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Preface

I feel privileged to introduce this book titled Testes and Ovaries - Functional and Clinical
Differences and Similarities. Its idea is unique as it is supposed to focus the attention of all
scientists interested in reproduction to the idea that both sexes may have some embryologi‐
cal, anatomical, endocrinological, and functional differences and similarities. Testes and
ovaries are an endpoint of fetal development, and the sameness of these organs is a curious
fact, which makes the human anatomy more interesting compared to any other species. In
order to acquire a better understanding of the genital tract in both males and females, we
should primarily understand what sets them apart and what is surprisingly similar in their
anatomy and their function.

The ideal clinical implication of Testes and Ovaries - Functional and Clinical Differences and
Similarities concept is infertility. Both gynecologists and andrologists should have basic
knowledge about both sexes during investigating and treating a couple's infertility. They
should collaborate as a single team during the decision-making process and each case should
be treated individually. These concepts and more will be found in a separate chapter (Chapter
1). In this chapter, both gynecologists and andrologists will find important updated informa‐
tion that is very helpful during the decision-making process regarding the infertility.

Since age is the most important independent factor for fertility, studies demonstrated that an
increased female age and, to a lesser extent, male age could have a negative impact on fertility.
Moreover, age has a direct impact on the success of any fertility-enhancing procedures includ‐
ing assisted reproductive techniques (ART). A detailed explanation of the possible mechanisms
underlying decreased fertility in both sexes with aging is well demonstrated in Chapter 2.

As a peculiar feminine entity, polycystic ovarian syndrome (PCOS) is a good example of
ovaries being different from testes. There are some PCOS-related clinical manifestations that
had been detected, which showed a number of its molecular mechanisms and provided
many new theoretical basis for clinical PCOS prevention and treatment as shown in Chapter
3. As an example of long-term complications, sometimes, PCOS is associated with metabolic
disorders and insulin resistance that should be kept in mind by all gynecologists as shown
in Chapter 4. Treatment of PCOS represents a continuous dilemma in modern gynecologic
practice. New modalities of therapy whether medical or surgical are controversial according
to the patient complaint and evidence-based medicine. The topic of PCOS proper manage‐
ment is discussed in detail in Chapter 5 from an infertility point of view.

Autophagyis is the natural, regulated, destructive mechanism of the cell that disassembles
unnecessary or dysfunctional components. It is involved both in ovaries and testes. Experi‐
mental evidence has shown that autophagy is an active route in the process of cellular elimi‐
nation. The human testes are exposed to various toxins and environmental factors including



limited nutrient supplies, hypoxia, and some other stresses that would deleteriously affect
the process of spermatogenesis. In this book, one can read the full chapter dedicated to au‐
tophagy in the human testes (Chapter 6).

Despite being a small-sized book, it has a clear message to increase orientation of all scientists
interested in this field by similar and dissimilar issues in ovaries and testes, which will lead to a
better understanding and management of both sexes particularly in the field of infertility.

Prof. Atef M. Darwish
Department of Obstetrics and Gynecology,

Women’s Health University Hospital,
Faculty of Medicine,

Assiut University, Egypt

XII Preface



limited nutrient supplies, hypoxia, and some other stresses that would deleteriously affect
the process of spermatogenesis. In this book, one can read the full chapter dedicated to au‐
tophagy in the human testes (Chapter 6).

Despite being a small-sized book, it has a clear message to increase orientation of all scientists
interested in this field by similar and dissimilar issues in ovaries and testes, which will lead to a
better understanding and management of both sexes particularly in the field of infertility.

Prof. Atef M. Darwish
Department of Obstetrics and Gynecology,

Women’s Health University Hospital,
Faculty of Medicine,

Assiut University, Egypt

PrefaceVIII
Chapter 1

Introductory Chapter: One-Stop Infertility Evaluation
Unit

Atef Darwish and Essam-Eldn Mohamed

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.69631

Provisional chapter

© 2016 The Author(s). Licensee InTech. 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. 

DOI: 10.5772/intechopen.69631

Introductory Chapter: One-Stop Infertility Evaluation 
Unit

Atef Darwish and Essam-Eldn Mohamed

Additional information is available at the end of the chapter

1. Introduction

It is a dream for most couples to have their own children as a part of their relationship. Infertility 
is a distressing and sensitive problem affecting 10–15% of couples worldwide [1]. It affects one 
couple in six [2]. WHO considered it a clinical disease of the reproductive system [3].

2. When is a couple infertile?

For healthy young couples without any treatment, the probability of getting pregnant per 
a reproductive cycle is about 20–25%. Their cumulative probabilities of conception are 60% 
within the first six months, 84% within the first year, and 92% within the second year of regu-
lar fertility-focused sexual activity [4]. There is no definite cutoff point to say when a couple is 
infertile. If the couple is young, this term is used if they fail to conceive after 1 year of having 
regular sexual intercourse without the use of birth control. Early evaluation can be started 
after 6 months if the female is older than 35 years. A known fertility medical problem or a 
social circumstance like previous prolonged infertility in a previous marriage of one of the 
partners is another indication for early evaluation.

3. Infertility is a real disease

Infertility, particularly if it is long term, is probably one of the most difficult times in a 
couple’s life. Many physicians underestimate infertility problem, and this behavior is dis-
tressing to the infertile couple. The physician should be sympathetic with the patients and 
should be very keen and kind to solve this real problem. Infertility is usually associated 

© 2018 The Author(s). Licensee InTech. 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.



with social stigma and can lead to divorces and separation, leading to a broken family life. 
Infertility generates disability (an impairment of function), and thus, access to health care 
falls under the Convention on the Rights of Persons with Disability. Infertility in women 
was ranked the fifth highest serious global disability [5].

4. Time limit to reach the diagnosis of infertility

In general, the cause of infertility can be found within one to two cycles in most cases (80–85% 
of cases) with the use of standard diagnostic measures like semen analysis (SA), tests for 
ovulation, and tubal patency. The rest is considered unexplained infertility (UI). UI does not 
mean there is no physical explanation for infertility, but it is just that medical tests have not 
identified any specific problems [6].

5. What are the additional complaints of the infertile couple?

In addition to failure to conceive, many infertile couples have extra complaints like fail-
ure to understand the main cause of their infertility, the stress of prolonged medical or 
hormonal treatment, fear of some operative procedures for the male or the female part-
ner, stress of the surrounding community, and wasting time in the clinics and hospitals. 
Moreover, many doctors consider imperial lines of treatment relying on the natural per-
centage of pregnancy with time. Lengthy courses especially for the male make infertile 
couple drug-linked. Many cases develop Gastrointestinal tract (GIT) troubles on prolonged 
courses of drug therapy that may lead to discontinuation of therapy. Overoptimistic hope 
with strict following of instructions faints out due to nonoccurrence of pregnancy as the 
physician does not tell them the truth that the highest pregnancy rate/cycle is just 20%/cycle 
in most cases [7]. Lack of cooperation between gynecologists and andrologists makes one 
partner’s treatment not synchronous with the other. In addition, gynecologic treatment for 
men is usually underestimated by the male partner.

6. Construction of an infertility unit: as a solution of most of the 
additional complaints

6.1. Rationale

A basic concept is to consider both partners as one unit. If the evaluation of both partners 
starts simultaneously, prompt diagnosis and short treatment pathway can be expected. Some 
gynecologists are poor at interpreting semen analysis reports or dealing with infertile men. 
The same applies for the andrologists regarding female investigations. Collaboration between 
gynecologists and andrologists would expand their knowledge about proper diagnostic as 
well as therapeutic approaches of the case.

Testes and Ovaries - Functional and Clinical Differences and Similarities2
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6.2. Prerequisites

• Team approach: A well-trained team is a basic requirement for an efficient infertility 
unit. A team approach is the most successful and cut-short way to diagnose and prompt-
ly treat a case of infertility. A team approach is proposed to save a lot of time and mon-
ey lost by trials and errors of lengthy medical treatment or unnecessary investigations. 
Evaluation requires a well-trained gynecologist, an andrologist, nurses, health providers, 
and a clinical pathologist. The investigators should not accuse one partner in front of 
the other partner that he or she is the main cause of infertility even if the examination or 
investigations show that he or she is the most probable cause of infertility. Accusing one 
partner will lead to many psychological upsets and will interfere with sexual activity. 
Nurses and health care providers should be trained on how to deal with the infertile cou-
ple who are usually injured by the failure of conception. Their job is very important as it 
saves the time of the clinicians. Stress on hygiene and coital recommendations should be 
highlighted. Even how and when to take injections, particularly hormones, is very im-
portant for better results. In short, the main goal of an infertility unit is to minimize time 
and effort to reach a diagnosis of infertility. All basic requirements to achieve this goal 
should be available at this unit including imaging modalities and laboratory equipment 
for hormonal assay.

• Prepregnancy counseling: Ideally, any couple willing to have children should be evalu-
ated prior to allowing unprotected intercourse. Increased risk of congenital anomalies with 
increased maternal age should be highlighted. Some women may have some serious dis-
eases that may contraindicate pregnancy. Some serious cardiac diseases like cardiomyopa-
thy or heart failure are good examples. Some diseases require prepregnancy modification 
of the therapy prior to pregnancy. Diabetic women on oral hypoglycemic agents should be 
switched to insulin therapy prior to fertilization of the oocyte. Prepregnancy estimation of 
blood sugar and glycosylated hemoglobin is essential to have a good idea about control of 
diabetes and to estimate the possible risk of fetal anomalies. The same applies to the male 
partner. Men on antihepatitis drugs or chemotherapy or radiotherapy should be properly 
evaluated prior to allowance of pregnancy. If some chromosomal diseases are expected due 
to a past or family history of either partner, a thorough genetic and chromosomal workup 
is mandatory. In short, prepregnancy evaluation of both partners is an integral part of the 
infertility evaluation.

• Check fertility awareness of the infertile couple: This is a crucial job for the entire infer-
tility team. Surprisingly, only 13% of women seeking fertility assistance could accurately 
identify the most fertile time in their menstrual cycle. It is possible that poor fertility knowl-
edge could be a key factor in cases of infertility. Fertility education should be a funda-
mental part of preconception care and the primary care of couples when they first report 
difficulty conceiving. Intercourse on fertile days of the menstrual cycle may help in getting 
pregnant and avoid unnecessary Assisted Reproductive Techniques (ART) treatment [8]. 
Cervical mucus monitoring (CMM) can identify the fertile days with the highest pregnancy 
rate [9]. Timed intercourse may improve pregnancy rates compared to intercourse without 
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ovulation prediction [10]. Basal body temperature chart poorly predicts ovulation. A single 
serum progesterone assessment in midluteal phase is as effective as repeated serum pro-
gesterone measures [11].

• Optimizing natural fertility [12]: Some physicians go directly into investigating couples, 
provided that they know natural fertility. Physicians should ask in detail about the basic 
knowledge of the couple on fertilization days. Frequent intercourse (daily or every other 
day) yields the highest pregnancy rates, but results achieved with less frequent inter-
course (two to three times weekly) are nearly equivalent. The “fertile window” spans 
the 6-day interval ending on the day of ovulation and correlates with the volume and 
character of cervical mucus. Specific coital timing or position and resting supine after 
intercourse have no significant impact on fertility. For women having regular menstrual 
cycles, frequent intercourse should begin soon after cessation of help to maximize fecund-
ability. The use of most commercially available vaginal lubricants should be discouraged 
for couples trying to conceive. Devices designed to determine or predict the time of ovula-
tion may be useful for couples who have infrequent intercourse.

• Have an idea about lifestyle and occupation of both couples: Overexercise or sedentary 
life would affect fertility in both partners. Occupations with exposure to some chemicals like 
some pesticides, herbicides, metals (lead), and solvents have been linked to fertility prob-
lems in both men and women. Couples should be asked about continuous or daily traveling 
of either partner.

• Direct inquiry about habits and addiction: Smoking, recreational drugs and alcohol con-
sumption are lifestyle factors that are suspected to have adverse effects on health and subse-
quently reproductive functions [13, 14]. It has been estimated that in each menstrual cycle, 
smokers have about two-third the chance of conceiving compared to nonsmokers. Smoking 
is also harmful to a developing baby if the mother smokes. For men, mostly due to defective 
oxygen supply, heavy smoking would lead to decreased sperm concentration, viability, 
motility, increased DNA fragmentation, and poor outcome of IVF/ICSI [15, 16]. Therefore, 
it is a good time for both partners to stop if they are smokers. There are many studies on 
the deleterious effects of recreational drugs, sports drugs (anabolic steroids), marijuana, 
opioids and tramadol on spermatogenesis in men, and folliculogenesis in women [17–20].

• Focus on a fertility diet: Women who become seriously underweight as a result of an eating 
disorder or severe anemia or vegans may have fertility problems. They should be promptly 
treated with suitable supplementation prior to pregnancy. Normal females should be ad-
vised to increase intake of some foods or drinks rich in multivitamins that are thought to 
support ovulation, hormonal balance, and oocyte quality. The male partner is also advised 
to improve his dietary habits. Good nutrition with diets rich in multivitamins would im-
prove sperm motility and viability.

• Searching for risk factors of infertility: These factors can be obtained from history, exami-
nation, and investigations of both partners.

History-taking: Ideally both partners should be seen together. Evaluation of both part-
ners must begin with a detailed history-taking directed to complete all items related to 
infertility. It should be fertility-oriented history-taking, which means asking about any 

Testes and Ovaries - Functional and Clinical Differences and Similarities4



ovulation prediction [10]. Basal body temperature chart poorly predicts ovulation. A single 
serum progesterone assessment in midluteal phase is as effective as repeated serum pro-
gesterone measures [11].

• Optimizing natural fertility [12]: Some physicians go directly into investigating couples, 
provided that they know natural fertility. Physicians should ask in detail about the basic 
knowledge of the couple on fertilization days. Frequent intercourse (daily or every other 
day) yields the highest pregnancy rates, but results achieved with less frequent inter-
course (two to three times weekly) are nearly equivalent. The “fertile window” spans 
the 6-day interval ending on the day of ovulation and correlates with the volume and 
character of cervical mucus. Specific coital timing or position and resting supine after 
intercourse have no significant impact on fertility. For women having regular menstrual 
cycles, frequent intercourse should begin soon after cessation of help to maximize fecund-
ability. The use of most commercially available vaginal lubricants should be discouraged 
for couples trying to conceive. Devices designed to determine or predict the time of ovula-
tion may be useful for couples who have infrequent intercourse.

• Have an idea about lifestyle and occupation of both couples: Overexercise or sedentary 
life would affect fertility in both partners. Occupations with exposure to some chemicals like 
some pesticides, herbicides, metals (lead), and solvents have been linked to fertility prob-
lems in both men and women. Couples should be asked about continuous or daily traveling 
of either partner.

• Direct inquiry about habits and addiction: Smoking, recreational drugs and alcohol con-
sumption are lifestyle factors that are suspected to have adverse effects on health and subse-
quently reproductive functions [13, 14]. It has been estimated that in each menstrual cycle, 
smokers have about two-third the chance of conceiving compared to nonsmokers. Smoking 
is also harmful to a developing baby if the mother smokes. For men, mostly due to defective 
oxygen supply, heavy smoking would lead to decreased sperm concentration, viability, 
motility, increased DNA fragmentation, and poor outcome of IVF/ICSI [15, 16]. Therefore, 
it is a good time for both partners to stop if they are smokers. There are many studies on 
the deleterious effects of recreational drugs, sports drugs (anabolic steroids), marijuana, 
opioids and tramadol on spermatogenesis in men, and folliculogenesis in women [17–20].

• Focus on a fertility diet: Women who become seriously underweight as a result of an eating 
disorder or severe anemia or vegans may have fertility problems. They should be promptly 
treated with suitable supplementation prior to pregnancy. Normal females should be ad-
vised to increase intake of some foods or drinks rich in multivitamins that are thought to 
support ovulation, hormonal balance, and oocyte quality. The male partner is also advised 
to improve his dietary habits. Good nutrition with diets rich in multivitamins would im-
prove sperm motility and viability.

• Searching for risk factors of infertility: These factors can be obtained from history, exami-
nation, and investigations of both partners.

History-taking: Ideally both partners should be seen together. Evaluation of both part-
ners must begin with a detailed history-taking directed to complete all items related to 
infertility. It should be fertility-oriented history-taking, which means asking about any 

Testes and Ovaries - Functional and Clinical Differences and Similarities4

possible cause of infertility and any possible problem that may interfere with infertil-
ity treatment or subsequent pregnancy or delivery later on. Importantly to ask about 
past history of medical or surgical treatment of this current problem, this is actually a 
history of present illness. The most important part of taking an infertility history is to 
ask women and men of reproductive age if they are sexually active, if they are trying 
to get pregnant, and for how long they have been trying. Not all women will complain 
openly about their inability to get pregnant; instead, they may present with surrogate 
complaints such as lower abdominal pain or abnormal vaginal bleeding. A careful his-
tory can often help to find the causes of infertility. Gynecologists, as well as androlo-
gists, should pay attention to the following clues:

Age: It is the most important independent factor of infertility due to changing ovula-
tion patterns and reduced oocyte quality, and it is one of the most important prognos-
tic factors for treatment outcome. For healthy, young couples, the chance that a woman 
will become pregnant is about 20% in any single menstrual cycle and starts to decline 
in a woman who is in her early 30s. It declines more rapidly after age 37 [7]. A woman 
has 12% of her ovarian reserve at age 30 and has only 3% at age 40. About 81% of the 
variation in ovarian reserve is due to age alone, making age the most important factor 
in female infertility. For women aged 35–39, the chance of conceiving is about half that 
of women aged 19–26 [21]. ACOG recommends ovarian reserve testing for women 
older than 35 years who have not conceived after 6 months of attempting to get preg-
nant and for women at higher risk of diminished ovarian reserve such as those with 
a history of cancer treated with genotoxic therapy, pelvic irradiation, or both; those 
with medical conditions who were treated with genotoxic therapies; or those who had 
ovarian surgery for endometriomas. It is important to recognize that a poor result from 
ovarian reserve testing does not signify an absolute inability to conceive and should 
not be the sole criterion considered to limit or deny access to infertility treatment [21]. 
An important point is that with aging there are higher percentages of chromosomal 
defects in the oocytes of older women, which may cause infertility, miscarriages, or 
Down syndrome in full-term babies. This defect can be attributed to poor working of 
the “glue” that keeps the chromosomes or poor function of the microtubules in the 
chromosomes. Instead of sending an even number to each oocyte in a controlled fash-
ion, the microtubules go in all directions in old oocytes. So, it is not only a matter of 
decreased ovarian reserve but also poor-quality eggs. Likewise, it is thought that men 
over the age of 35 are half as likely to achieve a pregnancy when compared to men 
younger than 25. Levita et al. [22] examined 6022 semen samples according to WHO 
criteria and correlated findings to patients’ age. They reported an inverse statistically 
significant correlation between semen volume, sperm quality, and patient age, in spite 
of prolonged sexual abstinence duration. Top sperm parameters were observed at 
the age of 30 to <35 years, while the most significant reduction in sperm parameters 
occurred after the age of 55.

Current drug therapy or medical illness: Many commonly used drugs, as well as can-
cer chemotherapeutic agents, are potentially toxic to the gonads [23]. There is a pos-
sible association between impaired semen qualities and the commonly used histamine 
H1-receptor antagonists, antiepileptic drugs, antibiotics, histamine H2-receptor antag-
onists, mast cell blockers, antidepressants, and brain stimulators [24]. Diabetes mellitus  
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may affect male reproductive function at multiple levels as a result of its effects on the 
endocrine control of spermatogenesis or spermatogenesis itself or by impairing penile 
erection and ejaculation [25]. Renal failure impairs the endocrine system, especially in 
women, due to hyperprolactinemia, altering fertility, ovulation, libido, and growth in 
adolescents. Kidney transplant is less efficient for restoring the perfect function of the 
hypothalamic-pituitary-gonadal axis due in part to the immunosuppressant regimens 
prescribed [26].

• Gynecological history: Regular cycles are commonly ovulatory cycles. In a previous study, 
only 3.7% were proved an ovulatory despite regular eumenorrheic women [27]. Heavy 
regular menses may signify an intrauterine polyp or a submucous myoma. Irregular men-
ses may signify ovarian dysfunction. Postcoital spotting or even bleeding may signify a 
local lesion in the cervix or vagina. Oligohypomenorrhea or even periods of amenorrhea 
responsive to progesterone challenge test signify ovarian factor. If associated with evidence 
of hyperandrogenism, the possibility of polycystic ovaries (PCOS) is raised. Failure to re-
spond to progesterone and combined progesterone and estrogen tests may signify an end-
organ failure like severe intrauterine adhesions. However, the possibility of undiagnosed 
pregnancy should always be kept in mind. Any form of dysmenorrhea should be recorded. 
Severe spasmodic dysmenorrhea may signify tight cervical stenosis or uterine malforma-
tion. Severe congestive dysmenorrhea may signify a uterine mass or severe pelvic inflam-
matory disease (PID).

• Think endometriosis: It is mentioned that you will not diagnose endometriosis unless 
you are endometriosis-oriented. Endometriosis is definitely associated with infertility; 
however, the mechanism of impaired fertility in the presence of minimal disease has not 
been clearly documented. Endometriosis is suspected whenever a special type of dysmen-
orrhea is present. It starts as congestive dysmenorrhea but continues during menses and 
subsides after few days when fluid is absorbed from the retained menstrual blood in the 
endometriotic lesion. Of course, dyspareunia especially the deep type raises the possibility 
of endometriosis.

• Past medical and surgical history: Start by asking about childhood development, sexual 
development during puberty, menarche, sexual history, or chronic illnesses. Moreover, 
please ask about prolonged medications especially immunosuppressant or chemothera-
peutic drugs used; exposure to certain environmental agents (alcohol, radiation, steroids, 
chemotherapy, and toxic chemicals); and any previous fertility evaluations especially inva-
sive procedures like HSG or laparoscopy. Attention should be directed to prior treatment 
for pelvic inflammatory diseases (PID) or STDs (for chlamydia, HPV, herpes, syphilis, or 
trichomonas), which may suggest tubal damage and pelvic adhesions. History of pulmo-
nary tuberculosis or bilharziasis may raise the suspicion of genital tract damage, which 
may necessitate HSG or even laparoscopy [28]. Detailed history-taking of previous surger-
ies particularly pelvic surgery is mandatory as the nearer to the pelvis, the higher possibil-
ity of fertility affection by the surgery. Of great importance is to obtain details of the past 
history of appendectomy, ovarian cystectomy, myomectomy, or tubal surgery. Past his-
tory of uterine surgery can affect fertility by induction of intrauterine adhesions or cervical 
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 stenosis. The latter commonly occurs after cervical amputation or large loop excision of the 
transformation zone (LLETZ) in cases of abnormal cytology and colposcopy.

• Obstetric history: A detailed history of a previous delivery whether vaginally or by ce-
sarean section is mandatory. Sometimes, intraoperative or postoperative complications 
may have a direct impact on future fertility. In such cases, investigations should focus 
on tubal, peritoneal, or uterine factors of infertility. Hysterosalpingography (HSG) or 
even combined laparoscopy and hysteroscopy should have a priority during investigat-
ing this couple. Ask about a course of previous pregnancies and deliveries with stress on 
any complication related to either of them. Sometimes, past history of serious pregnancy 
or delivery complication is considered as a contraindication for future pregnancy like 
an acute renal failure with repeated dialysis, placenta accrete on the scar, or repair of a 
ruptured uterus. In such cases, the health provider should convince the couple to avoid 
pregnancy for the sake of saving the woman’s life. The same applies for women with 
recurrent miscarriages who may require investigation before they try to get pregnant 
again.

• Male history: Ask about pregnancies or deliveries by a previous wife or previous attempts to get 
pregnant via ART, previous sexually transmitted infections, mumps, or trauma to the scrotum.

• Social history: Infertility can have many negative social implications. The socioeconomic envi-
ronment of the patient should be explored. A couple should have basic means to raise a child. 
In addition, resources for possible infertility investigations and treatment should be discussed.

• Sexual history: Many infertile subjects experienced trouble in various aspects of sexuality 
[29]. Couples may not volunteer such information unless specifically asked. For optimal 
fertility, couples should have intercourse every 2–3 days. Ask about frequency and timing 
of sexual relation, orgasm, lubrication in females, and desire and potency of the male. Ask 
about any difficulties with intercourse. Deep dyspareunia may suggest pelvic pathology. 
Impotence and vaginismus can also be causes of infertility [30]. In one of these situations, 
when they become imperative to have intercourse at specific times, some of them will be 
affected by poor erection. What was once an intimate moment can become very clinical 
and a job. Going into a sterile room with a cup, under the pressure of performance, can 
harm any male. Women undergoing infertility treatment experience significant changes 
in various aspects of sexual desire, arousal, orgasm, length of foreplay, and frequency of 
intercourse [31].

• Stress factor of infertility: A physician should be clever to observe couples with stress. Stud-
ies indicate that female ovulation and male sperm production may be affected by mental 
stress. If one partner is stressed, it will affect the quality and frequency of sexual intercourse, 
resulting in a lower chance of conception. It is thought that the more relaxed and spontaneous 
sexual life is, the more likely that conception will occur. Also, stress can affect libido and how 
often the couple has sex. Long cycles (32 days or longer) are usually associated with stress 
(emotional or physical). A systematic review [32] found that there is evidence that infertility 
has a negative effect on the psychological well-being and sexual relationships of couples, but 
the evidence is inconclusive for the effect on marital relationships and quality of life.
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7. Examination of the infertile couple

Infertility evaluation should include a complete physical examination of the male and female 
partners, as well as an array of laboratory and imaging studies.

Consider “testes and ovaries - functional and clinical differences and similarities” during 
the examination of an infertile couple. Evaluate primary and secondary sexual organs in both 
partners. Ovarian and uterine measurements and volume by Transvaginal Ultrasonography 
(TVS) as well as testicular measurements and volume by clinical examination and by tes-
ticular ultrasonography would give a good idea about the primary sex organs. Small-sized 
gonads would suggest defective folliculogenesis or spermatogenesis as well as defective sex 
hormone production. Proper development of secondary sexual characters may reflect nor-
mal steroidogenesis. Poorly developed characters would suggest hypogonadism mostly due 
to an underlying genetic abnormality. In such cases, baseline hormonal profile is mandatory.

8. Fertility-oriented examination

The general examination is very essential from the fertility point of view. Focus on stat-
ure, body built, and look. Overweight or underweight female or male may affect fertility. 
Excessive facial or body hair, weight gain, or staring look may indicate hormonal imbalances 
that can impair ovulation. These findings are often found in PCOS and thyroid conditions. 
Oxidative stress, inflammation, and insulin resistance are common mediators of the effects of 
obesity on reproduction. Moreover, obesity is a prominent aggravating factor in the develop-
ment of PCOS [33]. Meticulous breast examination in female and male partners for evidence 
of masses (gynecomastia in male) or galactorrhea should not be ignored as the latter may 
interfere with ovulation and implantation. Abdominal examination is done to document any 
scar of a previous operation that may interfere with fertility or interfere with infertility man-
agement like laparoscopy. Any abdominal masses should be thoroughly evaluated. Vaginal 
examination is essential to find out any local genital cause of infertility like chronic cervicitis, 
cervical masses, or polyps. Comment on the position of the cervix is helpful. If it is high and 
attracted upwards particularly after cesarean section, a possibility of uterine adhesions to the 
anterior abdominal wall is expected. In such cases, the investigator should go to laparoscopic 
evaluation faster than other investigations to perform ureterolysis and adhesiolysis of any 
associated adhesions. Male partner should be examined while standing with a comment on 
testicular size, evidence of hydrocele, varicocele, or epididymal cyst or nodules.

9. Fertility-oriented investigations

9.1. Hormonal assay

One of the clues to a successful one-stop infertility unit is to facilitate blood sampling for hor-
monal assay in the same place. Besides saving a lot of time and effort for the infertile couple, 
it avoids lab-to-lab discrepancies and allows frequent interactive discussion with the clinical 
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pathologist to correlate clinical with laboratory findings. Basic hormonal profile should include 
FSH and LH. Serum prolactin (better fasting morning sample) and TSH are helpful particu-
larly if the female has galactorrhea or irregular cycles. Free testosterone and specific supra-
renal DHEA-sulfate are requested whenever excessive androgen or hirsutism is present. Day 
21 serum progesterone is mandatory to confirm ovulation. AMH and FSH are good ovarian 
reserve tests if its compromise is suspected.

9.2. A quick guide to assessing semen analysis

In clinical settings, at least two semen samples should be obtained because of the significant 
intraindividual variation of semen parameters.

• Old or recent SA report? Previous SA reports should be evaluated in a chronologic man-
ner. Take an overview on the homogeneity of reports. Exclude eccentric or poorly per-
formed reports. Usually, they direct you toward a specific diagnosis by repetition of the 
same defective finding in all or most reports. A new SA is requested if you are confused 
with the previous reports, when they are old or heterogeneous, or if the male has a recent 
indication for SA. Repeatedly, normal SA excludes male factor.

• Which WHO SA report? Old WHO manual has many limitations. First, data were de-
rived from imprecisely defined reference populations and obtained from laboratories 
with unknown comparability with respect to analytical methodologies. Second, there is 
a lack of available data on semen variables in recent fathers and they did not define true 
reference ranges or limits. In 2010, WHO changed guidelines for SA. A man with sperm 

Finding Main cause Diagnostic steps Management

Agglutination Infection, antisperm 
antibodies

Culture, antisperm 
antibodies

Appropriate antibiotic

Acidic pH (<7.2–8) Infection Culture Appropriate antibiotic

Oligospermia(<1.5 ml) Poor collection, 
hypogonadism, or partial 
obstruction

Hormonal profile, 
ultrasonography

Repeat SA, causal

Oligozoospermia  
(<15 mil/ml)

Varicocele, smoking, 
leukospermia, or genetic 
abnormalities

Repeated semen analysis, 
serum testosterone level, 
and transrectal ultrasound 
(TRUS)

Treatment of the cause

Oligozoospermia, 
asthenozoospermia 
(progressive sperm 
motility<32%) and/or 
teratozoospermia (normal 
sperm morphology <4%)

Varicocele, smoking, 
leukospermia, or genetic 
abnormalities

Clinical examination, 
Doppler scrotal US

Treatment of the cause
Antioxidants and/or anti 
estrogen

Pyospermia Infection (s) Prostatic culture and 
sensitivity

Appropriate antibiotic

Azoospermia Spermatogenic arrest, 
genetic defect, or 
obstruction

Hormonal profile, scrotal 
US, TRUS, seminal 
fructose, α-glucosidase, 
genetic assessment

Treatment of the cause, 
epididymovasostomy or 
sperm retrieval and ICSI
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count ≥15 million/ml, >4% normal morphology, and ≥40% progressive motility would be 
considered normal.

• Quick guide for SA interpretation

9.3. Imaging modalities

First-visit transabdominal as well as transvaginal ultrasonographic evaluation of the infertile 
female is very helpful to detect ovarian or uterine factors. Antral follicle count is a good ovar-
ian reserve test. Folliculometry and comment on the endometrium are valuable, especially in 
ART programs. Scrotal US allows the differentiation of obstructive azoospermia (OA) (normal 
vessel distribution) from nonobstructive azoospermia (reduced or absent testicular vessels) 
[33]. Transrectal ultrasound (TRUS) enables high-resolution imaging of the prostate, seminal 
vesicles, and vas deferens and is the modality of choice in diagnosing congenital and acquired 
abnormalities implicated in the cause of obstructive azoospermia (OA). MRI is rarely needed 
in infertile women particularly in some endometriosis cases. Pituitary MRI may be requested 
if the pituitary adenoma is suspected. In men MRI is useful for both detection and charac-
terization of prostatic cysts detected on a TRUS and evaluation of the vas deferens, seminal 
vesicles, and ejaculatory ducts.

9.4. Tubal patency testing

Think of tubal factor whenever your patient has a previous gynecologic or nongynecologic 
pelvic surgery or cesarean section, while other factors are normal or normal SA, ovulation, 
and hormonal profile without pregnancy. Consider the therapeutic effect of HSG during 
counseling. Most of the scientific societies including ASRM consider that the initial assess-
ment of tubal patency is HSG [34]. Laparoscopy is restricted to cases with a history of pelvic 
surgery or history suggestive of pelvic endometriosis or patients with abnormal HSG. Saline 
infusion sonography (SIS) is a valuable easy office test without irradiation risks but less accu-
rate than HSG.

9.5. Endoscopy

Combined laparoscopy and hysteroscopy are requested in selected cases [6].

9.6. Additional optional male investigation

Sperm DNA fragmentation (SDF) is valuable in cases with idiopathic infertility, excessive 
abnormal forms, or repeated abortions, while hypo-osmotic swelling test (HOST) has been 
proposed to test viability in severely immotile sperms or before ICSI.

9.7. Final step: treatment road map

At the end of one-stop evaluation of both partners, the team should decide the best treatment 
for each couple. A short meeting with the couple should explain the plan of management of 
infertility. Proper counseling regarding each option’s advantages, disadvantages, and risks 
should be clarified.
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9.8. Periodic team meetings

It is very important to assess the pattern and success of the provided service. Failures and 
successes should be discussed. Evidence-based discussion of every step is mandatory. Pitfalls 
in the diagnostic approaches should be corrected. Plan for further improvement should be 
clearly discussed. Local statistical analysis of the unit’s results is very helpful.

10. Keynote points

• In the very fast modern world, construction of a one-stop infertility evaluation unit is rec-
ommended to cut-short lengthy infertility evaluation and treatment protocols and to widen 
the scope of both the gynecologist and andrologist.

• Gynecologists and andrologists should know how to disclose the male and female infertil-
ity factors, respectively, to counsel a future plan of investigations and management, and to 
provide actual prognostics figured for each individual case.
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Abstract

The increasing age seems to have a negative impact on reproductive functions not 
only in women but also in men. Therefore, our aim was to review the data available in 
the literature regarding the impact of advancing age on fertility and the mechanisms 
underlying this association in both genders. The available data suggest that the effects 
of age on ovarian function cause a decrease in fertility starting 13 years before meno-
pause. Statistics show that 10% of women will have a decreased fertility starting with 
the age of 30. The impact of age on ovary is due to both decreased number and qual-
ity of the oocytes, resulting in a high rate of chromosomal aneuploidy in the embryo 
and mitochondria dysfunction. Assisted reproductive technologies aiming to identify 
competent embryo were created but for the moment the results are unsatisfactory. 
On the other hand, in men, the semen quality and testicular function were found to 
gradually decrease with age and most of the studies also describe a negative impact 
on fertility. The mechanisms underlying decreased fertility are mainly genetic and epi-
genetics changes. However, if the effects of age on male fertility in men can be overcome 
by assisted reproductive technologies is not clear yet as the results of the studies are 
inconsistent.

Keywords: aging, male fertility, female fertility

1. Introduction

The increasing age has a negative effect on reproductive function not only in women but 
also in men. This aspect seems to gain importance since in the last decades; there is a trend 
to an increased age in both genders at the first pregnancy. While the decreasing reproductive 
potential of women with age is well known, the modification of the reproductive function 
in men with increasing age is not entirely understood. The lack of a clear definition of an 
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advanced reproductive paternal age and the mechanisms involved interfere with adequate 
counselling of the couple regarding future fertility. Therefore, our aim was to review the data 
available in the literature regarding the impact of advancing age on fertility and the mecha-
nisms underlying this association in both genders.

1.1. Methods

We performed a review of the available data regarding the impact of advanced age on fertility 
in both men and women. We searched in PubMed and Google Scholar using the following 
key words: maternal age, paternal age, ovarian aging, fertility, infertility, chromosome aber-
rations, reproduction, pregnancy, pregnancy complications, assisted reproduction, ovary, 
and testes. Only articles written in English and French were selected.

2. Aging and fertility in men

2.1. Trend of increasing paternal age

A study published in 2006 showed an increase in paternal age over 2 decades among British 
couples from 29.2 years in 1980 to 32.1 years in 2002 [1, 2]. Moreover, the proportion of fathers 
aged 35–54 years increased from 25 in 1993 to 40% over 10 years [1]. These data probably par-
allel a worldwide change in reproductive dynamic, reflecting societal changes: couples start 
their families later waiting for a more favorable socio-economic environment and taking into 
account the change in women’s role in society and increased access to reproductive technolo-
gies. However, the exact impact on fertility and health of the offspring because of this increase in 
paternal age is not completely understood, although some studies suggest detrimental effects.

Although the effect of delaying time of conception in women is extensively studied and strate-
gies to counteract the negative consequences on the fetus are available, the potential effect of 
increasing age on male fertility has just started to be evaluated. While early studies failed to 
find an association between higher paternal age and infertility [3, 4], recent studies suggest a 
detrimental effect of increasing age on a chance to conceive. In one study published in 2000, 
couples with pregnancies of at least 24 weeks of gestation had a decreased chance of preg-
nancy within 12 months in comparison with men younger than 25 years (or 0.62 for men who 
are 30–34 years old, 0.5 for men who are 35–39 years old, and 0.51 for men ≥40 years old) [5]. 
Moreover, the increased paternal age seems to interact with the maternal age as suggested by 
the study of de La Rochbrochard and Thonneau which showed that men older than 40 years 
had an increased risk of infertility in couples with women older than 35 years [6]. Similarly, the 
study of Hassan and Killick confirmed that men older than 45 years associate with a decreased 
chance to achieve pregnancy within 1 year, in comparison to men younger than 25 years. [7].

The decline in male fertility with advancing age could be explained by several mechanisms. 
First of all, sexual dysfunction is one of the possible contributors as the frequency of the 
sexual intercourse significantly decreases with age and can significantly impact the fertility 
[8, 9]. Furthermore, semen parameters and testosterone levels can be altered with advancing 
age and an increased number of genetic abnormalities could appear.

Testes and Ovaries - Functional and Clinical Differences and Similarities16
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The decline in testosterone levels as men age has been consistently reported in cross-sectional 
[10, 11] and longitudinal studies [12–17]. However, the clinical significance of this decline 
and the utility of testosterone administration are not completely clarified. Whether this pro-
cess is part of the physiological aging or is influenced by other factors (potentially correct-
able) is also a subject of research. A longitudinal study published in 2013 comprising 2736 
community-dwelling men aged 40–79 years [18] demonstrated that the age-related changes in 
testosterone levels could be influenced by lifestyle modifications: weight loss was associated 
with a proportional increase and weight gain with a proportional decrease in testosterone, 
free testosterone, and sex hormone-binding globulin (SHBG). Moreover, smoking cessation 
was related to a greater decline in testosterone in comparison to smokers. The number of 
comorbid conditions or physical activities did not seem to have an influence on hypothalamic-
pituitary-testicular (HPT) axis function [18]. However, this study, in agreement with the pre-
vious studies, confirmed the modest decline of testosterone and free testosterone with age, 
while SHBG and luteinizing hormone (LH) increased, although the mean values of hormones 
remain within normal ranges.

Although the testosterone level decreases with age, only a small proportion of aging men 
present with testosterone levels below the normal range are being diagnosed with late onset 
hypogonadism. Among subjects included in the European Male Aging Study (EMAS), the 
prevalence of late onset hypogonadism was of 2.1 among men over 40 years old and 5.1% 
among men over 70 years old [19].

This decrease in testosterone levels seems to be the consequence of a decline in testicular and 
hypothalamic function with age. Histopathological postmortem studies support this hypoth-
esis showing a reduced number of Leydig cells (∼44% lower in men aged 50–76 than in men 
aged 20–48) [20]. It was also demonstrated that the Leydig cells responsiveness to LH admin-
istration is decreased in older men [21]. An exaggerated response of gonadotropin-releasing 
hormone (GnRH) to the negative feedback of testosterone and estrogen was also suggested to 
be involved in hypogonadism of older men [22].

However, the decrease in testosterone levels in aging men is not universally found, being 
probably influenced by numerous factors. A study published in 2010 demonstrated an asso-
ciation between polymorphisms in genes related to the pituitary-testicular endocrine function 
and circulating LH, testosterone, and estradiol levels [23].

Whether this decrease in testicular function has an impact on spermatogenesis is an interest-
ing aspect which needs further clarification, taking into account the close correlation between 
gonadal steroids and spermatogenic functions in men.

The reports about changes of semen parameters with increasing age started in 1970 and many 
studies were published until today. Most of these studies found a decrease of semen volume, 
percentage of motile spermatozoa, and of normal morphology [24–26]. In turn, sperm concen-
tration was reported to be unchanged [27], decreased [26], and even increased with advancing 
age [28] in healthy men. On the other hand, studies on infertile men demonstrated an unal-
tered [29] or an increase in sperm concentration [28]. However, most of these studies included 
a limited number of older subjects, making difficult to analyze the impact of aging on semen 
parameters. The study by Brahem et al. [30] demonstrated an effect of age of decreasing semen 
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volume and vitality only in infertile patients in comparison with men with proven fertility. In 
contrast, the sperm concentration significantly increased with age [30]. The alteration of sperm 
parameters with age could be due to age-related histological changes observed in the testis. 
For instance, a study of the testes of 26 postmortem male subjects aged 16–80 years found a sig-
nificant decline in the number of Sertoli cells with age [31]. Another histological study showed 
that subjects over 50 years old have a decreased number of Sertoli cells and failure of spermato-
genic cell development evident from the spermatid level. However, an increased apoptosis 
index and a decreased proliferation index were observed only in men over 70 years [32].

The age-related decline in semen parameters could be also determined by the deterioration of the 
function of the seminal vesicle (contributing to ejaculate volume), prostate, and epididymis [33].

2.2. The genetic modifications during aging

2.2.1. DNA fragmentation

The results of a meta-analysis, including 26 studies and 10,220 patients, showed an increased 
DNA fragmentation paralleling advancing age [34]. The study by Moskovtsev et al. [35] eval-
uated infertile men, showing that the DNA fragmentation index increased gradually from 
15.2 in men <30 years to 19.4, 20.1, 26.4, and 32.0% in men in the age groups 30–35, 35–40, 
40–45, and over 45 years [35]. The association between DNA fragmentation and increasing 
age was also found in men with normozoospermia and oligoasthenoteratozoospermia [36].

Sperm DNA fragmentation seems to be an important determinant of fertility since it was 
reported to be associated with a reduced chance to conceive, a higher time of conception 
[37–39], and poorer outcomes in intrauterine insemination and IVF (in vitro fertilisation)/
ICSI (intracytoplasmic sperm injection) [40–44]. Moreover, it is possible that altered sperm 
DNA integrity has an impact on early embryonic development according to studies reporting 
a reduction of embryo morphokinetic parameters [45, 46], a reduced implantation rate, [47] 
and a poor embryo’s post-implantation development resulting in pregnancy loss [48]. The 
study of Sivanarayana et al. [49] showed that sperms with abnormal forms (elongated, thin, 
round, pyri, amorphous, micro-, and macro-forms) and abnormal motility parameters were 
significantly associated with a higher DNA fragmentation index [49]. Therefore, the selection 
of morphologically normal spermatozoa for ICSI procedure could provide a possible expla-
nation for the divergent results of studies evaluating the association of DNA fragmentation 
and ICSI outcome.

2.2.2. Aneuploidies

Chromosomal aberrations are frequently found in human gametes (21% of oocytes and 
9% of spermatozoa) [50], with a predominance of aneuploidies in oocytes, whereas struc-
tural chromosomal abnormalities predominate in spermatozoa. Chromosomes 21, 22, and 
16 are usually overrepresented in aneuploid gametes. In turn, sex chromosomes are par-
ticularly prone to non-disjunction in human sperm. Whereas the frequency of aneuploidy 
seems to be increased in infertile male sperm [33], the advanced paternal age is not con-
vincingly associated with the presence of aneuploid sperms [50, 51]. Except an increased 
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risk for trisomy 21, there are contradictory evidences for trisomy 18, 13, 47 XXY, and 45X 
[52] associated with paternal age. Bosch et al. [53] also reported a positive linear associa-
tion of age with the structural and numerical abnormalities of chromosome 9 in sperm 
of the healthy donors, but these findings are limited by the reduced number of subjects 
(n = 18) [53]. A study published in 2011 reviewed the data on the association between 
paternal age and the presence of aneuploidy in sperms and concluded that in spite of 
decades of research and ‘’innumerable microscope hours”, the literature is inconclusive 
[54]. The authors suggested that a low efficacy of FISH (fluorescence in situ hybridiza-
tion) in detecting aneuploidies can be involved in the results of the studies and proposed 
that the array-based approaches will be a better method in addressing the question of a 
paternal age effect [54]. However, other methodological problems of the previous papers 
can be also involved as the number of patients was quite small in most of the studies and 
the age range was not always wide enough to be able to detect an association. A study 
published in 2005, evaluating testicular samples of subjects aged 29–102 years, reported 
that spermatogenesis is not invariably affected by age and the frequency of aneuploidies 
is increased only in older individuals with arrested spermatogenesis, suggesting an inter-
action between these two conditions [55]. An experimental study on mice also observed 
an association of increased age not only with sex chromosomal disomy and a high rate of 
germ cell apoptosis but also a high inter-individual variability in germ cell apoptosis. The 
authors concluded that the compromised apoptosis could contribute to high aneuploidies 
rate observed in older mice [56].

The study by De Souza et al. [57] showed that older fathers have an increased risk of hav-
ing children with Klinefelter syndrome and XYY syndrome [57], in accordance with the 
described paternal origin of these sex chromosomes. Although slightly, the risk of Patau and 
Edwards syndromes was also increased. Arnedo et al. reported that the paternal age was asso-
ciated with a higher frequency of sperm XY disomy only in fathers with paternally inherited 
Klinefelter syndrome offspring [58].

Trisomy 21 is the most common trisomy in newborns, and it is clearly related to increased 
maternal age. Surprisingly, the risk for Down syndrome seems to be negatively related to 
paternal age according to a study reporting a double risk for Down syndrome in all mater-
nal age groups for younger fathers [59]. On the other hand, another study showed that 
paternal age is positively associated with a high risk for Down syndrome only when moth-
ers are older than 35 [60]. However, the overall paternal contribution to Down syndrome 
appearance seems to be low as only in 5–10% of cases, excess 21 chromosome is of paternal 
origin [61].

Older studies reported no relationship between paternal age and autosomal trisomies [62, 63] 
or even a decreased risk of trisomy 13 for men older than 39 years [64] in comparison to a 
younger age group.

A recently published study evaluating the influence of the paternal age on the aneuploidies 
rates in embryos obtained from donated oocytes found that men older than 50 years had 
higher aneuploidy rates in embryos compared to the groups of men younger than 39 years 
and between 40–49 years old [65].
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2.3. Abnormalities of the chromosomal structure

Due to the continuous process of spermatogenesis during the lifetime of a man, the spermato-
gonia are prone to an increased risk of mutations through a high number of cell divisions. 
This process could be aggravated with increasing age due to the toxic effect of oxidative stress 
and decreased DNA repair capacity [66, 67]. Moreover, increased paternal age is considered 
one of the major sources of mutations in humans [66].

2.4. Telomere length

Telomeres are regions of repetitive nucleotide sequences found at the end of the chromo-
somes, which have the function to protect the end of the chromosome from deterioration or 
from fusion with other chromosomes. Telomere length shortens with age and is associated 
with aging-related disorders. Telomere length decreases with every replication and, when a 
critical length is reached, cell division stops and cellular death appears. Although telomere 
shortening is considered to be related to advanced age and senescence [68], several studies 
reported a longer leucocytes telomere length in offspring of older fathers [69]. These findings 
are consistent with the longer telomere length reported in a subset of the sperm of older men. 
Probably this aspect is due to the selection of a particular germline stem cell subtype during 
the aging process with prolonged survival [69] but at the same time with affected mechanisms 
of healthy sperm selection [36].

The mechanisms connecting paternal age and telomere length of the offspring are not clearly 
elucidated. Although genome-wide association studies identified a number of genes linked 
to telomere length in general population, it is unlikely that increased number of mutations 
appearing with age in the paternal germline is the explanation for the observed association 
due to the rarity of these mutations [70].

One possible explanation is the age-dependent selection pressure in the male germline 
cells, older individuals having sperms with longer telomeres due to the selection process. 
This hypothesis is sustained by studies reporting a predominance of the sperm with longer 
telomers in older men [69].

Another hypothesis is offered by the different telomerase activities in somatic and germ-line 
cells. As such, telomerase is repressed in most somatic cells, whereas its activity is sustained 
in male germ-line stem cells [71]. Although the role of telomerase is to maintain the length of 
telomeres, after every replication of male germinal cells, a small increase with few base pairs 
seems to appear [72]. Due to the high number of replications of the germinal male cells over 
the life span, these small elongations accumulate, resulting in a significant increase of the 
telomere length in sperms of older men [70].

While most of the studies evaluated the relationship between paternal age and leucocytes telo-
mere length, the positive correlation between paternal age and offspring sperm telomere length 
was for the first time reported in 2013 by a study evaluating a small sample (81 subjects) of 
young men (18–19 years old) [73]. However, in this study, the maternal age was also positively 
correlated to sperm telomere length, and the contribution of each parents’ age was difficult to 
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established due to the high correlation between parents age. They also found that sperm telo-
mere length is related to sperm count, being lower in oligozoospermic than in normozoosper-
mic men. These results confirmed the findings of Thilagavathi et al. [74] which reported shorter 
sperm telomere length in men with idiopathic infertility in comparison with controls [74]. 
Therefore, the number of studies linking infertility and low sperm count to shorter sperm telo-
mere length is limited, and the question whether shorter sperm telomere length is the cause of 
infertility (through increased apoptosis of germ cells, impaired spermatogenesis, and reduced 
sperm count) or a marker of damaged spermatogenesis is yet to be answered by future studies.

Moreover, a study published in 2015 [75] reported a marked increase in sperm telomere 
length heterogeneity as men age and a longer length in samples with normal parameters in 
comparison with samples with abnormal parameters. These findings could have implications 
for infertile couples treated with assisted reproduction techniques due to a high probability of 
shorter telomere length in the offspring, taking into account the reported association between 
shorter telomere and depression, autism, neoplasia, and general poor health.

The exact implication of the paternal age at conception on the offspring health is not com-
pletely understood. Although it was generally considered to have a negative impact through 
the association with rare conditions like achondroplasia, Marfan syndrome, autism, and 
schizophrenia, it is also possible to be associated with a reduced risk of atherosclerosis and 
increased survival as longer telomere length confer this advantage [70].

Although telomere length is a complex genetic trait [76], several studies reported a possible 
impact of many other factors on telomere length like obesity, sleep disorders, smoking, and 
socio-economic factors, making the study the relationship between parental age and telomere 
length even more complicated.

2.5. Epigenetics

Data on the epigenetic changes related to paternal age are limited and refer mainly to modifi-
cations of methylation patterns observed in rats [77] and are considered to be involved in the 
appearance of Huntington disease, Alzheimer’s disease, autism, or schizophrenia in humans [33].

3. Aging and fertility in women

Ovarian aging is a complex phenomenon that involves not only the reproductive function of 
the woman but also her global health status. Aging is characterized by a reduced number of 
oocytes and decreased fertility. Ovarian failure at menopause is associated with cardiovascu-
lar diseases, cognitive dysfunction, depression, and osteoporosis. The heat intolerance and 
hot flushes affect the quality of women life. Menopause is the final event in ovarian aging, 
with a mean age of occurrence of 51 years for the Caucasian population, with a range of 
individual variations due to genetic and environmental factors. Menopause is preceded by 
pre-menopause, a period that can last up to 10 years, characterized by a marked decline in 
fertility. The human follicles dynamic undergoes tremendous changes during this period, 
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represented by a high rate of follicular atresia and a low rate of follicular growth, followed by 
exhaustion of follicular reserve, and, finally, occurrence of menopause.

The status of the women nowadays is changing, moving from high mortality and high fecun-
dity to low mortality and low fecundity. There are remarkable changes in the dynamic of 
the world population and in the age distribution. It is estimated that in 2025, the number of 
women over 60 years old will equal the number of women 15–24 years, reversing the actual 
status [78]. Moreover, there is a continuous increase in the number of employed women which, 
in association with the increase in educational demands of women, will contribute to the 
postponed age of maternity. Therefore, current trends of the society determine an increased 
number of women to try to conceive at an older age. This decision generates a serious health 
problem due to the decreased fertility and a high rate of pregnancy complications associated 
with advanced age. The statistics show that the fertility is decreased by 31% in women, 35–39 
years old, in comparison with women who are 20–24 years, and the same decrease in fertility 
is mirrored by the success in assisted reproductive techniques [79].

The epidemiological studies reflect these societal changes, reporting an increase in the age of 
women at first birth from 22.7 in 1980 to 28.2 years in 2003 [80]. This change in the maternal 
age at first birth is relevant, taking into account that women over 30 years old who had not 
yet conceived had lower chances to obtain pregnancy than women who previously conceived 
at younger ages [80].

Ovarian aging implies qualitative and quantitative alteration of ovarian reserve and a con-
secutive decline in fertility. In women, the ovarian pool, which is formed during intrauterine 
life, is gradually depleted and the number of oocyte aneuploidies are gradually increasing 
with age. Therefore, the number of miscarriages and implantation failure are rising with age. 
The ovarian pool gradually declines, but there are some crucial steps at 34, 37, and 40 years 
when the decline accelerates. This ovarian pool is not subsequently renewed [81].

The age-related decline in follicle number is bi-exponential but doubles beyond a critical 
point at the age of 37.5, when the number of follicles became less than 25,000 [82, 83]. From 
this point till menopause, the time interval is around 13 years, this time period being char-
acterized by a decline in fertility (a subfertility status). If we consider women who enter 
menopause at 45 years, the cut-off value of less than 25,000 follicles will be reached at the 
age of 32. From a statistical point of view, 10% of women will enter menopause at 45 years, 
so there is 10% of women in the population who could potentially present subfertility since 
32 years[84].

During intrauterine life, the ovary comprises 6 millions of oocytes surrounded by granulosa 
somatic cells, but because of atresia, only 1 million of primordial follicles remain at birth. At 
menarche, only 3,00,000 oocytes are left. During the female lifespan, approximately 400–500 
follicles will ovulate [85].

Assisted reproduction technology had poor results in cases of ovarian aging, raising the 
economical, medical, and social cost of the procedures. On the other hand, oocyte donation 
programs have difficulties in finding donors. Social freezing of the oocytes creates various 
financial and storage problems and involves ethical issues and unequal access to medical care.
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Ovarian aging is a complex process that implies genetic modifications and metabolic changes, 
causing a decreased competence of the oocytes to become a viable embryo that could implant 
and ovulate. Aging is associated with chromosomal aberrations of the oocytes, an increase 
in ovarian DNA fragmentation, a shortening of the ovarian telomere length, a decreased 
mitochondrial function, dysfunction of the granulosa cells, and a decreased testosterone 
production by the ovary. The use of Fourier transform infrared spectroscopy (FTIR) showed 
meaningful macromolecular and biochemical changes in human ovaries. The decline in ovar-
ian quality with age was associated with important modifications on composition and distri-
bution of all principal biomolecules: proteins, lipids, carbohydrates, and nucleic acids.

During the developmental stages of folliculogenesis, the oocyte growth is accompanied by the 
proliferation and differentiation of the granulosa cells. At the antral stage, the granulosa cells 
differentiate in two very different phenotypically populations: the cumulus granulosa cells 
(CGCs) and the mural granulosa cells. The CGCs are involved in oocyte growth and matura-
tion and the mural granulosa cells are responsible for steroidogenesis [86, 87]. There are gap 
junctions between the CGCs and the oocyte. The accumulation of damages in granulosa cells 
during the long quiescent phase before entering the growing phase, or the alteration of cross-
talk between granulosa cells and oocyte, contributes to the impact of aging on oocyte [87].

Both the oocytes and primordial follicles could stay in the ovary till the fifth decade and then 
start to grow and form mature oocytes. 60% of women over 40 remain infertile, comparable 
with 6% at the age group 20–24 [88]. The chance of pregnancy in a cycle is 30% for women 
between 27–29 years and 15% for women between 37–39 years. Natural delivery can occur 
after 45 years also but represents only 0.2% of total deliveries. However, most of the women 
that conceive at this age are multiparous [89]. It seems that the highest quality oocytes are 
used in the early reproductive years, leaving the less-competent oocytes for the fifth decade 
[90]. The chromosomal aberrations in the older ovaries are responsible for the increased num-
ber of embryo aneuploidies and miscarriages.

Kalmbach et al. [91] proposed the telomere shortening in the female germline as a central 
mechanism of reproductive aging in women [91]. The arguments for their theory are the stud-
ies on mice that demonstrated an association of telomere shortening with increases embryo 
fragmentation, cell cycle arrest, apoptosis, and chromosome abnormalities [92, 93]. In humans, 
it was reported that shorter telomeres in the oocytes of women undergoing in vitro fertiliza-
tion were linked to the presence of fragmented, aneuploid embryos that fail to implant [94].

Mitochondria represent the powerhouse of the cells, producing the energy necessary for cel-
lular functions. The ATP required for cellular energetic needs is produced by mitochondrial 
oxidative phosphorylation (OXPHOS). A toxic product of OXPHOS is endogenous reactive 
oxygen species (ROS). Natural defense mechanisms protect the cells against the damages 
produced by ROS, but if these mechanisms are decreased, the cells could be damaged. In the 
ovary, ROS may be involved in the regulation of follicular development or apoptosis through 
the modulation of ROS scavenging systems [95].

The theory of the free radicals’ role in ovarian aging, which is 50 years old, says that these 
free radicals progressively accumulate with age and determine damages of the ovarian 
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 compartments and the decrease in ovarian function [96]. The evidences for this old theory are 
provided by studies showing a significant increase in oxidatively damaged lipids, proteins, 
and DNA [97] and a decrease in antioxidant defense in aging ovary [98, 99].

The increase of oxidative stress with ovarian aging could contribute to follicular atresia and 
a poor quality of oocytes as well [98]. Moreover, oxidative stress damages the telomeres and 
accelerates their shortening.

Mitochondria have their own genome in the form of mtDNA. This DNA is unstable in aging 
ovary. The maternal transmission of mtDNA is well established, and paternal transmission 
of mtDNA is being seen only in some pathological cases. Oocytes have a well-defined role 
in eliminating paternal mtDNA, but this ability has decreased in poor quality oocytes. The 
close relationship observed between mitochondrial dysfunctions and poor reproductive per-
formance, which could be solved by injection of healthy mitochondria from another woman, 
led to the concept that the age of the ovary is related to the age of the mitochondrial function. 
Other signs of ovarian aging are point mutations or deletions of mitochondrial DNA.

Another theory is referring to the carbonyl stress in the aging follicle. Reactive carbonyl spe-
cies (RCS) are reactive endogenous metabolites derived from metabolic processes. Unlike 
ROS, the damages produced by the RCS to the cells are more severe due to the increased sta-
bility of these products and their ability to attach to targets far from the site of their formation 
[100]. RCS determine post-translational modifications which finally form advanced glycation 
end-products (AGEs). Between AGEs and oxidative stress, there is a complex interplay with 
oxidative stress contributing to AGEs production [101].

These products accumulate in the ovary and promote the wide spatiotemporal spread of oxi-
dative stress. These modifications affect the ovarian microenvironment during folliculogen-
esis, influencing the developmental capacity of the oocytes. It was also suggested that AGEs 
produce perturbation in perifollicular vascularization by a complex relationship with vascular 
endothelial growth factor (VEGF) [102, 103]. Therefore, the maturation, chromosomal con-
stitution of the oocytes, and granulosa cell metabolism are modified. The granulosa cells are 
affected by oxidative stress including the glycosylation end products, resulting in a decrease in 
proliferation and an increase in apoptosis of the cells. Proteins modified by AGEs interact with 
specific receptors (RAGE) and through them determine the activation of the cell’s response. 
The soluble RAGE could be measured in the follicular fluid and in the serum, and this is the 
method for quantifying the role of AGEs in ovarian aging and ovarian dysfunction. The study 
of Sato et al. [104] demonstrated that toxic AGE level in follicular fluid and in serum is nega-
tively correlated with follicular growth, fertilization, and embryonic development [104].

One of the first endocrinological markers of ovarian aging is the early rise in day 3 follicle-
stimulating hormone (FSH), together with the early elevation in estradiol levels and a more 
rapid growth of the follicles. First, there is a shortening of the follicular phase of the ovary 
and, later in the aging process, it is affected by the length of luteal phase and the value of 
serum luteal progesterone. Higher day 3 FSH level generally correlates with lower ovarian 
reserve and lower chances for pregnancy, the exception being FSH receptor variant. The cut-
off value for subfertile population is generally considered a serum FSH of 12.3 UI/l. Other two 
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markers of ovarian aging are antimullerian hormone (AMH) and antral follicle counts (AFC). 
AFC could be visualized by transvaginal ultrasonography, but the way AFC is performed dif-
fers between the centers. There are centers measuring follicles between 2–10 mm and others 
measuring follicles between 2–6 mm. It seems that smaller follicles, less than 6 mm, correlate 
better with ovarian reserve. In ART (assisted reproductive technology) literature, a lower AFC 
is associated with poor response to ovarian stimulation, although variable cut-offs were used, 
usually less than six. It was suggested that AFC is a better marker of ovarian reserve than 
AMH due to the factors potentially influencing circulating level of AMH (for instance, obe-
sity). For AMH, the cut-off value for subfertility is considered 1 ug/l (Singer). It was also sug-
gested that the response to ovarian stimulation during ART is a predictor of menopause based 
on the observation that women with a poor response experience early menopause and show 
menstrual cycle characteristics seen in ovarian aging. For the evaluation of the fertility poten-
tial of the women, it is important not only the age but also the number of years that elapse till 
menopause. At this moment, there is no gold standard for evaluating functional ovarian age. 
It seems that FSH-stimulated serum inhibin B level correlates best with ovarian age [105]. This 
stimulated serum inhibin B level reflects the pool of immature follicles, those not visible by 
ultrasound and not capable of estradiol production. With age the pool of immature follicles 
decreases accompanied by a decrease of serum level of inhibin B.

Very interestingly, in women with polycystic ovary syndrome (PCOS) with aging, the regular 
cycles are more regular, serum androgen levels decrease, and insulin resistance is ameliorated. In 
this case, the diminished pool of growing antral follicles determines a decrease in the AMH level. 
Women with PCOS have a large initial pool of follicles, having a low risk for early ovarian aging.

A particular case of ovarian aging is represented by women with premature ovarian failure 
(POF), representing 20% of infertile population. These patients associate with an increased risk 
of miscarriages [106] and a poor response to ovarian stimulation. POF refers to women with 
ovarian insufficiency before the age of 40. The genetic and autoimmune factors are the most 
important causes of POF. POF could appear also iatrogenic after surgery or chemotherapy [107].

Ovarian aging is accompanied by endometrial aging. The old endometrium is still responsive 
to ovarian steroids and is characterized by increase in collagen content, a reduced number 
of stromal cells, reduced tissue deoxyribonucleic acid contents, and fewer estrogen recep-
tors on endometrial cells. There is significant evidence that aging endometrium is a major 
determinant of reduced fecundity, where age and aging ovaries are the major determinant 
of higher abortion rate with age. In women older than 35 years, endometrial biopsy shows 
delayed or absent secretory maturation which determines implantation failure. However, 
IVF donor programs show satisfactory pregnancy rates in older women; therefore, from the 
reproductive point of view, the aging ovary is more important than the aging endometrium.

4. Conclusions

The inexorable effect of age on ovarian function is well known with a gradual decline in fer-
tility by the age of 40, followed by an abrupt decrease thereafter and a cessation of ovarian 

The Impact of Aging on Fertility: Similarities and Differences between Ovaries and Testes
http://dx.doi.org/10.5772/intechopen.68905

25



 function at menopause. The impact of age is not only due to a decreased number but also due 
to a decrease in quality of the oocytes, resulting in a high rate of chromosomal aneuploidy and 
a reduced implantation rate. The main mechanism assumed to be involved in ovarian aging 
is a reduced defense against oxidative stress, ROS, and RCS accumulation which damage the 
ovarian compartments, generating shortening of the telomeres and mitochondrial dysfunction.

On the other hand, in men, the semen quality and testicular function were found to gradually 
decrease with age, and most of the studies also describe a negative impact on fertility. The mech-
anisms underlying decreased fertility are genetic (chromosomal aneuploidies, DNA mutations) 
and epigenetics changes. However, whether these effects of aging in men can be overcome by 
assisted reproductive technologies is not clear yet as the results of the studies are inconsistent.
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Abstract

Polycystic ovary syndrome (PCOS) is one of the most common reproductive endocrine 
diseases occurs among women of childbearing age, which is affected by many factors, 
but its precise pathophysiology has not yet been determined. The heterogeneous of 
PCOS is reflected in its complex endocrine dysfunction of the hypothalamic-pituitary-
gonadal axis (HPG axis) and its multiple clinical features, such as obesity, insulin resis-
tance, hyperandrogenism and anovulation. Meanwhile, women with PCOS also have an 
increased risk of major cardiovascular events, most notably type 2 diabetes, cardiovascu-
lar disease and atherosclerosis. So far, many therapies are available for improving repro-
ductive and metabolic abnormalities in PCOS patients, in which lifestyle modification 
and insulin-sensitizing agents are more effective management strategies.

Keywords: polycystic ovary syndrome, hypothalamic-pituitary-gonadal axis, obesity, 
insulin resistance, hyperandrogenism

1. Introduction

Polycystic ovary syndrome (PCOS) is a prevalent heterogeneous disorder linked with dis-
turbances of reproductive, endocrine and metabolic function [1], which is characterized 
by insulin resistance (IR), androgen excess and ovarian dysfunction and can increase the 
occurrence of the risks of other diseases, but its precise pathophysiology has not yet been 
determined. Recent years, much more studies showed that neuroendocrine dysfunction 
plays an important role in the pathophysiology of PCOS [9]. In PCOS, there are complex 
interactions between abnormal ovarian steroidogenesis, hyperinsulinemia and endocrine 
dysfunction of the hypothalamic-pituitary-gonadal axis (HPG axis) [2, 3]. HPG axis plays 
a crucial regulatory role in various life activities in mammal and consists of a complex 
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 network of hypothalamic neurons of gonadotropin releasing hormone (GnRH) and pitu-
itary gonadotropin (GnRH) neurons capable of gonadotropic hormone (GH) and their 
target organs [4], in which hypothalamic-pituitary-adrenal axis (HPA) and hypothalamic-
pituitary-ovarian axis (HPO) in the female reproductive system play a vital effect. Recent 
studies have found that the role of HPA and HPO axis in PCOS endocrine dysfunction, 
such as abnormal GnRH pulse frequency, increased LH/FSH ratio, adrenal and ovarian 
excess androgens [1].

PCOS patients with obesity, insulin resistance (IR), hyperandrogenism, are important patho-
genic factors for the metabolic abnormalities [5]. PCOS not only can affect the female reproduc-
tive function, but also increase the incidence risk of tumors such as endometrial cancer, type 
2 diabetes and cardiovascular disease [6]. PCOS is closely related to metabolic syndrome. The 
metabolic syndrome is significantly increased in PCOS patients; moreover, women with meta-
bolic syndrome often suffer from PCOS, showed the related endocrine and metabolic charac-
teristics [7] IR/compensatory hyperinsulinemia are, androgen excess/hyperandrogenism, the 
basic characteristics of metabolic abnormalities in PCOS patients. Obesity is recognized as 
the most common risk factor for IR. IR is not limited to the scope of glucose metabolism, lipid 
metabolism and vascular disease [5–7].

Weight loss is associated with metabolic syndrome, a key treatment of PCOS, including diet 
control and exercise [8]. Dietary options are low-fat foods, including the amount of protein, 
high carbohydrates, high fiber, whole grains, fruits, vegetables and so on. Lifestyle changes 
can reduce weight, even if a small part of body weight but can reduce the central distribu-
tion of fat and improve insulin sensitivity, plasma insulin levels and can also make obese 
patients to restore self-confidence, psychological healthy growth [9, 10]. Insulin sensitizing 
drugs (ISDs) not only reduce the role of obesity, but also have a good effect on obesity-
induced endocrine disorders [10], and then much more studies demonstrated ISDs, such as 
metformin, thiazolidinediones(TZDs) and D-chiro-inositol, can improve some symptoms 
of PCOS patients, such as hyperandrogenism, anovulation and irregular menses [11].

2. Diagnostic criteria

PCOS was firstly described by Stein and Leventhal in 1935, which was the combination of 
oligo-ovulation and hyperandrogenism and accompanied by hirsutism, acne, and obesity 
[12, 13]. Over time, PCOS patients manifested a wide range of signs and symptoms, and there 
were no single diagnostic criteria in different regions or populations. So far, there are three 
recognized diagnostic criteria as following:

In 1990, the first formal diagnostic criteria for PCOS were come up by the National Institute 
of Child Health and Human Disease (NICHD), based on a majority opinion of the attend-
ees, not clinical trial evidence. The NICHD criteria included (1) hyperandrogenism and/or 
hyperandrogenemia and (2) chronic anovulation. Both criteria must be present, and other 
diagnoses must be excluded to allow reaching a diagnosis of PCOS [14].
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In 2003, a Rotterdam consensus workshop sponsored by the European Society of Human 
Reproduction and Embryology (ESHRE)/American Society of Reproductive Medicine (ASRM) 
revised the NIH diagnostic criteria according to clinical trials and familial studies. The revised 
criteria stated: (1) oligo- or anovulation, (2) hyperandrogenism and/or hyperandrogenemia, 
and (3) polycystic ovaries. PCOS remains a diagnosis of exclusion, but that two out of the fol-
lowing three criteria must be present. PCOS clinical manifestations may include: menstrual 
irregularities, signs of androgen excess, and obesity. Insulin resistance and elevated serum 
LH levels are also common features in PCOS [15].

In 2006, the American Androgen Excess Society (AES) and the PCOS Association system-
atically re-examined the key recognized features of PCOS based on the medical published 
literatures, the AE-PCOS criteria showed that (1) hyperandrogenism, including hirsutism 
and/or hyperandrogenism, (2) ovarian dysfunction, including oligo-anovulation and/or 
polycystic appearing ovaries, and (3) the exclusion of other androgen excess or related dis-
eases. The AES criteria acknowledge that androgen excess is a necessary component of the 
diagnosis [16].

The diagnostic criteria must exclude other androgen excess diseases and ovulation dysfunc-
tions and include androgen secreting neoplasms, Cushing’s syndrome, 21-hydroxylase defi-
cient congenital adrenal hyperplasia, thyroid disorders, hyperprolactinemia and premature 
ovarian failure [14–16].

3. Pathogenesis

3.1. HPA and HPO axis neuroendocrine dysfunction

3.1.1. Neuroendocrinology dysfunction of the hypothalamic-pituitary axis

In PCOS, the GnRH pulse frequency is increased to approximately one pulse per 50–60 min, 
and increases the total amount of GnRH [17], due to the increased endogenous GnRH 
response to LH. This GnRH secretion pattern leads to an increase in LH/FSH ratio [4]. The 
relative deficiency of FSH levels causes a decrease in aromatase activity in granulosa cells, 
leading to testosterone not aromatize into estrogen [18, 19]. Moreover, the ovarian sex hor-
mones have feedback effects on the nervous system, affecting the secretion of gonadotropin 
and the frequency of GnRH pulse [18, 19]. Many studies have shown that low-dose E2 levels 
in PCOS long-term positive feedback to stimulate the hypothalamus and pituitary, leading to 
form high LH levels [18, 19]. Androgen in women with PCOS suppresses the negative feed-
back effect of progesterone on GnRH pulse frequency [20, 21].

3.1.2. Adrenal dysfunction

The type of androgen in normal women is mainly androstenedione (A2), testosterone (T), 
dehydroisoandrosterone (DHEA) and dehydroepiandrosterone sulfate (DHEAS). A2 and 
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T are mainly from the ovarian theca cell and luteal cell, while DHEA and DHEAS are 
almost from the adrenal gland [22]. About 20–30% of PCOS patients have the excess adre-
nal androgens, such as DHEAS, which influence the activity of P450c17α and increase the 
metabolism of peripheral cortisol, leading to the impaired negative feedback regulation of 
ACTH [23].

Early onset of adrenal function is characterized by the onset of early pubic and armpit 
hair and may continue to develop into PCOS, which is associated with elevated levels of 
DHEA, due to the CYP17A1 (P450c17α) dysfunction. Activation of CYP17A1 in the adrenal 
reticular region leads to an increase levels of DHEA [24]. A study has demonstrated the 
increased size of the adrenal reticular band and increased in normal adolescent P450c17α 
activity to increase the synthesis of DHEA, which is onset of premature adrenal function 
to the process of PCOS [25]. The adrenal androgens have feedback effect on increasing the 
hypothalamic secretion of LH, which, in turn, leads to increase the synthesis of ovarian 
androgen. Thus, the adrenal androgen may cause the changes of steroid synthesis in the 
ovary [26, 27].

3.1.3. Ovarian dysfunction

In fact, PCOS is the most common cause of anovulatory infertility, the morphological 
changes may be genetic, but ovulation or anovulation is mainly dependent on the follicu-
lar environment, may be due to excessive production of local endocrine factor [18, 28, 29]. 
Hyperandrogenism is one of the diagnostic criteria of PCOS, and ovarian hyperandrogen-
ism can lead to excessive follicular atresia, follicular stasis and anovulation. In PCOS, the 
mechanism of ovarian androgen excess is mainly theca cells that are over-responsive to LH 
and excessively produced androgen [12, 13]. At the molecular level, cholesterol through a 
series of intermediate steps is converted to androgens in theca cell layer, and the disorga-
nized regulation of androgen biosynthesis enzyme P450c17 results in hyperandrogenism 
[20, 21, 30].

In general, LH binds to its receptor to stimulate thecal cells to produce androstenedione and 
testosterone. In contrast, FSH mainly stimulates granulosa cells to aromatize these androgens 
into estrogens that is, two-cell theory [31]. In PCOS, the relative lack of FSH levels leads to 
a decrease in aromatase activity in granulosa cells, which prevents testosterone from con-
verting into estrogen, while low-dose estrogen long term stimulates the hypothalamus and 
pituitary to form high LH levels by a positive feedback [18, 19]. Progesterone is a precursor of 
androgen and estrogen biosynthesis. Under the stimulation of LH, granulation cells luteinized 
after ovulation and increased the secretion of progesterone, but a decreased estrogen secre-
tion promoted the failure to select the dominant follicle and accompanied by anovulation in 
PCOS rats and make granulosa cells could not be luteinized to reduce the serum progesterone 
concentration [2, 3].

In PCO, the disordered follicular development impacts oocyte development. In vitro fertiliza-
tion studies found that PCOS patients have a lower oocyte implantation rate [32–34], due to 
oocytes which are exposed to high levels of androgens and other factors of abnormal levels, such 
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as high insulin levels [3]. Gene chip analysis showed that abnormal endocrine and metabolic 
have a effects on the gene expression in PCOS oocyte, and most of the differentially expressed 
genes were upregulated in oocytes of PCOS patients [28, 29, 35].

3.2. Metabolic dysfunction

3.2.1. Androgen excess/hyperandrogenism

Hyperandrogenism is one of the most important endocrine features of PCOS [36]. Higher 
circulating androgen levels, on the one hand, can hinder the normal growth of follicles, result-
ing in oligoovulation or anovulation, which mainly manifests an abnormal menstrual cycle, 
usually oligomenorrhea/amenorrhea [36, 37], on the other hand, can cause hirsutism, acne, 
female hair loss and other clinical symptoms [38]. Many animal studies have shown that 
intrauterine androgen excess led to their offspring would be similar to the reproductive and 
metabolic characteristics of PCOS patients [39], and thus, androgen plays an important role 
in the pathogenesis of PCOS.

These clinical manifestations of hyperandrogenism will be obvious around puberty, due to 
both ovarian and adrenal androgens excess [40]. Excessive ovarian and adrenal gland secre-
tion of androgens through the circulation transport into the peripheral adipose tissue and are 
aromatized into estrone [41]. Serum estrone excess continuously exerts feedback effects on 
the hypothalamus and pituitary, which manifests positive feedback effects on LH secretion 
and negative feedback effects of FSH secretion, leads to increase LH/FSH ratio. Low basal 
levels of FSH will be contribute to promote follicle development to a certain extent, but not 
mature, increased LH secretion, but no cyclical fluctuations, there are no LH peak, thus is the 
occurrence of oligoovulation, leading to infertility [1, 31]. In particular, androgen formation 
is also affected by insulin and insulin growth factor system, renin-angiotensin system (RAS), 
adiponectin, leptin, growth hormone and other factors.

Hirsutism can affect approximately 5–10% of reproductive-age women, while approximately 
80% of hirsute patients will have PCOS. The increased activity of enzyme 5-α reductase in 
the hair follicle has elevated circulating testosterone and contributes to a dysregulation of 
hair follicle growth, which converts testosterone to dihydrotestosterone (DHT). Androgen 
excess increases hair follicle size, hair fiber diameter, and the proportion of time terminal 
hairs remains in the anagen (growth) phase [42].

3.2.2. Insulin resistance/hyperinsulinemia

In recent years, a large number of studies have established IR, obesity, hyperandrogenism 
and vascular endothelial dysfunction contribution to the occurrence and development of 
PCOS [43], IR can promote elevate serum insulin levels and increase the frequency of pulsatile 
GnRH secretion, cause elevated serum LH levels, and further promote excess androgen pro-
duction [1]. The high levels of insulin result in the increased synthesis of androgen and inhibit 
the synthesis of sex hormone-binding globulin (SHBG) in liver, give rise to increase serum 
free androgen [44] and may induce the activity of insulin-like growth factor-1 and promote 
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the synthesis of androgen [45]. Androgen can impact the growth and development of follicles, 
inhibit the formation of dominant follicles, and accumulate a large number of immature fol-
licles, that is, the formation of the polycystic-like changes of the ovaries [46].

The interaction of insulin with its receptor results in dimerization of the receptor and facilitates 
recruitment and activation of downstream proteins via receptor autophosphorylation [47, 48]. 
Many physiological effects of insulin are mediated primarily via the phosphatidylinositol-3-ki-
nase (PI3K) signaling pathway—metabolic effects and the mitogen-activated protein kinase 
(MAPK) signaling pathway—mitogenic effects [48]. Insulin no longer plays its metabolic role 
in insulin sensitive tissues, when insulin sensitivity is compromised in that insulin resistance 
occurs. When insulin insensitivity hinders glucose uptake in target tissue, insulin secretion is 
usually increased, leading to compensatory hyperinsulinemia [49].

Usually, the metabolic action of insulin is preferentially interfered, such as glucose uptake, 
while its mitogenic action can remain intact [47, 48]. In PCOS patients, insulin resistance 
impact on the synthesis, transport and degradation of glucose led to increase the blood glu-
cose levels and serum insulin levels [50, 51]. At present, a large number of studies have found 
that PCOS patients with varying degrees of insulin resistance and compensatory hyperinsu-
linemia and in addition to systemic IR exist ovarian insulin resistance [52–54]. Much more 
studies have suggested that IR and hyperinsulinemia play an important role in the patho-
genesis of PCOS [52]. IR and hyperinsulinemia are important features of chronic hyperan-
drogenic anovulatory women [52–54]. Therefore, PCOS is a syndrome as the combination of 
metabolism abnormalities and reproductive dysfunction.

3.2.3. Obesity

The development of obesity is a multifactorial and complex process, which can cause many 
changes in the endocrine system and thus damage to female reproductive function [55]. Obesity 
is one of the most common clinical manifestations of PCOS, and PCOS patients showed met-
abolic abnormalities that were independent of obesity and were generally associated with 
weight gain before menstruation or hyperandrogenism [56], thus suggesting the role of obe-
sity in the progression of the pathogenesis of PCOS. Obesity is superimposed in PCOS, which 
is also associated with the hyperactivity of HPA, leading to increased adrenal androgen excess 
status [57]. Obese PCOS patients had lower SHBG levels than those with normal weight PCOS, 
which lead to translate into a higher circulating free testosterone [58]. Thus, there is a greater 
degree of hirsutism and menstrual disorders in obese PCOS women. It has been suggested 
that PCOS itself may cause weight gain [56]. More importantly, established superimposed 
obesity further promotes weight gain, which due to the deeper hyperinsulinism of obesity, 
exerts greater metabolic effects on insulin synthesis, leading to more rapid fat deposition [56].

PCOS is closely related to evaluate body fat distribution, especially abdominal fat [59, 60]. 
Most obese PCOS patients exhibit fat accumulation in the abdomen, especially in the viscera 
[59]. Abdominal obesity is strongly associated with the development of IR [59]. In particu-
lar, visceral adipose tissue is highly sensitive to lipolysis stimulated by androgens that will 
be contribute to the increased availability of free fatty acids (FFA) [60]. This, in turn, leads 
to induce the accumulation of hepatic fat, decreased hepatic insulin clearance and hepatic 
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while its mitogenic action can remain intact [47, 48]. In PCOS patients, insulin resistance 
impact on the synthesis, transport and degradation of glucose led to increase the blood glu-
cose levels and serum insulin levels [50, 51]. At present, a large number of studies have found 
that PCOS patients with varying degrees of insulin resistance and compensatory hyperinsu-
linemia and in addition to systemic IR exist ovarian insulin resistance [52–54]. Much more 
studies have suggested that IR and hyperinsulinemia play an important role in the patho-
genesis of PCOS [52]. IR and hyperinsulinemia are important features of chronic hyperan-
drogenic anovulatory women [52–54]. Therefore, PCOS is a syndrome as the combination of 
metabolism abnormalities and reproductive dysfunction.

3.2.3. Obesity

The development of obesity is a multifactorial and complex process, which can cause many 
changes in the endocrine system and thus damage to female reproductive function [55]. Obesity 
is one of the most common clinical manifestations of PCOS, and PCOS patients showed met-
abolic abnormalities that were independent of obesity and were generally associated with 
weight gain before menstruation or hyperandrogenism [56], thus suggesting the role of obe-
sity in the progression of the pathogenesis of PCOS. Obesity is superimposed in PCOS, which 
is also associated with the hyperactivity of HPA, leading to increased adrenal androgen excess 
status [57]. Obese PCOS patients had lower SHBG levels than those with normal weight PCOS, 
which lead to translate into a higher circulating free testosterone [58]. Thus, there is a greater 
degree of hirsutism and menstrual disorders in obese PCOS women. It has been suggested 
that PCOS itself may cause weight gain [56]. More importantly, established superimposed 
obesity further promotes weight gain, which due to the deeper hyperinsulinism of obesity, 
exerts greater metabolic effects on insulin synthesis, leading to more rapid fat deposition [56].

PCOS is closely related to evaluate body fat distribution, especially abdominal fat [59, 60]. 
Most obese PCOS patients exhibit fat accumulation in the abdomen, especially in the viscera 
[59]. Abdominal obesity is strongly associated with the development of IR [59]. In particu-
lar, visceral adipose tissue is highly sensitive to lipolysis stimulated by androgens that will 
be contribute to the increased availability of free fatty acids (FFA) [60]. This, in turn, leads 
to induce the accumulation of hepatic fat, decreased hepatic insulin clearance and hepatic 

Testes and Ovaries - Functional and Clinical Differences and Similarities40

insulin resistance [61]. The fasting lipid profile of obese worsening PCOS is characterized by 
increased triglycerides and reduced HDL-C and may also reflect the effects of deeper degree 
of IR in obesity [62]. Increased circulating endothelin-1 and activation of the sympathetic ner-
vous system and renin-angiotensin-aldosterone system are also contribution to worsening 
hypertension as a result of obesity in PCOS. Not surprisingly, most PCOS patients meeting 
the criteria of the metabolic syndrome are obese. In fact, abdominal obesity is the most com-
mon feature of metabolic syndrome in the disorder.

3.2.4. Oxidative stress

In recent years, effects of oxidative stress (OS) on the female reproductive system attract 
much more attention, such as superoxide dismutase (SOD), which are involved in the embryo 
implantation process, and follicular fluid antioxidant content will directly affect in vitro fer-
tilization success rates [63–65].

Much more studies showed that the concentration levels of OS markers in PCOS higher than 
normal, such as lipid peroxidation (LPO) [66]. A study reported that the advanced oxidation 
protein products in women with PCOS were higher than that in health women with the same 
age and body mass index (BMI), while the total antioxidant levels were lower [67]. Previous 
studies suggested that OS is associated with obesity of PCOS patients, but recent studies have 
found elevated OS markers levels in lean PCOS patients [66].

IR is thought to be a cause of OS, which can lead to the occurrence of hyperglycemia, thus 
causes related cells to release reactive oxygen species (ROS), causing OS [68]. OS can damage 
cells and activate the expression of proinflammatory cytokines, which in turn promotes the 
occurrence of IR and hyperandrogenism [69]. The malondialdehyde (MDA) levels in PCOS 
patients with IR higher than PCOS patients without IR, but lower levels of peroxidase and 
zinc, which indicate high levels of OS in PCOS patients with IR [68–70]. Zinc is essential for 
the biological function of metalloproteinases, which not only participates in the synthesis, 
secretion, conduction and metabolism of insulin, and also with copper act on SOD and peroxi-
dase (POD). Therefore, zinc deficiency may contribute to metabolic disorder in PCOS patients 
by affecting insulin function and reducing antioxidant content and may aggravate the degree 
of IR and the degree of antioxidant deficiency in PCOS patients [71].

OS markers in PCOS patients, such as MDA, thiol, and blood zinc, are associated with whose fer-
tility, the levels of MDA in infertility PCOS patients higher than that in pregnant PCOS patients, 
while the MAD, sulfhydryl and blood zinc content are lower [67–71]. Therefore, eat more fruits 
and vegetables containing antioxidants, increased intake of vitamins, avoid drinking, smoking 
and intake of caffeine to maintain the balance between oxidants and antioxidants in the body, so 
as to maintain the health female reproductive system, which improving female fertility.

3.2.5. Chronic low-grade inflammation

Chronic low-grade inflammation is triggered an inflammatory response by nutrient metab-
olism excess, and its involved molecules and signaling pathways are similar to traditional 
inflammatory response, leading to the occurrence of some chronic metabolic diseases [72]; 
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moreover, its related metabolic regulations are closely to reproductive function. Some com-
plications of PCOS are closely associated with chronic low-grade inflammation, such as obe-
sity, diabetes type 2 and cardiovascular disease, and inflammation factors may be responsible 
for long-term consequences of PCOS [73], such as C-reaction protein (CRP), tumor necrosis 
factor-α (TNF-α), interleukin-6 (IL-6), IL-18 and monocyte chemoattractant protein-1 (MCP-1). 
The first study demonstrating elevation of CRP in women with PCOS was carried out by Kelly, 
which suggested inflammation may be involved in occurrence and development of PCOS [74].

The inflammatory responses are induced by hyperlipidemia and IR, which not only lead to 
the occurrence and development of PCOS, and are also involved in the formation of long-term 
complications of PCOS. Some studies suggested that hyperandrogenism may be an inducing 
factor for chronic low-grade inflammation of PCOS [75], in turn the inflammatory responses 
further promote excessive ovarian androgen synthesis in PCOS patients [75]. In cellular level, 
inflammation upregulates the androgen biosynthesis enzyme CYP17 activity and thus pro-
motes androgen synthesis [69]. Another study found that the stimulation of TNF-α increased 
the proliferation of androgen synthesis in rat interstitial cells, resulting in increased androgen 
secretion, which suggested that inflammation can further aggravate the performance of PCOS 
patients with hyperandrogenism [69, 74]. Interestingly, recent studies have found that hyper-
androgenism may play an anti-inflammatory role in obese PCOS patients and demonstrated 
that the cycle effects of androgen were pleiotropic, and its role depends on whether obese 
individuals [60, 74].

Obesity increased PCOS patients with IR. IL-6, MCP-1 and TNF-α levels in patients with 
PCOS were significantly higher than those in controls, which were positively correlated 
with body weight and IR, suggesting that chronic low-grade inflammation in PCOS patients 
was closely related to obesity and IR [74]. Inflammatory signaling pathways interact with 
insulin signaling pathway, and macrophages were showed in adipose tissue of non-obese 
PCOS patients, which promoted the synthesis of inflammatory cytokines such as TNF-α and 
IL-6, which further led to the development of IR, which suggested that inflammatory may be 
responsible for IR in non-obese patients with PCOS [74].

Much more evidence shows PCOS patients with elevated inflammatory factors, suggesting 
that the body of patients in the inflammatory environment [76]. These inflammatory reactions 
in addition to the occurrence and development of PCOS can also cause type 2 diabetes, ath-
erosclerosis, cardiovascular disease and other long-term complications. Therefore, the early 
administration of anti-inflammatory treatment may reduce the occurrence of the long-term 
complications of patients with PCOS.

3.2.6. Vitamin D deficiency

There are increasing evidences showed that vitamin D deficiency plays a major role in the 
in the pathogenesis of metabolic syndrome of PCOS [77]. Clinical studies have shown that 
type 2 diabetes and insulin resistance status are closely related to vitamin D deficiency [78]. 
In addition, studies have shown that vitamin D deficiency in patients has the increased risk 
of the long-term occurrence of hyperlipidemia and IR [78, 79], and in a prospective study of 
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intervention, PCOS women with vitamin D supplementation, the secretion capacity of insulin 
was increased, and lipid levels were improved [80], suggesting the importance of vitamin D 
supplementation in treating patients with metabolic syndrome of the general population and 
PCOS population.

The correlation between vitamin D deficiency and PCOS is resulted from the deposition of 
25-(OH) VD3 in adipose tissue [81]. The low level of 25-(OH) VD3 increases the risk of can-
cer, autoimmune diseases, diabetes and cardiovascular disease [82]. Much more researches 
showed that vitamin D deficiency ultimately leads to impaired insulin secretion, induces glu-
cose intolerance, and reverses the vitamin D sufficient state [79–81]. Many studies showed that 
a low level of 25-(OH) VD3 was observed in type 2 diabetes, while it with insulin resistance 
and obesity are also confirmed in PCOS population [79–82]. So far, the mechanisms of low 
25-(OH) VD3 levels and insulin resistance have not been well elucidated. First, 25-(OH) VD3 
may stimulate insulin secretion by stimulating the expression of insulin receptors, thereby 
enhancing insulin responsiveness to glucose transport [79–82]. Second, 25-(OH) VD3 regu-
lates intracellular and extracellular calcium ions levels, which is essential for insulin sensitive 
tissue such as skeletal muscle, adipose tissue mediated intracellular delivery of insulin. In 
addition, 25-(OH) VD3 deficiency may induce a hyperinflammatory response due to its role 
in regulating the immune system, which is also associated with IR [83].

A recent study confirms that high 25-(OH) VD3 levels in overweight and obese PCOS women 
are faster weight loss than that in women with low 25-(OH) VD3 levels due to better absorp-
tion of the low calorie diet, indicating that PCOS women with the high levels of 25-(OH) VD3, 
weight loss is one of the most effective treatments [84]. Therefore, vitamin D supplementation 
can be used as an adjunct to the treatment of PCOS.

4. PCOS management

4.1. Lifestyle changes

PCOS has become a social and psychological behavior disorder and a low risk factor for qual-
ity of life. In recent years, much more studies and treatment guidelines recommend that life-
style intervention therapy is as a first-line treatment of PCOS [9].

Lifestyle intervention is mainly through diet and exercise methods [8, 9]. Diet therapy is 
mainly by controlling the total calorie intake of food, scientific and rational regulation of diet, 
in order to achieve the purpose of weight loss [8]. In addition to limiting calorie intake to 
achieve the purpose of weight loss can also be classified according to different macro nutri-
ents, such as carbohydrates, protein and fat ratio [8]. The basic principle of exercise therapy 
is mainly through exercise to increase the consumption of glycogen and fat. Sports therapy is 
significantly able to achieve weight loss and also can enhance physical fitness. Studies have 
shown that women with cardiovascular disease, metabolic disorders, IR, overweight and 
obese can improve IR and reduce the risk of cardiovascular disease and abdominal fat by 
scientific, rational and regular exercise [85].
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Lifestyle intervention achieves weight loss and long-term maintenance to reduce obesity for 
PCOS and directly improve the metabolic abnormalities, menstrual disorders, hairy acne and 
other symptoms [8]. A large number of studies have shown that weight loss in obese with 
PCOS patients, its symptoms can be improved to some extent. Low calorie diets, physical 
exercise and other lifestyle interventions, reduce 5–10% of body mass, can change or reduce 
menstrual disorders, hirsutism, acne and other symptoms, and increase the pregnancy rate, 
improve high blood lipids, high blood sugar IR and other symptoms and can reduce the inci-
dence of miscarriage and cardiovascular disease.

4.2. Insulin sensitizing drugs

ISDs are used to control the hyperglycemia of type II diabetes. As time goes on, insulin resis-
tance and compensatory hyperinsulinemia negatively affecting ovarian steroid biosynthesis 
and follicular recruitment and maturation were found in PCOS and play a critical role in 
its pathophysiology, and then, much more studies demonstrated that ISDs, such as metfor-
min, thiazolidinediones (TZDs) and D-chiro-inositol, can improve some symptoms of PCOS 
patients, such as hyperandrogenism, anovulation and irregular menses [11].

Metformin is one of the most common ISDs to widely use in clinical treatment of PCOS, and as 
a biguanide can inhibit hepatic gluconeogenesis by affecting glucose metabolis and increase 
glucose uptake and reduce fatty acid oxidation in peripheral tissues, so as to achieve increas-
ing insulin sensitivity [86, 87]. The effects of metformin on reproductive and on metabolic 
function of PCOS are mainly a reduction of circulating insulin levels. At the pituitary levels, 
hyperinsulinemia decreases SHBG synthesis, thus increasing circulating free androgens, at 
the muscular levels, it alters the mitochondrial oxidative metabolism, at the ovarian levels, 
hyperinsulinemia induces anovulation, follicular growth blockade and hyperandrogenism. 
Excess insulin increases the concentrations of androgen, which lead to block follicular matu-
ration and increase cytochrome P450c17a activity [11, 86, 87]. On the other hand, metformin 
can improve the reproductive function at the HPO level. Insulin stimulates pituitary cells to 
modulate the normalize LH secretion pattern, thus hyperinsulinemia may be contribution to 
significantly decreasing LH plasma levels, then further impact ovarian function.

TZDs are peroxisome proliferator activating receptor γ (PPARγ) agonists, which are part of the 
superfamily of nuclear receptors are essential for adipocyte differentiation and growth, that 
in a lesser degree decrease hepatic glucose production, but more potently increase peripheral 
glucose uptake [87]. The metabolic effects of TZDs in PCOS are similar to metformin. Some 
mechanistic studies have shown that TZDS also decreases fasting glucose and insulin levels, 
AUCs for glucose and insulin levels, and glycosylated hemoglobin levels compared with pla-
cebo in women with PCOS, and troglitazone improves insulin-mediated glucose disposal as 
well as insulin-secretory defects in women with PCOS [86, 87].

D-Chiro-inositol, as a new insulin-sensitizing drug, has never been approved for clinical treat-
ment in diabetes and PCOS but could improve insulin sensitivity by enhancing signal trans-
duction via an alternative pathway for insulin action [87].

In a word, PCOS is usually diagnosed during the early reproductive years and still occurs in 
approximately 4–18% of reproductive-aged women. Although the pathophysiology of PCOS 
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modulate the normalize LH secretion pattern, thus hyperinsulinemia may be contribution to 
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TZDs are peroxisome proliferator activating receptor γ (PPARγ) agonists, which are part of the 
superfamily of nuclear receptors are essential for adipocyte differentiation and growth, that 
in a lesser degree decrease hepatic glucose production, but more potently increase peripheral 
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mechanistic studies have shown that TZDS also decreases fasting glucose and insulin levels, 
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D-Chiro-inositol, as a new insulin-sensitizing drug, has never been approved for clinical treat-
ment in diabetes and PCOS but could improve insulin sensitivity by enhancing signal trans-
duction via an alternative pathway for insulin action [87].

In a word, PCOS is usually diagnosed during the early reproductive years and still occurs in 
approximately 4–18% of reproductive-aged women. Although the pathophysiology of PCOS 
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has yet not been clearly illuminated, there are much more related clinic manifestations had 
been deeper detected, which showed a number of its molecular mechanisms, and provided 
many new theoretical basis for clinical PCOS prevention and treatment.
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Abstract

We aimed to identify metabolic disorders associated with insulin resistance (IR) in 
Congolese women affected by polycystic ovary syndrome (PCOS). Fifty‐four PCOS 
women and 40 controls from three hospitals of Kinshasa were enrolled to our case‐con‐
trol study. Blood samples were collected, and concentrations of high‐density lipoprotein 
(HDL) and low‐density lipoprotein (LDL) cholesterol, triglycerides (TG), fasting insulin, 
and glucose levels were measured. IR under basal conditions was evaluated with homeo‐
stasis model assessment (HOMA‐IR). Dyslipidemia was observed in 37.5 controls and 
55.6% PCOS women (p < 0.05). The two main lipoproteins concerned were HDL and LDL; 
nevertheless, the difference in LDL levels between PCOS and controls was not significant. 
Higher TG (>150 mg/dl) was not found in the two groups, whereas TG levels in PCOS 
patients were significantly higher than in controls (p < 0.05). Impaired glucose tolerance 
(IGT) and metabolic syndrome were observed, respectively, in 1.9% of PCOS patients. 
Insulin resistance is associated with metabolic disorders in Congolese woman with PCOS. 
Dyslipidemia (55.6%), mainly due to low HDL levels, is the most common metabolic dis‐
order. Impaired glucose tolerance and metabolic syndrome represent a small proportion.

Keywords: PCOS, dyslipidemia, insulin resistance, Congolese women, HOMA‐IR

1. Introduction

Polycystic ovary syndrome (PCOS) characterized by androgen excess with or without clinical 
evidence of hyperandrogenism is one of the most common endocrine dysfunctions that affects 
5–10% of women of reproductive age [1, 2]. Literature data revealed that PCOS is associated 
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with several metabolic complications, including insulin resistance (IR) with compensatory 
hyperinsulinemia, impaired glucose tolerance, dyslipidemia, and metabolic syndrome (MS) 
[2–4].

PCOS women with dyslipidemia show lower HDL and higher TG, without change in LDL 
[5, 6].

Apridonidze et al. [7] observed that 68% of women had low HDL and 35% higher triglycer‐
ides. Another American multicentric study showed lower HDL in 66% of cases and higher TG 
in 32% of cases [8].

Metabolic syndrome is found in the third part of PCOS women [6, 8–11]. It appears in women 
with obesity or overweight, suggesting a “knock effect” of the gain of weight, probably in 
genetically predetermined women [5]. It has been found, respectively, in 43% of PCOS women 
by Apridonidze et al. [7] and 33.4% by Ehrmann et al. [8].

Likewise, race and age affect the prevalence of IR and metabolic disorders. Therefore, 
measures used to estimate these features in PCOS patients might take into account these 
factors.

Currently, few data are available on the prevalence and metabolic disorders of PCOS in 
African women. Therefore, the present study aimed to determine the frequency and metabolic 
features associated with IR in Congolese women affected by PCOS using a case‐control study.

2. Patients and methods

The present study was carried out from February 2006 to February 2007 in three hospitals 
of Kinshasa. Fifty‐four women with PCOS were recruited while a group of 40 healthy, age 
matched female subjects were used as controls. Women were all black, African, and from a 
Congolese ethnic group. Presence of PCOS was defined according to the Rotterdam 2003 con‐
sensus [1] by the presence of at least two of the following three features: (1) clinical and/or bio‐
chemical signs of hyperandrogenism; (2) oligomenorrhea, that is, menstrual cycles > 45 days 
or less eight cycles/year and/or anovulation; and (3) presence of polycystic ovaries. Clinical 
hyperandrogenism was defined by the Ferriman‐Gallwey score (F‐G score) as > 8. None of 
these PCOS patients had used hormonal preparation for at least 2 months preceding the study. 
Control women came from the same ethnic group; they were non‐hirsute, without personal or 
family history of hirsutism and/or endocrine disorders, and free of any treatment. They had 
regular menstrual cycles, and none of them satisfied any of the PCOS criteria of the Rotterdam 
2003 consensus.

PCOS and controls were excluded if they were prepubertal, premenopausal, or pregnant.

All women were subjected to a physical examination including evaluation of blood pressure, 
weight, abdominal, and hip circumference. Parametric measures included evaluation of body 
mass index (BMI) and waist‐to‐hip ratio (WHR). The waist circumference (WC) was defined 
as the smallest measurement between the iliac crest and lateral costal margin and the hip cir‐
cumference, as the largest measurement over the buttocks. BMI was defined as body weight in 
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kilograms divided by body height in meters squared (kg/m2). Overweight was defined as BMI 
≥ 25 kg/m2, and obesity was defined as BMI ≥ 30 kg/m2, while WHR > 0.85 indicated visceral 
type of obesity.

2.1. Biochemistry

Capillary glucose was measured using a glucometer (Glucocard, Menarini, Italy). Serum 
insulin was performed by ELISA using the Mercodia Insulin Elisa kit. We also measured in 
serum HDL and LDL cholesterol and triglycerides by colometric enzymatic method.

Dyslipidemia was defined by one or more abnormal lipidic fractions using as normal values 
for LDL ≤ 160, HDL ≥ 50, and triglycerides < 150 mg/dl.

Impaired glucose tolerance (IGT) was defined as fasting hyperglycemia between 110 and  
126 mg/dl.

Metabolic syndrome was defined according to Rotterdam 2003 consensus [1] by at least three 
of the following criteria:

• Abdominal circumference > 88 cm

• Triglycerides ≥ 150 mg/dl

• HDL cholesterol < 50 mg/dl

• Blood pressure ≥ 130/≥ 85 mmHg

• Fasting glucose > 110–126 and/or 2‐h of glucose > 140–199 mg/dl

2.2. Statistical analysis

Data were analyzed with commercial software (SPSS version 13.0 for Windows). The Chi‐
square test, Fisher's exact test, and t‐test were used to make comparison of quantitative vari‐
ables and qualitative variables between study groups and sub‐groups, according to each case. 
A p value < 0.05 was considered statistically significant.

3. Results

Table 1 shows the clinical features of PCOS patients and controls. The mean age and BMI 
were similar in both groups. There was a significant difference for menarche age between the 
two groups (p < 0.05) as well as for the Ferriman & Gallwey (F‐G) score (p < 0.001), HDL, and 
TG (p <0.05).

As shown in Table 2, dyslipidemia was found among 37.5% of controls and 55.6% of PCOS 
patients. HDL and LDL were the two lipidic fractions concerned. Lower HDL was the main 
abnormality observed (p < 0.001).

Higher TG (≥ 150 mg/dl) was not found although there was a significant difference between 
PCOS group and controls (Table 1).
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Parameters PCOS (n = 54) Controls (n = 40)

HDL‐c (mg/dl)

<50 27 (50%) 14 (35%)

≥50 27 (50%) 25 (65%)

LDL‐c (mg/dl)

<160 49 (90.7%) 39 (97.5%)

≥160 5 (9.3%) 1 (2.5%)

TG (mg/dl)

<150 54 (100%) 40 (100%)

≥150 0 (0%) 0 (0%)

Dyslipidemia

Present 30 (55.6%) 15 (37.5%)

Absent 24 (44.4%) 25 (62.5%)

Table 2. Prevalence of dyslipidemia.

Parameters PCOS (n = 54) Controls (n = 40) P

Age 24.54 ± 5.2 23.98 ± 6.3 NS

Menarche age 13.77 ± 1.6 12.62 ± 1.6 <0.05

Ferriman‐Gallwey Score 9.46 ± 6.1 3.38 ± 2.4 <0.001

Systolic blood pressure 
(mmHg)

110.57 ± 13.36 107.25 ± 9.3 NS

Diastolic blood pressure 
(mmHg)

71.70 ± 12.36 70.50 ± 9.0 NS

BMI 22.0 ± 4.39 22.0 ± 3.32 NS

WC (cm) 76.85 ± 10.9 75.82 ± 8.3 NS

WHR 0.80 ± 0.06 0.77 ± 0.05 NS

Glucose (mg/dl) 78.83 ± 12.7 76.42 ± 10.5 NS

Insulin (µU/L) 13.06 ± 9.1 5.83 ± 3.6 <0.001

HOMA‐IR (mol × µU/l2) 2.62 ± 2.1 1.08 ± 0.67 <0.001

HDL‐cholesterol (mg/dl) 49.07 ± 13.72 57.65 ± 16.55 <0.05

LDL‐cholesterol (mg/dl) 106.8 ± 31.6 111.10 ± 24.5 NS

Triglycerides (mg/dl) 57.12 ± 21.6 48.52 ± 12.87 <0.05

Table 1. Clinical and biochemical features of the study subjects.
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Among PCOS women, dyslipidemia varied significantly by waist‐to‐hip ratio, HDL, and TG.

PCOS patients identified as having dyslipidemia were compared with those without dys‐
lipidemia. Overall, PCOS patients with dyslipidemia had the same age and LDL level but 
lower HDL and higher TG level. In addition, they had greater android body fat distribution. 
There was no difference in the HOMA‐IR index, although patients with dyslipidemia showed 
higher level of this parameter (Table 3).

Impaired glucose tolerance as well as metabolic syndrome was observed in only one PCOS 
women.

4. Discussion

In our knowledge, this is the first study that describes lipid and lipoprotein profile and meta‐
bolic disorders associated to IR in Congolese women with PCOS.

We determined lipids and lipoprotein levels which were in the normal range. Our results 
are in accordance with previous African studies which had found lower levels of lipid and 
lipoprotein in African people compared to values reported in Caucasians [12–16, 22]. This 
difference could be explained by the low‐fat and high‐carbohydrate African diet. Indeed, 
nutritional transition is in process in Kinshasa. Although few people have modified their diet, 
eating more and more refined sugar and animal fat and less vegetable, the diet in people from 
Kinshasa remains poor in fat and wealthy in carbohydrates.

We observed in our study among PCOS women lower HDL and higher TG without change in 
LDL and this is consistent with other previous reports [7, 8, 17]. This inverse relation between 
HDL and TG is commonly found in insulin resistance and hyperinsulinemia.

We failed to observe a significant association between metabolic syndrome and biological 
insulin resistance as reported by several authors [5, 7, 8, 18, 19], possibly owing to the TG 
level ≥ 150 mg/dl in the metabolic syndrome's definition that we used. In addition, the small 
number of obeses in our PCOS group could also explain this observation. Previous studies 

Parameters PCOS with dyslipidemia 
(n = 30)

PCOS without dyslipidemia (n = 24) P

WHR 0.81 ± 0.05 0.78 ± 0.06 <0.05

HDL‐c 40.70 ± 10.09 59.53 ± 9.98 <0.001

LDL‐c 111.63 ± 34.5 100.76 ± 27.2 NS

TG 63.6 ± 23.4 49.02 ± 16.1 <0.05

HOMA‐IR 2.8 ± 2.3 2.4 ± 1.7 NS

Table 3. Variations of dyslipidemia among PCOS subjects.
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have reported greater proportion of obesity and overweight subjects. Indeed, the prevalence 
of metabolic syndrome increases with the rise of BMI [9, 10, 18, 20]. Overall, 30–50% of obesity 
or overweight can be found in women with PCOS. In the USA, more than 30% of adults are 
obese [5, 21]. In our study, only 3.7% of PCOS women were obese.

We observed the so‐called TG paradox that has been described in Sub‐Saharan African popu‐
lations: normal triglycerides levels in the presence of IR [22].

The generally accepted cut‐off point of TG level (≥ 150 mg/dl) could underestimate dys‐
lipidemia and metabolic syndrome in African people due to lower lipid and lipoprotein 
levels reported in several African studies [12–16, 22]. It is, therefore, important to describe 
African lipid and lipoprotein profile and to propose another definition of metabolic syn‐
drome, either in PCOS and in other patients. These findings may allow to discover existing 
metabolic syndrome in most of the PCOS patients from our study that could not be deter‐
mined using international lipid and lipoprotein levels and the Rotterdam 2003 metabolic 
syndrome definition.

There were inherent limitations associated with this study: one of them was the limited num‐
ber of patients. However, given the paucity of data available on PCOS in African women, our 
data, even though collected among a limited number of patients, confirm the need for further 
knowledge in endocrine and metabolic diseases in developing countries.

5. Conclusion

It is concluded that insulin resistance is associated with metabolic disorders in Congolese woman 
with PCOS. Dyslipidemia (55.6%), mainly due to low HDL levels, is the most common metabolic 
disorder. Impaired glucose tolerance and metabolic syndrome represent a small proportion.
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Abstract

Polycystic ovarian syndrome is the commonest cause of anovulatory infertility. This 
chapter will explore fertility treatment options for this condition including the risks, ben-
efits and success rates for different treatment methods. The importance of close patient 
monitoring with hormone levels and pelvic ultrasounds to ensure mono-ovulation and 
to avoid ovarian hyperstimulation syndrome will be highlighted.

Keywords: polycystic ovary syndrome, anovulation, obesity, ovulation induction, 
ovarian hyperstimulation, gonadotrophins

1. Introduction

Polycystic ovarian syndrome (PCOS) is the commonest cause of anovulatory infertility 
[1]. Depending on the population studied between 5 and 18% of women of reproductive 
age suffer from PCOS, however not all of them are anovulatory or experience subfertility 
[2–4].

The aim of fertility treatment in women with subfertility and PCOS is to safely induce mono-
follicular ovulation resulting in the birth of a singleton child. Women undergoing fertility 
treatment with PCOS are at significant risk of both multi-follicular development and ovarian 
hyper-stimulation syndrome (OHSS), so they must be carefully counselled and monitored dur-
ing fertility treatment. It is imperative that prior to embarking on fertility treatment a patient’s 
health and weight is optimised. This chapter will explore the latest evidence for fertility treat-
ments for women with PCOS.

© 2018 The Author(s). Licensee InTech. 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.



2. Definition and diagnosis of PCOS

The current diagnosis for PCOS surrounds the cluster of signs and symptoms that the syn-
drome encompasses, namely anovulation, hyperandrogenaemia, insulin resistance and 
polycystic ovaries. The Rotterdam Criteria for diagnosis of PCOS requires two of the three 
diagnostic criteria, namely oligo- or anovulation, clinical or biochemical signs of hyperan-
drogenism and polycystic ovarian morphology (Table 1) [1].

There is discussion that the Rotterdam criteria is too broad and may be resulting in over 
diagnosis of the syndrome [5], especially in young women, prone to clinical signs of hyperan-
drogenism and who are more likely to have morphological features of polycystic ovaries on 
USS. Furthermore, when investigating a patient for possible PCOS, age, ethnicity and weight 
should be factored in.

Hyperandrogenic features, either biochemical or chemical, are seen in 60–80% of patients 
with PCOS [6]. Clinical features of hyperandrogenism correlate poorly with blood andro-
gen levels, especially in some ethnic groups, particularly South East Asian, with increased 
sebaceous gland susceptibility to circulating androgens. Serum androgen concentrations 
must be measured in the setting of more severe clinical findings to ensure other causes of 
hirsutism are excluded such as adrenal tumours or non-classical congenital adrenal hyper-
plasia (CAH).

Polycystic ovarian morphology definition is predominantly based on findings from 
a paper by Sonnard in 2003 comparing 214 ovaries of PCOS patients with 112 normal 
women’s ovaries to conclude that a diagnosis of polycystic ovaries should be more than 
12 follicles measuring between 2 and 9 mm per ovary or an ovarian volume of more than 
10cm3. This diagnostic criterion is now largely seen to be too broad with further studies 
and improvement in ultrasound techniques suggesting that either the diagnostic follicle 
number should be increased [7] or raised AMH levels should be included in the diagnostic 
criteria.

Oligo-ovulation or anovulation is suggested by either irregular cycles or a sup-optimal mid-
luteal phase progesterone. Cycles that are either shorter than 21 days or longer than 35 days 
are highly suggestive of anovulation, although It is recognised that even in adolescents with 
very short or protracted cycles ovulation can still occur, with obvious implications should 
pregnancy avoidance be required [8].

Two out of the following three criteria

1. Oligo- and/or anovulation

2. Clinical and/or biochemical signs of hyperandrogenism

3. Polycystic ovaries on ultrasound after exclusion of other aetiologies (congenital adrenal hyperplasia, androgen 
secreting tumours, Cushing’s syndrome)

Table 1. Revised ESHRE/ASRM Rotterdam consensus diagnostic criteria for PCOS.
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3. Lifestyle modifications and weight loss

The first line of treatment and advice to women with PCOS seeking fertility treatment 
should be to optimise health. This is true for all women considering pregnancy but impera-
tive for women with PCOS due to the commonly seen associations of obesity and metabolic 
disorders. Furthermore, as with any woman about to start to try to conceive, her doctor 
must stabilise any co-existing morbidities, and any medication prescribed must be safe for 
pregnancy.

While 9–18% of the female reproductive age population meet the criteria for PCOS, up to 
70% of obese women do [9]. Obese patients with PCOS have an associated increase in sever-
ity of the disease, not just from a fertility perspective but for all metabolic and psychological 
sequelae of the disorder, when compared with non-obese PCOS patients. Obesity is associ-
ated with an increased risk of anovulation, increased androgen production and decreased 
response to follicular stimulating hormone (FSH) equating to decreased fecundity both in 
natural conception and assisted reproductive techniques [10]. Risks to the foetus if concep-
tion does occur include increased rates of congenital anomalies (neural tube defects, ompha-
locele and cardiac defects) [11], increased rates of hypoglycaemia of the newborn and other 
complications of gestational diabetes and long-term greater risks of metabolic disease for life. 
Risks to the pregnant obese patient include greater incidence of hypertensive disorders in 
pregnancy, increased incidence of thromboembolic events, increased incidence of gestational 
diabetes, increased risks of operative delivery and increased risks of perineal trauma [11]. 
For all these reasons, it is imperative that patients embarking on fertility treatment are first 
counselled and advised to optimise their weight and aim for a body mass index (BMI) in the 
healthy range.

With a 5–10% weight reduction in patients with PCOS significant benefits are seen in all 
aspects of health, including reproductive health. Spontaneous ovulation is more likely and 
patient’s response to fertility treatment is more likely to be successful [12, 13]. Caloric restric-
tion, increased physical activity and weight loss medication can all play a role in helping 
patients achieve the necessary weight loss to either conceive spontaneously or have greater 
success with fertility treatments. There is limited data on live birth rates, however a loss of 
weight from an unhealthy weight range in PCOS patients is associated with an improved 
waist to hip ratio measurement, improved clinical and biochemical signs of hyperandrogen-
ism and improved insulin resistance [14].

A recent randomised control trial of 149 patients with PCOS and body mass index (BMI) 
between 27 and 41 kg/m2 compared 16 weeks of lifestyle modification (caloric restriction, 
weight loss medication and increased levels of physical activity), the combined oral con-
traceptive pill (COCP) or both interventions followed by 4 cycles of clomiphene citrate and 
timed intercourse. The researchers found significant weight loss in the lifestyle modifica-
tion group (mean weight loss −6.2%) and the combined group (mean weight loss −6.4%) 
when compared to the COCP only group. Superior cumulative ovulation rates were seen 
in the lifestyle group (60%) and the combined group (67%) compared with the COCP 
group (46%) after 4 cycles of clomiphene citrate. Live birth rates were not significantly 
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increased, although the study was not adequately powered for livebirth as an outcome, 
but were higher in the lifestyle (26%) and combined (24%) group compared with the COCP 
group (12%) [12].

Bariatric surgery can be considered in women with a BMI over 35 and who have had a failed 
attempt at weight loss with lifestyle modifications. Bariatric surgery improves markers of 
PCOS influencing fertility, namely anovulatory cycles, hormonal ratios and insulin resis-
tance, but comes with the increased risk of a malabsorptive state and disordered eating as 
well as psychological issues [15–17]. There are limited trials powered to confirm an absolute 
improvement in live birth rates following bariatric surgery. Pregnancy and fertility treat-
ments should be avoided for a minimum of 12 months after such surgery to reduce the preg-
nancy complications associated with bariatric surgery, such as; preterm birth and being small 
for gestational age. This is due to the profound catabolic state existing after surgery and 
the depletion of micro-nutrients from the diet [18]. Due to this enforced time delay, in the 
setting of an older woman with falling ovarian reserve, time for substantial weight loss or 
bariatric surgery may not be feasible to ensure a successful pregnancy. In these cases, with 
proper counselling, more leniency may be given to cut off levels of BMI to commence fertility 
treatment.

4. Metformin

Metformin is a biguanide antihyperglycaemic medication used in Type 2 diabetes mellitus. It 
acts by decreasing glucose levels through reducing hepatic glucose production and reducing 
intestinal absorption of glucose, overall reducing the level of insulin secretion. As PCOS has 
a strong association with hyperinsulinaemia and insulin resistance many patients with PCOS 
have been treated with metformin, and there is a substantial amount of research showing the 
beneficial effects of metformin on reproductive outcomes. There is strong evidence to show 
that within 1–3 months of commencing metformin treatment there is improvement in cycle 
regularity and improved ovulation rates [19]. Up to 50% of anovulatory women with PCOS 
will ovulate after treatment with metformin [20]. It is thought metformin acts by not only 
reducing insulin levels systemically, but also by directly acting on the ovary to alter gonado-
trophin levels [21]. Metformin use is associated with weight loss, greater than with lifestyle 
changes alone, and thus is associated with the reproductive benefits outlined in the weight 
loss effects above [22].

Metformin’s influence on reproductive outcomes has demonstrated an improvement in clini-
cal pregnancy rates, without an improvement in overall live birth rates, and does not appear 
to provide additional benefit when combined with clomiphene citrate, unless used in the 
profoundly overweight patient. A meta-analysis of 38 trials of nearly 3500 women showed 
that there was no increase in the live birth rate for women treated with metformin, either 
as a single agent (OR1.80 CI 0.52–6.16) or as an addition to clomiphene citrate. (OR 1.16, CI 
0.85–1.56) [23].
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However there is some evidence that metformin may improve live birth rates for women 
undergoing ovulation induction when combined with gonadotrophins. Two RCTS com-
paring the use of placebo versus metformin in ovulation induction with gonadotrophins 
for women with PCOS have shown a higher live birth rate (OR 2.31) in the metformin and 
gonadotrophin group compared with the placebo and gonadotrophin group, however the 
numbers studied were small [24, 25]. There was no observed increase in multiple pregnancy 
rates in these studies or others looking at clinical pregnancy rates only, with the addition of 
metformin [26].

From the studies outlined above metformin cannot be recommended as a treatment for ovula-
tion induction alone, however in obese or overweight women it can play a role in weight loss 
which may facilitate spontaneous ovulation in conjunction with clomiphene. There is some 
limited data that it may improve reproductive outcomes as an adjunct to ovulation induction 
treatment with gonadotrophins in women with diagnosed PCOS.

5. Clomiphene and anti-oestrogens

Clomiphene citrate is a selective oestrogen receptor modulator (SERM) used to induce ovula-
tion in anovulatory patients for over 50 years [27]. It will induce ovulation in around 75% of 
patients with PCOS. Increasing doses of clomiphene results in increased rates of ovulation, 
but not necessarily increased rates of pregnancy. Being a SERM, clomiphene acts on oestro-
gen receptors in the hypothalamus and pituitary, to increase follicular stimulating hormone 
(FSH) production, and on receptors in the endometrium and cervix with differing antagonist 
and agonist qualities depending on dose [28]. Clomiphene, particularly in higher doses, can 
produce a less receptive endometrial environment and a more hostile cervical mucus, which 
may negatively affect pregnancy rates.

Ovulation rates were studied at different doses for women with PCOS, with the finding that at 
a starting dose of 50 mg per day 46% of patients ovulate, 70% ovulate with 100 mg, 76% with 
150 mg and up to 90% at doses greater than 150 mg daily for 5 days [29]. As doses increase 
a lower percentage of the women who have not ovulated previously on the lower dose have 
success with the higher dose as the proportion of women with true clomiphene resistance 
increases. Patients are usually deemed clomiphene resistant, thought to affect around 15% of 
women with PCOS, if no follicle development is seen with 3 cycles of maximal dose (150 mg 
for 5 days) of clomiphene citrate [30]. Patients are more likely to be clomiphene resistant if 
they are obese and suffer from significant hyperandrogenism [31].

Evidence suggests women with PCOS undergoing fertility treatment with clomiphene have 
a cumulative pregnancy rate of around 45% after 4 cycles and 65% after 6 cycles [32], with a 
live birth rate of around 42% [33]. After 6 cycles of treatment the pregnancy rate falls despite 
regular ovulation, suggesting other subfertility issues may be present in the couple or the 
effects of high dose clomiphene is impacting the uterus.
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It is essential that clomiphene treatment, as with any ovulation induction treatment, must 
be monitored with serial transvaginal ultrasound examinations (TVUS) to monitor follicular 
development, and allow for cycle cancellation if a response with more than one dominant fol-
licle developing is seen. Monitoring treatment in this way keeps the rate of multiple pregnan-
cies to a minimum. The multiple pregnancy rate with clomiphene treatment is between 6.9–9% 
for twin pregnancies and less than 1% for higher order multiple pregnancy. Congenital mal-
formations have not been shown to be any higher in women taking clomiphene than women 
who spontaneously ovulated [34].

Clomiphene treatment is for the most part well tolerated with common side effects relating to 
the effects of hypoestrogenism including hot flushes, abdominal distention, nausea and breast 
tenderness being seen in 10–20% of patients. Side effects do not appear to be dose dependent, 
but rather a result of patient response.

The risk of ovarian hyperstimulation syndrome (OHSS) is theoretical with clomiphene 
use and if occurs is nearly always mild. Treatment dose should always be started low and 
increased only if ovulation has not occurred to avoid this risk.

Clomiphene has been the first line fertility treatment for women with PCOS for many years, 
however data is emerging that other treatment modalities have greater success and a move 
away from using clomiphene citrate in the first instance is being practiced.

6. Letrozole

Letrozole is an aromatase inhibitor inducing a hypo-oestrogen state by inhibiting the enzyme 
converting androgens to oestrone and oestradiol. A low serum oestradiol concentration 
results in increased pituitary FSH production, and consequently subsequent follicular devel-
opment and ovulation. It is licenced for the treatment of oestrogen sensitive breast cancers in 
postmenopausal women, but is gaining popularity in its currently off label use in producing 
mono-ovulation in women undergoing fertility treatment with PCOS.

Like clomiphene, letrozole is given in the early follicular phase of the cycle for 5 consecu-
tive days. Dosing is started low, usually at 2.5 mg to ensure response can be monitored 
and avoid cycle cancellation if an exaggerated follicular response is seen. Higher doses are 
associated with poorer endometrial thickness, but not at the levels seen with clomiphene 
citrate [35].

Compared with clomiphene citrate letrozole has been shown in a randomised controlled 
trial and a meta-analysis of six trials to be superior at inducing ovulation (the RCT showing 
relative risk (RR)1.28) and live-birth rates (RR 1.44) [36, 37]. These results were particularly 
evident for patients with a body mass index over 30 kg/m2, with no significant difference 
between the two treatment modalities in patients with a BMI of less than 30 kg/m2. The same 
study reported lower multiple pregnancy rates with letrozole compared with clomiphene use 
(3.4% vs. 7.4%), however the study was not powered for this outcome.
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Studies looking at foetal safety with letrozole use have found no significant difference in the 
rates of congenital anomalies in pregnancies conceived using letrozole, compared with clomi-
phene or spontaneous ovulation [38]. Side effects related to low oestrogen levels with letro-
zole appear to be less common than those seen with clomiphene use.

Particularly for patients who are obese (BMI over 30 kg/m2) letrozole can be considered as a 
first line treatment for mono-ovulation induction. For women with a BMI less than 30 kg/m2 
letrozole may lead to similar pregnancy rates to clomiphene, however the side effect profile 
and the possible lower multiple pregnancy rates may favour the use of letrozole.

7. Gonadotrophins

Gonadotrophins in the form of injectable recombinant FSH are used in women with PCOS 
to induce mono-ovulation, historically as a second-line treatment after a patient had failed 
clomiphene citrate treatment. The perceived risk of ovarian hyper-stimulation and multiple 
gestation has meant it has been overlooked as a first-line treatment. This view is changing 
with more evidence to support its use, particularly with low dose, step-up protocols with very 
close monitoring (Langdon et al. 2017 personal communication).

Patients with PCOS are particularly sensitive to FSH due to the high antral follicle count 
associated with the condition. It is imperative that the dose threshold to induce ovulation is 
reached gradually to reduce the risk of multiple follicles being recruited resulting in cycle 
cancellation, multiple pregnancy or even OHSS, as well as patient disappointment. In therapy 
naïve patients dosing usually begins at 25 or 37.5 IU/day increasing by small increments (usu-
ally 12.5 IUI) at a minimum of 7–10 days, if no response is seen on vaginal ultrasound moni-
toring or serum oestradiol levels [39]. Requirements for higher doses of FSH are often seen 
in women with a greater BMI, older age, insulin resistance and amenorrhoea compared with 
oligomenorrhoea [33].

The success of gonadotrophin ovulation induction is superior to clomiphene. An RCT of ther-
apy naïve women with PCOS compared to treatment with either clomiphene or low dose FSH 
for up to 3 cycles and found that treatment with FSH had a higher first cycle pregnancy rate 
(30% vs. 14.6%, 95% CI 5.3–25.8), overall pregnancy rate (58% vs. 44%, 95% CI 1.5–25.8) and 
live birth rate (47.4% vs. 36.9%.) [42].

Despite the increased success rates associated with gonadotrophin use the therapy has not 
been embraced as a routine first line fertility treatment for PCOS in many fertility centres due 
to older studies warning of increased complication rates with its use, and a lack of reimburse-
ment in some jurisdictions. Multiple gestation rates when FSH is used with the purpose of 
achieving of mono-ovulation are documented to be as low as 6%, comparable to clomiphene 
use [40]. This is achieved by strictly adhering to a low dose, slow step-up protocol as outlined 
above. It is further achieved by being wary of patients who may have a greater response to 
FSH treatment, namely younger patients, those with high AMH levels and those with nor-
mal BMI, and ensuring treatment is commenced on the lowest FSH dose possible, and only 
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increased after a period of up to 14 days with no response. Cancelling cycles when response is 
excessive is imperative to keeping multiple pregnancy rates down. Having a 5–20% cancella-
tion rate has been shown to be associated with a less than 2% higher order multiple pregnancy 
rate and no difference in pregnancy rates over 4 cycles, and patients should be thoroughly 
counselled about this [41].

OHSS is a risk with FSH use but with carefully monitored use as described above in 
women with PCOS the risk is minimal and almost completely avoidable. The risk is only 
present if too many follicles are stimulated, thus starting with a low dose of FSH, and 
making small incremental increases only when no response is seen over an extended 
period and having a low threshold for cancellation of the cycle, OHSS risk can be com-
pletely avoided.

A review of 591 cycles of ovulation induction with gonadotrophins in 268 PCOS patients 
in our unit demonstrated that adherence to a low dose step up protocol had success rates 
of 22% for their first cycle, 18% for second cycles and 7% for third cycles. Success rates fell 
steeply after a third cycle. Success rates were highest for women with normal BMI (<25 kg/
m2) and aged less than 35 years. Our multiple pregnancy rate was 2% with a cancellation 
rate of 13%. Over 591 cycles there were no cases of OHSS (Langdon et al. 2017, personal 
communication).

With careful administration and monitoring of a low-dose step up protocol, FSH ovulation 
induction is more successful and not associated with any greater risk than clomiphene. Many 
units are moving towards using this method as a first line treatment for PCOS patients. It is 
worth noting that success rates seem to fall after 3 cycles and consideration should be given to 
attempting other forms of fertility treatment if pregnancy has not been achieved by this point.

8. Laparoscopic ovarian drilling

Laparoscopic ovarian drilling is a longstanding treatment for anovulation for women with 
PCOS. It is of value if performed at the time of diagnostic laparoscopy as part of a general 
infertility investigation after fallopian tube patency has been demonstrated and a normal 
semen assessment has been documented. It also offers rural patients the ability to undergo 
ovulation induction treatment without the requirement for frequent blood tests and ultra-
sound examinations. Laparoscopic ovarian drilling improves ovulation rates likely through 
destruction of theca cells in the ovary that produce androgens resulting in increased FSH 
levels and reduced LH levels conducive to normal follicular development. As a first line treat-
ment, randomised trials have shown similar results for ovulation, conception and live birth 
rates when compared with up to 6 cycles of clomiphene [42] and has a likely ongoing success 
rate without the risk of multiple pregnancy from clomiphene.

Compared with gonadotrophins, similar rates of pregnancy and live birth rate were seen in a 
meta-analysis of randomised trials comparing the two methods but with far lower multiple 
pregnancies and no risk of OHSS [43]. Potential drawbacks of laparoscopic ovarian drilling 
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counselled about this [41].

OHSS is a risk with FSH use but with carefully monitored use as described above in 
women with PCOS the risk is minimal and almost completely avoidable. The risk is only 
present if too many follicles are stimulated, thus starting with a low dose of FSH, and 
making small incremental increases only when no response is seen over an extended 
period and having a low threshold for cancellation of the cycle, OHSS risk can be com-
pletely avoided.

A review of 591 cycles of ovulation induction with gonadotrophins in 268 PCOS patients 
in our unit demonstrated that adherence to a low dose step up protocol had success rates 
of 22% for their first cycle, 18% for second cycles and 7% for third cycles. Success rates fell 
steeply after a third cycle. Success rates were highest for women with normal BMI (<25 kg/
m2) and aged less than 35 years. Our multiple pregnancy rate was 2% with a cancellation 
rate of 13%. Over 591 cycles there were no cases of OHSS (Langdon et al. 2017, personal 
communication).

With careful administration and monitoring of a low-dose step up protocol, FSH ovulation 
induction is more successful and not associated with any greater risk than clomiphene. Many 
units are moving towards using this method as a first line treatment for PCOS patients. It is 
worth noting that success rates seem to fall after 3 cycles and consideration should be given to 
attempting other forms of fertility treatment if pregnancy has not been achieved by this point.

8. Laparoscopic ovarian drilling

Laparoscopic ovarian drilling is a longstanding treatment for anovulation for women with 
PCOS. It is of value if performed at the time of diagnostic laparoscopy as part of a general 
infertility investigation after fallopian tube patency has been demonstrated and a normal 
semen assessment has been documented. It also offers rural patients the ability to undergo 
ovulation induction treatment without the requirement for frequent blood tests and ultra-
sound examinations. Laparoscopic ovarian drilling improves ovulation rates likely through 
destruction of theca cells in the ovary that produce androgens resulting in increased FSH 
levels and reduced LH levels conducive to normal follicular development. As a first line treat-
ment, randomised trials have shown similar results for ovulation, conception and live birth 
rates when compared with up to 6 cycles of clomiphene [42] and has a likely ongoing success 
rate without the risk of multiple pregnancy from clomiphene.

Compared with gonadotrophins, similar rates of pregnancy and live birth rate were seen in a 
meta-analysis of randomised trials comparing the two methods but with far lower multiple 
pregnancies and no risk of OHSS [43]. Potential drawbacks of laparoscopic ovarian drilling 
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include the possibility of pelvic adhesion development and possible reduction in ovarian 
reserve. Studies looking at repeat laparoscopies following ovarian drilling procedures have 
shown adhesions in over 30% of patients treated with diathermy and 50% of patients treated 
with laser [44]. Reduced serum AMH concentrations, antral follicle counts, and ovarian vol-
ume as well as raised FSH levels following ovarian drilling support the notion that ovarian 
drilling has a possible negative impact on ovarian reserve.

9. In vitro fertilisation (IVF) and reducing OHSS rates

In vitro fertilisation (IVF) is usually reserved for women with PCOS who have failed other 
treatments or with additional issues compromising their fertility. Women with PCOS, as 
has been discussed previously, are especially at risk of developing OHSS when undergo-
ing IVF, but as a consequence of this often respond very well to IVF stimulation produc-
ing many follicles and oocytes. It is a careful balance to ensure a patient responds well 
to FSH dosing, but not so well that they are at significant risk of OHSS. A patient with 
PCOS undergoing an IVF stimulation cycle needs to have a well monitored, individualised 
stimulation regime to reduce the risk of OHSS and minimise the chance of cycle cancella-
tion. Her age, antral follicle count, anti-Mullerian hormone level (AMH) and BMI should 
all be considered when starting a cycle and planning the starting dose of FSH. Monitoring 
with transvaginal ultrasound and serum oestradiol concentrations should be very thor-
ough with a low threshold for cancelling a cycle or employing other methods to reduce the 
risk of OHSS.

Other ways of avoiding OHSS in these high-risk patients is to routinely use GnRH antago-
nists rather than agonists to prevent the LH surge [45]. Two meta-analyses have shown lower 
rates of OHSS when GnRH antagonists are used compared to use of an agonist, but possibly 
at the cost of slightly reduced pregnancy rates as GnRH agonists generally result in enhanced 
follicle recruitment [46, 47].

Coasting can be a way to prevent cancellation of the cycle if oestrogen levels are rising too 
rapidly and there is concern the patient may be at risk of OHSS. Coasting involves with-
holding FSH therapy while continuing LH suppression with a GnRH agonist or antagonist. 
This is done until oestradiol levels fall to an acceptable level, if they do not a low threshold 
must be maintained to cancel the cycle. A review employing 3 days of coasting in the event 
of high oestradiol levels had minimal effect on pregnancy rates and importantly a low OHSS 
rate (<2%) [48]. If coasting occurred for longer than 3 days pregnancy rates were affected and 
thus the suggestion is made that after 3 days of coasting if oestradiol levels have not fallen, 
consideration of cycle cancellation is warranted.

There is growing evidence of the benefits of metformin use prior to IVF cycles in women with 
PCOS to reduce the risk of OHSS. Two meta-analyses have found similar results with a signifi-
cant reduction in OHSS rates in patients pre-treated with metformin (OR 0.27, 95%CI 0.16–0.46 
and OR 0.29, 95%CI 0.18–0.49) [49, 50], although metformin treatment was not shown to affect 
the live birth rate compared with placebo treatment in either study.
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In vitro oocyte maturation (IVM) is a new technique that eliminates the risk of OHSS [51] 
and is well suited to patients with PCOS due to their high antral follicle count. Immature 
oocytes are collected and matured in culture before undergoing either IVF or ICSI fertilisa-
tion techniques. It requires minimal amounts of stimulation prior to antral follicle collection 
eradicating the risk of OHSS and also reducing medication costs to the patient. Data suggests 
that the live birth rate may be reduced in comparison with standard IVF cycles, especially in 
fresh cycles, however for frozen embryo transfer cycles pregnancy, miscarriage and live birth 
rates are not significantly different [52].

It is imperative that clinicians who put women with PCOS through IVF stimulation cycles 
are vigilant for the development of OHSS in these patients and monitor and treat accordingly 
(Table 2).

10. Conclusion

PCOS is the most common cause of anovulatory infertility and thus is responsible for a large 
percentage of women seeking fertility treatment. When implementing a treatment plan for 
a patient with PCOS their metabolic health and weight are important factors that must be 

Selection of patients

  IVF only in appropriately selected patients following unsuccessful ovulation induction or other specific fertility 
issues requiring treatment with IVF

  Consideration of in vitro oocyte maturation in very high risk patients

  Pre-treatment with Metformin and continue through IVF cycle

Cycle management

  Well monitored, individualised stimulation regime

  Low threshold for cycle cancellation

  GnRH antagonist protocol

  Consider cycle coasting for up to 3 days if concern high for OHSS

At time of trigger injection

  Use an agonist trigger and adopt a “freeze-all embryos” approach to the cycle

  Consideration of the use of a dopamine agonist to reduce OHSS risk

Luteal phase management

  Continue ovarian down-regulation into the luteal phase if no embryo transfer is planned

  Early consideration of adopting a “freeze-all” approach

  If proceeding to a fresh embryo transfer: the replacement of a single embryo

Table 2. Methods for reduction of rates of OHSS in women with PCOS undergoing IVF.
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addressed and managed prior to embarking on assisted reproductive techniques. The risks 
of OHSS and multi-follicular development in patients with PCOS means that care must be 
taken with close, careful monitoring to ensure mono-ovulation is achieved and the risks of 
multiple pregnancy and OHSS is kept to a minimum. If this approach is adopted the infertil-
ity treatment for these women is both safe and effective and patients should be reassured of 
these facts.
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Abstract

Mammalian spermatogenesis is a high regulated biological process occurring in the 
seminiferous tubules in the testis. The processing of this program requires delicate bal-
ance between cell proliferation, differentiation, apoptosis, and expedite cell interaction. 
Autophagy, an evolutionarily conserved cell reprograming machinery, had been shown 
to function as an important regulatory mechanism in spermatogenesis and steroid pro-
duction in testis. Herein, we mainly focused on our understanding of autophagy in mam-
malian testis. By showing autophagy in physiological and pathophysiological conditions, 
we try to elicit the regulatory role of autophagy in spermatogenic cells and somatic cells 
of testis. Moreover, this review is intended to point out factors and mechanisms, which 
contribute to the initiation of autophagy in testicular cells.
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1. Introduction

Macroautophagy (hereafter referred to as autophagy) is an evolutionarily conserved mecha-
nism of sequestering part of cell component into cyclic processes to reverse adverse micro-
environmental conditions, including limited nutrient supplies, hypoxia and some other 
stresses. By autophagy, misfolded proteins and impaired organelles are packaged by double 
membrane structure and delivered into lysosomes for cargo degrading. The basic structure 
of autophagosome was first revealed by Ashford and Porter [1], who described membrane-
bound vacuoles in rat liver cells. As research continues, researchers observed autophago-
somes in many other cell types, suggesting that autophagy is a ubiquitous mechanism in 
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eukaryotes. Of note, autophagy is known as the only mechanism to degrade large structures, 
including organelles and misfolded proteins. Phylogenetically conserved role of autophagy 
is considered to balance the metabolic homeostasis of cell under dwindling nutrient supplies 
and other external perturbations. Cellular autophagic machinery induces rapid mobilization 
of endogenous dispensable reserves, which ensures the speedy generation of retrieving fuel 
for ATP synthesis [2]. Therefore, the initiation of autophagy reduces the sensitivity of cell to 
nutrient deprivation. In tumor cell lines, autophagy, as a mean to anti adverse microenviron-
ment, is more prevalent than normal cells. Also, autophagy is indispensable to the survival 
of normal cells, and the maintenance of basal autophagy is crucial to the survival and func-
tion of many cell types in physiological settings, especially in nerve cells [3]. The abnormity 
of autophagy is related to many diseases such as aging, cancer, cardiac disease, and obesity.

In addition, various internal disorders and external stresses might function as initiators of 
autophagy such as DNA injury, toxicant exposure, heat stress, hypoxia and nutrient depri-
vation. Autophagy can protect the survival of cell or accelerate the process of cell apoptosis 
depending on the situation of cellular microenvironment. The relationship between autoph-
agy and apoptosis has been detailedly documented in many papers [4]. However, the partici-
pation of autophagy in testicular function has received little attention in the literature. Here, 
we will address the consequences for testicular endocrine homeostasis and spermatogenesis 
in physiological and pathophysiological conditions, thereby eliciting the regulatory roles of 
autophagy on spermatogenic cells and somatic cells in testis.

2. The involvement of autophagy in spermatogenesis

The main testicular functions are related to endocrine secretion and the output of functional 
sperm. The secretion of endocrine is mainly accomplished by Leydig cells, whereas the pro-
duction of mature functional sperm is initiated from so-called seminiferous tubules. During 
spermatogenesis, the germ cells undergo several structural reorganizations including the 
generation of the acrosome, the condensation of the nuclear chromatin, the rearrangement 
of the mitochondria, the assembly of the sperm flagella, and the removal of unnecessary 
cytoplasm to product functional sperm [5]. The development and differentiation of germ 
cells require drastic cytoskeleton remodeling, enhanced energy consuming and components 
degrading. For this, autophagy can “kill two birds with one stone” by eliminates needless cel-
lular materials and providing supports for the subsequent creation of new components [6]. It 
had been established that autophagy is basically induced in diploid germ cells, while deeply 
involved in the restructure of spermatid shaping during spermiogenesis. The functional role 
of autophagy had demonstrated to be an indispensable mechanism for sperm production, 
and the deficiency of autophagy finally results in male infertility.

2.1. Autophagy in diploid germ cells

Spermatogenesis is the process that transforms spermatogonia into sperm over an extended 
period of time takes place in seminiferous tubule boundaries of the testis. Mammalian testicular 
diploid germ cells, including spermatogonia and spermatocyte, proliferate first by repeated 
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mitotic divisions and then by meiosis to form haploid spermatids. During this period, chromo-
somes duplication, genetic recombination, and many other cellular meiotic accessary processes 
occurred ensuring that high differentiated sperm could be successfully released into the tubule 
lumen [7]. The activation of autophagy is crucial for the maintenance of cellular energetic bal-
ance in spermatogenic cells. In testis, spermatogonial stem cells (SSCs) are suggested as the 
foundation of mammalian spermatogenesis and fertility. Histologically, SSCs are rare, contrib-
uting only 0.03% of all germ cells in rodent testis [8]. Similar with the property of hematopoi-
etic stem cells (HSCs), SSCs sustain life-long spermatogenic property. Studies had suggested 
that the occurrence of autophagy is essential for HSCs maintenance, and loss of autophagy 
lead to accumulation of mitochondria, reactive oxygen species (ROS), and DNA damage [9]. 
However, there are no investigations about the regulatory role of autophagy in spermatogonia. 
It is possible that the maintenance of cellular basal autophagy in SSCs is also a self-protective 
mechanism during its differentiation and self-renewing similar with that of HSCs. Noteworthy, 
the autophagy level of SSCs is relatively lower than other types of germ cells in testis, such as 
round and elongating spermatids under physiological conditions. Furthermore, the autophagy 
is not involved in the postnatal development of spermatogonium and spermatocyte because the 
absence of autophagy at spermatogonium (d7) and spermatocyte (d15) stages [10].

Under physiological conditions, high rate of cell division during spermatogenesis implies 
correspondingly elevated levels of mitochondrial oxygen consumption and ROS generation 
in spermatogonia. Mechanistically, the production of ROS is a required physiological event 
for the renewal of spermatogonia, the functional maturation and capacitation of spermatozoa 
[11]. On the other hand, ROS also participates in the induction of cellular autophagy via ini-
tiating diverse downstream signaling pathways [12, 13]. Glutathione (GSH) plays a key role 
in the antioxidant defense of spermatogonial cells, and high concentration of GSH has been 
reported in mouse testicular germ cells [14]. It had been established that GSH is involved in 
the regulation of autophagy in many types of cells [15, 16]. In spermatogonia, the depletion 
of GSH leads to the induction of autophagy. Interestingly, the depletion of GSH does not 
influence the level of ROS, while contributing to the downregulation of S-glutathionylated 
proteins, protein S-glutathionylation is initially described as a protein oxidation process, 
thereby leading to the induction of autophagy in spermatogonia [17]. These evidences sug-
gest that the oxidative stress might be one of the main factors that physiologically turn on 
autophagy in SSCs by controlling the level of S-glutathionylated proteins in spermatogonia. 
Mechanistic studies suggest that GSH depletion initiates autophagy by an AMPK indepen-
dent signaling pathway. The activation of autophagy induced by GSH depletion does not 
contribute to the alteration of energetic status in spermatogonia. It is possible that physi-
ological fluctuation of autophagy level around the basal autophagic thresholds is accepted 
by germ cells.

During the initiation of autophagy, Beclin1 and p62 are two important proteins that ubiq-
uitously implicated in the formation of autophagosomes and the recognition of autophagic 
cargos in many cell types. The expression of Beclin1 frequently shows similar tendency with 
that of LC3-II, while p62 shows opposite tendency. And, it is accepted that the expression 
of Beclin1 and p62 is not always consistent with expected tendency during the initiation of 
autophagy. However, there is a controversy about the expression of Beclin1 in spermatogo-
nia under nutrient deprivation. As Mancilla et al. suggest that the expression of Beclin1 is 
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not altered in nutrient starvation induced autophagy, while Wang et al. draw an opposite 
conclusion [18]. It is possible that inconsistent results are caused by their different starvation 
conditions. The activation of NF-κB pathway is recognized as the mechanism of autophagy 
induction in spermatogonia under nutrient deprivation. In addition, ankyrin repeat domain 
49 (ANKRD49), an evolutionarily conserved protein highly expressed in testes, can signifi-
cantly enhance the transcriptional activation of NF-κB, therefore upregulating autophagy 
level of spermatogonia under starvation [18].

Apoptosis, necrosis, and autophagy have been described as typical cell death programs. 
In the testis, the death of spermatocyte is crucial for controlling sperm output [19]. With 
this regard, apoptosis, necrosis, and autophagy are mechanistically related machineries in 
spermatocyte for the control of testicular homeostasis. Under physiological conditions, the 
death of spermatocyte is associated with available energy supply. It has been documented 
that spermatocytes use lactate rather than glucose as their primary substrate for the pro-
duction of ATP [20]. In vitro studies revealed that after 6 h of culture a significant increase 
of cell death is detected for spermatocytes cultured in glucose, while there is no signifi-
cant increase in cells cultured with lactate. However, autophagy levels are significantly 
increased in spermatocytes cultured with glucose or lactate after 12 and 24 h, suggesting 
that autophagy might function as a pro-death role in rat spermatocytes under certain meta-
bolic conditions [21]. In spermatocyte, the molecular mechanism is not yet clear about what 
factors determine whether autophagy acts as a cytoprotective defender or a cytotoxic trig-
ger and whether cytotoxicity occurs as the result of self-cannibalism, the specific degrada-
tion of cytoprotective factors, or other as of yet undefined mechanisms [22]. It is certain that 
autophagy is not involved in the regulation of spermatocyte in newly born infant, because 
the expression of autophagic marker proteins is absent from spermatocytes at postnatal day 
15 [23]. However, the physiological roles of autophagy in spermatocyte of adult mice still 
remain unknown.

Relatively, the autophagy levels of both spermatogonia and spermatocyte are maintained at 
a low level compared with other types of germ cell in mammalian testis under physiological 
conditions. It is established that the autophagy level is high related to inner cell status and 
outer microenvironments. In testis, the nutrition status of germ cells is directly associated 
with their mother cells, Sertoli cells. And, except for the early phase of spermatogenesis from 
type B spermatogonia up to preleptotene and leptotene spermatocytes, the entire process of 
germ cell development is isolated from the systemic circulation because of the blood-testis 
barrier (BTB) created by tight junctions (TJ) between Sertoli cells near the basal lamina [24, 25]. 
Thus, it is clear that spermatogonia and spermatocytes are suffered to different physiological 
environments. The difference of physiological hormonal subjection might be one of the main 
factors that led to the inhibition of autophagy in diploid germ cells. In testis, follicle-stimulat-
ing hormone (FSH) in all cycles is to increase spermatogonia and subsequent spermatocyte 
numbers, which is similar to the physiological role of FSH on granulosal cells. Previous stud-
ies had demonstrated that FSH functions as an autophagy inhibitor in ovarian granulosal cells 
[26]. We hypothesis that FSH might also contribute to the inhibition of autophagy in testicular 
diploid germ cells, while detailed molecular pathways in diploid germ cells still remain to be 
documented.
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2.2. The role of autophagy and spermatid differentiation

Spermiogenesis is a sophisticated and highly ordered spermatid differentiation process that 
requires reorganization of cellular structures and readjustment of cellular physiological 
functions. The successful removal of cytoplasm is thought to be critical for the generation 
of functional and motile spermatozoa. The dysfunction of spermatozoa is mainly caused by 
the abnormal of spermatozoa head or the coil of its flagellum. Autophagy is deeply involved 
in the processes of spermatozoa formation, and the deficiency of autophagy leads to vari-
ous spermatozoa defects, which could be classified into three groups, the abnormal of sper-
matozoa head, the coil of spermatozoa tail, and the aggregate of spermatozoa [23]. For the 
spermatozoa with bent head, a large portion of cytoplasm is remained connecting the bent 
head and the tail, thus lead to the inhibition of its beating. For the spermatozoa with coiled 
tail, the sperm tail is seriously coiled with mislocalized and poorly condensed mitochondria, 
while aggregated spermatozoa is characterized by the presence of clustered sperm tails and is 
wrapped by membrane and some cytoplasm.

In spermatozoa, the acrosome is a specialized membranous organelle located over the ante-
rior part of the sperm nucleus, which is important for the dispersion of cumulus cells and the 
penetration of the zona pellucida of the oocyte during fertilization. The formation of acro-
some involves the reprogramming of cellular cytoskeleton, which requiring the induction 
of autophagy to assist the rearrangement of cellular cytoskeleton. Indeed, comparing with 
diploid germ cells, the expression of autophagy-related proteins such as LC3 and Atg7 are 
significantly higher in elongated spermatid. Furthermore, the expression of LC3 could be 
observed firstly in round spermatid (d20) of postnatal testis, which indicating the involve-
ment of autophagy in early testicular spermatid development. Ablation of autophagy by germ 
cell-specific knockout of Atg7 leads to the decrease of testicular weight, the detachment of pre-
mature germ cells, and the malformation of spermatozoa, which significantly reduce the fer-
tility of male mice [10]. Particularly, many spermatozoa from Atg7−/− mice are endowed with 
irregularly shaped round heads similar to human globozoospermia, a severe fertility disorder 
characterized by round-headed spermatozoa with malformed acrosome or without acrosome 
at all. In addition, the deficiency of Atg7 also leads to many other acrosomal defects, such as 
the mis-localization, the deformation and the fragmentation of spermatozoal acrosome; thus, 
they failed to acquire the typical crescent moon shape [10].

The formation of acrosome is grouped into four phases: Golgi, Cap, Acrosome, and 
Maturation [27]. Autophagy participates in acrosome biogenesis starting in the Golgi phase. 
In normal conditions, Golgi apparatus-derived proacrosomal vesicles are fused into a single 
acrosomal vesicle attached to one end of the nucleus in the Golgi-phase spermatids. After 
Atg7 disruption, multiple small vesicles of the Golgi-phase spermatids are failed to fuse with 
each other, thereby showing multiple acrosomal structures. In cap phase, 10% of the sper-
matids had multi acrosomal vesicles or aggregates, and the accumulation of proacrosomal 
vesicles derived from the Golgi apparatus leads to the shrinkage of acrosome [10]. These 
evidences suggest that the malformation of acrosomes most likely caused by the failure of 
proacrosomal vesicles to fuse and be transported to the preacrosome at one end of the nuclei. 
Mechanistically, the function of Atg7 in acrosome biogenesis might be similar to its role in 
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autophagy induction. Within autophagy, LC3-lipid conjugation is a reversible process, LC3 
residing on the outer face of the vesicle can be recycled by Atg4, whereas LC3 on the inner 
surface is ultimately degraded. In spermatid, LC3 is only colocalized with the trans-Golgi 
network marker TGN38 rather than the acrosome maker sp56. Therefore, membrane-asso-
ciated LC3 might participate in the fusion of Golgi apparatus-derived proacrosomal vesicles 
and their transportation to the acrosome. After fusion with the acrosome, LC3 will be either 
recycled or degraded. After Atg7 disruption, LC3 is failed to colocalize with TGN38, causing 
the accumulation of proacrosomal vesicles in the concave region near the trans-Golgi stacks 
[10]. Finally, this accumulation impairs the increase in acrosome volume in the later stages, 
whereupon resulting in defective acrosome formation.

A mammalian spermatozoon is characterized by two morphological and functional compo-
nents; the head and the flagellum, both parts are optimized for special tasks. The formation 
of spermatozoa head and flagellum requires the mobilization and specialization of cytoskel-
eton in spermatid. During this process, autophagy is extensively involved in the regulation 
and the remolding of cell shapes by altering cellular cytoskeletons [28]. In round and elon-
gating spermatids, autophagy is recognized as a potent regulator of cell structures in both 
types of germ cells. It has been established that except for the role of autophagy on acrosome 
shaping, it is also involved in the formation of sperm flagella via the rearrangement of the 
mitochondria and the elimination of unnecessary cytoplasm to facilitate spermatozoa motil-
ity. Gene knockout corroborated the role of autophagy in spermiogenesis. As mice sperma-
tids begin to elongate from step 8, the deficiency of Atg7 makes no change on spermatids 
before step 8 [10].

PDLIM1 (PDZ and LIM domain protein 1) is a member of the PDZ and LIM protein family, con-
taining an N-terminal PDZ domain and a C-terminal LIM domain. It is acknowledged that 
PDLIM1 acts as a scaffold to bring other proteins to the cytoskeleton and is also involved in 
cytoskeleton reorganization in many types of cells [29, 30]. During spermiogenesis, PDLIM1 
functions as a mediator between autophagy and cytoskeleton organization. Under normal 
conditions, the degradation of PDLIM1 by the autophagy-lysosome pathway is needed to 
maintain a proper dynamics of the cytoskeleton network whereupon assuring that sper-
matids differentiation could be processed smoothly. The disruption of autophagy results 
in failure engulf of PDLIM1 by autophagosomes, thereby leading to their accumulation 
in the cytoplasm. The accumulation of PDLIM1 disrupts the proper dynamics of the cyto-
skeleton and finally leads to the inefficient cytoplasm removal during spermiogenesis. In 
normal testis, F-actin signal is stronger than PDLIM1 in the elongating spermatids, and 
also, F-actin based acroplaxome provides a docking site for the acrosome development, 
thus anchors it to the spermatid nucleus [31]. Autophagy impairment strongly increases the 
level of PDLIM1 in spermatids and disrupts the organization of cytoskeleton, thus leading 
to the disorganization of flagellar “9+2” structure and other cytoskeletal components in 
spermatozoa [23]. The well organization of spermatozoal flagellum is crucial to the normal 
motility of spermatozoa, while the deficiency of autophagy significantly changed sperm 
motility parameters including the average path velocity (VAP), straight-line velocity (VSL), 
and curvilinear velocity (VCL).
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In round spermatids, autophagy is also involved in the degradation of other cellular components. 
Among which, the degradation of chromatoid body has been recently uncovered. In germ cells, 
the chromatoid body (CB) is an unusually large germ granule, which is initially formed in the 
cytoplasm of late pachytene spermatocytes. After meiosis, CB is condensed to its final form and 
maintain a distinct cytoplasmic feature throughout the differentiation of round spermatids [32]. 
During the elongation of spermatids, the size of CB will be shrink forming a ring around the base 
of the flagellum [33]. The accessary material from the CB is finally discarded together with the 
rest of the cytoplasm in the residual body. It is demonstrated that the clearance of these materi-
als is mainly undertook by autophagy via an FYCO1-dependent pathway, and the induction of 
autophagy enables the homeostasis of CB [34]. Mechanistically, FYCO1 functions as a docking 
site for LC3 and LAMP1-positive membranes mediating the recruitment of autophagosome and 
lysosome to the CB. In addition, an intriguing option is that some specific RNA species are also 
eliminated via FYCO1-mediated autophagy [35]. However, the disruption of FYCO1 pathway in 
round spermatid somewhat does not impair the fertility of male.

3. Autophagy and the functions of testicular somatic cells

Leydig cells and Sertoli cells are two types of somatic cells exist in mammalian testis. 
Histologically, Leydig cell and Sertoli cells share different locations in testis, which implies 
diverse hormonal exposure and different physiological functions. Both types of testicular 
somatic cells adopt autophagy as a regulatory mechanism for the maintenance of cellular 
homeostasis. During spermatogenesis, physiological orders are assigned to each seminiferous 
tubule, and seminiferous tubule substantially acts as a functional unit of testis. Leydig cells 
are histologically localized in the interval of seminiferous tubules, while it also exerted in the 
regulation of spermatogenesis by secreting testosterone. In addition to the role of testosterone 
on germ cells, some of the cellular biological programs are also selectively regulated by testos-
terone via an autophagy-dependent pathway in Sertoli cells. Comparatively, the Sertoli cells 
maintain tight contact with germ cells in seminiferous tubules. In essence, the functions of 
Sertoli cells are related to its paralleled structural basis, the malformation of cellular structure 
frequently leads to the infertility of male. Autophagy plays pivotal roles in the regulation of 
Sertoli cell functions via cytoskeleton adjustment [36].

3.1. Autophagy and Leydig cell function

Previous researchers had revealed the regulatory roles of autophagy in steroid production 
and secretion [37]. In male mammal, testis contributes about 95% of total circulating testoster-
one, and Leydig cell is the primary testosterone contributor in mammalian testis. Testosterone 
is necessary for male fetal sexual differentiation, adult secondary sex characteristics mainte-
nance, and spermatogenesis. Like many other types of steroid-producing cells, Leydig cells 
are typically own enlarged mitochondria than other cell types. The production of steroid is an 
energy-intensive engineering, which directly related to the damage of mitochondrial function. 
The involvement of autophagy in cellular organelle degradation had been reported in other 
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cell types [38]. It has demonstrated that the relative frequency of autophagy in Leydig cells 
is higher than many other cell types [39]. Consistently, abundant autophagosome engulfed 
organelles are also observed in rat Leydig cells, most of the organelles enclosed in the autoph-
agic vacuoles are SER and mitochondria, organelles that involved in the production of andro-
gens. These evidences lead to the hypothesis that the autophagic activity might relate to the 
regulation of hormonal secretion in Leydig cells. Indeed, the process of autophagy is high 
related to the production of testosterone in rat Leydig cells, and the deficiency of autophagy 
is frequently associated with the dysregulation of testicular homeostasis [40]. However, little 
is known about the relationship between autophagy and testosterone production in Leydig 
cells under physiological conditions.

It is acknowledged that autophagy is a predominant cytoprotective rather than a self-destruc-
tive process in normal cells [41]. Accordingly, autophagy is involved in mediating protective 
effects in multiple rodent models of organ damage affecting the heart, liver, nervous system, 
and kidney. Reduced autophagy level has been associated with accelerated aging process, 
while promote autophagy could partially protect cell from natural aging process [42]. The 
induction of autophagy is also involved in the maintenance of testosterone level in rat testis. In 
the old rat, the accumulation of ROS is significantly increased comparing with that of young 
rat. ROS act as one of the main factors that lead to the downregulation of StAR (steroidogenic 
acute regulatory protein) protein level and the secretion of testosterone by activating p38 mito-
gen-activated protein kinase or c-Jun [43]. In Leydig cells, autophagy regulates the accumula-
tion of ROS by promoting the clearance of damaged mitochondria, oxidized cellular substrates, 
and by activating antioxidant systems. Inhibition of autophagy by disrupting Beclin1 decreases 
the expression of StAR, while inducing autophagy in Leydig cells from aged or young rat by 
rapamycin increases the expression of StAR under the stimulation of LH [40]. Thus, it is possi-
ble that the downregulation of testosterone in aged Leydig cells might result from two aspects: 
(1) the deficiency of autophagic machinery and (2) the increase of ROS level. However, the 
increase in ROS could also be attributed to the compromise of autophagic efficiency.

Endocytosis is an active transport machinery, by which a cell transports molecules and pro-
teins into the cell by engulfing them in an energy-using process [44]. Similar with the func-
tion of autophagy, endocytic mechanism plays an important role in regulating how cells 
interact with their environments. Both endocytosis and autophagy are the major pathways 
for transporting materials to lysosomes in animal cells, the former being responsible for 
uptake of extracellular constituents while the latter for degradation of cytoplasmic com-
ponents. In the Leydig cells, the endocytosis remains close cooperation with autophagy 
whereupon leading to the degradation of respective contents. It had been shown that late 
endosomes deliver their endocytosed contents and lysosomal enzymes to the early autopha-
gosomes, implying that the endocytosis and autophagy are seamlessly connected in rat 
Leydig cells. The collaboration of both mechanisms is efficiently mobilized in Leydig cells 
under physiological conditions. Different with other cell types, rat Leydig cells morphologi-
cally show typical autophagy-related morphologies, as the early signs of autophagy, called 
preautophagosomes, can be easily observed in the ultrastructure of Leydig cells, while these 
structures are rarely shown in other normal cell types even when autophagy is induced [45].
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3.2. Autophagy is required for structural modulation in Sertoli cell

During spermiogenesis, the differentiating germ cells undergo a successive morphological 
transformation from round spermatids to sperm, which requires cellular remodeling of 
spermatids and the assistance of Sertoli cells. The Sertoli cell is involved in the degrada-
tion of many useless components within seminiferous tubule, such as spermatid residual 
bodies (RB) and the apoptotic germ cells. Sertoli cell has a prominent ability to metabo-
lize those phagocytized materials. In testis, the homeostatic phagocytosis of Sertoli cells 
varies depending on seminiferous epithelium cycle and reaching its maximum during 
spermiation [46]. In Sertoli cells, both autophagy and phagocytosis may undertake simi-
lar mission under certain circumstance, especially once a phagocytic vesicle has entered a 
cell. Numerous evidences had suggested that autophagy is associated with the process of 
phagocytosis and is atypically implicated in the degradation of external substrates enter-
ing via phagocytosis in Sertoli cells [47]. Generally, blood-separated tissues use their tis-
sue specific nonprofessional phagocytes for homeostatic phagocytosis [48]. In the testis, 
Sertoli cells manage illegitimate substrates and legitimate substrates with different path-
ways. Exposing of cultured Sertoli cells to either illegitimate (such as photoreceptor outer 
segments generated from other tissue) or legitimate substrates (such as residue body gen-
erated by differentiating germ cell), both substrate types are ingested by phagocytosis. 
Nevertheless, autophagy is selectively involved in the degradation of those illegitimate 
substrates in Sertoli cells, and the inhibition of autophagy significantly retarded the degra-
dation of illegitimate substrates [47].

Sertoli cells play pivotal roles in the regulation of spermatogenesis by providing struc-
tural support and nourishment to developing germ cells, controlling the self-renewal and 
differentiation of spermatogonial stem cells (SSCs), protecting the autoreactive immune 
response of germ cells, and releasing spermatids at spermiation [49]. In the seminifer-
ous epithelium, functional cell interconnections are maintained by Sertoli-Sertoli cell 
and Sertoli-germ cell junctions [50]. The Sertoli cell ectoplasmic specialization (ES) and 
the spermatid-containing acrosome-acroplaxome-manchette complex are two cytoskeletal 
structures that play important roles in the shaping of sperm head [51]. Among which, the 
ectoplasmic specialization (ES) is composed by two components, an actin-based atypical 
adherens junction between adjacent Sertoli cells at the blood-testis barrier (BTB) termed 
as basal ES, whereas between Sertoli cells and spermatids near the luminal surface of the 
tubule termed as apical ES [52]. The basal ES function as an important component of 
the blood-testis barrier (BTB) [53, 54] and apical ES (aES) interacts with the acrosome of 
the elongating spermatid and mechanically assists the shaping of spermatid head [50]. The 
function of apical ES is also related to the movement of spermatid cell and the release of 
the matured spermatozoa during spermiation. Successively, transportation of developing 
germ cells across the seminiferous epithelium is important for the processes of spermato-
genesis, which requires the dynamic restructuring of ES in the epithelial cycle [23, 55, 56]. 
It has been demonstrated that autophagy is involved in the regulation of ES. The deficiency 
of autophagy by Atg7 or Atg5 ablation disturbs the assembly of both apical ES and basal 
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ES in the seminiferous epithelium. Mechanistic studies revealed that similar with that of 
spermatid, autophagy disruption impairs the degradation of PDLIM1 thereby resulting in 
its accumulation in Sertoli cells. Therefore, the organization of cytoskeleton in Sertoli cells 
is perturbed. PDLIM1 might be the primary substrate of the autophagy to regulate cyto-
skeleton organization, because the proper organization of the cytoskeletal structure could 
be significantly restored by knockdown of Pdlim1 gene in autophagy-deficient Sertoli cells. 
Successful organization of cytoskeleton in Sertoli cell is highly related to the produce of 
functional spermatozoa. The accumulation of PDLIM1 disrupts the F-actin hoops of the 
apical ES and related microtubule-based structures in the seminiferous epithelium, which 
ultimately leading to the disruption of Sertoli cell-germ cell communication thereafter con-
tributing to the malformation of sperm head [36].

However, although autophagy plays pivotal roles in apical ES formation as well as basal ES 
assembling, it is not exert in the assembly of tubular and bulbous structures of TBCs (tubu-
lobulbar complexes). In Sertoli cells, TBCs are located on both Sertoli-Sertoli cells and Sertoli 
cell-spermatids interface and are implicated in the restructure of ES, excess spermatid cyto-
plasm removing and spermatid acrosome shaping [57]. The cytoskeletal remolding of TBCs 
is also important to the release of sperm and the translocation of spermatocytes. Unwanted 
distribution of TBCs directly impaired the function of Sertoli cells as well as the commu-
nication between Sertoli cells and germ cells. Liu et al. suggested that the different influ-
ences of autophagy on apical ES and TBCs assembly might come from their different F-actin 
arrangements, because F-actin is packed in hexagonal arrays in the ES, while it appears as 
an embranchment surrounding the tubular portion of TBCs [36, 58, 59]. Furthermore, the 
incorrect distribution of TBCs might also be resulted from the abnormal structure of apical 
ES or the malformation of sperm head, whereas these possibilities still remain to be uncov-
ered by further experimental data. Interestingly, the marker proteins that implicated in SSCs 
self-renewal or meiosis show no changes after the disruption of autophagy in Sertoli cells, 
implying that autophagy is dispensable in the self-renewing of SSCs and meiosis process of 
germ cells.

Androgen-binding protein (ABP) is a kind of sex hormone-binding globulin (SHBG) produced 
by testicular Sertoli cells, which specifically binds to and reduce the lipotropism of testos-
terone or dihydrotestosterone, making them more concentrated in the seminiferous tubules. 
High concentration of ABP is required for the process of spermatogenesis in the seminiferous 
tubules and the maturation of sperm maturation in the epididymis. In mammal, the produc-
tion and the secretion of ABP are regulated by FSH, oestradiol, and testosterone [60–62]. In 
Sertoli cells, testosterone participates in the synthesis and the secretion of ABP by autophagy. 
In vitro studies suggest that ABP is colocalized with LC3 in primary rat Sertoli cells, and 
inhibition, or stimulation of autophagy considerably change both the expression pattern and 
level of ABP in Sertoli cells without affecting the expression of ABP mRNA, implying that the 
regulatory role of autophagy on the degradation of ABP is only works on its protein level. 
Furthermore, the inhibitory function of testosterone on autophagy is also influenced by testos-
terone concentrations, as enhanced concentration of testosterone further inhibits autophagic 
pathway [63]. Importantly, although hypoxia exposure further enhances the autophagy level 
of Sertoli cells, but hypoxia-induced autophagy does not change the expression of ABP in 
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rat primary Sertoli cells, suggesting that the degradation of ABP is independent of hypoxia-
induced autophagy.

4. Autophagy and testicular toxicology

The process of spermatogenesis requires well-balanced germ cell proliferation, differentia-
tion, and death in the testis [64, 65]. However, this process can be disturbed by several endog-
enous or exogenous factors, including withdraw of gonadotropin or testosterone, chemical 
insults, heat stress, and radiation exposure. Cell apoptosis and autophagy are two major 
morphologically distinctive forms of programmed cell death (PCD) that play crucial roles 
in the development and the control of male reproductive functions. The crosstalk between 
autophagy and apoptosis is sophisticated in the sense that they might act synergistically or 
antagonistically with each other in the process of cell life and death. The normal operation 
of autphagic process is related to many physiological functions, whereas the dysfunction of 
autophagy leads to numerous diseases in human. In testis, evidences have demonstrated that 
autophagy plays important roles in testicular pathologies caused by oxidative stress, heat 
stress, toxicant exposure, and radiation exposure.

4.1. Autophagy and testicular homeostasis

Ample of evidences has documented the correlation between toxicant exposure and germ 
cell death. It is well known that cell may activate self-protective mechanisms in response 
to exogenous insults, such as chemical exposure. The activation of autophagy is important 
to the maintenance of cellular functions and may partially rescue the dysfunction of tissue 
homeostasis under adverse environments [66]. Chemical exposure is high related to the out 
control of tissue homeostasis. Exposure of testis to toxicants frequently leads to the activation 
of autophagy by different signaling pathways. Exposing testis to BPA (Bisphenol A) leads 
to the activation of oxidative stress, which activates autophagy mainly by inhibiting mTOR 
signaling pathway. Meanwhile, the phosphorylation of AMPKa and the expression of p53 
might act as a contributor to the upregulation of autophagy under BPA exposure. Of note, 
the expression of Beclin1 is not upregulated accompany by autophagy in testis under BPA 
exposure [67]. With NaF exposure, the autophagy is abnormally increased as evidenced by 
the synchronized increase of p62, suggesting that NaF exposure impairs autophagic machin-
ery and result in the accumulation of autophagosomes in testis [68]. In addition, autophagy 
is also involved in the regulation of testicular homeostasis under other toxicant treatments, 
for example, see Ref. [69]. As testis is composed by germ cells and somatic cells, many studies 
specifically evaluated the involvement of autophagy in germ cells or somatic cell to elucidate 
the mechanisms and functions of autophagy under specific conditions.

4.2. Autophagy and germ cell injuries

Autophagy is referred to as programmed cell death type 2, the process of which might be 
excessively induced under stresses, and the abnormal induction of autophagy is high related 
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to cellular apoptosis especially under severe adverse conditions. It has been established that 
testicular heating can disturb spermatogenesis and cause subfertility, some testis-related 
diseases including cryptorchidism are also linked to testicular heating, in which the testis is 
exposed to body temperature rather than scrotal temperature, whereupon lead to abnormal 
testis function and damaged spermatogenesis in these settings [70, 71]. Autophagy is recog-
nized as one of the regulatory factors that participate in the death of heat-treated somatic 
cells [72]. Similarly, heat treatment on mouse testis could also upregulate the induction of 
apoptosis and autophagy in the germ cells. Meanwhile, prolonged exposure time increases 
apoptosis as well as autophagy levels of germ cells in mouse testis. In vitro experiments 
corroborated the induction of autophagy in spermatocyte by heart stress. Functionally, 
autophagy functions as an apoptotic inducer rather than a self-protective mechanism in 
germ cells, because the inhibition of autophagy markedly reduces the apoptotic rate of germ 
cells in the testis [73].

In addition to triggering cellular dysfunction, autophagy also functions as a cytoprotec-
tive response in germ cells under stressful conditions. When treating GC-2 cell with dibutyl 
phthalate (DPB) significantly induces ER stress in GC-2 cells. However, the expression of cas-
pase-12 or the phosphorylation of JNK or p38 is not changed at the indicated DBP doses, and 
the inhibition of ER stress increases DBP-induced GC-2 cell apoptosis. Autophagy is partici-
pated in the regulation of ER stress, because the inhibition of autophagy significantly aggra-
vated apoptosis. In vivo study indicates that autophagy is consistently induced in rat testis 
under DBP exposure. The suppression of ER stress or autophagy aggravates DBP-induced 
injury in rat testis, as evidenced by the greater reduction in testicular index and decrease in 
germ cells in the seminiferous tubules [74]. Except for exempting germ cells from toxicant 
insults, autophagy also plays vital roles in germ cells under the exposure of some physical 
factors. Studies had demonstrated that exposure of spermatocytes to radiofrequency (RF) can 
lead to the accumulation of intracellular ROS and thereafter inducing autophagy through 
the activation of ERK signaling pathway. However, the activation of autophagy can dwindle 
the accumulation of ROS within spermatocytes. Therefore, the induction of autophagy is an 
indispensable mechanism for germ cell survival [75].

4.3. Functions of autophagy in testicular somatic cell impairment

In addition to the involvement of autophagy in germ cells, studies also evaluated the role 
of autophagy in testicular somatic cell under toxicant exposure. It had been revealed that 
exposure of rat Leydig cells to zearalenone (ZEA) leads to the induction of autophagy 
in Leydig cell. The induction of autophagy is related to the concentration of ZEA, as the 
expression of LC3-II is peaked at 5 μg/mL and then gradually decreased. In Leydig cells, the 
activation of autophagy acts as a cytoprotective role in ZEA-treated Leydig cells. Inhibition 
of autophagy markedly increases the apoptosis level of Leydig cells compared with that 
of ZEA treatment alone. By contrast, the apoptosis level decreased after the cotreatment of 
ZEA and rapamycin [76].

Sertoli cells (SCs) orchestrate the processes of spermatogenesis by nourishing and adapt-
ing environment for germ cell survival and differentiation. Toxicant-induced dysregulation 

Testes and Ovaries - Functional and Clinical Differences and Similarities88



to cellular apoptosis especially under severe adverse conditions. It has been established that 
testicular heating can disturb spermatogenesis and cause subfertility, some testis-related 
diseases including cryptorchidism are also linked to testicular heating, in which the testis is 
exposed to body temperature rather than scrotal temperature, whereupon lead to abnormal 
testis function and damaged spermatogenesis in these settings [70, 71]. Autophagy is recog-
nized as one of the regulatory factors that participate in the death of heat-treated somatic 
cells [72]. Similarly, heat treatment on mouse testis could also upregulate the induction of 
apoptosis and autophagy in the germ cells. Meanwhile, prolonged exposure time increases 
apoptosis as well as autophagy levels of germ cells in mouse testis. In vitro experiments 
corroborated the induction of autophagy in spermatocyte by heart stress. Functionally, 
autophagy functions as an apoptotic inducer rather than a self-protective mechanism in 
germ cells, because the inhibition of autophagy markedly reduces the apoptotic rate of germ 
cells in the testis [73].

In addition to triggering cellular dysfunction, autophagy also functions as a cytoprotec-
tive response in germ cells under stressful conditions. When treating GC-2 cell with dibutyl 
phthalate (DPB) significantly induces ER stress in GC-2 cells. However, the expression of cas-
pase-12 or the phosphorylation of JNK or p38 is not changed at the indicated DBP doses, and 
the inhibition of ER stress increases DBP-induced GC-2 cell apoptosis. Autophagy is partici-
pated in the regulation of ER stress, because the inhibition of autophagy significantly aggra-
vated apoptosis. In vivo study indicates that autophagy is consistently induced in rat testis 
under DBP exposure. The suppression of ER stress or autophagy aggravates DBP-induced 
injury in rat testis, as evidenced by the greater reduction in testicular index and decrease in 
germ cells in the seminiferous tubules [74]. Except for exempting germ cells from toxicant 
insults, autophagy also plays vital roles in germ cells under the exposure of some physical 
factors. Studies had demonstrated that exposure of spermatocytes to radiofrequency (RF) can 
lead to the accumulation of intracellular ROS and thereafter inducing autophagy through 
the activation of ERK signaling pathway. However, the activation of autophagy can dwindle 
the accumulation of ROS within spermatocytes. Therefore, the induction of autophagy is an 
indispensable mechanism for germ cell survival [75].

4.3. Functions of autophagy in testicular somatic cell impairment

In addition to the involvement of autophagy in germ cells, studies also evaluated the role 
of autophagy in testicular somatic cell under toxicant exposure. It had been revealed that 
exposure of rat Leydig cells to zearalenone (ZEA) leads to the induction of autophagy 
in Leydig cell. The induction of autophagy is related to the concentration of ZEA, as the 
expression of LC3-II is peaked at 5 μg/mL and then gradually decreased. In Leydig cells, the 
activation of autophagy acts as a cytoprotective role in ZEA-treated Leydig cells. Inhibition 
of autophagy markedly increases the apoptosis level of Leydig cells compared with that 
of ZEA treatment alone. By contrast, the apoptosis level decreased after the cotreatment of 
ZEA and rapamycin [76].

Sertoli cells (SCs) orchestrate the processes of spermatogenesis by nourishing and adapt-
ing environment for germ cell survival and differentiation. Toxicant-induced dysregulation 

Testes and Ovaries - Functional and Clinical Differences and Similarities88

of SCs leads to the reduction in its supportive capacity, thus impairing spermatogenesis 
and fertility. Studies had revealed that exposure of SCs to 4-Nonylphenol (NP) leads to the 
upregulation of ROS level, which in turn activates JNK signaling pathway and mediates the 
induction of JNK-dependent autophagy [77]. Functionally, autophagy acts as a self-protec-
tive machinery in SCs under NP treatment, because the inhibition of autophagy considerably 
increases the level of cell death [78]. Obviously, the abnormal induction of autophagy in SCs 
under toxicant exposure is also related to the process of apoptosis. For example, see Ref. [79].

5. Concluding remarks

The available data suggest that autophagy is deeply involved in the regulation of testicular 
homeostasis. For example, autophagy is exerted in the regulation of germ cell survival, the 
transformation of spermatids, the rearrangement of Sertoli cells, and the testosterone produc-
tion of Leydig cells (Table 1). In mammal, the orchestrated cooperation of germ cells and 
somatic cells is required for the production of functional sperm. During spermatogenesis, the 
induction of autophagy is an indispensable mechanism for the paralleled structural transfor-
mation of spermatids and Sertoli cells, ensuring that acrosome and flagellum could be suc-
cessively established. However, it is necessary to illuminate the regulatory roles of hormones 
such as testosterone, luteinizing hormone (LH), and FSH on the function of autophagy in 
germ cells under physiological and pathological conditions. It is noteworthy that the decline 
in fertility result from environmental exposure has caught the worldwide attention recently. 
Evidences had uncovered that the exposure of testis or cultured testicular cells to adverse 
environments prompted the initiation of autophagy in both germ cells and somatic cells. 
However, there is short of relevant data about the regulatory role of autophagy in testicular-
related diseases. Most of relevant data are toxicant exposure related, which could not accu-
rately reflect the involvements of autophagy in pathological conditions. It is then the topic of 
what the optima strategy would be to utilize autophagy to remove deleterious side effects 
whereupon bring benefits to the therapy of infertility and many other testis related disease.

Cell types Roles of autophagy Related dysfunctions

Diploid germ cells Function as an adaptive response Germ cell death

Spermatid Regulation of acrosome and 
flagellum formation

Sperm head malformation; reduction 
of sperm motility

Leydig cell Maintenance of testosterone 
production

Reduction in testosterone aging

Sertoli cell Regulation of the formation of 
ectoplasmic specialization
Regulation of tubulobulbar 
complexes distribution
Regulation of androgen-binding 
protein half-life

Dysregulation of apical ES basal ES 
perturbation
Disorder of Sertoli cell cytoskeleton 
structure
Prolonged ABP half-life

Table 1. Physiological and pathological roles of autophagy in the mammalian testis.
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