal expression throughout the menstrual cycle, where their expression and 
activity peaked during the mid-secretory phase [26, 27]. Receptors for LIF and IL-6 
have been found to be expressed on both the endometrium and blastocyst, sug-
gesting a paracrine- and autocrine-like function during implantation [28]. While 
steroid hormone regulation of these cytokines has not been confirmed, their regula-
tion being similar in appearance to peak progesterone secretion implies that there is 
most likely a linkage between them.

Another important biomarker present during the secretory phase of the uterine 
cycle that has been shown to affect blastocyst implantation is prostaglandins. As 
mentioned previously, similar to an immune reaction, implantation can be thought 
of as a pro-inflammatory reaction with the premise that blastocyst attachment, 
invasion, and further development requires connection to the maternal vasculature. 
Thus, prostaglandins play a vital role in endometrial vascular permeability and cel-
lular differentiation, as well as embryo transport and invasion. While prostaglandins 
(PG) are constitutively expressed throughout the menstrual cycle, specific PG recep-
tors have shown to be preferentially transcribed and translated at different times 
throughout the two uterine phases [2]. This means that prostaglandins can then exert 
specific rolls along the endometrium at different times throughout the menstrual 
cycle. The importance of prostaglandins during the window of receptivity has been 
demonstrated in the mouse model, in which knockout mice were shown to exhibit 
various implantation defects, including failure to implant or late implantation.

Finally, while not a specific biomarker, it is important to mention the Maximal 
Implantation Potential (MIP) of the endometrium. When we think about the shape 
of the uterus, most find it helpful to visualize as an inverted triangle, with the cervix 
at the apex and the fallopian tubes at either ends of the base. The MIP is a region along 
the endometrium at the intersecting points of the two straight lines coming out of the 
openings of the fallopian tubes. It is at this region of the uterus and endometrial lining 
that the blood supply is richest, and the biomarkers of implantation present themselves 
in greater concentrations. During natural implantation, the MIP is the point of the 
uterus that the developing embryo most often optimally and preferentially implants.

As you can see, implantation and the process of uterine preparation are exten-
sive and delicate processes. While many of the important players in implantation 
have been readily identified and mentioned here, still very little is known about the 
exact mechanisms, effects, and processes required to achieve implantation.
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2.3 Menses

If implantation does not occur, either due to asynchrony of the previously 
described events or the lack of fertilization of the oocyte, the onset of menses is 
initiated, and a new uterine cycle begins. In order for progesterone secretion during 
the uterine secretory phase to be maintained, the corpus luteum must receive a posi-
tive feedback, and it must be received from an implanted and developing embryo 
via human chorionic gonadotropin hormone (hCG). Without the presence of hCG, 
the corpus luteum begins to degenerate after about 10 days, resulting in a decrease 
in progesterone production and a breakdown of the uterine lining.

3. Recurrent implantation failure

As one of the most intricate and sensitive processes that takes place in the human 
body, the relative inefficiency of implantation is ironic given that continuous repro-
duction is critical to species survival. For those seeking fertility treatment, recurrent 
implantation failure remains a frustrating and difficult possible underlying cause 
to an otherwise unexplained diagnosis of infertility or in conjunction with another 
inhibitory diagnoses. While there is no universal definition for recurrent implanta-
tion failure (RIF) despite multiple publications on the topic, broadly speaking, Das 
et al. defined it as “the repeated transfer of morphologically good embryos to a nor-
mal uterus without achieving successful implantation or clinical pregnancy” [29].

Ordinarily, the probability that an embryo will successfully implant is about 
30% [30]. This means there is a 70% chance of implantation failure. In these cases, 
implantation failure may be due to one of two factors: inadequate uterine recep-
tivity and/or problems with the embryo itself. When it comes to selecting good 
quality embryos, few objective methods of embryo assessment exist. Most rely on 
embryo morphologic grading, a subjective assessment of embryonic development 
based on the expansion and quality of the inner cell mass and trophectoderm 
(see Figure 4). Embryo grading has long stood as the gold standard of embry-
onic assessment for quality and to this day continues to be a reliable indicator of 
embryonic competence.

Over the last decade, preimplantation genetic testing has made its way onto 
the market as a means of objective chromosomal evaluation of the embryo. 
Preimplantation genetic testing for aneuploidy (PGT-A) requires a small biopsy of 
a few cells from the developing embryo. Currently, this is most often done during 
the blastocyst stage, in which a small biopsy is taken from the cells of the troph-
ectoderm. Yet, biopsies can also be performed at the blastomere stage, and new 
research suggests improved efficacy when the biopsy is taken from the inner cell 
mass of the blastocyst or the spent media culture where the developing embryo has 
grown in vitro [31, 32]. From there, chromosomal evaluation is done to attest for 
the number of chromosomes present, with the assumption that euploid embryos 
(blastocysts with a normal 46 chromosome count) are healthy and deemed optimal 
for embryo transfer. However, PGT-A is expensive, costing patients thousands of 
dollars, and imperfect, where many embryos often result as mosaic (some cells have 
normal chromosomal count, and some do not) or “undetermined.”

Yet, for those who opt to undergo PGT-A and continue to suffer the loss of RIF, 
asynchrony in uterine receptivity is most often the cause. A displaced window of 
implantation may be caused by a variety of factors, including abnormal cytokine 
and hormonal signaling, among other things, in which the endometrium is not 
prepared to accept a blastocyst at the otherwise appropriate time. Thus, evaluation 
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of implantation markers via an endometrial biopsy taken at the time of supposed 
implantation may be the key to predicting pregnancy outcome and adequate 
progesterone administration for optimal uterine.

4. Endometrial receptivity testing

Over the last decade, advancements in technology have made it possible for us to 
evaluate the window of implantation and diagnose displacements in one’s uterine 
cycle activity. Of the numerous tests that exist, including the window of implanta-
tion test, which uses reverse transcriptase PCR analysis of endometrial tissue, and 
the endometrial function test, a histologic analysis of endometrial sampling, the 
most well-known example remains the endometrial receptivity array (ERA) by 
Igenomix. ERA utilizes next-generation sequencing (NGS) to analyze the RNA 
composition of the endometrial tissue to detect for expression and suppression 
of known endometrial biomarkers characteristic of the window of implantation. 
These biomarkers include LIF, MUC16, as well as various integrins and cytokines 
mentioned earlier in this chapter [33]. Diagnosis of a displaced window of receptiv-
ity is based on the RNA expression and transcriptomic signature found within the 
endometrial cell sampling. Based on this genetic analysis, technology is then able 
to diagnose whether or not the endometrium is receptive, pre-receptive, post-
receptive, or non-receptive. Figure 5 is a display of the transcriptomic signature of 

Figure 4. 
Visual of embryonic development and morphologic grading according to blastocyst expansion and cellular 
differentiation receptivity at embryo transfer.
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Figure 5. 
Transcriptomic signature of the human endometrium based on next-generation sequencing.
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the endometrium at its various phases throughout the menstrual cycle, including the 
proliferative phase, pre-receptive secretory phase, and receptive secretory phase.

A receptive endometrium indicates that the endometrial lining consists of all the 
correct biomarkers for proper implantation to take place, indicating the embryo should 
be transferred the same time as the biopsy took place. A non-receptive endometrial 
lining, on the other hand, refers to one of two cases: an endometrium that is either pre-
receptive or post-receptive [34]. A pre-receptive endometrium refers to a window of 
implantation that takes place 12–48 h after the time of biopsy, whereas a post-receptive 
endometrium occurs when the window of implantation takes place at an earlier time 
(12–48 h) than the time of biopsy. In these cases, a corrective course of exogenous 
progesterone administration is typically advised wherein the embryo transfer takes 
place earlier or later to when the biopsy took place/the original time implantation was 
otherwise thought to occur, resulting in more or less overall progesterone exposure. 
Recently, letrozole, an aromatase inhibitor, and GnRh agonist drug therapies have also 
been found to correct a displaced window of receptivity, especially in women diag-
nosed with endometriosis, in which both letrozole and GnRh agonists have been shown 
to alter integrin expression in the endometrium and induce uterine receptivity [35].

Since it was first brought onto the market, endometrial receptivity testing 
has offered a novel approach to what had otherwise been a black hole in assisted 
reproductive technology treatment. For those that experience significant RIF, the 
ERA has been shown to increase clinical pregnancy rate to upwards of 75%, a figure 
previously unheard of for those facing infertility [34].

Yet, while endometrial receptivity testing has come a long way since its original 
inception, increasing in accuracy and offering hope to patients who otherwise had 
no other answers, skepticism still exists as to the clinical utility of this relatively new 
and evolving technology. Some have posited that the act of biopsying the endome-
trium has a similar effect to uterine scratching, which is a technique that involves 
superficial wounding of the endometrial lining and is thought to improve uterine 
receptivity in subsequent menstrual cycles. Others, however, point to the lack of 
research and evidence-based medicine to prove these tests accurately diagnose 
uterine receptivity and truly improve pregnancy rates, arguing more research into 
our understanding of the window of implantation is still needed.

5. Summary

Uterine receptivity and the window of implantation are incredibly intricate and 
complex processes that are meant to result in pregnancy. Following initial apposi-
tion of the embryo to the endometrium by MUC1 and MUC6, cytokines, such as 
LIF, recruit the blastocyst to the optimal spot for implantation along the endome-
trial lining. Through cellular adhesion molecules, like integrins and L-selectin, 
the embryo is able to bind the basal lamina of the endometrium, adhering to the 
uterine wall before invading the epithelial tissue and completing the process of 
implantation.

While this complex biological system often works accurately for the majority, 
giving way to a healthy pregnancy, many still experience asynchronies between the 
endometrium and developing embryo, resulting in infertility. As such, in an effort 
to optimize assisted reproductive technologies, scientists have sought out new and 
innovative techniques in order to understand and diagnose irregularities in the most 
important processes of human reproduction. The invention of endometrial recep-
tivity testing now allows clinicians the ability to predict an individual’s personalized 
window of implantation, offering new understanding to the field and hope for 
those who previously faced recurrent implantation failure (Figure 6).
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Figure 5. 
Transcriptomic signature of the human endometrium based on next-generation sequencing.
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those who previously faced recurrent implantation failure (Figure 6).
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Overall endometrial receptivity testing allows us greater insight into the under-
standing of reproductive infertility and the timing of the window of implantation. 
While research remains ongoing as to the clinical utility of these tests, including 
validation studies and the rate of pregnancy and live birth outcomes, endometrial 
receptivity testing offers another piece to the puzzle in our attempt to completely 
understand the underlying etiologies of infertility.
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Abstract

In clinic, the luteinizing (LH) and follicle-stimulating (FSH) hormones and 
human chorionic gonadotropin (hCG) are used to treat reproductive dysfunctions 
and in assisted reproductive technology. They are the αβ-heterodimeric complexes 
and specifically bind to ectodomain of G protein-coupled LH and FSH receptors. 
This leads to activation of many signaling cascades; some of which are responsible 
for steroidogenesis, folliculogenesis, and spermatogenesis, while the others, such 
as β-arrestin pathways, trigger the downregulation of gonadotropin receptors. A 
low selectivity of the intracellular signaling of gonadotropins and a large number of 
their isoforms are the main causes of undesirable effects of gonadotropins, limiting 
their clinical applications. Unlike gonadotropins, the low-molecular-weight (LMW) 
ligands interact with an allosteric site located in the transmembrane domain of 
the LH and FSH receptors and selectively activate the certain signaling pathway, 
preventing a number of side effects of gonadotropins. The LMW ligands are charac-
terized by activity of the full and inverse agonists and neutral antagonists, as well as 
the positive and negative modulators, and they have the in vivo activity, including 
when administered orally. This review focuses on the advances in the development 
of LMW allosteric ligands of the LH and FSH receptors and the prospects for their 
use in reproductive medicine.

Keywords: sex steroid hormone, steroidogenesis, low-molecular-weight agonist, 
luteinizing hormone, follicle-stimulating hormone, receptor of luteinizing hormone

1. Introduction

The most important areas of clinical applications of the gonadotropins, such 
as the luteinizing (LH) and follicle-stimulating (FSH) hormones and human 
chorionic gonadotropin (hCG), are (i) the stimulation of the steroidogenesis, 
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folliculogenesis, and spermatogenesis in patients with the dysfunctions in the 
hypothalamo-pituitary-gonadal axis, (ii) the induction of ovulation in the assisted 
reproductive technologies, and (iii) the treatment of sex hormone-dependent 
tumors [1–4]. The gonadotropins with LH activity are isolated from the urine of 
pregnant women (the urinary forms of hCG) or produced in the specialized cel-
lular cultures (the recombinant forms of LH and hCG), while FSH is isolated from 
the urine of postmenopausal women (the urinary forms of FSH) or produced by 
genetic engineering approaches (the recombinant forms of FSH) [1, 5, 6]. Despite 
the fact that these forms of gonadotropins are widely used in the clinic, they have 
the significant side effects. In the case of urinary forms of hCG and FSH, the main 
disadvantages are the presence of biologically active impurities in the gonadotro-
pin preparations and a low degree of its standardization [2, 7]. The placental hCG 
differs significantly in both the structure and functions from the LH and sulfated 
hCG which are secreted by the pituitary gonadotrophs and circulate in the blood 
of adult men and women [2, 8]. Furthermore, the placental hCG is produced only 
during pregnancy and regulates the growth and development of the embryo [9]. 
The urinary FSH contains mainly highly glycosylated forms of this gonadotro-
pin with the reduced activity, which associated with the impaired reproductive 
functions and infertility at the postmenopausal period [10]. At the same time, 
the recombinant forms of gonadotropins differ from their natural forms in the 
posttranslational modifications, primarily in the number, structure, and charge 
of N-glycans, which significantly changes their specific biological activity and 
pharmacological profile. All this not only significantly limits the use of natural 
and recombinant forms of gonadotropins in the treatment of androgen deficiency, 
hypogonadotropic hypogonadism, and amenorrhea but also reduces their effec-
tiveness in the controlled induction of ovulation and in other assisted reproductive 
technologies.

Thus, one of the urgent tasks of reproductive medicine is to minimize the 
side effects of gonadotropins and to increase their effectiveness and specificity. 
An alternative approach is the development of a new generation of the selective 
regulators of the LH and FSH receptors, the most suitable among which are the 
low-molecular-weight (LMW) allosteric ligands of these receptors.

2.  The LH and FSH receptors and their binding with the gonadotropins 
and the low-molecular-weight allosteric ligands

The LH and FSH receptors belong to the δ group of the rhodopsin family of the 
G protein-coupled receptors (GPCR) and contain seven membrane-penetrating 
hydrophobic regions that form the heptahelical transmembrane channel [11–16]. 
Unlike most GPCRs with a short extracellular N-terminal region, the gonadotro-
pin receptors have a large-size extracellular domain (an ectodomain) containing 
the leucine-rich repeats (LRRs). The LRRs are involved in the formation of an 
orthosteric site responsible for a high-affinity binding of the receptors with 
gonadotropins. The gonadotropins are the αβ-heterodimeric complexes, in which 
the α-subunit encoded by a single gene is identical in all gonadotropins, while the 
β-subunits are encoded by separate genes and differ in the primary structure and 
modifications. The αβ-heterodimeric complexes of gonadotropins are stabilized by 
the cystine knots that ensure a close contact between the central regions of the α- 
and β-subunits [12, 16]. The β-subunit is responsible for the specificity of gonado-
tropins binding with the LH and FSH receptors, while the α-subunit provides the 
physical contacts between the ligand-bound ectodomain and the transmembrane 
domain. The binding of gonadotropin with an ectodomain induces conformational 
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changes in both the transmembrane channel and the intracellular regions of the LH 
and FSH receptors, which are responsible for their functional coupling with the het-
erotrimeric G proteins (Gs, Gq/11, and Gi/o) and β-arrestins, resulting in the activa-
tion of a large number of the intracellular signaling cascades and the transcriptional 
factors [15–18] (Figure 1).

By activating the Gs proteins, the gonadotropins stimulate the enzyme 
adenylyl cyclase (AC), which leads to an increase in the intracellular cAMP lev-
els and the activation of protein kinase A (PKA) and exchange protein directly 
activated by cyclic AMP (Epac). The stimulation of PKA leads to activation of 
the transcriptional factor cAMP-response element binding protein (CREB), 
which controls the expression of a large number of PKA-dependent genes, while 
the activation of Epac induces the stimulation of phosphatidylinositol-3-kinase, 
mitogen-activated protein kinases (MAPKs), and the other effector enzymes. 
The gonadotropin-induced activation of the cAMP-dependent pathways is 
the key mechanism for triggering the steroidogenesis, spermatogenesis, and 
folliculogenesis (Figure 1). By activating Gq/11 proteins, the gonadotropins 
stimulate the phosphoinositide-specific phospholipase Cβ (PLCβ), which 
catalyzes the formation of inositol-3,4,5-triphosphate and diacylglycerol, the 
important second messengers. This induces the activation of calcium-dependent 
signaling and different isoforms of protein kinase C [15–19]. A specific inter-
action between the β-arrestins and the GPCR kinases-phosphorylated sites 
located within the intracellular loops of the LH and FSH receptors induces G 

Figure 1. 
The signaling pathways of the gonadotropins with LH-like activity and the Gs protein-selective LMW agonists. 
(A) The gonadotropins, LH and hCG, specifically bind to an ectodomain of LH receptor, which triggers the 
conformational changes in its serpentine domain and provokes the interaction of the intracellular regions of 
the receptor with the G proteins (Gs and Gq/11) and β-arrestins. The result of this is activation of the cAMP-
dependent and phosphoinositide signaling pathways and the cascade of mitogen-activated protein kinases, 
which control the steroidogenesis, growth, differentiation, and apoptosis in the cells of reproductive tissues. 
A specific interaction of gonadotropin-activated LH receptor with β-arrestins induces the endocytosis of LH 
receptor, its degradation, or recycling. (B) The Gs-selective LMW agonists bind to the allosteric site located 
within the transmembrane channel of LH receptor and activate the Gs protein, triggering cAMP-signaling 
pathways. At the same time, these agonists do not have a significant effect on other signaling pathways. 
Abbreviations: AC, adenylyl cyclase; hCG, human chorionic gonadotropin; LH, luteinizing hormone; MAPK, 
mitogen-activated protein kinase; PKA, protein kinase A; PLC, phosphoinositide-specific phospholipase Cβ.
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The signaling pathways of the gonadotropins with LH-like activity and the Gs protein-selective LMW agonists. 
(A) The gonadotropins, LH and hCG, specifically bind to an ectodomain of LH receptor, which triggers the 
conformational changes in its serpentine domain and provokes the interaction of the intracellular regions of 
the receptor with the G proteins (Gs and Gq/11) and β-arrestins. The result of this is activation of the cAMP-
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protein-independent stimulation of the MAPK cascade and is involved in the 
internalization, endocytosis, and recyclization of the gonadotropin receptor 
complexes [18–22]. The Ca2+- and β-arrestin-dependent pathways, as well as 
the AC signaling system, are involved in the regulation of the synthesis and 
secretion of sex steroid hormones and also control the growth, differentiation, 
and survival of the testicular and ovarian cells (Figure 1). About two-thirds of 
gonadotropin-dependent genes are regulated through cAMP-dependent mecha-
nisms, while the expression of another third of the genes is regulated through 
cAMP-independent mechanisms [23].

The choice of the intracellular signaling pathway depends on the stability and 
the ratio of active conformations of the LH and FSH receptors, which, in turn, 
is determined by (i) the type of gonadotropin and the structural features of its 
α- and β-subunits (the N-glycosylation, site-specific proteolysis, etc.), (ii) the 
structural features of the LH and FSH receptors (the posttranslational modifica-
tions, mutations, polymorphisms, etc.), and their ability to form the dimeric and 
oligomeric complexes, as well as (iii) the functional activity of the downstream 
regulatory and accessory proteins (the G proteins, β-arrestins, etc.) [6, 19, 24, 25]. 
A specific binding of gonadotropin to ectodomain generates a large set of the active 
conformations of receptor, which triggers some intracellular pathways at once 
and, as a result, induces multiple cell responses. For example, the placental hCG 
with a high efficiency stimulates the cAMP-dependent signaling pathways, being a 
powerful activator of the steroidogenesis, but its stimulating effect on the Gq/11-
mediated signaling is realized to a much lesser extent. Moreover, the recombinant 
LH with a high efficiency stimulates the PLCβ- and β-arrestin-dependent signaling 
pathways, but weakly, in comparison with hCG, stimulates the cAMP-signaling 
and steroidogenesis [18].

Unlike gonadotropins, the ligands of the allosteric site that is located within 
the transmembrane channel of the LH and FSH receptors more selectively regu-
late the intracellular signaling cascades. This is due to the fact that, by binding to 
the allosteric site, they stabilize, as a rule, only one conformation of the gonado-
tropin receptor, either active or inactive. In the first case, they function as the 
full allosteric agonists or as the positive allosteric modulators (PAMs), enhancing 
the stimulating effects of gonadotropins, or as the ago-PAM, combining the 
effects of allosteric agonists and “pure” PAMs. In the second case, they function 
as the allosteric antagonists or as the negative allosteric modulators (NAMs) that 
prevent the activation of the LH and FSH receptors by gonadotropins [26]. Since 
the binding sites for the gonadotropins and the LMW allosteric ligands do not 
overlap, there is no competition between them. Due to this, in the case of co-
administration of the gonadotropin and LMW agonist, their stimulating effects 
can be additive and even synergistic. Below we consider the most effective LMW 
allosteric ligands of the LH and FSH receptors, which were developed by us and 
the other authors.

3.  Thienopyrimidine-based low-molecular-weight agonists of the 
luteinizing hormone receptor

Screening of a large number of organic compounds allowed to identify the 
1,3,5-substituted pyrazole and terphenyl derivatives, which have the activity 
of the full and inverse allosteric agonists of LH receptor [27–30]. It was shown 
that a derivative of terphenyl, the compound LUF5771, inhibited the gonado-
tropin- and LMW agonist-induced stimulation of LH receptor, indicating that 
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the LUF5771 belongs to the inverse agonists. This compound can be used as a 
prototype to develop the contraceptives and the anticancer drugs for treatment 
of hormone-dependent tumors [29]. The 1,3,5-substituted pyrazole derivative, 
8-(1-(4-(tert-butyl)phenyl)-3-(pyridin-3-yl)-1H-pyrazol-5-yl)-2-(4-hydroxy-
benzyl)-4-oxooctanamide (1) (Figure 2), had activity of the full agonist of LH 
receptor [27]. It stimulated the AC activity (EC50, 20 nM) and increased the syn-
thesis and secretion of testosterone by the Leydig cells (ED50, 1.31 μM), and when 

Figure 2. 
The pyrazole- and thienopyrimidine-based low-molecular-weight agonists of LH receptor. (1) 8-(1-(4-(tert-
butyl)phenyl)-3-(pyridin-3-yl)-1H-pyrazol-5-yl)-2-(4-hydroxybenzyl)-4-oxooctanamide [27]; (2) 
Compound Org 41,841, N-tert-butyl-5-amino-4-(3-methoxyphenyl)-2-(methylthio)thieno[2,3-d]
pyrimidine-6-carboxamide [31]; (3) Compound Org 43,553, 5-amino-N-(tert-butyl)-2-(methylthio)-4-(3-(2-
morpholinoacetamido)phenyl)thieno[2,3-d]pyrimidine-6-carboxamide [31]; (4) Compound TP01, 5-amino-
N-(tert-butyl)-4-(3-(isonicotinamido)phenyl)-2-(methylthio)thieno[2,3-d]pyrimidine-6-carboxamide [32]; 
(5) Compound TP03, 5-amino-N-tert-butyl-2-(methylsulfanyl)-4-(3-(nicotinamido)phenyl)thieno[2,3-d]
pyrimidine-6-carboxamide [33]; (6) Compound TP23, 5-amino-N- (tert-butyl)-4-(3-(2-chloronicotinamido)
phenyl)-2-(methylthio)thieno[2,3-d]pyrimidine-6-carboxamide [34].
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administered intraperitoneally to male rats, this compound stimulated the testos-
terone production in them [27]. However, the greatest success was achieved in the 
development of the thienopyrimidine-based agonists of LH receptor.

In 2002, as a result of screening of a large number of the organic compounds, 
the Dutch scientists from the Organon Company discovered the first compounds 
with activity of LH receptor agonists belonging to the thienopyrimidines [31]. 
The most effective among them were the compound Org 41,841 and its analogue 
Org 43,553 (Figure 2). Later, the pharmacological characteristics of Org 43,553 
and the mechanisms of its action were studied, and this compound was consid-
ered as the “gold” standard for the allosteric agonists of LH receptor [35–39]. 
Based on Org 43,553 structure, we have developed and studied the series of 
the thienopyrimidine derivatives that with a high efficiency stimulated the AC 
activity and steroidogenesis in the Leydig cells in both the in vitro and in vivo 
conditions [33–35, 40–42]. The most active among these derivatives were the 
compounds TP01, TP03, and TP23 (Figure 2). The study of thienopyrimidine-
based LMW agonists of LH receptor allowed identifying the mechanisms of their 
action and the pharmacological profile, which can be an advantage when using 
these compounds in the clinic.

Using the Org 41,841 and Org 43,553, the allosteric sites in the transmembrane 
channels of gonadotropins receptors and related to them thyroid-stimulating 
hormone (TSH) receptor were carried out. This allowed to detect the structural 
features of the active and inactive conformations of the serpentine domain of 
gonadotropins receptors, to identify the amino acid residues involved in the forma-
tion of their allosteric sites, and to decipher the mechanisms of signal transduction 
through these receptors [43, 44]. Based on the site-directed mutagenesis, the amino 
acid residues in the second extracellular loop (ECL2) and within the fifth and sixth 
transmembrane regions (TM5 and TM6) of TSH receptor, which form its allosteric 
site, were replaced with the corresponding amino acids of LH receptor, which made 
the allosteric site of TSH receptor similar to that in LH receptor. It was found that 
a single substitution, Leu570Phe, in the ECL2 of TSH receptor resulted in the Org 
41,841 binding with a mutant receptor with the EC50 of 800 nM, while the double 
substitutions, the Leu570Phe/Phe585Thr and Leu570Phe/Tyr643Phe, led to the Org 
41,841 binding with the EC50 of 1000 nM. These data indicate an important role 
of the residues Lуг570Phe, Phe585Thr, and Tyr643Phe in the formation of the allo-
steric site in LH receptor [43]. The simultaneous replacement of nine amino acids 
(Ile560Val and Leu570Phe in the ECL2; Prp577Thr, Ala579Ser, Leu580Gln, Ala581Val, and 
Phe585Thr in the TM5; and Tyr643Phe and Ile648Ala in the TM6) that form the alloste-
ric site of TSH receptor with the corresponding amino acids of LH receptor induced 
a high-affinity binding of Org 41,841 with mutant TSH receptor, similar to that of 
LH receptor. In the cells with expressed mutant TSH receptor, the AC stimulating 
effects induced by the Org 41,841 and TSH were similar [43]. It was also shown that 
the negatively charged Glu506 located in the TM3 of the LH and TSH receptors has a 
key role in specific interaction with Org 41,841, since the substitution of Glu506Ala 
inhibits both the Org 41,841 binding to mutant LH receptor and the AC stimulating 
effect of Org 41,841 [43, 44].

The allosteric LMW agonists stabilize any one active conformation and, thereby, 
selectively stimulate preferably one intracellular cascade. It was shown that the Org 
43,553 (1–10 μM) stimulated the activity of PLCβ by 33–37%, which is less than 
5% of the corresponding effect of LH [36]. Moreover, the Org 43,553 effectively 
stimulated the activity of AC and cAMP-dependent transcription factors at lower 
concentrations. Based on these data, a conclusion was made on the selectivity of 
stimulating influence of Org 43,553 on the AC signaling system, which is realized 
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through the Gs proteins and on the inefficiency of this compound in regard to the 
Gq/11 proteins and PLCβ-dependent signaling [36].

Using the bacterial toxin-induced ADP ribosylation and the peptide strategy, 
we showed the selectivity of the thienopyrimidine derivative TP03, as a stimulator 
of the AC signaling system in the rat testicular and ovarian membranes [45]. In 
the membranes treated with cholera toxin that hyperactivates the Gs proteins and 
prevents the signal transduction through them, the stimulating effects of TP03 
on the AC activity and the GTP binding were suppressed. At the same time, the 
treatment of the plasma membranes with pertussis toxin, which inhibits the Gi 
proteins, and their incubation with the peptide 349–359 of Gαq/11-subunit, which 
leads to uncoupling of the LH receptor and Gq/11 proteins, did not affect the regula-
tory effects of TP03. Only at high concentrations (10–100 μM), the TP03 effect 
on the GTP binding of Gq/11 proteins was detected but to a small extent. Under the 
same conditions, the regulatory effects of hCG were not specific for different types 
of G proteins [45]. It should be noted that the thienopyrimidine derivatives and 
the other allosteric ligands of LH receptor, which did not affect the AC activity and 
the steroidogenesis, are usually excluded from further research. However, they 
can activate Gs-independent signaling cascades, including the Gq/11 proteins and 
β-arrestins. As a consequence, these compounds may be of interest for studying the 
molecular mechanisms of the allosteric regulation of LH receptors and can be used 
in medicine.

The selectivity of signal transduction may have an important role in maintain-
ing the tissue sensitivity to both the gonadotropins and LMW agonists, which was 
demonstrated by us in the case of TP03 [42]. Despite the fact that hCG and TP03 
increased the testosterone levels during the 7-day treatment of male rats, a dynam-
ics of this effect differed significantly. In long-term hCG treatment, an increase in 
the plasma testosterone concentration was the maximum on the first day, and then 
it decreased. At the same time, the steroidogenic effect of TP03, on the contrary, 
gradually increased, reaching a maximum on the seventh day of treatment. On the 
first day of treatment, TP03-induced increase in the testosterone concentration was 
4 times lower than that in the case of hCG, while at the end of the experiment, the 
steroidogenic effects of hCG and TP03 were comparable [42]. One of the causes 
for this may be the specific changes in the LH receptor sensitivity to gonadotropins 
and thienopyrimidines, as well as the different mechanisms of their action on 
steroidogenesis.

A long-term administration of hCG to male rats leads to a significant decrease 
in the testicular expression of the Lhr gene encoding LH receptor, while a long-
term administration of TP03 induces an increase in the Lhr gene expression, 
which is one of the factors maintaining the sensitivity of the Leydig cells to 
gonadotropins [42]. It should be noted that the gonadotropin resistance of the 
reproductive tissues is one of the urgent problems of the LH and hCG applica-
tions to treat the reproductive dysfunctions and in the assisted reproductive 
technologies [17, 46]. In our experiments, both the hCG and TP03 increased the 
expression of the Star gene, which encodes the steroidogenic acute regulatory 
protein (StAR) responsible for cholesterol transport into mitochondria, the 
rate-limiting stage of steroidogenesis, and gonadotropin in this regard was more 
active [42]. It was shown that the more the Lhr gene expression and the steroido-
genic effect of the drug on testosterone production were decreased, the more the 
Star gene expression was increased. This may indicate a compensatory mecha-
nism for increasing the Star gene expression in the conditions of the impaired 
gonadotropin signaling and the reduced PKA-induced stimulation of the StAR 
protein in the Leydig cells.
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administered intraperitoneally to male rats, this compound stimulated the testos-
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selectively stimulate preferably one intracellular cascade. It was shown that the Org 
43,553 (1–10 μM) stimulated the activity of PLCβ by 33–37%, which is less than 
5% of the corresponding effect of LH [36]. Moreover, the Org 43,553 effectively 
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through the Gs proteins and on the inefficiency of this compound in regard to the 
Gq/11 proteins and PLCβ-dependent signaling [36].
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of the AC signaling system in the rat testicular and ovarian membranes [45]. In 
the membranes treated with cholera toxin that hyperactivates the Gs proteins and 
prevents the signal transduction through them, the stimulating effects of TP03 
on the AC activity and the GTP binding were suppressed. At the same time, the 
treatment of the plasma membranes with pertussis toxin, which inhibits the Gi 
proteins, and their incubation with the peptide 349–359 of Gαq/11-subunit, which 
leads to uncoupling of the LH receptor and Gq/11 proteins, did not affect the regula-
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on the GTP binding of Gq/11 proteins was detected but to a small extent. Under the 
same conditions, the regulatory effects of hCG were not specific for different types 
of G proteins [45]. It should be noted that the thienopyrimidine derivatives and 
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the steroidogenesis, are usually excluded from further research. However, they 
can activate Gs-independent signaling cascades, including the Gq/11 proteins and 
β-arrestins. As a consequence, these compounds may be of interest for studying the 
molecular mechanisms of the allosteric regulation of LH receptors and can be used 
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ing the tissue sensitivity to both the gonadotropins and LMW agonists, which was 
demonstrated by us in the case of TP03 [42]. Despite the fact that hCG and TP03 
increased the testosterone levels during the 7-day treatment of male rats, a dynam-
ics of this effect differed significantly. In long-term hCG treatment, an increase in 
the plasma testosterone concentration was the maximum on the first day, and then 
it decreased. At the same time, the steroidogenic effect of TP03, on the contrary, 
gradually increased, reaching a maximum on the seventh day of treatment. On the 
first day of treatment, TP03-induced increase in the testosterone concentration was 
4 times lower than that in the case of hCG, while at the end of the experiment, the 
steroidogenic effects of hCG and TP03 were comparable [42]. One of the causes 
for this may be the specific changes in the LH receptor sensitivity to gonadotropins 
and thienopyrimidines, as well as the different mechanisms of their action on 
steroidogenesis.

A long-term administration of hCG to male rats leads to a significant decrease 
in the testicular expression of the Lhr gene encoding LH receptor, while a long-
term administration of TP03 induces an increase in the Lhr gene expression, 
which is one of the factors maintaining the sensitivity of the Leydig cells to 
gonadotropins [42]. It should be noted that the gonadotropin resistance of the 
reproductive tissues is one of the urgent problems of the LH and hCG applica-
tions to treat the reproductive dysfunctions and in the assisted reproductive 
technologies [17, 46]. In our experiments, both the hCG and TP03 increased the 
expression of the Star gene, which encodes the steroidogenic acute regulatory 
protein (StAR) responsible for cholesterol transport into mitochondria, the 
rate-limiting stage of steroidogenesis, and gonadotropin in this regard was more 
active [42]. It was shown that the more the Lhr gene expression and the steroido-
genic effect of the drug on testosterone production were decreased, the more the 
Star gene expression was increased. This may indicate a compensatory mecha-
nism for increasing the Star gene expression in the conditions of the impaired 
gonadotropin signaling and the reduced PKA-induced stimulation of the StAR 
protein in the Leydig cells.
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In the case of a long-term treatment of male rats with hCG, the intratesticular 
expression of the Cyp11a1 gene encoding the C27 cholesterol side-chain cleavage 
cytochrome P450 (cytochrome Р450scc) that converts cholesterol to pregnenolone 
was significantly increased, and on the seventh day, the expression of the Hsd3b 
gene encoding the 3β-hydroxysteroid dehydrogenase/Δ5–4 isomerase (3β-HSD) 
that converts pregnenolone to progesterone was also increased. When the TP03 was 
used, there were no significant changes in the expression of the Cyp11a1 and Hsd3b 
genes, which indicates a stable functioning of the steroidogenesis system in the 
conditions of a long-term treatment of animals with LMW agonist [42].

Along with the selectivity of the intracellular signaling induced by the thieno-
pyrimidine derivatives, which identifies them as the selective bias agonists of LH 
receptor, their pharmacokinetic characteristics also contribute to the stability of 
the steroidogenic effect of these LMW agonists. When administered to rats, the 
Org 43,553 shows a half-life time of 3.4 hours, while the half-life time for hCG is 
6.6 hours, indicating the more rapid degradation and excretion of LMW agonist 
than gonadotropin [37]. Reducing the half-life time for thienopyrimidines is of 
great practical importance, since it contributes to maintaining the tissue sensitivity 
to endogenous gonadotropins and, in addition, reduces the risk of ovarian hyper-
stimulation syndrome, a severe complication of gonadotropin-induced ovarian 
stimulation in the assisted reproductive technologies. Unlike gonadotropins, both 
the single and long-term treatments of female rats with Org 43,553 did not cause 
an increase in the ovarian diameter and the vascular permeability in the ovary and 
did not provoke the development of ovarian hyperstimulation syndrome [38]. 
Also, there were no signs of the ovarian hyperstimulation syndrome in women who 
received Org 43,553 orally at the doses from 25 to 900 mg. In 83% of women, the 
administration of Org 43,553 at a single dose of 300 mg caused the ovulation and 
the production of high-quality oocytes [47].

Since the orthostatic and allosteric sites in LH receptor do not overlap, the LMW 
allosteric agonists do not inhibit the specific LH and hCG binding [27, 35, 36]. 
Moreover, the AC stimulating effects of the LMW agonists and gonadotropins are 
additive, at least in a range of their concentrations lower than the EC50 values [33, 
35, 36, 41]. As shown by us, the steroidogenic effect of hCG in male rats pretreated 
with the TP03 was enhanced significantly, and this potentiating effect of TP03 was 
most pronounced at the low doses of hCG (Shpakov, Bakhtyukov and Derkach, 
unpublished data). This effect of thienopyrimidines can be due to their chaperone-
like properties (Figure 3). It was shown that the Org 42,599, the trifluoroacetate salt 
of Org 43,553, restored the activity of the mutant LH receptors with the Ala593Pro 
and Ser616Tyr replacements [48]. The incubation of the cells expressing these recep-
tors with Org 42,599 led to an increase in the expression of the mutant receptors, 
the number of the receptors with the appropriate folding, and membrane topology 
and the receptor density on the cell surface. The chaperone-like properties of Org 
42,599 are due to its ability to penetrate the plasma membrane and specifically bind 
to an allosteric site of intracellularly located LH receptors, which promotes their 
efficient translocation into the plasma membrane of the Leydig cells [48]. It should 
be emphasized that the LH receptors with the Ala593Pro and Ser616Tyr mutations in 
the transmembrane regions are not capable of translocation into the cell surface and 
cannot be activated by gonadotropins. These mutations were found in patients with 
hypoplasia of the Leydig cells [49–52].

The allosteric sites of closely related GPCRs are known to be characterized 
by the variability of the primary structure and the three-dimensional organiza-
tion, which in most cases makes the allosteric regulators more specific than the 
orthosteric regulators [26, 53]. In the case of the receptors of pituitary glycoprotein 
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hormones, the specificity of LMW agonists to their allosteric site is not so high that 
it can be assumed to be due to the inverted position of the orthosteric and allosteric 
sites in these receptors as compared to other GPCRs belonging to class A [26]. At the 
same time, we and other authors showed that the Org 43,553, TP01, TP03, and TP23 
have a very weak effect on the activity of the FSH and TSH receptors [36, 54]. When 
administered to male rats, the TP01, TP03, and TP23 did not affect the basal and 
thyroliberin-stimulated levels of thyroid hormones [54].

4.  The low-molecular-weight ligands of the follicle-stimulating hormone 
receptor

The first LMW allosteric agonist of FSH receptor, a piperidine carboxamide, 
was developed in 2001. It stimulated the AC activity in the CHO cells expressing 
the FSH receptor (EC50, 3.9 nM) but was not active in the in vivo conditions [55]. A 
search for new LMW ligands of FSH receptor revealed a large number of the com-
pounds with different pharmacological activity [39, 56–58]. They belong to differ-
ent classes of the organic compounds, such as the thiazolidines [59–62], substituted 
γ-lactams [63], diketopiperazines [64, 65], N-alkylated sulfonyl piperazines [66], 
tetrahydroquinolines [67], hexahydroquinolines [68, 69], thienopyrimidines [70], 
and benzamides [69]. Among the developed LMW ligands, the thiazolidines, hexa- 
and tetrahydroquinolines, and benzamides with activity of the full and inverse 
agonists and the neutral antagonists of FSH receptor are of the greatest interest.

Figure 3. 
The chaperone-like properties of the LMW allosteric agonists. (A) The LMW agonist, being a hydrophobic 
substance, penetrates the plasma membrane, interacts with normal LH receptors located in the intracellular 
vesicles, and ensures their effective translocation into the plasma membrane of Leydig cells (1). This effect can 
be realized in the case of the mutant LH receptors that are not capable of normal posttranslational processing 
and translocation into the membrane (2). As a result, the treatment with the LMW agonists leads to the 
preservation and even to an increase in the sensitivity of LH-competent cells to LH and hCG. B. In the absence 
of agonists, the mutant LH receptors are not able to translocate into the membrane (3), while the normal 
forms of the receptor are retained within the cell for a longer time (4). All this leads to a weakened response to 
gonadotropins with LH activity.
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sites in these receptors as compared to other GPCRs belonging to class A [26]. At the 
same time, we and other authors showed that the Org 43,553, TP01, TP03, and TP23 
have a very weak effect on the activity of the FSH and TSH receptors [36, 54]. When 
administered to male rats, the TP01, TP03, and TP23 did not affect the basal and 
thyroliberin-stimulated levels of thyroid hormones [54].

4.  The low-molecular-weight ligands of the follicle-stimulating hormone 
receptor

The first LMW allosteric agonist of FSH receptor, a piperidine carboxamide, 
was developed in 2001. It stimulated the AC activity in the CHO cells expressing 
the FSH receptor (EC50, 3.9 nM) but was not active in the in vivo conditions [55]. A 
search for new LMW ligands of FSH receptor revealed a large number of the com-
pounds with different pharmacological activity [39, 56–58]. They belong to differ-
ent classes of the organic compounds, such as the thiazolidines [59–62], substituted 
γ-lactams [63], diketopiperazines [64, 65], N-alkylated sulfonyl piperazines [66], 
tetrahydroquinolines [67], hexahydroquinolines [68, 69], thienopyrimidines [70], 
and benzamides [69]. Among the developed LMW ligands, the thiazolidines, hexa- 
and tetrahydroquinolines, and benzamides with activity of the full and inverse 
agonists and the neutral antagonists of FSH receptor are of the greatest interest.

Figure 3. 
The chaperone-like properties of the LMW allosteric agonists. (A) The LMW agonist, being a hydrophobic 
substance, penetrates the plasma membrane, interacts with normal LH receptors located in the intracellular 
vesicles, and ensures their effective translocation into the plasma membrane of Leydig cells (1). This effect can 
be realized in the case of the mutant LH receptors that are not capable of normal posttranslational processing 
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gonadotropins with LH activity.
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In 2004, compound 2 belonging to the thiazolidines was developed (Figure 4). It 
suppressed FSH-induced stimulating effects and, by its pharmacological profile, was 
classified as an inverse agonist [59]. Based on its structure, the thiazolidine derivatives 
with the activity of the full agonists were developed [60, 61, 63], including highly 
active compound 5 (Figure 4). This compound stimulated the cAMP-dependent cas-
cades and the steroidogenesis in the cell cultures and in the in vivo conditions induced 
the development of preovulatory follicles and stimulated the ovulation in immature 
female rats [61, 72]. Compound 5 was able to enhance the stimulating effects of 
low-dose FSH, acting as the PAM for FSH receptor. Another thiazolidine derivative, 
compound 3 (Figure 4), at the low concentrations activated the Gs proteins and 
stimulated the cAMP-dependent cascades in the cells expressing the FSH receptor, 
functioning as a full agonist. At the same, at the high concentrations, compound 
3 inhibited FSH-induced activation of Gs proteins and stimulated the Gi proteins, 
reducing the activity of AC and cAMP-dependent transcription factors, functioning 
as the NAM [62, 73].

Figure 4. 
The low-molecular-weight allosteric agonists and antagonists of the FSH receptor. (1) Compound 2, 
4-(5-(2-((2-(1H-indol-3-yl)ethyl)amino)-2-oxoethyl)-2-(4-(benzyloxy)phenyl)-4-oxothiazolidin-
3-yl)-2-chlorobenzamide [59]; (2) Compound 5, 3-(2S,5R)-5-(2-((3-ethoxy-4-methoxyphenethyl)
amino)-2-oxoethyl)-4-oxo-2-(4-(phenylethynyl)phenyl)thiazolidin-3-yl)benzamide [61]; (3) Compound 3, 
3-(2S,5R)-5-(2-((2-(1H-indol-3-yl)ethyl)amino)-2-oxoethyl)-4-oxo-2-(5-(phenylethynyl)thiophen-2-yl)
thiazolidin-3-yl)benzamide [62]; (4) Compound Org214444–0, N-(2-((2-bromo-4-((4R,7S)-3-cyano-2-
methyl-5-oxo-7-propyl-1,4,5,6,7,8-hexahydroquinolin-4-yl)-6-ethoxyphenoxy)methyl)-4,5-difluorophenyl)
methanesulfonamide [68]; (5) Compound 10, N-(1-acetyl-2,2,4-trimethyl-4-phenyl-1,2,3,4-tetrahydroquinolin-
6-yl)-[1,1′-biphenyl]-4-carboxamide [67]; (6) Compound 1, 7-{4-[bis-(2-carbamoyl-ethyl)-amino]-6-chloro-
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In 2006, the compound Org214444–0, a derivative of 4-phenyl-5-oxo-
l,4,5,6,7,8-hexahydroquinolines (Figure 4), was developed, which in the absence 
of FSH caused the AC activation in CHO cells expressing the FSH receptor (EC50 
about 1 nM) and stimulated the steroidogenesis in the human and rat granulosa 
cells [68, 69]. Moreover, Org214444-0 increased the FSH affinity to receptor 
and the efficiency of FSH-induced AC stimulation, which makes it possible to 
identify this compound as ago-PAM. Oral administration of Org214444-0 led 
to the stimulation of the folliculogenesis and induced the ovulation in mature 
female rats, indicating the stability and effective absorption of Org214444-0 in the 
gastrointestinal tract [69].

Compound 10, a tetrahydroquinoline derivative (Figure 4), with a high effi-
ciency inhibited FSH-induced follicular growth and ovulation in mice [67]. There 
is reason to believe that compound 10 prevents the functional interaction between 
the extracellular and serpentine domains of FSH receptor and, thereby, disrupts 
the signal transduction from the ligand-binding site located within an ectodomain 
to the intracellular regions of receptor that are involved in the interaction with 
the Gs proteins. This characterizes this compound as NAM for FSH receptor [67]. 
Additionally, it has been shown that the 7-{4-[bis-(2-carbamoyl-ethyl)-amino]-
6-chloro-(1,3,5)-triazin-2-ylamino)-4-hydroxy-3-(4-methoxy-phenylazo)-
naphthalene}-2-sulfonic acid (compound 1) (Figure 4), also belonging to NAM for 
FSH receptor, in a dose-dependent manner reduced the specific FSH binding to the 
receptor, suppressed the stimulating effects of FSH on the AC activity and steroido-
genesis, and in the in vivo conditions prevented FSH-induced ovulation in female 
rats [71, 74].

Among the benzamide derivatives, the most active were the compounds 
ADX61623, ADX68692, and ADX68693, which demonstrated the activity of alloste-
ric antagonists of FSH receptor [75, 76]. These compounds had an unusual phar-
macological profile, which, as may be supposed, was due to the complexity of their 
effect on the FSH-stimulated signaling in the target cells. In the in vitro conditions, 
the N-(4-(2-cyanopropane-2-yl)phenyl)-3,4-dimethoxybenzamide (ADX61623) at 
the low concentrations inhibited FSH-induced production of cAMP and progester-
one in follicular cells, while at the high concentrations, it increased the production 
of estradiol [75]. Of the three benzamide derivatives, only the ADX68692 was active 
when administered orally and subcutaneously to mature female rats, dysregulat-
ing the sexual cycle and reducing the number of matured oocytes [76]. However, 
it should be noted that the ADX68692 was able to modulate the activity of LH 
receptor, enhancing the production of progesterone and reducing the synthesis of 
testosterone in the rat Leydig cells [77].

In conclusion, it should be noted that despite the large number of the investi-
gated allosteric ligands of FSH receptor, they are not yet used in the clinic due to the 
many unresolved problems with their bioavailability, the mechanisms of action, 
and possible undesirable effects [57, 58]. However, the limitations with the use 
of commercial FSH drugs in the clinic and the need to develop the selective FSH 
receptor inhibitors are a good stimulus to further development of the LMW ligands 
of FSH receptor and their implementation into clinical practice.

5. Conclusion and future perspectives

Summing up the current results in the development and study of the LMW allo-
steric ligands of the LH and FSH receptors, it is necessary to focus on the following 
advantages, which are important for their application for reproduction and molecu-
lar and clinical endocrinology, including the assisted reproductive technologies.



Innovations in Assisted Reproduction Technology

120

In 2004, compound 2 belonging to the thiazolidines was developed (Figure 4). It 
suppressed FSH-induced stimulating effects and, by its pharmacological profile, was 
classified as an inverse agonist [59]. Based on its structure, the thiazolidine derivatives 
with the activity of the full agonists were developed [60, 61, 63], including highly 
active compound 5 (Figure 4). This compound stimulated the cAMP-dependent cas-
cades and the steroidogenesis in the cell cultures and in the in vivo conditions induced 
the development of preovulatory follicles and stimulated the ovulation in immature 
female rats [61, 72]. Compound 5 was able to enhance the stimulating effects of 
low-dose FSH, acting as the PAM for FSH receptor. Another thiazolidine derivative, 
compound 3 (Figure 4), at the low concentrations activated the Gs proteins and 
stimulated the cAMP-dependent cascades in the cells expressing the FSH receptor, 
functioning as a full agonist. At the same, at the high concentrations, compound 
3 inhibited FSH-induced activation of Gs proteins and stimulated the Gi proteins, 
reducing the activity of AC and cAMP-dependent transcription factors, functioning 
as the NAM [62, 73].

Figure 4. 
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4-(5-(2-((2-(1H-indol-3-yl)ethyl)amino)-2-oxoethyl)-2-(4-(benzyloxy)phenyl)-4-oxothiazolidin-
3-yl)-2-chlorobenzamide [59]; (2) Compound 5, 3-(2S,5R)-5-(2-((3-ethoxy-4-methoxyphenethyl)
amino)-2-oxoethyl)-4-oxo-2-(4-(phenylethynyl)phenyl)thiazolidin-3-yl)benzamide [61]; (3) Compound 3, 
3-(2S,5R)-5-(2-((2-(1H-indol-3-yl)ethyl)amino)-2-oxoethyl)-4-oxo-2-(5-(phenylethynyl)thiophen-2-yl)
thiazolidin-3-yl)benzamide [62]; (4) Compound Org214444–0, N-(2-((2-bromo-4-((4R,7S)-3-cyano-2-
methyl-5-oxo-7-propyl-1,4,5,6,7,8-hexahydroquinolin-4-yl)-6-ethoxyphenoxy)methyl)-4,5-difluorophenyl)
methanesulfonamide [68]; (5) Compound 10, N-(1-acetyl-2,2,4-trimethyl-4-phenyl-1,2,3,4-tetrahydroquinolin-
6-yl)-[1,1′-biphenyl]-4-carboxamide [67]; (6) Compound 1, 7-{4-[bis-(2-carbamoyl-ethyl)-amino]-6-chloro-
(1,3,5)-triazin-2-ylamino)-4-hydroxy-3-(4-methoxy-phenylazo)-naphthalene}-2-sulfonic acid sodium salt [71].
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i. The LMW allosteric agonists of the gonadotropins receptors do not 
compete with the gonadotropins for the binding sites and, thus, do not 
suppress the effects of LH, hCG, and FSH, and in some cases they enhance 
them, acting as PAM or ago-PAM. The inhibition of the stimulating effect 
of gonadotropins by the LMW allosteric inverse agonists and NAMs is due 
to their allosteric effects, but not the result of the competition for receptor 
binding sites.

ii. The LMW ligands of the LH and FSH receptors are characterized by the 
selectivity for intracellular signaling cascades, functioning as the bias 
ligands, which allows predicting and determining the functional response of 
cells to their action and prevents a number of undesirable side effects that are 
detected when gonadotropins are used.

iii. Since the LMW agonists are selective, they, unlike gonadotropins, have a 
little effect on the β-arrestin signaling pathways responsible for downregula-
tion of the receptors. As a result, under conditions of treatment with the 
LMW allosteric agonists, the sensitivity of the tissues to endogenous gonado-
tropins is preserved, which makes it possible to use the long-term courses of 
LMW agonists as well as to use them with the gonadotropins.

iv. The LMW allosteric ligands of the LH and FSH receptors can be active 
not only with their parenteral routes of administration but also with their 
oral delivery, since they are stable in the gastrointestinal tract and are well 
absorbed by intestinal cells.

v. The LMW agonists have chaperone-like properties in relation to the LH 
and FSH receptors, preventing their intracellular degradation and increas-
ing their translocation to the plasma membrane. In this regard, the LMW 
agonists can be used to enhance the response of the reproductive system to 
the gonadotropins in the case of the mutant LH and FSH receptors that are 
not capable of translocation as well as in the conditions of the metabolic, 
inflammatory, and autoimmune disorders inducing the impaired posttrans-
lational processing of these receptors. It should be noted that the mutations 
and polymorphisms in the gonadotropin receptors lead to a decrease in the 
sensitivity of the testes and ovaries to gonadotropins [78, 79]. In the assisted 
reproductive technologies, they reduce the response of the ovaries to the 
gonadotropin stimulation, which leads to the impaired folliculogenesis, the 
reduced output of high-quality oocytes, and the deterioration of the devel-
opment and implantation of the embryo [78, 80]. Since both gonadotropins, 
LH and FSH, play an important role in the development and maturation of 
the follicles and oocytes, the polymorphisms in the LH and FSH receptors 
can be the main causes of an impairment of folliculogenesis and oogenesis, 
including their late stages [79, 81, 82].

Despite the advantages listed above, the LMW allosteric ligands of the LH and 
FSH receptors have not yet found use in the clinic. The main reason is insufficient 
knowledge of the pharmacokinetics and the distribution of these compounds in 
the body, as well as the problems with the development of their dosage forms, 
especially since most of these compounds are highly hydrophobic and dissolve in 
DMSO. The attempts to reduce the hydrophobicity of LMW ligands by modify-
ing their structure lead to the partial or complete loss of their specific activity, 
due to their reduced ability of penetration into the transmembrane channel of 
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the gonadotropins receptors. The most promising approach to solve this problem 
is to use the solubilizing agents that can increase the water solubility of these 
compounds.

Thus, the development of the LMW allosteric ligands of the gonadotropin 
receptors, which have a high specificity in regulating certain signaling pathways 
and effector systems in the testicular and ovarian cells, opens up a promising way 
to create a new generation of highly selective drugs that can be used to treat and 
prevent the reproductive disorders and in assisted reproductive technologies, both 
separately and in combination with gonadotropins and other regulators of the 
hypothalamic-pituitary-gonadal axis.
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Chapter 8

Proteomics as a Future Tool for 
Improving IVF Outcome
Goran Mitulović and Tanja Panić-Janković

Abstract

New technical and methodical and more efficient approaches beyond pre-
implantation genetic screening (PGS) are needed to elevate success rates in 
in vitro fertilization (IVF). One new approach could be the characterization of 
the embryos’ proteome during the IVF process. This means that specific proteins 
secreted by the embryo in the surrounding cultivating medium can be analyzed and 
compared between embryos in order to identify potential markers for a successful 
embryo transfer and resulting pregnancy. Furthermore, this procedure could result 
with understanding the processes during the whole time of incubation, from the 
moment of oocyte fertilization until embryo transfer and subsequently implanta-
tion by analyzing the culturing medium used in multiple culture medium exchange 
during the cultivation period. This procedure of embryo transfer to a new culture 
medium is essential for the embryo’s development and is performed daily or at 
least when the embryos reached the stage of embryoblast at day 4. The remaining 
medium after embryo removal is routinely discarded. However, this medium still 
can be useful for a detailed analysis of proteins and lipids that were secreted by the 
embryo during the previous incubation process and could help gaining information 
on the embryos’ current developmental status.

Keywords: in vitro fertilization, proteomics, pregnancy, oocyte, pregnancy outcome

1. Introduction

The European Society of Human Reproduction and Embryology (ESHRE) 
report from February 2018 shows that Europe continues to lead the world with 
approximately 50% of all reported in vitro fertilization (IVF) cycles. The lat-
est figures are available for 2014, and these show that 39 European countries 
reported almost 800.000 cycles, which compare to 150.000 cycles in the USA 
or 65.000 cycles in Australia and New Zealand (https://www.eshre.eu/~/media/
sitecore-files/Guidelines/ART-fact-sheet_vFebr18_VG.pdf?la=en). Although there 
are no official reports from China, it is estimated that this country performs more 
than 800.000 IVF cycles with a tendency to grow. In summary, the ESHRE esti-
mates that around 2.5 million IVF cycles is performed every year and that about 
500.000 babies are born following the IVF.

The pregnancy rate depends on the embryo quality, and in Europe in 2014, 
the mean pregnancy rate per embryo transfer was 35% after IVF, 33% after ICSI, 
30% after frozen embryo transfer, and 59% after egg donation. It is observed that 
pregnancy rates are higher in younger patients (<35 years).
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There are large differences between countries concerning the number of 
embryos transferred and the resulting multiple births that can occur following the 
multiple embryo transfer. Multiple pregnancies are classified as high-risk preg-
nancies and pose a significant health risk to both the mother and baby. However, 
regardless of that, the practice of multiple embryo transfer is still present, and it is 
being widely used in order to increase the chances of pregnancy. Currently, efforts 
are made to reduce the number of multiple embryo transfer, and a mean of 1.81 
embryos per transfer is being reported. In Europe, according to the report of the 
European Society of Human Reproduction and Embryology, the number of mul-
tiple delivery rates for embryo transfers dropped from 26.9% in year 2000 to 17.5% 
in 2014 (latest data available), and it is expected to decline further. Some countries, 
e.g., Sweden, has reached a very low multiple delivery rate, and the single embryo 
transfer was performed in more than two-thirds of all transfers.

The importance of IVF in society is also highlighted by the 2010 Nobel Prize 
which has been awarded to Robert Edwards who is, together with Robert Steptoe, 
the “father” of the fist “IVF-Baby.”

The IVF process is an utmost stressful, both physically and psychologically, for 
both parents but primarily for the mother-in-being. A number of physical exami-
nations and medical procedures are being performed in order to ensure that the 
process will lead to a successful pregnancy.

During the IVF process, especially when decisions are made which embryo shall 
be transferred in order to ensure the greatest chance for success, the best possible 
decision, based on the fast and accurate information on the status of the embryo, is 
needed. Due to the increasing age of mothers-to-be, during the past years, a steady 
increase in pregnancies following artificial reproductive techniques (ART), namely, 
IVF and intra-cytoplasmatic sperm injection (ICSI), was observed. The reasons for 
this development must be seen in economic, educational, and social factors, which 
lead to steadily rising rates of elderly patients. With increasing age, fecundability 
and fertility decrease. However, the advances made in reproductive medicine itself 
might be one of the reasons, why an increasing number of women delay childbear-
ing, hoping for late babies and consciously making decisions to use the help of 
reproductive medicine.

The elevation of pregnancy rates for IVF procedures is certainly needed in order 
to reduce the burden on patients and lower costs affiliated with the procedures, 
which very often must be repeated until a pregnancy is reached and the embryo 
develops to successful birth. New technologies and methods more efficient than the 
current approach using PGS are needed. One new approach could be the analysis of 
the embryos’ proteome during the IVF process. This means to analyze the specific 
proteins that are secreted by the embryo in the IVF surrounding of the culture 
medium. Routinely, the medium left after embryo transfer is being discarded. The 
multiple embryo transfer occurring during the IVF procedure is necessary after the 
fertilization step, and the spent media are a rich source of biological material that 
can be used for diagnostic purpose. This procedure of embryo transfer to a new 
culture medium is essential for the embryo’s development and occurs daily or at 
least when the embryos have achieved the stage of embryoblast at day 4.

The spent medium can be useful for a detailed examination of proteins and 
lipids that were secreted by the embryo during each stage of development and can 
be used for the estimation of the “embryo quality” and selection of corresponding 
embryos for primary transfer.

An overview of technologies and approaches being used and a simplified experi-
mental approach are presented in this chapter. The method used in our laboratory 
is used just as an example of the technologies used, and a number of different 
approaches will be discussed.

135

Proteomics as a Future Tool for Improving IVF Outcome
DOI: http://dx.doi.org/10.5772/intechopen.89880

2. Materials and methods

2.1 Analyzed embryo cultivation medium: source of the material

Embryo cultivation medium is usually being discarded during the IVF proce-
dure although it can be used for multiple diagnostic and prognostic procedures. 
Certainly, ethical and moral guidelines and procedures must be observed, and the 
ethical board or other corresponding bodies must approve of the use of this mate-
rial. The following experiments have been performed by using cultivation media 
from IVF media upon approval from the ethical boards of the Medical University 
in Vienna and the University of Linz in Austria. Samples were collected during dif-
ferent stages of embryo development and analyzed using methods established for 
analysis of low samples amounts.

2.2 Proteomics sample preparation

Trypsin for protein digestion was purchased from Promega Inc. (Vienna, 
Austria). Solvents for HPLC—methanol (MeOH), acetonitrile (AcN), 2,2,2-tri-
fluoroethanol (TFE), formic acid (FA), heptafluorobutyric acid (HFBA), iodoacet-
amide (IAA), triethylammonium bicarbonate (TEAB), and dithiothreitol—were 
purchased from Sigma-Aldrich (Vienna, Austria).

One of the most important steps when analyzing embryo cultivation media 
is the depletion of serum albumin present in these samples. Tarasova et al. [1] 
described the innovative method of using immobilized antihuman albumin 
antibodies for depletion of small sample volumes. Briefly, for depletion of 
culture media samples from selected embryos, the sample was diluted using the 
phosphate buffered saline buffer (pH 7.4) consisting of 0.01 M phosphate buffer, 
0.0027 M KCl, and 0.14 M NaCl. This buffer was further also used as a washing 
buffer A upon the sample loading. In order to ensure full sample recovery from 
the depletion column, a ready-to-use elution buffer from Agilent (pH 2.25) 
(Agilent Technologies, CA, USA) was used as buffer B. We have developed a new 
column for the depletion of human albumin by immobilizing the antihuman 
albumin antibodies to the monolithic support disk, the CIMac-HSA column, 
especially for analysis of small sample amounts, which also occur in IVF samples. 
This column was used in an ICS-5000 inert HPLC system (Dionex-Thermo 
Scientific, Germering, Germany) for albumin depletion with a column flow 
rate of 0.3 mL/min. Upon sample injection, the loading and washing buffer A 
was pumped through the column for 5 min, and the flow-through fraction was 
collected (V = 350 μL). This fractions’ volume corresponds to the full absorbance 
peak and contains all proteins that were not trapped on the column. The albumin 
was trapped by the interaction with the antibodies on the column’s surface, and 
it was eluted by increasing the amount of the eluting mobile phase from 5 to 
10 min. The column was, finally, flushed with the loading buffer A for additional 
4 min, and this step was followed by an additional washing step with buffer B 
and, finally, equilibrating step using, again, the loading buffer A for 13 min. The 
total time for completing this depletion protocol is 30 min when applying the 
column flow rate of 0.3 mL/min. During this time, the very important column 
wash step and the complete re-equilibration of the column preceding the next 
depletion run is being perfromed. The flow rate used was selected for maximiz-
ing the protein’s interaction time and was a compromise between the speed and 
efficacy of operation. If desired, higher column flow rates can be used without 
losing much of the column’s performance [2], but this shall be carefully examined 
and optimized.
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Proteins in both collected fractions and non-depleted samples were depleted 
using a standard protocol with trypsin. Due to a high concentration of phosphate 
buffer in collected fractions, 1 M triethylammonium bicarbonate (TEAB) was 
added to the fractions in order to reach a final concentration of 50 mM TEAB and to 
dilute the phosphate buffer. For protein denaturation, 10 μL of 0.1% (w/v) Rapigest 
in 50 m MTEAB were added to all fractions, and reduction of disulfide bonds was 
performed using dithiothreitol (final concentration of 5 mM DTT) and incubating 
the reaction mixture for 30 min at 60°C.

For a successful trypsinization, alkylation was performed using iodoacetamide 
at a final concentration of 15 mM IAA. Upon addition of IAA, the sample was 
incubated at room temperature, in the dark, for 30 min. An excess of iodoacetamide 
is inhibiting the trypsin action and needs to be neutralized, which was achieved by 
adding 2 μL of 50 mM DTT in 50 mM TEAB, vigorous mixing for 2 min at room 
temperature. Finally, 10 μL of 0.2 μg/μL trypsin solution were added, and samples 
were incubated for 16 h at 37°C in an incubation oven. Tryptic activity was stopped 
by acidifying the solution with 1% TFA solution.

For LC–MS/MS analysis, 20 μL of the digested and diluted sample (aqueous 
0.1% TFA at a ratio of 2:3 (v/v)) were injected for LC–MS/MS analysis.

2.3 Chromatographic separation and mass spectrometry detection

A Dionex UltiMate 3000 RSLC nanoLC system (Dionex-Thermo Scientific) was 
used for the nanoHPLC separation of tryptic peptides. Mobile phases used for chro-
matographic separation of tryptic peptides were as follows: (A) 5% of acetonitrile in 
aqueous 0.1% formic acid and (B) methanol, trifluoroethanol, water and acetonitrile 
(30:10:10:50 (v/v/v/v) and 0.1% of formic acid). The sample was loaded onto the trap 
column for washing the residula salts and focusing of the analytes as a small sample 
front by using loading mobile phase consisting of 0.1% aqueous TFA chilled to 3°C.

The nonlinear gradient of 75 min total running time was used for HPLC separa-
tions of tryptic peptides. The gradient was composed using sequential linear steps:

1. 1.0% B min−1 for 7 min.

2. 0.5% B min−1 gradient for 38 min.

3. 1.5% B min − 1 for 20 min.

4. 3.0% B min−1 for 10 min.

The HPLC flow was introduced into the maXis Impact UHR TOF mass spec-
trometer (Bruker Daltonics, Bremen, Germany), and the LC–MS/MS analysis 
was performed in triplicate for each sample. For peptide fragmentation (MS/MS), 
collision-induced dissociation was used, and all MS/MS data were acquired in a 
300–2000 m/z range using a three-second cycle without further optimization of 
the instrument’s parameters. In order to prevent unnecessary fragmentation of ions 
with low intensity, the lower threshold for precursor ions was set to 1000 counts. 
Due to tailing of some peptides and frequently observed co-elution of peaks, a 
dynamic exclusion was employed, and the duration was set to 120 s. In case where 
the precursor ion showed higher intensity after the exclusion period of 120 s, it was 
reconsidered for an additional MS/MS event.

Database search for protein identification was performed using the all-taxonomy 
Swiss-Prot database (http://www.uniprot.org). For this search, X! Tandem [3] with 
following parameters was used:
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1. Precursor mass tolerance of ±10 ppm.

2. Fragment mass tolerance of ±0.3 Da.

3. Maximum of two missed cleavages were allowed.

Some posttranslational modifications of peptides due to the sample preparation 
and due to biological processes can be expected. For the experiment described, cys-
teine carbamidomethylation was selected as the fixed modification and methionine 
oxidation; phosphorylation of serine, threonine, and tyrosine residues, as well as the 
acetylation of lysine and N-terminal residues, were selected as variable modifications.

2.4 Data analysis

All data analysis for the experiments described in this manuscript was analyzed 
using the method described by Tarasova et al. [1]. The use of pyteomics.pepxmltk 
converter (https://pypi.python.org/pypi/pyteomics.pepxmltk) and search was 
described elsewhere [4]. Briefly, this platform was used to convert X! Tandem files 
to the standard pep.xml format and perform data analysis. All identifications, upon 
database search, were filtered to meet the requirement of the 1.0% FDR at peptide 
level. Search results were submitted for a post-search validation using the MPscore 
software, described earlier [5]. Quantitative information on identified proteins is a 
substantial requirement for determining the differences between biological sam-
ples, and all proteins fulfilling the identification and validation requirements were 
quantified using the label-free quantitation approach called normalized spectral 
index (SIn) (Griffin et al.) [6].

3. Results and discussion

3.1 Albumin depletion in IVF cultivation medium

The presence of albumin in cultivating medium is necessary for the normal 
development of embryos. However, its presence is a significant burden for pro-
teomics analysis, and it must be removed prior to further analysis steps. The 
removal of albumin has been extensively discussed and described in a number of 
publications [1, 2, 7–9]. Different groups have used a number of methods such as 
immunodepleting chromatography, molecular weight cutoff filters, peptide librar-
ies, size exclusion chromatography, etc. All these methods have some advantages 
but also show disadvantages. In case of depleting the albumin from IVF cultivat-
ing medium, the very low sample volume (max. of 40 μl) must be taken into 
consideration. Furthermore, depletion method must be performed fast and must 
be reproducible over a large number of samples, if intended to be used for fast 
analysis of clinical samples that shall help making the decision on which fertilized 
oocyte shall be transferred first and which ones shall be frozen for later procedures. 
The use of a novel immunoaffinity-based convective interaction media analytical 
columns (CIMac) for depletion of HSA (CIMac-HSA) was performed in this study, 
and it proved that it can be used for fast and reproducible albumin depletion from 
minute sample amounts. The column’s architecture and the convective flow-through 
columns’ channels enable a flow rate-independent binding capacity and excellent 
chromatographic resolution. These characteristics give CIMac-αHSA column some 
important analytical benefits like shorten time of analysis in comparison to com-
mon chromatographic depletion of albumin using silica-based columns, which 
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is an extraordinary important parameter for clinical use. The albumin content in 
different batches of cultivating medium differs strongly, and it also differs strongly 
between different suppliers. Therefore, the depletion method must be selected in 
a way that can be applied for a variety of samples. However, independently of the 
selected methods, the removal of albumin from the cultivating medium results with 
a number of identified proteins of which some can be of importance for embryo 
development and for later pregnancy development.

Figure 1 shows two SDS-gel lanes for the separation of two media upon 
embryo transfer. Since albumin originates from different donors and is being 
mixed at the manufacturing site, it will certainly contain a number of other 
proteins that may interfere with proteins secreted from the developing embryo. 
Also, secreted proteins might bind on albumin and, therefore, be “invisible” for 
proteomics analysis.

In addition to that, the human proteome, as any proteome, is dynamic, and 
it is constantly changing through internal and external stimuli. Proteins being 
translated from RNA are directly responsible for cellular function, but different 
gene expression studies have, unfortunately, shown that a reliable prediction of 
proteins’ function or abundance cannot be made. As for the human proteome, 
significant advances have been made for the analysis of the whole proteome and 
of the proteome of different disease states [3, 5, 10–20]. Bearing all of it in mind, 
the analysis of proteins obtained from the cultivating media is challenging, and the 
results are not always conclusive.

Figure 2 shows the results obtained upon analyzing four different cultivating 
media used in routine IVF procedures and upon embryo transfer.

Dyrlund et al. [21] have performed the analysis of unconditioned commercial 
embryo culture media and have identified a number of proteins upon depletion 
and digestion of a total of 5 mL of media. The amount of 5 mL, however, will never 
be available if samples are retrieved during the actual IVF process. However, this 
analysis showed that this amount contains an astounding amount of 25 mg of albu-
min. Here, a total of 111 proteins with different concentrations in different batches 
of the media were identified in addition to albumin. The sample of unconditioned 
media also contained eight proteins previously suggested as possible markers of 

Figure 1. 
Lanes 2 and 4 show an example of the separation of proteins secreted in culturing media on silver-stained SDS 
gel. As expected, large spots for human serum albumin (HSA) are observed for both samples with significantly 
lower amounts of other proteins. Since the culturing media have been declared to contain only HSA, the 
proteins below are secreted from the fertilized oocyte (lane 2) and unfertilized oocyte (lane 4).
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embryonic viability, e.g., proteoglycan-4, serotransferrin, vitamin-D-binding 
protein, ubiquitin, etc.

Another study performed on IVF medium examined the batch-to-batch varia-
tions and showed that variation in both protein amounts and protein identifications 
can be expected [22]. When studying these media, it is important to pay attention 
to the fact that both media, the control and the media where embryos grow, must be 
from the same batch in order to make valid comparison.

Spent IVF medium is a valuable source for proteins that can be used as putative 
biomarkers in IVF. The major focus of researchers has been on secreted proteins, 
but the proteins already present in the medium can be equally valuable and must 
be considered in the pursuit for biomarkers of embryos’ “quality.” It is very possible 
that proteins already present in the medium may be necessary for embryo develop-
ment, and the uptake or degradation of specific proteins might correlate to ascer-
tain embryo development or lack thereof. Therefore, these media must be evaluated 
for their potential to differentiate embryos’ success rates and track the proteins, 
which can be potential biomarkers. Additionally, the safety of these proteins in 
culture media for the offspring should also be evaluated.

Figure 2. 
Identified proteins and their relative quantities in albumin-free fractions after performing albumin depletion 
of culturing media samples on two different depletion columns. Proteins identified either in the CIMac-αHSA 
FT or the Seppro FT1 fractions are labeled with B and S, followed by Swiss-Prot protein ID. Median values of 
normalized spectral indexes (SI) and standard deviations are shown. Median SIHSA in non-depleted samples 
is marked with red dashes. More than two peptide-spectrum matches were assumed for each of the listed 
proteins according to Tarasova et al. [1].
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is an extraordinary important parameter for clinical use. The albumin content in 
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it is constantly changing through internal and external stimuli. Proteins being 
translated from RNA are directly responsible for cellular function, but different 
gene expression studies have, unfortunately, shown that a reliable prediction of 
proteins’ function or abundance cannot be made. As for the human proteome, 
significant advances have been made for the analysis of the whole proteome and 
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Dyrlund et al. [21] have performed the analysis of unconditioned commercial 
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analysis showed that this amount contains an astounding amount of 25 mg of albu-
min. Here, a total of 111 proteins with different concentrations in different batches 
of the media were identified in addition to albumin. The sample of unconditioned 
media also contained eight proteins previously suggested as possible markers of 

Figure 1. 
Lanes 2 and 4 show an example of the separation of proteins secreted in culturing media on silver-stained SDS 
gel. As expected, large spots for human serum albumin (HSA) are observed for both samples with significantly 
lower amounts of other proteins. Since the culturing media have been declared to contain only HSA, the 
proteins below are secreted from the fertilized oocyte (lane 2) and unfertilized oocyte (lane 4).
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embryonic viability, e.g., proteoglycan-4, serotransferrin, vitamin-D-binding 
protein, ubiquitin, etc.
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that proteins already present in the medium may be necessary for embryo develop-
ment, and the uptake or degradation of specific proteins might correlate to ascer-
tain embryo development or lack thereof. Therefore, these media must be evaluated 
for their potential to differentiate embryos’ success rates and track the proteins, 
which can be potential biomarkers. Additionally, the safety of these proteins in 
culture media for the offspring should also be evaluated.

Figure 2. 
Identified proteins and their relative quantities in albumin-free fractions after performing albumin depletion 
of culturing media samples on two different depletion columns. Proteins identified either in the CIMac-αHSA 
FT or the Seppro FT1 fractions are labeled with B and S, followed by Swiss-Prot protein ID. Median values of 
normalized spectral indexes (SI) and standard deviations are shown. Median SIHSA in non-depleted samples 
is marked with red dashes. More than two peptide-spectrum matches were assumed for each of the listed 
proteins according to Tarasova et al. [1].
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3.2  Identification of proteins in IVF cultivation medium and their possible role 
for embryo development

Proteins identified by Dyrlund et al. were also reported by Katze-Jaff upon 
analysis of the secretome of the individually cultured human embryos, and a hint 
was made that these proteins could be related to embryo’s morphology and thus its 
viability [23–25]. They have reported that ubiquitin was upregulated in developing 
blastocytes as compared to degenerating blastocytes. However, there was no cor-
relation between the ubiquitin upregulation and the observed pregnancy rates.

Cortezzi et al. [26] reported the identification of proteins in both positive and 
negative groups of embryos, i.e., embryos termed viable for transfer and does 
who were not selected. For positive-implantation group, protein, called Jumonji 
(JARID2), was reported. This protein composes a histone methyltransferase 
complex called polycomb repressive complex 2 (PRC2), which modifies chromatin 
methylation to silence many embryonic patterning genes, acting as a negative regu-
lator of cell proliferation signaling. This results with a restricted gene expression 
to an appropriate cell population that is essential for development, differentiation, 
and maintenance of cell fates.

In the same study, the testis-specific gene 10 protein (TSGA10) was identified 
only in negative samples. TSGA10 is a perinuclear protein, and it was described to 
participate in actively dividing and fetal differentiating tissues in mice embryos.

Katz-Jaffe et al. reported the identification of heparin-binding epidermal 
growth factor EGF-like growth factor precursor (HB-EGF) [24]. This growth factor 
precursor belongs to the EGF family growth factors, and it is found in the mem-
brane-anchored form (proHB-EGF) and the soluble form (sHB-EGF). The soluble 
form is produced from the proteolytic cleavage of proHB-EGF at the extracellular 
domain. Furthermore, soluble HB-EGF has been observed to be a growth stimula-
tor, and it does significantly improve the blastocyst development and hatching 
when added to serum-free medium. However, other studies from an in vitro model 
system indicate that proHB-EGF might function in cell-to-cell signaling by a juxta-
crine mechanism inhibiting growth activity [27]. Since this protein was identified 
in degenerating blastocytes, its upregulation might contribute to the lack of further 
development.

A cystatin-like precursor is needed for successful mammalian implantation for 
a controlled trophoblastic invasion of the maternal uterine epithelium. It must be 
available and functional [28] since this invasion involves the extracellular degrada-
tion of the uterine matrix by a variety of proteinases, and one of the crucial ones are 
cysteine proteinases. Cystatins are known to inhibit cysteine proteinases, and their 
upregulation will most probably contribute to failure of implantation of degenerat-
ing blastocysts. Therefore, it is not only of importance to identify these proteins, the 
possible biomarkers, but also to validate these findings in the human.

4. Conclusion

Proteomics is a promising technology for the identification and validation of 
possible biomarkers for embryo selection in ART. As listed by Dyrlund et al., a 
growing list of secreted proteins has been identified that could further contribute 
to this field [21]. However, the challenge ahead of the research still includes the 
reliable and reproducible identification of a proteomics secretome signature. This 
signature shall be directly associated with embryo viability and the success of the 
procedure, i.e., successful pregnancy, and child’s birth. This is a very challenging 
task not only due to the complexity, heterogeneity, and diversity of human embryos 
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but also because of irreproducibility of used culturing media and contaminant 
proteins therein.

Another challenge for the clinical use of proteomics methods is the speed of the 
proteomics analysis. Sample preparation, measurement, and data analysis of a sam-
ple is currently not feasible within the time window needed for IVF. Current sample 
analysis methods require at least half a day for the fastest proteomics method avail-
able, which is too long. Nevertheless, proteomics methods can contribute to identi-
fication and validation of putative biomarkers, which once clinically confirmed, can 
be analyzed using other, faster, methods upon building corresponding antibodies.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Endometrium: A Review
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Abstract

Over the past decade, platelet-rich plasma (PRP) has been used in several fields 
of medicine to promote cell growth and expedite wound healing for the treatment 
of arthritis, nerve injury, tendinitis, bone regeneration, cardiac muscle repair, and 
oral & plastic surgery. Recently, researchers have been applying autologous PRP to 
bolster the growth of endometrial lining in patients with a history of endometrium-
related failed embryo transfers. Evidence reveals that PRP is a rich source of active 
cytokines and various growth factors, which come from an autologous source that 
can be easily attained from peripheral blood without risk of disease transmission 
to the patient. In this review, several studies were analyzed that involved patients 
18–42 years of age undergoing hormone replacement therapy (HRT) in preparation 
for embryo transfer and serial transvaginal ultrasound in conjunction with PRP 
infusions into the endometrium via an intrauterine insemination (IUI) catheter. 
Exclusion criteria included patients with endometritis, polyps, or adhesions. 
Embryo transfers (ET) were performed when the endometrial lining achieved a 
thickness of >7 mm. The database indicates that PRP infusion therapy is a promis-
ing low-cost treatment for HRT patients that significantly increases endometrial 
thickness and improves pregnancy success in a previous suboptimal ET patient 
population.

Keywords: cytokines, embryo transfer, endometrial lining, endometrium,  
growth factors, hormone replacement therapy, infusion, platelet-rich plasma, 
suboptimal lining

Key Points

Evidence shows that PRP infusion directly into the endometrium enhances lining development in 
patients suffering from chronically refractive or underdeveloped endometrium. Chemical pregnancy in 
patients that underwent PRP infusion with frozen embryo transfer was 50% (108/216) in comparison to 
17.1% (16/93) in patients that did not receive PRP treatment.
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1. Introduction

The overall objective of this review was to determine if platelet-rich plasma 
(PRP) infusions are viable alternatives to current treatments for thin endometrial 
lining, and to distinguish if PRP infusions increase endometrial thickness and 
implantation in patients that underwent treatment in eight different case studies.

Platelet-rich plasma is prepared from autologous whole blood collected from a 
patient’s peripheral vein, mixed with an acid citrate dextrose solution A (ACD-A) 
anticoagulant, and processed to separate platelets from remaining blood compo-
nents [1]. Platelet-rich plasma is recognized as plasma from autologous blood with 
4–5 times the concentration of normal platelet levels; these high concentrations of 
PRP contain cytokines and growth factors including: vascular endothelial growth 
factor (VEGF), transforming growth factor (TGF), platelet-derived growth factor 
(PDGF) and epidermal growth factor (EGF) [2, 3]. Because of the expression of 
several regenerative growth factors, PRP is being used in several fields of medicine 
to promote wound regeneration including: arthritis, nerve injury, tendinitis, bone 
regeneration, cardiac muscle repair, alopecia, and plastic and oral surgery recovery 
[4, 5]. When the body is injured, a natural healing process occurs that floods the 
wound site with activated platelets that instantly promote cell regeneration and 
proliferation. It is theorized that PRP may be used to promote the same growth 
and proliferation in endometrium that have previous suboptimal growth patterns. 
Similar research, such as endometrial scratching, has been studied to promote the 
generation of growth factors to increase implantation; however, the concentra-
tion of platelet levels within direct PRP infusion into the endometrium is vastly 
superior to the natural, localized endometrial healing process that occurs with the 
scratching method.

Other treatment strategies for thin endometrial lining have varied throughout 
recent years, but have been inclusive of extended use of exogenous estradiol, low-
dose aspirin, vitamin E supplementation, and use of granulocyte colony stimulation 
factor (G-CSF), but not all have been proven effective [6–9]. The minimal endo-
metrial thickness suggested for successful implantation at embryo transfer is 7 mm 
[10], however, there are those that argue endometrial lining is a poor indicator for 
pregnancy outcomes and therefore should not be heavily considered [11]. During 
typical HRT cycles, estradiol administration is regulated from day 2 or day 3 of an 
average 28 day cycle and continues until the endometrial lining reaches optimal 
thickness for transfer (typically >7 mm) at which time progesterone administration 
then occurs [12]. This model is utilized in IVF clinics globally; however, patients 
who fail to reach the recommended endometrial thickness often undergo canceled 
cycles in which they have wasted valuable time, medications, and expenses without 
receiving an embryo transfer.

Thin endometrial lining or suboptimal endometrial growth is a problem that 
affects up to 5% of the patients undergoing IVF treatment [13]. These patients often 
experience the emotionally and physically traumatizing effects of canceled cycles 
or repeated implantation failure (RIF). It is proven that growth factors expressed in 
the endometrium of women with RIF are less than those expressed in normal fertile 
women [14]. These growth factors can be stimulated by infusion of autologous PRP 
into the endometrium in conjunction with HRT prior to embryo transfer. However, 
many factors are involved in successful embryonic implantation, not limited to 
embryo quality, but also a synchrony between the embryo and the endometrium in 
addition to any immunological factors [15]. Without optimal endometrial growth, 
this synchrony becomes far less likely as the endometrium does not express the 
adequate genes nor growth factors involved in embryonic implantation [16, 17].
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2. PRP collection and infusion

Through multiple studies, PRP processing was performed similarly. On the 10th 
day of HRT, Chang and coworkers drew 15 ml of autologous blood into a tube with 
5 ml of Acid Citrate A Anticoagulant (ACD-A) and centrifuged; separating red 
blood cells, a gel buffy coat, and cellular plasma. The plasma and buffy coat were 
then transferred to a second tube and centrifuged again, yielding 0.5–1 ml of PRP 
[18]. Both Zadehmodarres and Nazari and their colleagues drew 17.5 ml of blood on 
day 9 or 10 of HRT into 2.5 ml of ACD-A and similarly centrifuged twice to obtain 
0.5 ml of PRP [19, 20]. Tandulwadkar et al. used 10 ml of autologous blood into 
an unspecified amount of ACD-A; which was centrifuged sequentially utilizing 
first a soft spin for 15 minutes, followed by a hard spin for 6 minutes, again yield-
ing between 0.5 and 0.8 ml of PRP [21]. Eftekhar and others used an alternative 
approach, collecting PRP on the 13th day of HRT by drawing 8.5 ml of peripheral 
venous blood into a syringe containing 1.5 ml of ACD-A that was then centrifuged 
for 10 minutes; following first centrifugation, the buffy coat and plasma layer 
were then removed and centrifuged again, yielding 1.5 ml of PRP [22]. Meanwhile, 
Hounyoung et al. collected 18 ml of venous blood in a 30 ml syringe prepared 
with 2 CC of ACD-A and then centrifuged twice to obtain 0.7–1.0 ml of PRP [23]. 
Nazari and coworkers performed a follow-up study utilizing a double-blinded 
trial in which 30 patients underwent PRP infusion, prepared in the same manner 
as the initial pilot study [19], and 30 patients underwent placebo PRP infusions 
[24]. Chang et al. performed a secondary study as well, involving a larger cohort 
of patients compared against a control group, and performed PRP collection as 
previously reported [18, 25]. All studies transfused the PRP into the endometrium 
using an IUI catheter, and then repeated intravaginal ultrasound 48 hours later to 
measure endometrial growth; patients who did not reach the desired lining thick-
ness (>7 mm deemed adequate in all studies) were then treated with a second round 
of PRP infusion [18–25].

2.1 Hormone replacement therapy

In the past, IVF clinics allowed for natural cycle frozen embryo transfer in 
which they permitted endometrial lining to develop on its own, but it resulted 
in many timing issues with need for frequent monitoring and cancelation due to 
anovulation and poor development of the endometrium. Today, most clinics have 
moved fully to HRT protocols that allow for artificial stimulation of the endome-
trium that can be easily tracked utilizing blood serum and ultrasound assessment 
to time an embryo transfer concordant with a receptive endometrium. In humans, 
estrogen stimulates endometrial growth and induces progesterone receptors as it 
moves naturally through the menstrual cycle. After ovulation, the endometrium 
is exposed to progesterone which induces morphological and biochemical changes 
that alter the endometrium from the proliferative phase to the secretory phase 
[17]. In HRT cycles, estradiol administration (typically Estradiol Valerate) occurs 
until the lining has reached a thickness of greater than 7 mm, at which time pro-
gesterone is then administered for the number of days proportional to the embryo 
being transferred (i.e., a day 6 blastocyst will receive progesterone for 6 days) and 
then the embryo is transferred to a supposedly receptive endometrium [26, 27]. In 
these HRT cycles, patients receive estradiol during the follicular phase that inhibits 
gonadotropin secretion and prevents follicular development and ovulation. The 
start of the luteal phase can be exactly pinpointed, as it starts when progesterone is 
added to estradiol dosages.
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2.2 Methodology

HRT allows for artificial stimulation of endometrial growth via hormone 
administration orally, transdermally, intramuscularly, vaginally, subcutane-
ously, or a combination of both. Most clinics administer estradiol for several 
days until the endometrial lining has reach a point of optimal growth, at which 
time they will then administer progesterone to induce the secretory phase of 
cycle that promotes embryo implantation [21]. Each of the studies examined in 
this review conducted HRT protocols concordant with physician recommenda-
tion as follows:

Chang et al.: In the pilot study, Estradiol Valerate (E2V) started at 3 mg/d on day 
3 of menses and increased every 4 days up to a max of 12 mg/d; and in the cohort 
study, E2V started at 6 mg/d and subsequently increased to 12 mg/d [18, 25]. The 
pilot study included five patients suffering from chronically non-responsive thin 
endometrium (5.9–6.6 mm) who underwent PRP infusion on the 10th day of HRT 
and lining was measured via transvaginal ultrasound. In the cohort study, platelet-
rich plasma infusion was also performed on the 10th day of HRT, and endometrial 
thickness was measured in both the control group and study group.

Zadehmodarres et al.: Estradiol Valerate started at 6 mg/d on day 3 of menses, 
and increased to 8–9 mg/d. Suppository progesterone was started when endometrial 
thickness reached >7 mm and continued for 2 weeks after ET [19]. PRP infusion was 
administered on the 11th or 12th day of cycle and assessed 48 hours later.

Nazari et al.: Estradiol Valerate started on day 2 or 3 of menses at 6 mg/d and was 
increased to 8 mg/d if lining did not reach >7 mm. When thickness reached 7 mm, 
progesterone suppositories, 4000 mg, were started twice daily [20, 24]. In the 
pilot study, 0.5 ml of PRP was infused into the endometrium of patients 48 hours 
prior to frozen embryo transfer in conjunction with an HRT cycle. In the follow-up 
RCT, PRP infusion or mock infusion was performed on day 11 or 12 of HRT cycle, 
modified from the initial pilot study, and lining was measured using transvaginal 
ultrasonography.

Tandulwadkar et al.: Estradiol Valerate started at 6–8 mg/d concordant with 
baseline endometrial vascularity as measured by Power Doppler on day 1 of men-
ses and increased to 12 mg/d if growth was not seen. Transvaginal ultrasounds 
were performed starting on day 7/8 [21]. Day of PRP infusion was not given in the 
initial study.

Eftekhar et al.: In this study, the case group was treated with PRP and increased 
HRT, and the control group was just treated with increased HRT. For all women, 
E2V was started at 6 mg/d, then increased to 10 mg/d [22]. PRP infusion occurred 
on the 13th day of cycle and endometrial lining was measured transvaginally.

Hounyoung et al.: Patients treated within this study began E2V administration 
on the second day of menses, starting at 4-6 mg/d and followed by PRP infusion on 
cycle day 10 [23]. PRP infusion was administered via IUI catheter and repeated 2–3 
times in 3 day intervals until optimal endometrial thickness was achieved (>7 mm).

3. Sample size and selection of samples

Eight clinical trials were selected, all of which were inclusive of a total of 346 
patients that underwent HRT in conjunction with PRP infusion. Of 346 patients, 
313 underwent embryo transfer at either cleavage or blastocyst stage. The remaining 
33 patients dropped out of the studies prior to embryo transfer due to persistently 
poor endometrial development [18–25].
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3.1 Inclusion criteria

Inclusion criteria remained relatively constant through all eight studies. All 
patients had a history of thin endometrial lining, repeat implantation failure, or 
two or more canceled cycles due to poor endometrial growth. All patients were 
between the ages of 18–42 years old and all had a normal BMI of <30%; donor egg 
cycles were not included due to the potential to skew the results. All patients that 
underwent embryo transfer post-PRP infusion reached an endometrial thickness of 
>7 mm, as deemed acceptable by the performing physicians.

3.2 Exclusion criteria

All patients with hematological and immunological disorders, hormonal dis-
orders, chromosomal and genetic abnormalities and uterine abnormalities were 
excluded from the studies. All patients who did not reach optimal endometrial 
thickness post-PRP infusion were excluded from embryo transfer. Any patient of 
advanced maternal age (>42 years old) or increased BMI (>30%) was excluded 
from the studies.

4. Results and data analysis

Five patients were included in the initial pilot study by Chang et al. [18]. 
48–72 hours post PRP, all five patients reached a minimum lining of 7 mm (7.0–8.0). 
All patients underwent frozen embryo transfer, and all five patients were pregnant 
(5/5) with an ongoing pregnancy rate of 80% (4/5).

Zadehmodarres and colleagues [19] performed their study on 10 patients with 
previous canceled cycles due to thin endometrial development, four of which were 
diagnosed with Asherman’s Syndrome. All 10 patients reached adequate lining 
thickness for embryo transfer (7.0–7.5). All patients underwent frozen embryo 
transfer resulting in chemical pregnancy in 50% of patients (5/10) with an ongoing 
pregnancy rate of 40% (4/10).

The pilot study by Nazari and coworkers [20] was based upon a study group of 
20 patients suffering from RIF due to thin endometrial lining. All patients received 
a blastocyst stage transfer of one to two embryos that were graded morphologically 
normal. Chemical pregnancy was reported in 90% of patients (18/20) with an 
ongoing pregnancy rate of 80% (16/20).

Tandulwadkar et al. [21] assessed not only endometrial thickness, but endo-
metrial vascularity as well post PRP infusion as measured by serial transvaginal 
ultrasound. Of the 68 patients included in the study, 64 went on to achieve optimal 
lining thickness for frozen embryo transfer. Average mean lining thickness before 
PRP infusion was 5 mm, and 7.22 mm after PRP infusion. Of the 64 patients that 
received a frozen embryo transfer, endometrial vascularity increased in all patients. 
60.1% (39/64) reported chemical pregnancy with an ongoing pregnancy rate of 
45.3% (26/64).

A randomized control trial was performed by Eftekhar and others [22] in which 
83 women participated; 40 were allocated to the study group and received PRP 
infusion, while 43 were placed in the control group and did not receive PRP. Prior 
to PRP infusion on the 13th day of cycle, there were no significant differences 
in endometrial lining as measured between the two groups; however, after PRP 
infusion, significant differences were noted (8.80 vs. 8.04 mm). Of the 40 women 
in the study group, 7 did not receive an embryo transfer due to persistently thin 
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a blastocyst stage transfer of one to two embryos that were graded morphologically 
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metrial vascularity as well post PRP infusion as measured by serial transvaginal 
ultrasound. Of the 68 patients included in the study, 64 went on to achieve optimal 
lining thickness for frozen embryo transfer. Average mean lining thickness before 
PRP infusion was 5 mm, and 7.22 mm after PRP infusion. Of the 64 patients that 
received a frozen embryo transfer, endometrial vascularity increased in all patients. 
60.1% (39/64) reported chemical pregnancy with an ongoing pregnancy rate of 
45.3% (26/64).

A randomized control trial was performed by Eftekhar and others [22] in which 
83 women participated; 40 were allocated to the study group and received PRP 
infusion, while 43 were placed in the control group and did not receive PRP. Prior 
to PRP infusion on the 13th day of cycle, there were no significant differences 
in endometrial lining as measured between the two groups; however, after PRP 
infusion, significant differences were noted (8.80 vs. 8.04 mm). Of the 40 women 
in the study group, 7 did not receive an embryo transfer due to persistently thin 
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endometrium, whereas 10 women in the control group were excluded from frozen 
embryo transfer for the same reason. Thirty-three women in the study group and 
33 women in the control group underwent cleavage stage frozen embryo transfer. In 
the study group, chemical pregnancy was reported in 42.2% (14/33) in comparison 
to the control group, which recorded chemical pregnancy in only 24.2% (8/33) 
of patients. Ongoing pregnancy rates were 33.3% (11/33) versus 18.2% (6/33), 
respectively.

Hounyoung and colleagues [23] performed a pilot study on 24 patients with 
a history of refractory endometrium. Of the 24 patients initially included in the 
study, two patients were canceled, and two were lost to follow-up. Data was col-
lected for the remaining 20 patients, all of whom received a frozen embryo transfer 
of 2–3 day 3 cleavage stage embryos. Among the study group, a chemical pregnancy 
rate of 30% (6/20) was reported with an ongoing pregnancy rate of 20% (4/20).

After an initial pilot study, Nazari et al. [24] performed a follow-up double 
blinded randomized control trial to validate their previous findings. Sixty patients 
were selected for inclusion in the study; 30 were randomly assigned to the study 
group to receive PRP infusion, and 30 were aliquoted to the control group in which 
a sham-catheter was utilized for mock PRP infusion. In the PRP group, lining 
increased to 7.21 ± 0.18 mm respectively, and in the mock infusion group, lining 
reached 5.76 ± 0.97 mm. Of the 30 patients in the study group, all patients received a 
frozen embryo transfer in comparison to just 6 that reached optimal lining (>7 mm) 
for frozen embryo transfer in the control group. Chemical pregnancy was recorded 
in 40% (12/30) of cases in the study group, and in 6.7% (2/30) in the control group. 
Ongoing pregnancy rate was 33.3% (10/30) in the PRP group, and 3.3% (1/30) in 
the control group.

Chang and others [25] performed a follow-up randomized control trial to their 
initial pilot study as well, assigning 34 patients to the PRP infusion group and 
30 patients to the control group, which received only HRT without PRP. In the 
study group, endometrial thickness reached an average of 7.65 ± 0.22 mm versus 
6.52 ± 0.31 mm in the control group. The cycle cancelation rate was 19.0% in the 
study group, and 41.2% in the control group, which was statistically significant. All 
patients that reached optimal endometrial thickness received a frozen blastocyst 
transfer of one or two morphologically good blastocyst stage embryos. In the PRP 
group, clinical pregnancy was reported as 44.1% (15/34), and 20% (6/30) in the 
control group.

All patients within study groups that underwent embryo transfer reached opti-
mal lining thickness (>7 mm) after one or multiple rounds of PRP infusion. Patients 
that underwent PRP infusion in the study groups reached an average endometrial 
thickness of 7.36 mm with an average increase of 1.68 mm post PRP infusion. In the 
control groups presented by studies performing RCT, the control patients reached 
an average endometrial thickness of 6.77 mm with an average increase of 0.91 mm 
after HRT. Among patients within study groups, the overall chemical pregnancy 
rate was 50% (108/216) in contrast to 17.1% (16/93) following conventional HRT 
without PRP infusion.

5. Discussion

Platelet-rich plasma infusion is a novel approach to endometrium enhancement. 
This autologous therapy strives to increase endometrial thickness among patients 
with histories of canceled cycles and repeat implantation failure due to chronically 
refractive endometrium. While there is no universally agreed upon treatment for 
this patient population, the search to find an effective solution for non-reactive 
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endometrial lining should be at the forefront of clinical researchers within the ART 
industry. Platelet-rich plasma is easily attained, cost-effective, minimally invasive, 
rich in cytokines and growth factors, and carries very little risk of disease or infec-
tion transmission as the patient uses their own blood to attain PRP. Infusion into the 
endometrium takes place in conjunction with traditional HRT and therefore can be 
administered during the average cycle while patients are already present for serial 
ultrasounds and serum hormone level measurements.

In the eight studies discussed above, PRP infusion into the endometrium proved 
effective when administered on various days of an HRT cycle as well as in variable 
quantities. While the majority of studies reviewed were clinical applications, which 
presents a weakness in the data as there was no comparative control group, the 
randomized controlled trials that were performed offered arguably conclusive, 
supportive evidence of PRP effectiveness. All the patients that underwent PRP 
infusion experienced a significantly marked increase in endometrial thickness, 
allowing for frozen embryo transfer. In the studies that did utilize a study popula-
tion versus a control population, results among the study participants were sig-
nificantly improved with greater cycle completion. Although most studies utilized 
frozen blastocyst transfers, there were some that elected to use frozen cleavage stage 
embryo transfers, which can also be considered a limiting factor among the data. 
The studies here agreed upon 7 mm as the minimal lining thickness for embryo 
implantation success, but some physicians argue that endometrial thickness is 
a poor marker for transfer outcome. While this argument can be made and sup-
ported, as it was by Griesinger and colleagues [11], there is a wide consensus that 
endometrial thickness does play a vital role in receptivity (Table 1).

The patient populations presented in these studies, including those among the 
study group and those in the control group, were all patients that had suffered two 
or more failed previous cycles due to poor lining development. The inclusion criteria 
for these studies were consistent through all eight trials and provided an unbiased 
patient group in order to obtain reliable results. The data conclusively shows that 
endometrial thickness among patients with chronically poor endometrial develop-
ment is greatly increased with PRP infusion therapy in comparison to traditional 
HRT alone. The primary outcome of each study was satisfied by the significant 
increase in endometrial lining development with the secondary satisfaction of 
improved clinical pregnancy outcomes in the PRP group versus the control group.

Another diagnostic tool to be considered in patients with a history of subop-
timal endometrial development and repeat implantation failure is the use of the 
Endometrial Receptivity Array (ERA). The ERA is a customized array that allows 
to test for 248 different genes expressed during the endometrial cycle and works 
concordantly with a computational algorithm that identifies the receptivity status 
of an endometrial biopsy to diagnose a personalized window of implantation [28]. 
ERA is performed with a mock embryo transfer cycle. Utilizing the ERA, Ruiz-
Alonso and colleagues were able to validate conclusively that 25% of RIF patients 
had a displaced window of implantation and went on to coin the phrase “personal-
ized embryo transfer” (pET) to increase the chance of a successful pregnancy in 
women suffering from mistimed endometrial receptivity [29]. Potentially, ERA can 
be utilized in conjunction with PRP infusion to determine receptivity of the endo-
metrium in PRP patients. In the study by Tandulwadkar et al. [21], not only was 
lining thickness assessed, but endometrial vascularity was observed as well utiliz-
ing 3D Doppler ultrasound. Blood flow to the endometrium as well as the uterine 
biophysical profile can be measured via a combination between abdominal and 
transvaginal ultrasound. Greater blood flow to the uterus has been associated with 
higher implantation rates and can be seen in color utilizing Doppler ultrasound 
methods [27]. PRP infusion has the potential to increase lining development as well 
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as endometrial vascularity as proven by Tandulwadkar, and future studies should 
observe an increase in vascularity concordant with lining and uterine biophysical 
profile. Utilizing the ERA and 3D Doppler system in conjunction with PRP in future 
studies can be therefore linked to the immune, genetic, and biophysical pathways of 
the endometrium.

While the use of PRP infusion into the endometrium to increase lining 
growth and vascularity is a relatively new area of research, the initial trials show 
encouraging results. The patients that were included within these studies are 
patients who had suffered from multiple failed or canceled cycles and would not 
have received embryo transfers otherwise. In a patient population that has had 
multiple failures, PRP infusion into the endometrium provides a suitable solu-
tion that effectively allows for embryo transfer, giving these patients a chance 
at pregnancy that they otherwise would not have had utilizing traditional HRT 
alone. Although the data is still new and there is need for additional research 
and much larger randomized controlled trials, the initial use of PRP as a uni-
versal means of treating poor responders to HRT shows a promising treatment 
method for the future.

6. Conclusion

The review of the initial data presented in these eight early studies of PRP 
infusion into the endometrium in conjunction with traditional HRT reveals 
statistically significant outcomes. Patients with previous failures that did not 
reach the minimal lining thickness needed to perform embryo transfer (>7 mm) 
underwent PRP infusion into the endometrium and reached an average endome-
trial thickness of 7.36 mm in comparison to the control group, which reached an 
average of only 6.77 mm. Clinical pregnancy rates within the study group were 
also significantly higher than the control group, 50% (108/216) versus 17.1% 
(16/93), respectively. For patients that have had multiple failures and canceled 
cycles, offering an absolute solution that at minimum guarantees them an embryo 
transfer can potentially increase the success of frozen embryo transfers in clinics 
globally, while decreasing patient stress and costs, and reducing the potential for 
embryo wastage.
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Abstract

Recurrent pregnancy loss (RPL) affects 0.8–1.4% of couples, and this preva-
lence increases with aging. However, etiology is commonly unknown, and most 
therapies are not supported by strong evidence. There are many examinations that 
investigate causes of RPL: hormonal status, spermatozoa morphology and DNA 
fragmentation, immunologic status, uterine assessment, thrombophilia, and others. 
Recently different types of treatment have emerged, most lacking good evidence. 
As for example, we may mention the use of anticoagulants, aspirin, corticosteroids, 
progesterone, and antioxidants and psychological support. It is argued that some 
procedures such as preimplantation genetic testing for aneuploidy and intracyto-
plasmic morphologically selected sperm injection would impact on the outcomes 
and help RPL management. This chapter will discuss the current evidence concern-
ing examinations and treatments that would improve the outcomes in patients with 
RPL, with recommended practice.

Keywords: recurrent pregnancy loss, recurrent miscarriage, in vitro fertilization, 
infertility, preimplantation genetic testing for aneuploidy, thrombophilia, sperm DNA 
fragmentation, natural killer cells, reproductive techniques, maternal KIR, paternal 
HLA-C

Keypoints

The practice of physical activity, healthy eating, quitting smoking, and reduction of alcohol consumption 
are factors that interfere in the reproductive outcomes. Medical understanding and ability to listen to patients 
about their obstetric past are fundamentally important for the treatment.

The genetic investigation is controversial and consists of chromosomal evaluation of the conception 
products and the couple’s karyotype. The goal is to identify the etiology of the loss and may be useful for future 
guidance of the couple. There is no consensus on performing IVF-PGT, and this option should be discussed 
case by case. In extreme cases IVF using donated gametes may be the last option., 

Patients with RPL without other risk factors for thrombosis should not be screened for inherited 
thrombophilias, and those with positive screening have no benefit from available treatment. The only 
thrombophilia that should be routinely investigated for early miscarriage is APS. The recommended treatment 
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1. Introduction

Recurrent pregnancy loss (RPL) is defined by two or more losses with gesta-
tional age less than 20–24 weeks [1, 2]. Its prevalence varies between 0.8 and 1.4% 
considering only patients who have had a clinical pregnancy [2]. The pathogenesis 
is multifactorial, and in only 50% of the cases, the causal factor can be identified: 
immunological, endocrine, genetic, metabolic, and anatomical, among others [3]. 
The identification of etiology is not always possible, and recurrence of miscar-
riage seems to influence negatively the couple’s psychological profile [2]. Thus, 
the understanding of diagnostic methods that can identify etiological factors and 
treatments that can improve the outcome is fundamental for the follow-up of 
couples with RPL.

2. Risk factors

Some personal factors such as lifestyle and even environmental exposure 
may be associated with obstetric complications and gestational loss. Advanced 
maternal age is one of the best-established risk factors in the literature for RPL [2]. 
Approximately 50–70% of early gestational losses are associated with chromosomal 
abnormalities, and their incidence increases with maternal age, reaching 50% 
in women over 40 years [3]. The European Society of Human Reproduction and 
Embryology (ESHRE) recommends that women should be informed of the highest 
risk of miscarriage after age 40 [2].

Obesity also has a major impact on women’s reproductive health. High body 
mass index (BMI) is associated with worse outcomes in infertility treatments and 
a higher incidence of gestational loss [4]. One study with obese women showed a 
higher frequency of euploid miscarriages than nonobese women (58% vs. 37%) [5]. 

is the use of low-dose AAS preconception and LMWH in a prophylactic dose initiated when diagnosing 
pregnancy., 

Screening immunological factors for patients with RPL is not recommended. There is also no 
recommendation to use venous immunoglobulin or corticosteroids empirically. Only antinuclear antibody can 
be ordered for prognostic purposes, according to ESHRE., 

Screening for congenital uterine anomalies is part of the investigation of women with a history of 
RPL. Nuclear magnetic resonance is the gold standard for diagnosis. The only finding that can be surgically 
corrected and prognosis improved is the septate uterus., 

The diagnosis of cervical incompetence is based on clinical history. The classic treatment is transvaginal 
cerclage between 12 and 16 weeks after first trimester morphological ultrasound., 

Patients with RPL should undergo through endometrial cavity evaluation. The gold standard is 
hysteroscopy. Although there is limited evidence linking submucosal fibroids, endometrial polyps, and 
synechiae with RPL, surgical correction in patients with RPL without other identifiable factors is suggested., 

There are no research and treatment benefits for PCOS patients and their associated endocrine disorders. 
Thyroid evaluation should be performed with serum TSH and anti-TPO, and clinical hypothyroidism 
should be treated. For prolactin, the test is not indicated in the absence of signs of hyperprolactinemia, but 
if this condition is diagnosed, treatment is indicated. Vitamin D test is not routinely recommended, but the 
preconception counseling in women with RPL may include prophylactic vitamin D supplementation due to 
the high prevalence of hypovitaminosis D in this population., 

The relationship of chronic endometritis with RPL is unclear. The current gold standard for the diagnosis 
of chronic endometritis is the pathological anatomy of immunohistochemically endometrial biopsy for the 
CD138 marker. A therapeutic option would be the use of doxycycline alone or in combination with other 
antibiotics., 

For male factor, measurement of spermatic DNA fragmentation index and Kruger morphology would be 
indicated. The use of antioxidants is a clinical treatment that can improve DNA fragmentation. In the presence 
of ICSI indication associated with increased spermatic DNA fragmentation, the use of testicular, IMSI, or 
PICSI sperm can be considered.
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This is probably due to the association of obesity with several endocrine disorders, 
such as diabetes, hypothyroidism, and polycystic ovary syndrome and possibly 
endometrial changes [5]. The Royal College of Obstetricians and Gynecologists 
(RCOG) recommends prepregnancy weight loss due to the associated increased risk 
of miscarriage, stillbirth, preeclampsia, diabetes, and postpartum hemorrhages 
[6]. The practice of regular physical activity presents improvement in the obstetric 
outcome; however, there are no studies investigating the impact of exercise in 
patients with RPL [2].

Smoking seems to be related to defects in trophoblastic function, thus increas-
ing the risk of gestational loss, in addition to poor obstetric prognosis [2]. Assisted 
reproduction societies recommend quitting smoking because of the negative impact 
on the chances of a live birth [2, 3]. Several studies have shown that drinking 
alcohol during pregnancy also increases the risk of gestational loss [2]. Although 
further studies are needed to establish if there is any safe dose for drinking in 
pregnancy, there are recommendations for couples with RPL not to drink alcohol.

Caffeine abuse can also affect fertility as well as be a risk factor for gestational 
losses. Ingestion of high caffeine levels (500 mg per day or > 5 cups per day) is 
associated with decreased fertility [7]. During pregnancy, drinking between 200 
and 300 mg/day (2–3 cups) may increase the risk of miscarriage [3]. Thus, it seems 
sensible to guide this population to reduce caffeine consumption.

Few studies assess environmental exposure as a risk factor for RPL, one of 
which suggests that exposure to heavy metals and lack of micronutrients may cause 
gestational loss [8]. Another study suggests that ingestion of high concentrations of 
organochlorine pesticides may be associated with RPL [9].

It has been suggested in the past that stress could be associated with worsening 
the reproductive outcomes. There is a higher prevalence of depression in patients 
with RPL [10], but it is not known if this picture is not the cause or effect of RPL 
[2]. The American Society for Reproductive Medicine (ASRM) advises psychologi-
cal support for these women who are more prone to feelings of grief, sadness, 
depression, anxiety, and guilt [3].

3. Genetic factors

The human conception is a vulnerable event—a large proportion of all concep-
tions are cytogenetically abnormal, and most of such pregnancies evolve to abor-
tion. In couples with RPL, research can be divided into two main categories: genetic 
analysis of products of conception and parental genetic analysis.

3.1 Genetic analysis of products of conception

Studies in which products of conception were analyzed showed that genetic 
alterations, mainly aneuploidies, contribute to a significant portion of the 
causes of gestational losses, accounting for 50% of recurrent losses [11]. Despite 
the importance of genetic alterations as causes of miscarriage, there is still no 
consensus as to whether routine evaluation of pregnancy tissue should be per-
formed. ASRM does not recommend genetic evaluation of conception products 
[3]. ESHRE, in turn, suggests that this analysis should not be done routinely but 
that it may be promoted for the purpose of clarifying the etiological factor and to 
assist in deciding whether further investigation or treatment is needed [2]. Other 
studies and guidelines, however, have proposed new algorithms in which the 
assessment of gestational repetition losses should be initiated with chromosome 
testing in conception products [12].
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New chromosomal tests such as the chromosomal microarray analysis (CMA) 
have the potential to reduce costs since, in the presence of altered examination, 
costly and unnecessary evaluations will not be employed [13]. In addition, when a 
cause is identified, the tendency is to reduce the use of empirical treatments that 
have no scientific evidence [13]. Research has shown that in couples with previous 
embryonic aneuploidy, the likelihood of a child’s birth during subsequent pregnan-
cies was higher than patients with prior normal karyotype of conception products 
(71% vs. 44%) [14].

The suffering that the couple goes through experiencing abortion episodes 
without knowing the etiological factor can by itself justify the investigation of the 
existence of genetic alterations as a cause of the events.

3.2 Parental genetic analysis

In about 5% of all couples suffering two or more fetal losses, one partner 
carries a balanced chromosomal rearrangement, which represents approximately 
eightfold increase compared to the general population [15]. Guiding this couple 
for genetic counseling is important, as the likelihood of a healthy child born will 
depend on the type of rearrangement found and the chromosomes involved—for 
example, gestational losses are more present in carriers of balanced translocations 
and inversions than in carriers of Robertsonian translocations [16]. Even with one 
spouse carrying a chromosomal rearrangement, the cumulative rate of live birth, 
even in natural conception, is significant—63.4% despite the increased risk for 
miscarriage [17].

As for the existing guidelines regarding parental cytogenetic investigation, 
ESHRE determines that such assessment should not be performed routinely, but in 
specific cases after individual risk assessment [2]. ASRM, however, recommends 
routine parental karyotyping as information obtained may assist in counseling on 
the prognosis of future pregnancies, including guidance for performing preimplan-
tation genetic testing (PGT), amniocentesis, or chorionic villus analysis [3].

Couples with structural cytogenetic changes have an increased number of 
gametes with chromosomal imbalances, so it would be expected that the implan-
tation of embryos selected by PGT increases the rate of live births. However, in 
spouses carrying chromosomal rearrangement with RPL, the rate of live births, 
time to subsequent conception, and miscarriage rates were similar in both naturally 
conceived and in vitro fertilization associated with preimplantation diagnosis (IVF-
PGT) [18]. Other papers showed discordant results. Similar live birth rate and time 
to new pregnancy were reported; however, the miscarriage rate was significantly 
lower in the IVF-PGT group [19]. Thus, there is no consensus showing the benefit 
of such strategy in this population, and no randomized controlled trials have been 
conducted to this date to validate possible benefits.

4. Thrombophilias

Thrombophilias are inherited and/or acquired conditions that predispose 
individuals to thrombosis, with varied prevalence in the general population [20]. 
The most common hereditary thrombophilias are methylenetetrahydrofolate 
reductase (MTHFR) gene polymorphism 4–16%, factor V Leiden mutation 1691G 
→ A (heterozygote, 1–15%; homozygote, <1%), prothrombin mutation 20210G → A 
(heterozygote, 2–5%; homozygote, <1%), antithrombin deficiency (0.02%), protein 
C deficiency (0.2–0.4%), protein S deficiency (0.03–0.13%) [21], and serpin gene 
polymorphism. On the other hand, acquired thrombophilia is mainly represented 
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by the antiphospholipid antibody syndrome (APS) 2% [20]. Successful pregnancy 
requires an adequate endovascular implantation and remodeling measured by 
trophoblast, and these prothrombotic conditions would be the target of investiga-
tion and intervention with anticoagulant therapy to prevent miscarriage [21].

4.1 Inherited thrombophilias

The screening of inherited thrombophilias even in patients with a thrombosis 
context is still questioned [2]. The factor V Leiden mutation (1691G→ A) and the 
prothrombin mutation (20210G→ A) were related to recurrent miscarriage [22]; 
however, the lack of evidence that the treatment changes the gestational outcome 
leads to questioning the relevance of investigating such mutations. Other throm-
bophilias, such as protein C deficiency, protein S deficiency, and antithrombin 
deficiency, although associated with thromboembolic event, were not associated 
with RPL [2, 3, 20, 22]. MTHFR gene polymorphisms are no longer considered risk 
factors for thrombophilias [2].

The association between RPL and inherited thrombophilias is weak or absent 
[2]. Thus, thrombophilic screening should be restricted to patients with family 
history of thrombophilias or previous thrombotic event [1, 2]. There is no recom-
mendation to screen inherited thrombophilias in patients with RPL without other 
risk factors [1, 2, 21, 23]. Screening tests may be influenced by physiological/
pathophysiological changes in the pregnancy-puerperal period, thrombotic event, 
or use of anticoagulants [21]. It should be performed within 6 weeks or more after 
delivery, miscarriage, or thrombotic event or early if necessary [2, 21].

The use of anticoagulant therapy with low-molecular-weight heparin and/or 
aspirin has no benefit in preventing early (<10 weeks) or late (≥10 weeks) RPL 
[24]. Thus, ineffectiveness of the treatment, the risk exposure, and the increased 
cost do not justify treatment with anticoagulants in patients with inherited throm-
bophilias and RPL without other risk factors for thrombosis [2, 20].

4.2 Acquired thrombophilias

APS is indicated in patients with RPL, as well as in patients with adverse gesta-
tional outcome or episode of thrombosis without apparent cause [25]. The diagnosis 
of APS is based on the combination of at least one clinical criterion, which includes 
thrombotic events and/or gestational morbidity, and a laboratory criterion, which 
includes three antibodies: lupus anticoagulant, anticardiolipin, and anti-β2 glyco-
protein 1 (anti-β2GP1) [25].

In the cases of late gestational loss, lupus anticoagulant was more closely related 
to RPL than any of the other antibodies [26, 27]. Anticardiolipin (IgG and IgM) 
has been associated with early and late gestational loss [26, 27]. The relationship 
between anti-β2GP1 and late gestational loss seems to be controversial [26, 27]. 
ESHRE recommends for patients with two losses, consecutive or not, to conduct a 
research for lupus anticoagulant antibodies and anticardiolipin, and the research 
should consider anti-β2GP1.

The use of combined therapy, low-molecular-weight heparin at prophylac-
tic dose, and low aspirin dose (75–100 mg/day) increases the live birth rate in 
patients with APS and RPL from 10% to 70–80% [28]. In treatment failure, the 
use of heparin in therapeutic dose may be used, although there is no benefit 
evidence [28]. Other treatment regimens with limited evidence are the use of 
hydroxychloroquine or low dose of prednisolone in the first trimester [28]. The 
use of immunoglobulin is questioned because studies are limited and show no 
increase in live birth rate [28].
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use of immunoglobulin is questioned because studies are limited and show no 
increase in live birth rate [28].
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5. Immunological factors

To be successful in pregnancy, the maternal organism needs to undergo immu-
nological changes that allow and assist in the trophoblastic invasion of the embryo. 
During pregnancy, the maternal immune system faces a dilemma: it needs to 
protect the mother against infection while accepting the semi-allogeneic fetus [29]. 
Leukocytes are important components of the endometrium, and their concentra-
tion increases in the middle of the secretory phase in which embryonic implantation 
is expected and continues to increase during early pregnancy [30]. The proges-
terone plays a key role in this balance by creating an appropriate environment for 
embryonic implantation and development [28]. This change in maternal endome-
trial immunology becomes essential for early pregnancy implantation and success. 
Changes in this phase can lead to implantation failure, miscarriage, and other 
unfavorable obstetric outcomes such as preeclampsia.

5.1 Natural killer (NK) cell

The uterine natural killer (uNK) cells are the most commonly found leukocytes 
in the maternal endometrium. Two phenotypes are observed—CD56bright and 
CD16dim—unlike peripheral blood where CD56dim and CD16+ are the largest 
population [31]. There is a variability of their own concentration during the men-
strual cycle. There are a significant increase of NK cells in the endometrium 6 to 
7 days after the peak of luteinizing hormone (LH), which persists throughout the 
early pregnancy. This increase suggests an important role of these cells in embry-
onic implantation, but the exact function is still unknown [30].

5.1.1 Killer immunoglobulin-like receptors (KIR)

The placental formation is regulated by the interaction between the killer 
immunoglobulin-like receptors (KIR) and the surface human leukocyte antigens 
on the embryo trophoblastic cells (HLA-C). The embryo presents maternal and 
paternal HLA-C, and both haplotypes are presented to NK cells that, in turn, will 
recognize the human leukocyte antigen (HLA) foreign to their organism. There are 
two types of HLA-C: C1 and C2 which are a strong ligand to the receptor. On the 
other hand, there are two KIR haplotypes: A, which is inhibitory, and B, which is 
stimulating. The receptors can then be AA, AB, or BB. The presence of haplotype 
B confers pregnancy protection, and its absence (in the cases of KIR AA) increases 
the risk of gestational complications.

Studies have shown that when maternal KIR is homozygous for haplotype A 
(KIR AA), there is an increased risk of gestational complications if the embryo 
carries paternal HLA-C2 [32, 33]. In the future, these studies may be applicable to 
couples who will undergo IVF. Further studies on the subject are still needed, and 
these tests are not quoted to be traced by societal guidelines.

5.2 Macrophages

The macrophages represent 20–30% of leukocytes in the maternal endo-
metrium and are the second largest group behind only NK cells. Macrophages 
differ in specific phenotypes to perform different biological functions and can be 
divided into two subgroups: M1 and M2. M1 macrophages are pro-inflammatory 
and antimicrobial, whereas M2 have anti-inflammatory function [34]. For 
maternal and fetal tolerance to occur, more macrophages are polarized into the 
M2 subtype with immunosuppressive properties necessary for normal pregnancy 
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to occur [35]. When polarization of these cells does not occur correctly favoring 
the M1 subgroup, improper remodeling of the arteries and trophoblastic invasion 
occurs, leading to a higher incidence of miscarriage, preeclampsia, and prema-
ture birth [35].

5.3 Regulatory T cells

Regulatory T cells (Treg) are a subpopulation of T cells that play an essential 
role in maintaining maternal immune tolerance. These cells are activated by the 
presented antigens and from that moment secrete cytokines that will determine 
the differentiation of T cell subtypes, thus modulating the immune response. 
Depending on the released cytokines, T cells may differentiate into Treg cells 
expressing interleukin 10 and transforming growth factor β (TGFβ) responsible for 
immune tolerance to the conceptus or Th17 expressing interleukins 17, 21, and 22 
responsible for autoimmunity and gestational loss. Treg cells will then regulate the 
response to foreign antigens when an aggressive response is not appropriate, having 
the ability to inhibit type 1 helper (Th1) cells. There is evidence in the cases of 
recurrent gestational loss of unknown cause to increase Th17 and to decrease Treg 
cells, leading to an inadequate immune response [29].

6. Anatomical factors

Uterine anatomical abnormalities, both acquired and congenital, are associ-
ated with RPL. It is estimated that uterine factors may account for 10–50% of 
RPL [36].

6.1 Congenital uterine anomalies

6.1.1 Congenital Müllerian duct anomalies

Congenital uterine anomalies (CUA) arise from defects along any stage of 
the Müller duct development process during embryonic development, whether 
in formation, fusion, or reabsorption. The frequency of CUA has been reported 
between 1.8 and 37.6% in women with a history of RLP. This variation is due to the 
different diagnostic methods and criteria [37]. Septate uterus is the most common 
anomaly in patients with a history of abortion. Arched, septate, and bicornuate 
uterus account for up to 85% of anomalies [38].

In a meta-analysis it was observed that patients with septate or bicornuate 
uterus had a higher rate of miscarriage in the first and second trimester than a 
control group [39]. In another meta-analysis, the evaluation of uterine abnormality 
subtypes resulting from fusion defect showed that women with unicornuate and 
bicornuate uterus were more likely to have first-trimester abortion compared to 
those with normal uterus [40].

ASRM’s original classification system for congenital uterine anomalies has been 
modified and adapted and is still the most widely used today [41]. In 2012, ESHRE/
ESGE published a classification system aiming to replace the subjective criteria of 
ASRM’s classification by the absolute morphometric criteria [42]. Based on this 
classification, up to 58% of women previously diagnosed with ASRM arched uterus 
would be reclassified as having a partial septate uterus. There would be a potential 
increase in the number of surgical corrections for uterine anomaly, without any 
evidence showing that such a practice would be beneficial [43]. Therefore, caution 
is needed in using this new classification until further prospective, randomized, 
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In a meta-analysis it was observed that patients with septate or bicornuate 
uterus had a higher rate of miscarriage in the first and second trimester than a 
control group [39]. In another meta-analysis, the evaluation of uterine abnormality 
subtypes resulting from fusion defect showed that women with unicornuate and 
bicornuate uterus were more likely to have first-trimester abortion compared to 
those with normal uterus [40].

ASRM’s original classification system for congenital uterine anomalies has been 
modified and adapted and is still the most widely used today [41]. In 2012, ESHRE/
ESGE published a classification system aiming to replace the subjective criteria of 
ASRM’s classification by the absolute morphometric criteria [42]. Based on this 
classification, up to 58% of women previously diagnosed with ASRM arched uterus 
would be reclassified as having a partial septate uterus. There would be a potential 
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controlled, long-term studies are available to associate the severity of uterine cavity 
distortion with reproductive results.

Given the suspicion, it is necessary to use diagnostic methods that can clearly 
visualize the external contour of the uterus and endometrial cavity. Both 3D ultra-
sound with inversion mode (3D US) and magnetic resonance imaging (MRI) can be 
used for this purpose, with good correlation between them [44]. The disadvantages 
of MRI are that it is a more expensive and less available method than ultrasound.

In a comparative study of different diagnostic modalities, higher accuracy of 3D 
hysterosonography compared with 3D US and 2D hysterosonography was observed, 
although the differences between these imaging techniques did not reach statistical 
significance in the diagnosis of arched, bicornuate, and septate uterus [45].

The uterine septum is the most common abnormality related to RPL [36] and 
the only remediable one. Despite the lack of randomized and controlled prospec-
tive studies comparing surgery to expectant treatment, limited studies indicate that 
hysteroscopy septal resection is associated with a reduction in subsequent abortion 
rates and an improvement in live birth rates in patients with RPL [41]. After hystero-
scopic resection of the septum, an interval of at least 2 months should be expected 
for complete healing of the endometrial cavity before a new pregnancy [41].

In general, CUA may be associated with renal abnormalities in approximately 
11–30% of individuals [41]; for this reason there is a need for urinary tract investi-
gation in these cases.

6.1.2 Cervical incompetence

Cervical incompetence (CI) is the inability of the cervix to keep the intrauterine 
fetus in the absence of uterine contractions or labor (painless cervical dilatation) due 
to a functional or structural defect. It is a recognized cause of RPL in the second tri-
mester, but the true incidence is unknown, as the diagnosis is essentially clinical [2].

The CI can be congenital or acquired. The most common congenital cause is a 
defect in the embryological development of the Müllerian ducts. The most common 
acquired cause is cervical trauma, such as cervical lacerations during childbirth, 
cervical conization, or forced cervical dilation during uterine procedures [46].

The diagnosis is usually based on a history of miscarriage in the second trimes-
ter, preceded by spontaneous rupture of membranes or painless cervical dilation. 
There are currently no objective tests capable of identifying women with cervical 
weakness in the nonpregnant state [2].

Transvaginal ultrasound may be used in at-risk patients during pregnancy. 
CI might be suspected when there is a short cervical length, less than or equal to 
25 mm, or funneling, protrusion of the membrane into a dilated internal orifice but 
with closed external orifice [46].

Many surgical and nonsurgical modalities have been proposed to treat cervical 
incompetence. Among nonsurgical activities, restriction of activities and bed rest were 
not effective in the treatment of cervical incompetence. Its isolated use is discouraged. 
The use of vaginal pessary is another option, but the evidence is still limited. Surgical 
approaches include transvaginal and transabdominal cervical cerclage [46].

6.2 Acquired anatomical factors

Acquired anatomical factors commonly associated with RPL include uterine 
fibroids, endometrial polyps, and uterine synechiae. They usually develop after 
puberty due to physical or hormonal stimuli and are present in about 12% of 
patients with RPL [47].
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6.2.1 Uterine fibroids

Fibroid is reported in 8,2% of women with RPL [48]. Submucosal fibroids 
deform the endometrial cavity, thus affecting implantation and embryonic devel-
opment [47]. Hysteroscopy is considered the gold standard for the diagnosis of 
submucosal fibroids, but this pathology can be identified through other imaging 
exams, such as ultrasound mapping [2]. The evaluation of the uterine cavity is 
strongly recommended for all women with RPL, since the removal of submucosal 
fibroids in infertile patients seems to reduce the chance of miscarriage [2, 49]. 
Regarding fibroids that do not distort the uterine cavity, there is no evidence 
indicating that myomectomy may reduce the chances of an abortion [2, 49].

6.2.2 Uterine polyps

There seems to be a higher prevalence of endometrial polyps in women with 
gestational loss (2.4%), but with no well-defined clinical importance [2, 47]. 
Hysteroscopy is considered the gold standard exam for the diagnosis and treatment 
of endometrial polyps but can also be identified through other imaging exams, such 
as ultrasound with color Doppler [2]. Although there is no evidence of the benefit of 
polypectomy in women with RPL, hysteroscopic removal should be considered when 
the polyp is larger than 1 cm when no other known etiology is found [2, 47]. ASRM 
reports that research for uterine polyps in women with gestational loss is contro-
versial as there is no conclusive evidence that surgical treatment reduces the risk of 
gestational loss [49].

6.2.3 Uterine synechiae/Asherman syndrome

The prevalence of uterine synechiae ranges from 0.5 to 28% in patients with 
RPL [47]. Women with RPL are more likely to have uterine synechiae as they often 
undergo curettage or manual vacuum aspiration. The probable pathophysiology 
of abortion occurs due to a reduction in the amount of functional endometrium 
which may interfere with the invasion and normal development of the placenta 
[47]. The gold standard exam for the diagnosis of synechiae is hysteroscopy and 
should be the exam of choice in the cases of suspicion [2]. ESHRE concludes that 
there is insufficient evidence to recommend adhesiolysis in women with RPL as 
there are only small observational studies. ESHRE reinforces that treatment should 
focus on preventing recurrence of adhesions [2, 3]. However, ASRM points out that 
surgical correction of significant uterine cavity defects should be considered [3]. 
Nonsurgical experimental techniques for the treatment of uterine synechiae and 
endometrial fibrosis, such as stem cell therapy, should be further studied before 
being indicated in clinical practice [2].

7. Endocrine factors

Hormones play a key role in placentation, and their changes may result in the 
risk of miscarriage [2].

7.1 Luteal phase insufficiency

It is a condition of insufficient exposure to progesterone to maintain a secretory 
endometrium that will lead to normal embryo implantation and growth [50]. The 
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controlled, long-term studies are available to associate the severity of uterine cavity 
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diagnostic criteria for luteal insufficiency are not well established which makes it 
difficult to conduct studies that can demonstrate the causal link between luteal phase 
insufficiency and RPL. Thus, luteal phase failure testing is not recommended for 
patients with RPL [2, 3]. The use of progesterone or human chorionic gonadotropin 
(hCG) for its treatment is divergent in the literature [2, 3].

7.2 Thyroid disorders

Studies relating subclinical hypothyroidism, defined as thyroid-stimulating 
hormone (TSH) > 2.5 mU/L and normal free thyroxine, and increased risk of RPL, 
have low levels of evidence [2]. The anti-thyroid peroxidase antibodies’ (anti-TPO) 
presence in patients with RPL, even euthyroid, is an important gestational prognos-
tic factor [51]. Thus, a TSH and anti-TPO dosage is recommended for women with 
RPL. And, in detecting abnormal levels of the above exams, it recommends that T4 
levels should be evaluated [2].

Patients with clinical hypothyroidism should be treated with levothyroxine [2, 3]. 
In women with RPL and subclinical hypothyroidism, the benefit of treatment should 
be evaluated as the evidences are conflicting [2, 3]. In addition, euthyroid women 
with positive anti-TPO should not be treated with levothyroxine [2, 52].

7.3 Polycystic ovary syndrome and disorders of insulin metabolism

Several abnormalities observed in patients with polycystic ovary syndrome 
(PCOS) have been independently associated with RPL, including insulin resistance, 
hyperinsulinemia, hyperandrogenemia, hyperprolactinemia, and obesity.

There is a higher prevalence of insulin resistance among women with RPL 
than controls [53]. However, no study has confirmed the cause-effect relationship 
between insulin resistance and RPL. Thus, there is insufficient evidence to recom-
mend assessment of PCOS, fast insulin and fast glucose, and insulin and glycemia 
nor the use of metformin in pregnancy to prevent gestational loss in women with 
RPL and defects in glucose metabolism [2].

The presence of an independent link between hyperandrogenemia and RPL 
remains controversial. Therefore, researching androgen levels is not recommended 
in women with RPL [2].

7.4 Prolactin disorders

Most studies fail to establish a direct link between RPL and serum prolactin 
concentration. Thus, prolactin test is not routinely recommended in the absence 
of clinical signs of hyperprolactinemia [2]. But if hyperprolactinemia is detected, 
treatment with dopaminergic agonists may be considered in women to increase live 
birth rates [2, 3].Since hyperprolactinemia is an easily treatable cause, most centers 
routinely test serum prolactin levels.

7.5 Vitamin D

There are few studies evaluating the association between vitamin D deficiency 
and RPL [2]. One of them showed increased prevalence of hypovitaminosis D in 
women with RPL, but it was unable to demonstrate cause-effect relationship [2, 
54]. Thus, based on the significant prevalence of hypovitaminosis D in women 
with RPL and possible association with obstetric and fetal complications, the 
preconception counseling in these women may include prophylactic vitamin D 
supplementation [2].
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8. Chronic endometritis

Chronic endometritis (CE) is defined as a persistent inflammation of the endo-
metrial mucosa caused by the presence of bacterial pathogens in the uterine cavity 
[55]. Its prevalence in patients with RPL is approximately 12–13% [56]. The influence 
of CE on reproductive capacity is controversial, but many authors suggest that CE 
may negatively affect embryonic implantation [56]. Some studies suggest an infec-
tious etiology with positive cultures in 75% of women with histologically confirmed 
CE, with the most common bacteria being Escherichia coli, Enterococcus faecalis, and 
Streptococcus agalactiae (77.5%) [57]. Most patients are asymptomatic, with pain on 
uterine or cervical mobilization being the most common clinical presentation [58, 59].

CE is histopathologically diagnosed as a lymphoplasmacytic infiltrate in the 
endometrial stroma [58, 59]. Immunohistochemistry for the marker present in CD138 
plasma cells is used to improve diagnostic accuracy [60]. A diagnostic video hysteros-
copy can help identify CE, with direct visualization of the endometrial cavity, which 
usually presents with mucosal edema, focal or diffuse endometrial hyperemia, or 
micropolyps. The sensitivity, specificity, and positive and negative predictive values of 
hysteroscopy in diagnosing CE were 86.36, 87.30, 70.37, and 94.82%, respectively [61].

Up to a few years ago, the uterine cavity was thought of as a sterile environment. 
Recently, there has been discussed that an imbalance of the uterine microbiota might 
compromise embryonic implantation or induce an abortion. Endometrial biopsy 
for next-generation sequencing (NGS) microbiota evaluation and etiological agent 
research can now be done through commercial kits [55]. However, further studies are 
needed to evaluate diagnostic efficacy and therapy on the reproductive outcomes.

Some studies suggest that treatment is related to increased live birth rates and 
reduced abortion rates [62]. There are several therapeutic options; the main ones 
mentioned in the literature refer to the use of doxycycline alone (100 mg, 12/12 hours 
orally, for 14 days) or the combination of metronidazole (250 mg, 12/12 hours orally, 
for 14 days) and ciprofloxacin (250 mg orally 12/12 hours for 14 days) [59].

9. Male factors

There is a growing acceptance of male etiological factors for RPL. Its screen-
ing consists of detailed sperm analysis. Excessive sperm DNA fragmentation is an 
important constraint to conception. Two meta-analyses have shown the association 
of gestational losses with high rates of sperm DNA fragmentation [63, 64]. The avail-
able tests for sperm DNA fragmentation index are the sperm chromatin structure 
assay (SCSA), the terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick 
end labeling (TUNEL), the Sperm Chromatin Dispersion test, and the comet assay.

Some clinical conditions are related to increased fragmentation of sperm 
DNA. High seminal plasma leukocyte concentration, systemic infections, varicocele, 
and smoking, among others, were related to spermatic DNA damage [65]. A Cochrane 
meta-analysis suggests that the use of antioxidants, including vitamins C and E, 
may have benefits for subfertile men with no apparent cause, improving sperm DNA 
fragmentation [66]. The generally recommended dose is 1 gram of vitamin C and 
1000 IU of vitamin E per day for at least 2 months [67]. However, this effect is not yet 
established in patients with RPL. ESHRE determines that sperm DNA fragmentation 
research should be considered for explanatory purposes for RPL [2].

For intracytoplasmic sperm injection (ICSI)-indicated couples, laboratory 
techniques may be performed to select sperm with lower DNA fragmentation rate, 
such as physiological intracytoplasmic sperm injection (PICSI) and intracytoplas-
mic morphologically selected injection (IMSI). However, the use of testicular sperm 
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seems to improve fertilization, pregnancy, and live birth rates when compared to 
PICS and IMSI techniques [68]. Nevertheless, further studies are needed to identify 
the best method for selecting sperm to reduce abortion rates.

The morphological analysis of sperm is another point to consider in cases of 
RPL. The presence of spermatozoa with structural anomalies may be associated 
with aneuploidy, resulting in aneuploid embryos that usually do not implant or are 
aborted. This is especially true in cases of globozoospermia and macrospermia, 
forms of monomorphic teratospermia—when all sperms have the same anomaly 
[69]. Infertility is generally associated with these cases, and the prognosis of IVF is 
reserved. Thus, when associated with abortion, IVF followed by embryonic biopsy 
for preimplantation genetic testing for aneuploidies (PGT-A) may be an option.

10. Conclusion

Recurrent spontaneous abortion is an entity with a multifactorial etiology, 
and in approximately 50% of cases, we did not identify the cause of the loss. This 
explains the large number of controversies regarding the investigation and treat-
ment of the pathologies that lead to repeated losses.

Despite so much controversy, there are some points on which experts agree. 
Psychological support for couples is essential and is associated with a better progno-
sis in subsequent pregnancy. Undergoing through periodic consultations and ultra-
sounds especially during the period of previous losses reduces the stress of these 
couples. The woman’s age and number of previous losses are the most important 
factors in predicting the couple’s chance of having a live baby in the next pregnancy.

There is a need for consensus among human reproduction societies on the tests that 
must be ordered and diagnostic criteria for all specialists to evaluate couples evenly. In 
this way, we will be able to evaluate the effectiveness of each available treatment, avoid-
ing further financial burns, emotional disorders, and iatrogenesis for these couples.
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this way, we will be able to evaluate the effectiveness of each available treatment, avoid-
ing further financial burns, emotional disorders, and iatrogenesis for these couples.
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Abstract

Retrieval of immature oocytes from non-stimulated ovaries, followed by in vitro 
maturation (IVM), was initially proposed in order to avoid side effects of gonado-
tropin administration. The goal is to eradicate or significantly decrease the risk 
of ovarian hyperstimulation syndrome (OHSS) in patients with polycystic ovary 
syndrome (PCOS) and to reduce drug cost and burden of patients. This technology 
was also proposed for treatment of normal ovulatory women, fertility preservation, 
or infrequent conditions as failure of oocyte to mature or repeated development of 
poor-quality embryos. There is no downregulation, and only a small amount of hor-
mones are injected if at all. In vitro maturation of the oocyte procedure obtained up 
to 35% clinical pregnancy rate in young women, compared with in vitro fertiliza-
tion (IVF) in many programs. The obstetric and perinatal outcomes of IVM cycles 
are comparable with IVF/ICSI cycles; therefore it may gradually substitute IVF in 
certain cases, as the technique continues to develop and pregnancy rates continue 
to increase. IVM holds great promises as an alternative to assisted reproductive 
technologies and may be the procedure of choice not only for infertile patients but 
also for obtaining oocytes for donation or fertility preservation.

Keywords: in vitro fertilization, in vitro oocyte maturation, oocytes, fertilized ovum, 
pregnancy outcome, pregnancy rates, reproductive techniques

1. Introduction

The concept of in vitro maturation of oocytes (IVM) was firstly mentioned in 
literature by Pincus and Enzmann, initially in 1935 [1]. They conducted experi-
ments in which ova, taken from tubes at various intervals after fertile matting, were 
cultured in vitro. Thirty-four years later, Eppig and Schroeder [2] designed the 
possibility to use IVM rather than protocols of hormonal stimulation currently in 
use. These authors mentioned “it may be possible to recover immature oocytes from 
several antral follicles, excluding the dominant preovulatory follicle, and mature 
them in proper culture.” At that time it was impossible to accomplish that assign-
ment due to technical reasons. However, 2 years later, Cha et al. [3] mentioned, “this 
is an engineering problem with the ultrasound equipment that will be resolved in 
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the future.” Recently, Cha et al. were the first to succeed with IVM in human using 
immature oocytes retrieved from antral follicles. Trounson et al. [4] were the first 
who put IVM firmly in the clinical realm, obtaining a live birth from oocytes, recov-
ered from untreated polycystic ovarian patient who underwent in vitro maturation.

In vitro maturation of oocytes have potential advantages over conventional 
IVF: a simple protocol with decreased or no hormonal stimulation before oocyte 
retrieval, lower cost of the treatment cycle, and reduced psychological impact. 
Moreover, and not of less of importance, the risk of OHSS is entirely avoided. 
Despite these benefits, however, there are still many debatable problems surround-
ing this treatment. Until one can say that IVM could be an alternative to conven-
tional IVF treatment, these advantages have to be weighed against the pregnancy 
and delivery rates, children outcome, and possible risks.

There are several basic differences between routine in vitro fertilization (IVF) and 
IVM. These differences might be related to the size of aspirated follicles, the nuclear 
and cytoplasmic maturity of the oocytes, and the laboratory procedures. In order to 
achieve proper fertilization and embryo development, Gougeon and Testart in [5] 
pointed out that the follicles at the time of the collection for IVM procedures should 
be in the early antral to antral stage (0.2–14 mm) vs. preovulatory stage (0.16–20 mm) 
for IVF. After retrieval, majority of the oocytes are immature (MI, GV). However, 
only few will proceed in vitro to metaphase II (MII) in culture media, some after 6 h, 
but most of them after 24–48 h and only then will be able to undergo successful fer-
tilization after ICSI. This is in comparison with conventional IVF, where most of the 
retrieved oocytes are mature, and fertilization might occur immediately after ICSI.

There are many controversial areas of debate, especially regarding the process of 
oocyte maturation in vitro: (a) nuclear maturation—the process that reverses meiotic 
arrest at prophase I (GV), driving the progression to MII. This process is followed by 
the expansion of cumulus granulosa cells and loss of intercellular communications 
between the cumulus cells and also between cumulus and the surface of the oocyte 
(a visible laboratory course); (b) cytoplasmic maturation—metabolic and structural 
modifications within the oocyte that prepares the ovum for activation, fertilization, 
and embryonic development (an invisible laboratory process) [2, 4, 5]; it should, there-
fore, be kept in mind that IVM may not be free of possible future complications and 
counseling of the patients thoroughly before commencing the treatment is essential.

2. Guidelines for IVM treatment

2.1 Ultrasound monitoring

Follicle monitoring follow-up is mainly performed using ultrasound scans of the 
ovaries and endometrium. However, in contrast to IVF, in IVM cycles, there is no 
need for serum hormonal level (estradiol, progesterone) follow-up.

First ultrasound should be performed on days 2–3 of the menstrual (or induced) 
cycle in order to record the number and size of all follicles along with endometrial 
thickness and a second scan on days 6–8, to determine the presence and size of the 
largest follicle in each ovary. A third scan should be completed on day of hCG trig-
ger, to measure the endometrial thickness (Figure 1).

2.2 FSH priming

Fadini et al. [6] reported that 77.4% of retrieved immature oocytes underwent 
maturation in vitro followed by 29.8% pregnancy rate vs. 48.4 and 15.2% in primed 
and non-primed IVM cycles, respectively. Mikkelsen et al. [7] pointed that priming 
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with r-FSH for 2–3 days before the harvesting of immature oocytes from patients 
with polycystic ovarian syndrome (PCOS) may improve the maturational potential 
of the oocytes and the implantation rate. Similar results were described by other 
investigators in PCOS patients [8–11].

2.3  Human chorionic gonadotropin (hCG)/GnRh-agonist priming and retrieval 
interval

The beneficial effect of hCG priming in IVM cycles and extension of the period 
of time from 35 to 36 h (routinely administrated in IVF cycles) to 38 h from hCG 
administration was demonstrated by Son et al. [12]. This hCG priming promotes 
GV oocytes to reach MI stage and increases the maturation rate of immature oocytes 
in vitro. Gonadotropin-releasing hormone agonist (GnRH-a) has been used recently 
in triggering oocyte maturation. In this approach, small follicles were stimulated 
with gonadotropins for 3–5 days. GnRH-a administration was performed, to trigger 
ovulation, when the largest follicles were 10–12 mm in diameter. Many immature 
oocytes, which underwent maturation in vitro, were then harvested, fertilized, 
and subsequently developed into blastocysts that resulted in live births [13]. This 
interesting observation might have a great importance in follicular cytoplasmic 
maturation due to the FSH surge obtained after GnRH triggering. The FSH surge 
might promote formation of LH receptors on the granulosa cells enhancing LH 
activity, induce plasminogen activator activity causing dissociation of oocytes from 
somatic cells of the follicle (therefore more immature oocytes could be obtained), 
and maintain the opening of gap junction between cumulus cells and oocyte which 
contributes to oocyte maturation [14–17].

2.4 Timing of collection: at what follicle size?

Son et al. [18] conducted a study in which patients were triggered when the 
leading follicle was <10 mm, 10–14 mm, or >14 mm. In the group with a leading 
follicle >14 mm, only one pregnancy was obtained. The authors of the current paper 
administer, therefore, hCG trigger once a leading follicle of 10–12 mm is developed.

2.5 Endometrial preparation and luteal support

In IVM, estradiol levels are physiological, and oocyte collection is done before 
the endometrium is fully estrogenized. After aspiration, there is an insufficient 
support from the corpus luteum for endometrial receptivity. It was demonstrated 

Figure 1. 
In vitro maturation oocytes: clinical protocol.
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with r-FSH for 2–3 days before the harvesting of immature oocytes from patients 
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Figure 1. 
In vitro maturation oocytes: clinical protocol.
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that endometrial thickness is an important predictor of IVM outcome [19]. Thus, 
endometrial preparation is an important factor for IVM success rates. The protocol 
for endometrial preparation, which the authors currently use, is similar to that 
originally described by Trounson et al. [19] and modified by Elizur et al. [20], 
depending upon the endometrial thickness at day of hCG administration: when 
endometrial thickness is less than 6 mm, 6–8 mm, or higher than 8 mm, supple-
mentation with 10–12 mg/day, 8–10 mg/day, and 6 mg/day 17-beta estradiol is 
given, respectively, starting at the day of oocyte retrieval. This approach mimics the 
natural estrogen rise from the dominant follicle in a natural cycle. In terms of pro-
gesterone, supplementation usually begins on the day of oocyte aspiration (as this 
is the progesterone rise in a natural cycle) using vaginal micronized progesterone 
(Endometrin, Florish Ltd. Industrial Park Misgav, Israel, Ferring Pharmaceuticals 
Ltd.) 300 mg daily until pregnancy test is performed (Figure 2).

2.6 Oocyte retrieval by transvaginal ultrasound

An high-resolution ultrasound device is obligatory. The oocyte retrieval is done 
with a single-channel needle 19 G (Swemed, Reduced Single Lumen, Vitrolife, 
Göteborg, Sweden AB), using a reduced aspiration pressure of 7.5 kPa. This is 
essential to minimize damage to the immature oocytes.

Usually general anesthesia/sedation is provided. However, local anesthesia with 
lidocaine 1%, 5 cc injected into the lateral fornixes, could be sufficient.

Oocytes from each ovary are aspirated in separate flask containing 15 ml of 
flushing medium (Origio, Denmark) and placed on a heated block. Collected 
cumulus oocyte complexes (OCCs) were classified immediately after OPU (Day 0).

Oocyte cumulus complexes could be classified in one of five groups: (1) 
expanded cumulus, slack and fluffy multilayer of granulosa cells; (2) full cumulus, 
multilayer of strictly compact and cubical granulosa cells; (3) full corona, thin 
layer of strictly compact and cubical granulosa cells; (4) partial cumulus, oocytes 
surrounded partially with cumulus cells; (5) nude, oocytes without cumulus cells 
(Figure 3). This classification may serve as a prognostic indication of the future 
maturation and fertilization rate of the immature collected oocytes.

Each complex was then separately cultured in IVM medium (Sage, Cooper 
Surgical Company, Trumbull, CT, USA) supplemented with FSH + LH (Menogon, 
Ferring GmbH, Kiel, Germany) with a final concentration of 75 mIU/ml (matu-
ration medium). Oocyte maturation was assessed after 6 (a) and 24–30 h (b), 

Figure 2. 
Endometrial support.
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Figure 3. 
Classification of collected cumulus complexes.

Figure 4. 
(A) In vitro maturation procedure. *Day 0 = day of OPU; aMII oocytes detected in maturation medium 6 h after 
OPU (solid fill arrows); bMII oocytes detected in maturation medium 24–30 h after OPU (open arrows) and 
(B) in vitro maturation procedure. *Day 0 = day of OPU; aMII oocytes detected in maturation medium 6 h after 
OPU (solid fill arrows); bMII oocytes detected in maturation medium 24–48 h after OPU (open arrows).
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according to oocyte cumulus complex classification. This was followed by oocyte 
intracytoplasmic sperm injection (ICSI) for the injection of a single sperm cell 
into the MII oocytes on the day of OPU or 1–2 days afterward, according to oocyte 
maturation (Figure 4A (a and b) and B (a and b)). Two to three embryos were 
transferred 48–78 h post ICSI. Supplementary embryos were vitrified.

3. Definitions of IVM in human

The biological definition of oocyte IVM is to aspirate GV oocytes from antral 
follicles and culture them for in vitro maturation to a MII stage. Apart from routine 
IVF, the clinical definition of an IVM cycle should include an understanding that 
it involves the retrieval of oocytes from small and intermediate-sized follicles in 
an ovary before the largest follicle has surpassed 13 mm in mean diameter [21]. 
However, since modifications of the IVM technique are commonly employed, it is 
suggested, though, to designating the cycle when an oocyte trigger is given. When 
oocyte triggering is not performed, the cycle should be designated as IVM without 
triggering. When the addition of gonadotropin stimulation is given for few days in 
the early follicular phase, the cycle should be designated as IVM with short gonado-
tropin stimulation or modified natural cycle IVF with early triggering combined 
with IVM (if hCG or GnRh-agonist triggering was delivered) [21].

4. Indications for IVM

The indications for IVM include normal ovulatory women (mechanical factor or 
male infertility), PCOS patients or susceptible to develop ovarian hyperstimulation 
(OHSS), contraindication to hormonal administration, patients with estrogen-
sensitive cancers, or those who require rapid fertility preservation before undergoing 
potentially gonadotoxic treatments. Other occasional indications may include fer-
tilization failure; poor ovarian response [22]; rescue of oocytes, which have failed to 
mature in stimulated cycles [23]; or unexplained primarily poor-quality embryos [24].

4.1 IVM in women with normal ovulatory cycles

In early studies, Mikkelsen et al. [7, 25, 26] reported a 17–18% pregnancy rates 
resulting from in vitro matured oocytes. These pregnancy rates were disappoint-
ingly low in comparison with regular IVF results obtained in that time. A constant 
improvement in pregnancy rate up to 30% was achieved during the last decade, 
mainly due to application of FSH/hCG priming in IVM protocol [6] and proper 
patient selection [27]. It seems that in normal ovulatory patients IVM may be an 
intriguing alternative to conventional IVF techniques resulting in comparable 
pregnancy rates. It removes the side effects of pituitary suppression and gonado-
tropin stimulation, especially OHSS; reduces the costs of the entire procedure, 
both in terms of time consumption and patient/society costs for drugs; and reduces 
psychological impact.

4.2 PCOS patients

PCOS patients are likely to develop OHSS with conventional IVF treatments. 
Substituting IVM in PCOS patients eliminates the risk of OHSS and lowers the 
cost of the treatment. From the early 2000s until nowadays, studies have dem-
onstrated a reassuring pregnancy and delivery rate in PCOS patients undergoing 
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IVM treatments of 21.9–29.9% [28–31]. Recent studies reported up to 32–44% 
pregnancy and 22–29% delivery rates [32, 33], compared with IVF pregnancy rate 
results of 38–45% [33–35]. Junk and Yeap transferred a single blastocyst embryo 
obtained after IVM in patients with PCOS. A live birth rate of 42.4% per oocyte 
collection and 45.2% per embryo transfer were obtained [34]. Vitek et al. [35] have 
recently described implantation, pregnancy, and delivery rates of 17.5, 40, and 
40%, respectively, in 20 estrogens suppressed in vitro maturation cycles. In a latest 
retrospective study comparing results of 61 IVM vs. 53 antagonist protocol cycles in 
young patients with PCOS, a comparable pregnancy and delivery rates of 30% vs. 
40% and 21.3% vs. 28.8%, respectively, was obtained [36]. Those recent reports are 
encouraging, as in Europe the pregnancy and delivery rates in this group of patients 
undergoing ICSI was 35.5% and 24.3%, respectively [37]. de Ziegler et al. [38] 
opposed the need of IVM in the gonadotropin-releasing hormone (GnRH) antago-
nist era. However, his conclusion is based on outdated publication [28, 39, 40], with 
poor results in terms of pregnancy and delivery rates in IVM. However, to update, it 
is ascertained that such data has already improved. GnRH-agonist (GnRH-a) used 
as a trigger to control the risk of OHSS may cause higher pregnancy losses due to 
luteal phase defects [41]. In order to overcome this complication in antagonist pro-
tocol/agonist trigger, the dual-trigger approach (GnRH-a + low hCG) was proposed; 
2.9% of OHSS complications developed [42]. GnRH trigger combined with inten-
sive luteal support in OHSS high-risk patients can facilitate fresh embryo transfer; 
however, the occurrence of late OHSS was not totally eliminated [43]. Applying 
the policy of ovarian stimulation with a dual-trigger approach and freezing all of 
the oocytes or embryos for future use [44] do not, necessarily, eliminate totally 
OHSS. In a few patients after dual trigger and freeze all, severe OHSS was reported 
[45]. It seems that in PCOS patient, IVM is a simple, less stressful, and economical 
protocol of treatment. The puncture is simple and safe, and it may improve the 
disrupted endocrine environment and induce a spontaneous recovery of ovulation 
in women with PCOS [46]. It can also avoid short-term complications, such as 
OHSS, and elude massive hormonal stimulation and long-term complications, such 
as hormone-dependent neoplasms including breast and ovarian cancer.

4.3 Fertilization failure

Repeated IVF failure is a highly upsetting condition for patients who have 
apparently normal ovarian stimulation and follicular development, which under-
went numerous unsuccessful IVF cycles with no embryos for transfer. Often, these 
patients are referred to surrogacy or egg donation program, which is also a psycho-
logical and economic burden for the couples [47]. Failures following IVF treatment 
might occur due to many reasons, such as formation of low-quality embryos, 
maturation arrest of oocytes [48], uncertain diagnosis of oocyte factor, or empty 
follicle syndrome. Thus, IVM was also proposed for treating patients with poor 
ovarian response; moreover it might serve the last choice to achieve pregnancy 
in IVF [22]. Other indications can be applying IVM in rare conditions, such as 
to rescue oocytes which have failed to mature in stimulated cycles [49] or cases 
with unexplained primarily poor-quality embryos. Hourvitz et al. [23] examined 
efficacy of IVM in seven patients with three or more conventional IVF failures due 
to abnormal oocyte development due to empty follicle syndrome, oocyte matura-
tion arrest, or failure of fertilization. Four women received minimal ovarian 
stimulation with FSH. Oocytes were obtained in all patients: mean maturation rate 
was 39.6%, and mean fertilization rate is 45.8%. Embryo transfer was performed 
in four women; two patients with previous empty follicle syndrome conceived and 
delivered.
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4.4 Fertility preservation

The emerging technology of IVM has recently become another option for fertil-
ity preservation. This process can be done without hormonal stimulation [50]. In 
the cases of cancer patients, who must be started on immediate chemotherapy, IVM 
might be the only option to preserve fertility by collecting oocytes during the follicu-
lar phase, within up to 13 days from cancer diagnosis, and cryopreservation  
[51, 52]. To shorten the period of time until cancer treatment, studies by Maman et al. 
[53] reported on luteal phase minimal ovarian stimulation with a reasonable number 
of harvested oocytes. Therefore, in the cases of cancer patients, especially in whom 
hormonal treatment is contraindicated and in those who must start chemotherapy 
without postponement, IVM might be the only choice to preserve fertility [53]. 
Recently, one successful pregnancy resulting from cryopreserved embryos obtained 
from IVM oocytes after oophorectomy in an ovarian cancer patient was reported [54]. 
Other studies have raised the possibility to preserve fertility even in pediatric patients.

Preserving in vitro matured oocytes from antral follicles found in harvested 
ovarian tissue is an experimental technique that offers a possible advantage over 
ovarian tissue cryopreservation. Using a mature, frozen, and later thawed oocyte 
for fertilization might serve as a safer option for fertility preservation than re-
implantation of ovarian cortex tissue, due to the risk of malignant cell reseeding 
[55]. Caravani et al. followed a total of 84 chemotherapy-naïve patients ages  
< 1–18 years old, who were referred for fertility preservation. Thirty-three children 
were premenarche and 51 postmenarche. IVM was performed in the pre- and 
postmenarche groups and in subgroups of very young (up to age 5 years) and older 
(5–10 years) premenarche patients. The study concluded that IVM is feasible in the 
prepubertal age group. However, the success of in vitro maturation of those oocytes 
was correlated with the patient’s age (more oocytes were obtained from the post 
pubertal vs. prepubertal); no mature oocytes are cryopreserved for girls under the 
age of five [55]. Additionally, it was found that fertilization potential of oocytes was 
negatively affected after vitrification of IVM oocytes [56]. This implies that vitrifi-
cation/warming itself could also induce some detrimental effects on IVM oocytes. 
Actually, present vitrification methods have been adapted to use good-quality 
in vivo matured oocytes from young women. Therefore, studies to improve survival 
and further embryological developmental competence of the oocytes retrieved 
from IVM program are urgently required in order to successfully apply them to IVM 
fertility preservation program for cancer patients [57].

5. Pregnancy results

Two thousand healthy infants have been born following immature oocyte 
retrieval and IVM [58].

5.1 Obstetric and fetal complications

Soderstrom-Anttila et al. presented comparable complications and malformations 
for babies born after IVM and IVF [31]. Buckett et al. commented on a normal preg-
nancy course for IVM patients compared to routine IVF [59]. Fadini et al. performed 
a retrospective cohort study involving 196 babies born from IVM cycles compared 
with 194 children born from conventional ICSI cycles, which were performed during 
the same period of time. In single births, gestational age at delivery was comparable, 
but birth weight was significantly higher (P = 0.009) in children from IVM cycles 
(3091 ± 669 vs. 3269 ± 619 g). In a separate analysis of the IVM group, comparing 
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singleton births derived with certainty from oocytes matured in vitro (n = 71) or 
in vivo (n = 74), no statistically significant differences were observed in terms of 
birth weight (3311 ± 637 vs. 3194 ± 574 g, respectively) and gestational age (38.9 ± 2.4 
vs. 38.4 ± 2.1 weeks, respectively). In twin births, gestational age was lower in IVM 
cycles, while weight at birth was comparable (ICSI, 2432 ± 540 g; IVM, 2311 ± 577 g). 
In single births, major and minor abnormalities were 2 (1.4%) and 6 (4.1%) in the 
ICSI group and 0 (0.0%) and 8 (5.2%) in the IVM category, respectively. In twin 
children, major and minor abnormalities were 1 (2.2%) and 2 (4.3%) in ICSI babies 
and 0 (0.0%) and 2 (4.6%) in IVM cycles, respectively [60].

Obstetric outcome and congenital anomalies of 1421 babies (960 singletons, 
442 twins, 15 triplets, and 4 quadruplets) born from 1187 IVM pregnancies were 
recently summarized by Chian et al. Reassuring results were obtained. The inci-
dence of congenital malformation was 2% in singletons and 1% in twins [61].

6. Future concerns

In vitro maturation as a part of assisted reproductive technologies, may not, 
yet, be free of possible unidentified future problems. Epigenetic modifications 
necessary for normal development are established during oocyte growth. In vitro 
maturation, therefore, may modify the normal maturation of the oocytes [62]. 
Moreover, the capability of reprogramming the male chromatin after fertilization is 
dependent upon the maturity of the oocyte. It is questionable, whether this process 
might be affected by IVM [63]. It was postulated that IVM oocytes were more likely 
to have abnormal chromosomal configurations and disorganized meiotic spindle 
microtubules [64]. This finding may be a probable explanation for the reduced 
developmental potential of oocytes matured in vitro compared to those matured 
in vivo. However, despite the great achievements obtained in treating infertile 
couples by standard IVF during the last 34 years, it has become apparent in recent 
years that ovarian stimulation may itself have disadvantageous effects on oogenesis, 
with production of aneuploidy [65], reduced embryo quality, and lower endome-
trial receptivity and might even contribute to perinatal effects [66]. Moreover, 
human and animal data have demonstrated the potential changes in the implanta-
tion process that may occur following superovulation [67]:

1. Changing endometrial gene expression.

2. Causing immunologic changes to the endometrium.

3. Affecting endometrial-embryo interaction causing impairment on fetal devel-
opment and growth.

4. Increasing the risk of abnormal placentation, leading to increased rates of low 
birth weight.

7. Improving IVM outcome

There is no doubt that efforts should be made to improve IVM outcome. An 
adequate learning curve taking into consideration clinical decisions, retrieval 
procedure, laboratory knowledge, and experience is required [33, 68].

Improving culture condition to optimum must be determined, for instance, add-
ing epidermal growth factor family molecules, such as amphiregulin and epiregulin 
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to the culture media which augmented oocyte maturation [69], or brain-derived 
neurotrophic factor (BDNF) and glial-cell-derived neurotrophic factor (GDNF), 
which recently were reported to improve maturation rates in human oocytes [70], 
or addition of dibutyryl cyclic adenosine 3′,5′-monophosphate (cAMP) to mouse 
oocytes in vitro to arrest germinal vesicle break down, in order to combine it with 
the cytoplasmic maturation [71].

8. Conclusions

The results of the process of IVM may be comparable and may have advantages 
over standard IVF. It is a simple procedure without pituitary downregulation. For 
stimulation of IVM cycle, a very small amount of hormones are administered if at 
all. Treatment time is short with low side effects (no OHSS), resulting in a reduced 
psychosocial impact.

The method of IVM holds great promise as an alternative to assisted repro-
ductive technologies and may be the procedure of choice not only for infertile 
patients but also to obtain oocytes for donation or fertility preservation. Improving 
embryonic-endometrial synchrony through pharmaceutical or other manipula-
tion of endometrial/uterine receptivity will hopefully improve IVM success rates. 
Appropriate counseling of the patients about the benefits and difficulties of the 
process should be done routinely [72].

9. Summary points

In vitro maturation of oocytes is a simple and less stressful process of treatment.
Main indication: PCOS patients, selected cases with fertilization failure, and 

fertility preservation.
Pregnancy rates are comparable.
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Chapter 12

Bioethics of Assisted Reproductive 
Technology
Justo Aznar and Julio Tudela

Abstract

There is no doubt that for a couple who are having difficulties in conceiving, 
having a child is an objective good. However, it is also indisputable that assisted 
reproduction techniques raise clear ethical issues. In order to begin this bioethical 
reflection, it should be clearly established that the early embryo, which can be 
manipulated or destroyed using these techniques, is a living being of our species. 
We believe this is unquestionable from a biological point of view, and it therefore 
deserves our full respect. The bioethical assessment of assisted reproduction tech-
niques includes analysis of the embryo losses caused by their selection and manipu-
lation through preimplantation genetic diagnosis, ‘social freezing’ or the possible 
lack of rigour in the information provided by the clinics involved, to which must be 
added the higher morbidity reported in babies born as a result of these procedures.

Keywords: assisted reproduction, in vitro fertilisation, ICSI, bioethical 
considerations, loss of human embryos

1. Introduction

There is no doubt that for a couple who are having difficulties in conceiving, 
having a child is an objective boon. In an attempt to achieve this goal, many will avail 
assisted reproductive technology (ART) or natural family planning methods [1–3].

ART refers to a number of techniques, primarily: (a) in vitro fertilisation (IVF), 
in which the fertilisation of an egg by sperm takes place in a laboratory setting; 
(b) intracytoplasmic sperm injection (ICSI), in which a single sperm is introduced 
into the egg to be fertilised, also in a laboratory setting; (c) artificial insemination, 
which involves artificially delivering semen to the female genital tract—the semen 
may be from the woman’s own partner or a donor; and (d) gamete intrafallopian 
tube transfer (GIFT), which involves removing eggs laparoscopically after con-
trolled ovarian hyperstimulation, followed by introduction of the mixture of the 
couple’s eggs and sperm into the fallopian tube so that fertilisation occurs in the 
body, unlike IVF and ICSI, in which it takes place ‘in vitro’ although several modifi-
cations of these techniques have been proposed [4].

2. Efficacy of ART

One important aspect to consider is the efficacy of these techniques, which is 
generally calculated based on two parameters: the pregnancy rate (PR) and the live 
birth rate (LBR) per ovarian stimulation cycle.
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Based on data published by the European Society of Human Reproduction and 
Embryology (ESHRE) in 2014 [5–18], the PR and LBR following IVF in Europe 
between 1997 and 2010 varied between 22.28 and 29.2% for the PR, with a mean 
rate of 26.41%, and between 13.07 and 22.4% for the LBR, with a mean rate of 
18.81%.

When ICSI was used, these same rates varied between 23.37 and 29.9% for the 
PR, with a mean rate of 27.22%, and between 12.68 and 21.10% for the LBR, with a 
mean rate of 18.31% [6].

ARTs have wide social acceptance today. Following the birth of the first girl, 
Louise Brown, by IVF in 1978, more than 200,000 children are now born annually 
worldwide using these techniques [19], i.e. more than 3% of all children born [14], 
with the total number of births estimated at over 5 million [20].

3. Ethical assessment of ARTs

Nevertheless, regardless of the medical and social benefits they offer, it is also 
a reality that ARTs may present bioethical issues that are worth considering. These 
may be moral or ethical. Moral implications are related with the fact that they 
involve the instrumental manipulation of fertilisation, disregarding its natural 
environment, the sexual act, and the implications that may arise from this. Ethical 
implications entail the bioethical problems related to the medical aspects of these 
techniques, which are the concerns that we shall analyse in this chapter.

These ethical concerns include those related to:

1. Children born by these techniques.

2. Couples who use IVF.

3. The surplus human embryos that are frozen, as well as the problems that may 
arise from the treatment given to such embryos.

4. The loss of embryos that occurs in IVF.

5. The embryo selection that is carried out using preimplantation genetic diagno-
sis (PGD) to transfer only the best quality embryos.

6. Gamete donation, especially the right to privacy of donors and of children to 
know their parents.

7. The production of saviour siblings.

8. The possible use of these techniques for social purposes, unrelated to the 
woman’s own fertility, such as ‘gestational surrogacy’ and ‘social freezing’.

9. The possible hyperinflated success rates in advertisement of assisted reproduc-
tion clinics may present to attract customers.

4. Medical problems in children born by ART

Children born by ART have a higher percentage of adverse medical effects 
than those conceived naturally [21–29], which gives rise to unanswered bioethical 
questions.
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Thus, these children have higher rates of prematurity and low birth weight [30] 
as well as an increased risk of birth defects [31–33], especially cardiac malforma-
tions [34, 35] and chromosomal abnormalities [36], than children conceived natu-
rally. Another study nonetheless failed to confirm these differences when children 
were stratified according to the age of their mothers, parity and gestational age [37].

Although some evidence has suggested that these types of medical disorders 
extend to early childhood [38] and even longer term [30], a recent article assessing 
whether the negative side effects are maintained until 25–30 years after birth found 
that these abnormalities are not detected in adulthood [39].

In addition to the disorders mentioned above, children born by ART may also 
show an increase in acquired medical problems, such as: impaired psychomotor 
development, cerebral palsy, autism and even asthma [38, 40, 41].

Another issue that has also arisen is whether the increased risk of these negative 
side effects occurs equally in children born by IVF or by ICSI. Most researchers’ 
opinions are that there seem to be no differences between both techniques [42–45], 
although others have found a greater number of problems when ICSI is used as 
compared to IVF [25].

With respect to the cause of the problems in children born by ART, this seems 
to be multifactorial, and it may basically be due to the technique itself (the 
manipulation of gametes, the practice of PGD, the culture medium and the time 
that embryos have been frozen), ovarian hyperstimulation of the mother [46, 47] 
and also due to paternal subfertility [21]. In particular, it may be related to the 
greater number of multiple pregnancies that occur in ART [48–52], since multiple 
pregnancies are known to be accompanied by more foetal congenital abnormali-
ties [49, 53–55], although these are also found in singleton pregnancies using ART 
[21, 23, 28, 47, 56].

It has recently been suggested that the medical problems found in children born 
by ART could also be related to epigenetic modifications, which may occur during 
maturation of the gametes, fertilisation or in the early stages of embryonic develop-
ment [21, 22, 28, 30, 57, 58].

5. Medical problems in mothers who use ART

A majority of adverse medical events that occur in women who use ART seem 
due to the greater number of multiple pregnancies that occur in them [49–52, 59] 
since, as has already been mentioned, obstetric problems are known to be more 
common in multiple compared to singleton pregnancies [49, 53–55].

Nevertheless, ART-conceived singleton pregnancies also present a higher risk of 
adverse events in mothers, such as antepartum haemorrhage, hypertension during 
pregnancy, premature rupture of membranes or gestational diabetes, than naturally 
conceived singleton pregnancies [60].

6.  Ethical problems related to frozen surplus embryos from ART and 
how their untoward situation can be resolved

As already mentioned, the efficacy of IVF is low. In order to improve this, a large 
number of embryos are typically produced, usually between 10 and 12, of which 
1 or 2 are transferred and the rest frozen. This practice inevitably means that the 
number of frozen human embryos is gradually increasing.

Knowing what to do with these frozen embryos raises objective bioethical prob-
lems. In our view, there are four solutions for these embryos: (a) leave them frozen 



Innovations in Assisted Reproduction Technology

198

Based on data published by the European Society of Human Reproduction and 
Embryology (ESHRE) in 2014 [5–18], the PR and LBR following IVF in Europe 
between 1997 and 2010 varied between 22.28 and 29.2% for the PR, with a mean 
rate of 26.41%, and between 13.07 and 22.4% for the LBR, with a mean rate of 
18.81%.

When ICSI was used, these same rates varied between 23.37 and 29.9% for the 
PR, with a mean rate of 27.22%, and between 12.68 and 21.10% for the LBR, with a 
mean rate of 18.31% [6].

ARTs have wide social acceptance today. Following the birth of the first girl, 
Louise Brown, by IVF in 1978, more than 200,000 children are now born annually 
worldwide using these techniques [19], i.e. more than 3% of all children born [14], 
with the total number of births estimated at over 5 million [20].

3. Ethical assessment of ARTs

Nevertheless, regardless of the medical and social benefits they offer, it is also 
a reality that ARTs may present bioethical issues that are worth considering. These 
may be moral or ethical. Moral implications are related with the fact that they 
involve the instrumental manipulation of fertilisation, disregarding its natural 
environment, the sexual act, and the implications that may arise from this. Ethical 
implications entail the bioethical problems related to the medical aspects of these 
techniques, which are the concerns that we shall analyse in this chapter.

These ethical concerns include those related to:

1. Children born by these techniques.

2. Couples who use IVF.

3. The surplus human embryos that are frozen, as well as the problems that may 
arise from the treatment given to such embryos.

4. The loss of embryos that occurs in IVF.

5. The embryo selection that is carried out using preimplantation genetic diagno-
sis (PGD) to transfer only the best quality embryos.

6. Gamete donation, especially the right to privacy of donors and of children to 
know their parents.

7. The production of saviour siblings.

8. The possible use of these techniques for social purposes, unrelated to the 
woman’s own fertility, such as ‘gestational surrogacy’ and ‘social freezing’.

9. The possible hyperinflated success rates in advertisement of assisted reproduc-
tion clinics may present to attract customers.

4. Medical problems in children born by ART

Children born by ART have a higher percentage of adverse medical effects 
than those conceived naturally [21–29], which gives rise to unanswered bioethical 
questions.

199

Bioethics of Assisted Reproductive Technology
DOI: http://dx.doi.org/10.5772/intechopen.90727

Thus, these children have higher rates of prematurity and low birth weight [30] 
as well as an increased risk of birth defects [31–33], especially cardiac malforma-
tions [34, 35] and chromosomal abnormalities [36], than children conceived natu-
rally. Another study nonetheless failed to confirm these differences when children 
were stratified according to the age of their mothers, parity and gestational age [37].

Although some evidence has suggested that these types of medical disorders 
extend to early childhood [38] and even longer term [30], a recent article assessing 
whether the negative side effects are maintained until 25–30 years after birth found 
that these abnormalities are not detected in adulthood [39].

In addition to the disorders mentioned above, children born by ART may also 
show an increase in acquired medical problems, such as: impaired psychomotor 
development, cerebral palsy, autism and even asthma [38, 40, 41].

Another issue that has also arisen is whether the increased risk of these negative 
side effects occurs equally in children born by IVF or by ICSI. Most researchers’ 
opinions are that there seem to be no differences between both techniques [42–45], 
although others have found a greater number of problems when ICSI is used as 
compared to IVF [25].

With respect to the cause of the problems in children born by ART, this seems 
to be multifactorial, and it may basically be due to the technique itself (the 
manipulation of gametes, the practice of PGD, the culture medium and the time 
that embryos have been frozen), ovarian hyperstimulation of the mother [46, 47] 
and also due to paternal subfertility [21]. In particular, it may be related to the 
greater number of multiple pregnancies that occur in ART [48–52], since multiple 
pregnancies are known to be accompanied by more foetal congenital abnormali-
ties [49, 53–55], although these are also found in singleton pregnancies using ART 
[21, 23, 28, 47, 56].

It has recently been suggested that the medical problems found in children born 
by ART could also be related to epigenetic modifications, which may occur during 
maturation of the gametes, fertilisation or in the early stages of embryonic develop-
ment [21, 22, 28, 30, 57, 58].

5. Medical problems in mothers who use ART

A majority of adverse medical events that occur in women who use ART seem 
due to the greater number of multiple pregnancies that occur in them [49–52, 59] 
since, as has already been mentioned, obstetric problems are known to be more 
common in multiple compared to singleton pregnancies [49, 53–55].

Nevertheless, ART-conceived singleton pregnancies also present a higher risk of 
adverse events in mothers, such as antepartum haemorrhage, hypertension during 
pregnancy, premature rupture of membranes or gestational diabetes, than naturally 
conceived singleton pregnancies [60].

6.  Ethical problems related to frozen surplus embryos from ART and 
how their untoward situation can be resolved

As already mentioned, the efficacy of IVF is low. In order to improve this, a large 
number of embryos are typically produced, usually between 10 and 12, of which 
1 or 2 are transferred and the rest frozen. This practice inevitably means that the 
number of frozen human embryos is gradually increasing.

Knowing what to do with these frozen embryos raises objective bioethical prob-
lems. In our view, there are four solutions for these embryos: (a) leave them frozen 



Innovations in Assisted Reproduction Technology

200

indefinitely; (b) use them for biomedical experimentation; (c) thaw them and let 
them die; and (d) adoption.

Of these four solutions, the most widely employed is the second—using them 
for biomedical experiments—but this solution clearly poses obvious bioethical 
problems, since it entails the inevitable destruction of the embryos used.

The solution that presents least ethical problems is the adoption of such embryos 
by the biological parents, but this is not always possible. What occurs most fre-
quently is the adoption by a couple biologically unrelated to the embryo in question.

The ethics of this type of adoption can be considered from three aspects: (a) 
from moral philosophy; (b) from secular ethics; and (c) from the point of view of 
the morality of the monotheistic religions [61].

6.1 Frozen embryo adoption in the light of moral philosophy

They are very few studies that address the moral licitness or illicitness of frozen 
human embryo adoption in the light of moral philosophy. In our view, this has been 
addressed in most depth by Antonio Pessina [62].

In his opinion, ‘two lines of argument can be raised when evaluating frozen 
embryo adoption. In the first, it is assumed that human life is an absolute value, 
immeasurable, and as such is not comparable to any other. In the second, it is recog-
nized that human life is a basic value, because it is a necessary condition to uphold 
other human goods, but not sufficient to achieve the specific ends of man, which 
means that the value of human life can be deferred to other values, for example, by 
giving one’s life for another’.

If we accept the first principle, ‘there would be no objection to the adoption of 
frozen embryos; it could even be presented as morally positive and not only licit’. If the 
second line of argument is accepted, ‘the life of the human embryo should be defended 
only by proportionate, ordinary and morally legitimate means, in this sense the only 
possibility being to invite the biological mother to have her child’s frozen embryo 
implanted and to carry the pregnancy to term. Other options could be considered 
disproportionate and extraordinary, which could lead to the violation of other funda-
mental values related to the dignity of the human person and of human procreation’.

In conclusion, Pessina declares himself morally opposed to frozen embryo 
adoption.

6.2 Frozen embryo adoption from the perspective of secular ethics

From secular ethics, there does not appear to be any difficulty for frozen embryo 
adoption. In fact, it is even considered to be a positive solution for these embryos, 
since, according to it, if the embryos are not used by the parents for reproductive 
purposes, their adoption is ethically more defensible than any other fate that may be 
given them. Undertaking a reproductive process to try to have a child born is in their 
opinion the best solution, since the aim is to help build families, i.e. to help infertile 
couples to have a child, and also to protect a primary good of the embryo, its life. 
Consequently, many experts or lay institutions see in frozen embryo adoption an 
alternative for the fate of such embryos that is ethically better than using them for 
biomedical research, destroying them or leaving them stored indefinitely [61].

6.3 Frozen embryo adoption from the perspective of the monotheistic religions

In relation to Islam, Sunni Muslims are not in favour of considering third-party 
gamete donation as morally acceptable nor, by analogy, frozen embryo adoption; 
however, Shiite Muslims are more agreeable to morally accepting this practice [61].
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In relation to Judaism, it is difficult to find specific texts that refer to the moral 
assessment of frozen embryo adoption [61]. There are, however, texts on third-
party gamete donation [63] so, again by analogy, that assessment could be extrapo-
lated to frozen embryo adoption. In practice, though, most Orthodox rabbis are 
hesitant about the moral licitness of frozen embryo adoption [61].

Evangelists consider frozen embryo adoption as analogous to gestational sur-
rogacy [64].

In relation to Catholicism [65], there are two documents in the Magisterium 
of the Catholic Church that address the issue of embryo adoption: the Instruction 
Donum Vitae, published by the Congregation for the Doctrine of the Faith in 
1978 [66], and Dignitas Personae, published on 8 September 2008, by the same 
Congregation [67]. The Instruction Dignitas Personae is the last document of the 
Magisterium of the Catholic Church in which the topic of embryo adoption is 
explicitly addressed. Proposals to use these embryos for research or for the treatment of 
disease are obviously unacceptable because they treat the embryos as mere ‘biologi-
cal material’ and result in their destruction. The proposal that these embryos could 
be put at the disposal of infertile couples as a treatment for infertility is also ethically 
unacceptable for the same reasons that make artificial heterologous procreation and 
any form of surrogacy illicit [67].

7. Human embryo loss in IVF

Among the negative bioethical aspects of IVF, possibly the most significant is 
the high number of embryos—human lives—that are lost.

We have attempted to calculate this figure [68] based on previous data from a 
published article [61]. This study in question evaluated 572 ovarian stimulation 
cycles that yielded 7213 oocytes, i.e. 12.6 oocytes per cycle. A total of 2252 embryos 
were produced and 326 live babies were born (226 from fresh embryos and 64 from 
frozen embryos). Based on these figures, the number of live babies born for every 
100 embryos was 14.47; or to put it another way, for every 100 embryos produced, 
85.53 embryos were lost, i.e. 6.9 embryos were lost for every live baby born.

Another more recent study by the same group [69] analysed 191 ovarian 
stimulation cycles performed on 53 female donors. The donors were classified into 
two groups: 28 were highly successful donors, and 23 were classified as standard. 
The highly successful donor group yielded a total of 2470 oocytes from 130 ovar-
ian stimulation cycles. This produced 779 embryos; 342 were transferred as fresh 
embryos and 437 were cryopreserved. A total of 125 live babies were born. The 
standard donor group yielded 1044 oocytes from 61 ovarian stimulation cycles. This 
produced 336 embryos; 131 embryos were transferred and 205 were cryopreserved. 
The total number of live babies born was 26. Based on these figures, a total of 1115 
embryos were produced and a total of 151 live babies were born. Consequently, the 
number of live babies born per 100 embryos was 13.54; in other words, the number 
of embryos lost for every 100 embryos produced was 86.46. Thus, for every live 
baby born, 7.38 embryos were lost.

Accordingly, based on the above data, if approximately 6 or 7 embryos are lost for 
every child born by IVF, and since 1978, the year in which Louise Brown was born, 
around 5 million children have been born [20], we can estimate that, so far, around 
30 million human lives may have been lost worldwide as a result of the use of IVF 
[68]. This leads one to say—while admitting that it is a very strong assertion—that 
IVF is a medical practice that, for the time being, generates more death than life. The 
natural cycle itself is associated with follicle recruitment followed by dominance and 
selection, while the nondominant follicles undergo atresia in the same cycle. The 
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controlled ovarian stimulation has an advantage of opening the follicular window 
and rescuing this cohort of follicles who would have undergone atresia if the FSH 
window was not kept open and multiple follicles salvaged. The current scenario is 
practical nonavailability of embryos for embryo donation to aspiring couples where 
female partners are undergoing endometrial preparation for transfer for Donor 
embryos. Though there are concerns for discarded embryos, the fertility clinics are 
in practise at a deficiency of embryos that can be transferred. The ethics of embryo 
transfer should be discussed in a clinically practical rational scenario.

8. Use of preimplantation genetic diagnosis in IVF: ethical assessment

PGD is a laboratory method especially directed to the genetic study of embryos 
before they are transferred and, therefore, before implantation in the uterus. The 
aim of this procedure is to determine if the embryos have a genetic or chromosomal 
abnormality, or if they are carriers of a genetic risk factor of disease, especially in 
those couples in which at least one of the partners presents a high risk of having a 
genetic condition that they could transmit to their offspring [70]. Another common 
indication in the field of assisted reproduction is aneuploidy screening to ensure the 
implantation of euploid embryos [70]. Similarly, PGD is currently and increasingly 
often being used to try to prevent diseases that can appear in adulthood [71]. In 
general, it may be said that PGD is used in IVF to improve its efficacy.

The technique essentially involves in vitro culture of the embryos to be exam-
ined, so that when these reach an adequate number of cells, a single cell can then be 
extracted for study.

There different biopsy methods are used for PGD at present [72]. The most com-
mon is the biopsy of one or two blastomeres on Day 3 of embryonic development, 
during the screening or cell segmentation phase. However, the ESHRE recommends 
extracting six or more cells in the embryos [72, 73], because more cells can be 
biopsied in this phase with less risk of damaging the embryo [72].

As regards its use for improving IVF outcomes, this seems controversial, since 
many authors obtain positive outcomes using it, while others have been unable to 
detect such an improvement. Furthermore, Mastenbroek concludes that, not only 
does it fail to improve IVF outcomes, but it lowers the LBR in women of advanced 
maternal age, with no beneficial effects in the rest of the women [74].

When assessing this practice bioethically, the main difficulties are: (1) that it 
treats the human embryo as experimental material, objectifying it, which is abso-
lutely incompatible with its intrinsic dignity, and (2) practising embryo selection 
for health reasons is a clearly eugenic practice.

Nevertheless, there are authors who not only are not opposed to the use of 
PGD, but also encourage its use, due to the benefit that it may bring for children by 
trying to prevent them from being born with a genetic or chromosomal disease or 
who have the risk of having one of these diseases in the future. In fact, some even 
advocate the positive duty of parents to use PGD when they consider that its use 
may be beneficial for their children [75, 76].

To circumvent the ethical difficulties of the use of PGD, and to maintain its 
hypothetical advantages, it has been proposed to analyse one of the two polar bodies 
of the oocyte, to thus determine whether said oocyte is a carrier of its mother’s 
disease before the zygote is formed. In this way, only the healthy eggs would be 
fertilised [72, 77, 78], although this technique has the limitation that it could only be 
used in women.

It is also known that the oocyte is surrounded by several cell layers and that 
those layers play a key role in its normal function, ovulation, fertilisation and 
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embryo development. However, the study of gene expression of these cell layers 
could be the basis of a non-invasive method for predicting oocyte quality, serv-
ing as a biomarker for selecting oocytes and embryos, as an alternative to the use 
of PGD [79]. Another alternative constitutes trophectoderm biopsy in human 
blastocysts, where extraembryonic material can be obtained by this technique for 
preimplantation diagnosis of genetic disorders [80].

9.  Ethical problems arising from donor gametes in IVF, especially the 
right to privacy of donors and of children to know their parents

From a bioethical point of view, in our opinion, there are a number of issues with 
respect to whether the donation of gametes, both eggs and sperm, should be anony-
mous or not. We consider these four the most important: (a) to know whether the 
good of the child should prevail in the overall assessment of the process, as we believe 
it should; (b) to determine whether the privacy of the donors should be ensured; (c) 
to assess whether the interests of assisted reproduction clinics should be safeguarded; 
and (d) to establish whether even the good of society should be ensured.

9.1 Good of the child

With regard to children, it seems obvious that they have the right to know their bio-
logical origin, i.e. to know who their parents are. This is not only for emotional reasons, 
which must also be considered, but mainly for medical ones, since it cannot be ruled 
out that it may be necessary during the child’s life to know who his parents are, if he has 
a genetic disease that needs to be identified, in order to be diagnosed and treated.

Moreover, this policy is in accordance with the first major document developed 
by the United Nations in 1989, on the ‘Rights of the Child’, which, in Article 7, 
defines that one of those rights is the right of the child to know his or her parents.

9.2 Good of the donors

In relation to donors, there is a trend towards suppressing anonymity in gamete 
donation, which may be a negative factor for donors. This is because, if the parent-
child relationship can be established, it could lead to parental obligations for the 
donors that they may not want to assume. This is especially so if we also take into 
account that there are websites specialising in genetic matters that can match people 
who were born through gamete donation, so it can be determined if they have a 
genetic relationship [81].

9.3 Good of the assisted reproduction clinics

There is no doubt that suppressing anonymity in gamete donation can dramati-
cally reduce the number of donors who attend those clinics, as has already hap-
pened in the United Kingdom, which is undoubtedly an added difficulty for these 
practices. In addition, it is also possible that if anonymity is suppressed, it will 
particularly affect younger donors, which could be detrimental to IVF procedures, 
since gametes from older donors are usually of lower quality.

9.4 Good of society

One risk of anonymous donation is that a donor can make a donation repeatedly 
and in different places, in the absence of real control over the process. This could 
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facilitate marital consanguinity, which is certainly a not insignificant public health 
problem.

It has also been argued that in a society immersed in a clear demographic winter, 
reducing births by IVF (given the high number of these) could negatively impact it.

To prevent any difficulties that anonymous donation might have, the creation of an 
‘Assisted Human Reproduction Information System’ (SIRHA) has been proposed. This 
would collect data on all donations made, identifying donors through a European code, 
and thus avoiding the problems posed by multiple donations from the same donor.

Certainly, the solution to this problem is controversial, so it would probably be 
positive to consider the one already proposed by Penningsin 1997 with his ‘double 
track’ policy, an option that would allow donors to participate in an anonymous or 
non-anonymous programme. However, and also in our opinion, while this proposal 
could guarantee the hypothetical rights of assisted reproduction clinics, donors 
and the couples who use these techniques, does it guarantee the right of children to 
know their parents if the latter choose the option of anonymous donor? [82].

10. Use of IVF for the production of saviour siblings

Saviour siblings are children produced by IVF who are used as donors of haema-
topoietic material to treat a sick sibling. Their use entails objective medical, social 
and ethical issues.

A first ethical aspect to consider is the low efficacy of use. Thus, initial studies 
by Verlinsky found that 33 embryos were used to produce only one saviour sibling, 
i.e. its efficacy was 3% [83]. In another paper by the same group, the percentage was 
2.5% [84] and in another, approximately 1% [85]. Even in a larger study, in which 
data were collected from the Reproductive Genetics Institute in Chicago itself and 
other leading assisted reproduction centres in Australia, Belgium, Turkey and the 
United States, the efficacy was 1.15% [86].

Obviously, the low efficacy of this technique overshadows the bioethical judge-
ment it merits. But in addition, in order to establish such a judgement, it must also 
be considered that: (1) with the production of saviour siblings, the child produced 
is being instrumentalised; (2) to achieve this end requires the use of means that 
inevitably necessitate the destruction of human embryos, in part, as a consequence 
of the technique itself and, in part, due to the eugenic selection by PGD to find a 
‘histocompatible sibling’ who is suitable as a donor; and (3) there are alternative 
techniques to obtain the desired good ethically: the use of umbilical cord blood 
stored in public or private banks may be an alternative in the near future, from both 
a medical and bioethical point of view, to treat children who require transplantation 
of haematopoietic material and who do not have an immunologically compatible 
family member who can act as a donor. That is to say, in all likelihood, saviour 
siblings will have ceased to be useful before their production becomes widespread.

11.  Possibility of using IVF for social purposes other than women’s 
fertility

11.1 Gestational surrogacy

‘Surrogate motherhood is an assisted procreation practice by which a woman 
gestates an embryo with which she has no biological relationship on behalf of a 
contracting couple or individual, having to relinquish the child to them after its 
birth. This practice normally entails a financial remuneration for the pregnant 
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woman; when this is not the case, it is called altruistic surrogacy. From a medical 
perspective, potential problems for the surrogate and for children born through this 
practice should be taken into account, especially the existence of possible disabili-
ties in the child. The bioethical aspects are of most interest because the practice of 
surrogacy objectifies the expectant mother, by using her body for a purpose other 
than her own good, treating her as a commodity, as a thing. The same is true for the 
child because it makes him a disposable object, something that can be instrumental-
ized, similarly objectifying him’ [87].

However, it could be argued that acceptance of the pregnancy by the surrogate 
could be justified as an expression of their personal autonomy, although in the vast 
majority of cases, it is reasonable to admit that their autonomy is expressed against a 
background of desperation and vulnerability, so it is difficult to accept this practice 
uncritically.

This practice, however, presents objective bioethical difficulties for the sur-
rogate. First of all, commercial surrogacy objectifies the woman, by using her body 
for an end other than her own good, by treating her as a commodity, as something 
that can be bought and sold, like a thing, which is incompatible with the dignity of 
women and their rights.

Secondly, it is not ethically admissible because of the social injustice that non-
altruistic surrogacy entails, given that only those contracting parents or individuals 
who are financially well off can benefit from it, i.e. it could become exploitation of 
economically weak women by economically strong couples or individuals.

Third, surrogacy ruptures what has come to be called the ‘mother-child bond’, 
which can be defined as the emotional relationship developed by the mother 
towards her child during pregnancy. This emotional and biological relationship 
between mother and child strengthens throughout pregnancy and is important for 
the normal development of the child [88]. It seems that this ‘bond’ is largely biologi-
cal [89], so it also affects altruistic surrogacy.

Fourth, in our ethical assessment of surrogacy there is a further difficulty, due to the 
selection processes to which potential surrogates are often subjected. These clearly and 
directly undermine their dignity, since very strict personal requirements are commonly 
insisted upon to guarantee the quality of the ‘product’ that the woman may gestate.

Fifth, it should also be taken into account whether future surrogate mothers are 
always informed of the problems that their pregnancy may entail, i.e. if they are 
guaranteed to sign an informed consent, which, it seems, is not always the case [90].

It also presents objective bioethical issues related to the children, because a child 
is always a gift that is given to parents, never a right of parents to acquire it. If this 
right to a child were prioritised, he or she would be denied the consideration of 
absolute good in and of himself. He would become a disposable object, something 
instrumentalisable, i.e. he would be treated as an object. Not all that one wishes 
acquires the category of right. Desires for parenthood have as their limits the dignity 
of children and the protection of their fundamental rights. Defending the right of 
parents to have a child—with no ethical limitations whatsoever—could violate the 
rights of the child, although it should be established that the right to a child should 
not be confused with the right to parenthood, because no one can prevent the 
autonomous decision to have children.

Whatever the reasons put forward to defend the right of parents to a child, no 
action justifies violation of the fundamental right of children not to be treated as an 
object. If children were an object of desire of parents, their life would have no more 
value than that which the parents wished to give it, which is clearly unacceptable.

A further bioethical issue that arises in relation to gestational surrogacy is the 
consideration that it is not ethically acceptable whenever it is paid, but it is accept-
able when it is altruistic surrogacy. In our view, the latter is not admissible either, 
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because it also objectifies the child by demanding quality standards, which if they 
are not met may affect their fundamental rights, and even their life.

11.2 Social freezing

As we discussed in a previously published paper [91], ‘when eggs or ovarian tis-
sue are not frozen for medical causes, the process is called “social freezing”. In this 
case, there are two fundamental reasons why a woman might choose to undergo this 
procedure: the first is that she has not found a partner who she considers suitable 
for a matter as important as creating a family, and the second is for professional 
reasons. In the latter case, the woman considers that becoming pregnant at a young 
age—usually before age 35—could harm her professional career, prompting her 
to freeze her eggs for use at a later date. The biological reasons that underlie social 
freezing are that women’s fertility declines with age, especially due to a decrease in 
ovarian function, owing to a reduction in the number of eggs’.

11.3 Ethical assessment

Aside from the aforementioned biomedical and social problems, social freez-
ing unquestionably presents ethical concerns. In our opinion [91], ‘the main one 
is that, although not explicit, it implicitly objectifies the woman by prompting her 
to make a decision that is disguised a good for her when, as reported, this practice 
entails objective negative medical consequences for the user and also for her child’. 
According to Martinelli et al., ‘“Social egg freezing” is a paradigmatic demonstra-
tion of how the medicalization of women’s bodies can be used to mask social and 
cultural anxieties about aging’.

However, ‘we believe there is another ethical difficulty, derived from the fact that 
it is hard to guarantee the autonomy of women to make such a decision if they are not 
provided with adequate information on the risks and benefits entailed in social freez-
ing, something that is not always easily verifiable, as previously mentioned’ [91].

‘Another ethical problem that social freezing may pose is the possible social 
inequality between groups of women who work in economically powerful companies, 
which can bear the costs of social freezing for their employees and those who work 
in companies that cannot do so. Another question therefore arises: to avoid social 
injustice, should social freezing be supported with public funds? We believe the 
answer should be that, given the myriad of objective medical problems that exist—
some of vital importance—and that have to be treated with these funds, would it not 
be creating a problem of distributive justice? Finally, it should also be pointed out that 
social freezing implies that fertile women, capable of conceiving and carrying a child 
naturally, renounce this, substituting natural conception for IVF.

This not only reduces the possibilities of eventually becoming pregnant but also, 
as mentioned, increases the health risks for mother and child. It must be carefully 
considered whether the advantage of using young eggs compensates for the risks 
derived from the processes required in social freezing’ [91].

12.  Possible misleading advertising that assisted reproduction clinics 
may present to attract clients

The main vehicle used by assisted reproduction clinics to attract new customers 
is to advertise their efficacy, expressed in terms of pregnancy rates and live births 
achieved per ovarian stimulation cycle.
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However, an ethical issue that may occur is if the data presented by these clin-
ics are correct or are manipulated to improve their efficacy, i.e. whether there is 
‘misleading advertising’ aimed at bringing in more clients.

We evaluated this issue in a recent paper [92], the most relevant aspects of which 
are presented below.

Based on data published by the ESHRE in 2014, the PR and LBR following IVF in 
Europe between 1997 and 2010 varied between 22.28 and 29.2% for the PR, with a 
mean rate of 26.41%, and between 13.07 and 22.4% for the LBR, with a mean rate of 
18.81%.

When ICSI was used, these same rates varied between 23.37 and 29.9% for the 
PR, with a mean rate of 27.22%, and between 12.68 and 21.10% for the LBR, with a 
mean rate of 18.31%.

The aforementioned data refer to the PR and LBR per ovarian stimulation 
cycle. However, these data do not seem to be the most appropriate to evaluate the 
efficacy of assisted reproduction clinics, because normally women who attend them 
undergo more than one cycle (usually three) to increase the efficacy of the tech-
nique, in terms of having the desired child. We therefore feel that it is better to use 
the ‘cumulative pregnancy rate’ (CPR) or the ‘cumulative live birth rate’ (CLBR), 
understood as the success rates that are achieved after all ovarian stimulation cycles 
that the woman undergoes.

After analysing data from the 13 studies that we consider most representative, 
the mean CLBR is 26.6%, after one cycle; 38.3% after two cycles; 57.4% after three 
cycles and 66.0% in cases of more than three cycles, with a mean rate of 56.3% [92].

The CLBR varies by country of course, and thus the lowest in Europe is Italy, 
with 18.3% and the highest in Poland, with 36.5%. This rate is 24.7% in Russia, 
38.1% in Canada and 41.8% in the United States, the country with the highest rate in 
the world.

To compare the data referred to above with the data published by private assisted 
reproduction clinics on their websites, we analysed the data presented by 123 pri-
vate clinics [92]. Surprisingly, none of the clinics we looked at provides data on the 
CLBR. These rates ranged between 28.0 and 72.2%, with a mean of 47.2%. The same 
rates for women under 35 years of age varied between 39.0 and 82.4%, with a mean 
of 59.0%; for women between the ages of 35 and 39 years of age, it ranged from 27.0 
to 77.8%, with a mean of 47.4%; and for women older than 40 years of age, it varied 
between 12.0 and 48.6%, with a mean rate of 30.7%.

When the data provided by the 169 assisted reproduction clinics on their 
websites were compared with the data reported by the same clinics to various 
scientific societies, it was found that the mean PR per stimulation cycle was 47.2% 
when autologous oocytes were used and 65.0% with donor oocytes, according to 
their websites. However, the rates per ovarian stimulation cycle of these same clinics 
presented by the Fertility Society were 30.55% for IVF and 32.59% for ICSI, which 
means that the figures provided by the 169 assisted reproduction clinics on their 
websites are 49.5% higher than reported by the same clinics to the relevant scientific 
societies when autologous oocytes are used and 108.9% higher when donor oocytes 
are used.

Another rather startling aspect is that 16 of these clinics claim on their websites 
to guarantee that a pregnancy will be achieved in 100% of cases.

In conclusion, it may be said that many countries, assisted reproduction clinics 
present data on their websites that are not consistent with those obtained from the 
scientific societies. It is also notable that those clinics do not present data on LBRs, 
which is the rate that best matches the real likelihood that assisted reproduction 
treatments will eventually lead to the goal of parenthood [92].
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13. Final conclusion

As we mentioned at the beginning of this chapter, having a child for a couple 
who wishes to have one and has difficulty in doing so, turning to assisted repro-
duction, is certainly an objective good, which has contributed to the wide social 
acceptance of such techniques.

Nevertheless, this good should be balanced by the bioethical difficulties these 
techniques present, and that we have analysed in depth in this chapter.

We therefore believe that it should be an important bioethical objective that 
in assisted reproduction clinics, prospective clients are informed of the risks 
and adverse effects of ARTs, as well as providing reasonable accurate data on the 
chances of success of the techniques we have analysed here. Thus, having been well 
informed, they can make a well-founded, well-informed personal or couple’s deci-
sion, because ultimately, personal freedom is what should decide the option taken. 
Respect for the bioethical principle of patient autonomy requires it and counselling 
needs to be informative and nondirective.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 13

Human Contraceptives: Current 
Status, Sperm Antigen Inhibitors 
and an Insight into PCSK4
Dahril Dahril, Widi Nugroho and Aulanni’am Aulanni’am

Abstract

Rapid growth of global human population has been implicating to food short-
age, social problems and environmental degradation. Contraceptive devices have 
long been applied as a major method to reduce natality. Current application of this 
technology relies upon hormonal administration, condom, withdrawal and recently 
hormonal vaccino-contraceptive. Discoveries of antisperm proteins have been direct-
ing current researches toward developments of antisperm antibody (ASA) contracep-
tions. Actions of ASA are targeting antigens either on the head or on the tail of sperm. 
Antibodies targeting head antigens aimed at blocking gamete fusion, ZP penetration 
and/or acrosome reaction. Molecules working on sperm tails are aimed to block sperm 
motility or energy production. PCSK4 is one sperm antigen firstly expressed on the 
human sperm acrosome during its initial development on the round spermatid and 
retains on the acrosome until sperm is matured. It is known to contribute to the post-
capacitational hyperactivation of sperm essential for zona penetration. Rat models 
injected with rabbit-anti human PCSK4 developed incompetent sperm and allowance 
of these male rats to fertile female rats resulted significant reduction of conception 
rate. Apart from antibody, synthetic inhibitors of PCSK4 have also been developed. 
Future developments of ASA contraception are discussed.

Keywords: contraception, ASA, PCSK4, synthetic peptide

1. Introduction

The world population had grown enormously during the period of 40 years 
since 1960 to 2000, doubled from 3 to 6.1 billion peoples [1–3]. In 2010, it became 
6.9 billion and was estimated to reach 9.3 billion in 2050 or to increase by 35% from 
that in 2010 [2, 4, 5]. The growth seems slower after 2000 and the global population 
growth in the next decades until 2050 was estimated to be slower by three times 
compared to those during the period of 1960–2000 [1–5].

Despite a slower growth, negative impacts of high human population on envi-
ronment as well as on human have been remaining high. In one hand, the need 
to provide more foods to feed more peoples has triggered environment degrada-
tion through the use of chemical fertilisers, practices of intensified farming and 
farming mechanisations, to boost the amount of yields and frequency of harvests 
[6]. Moreover, increased land uses for housings and agricultures have led further 
environment degradation in tropical regions through deforestation [7]. On the 
other hand, population growth along with poverty was reported to link to further 
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serious social problems and terrorism in some communities [8]. Therefore, efforts 
to further effectively suppress the world population growth needs updated strate-
gies that fits with current issues.

A method that globally has been used as a measure to control birth is contracep-
tive practice. Contraception includes all means to prevent pregnancy resulted from 
an intercourse. Contraceptions currently used widely among women are hormonal 
(pills, blotch and injectable forms), natural (near ovulation abstinence and before 
ejaculation withdrawal), intravaginal or intrauterine (vaginal rings, diaphragm, 
spermicides or intrauterine devices) and sterilisation, while popular men contra-
ceptives are withdrawal method (coitus interruptus), condom and vasectomy [9].

More than 6.5 billion of global population have used at least one contraception 
method, with the increase of new users are of 75 million couples annually [3]. The 
largest number of contraceptive users are women while male contraceptions are 
practiced only by 30% of couples worldwide [3, 9–11]. Existing women contracep-
tive methods however, pose discomforts as well as adverse effects. For example, pills 
have to be taken daily. Interruptions due to some practical reasons such as forgets 
have been commonly heard and would risk its infectivity. Moreover, the hormonal 
pill contraception in selective cases might risk occurrence of venous thrombosis and 
breast cancer [12]. Intra uterine devices are thought to be effective for long term 
usage but some users reported side effects such as bleeding, discomforts, infection 
and pain [13].

Likewise, current male contraceptives utilisation have been known to cause 
several side effects which might have attributed to the low utilisation among men. 
Condom uses cause sexual discomforts and low rate failures have been reported 
(5–15%) [3]. In addition, the application of steroid male contraceptive such as tes-
tosterone enanthate (TE) was reported to cause obesity, testicular atrophy in 25% of 
cases and reduced level of high density lipoprotein (HDL) in 10% of cases [14].

Vasectomy, the vas deferens ligation, is by far the most effective and economi-
cal male contraceptive method and as many as 7% (40–60 million) of worldwide 
couples practice this method [12]. One advantage of vasectomy is, that it can be 
reversed by vasovasostomy surgery to restore fertility with the rate of pregnancy 
after the reversal was between of 30–60% but, the rate decreased when the vasova-
sostomy was performed 8 years after vasectomy was conducted [3]. Fertility restora-
tion and pregnancy rate after vasectomy reversal are influenced by, among others, 
the interval of vasectomy to reversal surgery, the presence of azoospermia, presence 
of sperm granuloma, the age of female partner and the same female partner [15].

Some studies reported the association of vasectomy and prostatic cancers but, 
studies claimed as such were mainly conducted before year 2000, while more recent 
studies indicated the opposites [16]. A cohort study involved 2 million samples of 
Danish men, reported only weak statistical association between prostatic cancers 
and vasectomy [17]. Likewise, a systematic review of 53 epidemiological studies 
with total samples of more than 2 millions men indicated that the role of vasectomy 
in the development of prostatic cancers was weak if any, and further analysis after 
controlling potential bias indicated that the association did not exist, statistically 
[16]. Other population based study reported no association between vasectomy 
and prostatic cancer [18]. Besides these unclear statistical associations, there have 
not been biological evidence supporting the causal role of vasectomy to prostatic 
cancers [16]. These indicate that being vasectomised are safe from risk of contract-
ing prostatic cancers. However, vasectomised men experienced post operational 
discomforts such as pain, infection, scrotal area swelling and granulomatous 
inflammation of vas deferens [3].

Those limitations of existing contraceptive methods indicate the need to develop 
new procedures. The latest should be effective in preventing pregnancy but ideally 
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acting specifically to reproductive organs, easy in application, eliminating side 
effects, and reversible. The aim of this chapter is to describe the current knowledge in 
regard to antisperm antibody (ASA) contraception and the characteristics of propro-
tein convertase subtilisin/kexin type 4 (PCSK4) as an ASA contraceptive candidate as 
well as to shed light into the direction of future ASA developmental researches.

2. Novel immune-contraceptive methods and the discovery of ASA

With the continued human population growth, its consequential problems and 
limitation of present contraceptive approaches, alternatives methods of contra-
ception have been reported and immune-contraceptive modes has become one 
popular theme. Immuno-contraception is a mean of contraception conducted by 
administering immunogenic substance into human body to induce antibody forma-
tion against particular antigens involved in the conception process [19]. Immuno-
contraceptive agents target at least one of three reproductive physiology pathways 
i.e. preventing gamete production (target antigens: FSH, LH, GnRH), stopping 
embryonic development (target antigen: hCG), or inhibiting gamete function 
(target antigens: Zona Pellucida, spermatozoa) [9].

Vaccine candidates to prevent gamete production have been studied. Heterologous 
ovine LH based vaccine was reported to cause muscle wastage, reduced testicular 
weight and alopecia in monkey [20]. Vaccines against LH were known to elicit 
steroidal side effect and hormonal depression in humans therefore, cannot be used 
for the species [21]. Vaccine against FSH in men inhibited spermatogenesis to oligo-
spermia but not azoospermia, thus only partially affected fertility [21]. A vaccine 
against GnRH has been proven to reduce serum testosterone to castration level and 
has undergone phase II clinical trial to treat prostate carcinoma [22]. However, its use 
for contraception in humans is currently not practical due to feared side effects, such 
as loss of body hair, atrophy of prostate and impotency after chronic exposure [21, 
23]. In contrast, clinical trials on hCG based vaccine have been conducted in women 
from several countries including India, Brazil, Finland, Sweden and Chile under 
the International Committee on Contraception Research of Population Council, 
New York. These trials indicated that the vaccine has no apparent side effects [24]. 
The vaccine has prepared to enter a further phase of clinical trial in India [24].

Inhibition of gamete function, such as debilitating the function of sperm using 
ASA, has also been seen as one promising alternative of immuno-contraceptive 
approach [21, 25–27]. ASA were discovered in 2–30% of either infertile men or in 
their women partners and in 70% of men following vasectomy [21, 25, 28, 29]. ASA 
might become a potential method of immuno-contraceptive in mammals, provided 
that they fulfil a few criteria: (1) Antigens are expressed only in sperm, therefore 
the risk of side effect of cross reaction with other somatic cells will be omitted. (2) 
Antigens are expressed on the outer surface of sperm cell membrane, making them 
highly exposed to antibody recognition. (3) Sperm antigens play roles in fertilisa-
tion process so that the inactivation will impair sperm fertilizability [30].

It has been reported that ASA or other sperm antigen inhibitors could influence 
fertilisation process through at least one of four ways: (1) blocking gamete fusion, 
(2) preventing sperm-zona pellucida binding and penetration, (3) inhibiting acro-
some reaction or (4) immobilising sperm [31–48].

2.1 ASA that block gamete fusion

Zona-free hamster-egg system was used for sperm-egg fusion which is an 
important step of fertilisation process [39]. Using this system, several mammalian 
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sperm antigens have been studied for their role in sperm-oocyte membrane fusion 
including acrosomal protein equatorin (EQT), A disintegrin and metalloproteases 
(ADAMs) family proteins, DE, sperm acrosomal membrane-associated protein 32 
(SAMP32), SAMP14, cluster of differentiation 46 (CD46), human equatorial seg-
ment protein (hESP) and Izumo [31–39].

The EQT is found in various mammalian sperm, including human [40]. 
Equatorin protein is first detected on the budding acrosomal membrane of round 
spermatids, retaining on acrosome during its remodelling in elongating spermatids 
and translocating to the equatorial region of acrosome during the acrosome reac-
tion [40, 41]. Anti-equatorin antibody was reported to block sperm–oocyte fusion 
in-vitro [37]. In other in-vivo study, antibody-containing and control solutions were 
injected directly into the right and left oviductal ampullae, respectively. The results 
revealed that the rates of pregnancy in mice injected with antibody-antiequatorin-
containing solution were significantly lower than that in the control group [37].

The ADAMs (also known as fertilin β) were believed to play some role in fertilisa-
tion of mammalian gametes [31, 42]. Sperm from mice lacking ADAM2 were inca-
pable of binding to egg membrane, migrating inside female reproductive tract and 
binding to the zona pellucida [43]. In human, many ADAMs proteins are expressed in 
many different organs, while many other ADAM genes presents only as pseudogenes 
[42]. However, only three human ADAMs (ADAMs 2, 20 and 30) are specifically 
expressed in testicular tissues. Courtesy of Human Protein Atlas, www.proteinatlas.
org [49]. ADAM2 are expressed in abundant in early and round spermatid, ADAM20 
presents in abundant in late and elongated spermatids and ADAM 30 are expressed in 
cells along seminiferous duct. Courtesy of Human Protein Atlas, www.proteinatlas.
org [49]. However, ADAM2 and ADAM20 are not detected either in the human 
sperm [44] or in ovarian tissue. Courtesy of Human Protein Atlas, www.proteinatlas.
org [49]. These imply that these two human ADAMs could be important in sperm 
maturation but might not be important in human fertilisation process. Further, 
although aforementioned mice study indicated the role of ADAMs in gamete fusion, 
the role of human ADAM30 in fertilisation process remains unclear.

Epididymal glycoprotein DE (37 kDa) of rat is secreted by the epithelium of the 
proximal epididymis and attached to the head of spermatozoa during its transit in 
the epididymis. It participates in the gamete fusion process by binding its ligand on 
the ovum surface [33]. Immunisation of male rats with DE induced specific antibod-
ies and produced a significant reduction in the animal fertility until as low as 0–33% 
as shown by an in-vitro study. The antibody did not interfere with the synthesis or 
secretion of DE, with its attachment to the sperm membrane, or with changes in 
sperm motility, viability, or ability to undergo capacitation and acrosome reaction 
but, antibody against DE debilitated sperm ability to fuse with zona free-egg [33].

The SAMP32, also called sperm acrosome-associated 1 (SPACA1), was expressed 
in the inner membrane of equatorial segment of human sperm acrosome and 
other acrosomal segments [34, 45]. An anti-rSAMP32 was demonstrated to block 
fusion of capacitated human sperm with zona-free hamster eggs in-vitro [34]. 
A study to monitor the outcomes of in-vitro fertilisation (IVF) confirmed that 
the rate of zygotes developed into blastocysts were much lower when the sperms 
weakly expressed SAMP32 on their acrosome, than sperms with high expression 
of SAMP32 [45]. These studies indicate that SAMP32 could prevent conception 
through at least one of two mechanisms i.e. inhibiting gamete fusion or interfering 
zygote development.

Another member of SAMPs family, SAMP14 was shown to be specifically 
expressed in the testis. The protein is localised on outer and inner acrosomal 
membranes and in the acrosomal matrix of human sperm. However, it retains on 
the inner acrosomal membrane after the acrosome reaction. SAMP14 might have a 
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role in gamete interaction, as antibodies anti-recombinant SAMP14 inhibited the 
binding and the fusion of human sperm to zona free hamster eggs in-vitro [35].

Human CD46 is a protein involved in immune response against external anti-
genic exposure [40]. Human CD46 or Membrane Cofactor Protein (MCP) are 
also known to anchor membrane of sperm and involved in fertilisation process. 
Antibodies against MCP significantly inhibited human sperm binding to hamster 
oocytes, in-vitro [36].

The other family of MCP, the CD52 sperm antigen has been detected on the 
mature sperm and seminal plasma; Antibody anti-CD52 showed sperm immobilisa-
tion properties in-vitro. As anti-CD52 is reported to cross react with CD46, CD55 
and CD59 cofactor proteins [46] and because substances are expressed in many 
somatic tissues as humoral immunity agents, their use as contraceptive agent could 
compromise immune system.

hESP is known to localise to the equatorial segment of human sperm. ESP first 
appears in the early phase of acrosomal biogenesis in round spermatids, persists 
during acrosomal maturation and isolated to the edge of the mature acrosome [47]. 
Antisera to recombinant human ESP inhibited both binding of oolemma and fusion 
of human sperm in the hamster egg penetration assay. ESP immunoreacted with 
27% of 15 antisperm antibody (ASA)-positive serum samples from infertile male 
patients and 40% of 5 ASA-positive female sera indicating the possible role of ESP 
in some cases of infertility [38].

Both mouse and human Izumo proteins are detectable on sperm surface only 
after the acrosome reaction. Thus, it was suggested that Izumo is hidden under 
plasma membrane and exposed only after the acrosome reaction occurs. When an 
antibody anti-human Izumo was added to the mixture of mouse sperm and hamster 
egg, no fusion was observed, whereas the fusion was observed in the control assay 
[39]. Izumo1 was hypothesized to act at a molecule designated as Juno, as its recep-
tor on mouse eggs and in other mammals [48].

2.2 ASA that prevent sperm-zona pellucida binding and penetration

A notable sperm antigen that acts in sperm-zona pellucida interaction in mam-
mals is fertilisation antigen-1 (FA-1) [50]. Immunofluorescent reactivity of FA-1 
was detected in acrosome region of human sperm [51]. This protein is known to 
react strongly with 55 kDa Zona Pellucida protein-3 (ZP3) [52]. Zona pellucida 
pre-incubated with human sperm FA-1 failed to bind to sperm, indicated that FA-1 
blocked sperm binding to zona pellucida. Similar blockage was also observed when 
the antibody against FA-1 was pre-incubated with sperm before insemination, 
indicating that the FA-1 is localised on the sperm [50].

In an in-vivo study, female mice injected intradermally with a sperm-specific 
FA-1 DNA vaccine caused a long-term systemic and local immunity resulting in 
anti-fertility effects. The effects were further enhanced when the vaccine was 
mixed with YLP12 DNA vaccine and oligodeoxynucleotide (ODN) [53]. Further 
study suggested that almost half of infertile women studied had circulating anti-
bodies against human FA-1 antigen and YLP12 peptide sequence [54]. The develop-
ment of FA-1 based for male contraceptive vaccine warrants further studies.

2.3. ASA that inhibit acrosome reaction (YLP-12 peptide)

Most of mammalian sperm are incapable of fertilising eggs when ejaculated and 
fertilisation occurs only after an exocytotic process called the acrosome reaction 
[39]. The halts of acrosome reaction thus, might potentially debilitate the compe-
tence of sperm to fertilise egg.
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sperm antigens have been studied for their role in sperm-oocyte membrane fusion 
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revealed that the rates of pregnancy in mice injected with antibody-antiequatorin-
containing solution were significantly lower than that in the control group [37].

The ADAMs (also known as fertilin β) were believed to play some role in fertilisa-
tion of mammalian gametes [31, 42]. Sperm from mice lacking ADAM2 were inca-
pable of binding to egg membrane, migrating inside female reproductive tract and 
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sperm [44] or in ovarian tissue. Courtesy of Human Protein Atlas, www.proteinatlas.
org [49]. These imply that these two human ADAMs could be important in sperm 
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ies and produced a significant reduction in the animal fertility until as low as 0–33% 
as shown by an in-vitro study. The antibody did not interfere with the synthesis or 
secretion of DE, with its attachment to the sperm membrane, or with changes in 
sperm motility, viability, or ability to undergo capacitation and acrosome reaction 
but, antibody against DE debilitated sperm ability to fuse with zona free-egg [33].

The SAMP32, also called sperm acrosome-associated 1 (SPACA1), was expressed 
in the inner membrane of equatorial segment of human sperm acrosome and 
other acrosomal segments [34, 45]. An anti-rSAMP32 was demonstrated to block 
fusion of capacitated human sperm with zona-free hamster eggs in-vitro [34]. 
A study to monitor the outcomes of in-vitro fertilisation (IVF) confirmed that 
the rate of zygotes developed into blastocysts were much lower when the sperms 
weakly expressed SAMP32 on their acrosome, than sperms with high expression 
of SAMP32 [45]. These studies indicate that SAMP32 could prevent conception 
through at least one of two mechanisms i.e. inhibiting gamete fusion or interfering 
zygote development.

Another member of SAMPs family, SAMP14 was shown to be specifically 
expressed in the testis. The protein is localised on outer and inner acrosomal 
membranes and in the acrosomal matrix of human sperm. However, it retains on 
the inner acrosomal membrane after the acrosome reaction. SAMP14 might have a 
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role in gamete interaction, as antibodies anti-recombinant SAMP14 inhibited the 
binding and the fusion of human sperm to zona free hamster eggs in-vitro [35].

Human CD46 is a protein involved in immune response against external anti-
genic exposure [40]. Human CD46 or Membrane Cofactor Protein (MCP) are 
also known to anchor membrane of sperm and involved in fertilisation process. 
Antibodies against MCP significantly inhibited human sperm binding to hamster 
oocytes, in-vitro [36].

The other family of MCP, the CD52 sperm antigen has been detected on the 
mature sperm and seminal plasma; Antibody anti-CD52 showed sperm immobilisa-
tion properties in-vitro. As anti-CD52 is reported to cross react with CD46, CD55 
and CD59 cofactor proteins [46] and because substances are expressed in many 
somatic tissues as humoral immunity agents, their use as contraceptive agent could 
compromise immune system.

hESP is known to localise to the equatorial segment of human sperm. ESP first 
appears in the early phase of acrosomal biogenesis in round spermatids, persists 
during acrosomal maturation and isolated to the edge of the mature acrosome [47]. 
Antisera to recombinant human ESP inhibited both binding of oolemma and fusion 
of human sperm in the hamster egg penetration assay. ESP immunoreacted with 
27% of 15 antisperm antibody (ASA)-positive serum samples from infertile male 
patients and 40% of 5 ASA-positive female sera indicating the possible role of ESP 
in some cases of infertility [38].

Both mouse and human Izumo proteins are detectable on sperm surface only 
after the acrosome reaction. Thus, it was suggested that Izumo is hidden under 
plasma membrane and exposed only after the acrosome reaction occurs. When an 
antibody anti-human Izumo was added to the mixture of mouse sperm and hamster 
egg, no fusion was observed, whereas the fusion was observed in the control assay 
[39]. Izumo1 was hypothesized to act at a molecule designated as Juno, as its recep-
tor on mouse eggs and in other mammals [48].

2.2 ASA that prevent sperm-zona pellucida binding and penetration

A notable sperm antigen that acts in sperm-zona pellucida interaction in mam-
mals is fertilisation antigen-1 (FA-1) [50]. Immunofluorescent reactivity of FA-1 
was detected in acrosome region of human sperm [51]. This protein is known to 
react strongly with 55 kDa Zona Pellucida protein-3 (ZP3) [52]. Zona pellucida 
pre-incubated with human sperm FA-1 failed to bind to sperm, indicated that FA-1 
blocked sperm binding to zona pellucida. Similar blockage was also observed when 
the antibody against FA-1 was pre-incubated with sperm before insemination, 
indicating that the FA-1 is localised on the sperm [50].

In an in-vivo study, female mice injected intradermally with a sperm-specific 
FA-1 DNA vaccine caused a long-term systemic and local immunity resulting in 
anti-fertility effects. The effects were further enhanced when the vaccine was 
mixed with YLP12 DNA vaccine and oligodeoxynucleotide (ODN) [53]. Further 
study suggested that almost half of infertile women studied had circulating anti-
bodies against human FA-1 antigen and YLP12 peptide sequence [54]. The develop-
ment of FA-1 based for male contraceptive vaccine warrants further studies.

2.3. ASA that inhibit acrosome reaction (YLP-12 peptide)

Most of mammalian sperm are incapable of fertilising eggs when ejaculated and 
fertilisation occurs only after an exocytotic process called the acrosome reaction 
[39]. The halts of acrosome reaction thus, might potentially debilitate the compe-
tence of sperm to fertilise egg.
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Two sperm antigens have been studied for this property and for their potential 
to base a development of contraceptive agents; YLP12 and testis specific antigen-1 
(TSA-1). A dodecamer sequence designated YLP12 is a peptide sequence that have 
been identified to specifically localise on the acrosome and tail of spermatozoa 
[55]. It is known to recognise ZP3 component of human ZP proteins, to involve in 
sperm-ZP binding and the antibodies against synthetic 12-mer peptide based on 
YLP12 sequence was reported to specifically inhibit human sperm-ZP binding [56]. 
The antibody anti-YLP12, in other study, was reported to show a concentration-
dependent inhibition of acrosome reaction but did not affect the sperm motility 
[57]. Immunisation of murine model with synthetic YLP12 produced antibodies 
affected fertility by reducing sperm capacitation, acrosome reaction and sperm-
oocyte binding in an in-vitro assay but, immunised murine remained fertile and 
were capable of delivering the equal number of pups compared to control [55]. In 
contrast, other study reported that a sperm-specific YLP12 DNA vaccine injected 
intradermally in female mice caused anti fertility effects [53].

A study reported that TSA-1 is localised to the regions of acrosome, equatorial, 
mid-piece and tail of human sperm. An in-vitro test discovered that TSA-1 concen-
tration-dependently inhibits human sperm acrosome reaction [58].

2.4 Various ASA that immobilise sperm

Sperm tail is widely known as an organelle of motility. Proteomic study showed 
that proteins extracted from tail fraction of sperm can be classified according to their 
functions into two main groups: proteins related to metabolism and energy produc-
tion from endogenous sources, and those related to tail structure and motility [59]. 
These groups however, are at the end function together to support sperm motility.

Epididymal protease inhibitor (Eppin) is expressed in the testis and epididymis 
tissue and on the acrosome and tail of human sperm [60–62]. An in-vitro assay 
showed that the monkey anti-eppin antibodies decreased the progressive motil-
ity of human spermatozoa in terms of distance travelled and speed [62]. Other 
study suggested that blockade of Eppin epitope by anti-eppin antibody would halt 
the acrosome reaction through reduction of ionophore-induced calcium influx 
[60]. Further pre-clinical trial was performed in-vivo in non-human primates and 
showed that Eppin immunised Macaca radiate developed high titers to Eppin (78%) 
and all of these immune-converted monkeys were sterile [63].

Heparin-binding serpin, protein C inhibitor (PCI), is a nonspecific serpin 
that inactivates many plasmatic and extravascular serine proteases. Mutant male 
mice lacking PCI gene are infertile but apparently healthy. Histologic examination 
showed that Sertoli cells and their barrier were destroyed. The resulting sperm are 
malformed, lack of tail and deformed head and immobilised, similar to those seen 
in some cases of men infertility [64], thus the effect of PCI on testicle tissues is 
apparently cytotoxic. In in-vivo fertilisation experiments, only 0.5% (n = 416) eggs 
are fertilised by sperm of mutant male compared to the rate of 92% (n = 415) of 
eggs develop into blastocysts when intact mice is used [64].

The 80 kDa human sperm antigen (HAS) is known to present on the head of the 
human and rat spermatozoa, in the testes and epididymis but not in other somatic 
tissues. Active immunisation of male and female rats with 80 kDa HSA caused 
infertility in all the immunised animals [65]. Further, active immunisation of 
male rabbits, rat and marmosets with synthetic peptide-1 of HSA induced revers-
ible infertility in 100, 100% and 6 of 7 of the respective animals [66]. It strongly 
indicates that antibodies anti-HSA have potential as immuno-contraceptive agents. 
Additionally, anti-HSA antibody induced in-vitro agglutination of human, rat and 
monkey sperm [67].
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Two proteins, A-kinase anchoring protein 3 (AKAP 3) and especially AKAP 
4, are proteins abundantly present in fibrous sheath of mid-piece tail of human 
and mice sperms [68, 69]. AKAP 3 is synthesised earlier during round spermatid 
formation and involves in the arrangement of the basic structure of the sperm tail, 
while AKAP 4 is expressed later during late phase of spermatid formation and plays 
role in the maturation of sperm tail structure [69]. A study showed that male mice 
lacking AKAP4 was not implicated in sperm numbers but, progressive motility of 
its sperm was failed and the male mice were infertile [70].

rSMP-B, following its discovery from mid-piece and tail of rabbit sperm [71], 
was identified to present on the same regions of human sperm [72]. Antibody-anti 
rSMP-B possessed immobilising activities against human and mouse spermatozoa, 
but no agglutinating activity, in-vitro [72].

Lactate dehydrogenase-C4 subunit (LDH-C4) was expressed specifically in 
the testis and most abundant in human sperm. Courtesy of Human Protein Atlas, 
www.proteinatlas.org [49]. Its high activity in the testis is associated with human 
sperm biogenesis and motility [73]. An in-vitro assessment of sperm from LDH-C4 
immunised mature male baboon (Papio sp.) indicated that sperm binding capacity 
to Zona pellucida is reduced in seroconverted animal model [74].

Etomoxir is not an ASA. It is a mitochondrial carnitine palmitoyltransferase 
inhibitor which block serial reaction that transport fatty acid from cytosol into 
intermembrane space of mitochondria, thus halt the oxidation and energy produc-
tion from the substrate [75, 76]. The incubation of sperm with etomoxir results 
in a decreased sperm motility in concentration-dependent manner but does not 
affect the sperm viability [59]. A systemic usage of Etomoxir for contraceptive is 
not applicable, as the substance is hepatotoxic [77]. However, more studies with 
Etomoxir could shed more light of contraceptive targeting sperm antigens respon-
sible for energy production.

3.  PCSK4 as a potential sperm antigen for ASA contraceptive 
developments

3.1 Biochemistry of PCSK4

One sperm antigen potential for development of contraceptive ASA is the pro-
protein convertase subtilisin/kexin type 4 (PCSK4) [78–81]. PCSK4 is an enzyme 
protein expressed in abundant on the outer surface of acrosomal plasma membrane 
of mammalian spermatozoa (Figure 1). It has a molecular weight of 45 kDa [79, 83, 
84]. Biochemically it plays role in the proteolytic activation of precursor proteins 
in the cellular secretory pathway and physiologically it has a specific important 
role in mammalian reproductive process [79, 83–85]. PCSK4 gene is a 9 kilobase 
(kb) DNA, consists of 15 exon and 14 intron which in humans it is located in the 
chromosome 19 [78, 80, 85]. It is a protein associated with bacterial subtilisin and 
yeast kexin where its biosynthesis takes place in endoplasmic reticulum in the form 
of a multi-domain preprotein [78, 80]. PCSK4 is one among nine family members 
of calcium-dependent serin endoproteinase Proprotein Convertase Subtilisin/Kexin 
(PCSK) [79, 83–85]. These nine family members of PCSK are: PCSK1 and PCSK2 
which are expressed in endocrine and neuroendocrine cells; PCSK3, PCSK5, PCSK6 
and PCSK7 are widely expressed by different types of cells; PCSK4 is specifically 
presented by gonadal and placental cells and; PCSK8 and PCSK9 which play roles 
in the synthesis pathways of cholesterol and lipid acid [79, 80, 86–88]. PCSK 1 to 
7 belong to sub-family of kexin while PCSK8 and PCSK9 belong to sub-family of 
pirolysin and proteinase-K, respectively [79, 80, 86]. PCSK 1 to 3 are also known 
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Two sperm antigens have been studied for this property and for their potential 
to base a development of contraceptive agents; YLP12 and testis specific antigen-1 
(TSA-1). A dodecamer sequence designated YLP12 is a peptide sequence that have 
been identified to specifically localise on the acrosome and tail of spermatozoa 
[55]. It is known to recognise ZP3 component of human ZP proteins, to involve in 
sperm-ZP binding and the antibodies against synthetic 12-mer peptide based on 
YLP12 sequence was reported to specifically inhibit human sperm-ZP binding [56]. 
The antibody anti-YLP12, in other study, was reported to show a concentration-
dependent inhibition of acrosome reaction but did not affect the sperm motility 
[57]. Immunisation of murine model with synthetic YLP12 produced antibodies 
affected fertility by reducing sperm capacitation, acrosome reaction and sperm-
oocyte binding in an in-vitro assay but, immunised murine remained fertile and 
were capable of delivering the equal number of pups compared to control [55]. In 
contrast, other study reported that a sperm-specific YLP12 DNA vaccine injected 
intradermally in female mice caused anti fertility effects [53].

A study reported that TSA-1 is localised to the regions of acrosome, equatorial, 
mid-piece and tail of human sperm. An in-vitro test discovered that TSA-1 concen-
tration-dependently inhibits human sperm acrosome reaction [58].

2.4 Various ASA that immobilise sperm

Sperm tail is widely known as an organelle of motility. Proteomic study showed 
that proteins extracted from tail fraction of sperm can be classified according to their 
functions into two main groups: proteins related to metabolism and energy produc-
tion from endogenous sources, and those related to tail structure and motility [59]. 
These groups however, are at the end function together to support sperm motility.

Epididymal protease inhibitor (Eppin) is expressed in the testis and epididymis 
tissue and on the acrosome and tail of human sperm [60–62]. An in-vitro assay 
showed that the monkey anti-eppin antibodies decreased the progressive motil-
ity of human spermatozoa in terms of distance travelled and speed [62]. Other 
study suggested that blockade of Eppin epitope by anti-eppin antibody would halt 
the acrosome reaction through reduction of ionophore-induced calcium influx 
[60]. Further pre-clinical trial was performed in-vivo in non-human primates and 
showed that Eppin immunised Macaca radiate developed high titers to Eppin (78%) 
and all of these immune-converted monkeys were sterile [63].

Heparin-binding serpin, protein C inhibitor (PCI), is a nonspecific serpin 
that inactivates many plasmatic and extravascular serine proteases. Mutant male 
mice lacking PCI gene are infertile but apparently healthy. Histologic examination 
showed that Sertoli cells and their barrier were destroyed. The resulting sperm are 
malformed, lack of tail and deformed head and immobilised, similar to those seen 
in some cases of men infertility [64], thus the effect of PCI on testicle tissues is 
apparently cytotoxic. In in-vivo fertilisation experiments, only 0.5% (n = 416) eggs 
are fertilised by sperm of mutant male compared to the rate of 92% (n = 415) of 
eggs develop into blastocysts when intact mice is used [64].

The 80 kDa human sperm antigen (HAS) is known to present on the head of the 
human and rat spermatozoa, in the testes and epididymis but not in other somatic 
tissues. Active immunisation of male and female rats with 80 kDa HSA caused 
infertility in all the immunised animals [65]. Further, active immunisation of 
male rabbits, rat and marmosets with synthetic peptide-1 of HSA induced revers-
ible infertility in 100, 100% and 6 of 7 of the respective animals [66]. It strongly 
indicates that antibodies anti-HSA have potential as immuno-contraceptive agents. 
Additionally, anti-HSA antibody induced in-vitro agglutination of human, rat and 
monkey sperm [67].
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Two proteins, A-kinase anchoring protein 3 (AKAP 3) and especially AKAP 
4, are proteins abundantly present in fibrous sheath of mid-piece tail of human 
and mice sperms [68, 69]. AKAP 3 is synthesised earlier during round spermatid 
formation and involves in the arrangement of the basic structure of the sperm tail, 
while AKAP 4 is expressed later during late phase of spermatid formation and plays 
role in the maturation of sperm tail structure [69]. A study showed that male mice 
lacking AKAP4 was not implicated in sperm numbers but, progressive motility of 
its sperm was failed and the male mice were infertile [70].

rSMP-B, following its discovery from mid-piece and tail of rabbit sperm [71], 
was identified to present on the same regions of human sperm [72]. Antibody-anti 
rSMP-B possessed immobilising activities against human and mouse spermatozoa, 
but no agglutinating activity, in-vitro [72].

Lactate dehydrogenase-C4 subunit (LDH-C4) was expressed specifically in 
the testis and most abundant in human sperm. Courtesy of Human Protein Atlas, 
www.proteinatlas.org [49]. Its high activity in the testis is associated with human 
sperm biogenesis and motility [73]. An in-vitro assessment of sperm from LDH-C4 
immunised mature male baboon (Papio sp.) indicated that sperm binding capacity 
to Zona pellucida is reduced in seroconverted animal model [74].

Etomoxir is not an ASA. It is a mitochondrial carnitine palmitoyltransferase 
inhibitor which block serial reaction that transport fatty acid from cytosol into 
intermembrane space of mitochondria, thus halt the oxidation and energy produc-
tion from the substrate [75, 76]. The incubation of sperm with etomoxir results 
in a decreased sperm motility in concentration-dependent manner but does not 
affect the sperm viability [59]. A systemic usage of Etomoxir for contraceptive is 
not applicable, as the substance is hepatotoxic [77]. However, more studies with 
Etomoxir could shed more light of contraceptive targeting sperm antigens respon-
sible for energy production.

3.  PCSK4 as a potential sperm antigen for ASA contraceptive 
developments

3.1 Biochemistry of PCSK4

One sperm antigen potential for development of contraceptive ASA is the pro-
protein convertase subtilisin/kexin type 4 (PCSK4) [78–81]. PCSK4 is an enzyme 
protein expressed in abundant on the outer surface of acrosomal plasma membrane 
of mammalian spermatozoa (Figure 1). It has a molecular weight of 45 kDa [79, 83, 
84]. Biochemically it plays role in the proteolytic activation of precursor proteins 
in the cellular secretory pathway and physiologically it has a specific important 
role in mammalian reproductive process [79, 83–85]. PCSK4 gene is a 9 kilobase 
(kb) DNA, consists of 15 exon and 14 intron which in humans it is located in the 
chromosome 19 [78, 80, 85]. It is a protein associated with bacterial subtilisin and 
yeast kexin where its biosynthesis takes place in endoplasmic reticulum in the form 
of a multi-domain preprotein [78, 80]. PCSK4 is one among nine family members 
of calcium-dependent serin endoproteinase Proprotein Convertase Subtilisin/Kexin 
(PCSK) [79, 83–85]. These nine family members of PCSK are: PCSK1 and PCSK2 
which are expressed in endocrine and neuroendocrine cells; PCSK3, PCSK5, PCSK6 
and PCSK7 are widely expressed by different types of cells; PCSK4 is specifically 
presented by gonadal and placental cells and; PCSK8 and PCSK9 which play roles 
in the synthesis pathways of cholesterol and lipid acid [79, 80, 86–88]. PCSK 1 to 
7 belong to sub-family of kexin while PCSK8 and PCSK9 belong to sub-family of 
pirolysin and proteinase-K, respectively [79, 80, 86]. PCSK 1 to 3 are also known 
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as, consecutively, PC1/3, PC2 and furin, while PCSK 5 to 9 are also recognised as 
PC5/6, PACE4, PC7, SKI-1/SIP and NARC-1, respectively [89].

PCSK4 is synthesised as a zymogen, proPCSK4, in the endoplasmic reticulum [81]. 
Its maturation process remains unclear but suggested to be by an autocatalytic process 
that cleaves the molecule at two sites situated between prodomain and the catalytic 
domain [80]. PCSK4 proprotein contains five domains located consecutively, i.e. the 
signal peptide (SP) domain, prodomain, catalytic domain, a domain of 150 amino 
acids called P (Protease) domain or homo B domain and the C-terminal domain 
which carries transmembrane domain [80]. The SP domain of PCSK4 contains 
signal peptide which directs precursor proteins toward the secretory pathway. The 
Prodomain acts as an intra-molecule chaperone and regulator of the catalytic activity 
of the enzyme, removal of this domain is essential for the activity of the enzyme [90]. 
The primary and secondary cleavage sites of proPCSK4 are situated between prodo-
main and catalytic domain. Catalytic domain of PCSK4 is the active site of the enzyme 
and carries Asp-His-Ser catalytic triad characteristics of serin proteinase [80].

The P domain of PCSK4 plays an important role for proper folding, contains 
beta fold sandwich of galactose bond domain capable of mediating carbohydrates, 
phospholipids or membrane receptors. This P domain acts as a regulator site of 
ultimate enzyme activities under influences of optimum pH and calcium, but also 
in stabilising the structure of catalytic domain [80, 90]. It helps to balance asym-
metric surface at the region of catalytic domain bond, owing to the specific charac-
teristic of multi-basic residues of this enzyme (the consensus of substrate order is 
Arg-X-Lys-Arg-Arg, where X can be an amino acid; the site of peptide dihydrolysis) 
[80, 83, 91]. The C-terminal variable domain influences intracellular localisation, 
in-out recycle of proteins and protein–protein interactions. N-glycosylation sites are 
located at P domain and at C-terminal domain [80].

Expressions of PCSK4 are discovered in abundant in reproductive organs, 
especially in testis. In testis, they can be found in epididymic and germinal cells 
i.e. in acrosomal granules of round spermatids, in acrosomal ridges of elongated 
spermatids and on the acrosomal plasma membrane of spermatozoa [80, 81, 84, 
92]. The PCSK4 or named as proprotein convertase PC4 in a study, is also expressed 
in the human placenta and macrophage-like cells in the ovary [87, 88].

3.2 Physiological roles of PCSK4

Intracellularly, PCSKs takes action in the limited endoproteolytic regulation 
mechanism of the secretory pathway. Limited endoproteolysis constitutes the 

Figure 1. 
Using monoclonal antibody anti-human PCSK4 and rodamin as staining, PCSK4 molecules are detected in 
abundant on the membrane surface of the head of human spermatozoa under Laser Scanning Microscope 
(LSM) examination [82].
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post-translational modifications of proteins by which cells diversify and regulate 
gene products [78]. Endoproteolytic process occurs during modifications to activate 
many precursor proteins in biological cell functions including zymogen activations, 
formations of peptide hormones, complement activations, blood clotting and blood 
clot lysing, angiogenesis and tissue re-modelling. Secretory pathway processes of 
eukaryotic cells are mainly assisted by carboxyl residues of Lys or Arg (P1) in the 
order R/K – (X)n – X/K/R – R (where: X = amino acids other than Cys; n = 1, 3, or 5; 
K or R = the place of P2 amino acid) [78, 86, 91].

PCSK4 present in acrosome region of sperm thus, is hypothesised to play role 
in capacitation and acrosome reaction [80, 84]. SPCSK4-null sperm has normal 
appearance, normal motility competence and undergo normal capacitation process 
but, following capacitation they suffer reduced hyperactivated motility [93]. Post-
capacitation hyperactivity is a qualitative characteristics of sperm which thought 
to be important to assist sperm penetrating zona pellucida of an egg. PCSK4-null 
sperms show a reduced fertilisation competence in-vitro and the embryo resulted 
from PCSK4-null sperm fails to develop further [93].

3.3 Substrates of PCSK4

Two molecules have been known as the natural substrates of PCSK4; pro-
pituitary adenylate cyclase-activating protein (proPACAP) and Insulin-like growth 
factor II (IGF-II) [87, 94]. The proPACAP has two active isoforms; PACAP38 and 
PACAP27 residues. PACAPs are expressed in hypothalamus, in extra-hypothalamic 
regions of the brain, in the granulosa cells of the developing ovarian follicles of 
the rat and transiently in rat spermatid cap but, are absent at the other stages of 
spermatogenesis. They are also expressed in Sertoli cells and Leydig cells. Gonadal 
PCSK4 is the only enzyme that activates proPACAP both in the testis and the ovary 
of the mice [94]. A study reported that PACAP null female mice failed to implant its 
embryo to the uterus [95], suggesting proPACAP activation conducted by PCSK4 
is pivotal in embryonic implantation. PCSK4 null male mice lack of PACAP activa-
tion and produce normal but incompetent sperm. It leads to the hypothesised that 
PACAP may not important in maturation process of the sperm but involves in the 
production of molecules required for the functional mature sperm [94].

Other substrate of PCSK4, IGF-II, is discovered in placenta and its inactivity has 
been shown to be involved in the pathophysiology of intrauterine growth restriction 
(IUGR) of human foetus; a major cause of perinatal death. In this pathway, Placental 
PCSK4 activates pro-IGF-II to form a half-matured IGF-II and successively mature 
IGF-II as a result of the cleavage of its terminal basic residues by carboxypeptidases 
[87]. Inhibition of Placental PCSK4 by a PCSK4-specific inhibitor blocks pro-IGF-II 
processing resulting a reduced trophoblast cell migration [87], likely due to reduced 
effectivity of trans-placental diffusional exchange leading to reduced nutritional supply 
[96]. The locality and functionality of the two substrates of PCSK4 indicate that PCSK4 
are physiologically important during zona penetration and embryonic development.

3.4 Inhibitors of PCSK4

Studies in model animals showed that individuals with PCSK4 expression 
disorder have significantly lower fertilisation capability [79]. In our study, intact 
male Rattus norvegicus previously injected with antibody anti-PCSK4 was allowed 
to fertile female rats and it showed that the number of off-springs delivered by 
these female rats significantly declined in accordance with the increased doses of 
antibody anti-PCSK4 injected [82]. These indicate that inactivation of PCSK4 by 
injectable anti-PCSK4 could prevent conception.
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production of molecules required for the functional mature sperm [94].
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(IUGR) of human foetus; a major cause of perinatal death. In this pathway, Placental 
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Studies in model animals showed that individuals with PCSK4 expression 
disorder have significantly lower fertilisation capability [79]. In our study, intact 
male Rattus norvegicus previously injected with antibody anti-PCSK4 was allowed 
to fertile female rats and it showed that the number of off-springs delivered by 
these female rats significantly declined in accordance with the increased doses of 
antibody anti-PCSK4 injected [82]. These indicate that inactivation of PCSK4 by 
injectable anti-PCSK4 could prevent conception.
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The use of synthetic PCSK4 inhibitors could also serve as an option for contra-
ception. A synthetic inhibitor of PCSK has been developed based on the knowledge, 
that prodomain removal is essential for activation of the enzyme. Binding of this 
domain to PCSK4 active enzyme could hypothetically inactivate the enzyme. A 
peptide, mimicking prodomain sequence near its primary activation site, was 
engineered and an in-vitro assay using a recombinant PCSK4 showed that PCSK4-
mediated proteolysis was efficiently blocked by synthetic prodomain rPC4101–116 
peptide [90].

Other potent synthetic PCSK4-inhibitors: tetrapeptide chloromethyl ketone and 
the Dec-RVKR/K-cmk (Decanoyl-RVKR/K-chloromethyl ketone) were reported 
to inhibit PCSK4 more potently than synthetic prodomain rPC4101–116 peptide [90]. 
Another substance, synthetic enediyne amino acid containing peptides, was devel-
oped and reported to inhibit PCSK4 activity in-vitro [97]. Further, dimeric form of 
CRES was reported to moderately block the PCSK4 activity to human proIGF-2 in 
human placental trophoblast cell line [98].

4. Future development of ASA contraceptives

Only a few of aforementioned ASA underwent animal models in-vivo study. 
Among are EQT, FA-1, YLP12, Eppin, PCI, HSA, AKAP 4 and PCSK4. None of these 
molecules however, shows full inhibition of fertilisation in animal models, whereas 
YLP12 contraceptive studies reported various results from partial to lack of inhibi-
tion of fertility to animal models [37, 53, 63–65, 82] [53, 55, 70]. Therefore, further 
efforts are needed to make ASA contraceptive become reality.

Future development of ASA contraceptives might include the studies of under-
explored proteins such as those involve in the energy production in the mitochon-
dria of sperm. Proteomic approach assistance, in this regard, have enabled the 
discovery of large number of novel proteins [59] and allows further investigations 
of single protein of interest.

On the other hand, as the usage of single molecule have been impractical, 
alternative of future ASA development might include the study of efficacy of 
multivalent vaccines, in order to boost the final effective contraception effect 
as well as reducing potential toxic effect of high dose administration of a single 
substance. Study of multivalent vaccine targeting proteins of acrosomal sperm 
has been actually initiated. In the study, immunised monkeys recognised the five 
antigens used: ESP, SLLP-1, SAMP 32, SP-10 and SAMP 14, with the highest IgG 
average absorbance values were to ESP, SAMP 32 and SP-10 but at IgG lower values 
for SLLP-1 and SAMP 14 [99]. Further, capacitated sperm treated with sera from 
immunised monkeys showed fusion inhibition but only in two of five individuals 
[99]. This was a sound study that used proteins which were pre-tested to not cross 
react to each other. But the study used molecules that never had undergone in-vivo 
study so individual effect of the vaccine component was unknown. In addition, a 
study of FA-1 and YLP12 mixed vaccine in mice further support the more potential 
of multivalent vaccine in inducing contraceptive effects compared to monovalent 
vaccine [54].

The in-vivo study of anti-PSCK4 administration demonstrated in our laboratory 
indicates that it is possible to efficaciously administer contraceptive agents in the 
form of antiserum rather than injecting them to an individual for a few times as 
immunisation [82]. In the future, this approach might be more practical if the mol-
ecule could reach therapeutic concentration in the seminal plasma once the semen 
ejaculated thus well mixed with sperm along their journey to egg, mimicking in-vitro 
incubation of sperm with its inhibitors prior to a fertilisation challenge with eggs.
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Topical applications such as intravaginal administration might be strategy of 
choice in the antisperm contraceptive application especially for molecules which 
have been known to be toxic when administered systemically such as etomoxir. 
Topical intra-ampullar oviduct administration of antisperm agent in animal model 
has proven that topical ASA contraceptive application can be efficacious [37].

5. Conclusions

Existing contraceptive methods have been widely practiced by couples globally. 
However, some side effects limit the broader utilisation. Although ASA is a promis-
ing method of contraception it is not yet practical. More studies should be done in 
order to enable ASA to replace common contraceptive methods.
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