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Foreword

Environment is the material basis for human survival and development. Reproduc-
tive health is the basic condition to support human survival and sustainable devel-
opment in nature. The maintenance of human fertility is related to the population
quality and future development of our world. The disorder of reproductive health is
one of the primary causes of human fertility decline. The female reproductive
process is much more complicated than male reproduction. Moreover, the female
reproductive system is more fragile and more vulnerable to damage. In the long
evolutionary process, human beings have formed the relationship between adapta-
tion and dependence on the ecological environment, and the environment and
reproductive health are in a dynamic balance.

Recently, increasing evidence shows that environmental harmful factors have
become potential risk factors for female reproductive health, causing certain harms
and also leading to many chronic diseases, even infertility and sterility. People pay
more and more attention to the impact of environmental factors on reproductive
health, especially on understanding the adverse factors before effective protection
and medical treatment.

This book, edited by Huidong Zhang and Jie Yan, is timely and comprehensive. It
introduced environmental harmful effects on female reproductive health, reviewed
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the recent research progress, addressed the challenges, and also stimulated the
development in the interdisciplinary area between environment and female repro-
ductive health. In Part I, various environmental harmful factors were systematically
and comprehensively introduced. In Part II, the female reproductive process and
various reproductive diseases were introduced. In Part III, environmental effects on
several important stages in the reproductive process were described. In Part IV,
various reproductive diseases induced by environmental harmful factors were
discussed. In Part V, how to preserve fertility is particularly important for female
cancerous patients.

In summary, this book focuses on the environment and female reproductive
health. It combined the basic research and clinical research and revealed the
known toxicological mechanism in the process of female reproduction. This book
is suitable for many readers. It not only has authoritative scientific guidance value for
many medical professionals but also has authoritative health science popularization
significance for people of childbearing age. It is suitable for basic researchers and
clinicians in reproductive medicine, tumor medicine, etc. The editors and authors
deserve to be congratulated for their excellent work.

Chinese Academy of Engineering,
Beijing, China

American Academy of Arts and
Sciences, Cambridge, MA, United
States

Peking University Health Science
Center, Beijing, China

Peking University Third Hospital,
Beijing, China

Jie Qiao
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Chapter 1
Introduction to Environmental Harmful
Factors

Jiarong Guo, Peng Tian, Zhongyan Xu, and Huidong Zhang

Abstract In this Chapter, we systematically and comprehensively described vari-
ous environmental harmful factors. They were classified into four aspects: physical
factors, chemical factors, biological factors, and physiological and psychological
stress factors. Their classification, modes of presence, toxicity and carcinogenicity,
routes of exposure to human and toxic effects on the female reproductive health were
introduced. It is expected that the exposure routes could be controlled and elimi-
nated, and the pathogenic mechanism of environmental harmful factors should be
investigated and explained to protect female reproductive health.

Keywords Environmental harmful factors · Physical and chemical factors ·
Biological factors · Physiological and psychological stress factors · Female
reproductive health

1.1 Introduction

Various environmental factors are closely related to human health. When some
chemicals are adsorbed by plants, they enter food chain and would cause primary
threat to human health [1]. The particulate matter (PM), which comes from metals,
organic carbon, vehicles, and biomass burning emissions, could lead to oxidative
stress and impact human health [2]. Various viruses, such as COVID-19, also
threaten human health. All these factors those may have adverse effects are consid-
ered as environmental harmful factors. In general, environmental harmful factors
include physical factors, chemical factors, and biological factors. However, the term
“exposome” includes both external and internal factors as well as human’s response
to these factors [3]. External environmental factors determine external exposure

J. Guo · P. Tian · Z. Xu · H. Zhang (*)
Key Laboratory of Environment and Female Reproductive Health, West China School of Public
Health, Sichuan University, Chengdu, China
e-mail: Huidong.zhang@scu.edu.cn

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
H. Zhang, J. Yan (eds.), Environment and Female Reproductive Health, Advances in
Experimental Medicine and Biology 1300,
https://doi.org/10.1007/978-981-33-4187-6_1

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4187-6_1&domain=pdf
mailto:Huidong.zhang@scu.edu.cn
https://doi.org/10.1007/978-981-33-4187-6_1#DOI


dose; and the internal exposure is dependent on the exposure pathway and the
response of human. Finally, environmental factors may cause differential effects
on organism due to the additional psychological influence. For example, air pollu-
tion is likely to cause greater illness in those with heavier exposure and greater
susceptibility [4]. Hence, in this Chapter, we will introduce the environmental
harmful factors from the following four aspects: physical factors, chemical factors,
biological factors, and physiological and psychological stress factors.

1.2 Physical Harmful Factors

Physical factors mainly include noise, vibration, electromagnetic radiation, and
meteorological conditions. These physical factors usually have their definite sources.
Except for laser, other factors could all be found in nature. Some of the factors in an
appropriate dose would be necessary and non-harmful for human. However, extra
strong dose or radiation in other wavelength range would be harmful for human.

1.2.1 Noise

In physics, noise refers to the sound with irregular frequency or intensity. In hygiene,
the annoying or unnecessary sounds are considered as noise. According to its source,
noise can be divided into natural noise and unnatural noise. Noise mainly affects the
auditory system. Short-term exposure to noisy environment may lead to auditory
adaptation or fatigue, which belongs to temporary threshold shift and can be
recovered after a certain period of time. However, if persons remain in a noisy
environment for a prolonged period of time, it will lead to permanent threshold shift,
including hearing loss and deafness [5, 6]. Noise-induced hearing loss is more
common in work, which could be considered as a kind of occupational disease
[7]. Noise can also affect the nervous system, circulatory system, digestive system,
and psychology. High levels of traffic noise are not only associated with depression
and anxiety disorders, but also related to cardiovascular and metabolic disorders [8–
10]. Furthermore, noises are also associated with female reproductive health. A
study in China found a link between noise and menstrual disorders in female health
workers and nurses [11]. This noise may ultimately affect women’s reproductive
health. Another experiments show that exposure to modest to high levels of noise
significantly decreases the reproductive efficiency of mice by reducing the quantity
of pups born and increasing the quantity of stillborn pups [12]. Therefore, it is
necessary to set noise standards for environmental and industrial enterprises, to
control noise sources and noise propagation, and to perform individual protection
and health monitoring against noise.

4 J. Guo et al.



1.2.2 Vibration

Vibration refers to the repeated motion of a particle or an object in a straight line or
arc around an equilibrium position under the action of external forces. It can be
divided into local vibration and whole-body vibration. Local vibration is caused by
hand contact with vibrating tools or machinery, and can be transmitted through the
arm to the whole body. Local vibration will cause vibration damage to fingers,
hands, and arms, even induce hand-arm vibration syndrome [13]. Whole-body
vibration refers to the vibration that is transmitted to the whole body through the
lower limbs or trunk. The situations may cause whole-body vibration, including
taking a vehicle, operating agricultural machinery such as tractors, and locating on
the platforms such as drilling platforms. Whole-body vibration can increase heart
rate, cause dizziness, nausea, and other symptoms, even lead to motion sickness.
Experiments on tall buildings confirmed that vibration can cause motion sickness
and sopite syndrome (sleepiness) [14, 15]. And long-term whole-body vibration
exposure can probably contribute to the disorders of female reproductive organs and
disturbances of pregnancy (abortions, stillbirths) [16]. Animal studies further con-
firmed that vibration is indeed relevant with reproductive health [17]. Eliminating
the source of vibration is the fundamental way to prevent vibration hazard.

1.2.3 Ionizing Radiation and Non-ionizing Radiation

Ionizing radiation could cause substances to be ionized. According to the source, it
can be divided into natural radiation and artificial radiation. Natural radiation
includes cosmic rays and radioactive elements in crustal rocks. Artificial radiation
includes x-rays, gamma rays, protons, and so on, which are produced by ray
generators. Ionizing radiation exists in nuclear industrial systems, in the production
and processing of radioactive elements, production and use of ray generators, and
medical processes. Excessive ionizing radiation will affect human health. Radio-
therapy used to treat brain tumors may damage the central nervous system, then
affect the peripheral immune system [18]. A cohort study has suggested that the
occurrence rate of cancer is increased linearly with the increase of radiation exposure
[19]. For the health of the fetus, ionizing radiation must be kept away during
pregnancy. Gadolinium MRI exposure at any stage of gestation may increase
maternal and fetal health risks [20]. Another study shows that occupational expo-
sures of ionizing radiation are positively correlated with spontaneous abortion in
female veterinarians [21]. Thus, it is better to avoid radiation by shielding and
isolation from the source.

Non-ionizing radiation cannot cause ionization of biological tissues. It belongs to
a specific range in the electromagnetic radiation spectra, and mainly includes
radiofrequency (RF) radiation, infrared, visible light, ultraviolet, and laser. Since
2011, International Agency for Research on Cancer (IARC) at WHO identified
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radiofrequency radiation in the 30–300 GHz range as a “possible” human Group 2B
carcinogen [22]. Humans are inevitably exposed in the process of industrial heating,
communication, radio positioning, and radar navigation, which can affect the ner-
vous system, reproductive system, blood, and eyes. Animal studies have shown that
radiofrequency electromagnetic radiation can lead to learning and memory impair-
ment, decrease the activity of brain antioxidant enzymes, increase the concentration
of corticosterone and lipid peroxidation, and cause histopathological aberrations in
the hippocampal tissues [23]. Rat assays showed that long-term exposure to
radiofrequency electromagnetic radiation from 4G smartphone will diminish male
fertility through directly interfering the Spock3-MMP2-BTB pathway in rats
[24]. Infrared radiation is generally found in sunlight and strong luminaries (tung-
sten, neon, infrared searchlight), and it is also present in the process of steel making
and welding. Sun, ultraviolet (UV) lamp, welding, smelting, and other processes
produce UV. Both infrared and UV radiation can hurt skin and eyes. Solar radiation
contains infrared, ultraviolet, and visible light, and they damage human skin
[25]. The development of possibly age-related macular degeneration, pterygium,
and cataracts may be associated with UV radiation exposure [26]. Therefore, staying
away from radiation sources and taking personal precautions are very important to
protect human from radiation.

1.2.4 Abnormal Meteorological Conditions

A suitable external environment is important to maintain human health. High
temperature directly affects the regulation of body temperature and metabolism
and also influences other systems. Heat stroke is a typical disease caused by high
temperature. Extreme high temperature appears to increase the incidences of cardio-
vascular and respiratory disorders [27]. Animal study confirmed that heat stress had
a detrimental effect on female fertility in cows [28]. Kawasaki disease
(KD) incidence is significantly affected by temperature. It has been found that KD
is negatively associated with the temperature from February to May [29]. In addition,
low temperature caused by cold environment, high pressure caused by diving, and
other low-pressure environments also have impacts on human health. Thus, climate
change threatens our living environment and also affects human health.

1.3 Environmental Harmful Chemicals

Many environmental chemical substances are environmental endocrine disruptors
(EEDs) or persistent organic pollutants (POPs). The normal functions of the endo-
crine system of humans can be altered by EEDs. Human are exposed to EEDs due to
their occupation, diet, and living environment [30]. POPs are accumulated in the
food chain. POPs have the characteristics of long-distance transportation,

6 J. Guo et al.



persistence, bioaccumulation, and high toxicity [31]. Polycyclic aromatic hydrocar-
bons (PAHs) and bisphenol A are typical EEDs and POPs.

1.3.1 Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs are organic substances consisting more than two fused aromatic rings. The US
EPA and the European Food Safety Authority (EFSA) list PAHs in the priority-
pollutant lists. PAHs can act as EEDs and cause endocrine disruption on general
population. PAHs are classified as known, possibly, or probably carcinogenic to
humans (Group 1, 2A, or 2B) [32].

PAHs are highly mobile and widely distributed in our daily environment. Both
natural and anthropogenic processes generate airborne PAHs. The primary airborne
PAHs originate from coal/biomass burning [33]. In atmosphere, low-weight PAHs
(�202 g/mol, generally with 2~4 rings) tend to present in vapor phase [34]. The
average concentrations of PAHs are higher in fog than in rain [35]. Furthermore, the
low-weight PAHs can react with other air pollutants and form toxic compounds
[34]. High-weight PAHs (�252 g/mol, generally with more than four rings) are
hardly vaporized and tend to adhere to particulates. Particulate PAHs account for
5%–39.8% of total PAHs [36]. Particulate PAHs mainly deposited to oily substances
such as soil [37].

In soil, benzo[b]fluoranthene, pyrene, and fluoranthene are main types of PAHs
[38]. In UK, 90% of total PAHs are stored in soil [39], suggesting that soil is the
largest reservoir for environmental PAHs. The distribution of PAHs in topsoil is not
uniform. In China, the concentration of PAHs in urban topsoil (0.030–23.300 μg/g)
is higher than that in rural areas (0.0037–6.250 μg/g) [40]. On the whole, the highest
PAHs concentration (1.467 μg/g) was found in Northeast China and the lowest
PAHs concentration (0.209 μg/g) was found in West China [41].

In the aquatic environment, PAHs range from 0.03 ng/L to 8,310,000 ng/L in
atmosphere and waste water [42]. PAHs are preferentially absorbed onto organic
matter and might be re-released into liquid phase [43]. In general, the solubility of
PAHs diminishes as the molecular weight increases. High-weight PAHs such as
benzo[a]pyrene and chrysene could attach to particulate matter. Thus, the contam-
inated sediment represents a permanent source of PAHs pollution.

The main ways for the general population to be exposed to PAHs are eating
grilled food or breathing air from an open fireplace or smoke. Asian children in
polluted areas were exposed to high concentrations of particulate PAHs
[44]. Workers in automobile workshop, iron foundries, and aluminum plant have a
high risk of exposing PAHs [45].

Many studies have shown that PAHs have genotoxicity, carcinogenicity, muta-
genicity, and developmental toxicity. Exposure to PAHs is associated with dysfunc-
tion of many organs and diabetes and reproductive disorders [46]. PAHs seem to
affect reproductive regulators such as follicle stimulating hormone. PAHs disrupted
placental physiology, trophoblast migration, and uterus and cervix [47]. PAHs can
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also potentially cause cell damage and induce cytotoxicity and pro-inflammatory
responses [48]. Monooxygenase-catalyzed PAH-ligand/AhR activation could add an
electrophilic group to PAHs, and generate genotoxic metabolites. Genotoxic metab-
olites may form adducts with DNA and finally induce DNA damage [49]. However,
the toxicological effects of PAHs in most contaminated sites may be underestimated.
Nitrogen, sulfur and oxygen (N/S/O)-heterocyclic PAHs, nitrated PAHs (N-PAHs),
and oxygenated PAHs (oxy-PAHs) have more potential toxicity but were generally
not taken into account [50].

In summary, epidemiological studies have shown that PAHs are harmful to
human health. Cellular and molecular biological studies have clarified how PAHs
lead to dysfunctions of cells. However, it is difficult to assess the attribution of PAHs
to various diseases occurrence and development [51]. Network biology confirmed
that PAHs play crucial roles in the occurrence of diseases [52]. With the evolution of
new technologies, the disease mechanism induced by PAHs will be clarified.

1.3.2 Bisphenol A

The plastics industry use bisphenol A (2,2-bis [4-hydroxyphenyl] propane, BPA) as
monomer in the production of polymer materials (mainly epoxy resins and polycar-
bonate plastics). BPA is also widely used as raw material for daily necessities
[53]. BPA principally through manufacturing and wastewater treatment processes
is released into environment. BPA’s water phase solubility at 25 �C is 300 mg L�1.
At ambient temperature BPA is not volatile, but it can be absorbed into soil,
sediments, and solid matrix to form binding residues. In an aerobic environment,
BPA could be metabolized by different taxa of algae, fungi, bacteria, and even
higher plants. In the absence of oxygen, abiotic processes mediate the conversion
and mineralization of BPA [54].

Humans can be exposed to BPA through food, beverages, wastewater, air, dust,
and soil [55]. Diet is the main exposure pathway for BPA and its analogues in
general population [56]. Breast milk is a source of BPA exposure for infants. BPA
enters milk in the milk production process and dairy products, which poses a threat
to human health [57].

EEDs affect the reproductive health of male and female [58]. BPA, a poison of
ovary, uterus, and prostate, may induce hypomethylation in women and young girls
[59]. In placenta, BPA increases inflammation and oxidative stress and decreases
cell viability [60]. BPA shows negative effects on implantation and the occurrence of
polycystic ovary syndrome. BPA impairs sperm quality, but it is not clear whether
it leads to poor reproductive outcomes and sexual dysfunction in men [61]. More-
over, prenatal exposure to BPA might lead to neurobehavioral disorders and adverse
behavioral outcomes in children [62].

Exposure to BPA is more likely to suffer from diabetes, general/abdominal
obesity, and hypertension [63]. As a metabolic disruptor, BPA causes abnormal
epigenetic disorders. BPA impacts DNA methylation, histone demethylation, and
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deacetylation of glucose homeostasis-related genes. BPA also impacts glucose and
lipid balance, and impairs insulin signal transduction [64]. Finally, BPA induces
dysfunction of energy balance control system, leading to obesity and type II
diabetes [65].

Exposure to BPA can lead to bone loss. BPA reduces the level of blood calcium,
inhibits the secretion of calcitonin, and blocks bone metabolism [66]. Early BPA
exposure leads to childhood wheeze/asthma [67], breast cancer, and prostate
cancer [68].

Long non-coding RNAs (lncRNAs) could be biomarkers or key regulators of
toxicological responses. The expressed profile of lncRNAs is correlated with the
toxicity of chemicals [69]. For example, BPA causes hypomethylation of DNA and
reduces the expression of Igf2 and H19, one possible mechanism in which BPA
induces epigenetic regulation on male fertility [70]. However, much more studies
should be further performed to study the roles of lncRNAs as biomarkers or
intervention targets in biological regulation.

In addition, other EEDs also threaten human health in all aspects of our lives. For
example, neurotoxic pesticides including DDT and chlorpyrifos are widely used in
agriculture. Heavy metals such as lead are widely applied in refining, jewelry,
mining, batteries, and children’s products. Lead has neurological effects and threat
health in various ways [71]. Epidemiological evidences should be correlated with the
molecular mechanisms obtained in in vitro experiments.

1.4 Biological Harmful Factors

The exposure of biological harmful factors links to poor outcomes like preterm
delivery and stillbirth [72]. These factors can be inhaled, ingested, and contacted via
ocular and dermal, then threat female health [73]. For instance, it is generally
believed that abortion is related to sexually transmitted infections such as Trepo-
nema pallidum, Neisseria gonorrhoeae, and Chlamydia trachomatis. Sexually
transmitted viruses including human papillomavirus (HPV), human herpes virus
(HSV), human cytomegalovirus (HCMV), adeno-associated viruses, and human
immunodeficiency virus (HIV) may also link to reproductive alternations
[74]. Hence, we review researches that have explored the association between
abortion and infection. The pathogens and their relation with abortion were summa-
rized in Table 1.1.

1.4.1 Bacterial Vaginosis

Lactobacillus species bacteria account for a large proportion of the normal genital
tract flora in healthy women. Bacterial vaginosis (BV) means other virulent organ-
isms that can replace lactobacilli as the main organisms in the vagina. These virulent
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organisms have been related with miscarriage and premature delivery, including
Mycoplasma hominis, group B streptococci, Gardnerella vaginalis, group B strep-
tococci, Staphylococcus aureus, or Ureaplasma urealyticum [75]. Further cohort
study includes 759 Belgian pregnant women, 8.4% participants developed BV and
did not received treatment. It was found that BV was positively associated with
abortion [76].

1.4.2 Virus Infection

1.4.2.1 Human Papillomavirus (HPV) Infection

HPV belongs to sexually transmitted infection. HPV infection is associated with
infertility of women. In spontaneous abortion samples, the incidence of HPV
infection is three times higher than that of elective abortion [77]. Cervical
HPV-infected patients have fewer pregnancies [78]. HPV infection of trophoblasts
corrupts the embryo’s health by invading the uterine wall. HPV16 also results in
trophoblast cell apoptosis, which causes placenta dysfunctions and reduces embryo
ability, leading to miscarriage [79].

Table 1.1 Summary of pathogens and their relation with abortion

Bacteria Viruses Protozoa

Related
with
abortion

• Bacterial vaginosis (including
Mycoplasma hominis and
Ureaplasma urealyticum)
• Brucellosis
• Syphilis
• Coxiella burnetii
• Mycoplasma genitalium
• Chlamydia trachomatis
• Neisseria gonorrhoeae
• Clostridium sordellii
(C. perfringens)
• Listeria monocytogenes

• Cytomega-
lovirus
• Dengue

fever (Flavivi-
rus)
• HIV
• Rubella
• Adeno-asso-

ciated virus
• Bocavirus
• Hepatitis C
• Human pap-

illomavirus
• Herpes sim-

plex virus 1 and
2
• Parvovirus

B19
• Polyomavi-

rus BK
• Hepatitis B

• Malaria (Plasmodium)
• Toxoplasma gondii
• Trypanosoma cruzi
• Schistosoma

(Schistosoma haematobium
and Schistosoma mansoni)
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1.4.2.2 Human Immunodeficiency Virus (HIV) Infection

Negative pregnancy outcomes are related with maternal HIV infection. Pregnant
HIV-infected women have a higher risk to spontaneous abortions and stillbirth, and
their infants are more frequently born with a low birth weight [80]. HIV infection
leads to chronic inflammation with the increased activated innate cells and increases
granulocyte-macrophage colony stimulating factor (GM-CSF) [81, 82]. This
proinflammatory shift has a link with spontaneous abortion and preterm birth.

1.4.2.3 Other Viruses Infection

In addition, other viral infections are also associated with abortion in women. For
instance, syphilis is a bacterial infection, that can be transmitted sexually or via con-
tact with blood of an infected person. Syphilis can cause stillbirth, abortion, and
congenital transmission [83]. Cytomegalovirus infection leads to placental dysfunc-
tions and spontaneous abortion [84]. Studies found that Rift Valley fever virus and
miscarriage have a link in Sudanese women [85]. Influenza virus may increase the
risk of premature delivery in pregnant women [86]. H1N1 influenza virus infection
can cause the dysregulation of inflammatory responses, result in pre-term labor,
impairment of fetal growth, and fetal mortality [87].

1.4.3 Toxoplasma Infection

The prevalence of toxoplasmosis varies around the world [88]. Alvarado et al.
conducted a survey of 326 women with an abortion history, founded that 6.7% of
them had been exposed to T. gondii [89]. For IgG against T. gondii, 55% of
100 women were seropositive [90]. The data suggests that there is a higher occur-
rence of toxoplasma infection if women with abortion.

1.5 Physiological and Psychological Factors

Female health is dependent on physical, mental, and social well-being. Social and
economic status, social support, quality of marriage, childbearing age, psychological
stress, and unhealthy lifestyle all affect female fertility health [73]. Besides,
subfertility, amenorrhea, and poor endometrial development may relate to excessive
exercise, calorie restriction, and over diet [91].
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1.5.1 Adverse Childhood Experiences

Early life experiences are very important for health throughout the life course.
Individual adults who have adverse childhood experiences (ACEs) tend to have
more mental and physical health problems and premature mortality [92]. ACEs also
potentially affect maternal health outcomes during pregnancy. It is vulnerable to
prenatal, perinatal, and postnatal psychosocial health if mothers have adverse child-
hood experiences. ACEs are associated with mental health risks during pregnancy.
These problems include higher depressive symptoms, anxiety, and suicidality
[93]. ACEs-related mental and behavioral health conditions are also associated
with poorer child health [94]. Women who have ACEs are more susceptible to
disease development. ACEs are important hazards for poorer maternal mental and
behavioral health during pregnancy [95].

1.5.2 Age

Several other factors are associated with miscarriage. Increasing woman ages
reduces conception rates. If both parents are 35 years age or older, the risk of adverse
pregnancy outcomes increases. The risk is increased up to 50% if the mother is
42 years old [96]. The developing embryo metabolism might be different, dependent
on the age of the mother [97]. Oocytes took from elder women may have higher risk
of miscarriage and epigenetic modification [98].

1.5.3 Unhealthy Lifestyle

Infertility is related with body mass index (BMI). It has a similar risk of infertility for
overweight (BMI 25–29.9 kg/m2) and underweight (BMI < 19 kg/m2). Overweight
women have less possibility to ovulate and conceive naturally, and have a higher risk
of miscarriage [99]. Obesity results in mitochondrial dysfunction in oocyte,
increased granulosa apoptosis, and slower growth and delayed maturation of the
oocyte [100].

Regular exercise could prevent diabetes, gestational hypertensive disorders, and
fetal growth impairments [101]. However, overexercise could result in negative
consequences of conception. Exercise 4 h or more per week for women during the
first IVF cycle had a 40% reduction in live births. The risk of implantation failure is
tripled, and the risk of miscarriage also became higher.
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1.5.4 Double Stress of Work and Life

Psychological stress generally influences female fertility. Positive emotions are
associated with an increased chance of having a living baby. When anxiety levels
get higher, the chances of stillbirth will increase [102]. Women who worked 16–32 h
a week experienced a shorter time to conception than those who worked more than
32 h a week [103]. Long-term stress in women can also lead to changes in the
development of the immune systems, endocrine, and immune systems. This results
in emotional, social, and cognitive functions impaired, as well as the allostatic load
(i.e., chronic physiological damage) increased. Mechanically, stress may affect
follicular stimulating hormone and pituitary luteinizing hormone (LH) pulsatility
[104]. The reduction in luteal phase progesterone, LH, and serum estradiol concen-
trations may have associations with higher daily stress levels [105]. Reducing stress
levels by therapeutic interventions may help women to return to normal ovulation.

1.5.5 High Altitude or Chronic Hypoxia

It is a great burden to pregnancy at high altitude for both fetuses and mothers. High
altitude exposure and chronic hypoxia residence increase the occurrence of neonatal
morbidity and pregnancy complications. These adverse outcomes include
neurobehavioral disorders in neonates, aberrant organ development, and intrauterine
growth restriction [106]. Hypoxia can delay the menarche time of women in high
altitude area [107, 108]. When people living at sea-level visited higher altitudes,
their menstrual cycle was changed. When the high altitude native population
migrates to lower altitude, the menarcheal ages did not change, because their
physiology has already adapted to high altitude condition. Besides, hypoxia induces
immediate release of catecholamines, including cortisol and gonadotrophins
[109]. These changes ultimately delay the follicular maturation, prevent or delay
the ovulation, and affect implantation and pregnancy. Hypoxia also leads to the
generation of ROS [110]. Excessive ROS has deleterious effects on female repro-
ductive system. Chronic hypoxia reduces NO-dependent vasodilation in myometrial
arteries, thus raising uterine vascular resistance, lowering uterine artery blood flow,
and leading to hypoxia-related fetal growth restriction [111].

1.5.6 Occupational Exposure

Occupational exposure to reproductive system diseases has important influence on
workers. There are many opportunities to be exposed to chemicals and other
materials that may be harmful to the reproductive health of men and women.
Pesticides and heavy metals on human reproduction have many negative side effects.
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Pesticides reduce sperm concentrations by as much as 60% and result in
oligozoospermia [112]. Occupational exposure to organic solvents decreases
implantation rates [113]. Occupational exposure leads to teratospermia and
asthenospermia [114]. Painters may be exposed to lead-based paints; lead may be
contacted by crafters who making stained, ceramics, and jewelry; and gardeners may
be exposed to pesticides. These contacts possibly reduce fertility. In another survey
of 14,614 female workers in China, the female workers who work in the electronics,
railway, and medicine and health industries have serious reproductive health
problems [115].

In summary, living factors and environment may have influence on fertility, but
then can be modified. These factors include age, psychological stress, nutrition,
alcohol consumption, cigarette smoking, occupational exposures, exercise, environ-
mental and other behaviors. Since these factors are ultimately under our control, we
can subjectively choose our living environment and lifestyle to avoid them.

1.6 Conclusion

In conclusion, physical, chemical, and biological factors act on our bodies in specific
and objective ways. Body’s responses to subjective factors determine the internal
exposure. Combination with psychological responses, these objective and subjective
factors decide the final effects on organism. It is expected that the exposure routes
could be controlled or eliminated, the pathogenic mechanism of environmental
harmful factors could be investigated and explained to protect human reproductive
health.
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Chapter 2
Introduction of Female Reproductive
Processes and Reproductive Diseases

Jiajia Zhang, Jiao Li, and Jie Yan

Abstract The female reproductive process is very complicated, including multiple
processes. Each process is different and plays a vital role in reproduction. If some
reproductive diseases occur, these processes will be abnormal, causing infertility
problem. In this Chapter, we will describe the female reproductive process and their
corresponding reproductive diseases.

Keywords Female reproductive process · Reproductive diseases · Endometrium ·
Ovulation · Fertilization

2.1 Female Reproductive Processes

2.1.1 The Female Reproductive System

The female reproductive system includes the internal and external genitalia. The
external genitalia, usually the vulva, includes the mons pubis, labia majora, labia
minora, clitoris, and the vaginal vestibule. The internal genitalia are located primar-
ily in the pelvic cavity, including the vagina, uterus, fallopian tubes, and ovaries, the
latter three are the main organs that affect the female reproductive process during the
reproductive period.

1. The uterus is the organ that gestates offspring and ensues menstruation, it consists
of the cervix and the uterine body. The uterine body is composed of the
myometrium and the endometrium, which changing periodically with the influ-
ence of ovarian sex hormone, shedding to form menstruation.

J. Zhang · J. Li · J. Yan (*)
Center for Reproductive Medicine, Department of Obstetrics and Gynecology, Peking
University Third Hospital, Beijing, China
e-mail: yanjiebjmu@bjmu.edu.cn

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
H. Zhang, J. Yan (eds.), Environment and Female Reproductive Health, Advances in
Experimental Medicine and Biology 1300,
https://doi.org/10.1007/978-981-33-4187-6_2

23

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4187-6_2&domain=pdf
mailto:yanjiebjmu@bjmu.edu.cn
https://doi.org/10.1007/978-981-33-4187-6_2#DOI


2. Fallopian tubes are tubes connected to the uterus, near the uterine horn, distal free
in the abdominal cavity, adjacent to the ovary, to provide a place for ova and
sperm to combine, and transfer oosperm to the uterine cavity.

3. The ovary is regulated by the central nervous system, which regulates and
interacts with the endocrine system, called the hypothalamic-pituitary-ovarian
axis. Under its control, the ovary periodically ovulates with cyclically changes of
ovarian sex hormone secretion. Therefore, the ovary has both reproductive and
endocrine functions.

The complete pregnancy process includes fertilization, transportation, and
implantation. The embryo after implantation develops into a fetus in the uterus,
and finally the fetus and its appendages are delivered from the uterus.

2.1.2 Cyclic Change of Endometrium

With the release of central negative feedback inhibition, GnRH (Gonadotropin-
releasing hormone) begins to release in a pulsatile fashion, and women enter puberty
and begin to experience secondary sexual characteristics such as breast germination
and menarche, and gradually acquire mature reproductive capacity. The regular
menstruation is the mark that female reproductive function matures. The endome-
trium is divided into the functional layer and the basal layer. The functional layer is
the site of embryo implantation, which is regulated by ovarian hormones and
periodically proliferates, secretes, and sheds. According to menstrual cycle, the
endometrium is divided into three periods: proliferation phase, secretion phase,
and menstrual phase.

2.1.2.1 Proliferation Phase

Corresponding to follicular phase of ovarian cycle, about 5~14 days of menstrual
cycle, in the role of estrogen secreted by the ovary, the endometrial thickness
increases, the epithelial, glandular, interstitial, and vascular proliferate.

2.1.2.2 Secretory Phase

Corresponding to the luteal phase in the ovarian cycle, which is about 15~28 days of
the menstrual cycle. After ovulation, the ovarian luteal phase secretes progesterone
and estrogen, which causes the endometrial glands to grow and bend, the stroma
become loose and edematous, the blood vessels to continue to increase, the endo-
metrium to continue to thicken, and it is rich in glycogen and other nutrients,
conducive to the implantation of fertilized ova.
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2.1.2.3 Menstrual Period

Corresponding to the ovarian cycle in the early follicles stage, progesterone and
estrogen withdrawal, endometrial layer collapses and falls off, leading to the emer-
gence of menarche.

2.1.3 Ovulation

2.1.3.1 Primordial Follicles

As early as in the gonad of 16-weeks female embryo, the follicle begins to form until
6 months after birth. It is composed of a primary oocyte in meiosis and a single layer
of granular cells surrounding it, which is called primordial follicle. The primordial
follicle is the only form of oocyte storage. There are about two million primordial
follicles at birth, and they are declining in childhood, leaving about 300,000 at
puberty.

2.1.3.2 Follicular Maturation

After puberty, approximately 3–10 antral follicles with a diameter of 0.5 mm were
collected and selected in each menstrual cycle under the stimulation of gonadotro-
pin, and only one dominant follicle could reach the final maturation and expel the
oocyte. The rest of the follicles degenerate spontaneously, called follicular atresia.

2.1.3.3 Ovulation

Ovulation is the process by which the oocyte and its surrounding cumulus granulosa
cells are discharged together.

The secretion of estradiol from mature ova reaches a peak value and produces a
positive feedback regulation to the hypothalamus, which induces a large amount of
GnRH release in the hypothalamus, then causes the pituitary to release gonadotropin
and produces LH/FSH peak. LH peak is a reliable indicator of impending ovulation,
appearing 36 h before the follicle ruptures. The LH peak stimulated primary oocyte
to complete its first meiotic division, formed secondary oocyte, and stimulated the
collagen layer of follicle wall to decompose and the formation of micropores.
Menstruation occurs about 14 days after ovulation. Ovulation can occur alternately
on both ovaries or on one ovary continuously.
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2.1.3.4 Corpus Luteum

After ovulation, the walls of the follicles collapse, the granulosa cells and the
endothecium cells of the follicles invade inwards and are surrounded by the outer
membrane of the follicles of the connective tissue to form the corpus luteum.

If not fertilized, the luteal cells atrophy and become smaller, connective tissue and
fibroblasts invade the corpus luteum, the tissue is fibrotic and appears white, the
luteal gradually reduced to white body; if fertilized, the luteal cells are stimulated by
hCG secreted by the embryonic trophoblastic cells to increase, and form pregnancy
corpus luteum, which secret steroid hormones to maintain pregnancy. This process
continues throughout the early pregnancy. The corpus luteum of pregnancy degen-
erates gradually after the placenta forms and secretes steroid hormones.

2.1.4 Fertilization

The sperm and the secondary oocyte (ovarian output) meet and fuse in the fallopian
tube to form the oosperm.

Fertilization occurs within 12 h after ovulation. Sperm enters the vagina, through
the cervix, uterine into the oviduct lumen. During this process, the chemical com-
position of acrosome surface changed, which decreased the stability of acrosome
membrane and capacitated sperm. When the sperm and oocyte meet in the ampulla
of uterine tube, the sperm head breaks up the outer membrane of the parietal body,
releasing the acrosomal enzyme, which dissolves the corona radiata and zona
pellucida (acrosome reaction) on the surface of the oocyte, allowing the sperm to
enter and fuse with the oocyte to form an oosperm. When the sperm head contacts
oocyte, the oocyte zona pellucida structure changes to prevent other sperm from
entering into the same oocyte. Then the second meiosis of the oocyte is completed
immediately. With the gradual fusion of female pronucleus and male pronucleus,
chromosomes gradually mix to form a fertilized egg. It takes about 24 h to complete
the whole fertilization process.

2.1.5 Transportation

Thirty hours after fertilization, the fertilized egg moves toward the uterine cavity
under the combined action of oviduct peristalsis and fallopian tube epithelial cilia
oscillation, at the same time carries on the mitosis, gradually forms the multicellular
dividing ball, the mulberry embryo, and the blastocyst. On the fourth day after
fertilization, the blastocyst entered the uterine cavity.
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2.1.6 Implantation

The uterus has a window period to allow implantation of fertilized ova, that is, when
the pregnant woman has enough progesterone, the blastocyst and endometrium
develop synchronously and coordinately. The implantation process is divided into
three stages: first, the zona pellucida disappears from the surface of blastocyst, and
the blastocyst contacts the endometrium with the end of its inner cell mass, which is
called localization; second, the blastocyst surface differentiates into
syncytiotrophoblast, which is called adhesion; and the last step is invasion, tropho-
blast cells penetrate into the endometrium, part of the muscular layer and blood
vessels, and the blastocyst is completely embedded in the endometrium.

2.1.7 Placental Formation

After embryo implantation, the trophoblast cells in the implantation site divide and
proliferate, forming part of the phyllostomas in contact with the basal decidua, which
is the main structure of the placenta. It has the functions of substance exchange,
defense, hormone synthesis, and immunity, and is an important organ to maintain the
growth and development of fetus in uterus. If the placental function is abnormal, it
will lead to abnormal development of the fetus during pregnancy and even
pretermination of pregnancy.

Female reproductive process is a complex physiological process, which will be
abnormal or even terminated when external factors or internal discordance occur in
any part of the process. The common diseases that affect women’s reproductive
health are described as below.

2.2 Reproductive Diseases

Female reproductive process is a complex physiological process, which will be
abnormal or even terminated when external factors or internal discordance occur
in any part of the process. The common diseases affecting women’s reproductive
health are described as below.
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2.2.1 Endometrium

2.2.1.1 Endometritis Diseases

Endometritis diseases, such as chronic endometritis, endometrial polyps, endome-
trial tuberculosis, and intrauterine adhesions, can lead to infertility.

2.2.1.2 Chronic Endometritis

Chronic endometritis (CE) is localized inflammation of the endometrium, character-
ized by plasma cell infiltration in the stroma of the endometrium, usually without
significant clinical symptoms, and occurs in about 14%~39% of infertile women [1–
3], the rate of unexplained infertility is 55.7% [4], 9.3%~57.8% in recurrent miscar-
riage [5, 6], and in some studies it is as high as 60% or more [7]. The cause of chronic
endometritis is unknown, which may result in abnormal expression of adhesion
molecules, cytokines, chemokines, and apoptotic proteins in endometrium, leading
to damage of endometrial receptivity, thus affecting embryo implantation [8].

2.2.1.3 Endometrial Polyp

Endometrial polyp is a benign lesion of endometrial hyperplasia. The glands and
stroma of the endometrium, with the blood vessels as the core, protrude from the
endometrium, some may have irregular vaginal bleeding, and some may be asymp-
tomatic, the detection rate of endometrial polyp is as high as 35% in infertile women
[9], and the mechanism of its effect on reproductive function is not completely clear,
which may be related to irregular uterine bleeding leading chronic inflammatory
reaction of endometrium and mechanical blocking of sperm transport and the
embryo’s contact with the endometrium [10]. And it alters the internal environment
required for embryo implantation, such as abnormalities in the estrogen and proges-
terone receptors that affect decidualization of the endometrium; and increases levels
of matrix metalloproteinase and cytokines [11].

2.2.1.4 Tuberculosis of Endometrium

The incidence of TB infection has historically been high in economically backward
countries and regions. The incidence of TB has increased since 2012, with seven
million new TB cases globally in 2018, up from 600 in 2017 [12]. Endometrial
tuberculosis is often secondary to tuberculosis in other parts of the lung, accounting
for 50–80% of genital tuberculosis. Tuberculosis bacteria can cause inflammatory
changes, some can cause intrauterine adhesions, serious endometrial tuberculosis
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can even lead to uterine atresia and amenorrhea, about 47% of tuberculosis patients
have infertility [13].

2.2.1.5 Atypical Hyperplasia of Endometrium

When ovulation disorders occur, the menstrual cycle appears disorder due to the
abnormal hormone levels. Endometrium lose the regular progesterone protection,
and exposure to continuous stimulation of estrogen. As a result, endometrium may
appear hyperplasia and even malignant transformation, which is not conducive to
embryo implantation. The rate of endometrial dysplasia and endometrial cancer is
0.3%~0.39% in infertile women, which may lead to hyperplasia and malignant
transformation [14, 15]. Obesity, persistent anovulatory, and endocrine disorder
are the high-risk factors of the disease. Such diseases not only affect the reproductive
process, but also have a serious impact on health.

2.2.2 Ovulation

The release of high-quality ova from the ovaries is a necessary condition for
pregnancy. When a woman has polycystic ovary syndrome, hyperprolactinemia,
ovarian dysfunction, or advanced age, failure to ovulate or poor oocyte quality can
be a main cause of infertility.

2.2.2.1 PCOS

Polycystic ovary syndrome (PCOS) is characterized by high androgen levels,
anovulatory and polycystic ovarian changes, and is often related to insulin resistance
or obesity. The 2003 Rotterdam Standard is still the internationally recognized
standard for diagnosing PCOS. The diagnosis of PCOS is based on two of the
following three criteria: Oligo-and/or anovulation; clinical and/or biochemical evi-
dence of hyperandrogenemia; and polycystic ovaries on ultrasound, with an inci-
dence of 6%~16.6% in women of childbearing age [16]. PCOS is the most common
cause of infertility, about 1/3 of infertile women exist, accounting for 80%~90% of
anovulatory infertility [17].

In addition, PCOS women often have hyperinsulinemia/insulin resistance, high
androgen levels, obesity, high lutropin alfa levels, hyperhomocysteinemia, and
prethrombotic status, and these are high-risk factors for early abortion [18–20].

And PCOS has a high risk of pregnancy complications, such as hypertension,
pre-eclampsia, and gestational diabetes. In Stefano’s study, women with PCOS had a
three- to fourfold increased risk of gestational hypertension and pre-eclampsia, and a
threefold increased risk of gestational diabetes, the chance of premature birth
doubles [21].
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2.2.2.2 Hyperprolactinemia

Hyperprolactinemia, just as its name implies, is a disease with high serum prolactin
levels. The clinical definition of HPRL is as follows: The level of fasting serum
prolactin 2 h after waking up in the morning is higher than 25 ng/mL (1 ng/
mL ¼ 0.0455 nmol/L) in women, 20 ng/mL in men. The most common cause of
hyperprolactinemia is pituitary prolactinoma. In addition, some other diseases that
causes prolactin elevation by nerve feedback. For example, in hypothalamic diseases,
the secretion of prolactin inhibitory factor is affected by tumor, which leads to the
increase of pituitary prolactin. When hypothyroidism occurs, thyrotropin releasing
hormone is increased, reflex stimulating pituitary prolactin secretion is increased;
and long-term use of antipsychotic drugs also can cause prolactin to rise prolactin
inhibitory factor is affected by tumor, which leads to the increase of pituitary
prolactin. When hypothyroidism occurs, thyrotropin releasing hormone is increased,
reflex stimulating pituitary prolactin secretion is increased; and long-term use of
antipsychotic drugs also can cause prolactin to rise [22].

With the increase of prolactin, the secretion of LH and FSH in pituitary was
inhibited, and the function of ovarian secretion was disturbed periodically. Thus
patients with menstrual disorders, libido decline, ovulation disorders, luteal insuffi-
ciency result in infertility [23, 24].

2.2.2.3 Ovarian Dysfunction

The number of follicles in women’s ovaries decreases with age, as does the quality of
their ova [25]. Chromosome abnormalities and aneuploidy also increase, with more
than 50% of women over 40 suffering from ovarian failure [26]. In addition to age,
autogenetic factors, ovarian cysts, ovarian surgery, infections, autoimmune diseases,
and adverse environmental conditions all have direct or indirect effects on ovarian
function.

2.2.2.4 Ovarian Cyst

The most common ovarian cyst in infertility women is endometriosis cyst, also known
as endometriosis, in which endometrial glands and stroma occur in the ovaries, as well
as in the fallopian tubes, pelvic peritoneum, and uterosacral ligaments. By affecting the
development of follicles, oocyte quality, and corpus luteum function, ovarian reserve
decreased [27], endometriosis can also lead to pelvic, fallopian tube adhesion,
resulting in oocyte, sperm, and fertilized egg transport barriers.

At the same time [28], endometriosis increased the volume of fluid in the pelvic
cavity and increased the concentration of inflammatory mediators, prostaglandins,
interleukin-1, tumor necrosis factor, and proteases, which affect the ova [29], thus
causing a decline in female fertility. About 30%~50% of patients with endometriosis
have difficulty conceiving [30], and 17%~47% of infertile women have
endometriosis [31].
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2.2.3 Fertilization and Transport

The fallopian tube is an important place for sperm and oocyte to combine, and it is
also an important organ for transporting fertilized ova to the uterine cavity. Abnor-
mal fallopian tube, sperm and oocyte encounter obstruction, or fertilization egg
transport obstacles, can lead to infertility or ectopic pregnancy. Among the causes
of female infertility, the incidence of fallopian factors ranged from 25%~35% [32].

The most common related disease is pelvic inflammatory disease (PID), which is
usually caused by unsanitary sex or post-abortion infection, including pelvic adhe-
sions, salpingitis, tubal obstruction, hydrosalpinx, or formation of a tubal cyst, can
affect the fimbriae of uterine tube and oviduct to ova, fertilized ova transport
function; One third of the most common pathogens are Neisseria gonorrhoeae and
chlamydia trachomatis, one third are mycoplasma and anaerobic (bacteroides, clos-
tridium, and streptococcus) infections, and the rest include hemophilus influenzae,
group A streptococcus, actinomycetes, and other microorganisms [33, 34].

The pathogens spread from the lower genital tract to the upper genital tract
through the cervix and uterine cavity, and then into the fallopian tube, leading to
mucosal edema, and eventually adhesion.

In addition, the inflammatory changes of other pelvic organs such as appendicitis
perforation can also cause tubal adhesion, obstruction. Pelvic tuberculosis, espe-
cially tubal tuberculosis, is also one of the vital causes of tubal infertility, 90%~95%
of tubal tuberculosis women with infertility [35].

Adhesion after surgery can also lead to tubal adhesion, which affects the function
of the fallopian tube. Some studies show that the incidence of adhesion after pelvic
and abdominal surgery is 90%~95% [36].

Moreover, congenital malformation of genital tract, such as oviduct is congenital
absent, oviduct is too long and thin, oviduct muscle layer is weak, resulting in
oviduct diverticulum, oviduct accessory fimbria, and other structural abnormalities
[37, 38], may also be the high risk factors of infertility and ectopic pregnancy.

2.2.4 Uterus Factor

The uterus is an important organ to produce offspring. In addition to the abnormal-
ities of the endometrium itself mentioned above, the myometrium also affects the
reproductive process.

2.2.4.1 Uterine Fibroid

Uterine leiomyoma is the most usual benign tumor in female, and the incidence rate
is about 25%~30%. For some uterine fibroids without any clinical symptoms, the
actual incidence rate may be higher. In infertile women the incidence rate is 5%
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~10% [39]. In particular, submucous myoma, which has a special position and
protrudes into the uterine cavity, affects the growth and development of embryo
implantation fetal sac [39, 40], but the effect of myoma between muscle wall and
subserosa on fertility is still controversial.

The effect of hysteromyoma on fertility is not only the mechanical change of
uterine cavity shape and the change of endometrial blood flow to affect embryo
implantation, endometrial receptivity may also be influenced by biochemical signals:
Uterine fibroid can induce elevated levels of collagen, fibronectin, laminin, and
proteoglycan and can also reduce the expression of HOX genes, hemophilia inhib-
itors, and integrin β3 and secrete TGF β, which affect the receptors for BMP 1 and
BMP 2, all of these may cause endometrial receptivity damage [41, 42].

2.2.4.2 Adenomyosis

Adenomyosis is one kind disease where endometrial glands and stroma invading
into the myometrium. It usually occurs in women more than 30 years old, and occurs
in up to 50% of infertile women, often with endometriosis [43]. Ectopic endome-
trium was diffusely growing in myometrium and was enlarged evenly. The patients
often have gradual aggravation dysmenorrhea, menorrhagia, and menstrual period
extension.

Adenomyosis affects fertility in the following ways: induce local inflammation;
affect sperm transport by altering endometrial peristalsis initiated by the uterine
junctional zone; change endometrial function and receptivity [44].

2.2.4.3 Congenital Malformation of Uterus

Uterine congenital structure abnormalities have a great impact on reproductive
health. Some patients also have abnormal development of vagina and vulva. Uterine
septum is the commonest malformation in female of childbearing age, and its
incidence rate is 2%~3% [45]. The cases of congenital uterine malformation reported
in the literature are uterus septum (34.9%), uterus bicornis (26%), arcuate uterus
(18.3%), uterus unicornis (9.6%), and uterus didelphys (8.4%) [46], the rate of
pregnancy loss of incomplete septum was 44.3% [47].The cause of uterine dysplasia
is unknown, but exposure to diethylstilbestrol is one of the causes of the “T” shape of
the uterus.

2.2.4.4 Acquired Factor

Intrauterine adhesion is the main reproductive abnormality caused by acquired
factors. Intrauterine adhesion is the destruction of the endometrial basement layer,
which leads to endometrial loss, adhesion, scar or even uterine cavity deformation. Its
inducement usually was abortion, curettage, and other mechanical injury, also can be
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caused by non-specific inflammation or tuberculosis. The more severe the intrauter-
ine adhesions, the more serious the damage to the endometrium, and the damage to
the endometrium directly determines the menstrual condition and reproductive
prognosis [48]. The more severe the intrauterine adhesions, the lower the clinical
pregnancy rate. Roy et al. made statistical analysis on the pregnancy of the patients
after uterine cavity adhesion separation. The total pregnancy rate was 40.4%, and the
pregnancy rates of the patients with mild, moderate, and severe adhesion were 58%,
30%, and 33.3%, respectively; the full-term delivery rate was 94.4%, 83.3%, and
66.6%, respectively [49]. The pregnancy rate of 357 cases of intrauterine adhesions
treated by Chen et al. was 48.2%. The pregnancy rates of mild, moderate, and severe
cases were 60.7%, 53.4%, and 25%, respectively [50]. The rate of spontaneous
abortion in patients with intrauterine adhesions was about 20%, higher than 12% in
the general population [51].

2.2.5 Immune and Endocrine Factors

2.2.5.1 Luteal Phase Defect, LPD

A certain level of progesterone is one of the important conditions for maintaining
pregnancy. The secretion of progesterone in the early stage is completed by the
ovarian corpus luteum. After 10 weeks of pregnancy, the placenta gradually forms
and begins to secrete various hormones to maintain pregnancy, and then the function
of the ovarian corpus luteum is gradually replaced by the placenta. If the function of
ovarian corpus luteum is insufficient, the production of progesterone to maintain the
pregnancy in early pregnancy will not be enough, and early pregnancy loss may
occur. Between 25% and 40% of recurrent abortion is associated with luteal insuf-
ficiency, and about 3%~4% of infertile women also have luteal insufficiency [52]. In
women with endometriosis and insulin resistance, luteal dysfunction is particularly
evident [53, 54].

2.2.5.2 Hypothyroidism

Hypothyroidism, especially subclinical hypothyroidism, is common in female child-
bearing age with an incidence of 2%~3% in pregnant women, and even 40.0% and
15.4% in those with ovarian failure and ovulation disorder [55]. The mechanism may
be that hypothyroidism has a negative feedback effect on the pituitary-thyroid axis,
and the pituitary secretes thyroid stimulating hormone (TSH) level, leading to the
increase of TRH and the decrease of dopamine secretion, thus promoting the
secretion of prolactin (PRL). Thus hypothyroidism is often accompanied by
hyperprolactinemia, which affects the menstrual cycle and ovulation. During preg-
nancy, thyroid hormone is indispensable for fetal brain development and maturation.
Fetus can only synthesize thyroid hormone in the late second trimester of pregnancy.
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If hypothyroidism occurs, the risk of miscarriage, fetal neurological and intellectual
dysplasia distinctly increases. Multiple studies have shown that the risk of miscar-
riage and preterm birth increases when thyroid autoantibodies are positive [56].

2.2.5.3 Hyperthyroidism

The incidence of hyperthyroidism in pregnancy is low, about 0.05%~1.7% [57]. It is
often found due to hyperemesis gravidarum, the mother with hyperthyroidism is in a
high metabolic state and the placental supply of energy is reduced, which can lead to
maternal pre-eclampsia, fetal growth retardation, fetal tachycardia, congestive heart
failure, and even fetal death in utero. Thyrotropin receptor antibody (TRAb) can pass
through the placenta. Monitoring of TRAb titers in high-risk patients during early
and middle pregnancy can effectively predict the occurrence of fetal
hyperthyroidism [58].

2.2.5.4 Antiphospholipid Syndrome

Pregnancy is a kind of allotransplantation. The embryo, as an allogeneic, is accepted
by the maternal immune system. Therefore, pregnancy is also a process in which the
immune rejection is suppressed. When the mother has abnormal immune function,
the maintenance of the pregnancy process will also be impaired.

Antiphospholipid syndrome is one of the most recognized autoimmune diseases
that affect pregnancy. It is a non-inflammatory autoimmune disease, where clinical
manifestations were arterial thrombosis, venous thrombosis, recurrent miscarriage,
and thrombocytopenia, and it is characterized by the production of a huge number of
antiphospholipid antibodies (aPL), including lupus anticoagulant antibodies (LA),
anti-cardiolipin antibodies (aCL), and anti-β2 glycoprotein I antibodies (β2GPI).

These patients often have recurrent loss of pregnancy during early pregnancy, and
the possible mechanisms include protein C axis inhibition, increased thrombin
production, complement imbalance, endothelial cell activation, and platelet activa-
tion. In the early stage of pregnancy, antiphospholipid syndrome can lead to the
formation of thrombus in decidua, which can affect the blood supply to the embryo,
resulting in embryonic development abnormally and abortion [59]. The high expres-
sion of β2GPI on the placenta and decidual surface in the middle and third trimester
of pregnancy can lead to thrombosis and even serious complications such as fetal
growth restriction, pre-eclampsia, and even intrauterine fetal death [60, 61].

34 J. Zhang et al.



2.3 Conclusion

In conclusion, both inflammatory and neoplastic diseases of the reproductive system
and systemic endocrine and metabolic diseases seriously influence female reproduc-
tive health. It is suggested that women who have reproductive requirements should
not only be examined for physical diseases with symptoms, but also improve their
reproductive health from living habits and environment in order to achieve the goal
of eugenics and good breeding.
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Chapter 3
The Influence of Environmental Factors
on Ovarian Function, Follicular Genesis,
and Oocyte Quality

Jiana Huang and Haitao Zeng

Abstract Endocrine-disrupting chemicals (EDCs) exist ubiquitously in the envi-
ronment. Epidemiological data suggest that the increasing prevalence of infertility
may be related to the numerous chemicals. Exposure to EDCs may have significant
adverse impacts on the reproductive system including fertility, ovarian reserve, and
sex steroid hormone levels. This chapter covers the common exposure ways, the
origins of EDCs, and their effects on ovarian function, follicular genesis, and oocyte
quality. Furthermore, we will review the origin and the physiology of ovarian
development, as well as explore the mechanisms in which EDCs act on the ovary
from human and animal data. And then, we will focus on the bisphenol A (BPA),
which has been shown to reduce fertility and ovarian reserve, as well as disrupt
steroidogenesis in animal and human models. Finally, we will discuss the future
direction of prevention and solution methods.

Keywords Endocrine-disrupting chemicals (EDCs) · Bisphenol A (BPA) ·
Folliculogenesis · Oocyte · Steroidogenesis

3.1 The Common Exposure Ways, the Origins of EDCs,
and their Effects on Ovarian Function, Follicular
Genesis, and Oocyte Quality

Endocrine-disrupting chemicals (EDCs) are extrinsic chemicals that can interfere
with the processes regulated by endogenous hormones. EDC was defined as “an
exogenous chemical or mixture of chemicals that interferes with any aspect of
hormone action”[1] in 2012 by the Endocrine Society. They emphasized that very
low dose EDC exposures during the developmental stage might have potent and
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irreversible effects. The female reproductive system is regulated by hormones
which means it would be the target of EDCs. Ovary is an important assurance for
fertility and performs normal functions of oocyte/follicular quality, folliculogenesis,
or steroidogenesis, which is also a target constitution assaulted by EDCs. As a result,
EDCs exposure may disrupt folliculogenesis, oocyte quality as well as
steroidogenesis.

EDCs are ubiquitous in the environment, and a recent report has indicated that
there are more than 800 chemicals with endocrine-disrupting properties been used in
daily life [2]. People and animals tend to exposure to EDCs by various routes, such
as direct contact, inhalation, ingestion, maternal-fetal transfer, or intravenous admin-
istration [3]. Generally, there are two categories of EDCs: One is naturalistic EDCs
such as phytoestrogen, genistein, and coumestrol found in natural food. The other one
is synthetic EDCs which can be further divided into the following groups: Dioxins,
polybrominated biphenyls (PBBs), and polychlorinated biphenyls (PCBs) that are
found in industrial synthetic chemicals and their by-products; Bisphenol A (BPA)
and phthalate in plastics; Methoxychlor (MXC) and dichlorodiphenyltrichloroethane
(DDT) in pesticides; Vinclozolin in fungicide and diethylstilbestrol (DES) in some
pharmaceutical agents [4] (Fig. 3.1).

Epidemiological data have suggested that EDCs may accumulate in human body
and the environment. BPA and four phthalate metabolites (mono-(2-ethylhexyl)
phthalate (MEHP), monomethyl phthalate (MMP), monoisobutyl phthalate
(MiBP), monoethyl phthalate (MEP)) could be detected in nearly all 1016

Fig. 3.1 Common exposure origins of endocrine disrupting chemicals
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participants aged 70[5]. A Spanish cohort study in 2011 discovered that phthalate
and phenol were commonly found in the urine of young children and pregnant
women, with the urinary concentrations higher in children than in pregnant women
[6]. Research in 2015 indicated that organochlorine pesticides, 13.4% of which was
MXC, could be detected in follicular fluid of women from central China [7]. Besides,
BPA and its derivatives can be detected in serum from second-trimester umbilical
cord [8], which indicates that EDCs can be passed from mother to fetus through
placenta and concentrated in fetal body. Furthermore, EDCs are difficult to be
eradicated by biodegradation. For instance, MXC is persistent in soil, and its
residues are present even 18 months after the soil treatment with microorganisms [9].

EDCs are prone to expose and accumulate in human body, and they can be
detected in people of all ages. In addition, the existence of EDCs in follicular fluid
raises a concern that EDCs may affect the reproductive system and even cause
epigenetic modification of gametes. What’s more, the accumulation of EDCs in
the environment is difficult to be eradicated by biodegradation, having a long-lasting
impact on human health.

Researches have disclosed that EDCs adversely affect the ovary by disrupting
folliculogenesis, oocyte development, and ovarian function. For instance, numerous
studies have elucidated that EDCs interfered with folliculogenesis and oocyte
development. Mixtures of EDCs (BPA, pesticides, phthalates, butylparaben, para-
cetamol, and UV-filters.) exposed to rats before puberty cause a significant reduction
in primordial follicle quantities and plasma levels of prolactin [10]. Prenatal treat-
ment of caiman latirostris with 17β-estradiol (E2), BPA, or atrazine (ATZ) can
increase type III follicles, and treatment with BPA or E2 also presents higher
proportioned multi-oocyte follicles [11]. Di(2-ethylhexyl) phthalate (DEHP) and
MEHP can inhibit antral follicle growth via reducing estradiol production and
decreasing the expression of cell cycle regulators [12]. DEHP has been proved to
inhibit follicle growth and induce antral follicle atresia via dysregulation of cell cycle
and apoptosis regulators [13]. Furthermore, EDCs have negative impacts on oocyte
development. Female adult South African clawed toads (Xenopus laevis) that were
exposed to tamoxifen (TAM) and methyldihydrotestosterone (MDHT) showed
oocyte atresia in a previous study [14]. EDCs can disrupt the oocyte meiotic
progression of in vitro cultured porcine oocyte cumulus complexes (OCC). BPA
and 4-chloro-3-methyl phenol (CMP) exposure reduces numbers of oocytes under-
going germinal vesicle breakdown (GVBD) or reached metaphase II stage (MII) via
meiotic maturation disturbance. Besides, BPA and CMP can reduce the synthesis of
extracellular matrix (ECM) by altering the process of cumulus expansion [15].

Multiple studies have also consistently shown that EDCs exposure disrupted
ovarian function. For example, the serum level of BPA, octylphenol (OP), and
4-nonylphenol (4-NP) is significantly elevated in precocious girls. Prepubertal
exposure to EDCs including genistein, zearalenone, zeranol, and DES results in
acceleration of puberty earlier onset, prolonged estrous cycle, and anovulatory
period [16]. Besides, BPA and OP levels are positively correlated with the volume
of the uterus and ovary [17]. Prenatal ewes exposure to mixture EDCs reduces
ovarian reserve, greatly increasing the number of altered fetal ovarian genes and
proteins [18]. Zama et al. [19] have suggested that transient exposure to MXC during
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fetal and neonatal development results in ovarian dysfunction via significant
hypermethylation in the ERβ promoter regions and increase of DNMT3B. Further
studies have revealed that transient exposure to MXC results in epigenetic modifi-
cation in ovaries via specific signaling pathways such as IGF-1 signaling, PTEN
signaling, and rapid estrogen signaling [20].

3.2 The Origin and the Physiology of Ovarian
Development, as well as Briefly Introduce
the Mechanisms in which EDCs Act on the Ovary

Ovary is a complex organ that is responsible for gametogenesis and steroidogenesis.
And ovary is one of the most important target organs of endocrine disruptor
chemicals. The oogonia develop from the yolk sac and then migrate to the ovary,
which are proliferated by mitosis until about gestation age 28–30 weeks, and then
start meiosis. The oogonia differentiate into primary oocytes, which progress into the
prophase of the first meiotic division and then become dormant until puberty. The
number of oocytes comes to a climax around six to seven million at gestation age
25–28 weeks, which and then starts a steady decline because of atresia. There are
approximately 700,000 to two million germ cells in the neonatal period and about
300,000 to 500,000 primordial follicles at the time of puberty. For females reaching
37 years old, the numbers of primordial follicles decline to 25,000. There are about
only 1000 primordial follicles reserved for peri-menopausal women (Fig. 3.2). At
the period of fetus and child, the follicles hardly reach maturation. After puberty,
with the stimulation of gonadotropin secreted by the pituitary gland, there is a follicle
maturation every month and then about 14 days before the onset of the next
menstruation cycle. In a female’s whole life, there are only 400 eggs successfully
ovulated. And the rest of the follicles degenerate into atretic follicles. Follicles

Fig. 3.2 The change of gamete numbers along with age
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consist of granulosa cells surrounding an oocyte. The follicular development in a
continual process of four stages, including primordial follicles, primary follicles,
secondary follicles, and mature follicles, has a series of structural and physiological
changes (Table 3.1).

After introducing the basic physiology of ovary, we would briefly introduce the
underlying mechanisms by EDCs working on ovary as follows.

EDCs are commonly identified as compounds that can interact with androgen or
estrogen receptors and thus act as antagonists or agonists of endogenous hormones.
EDCs disrupt the interference with hormone by mimicking or opposing actions and
the hormonal and homeostatic systems [21]. In addition, the reproductive system is
vulnerable to endocrine, especially during the early stage of life. Therefore, exposure
to endocrine disruptors during development may lead to disease in children or adults
and even to the next generations because of epigenetic modification [21].

3.2.1 Oxidative Stress

Reactive oxygen species (ROS) such as hydrogen peroxide, superoxide, and
hydroxyl radical are the by-products during natural oxygen metabolism, which can
induce cellular damage and death and thus cause a wide range of diseases
[22]. When ROS are excessively produced, or body clearance ability deficiency
such as deficiency of antioxidants, oxidative stress will occur [23]. Oxidative stress
is involved in ovarian toxicity caused by a variety of EDCs. It is well documented
that ROS are involved in the initiation of apoptosis in follicular cells, poor quality of
oocytes, and so on [23]. For instance, DEHP (10 μg/ml) has been proved to inhibit
antral follicle growth by increasing ROS levels and reducing the expression and the
activity of one of the critical antioxidant enzyme Cu/Zn superoxide dismutase (SOD)
[1, 24]. MXC (1–100 μg/ml) can induce antral follicle atresia by decreasing the
enzymatic activity and mRNA expression of antioxidant catalase Cu/Zn SOD1,
glutathione peroxidase (GPX), and catalase [25]. In addition, neonatal exposure to
EDCs (4-vinylcyclohexene diepoxide (VCD): 40–80 mg/kg/day, MXC: 50–100 mg/
kg/day, and menadione: 7.5–15 mg/kg/day) can increase oocyte lipid peroxidation
by ROS and thus induce permanent oocyte damage [26].

3.2.2 Disturbance of Steroidogenesis

Ovary is essential for the synthesis of steroid hormones. The “two-cell,
two-gonadotropin” theory proposed by Armstrong et al. in 1979 demonstrates that
granulosa cells express follicle-stimulating hormone (FSH) receptors, which stimu-
late aromatase activity, while theca cells possess luteinizing hormone (LH) receptors
which stimulate androgen synthesis [27, 28]. During the process of ovarian steroido-
genesis, LH stimulates the activation of 17α-hydroxylase to convert cholesterol and

3 The Influence of Environmental Factors on Ovarian Function, Follicular Genesis,. . . 45



T
ab

le
3.
1

C
ha
ra
ct
er
is
tic
s
of

fo
lli
cl
es

in
di
ff
er
en
t
st
ag
es

P
ri
m
or
di
al

fo
lli
cl
e

P
ri
m
ar
y

fo
lli
cl
e

S
ec
on

da
ry

fo
lli
cl
e

A
nt
ra
l
fo
lli
cl
e

G
ro
w
in
g
fo
lli
cl
e

P
re
ov

ul
at
or
y

fo
lli
cl
e

C
or
pu

s
lu
te
um

E
ar
ly

L
at
e

D
ia
m
et
er

(m
m
)

0.
03

–
0.
06

>
0.
06

<
0.
12

>
0.
2

7–
10

>
10

16
–
20

–

G
ra
nu

lo
sa

ce
ll

M
or
ph

ol
og

y
S
im

pl
e
sq
ua
-

m
ou

s
G
C

S
im

pl
e

cu
bo

id
al

G
C

<
6*

10
2

cu
bo

id
al
G
C

>
(3
-5
)
*
10

3

cu
bo

id
al
G
C

>
19

*
10

6

cu
bo

id
al
G
C

>
94

*
10

6

cu
bo

id
al
G
C

>
47

*
10

6

cu
bo

id
al
G
C

–

F
S
H
R

–
–

–
+

+
+

+
+
+

+
+
+
+

H
or
m
on

e
pr
od

uc
tio

n
–

–
–

–
–

E
2

E
2

P
,E

2

T
he
ca

ce
ll

L
H
R

–
–

–
+

+
+

+
+
+

+
+
+
+

H
or
m
on

e
pr
od

uc
tio

n
–

–
–

P
P
,A

S
D

P
,A

S
D

P
A
S
D

46 J. Huang and H. Zeng



pregnenolone to androgens in the cal cells. Later the androgens diffuse to the
granulosa cells and are transformed into estrogens under the catalysis of cytochrome
P450 aromatase, which is stimulated by FSH [29, 30].

Researches have indicated that EDCs can inhibit ovarian steroidogenesis. For
example, neonatal female caiman exposed to E2 or BPA presents higher estrogen
serum levels [11]. DES, BP, and OP reduce estradiol and testosterone levels, and
GEN causes a decline in testosterone levels and cAMP by stimulating the activity of
aromatase enzyme [31]. DEHP inhibits the production of progesterone,
androstenedione, testosterone, and estradiol from antral follicles, by inhibiting the
expression of side-chain cleavage related enzymes such as 17α-hydroxylase-17,20-
desmolase, 17β-hydroxysteroid dehydrogenase, and aromatase [13]. Cytochrome
P450 aromatase is the critical steroidogenic enzyme that is responsible for the
conversion of androgens to estrogens. EDCs disrupt steroidogenesis by interfering
with the gene expression of cytochrome P450 aromatase. Varieties of EDCs have
been proved to potentially disturb reproductive function by dysregulating the
expression of CYP19 genes through differential transcriptional modulation
[32, 33]. Zebrafishes exposed to an estrogenic mixture of 11 EDCs can be observed
an alteration of CYP19A1 activity and Mtf-1 and tfap2c transcription factor
[34]. Furthermore, Benzo[α] pyrene (B[α]P) alters the expression of CYP2N23.
BPA changes CYP2P18, CYP2P19, and 4-OP and disturbs CYP2AD12 [35]. DES
and tetrabromobisphenol A suppress CYP17 but not CYP19 activity, indicating
different mechanisms of different EDCs acting on these cytochrome p450
aromatase [36].

EDCs not only can alter the enzymatic activity of cytochrome p450 aromatase,
but also can interfere with the gonadotropin receptor signaling second messengers
such as cAMP or modulate the Ca2+ associated metabolic pathway. For example,
1,1-Dichloro-2,2-bis(p-chlorophenyl)ethylene (DDE), a metabolite of DDT, sup-
presses progesterone synthesis through inhibiting the generation of gonadotropin
receptor signaling second messengers cAMP [37], and also decreases the gene
expression of P450 cholesterol side-chain cleavage (P450scc) [38]. Furthermore,
Younglai et al. [39] have found elevations of [Ca(2+)](cyt) in granulosa-lutein cells,
suggesting DDT can also modulate Ca2+-dependent pathways.

3.2.3 Nuclear Receptor Signaling

There are a variety of mechanisms in which EDCs exert harmful effects, one of
which is attributed to the interaction with nuclear hormone receptors (NHRs). EDCs
interfere with genomic and non-genomic estrogen receptor (ER) activity via directly
binding with two ERs (ERα and ERβ), by the assistance of transcription factors like
the aryl hydrocarbon receptor (AhR) or through modulation of critical enzymes
during estrogen synthesis or metabolism [40]. Estrogenic signal networks are
divided into the intracellular and the extracellular pathways. The intracellular path-
ways include the genomic pathway and the non-genomic pathway, involving in
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the transcription of target genes and signal transductions via binding with membrane
receptors, respectively. The extracellular pathways involve other modulating factors
such as other growth factors, cytokines, and hormones [40, 41]. Not only the
estrogenic or androgenic receptors, multiple studies have indicated that activity of
the constitutive androstane receptor (CAR), the pregnane X receptor (PXR), the
thyroid hormone receptors (TRs), the retinoid X receptors (RXRs), the estrogen
related receptors (ERRs), or the peroxisome proliferator-activated receptors
(PPARs) could also be affected by EDCs, reviewed by Albane et al. [42].

Different kinds of EDCs exhibit different ER responsive properties. For example,
kaempferol, coumestrol, daidzein, and genistein can mediate both ERα and ERβ
ERE-mediated activities, while 2-2-bis(p-hydroxyphenyl)-1,1,1-trichloroethane,
bisphenol AF, and BPA activate the ERα pathway. Besides, only a few kinds of
EDCs activate the tethered mechanism through ERα or ERβ [43]. In addition, Sheikh
et al. [44] have elucidated that BPA, MBP (4-Methyl-2, 4-bis (4-hydroxyphenyl)
pent-1-ene), 4-tert-OP, and 4-NP exhibited high binding affinity with sex hormone-
binding globulin (SHBG), indicating that these EDCs can potentially interfere or
disrupt the steroid-binding function.

3.2.4 Epigenetic Modification

As we have mentioned above, the reproductive system is sensitive to EDCs,
especially during the early critical development window, which may lead to subtle
epigenetic alteration and thus cause permanent or even multigenerational or
transgenerational changes [45–48]. The epigenetic modification of the germline
includes histone modifications, DNA methylation, non-coding RNAs, or alterations
in chromatin structure [49, 50]. For example, prenatal exposure to the environmental
doses of phthalate mixture induced multigenerational and transgenerational effects
on female reproduction [51]. Brehm et al. [52] have suggested that prenatal DEHP
exposure (750 mg/kg/d) can alter estrous cyclicity, augment estradiol levels (F1 and
F3), increase the presence of ovarian cysts (F1), decreased testosterone levels and
folliculogenesis (F1, F2, and F3), reduce progesterone levels (F2), decrease inhibin
B levels (F1 and F3), and change gonadotropin hormone levels (F1 and F3). We will
discuss it further in the later section.
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3.3 BPA Reduces Fertility Ability, Reduces the Primordial
Follicle Pool Reserve, Leads to Premature Ovarian
Failure, Disturbs the Estrous Cycle, and Disrupts
Steroidogenesis in Different Animal and HumanModels

In this section, we will focus on BPA, which is a plasticizer used commonly and
widely in food and drink containers, plastic products, epoxy resins [53], and dental
materials [54]. BPA can leach out from several products in the condition of high
temperatures, acidic or alkaline environment, UV rays, or repeated use [55]. BPA
can be detected in plasma, serum, sweat, urine, breast milk, placental tissue, umbil-
ical cords, amniotic fluid, and fetal serum [56]. More importantly, BPA is considered
a reproductive toxicant because it can be detected in various reproductive tissues
[57]. Controversially, however, Teeguarden et al. [58] summarized methods of
serum BPA measurement but they found that BPA serum concentrations in humans
were unmeasurable, and contributed limited or no estrogenicity.

According to the World Health Organization (WHO) and Food and Agriculture
Organization of the United Nations (FAO), the human exposure levels to BPA are
estimated to be 0.4 ~ 1.4 mg/kg bw/d [59]. Although the safe reference dose of BPA
proposed by the US Environmental Protection Agency is 50 mg/kg bw/d [60],
previous studies have indicated that BPA has potentially negative impacts even at
much lower doses in a non-monotonic dose-response manner [61–63].

A study has revealed that BPA can be measured in the urine of almost all the
women undergoing IVF treatment, of which the concentrations are negatively
associated with the ovarian response, including peak estradiol levels and the number
of oocytes retrieved [64]. Besides, the plasma concentrations of BPA are transient
with short half-lives (< 2 h) in pregnant women, while sustained in fetal plasma
[65]. Furthermore, BPA concentrations in serum of women carrying fetuses with
abnormal karyotypes in the early second trimester are higher than the control group
[66], which raises concerns about the adverse impacts of BPA on human
development.

Human and animal studies have illustrated that BPA exposure will reduce fertility
ability by disrupting the primordial follicle pool, interfering with oogenesis, and
disturbing ovary functions such as steroidogenesis and the estrous cycle. Worse still,
BPA was proved to have transgenic effects that may have impacts on offspring.

Researches on infertility women have revealed that higher urinary BPA concen-
trations are correlated with lower antral follicle counts [67]. In animal models,
scientists have obtained consistent results. In rat models, BPA exposure (2.5 and
250 mg/kg bw/d) at PND 21 can reduce the numbers of primordial, primary,
preantral, and total healthy follicle numbers [55]. Atretic follicles, cysts formation,
and separation of granulosa cells can be observed in rats’ ovaries after exposure to
BPA orally for 4 weeks [68]. Perinatal exposure to BPA by the oral route during
gestation and breastfeeding can decrease recruitment of primordial follicles, increase
the number of corpora lutea, and ovulate oocytes in rats ovaries [69]. Neonatal rats
subcutaneous exposed to BPA (1 mg/kg) exhibits multiple cystic follicles and
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decreased area of corpora lutea (CL) in the ovary [70]. In mice models, BPA can
facilitate the transition from primordial to primary follicles, accelerate the dissipation
of the primordial follicle pool, and inhibit meiosis I by abnormal spindle assembly
[71]. BPA (10 or 100 μM) exposure to neonatal mice isolated ovaries significantly
reduces germ nest breakdown and primordial follicle assembly [72]. Besides, BPA
(30 M) exposure to in vitro mice oocytes during follicular development shows
the reduction of granulosa cell proliferation and total estrogen production, but it
still can develop and form antral-like cavities [73]. In lambs models, prenatal low
dose BPA (50 μg/kg/day) exposure affects the ovarian follicular dynamics by
reducing primordial follicle pool reserve and stimulating follicular recruitment and
development [74]. Veiga-Lopez et al. [75] have also proved that prenatal BPA
treatment causes ovarian follicular dynamics disruption on sheep. BPA exposure
can shorten the time interval between the estradiol rise and the preovulatory LH
surge, and disturb follicular count trajectories. Besides, BPA early exposure results
in the augmentation of the number of multi-oocyte follicles (MOFs), granulosa/theca
cells in antral follicles as well as antral atretic follicles, because folliculogenesis
acceleration increases the incidence of atretic follicles [74]. What’s more, Gieske
et al. [76] have also suggested that prenatal and postnatal exposure to BPA results in
increased formation of MOFs and antral follicles in the primate model. One of the
underlying mechanisms is that BPA disrupts the follicular progression. BPA induces
follicular atresia via disrupting the follicular progress by interfering with the
previtellogenic and vitellogenic phases. BPA exposure may stimulate follicular
recruitment of the primary follicular recruitment on the primary stage and then
forces the follicular transition from stage III to IV with enlarged stage IV follicles,
thereby inducing atresia [77]. What’s more, BPA affects follicle numbers and
constituent via interfering with the follicle development-related genes such as
down-regulation of the expression of oocyte-specific histone H1 variant (H1FOO)
and factor in the germline alpha (FIGLA) genes, and up-regulation of anti-Mullerian
hormone (AMH) genes expression [78]. In addition, BPA may impair
folliculogenesis by increasing the expression of oocytes specific genes such as
Sohlh2 (spermatogenesis and oogenesis helix-loop-helix), Nobox (newborn ovary
homeobox), Lhx8 (LIM homeobox 8), and FIGLA. BPA disturbs the normal process
of folliculogenesis by blocking the demethylation of CpG sites of the Lhx8 gene in
oocytes [72]. Furthermore, postnatal exposure to BPA can dose-dependently disturb
the early ovary development by disrupting the Notch signaling pathway [79].

BPA orally exposure to young adult mice (50 μg/kg bw/day) has been shown to
reduce the fertilization ability of oocytes rather than affect ovulation [80]. Acute low
doses exposure of BPA (3, 5 mg/L) to zebrafish can disrupt oogenesis, displaying
severe deterioration of ovarian tissue with distorted and immature oocytes, and
the increased number of atretic oocytes [81]. Persistent unenclosed oocytes in the
medullary region and small non-growing oocytes in secondary and antral follicles
have been presented in rhesus monkeys when continuously exposed to BPA before
birth [82]. Consistently, BPA exposure to human oocytes shows decreased oocyte
survival, increased oocyte degeneration, and increased MLH1 (crossover marker)
foci number, which indicates BPA can act as a toxic substance and affect meiotic
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prophase such as pairing-synapsis and recombination processes, as well as decrease
oocyte survival [83]. Numerous previous studies have attempted to explain the
underlying mechanisms of the impacts of BPA on oocyte development. Researches
have suggested there is lipid droplet accumulation, chromatin condensation in the
nuclei of granulosa cells, and autophagosomes in rats’ ovaries at 4 weeks post-
exposure to BPA [68]. Exposure to BPA during early gestation age may have
adverse impacts on meiosis, thus disrupts the development of the oocytes. For
example, low dose BPA exposures during mid-gestation lead to oocytes displaying
gross aberrations in the meiotic prophase, including enhanced levels of recombina-
tion and synaptic defects, and an increase in aneuploid eggs and embryos in rats
[84]. In isolated mice ovaries model, BPA exposure (30 M) has adverse effects on
the meiotic spindle, thereby hindering meiosis progression [73]. Besides, BPA
exposures to rhesus monkeys during middle and gestational age can induce chro-
mosome segregation disturbances and MOFs increase, respectively [82]. Also, BPA
has been proven to have genotoxic and cytogenetic, but not mutagenic effects. BPA
can interfere with the gene expressions related to meiosis. Prenatal exposure to low
dose BPA may have impacts on early oogenesis by disturbing the gene expression,
especially that correlated with the onset of meiosis [85]. BPA exposure to mice
results in more oocytes in germ cell cyst and less primordial follicle counts through
inhibiting the meiotic progression of oocytes, via down-regulated mRNA expression
of specific meiotic genes, including Dmc1, Stra8, Scp3, and Rec8 [86]. BPA expo-
sure to in vitro embryonic stem (ES) cells significantly upregulates the expression of
the meiotic entry gene Stra8, accompanied by aggregated Sycp3 signal localized in
nuclei and up-regulation of ovarian markers (Foxl2 and Wnt4), which can help to
explain how BPA affects germ cell differentiation [87]. Furthermore, BPA can
deteriorate egg quality through decreasing HDAC7 expression in mice ovary and
eggs, while increasing H3K9 and H4K16 acetylation [88]. Besides, BPA exposure to
ovaries induces a significant elevation in micronucleus frequency, and conventional
chromosome aberrations such as breaks, gaps, and fragments increased [89]. Fur-
thermore, BPA exposure leads to chromosome synapsis impairment and disturbance
of meiotic double-strand break repair (DSBR) progression, which is essential to
genomic integrity maintenance during meiosis [90]. Oocytes exposed to BPA show
a significant increment of Rpa, Spo11, H2ax, and Blm genes involved in DSB
generation, signaling, and repair, as well as up-regulation of Erα, Erβ, and Errγ
genes related to estrogen receptor [91]. Ganesan et al. [92] have demonstrated that
BPA can induce ovarian DNA damage, with significant increased DNA DSB marker
cH2AX and ATM before follicle loss. Besides, they have observed ovary that may
activate DNA repairment and xenobiotic biotransformation to protect oocyte from
damage, or activate cell death signaling to deplete follicles.

Previous researches have indicated that BPA adversely affects ovarian functions,
including disturbing estrous cycle and steroidogenesis. Neonatal period exposure to
BPA causes advanced puberty onset [70] and irregular estrous cycle [70]. Prepubertal
exposure to BPA in mice will present advanced puberty onset [93, 94], ovary weight
reduction [78, 93, 74], disturb estrous cycle and duration [93, 94], lower E2 response
during in vitro fertilization (IVF) [95], and diminish ovarian reserve [96]. Exposure
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to BPA during the implantation period may have potential effects on adverse
pregnancy outcomes and reduction of litter size or implantation rate [97].

In vitro experiments in isolated porcine granulosa cells have illustrated that BPA
exposure can disturb steroidogenesis with the progesterone level decreased
[98]. However, BPA exhibits non-monotonic dose effects on ovarian steroidogene-
sis, which may be attributed to different alteration properties of steroidogenic
enzymes. For instance, steroidogenic gene expressions are promoted by BPA at
lower concentrations (5 and 15 μg/L) while inhibited at higher concentrations
(50 μg/L) [99]. The basal progesterone level elevates when BPA is at 10�8 M to
10�5 M, and FSH-stimulated progesterone level is promoted when BPA is at 10�7 M
and 10�6 M. In comparison, BPA at 10�4 M inhibits the basal and gonadotropin-
stimulated progesterone production [100]. Besides, BPA increases progesterone
levels and elevates mRNA expression of steroidogenic acute regulatory protein
(StAR) and P450scc at 10�7 to 10�5 M. In contrast, progesterone levels and
P450scc expression are decreased, and StAR expression is increased at 10�4 M.
BPA exposure at the concentrations of 10�6 to 10�4 M inhibits estradiol levels and
P450 aromatase expression in a dose-dependent manner [101]. BPA exposure (10�7

to 10�4 M) shows enhancive testosterone synthesis, augmentation of mRNA expres-
sion of cholesterol side-chain cleavage enzyme (P450scc), 17- hydroxylase
(P450c17), and StAR in rat ovarian theca-interstitial cells. BPA (20 mg/ml) disturbs
progesterone and estradiol synthesis via down-regulated gene expression of
3b-hydroxysteroid dehydrogenase (3b-HSD), cytochrome P450 side-chain cleavage
(CYP11A1) and CYP19A1 related to encode steroidogenesis enzymes [102]. In
the studies of isolated human luteinized granulosa cells, BPA exposure (10, 100 μg/
mL) lessens the expression of steroidogenic enzyme Cyp11A1 and StAR in mice
antral follicles in vitro, causing a reduction of steroidogenesis including progester-
one, androstenedione, testosterone, and estradiol. However, these effects can be
reversed by the removal of BPA in acute exposure [103]. Perinatal rats exposed to
BPA (0.5, 50 μg/kg day) exhibit higher levels of mRNA expression of 3-
β-hydroxysteroid dehydrogenase and serum progesterone, and lower levels of
androgen receptor (AR) [69]. Banerjee et al. have elucidated that catalase mediated
reproductive damage to granulosa cells in rats after BPA exposure. BPA exposure
results in the elevation of nitric oxide, lipid peroxidation, pro-inflammatory cyto-
kine, serum FSH and LH levels, as well as reduction of the catalase expression and
estrogen or progesterone levels, of which the effects can be augmented by
pretreatment with catalase blocker [104]. Zhang et al. have also revealed that BPA
action may involve epigenetic regulation, as well as ER and AR signaling, nuclear
receptor subfamily 5, group A, number 1 (Nr5a1) pathway [99].

We have reviewed that BPA exposure has effects on follicular formation, oocyte
development, and steroidogenesis based on human and animal studies. Various
studies have also observed that BPA has transgenerational effects on steroidogenesis
and folliculogenesis. In utero low doses of BPA exposure will affect early ovarian
development and reduce the fecundity of females in the subsequent generations.

BPA exposure (20 μg/L) to zebrafish can diminish female adult fertility up to F2
[105]. A further study [106] has shown that in utero BPA exposure not only affects
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F1 but also reduces fecundity on the subsequent three generations. Wang et al. [107]
have indicated that F1 female mice exposed to low doses of BPA exhibit various
fertility problems, significantly increased dead pups and estrus cycle disturbance. In
vivo [107] and in vitro [108] studies have reached a consistent result that BPA
exposure may inhibit germ cell nest breakdown via altering the expression of critical
ovarian apoptotic genes, such as decreasing expression of pro-apoptotic factors and
increasing expression of anti-apoptotic factors. Shi et al. [94] also have found
transgenerational effects of BPA on the earlier onset of puberty, estrous cyclicity
disturbance, fertility problem, serum testosterone elevation, and primary and sec-
ondary follicle counts reduction. Early BPA exposure to F1 might reduce the relative
ovary weight in F2. However, they did not observe that BPA exposure affected germ
cell nest breakdown, primordial, primary, or secondary follicles in F3 ovaries on
PND 4, whereas exposure to BP tended to increase germ cells in nests. Likewise,
Berger et al. [109] have shown no transgenerational effects on germ cell nest
breakdown and gene expression on PND 4. Collectively, these data have suggested
that BPA directly targets the ovary to inhibit germ cell nest breakdown in the F1
generation, but not the subsequent generations.

One of the reasons to explain BPA exposure affecting female germ cells is that
BPA may change the gene expression pattern. Liu et al. [110] have elucidated that
BPA exposure to zebrafish can result in the global DNA demethylation in the ovary
via altering transcripts of DNAmethylation/demethylation-associated genes: glycine
N-methyltransferase (GNMT), DNA methyltransferase (DNMTs), and ten-eleven
translocation. The global DNA methylation level is significantly elevated in the
ovary, which can be affected by DNMTs expression alteration [111]. BPA exposure
can affect the DNA methylation of imprinting genes by decreasing gene expressions
of Igf2r, Peg3, and H19, and curtailing mRNA expressions of specific meiotic genes,
as well as increasing Nobox mRNA expression in fetal mouse germ cells
[112]. Chao et al. [71] have illustrated that BPA exposure to CD-1 mice results in
reduced imprinting gene expressions of Igf2r and Peg3 via the ER signaling pathway
during oogenesis. A study conducted on zebrafish has demonstrated that exposure to
5 μg/L BPA may promote apoptosis in mature follicles and downregulate oocyte
maturation-promoting signals, probably via alterations in the chromatin structure
mediated by histone modifications [113]. Collectively, these data have indicated that
the detrimental impacts of BPA on the female reproductive system may be due to the
deregulation of epigenetic mechanisms.

In addition to the transgenic effects on germ cell development, BPA can also
affect the sex hormone production on subsequent generations. In utero, BPA expo-
sure will reduce cytochrome P450 aromatase mRNA levels, estradiol levels, and
preantral follicle numbers in the F1 generation. On the other hand, it may decrease
testosterone levels and alter mRNA expression of cytochrome P450 cholesterol side-
chain cleavage, cytochrome P450 aromatase, 3β-hydroxysteroid dehydrogenase
1, and steroidogenic acute regulatory protein in the F2 generation [114]. Moustafa
et al. [115] have illustrated that exposure to BPA (50 and 200 mg/kg), especially at
200 mg/kg, results in a clear marked DNA fragmentation and an increase in ER
expression in the ovary, as well as serum estrogen elevation of both dam and F1
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female rats. The methylation level of ovarian cytochrome P450 aromatase gene
(CYP19A1A) is drastically reduced and increased, respectively, by 7- and 35-day
BPA exposure. CYP19A1AmRNA expression in the ovary is reversely correlated to
methylation levels of the four CpGs at the 5-flanking region [111]. These results
suggest that the alteration of CYP19A1A expression can be related to the modifica-
tion of DNA methylation status.

Although we have presented the human and animal data of the pernicious effects
of BPA, the experiment doses of BPA are higher than the environmental doses. One
study [116] has illustrated that there was no significant alteration in transcriptome
and ovarian morphology in sheep ovaries when in vitro exposure to BPA at
environmental doses (10–7 M and 10–8 M). Therefore, we are not sure about the
exact doses of BPA which can exert its harmful effects. Further studies to prove
different dose effects of BPA are needed.

3.4 The Future Direction of Prevention and Solution
Methods

Due to the adverse health impacts caused by BPA exposure, BPA has begun to be
eliminated from various consumer products or be replaced by substitutes such as
bisphenol S (BPS), which is structurally similar to BPA. However, the structural
similarity implicates that BPS may have analogical adverse effects. For instance,
neonatal exposure to BPS (5 and 50 mg/kg) causes BPA like endocrine and
structural changes in female rats [117]. Prenatal BPS exposure alters the expression
of estrogen-responsive genes in both the uterus and ovary, displaying heightened
responses in the uterus and diminished responses in the ovary, respectively
[118]. Besides, BPS exposure can accelerate ovarian follicular development in
prepubertal female mice. BPS causes significant germline apoptosis and embryonic
lethality in the genetic model system Caenorhabditis elegans [119]. BPS adminis-
tration in low or high doses can lead to female reproductive toxicities and oxidative
stress in mice [120]. In consequence, these findings urge more researches and safe
novel alternatives to BPA.

In addition to looking for new alternatives, studies also attempt to discover new
therapies that can reverse the harmful effects of BPA. For example, Tualang honey
has a protective effect on minimizing BPA-induced ovarian toxicity by modifying
the estrous cycle and reducing numbers of atretic follicles [121]. Further study
suggests that Tualang honey can change the ERα, ERβ, and C3 expressions and
distribution in BPA-treated rats [122]. High doses of BPA (100 mg/kg/day) were
pernicious to ovaries, and vitamins may have protective effects [123]. Vitamin C can
be a potential antidote in a condition of ovarian toxification by BPA exposure
[124]. 1,25-dihydroxyvitamin D3 (1,25D3) may reverse the detrimental effect of
BPA by increasing mtDNA content, attenuating mtDNA deletion, inhibiting reduc-
tion in E2 secretion and COXI expression. Besides, 1,25D3 can increase
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mitochondrial biogenesis-related proteins by PI3K-Akt signaling and elevate cellu-
lar oxygen consumption rate and ATP production [125]. What’s more, Ficus
deltoidea may protect against BPA-induced toxicity of the pituitary-ovarian axis in
prepubertal female rats. It can restore normal estrous cycle, normalize FSH and
progesterone levels, as well as reduce the number of atretic follicles [126].

Because humans are exposed to low doses and mixtures of various kinds of EDCs
at different life stages, exploration of the exact effects of EDCs on human life turns
to be complicated. This means that rather than the investigation of single-exposure,
dose-response effects of pure chemical, we need new strategies to conduct a risk
assessment on mixtures of daily EDCs such as the safe exposure threshold of
mixtures rather than single pure compounds. Besides, EDCs are ubiquitous in the
environment hence humans in different life stages from embryo, fetus, infant, child
to adolescence, adulthood, and aging are vulnerable to EDCs. Therefore, researches
on EDCs should not only focus on the dose effects, but also the timing effects. In
conclusion, EDCs have been proven to be of significant adverse effects on human
life. In order to diminish even reverse the harmful impacts of EDCs, we still need
further researches.

References

1. Zoeller RT, Brown TR, Doan LL, Gore AC, Skakkebaek N, Soto A, Woodruff T, Vom Saal
F. Endocrine-disrupting chemicals and public health protection: a statement of principles from
the Endocrine Society. Endocrinology. 2012;153(9):4097–110.

2. Bergman Å, Heindel JJ, Jobling S, Kidd K, Zoeller TR, Organization WH. State of the science
of endocrine disrupting chemicals 2012. Geneva, Switzerland: World Health Organization;
2013.

3. Gore AC, Crews D, Doan LL, La Merrill M, Patisaul H, Zota A. Introduction to endocrine
disrupting chemicals (EDCs). A guide for public interest organizations and policy-makers.
Washington, DC: Endocrine Society; 2014.

4. Diamanti-Kandarakis E, Bourguignon J-P, Giudice LC, Hauser R, Prins GS, Soto AM, Zoeller
RT, Gore AC. Endocrine-disrupting chemicals: an Endocrine Society scientific statement.
Endocr Rev. 2009;30(4):293–342.

5. Olsén L, Lampa E, Birkholz DA, Lind L, Lind PM. Circulating levels of bisphenol A (BPA)
and phthalates in an elderly population in Sweden, based on the prospective investigation of
the vasculature in Uppsala seniors (PIVUS). Ecotoxicol Environ Saf. 2012;75:242–8.

6. Casas L, Fernández MF, Llop S, Guxens M, Ballester F, Olea N, IrurzunMB, Rodríguez LSM,
Riaño I, Tardón A. Urinary concentrations of phthalates and phenols in a population of
Spanish pregnant women and children. Environ Int. 2011;37(5):858–66.

7. Zhu Y, Huang B, Li QX, Wang J. Organochlorine pesticides in follicular fluid of women
undergoing assisted reproductive technologies from Central China. Environ Pollut.
2015;207:266–72.

8. Gerona RR, Woodruff TJ, Dickenson CA, Pan J, Schwartz JM, Sen S, Friesen MW, Fujimoto
VY, Hunt PA. Bisphenol-A (BPA), BPA glucuronide, and BPA sulfate in midgestation
umbilical cord serum in a northern and Central California population. Environ Sci Technol.
2013;47(21):12477–85.

9. Golovleva L, Polyakova A, Pertsova R, Finkelshtein Z. The fate of methoxychlor in soils and
transformation by soil microorganisms. J Environ Sci Health Part B. 1984;19(6):523–38.

3 The Influence of Environmental Factors on Ovarian Function, Follicular Genesis,. . . 55



10. Johansson HKL, Jacobsen PR, Hass U, Svingen T, Vinggaard AM, Isling LK, Axelstad M,
Christiansen S, Boberg J. Perinatal exposure to mixtures of endocrine disrupting chemicals
reduces female rat follicle reserves and accelerates reproductive aging. Reprod Toxicol.
2016;61:186–94. https://doi.org/10.1016/j.reprotox.2016.03.045.

11. Stoker C, Beldoménico PM, Bosquiazzo VL, Zayas MA, Rey F, Rodríguez H, Muñoz-de-
Toro M, Luque EH. Developmental exposure to endocrine disruptor chemicals alters follicular
dynamics and steroid levels in Caiman latirostris. Gen Comp Endocrinol. 2008;156
(3):603–12. https://doi.org/10.1016/j.ygcen.2008.02.011.

12. Gupta RK, Singh JM, Leslie TC, Meachum S, Flaws JA, Yao HHC. Di-(2-ethylhexyl)
phthalate and mono-(2-ethylhexyl) phthalate inhibit growth and reduce estradiol levels of
antral follicles in vitro. Toxicol Appl Pharmacol. 2010;242(2):224–30. https://doi.org/10.
1016/j.taap.2009.10.011.

13. Hannon PR, Brannick KE, Wang W, Gupta RK, Flaws JA. Di(2-ethylhexyl) phthalate inhibits
antral follicle growth, induces atresia, and inhibits steroid hormone production in cultured
mouse antral follicles. Toxicol Appl Pharmacol. 2015;284(1):42–53. https://doi.org/10.1016/j.
taap.2015.02.010.

14. Cevasco A, Urbatzka R, Bottero S, Massari A, Pedemonte F, Kloas W, Mandich A. Endocrine
disrupting chemicals (EDC) with (anti)estrogenic and (anti)androgenic modes of action
affecting reproductive biology of Xenopus laevis: II. Effects on gonad histomorphology.
Comp Biochem Physiol Part C: Toxicol Pharmacol. 2008;147(2):241–51. https://doi.org/10.
1016/j.cbpc.2007.10.001.

15. Mlynarčíková A, Nagyová E, FickováM, Scsuková S. Effects of selected endocrine disruptors
on meiotic maturation, cumulus expansion, synthesis of hyaluronan and progesterone by
porcine oocyte–cumulus complexes. Toxicol In Vitro. 2009;23(3):371–7.

16. Nikaido Y, Danbara N, Tsujita-Kyutoku M, Yuri T, Uehara N, Tsubura A. Effects of
Prepubertal exposure to Xenoestrogen on development of estrogen target organs in female
CD-1 mice. In Vivo. 2005;19(3):487–94.

17. Qiao L, Zheng L-X, Cai D. Study on the levels of the bisphenol A, octylphenol, 4-nonylphenol
in serum of precocious girls. J Hygiene Res. 2010;39(1):9–12.

18. Lea RG, Amezaga MR, Loup B, Mandon-Pépin B, Stefansdottir A, Filis P, Kyle C, Zhang Z,
Allen C, Purdie L, Jouneau L, Cotinot C, Rhind SM, Sinclair KD, Fowler PA. The fetal ovary
exhibits temporal sensitivity to a ‘real-life’ mixture of environmental chemicals. Sci Rep.
2016;6:22279. https://doi.org/10.1038/srep22279.

19. Zama AM, Uzumcu M. Fetal and neonatal exposure to the endocrine disruptor Methoxychlor
causes epigenetic alterations in adult ovarian genes. Endocrinology. 2009;150(10):4681–91.
https://doi.org/10.1210/en.2009-0499.

20. Zama AM, Uzumcu M. Targeted genome-wide methylation and gene expression analyses
reveal signaling pathways involved in ovarian dysfunction after developmental EDC exposure
in Rats1. Biol Reprod. 2013;88(2):1–13. https://doi.org/10.1095/biolreprod.112.104802.

21. Heindel JJ, Balbus J, Birnbaum L, Brune-Drisse MN, Grandjean P, Gray K, Landrigan PJ, Sly
PD, Suk W, Slechta DC. Developmental origins of health and disease: integrating environ-
mental influences. Endocrinology. 2015;156(10):3416–21.

22. Saeidnia S, Abdollahi M. Toxicological and pharmacological concerns on oxidative stress and
related diseases. Toxicol Appl Pharmacol. 2013;273(3):442–55. https://doi.org/10.1016/j.
taap.2013.09.031.

23. Luderer U. Chapter four - ovarian toxicity from reactive oxygen species. In: Litwack G, editor.
Vitamins & hormones, vol. 94. Cambridge, MA: Academic Press; 2014. p. 99–127. https://
doi.org/10.1016/B978-0-12-800095-3.00004-3.

24. Wang W, Craig ZR, Basavarajappa MS, Gupta RK, Flaws JA. Di (2-ethylhexyl) phthalate
inhibits growth of mouse ovarian antral follicles through an oxidative stress pathway. Toxicol
Appl Pharmacol. 2012;258(2):288–95. https://doi.org/10.1016/j.taap.2011.11.008.

56 J. Huang and H. Zeng

https://doi.org/10.1016/j.reprotox.2016.03.045
https://doi.org/10.1016/j.ygcen.2008.02.011
https://doi.org/10.1016/j.taap.2009.10.011
https://doi.org/10.1016/j.taap.2009.10.011
https://doi.org/10.1016/j.taap.2015.02.010
https://doi.org/10.1016/j.taap.2015.02.010
https://doi.org/10.1016/j.cbpc.2007.10.001
https://doi.org/10.1016/j.cbpc.2007.10.001
https://doi.org/10.1038/srep22279
https://doi.org/10.1210/en.2009-0499
https://doi.org/10.1095/biolreprod.112.104802
https://doi.org/10.1016/j.taap.2013.09.031
https://doi.org/10.1016/j.taap.2013.09.031
https://doi.org/10.1016/B978-0-12-800095-3.00004-3
https://doi.org/10.1016/B978-0-12-800095-3.00004-3
https://doi.org/10.1016/j.taap.2011.11.008


25. Gupta RK, Miller KP, Babus JK, Flaws JA. Methoxychlor inhibits growth and induces atresia
of Antral follicles through an oxidative stress pathway. Toxicol Sci. 2006;93(2):382–9. https://
doi.org/10.1093/toxsci/kfl052.

26. Sobinoff AP, Pye V, Nixon B, Roman SD, McLaughlin EA. Adding insult to injury: effects of
xenobiotic-induced Preantral Ovotoxicity on ovarian development and oocyte fusibility.
Toxicol Sci. 2010;118(2):653–66. https://doi.org/10.1093/toxsci/kfq272.

27. Armstrong D, Goff A, Dorrington J. Ovarian follicular development and function. New York:
Raven Press; 1979. p. 169–82.

28. Hillier SG, Whitelaw PF, Smyth CD. Follicular oestrogen synthesis: the ‘two-cell,
two-gonadotrophin’ model revisited. Mol Cell Endocrinol. 1994;100(1-2):51–4.

29. Erickson GF, Magoffin DA, Dyer CA, Hofeditz C. The ovarian androgen producing cells: a
review of structure/function relationships. Endocr Rev. 1985;6(3):371–99.

30. Richards JS. Hormonal control of gene expression in the ovary. Endocr Rev. 1994;15
(6):725–51.

31. Myllymäki S, Haavisto T, Vainio M, Toppari J, Paranko J. In vitro effects of diethylstilbestrol,
genistein, 4-tert-butylphenol, and 4-tert-octylphenol on steroidogenic activity of isolated
immature rat ovarian follicles. Toxicol Appl Pharmacol. 2005;204(1):69–80.

32. Kazeto Y, Place AR, Trant JM. Effects of endocrine disrupting chemicals on the expression of
CYP19 genes in zebrafish (Danio rerio) juveniles. Aquat Toxicol. 2004;69(1):25–34. https://
doi.org/10.1016/j.aquatox.2004.04.008.

33. Wang J, Liu X, Wang H, Wu T, Hu X, Qin F, Wang Z. Expression of two cytochrome P450
aromatase genes is regulated by endocrine disrupting chemicals in rare minnow Gobiocypris
rarus juveniles. Comp Biochem Physiol Part C: Toxicol Pharmacol. 2010;152(3):313–20.

34. Urbatzka R, Rocha E, Reis B, Cruzeiro C, Monteiro RAF, Rocha MJ. Effects of
ethinylestradiol and of an environmentally relevant mixture of xenoestrogens on steroidogenic
gene expression and specific transcription factors in zebrafish. Environ Pollut.
2012;164:28–35. https://doi.org/10.1016/j.envpol.2012.01.018.

35. Puthumana J, Kim B-M, Jeong C-B, Kim D-H, Kang H-M, Jung J-H, Kim I-C, Hwang U-K,
Lee J-S. Nine co-localized cytochrome P450 genes of the CYP2N, CYP2AD, and CYP2P
gene families in the mangrove killifish Kryptolebias marmoratus genome: identification and
expression in response to B [α] P, BPA, OP, and NP. Aquat Toxicol. 2017;187:132–40.

36. Roelofs MJE, Piersma AH, van den Berg M, van Duursen MBM. The relevance of chemical
interactions with CYP17 enzyme activity: assessment using a novel in vitro assay. Toxicol
Appl Pharmacol. 2013;268(3):309–17. https://doi.org/10.1016/j.taap.2013.01.033.

37. Jorge Chedrese P, Feyles F. The diverse mechanism of action of
dichlorodiphenyldichloroethylene (DDE) and methoxychlor in ovarian cells in vitro. Reprod
Toxicol. 2001;15(6):693–8. https://doi.org/10.1016/S0890-6238(01)00172-1.

38. Crellin N, Kang H, Swan C, Chedrese P. Inhibition of basal and stimulated progesterone
synthesis by dichlorodiphenyldichloroethylene and methoxychlor in a stable pig granulosa cell
line. Reproduction. 2001;121(3):485–92.

39. Younglai E, Kwan T, Kwan C-Y, Lobb D, Foster W. Dichlorodiphenylchloroethylene elevates
cytosolic calcium concentrations and oscillations in primary cultures of human granulosa-
lutein cells. Biol Reprod. 2004;70(6):1693–700.

40. Shanle EK, Xu W. Endocrine disrupting chemicals targeting estrogen receptor signaling:
identification and mechanisms of action. Chem Res Toxicol. 2011;24(1):6–19. https://doi.
org/10.1021/tx100231n.

41. Kiyama R, Wada-Kiyama Y. Estrogenic endocrine disruptors: molecular mechanisms of
action. Environ Int. 2015;83:11–40. https://doi.org/10.1016/j.envint.2015.05.012.

42. le Maire A, Bourguet W, Balaguer P. A structural view of nuclear hormone receptor: endocrine
disruptor interactions. Cell Mol Life Sci. 2010;67(8):1219–37. https://doi.org/10.1007/
s00018-009-0249-2.

43. Li Y, Luh CJ, Burns KA, Arao Y, Jiang Z, Teng CT, Tice RR, Korach KS. Endocrine-
disrupting chemicals (EDCs): in vitro mechanism of estrogenic activation and differential

3 The Influence of Environmental Factors on Ovarian Function, Follicular Genesis,. . . 57

https://doi.org/10.1093/toxsci/kfl052
https://doi.org/10.1093/toxsci/kfl052
https://doi.org/10.1093/toxsci/kfq272
https://doi.org/10.1016/j.aquatox.2004.04.008
https://doi.org/10.1016/j.aquatox.2004.04.008
https://doi.org/10.1016/j.envpol.2012.01.018
https://doi.org/10.1016/j.taap.2013.01.033
https://doi.org/10.1016/S0890-6238(01)00172-1
https://doi.org/10.1021/tx100231n
https://doi.org/10.1021/tx100231n
https://doi.org/10.1016/j.envint.2015.05.012
https://doi.org/10.1007/s00018-009-0249-2
https://doi.org/10.1007/s00018-009-0249-2


effects on ER target genes. Environ Health Perspect. 2013;121(4):459–66. https://doi.org/10.
1289/ehp.1205951.

44. Sheikh IA, Tayubi IA, Ahmad E, Ganaie MA, Bajouh OS, AlBasri SF, Abdulkarim IMJ, Beg
MA. Computational insights into the molecular interactions of environmental xenoestrogens
4-tert-octylphenol, 4-nonylphenol, bisphenol A (BPA), and BPA metabolite, 4-methyl-2, 4-bis
(4-hydroxyphenyl) pent-1-ene (MBP) with human sex hormone-binding globulin. Ecotoxicol
Environ Saf. 2017;135:284–91. https://doi.org/10.1016/j.ecoenv.2016.10.005.

45. Heindel JJ, Vandenberg LN. Developmental origins of health and disease: a paradigm for
understanding disease cause and prevention. Curr Opin Pediatr. 2015;27(2):248–53. https://
doi.org/10.1097/MOP.0000000000000191.

46. Rosenfeld CS. The epigenome and developmental origins of health and disease. Cambridge,
MA: Academic Press; 2015.

47. Hoffman DJ, Reynolds RM, Hardy DB. Developmental origins of health and disease: current
knowledge and potential mechanisms. Nutr Rev. 2017;75(12):951–70.

48. Rattan S, Flaws JA. The epigenetic impacts of endocrine disruptors on female reproduction
across generations. Biol Reprod. 2019;101(3):635–44.

49. Xin F, Susiarjo M, Bartolomei MS. Multigenerational and transgenerational effects of endo-
crine disrupting chemicals: a role for altered epigenetic regulation? Semin Cell Dev Biol.
2015;43:66–75. https://doi.org/10.1016/j.semcdb.2015.05.008.

50. Skinner MK. Endocrine disruptors in 2015: epigenetic transgenerational inheritance. Nat Rev
Endocrinol. 2016;12(2):68–70. https://doi.org/10.1038/nrendo.2015.206.

51. Zhou C, Gao L, Flaws JA. Exposure to an environmentally relevant phthalate mixture causes
Transgenerational effects on female reproduction in mice. Endocrinology. 2017;158
(6):1739–54. https://doi.org/10.1210/en.2017-00100.

52. Brehm E, Rattan S, Gao L, Flaws JA. Prenatal exposure to Di(2-Ethylhexyl) phthalate causes
long-term Transgenerational effects on female reproduction in mice. Endocrinology. 2018;159
(2):795–809. https://doi.org/10.1210/en.2017-03004.

53. Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV. Human exposure to bisphenol
A (BPA). Reprod Toxicol. 2007;24(2):139–77.

54. Fleisch AF, Sheffield PE, Chinn C, Edelstein BL, Landrigan PJ. Bisphenol A and related
compounds in dental materials. Pediatrics. 2010;126(4):760–8. https://doi.org/10.1542/peds.
2009-2693.

55. Patel S, Brehm E, Gao L, Rattan S, Ziv-Gal A, Flaws JA. Bisphenol A exposure, ovarian
follicle numbers, and female sex steroid hormone levels: results from a CLARITY-BPA study.
Endocrinology. 2017;158(6):1727–38.

56. Patel S, Zhou C, Rattan S, Flaws JA. Effects of endocrine-disrupting chemicals on the ovary.
Biol Reprod. 2015;93(1):21–9.

57. Ziv-Gal A, Flaws JA. Evidence for bisphenol A-induced female infertility: a review
(2007–2016). Fertil Steril. 2016;106(4):827–56.

58. Teeguarden J, Hanson-Drury S, Fisher JW, Doerge DR. Are typical human serum BPA
concentrations measurable and sufficient to be estrogenic in the general population? Food
Chem Toxicol. 2013;62:949–63.

59. Organization WH (2011) Joint FAO/WHO expert meeting to review toxicological and health
aspects of bisphenol A: final report, including report of stakeholder meeting on bisphenol A,
Nov. 1–5, 2010, Ottawa, Canada.

60. Program NT. Carcinogenesis bioassay of Bisphenol A (CAS no. 80-05-7) in F344 rats and
B6C3F1 mice (feed study). Natl Toxicol Program Tech Rep Ser. 1982;215:1–116.

61. Birnbaum LS. Environmental chemicals: evaluating low-dose effects. Research Triangle, NC:
National Institute of Environmental Health Sciences; 2012.

62. Vandenberg LN. Low-dose effects of hormones and endocrine disruptors. In: Vitamins &
hormones, vol. 94. Amsterdam: Elsevier; 2014. p. 129–65.

58 J. Huang and H. Zeng

https://doi.org/10.1289/ehp.1205951
https://doi.org/10.1289/ehp.1205951
https://doi.org/10.1016/j.ecoenv.2016.10.005
https://doi.org/10.1097/MOP.0000000000000191
https://doi.org/10.1097/MOP.0000000000000191
https://doi.org/10.1016/j.semcdb.2015.05.008
https://doi.org/10.1038/nrendo.2015.206
https://doi.org/10.1210/en.2017-00100
https://doi.org/10.1210/en.2017-03004
https://doi.org/10.1542/peds.2009-2693
https://doi.org/10.1542/peds.2009-2693


63. Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR Jr, Lee D-H, Shioda T, Soto
AM, Vom Saal FS, Welshons WV. Hormones and endocrine-disrupting chemicals: low-dose
effects and nonmonotonic dose responses. Endocr Rev. 2012;33(3):378–455.

64. Mok-Lin E, Ehrlich S, Williams PL, Petrozza J, Wright DL, Calafat AM, Ye X, Hauser
R. Urinary bisphenol A concentrations and ovarian response among women undergoing IVF.
Int J Androl. 2010;33(2):385–93. https://doi.org/10.1111/j.1365-2605.2009.01014.x.

65. Martínez M, Rovira J, Sharma RP, Nadal M, Schuhmacher M, Kumar V. Prenatal exposure
estimation of BPA and DEHP using integrated external and internal dosimetry: a case study.
Environ Res. 2017;158:566–75.

66. Yamada H, Furuta I, Kato EH, Kataoka S, Usuki Y, Kobashi G, Sata F, Kishi R, Fujimoto
S. Maternal serum and amniotic fluid bisphenol A concentrations in the early second trimester.
Reprod Toxicol. 2002;16(6):735–9.

67. Souter I, Smith KW, Dimitriadis I, Ehrlich S, Williams PL, Calafat AM, Hauser R. The
association of bisphenol-A urinary concentrations with antral follicle counts and other mea-
sures of ovarian reserve in women undergoing infertility treatments. Reprod Toxicol.
2013;42:224–31.

68. Saddick SY. Light and transmission Electron microscopic studies on subacute toxicity of
Bisphenol A on the rat ovary. Anal Quant Cytopathol Histopathol. 2015;37(4):227–34.

69. Santamaría C, Durando M, de Toro MM, Luque EH, Rodriguez HA. Ovarian dysfunctions in
adult female rat offspring born to mothers perinatally exposed to low doses of bisphenol A. J
Steroid Biochem Mol Biol. 2016;158:220–30.

70. Kato H, Ota T, Furuhashi T, Ohta Y, Iguchi T. Changes in reproductive organs of female rats
treated with bisphenol A during the neonatal period. Reprod Toxicol. 2003;17(3):283–8.
https://doi.org/10.1016/S0890-6238(03)00002-9.

71. Chao H-H, Zhang X-F, Chen B, Pan B, Zhang L-J, Li L, Sun X-F, Shi Q-H, Shen
W. Bisphenol A exposure modifies methylation of imprinted genes in mouse oocytes via the
estrogen receptor signaling pathway. Histochem Cell Biol. 2012;137(2):249–59.

72. Zhang T, Li L, Qin XS, Zhou Y, Zhang XF, Wang LQ, De Felici M, Chen H, Qin GQ, Shen
W. Di-(2-ethylhexyl) phthalate and bisphenol A exposure impairs mouse primordial follicle
assembly in vitro. Environ Mol Mutagen. 2014;55(4):343–53.

73. Lenie S, Cortvrindt R, Eichenlaub-Ritter U, Smitz J. Continuous exposure to bisphenol A
during in vitro follicular development induces meiotic abnormalities. Mutat Res Genet Toxicol
Environ Mutagen. 2008;651(1):71–81. https://doi.org/10.1016/j.mrgentox.2007.10.017.

74. Rivera OE, Varayoud J, Rodríguez HA, Muñoz-de-Toro M, Luque EH. Neonatal exposure to
bisphenol A or diethylstilbestrol alters the ovarian follicular dynamics in the lamb. Reprod
Toxicol. 2011;32(3):304–12.

75. Veiga-Lopez A, Beckett E, Salloum BA, Ye W, Padmanabhan V. Developmental program-
ming: prenatal BPA treatment disrupts timing of LH surge and ovarian follicular wave
dynamics in adult sheep. Toxicol Appl Pharmacol. 2014;279(2):119–28.

76. Gieske MC, Lawson C, Smith H, Murdoch B, Vande Voort C, Hunt PA. Fetal exposure to
Bisphenol A causes meiotic defects and abnormal follicle formation in a primate model.
Oxford, UK: Oxford University Press; 2011.

77. Migliaccio M, Chioccarelli T, Ambrosino C, Suglia A, Manfrevola F, Carnevali O, Fasano S,
Pierantoni R, Cobellis G. Characterization of follicular atresia responsive to BPA in Zebrafish
by morphometric analysis of follicular stage progression. Int J Endocrinol.
2018;2018:4298195.

78. Li Y, Zhang W, Liu J, Wang W, Li H, Zhu J, Weng S, Xiao S, Wu T. Prepubertal bisphenol A
exposure interferes with ovarian follicle development and its relevant gene expression. Reprod
Toxicol. 2014;44:33–40.

79. Altunbas K, Celik S, Yagci A, Akkaya OO. The effect of bisphenol A on Notch signaling
pathway in the follicular development of neonatal rat ovary. In: World Congress of Repro-
ductive Biology 2014. Bristol, UK: BioScientifica; 2014.

3 The Influence of Environmental Factors on Ovarian Function, Follicular Genesis,. . . 59

https://doi.org/10.1111/j.1365-2605.2009.01014.x
https://doi.org/10.1016/S0890-6238(03)00002-9
https://doi.org/10.1016/j.mrgentox.2007.10.017


80. Moore-Ambriz TR, Acuña-Hernández DG, Ramos-Robles B, Sánchez-Gutiérrez M,
Santacruz-Márquez R, Sierra-Santoyo A, Piña-Guzmán B, Shibayama M, Hernández-Ochoa
I. Exposure to bisphenol A in young adult mice does not alter ovulation but does alter the
fertilization ability of oocytes. Toxicol Appl Pharmacol. 2015;289(3):507–14.

81. Yön ND, Akbulut C. Histological changes in zebrafish (Danio rerio) ovaries following
administration of bisphenol A. Pak J Zool. 2014;46(4):1153–9.

82. Hunt PA, Lawson C, Gieske M, Murdoch B, Smith H, Marre A, Hassold T, Vande Voort
CA. Bisphenol A alters early oogenesis and follicle formation in the fetal ovary of the rhesus
monkey. Proc Natl Acad Sci. 2012;109(43):17525–30.

83. Brieno-Enriquez M, Robles P, Camats-Tarruella N, Garcia-Cruz R, Roig I, Cabero L,
Martinez F, Caldés MG. Human meiotic progression and recombination are affected by
Bisphenol A exposure during in vitro human oocyte development. Hum Reprod. 2011;26
(10):2807–18.

84. Susiarjo M, Hassold TJ, Freeman E, Hunt PA. Bisphenol A exposure in utero disrupts early
oogenesis in the mouse. PLoS Genet. 2007;3(1):e5.

85. Lawson C, Gieske M, Murdoch B, Ye P, Li Y, Hassold T, Hunt PA. Gene expression in the
fetal mouse ovary is altered by exposure to low doses of bisphenol A. Biol Reprod. 2011;84
(1):79–86.

86. Zhang H-Q, Zhang X-F, Zhang L-J, Chao H-H, Pan B, Feng Y-M, Li L, Sun X-F, Shen
W. Fetal exposure to bisphenol A affects the primordial follicle formation by inhibiting the
meiotic progression of oocytes. Mol Biol Rep. 2012;39(5):5651–7.

87. Aoki T, Takada T. Bisphenol a modulates germ cell differentiation and retinoic acid signaling
in mouse ES cells. Reprod Toxicol. 2012;34(3):463–70. https://doi.org/10.1016/j.reprotox.
2012.06.001.

88. Liu B, Zhou S, Yang C, Chen P, Chen P, Xi D, Zhu H, Gao Y. Bisphenol a deteriorates egg
quality through HDAC7 suppression. Oncotarget. 2017;8(54):92359.

89. Xin L, Lin Y, Wang A, Zhu W, Liang Y, Su X, Hong C, Wan J, Wang Y, Tian H. Cytogenetic
evaluation for the genotoxicity of bisphenol-a in Chinese hamster ovary cells. Environ Toxicol
Pharmacol. 2015;40(2):524–9.

90. Allard P, Colaiácovo MP. Bisphenol a impairs the double-strand break repair machinery in the
germline and causes chromosome abnormalities. Proc Natl Acad Sci. 2010;107
(47):20405–10.

91. Brieno-Enriquez M, Reig-Viader R, Cabero L, Toran N, Martinez F, Roig I, Garcia Caldes
M. Gene expression is altered after bisphenol a exposure in human fetal oocytes in vitro. Mol
Hum Reprod. 2011;18(4):171–83.

92. Ganesan S, Keating AF. Bisphenol A-induced ovotoxicity involves DNA damage induction to
which the ovary mounts a protective response indicated by increased expression of proteins
involved in DNA repair and xenobiotic biotransformation. Toxicol Sci. 2016;152(1):169–80.

93. Nah WH, Park MJ, Gye MC. Effects of early prepubertal exposure to bisphenol a on the onset
of puberty, ovarian weights, and estrous cycle in female mice. Clin Exp Reprod Med. 2011;38
(2):75–81.

94. Shi M, Sekulovski N, Mac Lean JA, Whorton A, Hayashi K. Prenatal exposure to Bisphenol a
analogues on female reproductive functions in mice. Toxicol Sci. 2019;168(2):561–71.

95. Bloom MS, Kim D, Vom Saal FS, Taylor JA, Cheng G, Lamb JD, Fujimoto VY. Bisphenol A
exposure reduces the estradiol response to gonadotropin stimulation during in vitro fertiliza-
tion. Fertil Steril. 2011;96(3):672–7.

96. Cao Y, Qu X, Ming Z, Yao Y, Zhang Y. The correlation between exposure to BPA and the
decrease of the ovarian reserve. Int J Clin Exp Pathol. 2018;11(7):3375–82.

97. Berger RG, Hancock T, DeCatanzaro D. Influence of oral and subcutaneous bisphenol-a on
intrauterine implantation of fertilized ova in inseminated female mice. Reprod Toxicol.
2007;23(2):138–44.

98. Grasselli F, Baratta L, Baioni L, Bussolati S, Ramoni R, Grolli S, Basini G. Bisphenol A
disrupts granulosa cell function. Domest Anim Endocrinol. 2010;39(1):34–9.

60 J. Huang and H. Zeng

https://doi.org/10.1016/j.reprotox.2012.06.001
https://doi.org/10.1016/j.reprotox.2012.06.001


99. Zhang Y, Gao J, Xu P, Yuan C, Qin F, Liu S, Zheng Y, Yang Y, Wang Z. Low-dose bisphenol
a disrupts gonad development and steroidogenic genes expression in adult female rare minnow
Gobiocypris rarus. Chemosphere. 2014;112:435–42.

100. MlynarčíkováA, Kolena J, FickováM, Scsuková S. Alterations in steroid hormone production
by porcine ovarian granulosa cells caused by bisphenol A and bisphenol A dimethacrylate.
Mol Cell Endocrinol. 2005;244(1):57–62. https://doi.org/10.1016/j.mce.2005.02.009.

101. ZhouW, Liu J, Liao L, Han S, Liu J. Effect of bisphenol a on steroid hormone production in rat
ovarian theca-interstitial and granulosa cells. Mol Cell Endocrinol. 2008;283(1):12–8. https://
doi.org/10.1016/j.mce.2007.10.010.

102. Mansur A, Adir M, Yerushalmi G, Hourvitz A, Gitman H, Yung Y, Orvieto R, Machtinger
R. Does BPA alter steroid hormone synthesis in human granulosa cells in vitro? Hum Reprod.
2016;31(7):1562–9.

103. Peretz J, Flaws JA. Bisphenol a down-regulates rate-limiting Cyp11a1 to acutely inhibit
steroidogenesis in cultured mouse antral follicles. Toxicol Appl Pharmacol. 2013;271
(2):249–56.

104. Banerjee O, Singh S, Prasad SK, Bhattacharjee A, Banerjee A, Banerjee A, Saha A, Maji BK,
Mukherjee S. Inhibition of catalase activity with 3-amino-1, 2, 4-triazole intensifies bisphenol
a (BPA)-induced toxicity in granulosa cells of female albino rats. Toxicol Ind Health. 2018;34
(11):787–97.

105. Santangeli S, Consales C, Pacchierotti F, Habibi H, Carnevali O. Transgenerational effects of
BPA on female reproduction. Sci Total Environ. 2019;

106. Ziv-Gal A, Wang W, Zhou C, Flaws JA. The effects of in utero bisphenol a exposure on
reproductive capacity in several generations of mice. Toxicol Appl Pharmacol. 2015;284
(3):354–62.

107. Wang W, Hafner KS, Flaws JA. In utero bisphenol a exposure disrupts germ cell nest
breakdown and reduces fertility with age in the mouse. Toxicol Appl Pharmacol. 2014;276
(2):157–64.

108. Zhou C, WangW, Peretz J, Flaws JA. Bisphenol a exposure inhibits germ cell nest breakdown
by reducing apoptosis in cultured neonatal mouse ovaries. Reprod Toxicol. 2015;57:87–99.

109. Berger A, Ziv-Gal A, Cudiamat J, Wang W, Zhou C, Flaws JA. The effects of in utero
bisphenol a exposure on the ovaries in multiple generations of mice. Reprod Toxicol.
2016;60:39–52.

110. Liu Y, Zhang Y, Tao S, Guan Y, Zhang T, Wang Z. Global DNA methylation in gonads of
adult zebrafish Danio rerio under bisphenol a exposure. Ecotoxicol Environ Saf.
2016;130:124–32.

111. Liu Y, Yuan C, Chen S, Zheng Y, Zhang Y, Gao J, Wang Z. Global and cyp19a1a gene
specific DNAmethylation in gonads of adult rare minnow Gobiocypris rarus under bisphenol a
exposure. Aquat Toxicol. 2014;156:10–6.

112. Zhang X-F, Zhang L-J, Feng Y-N, Chen B, Feng Y-M, Liang G-J, Li L, Shen W. Bisphenol a
exposure modifies DNAmethylation of imprint genes in mouse fetal germ cells. Mol Biol Rep.
2012;39(9):8621–8.

113. Santangeli S, Maradonna F, Gioacchini G, Cobellis G, Piccinetti CC, Dalla Valle L, Carnevali
O. BPA-induced deregulation of epigenetic patterns: effects on female zebrafish reproduction.
Sci Rep. 2016;6:21982.

114. Mahalingam S, Ther L, Gao L, Wang W, Ziv-Gal A, Flaws JA. The effects of in utero
bisphenol a exposure on ovarian follicle numbers and steroidogenesis in the F1 and F2
generations of mice. Reprod Toxicol. 2017;74:150–7.

115. Moustafa GG, Ahmed AA. Impact of prenatal and postnatal exposure to bisphenol a on female
rats in a two generational study: Genotoxic and immunohistochemical implications. Toxicol
Rep. 2016;3:685–95.

116. Cotinot C, Mandon-Pepin B, Loup B, Amezaga MR, Lea RG, Sinclair KD, Rhind SM, Fowler
PA In vitro exposre to environmental doses of BPA, MEHP and PCBs results in few
transcriptions alterations in the fetal sheep ovary. In: Biology of Reproduction, 2013.

3 The Influence of Environmental Factors on Ovarian Function, Follicular Genesis,. . . 61

https://doi.org/10.1016/j.mce.2005.02.009
https://doi.org/10.1016/j.mce.2007.10.010
https://doi.org/10.1016/j.mce.2007.10.010


117. Ahsan N, Ullah H, Ullah W, Jahan S. Comparative effects of Bisphenol S and Bisphenol A on
the development of female reproductive system in rats; a neonatal exposure study.
Chemosphere. 2018;197:336–43.

118. Hill CE, Sapouckey SA, Suvorov A, Vandenberg LN. Developmental exposures to
bisphenol S, a BPA replacement, alter estrogen-responsiveness of the female reproductive
tract: a pilot study. Cogent Med. 2017;4(1):1317690.

119. Chen Y, Shu L, Qiu Z, Lee DY, Settle SJ, Hee SQ, Telesca D, Yang X, Allard P. Exposure to
the BPA-substitute bisphenol S causes unique alterations of germline function. PLoS Genet.
2016;12(7):e1006223.

120. Nourian A, Soleimanzadeh A, Jalali AS, Najafi G. Effects of bisphenol-S low concentrations
on oxidative stress status and in vitro fertilization potential in mature female mice. In:
Veterinary research forum. Urmia, Iran: Urmia University; 2017. p. 341.

121. Zaid SSM, Othman S, Kassim NM. Potential protective effect of Tualang honey on
BPA-induced ovarian toxicity in prepubertal rat. BMC Complement Altern Med. 2014;14
(1):509.

122. Mohamad Zaid SS, Kassim NM, Othman S. Tualang honey protects against bpa-induced
morphological abnormalities and disruption of ERα, ERβ, and C3 mRNA and protein expres-
sions in the uterus of rats. Evid Based Complement Alternat Med. 2015;2015:202874. https://
doi.org/10.1155/2015/202874. Epub 2015 Dec 14. PMID: 26788107; PMCID: PMC4691614

123. Bilgi A, Abalı R, Bilgi PT, Şahin M, Tunçdemir M, Boran AB. The apoptotic effects of
bisphenol a exposure on the rat ovary: an experimental study. Environ Sci Pollut Res. 2019;26
(10):1–6.

124. Mehranjani MS, Mansoori T. Stereological study on the effect of vitamin C in preventing the
adverse effects of bisphenol a on rat ovary. Int J Reprod Biomed. 2016;14(6):403.

125. Lee C-T, Wang J-Y, Chou K-Y, HsuM-I. 1, 25-Dihydroxyvitamin D3 modulates the effects of
sublethal BPA on mitochondrial function via activating PI3K-Akt pathway and 17β-estradiol
secretion in rat granulosa cells. J Steroid Biochem Mol Biol. 2019;185:200–11.

126. Zaid SSM, Kassim NM, Othman S. Tualang honey protects against BPA-Induced morpho-
logical abnormalities and disruption of ERα, ERβ, and C3 mRNA and protein expressions in
the uterus of rats. Evid Based Complement Alternat Med. 2015;202874. https://doi.org/10.
1155/2015/202874.

62 J. Huang and H. Zeng

https://doi.org/10.1155/2015/202874
https://doi.org/10.1155/2015/202874
https://doi.org/10.1155/2015/202874
https://doi.org/10.1155/2015/202874


Chapter 4
Effects of Environment and Lifestyle
Factors on Premature Ovarian Failure

Yihua Yang, Weiyu Huang, and Lifang Yuan

Abstract Premature ovarian insufficiency (POI) or primary ovarian failure is
defined as a cessation of the menstrual cycle in women younger than 40 years old.
It is strictly defined as more than 4 months of oligomenorrhea or amenorrhea in a
woman <40 years old, associated with at least two follicle-stimulating hormone
(FSH) levels>25 U/L in the menopausal range, detected more than 4 weeks apart. It
is estimated that POI was affected 1 and 2% of women. Although 80% of POI cases
are of unknown etiology, it is suggested that genetic disorder, autoimmune origin,
toxins, and environmental factors, as well as personal lifestyles, may be risk factors
of developing POI. In this section, we will discuss the influences of environmental
and lifestyle factors on POI. Moreover updated basic research findings regarding
how these environmental factors affect female ovarian function via epigenetic
regulations will also be discussed.

Keywords Premature ovarian insufficiency (POI) · Environmental factor ·
Lifestyle · Epigenetic regulations

4.1 Introduction

Premature ovarian failure (POF) is used to define women who present with
amenorrhoea, hypergonadotropic hypogonadism, and infertility in aged younger
than 40 years. It is defined as amenorrhea of 4–6 months before the age of 40, mean-
while, the level of follicle-stimulating hormone (FSH) increased (FSH > 40 U/L),
and the level of estradiol decreased [1]. However, given that POF can only represent
the end stage of ovarian failure, it cannot well cover the long and variable clinical
course of the disease. Therefore, in 2008, the American Society for Reproductive
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Medicine (ASRM) formally adopted the concept of “primary ovarian insufficiency,”
but since the primary is generally for secondary, here the “primitiveness” has caused
a lot of confusion. Therefore, in 2016, the European Society of Human Reproduction
and Embryology (ESHRE) published the latest POI Handling Guidelines, which
changed the full name of POI to premature ovarian insufficiency (POI). In addition,
the diagnostic threshold of FSH (40 U/L) was reduced to 25 U/L, which aims to
detect women with POI earlier and achieve the purpose of early diagnosis and
treatment. In the “Consensus of Experts on Hormone Supplementation Therapy
for Early-onset Ovarian Insufficiency” published by the Menopause Group of the
Chinese Association Obstetrics and Gynecology in December 2016, relevant domes-
tic experts defined early-onset ovarian insufficiency as the ovaries of women before
the age of 40. The clinical syndrome of active decline is characterized by menstrual
disorders (such as menopause or rare menstruation) accompanied by high gonado-
tropins and low estrogen [2]. In the current research, the etiology of the chromo-
somal abnormalities or some autosomal gene defects, autoimmune ovarian damage,
infectious factors, and iatrogenic factors has been identified. However, a large part of
the etiology of POI is unknown [3, 4]. In recent years, with the changes in
socioeconomic and living environment, the incidence of POI has been increasing,
and the impact of environmental factors on reproductive health has been increasingly
concerned. Some researchers believe that adverse environmental factors can
decrease the female ovarian reserve [5, 6]. The environment exerts great influences
on the occurrence and development of POI, which can be roughly divided into two
aspects: natural environmental factors and social environmental factors.

In recent years, the influence of environmental factors on human health has also
been concerned. Environmental, psychosocial, and lifestyle factors may accelerate
the decline in ovarian reserve. With the development of industrialization and envi-
ronmental pollution, laboratory data show that chemical environmental pollutants
diffused in the environment have an adverse impact on mammals’ ovaries [6]. More-
over, we need to concern about how these harmful factors interact with our body,
what the underlining mechanisms are, and how we can better learn and understand
their relationship, then finally to figure out an effective protocol to preserve ovarian
function. Systems medicine may be a considerable method.

4.2 Environmental Factors and Premature Ovarian Failure

4.2.1 Natural Environmental Factors

With the development of society and the acceleration of industrialization, the impact
of natural environment on fertility has become a part that cannot be ignored. When
the substances created by humans greatly exceed the digestive power of nature in
terms of quantity and potential toxicity, some chemicals can accumulate through the
layers of the biological chain and eventually enter the human body, which, in turn,
affects all aspects of the human body, these chemicals are called environmental
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pollutants [5, 7–10]. Environmental endocrine disruptors (EEDs) are one of the
higher levels of environmental pollutants, which can affect the normal functions of
the human endocrine system and human health [11]. At present, cell models and
animal toxicology experiments have confirmed that EEDs present deleterious effects
on female reproductive systems. Consecutive exposure to low doses of EEDs can
cause female reproductive system developmental disorders, reproductive system
dysfunction, metabolic diseases, and even cancer [12–14]. Currently, environmental
pollutants are considered to affect ovarian function in three ways: Endocrine,
oxidative stress induction, and epigenetic modification [15]. Some environmental
pollutants and their mechanisms are discussed below.

4.2.1.1 Endocrine Disrupting Chemicals (EDCs)

Environmental endocrine disruptors (EEDs) refer to a class of exogenous substances
or their mixtures widely distribute in the environment that are known to affect the
endocrine system of human and the function of natural hormones, leading to organ/
tissue damage and diseases [16–18]. Depending on how long the ovaries are exposed
to the environment containing EEDs, the effects of EDCs on ovarian function can be
reversible or permanent. The toxic effect of EEDs on the ovary mainly means that
EEDs can affect follicular development by directly acting on the ovary or the
hypothalamus-pituitary-ovarian axis. At present, more than 800 EEDs have been
found to interfere with the human reproductive system [11]. Several important
environmental endocrine disruptors are discussed in detail below.

Phthalates (PAEs)

PAEs are a subgroup of fat-soluble compounds with a global output of more than six
million tons per year [19]. They are currently used as plasticizers or softeners in
industrial and personal care productions. Because of noncovalent conjugation with
the products, phthalates are relatively easily released into the environment through
direct release, migration, leaching, and abrasion, resulting in extensive and contin-
uous exposure [20]. Thus, the presence of compounds in the environment has been
paid considerable attention by scientists due to their potential effects on the ecosys-
tem and human health.

The most representative substance in PAEs is DEHP, which is currently the most
widely used plasticizer. DEHP is everywhere in life, and it can be exposed through
oral intake, inhalation, or skin contact. Related animal experiments have found that
continuous exposure to DEHP in mice can decrease the number of primary and
secondary oocytes and increase the number of atretic follicles [21]. It has been
reported that phthalates have adverse effects on female reproductive health, such as
ovarian dysfunction. Animal studies showed that exposure to the most common
phthalate, di (2-ethylhexyl) phthalate (DEHP), significantly decreases the quantity of
primordial follicles and large antral follicles in ovaries of female mice [22, 23]. At
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present, it is believed that PAEs affect ovary mainly through the influence of the
follicle formation and development, primary follicle aggregation, ovulation, and
ovarian development [24]. Continuous exposure of pregnant mice to mono-
(2-ethylhexyl) phthalate (MEHP) can make oocytes damaged by changing the
level of oxidative stress in oocytes, by accelerating follicle recruitment and depletion
of the original follicle pool in offspring decreased numbers, leading to premature
ovarian failure in offspring [25]. It was reported that the number and sex ratio of the
offspring of mice was altered by DEHP exposed. Moreover, it showed that DEHP
activated autophagy in the ovary by models of neonatal exposure and ovary culture,
with increased expression of autophagy-related gene and autophagosomes. In con-
trast, 3-MA, an inhibition of autophagy, eliminated the adverse impact of DEHP on
primordial folliculogenesis. In addition, AMPK was up-regulated by DEHP expo-
sure in the ovary, while its inhibitor compound C reduced the expression of
autophagy-related gene, which may partially recover the assembly of primordial
follicle [26]. Continuous exposure of newborn mice to DEHP may accelerate
ovarian follicle recruitment, thereby significantly reducing the number of primary
follicles, primary oocytes, and secondary oocytes during puberty and adulthood
[27]. Prepubertal mice exposing to DEHP can promote ovarian somatic cell apopto-
sis and oxidative stress, leading to a significant decrease in the proportion of sinus
follicles [22]. Clinical studies have found that MEHP can also affect the develop-
ment of human ovaries. Studies by Muczynski et al. have shown that women
exposed to MEHP at 10–4 mol/L for 72 h during 12–72 weeks of pregnancy can
lead to disorders of lipid and phospholipid synthesis in the body. At the same time,
MEHP can affect the morphological development of the ovary by affecting the
nuclear receptor signaling pathway [28]. At present, we think that the possible
mechanism is that MEHP induces the generation of ROS, which in turn generates
a series of oxidative stress and interferes with glutathione peroxidase (GPX) and
superoxide dismutase 1 (SOD1) expression, finally affecting follicular function
[29]. The above research shows that it is clear that PAEs have damaging effects on
the ovaries of all ages. How to prevent POI caused by PAEs has become a public
concern. It is the best way to find PAEs sources in the environment as early as
possible and to stay away from PAEs sources as soon as possible.

Polychlorinated Biphenyls (PCBs)

PCBs are a fat-soluble environmental hormone with good insulation properties and
are mainly used in the production of electronic transformers, capacitors, and cool-
ants. PCBs are a type of persistent organic pollutants. Because of their
bioaccumulation and long-term residual nature, PCBs were included in the Human
Carcinogens Catalogue by the International Agency for Research on Cancer (IARC)
in 2013. PCBs were gradually banned all over the world, but due to their fat-soluble
and hard-to-degrade properties, they have been widely used in the environment and
food chain. PCBs can stably exist in the environment, and their metabolites are not
easily eliminated in the human body. They are mainly accumulated in the adipose
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tissue of the human body, and the half-life is about 10–15 years [30, 31]. Studies
have proven that exposure to PCBs can have reproductive toxicity in the develop-
ment of female reproductive systems and ovaries. Because PCBs have a phenol
structure, they can compete with estrogen, androgen, and progesterone receptors in
the human body, which affects the function of the human reproductive system
[32]. Murat et al. found through cell experiments that hamster ovary cell line
(CHO-K1) exposed to different concentrations can affect PCBs’ proliferation, met-
abolic capacity, and adhesion, resulting in different degrees of damage to ovarian
cell membranes [33]. Animal experiments have found that PCBs exposure during
pregnancy can reduce ovaries weight in born mice, and that most of the anal follicles
are blocked, delaying vaginal opening, and causing external urogenital tract abnor-
malities. That is, PCBs can directly affect the ovaries and adversely affect female
puberty by changing the morphological and functional development of female
reproductive systems [34]. Clinically, maternal exposure to PCBs can produce
reproductive toxicity to offspring through the placenta, and the direct effects on
the offspring’s ovaries are more severe than the mother’s, which can be manifested
in the reduction of offspring ovarian weight, follicular atresia, and even POI
[35]. The above evidence proves that PCBs have reproductive toxicity, and the
damage to women and their offspring ovaries is severe. Since PCBs are not easy to
eliminate in the human body, they have accumulation characteristics. Avoiding
contact with PCBs is currently an effective way to prevent PCBs from ovarian
toxicity.

Bisphenol A (BPA)

BPA is widely used in the polycarbonate plastics and epoxy resins industries. It is
detectable in several consumer products, such as water bottles, food containers,
dental sealants, and thermal receipts [36–39]. Due to the high content of bisphenol A
in daily products, bisphenol B exposure is widespread in humans. The main methods
are diet, inhalation, and skin absorption [36, 40, 41]. With the acceleration of the
pace of life and work, fast food and takeaways have become the norm for people, and
this change has become the most common way for people to contact BPA. Because
of the capacity to interfere with the synthesis, metabolism, and activity of several
endogenous hormones, BPA belongs to endocrine disruptor. It can affect the endo-
crine system by interacting with multiple nuclear receptors, including estrogen,
androgen, glucocorticoid, and thyroid hormone receptors [42–44]. Health concerns
have been aroused regarding the hormone-like BPA. Substantial evidence indicated
that BPA exposure increased susceptibility to human reproductive functions
[45, 46]. Animal studies have found that pregnant mice exposure to BPA from
week 1 can cause a significant decrease in the number of starting and growing
follicles in the offspring, the number of atretic follicles increased significantly, and
the process of meiotic division of the egg cells was also inhibited [47]. At the same
time, the experimental results have also been confirmed in vitro experiments of
human embryonic egg cells [48]. The experiment exposed newborn rats to BPA and
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found a large number of ovarian cysts appeared in adult ovaries, with a significant
decrease in fertility and progesterone levels, and increase in serum testosterone and
E2 levels, suggesting that BPA may affect the hypothalamic-pituitary-ovarian axis
(HPOA) function which interferes with the production of sex hormones. High-dose
exposure of BPA during the period of newborn is potentially related to the devel-
opment of polycystic ovary syndrome and premature ovarian failure in adulthood
[49, 50]. Some researchers have found through epidemiological studies that human
BPA exposure can reduce the number of sinus follicles and oocytes, and even POI,
leading to infertility [51]. At present, it is believed that the reproductive toxicity
mechanism of BPA is that it can regulate the expression of genes through epigenetic
regulation, thereby causing reproductive toxicity to the human body. BPA exposure
in early human life can affect the appearance of endocrine signaling pathways and
some important signaling pathways. The genetic process, the exposure of BPA
during pregnancy, can change the steroid hormone synthesis genes and microRNAs
related to gonadal differentiation and follicle synthesis in the offspring, and eventu-
ally destroy the offspring’s fertility [52].

4.2.1.2 Smoking/Polycyclic Aromatic Hydrocarbons (PAHs)

As we all know, smoking is harmful to our health. Substantial studies have con-
firmed that various harmful substances of tobacco can cause different degrees of
ovarian damage. The most studied component is polycyclic aromatic hydrocarbons
(PAHs). PAHs are mainly created by the burning of minerals or plastics, but because
of the large number of smokers, cigarettes have become the main source of people’s
exposure to these compounds. Smoking is now considered to be detrimental to
reproductive and pregnancy outcomes and may increase the risk of idiopathic POI.
In earlier years, the adverse impact of smoking has been summarized by several
comprehensive reviews [53–55]. It is also supported by most of the studies which
were excluded from the meta-analysis, compared with nonsmokers, the prevalence
of infertility is higher, the fecundity is lower, and the time to conception is increased
in smokers. Related animal studies have shown that when pregnant rats are exposed
to smoking, the ovarian granulosa cells of their offspring significantly apoptotic, and
AFC decreased, indicating that smoking during pregnancy will cause a decline in
offspring ovarian reserve and even POI [56]. Some studies have suggested that the
mechanism of POI caused by smoking is mainly apoptosis and oxidative stress, and
the consumption of follicle reserve cannot be stopped immediately after quitting
smoking [57]. The above points have been confirmed in the clinic that smoking
causes women to reduce anal follicle count [57]. Lowering AMH (anti-Muller
hormone) levels also makes early menopause [58]. Related epidemiological surveys
show that smokers have a higher prevalence of infertility, lower fertility, and a
longer conception time than nonsmokers [59]. Many of the above mechanisms can
explain that compounds in tobacco smoke can act on the ovary in many different
ways. It is clear that the exposure to tobacco smoke can lead to a reduction in the
quantity of primary and mature follicles in the ovary, an increase of apoptosis and
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oxidative stress in sinus follicles and oocytes, and significant estrogen and proges-
terone level changes affect normal ovarian function and even cause POI.

4.2.1.3 Organophosphorus Pesticides

Chemical pesticides are the main means of controlling crop diseases and insect pests
and ensuring high and stable yields of crops. Among them, organophosphorus
(OP) pesticides have stability and lipophilicity and have a slow degradation rate.
They can be kept in the environment for several years. In this way, they exist widely
in the food chain. Organophosphorus pesticides have been used widely as agricul-
tural and household pest control agents for almost five decades and persist in our
water resources, fruits, vegetables, and processed food as health and hazardous
environmental compounds. With the widespread use of organophosphorus
pesticides in China, people’s awareness of the harms of organophosphorus pesti-
cides, the low-dose, long-term, chronic exposure of organophosphorus pesticides to
human health, especially the health effects of pregnant women’s exposure on
offspring, has caused China’s extensive attention. There are mainly two approaches
of environmental exposure to OPs and PYRs, food consumptions with pesticide
residues and application of pesticides indoors [60–62]. Animal studies have shown
that OPs exposure has adverse effects on female reproductive functions, such as
decreased steroid hormones and fertility, disordered estrous cycles, and restricted
follicle cells, which might finally lead to POI [63–65]. Other animal studies found
that OPs exposures could disturb estrous cycles, leading to a reduction in the number
of estrous cycles and the duration of proestrus, estrus, and metestrous with a
concomitant prolonged diestrous phase, and ultimately caused infertility [65–
67]. Another potential mechanism might be involved in follicular development.
Animal experiments show that using organophosphorus pesticides commonly used
in agriculture: monocrotophos, dimethoate, methyl parathion, and 90 rats were
poisoned and then experimented. The results show that all three organophosphorus
pesticides can significantly reduce the concentration of binding proteins, total lipids,
phosphates, and cholesterol in the ovarian cytoplasm and cell membrane, and the
ovaries show a deteriorating change. In other words, these three organophosphorus
pesticides can cause ovarian changes and induce reproductive toxicity. In addition,
studies have reported that organophosphorus pesticides (dimethoate) can signifi-
cantly reduce ovarian weight in mice with compensatory ovarian overgrowth [68]. In
the clinic, some researchers investigated 3103 women living in farms who used
pesticides. Compared with women exposed to other pesticides, women exposed to
organophosphorus pesticides experienced prolonged menstrual cycles and irregular
menstrual cycles, indicating that organophosphorus pesticide exposure can cause
women’s menstrual cycle disorders and may reduce fertility [69]. Prolonged contact
with or consumption of foods containing organophosphorus pesticides will cause
ovarian hypofunction and even POI. Some researchers believe that the possible
mechanism of the toxic effect of organophosphorus pesticides on ovarian tissues
is: directly toxic to the ovaries or by interfering with hormone levels at any stage of
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the HPOA, inducing degeneration of ovarian organs. But the developmental and
reproductive toxicity of organophosphorus pesticides is a multi-path and very
complex process, and the mechanism is not clear yet. We should avoid exposure
to organophosphorus pesticides to prevent decline in reproductive function, and also
conduct in-depth research on its mechanism.

4.2.1.4 Radiation

Radiation is widely present in the environment in which we live, but prolonged
exposure to radioactive and electromagnetic radiation may cause harm to humans or
other animal bodies. With the development of technology and communication,
electromagnetic radiation widely exists in the environment in which we live and
continues to affect the functions of our tissues and organs. It has become the fourth
largest pollution after air pollution, water pollution, and noise pollution. Radioactive
radiation is mainly divided into natural origin and iatrogenic origin, here mainly
refers to iatrogenic radiation used for treatment. At present, the effects of radioactive
radiation and electromagnetic radiation on reproduction have become the focus of
our current research. Common electromagnetic radiation sources in life are: radar
and radio transmission systems, televisions and smart phones, most household
appliances, subway trains, equipment of radiofrequency induction and dielectric
heating, microwave medical and various electrical processing, large electrical
power generation stations, and transmission equipment, such as high and ultra-
high voltage power lines. The main radioactive and electromagnetic radiation will
be discussed in detail below.

X-Ray Radiation

Iatrogenic radiation mainly comes from radioactive diagnosis and treatment. It
mainly refers to clinical X-ray examination, CT scan, various angiographic exami-
nations, and nuclear medicine examinations. Radioactive radiation has been proven
to endanger male reproductive health, affect male reproductive endocrine, reduce
male fertility, and lead to increased male infertility [70, 71]. In recent years, the
prevalent of cancer was gradually increased, as well as radiotherapy is one of the
main treatments. Due to work, illness, or accidents receiving large doses or long-
term radiation, the impact of radiation on women’s ovarian function has gradually
attracted scholars’ attention. The radiation damage to the ovaries has been confirmed
by a large number of investigations, and radiation can accelerate the onset of
menopause and cause permanent infertility [72]. Researchers found that exposure
to high doses of radiation can lead to infertility, while low doses of radiation can lead
to a partial depletion of the initial follicle reserve, leading to premature ovarian
failure [73]. It is reported in the literature that the cumulative dose of 14.3 Gy
received in 30 years can also cause premature ovarian failure [72]. Other researchers
have demonstrated through animal experiments that as the dose of X-ray radiation
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increases, the number of follicles in different stages in the rat’s body decreases.
0.4~1.0 Gy), which is down-regulated, that is, radiation can induce apoptosis of
ovarian granulosa cells, which may be dose-dependent [74]. The damaging effects of
radiation therapy on ovarian are associated with the dose, field, and age. The dose
that causes half of the follicle loss in humans is 4 Gy, and the sensitivity of the
ovaries to ionizing radiation gradually increases with age. In women under 40, ion-
izing radiation requires 20 Gy for premature ovarian failure, while older women only
need 6 Gy [75]. Except for nuclear contamination and radiotherapy, the general
population has few chances to receive a large amount of low-dose radiation, but the
health hazards of radioactive radiation at regular inspection doses cannot be ignored.
In clinical practice, we should try to reduce the number of radiological examinations
as much as possible, and if necessary, we should protect them to ensure that the cells
of the reproductive organs are not damaged or to minimize the damage.

Electromagnetic Radiation/Mobile Phone Radiation

Modern devices such as mobile phones, laptops, microwave ovens, and induction
cookers have brought great convenience to people’s lives, and brought electromag-
netic radiation to the environment in which we live. Many studies have confirmed
that electromagnetic radiation has a negative influence on multiple organs of the
body. With the widespread and long-term use of mobile phones in the national life of
our country, the adverse effects of electromagnetic radiation on the reproductive
functions have received widespread attention. A clinical epidemiological investiga-
tion confirmed that cell phone radiation may be a risk factor for the decrease of
human ovarian reserve function. Animal experiments show that cell phone radiation
can reduce the drosophila ovary and reduce reproductive capacity, which may be
related to early and intermediate DNA breaks in oocytes [76]. There are also
experiments that show that electromagnetic radiation can reduce the quantity of
ovarian follicles in the offspring of pregnant mice, can affect the maturation of rat’s
oocytes so that reduce the fertility of oocytes and even cause infertility, and can
break single- and double-stranded DNA in cultured rat granule cells [77, 78]. Some
researchers have imitated the transmission frequency and average power density of
mobile phones, observed a common mobile phone frequency of 900 MHz, simulated
a large average power density of 370 μW/cm2 before switching on, and irradiated the
female rats’ ovarian capillaries for 4 h per day-mutual aid the effect of
ataxia-telangiectasia mutated (ATM) protein expression and damage ovarian func-
tion. The experimental results show that the ATM protein of rat ovarian granulosa
cells is significantly enhanced after cell phone irradiation, suggesting that cell phone
radiation may cause damage to the DNA of rat ovarian granulosa cells and corpus
luteum cells, which enhances the expression of ATM protein, the “monitor” of DNA
damage and activates the repair system to repair the damaged cells further, so that the
ovarian granulocytes and luteal cell ATM proteins of rats are significantly enhanced
after irradiation. It is speculated that the cause of impaired ovarian function caused
by cell phone radiation may be related to DNA damage and ATM increased protein
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expression [79]. ATM is a gene that has a priming effect in the repair of cellular
DNA damage and can respond to priming effects on DNA damage caused by many
other biological, physical, chemical, and other factors. It plays a very important
regulatory role in radiation-damaged DNA repair, can initiate DNA repair early in
the damage, regulate the cell cycle, induce apoptosis, and maintain DNA and
genome stability. At present, it is believed that ubiquitous cell phone radiation will
cause ovarian function damage in female rats. After cell phone irradiation, the level
of serum E2 in rats during estrus will decrease, the diameter of follicles and corpus
luteum will decrease, and the number and layer of granulosa cells will decrease,
indicating impaired ovarian function. The mechanism may be related to affecting the
expression of ovarian DNA and its repair ATM protein. Long-term exposure to
mobile phone electromagnetic radiation can cause ovarian function damage and
even POI in female rats. At present, there is no unified radiation dose standard for the
occurrence of electromagnetic radiation and POI, and research is limited. At present,
prevention is the main focus, and further research and exploration are needed.

4.2.1.5 Noise (Repeated Exposure to Noise May Be Perceived
as a Succession of Stressors, and Therefore, Noisy Environments
Could Lead to a State of Chronic Stress)

The development of modern science and technology has provided great convenience
to human life, and at the same time, it has also caused noise problems. Noise is a
hazard of invisible pollution, and it has become the third-largest city pollution after
air pollution and water pollution. Long-term exposure to noise can cause damage to
the hearing system, and can also affect the regulation of the HPOAs, causing female
genital endocrine systems to malfunction, which in turn affects the pregnancy
process, pregnancy outcomes, and offspring development—hazardous factors. The
impact of noise on female reproductive function has attracted scholars’ attention.
Among them, some researchers believe that the abnormal menstrual cycle of female
workers is closely related to occupational noise exposure. It has been reported that
long-term exposure to high-intensity noise can strongly stimulate the central nervous
system and make it dysfunction, endocrine disorders, then cause women’s menstru-
ation and ovarian dysfunction. At present, it is believed that noise can make the
human cerebral cortex and central nervous system often in a state of tension. Over
time, it can easily cause human endocrine disorders and an imbalance of estrogen in
the body. Similar results have been obtained in animal experiments. Noise can cause
reproductive abilities in mice, which may be due to the increased secretion of
corticosteroids in rodents and the failure of implantation of fertilized eggs [80].

4.2.1.6 Climate Warming/Heat Stress

With climate change and global warming, people are paying attention to the repro-
ductive effects caused by heat stress. In tropical or subtropical countries, high

72 Y. Yang et al.



ambient temperature seems to be a risk factor contributing to decreased fertility in
cattle, although in regions with temperate climates, the involvement of heat stress is
also well documented in this phenomenon [81, 82]. Heat stress influences reproduc-
tive functions, such as ovarian functions and embryonic development [83]. Mamma-
lian ovarian follicles composed of oocyte and the surrounding granulosa cells (GCs)
and theca cells. GCs and theca cells produce signals and hormones which ensure
oocyte competency to develop into the blastocyst stage [84, 85]. Normal prolifera-
tion and differentiation of GCs are crucial for optimal follicular growth, oocyte
development, ovulation, and luteinization [86]. It has been reported that heat stress
had adverse effects on GCs, such as oxidative and endoplasmic reticulum stress, and
cells apoptosis [87–89]. Oxidative stress is a consequence of reactive oxygen species
(ROS) imbalances within cells. Excessive ROS overload cellular antioxidant
defenses and cause damage of lipids, proteins, and DNA, leading to normal cell
function disrupting and cell death via apoptosis or necrosis [90]. In addition, studies
have suggested that heat stress significantly reduced the GCs proliferation, with
decreased proliferation marker gene PCNA expression. In summary, heat stress
induces oxidative stress, cell apoptosis, and inhibited proliferation, which triggers
the NRF2 mediated oxidative stress and endoplasmic reticulum stress response by
GCs. At present, it is clear that the damage of ovarian function caused by heat stress
can cause ovarian reserve decline and even POI. In today’s increasingly global
warming, prevention of ovarian function from climate change is another problem
we face.

4.2.1.7 Conclusion and Suggestions

As mentioned above, with the continuous development of technology and agricul-
ture, environmental pollutants exist in the natural environment in which we live. As
with the substances described above, environmental pollution is a critical threat of
the reproductive health of animals and humans, and its harmful effects can affect
endocrine as well as reproductive functions. Among them, PAEs, PCBs, BPA, and
other environmental endocrine disruptors exist anywhere in the environment of our
daily life. They mainly interfere with some ovarian hormones in the body and
abnormally activate specific receptors, causing ovarian endocrine system disorders,
leading to follicle apoptosis or insufficiency, changes in the function of the HPOA or
granule cell, and even directly activate some apoptosis-related genes, leading to
follicular apoptosis. Many substances in cigarettes can seriously affect human
health. In terms of ovarian function, smoking can cause abnormal apoptosis of
ovarian cells, affect ovarian estrogen expression, affecting the menstrual cycle and
follicular development, finally reduce the ovarian reserve. Organophosphorus pes-
ticides may cause abnormal ovarian function by affecting the function of the HPOA.
Even accidental exposure to organophosphorus pesticides in normal agricultural
labor will adversely affect female reproductive health. In addition, some physical
factors such as radiation, noise, and global climate warming may also cause adverse
effects on female reproductive health by mediating apoptosis, causing DNA damage,
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and affecting endocrine functions. The above research findings suggest that women
should increase their awareness of protection. Many harmful factors are usually
ignored in daily life, which may have adverse consequences on reproductive health
and increase the risk of reproductive-related diseases. For women who are usually
exposed to the above said harmful substances, it is recommended to strengthen their
personal protection, reduce the chance or dose of exposure, make sure take effective
personal protection at work, and take effective measures as soon as possible after
exposure to those harmful factors, in order to prevent their further harming in
the body.

4.2.2 Social Environmental Factors

It is currently believed that environmental, social-psychological, and lifestyle factors
may accelerate the decline of ovarian reserve function. In recent years, with the
changes in socioeconomic, living environment and lifestyle, POI has been increas-
ing. The influence of socio-psychological factors on female reproductive health has
also received increasing attention. With the acceleration of the pace of life in modern
society, increased work pressure, shortened sleep time, women in the reproductive
period are in a state of tension and anxiety for a long time, which affects the level of
HPOA secretion, affects ovarian function, leads to ovarian reserve decline and even
POF. A systematic review found that inadequate workplace control, poor social
support, hostility, depression, and anxiety are associated with coronary heart disease,
and there is ample evidence that psychosocial factors affect healthy neuroendocrine
pathways. Relevant research shows that psychosocial factors are related to ill health,
and following social gradients can explain some or all of the social ill-health
phenomena, and it is also a biologically reasonable explanation. Some researchers
believe that the direct impact of physical conditions (noise, radiation, air and water
pollution) on health in the natural environment is as important as the health impact of
relative deprivation on the psychosocial impact. Related animal experimental
models have found that chronic mental stress can cause ovarian reserve in female
rats to decline; that is, psychological factors are also important factors that cause
POI. At the same time, as an advanced animal, people are affected by socio-
psychological factors such as economic strength, social status, and interpersonal
relationships in a complex social network. There is evidence that these factors affect
health and their prevalence is affected by the socioeconomic structure and the impact
of people’s place in it.

4.2.2.1 Education Level

Since the reform and opening up, our country’s economy, science, and technology
have developed rapidly, so the per capita education level has been greatly improved,
and the improvement of women’s education level is particularly obvious. Changes in
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fertility levels are inseparable from social development, and the impact of education
on fertility behaviors and fertility concepts has been recognized. The socioeconomic
statue is composed of several factors, which includes education, family income, and
social prestige. A trend has been found that increasing menopausal age was associ-
ated with increasing educational levels. Compared with low, primary/vocational
education level, women with university degrees had a later median age of meno-
pause [91]. And the specific mechanism is currently still not clear [92]. Although
education associated with income, it is a factor that is beyond the economic
dimension of socioeconomic position. It is also a reflection of investment in social
capital, expressing lifestyle, social paths accumulated, and the investment in social
capital made by a society. In addition, several studies have found that women with
longer educational years have menopause later than women with fewer years of
education [91, 93, 94]. With the vigorous development of education, women have
more and more opportunities for higher education, and the number of women with
higher education has increased. The higher the education level of women, the age of
their first marriage will be delayed as the quantity of years of education increases,
and the age of childbearing will also be delayed. The extension of the length of
education will inevitably lead to the delay of childbearing age. Strong scientific data
support that growth, fertility gradually decreased, and the female fertility rate began
to decline significantly from the fourth decade of life. That is to say, because of the
extension of the length of education, the delay of women’s reproductive age has
caused a decline in fertility to a certain extent, which is inconsistent with the effects
of the educational level mentioned above on the age of menopause and menopause.
Current research suggests that an increase in education can delay the arrival of
menopause, but when it comes to the impact of education on POI, it is believed
that the extension of the length of education delays the reproductive age, leading to a
decline in fertility, combined with women at work. In the long-term career, there is a
lot of psychological pressure on life and work, which may lead to women’s POI.

4.2.2.2 Socioeconomic Status

Since the reform and opening up, the problem of imbalance in China’s economic
development has become more serious. In a society, health is related to socioeco-
nomic level, that is, income. In addition to meeting basic needs, the socioeconomic
level is also linked to social status and psychology. Generally speaking, the socio-
economic level is equal to the amount of wealth. Compared with those with lower
socioeconomic levels, people with financial ability can provide themselves and their
families with good material conditions. Of income are associated with lower subor-
dinate rights, higher autonomy and control, and less job insecurity [95]. Multiple
researches indicated that lower socioeconomic levels are involving in earlier men-
opause [96–99]. However, the potential mechanisms underlying the effects of
socioeconomic factors accumulated on human ovarian physiology during women’s
lives are still unclear. But at present, it is believed that the adverse social and
economic conditions of children have a greater impact on the age of natural

4 Effects of Environment and Lifestyle Factors on Premature Ovarian Failure 75



menopause than on the adulthood of adults. The possible reason is that children’s
socioeconomic deprivation leads to imbalances in children’s nutrition and growth
and development. The main theory concerns the low socioeconomic deprivation
suffered by women in childhood, especially diet deprivation. The result is reduced
oocyte development, which will have an adverse effect on the duration of estrogen
and progesterone [100]. Early childhood growth in adverse socioeconomic condi-
tions will affect linear growth, as well as menopausal age. The fact of fertility
distinguished by social/occupational class is well known. High social status may
be associated with lower fertility [101]. There is a study showing a great significant
link between fertility and the social status of the married couples, with mean family
size increasing by about one child between social classes I and II together and V
based on husband’s class and by 0.65 based on wife’s social class [102].

However, there are relatively few studies on the impact of social class on fertility.
Whether social class and socioeconomic status lead to POI needs further study.

4.2.2.3 Chronic Stress

Current research suggests that after undergoing various adverse stimulations, the
body of human creates a series of reactions through regulating the neuroendocrine
system, which is called “stress” by scientists. With society development, women are
more and more important for society. Meanwhile, women also bear more and more
responsibilities and stress. Their bodies are often live with stress. Clinical studies
have shown that the common biological response of women suffering from extra
stress is that when human body faces the source of stress by the sense system, it will
trigger various defensive responses, including neuroendocrine system, biological
behavior, and so on. It is currently believed that chronic stress is a crucial environ-
mental factor for ovarian and sexual dysfunction, infertility, and other common
diseases [103]. Studies have reported that the incidence of POI is closely associated
with depression, anxiety, and other negative emotions. According to foreign epide-
miological surveys, about 43% of American POI patients have reported a history of
depression, and 26% of them have been diagnosed with depression 5 years before
diagnosis [104, 105]. The study showed that chronic psychological stress, including
anxiety and depression, can impair women’s ovarian function, leading to female
reproductive endocrine disorders. In recent years, with the application of chronic
unpredictable mild stress (CUMS) in depression models, many research studies have
begun to explore the feasibility of chronic unpredictable mild stress methods in the
establishment of POI models. In order to analyze the effects of chronic psychological
stress on ovarian reserve, Fu Xiaoyan and others successfully established a POI
model by CUMS in animal experiments [106]. They raised the rats separately and
repeated the following set of CUMS procedures: wet pad 24 h, behavior limit 2 h,
fast for 24 h, water for 24 h, forced ice water to swim at 60 �C, 4 �C for 5 min,
reverse day and night for 24 h, noise interference for 12 h, tail suspension for 30 min,
foot shock for (30 V) seconds. Stimulation was given randomly every day,
�35 days. The results showed that CUMS-treated rats lost weight, prolonged estrus

76 Y. Yang et al.



cycle, changed ovarian morphology and reduced follicle count. The study found that
on the 35th day after the POI model was established, the rat’s ovaries showed
significant atrophy. The main histological changes were as follows: severe fibrosis
of the ovarian matrix, thickening of the cortex, and structural disorders; the quantity
of follicles decreased while the quantity of atretic follicles increased significantly;
the corpus luteum showed fibrosis and increased in number. At the same time,
CUMS treatment reduced the levels of E2, AMH, and GnRH in the serum of rats,
while the opposite level of FSH increased. Barra et al. demonstrated that chronic
cold stress may cause ovarian dysfunction or POI in adult female rats, which is
characterized by prolonged or lack of physiological regulation and reduced secretion
of estradiol and progesterone [107]. In addition to reducing the quantity of primary
and secondary follicles of the ovary, the follicle-stimulating hormone (FSH) recep-
tors expression had been reduced, and the sexual development in young rats had
been delayed. Chronic cold stress may also cause ovarian dysfunction in adult
female rats [108]. As the above studies have shown, chronic stress may be an
important factor in the progress of POF.

4.3 Lifestyle Factors on Premature Ovarian Failure

Compared with other immobile etiologies such as genetic and environmental factors,
learning and understanding the influence of modifiable lifestyle factors in POI seem
more meaningful in the daily life of reproductive women. The most established and
well-learning lifestyle factor associated with POI is smoking, in addition, body mass,
alcohol and caffeine intake, diet, sleep quality, oral contraceptive, and physical
activity were suggested as the potential factors. Therefore, understanding when
and how those lifestyle factors affect the ovarian functions of reproductive women
and cause POI can provide more healthy suggestions for women to adjust their
lifestyle and help medical staff work out better healthy proposals.

4.3.1 Smoking

Smoking is an independent risk factor of chronic obstructive pulmonary disease,
various cancers, cardiovascular disease, and many other diseases. Smoking has
become a global health problem, which threatened millions of lives in the world.
According to a recent cross-sectional study, the smoking rate in postmenopausal
women was 11.8%. In China, though the rate of smoking women was relatively
lower, the exposure of the passive smoking rate was quite considerable [109]. Apart
from those diseases mentioned above, smoking can injure the reproductive system of
women, especially the ovarian function, and causes gynecological diseases or even
infertility [110].
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As a public health problem, smoking is the best understanding and most
established lifestyle risk factor of POI. Considerable effort has been devoted to
describing the whole picture on the influence of smoking in POI. In this part, we will
discuss the influence in the aspect of smoking status, intensity, accumulative dose,
start and quit age of smoking, and passive smoking with the updated basic research
findings.

4.3.1.1 Smoking Status

In those studies which estimated the association between smoking and menopausal
age, smoking status was the primary or basic point to discuss. Though not all the
studies were detected POI directly, the conclusion that current smoking is a risk
factor of an earlier age of menopausal was always consistent.

A meta-analysis comprising 15 studies found that current smokers were owning
an earlier weighted mean difference (WMD) by nearly 1 year compared with never
smokers, though with a substantial heterogeneity [110]. However, in the subsequent
subgroup analysis by taking region into consideration, the heterogeneity in this
meta-analysis was reduced and could be accepted. In addition, this study analyzed
the adjusted hazard ratio and suggested that current smoking was with a 33%
increased risk of undergoing postmenopausal at a given age. The result of this
study suggested that current smoking does have a relationship with an earlier age
of natural menopausal. However, there was no significant difference found in former
smoking, partially explained by a few studies reported at this point.

In another more recent article, a cross-sectional study involving 207,231 post-
menopausal women from seven countries has shown that compared with who never
smoke, current smokers faced a higher risk of premature menopause (defined as
menopausal age <40 years) with the relative risk ratios (RRRs) were 2.05 [111]. At
the same time, the RRRs of other age groups before reference group were all beyond
1, suggesting that current smoking was one of the risk factors of earlier menopausal
age. Additionally, it is also found that the RRRs of premature menopause in former
smokers were 1.13 (P ¼ 0.006), which were lower compared with current smokers
but still with a significant difference, indicating that former smoking may still have
influence on age of menopause. However, this conclusion was inconsistent with
some former studies, which thought that former smoking had no effect or just slight
on women menopausal age [112, 113]. But one of the potential mechanisms linking
smoking to earlier menopause supported the first opinion [111]. This hypothesis
explained cigarette smoke might induce expression of Bcl2, one of the genes of
apoptosis, and its related protein in oocytes, which could lead to oocyte apoptosis
and then cause early menopause. This influence was permanent and irreversible, so
that might explain the increasing RRRs of the earlier age of menopause in a former
smoker. Though controversy in the effect of former smoking exists, it is clear that
smoking cessation benefits the age of natural menopause.
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4.3.1.2 Smoking Intensity

Researches usually used the number of cigarette smoking per day to estimate the
smoking intensity [111]. At this point, the question most interesting to the
researchers is whether there is a dose–response effect between smoking intensity
and its effect on menopausal age, and the answer seems to be yes [114].

Animal researches have shown a dose–response relationship between nicotine
and the impairment in follicle growth [4]. Some studies categorized smoking
intensity into only two groups with a certain number, such as 10 or 20 cigarettes
per day [113, 115, 116]. In those studies, researchers easily found that the odds ratio
or risk ratio of earlier menopausal age was increased in the higher-intensity group.
However, some more detailed studies that categorized smoking intensity into more
groups found that the dose–response relationship still existed but there is no signif-
icant difference or linear trend [114]. In the recent cross-sectional study [111], the
intensity of smoking was categorized into three groups: 1–9, 10–19, and more than
20 cigarettes per day, and found that the adjusted RRRs of POI were 1.59, 2.23, and
2.71 respectively, which indicated a clear dose–response effect between smoking
and POI. This relationship also observed in early menopause and existed similar
results in former smoking [115].

More cigarette smoking each day means more toxic substances will be absorbed
by out body. The present evidence strongly suggested higher smoking intensity
increased the risk of earlier menopause and even has shown a direct relationship in
POI. Such results suggest that controlling the dose of cigarettes each day also
benefits the smoking women in prevention of early menopause and POI.

4.3.1.3 Smoking Duration and Accumulative Dose

Compared with smoking intensity, smoking duration may better reflect the long-term
effect of cigarette smoking. Similar to smoking intensity, a dose–response relation-
ship also observed in duration. In a cross-sectional study in 1995 [117], researchers
found that the hazards ratios of early menopause among women aged 45–54 in the
smoking duration of <10 years, 10–20 years, 20–30 years, and more than 30 years
were 1.05, 1.13, 1.34, and 1.84, respectively. This result has shown a gradually
increasing risk of earlier menopausal age with the prolonged duration of smoking.
Such findings were also observed in a prospective cohort study published in 2016
[115]. Moreover, this study also estimated the effect of smoking in infertility and
found a similar result with early menopause. However, this study just compared the
age of menopause before and after 50 years, so that cannot particularly reflect the
effect on early menopause or POI. In the cross-sectional study in 2018 [111],
researchers found the adjusted RRRs of POI among current smokers who smoking
at least 10 years before menopause were 9.22, meaning more than 9 times of POI risk
in women smoking at least 10 years. Among 11–14 and 15–20 years of smoking
duration, the adjusted RRRs sharply increased to 14.34 and 15.58, indicating worse
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situations happened in longer smoking duration. Since the RRRs of POI in smoking
duration were distinctly higher than other estimated points, this article suggested that
the smoking duration could be a reliable predictor of early menopause or POI.
However, this effect was lower in the former smoker but still showed a dose–
response relationship.

The accumulative dose of smoking is another point that can reflect the long-term
influence of smoking cigarettes. There were usually two approaches to measure the
accumulative dose, which were pack-years [111] (assessed with the number of
cigarette packs multiply the duration years) and the total number of cigarette
smoking (assessed by the quantity of cigarettes per day multiply the total smoking
days) [118], both of them were combined the quantity of cigarettes and the duration
of smoking into consideration. In accordance with expectations, the results of the
assessment in accumulative dose were similar to smoking duration in both cross-
sectional studies published in 1995 [117] and 2018 [111]. In the study in 1995, the
accumulative dose was categorized into four categories of pack-years <10, 10–19,
20–29, and more than 30, and the hazards ratios were 1.10, 1.28, 1.33, and 1.87,
respectively. The risk of early menopause was increased by 87% when the pack-
years reach 30. In the study in 2018, authors categorized the pack-year into <5,
6–10, and 11–15, which found that the adjusted RRRs of POI were increased
gradually both in current smokers and former smokers. Although the RRRs were
lower than smoking duration, accumulative dose has better representativeness and
reflected the long-term influence in smoking.

Given that the dose–response relationship both existed in duration and the
accumulative dose of smoking, which means smoking has a long-term and accumu-
lative effects at the age of menopause and increases the risk of POI, to quit smoking
as soon as possible and ever control the numbers and times of smoking cigarette
could reduce the risk of earlier menopausal and POI.

4.3.1.4 Start and Quit Age of Smoking

Although the age to start and quit smoking may associate with smoking duration,
which means an earlier start or a later quit age of smoking may link to a longer
smoking duration, there is value to estimate the effect of it in early menopause and
POI when considering that there are more and more people start smoking in teenage
age and, at the same time, assessing the benefits of smoking cessation directly.

Evidence proved that earlier age to start smoking increases the risk of earlier
menopause, especially at an age under 15 years old. Although a study from Korea
published in 2015 suggested there was no difference in menopausal age between age
to start smoking under and over 20 years old [116], more well-designed studies
showed a different result. A study which involved 2123 participators used the group
of start smoking under 20 years old as a reference and found that the women in
groups of start smoking among 21–24 years old and over 24 years old held a
relatively lower adjusted odds rate of early menopause, which were 0.68 and 0.59,
respectively [117]. This finding suggested a nearly half of risk reduction in later start
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smoking age. In another study published in 2016 [115], the odds rate of menopausal
age under 50 years old in women start smoking under 15 years old was higher than
other groups but was not shown a linear reduced tendency as the increase of start
smoking age, which means the risk of earlier menopause was not different when the
start smoking age was over 15 years old. The cross-sectional study published in 2018
involving 207,231 participators found the direct evidence between POI and start age
of smoking [111], which showed a reduced adjusted relative risk ratio of POI at a
later start age of smoking in both current and former smokers. Those researches
suggested that the adverse effect of cigarette smoking may affect teenager worse,
since it is an important period of reproductive system growing. Thus, school and
family education is much important for teenagers to get far away from cigarette
smoking.

In terms of the quit age of smoking, few articles have mentioned about. However,
the existing evidence suggested longer interval years between smoking cessation and
menopause reduced the risk of earlier menopause. In a prospective study following
up 3545 women for 21 years published in 2012 [113], researchers estimated the risk
of early menopause in former smoking women categorized into four groups as never
smoking, quit smoking before and after 14 years follow-up, and smoking in the
whole 21 years follow-up, and results found that compared with never smoking, the
population of women menopause occurred before 45 years old in other three groups
was significantly higher. At the same time, the adjusted hazard ratios were higher in
women who quit after 14 years and never quit during follow-up (1.41 and 1.61)
compared with those who never smoke and quit before 14 years follow-up (1.00 and
0.91). In another study, researchers found that the odds ratios of early menopause in
women who stop smoking more than 10 years before menopause were decreased
down to 0.14. In addition, the recent cross-sectional study has shown the RRRs of
POI in the former smokers who quit smoking in years of 1–5, 6–10, and 11–15
before menopause were 1.71, 1.42, and 0.84, respectively [111]. Those evidence
suggested that for former smokers, as time went by, the adverse effect of smoking
cigarette on the menopausal age could reduce. Though longer quit years of smoking
mean longer smoking duration and reduced accumulative dose effect, the quit years
could be an important variable when discussing the influence in former smoking.
When quitting smoking over 10 years, the risk of early menopause and POI nearly
reduced to a normal level; this may explain why adverse effects cannot be found in
some researches and highlight the benefit of earlier quit smoking.

4.3.1.5 Passive Smoking

Passive smoking, also known as second-hand smoking, threatens more females
compared to active smoking. For women, it is more likely to expose to second-
hand smoking rather than active smoking, especially women in China. According to
a recent report of the prevalence of smoking in Chinese Sichuan province, the
proportion of female smoker was 2.4%, which was lower than in many western
countries. However, the prevalent rate of smoking men was 50.3%, and the rates of
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people exposed to passive smoking were up to more than 50% in homes and
workplaces, where women and children were always the victims of passive smoking
[119]. In this aspect, the effect of passive smoking in women’s reproductive func-
tions is worthy to figure out.

It is still controversial whether passive smoking increases the risk of earlier
menopause, and lack of researches directly links its effect to POI. A small prospec-
tive study published in 1999 observed no decrease in natural menopausal age of the
passive smoking women [120]. A later study held the same opinion, though they
found a 1.56 odds ratios of early menopause in women who grew up with smoking
mother or father, it is not statistically significant [121]. In contrast, another obser-
vational study found a slight adverse effect of second-hand smoking in earlier
menopause [122]. In a cross-sectional study involving 7596 US women at the age
of 25–50, researchers used logistic regression model to assess the odds of earlier age
at menopause, and the results found that the odds ratios were increased in both
smoking and passive smoking women [123]. The odds ratios of earlier menopause in
Hispanic passive smoking women were 19.08, higher than black and white women.
This research also found that the difference of odds between active smoking and
passive smoking was slight, which is according to a small case–control study in 1986
[120], though it did not justify the conclusion that effects of active and passive
exposure are equivalent. Those findings suggested that it is necessary to distinguish
second-hand smokers from former smokers when analyzing the effects of cigarette
smoking. Further researches need to clarify the effect of passive smoking in earlier
menopause and POI.

According to an investigation [119], passive smoking usually takes place in
homes, workplaces, and some specific public places through inhalation. Thus,
smoking control in those places is quite important. Women in reproductive age
also need to avoid passive smoking in those places consciously since evidence had
found adverse effects in earlier menopause.

Except inhalation, another way to exposure second-hand smoking is trans-
placental. Animal studies had shown that exposure to cigarette in utero is toxic to
the ovarian development. A recent cohort study followed up 2852 women from
1991/1992 until 2010 and found that in utero cigarette exposure was not a risk factor
of earlier menopause [124]. However, the hazard ratios of earlier menopause were
higher in smoking women who had in utero exposure to cigarette compared with
smoking women who had not. This finding suggested that women would better quit
smoking during pregnancy, for the benefit of the child.

In summary, smoking has an association with the age of menopause and increases
the risk of POI. There is a dose–response relationship between the risk of earlier
menopausal age and smoking intensity, duration, and the accumulative dose of
smoking. Earlier start age of smoking increases the risk of earlier menopause and
POI while longer quit years before menopause could reduce the risk. It is still
controversial in the effect of passive smoking on menopausal age, and further
investigations need to clarify their relationship.
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4.3.2 Alcohol and Caffeine Consumption

Alcohol and coffee are both common daily drinking. Heavy alcohol consumption is
associated with many diseases, such as acute or chronic gastritis, liver diseases, and
sleep disorder [125], while caffeine consumption can cause intensity, anxiety,
hypertension, and osteoporosis. In those studies seeking the relationship between
lifestyle factors and menopause, alcohol and caffeine consumption has been usually
estimated as confounding factors, which means the potential influences of alcohol
and caffeine intake may exist on the women’s age of menopause. However, there are
no studies that reveal their effects on POI. In this part, we will discuss the relation-
ship between alcohol and caffeine consumption and women’s menopausal age and
assess their value of ovarian prevention.

4.3.2.1 Alcohol

Due to the levels of dehydrogenase enzymes, an essential enzyme that breaks down
alcohol in our body is relatively lower in female compared to male, coupled with the
higher fat/water ratio of the female body, alcohol levels in woman body rise quickly
than man after ingestion, which means females are more vulnerable to alcohol’s
harmful effects [126].

Whether alcohol consumption is related to the onset of menopause or not is still
controversial. Moreover, in those studies proved the existing relationship, how does
the effect exert is also controversial.

In a cross-sectional study published in 2007 involving 2123 postmenopausal
women found that early menopause was not significantly associated with alcohol
or coffee consumption [120]. An early study published in 1996 found that moderate
consumption of alcohol was correlated with serum E2 levels (r ¼ 0.61) and
associated with delayed menopausal age [125]. In a longitudinal study published
in 2006, researchers also found that women who drank alcohol 5–7 days/week
experienced 2.2 years of delayed onset of menopause, compared with women who
did not drink [127]. For women who drank at least 1 day/week, the delayed onset of
menopause was shifted to 1.3 years. Moreover, according to a recent systematic
review and meta-analysis which included 22 articles, low and moderate alcohol
intake (less than one drinking per week and three or fewer drinks per week) was
associated with later menopausal age, RR ¼ 0.60 and 0.75, respectively [128]. Also
when analyzed with dose, similar results were found in women who were drinking
0–8 g/day and 16 g/day. That evidence indicated that alcohol intake may contribute
to later menopausal age.

However, in a recent cross-sectional study from Korea involving 940 women,
researchers found that the onset of menopausal age was earlier in mild to moderate
drinkers (<30 g/day) and heavy drinkers (>30 g/day) compared to women who were
never drinking in all three adjusted model [129]. When assessed with scores of
Alcohol Use Disorders Identification Test (AUDIT), similar results were observed.
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Those results indicated that alcohol consumption might lead to an earlier age of
menopause. This conclusion was in accordance with a study when adjusted the result
by smoking and caffeine only, but inconsistent with most previous studies. The
authors analyzed that the difference may be explained by the difference in ethnicity,
types of alcohol consumed, climate, and cultural determinants.

Most previous studies trend to aggress with alcohol consumption delay the age of
menopause. In this aspect, the association between POI and alcohol seems limited.
However, evidence exists that alcohol was associated with earlier menopausal age,
and animal study had proved that alcohol was associated with oxidative stress, which
may indicate ovarian damage. In this aspect, alcohol consumption may be a potential
risk lifestyle factor of POI. Those controversial reports indicate that the effects of
alcohol consumption have not been clearly revealed and need further investigation to
clarify.

4.3.2.2 Caffeine

There were rare researches investigated the relationship between drinking coffee and
the age of menopause, and most of the existing studies concluded that there is a
negative association between these two events. A cross-sectional study published in
2007 found that the odds ratio of early menopause in women who were drinking
coffee more than four cups per day was 1.64. However, this result was not significant
[121]. Two studies have been evaluated the relation between caffeine and ovarian
age [130, 131], neither of them found a positive or independent association of
caffeine consumption and those indicators of ovarian such as anti-Müllerian hor-
mone (AMH) and follicle-stimulating hormone (FSH). According to a cross-
sectional survey, caffeine consumption was positively associated with vasomotor
symptoms bother in postmenopausal women [132].

In summary, neither alcohol nor caffeine and their effects on menopausal age
were well understanding. The opinion of the effects of alcohol is still controversial,
and there was no evidence indicated that the relationship existed between caffeine
consumption and early menopause or POI.

4.3.3 Daily Diet and Nutrition

As the development of human society, the dietary habit of people has changed. The
hard period about hungry and shortage of food support has become the past. Food
support is rich and choices are various in developed countries, and, on the other
hand, obesity and eating disorders are increasing. However, in some developing
countries and rural area, malnutrition is still a major problem. Both lack and over
food consumption can lead to healthy problems [133]. In terms of female reproduc-
tive health, the Dutch famine during 1944–1945 had proved that shortage of caloric
intake in early childhood postponed the natural menopause [134]. Though lack of
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studies revealing the association of daily diet and POI, researchers have found that
many kinds of food and nutrition are associated with menopause age. In this part, we
will discuss some well-learned dietary factors and their influence on age of meno-
pause and seek for a proper approach to protest ovarian function based on daily diet.

4.3.3.1 Carbohydrate

A study published in 2006 concluded that low-fat, high-carbohydrate diet didn’t
influence the age of menopause [135]. However, some researchers also found that
high carbohydrate intake was associated with later menopause age. According to a
recent research published on Journal of Sichuan University, low carbohydrate and
dietary fiber intake were related to higher odds of POI [136]. This case–control
involved 70 women in POI group and 224 women in the other. Using multivariate
analysis, researchers found that the odds ratio of POI in low level of dietary
carbohydrate intake (<267.74 g/day) was 11.65, significantly higher than the high
level of carbohydrate intake (>332.66 g/day). Those evidences indicated that low
carbohydrate intake may be associated with POI; however, the opinion on the effect
of high carbohydrate intake was still inconsistent.

4.3.3.2 Fruit and Vegetable

A large prospective research involving 33,054 Shanghai women has shown a
relation of the onset of menopause [94]. They found that high level fruit intake
(>383.2 g/day) was associated with delayed menopause. This effect was contributed
to the antioxidant content in fruit. Another study learning from Australian women
also supported the finding [137]. They analyzed the data of a large prospective
cohort of which initial aim was to investigate the association between diet and
occurrence of cancer, and found that fruit intake was related to menopausal age
(r2 ¼ 0.09, P¼ 0.004), and a survival analysis proved women with more fruit intake
(>5 times/day) had a longer reproductive age compared to women who took less
(<3 times/day). This finding was also supported by a recent study in China and they
found that intake of fresh fruit more than 1 day per week reduced the risk of early
menopause and POI [138]. These existed evidences suggested that frequent intake of
fruit benefited reproductive span prolonging.

However, the opinion of effects of vegetable on menopausal age was inconsistent.
The Shanghai study found that menopausal age was not associated with vegetable
intake [94], whereas more studies suggested that higher vegetable intake also
benefited in prolonging the onset of menopausal age due to the antioxidant effect.
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4.3.3.3 Protein

A longitudinal research of nearly 5000 German women found that higher intake of
protein was associated with later menopausal age, which was aggressed with the
prospective study in Shanghai women [94]. A recent study found that protein from
vegetable sources reduced the risk of early menopause, whereas no similar effect
was observed with animal protein intake [36]. The study published in Journal of
Sichuan University found that low level of protein intake had a high OR (1.894) of
POI though it did not find significant difference due to a relative small size of study
[136]. According to a recent study in China done on women, intake of sea food
(1–3 days each week) and fresh eggs (>4 days each week), which were high protein
content, was inversely associated with early menopause [138]. These results
suggested high protein intake may decrease the risk of earlier onset of menopause;
however, the association with POI needs further research.

4.3.3.4 Fat

Controversies exist in the effects of fat intake on age of menopause. Studies had
found positive, negative, and no relationship of fat intake and menopause intake
[134]. The type of fat may cause the difference. Studies found that high intake of
polyunsaturated fats was associated with earlier menopausal age, while total fat and
saturated fat intake has no effect on menopause. Compared to other two major
nutrient substances, carbohydrate and protein, little was known about the association
of fat and menopausal age.

4.3.3.5 Other Daily Food

According to the previous published literature, other common daily food is also
related to the age of natural menopause. A case–control study involving 160 partic-
ipators found that POI patients had a lower frequency of both having red meat and
fish compared to the control group [139]. Other study found that eating meat 1–3
times per week slightly increased the risk of later menopause [138]. However,
another study did not find any difference on the onset of menopause age among
women with intake of different level of red meat. One study found that low dietary
fiber intake was associated with increasing odds of POI [136]. Dietary fiber intake
had been thought to interrupt the enterohepatic circulation of sex hormones, causing
the lower circulating estrogen concentrations in vegetarian women. Cereal products
and soy products were connected with an earlier age of natural menopause [139]. In
addition, higher caloric and cholesterol intake reduced the risk of earlier
menopause [134].

86 Y. Yang et al.



4.3.3.6 Micro-Nutrient

A large cross-sectional study from China found that women with vitamins intake
reduced nearly half of odds of POI compared with women who were not [138]. How-
ever, this article did not point out the details about what kind of vitamins had been
investigated. Association had been proved between vitamin D and anti-Müllerian
hormone (AMH), used as a parameter of ovarian reserve, and VD may trigger the
production of AMH [39]. Other study has shown that vitamin C was correlated with
the age of menopause (r2 ¼ 0.06). However, a previous study calculated the dose of
dietary intake and found that none of middle or high intake of vitamin A, C, D, or E
was associated with early menopause, but found an increased odds in high calcium
intake [139].

A longitudinal study from Australia found that β-cryptoxanthin intake was
correlated with the age of menopause (r2 ¼ 0.105) [138]. β-cryptoxanthin is an
antioxidant, and is known to exist in the ovarian tissue. Dietary β-cryptoxanthin
intake is primarily from fruit and vegetables. In this study, survival analysis proved
that women with high β-cryptoxanthin intake (�568 mcg/day) had a later meno-
pausal age compared with low intake women(�132 mcg/day). Using multiple linear
regression analysis, the article found a model indicating that the 100 mcg increment
of intake per day was associated with a delay for 6 weeks in the age of menopause.
Those findings could explain the effects of green and yellow fruit and vegetables on
delayed menopause age.

In summary, the balance of enough food support and nutrient is essential to
women ovarian function. Enough carbohydrate, protein, and caloric support are
important to a normal onset of menopause. Fruit, vegetable, and other foods
containing antioxidant substance are helpful in protection of ovarian tissue and
reduce the risk of earlier menopause. However, the effect of fat was still controver-
sial and needs further investigation. High protein content food such as meat, sea
food, and egg seems to be associated with later menopausal age, as well as enough
vitamin support. Fiber, soy, and cereal products seem to have an adverse influence.

4.3.4 Body Mass

Body mass had been thought of associated with menopause for a long time;
however, conclusions among studies remained controversial. Both overweight and
underweight had been reported to be associated with earlier menopause, and over-
weight was also associated with later menopause. Whereas some studies reported
that there was no relationship between body mass and menopausal age. These
controversial reports may be explained by: (1) different race/ethnicity of subjects
among studies; (2) different study designs and number of participators; (3) whether
considering the confounders or not and different ways to estimate those confounders;
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(4) difference of statistical analysis [140]. In this part, we will compare the different
opinions among relevant studies.

4.3.4.1 Earlier Menopause Associated with Underweight

A recent study from Korea found that the menopausal age among women with body
mass index (BMI) <25 was earlier than with BMI �25 [131]. A study from China
also found that the odds of early menopause increased 55% (OR ¼ 1.55) in
underweight women [138]. The odds of POI was slightly increasing but not statis-
tically different. A large prospective study involving 78,759 American women
published in 2017 found that women who were underweight (BMI
18.5–22.4 kg/m2) in the early or mid-adulthood had increased significantly 30%
risk for early menopause [141]. This study also found a non-linear, J-shaped relation
between BMI and the risk of early natural menopause, which found a reduced OR in
women with overweight, indicating that overweight may be related to later meno-
pause. This finding was agreed with a meta-analysis published in 2010 [140], which
found that increased BMI prudently associated with later menopausal age, and
explained that the relationship might be associated with higher estrone production
in the adipose tissue in obese women.

4.3.4.2 No Relationship Between Body Mass and Menopausal Age

A meta-analysis including seven published data concluded that no clear association
was proved between being overweight or obesity and menopausal age [110]. A small
prospective study which only included 185 women also found no difference of
menopausal age between women with BMI more than and <27.3 kg/m2

[142]. This finding was agreed with two large cross-sectional surveys from
Canada [143] and Norway [144] which categorized BMI into four categories of
underweight, normal, overweight, and obese. The study from Norway observed a
relative high OR (1.95) of early menopause in underweight women
(BMI < 18.5 kg/m2) but not with statistical significance.

4.3.4.3 Earlier Menopause Associated with Overweight

There were less studies supporting this opinion. A multi-ethnic population study
found that the mean BMI was significantly higher in women with POI
(29.3 � 68.4 kg/m2) compared with non-POI women (26.7 � 66.3 kg/m2;
P ¼ 0.001), which indicated that POI patients may trend to overweight [115]. And
this study also proved a slight increasing OR of POI with multivariate models after
adjustment for site, age, and socioeconomic status among Caucasian and African
American women with higher BMI. Data from two European cohort studies showed
that obesity is a determinant of earlier timing of menopause, with 1.3 HR in women
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with BMI >30 kg/m2. In this study, another result worth to mention is that HR was
higher in women with BMI <18.5 kg/m2 (HR ¼ 1.7, CI 0.942–3.060), however,
without statistical significance [144].

In summary, though such controversial opinions of body mass and menopausal
age exist and need more further research to explain, keeping a normal BMI is
important since there were no studies suggesting earlier or later menopause was
associated with women with normal BMI.

4.3.5 Physical Activity

Similar to body mass, the comments on physical activity and age of menopause were
controversial. Previous studies tend to suggest that heavy physical activity is asso-
ciated with later menopausal age since the evidence that heavy physical activity can
suppress gonadotropin-releasing hormone and gonadotropin activity, subsequently
descend serum estrogen levels and lead to anovulatory or irregular menstrual cycles
is supported by the fact that athletes usually have a later age of menarche and
increased incidents of anovulation and amenorrhea, and have a reduced luteal
phase with the mean and peak progesterone levels [143]. It’s proved that fewer
cumulative menstrual cycles are related to a larger reserve of oocytes and therefore
later menopause. Data from a Japanese prospective cohort study [145] and a UK
cross-sectional study [146] both published in 2012 supported this comment. At the
same time, few or no physical activity was thought to be associated with earlier
menopause. According to a meta-analysis, onset of menopause happened nearly
one-third of a year earlier in physically inactive women compared with moderately
or highly active women [138].

However, a recent prospective cohort study from the USA published in 2018
found physical activity was not associated with early menopause [147]. This large
prospective study included 107,275 women followed up from 1989 to 2011 and
observed 2786 women experienced early menopause. MET hours/week (hours of
physical activity multiply by its metabolic equivalent score) was used to assess the
intensity of physical activity. Cox proportional hazard models were used to calculate
hazard ratios and adjusted by multiple confounders. Relationship of physical activity
and menopausal age was not found in any models. The results also did not find that
early menopause was associated with proper and arduous activity in adolescence and
young adulthood. A nation-wide longitudinal study in Canada [148] and a cross-
sectional study in Norway [121] published previously both supported the comment,
though they didn’t specifically lean on physical activity.

In addition, some study also found that high level of physical activity increased
the risk of early menopause. A cross-sectional study from the USA involving 50,678
found that the risk of earlier onset of menopause slightly increased with women who
have regular strenuous exercise (HR ¼ 0.96) [146]. Another more recent cross-
sectional study from China found that the risk of early menopause was increased
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among women with middle and high level of physical activity (OR ¼ 1.20 and 1.30,
respectively) compared to women with low level [138].

Those inconsistent comments may be due to the different methods of physical
activity intensity assessing. In some studies, MET hour/week was used, while hour/
week was used by other study. And some studies just simply categorized it into low,
middle, and high level or regular and no regular. In addition, association with
different types of exercises was not better investigated. Some studies concluded
that relationship just existed with extreme high level of activity; however, physical
activity of participators from most study did not reach such high level. Different
study designs may also part of the reason. And there is possibility that relationship of
physical activity and menopausal age is none or limited, and the controversy was
caused by other confounded factors.

4.3.6 Other Potential Factors

4.3.6.1 Sleep Quality

Though sleep quality is associated with many health problems and more and more
concerns had been put into its effects on menopausal age, few studies had investi-
gated their relationship. A recent study estimated the relation between rotating night
shift work and menopausal age and found some correlation [149]. This large
prospective cohort study followed up 80,840 women from Nurses’ Health Study
since 1991 until 2013. They found that recent 2 years and accumulative more than
10 years of rotating night shift work were risk factors for earlier onset of menopause.
Authors thought the adverse effects may be resulted from circadian disruption and
stress brought by rotating night shift work. A previous study found that sleep quality
was associated with follicle-stimulating hormone (FSH) secretion [150]. Faster rate
of FSH change was related to longer sleep duration with poor sleep quality. These
studies indicated sleep quality may be a potential involving factor of onset of
menopause but this effect needs further investigation.

4.3.6.2 Oral Contraceptive

Little was known about the relationship of oral contraceptive and onset of meno-
pause. A cross-sectional study published in 2001 found oral contraceptive use
reduced the risk of earlier menopause [115]. However, a multi-ethnic longitudinal
study did not find any relationship of oral contraceptive and POI among Caucasian,
African American, and Hispanic women [149].
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4.3.6.3 Marital Status

Few studies also found that onset of menopause may be related to marital status. The
multi-ethnic longitudinal study from the USA found single women had a higher risk
of POI compared to married women [149]. The OR of POI among single Caucasian
women was 1.8; however, it was not increased among single African American and
Hispanic women. A cross-sectional study from Norway published in 2007 found that
the risk of early menopause was higher among widows (OR ¼ 1.89), but found no
significant increasing risk among unmarried and divorced or separated women
[121]. However, another study found that the risk of earlier menopause was
increased among separated, widowed, and divorced women (HR¼ 1.27) [115]. Mar-
ital status may be related to other lifestyle factors and reproductive factors which
may be associated with onset of menopause. Married women seem to have a stable
status and a lower risk of earlier menopause [138, 151].

4.3.6.4 Reproductive Factors

Some reproductive factors may also influence onset of menopause. Studies found
that earlier age of menarche may be related to earlier onset of menopause. A recent
large cross-sectional study found that the odds of POI and early menopause
increased among women who experienced menarche before 12 years (OR ¼ 2.14
and 1.59, respectively) [138]. This study also found that more live births reduced the
odds of POI and early menopause. The OR of POI was 0.38 in women who had three
or more live births compared to women who just had one, which means multiple live
births may prolong the reproductive age [138]. Those findings were agreed with
another cross-sectional study from Norway [121]. In addition, age of first live birth
had been thought to be associated with onset of menopause; however, few studies
had mentioned about or the effect was slight.

4.4 Systems Medicine and Premature Ovarian Failure

As we discussed previously, various environmental and lifestyle factors influenced
the onset of menopausal age and even increased the risk of POI. However, more
important things are how these harmful factors interact with our body, what the
underlining mechanism is, and how we can better learn and understand their
relationship, then, finally to figure out a healthy protocol to protect ovarian function.
Systems medicine may be a considerable method.

Systems medicine, initially appearing in the 1990s, refers to a new modern
medical systems using systems-based theories and approaches to study and under-
stand the complexity of human diseases, and integrating the substantial fundamental
and clinical data from traditional and modern medical researches. Systems medicine
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puts human into a whole ecosystem, investigates the interaction among human
diseases, personal behavior, and environment via medical computer modeling and
multiples molecular medical bio-technology, which combines theories of endocrine
and immune systems regulation, as well as metabolism organ system [152].

Ovarian reserve refers to count of primordial follicles (PMFs) in ovary. Reduction
of ovarian reserve, which occurs when folliculogenesis was interfered, is one of the
risk factors of earlier menopause and POI, especially regarding those environmental
and lifestyle factors [15, 138, 153]. Therefore, a normal folliculogenesis is essential
for women reproductive health.

Folliculogenesis begins with primordial germ cells in the early embryonic devel-
opment. Primordial germ cells separate from extraembryonic mesoderm and finally
migrate into genital ridges, where primordial germ cells develop and become PMF.
Although there is various evidence, on the contrary, the current agreement is female
germ cells are not developed later in life. Therefore, the PMFs form a fixed pool
called the ovarian reserve. Most of the PMFs are dormant under the negative intra-
oocyte regulators. During each menstrual cycle, a group of PMFs are recruited and
activated, however, only one dominant follicle (DF) finally experiences ovulation,
and the rest of follicles (subordinate follicle, SF) undergo apoptosis during the period
of primary follicle, secondary follicle, or antral follicle [154].

Multiple endocrine hormones, cytokines, and signal pathways are involved and
make up a complex communication network, which regulates the folliculogenesis
[155]. Any mistakes of the communication network may lead to follicular apoptosis
or over activation, which will decrease the ovarian reserve that may cause POI
[15]. For example, deletion of gene Pten, a PI3K-negative regulator, in mouse ovary
results in activation of the whole PMF pool and therefore premature ovarian failure.

Many environmental and lifestyle factors affect onset of menopausal age mainly
via interrupting the folliculogenesis [15, 156]. Although some of the mechanisms
were not interpreted completely, several approaches of interruption may be involved,
namely (1) activating apoptotic gene and opening dead signal pathway in ovary lead
to increasing follicular apoptotic, (2) producing more reactive oxygen leads to
oxidative stress, (3) affecting the functions of endocrine system, especially the
effectiveness of estrogen, (4) causing DNA damage or epigenetics change which
may lead to transgenerational effect, (5) affecting the communication between
oocyte and other cells, and so on. In this part, we will summarize and categorize
the possible mechanism of main environmental and lifestyle factors which we have
discussed above.

4.4.1 Environmental and Lifestyle Factors Activated
the Apoptotic Gene

The number of PMFs refers to ovarian reserve which reflects the function of ovary.
PMFs in the ovary may experience one of the three possible fates: (1) remain
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quiescent, (2) be activated and join the growing pool of follicles and then either go
through atresia or finish their developmental process up till ovulation, and (3) die
directly from their dormant state [153]. Normally, the PMFs pool is enough for a
woman to experience a healthy reproductive life. However, when the PMFs endure
extra apoptosis, the ovarian reserve may reduce, which may lead to early meno-
pausal age or POI [15].

One of the most established apoptosis signal pathways is caused by polycyclic
aromatic hydrocarbons (PAHs), one of the components of cigarette. PAHs come
from incomplete combustion. In addition, smoking, contrived source of PAHs,
which contain more than 100 chemical substances, is the process of manufacture
or handicraft, fossil fuel and trash burning, and traffic pollution [157].

PAHs is a well-known cancerogenic substance [158]. In ovary, PAHs activate the
aromatic hydrocarbon receptor (AhR), which presents on the surface of granulosa
cells and is one of the transcription factors, and then induces expression of the
apoptosis-promoting gene Bcl2-associated X protein (BAX), subsequently leading
to apoptosis of granulosa cells and follicular atresia. This intracellular cell-dead
pathway was first identified by Tiina Matikainen and his colleagues in 2001
[159]. Based on the previous study reporting that ovary is capable of metabolizing
PAH compounds [160], they found that intraperitoneal injection of a prototypical
PAH in female mice significantly increased ovarian BAX mRNA levels, and BAX
protein accumulated in primordial and primary follicles. They further demonstrated
an increased level of BAX protein in ovary was both necessary and sufficient to
target female germ cell death and BAX gene deficient oocytes were resistant to
PAH-induced apoptosis. Finally, they found that human primordial and primary
follicles exposure to PAH increased the occurrence of degenerating oocytes, coupled
with the increasing BAX accumulation. This pathway of follicular apoptosis sup-
ports the comment that smoking causes a permanent and irreversible influence to
ovarian function [111]. BCL2, an anti-apoptosis protein, was reportedly decreased in
ovaries of mice exposed to mainstream smoke in another study [161]. In addition,
PAHs induce or up-regulate the expression of cytochrome P450 enzymes, which
may convert PAHs into even more toxic molecules and decrease the serum estrogen
levels [5].

In addition to PAHs, di (2-ethylhexyl) phthalate (DEHP), one kind of phthalates
also shows an effect on reducing ovarian reserve [15]. Phthalates are used in the
manufacture of plastics for various industrial applications. It has been reported that
exposure to different dose of DEHP could reduce the number of primordial follicles
in ovary of mice. Sen et al. exposed mice to dibutyl phthalates at 0.1 mg/kg/day for
10 days and resulted in decreased antral follicle numbers, coupled with increased
mRNA encoding pro-apoptotic genes (BAX, BAD, BID) [162]. Another study
conducting oral exposure of adult mice to DEHP (20 or 500 mg/kg/day) every day
for 10 days resulted in decreased number of primordial follicles and increased
BAX/BCL2 ratio in primordial follicles, indicating an adverse effect of phthalates
on ovarian reserve [23]. Moreover, some kinds of pesticide were reported a similar
effect. Park et al. administered 5–500 μg/kg dose of simazine, one of the pesticides,
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to pregnant mice, and resulted in apoptosis of granulosa cells in the first generation
with downregulation of anti-apoptotic and proliferation genes [163].

Soy and soy-based products, such as tofu, soy milk, and soy infant formula
content soy isoflavones (SIFs), have many helpful health effects, such as the
prevention of cancers and cardiovascular diseases and the prevention of osteoporosis
in menopausal and postmenopausal women. However, Wang et al. orally adminis-
tered SIFs to female rats 50, 100, or 200 mg/kg body weight from weaning until
sexual maturity, resulting in increased percentage of apoptosis follicles, coupled
with increased mRNA expression of apoptosis-related genes, including Bax and Fas
[164]. This finding indicates that intake of soy and its productions may lead to
reducing ovarian reserve through Bax or Fas mediated apoptotic signaling pathways.

In addition, exposure to X-ray had been reported to be associated with reproduc-
tive health. The Bcl-2 protein was observed increasing in ovary of rat as the growing
of X-ray intensity. Bcl-2 protein can inhibit cytochrome C released from mitochon-
dria into cytoplasm, thus suppress apoptosis.

In summary, PAH induces apoptosis of follicles via activating BAX gene.DEHP,
simazine, SIFs, and X-ray exposure result in follicular apoptosis and observing
relative gene and proteins change, however, their actual relationship requires further
investigation to clarify.

4.4.2 Environmental and Lifestyle Factors Induce Oxidative
Stress

Oxidative stress refers to a disturbance in the prooxidant–antioxidant balance in
favor of the former, which may lead to various health problems [165]. Oxidative
stress occurs under several pathological situations, which produces extra reactive
oxygen species (ROS) or reactive nitrogen species (RNS) in human body. In
contrast, there are two kinds of antioxidant systems resisting the oxidative stress,
enzymatic antioxidant system (including superoxide dismutase, glutathione peroxi-
dase, and catalase) and non-enzymatic antioxidant system (including ergothioneine,
vitamin C and E, glutathione, melatonin, alpha-lipoic acid, and so on). In normal
situation, the balance between oxidant and antioxidant systems is essential for
human body. When oxidant substances overproduce, antioxidant system fails to
eliminate those extra ROS and keep this balance, then oxidative stress
happens [166].

Oxidative stress is proved to be associated with diabetes and human senescence.
In ovary, three types of damages may response to follicles loss: (1) those extra ROS
or RNS can induct lipid peroxidation reaction, damage the biological membrane, and
finally lead to structural and functional change in cells; (2) ROS also causes protein
damages, including signaling pathway and structural proteins, which may lead to
gene expression changes or cellular structural changes; (3) ROS causes DNA
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damages that lead to gene expression changes [167]. The three types of damages
may finally induce apoptosis of follicle that reduces ovarian reserve [15].

Cigarette smoking can induce oxidative stress. Studies on disease of respiratory
system have shown that cigarette smoking increased the oxidative stress markers in
blood and bronchoalveolar lavage fluid [168]. Cadmium, a metal component of
cigarette, was reported by the study of Nampoothiri et al. inducing ovarian oxidative
stress [169]. They treated adult rats with lead acetate (LA) or cadmium acetate
(CA) or both at a dose of 0.05 mg/kg body weight on a daily basis for 15 days.
Both lead and cadmium can accumulate in ovarian tissue. Their results have shown
that the lipid peroxides and catalase activity, both markers of oxidative stress, were
increased in granulose cells of both groups, coupled with decreased superoxide
dismutase activities and glutathione status, which are important roles of antioxidant
system. More directly, Gannon et al. found that mice exposure to cigarette smoke for
8 weeks induced oxidative stress by increasing Hsp25 and decreasing superoxide
dismutase two protein expression. At the same time, they observed a significant
decrease in the number of primordial and growing follicles and the relative ovarian
weight [170]. Another study conducted by Sobinoff et al. used a direct nasal
exposure to cigarette smoke to mice, resulting in increased levels of primordial
follicle depletion, oxidative stress, and antral follicle oocyte apoptosis, shown by
increased levels of mitochondrial ROS and lipid peroxidation [171]. Camlin et al.
used nasally exposed pregnant mice to cigarette for 12 weeks throughout pregnancy
and lactation. Their results showed reduction in follicle numbers and elevated levels
of oxidative stress in ovaries of neonatal mice. This finding indicated that maternal
smoke exposure may also cause oxidative stress [172].

In addition to cigarette smoke, El-Sharkawy et al. found in animal experiment that
methoxychlor (MXC) can induce oxidative stress. Methoxychlor is an organochlo-
rine pesticide and acts as an endocrine disruptor having estrogenic, anti-androgenic,
and anti-estrogenic functions in ovary. Adult female rats orally exposed to MXC of
200 mg/kg, twice/weekly, had a meaningful decrease of ovarian and body weight,
decrease in progesterone levels and serum estradiol, and meaningful increase of lipid
peroxidation (caused by ROS) coupled with decrease in the total antioxidant. They
further observed the ovarian histopathology and found an atretic morphology in
pre-antral follicle. The toxic effect of MXC was ameliorative by the administration
of propolis, a substance of antioxidant [173]. However, to the best of our knowledge,
the similar effects of MXC had not been reported on the other types of pesticide.

In terms of dietary habits, it was reported that the adverse effects of alcohol
drinking in reproductive health may be associated with oxidative stress [174]. In
contrast, β-cryptoxanthin, an antioxidant and mainly found in fruits, has shown an
effect on reducing the risk of earlier onset of menopause [138].

Many kinds of food or their components show the effect of antioxidant.
Ergothioneine is a natural antioxidant initially found in fungus. Natural
ergothioneine can eliminate free radical and maintain the normal function of DNA.
Alpha-lipoic acid is an enzyme that exists in mitochondria. With both the fat-soluble
and water-soluble properties, alpha-lipoic acid can effectively eliminate the free
radical in human body and is widely used against oxidative stress in many
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pathological situations, such as diabetes, Parkinson disease, and cardiovascular
diseases. Vitamin E, carotene, and astaxanthin were also reported to have the effect
of antioxidant. In addition, some kinds of drug were reported to directly act against
the oxidative effects in ovary. The signaling pathway of NF-E2-related factor
2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1)-antioxidant response element
(ARE) defends against oxidative stress. Akino N et al. showed that
dimethylfumarate can activate Nrf2/Keap1 pathway and alleviate oxidative stress
in the mouse ovary [175]. Moreover, Niringiyumukiza JD et al. reported glycogen
synthase kinase-3 (GSK-3) can inhibit doxorubicin-induced oxidative damage in
mice via GSK-3/Nrf2 signaling pathway [176]. Alpha-lipoic acid [177], traditional
Chinese medicine Kuntai capsule [178], coenzyme Q10 [179], and resveratrol were
also reported effective against oxidative stress in ovary. Eliminating of oxidative
stress in ovary may facilitate to maintain ovarian reserve and reduce the risk of POI.

4.4.3 Environmental and Lifestyle Factors Affect Endocrine
System

Ovarian endocrine system is a complicated and elegant hormone network that
controls the folliculogenesis, menstrual cycle, and fertility. The hypothalamus-
pituitary-ovary axis dominates the release of sexual hormone. Hypothalamus
releases the gonadotropin-releasing hormone (GnRH) in pulse, which targets the
release of gonadotropin, follicle-stimulating hormone (FSH) and luteinizing hor-
mone (LH), by pituitary. FSH supports the follicular growth and stimulates secretion
of estrogen by granulocyte. Estrogen suppresses the release of hypothalamus and
pituitary by GnRH or gonadotropin through the negative feedback regulation [179].

Folliculogenesis mainly depends on the interaction between anti-Müllerian hor-
mone (AMH), FSH, androgens, and estradiol (E2) in human ovarian. Based on the
development of follicle, folliculogenesis can be divided into gonadotropin-
independent follicle growth period (before pre-antral follicle) and gonadotropin-
dependent follicle growth period (antral follicle till ovulation). Before pre-antral
follicle, folliculogenesis relies on the intra-ovarian factors, which are mainly andro-
gens, AMH, and FSH. Androgens are important to early follicular growth. It was
reported that testosterone and dihydrotestosterone (DHT) can increase the number of
growing follicles as well as a greater proliferation of granulosa cells (GCs) and theca
cells (TCs) in animal experiment. It is suggested that androgens exerted this effect by
enhanced FSH receptor expression in pre-antral follicle. Although FSH is a gonad-
otropin, growing evidence has shown that FSH stimulated follicle growth moder-
ately during the gonadotropin-independent follicle growth period synergized with
other stimulating factors. AMH is a glycoprotein of the TGF-β family. Secreted by
GCs, it negatively controls the initial follicular recruitment through counteracting
growth-promoting effects of FSH on granulosa cells. AMH gene knockout mouse
models show a meaningful increase of growing follicles at all stages. Thus, AMH is
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important to activate the primordial follicle pool and its levels are treated as a marker
of ovarian reserve. After pre-antral follicle period, folliculogenesis relies on gonad-
otropin. FSH binds in G-protein reporter then activates target gene via AC-CAMP-
PKA signaling pathway on GCs. Those activated genes are important for GCs
maturation, LH reporter expression, follicular survival, and estrogen secretion.
Estrogen can directly support the follicular maturation, and negatively control FSH
secretion, which means the prevention of follicular over activation and selection of
dominant follicle. The close cooperation of those sexual hormones is responsible for
normal folliculogenesis. Therefore, normal levels of androgen, estrogen, AMH, and
FSH are essential for maintaining ovarian reserve [156].

Cigarette smoking, the most established risk factor of POI, can affect the effec-
tiveness of sexual hormone, especially estrogen, through many pathways. It is well
known that cigarette smoking has anti-estrogen effect, but how does the effect work?
We summarize those effects in the following categories. (1) Cigarette smoking
reduces expression of estrogen. It was reported that the urinary estrogen level is
lower in smokers [118]. As we discussed previously, PAHs activate the dead
signaling pathways of GCs and cause apoptosis [159]. Estrogen is mainly synthe-
sized by GCs, and apoptosis of GCs can decrease the level of estrogen in serum. In
addition, some component of cigarette, such as nicotine, cotinine, and anabasine,
could inhibit the activity of aromatase [180]. Aromatase converts androstenedione
into estradiol in GCs. (2) Cigarette smoking accelerates the elimination of estrogen.
PAHs have enzyme-inducing functions, especially on the cytochrome P450 (CYP)
family of enzymes. PAHs exposure results in enhanced clearance of CYP1A-
metabolized drugs, which may accelerate the elimination of serum estrogen
[181]. On the other hand, cigarette smoking enhances the 2-hydroxylation pathway
in the liver and could convert estrogens into 2-hydroxyestrogens, which are less
bio-active in peripheral tissues [182]. (3) Cigarette smoking increases the androgen
level in serum that is against the effect of estrogen. The minimal activity of
aromatase in smokers fails to convert androstenedione, which may cause androgen
accumulation. Moreover, it is reported that the adrenal gland in smokers produced
more androgen [183].

Other lifestyle factors affect folliculogenesis mainly through endocrine disorder,
though the underlying mechanisms have not been fully understanding. Alcohol
consumption is proved to be associated with change of FSH levels [184]; however,
the direction of the association is contradictory [128]. In addition, those reports of
the effect of alcohol consumption in women reproductive health were also incon-
sistent. Some studies reported that there was less or no adverse effect, while others
reported that abstainers had higher risk of irregular and short cycles compared with
women with low weekly alcohol consumption [185]. Therefore, regarding alcohol
consumption, the association between change of FSH levels and its effects on
ovarian functions remains unclear. The effect of caffeine intake was speculatively
associated with estradiol. Both estradiol and caffeine are metabolized by CYP1A2 in
liver [186]. Study found that caffeine intake was negatively related to estradiol
levels; however, positive and no relation were also reported [187]. Other possible
mechanism is that caffeine suppresses the activity of aromatase, and it was reported
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that sex hormone Y binding globulin had a positive relationship with caffeine
consumption [187, 188].

Regarding body mass, studies had reported that the serum levels of AMH were
lower in obesity women, which indicated a lower ovarian reserve [189]. In contrast,
adipose tissue can produce estradiol in postmenopausal women, but this effect is
minimal during reproductive age. However, it speculates that when estrogen levels
decrease in pre-menopause period, adipose would produce additional estradiol,
which may explain that some studies observed that obesity women experienced a
later onset of menopause, compared to women with normal BMI or underweight
[140]. In terms of diet, protein consumption may be associated with AMH and
ovarian reserve, but it needs further research. Phytoestrogens from soy production
are known to be both estrogenic and anti-estrogenic, and its exact effect on ovarian
function also requires further research [190]. High intensity of physical activity may
affect hypothalamus-pituitary-ovary axis, suppress the effectiveness of GnRH and
gonadotropin, which is supported by the fact that female athletes may experience
prolonged menstrual cycle [145].

In summary, the secular hormones in ovarian, especially androgen, estrogen,
AMH, and FSH are important for folliculogenesis. Lifestyle and environmental
factors affecting the synthesis and secretion of these hormones may disturb posses-
sion of folliculogenesis and affect ovarian reserve. Cigarette smoking affects serum
estrogen levels via several approaches. Other lifestyle factors may affect the expres-
sion of these hormones, though the underlying mechanisms need further investiga-
tion. Though substantial studies reported environmental factors, such as phthalates
and pesticides, affected folliculogenesis, few studies investigated the association
with these hormones.

4.4.4 Environmental and Lifestyle Factors Induce Epigenetic
Modification

Epigenetic modification refers to the change in gene expression without alteration in
DNA nucleotide sequence. Human and many creatures are composed of various
types of cells with different phenotype, which are distinguished in cellular structure,
functions, and gene expression. Even the same type of cells are variant in phenotype
in different timing and space. However, given that all the cells in an individual share
the same DNA sequence, the variance of phenotype seems impossible to happen and
raise a contradiction. Epigenetic modification resolves this contradiction. Distin-
guished from transcription and translation, such genetic conception, epigenetic
modification regulates gene expression via DNA methylation, histone modification,
RNA interference, and so on. It guarantees specific gene expression in the right time
and right place, and is reversible and can be steadily passed on to offspring [191].

It has been reported in animal studies that exposure to some environmental
endocrine disruptors leads to loss of the primordial follicle pool in the offspring,
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indicating that the effect of some harmful factors is transgenerational [15]. This
transgenerational effect could result from genetic changes and, more likely, result
from epigenetic changes. Diethylhexyl phthalate (DEHP) is an estrogen-like envi-
ronmental endocrine disruptors. Zhang et al. injected DEHP to newborn female mice
at doses of 20 and 40 μg/kg per body weight during the weaning period. Results have
shown that newborn female mice exposure to DEHP decreased the amount of the
primordial follicles in pubertal and adult age, with a reducing level of imprinted gene
methylation on the oocytes [192]. Furthermore, they treated pregnant mice with
DEHP at doses of 0 and 40 μg/kg body weight from 0.5 to 18.5 day post coitus. In
this experiment, they found that in the F1 generations of DEHP treating mice, the
percentage of methylated CpG sites in Igf2r and Peg3, which are differentially
methylated regions, was reducing in primordial germ cells. Maternally methylated
Igf2r and Peg3, which erased when PGCs reached genital ridges in mice, and
re-established during gametogenesis, are important for germ cell functions
[193]. Moreover, they surprisingly found that the modification of the DNA methyl-
ation of imprinted genes in F1 mouse oocytes was heritable to F2 generations. In
their further study, they found that methylation level of another gene Stra8 was
increased and the expression levels of Stra8 protein were significantly decreased in
mice with maternal exposure to DEHP. Protein Stra8 is one of the steroidogenic
proteins [194].

Another environmental endocrine disruptor bisphenol A (BPA) was reported to
be decreasing methylated levels of several genes. Pathl et al. found that exposure to
BPA resulted in cardiac epigenetic marks changes [195]. The epigenetic effects of
BPA on ovary may be similar to DEHP. Zhang et al. found that material exposure to
BPA resulted in decreased methylated levels of Igf2r, Peg3, and H19 in fetal mouse
germ cells, which may affect gametogenesis [196].

It was reported that methoxychlor (MXC), a pesticide, affects ovarian function
via altered methylation patterns. Zama AM et al. exposed rats to MXC for 100 mg/kg
per day between embryonic day 19 and postnatal day 7. They found a significant
hypermethylation in the ER-beta promoter regions, with increased DNA
methyltransferase 3b (Dnmt3b) levels in rats postnatal day 50–60. These findings
indicated that MXC causes hypermethylation in ovary via Dnmt3b and alters ovarian
functions [197].

In summary, environmental endocrine disruptors, such as DEHP and BPA, and
some kinds of pesticide may alter methylated level of several genes in ovary, which
may affect germ cells development or sexual hormone activity. However, further
researches are required in this field.
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4.4.5 Environmental and Lifestyle Factors Cause DNA
Damage in Ovary

DNA damage refers to the permanent changes in DNA nucleotide sequence, and
subsequently leads to apoptosis, function changes or loss, and change in genotype.
The types of DNA damage included nucleotide point mutation, deletion, insertion,
and DNA chains transposition or fracture. Various physical or chemical factors can
cause DNA damage. Causing DNA damage is also a notable approach that leads to
ovarian function loss [198].

Cigarette contains hundreds of components making it quite easy to cause DNA
damage. BaP–DNA adducts have been detected in human luteal cell. Moreover, in
smoking women who underwent IVF, researchers observed higher rates of DNA
strand breaks. Study in mouse and bovine found cigarette components interfered
meiosis of oocyte. Mouse models exposed to nicotine resulted in premature separa-
tion of sister chromatids and chromosomal abnormalities during meiosis. Moreover,
the exposure to nicotine also resulted in an increased rate of aneuploidy, abnormal
chromosomal alignment, multipolar and malformed spindles, and disorganized
microfilaments in the bovine oocytes. And BaP exposure may cause meiotic spindle
disturbances. These changes in DNA may lead to oocyte apoptosis and follicular
atresia [156].

Radiation is well known to cause DNA damage, and exposure to ultraviolet ray
increases the odds of skin cancer via DNA damage. It was reported that exposure to
mobile phone radiation could increase the expression of ATM, a DNA damage
repair protein, as previously discussed, which indicated that radiant factors may
cause DNA damage. In addition, ROS can attack DNA chains and lead to DNA
damage, moreover, factors can cause oxidative stress, thus, can be risk factors of
DNA damage.

4.4.6 Lifestyle and Environmental Factors Affect
the Cell-To-Cell Communication Between Oocyte
and Other Cells

Throughout the whole folliculogenesis, oocyte meets different cells in different
period. During the process of PGC formation and specification, the bone morpho-
genetic protein (BMP) family signaling from the surrounding extraembryonic ecto-
derm (ExE) and visceral endoderm (VE) is extremely important. After arriving at
genital ridges, developmental direction of the bipotential PGCs is determined by the
somatic supporting cells in the gonad. During follicular growing period, oocyte is
surrounded in an enclosed space by theca cells and GCs. The communications
between oocyte and its surrounded cells are essential for folliculogenesis and various
in ways. Endocrine communication may be the dominant way; however, the effect of
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cell-to-cell communication should not be ignored, especially between oocyte and
GCs [154].

GCs used to be a flattened epithelium surrounding the oocyte. As follicle
develops, GCs become cuboidal and form multiple layers. During antral follicle
period, as the expansion of antrum in follicle, GC divides into two parts. GCs that
separate away from oocyte were called mural GC that lines the follicle wall. The
other adjacent to the oocyte is called cumulus GC. The mural GCs are major source
for steroid hormones. In this view, follicle can be treated as a functional syncytium
comprised by oocyte in the center, cumulus GCs around the oocyte, mural GCs in
the follicular walls, and the gap junctions connecting these cells [157, 199].

Gap junctions are constituted of intercellular channels that directly connect
adjacent cells and allow the diffusional movement of ions, metabolites, and other
potential signaling molecules [199]. The gap junctions contain several different
connexins, a family of more than 13 related proteins, such as connexins 32, 43,
and 45. Ackert CL et al. assessed the importance of connexins 43 gap junctions.
They grafted ovaries of late gestation mouse fetuses or newborn pups who are
lacking connexin 43 into the kidney capsules of adult females, then allowing them
to develop for up to 3 weeks, resulting follicles failed to develop beyond the primary
stage. At the same time, the morphology of those mutant follicles was abnormal,
meanwhile the zona pellucida was poorly developed, moreover the cytoplasm of
both granulosa cells and oocytes was vacuolated, and cortical granules were absent
from the oocytes [200]. Another article found connexin 37-deficient mice lacked
mature (Graafian) follicles, and failed to ovulate and develop numerous inappropri-
ate corpora luteum [199]. These findings indicate that cell-to-cell communications
through gap junctions are important for folliculogenesis.

Several studies indicated that lifestyle and environmental factors may potentially
affect folliculogenesis through interfering the functions of gap junctions in ovary.
Paksy K et al. cultured human ovarian follicular with cadmium (Cd) and resulted in
morphological changes in GCs, interfered with cell–cell junctions and the adherence
of cells [201]. Sharovskaya J et al. cultured hepatoma cell with carcinogenic or
non-carcinogenic PAHs, and they found that the carcinogenic PAHs can affect the
formation of gap junctions in hepatoma and interfere gap junction intercellular
communication directly [202]. One study on testis Sertoli cells found that several
testicular toxicants, including cadmium chloride, bisphenol A, and pesticides
affected intercellular junctions through reducing the level of connexins
43 [203]. However, lack of direct evidences from ovarian studies suggests that the
association between environmental or lifestyles factors and gap junction intercellular
communication in ovary needs further research to clarify.
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4.5 Conclusions and Suggestions

In summary, the model of modern society has been greatly changed, including their
living environment and lifestyle. The changes of natural environmental factors,
social environmental factors, and lifestyle factors may cause positive or negative
effects on women reproductive health, however, the negative parts are usually
greater. Thus, we should pay more attention to these factors and find out when and
how they jeopardize women’s health, and finally reduce or prevent the harmful
effects of those factors.

However, considerable works must be finished, given that there remains contro-
versial and inexplicable findings found in those literature. In addition, most of these
studies only discussed the influence on folliculogenesis and reduced ovarian reserve,
which was just one of the risk factors of POI. Most of the papers we discuss were
based on animal experiments and not directly involving POI. Some of these harmful
factors remain poorly understood. Therefore, further investigations are required.

As the development of systems medicine, doctors and scientists realize that health
care is not only about treatment of diseases itself, it should also be able to promote
human physical and mental health, and allow every person to enjoy their daily life
and work effective with a healthy body. Therefore, prevention of disease becomes
quite important. A better learning and understanding about the relationship between
women ovarian function and the outside environmental factors will provide women
more information to facilitate their reproductive health.
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Chapter 5
Effects of Environment and Lifestyle
Factors on Anovulatory Disorder

Ying Song and Rong Li

Abstract Anovulatory disorder comprises around 30% of female infertility. The
origin of ovulatory failure is rooted in pituitary FSH secretion. Any factor or process
that disrupts the finely tuned interactions of hypothalamo–pituitary–ovarian axis can
potentially lead to anovulation. The World Health Organization (WHO) has classi-
fied anovulatory disorders into three categories: hypothalamic–pituitary failure,
hypothalamic–pituitary dysregulation, and ovarian failure. Due to industrial devel-
opment, environmental pollution, and global warming, the human living environ-
ment has undergone tremendous changes. Industrial waste, noise, pesticides,
fertilizers, and vehicular emission are visible pollutants responsible for environmen-
tal contamination and ill effects on health of all living systems. A considerable body
of research suggests that chemical exposures in the environment or workplace may
be associated with endocrine disruption of the synthesis, secretion, transport, bind-
ing, or elimination of natural hormones. For instance, some advanced biological
mechanisms suggest that heavy metals may affect progesterone production, which
possibly disturbs endocrine function in pregnant women. On the other hand, our
lifestyle factors have also changed accordingly, which greatly influence overall
health and well-being, including fertility. Many lifestyle factors such as nutrition,
weight, exercise, and psychological stress can have substantial effects on female
ovulation.

Y. Song
National Clinical Research Center for Obstetrics and Gynecology, Beijing, China

Key Laboratory of Assisted Reproduction (Peking University), Ministry of Education, Beijing,
China

Beijing Key Laboratory of Reproductive Endocrinology and Assisted Reproductive
Technology, Beijing, China
e-mail: jisuangailun@126.com

R. Li (*)
Center for Reproductive Medicine, Department of Obstetrics and Gynecology, Peking
University Third Hospital, Beijing, China
e-mail: roseli001@sina.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
H. Zhang, J. Yan (eds.), Environment and Female Reproductive Health, Advances in
Experimental Medicine and Biology 1300,
https://doi.org/10.1007/978-981-33-4187-6_5

113

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4187-6_5&domain=pdf
mailto:jisuangailun@126.com
mailto:roseli001@sina.com
https://doi.org/10.1007/978-981-33-4187-6_5#DOI


Keywords Environment factors · Lifestyle factors · Anovulatory disorder ·
Hypothalamic · Pituitary failure · Hypothalamic · Pituitary dysregulation · Ovarian

5.1 Introduction

Ovulation is a process in which the oocyte matures and exits from the follicle. This
precise process requires cooperation among the hypothalamus, pituitary gland, and
ovary. Other endocrine organs, such as adrenal gland, thyroid gland, and even
adipose tissue, may also have an impact on this process. Any factor or process that
disrupts finely tuned interactions of hypothalamo–pituitary–ovarian axis can poten-
tially lead to anovulation. Anovulatory disorder comprises around 30% of female
infertility. Over the past few decades, human fertility has shown a significant decline
trend, and environmental degradation may be one of the reasons. A great deal of
evidence has been gathered to prove that certain chemical, physical, and biological
substances present in our environment have harmful effects on human reproduction.
At the same time, modern lifestyles are very different from before. However, the
harmful effects of bad lifestyles on the female reproductive system cannot be
underestimated, ranging from hormonal imbalances, low ovarian function,
prolonged conception, to premature ovarian failure, ovulation disorders, and even
infertility. Current research has found that the effects of obesity, underweight, and
eating disorders, smoking, excessive exercise, drinking, caffeine intake, drug use,
and even social work stress on the female reproductive system are particularly
significant. Environment and lifestyle factors play key roles in determining repro-
ductive health. Anovulatory disorder is one of the main manifestations.

5.2 Ovulation

Ovulation is a process in which the oocyte matures and exits from the follicle.
Normally, the human ovary produces a single dominant follicle that ovulates in each
menstrual cycle, which begins with the onset of puberty and diminishes when the
follicular pool becomes depleted. After menopause, the ovaries generally no longer
ovulate, and become smaller with the connective tissues proliferate. After a woman
is born, there are about 300,000 to 600,000 follicles on both sides of the ovary, but
only approximately 300–400 oocytes will be ovulated during a woman’s reproduc-
tive lifetime and the rest will degenerate [1]. Maintenance of the primordial follicle
pool, follicle recruitment and selection, dominant follicles development, oocyte
maturation, atresia of other follicles is a quite complex process, which is determined
by complex activation and interplay of many factors acting in a stage-specific
manner. This involves a large number of compounds, endocrine, autocrine, and
paracrine factors including inhibin, follistatin, activin, insulin like growth factor
(IGF), IGF binding proteins, transforming growth factor family (TGF), epidermal
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growth factor, endothelins, etc. This precise process requires cooperation among the
hypothalamus, pituitary gland, and ovary. Other endocrine organs, such as adrenal
gland, thyroid gland, and even adipose tissue, may also have impacts on this
process [2].

5.2.1 Folliculogenesis

Follicle development begins with the collection of primitive follicles into a growing
follicle pool. After a series of selection and growth, it ends with ovulation or
apoptotic arrest, a process that can take up to a year in human. The interaction
between the oocyte and the somatic cell is the most critical process. Two distinct
stages could be divided from primordial to the preovulatory stage for follicle growth
based on its responsiveness to the gonadotropins:

Follicle-stimulating hormone (FSH) and luteinizing hormone (LH). The first
stage is from primordial follicle to primary preantral follicle, which has been
considered to be gonadotropin-independent and essentially controlled by locally
produced growth factors operating through autocrine/paracrine mechanisms. Some
growth mediators may play a role at this early stage, such as TGF-β, bone morpho-
genetic proteins (BMPs), activin, insulin, anti-Müllerian hormone (AMH), estrogen,
and androgens [3, 4].

The second stage is the progression throughout the antral stage and ovulation,
which have been considered to be dependent on pituitary-secreted gonadotropin
(FSH and LH) support. Insulin growth factor (IGF) family, TGF-β family, growth
differentiation factor-9 (GDF9), and BMP15 also play critical roles in these stages
[4]. Follicles containing fully-grown oocytes are ready to undergo ovulation, which
is induced by the surge of gonadotropins, which activates a whole cascade of
inflammatory responses in the dominant follicle leading to the rupture of the
follicular boundary wall and the release of the cumulus–oocyte complex. Besides
steroids, GDF9, BMP15, and other proteins such as FOXL2 and NOBOX also seem
to be involved in this process [5]. In addition, apoptosis plays an important role in the
determination of the original follicle pool and the selection of dominant follicles.
Many pro-apoptotic and anti-apoptotic proteins have been shown to regulate the
growth and development of germ cells [6].

5.2.2 Oogenesis

Oogenesis is a process in which primary oocytes that are stagnant during the first
prophase of diplotene stage of embryonic life reach meiotic maturity and undergo
cytoplasmic changes, eventually in the form of mature eggs in reproductive life
freed. The migration of the germ cells from the yolk sac to the genital ridge leads to
oogenesis, which starts in the sixth week of embryo. Since reaching the genital ridge,
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primordial germ cells proliferate and differentiate to oogonia. With GREL cells
proliferation and surrounding the oogonia, primordial follicles arise, composed of
one oocyte surrounded by a layer of flattened granulosa cells. And then, the granular
cells become cuboids and multiply into multiple layers, and the follicles also develop
from primary follicles to secondary follicles. The first primary follicles appeared in
15th to 16th weeks, while the earliest sinus follicles were observed in 23rd to 24th
weeks. By the eighth month of the fetus in the womb, almost all germ cells become
primary oocytes, which have entered meiosis and stagnated in the diplotene stage.
Stopping mitosis of oocytes indicates that the number of oocytes reaches the peak in
the whole life. In childhood, the ovaries are almost stationary. After puberty,
reactivation of the GnRH pulse results in increased gonadotropin release and ovarian
stimulation [7].

Oocytes remain at the dictyate stage of meiosis I throughout oogenesis, until final
oocyte maturation, but it is not static. During this period, oocytes synthesize
and accumulate RNAs and proteins that are essential for their proper growth and
maturity, which are also essential for developing a viable embryo. The size and
volume of oocytes has increased approximately 100-folds. From primitive to pri-
mary follicular phase, most genes related to cell proliferation, cell cycle, and
transcription are all up-regulated. From the primary follicular phase to the secondary
follicular phase, many transcripts that are involved in the cell cycle, biosynthesis,
and macromolecular metabolism are actively up-regulated [8]. And then until to the
sinus phase, genes involved in the basic transcription of polymerase II promoter are
down-regulated, which may explain massive transcriptional silencing at the end of
oocyte growth. The surge of FSH and LH before ovulations promotes the recovery
of primary oocytes and completes the first meiotic division, forming secondary
oocytes and polar bodies. The secondary oocyte enters the second meiosis and
remains in the middle of meiosis until fertilization. Fertilization leads to the final
completion of meiosis and the formation of a second polar body [9]. However, not all
primary oocytes reach the mature egg stage, and most oocytes become atretic during
this process [10, 11].

Oogenesis is a complex process, which is regulated by a vast number of intra- and
extra-ovarian factors. Communication between the oocyte and the surrounding
granulocytes is critical for oocyte development. Differentiated granulocytes provide
oocytes with the nutritional and regulatory signals needed to promote oocyte nuclear
and cytoplasmic maturation and thus acquire developmental capacity [11, 12]. The
meiotic stage is essential for oocyte development, ovulation, and the formation of
healthy embryos. In fact, it has been shown that endocrine-disrupting chemicals,
such as bisphenol A (BPA), can cause spindle formation disorders, interfere with
microtubule polymerization, and induce multipolar spindles in mouse oocytes [13].
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5.3 Etiology of Anovulation Disorder

The release of a mature and fertilizable oocyte from a dominant follicle is the perfect
integration of hypothalamic, pituitary, and ovarian functions. The main players of
this system are GnRH, FSH, LH, estrogen, and progesterone, but countless other
factors also provide the necessary regulation. In general, the normal function of the
hypothalamic–pituitary–ovarian axis depends on the release time and the correct
synchronization of the amount of hormones involved, which is essential for ovula-
tion. Any factors or processes that interfere with the fine-tuning interaction of the
hypothalamic–pituitary–ovarian axis may lead to anovulation.

5.3.1 Hypothalamic Factors

Hypothalamic hormones particularly gonadotropin-releasing hormone (GnRH) is an
important factor responsible for functional hypothalamo–pituitary–ovarian axis.
Fluctuations in the frequency and amplitude of GnRH pulsation release are the key
to determine the FSH and LH release patterns, which in turn determine the triggering
of ovulation. Studies have shown that the ability of GnRH to up-regulate the
pituitary gonadotropin receptor requires a 60–90 min physiological cycle, and
slower or faster frequencies can lead to anovulation [14]. GnRH hormone is a
decapeptide synthesized and released from the specialized neuron ends of the
hypothalamic arcuate nucleus. Its secretion is regulated by the positive and negative
feedback of the pituitary and ovaries, as well as by autocrine and paracrine. GnRH
secretion by the hypothalamus is regulated by dopamine, norepinephrine, serotonin,
and opioids produced in the brain. Norepinephrine stimulates GnRH release, while
dopamine and opioids inhibit GnRH release. Kisspeptins also affect the regulation of
GnRH secretion [15, 16].

Hypothalamic dysfunction and structural abnormalities may affect GnRH pro-
duction and release, thus leading to anovulation. Functional hypothalamic
anovulation (FHA) is the most common cause of hypothalamic anovulation. Vigor-
ous exercise, excessive stress, anxiety, malnutrition, and eating disorders can inhibit
normal GnRH pulsation by inhibiting the excessive release of corticotropin-
releasing hormone, and stimulation of β-endorphin can cause amenorrhea and
anovulation [17]. Sedatives, antidepressants, stimulants, and antipsychotics can
alter the levels of norepinephrine, dopamine, and serotonin, which in turn affect
the release of GnRH leading to anovulation. Drug abuse (e.g., cocaine, marijuana)
and mental illness (e.g., schizophrenia) can also cause anovulation by inhibiting
GnRH [18]. Besides, infiltrative disorders of the hypothalamus (e.g., lymphoma,
sarcoidosis), infection, head trauma, tumors of hypothalamus, irradiation to the
hypothalamus, chemotoxic agents interfere with local neurotransmitter regulation
of GnRH pulsatility can cause ovulation disorder.
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5.3.2 Pituitary Factors

As we have known, pituitary hormones, especially Gn, play key roles in follicle
formation and ovulation. GnRH in the hypothalamus is transported through the
portal circulation to the anterior pituitary gland, causing the release of gonadotropins
(LH and FSH). Gonadotropin-releasing cells account for 7–15% of the anterior
pituitary cells. The ovaries release estradiol, progesterone, and inhibin, while the
pituitary releases activin and follistatin, all of which regulate LH and FSH secretion
during the menstrual cycle.

Hypophysectomy and radiotherapy are the commonest pituitary causes for pitu-
itary tumors and Sheehan’s syndrome (severe post-partum hemorrhage). Pituitary
infiltrates (sarcoidosis, hemochromatosis), space occupying lesions
(microadenomas, large adenomas), brain tumors (meningiomas, gliomas, and cranial
neuromas), damage and radiation lead to pituitary destruction and anovulation. Not a
few cases are idiopathic [19].

5.3.3 Ovarian Factors

The ovaries are responsible for the production and periodic release of oocytes and
the production of estradiol and progesterone. Radiotherapy, chemotherapy, and
ovariectomy are iatrogenic factors that directly damage the ovaries, leading to
anovulation and infertility. Chromosomal abnormalities, such as Turner’s syndrome,
fragile X syndrome, idiopathic accelerated ovarian follicular atresia, and gonadal
hypoplasia, are the genetic causes of anovulation. Premature ovarian failure and
ovarian resistance syndrome are other causes of anovulation, and their causes are
mostly unknown [20].

5.3.4 Endocrine Factors

Hyperprolactinemia caused by pituitary tumors or drugs can cause anovulation by
affecting multiple parts of the hypothalamic–pituitary axis. It mainly interferes with
two factors: pulsed release of GnRH, positive feedback effect of estrogen on LH
surge. Causes of hyperandrogenemia, such like Cushing’s syndrome, adrenal hyper-
plasia, drug-induced virilization, and androgen-secreting tumors can lead to anovu-
latory. Severe thyroid dysfunction, both hyper- or hypo-thyroidism, if untreated, can
cause anovulatory and menstrual irregularities.
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5.3.5 Genetic and Epigenetic Factors

Genetic diseases, such as Kalman Syndrome, Prader–Willi Syndrome, and GnRH
receptor gene mutations, can affect the production, release, and function of GnRH,
leading to anovulation. Idiopathic gonadotropin deficiency hypergonadism, isolated
gonadotropin deficiency, and mutations in the genes of FSH and LHβ subunits cause
ovulation and infertility by affecting FSH and LH. Chromosomal abnormalities,
such as Turner syndrome, Fragile X syndrome, idiopathic ovarian follicular atresia,
and hypogonadism are genetic factors that cause ovulation to lack ovaries [21].

Epigenetic mechanisms participate in the regulation of gene expression in the
condition of not changing DNA sequence. Environmental factors are involved in
these mechanisms and lead to chromatin structural changes. Methylation and
demethylation, histone acetylation, ATP dependent chromatin remodeling, and
DNA methylation are the most typical mechanisms in epigenetic regulation. In
reptiles, temperature is an environmental stimulus that affects sex determination by
changing the DNA methylation pattern in the aromatase gene promoter, which
seems to be essential in the commitment to the female pathway [22]. On the other
hand, environmental toxicants, such as PCBs, may cause epigenetic changes, leading
to changes in the expression profile of genes related to gonad differentiation in turtles
[23]. Recently, the impact of epigenetics on human ovulation has become a research
hotspot. The best epigenetic reprogramming cycle is the cycle of DNA methylation.
The life cycle of this epigenetic marker includes several key stages: clearing of
epigenetic markers from primitive germ cells; the establishment of a new set of
markers during gamete development; elimination of genome-wide methylation at the
pre-implantation stage. Starting from the blastocyst stage, markers are re-established
during development and differentiation [24]. Advanced age, body composition, diet,
genetic/epigenetic variation, and environmental exposures have been proved to have
effect on epigenetic programming of the mammalian germline.

5.3.6 WHO Classification

According to the main causes of anovulation, and based on the levels of gonadotro-
pins and estrogen in the peripheral blood, the World Health Organization (WHO)
has developed a classification standard for anovulation diseases. Anovulatory dis-
eases are divided into three categories, namely hypothalamic–pituitary failure,
hypothalamic–pituitary dysfunction, and ovarian failure. [25].

WHO Group I (Hypothalamus–Pituitary Failure). This situation may be caused
by hypothalamic or pituitary disease, or severe weight loss or excessive stress or
high-intensity exercise. The typical performance is hypogonadotropic
hypogonadism: the serum gonadotropin (LH and FSH) concentration is too low,
the development of follicles in the ovary is blocked, which in turn leads to
anovulation and amenorrhea, the level of estrogen is significantly reduced.
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WHO Group II (Hypothalamic–Pituitary Dysfunction). This is the most common
type of anovulation, accounting for about 90% of all anovulatory patients, most of
which are caused by polycystic ovary syndrome (PCOS). Also includes follicular
membrane cell hyperplasia and HAIRAN syndrome. In this type of anovulation,
women’s serum gonadotropin and estradiol levels are normal, but LH/FSH is often
abnormally elevated. That is to say, the ovarian function disorder with normal
gonadotropin is accompanied by anovulation or oligomenorrhea in varying degrees.
The occurrence and growth of follicles can be observed, but the follicles cannot
mature and cannot spontaneously ovulate.

WHO Group III (Ovarian Failure). This condition is mainly due to severe lack of
primordial follicles or ovarian resistance, including primary or secondary. Manifes-
tations of hypogonadotropic hypogonadism: increased serum FSH and LH, and
decreased E2. The clinical manifestations of the patients are amenorrhea, infertility,
and low estrogen-induced perimenopausal symptoms. This type of patient is char-
acterized by a poor response to induced ovulation, and ovarian function has
deteriorated.

5.4 The Influence of Environmental Factors on Female
Ovulation

Many evidence show that environmental factors may play substantial roles in the
development or cause of disease. A cohort study of nearly 45,000 twins from
Denmark, Sweden, and Finland showed that compared to genetic factors, environ-
mental factors may play more important role in the onset of cancers such as breast,
prostate, and others of female reproductive system [26]. There are now more than
87,000 known chemical substances in the United States, penetrating our food, air,
soil, water, homes, schools, transportation systems, and workplaces [27]. Our human
fertility experienced obvious decline over the past decades, and environmental
degradation may play a role in the procedure. Many evidence has proven that certain
physical, chemical, and biological substances in the environment may be harmful to
human reproduction. Female fertility may be affected by environmental factors in
coexisting ways, such as epigenetic modification, induction of oxidative stress, and
endocrine disruptors.

5.4.1 Climate Change

Since the industrial period, human activities have led to significant emissions of
carbon dioxide and other greenhouse gases, which have generated rapid variations in
atmospheric composition and driven major climate changes. Different aspects of
global climate change, such as the rise in ambient temperature over the past 30 years,
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have shown a wide range of biological systems. An important aspect of biosystem
affected by climate change is phenology. More and more studies show that the
reproductive function of animals has been greatly influenced by climate change,
especially fish and birds. However, there are few studies on climatic factors and
human reproductive functions, especially ovulation, which is related to excessive
external interference factors [28, 29].

Climate change includes the change of air composition, sunshine cycle, and the
most prominent is the rise of temperature. Climate change will continue to have an
increasingly dramatic effect on the global thermal environment, including increases
in average local temperatures and the frequency of heatwaves [30]. Increase of
environmental temperature will cause increase of body temperature, and thus
increasing metabolic heat production. Hyperthermia could also trigger lethargy,
possibly through triggering central fatigue involving dopamine and serotonin level
changes, resulting in decreased activity and thus reduced heat production. Long-term
exposure to high temperatures could reduce basal heat production of mammals by
reducing circulating thyroid hormone, which is a common response to various
environmental stresses. Generally, the endocrine responses to heat stimulation
include the plasma concentration of several hormones such as adrenaline, glucocor-
ticoids, noradrenaline, and brain oxytocin. HPO axis could also be affected by these
hormonal changes, leading to anovulatory disorders. Because of its sensitivity to
energy availability, reproductive axis of mammals could be directly affected by high
temperatures and heat waves [31, 32].

Research has shown that high temperature can reduce the intermittent secretion of
LH, inhibit the surge of LH before ovulation, and thus reduce the gonadotropin
dependent growth of follicles [33].

Research confirms that photoperiod is an important factor in coordinating repro-
ductive and environmental synchronization. Melatonin, which depends on photope-
riod, is central to the ovulatory rhythmic endocrine regulation system. Melatonin is
an endocrine regulator with a wide range of functions secreted by the pineal gland. It
regulates female reproductive endocrine and ovulation through the effect on the H-P-
O axis [34].

5.4.2 Ionizing Radiation

Ionizing radiation can target rapidly dividing cells in multiple organs, including the
testes and ovaries, as well as the developing embryo and fetus. The effects of
radiation on the human reproductive system have been extensively explored through
events of large population exposure. The accident at Chernobyl nuclear power
station on April 26, 1986 was the most serious accidental radiation leakage in the
twentieth century. A series of cases of Down’s syndrome in Belarus 9 months after
the explosion of the Chernobyl nuclear power station indicate that mammals are in a
radiosensitive period of oogenesis during ovulation and conception [35]. Ionizing
radiation would lead to production of free radicals, therefore increase oxidative
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stress in cells or tissues. Cell macromolecules, even nuclear DNA could be damaged
by those free radicals. Most of single or double strand breaks of DNA damage could
be repaired in a few hours. Compared to double chain breaks, single chain breaks
which are usually caused by low LET radiation, are easier to be repaired. Also,
double strand breaks have harmful effect on genome integrity [36–38]. Double
strand breaks of DNA by irradiation also have been shown to play important role
in triggering the mitochondrial apoptotic pathway [39]. The effect of oxidative stress
state on cells not only happened during radiation exposure, but also long time after
exposure.

Radiotherapy for cancer patients will lead to radiation-induced harm, which may
have a profound impact on female reproductive function. Ovarian toxicity is a
common long-term side effect of therapeutic radiotherapy. Anovulation of the
ovary after radiation is caused by the inactivation of oocytes and the decrease in
the number of granulocytes, which causes oocyte maturation microenvironment
abnormalities [40]. Previous studies have shown a significant correlation between
follicular developmental stage and oocyte damage after irradiation. The effect of
radiation on female gamete and ovulation rate is not only affected by the develop-
ment stage, but also time-dependent. During fetal period, radiation is easy to cause
serious effects on the mitotic oocytes. Now more and more data show that in the
primordial, primary, and antral stages, the number of follicles will be significantly
reduced after receiving radiation, and the follicles in preantral stage are better
tolerated by radiation [41].

To assess the effects of radiation on the ovarian function of women, the age of the
patient, the time of exposure, and the total dose should be taken into account.
Generally speaking, due to the large number of follicles in the ovaries before
puberty, the follicles in the ovaries are less prone to apoptosis than middle-aged
women. However, because the radiation source is too close to the ovary, even young
women undergoing abdominal radiotherapy may cause a significant decrease in
ovarian function. In terms of the total radiation dose, it is estimated that the harm
of less than 60 cGy to the ovary can be ignored. When the total dose reaches
150 cGy, there is a risk of decreased ovarian function for women over 40 years of
age, but not for young women. At a dose of 250–500 cGy, 60% of 15–40-year-old
women experience permanent sterility, the rest may experience temporary amenor-
rhea and anovulation, and while women over 40 years old may experience 100%
permanent sterilization [42–44].

Another potential reason of anovulation caused by radiation damage to the
reproductive system is the destruction of the H-P-O axis. In therapeutic cranial
irradiation, this damage can occur if the hypothalamus and pituitary are within the
scope of radiation therapy. The function of H-P-O axis may change in different
degrees in patients with brain tumor undergoing local radiotherapy. In the case of
severe injury, gonadotropin and estrogen in the circulation of the patients decreased
significantly, and the clinical manifestations were anovulation. Some case reports
show that precocious puberty occurs in children who have received radiotherapy for
leukemia or brain tumors [45]. Precocious puberty after radiotherapy may be due to
the damage of inhibitory feedback system in H-P-O axis. Thus, the release of GnRH
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in hypothalamic neurons is activated prematurely, and then the amplitude and
frequency of GnRH pulsates are both increased.

Electromagnetic radiation is widely available both indoors and outdoors, such as
satellite links, wireless communications, microwave ovens, FM radios, and TV
transmitters/antennas, etc. Wi-Fi signals are ubiquitous in the home or office, used
for wireless applications and Internet connection, thereby increasing exposure to the
radiations [46]. Studies show that exposure to Wi-Fi signals can increase the
generation of reactive oxygen species [47] and adversely affect oocyte development
and ovulation [48]. There is another problem. Mobile phones are revolutionary to
human life and are indispensable. In mobile phone communications and many other
applications, exposure to electromagnetic radiation is increasing. The electromag-
netic radiation produced by mobile phones is non-ionizing radiation, but the effects
on the reproductive system cannot be completely denied.

5.4.3 Environmental Endocrine Disruptors

One of the greatest achievements of the twentieth century was the ability to replicate
and synthesize organic compounds, from synthetic rubber to drugs of all kinds.
These substances play a very important role in promoting the development of human
civilization, but people gradually realize that they bring some potential hazards. The
problem of endocrine interferon is gradually recognized. Endocrine-disrupting
chemicals (EDCs) are exogenous chemical entities or mixtures of compounds that
interfere with any aspect of hormone action responsible for the maintenance of
homeostasis and the regulation of developmental processes [49]. In the past two
decades, the research on potential harmful effects of EDC on human body has been
greatly increased, which makes the knowledge of developing biological blood and
environmental toxicology continuously increases. The toxic effects of EDCs have
led to restrictions on their use with substantial evidence of exposure. Some western
countries prohibited the use of some of the EDCs, such as polybrominated diphenyl
or polychlorinated biphenyls. However, sometimes human exposure to EDCs is
inevitable, for example, when those chemicals are used in the occupation, or, when
those chemicals are widely dispersed in the environment [50, 51].

EDC changes the interaction between gene and environment through physiolog-
ical, cellular, molecular, and epigenetic changes. EDCs have an impact on the
exposed individuals and their offspring. The biological effect mechanism of EDCs
is mainly to combine the corresponding endogenous hormone receptor with hor-
mone competition, so as to promote/antagonize hormone action, leading to body
dysfunction; to interfere with the synthesis and metabolism and transport of endog-
enous hormone and its receptor, leading to endocrine dysfunction. They can cause
multiple damages to women’s hypothalamus, pituitary, breast, uterus, ovary, and
endocrine system and induce a variety of adverse outcomes and complications. This
damage spans almost every stage of female life, from the embryonic development
stage to Adolescence, childbearing age, and menopause [52, 53]. Although there
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may be hundreds or more environmental chemicals with EDC activity, several
categories are most frequently studied and will be briefly introduced here [49, 54].

5.4.3.1 Bisphenol A

Bisphenol A (BPA) was first synthesized in 1891 and found to have estrogen activity
in 1936. It is widely used in manufacturing, food packaging, toys, and other
applications, becoming the largest annual production of EDCs. BPA is contained
in the lining of many canned foods and beverages, which will seep into food or water
under high temperature, physical operation, or repeated use, causing everyone to be
exposed. Although the half-life of BPA is relatively short (6–24 h), it can be
measured in reproductive tissues such as follicular fluid, breast milk, placenta,
etc., [55].

It has been proved in animal models that BPA could affect the growth and
development of follicles and ovulation. Although the effects of BPA on follicular
dynamics and/or oocyte maturation are two closely related physiological processes,
they may vary according to the period and mode of exposure, specie, period of
observation. They are frequently reported in different animal species, including
sheep [55]. Low doses of BPA exposure in the uterus is interfered with early
oogenesis production in rhesus monkey and mice, and, injection of BPA induces
MOFs after birth. MOFs are follicles which contain two or more oocytes without a
separating basement membrane. The formation of MOF during nest breakdown
seems to be due to incomplete breakdown, which could be used as an indicator for
the obstruction of primordial follicle formation [56, 57]. In addition, it can reduce the
number of primordial follicles, increase the number of apoptotic oocytes, and
promote the recruitment of primordial follicles. At the same time, reducing the
number of antral follicles and increasing the number of primary and secondary
follicles affected the distribution of follicle type [58, 59]. In many experimental
studies of rats and mice in different life stages, BPA has been found to change the
estrous cycle. Proper periodicity is considered essential for successful ovulation.
Therefore, periodic changes may directly lead to at least sub-fertility through
disturbed ovulation (delay or absence) [60].

Among infertile women undergoing IVF, higher BPA exposure (higher BPA in
blood or urine) is associated with lower ovarian response, reduced number of mature
oocytes, and decreased number of fertilized oocytes. Thus, increased levels of BPA
may decrease the success rate of IVF treatments [55, 61–63]. In addition, BPA
exposure is also closely related to polycystic ovary syndrome (PCOS). PCOS is one
of the most common diseases in reproductive women, which is caused by the
abnormal endocrine and metabolism in the body. It is mainly manifested as irregular
menstrual cycle, infertility, acne, hirsutism, accompanied by abnormal
gonadotropin-releasing hormone secretion and high androgen level, affecting the
normal development of follicles, causing ovulation disorder and difficult to con-
ceive. A large number of studies have shown that exposure to EDCs can lead to
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impaired physiological functions of the ovary and affect the occurrence and devel-
opment of PCOS disease [64, 65].

Molecular analysis showed that low dose of BPA could affect the level of
apoptosis related genes. Specifically, BPA can increase the level of B-cell leuke-
mia/lymphoma 2 (Bcl2), BCL2-like 1 (Bcl2l1), decrease the level of BCL2 antag-
onist/killer 1 (Bak1), tumor necrosis factor (TNF) receptor superfamily and
lymphotoxin B receptor (Ltbr) [66, 67]. In addition, BPA exposure reduced the
expression of factors that control follicular formation, such as LIM homeobox
protein 8 (Lhx8), NOBOX oogenesis homeobox(Nobox), spermatogenesis and
oogenesis-specific basic helix-loop-helix 2 (Sohlh2), stimulated by retinoic acid
gene 8 (Stra8), REC8 meiotic recombination protein (Rec8), synaptonemal complex
protein 3 (Scp3), DNA meiotic recombinase 1 (Dmc1), and folliculogenesis-specific
basic helix-loop-helix (Figla) [68, 69]. In addition, BPA exposure prevented DNA
methylation at the Lhx8 CpG site [69]. All these evidences suggest that BPA may
impair normal follicular formation and ovarian dynamics.

5.4.3.2 Phthalates

Phthalates are a large class of compounds, which are widely used in plastics,
coatings, cosmetics, medical pipes and other products. They are produced in large
quantities because they give the material a certain degree of flexibility and flexibility.
The most common one is di(2-ethylhexyl) phthalate (DEHP), whose active metab-
olite is mono (2-ethylhex-yl) phthalate (MEHP). In the 1920s, these compounds
were first introduced into plastics production as additives. Through oral, inhalation,
or skin contact, human exposure to phthalates is ubiquitous. Phthalates have been
described in many studies as endocrine disruptors that alter ovarian function, by
influencing folliculogenesis and steroid production. When considering fetal devel-
opment, exposure of pregnant mice to MEHP will cause premature ovarian failure in
F1 generation [70]. According to the acceleration mechanism of follicle recruitment,
it leads to the exhaustion of the primordial follicle pools of F1 and F2 generations.
This multigenerational effect could be explained by the effect of phthalates on DNA
methylation of imprinted genes, not only in fetal ovarian germ cells, but also in F1
and F2 offspring [71]. In one study, the number of preantral follicles in offspring
increased on the 21st day after birth.

The authors explain that this growth is due to the accelerated growth of primordial
follicles and primary follicles, leading to premature failure of ovarian function
[72]. Similarly, exposure to phthalates before puberty significantly reduces the
number of primordial follicles during puberty and adulthood by accelerating follic-
ular recruitment [73, 74]. Mechanism study showed that when exposed to DEHP, the
content of apoptosis promoting gene messenger RNA increased, which caused
oxidative stress and apoptosis of ovarian somatic cells [75].
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5.4.3.3 Atrazine

Atrazine (2-chloro-4-ethylamino-6-isopropylamino)-s-triazine (ATR) is a common
herbicide used to control the growth of broadleaf and grass weed on crops such as
commercial corn, sorghum, and sugarcane. ATR was banned in 2004 in EU coun-
tries, however, it is still used for agricultural purposes in the United States, China,
and Africa [76]. Humans are primarily exposed to ATR through contaminated
farmland, surface water, and groundwater. Epidemiological studies show that
women living in rural areas where ATR is widely used have irregular menstrual
cycles, longer follicular periods, and lower levels of estradiol and progesterone
metabolites [77].

ATR’s reproductive toxicity and anti-ovulation effects have been demonstrated
throughout animal studies. It has been reported that oral administration of high-dose
ATR to adult female rats can reduce the LH surge and the length of estrus cycle, as
well as the number of luteal and oocyte released. In FSH-stimulated rat granulosa
cells, ATR reduced estradiol levels and aromatase (Cyp19a1) expression, also can
selectively reduce LH receptor mRNA levels, resulting in low ovulation gene
expression under hCG stimulation [78]. In addition, ATR induces overexpression
of luteal markers, such as steroids producing acute regulatory protein (Star) and
cytochrome P450 side chain lyase (Cyp11a1), followed by increased progesterone
synthesis [79]. Similarly, studies have shown that targeting human cumulus
granulosa cells, ATR can reduce the levels of estradiol and progesterone and prevent
LH-dependent expression of ovulation genes [80].

5.5 Effect of Lifestyle Factors on Ovulation

Along with social and economic development, modern lifestyles are very different
from before. However, the harmful effects of a bad lifestyle on the female repro-
ductive system cannot be underestimated, ranging from hormonal imbalances, low
ovarian function, prolonged conception, to premature ovarian failure, ovulation
disorders, and even infertility [81]. Current research has found that the effects of
obesity, underweight, and eating disorders, smoking, excessive exercise, drinking,
caffeine intake, drug use, and even social work stress on the female reproductive
system are particularly significant [82]. Ovulation disorder is one of the main
manifestations. Lifestyle factors play important role in determining reproductive
health and can have a positive or negative impact on fertility, but they are ultimately
under our own control.
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5.5.1 Diet

To maintain overall health, healthy and varied diet may play the key role. In which,
some vitamins and food groups have greater impact on reproductive health than
others. A woman’s diet may ultimately affect her fertility, especially ovulation.
About 12% of anovulatory infertility is caused by underweight. Underweight
women often have anorexia nervosa, abnormal ovulation, and oligomenorrhea.
The concentration of leptin in the circulation is very low in women who are
underweight. This may be one of the factors that cause the reduction of GnRH
secretion, which can cause the gonadotropin level to be too low to maintain the
normal function of the ovaries [83].

The lifetime prevalence of anorexia nervosa in women is 0.9%, with the average
age of onset being 19 years old. Anorexia nervosa is often associated with extreme
restrictions on food intake and excessive exercise. Limiting calorie intake or increas-
ing energy expenditure will result in a reduction in metabolic fuel. The levels of
prolactin, estradiol, progesterone, testosterone, androgen, luteinizing hormone, and
gonadotropin in the blood of women with anorexia nervosa decreased, while FSH
levels increased significantly. Abnormal levels of these sex hormones cause men-
strual disorders and ovulation dysfunction [83].

Not only should the diet be adequate, it should also be healthy and varied.
Multivitamins help women ovulate, and those who take multivitamins have less
possibility to have anovulatory infertility [84]. Studies show that animal protein is
harmful to women’s ovulation compared to carbohydrates (OR 1.18). Eating only
one portion of meat increases the chance of anovulatory infertility by 32%, espe-
cially chicken. The replacement of carbohydrates with vegetable protein showed
protective effect (OR 0.5). Trans fatty acids in the diet significantly increase the risk
of anovulation. Ingestion of trans fats instead of carbohydrates was associated with a
73% increased risk of ovulation disorders (RR 1.73) [85]. Chavarro et al. found that
monounsaturated fatty acids, vegetables, reduced blood sugar load, iron and multi-
vitamin intake can reduce the incidence of anovulatory disorder [86, 87].

5.5.2 Obesity

The epidemic of obesity has recently become a serious problem, which may be partly
due to an energy-rich diet and lack of physical exercise. Studies have shown that
about 25% of anovulatory disorders in the United States were caused by being
overweight or obese. BMI is often used to assess the effect of weight on fertility.
BMI > 27 kg/m2 or BMI < 17 kg/m2 is associated with an increase in anovulatory
infertility. When BMI > 30 kg/m2 or BMI < 17 kg/m2, there will be abnormal
secretion of gonadotropin-releasing hormone in hypothalamus, luteinizing hormone
in hypophysis, estrogen in follicles, and even anovulation may occur [88]. It has
been speculated that these negative effects may be related to the change of follicle
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microenvironment, which is different between obese women and normal weight
women. Some differences may include increased levels of insulin, lactate, triglyc-
eride, and C reactive protein in follicular fluid, and sex hormone-binding globulin
(SHBG) may also reduce [89]. Studies have shown that the mechanism of ovulation
disorders caused by obesity is closely related to insulin resistance. Insulin resistance
will stimulate the production of androgens in the ovary and promote the aromatiza-
tion of androgens to estrogen in the periphery, eventually affecting follicular devel-
opment [90]. Fat cells can also produce some metabolic signals, especially leptin,
which can affect the secretion of GnRH by the hypothalamus, thereby stimulating
the secretion of gonadotropins and affecting ovulation [91, 92]. Thankfully, the
negative effects of obesity on female ovulation seem to be reversible. For obese
women who do not ovulate, weight loss can help to rebuild ovulation or help them to
respond to ovulation promotion [93]. Clark et al. found that after an average loss of
10.2 kg, 90% of obese anovulatory women began to ovulate, and 52 in 67 women
achieved a pregnancy [94]. In obese women with PCOS, even a small weight loss
(5–10%) can significantly improve fertility [95].

5.5.3 Exercise

Women’s regular physical activity and exercise are beneficial to overall health and
well-being, especially for obese women [96]. However, if the energy intake cannot
make up for the increase in exercise energy consumption, it can lead to the disorder
of the hypothalamic–pituitary–ovarian axis, leading to anovulation and many other
systemic diseases. Excessive physical exercise is related to abnormal menstruation
and ovulation, and even affects the development of follicles, which has a negative
impact on fertility. Studies have shown that the frequency, intensity, and duration of
exercise are related to the risk of ovulation disorders [97].

Challenges imposed on the physiological system during energy deficiency lead to
the redistribution of energy to processes necessary for survival, such as thermoreg-
ulation, movement, and cell maintenance, but away from the processes that are less
important for survival, such as reproduction and growth. From the “generator” of
hypothalamic reproductive function to the end of follicular secretion of ovarian
steroids, the production and secretion of reproductive hormones altered at various
levels of the reproductive axis. Women athletes who take part in high-intensity
sports often have irregular menstruation, while the long-term negative energy
balance and low body fat content make the ovarian function extremely vulnerable.
The level of LH, prolactin, and estradiol in the serum of the women who experienced
strenuous exercise but had little menstruation was lower [98, 99].
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5.5.4 Cigarette Smoking

More than 4000 chemicals are contained in cigarettes, such as hydrocarbons,
alcohols, phenols, aldehydes, heavy metals, etc. Smoking causes many potential
health complications in women. Compared with non-smoking women, the incidence
of anovulation in smoking women is significantly higher [100]. Smoking is associ-
ated with early depletion of the ovarian oocyte pool, and some studies have
suggested a link between smoking and early menopause. Cigarette smoking can
cause the loss of high quality oocytes and even premature ovarian failure. Compared
to non-smokers, menopause in women who smoke will occur 1–4 years earlier, and
this dose-dependent effect suggests the consumption of ovarian follicles by smoking
[101]. In animal experiments, cigarette exposure can induce the loss of follicles,
reduce the weight of ovaries, and reduce the number of original follicles and growing
follicles, which mechanism is not to induce apoptosis, but to activate autophagy
pathway [102]. Benzopyrene is an important chemical component in cigarette.
Sobinoff found that exposure of ovary to benzopyrene will increase the activation
of primordial follicles and atresia of developing follicles, leading to premature
ovarian failure and anovulation [103]. In addition, smoking can have a series of
effects on disruptions in hormone levels. Polycyclic aromatic hydrocarbons (PAHs)
affect ovulation by acting on the ovary through the aryl hydrocarbon receptor (AHR)
on the surface of granulosa cells. This receptor belongs to the family of transcription
factors and activates the expression of Bax gene (an apoptosis promoting gene) and
cytochrome P450, which transforms PAHs into more toxic molecules [102]. Com-
pared with non-smoking women, the level of basic FSH in the blood of active
smoking women increased by 66%, while that of passive smoking women increased
by 39%. Smoking can also reduce the level of AMH, which indicates that the ovarian
reserve function is decreased. The potential mechanism of smoking affecting follic-
ular development and resulting in low fertility may be related to oxidative
stress [104].

5.5.5 Alcoholism

Compared with non-drinking women, pregnancy rate decreased significantly with
the increase of women’s drinking times. A case–control study of 1050 women in the
United States and Canada and 3833 control women who were diagnosed with
infertility found that ovulation-related infertility was associated with alcohol intake
[105]. The effect may be due to oxidative stress, hormone fluctuations, including the
rise of estrogen level, which can reduce FSH, inhibit follicular development and
ovulation, but many mechanisms are still unclear [106].
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5.5.6 Drug Use

Marijuana is one of the most commonly used drugs in the world, and it works in both
the center and the periphery, causing abnormal reproductive functions. Tetrahydro-
cannabinol, the main chemical component that causes marijuana’s mental effects,
can cause irregular ovulation and shortened menstrual cycle, thus interfering with
female fertility [107]. The risk of anovulatory infertility in marijuana smoking
women was significantly increased. In women, marijuana use can negatively affect
hormonal regulation. In a short period of time, marijuana may cause a decrease in
LH levels, but over a long period of time, hormone levels may remain unchanged
due to the development of tolerance [108]. Another commonly used recreational
drug is cocaine, which is a substance that can stimulate the peripheral and central
nervous system, and can cause vasoconstriction and anesthesia [109]. Cocaine will
also affect ovarian function and ovulation. Thyer et al. found that in non-human
primates, cocaine can reduce the ovarian response to exogenous gonadotropins,
which suggests that cocaine can have a direct effect on the ovaries. Directly and
quickly interfere with ovulation of the ovary [110].

5.6 Psychological Stresses

Stress is an important part of any society, including physical, social, and psycho-
logical aspect. Although acute stress can cause transient neuroendocrine, metabolic,
and behavioral responses to promote survival in the face of perceived challenges,
chronic stress can cause allogeneic neuroendocrine and metabolic regulation and can
also promote survival, but can damage acute and chronic health. Due to social
pressure, testing, diagnosis, treatment, failure, unfulfilled desires, and even the
financial costs associated with it, infertility is itself a pressure [111, 112]. Even if
no fertility is required, anovulation and abnormal menstruation can increase psy-
chological stress. Stress is the most common and often underestimated cause of
reproductive dysfunction [113]. Stress-induced anovulation (SIA) is a typical type of
functional hypothalamic amenorrhea, which can cause infertility and increase the
burden of acute and chronic health problem. SIA/FHA is usually caused by mental
stress and mild energy imbalances and represents an adaptive behavior, with changes
in neuroendocrine patterns and metabolism promoting [114].

Sustained stress will lead to long-term activation of the limbic–hypothalamus–
pituitary–adrenal (LHPA) axis, which leads to a series of neuroendocrine regulation,
including inhibition of the hypothalamus–pituitary–gonad (HPG) axis and
hypothalamic–pituitary–thyroidal (HPT) axis in women [111, 115]. Gonadal func-
tion directly depends on the pulsed secretion of GnRH from the hypothalamus.
Changes in the frequency and amplitude of pulsatile GnRH secretion will affect the
secretion of LH and FSH in the hypothalamus, which will adversely affect follicular
growth and development. Therefore, GnRH inhibition is one of the common causes
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of anovulation and amenorrhea. However, SIA/FHA is anovulation and amenorrhea
caused by GnRH inhibition [116]. Women with SIA/FHA showed a series of
neuroendocrine and metabolic changes, which reflected the integration of neuro-
anatomy and neurophysiology of the neural network of synchronous hypothalamic
function. These changes in neurosecretion at least reflect the feedback sensitivity of
hypothalamus to estradiol, cortisol, and thyroxine. The secretory patterns of growth
hormone, prolactin, and melatonin also differed from those of normal women.
Cortisol levels in FHA patients were significantly higher than in women during
normal ovulation, and glucose levels also decreased, which reflected hepatic deple-
tion of glycogen due to chronic limbic–hypothalamic–pituitary–adrenal (LHPA)
axis activation [117, 118]. It can be seen that stress management, relaxation training,
or psychological education may have long-term benefits to women’s mental and
physical health [14, 119].

5.7 Conclusions

Environmental and lifestyle factors play important roles in folliculogenesis and
ovulation. Although there are more and more studies on the relationship between
EDCs and female reproductive health, most of them are rodent like animals, and the
experimental dose is far greater than the population exposure level. Such experi-
mental results are difficult to be extrapolated to the population. So we need more
epidemiological preschoolers and a large number of clinical data. To fully explore
the influence of EDCs, we should investigate every stage from intrauterine exposure
to puberty and childbearing age. With the deepening of understanding, people also
realize that the exposure to EDCs is not a single substance, but a combination of
multiple substances. At present, the impact of mixed exposure of EDCs on female
ovulation is still a field to be explored. The influence of lifestyle factors on female
ovulation is difficult to quantify, but it is easily regulated. The long-term impact on
the female reproductive system needs to be further explored. It is also necessary to
give guidance and suggestions on the protection of female fertility and on the
reduction of the incidence of anovulation.
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Chapter 6
Effects of Cigarette Smoking
on Preimplantation Embryo Development

Shaoquan Zhan and Junjiu Huang

Abstract In this chapter, we first gave a brief introduction to the detriments of
cigarette smoking, with an emphasis on its adverse effects on female reproductive
health. Then, we outlined recent advances about the impacts of cigarette smoke on
preimplantation embryo development. Additionally, toxicities of cadmium and
benzo(a)pyrene (BaP) at this specific developmental window were also discussed,
to illustrate the potential mechanisms involved in cigarette smoke-associated
embryotoxicity. Finally, we provide an overview of the issues to be solved in the
future research. Further studies about the molecular mechanism of cigarette
smoking-associated female infertility may provide vital insights into developing
new interventions for the women smokers and thus improving their reproductive
outcomes.

Keywords Cigarette smoke · Female reproduction · Preimplantation embryo
development · Cadmium · BaP · Infertility

6.1 Introduction

The fact that there is still over 1 billion smokers worldwide suggests that major gaps
remain, undoubtedly, in meeting the requirements of the World Health Organization
(WHO) Framework Convention on Tobacco Control, although some countries have
made a great progress since its adoption in 2003 [1]. Thus, much more enhanced
measures and great efforts should be made for tobacco control, since cigarette
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smoking can cause devastating impacts on every aspect of human health. For
example, according to a recent report, over 11.5% of global deaths (about six million
every year) were attributable to cigarette smoking worldwide [2]. Cigarette smokers
had a twice mortality rate than the never-smoker, predominately due to chronic
degenerative respiratory diseases, lung cancer, and cardiovascular diseases [3]. Addi-
tionally, cigarette smoking can markedly jeopardize the immune system, weakening
the host’s ability to defend against microbial infection and harmful agents, and thus
worsening respiratory pathologies such as asthma and tuberculosis [4]. Lastly,
human infertility that has been a global problem and occurs in approximately 15%
of reproductive-age couples [5] is also included in the list of non-lethal health risks
induced by cigarette smoke. As estimated, about 13% of clinical infertility cases can
be attributed to cigarette smoking, linking to higher risk of spontaneous abortion in
both natural and assisted conception cycles [6–9]. Therefore, it is of great importance
to illuminate the molecular mechanisms underlying the smoking-associated repro-
ductive toxicology.

Although increasing scientific and clinical evidence has suggested that cigarette
smoke has extremely adverse effects on the female reproductive health, the mech-
anisms underpinning are not fully understood, since the female reproductive system
and process are tremendously complicated, involving delicate coordination of mul-
tiple organs and tissues. In human, a successful pregnancy and delivery depends on
success of all the stages in the female reproductive process, including
folliculogenesis in ovary, egg fertilization, preimplantation development and
embryo transport in reproductive tracts, embryo implantation in uterus, and subse-
quent intrauterine fetus development nourished and supported by placenta (Chap. 2).
The process of the assisted reproductive technologies (ART) that have been widely
used for human infertility treatment [10] is yet slightly different. After ovarian
stimulation and oocyte retrieve, ART routinely involves a series of in vitro embry-
onic manipulation that are carried out in laboratory for about 3–6 days, before
embryos are transferred back toward the patients’ uterus. This process corresponds
to the window of human preimplantation development in vivo, which is crucial for a
successful pregnancy and delivery to term. During the first 3 days, after fusion of the
egg with sperm, the resulting totipotent zygote initiate preimplantation development,
followed by a chain of cleavages that are simultaneous with numerous crucial events,
including the elimination of maternal mRNAs and proteins, epigenetic
reprogramming, as well as embryonic genome activation. Subsequently, the embryo
undergoes compaction to form a morula and then develops into a blastocyst. The
embryo at blastocyst stage comprises two main lineages of cells: the inner cell mass
(ICM) that is the most important source for fetus development and the outer
trophectoderm (TE) that will develop into extra embryonic tissues involved in the
placenta [11, 12].

Given the critical role of preimplantation development in female reproduction, we
will focus on the harmful effects of cigarette smoke on preimplantation embryo
development in this chapter. We believe that full elucidation of this issue will
provide insights into our understanding of cigarette-induced clinical infertility.
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6.2 Effects of Cigarette Smoking on Female Reproduction

Cigarette smoke toxicants and/or their metabolites have been detected in multiple
tissues or fluids of pregnant women, including the uterus, placenta, fetal cord blood,
maternal peripheral blood, and breast milk, suggesting that through the circulatory
system, cigarette components eventually are able to reach their target tissues and/or
organs, to exert a detrimental effect on reproductive physiology [13–17]. The past
few decades have seen a major leap forward in understanding the devastating
impacts of cigarette smoking on human reproduction, based on combinatorial data
from human clinic and animal models in vivo and in vitro.

Firstly, since the production and quality of oocytes is an important starting point
for female reproduction, smoking can affect fertility at the source. Direct or indirect
exposure to environmental toxins including cigarette smoke can affect the ovarian
function in many ways, leading to impaired steroidogenesis and follicular develop-
ment, follicles loss [18–22], and poor oocyte quality [23, 24]. For example, abnor-
mal endocrine characterized by higher level of testosterone and follicle-stimulating
hormone (FSH) was found in female smokers [21, 22]. Also, cigarette smoking is
associated with aneuploidy, because exposure to the harmful ingredients in smoking
can induce meiotic spindle disturbance and chromosomal misalignment, leading to
production of oocytes with abnormal chromosome numbers. In a mouse model,
despite of the similar numbers and maturation rates, 24% of the oocytes recovered
form mice directly exposed to cigarette smoke had severe anomalies in spindle
structure or chromosomal alignment, compared to merely 2% in non-smoking
mice, mainly due to shorter spindle length and wider spindle equators [23]. Poor
quality indicated by disorganized microfilaments during in vitro meiotic maturation
was also found in bovine oocytes exposed to nicotine, accompanied with decreased
maturation rates in a dose-dependent manner, ranging from about 90% in the
non-treated group to just 15% in the group exposed to nicotine of 6 nM [24].

What is worse, declined quality of these oocytes compromised subsequent
parthenogenetic development, with only about 5% of the resultant embryos devel-
oping to blastocysts that were almost aneuploid and hypogenetic with obviously
decreased cell number [24]. This indicated that cigarette smoking might also impair
the subsequent development following ovulation. In a clinical In Vitro Fertilization
(IVF) program, female smokers had a notably lower fertilization rate, indicated by
approximately 10% more non-fertilizated oocytes (20.1%) than that in non-smokers
(10.8%) [25]. Using mammalian models, we and others demonstrated that exposure
to cigarette smoke lead to compromised preimplantation embryonic development
[26–30], which will be discussed later in detail.

In addition, a significantly lower pregnancy rate was also observed in those
heavy-smoking recipients in the cycles of oocyte donation when compared to
non-heavy smokers (34% VS 52%, respectively) [31], suggesting that cigarette
smoking can affect embryo implantation. Successful implantation of embryos
requires the establishment of uterine receptivity, in which the endometrium plays a
major role. A previous study based on human endometrial stromal cells reported that
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cadmium, a toxic metal with a significantly high level in cigarette, could induce early
decidualization, and thus disrupt endometrial function [32]. This may be a persua-
sive explain for the lower pregnancy rates in heavy smokers [31], and implies a
potential mechanism involved in cigarette smoke-induced implantation failure.

Furthermore, recent epigenetic studies indicate that offspring physiological
abnormalities can result from unhealthy parental lifestyles including cigarette
smoking, although the mechanism remains to be clearly elucidated [33–35]. Both
maternal smoking and indirect exposure to cigarette smoke during gestation can
either compromise prenatal intrauterine development directly, by jeopardizing
organogenesis and delaying the fetal growth [35–37] or exert long-term conse-
quences on the offspring, till their adulthood [35, 38, 39].

In summary, cigarette smoke can target almost all stages during female repro-
duction [40]. Various reproductive diseases can result from smoking-induced dys-
function at any corresponding stage of these processes, rendering to decreased
female fecundity and even infertility.

6.3 Research Models for Preimplantation Embryo
Development

As aforementioned, cigarette smoke can target the whole process during female
reproduction, including preimplantation stage [26, 27]. Therefore, full elucidation of
the effects of smoking on human preimplantation embryonic development, will
provide significant insights into our understanding of the pathogenesis of cigarette-
associated female sterility, and may thus enable development of new interventions to
improve the clinical reproductive outcome, especially for those female smokers in
IVF program [31].

However, investigations involving early human embryo are always limited, for
the lack of these precious materials, and potential ethical concerns on using such
kind of materials. Since animal studies can control experimental conditions rigor-
ously and exclude potentially miscellaneous variables that may present merely in the
clinical IVF process, relevant studies can usually provide adequately scientific and
reliable information, reflecting results in human to some extent. Therefore, as an
alternative, there is of great demand to establish appropriate animal models that are
evolutionarily similar to humans, in terms of the anatomy, physiology, as well as the
embryology and reproductive biology.

The rodent, like mice and rats, have been widely used, for not only their
similarities with human in many terms as aforementioned, but also their strong
capacity and short cycle of reproduction, which make them an ideal research
model for early human embryonic development. Both in vitro and in vivo toxicity
studies conducted in these animals [26, 27], have provided a plenty of experimental
data to recapitulate the characteristics of smoking-induced embryotoxicity, as well as
potential mechanisms underlying cigarette-associated human infertility. Besides, the
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embryonic stem cells (ESCs) derived from the ICM in preimplantation blastocyst,
has been widely utilized as a superior model alternative to laboratory animals to
determinate the toxicity of environmental contaminants and chemicals on early
mammalian development, aiming to reduce the animal use and thus improve the
animal welfare [28, 41, 42].

Hereafter, we will highlight recent advances in the effects of cigarette smoking on
preimplantation embryonic development, mainly based on these in vitro and in vivo
studies.

6.4 Effects of Cigarette Smoking on Preimplantation
Embryo Development

Constituents of cigarette smoke or their metabolites, including nicotine, cadmium,
and benzo(a)pyrene (BaP), have been identified for many years in cleavage embryo
proper, uterine endometrium, and cervical fluid [43–46], suggesting a detrimental
environment around preimplantation embryos. In human, since it is quite difficult to
detect the effects of cigarette smoke on preimplantation development in vivo
directly, data about this particular process are obtained almost only from the
epidemiological and clinical statistical studies, and remain poor and controversial.

Shiloh et al. reported that active and passive cigarette smoking, classified
according to self-reported smoking habits, increased the zona pellucida thickness
of both the oocytes (approximately 20μm in smokers VS 15μm in non-smokers) and
preimplantation embryos (ranging from 18 to 20μm in smokers VS 15μm in
non-smokers approximately) [47]. This result indicated that cigarette smoking
might affect the fertilization and embryo implantation, two critical processes that
involve zona pellucida. But it remained to be confirmed, since no data were available
in this study regarding the corresponding fertilization, implantation, and pregnancy
rates between different groups. A retrospective clinical study showed that there were
no obvious difference between the smokers and non-smokers in embryo morphology
and quality, as well as the cleavage and clinical pregnancy rate, but a lower
fertilization rate in smokers, when compared to the non-smoking counterparts
(approximately 78.2% VS 85.7%, P < 0.01 by Chi-square) [25]. Despite of similar
observation for embryo quality, this was conflicting to a previous report [48], in
which the authors found strikingly decreased implantation and pregnancy rates of
mainstream (12.0% and 19.4%, respectively) and sidestream (12.6% and 20.0%,
respectively) smoke-exposed women, compared to the non-smokers (25.0% and
48.3%, respectively, for implantation and pregnancy rates). Thus, vast arrays of
more comprehensive data are of great need to clearly elucidate the effects of cigarette
smoke on human preimplantation development in the future.

Fortunately, during the past decades, animal studies have provided a plenty of
experimental data to promote our understanding of cigarette smoke-induced toxicity
on preimplantation development. Hassa et al. found that the rates of fertilization and

6 Effects of Cigarette Smoking on Preimplantation Embryo Development 141



cleavage were significantly lower in cigarette smoke-exposed mice (20.6% and
17.2%, respectively) than the controls (85% and 75%, respectively) [49]. Consis-
tently, we showed that mice chronically exposed to cigarette smoke in vivo before
mating, exhibited increased egg fragmentation and delayed fertilization [26]. When
these in vivo fertilized embryos from exposed mice were cultured in vitro, we found
that cleaved embryos were significantly reduced in mice exposed to cigarette smoke
condensate (CSC) that are made from cigarettes, compared with controls (73.3% VS
87.7%, P < 0.05). Additionally, the rate of these cleaved embryos reaching the
blastocyst stage from mice exposed to CSC (68.1%) and cigarette smoke (71.4%)
were obviously less than that of control subjects (80.2%, P< 0.05). Simultaneously,
we evaluated the effects of acute exposure on this specific window of embryo
development, by using the whole animal exposure model after mating and fertiliza-
tion, and found similar observation [26]. Furthermore, by using CSC, deleterious
effects of acute or chronic smoke exposure on early development were also evalu-
ated in early mouse embryos in vitro [27], as well as in mouse embryonic stem cells
(mESCs) that plays a vital role in subsequent fetal development following embryo
implantation [28], confirming the in vivo results [26]. Together, these in vitro and
in vivo results mentioned above allow us to conclude that cigarette smoke compro-
mises the preimplantation embryo development.

However, the mechanisms underlying cigarette-induced embryotoxicity and thus
associated sterility are poorly understood. This is mainly due to the difficulty to
distinguish the effective toxicants that are responsible for the reproductive toxic
effects from tobacco and/or smoke mixture that consists of over 4000 chemical
components [50]. What is more, the toxicity of great majority of cigarette chemicals
are still unknown. In light of the consideration that effects of cigarette smoke may be
a result as the combination of the toxicity of various compounds it contains, it will be
partial to utilize individual constituents of cigarette smoke to evaluate the overall
effects of smoking. Nevertheless, relevant studies evaluating the deleterious effects
of individual component of cigarette smoke, such as nicotine [24, 29], cadmium
[27, 28, 32, 51], and BaP [30, 48, 52–54], are informative and promotes our
understanding of the mechanisms involving in cigarette-induced toxicity. Herein,
cadmium and BaP, as examples, will be discussed in detail to illuminate the effects
and potential mechanisms of cigarette components on mouse preimplantation
embryo development.

6.5 Effects of Cadmium on Preimplantation Embryo
Development

The heavy metal cadmium is a toxic abundant component of cigarette (about
1.0–2.0μg per cigarette), up to 10% of which can be absorbed by human through
the smoke after burning [55]. Inhaled cadmium was detected in blood and repro-
ductive system, including female follicular fluids and male seminal plasma, with a
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remarkably higher exposure level in heavy smokers [46, 55–58]. Embryonic degen-
eration with necrosis appearance was found in mouse embryos exposed to high dose
of cadmium, at 5–10μg/mL [51]. Also, a previous study conducted on rabbit also
showed that cadmium-induced necrosis inside the ICM cells at blastocysts, charac-
terized with cytoplasmic vacuoles and residual bodies [59]. These data suggested
that cadmium could negatively affect the preimplantation embryonic development,
at least at high levels of exposure.

Consistently, we showed that embryos exposed to cadmium in vitro demonstrated
time- and dosage-dependent developmental arrest and death [27]. Mouse zygotes
chronically exposed for 96 h to cadmium at 20μM, a relatively lower level than that
in previous study [51], had a comparable cleavage rate to the control without
exposure (90%), whereas all the zygotes failed to cleave when exposed for merely
20 h to cadmium at 100μM. Furthermore, all the cleaved embryos exposed to 20μM
cadmium arrested prior to morula stages, and these arrested embryos underwent cell
death eventually, which might be attributable to increased reactive oxygen species
(ROS) [27]. Although up to 67% of embryos exposed to 5μM cadmium, a much
lower exposure level, could develop into blastocysts, significantly lower than the
controls (89%), these embryos showed significantly decreased embryo qualities,
indicated by reduced total cell number, increased telomere loss and chromosome
fusion, as well as shorter telomere length.

Telomeres, the very end structure of chromosomes, can maintain genome stability
by protecting the chromosomes from recombination and fusions, while are suscep-
tible to oxidative damage [28, 60]. The roles of telomere function in early embryo
development and ESCs pluripotency have been well documented [61, 62]. Since no
blastocysts was available at the exposure level of 20μM, we tested the effects of
cadmium on the mouse ESCs functions. Acute exposure to cadmium at 20μM leads
to reduced ESCs pluripotency and even immediate cell death, whereas chronic
exposure to the same level of cadmium results in DNA damage accumulation and
telomere shortening [28]. These data verified that cadmium negatively affected the
preimplantation blastocyst development, especially for the ICM that is the source of
ESCs, further confirming the previous result [59].

Remarkably, these cadmium-induced damages to the embryo or ESCs, including
decreased embryonic cleavage and developmental potential, reduced ESCs
pluripotency, and shorter telomere length, as well as increased DNA damage and
dysfunctional telomeres, could be alleviated effectively by co-treatment with appro-
priate concentrations of the antioxidant, N-Acety-L-Cysteine (NAC) [27, 28],
suggesting that increased ROS may partially account for the cadmium-induced
embryotoxicity in mechanism. This may provide an additional explain for the
lower implantation rate in those who are heavy smoker with high exposure level
to cadmium [31], and thus a potentially new intervention strategy for human
infertility.
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6.6 Effects of BaP on Preimplantation Embryo
Development

BaP, a proven carcinogen belonging to the PAHs family and also an ubiquitous
environmental pollutant, is present in secondhand smoke at relatively high levels,
almost 10 times higher than mainstream smoke [63]. BaP and its metabolic deriv-
atives have been found in follicular fluid and embryo proper, suggesting its potential
involvement in reproduction [20, 43, 53]. A previous study [53] showing that the
level of BaP in the follicular fluid of female mainstream smokers who did not
conceive (1.79 � 0.03 ng/mL) was significantly higher than that of those
non-smokers who achieved a pregnancy (0.08 � 0.03 ng/mL), implied that BaP
might account for smoking-associated abortion and female infertility. However,
effects of BaP on preimplantation development remain to be explored, especially
at the level representing human exposure in ovarian follicular fluid and serum [20],
although BaP-induced toxicity in multiple processes of female reproduction has
been well described, leading to ovarian, uterine and placental dysfunctions [20, 52,
54, 64].

Hence we studied the effects of direct BaP exposure on preimplantation devel-
opment of mouse zygote in vitro [30]. Initially, neither the morphology nor the
embryo cleavage and blastocyst formation was found to be significantly different
between exposed zygotes and unexposed controls. But, just for about 4 h and even at
5 nM, approximately the physiological level of human in vivo exposure, BaP
exposure had obviously increased the ROS levels (34.5% more than the control),
which was implicated in BaP toxicology in previous reports [65, 66]. Then, given
that ROS can destroy cellular organelles and macromolecules, including mitochon-
dria, proteins, as well as DNA [67], and that BaP and its metabolites can target DNA
to form BaP-DNA adducts, which can impede the process of DNA replication and
thereby lead to replication errors [68], we tested whether increased ROS could lead
to poor embryo quality, by terminal-deoxynucleoitidyl transferase mediated nick end
labeling (TUNEL) and telomere dysfunction induced foci (TIF) assay to detect cell
apoptosis and DNA damage in blastocysts developed from BaP-exposed zygotes
[30]. As a result, BaP exposure caused increased apoptosis (with averagely
8.6% � 1.6% and 7.6% � 1.2% apoptotic cells per embryo exposed to 5 nM and
50 nM BaP, respectively, when compared to 3.7%� 0.7% in control; P< 0.05), and
induced serious DNA damage in the whole genome, as well as in telomeres.
Similarly, severe genomic and telomeric DNA damage are also found in
BaP-exposed mESCs [30], suggesting that BaP might also induce DNA damage in
the ICM proper and thus reduce their developmental potential following
implantation.

Moreover, poor quality was also indicated by fewer Oct4 (26.8% VS 24.4%,
P< 0.05) and Nanog (14.1% VS 17.4% in control, P< 0.001) positive ICM cells in
late blastocysts from BaP-exposed zygotes [30]. The Oct4 and Nanog protein,
respectively, are specific marker of ICM and epiblast (EPI), a later derivative from
ICM, and Oct4- or Nanog-deficient embryos exhibit post-implantation
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developmental defects for the incapability to generate functional ICM [69–
71]. Therefore, reduced number and poor quality of ICM, which resulted from
BaP exposure, might affect its potential to generate functional EPI and primitive
endoderm (PrE) lineages, and thus compromise subsequent fetal development, and
potentially increase the risk of early pregnancy loss (EPL) [53].

Whereas, how does BaP work? Previous studies have showed that effects of
PAHs, including BaP, might be mediated via the aryl hydrocarbon receptor (AhR),
and expression of the AhR during early embryonic development has also been
shown [72, 73]. For the mechanism involving premature ovarian failure, PAHs
activation of the AhR, has been described to induce apoptosis by promoting Bax
expression [74, 75]. So, it was reasonable to suspect that BaP also activated AhR
pathway to induce apoptosis in exposed embryos. However, it remains to be well
elucidated whether and how BaP act via AhR pathway to alter gene expression
programs, disrupting the intracellular antioxidant defense and thus increasing ROS
levels.

6.7 Conclusions and Future Prospects

Based on both basic and clinical studies, numerous progresses have been made,
suggesting that cigarette smoke proper and/or its constituents can disrupt preimplan-
tation embryo development, rendering to poor quality of subsequent embryos, and
thus contributing to smoke related pregnancy loss and female infertility. However,
further research is needed to fully dissect the following issues: (1) Molecular
mechanisms underlying environmental agents induced embryotoxicity. The rapid
advance of next-generation sequencing technologies provide useful tools for com-
prehensive profiling of the multiple omics dynamics in early human development
[76, 77]. Whole-genome-sequencing (GWS) has also been reported to support
exploration of the effects of environmental agents in cancer etiology [78]. The
application of these techniques in the field of reproductive toxicology will provide
more detailed information about the molecular mechanisms underlying the
embryotoxicity of environmental agents, including cigarette smoke. (2) Prevention
and interference for smoke-induced toxicity. Given the ROS involvement and that
antioxidants, like resveratrol, melatonin, as well as N-Acety-L-Cysteine (NAC),
have been found to alleviate the embryotoxicity of tobacco smoke and cadmium,
and even delay reproductive aging [79–81], further exploration and discovery of
natural or biosynthetic drugs that can antagonize the toxicity of smoke-exposed
embryos, will be of great help for clinical prevention and treatment of smoking-
induced infertility, although smoking cessation is always the first choice.

We believe that fully elucidation of these issues will provide a valuable resource
for our understanding of the pathogenesis of cigarette-associated female sterility,
with potential implications for human reproduction medicine.
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Chapter 7
Toxicological Effects of BPDE
on Dysfunctions of Female Trophoblast
Cells

Rong Wang, Xinying Huang, Chenglong Ma, and Huidong Zhang

Abstract Polycyclic aromatic hydrocarbons (PAHs) are widely spread persistent
environmental toxicants. Its typical representative benzo[a]pyrene (BaP) is a human
carcinogen. BaP can pass through the placental barrier and is finally metabolized into
benzo[a]pyren-7, 8-dihydrodiol-9, 10-epoxide (BPDE). BPDE can form DNA
adducts, which directly affect the female reproductive health. Based on the special
physiological functions of trophoblast cells and its important effect on normal
pregnancy, this chapter describes the toxicity and molecular mechanism of BPDE-
induced dysfunctions of trophoblast cells. By affecting the invasion, migration,
apoptosis, proliferation, inflammation, and hormone secretion of trophoblast cells,
BPDE causes diseases such as choriocarcinoma, intrauterine growth restriction,
eclampsia, and abortion. In the end, it is expected to provide a scientific basis and
prevention approach for women’s reproductive health and decision-making basis for
the formulation of environmental health standards.

Keywords BaP/BPDE · Trophoblast cell · Invasion and migration · Apoptosis · Cell
cycle · Inflammatory cytokines · Hormone secretion

7.1 Basic Introduction of BPDE

Polycyclic aromatic hydrocarbons (PAHs) are mainly produced by fossil fuel and
organic materials during incomplete combustion of power generation, industries,
residential heating, motor vehicles, etc. In addition, PAHs are also present in tobacco
smoke and grills. Exposure to PAHs increases the difficulty of conception and the
chance of miscarriage and abnormalities in offspring [1]. Some studies have shown
that prenatal PAHs exposure is associated with reduced cognitive function in
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offspring. For example, children in New York City exposed to high levels of PAH in
utero had significantly lower Bailey mental development index (MDI) scores,
developmentally delayed at the age of 3 [2], and an increased probability of low
IQ scores at 5 years of age [3]. The results of a prospective cohort study in Poland
suggest that prenatal exposure to airborne PAHs is detrimental to cognitive devel-
opment in children by age 5 [4].

Benzo[a]pyrene (BaP) is a representative of PAHs and is listed as a human
carcinogen by the International Agency for Research on Cancer [5]. In industrial
or domestic activities, such as cooking with oil or wood burning, ambient air
concentrations of BaP range from 20 mg/m3 to 100 mg/m3 [6]. High concentrations
of BaP are found in smoked beef dried, fried chicken, and some potato chips, based
on daily food intake and levels of environmental BaP contaminants, the total intake
of BaP was estimated to be 125 ng/person/day [7]. BaP has a long half-life and is
lipophilic, leading to a high level accumulation in the body. For smoking women
who smoke 12–24 cigarettes a day, the concentration of BaP in the serum was twice
higher than that of non-smokers, and BaP is 4–10 ng/mL in follicular fluid. The total
concentration of BaP and its metabolites range from 40 to 100 ng/mL [8].

BaP can be absorbed by oral, inhalation, and cutaneous contact of exposure. After
absorption by human, BaP is metabolically activated by cytochrome P4501A1 and
epoxide hydrolase induced by aromatic hydrocarbon receptors, forming the carci-
nogenic Benzo(a)pyrene 7, 8-dihydrodialcohol-9, 10-epoxide (BPDE). Many stud-
ies have demonstrated that BaP can cross the placental barrier, leading to placental
and fetal developmental toxicity [9]. BaP and its metabolites can be transported from
the mother to the fetal compartment by human placental perfusion model [10]. Preg-
nant women who were exposed to PAHs had increased levels of BaP and its
metabolites in urine, placenta, cord blood, maternal blood, and breast milk and
increased levels of BPDE-DNA adducts in maternal and neonatal white blood
cells [11–13].

BaP is an endocrine-disrupting chemical, exposure to BaP has adverse effects on
endocrine, reproductive, immune, and nervous systems. It reduces serum levels of
progesterone, 17β-estradiol, prolactin, and other pregnancy-related hormones, inter-
feres with embryonic development, and reduces fetal survival [14]. Moreover, BaP
affects learning and memory by affecting the hippocampus and cortical neural
membrane, and it also induces tumor onset [5]. BPDE can form covalent BPDE-
DNA adducts through guanine N2 and cause DNA damage, mutation, and carcino-
genesis. High level of BPDE-DNA adducts in aborted tissues and maternal blood
may increase the risk of abortion during early pregnancy [15].

BPDE-DNA adducts can also adversely affect the development of blastocysts and
significantly reduce the success rate of pregnancy [16]. In addition, high levels of
BPDE-DNA were associated with lower birth weight, birth length, and head cir-
cumference for the newborns. An earlier study in New Jersey, USA, showed that
women with higher prenatal PAHs exposure had significantly increased risks of
death, preterm birth, and low birth weight in their offspring [17]. A case-control
study conducted in Tianjin, China, showed that the level of BPD-DNA adducts in
the blood in the experienced missed abortion group was significantly higher than that
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in the control group. Animal experiments also demonstrated that prenatal exposure
to BaP significantly reduced fetal survival and birth weight in a dose-dependent
manner [14]. In summary, BaP can cross the placental barrier and be transferred to
the fetus, causing trophoblast cell dysfunction, fetal and placental developmental
toxicity.

7.2 Function of Trophoblast Cells and their Relation
to Disease

Implantation plays an important role in the successful pregnancy, the process of
implantation into the uterus includes adhesion, migration, and invasion.
Cytotrophoblast cells are primitive placental cells produced by the blastocyst tro-
phoblast ectoderm and divide into two main cell populations. One is villous tropho-
blast cells, by cell proliferation and fusion, which generate syncytiotrophoblast
neighboring the maternal blood sinus, forming villous branches covered by epithelial
cells. This is the unit of nutrition and gas exchange between the mother and the
embryo, which ensures the basic nutritional exchange and endocrine function.
Successful pregnancy requires effective proliferation and differentiation of villous
trophoblast cells. The other is extravillous trophoblast, which is the root of the
chorionic villi. Extravillous trophoblasts cells migrate and invade the uterine decid-
ual, decidual artery, and uterine spiral artery, helping the placenta attached to the
endometrium. Properly and strictly control of extravillous trophoblastic cell migra-
tion and invasion is necessary for the healthy growth of the fetus in the maternal
uterus.

Trophoblast invasion has many similarities with tumor invasion. However, unlike
uncontrolled tumor invasion, successful implantation of an embryo requires two
physiological invasions to the endometrium, at the beginning of pregnancy and at
14–16 weeks of gestation, the invasion depth is upper third of the myometrium.
Trophoblast invasion is strictly limited in space and time [18].

Compared with the endometrium, embryonic cells have higher proliferation rate,
physiological immaturity, lower detoxification ability, and lower immune response
ability; thus, the embryo is more sensitive to environmental chemicals [19, 20]. Inad-
equate invasion and migration of extracorporeal trophoblast cells are associated with
uterine spiral artery remodeling disorder, leading to pregnancy failure, intrauterine
growth restriction [21], preeclampsia (PE), eclampsia [22], or abortion [23]. How-
ever, excessive invasion of EVTs results in invasive hydatidiform mole and chorio-
carcinoma. In all human pregnancies in an American Indian population, 2–8% are
classified as PE and eclampsia, which cause approximately 50,000 maternal deaths
annually [24–26]. Therefore, moderate EVTs invasion plays an important role in
mammalian placental development and human pregnancy success. Unhealthy tro-
phoblasts are always correlated with inflammation [27], oxidative stress [28], apo-
ptosis [29], and a dysregulated angiogenic profile [30].
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7.3 BPDE Results in Dysfunctions of Trophoblast Cells

7.3.1 BPDE Inhibits the Invasion and Migration

The placenta is essential for a healthy pregnancy because it supports the growth of
the baby, helps the mother’s body adaption, and provides a connection between
mother and the developing baby. BaP can cross the placental barrier and transfer
from the mother to the embryo, causing fetal and placental developmental toxicity.

Animal studies have shown that exposure to BaP in mice can damage endometrial
receptance, reduce the number of implantation sites, and impair decidualization and
decidual angiogenesis in early pregnancy [31]. Trophoblast cell invasion is precisely
regulated by many signaling pathways, such as TGF-β-dependent Smad factors,
PI3K-Akt, FAK, SRC, and MAKP signal pathways.

Studies have confirmed that BaP alters the migration and invasion of extravillous
trophoblast. Using EVTs cells HTR8/SVneo as the experimental model, BaP expo-
sure inhibited the migration and invasion of trophoblast cells by activating ERK and
JNK signal pathways [32]. BPDE (a carcinogenic metabolite of BaP) exposure
inhibited the migration and invasion of HTR-8/SVneo cells by inhibiting the
FAK/SRC/PI3K/AKT pathway [33]. Furthermore, similar results are obtained at
extracellular trophoblast Swan 71, BPDE inhibited the PI3K/AKT/CDC42/PAK1
signaling pathway by upregulating Mir-194-3p and finally inhibited the filopodia
formation and migration/invasion of Swan71 cells [34].

7.3.2 BPDE Promotes Trophoblast Cell Apoptosis

Apoptosis is cell suicide activity under the control of genetic coding procedures
during the development of an individual cell. Apoptosis is the process of the body’s
active response to external stimuli, which can be seen in embryo development,
normal tissue metabolism, and certain pathological conditions.

The placental trophoblast is the tissue that exchanges oxygen, nutrients, and
metabolites between the mother and the fetus. A large number of studies have
confirmed that trophoblast apoptosis is a physiological phenomenon and has impor-
tant physiological significance [35, 36]. During the development of the placenta,
moderate apoptosis is conducive to the formation of the placental vascular lumen
and branches [37]. It is generally believed that the imbalanced regulation of apopto-
sis which leads to accelerated apoptosis is the root cause of many female diseases.
More and more researchers are concerned about the relationship between trophoblast
cell apoptosis and pregnancy-related diseases. Halperin et al. have reported in 2000
that excessive apoptosis of placental trophoblast cells was increased in patients with
ectopic pregnancy [38].

Exposure to PAHs during women pregnancy leads to imbalanced regulation of
apoptosis. Treatment of extravillous trophoblast HTR-8/SVneo cells with BaP or
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BPDE significantly reduces cell survival rate and induces different degrees of cell
apoptosis [39]. However, the molecular mechanism of PAHs-induced apoptosis is
limited. One study confirmed that after human trophoblast cell Swan 71 was exposed
to BPDE, pro-apoptosis proteins P53 and Bak1 were increased, and anti-apoptosis
protein Bcl-2 was decreased. Furthermore, mitochondrial fusion genes (Mfn1, Mfn2,
and OPA1) were decreased, and those of fission genes (Fis1 and Drp1) were
increased, resulting in the release of cytochrome C and activation of Caspase
3, which irreversibly induced trophoblast cell apoptosis [40].

7.3.3 BPDE Affects Cell Cycle Function

Cell cycle refers to the whole process that a cell undergoes from the completion of
one division to the end of the next division, which is divided into two stages: the
interphase and the mitosis phase. The process of the growth of new cells produced by
cell mitosis until the end of the next cell mitosis to form daughter cells is generally
called the cell cycle. Life is a continuous process of passing from one generation to
the next. It is a process of constantly updating and starting from scratch. Therefore,
the normal functions of the cell cycle are vital to life. And successful embryo
implantation requires a normal growth environment to ensure normal cell mitosis.

BPDE can covalently react with extracyclic deoxyguanosine (90%) and
deoxyadenosine (10%) residues in genomic DNA, thereby generating large DNA
adducts. Due to the potential threat of DNA adducts and other forms of DNA
damage to genome stability, cells have developed elaborate mechanisms to identify
and repair damaged DNA. Cell cycle checkpoints are signal transduction pathways
that can react with damaged DNA by inhibiting cell cycle progression. BaP can
cause a wide range of cell cycle disturbances, including G0/G1 blockage, G2/M
blockage, S-phase accumulation, reducing DNA replication capacity and inducing
cell proliferation inhibition [8]. One study has confirmed that cell cycle was arrested
at G0/G1 phase after exposure of extravillous trophoblast HTR-8/SVneo to BPDE
[33]. Because the cell cycle is blocked, cells have adequate time to repair DNA
damage.

7.3.4 BPDE Promotes the Expression of Inflammatory
Cytokines

Successful pregnancy requires implantation and invasion of trophoblast. The inva-
sive process occurs in the initial pregnancy, no more than one-third of the
myometrium. The process of implantation and trophoblast infiltration requires an
inflammatory environment. Successful implantation requires an inflammatory envi-
ronment, which is achieved by the proper education of the innate immune cells that
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invade the trophoblast [41], in which the interaction of trophoblast monocytes may
be the key to the factors necessary for full-term pregnancy. According to the levels of
cytokines and chemokines in pregnant women’s serum, pregnancy can consist of
three stages. Early pregnancy is linked to increased production of proinflammatory
cytokines and chemokines, such as IL-8 and MCP1, and their presence in maternal
circulation. An anti-inflammatory phase was observed in the second trimester and
proinflammatory cytokines were produced in the third trimester, which is considered
essential for delivery [42]. Under normal conditions, trophoblast derived exosomes
can recruit and “educate” monocytes to produce proinflammatory cytokines/
chemokines in a manner unrelated to cell contact [43].

During the invasion of trophoblast cells into endometrium, more mitochondria
are needed in order to provide energy for hormone synthesis and trophoblast oxygen
sensing [44] and trophoblast oxygen sensing [45]. Mitochondria are sensitive organ-
elles of oxidative stress and environmental toxicants. Mitochondrial dysfunction
leads to excessive ROS production. If excessive ROS cannot be removed by
antioxidants in time, ROS will lead to cell damage through lipid peroxidation
[46, 47]. The production of oxidative stress, lipid peroxidation, and lack of antiox-
idant defense are related to trophoblast related diseases, such as preeclampsia [48],
growth restriction [49], and abortion [50]. Urrutia et al. confirm that there is a close
relationship between mitochondrial dysfunction and severe inflammatory response.
This combination increased levels of proinflammatory factors TNF-a and IL-6 [51].

Studies have confirmed that BaP activated the primordial follicle, formed follic-
ular atresia in vitro and in vivo, increased mitochondrial reactive oxygen species
(ROS) and membrane lipid peroxidation, damaged the fluidity of the egg membrane,
and reduced fertilization in adult mice [52]. In addition, with increasing BPDE
concentration, TNF-α and IL-6 mRNA levels in Swan 71 cells gradually increase,
and the increased expression of proinflammatory factors resulted in the inflammatory
response. BPDE promotes this expression of inflammatory factors by inducing
oxidative damage of mitochondria. After exposure to BPDE, the protein expression
levels of mitochondrial fusion genes mfn1, Mfn2, and OPA1 decrease, and the
protein expression levels of mitotic genes FIS1 and Drp1 increase, resulting in the
release of Cyt C and the activation of caspase 3 [40]. These changes cause oxidative
stress in trophoblast cells, activate NF-кB pathway, release proinflammatory factors,
and aggravate inflammatory response and oxidative damage [53].

7.3.5 BPDE Inhibits Trophoblast Cell Hormone Secretion

Human chorionic gonadotropin (hCG) is an essential hormone for the establishment,
promotion, and maintenance of human pregnancy [54]. In early pregnancy, hCG is
mainly generated by differentiated syncytiotrophoblast, which represents a key
embryonic signal [55], which is essential for maintaining pregnancy. HCG is a
variety of endocrine, paracrine, and autocrine roles in various pregnant and
nonpregnant cells and tissues. These effects are designed to promote trophoblast
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invasion and differentiation, placental growth, angiogenesis of uterine blood vessels,
hormone production, to regulate the maternal-fetal interface immune system, and to
inhibit myometrial contractility and fetal growth and differentiation [54]. In the first
6 weeks of pregnancy, hCG promotes the secretion of progesterone, estradiol, and
estrone by transforming the ovaries after ovulation into the corpus lutein of
pregnancy [56].

Some studies reported that endocrine disruption (EDCs) can affect the reproduc-
tive system of various [57]. BPDE has been proven to be an endocrine-disrupting
chemical, which can interfere with the reproductive process, reduce the levels of
progesterone, 17 β-estradiol, and prolactin pregnancy-related hormones in serum,
and change the fetal survival rate [14]. Compared with the control group, the
pregnancy rate of PAHs-treated mice decreases by about 40%, and the number of
germ cells reduces by 20% [58]. After pregnant rats were exposed to 25, 75, or
100 mg/m3 BaP, the concentrations of progesterone, estrogen, and prolactin in the
plasma decrease gradually, and the fetal survival rate also decreases in a dose-
dependent manner [14]. Trophoblast cells are the main hormone secreting cells
and reduce the corresponding hormone secretion when their functions are damaged.
EVT Swan 71 cells also secrete hCG, which promotes trophoblast invasion and
maintains progesterone in early pregnancy. After treatment of swan-71 cells with
different concentrations of BPDE for 24 h, with the increase of BPDE concentration,
the expression level of hCG and hCG β protein in swan-71 cells decreased gradually.

In summary, BPDE can inhibit the invasion and migration, promote apoptosis,
affect the cycle of trophoblast, and strengthen the expression of inflammatory factors
with trophoblast, leading to dysfunctions of trophoblast and the decrease of hormone
secretion.
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Chapter 8
The Roles of Stress-Induced Immune
Response in Female Reproduction

Fang Ma, Ying Feng, Yue Zhang, Ruo-han Wang, and Dongmei Su

Abstract Stress response plays pivotal roles in physiological process, including
reproduction and embryonic development. It’s long been acknowledged that stress
stimulates the activation of both hormone and immune system resulting in disorders
of maternal immune function and infertility. However, the stress types, biological
alterations, clinical outcomes, and the potential underlying mechanisms remain
largely unclear. Recent studies suggest that more stress factors and relative mecha-
nisms are identified to be involved in female reproductive immune response stimu-
lation, and they may lead to immune dysregulations that negatively influence
maternal health. In this part, we focus on the outcomes or mechanisms of common
stress factors which affect female immune response before and during pregnancy.
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8.1 Introduction

Maternal stress exposure is a nonspecific risk factor causing neurodevelopmental
outcomes in subsequent offspring [1]. It will also cause psychopathologies such as
autism, schizophrenia, and anxiety problem in human [2–4], and lead to an increased
anxiety, a decreased sociability, and deficits in cognitive and motor function in
animal models [5, 6]. Increasing evidence suggests that maternal stress exposure
will affect offspring development. The psychological maternal condition, intrauter-
ine factors, hormone and immune responses are vital to the healthy development of
the embryo. Maternal stress is suggested to play an essential role in the adaptation of
maternal dynamic hormones and immune response, and to be capable of negatively
affecting the development of the fetus with a long-term influence [7].

Although studies of model animals and epidemiological survey show that mater-
nal stress exposure negatively affects the neurodevelopment of the offspring, few
studies find that the relationship between stress exposure and female immune
functions is altered. Stress has the capability of altering the maternal inflammatory
responses of spleen and lymphocytes, promoting the secretion of inflammatory
cytokines [8]. Another theory suggests that interplay(s) between the maternal
immune reaction and the fetus brain is a latent mechanism by which maternal stress
could affect the neurodevelopment [4]. However, whether maternal stress exposure
could also change the fetus immune response and whether have a negative influence
on the offspring remain largely unknown.

Current studies suggest that the maldevelopment of fetus caused by maternal
stress exposure might be a result of interaction between maternal immune activation
and embryo or fetus development adaptation. Evidence shows that obvious activa-
tion of specific lymphocytes [9], cytokines [10], and immune reactive pathway is
observed in both human and animal models that are under stress. Hence, we will
briefly summarize the maternal stress that women might be exposed to before and
during pregnancy. And we will also have a look into the clinical outcomes and
molecular alterations induced by maternal stress or the signal pathways. These signal
pathways mean a consequence of stress-induced immune responses when maternal
stress stimulates the downstream signals and influences the mother and her fetus.

8.2 Stress Exposure

During pregnancy, pregnant woman and her fetus might be confronted with various
stresses which might result in significant changes of the mother’s physiological
conditions and a maldevelopment of the fetus’s nerve and immune system. Such
stresses can be divided into several groups according to the time they may occur.
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8.2.1 Pregestational Stress

Pregestational stress refers to chronic stress which is suffered by a woman prior to
gestation. It has been shown that pregestational stress can negatively affect off-
spring’s immune, cardiovascular system and neurobehavioral development
[11, 12]. Pregestational chronic maternal stress can also lead to a significant decrease
in fertility rate as indicated in the study of dams [13]. However, to date, no study has
directly examined the relationship between pregestational maternal stress and
immune alterations, and the link of pregestational maternal stress and changes of
offspring immune functions.

8.2.2 Prenatal Stress

Prenatal stress is also known as prenatal maternal stress that occurs during preg-
nancy, which is closely related to developmental plasticity and it is considered a risk
and dangerous factor for the development of the offspring [14]. However, a long-
term observation suggests that stress from pregnancy seriously affects offspring’s
development. Previous studies indicate that antenatal stress is associated with greater
behavior and physiological reaction in early stage of life, increasing offspring’
reaction to both sustaining and non-sustaining rearing experiences [15, 16]. Animal
study also shows that prenatal stress affects developmental plasticity by inducing
greater environmental sensitivity, becoming a risk factor while facing adversity and
a factor while in a supportive environment [17]. Yet, it remains unclear how such
environmental sensitivity is induced. Many animal models researches suggest that
stress from maternal part before pregnancy may change the environment in utero and
take effects on placental construction or function during the period of organ growth
and development, causing physiological adaptations in the developing fetus that
have ongoing effects on persistent postnatal development [1]. In short, more and
more researches indicate that prenatal stress has a negative influence on both mother
and offspring.

Prenatal maternal stress exposure in both animal models and humans has related
to a wide array of psychiatric and neurodevelopmental disorders and problems in
resultant offspring [1]. The clinical manifestations of prenatal stress include higher
levels of sadness, aggression, anxiety, and physical disorders [18]. Prenatal maternal
stress might negatively influence the development of fetal brain by constricting the
placental arteries, resulting in a reduction of fetal blood flow as well as the essential
nutrients and oxygen supply [19, 20]. Prenatal stress might also result female
embryo become to masculinization [21]. Recent evidence suggests that prenatal
maternal stress may increase autism (autism spectrum disorder, ASD) risk or
increase the variability in autism-like traits in the large population.

Prenatal stress may also negatively affect the activation of mother’s immune
system and further influence the development of offspring. Besides, maternal
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immune system activation caused by prenatal stress might also contribute to mental
disease risk and abnormal offspring behavior [4]. Previous studies have shown that
specific cytokines, including interleukin-2 (IL-2), interleukin-6(IL-6), and IL-17A
during pregnancy are linked to offspring neuropsychiatric disorders [22–24]. It is
notable that IL-6 is likely to be of importance in the etiology of prenatal stress effects
[25]. Besides, IL-6 is suggested to be a potential mediator of prenatal maternal
immune activation which will affect offspring neurodevelopment [26, 27]. Animal
models also show that under prenatal stress, maternal cytokine levels also alter, with
a significant increase of circulating IL-6 [28]. IL-6 is essential for increased embry-
onic multivacuolated microglia and for persistent microglia changes [4]. Stress
exposure can also activate the transcription factor NF-κB in mononuclear cells
derived peripheral blood, increasing its circulating numbers of pro-inflammatory
cytokines [29].

In addition to the alteration of cytokine levels, prenatal stress also affects the
lymphocyte population and immune cell functions. Prenatal stress can significantly
decrease the serum immunoglobulin G (IgG) concentrations in suckling pigs and has
an immune suppressive effect on lymphocyte proliferation because of the T-cell
mitogen concanavalin A (ConA) [30]. In addition, prenatal stress can also inhibit the
response to B-cell mitogens lipopolysaccharide (LPS) in suckling pigs [30]. Com-
pared to healthy, non-pregnant women, women under diabetes stress during preg-
nancy are reported to show obvious changes in lymphocyte sub-populations, such as
the population of naïve T cells are decreased, while the population of memory
T-cells and activated T cells (CD4 + HLA-DR+, CD4 + CD29+) are higher [31].

8.2.3 Perinatal Stress

Perinatal stress is reported to have a gender-dependent effect on offspring [32]. It can
also intensify the risk of the development of psychoneurological, immunological,
and psychological disorders and decrease the reproduction of the offspring [33]. Ani-
mal study also shows that perinatal stress can lead to learning impairment, increased
anxiety and depressive behaviors, and enhanced sensitivity to drugs of abuse via
fetal programming [32, 34]. Study of adult rats suggests that perinatal stress might
cause an elevation of ACTH level in cell type of lymphocytes, monocytes and
granulocytes, and mast cells, provoking a life-long hormonal imprinting [35]. It is
notable that the inflammasome might be an important immune molecular between
stress, neuroendocrine and inflammatory process [36]. In the brain, microglia are
seen as the primary immune cells. Microglia and toll-like receptor 4 play a vital role
in triggering various stress responses caused by the activation of the inflammasome,
which increases the level of inflammatory cytokines, elevated serotonin metabolism,
or decreased neurotransmitter availability as well as hypothalamic–pituitary–adrenal
(HPA) axis hyperactivity [37]. During pregnancy, intricate neuroimmune commu-
nication network would dysregulate always, and it would change the maternal
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milieu, enhancing the emergence of depressive symptoms, even negative obstetric as
well as neuropsychiatric outcomes [37].

8.2.4 Neonatal Stress

Neonatal stress refers to stress offspring confronted by during neonatal period.
Neonatal stress can also have long-term influences on neurotransmitter system and
brain, which could increase the risk of vulnerability in later life [38]. A close
relationship between neonatal stress and immune function disorder is observed in
animal studies. Known study reveals that neonatal stress can augment inflammatory
cytokine level and viral replication when adult mice were infected by influenza virus
[39, 40]. Animal model study further displays that neonatal stress damages the
regulation of innate resistance resulting in immunological and behavioral responses
abnormally increased when immune activated, which might even have a long-lasting
effect on the susceptibility to diseases [41]. Neonatal stress as premature weaning
leads to lymphocyte proliferation suppression and a higher risk of premature deaths
in rat and reduced proliferation of lymphocyte in response to B or T cell mitogens in
monkeys [40, 42]. Stress on separation of rat pups from their dams could result in
significant aggravation in the severity of experimental autoimmune encephalomy-
elitis (EAE), it would aggravate the severity of airway inflammation in an asthma rat
experiment and decrease in serum immunoglobulin levels in mice treated with
injection of sheep red blood cells [43–45]. The possible mechanism(s) underlying
neonatal stress-mediated negative regulation on immunity is still unclear. Studies
using the maternal separation (MSP) experimental model find that the response of
the HPA axis to stress is augmented and, at the same time, glucocorticoid feedback
control is altered [41, 46, 47]. Hence, it is supposed that the activation of HPA axis
might regulate the inflammatory response, activating the immune system accompa-
nied by various behavioral changes [41].

As described above, both the mother and her fetus are influenced by psychosocial
and biological stress. Maternal stress exposure in humans has been related to the
psychiatric and neurodevelopmental disorders in offspring [1]. While stress was
found to be associated with lower immunoglobulin G (Ig) production, reduced
immune function, and elevated IL-6 and IL-1β in the first and third trimester, the
mechanism through which immune modulation is conducted during pregnancy is
still unclear [10, 48]. Generally, maternal immune system remains in multifaceted
and dynamic state, being immune-tolerant to fetal cells and protecting maternal cells
from pathogen attack at the same time. Besides, it is well acknowledged that the
interaction between HPA axis and immune system plays a pivotal role in adaptation
when mother is pregnant. Additionally, under stress, HPA axis activation during
pregnancy is observed in both human and animal studies. Thus, it is supposed that
after stress exposure, alterations in maternal HPA axis result in modulation of
immune response. Namely, HPA axis might be an important mediator between
prenatal stress and immune functioning [32, 49]. It is also supposed that stress-
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relevant neurocircuitry and immunity form an integrated system which is involved in
innate and adaptive immune systems interacting with neurotransmitters and
neurocircuits to influence the risk for stress [36]. Psychosocial stress causes
inflammasome activation and then the stress-induced inflammatory signals are
transmitted to the brain, resulting in behavioral responses.

8.3 Stress-Induced Activation of Hormone and Immune
System

Stress will break the balance of endocrine and immune system of the body and cause
the disorder of the whole internal environment, which is mainly expressed as
abnormal hormone secretion level and the activation of the immune system. Under
the circumstances of acute or strong stress, the cell activates a series of signaling
pathways and then responds to stress state through the expression of related genes.
The following is a brief introduction from four aspects, cytokine, hormone secretion
and signaling, immune cell activation, and immune regulatory gene expression and
modification.

8.3.1 Cytokine

The current study focused on two groups of female who are pregnant or infertile.
There is evidence shown that secretion of inflammatory cytokines is increased due to
excessive exposure to emergency conditions during pregnancy [10]. In individuals,
cytokine levels are not stable during pregnancy, and IL-6 and TNF-α are signifi-
cantly increased [50]. When pregnant women experience trauma, the levels of
TNF-α could be significantly higher than normal pregnant women. For women
who repeatedly miscarry or remain infertile, their physiological emotion stages,
such as stress, anxiety, and depression, cause abnormal cytokine levels and directly
relate to the IVF poor outcomes. Researchers conduct stress scale investigation for
patients with infertility and detect cytokines from blood, cervicovaginal fluid, and
follicular fluid. The cytokines such as TGF-β in serum are lower, while IL-6 and
IL-1β in cervicovaginal fluid are higher than normal pregnant woman [51].

8.3.2 Hormone Secretion and Signaling

It is currently believed that stress causes changes in a variety of female hormones
that affect the function of the reproductive system, such as abnormal ovulation,
premature ovarian failure (POF), infertility, and so on. The stress-regulated
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hormones can be classified into two types, nitrogen hormone and steroid hormone.
Nitrogenous hormones include insulin and corticotropin-releasing hormones (CRH).
Researches have shown that pregnancy women who have experienced more stress
assessed by maternal STAI trait stress score have decreased insulin sensitivity but
increased corticotropin-releasing hormones [52]. Abnormal insulin levels can lead to
stress hyperglycemia, even increase the risk of diabetes. High levels of CRH through
the placenta cause preterm birth and intrauterine developmental retardation (IDR),
even cause neonatal neural development disorders and adverse effects on psycho-
logical health potentially [53]. Steroid hormone includes cortisol, estrogen, proges-
terone, and androgens. The ovulation cycle of healthy women without reproductive
disease will be changes when exposed to pressure source [54]. The specific mech-
anism is closely related to the cortisol changes. According to Karen C. Schliep, with
increased stress levels, estrogen (E2), progesterone, and luteinizing hormone
(LH) are decreased, and women with high stressors are more likely to be anovulatory
[54]. Based on a prospective study which explored correlation between the bio-
markers of the stress evaluation and pregnancy loss, researchers didn’t find clear
association between cortisol and adverse pregnancy outcomes [55]. In addition, the
increase of psychological stress results in decreased serum levels of anti-Müllerian
hormone in infertile women, implying that stress induction continuously may lead to
amenorrhea, early menopause, and premature ovarian failure [56].

8.3.3 Immune Cell Activation

It is known that psychological pressure and stress promote pregnancy inflammation,
including changes in the number of immune cells and increased secretion of inflam-
matory cytokines from these cells [9]. In general, the proportion of immune cells in
uterine microenvironment is subtly changed after successful pregnancy, and inflam-
matory factors secreted by immune cells are slightly increased. But early pregnancy
stress occurring on the first trimester can activate lymphocytes and promote high
expression of cytokines, such as IL-1β and IL-6. A series of reactions can lead to an
excessive inflammatory response and increase adverse pregnancy outcomes [57]. In
addition, persistent stress in early pregnancy affects the proportion of Treg cells
which cause Th1/Th2 cells unbalance. The current evidence shows that Th1 cells
environment is harmful to embryo implantation and increases placental vascular
resistance, which might cause preeclampsia, even lead to premature birth
[58]. According to a large retrospective study, investigators detected the blood
from specific kids whose mothers had experienced serious natural disasters (The
1998 Quebec ice storm) when they were pregnant. This survey found that the
number of lymphocytes and CD4+ T cells was reduced while their cytokines
significantly increased, such as TNF-α, IL-1β, and IL-6 levels. Stress can potentially
alter the nervous and immune systems of offspring [59]. Neonatal immune system
growth was regulated by the interaction between the nerve and endocrine system.
Stress experienced by women in their early pregnancy permanently alters the fetal
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respond ability of the nervous system. It affects the hypothalamic–pituitary–adrenal
cortex (HPA) axis and alters the neural regulation of the immune system after birth
subsequently [60].

8.3.4 Immune Regulatory Gene Expression and Modification

At present, there are few studies on the abnormal gene expression and modification
induced by stress, and the specific mechanism is still unclear. Some scholars believe
that the key mediator of stress is glucocorticoid (GC), which may affect the expres-
sion of related genes by binding to GC receptors, and possibly increase allergy
susceptibility [61]. In the first trimester, neural stem cells have a rapid speed of self-
renewal and proliferation. Then, they established synaptic connections in cerebrum.
If this process is affected by stress, neural cells’ proliferation and migration will be
disordered, increasing the risk of neurological dysfunction. Then, these stress
responses will be retained until birth through epigenetics, such as DNA methylation
and histone modification. Finally, it’s linked directly to schizophrenia and develop-
mental disorders [62].

Oxidative stress (OS) is a physiological process of unbalance between oxidation
and anti-oxidation. The main manifestation is neutrophil inflammatory infiltration
and accumulation of oxidation intermediate products. OS is closely related to
diseases of the female reproductive system, such as endometriosis, polycystic
ovary syndrome (PCOS), and unexplained infertility, which directly leads to female
reproductive failure [63]. Meanwhile, oxidative diseases are related to poor preg-
nancy outcomes, even spontaneous abortion and preeclampsia [64]. OS activates
nuclear gene transcription through a variety of ROS (reactive oxygen species)
sensitive components to regulate fetal development, including Nrf-2, NF-κB, and
HIF-1 [63].

8.4 Outcomes of Stress-Induced Immune Response
in Reproductive System

Various reports demonstrate that stress-induced immune response in pregnant
female could lead to an abnormal increase of specific cytokines, resulting in fetal
maldevelopment. Therefore, the alterations of immune response and the main
clinical outcomes are briefly summarized here.
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8.4.1 Alterations in Maternal Immune Function

Stress exposure has been shown to be capable of regulating both the maternal and
offspring’s immune function. We will briefly summarize these changes in recent
studies from the aspects of immune cells, cytokines, and the immune-HPA axis.

Th1/Th2 and Th17/Treg immune balances are critical to maintain a successful
pregnancy [37]. Literature reported that women with both severe depression
(SD) and severe anxiety (SA) during the late pregnancy had the highest levels of
Th1- (IL-6, TNF-α, IL-2, IFN-γ), Th17- (IL-17A, IL-22), and Th2- (IL-9, IL-10, and
IL-13) related cytokines, and the SA group showed higher levels of Th1- (IL-6,
TNF-α, IL-2, IFN-γ) and Th2- (IL-4, and IL-10) related cytokines than that of
control group in serum [65].

Elevated stress can result in alterations of serum cytokine levels during preg-
nancy, leading to an alteration of maternal immune function. During early preg-
nancy, elevated stress is related to higher serum IL-6 and lower IL-10; during the
second trimester of pregnancy, it is related to higher serum levels of C-reactive
protein (CRP); elevated stress levels across pregnancy is related to an increased level
of pro-inflammatory cytokines IL-1B and IL-6 [10, 66]. It is further confirmed by
Giese S. et al that elevated stress is positively correlated with higher levels of the pro-
inflammatory cytokines IL-6 and TNF-alpha, but is negetively correlated with lower
levels of the anti-inflammatory cytokine IL-10 [67].

Interplays among stress, HPA axis, and immune system also contribute to the
alteration of immune system after stress exposure. Stress exposure could lead to
alteration of HPA axis as observed in animal studies [68]. The HPA axis can be
activated by pro-inflammatory cytokines, resulting in glucocorticoid hormones
release which in turn can deliver negative feedback and suppressed the cytokines
release [69]. Lymphocyte sensitivity to corticosterone and catecholamines is altered
under stress conditions, indicating adrenal’s hormones are mediators of the differ-
ential reactions of stress on the immune response [48].

8.4.2 Reproductive Disorders: Female Infertility
and Miscarriage, Preeclampsia, Recurrent Abortion

Despite maldevelopment of offspring, stress exposure might also result in reproduc-
tive disorders. Stress-related neural immune interactions may lead to various preg-
nancy complications and unsatisfactorily outcome [67]. Prenatal stress disorders
caused maternal physiology and immune function disorder, leading to an increased
risk of pregnancy complications such as preeclampsia and premature labor
[10]. Although the relevance of stress exposure and pregnancy complications is
not well documented, it is clear that pregnancy complications might arise more stress
and stress exposure does have a negative effect on pregnancy.
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8.4.3 Female Infertility and Miscarriage

Although it is accepted by some researchers that stress hampers reproductive
function, more investigators believe that it is the infertility or other reproductive
disorders that cause the psychological stress such as anxiety, depression, and
irritability [70]. Previous study shows that psychological symptoms do have a
negative effect on fertility [71], and oxidative stress is associated with female
infertility, in that women suffered from stress get a higher miscarriage rate
[72]. The relationship between placental oxidative stress and infertility still needs
to be further studied. Compared to normal ones, transcriptomic analysis showed a
decreased expression of genes in miscarriage placentas [73]. However, unexplained
miscarriage samples are unable to be excluded, which makes it more difficult to
study the relationship between stress and miscarriage.

8.4.4 Preeclampsia

Preeclampsia is one of the common pregnancy complications characterized by
hypertension and proteinuria, which will lead to hypertension, edema, and eclampsia
in mother and fetal growth restriction, prematurity, and death in baby. Oxidative and
nitrosative stresses in placenta are reported to be associated with preeclampsia
[74]. Oxidative stress in the placenta leads to inflammation and cellular apoptosis,
and apoptotic cells will flow into maternal circulation and thus stimulate the release
of more pro-inflammatory cytokines, resulting in a massive systemic endothelial
dysfunction, even preeclampsia [74, 75]. Immune cells might contribute to pre-
eclampsia by triggering stress in placenta. Immune cells found in placenta including
dendritic cells, macrophages, and T cells are supposed to be involved in generating
oxidative stress and might be also related to the onset of preeclampsia. Specifically,
Hofbauer cells (placental macrophages) have been shown to express catalase at early
pregnancy, which catalyze the detoxification of hydrogen peroxide (H2O2). Further
study shows that Hofbauer cells might also induce nitrosative stress and cause other
pathologies [76].

8.4.5 Recurrent Abortion

Women with recurrent abortion experience more psychological stress and major
depression than pregnancy planners trying to conceive naturally [77]. However,
stress exposure might also in turn lead to higher rate of recurrent abortion. It has been
shown that oxidative stress is linked to recurrent abortion [78]. Oxidative stress-
induced endothelial and placental vascularization impairment as well as immune
malfunction may play an important role in the pathophysiology of recurrent abortion
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[79]. However, how other stress exposure lead to a consequence of recurrent
abortion requires more studies.

Collectively, stress exposure during pregnancy could bring adverse effects on
both mother and offspring. From the mother’s perspective, maternal stress exposure
might result in mental disorders such as anxiety, aggression, and depression, even
lead to preterm delivery and preeclampsia [80]. From the aspect of fetus or offspring,
stress exposure is associated with premature labor and poor birth outcome. Although
this conclusion is primarily based on animal studies, maternal stress exposure is
undeniable to have a negative influence on both the mother and her fetus.

8.5 The Major Signal Pathways That Contribute
to Stress-Induced Reproductive Immune Response
in Females

8.5.1 Hypothalamic-Pituitary-Adrenal (HPA) Axis

Basic and clinical researches have shown that hypothalamic-pituitary-adrenal (HPA)
axis plays a role in effect of stress on reproductive endocrine. Physical and psycho-
logical stresses can activate HPA axis, and affect female’s reproductive endocrine
function at all three aspects of the hypothalamo-pituitary-ovary (HPO) axis. Addi-
tionally, researches also reveal that the changes in progesterone and estrogen levels,
and the different stages of one menstruation cycle, have impacts on the way females
respond to stress.

The hyperfunction of HPA axis induced by stress can manifest as the excessive
synthesis and secretion of corticotropin-releasing hormone (CRH) in paraventricular
nucleus of the hypothalamus, promoting the secretion of adrenocorticotrophic hor-
mone (ACTH) and beta endorphin (β-EP) in anterior pituitary, and ACTH acts on
adrenal cortex to release glucocorticoids (GCS). Indeed, increased GCS level in
plasma is often used as an objective indicator to judge stress reaction. Similar to
HPA axis, there is a HPO axis in female. Gonadotropin-releasing hormone (GnRH)
stimulates the synthesis and release of follicle-stimulating hormone (FSH) and
luteinizing hormone (LH), which trigger estradiol (E) and progesterone
(P) secretion in ovaries. There is a feedback loop by which ovarian estradiol inhibits
the release of GnRH and succeeding FSH and LH production. Alteration in the
concentration of hormones stated above can affect the endocrine status of the HPO
axis directly or indirectly. For example, hormones in HPA axis inhibit the GnRH
secretion from the hypothalamus, and GCS inhibits LH secretion from the pituitary
and estradiol and progesterone secretion from the ovary. In general, activation of the
stress axis, especially repeating or chronic, has an inhibitory effect upon the release
of gonadal hormone, and results in disorders of maternal immune function and
infertility [81].
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As one of the most important components of stress inhibiting reproductive
endocrine, CRH is the major factor that inhibits the function of HPO axis. However,
the molecular mechanisms are complex and unclear till now. Through in vitro
experiments, researchers found that CRH inhibited GnRH secretion in the median
eminence of the hypothalamus, and thus, we guessed there was direct synaptic
connection between the terminal of axon of CRH and the dendrite of neurons
secreting GnRH [82]. CRH may act directly on terminal of GnRH neuron to
downregulate GnRH synthesis. Nevertheless, the inhibition of pituitary gonadotro-
pin (Gn) release by corticotropin-releasing factor (CRF) is not mediated by ACTH,
in that ACTH has no effect on the basic secretion and the release of LH from
pituitary induced by LHRH. Furthermore, other studies suggest that β-endorphin
bypass pathway may also involve in the effects on inhibition of CRH on GnRH [83].

Not only does CRH inhibit the secretion of Gn in pituitary, but it also inhibits
ovarian estrogen synthesis directly. As FSH can promote estrogen synthesis in
ovarian granulosa cells, CRH can inhibit this action by inhibiting aromatase which
is essential in estrogen synthesis.

GCS are essential to the establishment and maintenance of reproductive function.
Two apparent examples are two diseases with GCS disorder: Cushing’s syndrome
patients often complicate with reproductive disorders such as secondary amenorrhea
in female. Similarly, patients with Addison’s disease may suffer from premature
ovarian failure in female or oligospermia in male. Researches reveal that increased
GCS exposure, by either stress or exogenous treatment, can reduce the frequency
and amplitude of LH significantly, especially near ovulation, and delay preovulatory
LH and FSH surge, making E2 cannot reach the peak point, subsequently, leading to
profound reproductive effects [84]. GCS modulate the HPO axis by inhibiting the
release of GnRH in the hypothalamus as well as the synthesis and release of Gn in
the pituitary directly. However, the exact signal pathways remain unclear yet. Some
researchers argue that neuropeptides are key to study HPA function. CRH,
thyrotropin-releasing hormone (TRH), oxytocin (OT), vasopressin (AVP), and
some other hormones expressing neurons are among those that project to the median
eminence [68]. Some of these neuropeptide neurons, such as kisspeptin (KISS1) and
gonadotropin-inhibitory hormone (GnIH), are the drivers of the HPA axis. KISS1
neurons express glucocorticoid receptor (GR) in the anteroventral periventricular
nucleus and periventricular nucleus continuum of the preoptic area of the hypothal-
amus, suggesting that GCS can directly act in neurons stated above. In the mean-
while, further studies reveal that to impair KISS1 neurons may be one of the
mechanisms of GCS acting on HPO axis. Moreover, stress can increase the function
of GnIH neurons, which can inhibit the neurons activity in both GnRH and KISS1
neurons, and increase contacts with GnRH neurons [85].
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8.5.2 Epigenetic Pathway

Another signal pathways that contribute to stress-induced reproductive immune
response in females is epigenetic pathway. Epigenetics describes how gene expres-
sion shows heritable changes without any change in DNA nucleotide sequence.
Generally, the epigenetic signature can be passed on to the next generation and affect
gene expression. The main regulation mechanisms of epigenetics include DNA
methylation, histone modifications, chromatin remodeling, and non-coding RNA,
among which DNA methylation is the one that has been most researched. For
instance, DNA methylation is connected with gene silencing, while demethylation
is linked to increased gene expression activity. Mostly, the activation of transcription
at DNA level is the demethylation of the promoter sequence, while the promoter
methylation inhibits transcription.

Large amount of evidence demonstrates the association of epigenetics and repro-
duction. Kiss1 gene, as stated above, is discovered as a metastasis suppressor gene in
malignant melanoma cell. Interestingly, it is then proved to be related to reproductive
function in the aspect of the release of GnRH, onset of puberty, and also has
functions on the maintenance of reproduction in adults [86]. Researches argue that
the methylation of Kiss1 and kisspeptin receptor (Kiss1R) genes promotes changes
throughout puberty, and during puberty, the activation of Kiss1 gene is the conse-
quence of histone H3 modification activation [86]. Another example is the relation-
ship between follicle maturation and chromatin remodeling. The aryl hydrocarbon
receptor, Ahr, is regulated during ovarian follicle maturation, and its up-regulation
relies on FSH and LH. The increase in Ahr protein is specifically related to large
antral follicles in induced follicle maturation. Researches demonstrate that the
activation of Ahr promoter can be regulated by chromatin remodeling, resulting in
increased Ahr transcription [87]. In addition, Ahr in response to hCG is down-
regulated by chromatin remodeling in preovulatory follicles in murine [87].

Recent studies reveal that DNA methylation is a possible mechanism of the effect
of prenatal stress in the offspring. Prenatal stress may lead to aberrant heart structure,
glucose intolerance, and brain function, etc. A study in America [88] studied whether
stress and the absence of social support during pregnancy would affect maternal
DNA methylation, and reached a conclusion that lack of support from family and
friends, especially the baby’s father, was associated with maternal DNA
hypermethylation on multiple genes. Another study in 2017 [89] examined the
multigenerational epigenetic effects of stress, especially psychosocial stress, and
revealed that grandmaternal exposure to stress such as interpersonal violence during
pregnancy was closely related to 27 differentially methylated CpG sites in children
that mapped to 22 uniquely annotated genes. We take CORIN as an example, as for
neonate. CORIN has functions on circulatory system processes and congenital
abnormalities and as for prenatal disorders, it is associated with regulation of
blood pressure and is important for physiological changes at the maternal–fetal
interface. Animal studies have suggested that this gene plays a vital role in
preventing gestational hypertensive disorder. Furthermore, methylation of another
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gene, CFTR, may have relationship with depression symptoms and post-traumatic
stress disorder (PTSD) [89].

Oxidative stress can also be a kind of stress in female reproduction. Oxidative and
reductive stress can both have potentially hazardous effects. Oxidative stress has
negative effects on reproductive function. Researches prove that it has been linked to
female reproductive system diseases such as polycystic ovary syndrome and endo-
metriosis [63]. As for epigenetics, reactive oxygen species (ROS) can cause DNA
damage, which may affect the oocyte. Also, it may affect gametes quality and
development of embryos. However, reactive oxygen species (ROS) are necessary
for some physiological reproduction processes such as ovulation, capacitation, and
corpus luteum formation and function. A regular example is ovulation. During an
ovarian process, preovulatory LH surge emerge, ROS levels rise, and antioxidant
levels fall [63].

8.6 Conclusions and Future Prospects

Stress exposure before and during pregnancy has capability to negatively affect both
the mother and her fetus as reported by various human and animal models
researches. One assumption accepted by most investigators indicate that maternal
stress exposure might adversely affect the mother and her fetus via hormones and
immune regulation. Therefore, it is promising to reduce maternal stress exposure to
decrease the incidence of stress-induced physiological and psychological disorders.
Hormones and immune regulation are also potential strategies through which we can
lower the negative influence caused by stress-induced hormone or immune activa-
tion. Unfortunately, although specific cytokines and signal molecules are identified
in both human and animals which suffered from pregnancy stress, the mechanisms
by which maternal stress affect the mother and her fetus remain largely unknown. It
is of great significance studying stress exposure during pregnancy since it has
detrimental influence on maternal and child health with a high prevalence among
pregnancy women worldwide. Further studies are still required to further elucidate
the following issues: (1) How maternal stress triggers the activation of maternal
immune system. (2) How different immune cells react to maternal stress. (3) How we
can appropriately measure the maternal stress and establish a systemic stress man-
agement. (4) The mechanisms underlying the maldevelopment of the fetus and
offspring. An insight into these issues will provide us more inspirations to success-
fully control maternal stress, providing the mother and her fetus a healthier physical
and mental state.
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Chapter 9
Effects of Environmental EDCs on Oocyte
Quality, Embryo Development,
and the Outcome in Human IVF Process

Xiaoming Xu and Mei Yang

Abstract In our daily life, people are inevitably exposed to potentially hazardous
chemical contaminants. More and more evidences indicate that environmental
endocrine-disrupting chemicals (EDCs) negatively affect human reproductive health
and are related to many diseases including infertility. Environmental reproductive
health focuses on exposure to ubiquitous and persistent EDCs. This chapter mainly
discusses the effects of EDCs on the outcome of human in vitro fertilization (IVF),
including oocyte quality, fertilization, embryo quality, implantation, and live births.
It may be useful for doctors to advise IVF patients to avoid these adverse environ-
mental factors as much as possible. In addition, it is important for clinical embryol-
ogists to bear in mind that adverse IVF outcome may result from such undesirable
environmental exposure, and quality management and quality control in the IVF
laboratory should be strengthened.

Keywords Oocyte · Embryo · EDCs · Human IVF

9.1 Introduction of EDCs with Infertility

Since the beginning of the twenty-first century, the incidence of human infertility in
many countries has increased more than people expected [1, 2]. The growth rate of
infertility is too rapid to be explained simply by genetic mutations. In China, more
than 10% of infertile couples suffer from unexplained infertility. The women in these
couples have neither obvious reproductive organ diseases nor abnormal ovulatory
cycles and hormonal levels, and the semen quality of their partners was not obvi-
ously abnormal. Despite substantial efforts to define the cause of infertility, the
underlying mechanism has not been fully elucidated [3]. With the increasing pro-
duction of numerous artificial chemicals and environmental pollution, people are

X. Xu (*) · M. Yang
Beijing Perfect Family Hospital, Beijing, China
e-mail: xiaomingxu613@126.com

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
H. Zhang, J. Yan (eds.), Environment and Female Reproductive Health, Advances in
Experimental Medicine and Biology 1300,
https://doi.org/10.1007/978-981-33-4187-6_9

181

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-33-4187-6_9&domain=pdf
mailto:xiaomingxu613@126.com
https://doi.org/10.1007/978-981-33-4187-6_9#DOI


exposed to potentially hazardous chemical contaminants in their daily life [4]. At
present, there is imminent concern that these increased hazardous chemical contam-
inants have been associated with poor fertility in women.

Contaminants exposed to humans can be largely categorized into natural and
artificial exposure. As such, they have been collectively defined as endocrine-
disrupting chemicals (EDCs). Studies have shown that EDCs can mimic endogenous
hormones or competitive binding with their receptors, thereby exerting a series of
biological functions, adversely affect reproductive health owing to its widespread
exposure and endocrine-disrupting properties [4].EDCs interfere with the produc-
tion, secretion, transport, metabolism, binding, excretion of natural hormones in the
body [5]. Precocious puberty, ovulation disorders, infertility, and other reproductive
related diseases may be caused by these effects [6]. In the relatively short time that
sensitive biomarkers for assaying EDCs exposure in humans have been available, a
rapidly growing amount of literature has demonstrated that human exposure is
ubiquitous, and evidence for adverse impacts on human reproductive health is
mounting [7, 8].

Female infertility is a complex disease and can be caused by many factors
including genetic, environmental, and behavioral [9]. Generally, human genome is
relatively stable at the population level, so environmental and lifestyle-related
factors may play a more important role in the increase of infertility. More and
more literatures shown that EDCs exposure are related to gynecologic tumor,
endometriosis, polycystic ovary syndrome (PCOS), premature ovarian failure
(POF), and other diseases [10]. Both epidemiological and experimental evidence
demonstrate that EDCs affect reproduction-related gene expression and epigenetic
modification that are closely associated with infertility. Therefore, the detrimental
effects of EDCs on reproduction may be lifelong and transgenerational [11–13].

In China, since the early 1990s, the increasing use of assisted reproductive
technology (ART), including in vitro fertilization (IVF), has offered us a ready
source of oocytes and follicular fluid (FF), promoting interest in research of the
impact of EDCs on female fertility. The follicle is a very delicate microenvironment
in which an oocyte with developmental potential is developed by interacting with
their surrounding granular cells, hormones, growth factors, macromolecules, and
other proteins [14]. ART procedures provide valuable opportunities to explore the
connections between environmental contaminants in the ovarian microenvironment
and measures of fertility. Due to ethical issues, it is difficult to launch mechanism
researches on human oocyte [15]. However, biomarkers of environmental exposure
may be measured in FF or blood. ART provides the opportunity to explore stages of
reproduction that are otherwise not observable in the general population, such as
oocyte quality, fertilization, embryo quality, and implantation [16, 17]. The higher
the level of EDCs contamination in the follicular microenvironment, the lower the
fertilization rate and the lower the rate of high-quality embryos [18].

Environmental reproductive health focuses on exposure to ubiquitous and per-
sistent EDCs, especially those with similar molecular structure to endogenous
estrogen, progesterone, and luteinizing hormone. EDCs are associated with altered
reproductive health [5]. As a threat to modern civilization, EDCs, can significantly
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extend the time to pregnancy, although rarely leading to irreversible infertility
[19, 20]. Therefore, many infertile couples have to choose IVF. Gametes and
embryos are sensitive to EDCs in their environment, which is one of the vital factors
affecting embryonic development. This chapter mainly discusses the effects of
EDCs on the outcome of human IVF, including oocyte quality, fertilization rate,
embryo quality, implantation, and live births. The sort of EDCs discussed, respec-
tively, is as follows: bisphenol A (BPA), volatile organic compounds (VOCs),
triclosan, phthalates, parabens, perfluorinated compounds (PFCs), polychlorinated
biphenyls (PCBs), and organochlorine pesticides (OCPs). This chapter may be
useful to advise IVF patients to avoid these adverse environmental factors as much
as possible.

9.2 EDCs and Effects on Human IVF Outcomes

9.2.1 Oocyte Quality

Oocytes arise from the primordial germ cells during development of the fetus. After
DNA replication, accompanying the occurrence of chromosomes condense and
undergo recombination, oocytes enter the prophase of the first meiotic division
(prophase I). The follicles at this time are called primordial follicles, with the
chromosomes dispersed and the oocytes are surrounded by a single layer of
granulosa cells. Oocytes remain arrested at prophase I, at the germinal vesicle
(GV) stage, until puberty. During every menstrual cycle, oocytes and follicles
enter the growth phase and gradually resume meiosis in response to LH surge. The
first sign of the resumption of meiosis is germinal vesicle breakdown (GVBD),
followed by metaphase I, anaphase I, telophase I, and metaphase II.

Within the reproductive system, the ovarian follicle can be supposed as an
extremely fragile microenvironment, in which interactions between hormones,
growth factors, the oocyte and its surrounding granular cells are indispensable to
develop a fully competent oocyte [21–23]. Disruption of this finely tuned (endo-
crine/paracrine) balance can lead to a diminished oocyte quality which harms further
embryo development [24]. In ART clinical practice, the top quality oocytes are
defined as those with round appearance, a smooth first polar body, good refraction,
normal perivitelline space (PVS), normal zona pellucida (ZP), and without cytoplas-
mic defects such as vacuoles, refractile bodies, central granulation, and smooth
endoplasmic reticulum. EDCs have various effects on the ovary and, besides, it is
possible that a certain stage of oocyte development especially vulnerable to EDCs,
including meiotic initiation in the fetal ovary, follicle formation in the perinatal
period, and oocyte growth and resumption of meiosis in the adult [7].
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9.2.1.1 BPA

It is likely that BPA is an ovarian toxicant and acts via numerous pathways including
oxidative stress, apoptosis, and folliculogenesis. Both epidemiological and experi-
mental evidence demonstrate that all bisphenol affect female infertility and/or
subfertility [25, 26].

Human exposure to BPA is nearly ubiquitous through inhalation, ingestion, and
dermal absorption. BPA is detected in the urine of more than 90% of participants, in
the interim found in other human fluids including blood, amniotic fluid, and in FF
[27]. A research measured serum BPA levels in patients undergoing IVF-ET, then
correlated them with oocyte maturation and fertilization results, elucidating that
BPA had a troubled influence on oocyte quality and embryo development
[28]. Moreover, in human, BPA exposure has a dose-response association with
altered oocyte maturation in vitro [29]. Human data are even limited, however,
studies have shown that humans were more sensitive than animals to the behavioral
effects of BPA. Animal data have demonstrated that BPA exposure is related to
oocyte maturation arrest and microtubule spindle assembled abnormalities. BPA
exposure is associated with increased oocyte aneuploidy, as well as harmful to
meiotic centrosome dynamics, spindle formation, even chromosome alignment and
segregation [30, 31]. In another in vitro study, prolonged exposure to low concen-
trations of BPA reported a non-linear dose-dependent effect on the meiotic spindle
with perturbation in chromosome alignment in MII oocytes [32]. In animal models,
BPA has adverse effects on oocyte meiosis, interferes with GVBD, decreases the
primordial follicle pool via stimulating the initial recruitment and subsequent follicle
development until the antral stage, disturbs ovarian steroidogenesis, modifies normal
uterine morphology, and impairs uterine receptivity and embryo implantation [26].

However, there has very little useful data concerning potential exposure of
oocytes to BPA during IVF in human, meanwhile, people are paying more and
more attention to whether BPA exposure exists in IVF process [33]. Because of the
ubiquitous presence of BPA in plastics, proprietary information regarding the
coatings used in the IVF culture dishes, most embryologists are more concerned
about whether BPA is measurable in IVF laboratory, including culture media and
tissue culture plastic products [34]. So far, there are many plastic-related chemicals
with endocrine activity that may also be in the leachate. It is certainly possible that
oocytes, sperms, and embryos are subsequently exposed to BPA leached from the
culture dishes or aspiration tubing tested directly under normal-use conditions
[35]. Fortunately, there has already been an experimental study indicated that
detectable concentrations of BPA were not detected in daily used culture media,
culture dishes, or suction tubing [35].
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9.2.1.2 VOCs

Nowadays VOCs widely used in industrial products and processes [36]. Rapid
urbanization and industrialization have been linked to the growth of VOC emissions
[37]. Most emitted VOCs can result in the generation of secondary pollutants, the
toxic and carcinogenic human health effects of which are detailed reported [38, 39].

It is generally known that VOCs are detrimental for IVF outcomes, because
VOCs are hydrocarbon-based organic compounds that have a high vapor pressure
at room temperature [40–43]. Unfortunately, lots of materials can release numerous
VOCs in IVF lab, including PVC flooring materials, cosmetics and even autoclaved
instrument when packs are opened for use [44, 45]. Presently, ethanol remains to be
a disinfectant in some IVF laboratories because of its broad effect against bacteria,
what people neglect, however, is that it is also a known VOC [44]. Studies have
shown that EDCs including VOCs can have detrimental effects on IVF outcomes by
affecting the quality of gametes and embryos in IVF laboratory. Apart from in
conjunction with the developmental functions of gap junctions in the ovary, gap
junctions serve as one major communication ways between oocyte and somatic cells,
which are good targets for reproductive toxicants. These reproductive toxicants may
also target at gap junction intercellular communication (GJIC), another conduits for
toxicants to reach the oocyte. The breakdown of GJIC in virtue of ovotoxicant
exposure is a potential etiology influencing the quality of oocytes [46]. Embryonic
growth and development are affected by direct attachment of VOCs to embryonic
DNA and terminating its growth. Moreover, in human sperm VOCs are also closely
related to DNA fragmentation, which may cause sperm DNA damage and subse-
quently the number of male-mediated infertility, miscarriage, and other adverse
reproductive outcomes have risen [47].

9.2.1.3 Triclosan

Triclosan (TCS) is a broad-spectrum antimicrobial agent being widely applied in
pharmaceuticals and personal care products, especially with a molecular structure
similarly to anthropogenic estrogens. There is no suggestion TCS had been regarded
as a chemical pollutant previously, resulting in widespread use without proper
regulation [48]. However, compared to other EDCs, we know far less regarding
the impact of TCS as one of the “emerging EDCs of interest” [49]. Since its
ubiquitous existence in the environment and human population lately, the reproduc-
tive endocrine-disrupting effects of TCS may be mediated either through sex
hormone-related pathways or during steroidogenesis [50]. Supposing that the mother
is exposed during pregnancy, the potential toxic effects of TCS may influence the
health of offspring [51].

So far, there have been only a few studies that assessed the direct relation between
urinary TCS concentration and early reproductive outcomes, as well as its endocrine-
disrupting effects among women seeking fertility treatment, and the results found a
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correlation between urinary triclosan concentrations and oocyte yield [52]. In addi-
tion, the synergistic effect of TCS with BPA and ethinylestradiol indicates its
disruptive effects in sex hormone metabolism, while subtle changes in hormone
levels can influence oocyte development [8, 53]. Furthermore, according to the time
of exposure the sensitivity of the female reproductive system to BPA and TCS could
change, which may affect the quality of oocytes [54].

9.2.1.4 Phthalates

Phthalates are high-production-volume synthetic chemicals with ubiquitous human
exposure because of their use in plastics and other common consumer products
[55]. Recent epidemiologic evidence shows that women have a unique exposure
profile to phthalates, which raises concern about the potential health hazards posed
by such exposure. For specific high-risk group women, phthalates exposure is
predominantly via cosmetics and food [56]. In humans, it pays more and more
attention that exposure to phthalates possibly produced harmful effects during
development [57]. Phthalates cross from maternal blood into the developing fetus
via placental transfer and into neonates via breast milk, and the exposure may affect
the developing endocrine system, which is essential for diverse biological functions,
including sexual development and reproductive functions in adults [58].

Urine is the preferred matrix for phthalate determination in humans [59]. A study
was to evaluate whether urinary concentrations of metabolites of phthalates and
phthalate alternatives were associated with intermediate and clinical IVF outcomes,
and the results showed that several phthalate biomarkers were inversely associated
with the number of total oocytes, mature oocytes yield, fertilized oocytes, and top
quality embryos. In short, these phthalates can influence early IVF outcomes,
specifically oocyte parameters [60]. Karwacka et al. estimated epidemiological
studies conducted within the last 16 years and showed evidence that the antral
follicle count, oocyte quality, implantation, the rate of clinical pregnancy and live
birth were decreased after exposure to phthalates [7].

Even low concentrations of phthalate can impair the follicle-enclosed oocyte.
Researchers, using the bovine model, provided evidence of impaired oocyte devel-
opmental capacity, manifested by a decrease in fertilizaiton rates and the proportion
of available embryos [61]. Moreover, blastocysts that developed from phthalate-
treated oocytes had impaired transcript abundance, suggesting their low quality
[61, 62]. Similarly, further study in mice expands our understanding on how
phthalates affect reproduction, and it turned out that phthalate exposure can induce
oxidative stress as well as inhibit growth in antral follicles [63].

9.2.1.5 Parabens

Parabens are a group of alkyl esters of p-hydroxybenzoic acid which are widely used
as preservatives in food, pharmaceuticals, cosmetics, and personal care products

186 X. Xu and M. Yang



[64, 65]. In fact, because of the use of these estrogenic chemicals in many cosmetics,
exposure to parabens is more common in women than in men [66, 67]. Despite
available data showing widespread women exposure to parabens, there are a limited
number of studies, both in animals and human, on the association between parabens
and female reproductive disease. A suggested trend of decreased antral follicle
count, accompanied by the decrease of oocytes number, was observed correlation
to increased levels of propyl parabens in women undergoing IVF [68].

However, humans are typically exposed to many man-made chemicals simulta-
neously. Thus, investigating one chemical at a time may not represent the effect of
mixtures [69]. Recent studies have shown that the fact that exposed to EDCs
concurrently was harmful to a healthy pregnancy is more crucial than previously
thought [70]. Also, some studies show that the mixtures of parabens and phenols
may impact ovarian hormone levels [65, 70]. The mixtures can affect hormone levels
through up-regulating ERα or by disrupting cholesterol transport, further influencing
steroid hormone synthesis, but beyond that, ERβ might be preferentially bound by
parabens [71].

Similarly, recent studies have estimated the association between urinary paraben
concentrations and early IVF outcomes, and shown that there were no significant
correlations of methyl (MP), propyl (PP), and butyl paraben (BP) with number of
oocytes retrieved, oocyte maturity, cleavage rate, blastocyst formation, or implanta-
tion, but increased urinary MP and PP were associated with increased incidence of
poor embryo quality [72]. However, beyond impacting embryo quality, PP and MP
were not associated with fertilization or live birth [73]. In any case, current inves-
tigations support that low-level exposure to parabens may play a part in changing
reproductive hormone levels, with potential subsequent implications for the outcome
of IVF. Nevertheless, additional toxicological and mechanistic researches are needed
to better explore potential effects on female reproduction, if any, of parabens [73].

9.2.1.6 Perfluorinated Compounds

PFCs are man-made compounds produced industrially by electrochemical fluorina-
tion, and are world widely used as emulsifiers in cleaning products, as inert compo-
nents in shampoos, food containers, pesticides, etc. [7, 74] Because of their high
stability, PFCs are persistent, ubiquitous, and bioaccumulate in the environment
[75]. While their acute toxicity is not high, the first and most stubborn problem is
their stability and their ability to persist, and thus one of the most commonly studied
PFCs and perfluorooctane sulfonate (PFOS) has been listed as a persistent organic
pollutant under the Stockholm Convention since May 2009 [76]. Surprisingly, while
many researches have suggested the correlations between exposure to PFCs and
reproductive functions both in animal and human studies, the direct impact about
PFCs on female fertility has been scarcely studied [74, 75, 77]. Moreover, the
biological mechanisms by which exposure to PFCs influences upon fertility are
unknown.
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It is well known that conventional overnight fertilization exposes oocytes, sper-
matozoa, and zygotes to potentially deleterious substances in a concentration-
dependent manner. For example, mineral oil containing cumene hydroperoxide
has been shown to undergo peroxidation under certain storage conditions in
IVF-ET, and cumene hydroperoxide in mineral oil is found to decrease blastocyte
cell number in a dose-dependent manner [78]. To evaluate the mechanisms of oocyte
maturation inhibition by PFCs, the effects of PFCs during porcine oocyte matura-
tion, GJIC between oocytes and granulosa cells have been assessed. GJIC between
oocytes and granulosa cells is critically affected during the first 8 h of oocyte
maturation, and the inhibition of GJIC by PFCs in a dose-dependent manner
[79, 80]. These findings suggest that PFCs may influence oocyte maturation by
disturbing the GJIC in the cumulus–oocyte complexes (COCs) during the first
several hours of maturation, and more seriously, it may be dangerous to occupa-
tionally exposed populations. In addition, oocytes are more sensitive than other cell
types to the effect of PFCs [77, 80].

And finally, it must be pointed out that there has been already a study examined in
human undergoing IVF-ET cycles, which detected PFCs contamination in FF and
assessed the effect of PFCs levels on oocyte quality and fertilization rate. The current
investigation results showed a significant correlation between FF PFC levels and
IVF outcomes [81]. Researchers’ explanation was the number of embryos trans-
ferred reduced owing to a harmful effect of PFC on oocytes fertilization capacity. A
big drawback in this study, however, was its only 16 patients sample, which could
not display of any significant differences in oocytes quality or pregnancy rate. This
preliminary study need to confirm by some larger sample size studies with a
concomitant increased awareness to PFCs threat on female fertility. This potential
exposure risk should raise concerns over the female reproductive toxicity of these
chemicals [81, 82].

9.2.1.7 PCBs and OCPs

Many products and byproducts of manufacturing processes are supposed to be
potential causes of endocrine defects. There are currently more than one-fourth are
persistent and lipophilic OCPs in 70,000 such chemicals on the market [83]. In many
developed countries, due to their confirmed detrimental effect on ecosystem and
human health, PCBs and OCPs have been restricted. Nevertheless, both of them
could be checked as before in our environment on account of their long half-lives. In
China, a study investigated concentrations of 17 OCPs in 127 infertile female’s FF
undergoing IVF treatment, suggesting a wide concentration range of OCPs in FF
[84]. Furthermore, EDCs suffer the process of bioaccumulation because of their
lipophilic and persistent distinguishing feature, with the highest concentrations
found in species at the top of the food chain [85]. Chlorinated biphenyl 153 and p,
p0-DDE are the compounds detected in the highest concentrations in FF and serum
samples, respectively [86].

188 X. Xu and M. Yang



Using the pig as a toxicological model, researchers evaluated that exposing
immature COCs to an organochlorine mixture during in vitro maturation (IVM)
would detrimentally influence oocyte maturation, fertilization, and subsequent
embryo development. COCs were cultured in IVM medium containing high level
of the organochlorine mixture, similar to that found in women of highly exposed
populations [87, 88]. This culture course mimicked the routine in IVF laboratory
culture processes. The results demonstrated that OCPs lessened the quality of
cumulus expansion and the viability of cumulus cells in a dose-response manner,
as well as blastocyst formation and number of cells per blastocyst decreased with
organochlorine concentration. Exposing porcine COCs to an environmentally rele-
vant organochlorine mixture during IVM affects oocyte development, supporting
continuously concerns that OCPs impair reproductive health in humans and other
mammalian species. In addition, other studies have demonstrated that the ability of
PCBs to interfere with the organization of the microtubules cytoplasmic network
leading to an altered compartmentalization of the ooplasm [85].

9.2.2 Fertilization, Embryo Quality, Implantation,
and Live Birth

From the maturation of an oocyte to a viable fetus, their biological characteristics
have changed dramatically. The levels of various sex hormones, such as progester-
one, estrogen, and luteinizing hormone, as well as their receptors also change
steadily [54]. The success of implantation depends on the complex molecular
interactions between the vital blastocysts and the receptive uterus. The complex
molecular interactions between the uterus and the blastocyst require a carefully
synchronized hormone signals and feedback loops, at which stage they may be
vulnerable to chemicals such as EDCs, which may disrupt endocrine signaling [89].
Thus, the sensitivity of the female reproductive system to EDCs may vary depending
on the time of exposure [54]. The higher level of EDCs contamination in follicles,
the lower the fertilization rate, and the lower chance of oocytes developing into top
quality embryos [18].

Human chorionic gonadotropin (hCG) is initially produced by trophoblast cells of
embryos, which rises rapidly after embryo implantation [20]. The abrupt rise of hCG
in early stages of pregnancy can be used to identify the timing of implantation of the
embryo [33].In IVF cycle, 14 days after embryo transfer, when the hCG levels in the
blood of the patient is detected to be lower than 5.0 mIU/mL, the cycle outcome is
defined as a failure of embryo implantation. In women who attempt to conceive
naturally, implant failure may be manifested in reduced fertility and prolonged
pregnancy, as it is often difficult to determine the exact time of embryo fertilization
as in IVF process. Implant failure is the most common failure point in IVF cycle, so
which is often chosen as the observation point for research. Studies have shown that
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many EDCs can be detected in FF, and EDCs level in FF may be related to embryo
implantation failure [18].

These prompt embryologists to select the top grade of IVF-specific products, such
as culture media and labware, instrumentation including LASERs, low oxygen
incubators, and tools such as time-lapse monitoring system for embryo assessment
[90]. It has been proved that laboratory environment is crucial for the embryo quality
because of the presence of VOCs, BPA, TCS, and so on, all of which can be harmful
to embryo development in vitro [19, 44, 48]. As we all know, air quality, plastic
products, chemical pollutants, and other factors will affect oocytes and embryos,
thus further affecting the rate of live birth. Therefore, it is very important to create an
optimal environment for embryo culture to maintain the normal development of
embryo, and obtain the stable pregnancy and live birth rate. Although exposure
during fetal development is more likely to cause profound and permanent alterations
than postnatal exposure, it is almost impossible to conduct such studies in human
due to ethical issues. However, in IVF clinic, some evidences of EDCs affecting
fertilization and embryo development may be found through epidemiological study
and retrospective analysis.

From January 2013 to December 2019, 19 cases with indented oocyte ZP or
waxy-like ZP were analyzed retrospectively in the reproductive center of Beijing
Perfect Family Hospital. 18 of them had primary infertility more than 4 years, only
one of them was secondary infertility, and the duration of infertility was 8 years.
Most couples (79%) were classified as unexplained infertility, because the husbands
had normal quality of semen and the wives with regular menstrual cycles was
evaluated using routine parameters including complete hormonal profile and full
cycle evaluation. Six patients had multiple failure of intrauterine insemination.
13 patients who underwent traditional IVF fertilization in the first cycle, 12 of
them totally failed in fertilization and took early rescue intracytoplasmic sperm
injection (ICSI). One of 13 patients had low rate of fertilization and early rescue
ICSI was also performed. The remaining 6 patients’ oocytes were fertilized directly
by ICSI. According to our follow-up survey, most of female occupations have a
history of hazardous EDCs contact. There are 6 patients engaged in clothing and
footwear sales or production, 2 in fabric dyeing industry, 2 in cosmetic industry, 2 in
decoration industry, and 3 in catering industry. Only four patients are unemployed
and considered themselves without an obvious history of EDCs exposure.

In these cases, all oocytes present indented or waxy-like ZP, absence of resistance
to ZP, and oolemma penetration during microinjection. On the day of oocyte
retrieval, embryologists can observe the connection between oocytes and corona
radiate becomes loose. Some patients’ oocytes showed total or partial absence of
PVS. Routine IVF is usually unable to fertilize, but ICSI has no effect on fertiliza-
tion, suggesting that there are some problems in the sperm-ZP binding and penetra-
tion. The capacity to fertilize oocytes in abnormal ZP by ICSI, embryo development,
and clinical outcomes seemed not to be compromised if these oocytes do not
accompany by vacuoles in the cytoplasm, which usually have a poor outcome.
17 patients underwent 19 embryo transfer cycles, the pregnancy rate was 47%
(9/19), and no miscarriage was seen. Seven patients delivered and nine healthy
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babies were obtained, including 4 females and 5 males. There were 2 ongoing
pregnancy (unpublished data).

The oocytes with indented ZP or waxy-like ZP mainly lead to fertilization failure
in routine IVF process, which will absolutely cause poor clinical outcome if ICSI
fertilization method is not used. Fortunately, ICSI can break through this barrier to
achieve good IVF outcomes. As far as we know, most of patients’ occupations had
long-term exposure to EDCs. For example, patients engaged in clothing, footwear
sales, and fabric dyeing industry may often be exposed to xylene, toluene, and other
EDCs. Patients engaged in cosmetics industry may be primarily exposed to
phthalates, parabens, triclosan, and VOCs. The decoration industry may be exposed
to more EDCs such as formaldehyde, methane, and VOCs. The catering owners are
mainly affected by cooking fumes, which usually contain acrolein. Our results
suggest that EDCs may affect the ZP structure and characteristics of oocytes through
blood circulation, resulting in the binding and penetration obstacle between sperm
and ZP, and finally cause the problem of fertility. However, further studies are
needed to link findings from epidemiological studies and experimental studies.
The underlying molecular mechanisms of EDCs action on oocytes also are needed
to further elucidate. However, it is very difficult to obtain convincing evidence in
humans, because the experimental results are highly affected by various factors in
the study design such as type of EDCs and their combined effects, length of
exposure, dose, route of exposure, and potentially unhealthy participants.

9.2.2.1 BPA

Ehrlich et al. [29] reported a negative correlation between BPA levels and the rate of
normally fertilized oocytes, with a decrease of 24 and 27%, respectively, for the
highest versus the lowest quartile of urinary BPA. In addition, they found signifi-
cantly reduced metaphase II oocyte count and the number of normally fertilizing
oocytes, and also a suggestive relation between BPA urinary concentrations and
reduced blastocyst formation, subsequently indicating that BPA might influence
reproductive function in susceptible women seeking fertility treatment. As regarding
to embryo development, a small study directed at the University of California in San
Francisco detected no relations between serum BPA concentrations and embryo
cleavage rate or fragmentation in 27 women undergoing IVF [91].

BPA can reduce and/or impair implantation [25, 33]. Some researchers consid-
ered that exposure to BPA might interfere implantation, because of the estrogenic
properties of BPA, either by mismatch between the timing of blastocyst formation
and the uterine receptivity window or by direct disruption of uterine receptivity to
blastocyst implantation [89]. These endocrine activities of BPA have been demon-
strated to result in harmful reproductive outcomes in animal models. Animal data
have displayed that BPA primarily impairs female fertility by affecting the oviduct
and uterus [92, 93]. Firstly, BPA influences oviduct morphology and gene expres-
sion, these changes may affect development and transport of the conceptus from the
oviduct to the uterus. Secondly, BPA impacts uterine morphology and function and
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thereby may lead to these changes over several generations via mechanisms that
involve cell proliferation and receptivity. For example, BPA adversely influences
ovarian steroidogenesis, modifies normal uterine morphology, and impairs uterine
receptivity and implantation [19, 31, 94].

More than anything, exposure to BPA may specifically influence on the uterine
adaptations during the preimplantation period in female. An early alteration of some
gene expression such as Hox10 affects the functional differentiation of the preim-
plantation uterus as part of an altered endocrine signal transduction pathway
[34]. Furthermore, when there is an enough sample size, we suggest to explore the
potential relationships of mixtures that include BPA with clinical pregnancy and live
birth outcomes.

9.2.2.2 VOCs

Embryos are sensitive to the environment and VOCs are one of the vital factors
affecting embryonic development [95]. Creating an optimal environment for embryo
culture is crucial for ensuring embryo viability, and subsequently maintaining
normal pregnancy outcome. It has been considered that air quality is essential for
the success of IVF due to the presence of VOCs [44]. A study on optimizing
laboratory conditions to decrease VOCs showed under optimum laboratory envi-
ronmental conditions, the outcome of embryo quality was significantly improved.
Blastocyst was featured by development of blastocoel in compacted embryo. Blas-
tocyst formation rate raised around 18% after VOC reduction in the laboratory.
Previous to remodel, the blastocyst formation rate was around 44.94%, then
increased to around 62.83% [44]. Therefore, the implantation rate also increased
from 31 to 42% as well as the live birth rate also raised from 23 to 31%. The number
of good quality blastocysts was improved, that is, the cavity size of blastocoels was
good and it appeared on time, increased cell number in the inner cell mass, and
increased compactness of trophectoderm cell layer [44].

Air quality, in particular, is easy to overlook when pregnancy rates start to decline
[96, 97]. Every embryologist must realize the importance of VOCs on the IVF
outcomes [98]. So, more sensitive and optimized methods for controlling air pollu-
tion are justified to improve pregnancy outcomes especially in extended culture
[43]. In addition, exposure to sporadic air contaminations may lead to sperm DNA
damage and thereby raise the rates of male-mediated infertility, miscarriage, and
other harmful reproductive outcomes [47, 99]. Air quality testing demonstrated
improved air quality will significantly improve embryo implantation (32.4% versus
24.3%) and live birth (39.3% versus 31.8%), and it is indicated that improvements in
IVF laboratory conditions and air quality had profound positive effects on laboratory
measures and patient outcomes [100]. Many studies have detected that small
amounts of VOCs can have damaging effects on pregnancy rates in the circulating
air of an IVF laboratory [44]. High levels of VOCs (over 1 ppm) are directly toxic to
embryos, which confirmed via human and mouse experiments. VOC levels around
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0.5 ppm will typically allow for acceptable blastocyst development and reasonable
pregnancy rates, but unfortunately, there are a high percentage of miscarriages [41].

9.2.2.3 Triclosan

Human studies exploring the effect of triclosan exposure on female reproductive
health are limited. A recent Navigation Guide systematic review considered that
TCS is “possibly toxic” to reproductive and developmental health [101]. In order to
inquire whether high urinary TCS concentration is detrimentally correlated to early
reproductive outcomes in women seeking fertility treatment, a study showed that a
significant reduction of top quality embryo formation and implantation rate was
displayed in women with urinary TCS concentration greater than or equal to the
median level. Thus above study demonstrated that TCS exposure may exert harmful
effects during early stages of human reproduction [102]. In addition, there was a
prospective study designed to estimate the association between TCS exposure and
early IVF outcomes for women undergoing IVF-ET. Not only top embryo formation
rate and implantation rate seriously affected by higher TCS exposure, but a reduced
trend of fertilization rate could be observed [102].

In addition, studies have suggested that preimplantation exposure to BPA and
TCS can result in implantation failure in mouse models because of their ability to
mimic estrogen in humans [54, 103, 104]. It has been considered that preimplanta-
tion exposure to the same amount of BPA or TCS on gestational day 2/3 is more
potent to induce embryo implantation failure than exposure on gestational day 0/1 in
mice [103]. Therefore, in mice, day 2–3 of gestation may be a sensitive window for
BPA and TCS exposure. Exposure to these two EDCs during a sensitive window
might result in implantation failure. In human beings, however, the sensitive window
for these EDCs remain need further investigation [54, 104].

9.2.2.4 PFCs

High levels of PFCs in human FF have been related to subfertility [76, 82, 105]. In
order to evaluate the effect of PFCs on oocytes quality and fertilization rate, a
previous report analyzed the number of oocytes retrieved, oocytes quality, and the
number of transferable embryos among women undergoing IVF. Results exhibited
patients with FF PFC pollution had dramatically lower rate of fertilization and fewer
number of transferable embryos. Moreover, there was a marked correlation between
FF PFC levels and fertilization rate [81]. Overall, the aforementioned findings
indicated harmful effect of PFC on oocytes fertilization capacity, blastocyst forma-
tion with the resultant decrease in the number of transferable embryos.
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9.2.2.5 PCBs and OCPs

In spite of human data still largely inconclusive, PCBs have been related to detri-
mental reproductive health outcomes including decreased fecundability and
increased risk of pregnancy loss [106]. Owing to their environmental ubiquity and
persistence, PCBs can be detected in most of the general population [106]. Most of
the studies concerns over the correlation between PCBs exposure and IVF outcome
[106, 107]. First of all, they quantify OCPs concentrations in FF, then detect the use
of serum as a biomarker of exposure to PCBs as compared to the potentially more
biologically relevant biomarker of FF [108]. The current data showed that a signif-
icantly higher level of PCB congener (PCB 180) was found in the sera of patients
who had no fertilization of oocytes [14], besides, rates of pregnancy were not
markedly influenced by exposure to OCPs in IVF, but there was some evidence to
suggest that OCPs decreased oocyte or embryo quality and implantation, while
exposure to PCBs may be associated with failed embryo implantation. Another
fact which may be relevant to human reproduction ability is that a negative associ-
ation between fertilization and serum and FF p,p-DDE [14, 109].

As far as we known, nevertheless, there has only one study exploring the
association between serum PCB concentrations and early pregnancy loss, the results
showed serum PCB concentrations were related to failed implantation among
women seeking IVF, the odds of failed implantation were doubled, and the odds
of the live birth were decreased by 41% [110]. However, most studies reported
previously shown there were no marked relationship was found between maternal
PCBs and OCPs levels contamination and pregnancy outcomes. Based on the
previous findings, it is still widely considered that chronic, low levels of maternal
PCB pollution may do not affect a reproduction problem in humans and above
evidence may reduce anxiety about harmful reproductive effects from chronic
low-level PCB contamination [111, 112].

9.3 Implications for Human IVF Practice

It is very important to protect the gametes and embryos from exposing to harmful
external factors. Although the embryo has a certain degree of adaptability to
environmental change, it also produces physiological stress. Cell stress may also
cause genetic imprinting and epigenetic changes in embryos, which may be inherited
[113]. More evidence indicates that air quality in IVF laboratory plays an important
role in IVF outcomes, because both particulate materials and VOCs are adverse to
embryo development [41, 44]. Some researches show acetaldehyde, formaldehyde,
and higher molecular weight aldehydes can affect the development or abortion of
embryos, because VOCs can directly attach to embryonic DNA, and with the
decrease of aldehydes levels, embryo development is improved [43, 114, 115]. A
small amounts of VOCs in the air of an IVF laboratory can also have adverse effects
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on pregnancy rate [116, 117]. Therefore, it is very important to establish an optimal
embryo culture environment to ensure the viability of embryo, and thereby maintain
the stability of pregnancy outcome.

A lot of reproductive centers are located in densely populated large city, whose air
quality is worrying. IVF laboratory air quality faces many potential sources chal-
lenges, which include the construction materials; painting the laboratory; furniture;
heating, air intake of HVAC (ventilation, and air conditioning); equipment and
products used in the laboratory; incubator commissioning; plasticware; adhesives
and sealants; smoking; packaging materials; cosmetics, perfume, hair and shoe
covers; fibers from clothing; the cleaning, laundry and sanitizing products, and so
on. The construction of IVF laboratory should minimize the generation of VOCs as
much as possible. Despite the best effort to avoid their entry, VOCs will exist in the
laboratory. It is essential for IVF laboratory to set up a primary, medium, and high
efficiency particulate air filters system (HEPA) to achieve good air quality. However,
HEPA filtration system can only filter particulate materials (including bacteria and
mold spores) in the air, but cannot remove VOCs. Therefore, HVAC-based VOC
filtration systems are designed to virtually eliminate VOCs in the air supplied to the
laboratories. HEPA and HVAC-based VOC filtration systems, positive pressure can
prevent airborne molecular, bacteria contaminants and reduce VOC levels. Because
these microbes usually attach to the air particles. Positive pressure air flow in the
laboratory coupled with the use of air purification systems may reduce the concen-
tration of airborne particles and also reduces bacteria and other contaminants. To
protect gametes and embryos from contracting VOCs in the laboratory, there are
several approaches to achieve. Firstly, ventilation systems can be equipped with
filters imbedded with activated carbon and potassium permanganate, which remove
various hydrocarbons, such as benzene, formaldehyde, alcohols, and ketones.
Another method for removing VOCs is ultraviolet photocatalytic oxidation
(UVPCO). UVPCO uses the energy of UV lights absorbed by a semiconductor
metal oxide to produce reactive species on the surface of the photocatalyst that then
react with absorbed VOCs [118]. Furthermore, good indoor air quality should be
obtained by using a portable or within-laboratory device such as the CODA (carbon
activated air filtration) system and the Landson™ series. The CODA system consists
of a gas inline filter to filter the gas entering the incubator and a tower to filter the air
in IVF laboratory environment. Many studies have shown that the pregnancy and
implantation rates have been improved after the CODA system is introduced into the
IVF laboratory [44]. Khoudja et al. [113] reported that using air purification by the
Landson™ series installation in the laboratory could significantly improve air quality
in IVF laboratory. Embryo quality, the rate of pregnancy and implantation were also
increased [41]. Finally, because VOC is oil-soluble, oil overlays of culture media can
be used as an absorption tank to capture most VOCs. For keeping the acceptable rate
of blastocyst development and pregnancy, the ideal VOC levels should be below
0.5 ppm, but it is better to be zero.

Both animal and human studies show that controlling laboratory contamination
improves IVF outcomes [40, 95]. Although the available evidence in human on this
topic is not very sufficient, it is hard to obtain such strong evidence owing to various
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factors in study design and ethical issues. It is important for clinical embryologists to
bear in mind that poor IVF outcomes may be due to such undesirable environmental
exposure, and quality management and quality control in the IVF laboratory should
be strengthened. In conclusion, all of these efforts help us maintain a clean, safe, and
efficient IVF laboratory to achieve our ultimate goal—a live healthy baby.
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Chapter 10
Effects of Environmental
Endocrine-Disrupting Chemicals on Female
Reproductive Health

Qicai Liu

Abstract Environmental endocrine-disrupting chemicals (EDCs) are xenobiotic
compounds that are frequently contacted in daily life. With the species and quantity
of substances created and utilized by human beings significantly surpassing the self-
purification capacity of nature, a large number of hazardous substances are enriched
in the human body through the respiratory tract, digestive tract, and skin. Some of
these compounds cause many problems endangering female reproductive health by
simulating/antagonizing endogenous hormones or affecting the synthesis, metabo-
lism, and bioavailability of endogenous hormones, including reproductive disorders,
fetal birth defects, fetal developmental abnormalities, endocrine and metabolic
disorders, and even gynecological malignancies. Therefore, the study of the rela-
tionship between environmental EDCs and female reproductive diseases and related
mechanisms is of considerable significance to women, children health care, and
improve the quality of the population.

Keywords EDCs · Reproductive disorders · CGRP · Hormone · Receptors · PCOS

10.1 The Mechanism of Environmental EDCs Affecting
Female Reproductive Health

There are many kinds of EDCs with great structural differences, although the
specific mechanism of their biological effects in the reproductive system is not yet
clear. To sum up, they have two main effects: (1) mimic/antagonize endogenous
hormones and (2) affect the synthesis, metabolism, and bioavailability of endoge-
nous hormones. Endocrine disruptors can mimic endogenous the whole process of
hormone metabolism and function, for example: hormone production, hormone
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secretion, hormone transport, hormone metabolism, hormone binding, and its excre-
tion [1]. Initially, EDCs were thought to act primarily by interfering with hormone
binding by classical nuclear receptors. However, it is now well-established that
EDCs have multiple modes of action that can interfere with transcription factors,
non-steroid receptors (e.g., neurotransmitter receptors), orphan receptors (aryl
hydrocarbon receptors), and enzymatic activities [2, 3].

EDCs can regulate hormonal function in vivo, especially for steroids. When
EDCs bind to a specific hormone receptor, it can cause changes in hormone
concentration and effect.

1. EDCs can mimic endogenous hormones, combining with hormone binding sites
of receptors to form ligand–receptor complexes firstly and then binding DNA
response elements, thereby showing the role of hormones and initiating a series of
physiological and biochemical processes.

2. EDCs can also compete with endogenous hormones for receptors on target cells
and reduce the adsorption of endogenous hormones by receptors, thereby enhanc-
ing the concentration and effect of endogenous hormones in other tissues.

3. In addition, EDCs can react with endogenous hormones directly or indirectly,
such as by changing the function of endogenous hormones, affecting hormone
synthesis, regulating the number of hormone receptors or their specific molecular
affinity [4].

Physiological levels of endogenous hormones in healthy people are extremely
low (e.g., estradiol on the order of pg/mL), but they have a strong affinity for the
receptor (amplification of hormone action). At the same time, the receptor also
follows the spare receptor hypothesis [5], whereby receptor occupancy gradually
plateaus with increasing hormone concentration [6] (Fig. 10.1).

Fig. 10.1 Schematic of the spare receptor hypothesis
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Low concentrations: hormone concentration increase � (0–1�) causes receptor
increase occupancy of approximately 50% (0–50%, shown in yellow box).

Higher doses: 4� to 5�, which causes receptor occupancy increase only approx-
imately 4% (78–82%, shown in red box).

The release of hormones in the blood is usually pulse, and there is a positive and
negative regulatory relationship between hormones and hormones [7, 8]. The fre-
quency and amplitude of the pulse will regulate the biological response, and the
secretion of hormones is also affected by the circadian rhythm [9, 10]. Importantly,
the steroid hormones in the blood, acting as a buffering system, can be divided into
three phases: free (active hormone), bioavailable (combine weakly to plasma pro-
teins), and inactive (high affinity bound with proteins, for example, SHBG), which
balance the circulating hormones. For EDCs, there may be almost all of them in the
free phase. Thus, in the circulation, even low concentrations of EDCs may be
physiology active and disrupt the balance of natural endogenous hormones
(Fig. 10.2).

Fig. 10.2 EDCs regulate hormonal functions in vivo
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10.2 How EDCs Create Problems?

10.2.1 EDCs Interfere with Estrogens

During steroidogenesis, the P450scc enzyme (CYP11A1) converts cholesterol to
pregnenolone. Steroidogenic enzymes convert pregnenolone to progesterone, andro-
gen, and finally estrogen [4]. These include polychlorinated biphenyl compounds
(PCBs), alkylphenols, phthalates (PAEs), diphenylalkanes/bisphenol compounds
(BPs), organochlorine insecticides and herbicides, phytoestrogens (PEs) and fungal
estrogens, and the heavy metal, lead, and nickel, all of which can interfere with the
estrogen balance dependent on female reproduction.

PCBs, dihydroxy phenyl trichloroethylene (HPTE), alkylphenols, and PEs can
activate estrogen receptors (ER) and exert estrogen-like effects.
Tetrachlorodiphenylcyclodioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin, TCDD)
organic polyhalogenated compounds, commonly referred to as dioxins because
each molecule contains a dioxin backbone structure, inhibits estrogen receptor
gene expression in mouse ovaries, uterus, and liver by decreasing estrogen receptor
gene transcription, and this response may be mediated through the aryl hydrocarbon
receptor [11, 12].

Estradiol secretion was significantly decreased in cultured luteal granulosa cells
treated with TCDD, which suggests that TCDD may inhibit the endocrine function
of human luteinized granulosa cells directly or indirectly by blocking mitogenic
signaling through protein tyrosine kinase/microtubule-associated protein two
kinases and protein kinase signaling [13]. The antifungal agent, methyl
2-benzimidazole carbamate (MBC), was first shown to exhibit similar phenomena
in human ovarian granulosa cell cultures, and methyl-2-benzimidazole carbamate
was reported to alter centrosome structure during mitosis in granulosa cells. One
possible mechanism for this effect is impaired centrosome spindle microtubule
dynamics, leading to metaphase arrest and abnormal chromosome morphology
[14]. Zearalenone, the active product of the fungus, has also been associated with
estrogenization, and pigs that had eaten “moldy corn” showed changes in mammary
and reproductive tract function, and validation of these estrogenization performances
by bioassays and receptor binding assays demonstrated that these natural products
also have estrogenic activity [15].

10.2.2 EDCs Interfere with Androgens

Vinclozolin, procymidone, linuron, dichlorodiphenyltrichloroethane (DDT), and
dichlorodiphenyl dichloroacetaldehyde (DDE) are all androgen receptor
(AR) antagonists, which competitively inhibit androgen binding to its receptors
and inhibit androgen-induced gene expression [16–19]. In animal experiments,
reduced mammary duct branching and reduced lobular acinar development have
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been observed in androgen receptor gene knockout female mice [20–22]. Moreover,
increased susceptibility to carcinogenesis induced by DMBA (7,12-
dimethylbenzanthracene, an experimental mammary carcinogen) was observed in
ARKO mice [23], suggesting a close relationship between AR and carcinogenesis.
In addition to endocrine disruptors with estrogenic/antiestrogenic activity, some
EDCs such as pesticides also have antiandrogenic activity [24]. Vinclozolin is a
potent antiandrogenic pesticide and also as a food contaminant. In vitro studies
showed that administration of V drug in the uterus or early postnatal period could
induce abnormal sexual differentiation and reproductive function in male rats
[19, 25, 26]. Exposure to this antiandrogen compound was also associated with
abnormal mammary gland development in female rats [27]. Dioxins and some PCBs
can also induce the expression of cytochrome P450 enzymes (CYP1AI/CYP1A2) by
binding to aryl hydrocarbon receptor (AhR), accelerate the degradation of estrogen
in vivo, produce the antiandrogenic effect, and affect the underlying cellular pro-
cesses such as cell growth, differentiation, and programmed cell death.

10.2.3 EDCs Interfere with Thyroxine

Normal brain development requires the maintenance of thyroid hormones, besides,
thyroid hormones are essential to regulate metabolism and maintain normal physi-
ology [28], while EDCs exposed in life can induce changes in thyroid structure and
function at the HPT axis (hypothalamic–pituitary–thyroid) (Fig. 10.3), including the
synthesis, release, transport, and metabolism of thyroid hormones or the effects of
thyroid hormones on target tissues [29–31]. HPT function is regulated primarily
through two complex pathways, and one is that the target organ or tissue can regulate
itself sensitivity to thyroid hormone by altering the expression of receptor or
metabolizing enzyme [32]. On the other hand is that EDCs can interfere with the
effects of thyroid hormones in tissues and cells regulated by the thyroid, hypotha-
lamic, pituitary, or thyroid hormones in complex ways, implying that the ability of
EDCs to interfere. The function of thyroid hormone should be evaluated compre-
hensively, not only depending on the level of thyroid hormone in the blood [33].

It is a highly complex process to regulate the transfer of thyroid hormone to target
tissues, including the synthesis of thyroid, the transportation through blood, the
selective uptake into tissues and cells, and the metabolism of the action site.

1. TRH can be produced by small cell neurons in the paraventricular nucleus (PVN)
of the hypothalamus, only a part of which control the release of TSH (pituitary
stimulation) from the pituitary gland. These neurons are jointly controlled by the
neurotransmitter and the thyroid hormone negative feedback regulation serum
T4, in which T4 is transformed from tanycytes to T3, which is transmitted to TRH
neurons through the cell transporter MCT8. Negative feedback itself is selectively
mediated by the thrb2 receptor. It stimulates the synthesis and release of TSH in
pituitary through the action of membrane receptor, which signals through protein
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kinase C. TSH stimulates thyroid cells through camp and increases the synthesis
and release of thyroid hormones.

2. The release of thyroid hormone requires the endocytosis of thyroglobulin in the
colloid through the vesicle transport of thyroid cells. In this process, the thyro-
globulin residues are coupled and removed from the protein skeleton before being
released.

3. Thyroid hormones are carried by binding proteins (the so-called distribution
proteins). About 75% of T4 is carried by TBG (T4-binding protein), additional
25% by TTR (transthyretin), a small amount by albumin, and only about 0.01%
remaining “free state” (unbound).

Fig. 10.3 Hypothalamic–pituitary–thyroid (HPT) axis
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4. T4 in serum enters tissues and cells through selective transporters. The transmis-
sion of bioactive T3 is very complex, especially in the nervous system. T4 was
absorbed by glial cells and transformed into T3 by deiodinase-2 (DIO 2). T3 is
then actively transported to neurons and acts on ThR α or β.

5. The half-life of T4 in human serum is 7–10 days, while that in rodents is 24 h. T4
is controlled by the liver, which expresses enzymes (glucuronidase or
thiotransferase) that modify T4 and T3, thus eliminating them in bile [4].

Chemicals that have a direct effect on the thyroid gland, perchlorate, chlorate,
nitrate, thiocyanate, and other complex anions, act directly on the thyroid gland to
interfere with sodium-iodide symporter function and affect iodine uptake, thereby
interfering with thyroid function, especially when iodide intake is low to insufficient
[34]. A recent study showed that the level of perchlorate in pregnant women with
critical thyroid function was negatively correlated with the cognitive function of
their offspring [35].

Dioxins, phthalates, bisphenol A, brominated flame retardants, malathion, and
perfluorinated chemicals, all interfere with the balance of thyroid hormones in the
human body [36, 37]. Organochlorine compounds, especially PCBs, are signifi-
cantly associated with FSH and FT3 in humans. The marked decrease in serum TT4,
TT3, and thyrotropin-releasing hormone levels in rats exposed to PCBl53 may be
related to its association with the polycyclic aromatic hydrocarbon receptor and
induction of increased hepatic production of uridine diphosphate
glucuronosyltransferase [31]. PCBs have also been shown to affect the activity of
thyroid hormone deiodinase, and the activity of hepatic deiodinase-1, which cata-
lyzes the conversion of T4 to T3, was inhibited in rats exposed to PCBl53 [38]. It is
now known that PCBs can affect thyroid hormone levels in blood and tissues
through at least a variety of independent but interacting pathways, such as by altering
thyroid tissue structure, affecting thyroid hormone metabolism, and competing for
carriers [39]. Although not all studies have reported the same effects of PCBs on
serum thyroid hormone levels [36, 40], subtle changes in the thyroid gland may have
significant short- and long-term effects on development, especially during sensitive
developmental periods [41–43]. Neurodevelopment is particularly sensitive in preg-
nant women and their fetuses, preterm infants, and infants, susceptible to permanent
effects [41, 43], while older children and adolescents may primarily exhibit adverse
effects related to growth and reproductive development. The prevalence of thyroid
peroxidase antibody was significantly higher in reproductive age women exposed to
PCBs than in those not exposed, and the prevalence of TSH receptor antibody was
also significantly higher.

Physiological thyroid hormone levels play a key role in maintaining the stability
of the hypothalamic–pituitary–ovarian axis. Thyroxine can directly participate in
and affect the process of estrogen metabolism and also inhibit the differentiation and
proliferation of ovarian endocrine cells. Thyroxine regulates ovarian function
through pituitary secretion of gonadotropins (Gn), including follicle stimulating
hormone (FSH) and luteinizing hormone (LH). A small amount of thyroxine pro-
motes LH secretion, while a large amount of thyroxine inhibits Gn secretion
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[44]. Thyroid hormones can directly reduce ovarian responsiveness to GN from
pituitary [45] and modulate circulating estrogen activity by increasing testosterone–
estrogen binding globulin [44]. In addition, thyroid hormones can directly affect the
maturation of human oocytes [46], which express thyroxine receptors (TRα1, TRβ1)
and TSH receptors, among others. Therefore, EDCs indirectly or directly affect
female reproductive health by interfering with thyroid hormone levels or even
through thyroid hormone-like effects.

10.2.4 EDCs Interfere with Other Endocrine Hormones

T-octane phenol, nonanol, pentachlorophenol, DDT, and hexachlorocyclohexane
can bind to progesterone receptors and exert antiprogestational effects. Through
influence the activity, transcription, and expression of steroidogenic enzymes, EDCs
lead to changes in steroid hormone levels and biological effects; by competitively
binding to serum albumin and sex hormone-binding protein, EDCs reduce the
adsorption of endogenous hormones to target cells, thereby enhancing the action
of endogenous hormones; and by affecting the activities of hepatic microsomal
metabolic enzymes, cytochrome P450 enzymes, UDP-glucuronosyltransferase and
other enzymes, EDCs lead to changes in steroid hormone levels [47, 48].

10.2.5 Combined Effect of EDCs on Nervous System,
Endocrine System, and Immune System

EDCs affect the nervous system in two ways: first, they act on the neuroendocrine
system to affect the release of hormones and the effects of target organs; second, they
act directly on the nervous system to cause changes in behavior and spirit. The
mechanisms by which environmental disruptors induce or accelerate the autoim-
mune disease process may be: (1) to alter gene expression in cells involved in the
immune response; (2) to drive the release of autoimmune cells to the periphery; (3) to
alter certain molecules of themselves; and (4) to impede the secretion of thymosin,
thereby inhibiting the maturation of T cells, which may attack self cells and trigger
autoimmune diseases [49].

Calcitonin gene-related peptide (CGRP) is a small 37-amino acid neuropeptide
encoded by selective cleavage of the calcitonin gene. CGRP is well-known to
researchers due to its potent vasodilator function, but CGRP has been less studied
in the reproductive system. CGRP has a negative immunomodulatory function, and
there are two peptides with similar biological activities, αCGRP and βCGRP, which
act as mediators between neural, immune, and endocrine, maintaining the homeo-
static balance of the internal environment [50]. Studies have found abnormal CGRP
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secretion, loss of inhibitory effect on inflammatory cells resulting in occlusive
vasculitis and perineuritis (Fig. 10.4).

CGRP functions by regulating cytokines, such as inhibiting the secretion of
TNF-a by macrophages, decreasing the production of IFN-γ by T cells, and increas-
ing the anti-inflammatory cytokine IL-10 [51]. Endocrine hormone disorder is a
significant cause of embryo implantation failure, and abnormal neuropeptides, etc.
also directly affect the rate of mouse embryo implantation [52]. Thus, the theory of
“Endometrial Receptivity for Embryo Implantation Programmed Opening” has
become a hot topic in the field of reproductive medicine [53, 54].

Supplementary Description: Hypothesis of Endometrial Decidualization
Process
We previously observed that endometrial CGRP is upregulated during embryo
implantation in a murine model. Considering the well-established role of CGRP in
electrolyte transport and water reabsorption [55, 56], we speculate that CGRP
upregulation is associated with the disappearance of fluid in the uterus and the
closure of the uterine cavity normally observed. Moreover, CGRP has been shown
to contribute to prostaglandin release by both mechanical force and serine protease
activation [57]. Therefore, we propose the hypothesis that CGRP induces calcium
currents, conformational changes in the nuclear pore Nup62-69, and increased LIF
entry, ultimately leading to the production and release of prostaglandins necessary
for the decidualization process and embryo implantation (Fig. 10.5).

10.3 The Harm of Environmental Endocrine Disruptors
to Female Reproductive System

Normal development and function of the female reproductive system depend on
hormone levels and balance. Endocrine disorders will lead to menstrual disorders,
infertility, endometriosis, polycystic ovary syndrome, and other diseases. These
abnormal diseases are caused by the abnormal regulation of estrogen, androgen,
and thyroid hormone levels, in which EDCs play an essential role. Research
evidence suggests that the potential effects of EDCs are derived from diethylstilbes-
trol (DES).

Diethylstilbestrol is a synthetic non-steroidal estrogen, which can produce all the
same pharmacological and therapeutic effects as natural estradiol. It is mainly used
for functional bleeding and amenorrhea caused by hypoestrogenism and hormone
imbalance. It can also be used to improve the sensitivity of myometrium to oxytocin
before induction of stillbirth. Long-term stimulation of the uterus by DES is a high
risk factor for clear cell carcinoma of the vagina [58, 59]. DES has also been
associated with menstrual irregularities, uterine malformations, infertility, miscar-
riage, preterm labor, and breast cancer [59–61].

Studies have found differences in pregnancy-related physiological changes
between human and rodent experimental observations, For example, the
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involvement and hormone control of the corpus luteum, the organs involved in
progesterone and estrogen secretion, the specific estrogen produced, and the blood
estrogen level obtained in the mother and fetus. In particular, the level of estrogen
obtained during human pregnancy is significantly higher than that obtained in mice,
and the adverse endocrine-disrupting effect of low-dose bisphenol A or other
exogenous estrogens on human pregnancy seems to be dwarfed [62], which reminds
us that EDCs cannot be studied only at the laboratory level. Many EDCs have a
mechanism of action similar to that of DES, as an exogenous estrogen. However, the
similarity between DES and EDCs could not be determined in the present study,
because the duration of action of DES was limited, while EDCs played a role in the
whole life process.

Fig. 10.5 Hypothesis diagram of endometrial decidualization process
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10.3.1 Adverse Pregnancy Outcomes and Pregnancy
Complications

EDCs can cause chromosomal aberration in oocytes, immaturity of oocytes, and lead
to pregnancy failure; affect the embryo development and implantation, resulting in
early pregnancy loss and unnoticed abortion; embryo dysplasia and abortion; inter-
fere with the expression of key genes of embryonic development, leading to abnor-
mal embryonic development and differentiation. Human studies have revealed the
relationship between bisphenol A (BPA) and in vitro fertilization (IVF) hormone
levels. In one report, higher BPA levels were associated with lower peak serum
estradiol levels in women undergoing in vitro fertilization prior to oocyte retrieval
[63–65]. In addition, bisphenol A exposure was associated with increased testoster-
one, estradiol, and pregnenolone levels in girls with precocious puberty [66, 67].

BPA exposure decreased the number of antral follicles and oocytes, resulting in a
lower probability of conception [68]. PCBs block oocyte maturation, decrease
fertilization rate, and increase polyspermy [69] and can cause stillbirth and fetal
growth retardation. Cadmium has obvious toxic effect on ovary and oocytes and
causes chromosome aberration in mouse and hamster oocytes. Organotin can disturb
calcium homeostasis and change cytoskeleton to block embryo development at the
stage of morula or blastocyst, resulting in early pregnancy abortion and fetal
malformation [70]. The pregnancy rate of female workers exposed to PAEs (plasti-
cizer) decreased and abortion rate increased, and the incidence of anemia during
pregnancy, hyperemesis gravidarum, and pregnancy-induced hypertension syn-
drome increased. The incidence of spontaneous abortion, premature delivery, and
stillbirth increased in female workers exposed to lead, mercury, and manganese.
Exposure to lead and mercury may cause intrauterine growth retardation and low
birth weight. Lead can cause central nervous system malformation and even stillbirth
in young rats in animal experiments.

10.3.2 Endometriosis (EMs)

EMs have a serious impact on the physical and mental health and quality of life of
many women. EDCs may be involved in the development of diseases. Melissa et al.
estimated the human evidence for endocrine disruptors and endometriosis, limited
quantitative studies to individual chemical concentrations in women, including
controls in unaffected women, and used multivariate analysis techniques to support
environmental causes of endometriosis, including metals/trace elements, dioxins and
other persistent organic pollutants, as well as non persistent organic pollutants,
sexual chemicals, such as benzophenone and phthalate [71]. Cadmium exposure
significantly increased the diagnosis of endometriosis, and urinary chromium and
copper levels increased EMS prevalence by two times or more [72, 73].
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Studies on the correlation between EDCs and EMs have been available as early as
the 1990s, with dioxins being the most studied. A direct relationship between dioxin
and the onset of EMS was first reported by Rier in 1993. The incidence rate of EMs
in Ganges River monkeys after 4 years of exposure to dioxin was significantly higher
than that in control group 10 years later, and the severity of illness was positively
correlated with the exposure dose. EMs occur in all macaques that have been
exposed to dioxins for 17 years [74]. The incidence and severity of EMs in Belgian
women are among the highest in the world, consistent with the severity of dioxin
pollution in the country’s environment. They have caused extensive research on the
relationship between dioxins and the incidence of EMs worldwide. In the EMs
mouse model, dioxin promotes the growth of ectopic lesions in a dose-dependent
manner: the number of lesions increased by two times compared with the control
group when the endometrium treated with dioxin was transplanted into the abdom-
inal cavity of nude mice, and it was considered that interference with the expression
of matrix metalloproteinase mediated by progesterone enhanced the secretion of
cytokines by endometrial immune cells.

Research on the relationship between dioxins and EMswill continue [72, 75]. Epi-
demiological studies have shown that the serum levels of DEHP, MEHP, and PCBs
in patients with EMs are significantly higher than those in healthy women [4], and
in vitro experiments have shown that MEHP contributes to the development of EMs
by increasing the activity of endometrial stromal cells [76]. As an estrogen depen-
dent disease, estrogen exposure in uterus may be related to endometriosis, while
diethylstilbestrol exposure may be related to the occurrence of endometriosis
[77, 78].

10.3.3 Polycystic Ovary Syndrome (PCOS)

PCOS is one of the most common gynecological endocrine diseases, characterized
by clinical or biochemical manifestations of androgen excess, persistent anovulation,
polycystic ovarian changes, often accompanied by insulin resistance and obesity,
and heterogeneous diseases whose etiology is still not elucidated. Current studies
suggest that it may be due to the interaction between specific genetic genes and
environmental factors. EDCs, especially BPA, a group of widely distributed pollut-
ants, are possible environmental factors in the pathogenesis of PCOS. From in vitro
and animal studies it was demonstrated that endocrine disruptors induce reproduc-
tive and metabolic abnormalities similar to the features of PCOS [79]. In a survey,
researchers measured and compared the bisphenol A levels of patients with PCOS,
reproductive health women, and a group of healthy men. The results showed that the
bisphenol A levels of normal men and women with PCOS were significantly higher
than those of normal women. In addition, BSA levels in all subjects were positively
correlated with serum total testosterone and free testosterone, indicating that this
chemical may play a role in the pathophysiology of PCOS. It is assumed that BPA
directly stimulates the secretion of androgen by ovarian membrane cells by
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upregulating the expression of 17 β hydroxylase P450c17, cholesterol side chain
lyase P450scc, and steroidogenic acute regulatory protein (StAR) [80]. Moreover,
BPA can indirectly increase androgen by changing androgen metabolism in liver
through two mechanisms. The first mechanism involves the interaction between
BPA and sex hormone binding globulin, which may replace androgen and interfere
with androgen/estrogen balance, leading to an increase in circulating androgen levels
[81]. The second mechanism may involve BPA downregulation of androgen metab-
olism/hydroxylation by reducing the activity of testosterone 2A hydroxylase and
testosterone 6B hydroxylase, which are the enzymes responsible for this process
[82]. On the other hand, androgen itself affects the metabolism of BPA by reducing
the activity of UGT. This enzyme catalyzes the glucuronization of bisphenol A
through liver microsomes [83]. It has been proved that the structural binding of BPA
and its more effective metabolite 4-methyl-2,4-bis (4-hydroxyphenyl)-1-pentene
(MBP) with androgen receptor (AR) and progesterone receptor (PR) may inhibit
the binding of endogenous AR and PR ligands, leading to target tissue
dysfunction [84].

As this study is still in its infancy, further studies are needed to understand the
mechanism of action of EDCs on PCOS, as well as the critical period of exposure, to
determine the molecular basis of the observed reproductive and metabolic alterations
caused by BPA and to determine how these effects affect offspring through epige-
netic mechanisms. Future studies should also aim to extrapolate data obtained from
animal studies to humans with major hurdles to overcome species differences and
determine whether other EDCs besides BPA need to be considered [85].

10.3.4 Premature Ovarian Failure (POF)

More and more experimental animal models and epidemiological data show that
exposure to a series of reproductive toxic environmental chemicals (RTECS) can
lead to premature menopause, even premature ovarian failure. More and more
women around the world suffer from early menopause and POF (about 0.4%
under the age of 35 and 1% under the age of 40) [86], and genetic, autoimmune,
infectious, metabolic, and medical or environmental factors seem to play a role [87–
92]. It is closely related to ovarian reserve failure and mainly affects the early and
late establishment of ovarian reserve. The loss of human reproductive ability is
mainly caused by the continuous failure of follicles. The insufficient number of germ
cells formed in the prenatal period leads to a lack of follicular pool (decreased
ovarian reserve) at birth and/or adolescence and accelerated depletion of established
ovarian reserve. The increased activation of primary follicles (PFS) and follicular
atresia (increased failure rate) are the key factors leading to premature ovarian
failure. Recently, several retrospective studies have explored the effects of exposure
to EDCs on ovarian development. Maintaining the normal development of follicle/
oocyte and the normal secretion of steroid hormones are the key factors to ensure
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ovarian function. It is worth noting that many other environmental chemicals can
induce ovarian toxicity, independent of hormone signaling [93].

Combined exposure to phthalate and 4-ethylcyclohexene dioxide can accelerate
follicular failure and lead to premature ovarian failure in rats. Among the follicular
toxic substances, polycyclic aromatic hydrocarbons (PAH), 4-vinyl-1-cyclohexene
(VCH) and its metabolite 4-vinyl-1-cyclohexene diepoxide (VCD) have been the
most studied. PAH-like compounds can be produced when minerals burn, but
because of the large number of smokers, cigarettes become a major source of
exposure to such compounds, including dioxins (TCDD, PCDDs, PBDDs), PCBs,
PBBs, etc. VCH is produced in the production of rubber tires, burning resistance
agents, pesticides, plasticizers, antioxidants. PAHs can activate AhR and induce the
expression of Bax in oocytes, which in turn leads to the apoptosis of cells [94]. VCH
and VCD damaged primordial and primary follicles of female rats and mice, which
was considered to be related to the increased expression of Bax and the activity of
caspase-2 and caspase-3, thereby promoting apoptosis. Takai et al. found that VCD
disrupted primordial and primary follicles in BAX knockout mice, and there was less
destruction of primary follicles in caspase-2 and caspase-3 knockout mice than in
wild-type mice [95]. In 2012, Hunter and colleagues investigated the role of circu-
lating levels of BPA in humans in meiotic initiation and primordial follicle formation
during the second and third trimesters of pregnancy. They found that (1) oocytes
exposed to BPA showed a higher recombination rate in the pachytene phase and
(2) exposure to BPA reduced the percentage of secondary and sinusoidal follicles,
whereas the frequency of multioocyte follicles (MOFs) was significantly increased
in the offspring [96]. Adult female rats treated with BPA (0.001 and 0.1 mg/kg/day)
promoted follicular atresia and luteal regression by inducing apoptosis of caspase-3
related cells [97]. In addition, a low dose (100 μg/mL) of BPA also increased Bax
expression, inhibited the transcription and expression of Bcl-2, and induced apopto-
sis. At the same time, the level of transition-related protein 53 (Trp53) was increased,
cells were arrested in G2 to M phase, DNA was damaged, the viability of ovarian
granulosa cells was inhibited, and follicular atresia was promoted [98, 99]. In utero
exposure to low doses (50 mg/kg/day) of BPA during critical ovarian developmental
windows has also been found to interfere with early ovarian development and animal
estrus, and BPA exposure has been shown to affect steroidogenesis and reduce
fertility with aging in a variety of animal models [100]. There are other environ-
mental toxic exposures that significantly affect reproductive health (Table 10.1).

10.3.5 Gynecologic Tumor

In recent years, the incidence of hormone-dependent organ tumors has been increas-
ing [106], especially in female hormone-sensitive organs such as ovary, uterus, and
breast. EDCs participate in the occurrence and development of tumors through
multiple pathways. The complexity of the causes of tumors and the diversity of
the effects of EDCs make it still difficult to identify the direct relationship between
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EDCs and the occurrence and development of tumors. Experimental studies have
shown that early exposure to estrogen-like chemicals (exogenous estrogens, such as
BPA), even at low dose levels, can increase the susceptibility of rodents to chem-
ically induced breast cancer, possibly by changing breast development and/or
destroying the ratio of proliferating/apoptotic cells [107–109]. Warner et al investi-
gated 981 women (aged 40 years at the time) affected by a TCDD leak in Italy in
1976, 15 of whom had breast cancer with a serum TCDD concentration of
13–1960 ppt. And it was found that when the degree of TCDD in serum increased
10 times, the risk of breast cancer increased 2.1 times [110]. However, the opposite
results were also reported, suggesting that TCDD may be a chemoprotective agent
against breast cancer and that TCDD inhibits the proliferation of AhR (aryl hydro-
carbon receptor) in tumor cells and infiltration of normal tissues [111]. A review of
the existing literature shows that soy food consumption or exposure to genistein
(g) during female childhood and adolescence, as well as before the onset of puberty,
can reduce the risk of breast cancer in the future. Rodents exposed to G in utero,
during lactation or before puberty, even at low doses, can reduce the incidence and
diversity of breast cancer induced by carcinogens by promoting breast differentia-
tion, changing cell proliferation, apoptosis, and upregulating tumor suppressor
genes. This reduces the incidence and diversity of carcinogen-induced mammary
tumors. In the study of the association between PCBs, organochlorine pesticides, and
breast cancer, which may be limited by methodology, sample size, there are also
different findings. In addition to an increased incidence of breast cancer, DES use
during pregnancy was associated with an increased incidence of vaginal clear cell
carcinoma in female offspring. Through a combination of experimental and epide-
miological approaches, Kim et al. found that PAEs can promote the development of
uterine fibroids by promoting the proliferation of myometrial smooth muscle cells,
inhibiting apoptosis, and increasing the collagen component in the cells

Table 10.1 Development of primordial germ cell damage by environmental toxic exposure

References EDC types
Exposure
(dpc) Exposure Affected processes

La Sala et al.
[101] (CD-1
mice)

15–30 mg/kg; 10–
20 nM lindane
20 ng/g BPA

11.5 Gavage Increase apoptosis

Lawson et al.
[102] (C57BL/
6J mice)

20 ng/g BPA 11.5–12.5 Oral Downregulation of mitotic
cell-cycle genes

Zhang et al.
[103] (CD-1
mice)

40–160 μg/kg BPA 0.5–12.5 Oral Decreased expression of
germ cell specific genes;
DNA methylation

Li et al. [104]
(CD-1 mice)

40 μg/kg DEHP 0.5–18.5 Oral DNA methylation (female
and male transgenerational
transmitted)

Holm et al.
[105] (C57BL/
6J mice)

50, 150 mg/kg
paracetamol

7–13.5 Gavage Decreased proliferation
and/or
Increased apoptosis
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[112]. However, PAEs can bind to receptors on the cell membrane in ovarian cancer,
causing upregulation of cyclin D1 protein and downregulation of p21 protein,
thereby promoting the proliferation of ovarian cancer cells [113]. BPA concentration
in serum of patients with hysteromyoma was significantly higher than that in the
control group and was positively correlated with the risk of disease. BPA can
promote the occurrence of uterine fibroids by promoting the proliferation of uterine
fibroid mesenchymal stem cells and accelerating the formation of cell colonies
[98, 99].

10.3.6 Precocious Puberty, Menstrual Disorder, Sexual
Dysfunction

Appropriate levels of estrogen are crucial to maintain female reproductive health,
and EDCs can interfere with estrogen levels in vivo by mimicking or antagonizing
the effects of estrogen. Since the beginning of the last century, the age of menarche
in women has advanced from 16 or 17 years to less than 13 years and is also
accompanied by early breast development, which may be associated with a high
incidence of many other diseases such as insulin resistance, metabolic syndrome,
breast cancer, and reproductive system cancer [114, 115]. Population epidemiolog-
ical survey data show that mercury can cause menstrual cycle disorders in women,
change the estrous cycle, and affect ovarian function [116, 117]. Excessive exposure
to manganese chloride can produce severe neurotoxicity, immunotoxicity, and
developmental toxicity [118–120]. Researches have shown that exposure to Mn2+

and its rapid entry into the third ventricle of prepubertal female rats induces a
gonadotropin-releasing hormone dose-dependent stimulation of LH release. Mn2+

can stimulate specific puberty-related hormones, which may promote the normal
beginning of adolescence, while early Mn2+ exposure leads to precocious puberty.
Animal experiments have shown that hypothalamic dopamine (DA) is progressively
and significantly decreased. However, after Mn2+ exposure, the mRNA levels of
prolactin and pituitary transcription factor-1 increased, suggesting that Pit-1 may be
a regulator of DA and prolactin [121].

PAEs (phthalic acid esters) exhibit weak estrogenic and antiestrogenic activity. In
girls with premature breast development, blood PAEs concentrations were higher
than that in normal girls. Phthalates are strongly associated with precocious puberty,
which may be related to the antiandrogenic effect of phthalates that increases the
ratio of male to female hormones [122]. Hypothyroidism occurs before puberty and
may show arrested follicular development, atrophy of sexual organs, delayed men-
arche, etc.; if it occurs after puberty, it is characterized by oligomenorrhea or even
amenorrhea, and reproductive function is inhibited. Patients have an increased
incidence of combined infertility, spontaneous abortion, and teratogenesis.
Thyroxine secretion and release are increased in mild hyperthyroidism, accompanied
by endometrial hyperplasia, with clinical manifestations of menorrhagia,
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overfrequency, and even dysfunctional uterine bleeding when hyperthyroidism is
further aggravated, the secretion, release, and metabolism of thyroxine are inhibited,
and the clinical manifestations are oligomenorrhea and even amenorrhea.

10.4 Prevention of EDCs, Maternal, and Infant Health Care

In order to minimize reduce the hazards of EDCs to human health, especially to
female reproductive health, we should strengthen public education about EDCs
knowledge, so that people can understand which substances in daily life belong to
EDCs and their hazards to the human body. The public should be educated to
strengthen self-protection awareness, such as not smoking, not using plastic con-
tainers to heat food, women during pregnancy to avoid contact with daily necessities
or drugs related to EDCs, eat less canned and other food with preservatives,
minimize the intake of fatty foods including cheese, fat meat, etc., avoid eating
fish, shrimps, crabs, etc. from a potentially polluted water source, choose indoor
decoration materials made with minimal or no chemical materials, reduce the
number of household pesticides, detergents, repeatedly wash vegetables and fruits
before eating, and avoid the use of cosmetics containing EDCs.

In short, we should avoid all EDCs containing food, drink, and daily necessities
as little as possible at the present stage. Then, environmental governance should be
strengthened to reduce the hazards of EDCs to human health, especially female
reproductive health, from the source. In the meantime, for patients occupational
exposure, the drugs for optimizing treatment are studied according to the toxicolog-
ical mechanism of EDC exposure. The receptors acting on EDC, such as GPR30, a
7-transmembrane receptor, can be used in the treatment of EDC because of its high
binding affinity with BPA, genistein, zeal zone, and nonylphenol [123].

There is a trend of delaying marriage and childbearing in today’s society, as well
as the current increase in the life span of women after birth, which requires
strengthening our understanding of the mechanism of ovarian “longevity” and
mastering the establishment and dynamic change process of ovarian reserve. Prac-
tical assessment of what factors fit the definition of an adverse effect includes
identifying a window of sensitivity to endocrine disruption, reaching consensus on
the definition of a low dose, and on the manner and timing of including a “low dose”
in the design of toxicology studies.
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Chapter 11
Definition and Multiple Factors
of Recurrent Spontaneous Abortion

Xiaolin La, Wenjuan Wang, Meng Zhang, and Li Liang

Abstract Recurrent spontaneous abortion (RSA) is usually defined as three or more
spontaneous abortions prior to 20–28 weeks gestation. RSA affects approximately
2–5% of all women of childbearing age, and it brings tremendous psychological and
psychiatric trauma to the women and also results in economic burden. The causes
could be female age, anatomical and chromosomal abnormalities, genetic, endocri-
nological, placental anomalies, infection, smoking and alcohol consumption, psy-
chological factor, exposure to environmental factors such as heavy metal,
environment pollution, and radiation.

Keywords Recurrent spontaneous abortion · Molecular pathophysiology ·
Nightwork and long work hours · Toxic substance · Radiation exposure ·
Psychological stress · Medical or surgical abortion · Microelements and RSA

11.1 Introduction of Spontaneous Miscarriage

Pregnancy loss or miscarriage refers to the termination of pregnancy before the fetus
survives and is the most common pregnancy complication in obstetrics. Abortion is
categorized as sporadic abortion and recurrent spontaneous abortion according to the
frequency of occurrence. The definition of RSA (recurrent spontaneous abortion) is
various in different countries and regions because RSA is a frequency descriptive
disease. The ASRM (American Society for Reproductive Medicine) and ESHRE
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(European Society of Human Reproduction and Embryology) define RSA as two or
more clinical pregnancy losses with an identical partner, the incidence is approxi-
mately 5% [1]. The Chinese Medical Association Obstetrics and Gynecology Branch
defines RSA as three or more consecutive pregnancy loss before 28 weeks gestation,
and The Royal College of Obstetricians and Gynaecologists (RCOG) defines RSA as
three or more pregnancy loss prior to 24 weeks [2, 3].

RSA affects 1–2% of couples. The risk of pregnancy loss is more in the early
gestations. The incidence of RSA is hard to estimate because of the differences in
definition and criteria in different countries and regions. There is no valid estimate of
the prevalence of RSA because of lack of worldwide registration of RSA and
miscarriages, furthermore, many early pregnancy losses were ignored because it
was not recognized or treated in the hospital. The prevalence of RSA is found
between 0.6% and 2.3% from various studies [1, 4].

11.2 Pathology

The etiology of RSA is complicated, and it can be a simple factor or a combination of
multiple factors. The known causes include genetic factors, reproductive tract anatom-
ical abnormalities, immune dysfunction, endocrine abnormalities, infectious factors,
thrombotic factors, the external environment, and other factors. Despite a thorough
evaluation of these causes, about 50% of patients’ etiology still unexplained [5].

11.2.1 Genetic Factors

Chromosomal abnormalities are the most common causes of RSA, 2–5% RSA
couples have abnormal chromosome chromosomal structural abnormalities, includ-
ing chromosomal translocations, chimeras, deletions, or inversions. Chromosomal
equilibrium translocation and Robertson translocations are the two most common
chromosomal structural abnormalities. The balanced translocation chromosome
phenotypes were clinically normal, but the study found that the risk of miscarriage
after pregnancy increased significantly, and the offspring more susceptible to abnor-
mal. Robertsonian translocations and non-homologous Robertsonian translocations
are based on chromosomes in which translocation occurs. The incidence of
Robertsonian translocation in the general population is about 1/1000, 1.1% in
patients with RSA. Robertson translocations in homologous chromosome cannot
produce gametes theoretically, but the germ cells of the non-homologous Robertson
translocations can produce 6 gametes after meiosis process, of which 1/6 is normal
karyotype and 1/6 is a balanced translocation carrier after fertilization [6].

Embryo chromosomal abnormalities are the most common cause of RSA, mostly
caused by teratogenic factors in the environment such as radiation, viruses, or drugs
acting on germ cells or early developmental embryos. About half of the embryos in
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sporadic early spontaneous abortion have chromosomal abnormalities. In addition, it
has been reported that the earlier an abortion occurs, the higher the incidence of
embryonic chromosomal abnormalities.

11.2.2 Immune Factors

Recently, reproductive immunity studies suggested that immune dysfunction
accounts for about 50% causes of RSA. Immune abortion can be divided into
autoimmune RSA and alloimmune RSA.

1. Autoimmune RSA: (1) Tissue non-specific autoantibody production. (2) Tissue
specific autoantibody, such as anti-sperm antibodies, anti-thyroid antibodies, etc.

2. Alloimmune RSA: (1) Innate immune disorders: including natural killer
(NK) cell number and activity, macrophage dysfunction, dendritic cell dysfunc-
tion, complement system abnormalities. (2) Acquired immune disorders: includ-
ing blocking antibody deficiency, T, B lymphocyte abnormalities, helper T
lymphocytes, Th1/Th2 cytokine abnormalities, etc.

Antiphospholipid antibody syndrome (APS) is a non-inflammatory autoimmune
disease characterized by producing a large number of antiphospholipid antibodies
(APL), including ACA, LA, and anti-β 2 GP1 antibodies. Its clinical manifestations
include arteriovenous thrombosis, pathological pregnancy, and reduced platelet
count. APS is one of the most important and treatable causes of RSA. Five percent
to twenty percent of patients with RSA can detect antiphospholipid antibodies [2],
and the live birth rate would decline to 10% in untreated RSA patients. Regarding
the relationship between thyroid autoantibodies and abortion, evidence-based med-
ical evidence indicated that the correlation between thyroid autoantibodies and
abortion had statistical significance. Studies have found that RSA patients had higher
thyroid autoantibodies positive rate, and other studies indicate that women with
thyroid autoantibodies have increased incidence of RSA [7].

11.2.3 Infectious Factors

The inflammatory response caused by any pathogen may theoretically lead to
miscarriage, but such abortions are mostly sporadic abortions. Among patients
with recurrent spontaneous abortion, the pathogens with higher detection rates are
chlamydia, mycoplasma, toxoplasma, herpes simplex virus, rubella virus, cytomeg-
alovirus, and human cytomegalovirus [8].
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11.2.4 Anatomical Factors

Uterine anatomical abnormalities include: (1) congenital uterine malformation:
mainly including the double uterus, the double-horned uterus, the saddle-shaped
uterus, the single-horned uterus, the mediastinal uterus and (2) cervical incompe-
tence refers to a painless spontaneous dilatation of the cervix and is a common cause
of second trimester pregnancy failure.

Intrauterine adhesions (IUA) are uterine diseases that are common in gynecology,
having adverse effects on fertility and poor therapeutic effects, which seriously affect
women’s reproductive physiology and mental health. According to reports in the
literature, the incidence of IUA caused by repeated abortions and curettage is as high
as 25–30%, which has become the main cause of decreased menstrual flow and
secondary infertility [9].

11.2.5 Uterine Fibroids

Uterine fibroids may increase the incidence of spontaneous abortion and is an
important cause of recurrent miscarriage. Submucosal fibroids can affect the implan-
tation of fertilized eggs leading to early abortion, larger submucosal fibroids protrude
into the uterine cavity, or the intermuscular fibroids are too large to deform the body
cavity or be mechanically compressed, leading to abnormal function or influence of
endometrium. The vascular structure of the local endometrium causes endometrial
insufficiency to cause abortion; the fibroids may interfere with the formation of the
placenta and the perfection of the uteroplacental circulation if the embryo just
happens to implant the fibroid, which would lead to loss of pregnancy.

11.2.6 Endometriosis

Prostaglandin secretion in patients with endometriosis increased and stimulates
uterine contractions that interfere with implantation of a fertilized egg; endometriosis
can cause non-specific inflammation of the endometrium, which has cytotoxicity to
the embryo; Furthermore, endometriosis is an autoimmune disease. The ectopic
endometrium can stimulate the body to produce anti-endometrial antibodies,
which could cause abortion through interfering with the process of fertilized egg
implantation [10].
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11.2.7 Environmental Factors

The environment is the material basis for human survival and development. Repro-
ductive health is an important guarantee for human beings to prosper. In the long
process of evolution, human beings adapt to the ecological environment and trans-
form it, and the environment and human reproductive health are in a dynamic
equilibrium state [11].

There is a continuous and complex relationship between people and the environ-
ment that is interdependent and interacting. The reproductive process affected by the
environment could occur in any step including gamete formation, fertilization,
zygote transport in the reproductive tract, implantation process, fetal maturation,
childbirth, neonatal adaptation to childhood growth and development, sexual matu-
rity. Reproductive health damage, such as reproductive dysfunction or adverse
pregnancy outcomes, may occur when exposed to adverse environmental factors.

11.2.7.1 Toxic Substance and RSA

The environment consists of three main compartments: water, air, and soil, which
coexist in a condition of dynamic balance. Although initially, one kind of pollutant
may be distributed predominantly in one compartment, generalized it may translate,
particularly for persistent pollutants or pollutants whose degradation products persist
[12]. Many factors may affect reproduction, which can be incorporated into the body
via ingestion, inhalation, and transcutaneously. The chemical pollutants can be
divided into four categories. One of them consists of many natural chemicals,
including nitrates, which are normal dietary components and mercury intake via
fish consumption. Too much nitrates and mercury accumulated in food or water can
lead to spontaneous abortions [13–15]. Another kind of chemical pollutants is
natural fungal or plant toxins in crops, of which cycasins and aflatoxins are prime
examples. Toxic materials in the diets can affect reproductive in many factors, like
causing abortions, affecting sexual desire, estrus, or disturbing spermatogenesis and
oogenesis, causing abnormal mating behavior, birth defects, and delaying the second
pregnancy [16]. Fed aflatoxin-contaminated peanuts cause abortion in ruminants
[17, 18]. In animal study, a large amount of plant toxins are potent abortifacients. In
livestock, they may cause embryonic loss or fetal death through crossing the
maternal–fetal interface and interfere with embryonic and fetal growth. The plants
include astragalus spp, locoweed, pinus spp, pinus ponderosa, tetradymia glabrata,
littleleaf horsebrush, veratrum californicum, false hellebore, nitrate-containing
plants, aspidosperma pyrifolium, enterolobium contortisiliquum, S. obovatum,
S. fissuratum, etc. [16, 19]. Many toxins consumed by animals may undergo
biotransformation and are secreted in milk [20–22]. Cats that drink milk from
cows eating locoweed have produced symptoms of locoweed poisoning
[23]. Given that milk is widely consumed and as a source of nutrients, especially
during pregnancy, when human feed on such poisoned plants or milk, reproductive
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function may be affected and abortion may occur. The third kind of chemical
pollutants contains many complex inorganic and organic mixtures, which comprise
a large number of undefined and defined components. Variations in menstrual
(single or continuous cycles, changes in luteal phase or follicular phase, missed
periods, and abnormal bleeding) and ovarian function have been observed after
drinking water disinfection byproducts (DBPs), chlordibromomethane, and fish
polluted by polychlorinated biphenyls (PCBs), endocrine-active compounds such
as TCDD, or working in industry covered of all kinds of chemicals like lead and
ethylene glycol ethers [24]. The functional variations are correlated with an under-
lying perturbation of hormones [25]. Chlorinated hydrocarbons (CHCs) are reported
to store in different organs, especially the fatty tissue; exhibit hormone like activity;
and induce immunological changes [26]. Embryo toxic effects of PCP have been
confirmed in numerous animal feed studies and may also contribute to repeated
miscarriages in humans [26]. Benzene, toluene, xylene, and formaldehyde are
airborne toxicities in air pollutants causing embryotoxicity and abortion [27]. Sig-
nificant associations with spontaneous abortion were found for exposure to organic
solvents such as toluene and formalin and tetrachloroethylene [28–30]. Abnormal
development of fetal, fetal loss, and neonatal death were associated with heavy
metals, like lead, arsenic, and mercury exposure influencing endocrine during
pregnancy [31]. The last group consists of synthetic chemicals–agricultural
chemicals, notably pesticides, fertilizers, food additives, heavy metals and plasti-
cizers, and prophylactic drugs or drugs of abuse. Teratogens may result in
fetotoxicity and malformations at maternally toxic levels, then produce chromosome
aberrations which increase the abortion rate with abnormal karyotype. But if they act
after fertilization, the aberrations will be sporadic against a normal background.
Working in conditions that use many kinds of pesticides (e.g., phenoxy acetic acids,
carbamates, and organophosphates) may elevate risk for spontaneous abortion
[32, 33]. Preconception exposures lead to high risk of chromosomal anomalies.
Postconception exposure cannot cause chromosomal anomalies, but specific pesti-
cides will damage the fetus or fetus–placenta complex [33].

In addition, the previous available statistics of Syria, women who exposed to
chemical attacks can increase incidence of spontaneous abortion, stillbirth, and
birth defects [34]. Because of the developing brain is susceptible to neurotoxic
invasion, the effects of chemical could be seen between children and pregnant
women [35].

In conclusion, it is necessary to guide the childbearing women to consider any
potentially harmful occupational exposures, avoid touching the known or suspected
risk factors, taking measures to reduce the toxicant concentration in the workplace.

11.2.7.2 Radiation Exposure and RSA

Radiation is the energy that travels through some material or space and is categorized
as nonionizing or ionizing. Ionizing radiation consists of either particulate or elec-
tromagnetic energy, can be described as “has enough energy to remove tightly bound
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electrons from atoms, thus creating ions.” Examples of particulate energy include
heat or light from the sun, X-rays from an X-ray tube, and gamma rays from
radioactive elements. Nonionizing radiation can be described as “has enough energy
to move around atoms in a molecule or cause them to vibrate, but cannot remove
electrons”; examples include visible light, infrared (IR), microwave (MW) and
extremely low frequency (ELF), and so on [36].

Negative effects of radiation on male and female reproduction have been con-
firmed in various animal species and human beings. The reproductive system of
human beings is sensitive to radiation, different duration and dose rate can cause
temporary or permanent sterility [37]. The risk of fetal damage at doses lower than
1 mGy is similar to a fetus that is exposed to no radiation. Sensitivity to radiation
during pregnancy depends on different developmental stages. Generally, the key
stages in pregnancy are pre-implantation or blastogenesis (0–2 weeks), organogen-
esis (3–8 weeks), and fetal development from the ninth week until birth [38–40]. If
the embryo is exposed to radiation before implantation, it will exist or miss [39, 41,
42]. During the first 2 weeks after conception, a small dose like 100–200 mGy may
destroy an embryo [43]. After that stage, the critical value for fetal death increases to
250–500 mGy, with the fetal death threshold increasing throughout gestation as the
fetal develops [43]. The estimated radiation dose necessary to kill all embryos or
fetal <18 weeks’ gestation is 5000 mGy [44]. At term, the fetal risk equivalents to
the pregnant woman’s risk, as 20,000 mGy [43, 45]. Differences in radiation doses
that cause harm to the fetus may because of the protect from a pregnant woman’s
surrounding such as soft tissues, amniotic fluid and uterus, which may prevent alpha
and beta particles from penetration; however, there are also some radiations, like
gamma and X-rays directed toward the abdomen of a pregnant woman can reach and
harm the fetus. In addition, whatever radioactive ions get into a pregnant woman’s
body in any way, the placenta can transfer it, and radioactive material that accumu-
lates in the bladder may result in radiation exposure to the fetus.

Ionizing radiation exposure consists of occupation-related exposure and
non-occupational exposure. The primary biological effect of shortwaves, micro-
waves, ultrasound, and various superficial electric currents which are used in
physiotherapy is thought to be via hyperthermia. According to the report, mothers
who were exposed to radiation in their workplace, especially monitored within
6 months of conception, will increase risk of early miscarriage. But there was no
significant correlationwith stillbirths and second trimester miscarriage [46, 47]. How-
ever, long time exposure from microwave- and radio-frequency electromagnetic
radiation may cause late spontaneous abortions [48]. There are different evidence
about different influence of physiotherapists’ occupational exposure to
radiofrequency electromagnetic fields from shortwave and microwave diathermy
devices may relate to the duration of exposure, the dose as well as differences in
different devices and different manufacturers are the most important parameters for
determining the impact on the fetus [10]. We also should pay more attention to the
distance from therapeutic diathermy device and the intensity and maintain time of
RF EMFs exposure [49]. For pregnant radiation workers, the upper limits of the
maternal dose should be less than 5 mGy. Similarly, during the gestational period,
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the fetal dose for radiation workers should be less than 1 mGy. This dose is the same
for members of the public who are incidentally exposed to radiation. What’s more,
therapeutic abortion should be considered if a dose of 100 mGy is often mentioned to
a developing fetus. However, this point is still no final conclusion [50, 51], some-
body suggest that a lower fetal dose (>200 mGy) could be considered as therapeutic
abortion.

For non-occupational exposure, pregnant women exposed to irradiant diagnostic
procedures cannot increase the risk of malformation. The average doses from
radiography and CT for fetal from 0.05 � 0.01 mGy to 22.94 � 1.28 mGy have
no obvious effect on pregnancy outcome. Fetal radiation exposures reach the level
(50 mGy) may increase risk for congenital anomalies [38, 52]. There is no evidence
to suggest that women with Graves’ disease who received iodine-131 treatment
before pregnancy will do harm to the fetal. And no significant risk of abnormal fetal
development has been observed on pregnant women with Graves’ disease after a
6-month period of iodine-131 treatment [53].

There is no significant difference between cancer patients who received radio-
therapy and subsequently became pregnant and healthy women [54, 55]. Childhood
radiation will not increase the risk of abortion or congenital malformation of the
offspring, but radiotherapy treatment can lead to ovarian failure, which results in
infertility, incidence of stillbirth, and low birth weight among offspring [56]. For
most people, air travel cosmic radiation is negligible. However, aircrew or frequent
flyers associated with cosmic radiation exposure including galactic cosmic radiation
and solar particle events may exceed these limits and have an increased incidence of
miscarriage [57, 58]. The Federal Aviation Administration and the International
Commission on Radiological Protection consider aircrew to be occupationally
exposed to ionizing radiation [20–22].

As to nonionizing radiation, mid- and high-intensity electromagnetic radiation
may reduce the fertilization rate in mice, thus reducing the possibility of embryo
implantation [59]. However, there remains little evidence of association between
exposure to electrical and adverse pregnancy outcomes [37]. Decreased UV expo-
sure is associated with low vitamin D and spontaneous abortion [60, 61], as vitamin
D plays a crucial part in maternal–fetal immune tolerance [62]. Laser-assisted
hatching (LAH), the most promising embryo hatching technology, is connected
with a higher clinical pregnancy rate, embryo implantation rate, and multiple
pregnancy rate in women with cryopreserved-thawed embryos. But it cannot
increase live birth rates and miscarriage rates [63]. Low-level radiofrequency
(3 kHz to 300 GHz) energy exposures from cellular telephone, radar, and radio/
television-transmission have no adverse health effects [64]. Ultrasound examination
is safety, but long time ultrasound exposure may induce human chorionic villus cell
apoptosis during early pregnancy by increasing the Bax/Bcl-2 protein ratio then
increase the abortion rate [65]. In mice, ultrasound could increase tumor necrosis
factor-alpha release from the decidua ,decrease TGF-beta 2-mediated suppressive
activity, increase the expression of adhesion molecules facilitating the raise of
inflammatory cells to the fetomaternal interface, then increase the abortion rate
[66, 67].
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In conclusion, according to the Committee Opinion No. 723: Guidelines for
Diagnostic Imaging During Pregnancy and Lactation [40]. (1) Ultrasonography
and magnetic resonance imaging (MRI) are not related to risk and may be the best
choice for the pregnant woman, but they should be used when they are expected to
answer a relevant clinical question or provide medical benefit to the patient. (2) With
few exceptions, radiation exposure through radiography, computed tomography
scan is at a dose much lower than the exposure associated with fetal harm. If these
techniques are necessary in addition to ultrasonography or MRI or are more neces-
sary for the diagnosis, they can also be considered. (3) The use of gadolinium
contrast with MRI should be limited.

Prevention measures for pregnant women should on account of the following
three principles: keeping a safe distance, protecting themselves from exposure, and
avoiding ingestion of food and water polluted by radioactive particles from its
surroundings.

11.2.8 Age and Psychological Factors

High maternal age is one of the strongest factors of RSA. The risk of pregnancy loss
is lower in women aged 20–35 years old and increased rapidly after the age of
40 years [14, 68].

11.2.9 Prethrombotic State

The prethrombotic state (PTS) is a blood coagulation state caused by a decrease in
the concentration of blood coagulation inhibitors, which has not yet reached the level
of thrombus formation or a small amount of thrombus that has formed in a dissolved
state.

Clinical prethrombotic states include both congenital and acquired types. (1) The
congenital prethrombotic state is caused by genetic mutations related to coagulation
and fibrinolysis, such as mutations in factor V and factor II (prothrombin) and
deficiency of protein S. Meta-analysis showed that late spontaneous abortion was
closely related to congenital thrombosis caused by mutations in factor V and factor II
(prothrombin) and protein S deficiency [69–72]. However, mutations in factor V and
factor II (prothrombin) are rare in the Han population. (2) The acquired
prethrombotic state mainly includes antiphospholipid syndrome (APS), acquired
hyperhomocysteinemia, and various other diseases that cause hypercoagulability
of blood.

At present, the specific mechanism of spontaneous abortion caused by the
prethrombotic state has not been completely clarified. It is generally believed that
the hypercoagulable state during pregnancy changes the blood flow state of the
uterus placenta, and it is easy to form local microthrombus or even cause a placental
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infarction, which causes the blood supply of placental tissue to decrease. The
embryo or fetal ischemia and hypoxia eventually lead to miscarriage of the embryo
or fetus. Unfortunately, women with prethrombotic conditions have no obvious
clinical manifestations, and there are no clear diagnostic criteria for their hemato-
logic examination.

11.2.10 Endocrinology of RSA

11.2.10.1 PCOS

PCOS is a complicated disease including interactions between the pancreas, hypo-
thalamus/pituitary, ovary, liver, and adipose tissue. The causes of RSA in patients
with PCOS may have many mutually related factors [73], including obesity,
hyperinsulinemia, hyperandrogenism, insulin resistance (IR), poor endometrial
receptivity, and elevated LH levels. An estimation indicated that 40% of pregnancies
with PCOS will lead to spontaneous abortion [74].

Obesity affects female reproductive function by way of hyperinsulinemia, which
in turn affects androgen production. Many researchers believe that IR is a key factor
in explaining the association among obesity, PCOS, and RSA [75, 76]. In addition,
many studies have shown that IR may be associated with hyperhomocysteinemia
[77, 78]. Recent studies have highlighted that low fibrinolysis and high levels of
plasminogen activator inhibitor-1 (PAI-1) may be related to repeated pregnancy loss
in patients with PCOS [79, 80].

11.2.10.2 Diabetes

Pre-pregnancy diabetes includes type 1, type 2, and other types , accounting for
0.5–1% of all pregnant women [81]. Many investigations have shown that patients
with pre-pregnancy diabetes have a clinically significant increased risk of spontane-
ous abortion, premature birth, hypertension, and surgical delivery. However, the risk
of pregnancy loss may increase by other known maternal risk factors, such as
advanced maternal age, previous history of miscarriage, alcohol and smoke con-
sumption, overweight.

A retrospective observational study showed that patients with abortion had higher
HbA1c levels than those with a good pregnancy outcome. In addition, the study also
indicated that maternal age and HbA1c were important predictors of abortion. At the
same time, the study also found that pregnancy loss during early pregnancy was
associated with overweight/obesity, hypertension, unplanned pregnancy, long-term
diabetes, and diabetic vascular complications. This was not statistically significant,
but this trend can be seen from the data [82].
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11.2.10.3 Hyperthyroidism

Occurrence of hyperthyroidism is approximately 0.1–0.4% of pregnancies
[83]. Pregnancies with untreated hyperthyroidism have higher risk of miscarriage,
congestive heart failure, thyroid storm, premature delivery, pre-eclampsia, fetal
growth restriction, perinatal morbidity, and mortality [84, 85]. Treatment of Graves’
hyperthyroidism during pregnancy to achieve adequate metabolic control can
improve pregnancy outcome [86]. However, it should be noticed that hyperthyroid-
ism is not an independent factor in RSA.

11.2.10.4 Hypothyroidism

The cause of hypothyroidism in pregnancies is chronic autoimmune thyroiditis
(Hashimoto's thyroiditis), which affects about 0.5% of pregnant women
[87]. Other causes of hypothyroidism were endemic iodine deficiency (ID), previous
radioactive iodine therapy, and thyroidectomy.

11.2.10.5 Luteal Phase Deficiency

Luteal phase deficiency (LPD) may reduce the production of progesterone in the
luteal phase due to poor follicular formation and a decrease in the response of the
endometrium to progesterone. LPD has other causes including stress, exercise,
weight loss, hyperprolactinemia [88]. Thirty-five percent of women with recurrent
abortion have luteal dysfunction [89]. The role of LPD in RSA is disputed currently,
and the endometrial biopsy is seldom applied in clinical practice.

11.2.11 Nightwork and Long Work Hours and RSA

Circadian rhythms are regulated by a “master clock” which located in the
suprachiasmatic nucleus of the hypothalamus and are root in complex intracellular
interactions, which referring to the so-called clock genes, which take part in feed-
back interactions that produce reproductive activity. Such clocks in the
suprachiasmatic nucleus which received from the retina and transferred to the
suprachiasmatic nucleus via the optic nerve (retinohypothalamic tract) stimulated
by light-dark signals synchronously [90]. In human, the secretion of basal gonado-
tropin and LH surges exhibit diurnal rhythms. LH pulse frequency (and presumably
GnRH) was influenced by sleep, and the effect of sleep can be regulated by
developmental stage and sex steroid milieu [90].

Circadian clock genes were reported to express in the gravid uterus and placenta,
where circadian controlled transcription and translation feedback loops are
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applicable to this organ [91]. Almost every aspect of the immune response (innate
and adaptive) was controlled by circadian oscillation [92]. Most immune cells such
as macrophages, dendritic cells, T- and B-lymphocytes, impacts on host–pathogens
interactions, leukocyte transport, activation, deactivation of innate and adaptive
immunity responses exist in the circadian molecular clocks. When “rhythmic”
perturbed, the role of immune cells can influence the maintain of the enriched
vascular system which were needed for placentation and maternal-fetal immune
tolerance [93].

The changes in demographic and epidemiologic profiles, eating habits, and job
structures, with irregular working hours, particularly night shifts were changing
features in the way of life in our society. Nightwork and long work hours induce
the disturbance of sleepiness and dietary rhythm, result in deregulation of biological
rhythms, which are related to fatigue, stress, lower performance in activities, greater
risks of accidents, disruption of fertility [94, 95], and miscarriage [96–98].

Healthy sleep pattern leads to decreased daytime sleepiness, while long time work
may induce abnormal sleep pattern. The sleepiness curves of workers who worked
long hours appeared to be flat, poor quality, and lacking slow-wave or rapid eye
movement (“deep”) sleep. Circadian rhythm changes, whether due to sleep distur-
bances or melatonin production, may play a role in regulating reproductive hor-
mones that control the menstrual cycle [99].

Research on working hours and menstrual status supports the impact of long
hours (especially nightwork) on the menstrual cycle. More work hours per week and
higher work intensity are associated with the prevalence of irregular menstruation
and very short cycles, which may have implications for subfertility [100, 101]. Irreg-
ular menstrual cycles may affect fertility through the following mechanisms, early
spontaneous abortion and increased risk of chronic diseases [102]. Firstly, the
hypothalamic–pituitary axis is under the control of the circadian rhythm and affects
ovulation time and gonadal hormone secretion [103]. In animal studies, it has been
found that improper light exposure or physical activity to relieve circadian rhythm
affects embryo implantation and successful pregnancy at the molecular level. If you
rely on circadian rhythm, early reproductive results may be destroyed by shift work.
Secondly, short or long menstrual cycles seem to be related to fertility and sponta-
neous abortion [102]. The short cycle may reflect a shortened luteal phase. Short
luteal phase is associated with decreased progesterone [104], while low progesterone
is associated with decreased pregnancy rate and increased abortion rate
[105]. Decreased progesterone in the luteal phase is related to the different length
of the follicular phase of the subsequent cycle, which may indicate that damage to
the corpus luteum can cause gonadotropin secretion disorders [104]. Considering
that follicular development and recruitment of dominant follicles occurred in the
previous cycle, the decrease in fertility after a short cycle may be due to interference
caused by poor oocyte quality. In previous studies of women who had repeated
abortions, it was found that long periods are also related to spontaneous abortions
[106]. The longer the cycle, the less developed follicles produce less estrogen. Low
levels of estrogen in the follicular phase are associated with low fertility. In addition,
low levels of estrogen may be accompanied by brief vaginal bleeding, which
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indicates that the endometrium was underdeveloped in the previous cycle. If this
trend is repeated in subsequent cycles, the endometrium may not be sufficient for
implantation, resulting in low fertility or a high incidence of spontaneous abortion
[102]. Thirdly, prolonged work and stress, mental or physical fatigue may lead to
changes in circulating androgens and biochemical reactions (for example, increased
secretion of cortisol and α-amylase), which may reduce fertility [107].

Insufficient sleep or poor quality after nightwork will also change the metabolism.
Disturbance of the circadian rhythm caused by changes in the sleep-wake cycle
caused by night work or continuous work will lead to alcoholic beverages, over-
weight, obesity, and unhealthy eating habits [108]. At the same time, the difficulty of
participating in organized sports and leisure activities combined with fatigue may
change behavior patterns and energy expenditure. This may be due to the fact that
the lack of sleep common to nighttime workers exacerbates metabolic disorders such
as glucose tolerance, insulin resistance, and dyslipidemia [109]. Human beings are
naturally active individuals during the day. They should fast at night and endogenous
glucose enters the bloodstream. Night shift workers usually suffer from loss of
appetite, dyspepsia, and gastrointestinal diseases because many metabolic functions
follow a pattern of circadian rhythms, including digestion, absorption, and
nutrients [108].

In addition, changes in human lifestyles in recent decades have also affected
eating habits. People who eat at night are more inclined to choose foods with high
sugar and high fat taste [110]. They also prefer processed foods over foods rich in
fiber and vitamins [111]. Eating snacks with high energy content but low nutritional
value (low micronutrients and fiber content) during working hours has led to an
increased incidence of overweight, obesity, and diabetes among these people
[107, 112]. In addition, these foods may cause drowsiness due to hormones and
neuroendocrine reactions caused by this nutrient, which is characterized by
increased glucose, leptin, cholecystokinin, peptide YY, inflammatory cytokines,
reduced norepinephrine, and reduced neurons wake-up signal [113]. These in turn
can cause irregular menstruation, anovulation, and abortion.

11.2.12 Psychic Stress, Psychological Stress, and RSA

Psychological stress has been proposed to cause miscarriages [114, 115] and it has
been reported that women with a history of psychological stress have almost twofold
increase in miscarriage rate [115]. Psychological stress may include emotional
trauma, social problems, concerns about money, uncoordinated marriage/partner-
ship, work stress, major changes in personal circumstances, and previous pregnancy
loss [116, 117].

Psychosocial stress has been shown to affect the nervous system, endocrine
system, and immune system. The balance of these systems is severe for maintaining
pregnancy. During exposure to pressure, the entire pressure regulating system,
namely the hypothalamus–pituitary–adrenocortical system (HPA), various
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hormones, including corticotropin-releasing hormone (CRH), corticotropin-
releasing hormone (ACTH), cortex alcohol, and/or adrenaline are released into the
blood in large amounts. Medium- [118] and long-term exposure to high levels of
leather ketone will downregulate the glucocorticoid receptor, increase the level of
folded corticosterone, and increase the response to stress, forming a vicious endo-
crine cycle. Instead, the glucocorticoid receptors of the dermal alcohol organs
respond to both systemic stress and acoustic stimulation and play an important
role in the mechanism of glucocorticoid receptor downregulation [119]. Stress-
related early pregnancy failure may also be due to suppression of the hypothalamic–
pituitary–gonadal axis [120].

Stress also reduces prolactin production in early pregnancy [121, 122]. Since
prolactin stimulates the secretion of progesterone, lower prolactin levels will reduce
the synthesis of progesterone [123, 124]. In addition, stress inhibits the secretion of
pituitary gonadotropins, thereby inhibiting progesterone secretion by the corpus
luteum [125, 126]. These mechanisms are related because the activity of progester-
one is essential to maintain pregnancy. Low levels of progesterone in early preg-
nancy indicate miscarriage. In a variety of roles, this hormone helps to suppress the
mother’s immune response to pregnancy.

Under normal circumstances, after cellular stress or tissue damage, the molecules
located inside the cell are usually released and bind to the pattern recognition
receptor (PRR) on the surface of innate immune cells, thereby causing inflammation
[127]. The mouse stress challenge model shows that by increasing mature uterine
DC and reducing Treg cell drainage in the uterine lymph nodes and increasing the
clonal expression of Th1 cells that secrete proinflammatory cytokines such as TNF-α
and IFN-γ, Th2 cytokines (such as IL-10, IL-4, or TGF-β1) cannot fight, affecting
fetal immune tolerance [128]. In turn, proinflammatory cytokines trigger the throm-
botic inflammatory process in the maternal uterine placental blood vessels by
releasing the procoagulant fgl2 prothrombin, increasing the frequency of vascular
cell adhesion molecule 1 (VCAM-1) + blood vessels, thereby inducing embryonic
and ischemic injury of the liver, resulting in miscarriage [129–131]. Socio-
psychological stress can enhance gastrointestinal permeability and absorption of
intestinal bacteria. LPS in the gastrointestinal tract becomes endogenous lipopoly-
saccharide through toll-like receptor 4 as a danger signal [132, 133]. NK cells act as
sentinel cells, and environmental challenges can change their phenotype, for exam-
ple, through epigenetic pathways, leading to reproductive failure [134].

Stress reduces the proliferation and efficacy of trophoblastic stem cells (TSC) and
embryonic stem cells (ESC) and forces stem cells to differentiate to produce the
minimum essential nutrient acquisition function mediated by the first differentiation
lineage and then reduces cell growth. Stress reduces stem cell proliferation and
anabolic metabolism without obvious apoptosis, but also reduces cell potential and
increases cell differentiation to provide sufficient first lineage function [135].

Decreased sperm quality affects men’s resistance to stress, which is related to
reduced sperm concentration and early miscarriage [136]. In mice, psychological
stress exposure may cause hypozincemia, which may be related to liver zinc
accumulation, because glucocorticoid-mediated MT synthesis and interleukin
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6-induced ZIP14 expression high levels of MT [137]. In addition, after repeated
psychological stress exposure, serum iron levels in the villi intestinal cells, liver,
spleen, cerebral cortex, hippocampus, and striatum of rats decreased, and iron
accumulated significantly [138, 139]. PS exposure enhances the oxidative response
in rat brain and plasma [138, 140].

Chronic stress exposure may result in increased expression of the hypothalamic
inhibitory peptide RFamide-related peptide 3 (RFRP3) in women who regularly
cycle even after quitting smoking, which in turn leads to persistent maladaptive
sexual dysfunction, decreased fertility, and frequent pregnancy recurrent embryo
loss [141]. Glucocorticoid levels may mediate this effect, because two glucocorti-
coid response elements (GREs) are found in the RFRP promoter region, which
means that RFRP may be directly regulated by circulating glucocorticoid levels
[142]. Using inducible targeted shRNA, RFRP3 gene silencing during stress can
completely relieve stress-induced infertility in female rats, resulting in a difference in
mating and pregnancy success rates from the non-stress control group [143].

The experience of miscarriage may in turn increase the level of distress, anxiety,
and depression, and the effects of miscarriage may be lost during pregnancy until the
next pregnancy [144–147]. Women who are pregnant after a perinatal abortion have
a higher level of depression [148, 149], anxiety, and depression, which may continue
until 33 months postpartum [150]. The link between psychological stress and
miscarriage may be partly due to the activation of the hypothalamic–pituitary–
adrenal axis by hypothalamic neurons that secrete corticotropin-releasing hormone,
increasing the secretion of adrenocortical nutrients and adrenocortical hormone
secretion by the pituitary [120]. This hormone has a direct effect on the metabolism
of the decidua and placenta, but it also interacts with progesterone signaling
[121]. Stress-related early pregnancy failure may also be due to suppression of the
hypothalamic–pituitary–gonadal axis [120].

11.2.13 Medical or Surgical Abortion and RSA

In 1997, the World Health Organization has reported that 53 million unplanned
pregnancies result in artificial termination each year [151]. Nowadays, approxi-
mately 15–20% of all clinically confirmed pregnancies end in a miscarriage
[152]. Intentional termination of pregnancy before viability of the fetus is defined
as induced abortion [153]. At 9 weeks of gestation or less, medical and surgical
abortion has a similar efficacy with about greater than 99% success rates
[154, 155]. There are still known risks and adverse effects that more attention
must be paid. Potential complications related to abortions including pain, bleeding,
an incomplete abortion which had to proceed with a vacuum curettage, or an
infection in the upper genital tract that causes endometritis, oophoritis, and salpin-
gitis [156, 157]. Unsafe abortion is associated with maternal morbidities and mor-
tality. An estimated 289,000 maternal death happened in 2013. The global maternal
mortality rate (MMR) was 210 maternal deaths per 100,000 live births in 2013.
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Moreover, the MMR in developing regions was 14 times higher than that in
developed regions [158]. Genital tract injuries, vesicovaginal fistula, gastrointestinal
injuries, acute renal failure, uterine perforation, septicemia, and infertility are all
complications of abortion [159].

Surgical abortion (SA) in the first trimester may not increase the risk of adverse
outcome in subsequent pregnancies [160, 161]. Rates of depression are not signif-
icantly different between women obtaining abortion and those denied abortion
[162]. As medical abortion is convenient, inexpensive, and noninvasive, many
women desiring to choose it to terminate a pregnancy [163]. Studies also showed
that women who underwent SA were more likely to have miscarriages in the next
pregnancy [164], which may associate with cervical injury, postabortal infection, or
intrauterine adhesions (IUA).

If women undergo surgical abortion, it may lead to cervical injury, especially
undergoing surgical cervical dilatation. Operation gently is recommended when
cervical dilatation was done. Infection and IUA are the common cause of recurrent
spontaneous abortion as well as uterine infertility. The incidence of postabortal
infections varies between studies. The frequency of infectious complications from
medical abortions was about 2.4–4.8% and 4.9% from surgical abortions
[165, 166]. Infections related to abortions are often by chlamydia, gonorrhea,
mycoplasma, and bacterial vaginosis (BV) that proceeds from the lower genitals
and moves through the cervix to the uterus [167]. The occurrence of endometritis
accompanied with increased expression of IL-17, IL-6, IL-1beta, TNF-alpha
decreased expression of IL-10 and TGF-β [168, 169]. The imbalanced expression
of Th1, Th2, Th17 of endometritis is associated with recurrent spontaneous abortion
[169, 170]. The untreated infection can spread to the fallopian tubes and then lead to
miscarriage. Antibiotic treatment is given if/when a bacterial infection is identified,
but the timing of the antibiotic administration does not affect the rate of postabortal
infection [156, 166, 171].

Severe damage to the endometrium leads to endometrium fibrotic regeneration
than IUA [152, 172]. About one in five women develop scarring after a miscarriage
[152]. Less often, intrauterine adhesions result from an infection, such as genital
tuberculosis [173]. Prevention of reformation of adhesions is still the challenging
problem and no single method for preventing recurrence has shown superiority.
Hysteroscopic lysis of adhesions is now the gold standard for treatment. Estrogen
with moderate dosage may inhibit endometrium fibrosis and improve endometrium
receptivity [174]. IUD is beneficial in patients with different degrees of IUA, still
needs to be combined with other ancillary treatments to obtain maximal outcomes
[175]. The use of an amnion graft after intrauterine adhesiolysis appears to be
beneficial in reducing the recurrence of adhesion and reformation improving men-
struation [176]. Endometrial stem/progenitor cells may play a role in regenerating
inadequate endometrium [173]. Bone marrow-derived mesenchymal stem cells
(BMSCs) transplantation could promote the expression of ER and PR,was effective
to repair the damaged endometrium [177].
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11.2.14 Microelements and RSA

Microelements or trace elements are iron (Fe), calcium, manganese (Mn), zinc (Zn),
boron (B), important indicator of maternal nutritional status which is associated with
fetal growth and development during pregnancy. They play a role in normal metab-
olism as well as immune function during pregnancy [178]. Excess or deficiency of
microelements is associated with miscarriage and other adverse pregnancy
outcomes [179].

Lower Cu [179–182] as well as higher Cu [183, 184] concentrations were found
in pathological conditions, such as spontaneous abortion, threatened abortion,
missed abortion, blighted ovum, and intrauterine growth restriction. The majority
of copper exists as ceruloplasmin and their function is to protect cells from the toxic
superoxide anion, maintaining cell proliferation, normal hematopoietic function, and
immune function [181, 185]. Progesterone and estrogen stimulate the liver to
increase synthesis of ceruloplasmin, and the abnormal Cu level may collate with
placental insufficiency [186].

Zinc is a component of a variety of enzymes and nucleic acid [187, 188], plays an
important role in the human immune system and the development of the fetal
nervous system [189, 190]. Decreased zinc was found in spontaneous abortion
[184, 191]. Zn, Se, Mn, and Cu are also ingredients of enzymes in the first line of
defense taking part in expelling free radicals. Low level of Zn but high of Mn may be
indicative of the incidence of miscarriage [192]. Decline serum concentration of Zn
and raise serum concentration of Cu was found under inflammatory conditions,
Cu/Zn ratio might be associated with the occurrence of spontaneous abortion
[193, 194].

Calcium plays an important role in the activation of muscle-keeping, nervous
excitement, and enzyme activation. Maternal serum calcium increases the risk of
miscarriage [195–199], and approximately 72% of all pregnancy losses occurred in
women with a serum calcium level of 11�4 mg/dl or higher [200]. Decrease in
magnesium was found in recurrent spontaneous abortions [201, 202]. High Ca2+

level may mediate the dysfunction of trophoblast infiltration, result in trophoblast
apoptosis, which leads to recurrent spontaneous abortion [203].

Iron is involved in oxygen transport, storage, and use, the synthesis of cyto-
chrome enzymes, peroxidase enzymes, and hormones [204]. Iron deficiency can
cause chronic lack of oxygen in mother and fetus [205–207]. The metabolism of
copper and iron is tightly interlinked during pregnancy. Iron deficiency in the mother
results in an increase in liver copper levels which may result in spontaneous
abortion [208].

Selenium is an essential trace element important for the functions of immune and
reproductive systems, metabolism of thyroid hormones, as well as antioxidant
defense. Increased incidence of spontaneous abortion collated with selenium defi-
ciency [209–212].

In conclusion, determination of the trace elements in plasma of patients with
spontaneous abortion may be benefit in the prevention of miscarriages.
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Chapter 12
The Variations of Metabolic Detoxification
Enzymes Lead to Recurrent Miscarriage
and Their Diagnosis Strategy

Chunlan Song and Wei Shang

Abstract Spontaneous abortion has been a common obstetrical and gynecological
disease, which occurs in 10–15% of all pregnancies. Recurrent miscarriage
(RM) refers to the occurrence of three or more times abortions with the same partner.
It is generally believed that environmental pollution associated with economic
development may cause infertility and RM. When xenobiotics from the environment
enter the body, they must be cleared from the body by various metabolic enzymes in
the body. The absence or variation of these enzymes may be the genetic basis of RM
caused by environmental pollution. The variation of metabolic detoxification
enzyme can directly affect the removal of harmful substances from internal and
external sources. Therefore, the determination of metabolic enzyme activity may
become an important factor in the diagnosis of RM etiology and seeking methods to
improve the detoxification ability has a great significance for the treatment of RM.
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detoxification enzymes
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12.1 Overview of Recurrent Spontaneous Abortion

With the increasing attention and increasing deep understanding of recurrent spon-
taneous abortion, some clinical guidelines and practitioners expand the definition of
recurrent spontaneous abortion to two or more times continuous spontaneous mis-
carriages [1], which makes the population with this disease larger. The biggest
change lies in improving the understanding of the complex and multifactorial
morbidity of recurrent spontaneous abortion. In recent years, etiological studies of
recurrent spontaneous abortion have covered a variety of pathogenic factors. In
addition to previous opinion that recurrent spontaneous abortion is caused by genetic
material abnormality, anatomic structure abnormality of genital tract, endocrine
system abnormality, autoimmunity abnormality, infection factors and thrombotic
diseases [2], the adverse effects of environmental pollution and metabolic and
detoxifying enzyme on female fertility have also been taken seriously in recent
years [3], thus further expand the scope of research and management of recurrent
spontaneous abortion. Although it has not been taken into account as a cause of
disease in the guidelines of most international academic organizations, environmen-
tal factor, as one of the potential predisposing factors for recurrent spontaneous
abortion of couples getting ready for pregnancy, cannot be ignored, which will be
highlighted later in this chapter.

In addition to the above-mentioned traditional causes of disease, in recent years,
more and more evidences show that many chemicals and other environmental
pollutants, including air, natural gas, and daily touched articles, directly or indirectly
interact with traditional pathogenic factors to interfere with epigenetics by affecting
human endocrine system and even DNA methylation status of the offspring, thus
constituting a major threat to human reproduction health. Exposure to environmental
pollutants in fetal period, neonatal period, adolescence or adulthood can cause
impact on reproductive health and other aspects, which undoubtedly becomes a
potential predisposing factor for recurrent spontaneous abortion and may have
intergenerational impact. Most chemicals have not been evaluated for hazard rating
like drugs, so they are rarely regarded as harmful to human health. Therefore,
clinicians need to improve the clinical ability of prevention and treatment of repeated
spontaneous abortion caused by environmental factors.

12.2 Mechanism of Recurrent Spontaneous Abortion
Caused by Environmental Pollution

According to current studies, it is believed that recurrent spontaneous abortion is
mainly caused by environmental factors, genetic factors, and interaction of the two.
Many exposure factors in the environment, such as environmental endocrine
disruptors, maternal malnutrition during pregnancy, maternal diseases, and maternal
lifestyle (smoking, drinking, etc.), can act on the developing embryo or fetus and
lead to repeated spontaneous abortion by changing the dynamic balance of maternal
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hormones or directly affecting its normal development. Genetic material abnormality
mainly includes gene mutation and chromosome aneuploidy. The parental genera-
tion can transfer abnormal genetic material to the offspring, which may lead to
embryo abnormality and loss. This chapter briefly describes the main environmental
factors and genetic factors that may lead to recurrent spontaneous abortion and
focuses on exploring the potential pathogenesis of recurrent spontaneous abortion
from the aspect of the interaction between environmental factors and genetic factors.

12.2.1 Basic Concepts

1. Environmental Endocrine Disruptor

Environmental Endocrine Disruptors (EEDs), also known as environmental hor-
mones, are chemicals that exist in the environment and have the ability to interfere
with the normal signal transduction system in human body. They can imitate, block
or regulate the synthesis, release, transportation and metabolism process of natural
hormones, thus affecting the genital system, nervous system, endocrinium and
immunity system of organism or human body.

EEDs include persistent pollutants, pesticides, a wide range of industrial com-
pounds (such as phthalates and bisphenol A) and their decomposition products. It
should be noted that not all EEDs are man-made compounds. Many plant-produced
substances (plant hormones) can also have different endocrine effects, whether
harmful or beneficial.

Although EDDs in the environment may be only at very low level, they may still
endanger the whole body and the offspring, even the health of the whole population
or subgroup; especially when several different compounds act on the same goal, it is
more harmful. It is more important to state briefly that embryos and fetuses at the
growth and development stage are more vulnerable to the damage of EDDs.

At present, there are more than 60 kinds of chemical substances listed as EDDs in
the world. They are widely distributed, have many action links, and even have
biological concentration, bioaccumulation, and biomagnification in metabolism
and it is very difficult to prevent its harm, so it is very important to improve the
awareness of its harms and improve the public awareness of environmental
protection.

2. Gene-Environment Interaction

Human health and diseases are the result of the joint action of heredity (gene) and
environment. Genetic and/or environmental threats corresponding to certain tran-
sient and persistent health hazards are bound to be found. Gene-Environment
Interaction (GXE) means that different genotypes have different effects on the
environment. When environment and genetic factors coexist, the combined effect
of the two is not equal to the sum of effects of single factors, so it is considered that
there is interaction between the two kinds of factors. The combined action of genetic
and environmental factors is not only reflected as risk factors jointly responsible for
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the occurrence of existing related diseases, but also reflected in the epigenetic
changes of heredity due to environmental impact; and it also passes this change on
to future generations.

12.2.2 Mechanism of Action

EEDs, as a kind of exogenous bioactive substances, must go through actions of a
variety of internal metabolic enzymes before they are finally removed from human
body. If human body cannot timely and effectively discharge the exogenous harmful
substances, after a long time of accumulation, the genetic material involved cannot
exist stably, which will lead to cancerization of somatic cells, embryonic dysplasia
and even loss.

Different studies show that the impact of environmental factors on female fertility
varies greatly and their impact on female reproductive system is very wide. Women
diseases that may be caused by exposure to exogenous bioactive substances include:
(1) Ovarian dysfunction: chromosomal aneuploidy, polycystic ovarian syndrome,
endometriosis and menstrual cycle changes; (2) Uterine diseases: leiomyoma of
uterine; (3) placenta dysfunction and adverse pregnancy outcome: early pregnancy
loss, recurrent spontaneous abortion, fetal growth restriction; (4) breast diseases:
breast cancer, shortened lactation period, and premature thelarche in puberty. This
chapter focuses on the relevant mechanism of recurrent spontaneous abortion caused
by EEDs.

12.2.2.1 Recurrent Spontaneous Abortion Caused by Genetic Factors

The genetic materials determine the developmental characters of organism. The
parental generation can pass abnormal genetic materials to the offspring, which
may lead to abnormal characters of the offspring. Genetic material abnormality
mainly includes gene mutation and chromosome aberration.

1. Gene Mutation

Gene mutation is the change of gene structure caused by insertion, deletion or
replacement of base pairs in DNAmolecule. It can occur at any stage of development
but has a low correlation with recurrent spontaneous abortion. It has been found in
studies that gene mutation is related to DNA replication, DNA damage repair,
cancerization, and so on, and may lead to polycystic kidney, limb deformity, and
so on [4].

2. Chromosome Aberration

Chromosomal aberration refers to the increase or decrease of chromosome
number or the change of structure, that is, numerical aberration and structural
aberration.
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Aneuploidy, namely, numerical abnormalities of chromosomes, is the main cause
of recurrent spontaneous abortion. In humans, meiosis begins in the ovaries in fetal
period, but stagnates in the diplonema of the first meiosis, and does not resume until
ovulation. Chromosomal aneuploidy causes embryo or fetus loss by interfering with
the meiosis process. The survival rate of fetuses with reduced chromosome number,
i.e. monosomic fetuses, is very low. Most of them die in the embryonic period and
the survivals are often accompanied with malformations, such as congenital agenesis
of ovaries (Turner’s Syndrome) [5]; the increased chromosome number can also lead
to malformations, most of which are trisomy. For example, Trisomy 13, 18, 21 Syn-
drome is mostly manifested as growth retardation, mental retardation, slow response,
and so on [5].

Chromosomal structural aberration refers to the phenomenon that chromosome
breaks and reconnects in abnormal combinations and can be divided into deletion,
repetition, inversion, translocation, and so on. This type of aberration is more
common in children with genetic defects, such as Fragile X Syndrome [6] caused
by fracture of fragile part of X chromosome, Williams Syndrome caused by deletion
of elastin gene region of Chromosome 7 code, and cri-du-chat syndrome caused by
the fracture and deletion of the end of the short arm of Chromosome 5, and its
manifestations are often growth retardation, mobility inconvenience, mental retar-
dation, and so on [6].

12.2.2.2 Recurrent Spontaneous Abortion Caused by
Gene-Environment Interaction

1. Typical Endocrine Disruptor

The traditional view is that recurrent spontaneous abortion is mainly related to
genetic defects; however, recent studies show that environmental threats play a
crucial part in the occurrence of recurrent spontaneous abortion, such a bad preg-
nancy outcome, especially EEDs are most studied in last several years and also a
kind of environmental exposure factors that have a great influence on the normal
development of fetus in maternity. Lots of studies have proved that EEDs can cause
premature birth, low birth weight, obesity, metabolic disorders, and urogenital
abnormalities of offspring [7]. The accumulated EEDs with great harm to human
body are Organochlorine Pesticides (OCPs), Phthalic Acid Esters (PAEs), and
Bisphenol A (BPA).

a. OCPs

Some studies [7] have pointed out that chemicals for agricultural purpose,
especially OCPs, are one of the important factors of birth defects and recurrent
spontaneous abortion. After entering human body, OCPs can interfere with the
normal functions of thyroxin, estrogen, androgen, insulin, and neuroendocrine
system, so as to indirectly affect the normal operation of the human body’s repro-
ductive system, cardiovascular system, and metabolic system, thus resulting in birth
defects or embryo loss. Some studies have confirmed that in terms of parturients who
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had been exposed to DDT and HCB, the serum follicle-stimulating hormone (FSH),
estradiol (E2), and progesterone (P) in maternal blood and FSH, luteinizing hormone
(LH) and E2 in cord blood are positively related to the levels of residual DDT and
HCH in human body, that is, there is a clear dose-response relationship; however,
LH in maternal blood and P in cord blood are negatively related to the levels of
residual DDT and HCH in human body, that is, there is also a dose-response
relationship, which indicates DDT and HCH in human body may interfere with
the normal sex hormone level. In addition, the mRNA expression levels relevant
genes in placenta tissue (α-ER, β-EP, GnRH) and umbilical cord tissue (α-ER, β-EP)
are also positively related to the levels of residual DDT and HCH in human body,
that is, there is a dose-response relationship. The results show that OCPs can destroy
the normal hormone level and interfere with the expression of relevant genes, which
further leads to reproductive disorders, embryo loss or birth defects of offspring
[8]. Some studies have found that exposure to methoxychlor (MXC) can reduce the
number of successful implantation in uterus of pregnant rats; after implantation,
MXC has embryotoxicity to embryos, thus resulting in increased adverse pregnancy
outcomes such as stillborn and absorbed embryos.

b. BPA

Some teams found that BPA penetrate the placenta barrier relying on its lipid
solubility to do harm to embryonic cells and cause abnormal differentiation and loss
of embryos. At the same time, in vitro experiments also found that with the increase
of BPA concentration, in vitro growth and development of embryos were more and
more seriously affected, showing a dose-response relationship; the increase of BPA
concentration could also induce poor growth of yolk sac and vascular differentiation,
slow growth and morphological differentiation abnormality, increasing the possibil-
ity of embryo loss.

c. PAEs

A large number of clinical tests and animal experiments have confirmed that
PAEs can penetrate the placental barrier and produce embryotoxicity to fetus in
uterus after entering human body. Shiota et al. [9] researched the harmful effects of
average daily and high exposure dose to PAEs on pregnant rats and the results
showed that high-dose exposure to PAE substances, such as Dibutyl Phthalate
(DBP) and Bis (2-ethylhexyl) phthalate (DEHP), could affect the normal develop-
ment of fetal rats in pregnancy and there was a significant dose-effect relationship
between the mortality rate and birth weight of fetal rate born and the exposure dose
of PAEs, indicating that high-dose exposure to PAEs would lead to an increase in
spontaneous abortion rate of fetal rats. In an investigation to newborns Latini et al.
[3] found that the probability of DEHP or MEHP in cord blood of newborns was as
high as 88.1%, indicating the universality of daily exposure to PAEs and its
embryotoxicity; moreover, in terms of gestational period, mothers of newborns
with positive MEHP test results had shorter gestational period than those with
negative MEHP test result, which means PAEs may lead to premature delivery.
Through animal experiments, Saillenfait et al. [3] found that Diisooctyl Phthalate
(DIOP) with anti-androgen effect could affect sex differentiation of fetal rats in
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uterus of pregnant rats by interfering with androgen-dependent reproductive devel-
opment, which results in the increase of the number of absorbed fetuses and causes
serious distortion of the reproductive system of fetal rats, thus leading to embryos
loss.

2. Basic function channels of environmental factors

Exposure factors in the environment can play their roles in at least three ways
[10]: (1) Direct action: EEDs can directly bind to hormone receptors and have an
impact on the reproductive system after entering human body or they can firstly bind
to other receptors in human body, jointly act on hormone receptors, and then have an
impact on the reproductive system. (2) Neuroendocrine approach: the nervous
system feeds back regulatory signals to the endocrine system by monitoring EEDs.
(3) Epigenetic approach: they change the transcription activity of DNA but do not
change its sequence.

3. EEDs and epigenetics

The harm of EEDs to health is not only limited to the early developmental phase
or a certain stage of life process. EEDs can lead to the reprogramming of the
epigenetics of somatic cells and germ cells and continuous changes of gene expres-
sion, thus promoting intergenerational heredity.

DNA methylation, histone modification, and microRNA are the main epigenetic
ways. Although they do not change DNA sequence, they can change DNA function
and pass it on to the next generation or even the generation after the next. It has been
confirmed by animal experiments that reprogramming of epigenetics causes spon-
taneous abortion in the offspring of exposed maternal rats; the changes in epigenetics
affect the development of neuroendocrine system and produce abnormal behaviors;
EEDs pass the harmful effect on between generations through epigenetics, which
constitutes a long-term harm to health.

To sum up, recurrent spontaneous abortion can be roughly divided into three
types according to its pathogenesis: recurrent spontaneous abortion due to genetic
factors, recurrent spontaneous abortion due to environmental factors, and recurrent
spontaneous abortion due to gene–environment interaction, and recurrent spontane-
ous abortion is mainly caused by gene–environment interaction. In recent years, with
the aggravation of environmental pollution, the morbidity of recurrent spontaneous
abortion has also been increasing. So more and more people pay attention to how to
prevent recurrent spontaneous abortion. At present, relevant studies have shifted
from single studies of environmental risk factors or genetic factors to the direction of
gene–environment interaction to thoroughly understand the pathogenesis of recur-
rent spontaneous abortion and formulate more scientific and effective prevention
means and measures, thus reducing the incidence of recurrent spontaneous abortion.

12 The Variations of Metabolic Detoxification Enzymes Lead to Recurrent. . . 265



12.3 Roles of UGT Metabolic Enzymes in RM

12.3.1 A Brief Introduction to Detoxifying Enzymes
in Human Body

Xenobiotics in the environment (mainly organic chemicals and parahormone pol-
lutants) must be removed with a variety of metabolic enzyme after entering human
body. If human body cannot quickly discharge the exogenous hazardous substances,
genetic material instability [11], even teratogenetic embryonic development and
somatic cell cancerization [12] will be caused under long-term effects.

There are mainly detoxification enzymes of three phases in human body, namely,
I-Phase Cytochrome Oxidase P450 (CYPs) and Alcohol Dehydrogenase; II-Phase
Detoxification Enzymes include Glutathione Reductases (GSTs), Acetylase (NAT1
and NAT2), UDP-glucuronyltransferases (UGTs), Methyltransferase, Aminotrans-
ferases, and Sulfate Transferase (SULTs); III-Phase Detoxification Enzymes are
transferases. Previous studies have shown that relevant gene deletions of CYPs
and GST are correlated with RM [13–15].

12.3.2 Introduction to UGTs

12.3.2.1 What are UGTs

UDP-glycosyltransferases (UGTs) are superfamily enzymes, which exist in animals,
plants, fungi, and bacteria [16]. UGT is one of the most important enzymes for
II-Phase biotransformation and belongs to the Glycosyl Transferase Superfamily. In
mammals, UGT Superfamily includes four families: UGT1, UGT2, UGT3, and
UGT8 (Fig. 12.1). UGTs include many subtypes which are the results of gene
duplication and differentiation. So far, 22 subtypes have been found in human
beings [16].

Enzymes in UDP-Glycosyltransferase (UGT) Superfamily catalyze
glucuronidation of various compounds, with multiple substrates, including endoge-
nous compounds (e.g., bilirubin, steroid hormones, etc.) and exogenous compounds
(e.g., phenols, non-steroidal anti-inflammatory drugs, etc.). UGTs take
UDP-glucuronic acid as the glycosyl donor to react with various functional groups
(hydroxyl, carboxyl or amino are most common) in the substrate (often nonpolar), so
as to increase their water solubility, thus promoting their excretion from human body
through feces or urine [17].

UGTs are widely distributed in various tissues of human body, such as liver,
kidney, intestine, brain, skin, and so on. The activity of UGTs is the highest in liver.
The main function of UGTs is biotransformation. Such biotransformation plays a
key role in eliminating numerous potential toxic exogenous chemicals, removing
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toxic endogenous metabolites, and controlling the distribution and level of endog-
enous signal molecules [16].

UGT1 and UGT2 play an important part in pharmacology and toxicology. Their
loss or change in activity may lead to disposition differences of drugs among
individuals and increased cancer risk [18]. These UGTs are highly expressed in
detoxification apparatus such as liver, kidney, and intestine, and their expression
level varies with the detoxification needs of human body. The difference between
UGT3 and UGT8 enzymes and UGT1 and UGT2 enzymes is that the glycosyl
donors are different. UGT1 and UGT2 enzymes mainly use UDP-glucuronic acid;
while UGt3 enzymes use UDP-Glucose, UDP-Xylose, and UDP-N-
acetylglucosamine; and UGT8 enzymes only use UDP-Galactose. Their functions
and regulatory mechanisms still need further study [16].

12.3.2.2 Effect of UGTs:

1. Role of UGTs in drug reactions

UGTs participate in the drug metabolism process and help human body to clear a
great number of usually used drugs. Their genovariation leads to individual differ-
ences in drug clearance level, which has important clinical significance in pharma-
cology. In addition, many drugs can enhance or inhibit the activity of UGTs, thus
changing the ability to metabolize other drugs, namely drug–drug interaction
[16]. UGT gene polymorphism causes changes in drug clearance rate during
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Fig. 12.1 Human
UDP-glycosyltransferases
(UGTs)
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pregnancy [19], which in turn affects embryonic development. The drug clearance
rate during pregnancy is correlated with the number of pregnancies [20].

2. Role of UGTs in metabolizing environmental toxins

After entering human body, many toxic substances in the environment, such as
bisphenol A and polychlorinated biphenyl, must be excreted from human body after
increasing hydrophilicity by metabolism of UGTs [21]. The abnormality or deletion
of UGTs in human body is closely related to the efficacy, toxicity, some diseases, as
well as treatment. When the activity of UGTs is inhibited, endogenous and exoge-
nous substances metabolized by UGTs may accumulate in human body, which has
an impact on human body [22]. Glucuronidation of UGTs can protect human body
from damage of environmental toxins, especially damage to embryonic
development.

3. Role of UGTs in metabolizing endogenous compound including signal molecules

UGTs not only play an important part in pharmacology and toxicology, but also
play an important role in the metabolism of endogenous small molecules, so as to
maintain the homeostasis of human body. These molecules include normal metab-
olites, hormones, signal molecules, and some lipids [16]. In the process of bilirubin
metabolism, the hereditary variation of UGT1A1 gene expression results in the
decrease or nonexistence of UGT1A1 level in liver, thus resulting in the increase
of unconjugated bilirubin, namely, hyperbilirubinemia, and even rare Crigler Najjar
(CN) syndrome [23, 24]. In the process of sex hormone metabolism, UGTs exist in
many target sites where sex hormones are composed and play their roles.
Glucuronidation of UGTs can make sex hormones inactivated and excreted from
human body, so that human body can maintain normal hormone level, which is of
great significance to hormone-dependent cancers [25].

4. Role of UGTs in cancer protection and cancer risk

Studies have confirmed that due to UGTs’ features of combining with environ-
mental toxins, carcinogens, and hormones, changes in variation or activity of UGTs
may increase the risk of suffering from cancers or promote their progress [26–
28]. Numerous case-control studies have shown that UGT gene polymorphism is a
risk factor for many cancers.

12.3.2.3 Regulation of UGT Levels

In terms of tissue-specific expression of human UGTs, the levels of UGT RNA or
protein detected in human tissues vary greatly, especially in the liver. Controlling the
expression of UGTs plays an important role in drug response, detoxification and
maintaining homeostasis. UGTs are regulated by both endogenous and exogenous
signals. Metabolic activity of UGTs can be changed by some drugs and poisons and
the expression of UGTs can be increased or decreased by steroid hormones, bile
acids or exogenous biological agents through sensors (transcription factors on which
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the receptor depends). This enables UGTs to respond to the demands of cells and
tissues for detoxification and maintaining the steady state of endogenous signaling
molecule level. In addition, the functions of UGTs can be further diversified through
alternative splicing and oligomerization [16].

Gene expression and catalytic activity of UGTs are related to gene copy number
and single nucleoside deletion. UGT2B15 and UGT2B17 gene deletions are related
to sex hormone metabolism [29]. In the studies of UGT2B17 chimeras, it is found
that the amino acid sequence 61-194 of UGT2B15 is responsible for specific binding
with the substrate [30], suggesting that the deletion of UGT2B15 may have different
effects on metabolism. Stringer et al. [31] studied the pharmacokinetics of
sipoglitazar drug in human body, according to which UGT2B15 gene deletion has
a significant impact on its metabolism.

12.3.3 Common Environmental Pollutants, UGTs,
and Embryonic Development

1. Bisphenol A (BPA)

BPA is a basic raw chemical material widely used in the production of various
plastics. BPA is a liposoluble organic compound. If beverages and food are packed
in plastic containers, high fat content or heating may promote the release of BPA into
food. After being absorbed into the blood through the skin or gastrointestinal tract,
BPA, as an endocrine disruptor, is mainly oxidized in the liver and combined with
glucuronic acid, detoxified under the action of UDP-glucuronyltransferase (UGT)
and excreted from human body with urine. Glucuronidation of BPA is mainly
completed by UGT2B15 [32].

BPA can affect the reproductive system and result in chromosomal abnormalities
in eggs [33]. BPA has estrogen-like effects and even BPA at low concentration may
interfere with normal embryonic development and may cause birth defects and long-
term impact of fetuses [34]. BPA can competitively inhibit UGT2B4,
noncompetitively inhibit UGT2B7, 2B15 and 2B17. Therefore, BPA may not only
play its estrogen-like activity, but also give play to a double toxic effect by leading to
metabolic abnormalities due to inhibition UGT subtypes [35]. Nishikawa et al. [36]
found that low-dose BPA can affect embryonic development in the experimental
study of rats. BPA entering the intestine of rats was absorbed into their liver, and
then transformed into non-toxic BPA-G by UDP-glycosyltransferase (UGT). After it
enters the embryo through the placenta with the transporter, organs with high GUSB
activity, such as embryo lung and intestine, may dissociate the glucuronic acid of
BPA-G and generate BPA which may give play to its toxic effect on the target
organs of the embryo.

2. Polychlorinated Biphenyls (PCBs)
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Polychlorinated Biphenyls are a kind of chlorinated organic compounds formed
by replacing hydrogen atoms in biphenyl molecules with some chlorine atoms. They
are stable in nature and are not easy to hydrolyze and oxidize, so that they are widely
used in industrial production. PCBs mainly enter human body with industrial
wastewater and municipal wastewater and have biological concentration effect.

PCBs are typical EEDs with estrogen-like effects. Maternal contact with PCBs
can lead to abnormality of offspring in development and postnatal behaviors. It is
found in studies that PCBs can reduce thyroxin level during the developmental phase
of human body, cause slow weight growth, hearing loss, and damage to immuno-
logic function, growth and development disorders, and increased incidence of some
cancers. In the famous “Rice Bran Oil Poisoning Incident” occurred in 1968 in
Japan, after pregnant women eat rice bran oil contaminated by PCBs, situations such
as fetal death and abnormal development of fetuses and occurred.

Polychlorinated Biphenyls (PCBs) are good substrates for UGTs. The toxicity of
PCBs can be reduced or relieved through glucuronidation of UGTs and there is a
structure-function relationship between them [37, 38]. UGT1A1, 1A6, and 2B1 are
the main UGT subtypes that can catalyze glucuronidation of PCBs. In addition,
PCBs are also inhibitors of UGTs and they can affect metabolism elimination by
inhibiting activity of UGTs [21]. When the level of PCBs in human body is too high
or the gene variation or expression of UGTs are abnormal, human body cannot
metabolize the PCBs, which causes PCBs accumulate in human body and pass
through the placental barrier, thus affecting fetal development, resulting in arrested
fetal development, and so on.

3. Phthalic Acid Esters (PAEs)

PAEs can cause human contact through skin absorption, inhalation, drug injec-
tion, and oral administration [39]. PAEs go through a two-step metabolic elimination
process in the human body. PAEs are initially converted from lipase to monoester
metabolites by phase I metabolism. These monoesters are then catalyzed by
UDP-glycosyltransferase (UGT) and react with UDP-glucuronic acid (UDPGA) to
form glucuronic acid conjugates [40]. For simple PAEs with short branched chain,
about 70% of excreted monoesters are unconjugated and similar glucuronidation
patterns have been found in plasma. PAEs studies in vitro and vivo show that PAEs
have stronger biological activity and toxicity [41], so studies of the toxicity mech-
anism of Phthalic Acid Esters is of great significance.

As a kind of EEDs, PAEs have serious impact on human hormone regulatory
system, such as thyroid hormone, steroid hormone, androgen, etc. PAEs were
reported to be significantly negatively correlated with thyroid stimulating hormone
(TSH), triiodothyroxine (T3), thyroxine (T4), and free thyroxine (FT4), but the
specific mechanism is still not clear [42]. In addition, PAEs in human milk can
reduce androgen activity and interstitial cell functions [42]. Phthalic Acid Esters may
also cause premature breast development because of their estrogen and anti-
androgen activities. PAEs reduce estradiol level through reducing the gene tran-
scription level of aromatase [43].
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PAEs can inhibit the activity of UGT1A6, UGT1A7, and UGT2B4 to a certain
extent, while UGT1A9 is widely inhibited by PAEs, which indicates that there may
be a good interaction between Phthalic Acid Esters and UGTs [44]. In the study on
the inhibition of human UGTs activity by phthalic acid monomer, it was proved that
PAEs had high specific inhibition on UGT1A7 and UGT1A9 [45]. PAEs may
interfere with signal transduction and drug metabolism of endogenous hormones
through inhibiting UGTs, while the embryonic development requires the mainte-
nance of normal hormone level in human body. The hormone abnormality caused by
PAEs is bound to affect the embryonic development, so close monitoring of PAE
exposure should be paid attention to, so as to reduce the risk of disease caused
by PAEs.

12.4 Treatment of Recurrent Spontaneous Abortion

For patients with RSA, clinicians should inquire about the medical history in detail
and conduct etiological screening with assistance of necessary laboratory detections.
RSA treatment is mainly carried out according to causes of the disease and exper-
imental treatment can be carried out for a few patients with URSA. After pregnancy,
monitoring and management should be strengthened for patients with RSA, and
pregnancy should be terminated timely.

12.4.1 Anatomic Structure Abnormality

1. Cervical incompetence

Cervical cerclage is the main treatment for cervical incompetence and can effectively
prevent premature delivery before 34 weeks of pregnancy. It has been reported that
after a meta-analysis of the clinical data of 2091 patients, it is found that cervical
cerclage may reduce the pregnancy loss rate and neonatal mortality rate of single-
birth pregnant women at the risk of premature delivery. It is pointed in the Guide-
lines to Diagnosis and Treatment of Cervical cerclage issued by ACOG: Cervical
cerclage can be performed to single-birth pregnant women who underwent more
than once painless cervical dilatation, have no medical history of abortion in the
second trimester during labor or no placental abruption, or underwent cervical
cerclage in the previous pregnancy due to painless cervical dilatation in the 13th to
14th week of pregnancy, that is, preventive cervical cerclage [46].

2. Congenital dysgenesis of uterus

At present, there are no relevant controlled trial studies of surgical treatment of
uterine malformation to improve pregnancy outcome. At the same time, it is believed
in RCOG’s Guidelines that there is no sufficient evidence to support that
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transcervical resection of septum can effectively prevent RSA patients from spon-
taneous abortion again.

3. Other uterine diseases

Due to the changes in morphology of uterine cavity, diseases such as intrauterine
adhesion and submucous myoma are not conducive to the implantation, growth, and
development of fertilized eggs, which may also be the causes of RSA. Therefore,
some scholars suggest that transcervical adhesion separation surgery should be
performed to RSA patients with adhesions. After the surgery, IUD should be placed
to prevent re-adhesions or estrogen and artificial cycles should be used periodically
to promote the growth of endometrium. Transcervical resection of myoma should be
performed to patients with submucous myoma before pregnancy. In terms of patients
with large intramural myoma, myomectomy should be performed. However, the
“ESHRE Guidelines” suggest that it is unproven that transcervical resection of polyp
or submucous myoma have more benefits for RSA. New studies show that, for those
with high risk of infertility or spontaneous abortion caused by endometrial damage,
the endometrial growth can be promoted by transplanting umbilical cord mesenchy-
mal stem cells cultured with collagen scaffolds into the uterine cavity [47].

12.4.2 Prethrombotic State

The “ESHRE Guidelines” recommend using Low Molecular Weight Heparin
(LMWH) alone or in combination with low-dose aspirin (LDA) in PTS treatment.
The general usage of LMWH is 5000 U subcutaneous injection once or twice a day.
The medication time can start from early pregnancy and generally start from the
diagnosis of pregnancy by detecting blood B-HCG. In the treatment process, if good
fetal development is monitored, the medication can be stopped after abnormal
indicators related to prethrombotic state return to normal. After the medication is
stopped, the relevant indicators of prethrombotic state shall be reexamined regularly
and the fetal growth and development shall be monitored. If there is any abnormality,
restarting of medication shall be considered. If necessary, the treatment can be
continued to the whole pregnancy period, and the medication shall be stopped
24 h before the termination of pregnancy.

For the patients with acquired hyperhomocysteinemia, a certain effect can be
achieved through supplementation of folic acid and Vitamin B12. Glue et al. found
that L-Methylfolate, Vitamin B6, and Vitamin B12 can reduce homocysteine level
and even make 76% of patients reach normal level [48].
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12.4.3 Chromosomal Abnormality

Balanced/unbalanced translocation of parental chromosomes can be detected
through karyotype analysis of peripheral blood chromosomes, and karyotype abnor-
mality of embryos can be detected through embryo biopsy or embryo product
detection. The “ESHRE Guidelines” recommends conducting genetic counseling
for couples with recurrent spontaneous abortion caused by chromosomal abnormal-
ities, informing the recurrence risk, and suggesting solving the fertility problem
through assisted reproductive technology. Preimplantation Genetic Diagnosis (PGD)
is often used to detect the embryos of patients with RSA caused by parental
chromosome abnormalities; Preimplantation Genetic Screening (PGS) is usually
used for RSA patients with normal parental chromosomes. Studies have shown
that about 76.5% of the couples choose Preimplantation Genetic Diagnosis (PGD),
which greatly reduces the pregnancy loss rate [49].

12.4.4 Endocrine and Metabolism Abnormality

According to the American Society for Reproductive Medicine, patients with endo-
crine abnormalities, such as hyperthyroidism, Clinical Hypothyroidism (CH), Sub-
clinical Hypothyroidism (SCH), and diabetes, should be actively monitored and
treated before and during pregnancy.

1. Hyperthyroidism: It is suggested that RSA patients with a medical history of
hyperthyroidism can be pregnant only after controlling their disease. Patients
with mild hyperthyroidism should take antithyroid drugs, such as
Propylthiouracil (PTU) which is relatively safe and will not increase the incidence
of fetal malformation, during pregnancy.

2. Clinical Hypothyroidism: All RSA patients who have been diagnosed with
hypothyroidism need to be treated with thyroid hormone. It is suggested that
pregnancy should be considered after the thyroid function returns to normal for
3 months, and thyroid hormone should be taken during pregnancy.

3. Subclinical Hypothyroidism: Levothyroxine sodium should be supplemented as
appropriate to control Thyrotropic Hormone (TSH) to normal level, and iodine
can be supplemented properly.

4. Diabetes: It is recommended that the patients diagnosed with diabetes should take
contraceptive measures before the blood glucose is not controlled, control the
blood glucose within the normal range as far as possible 3 months before the
planned pregnancy, and adopt insulin treatment instead of taking hypoglycemic
drugs 3 months before the planned pregnancy.

5. PCOS: Whether PCOS causes RSA is still controversial. At present, it is
unproven that metformin treatment can reduce the spontaneous abortion rate of
RSA patients. Some studies show that metformin can reduce PCOS significantly
or the pregnancy loss rate of women with insulin resistance and taking metformin
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in early pregnancy does not increase the incidence of birth defects in fetuses
[50]. At present, metformin is an empirical treatment for RSA patients
with PCOS.

6. Corpus Luteum Insufficiency: Progesterone plays an indispensable role in the
establishment and maintenance of pregnancy. Corpus Luteum Insufficiency may
affect the maintenance of pregnancy. Supplementary treatment with micronized
progesterone for vagina use 3 days after the LH peak can significantly improve
the live birth rate of RSA patients with unknown causes. It is recommended that
the patients with Corpus Luteum Insufficiency should complement corresponding
hormones to normal level.

12.4.5 Infection

Genital tract infection is closely related to advanced RSA and premature delivery.
Therefore, the patients with a medical history of genital tract infection should be
routinely screened for bacterial vaginosis, mycoplasma, chlamydia, and so on before
pregnancy. It is suggested that RSA patients with genital tract infection should be
given specific treatment according to the type of pathogens before pregnancy, and
can only be pregnant after the infection is controlled.

12.4.6 Immune Dysfunction

It is necessary to carry out targeted treatment according to the type of immune
dysfunction of patients.

1. Autoimmune dysfunction

a. Antiphospholipid syndrome (APS)

The diagnosis of typical APS must have at least one clinical standard, including:
3 times or above RSA less than 10 weeks of pregnancy; once or above spontaneous
abortion after more than 10 weeks of pregnancy; once or above placental dysfunc-
tion diseases before 34 weeks of pregnancy; and at least one laboratory index,
including: twice or above consecutive LA positive in the interval of 12 weeks or
above; or ACA or anti-B2GP1 antibody titer >99th percentile.

At present, in terms of APS-related RSA patients, the first-line treatment is
low-dose aspirin and low molecular weight heparin. A meta-analysis of the preg-
nancy outcomes of RSA patients with typical APS shows that after aspirin and
heparin treatment, the fetal live birth rate of APS women was significantly increased
and the spontaneous abortion rate was reduced to 54% [51]. In contrast, RSA
patients with antiphospholipid antibody positive did not significantly reduce the
risk of recurrent spontaneous abortion through using glucocorticoid and intravenous
immunoglobulin. Therefore, RSA patients with primary APS should be given
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anticoagulant therapy and it is not suggested to give hormone or immunosuppressor
therapy.

Some experts have put forward the concept of atypical obstetric APS: (1) APL
positive but atypical clinical manifestations (e.g., twice unexplained spontaneous
abortions of less than 10 weeks of pregnancy; 3 time or above discontinuous
unexplained spontaneous abortions); (2) patients with typical APS clinical manifes-
tations but intermittently APL positive; (3) Laboratory APL indicators do not meet
the middle and high titer positive (>99th percentile) but only low titer positive (95th
to 99th percentile). Studies have shown that low-molecular-weight heparin treatment
for patients with atypical obstetric APS may lead to good pregnancy outcomes
[52]. Therefore, it is suggested that anticoagulant therapy can be carried out for
patients with atypical obstetric APS. During the treatment, embryonic development
should be closely monitored and APL should be reexamined regularly. When
embryonic development is good and APL is negative for three consecutive times,
drug withdrawal should be considered.

b. Antinuclear antibody positive

Patients with autoimmune diseases such as SLE should choose the right time to
conceive after the remission of the disease under the guidance of physicians from
both Rheumatology and Immunology Department and Obstetrics Department. Dur-
ing pregnancy, SLE activity and fetal development should be closely monitored;
drugs should be used reasonably; and pregnancy should be terminated timely. It is
suggested that RSA patients with antinuclear antibody positive should be treated
with adrenal cortical hormone, prednisone 10–20 mg/day.

c. Antithyroid antibody positive

The increase of thyroid autoantibody titer may be related to the occurrence of
pregnancy complications such as spontaneous abortion and premature delivery;
however, there is few evidence of evidence-based medicine for intervention treat-
ment. Therefore, at present, only regular monitoring of serum TSH level is available
for pregnant women with thyroid autoantibody positive. When the TSH level
increases and exceeds the reference range for pregnancy, thyroid will be given;
however, for those with a medical history of RSA, we can take a more active
treatment where appropriate. Low-dose-thyroxin therapy may be considered for
RSA patients with thyroid autoantibody positive.

2. Alloimmune dysfunction

At present, there are many studies of the protective antibodies, that is, the lack of
blocking antibodies and the increasing quantity and activity of NK cells. It is
believed in previous studies that lymphocyte immunology thserapy (LIT) and
intravenous immunoglobulin (IVIg) can significantly improve the pregnancy out-
comes of patients with spontaneous abortion caused by alloimmune dysfunction or
patients with unexplained recurrent spontaneous abortion (URSA). However, the
long-term impact of Lymphocyte Immunology Therapy on mothers and infants
remains to be followed up. A meta-analysis of five randomized controlled trials
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(246 cases) shows that Intravenous Immunoglobulin cannot increase the live birth
rate of RSA patients (OR ¼ 0.98; 95% CI, 0.45–2.13). At present, there is a great
controversy about the effectiveness of the two immunology therapies, LIT and
Intravenous Immunoglobulin. According to the 2011 RCOG Guidelines, immunol-
ogy therapies, such as LIT and Intravenous Immunoglobulin, do not significantly
improve the live birth rate of RSA patients. Therefore, it is not suggested to conduct
immunology therapies for RSA patients.

12.4.7 Environmental Factors

With the development of science and technology, medical workers pay more and
more attention to the influence of environmental factors on embryo development.
Antioxidants may be one of the factors to enhance the detoxification ability of
human body and reduce the impact of bad environment on embryonic development.
Dihydrotestosterone is the substrate of specific glucuronidation for UGT2B15 and
UGT2B17 [53]. Antioxidants can activate the activity of GSTs and UGTs through
Nrf2 approaches to enhance the metabolism [54]. Vitamin C can affect the variation
of GSTs gene through combining with reactive oxide species [55]. Ikeda et al. [56]
found that the levels of Vitamin C and E were higher in mice fed with sesamin and
their mRNA levels of UGT1A and 2B in liver were also higher. In a recent study
[57], the generation of ROS leads to DNA damage, activates DNA damage repair
mechanism, and leads to the increase of DNA methylation level, while the antiox-
idant, N-Acetylcysteine (NAC) can inhibit the increase of DNAmethylation level. In
addition, the study shows that adding N-Acetylcysteine of appropriate concentration
can significantly improve sperm survival index and prolong sperm survival time.
Although there are not enough studies of the possible positive impact of antioxidants
on embryonic development, more and more scholars have recognized that antioxi-
dants may improve the impact of environment on embryonic development. The
determination of metabolic enzyme activity may be an important method to diagnose
the causes of recurrent spontaneous abortion, and antioxidants may become an
important method to improve detoxification ability through enhancing the detoxifi-
cation and metabolism activities of metabolic enzymes such as UGTs.

12.4.8 Male Factors

At present, more attention has been paid to factors and treatment of females in RSA
research. However, studies have shown that occupational exposure, lifestyle (e.g.,
smoking, drinking), high sperm DNA fragmentation rate [58], and aneuploidy of
sperm chromosomes [59] are possible causes of RSA. Therefore, it is suggested that
the spouses of RSA patients should adjust their lifestyle and increase their physical

276 C. Song and W. Shang



exercise appropriately before pregnancy. When sperm chromosomes are aneuploid,
genetic counseling and evaluation were carried out.
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Chapter 13
The Effects of Negative Elements
in Environment and Cancer on Female
Reproductive System

Jiangxue Qu, Yuehan Li, Shujie Liao, and Jie Yan

Abstract With the development of human society, factors that contribute to the
impairment of female fertility is accumulating. Lifestyle-related risk factors, occu-
pational risk factors, and iatrogenic factors, including cancer and anti-cancer treat-
ments, have been recognized with their negative effects on the function of female
reproductive system. However, the exact influences and their possible mechanism
have not been elucidated yet. It is impossible to accurately estimate the indexes of
female fertility, but many researchers have put forward that the general fertility has
inclined through the past decades. Thus the demand for fertility preservation has
increased more and more dramatically. Here we described some of the factors which
may influence female reproductive system and methods for fertility preservation in
response to female infertility.
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13.1 The Effects of Negative Elements in Environment
on Female Reproductive System

13.1.1 Smoke and Intense Sport Taking

Cigarette smoke is consented to contain various chemical substances which may
have harmful effects on human body, like polycyclic aromatic hydrocarbons and
phenols, aldehydes. Studies on animals suggest that all of these ingredients exert
toxic effects on female reproductive function and ovarian reserve. There have been
plenty of studies which are dedicated to describing the possible connections between
smoking and gynecological diseases.

It has been hypothesized that habitual smoking may contribute to the increased
risk of premature ovarian failure (POI). POI can be manifested as an earlier age of
menopause initiation or a decreased level of ovarian reserve. As proved by Chang
et al. in 2007, smoking may contribute to an earlier age of menopause onset, with an
OR rate of 1.82 [1.03–3.23] [1]. However, a cross-sectional study conducted in Italy
in 2003 proposed an opposite conclusion, in which no significant association was
found between the risk of POI and smoking [2]. On the other hand, as the serum level
of anti-Müllerian hormone (AMH) is supposed to be applied as a predictive factor
for ovarian function, Freour et al. tested the AMH level in 111 women treated for
infertility, and discovered a significant decrease of AMH levels in patients who
smoke (3.06� 1.68 mg/L versus 3.86� 1.92), while in 2016 Peck et al. analyzed the
primordial follicle stock, which is seen as the most powerful and direct indicator for
ovarian reserve, in 133 patients undergoing hysterectomy for benign diseases, put
forward that no statistically important associations are found between follicle count
and smoking [3, 4].

The results seem contradictory and confusing. In 2013, Sobinoff et al. conducted
an experiment with mouse models exposed to smoke, with a result that smoke can
cause decrease of ovarian follicular stock, and further elucidated the possible
mechanisms of apoptosis and oxidative stress [5]. Oxidative stress is a pathophys-
iological activity which is characterized by an imbalanced relationship between
pro-oxidant molecules and anti-oxidant molecules, and is discovered to contribute
to pathogenesis of POI and infertility [6]. Though a systematic review reported that
smoking is not statistically associated with female infertility (with an OR rate
of 2.50, 95% CI.1.00, 6.30), studies showed that IVF pregnancy rate is decreased
by almost a half in female smokers, as well as the deteriorated quality of donor eggs
[7–9]. In 2017, with the assistance of high-throughput sequencing technique, 16s
rRNA sequencing, Nelson et al. discovered that smoking may play an important role
in altering vaginal microbiota into species that lacks protective Lactobacillus spp.,
which may subsequently contribute to the increased risk of bacterial vaginosis and
malodor [10]. Cigarette smoking is unequivocally seen as an adverse environmental
factor towards reproductive activities, and with the gradual completion of mouse
models, more experiments will shed light on the exact mechanisms how smoke
influences the female reproductive system [11].
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Intense sport taking, both aerobic and anaerobic activities are believed to play a
role in inducing an acute state of oxidative stress [12]. Moderate amounts of
oxidative stress are necessary for human body to function well. Appropriate exercise
intensity is found to be beneficial for physical fitness by decreasing malondialdehyde
(MDA) and increasing both total anti-oxidant capacity (TAC) and interleukin-2
(IL-2) levels in formerly sedentary women [13].

13.1.2 Air Pollution

Air pollution has been under active investigation due to its increasingly notorious
reputation for affecting various body functions through many mechanisms. There are
four major pollutants that have been identified to exert harmful effects on human
fertility: aerosols, nitrogen dioxide, sulfur dioxide, and carbon monoxide [14]. Aero-
sols are solid or liquid particles that suspend in the air, the diameter of which range
from 2.5μm to 10μm, and is proved to be associated with decreased ovarian function,
reduced fertility rate, and increased miscarriage rate. Nitrogen dioxide is transformed
from nitric oxide with pro-oxidants, like O3 in the atmosphere, and potentially
causes increased miscarriage rate and reduced live birth rate. It has been reported
that perinatal exposure to nitrogen dioxide, particulate matter may cause adverse
effects on nervous system development in fetus. As diesel engines produce diesel
exhaust, and unlike gasoline engines, diesel engines are controlled by fuel supply
other than air supply, which makes diesel exhaust contains great amount of polycy-
clic aromatic hydrocarbons (PAH) and heavy metal particles. These particles in
particular matter are respirable and capable of causing negative impact on reproduc-
tive system, for PAH and heavy metal particles can generate reactive oxygen species
that may lead to alterations in DNA. Noticeably, these particles may act as environ-
mental endocrine disrupters, which means they are capable of imitating the functions
of natural hormones and thus interfere with endogenous hormones’ synthesis and
production. Gonadal steroidogenesis and gametogenesis can be disrupted by
environmental endocrine disrupters associated with estrogenic and testosterone
activities.

13.1.3 Heavy Metals and Pesticides

Along with the rapid development of the industrial engineering technologies, invis-
ible particles are getting more and more widespread in the environment we live and
closely contact with human body. Heavy metals are discharged in wastewater
produced by mining and metallurgy, machine manufacturing, which end up in
spreading in rivers, lakes, and other sources where drinking water is extracted.
These toxicants, which have long-term influence, are hard to detect at early stage.
And when patients turn to clinical units because they have already suffered from
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obvious symptoms, toxicants are much likely to have accumulated to an extraordi-
narily high level. Also, these toxicants exert adverse influence through various
approaches, because they spread in the air we breathe, water we drink, and food
we digest.

Cadmium is a multi-organ, multi-system toxicant with a long half-life period of
20–30 years, which has been proved to have obvious reproductive toxicity towards
human body. It causes severe impairment in ovaries, including hemorrhage and
atrophy of the organ, lessened mature oocytes, and increased number of atresia
follicles. Besides, women with low endurance threshold toward cadmium may suffer
from primary amenorrhea or POI before 40 years old. Epidemiology evidence shows
that higher exposure level of cadmium is strongly related to higher incidence rate of
pre-eclampsia [15], which is a severe pregnancy condition characterized by high
blood pressure and threatens both maternal and fetal life.

Lead, also plumbum, Pb, has long been notorious for its toxicity towards many
organs and tissues of human body, especially reproductive system and nervous
system. It is reported that children are susceptible to lead exposure because it
suppresses the development of the fetal nervous system by interfering with different
processes including synapse formation, neuron migration and neuron-glia interac-
tions [16]. For the female reproductive system, it is reported that lead exposure may
cause a greater chance of the occurrence of recurrent pregnancy loss. The possible
mechanisms lying behind this are hypothesized: lead has direct teratogenic influence
towards the fetus, and it contributes to the dysfunction of the placental vascular. The
adverse effects of lead on the female reproductive system are dose-dependent.
However, even low serum level of lead may be extremely toxic, and it may
accumulate in blood when aging. Place of residence should be taken into consider-
ation when estimating the number of habitants recruited to evaluate the average
concentration of lead in human body.

Mercury, universally used in human production activities, along with its naturally
existing form in the nature, is widespread in the environment, and could be turned
into methyl-mercury through the methylation process conducted by microorganisms.
Furthermore, mercury can be bioaccumulated in living creatures. The concentration
of mercury can be magnified in the food chain, and finally lead to the massive
amount digested by human being. Contaminated aquatic products may cause
methyl-mercury poisoning symptoms, including Minamata disease (symptoms cov-
ering spontaneous convulsions, loss of motor functions, and uncontrolled limb
movements). Due to its chemistry characters, including small molecular weight,
short carbon chain, non-ionizing feature, high fat solubility, methyl-mercury is easy
to penetrate the placenta and blood–brain barrier, and consequently imposes irre-
versible intense toxic effects on the neuron system, especially in the developing
brain. Besides, corresponding to different types of methyl-mercury exposure, vari-
ous manifestations are seen due to female reproductive system damage. Acute
poisoning symptoms may show infertility in female; subacute and chronic poisoning
symptoms in pregnant women contain pregnancy loss and stillbirth; atypical
toxication in pregnant women may result in giving birth to children with congenital
Minamata disease.
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13.2 The Effects of Cancer and Anti-Cancer Treatments
on Female Reproductive System

Cancer, as a huge health problem, has affected more and more people. Its incidence
continues to grow globally because of some cancer—causing habits and social
factors such as unhealthy diet, smoking, and the growth and aging of the population
[17, 18]. And in 2018, more than 1.27 million women aged from 15 to 44 were
diagnosed with cancer. Due to the advances in early detection of cancer and
improved treatment options, the survival rate of cancer increased obviously in the
past few decades. The cure rate of cancer in childhood and adolescence has currently
reached nearly 80%. From 2008 to 2012, the overall mortality rate of cancer in
women is reduced by >1.6% per year and the ratio is expected to continue to fall
significantly [19].

Howlader et al. showed that a partial percentage of cancer survivors are women at
reproductive age [20]. A large number of women had not given birth to their first
baby when being diagnosed with cancer [21]. And in order to improve the chance of
survival after cancer diagnosis, there is a tendency in women with cancer to delay
pregnancy [22]. Delayed pregnancy, cancer itself and its treatments have caused
more cancer survivors to face the problem of establishing a family after finishing
anti-cancer treatments. Researches present that more than 25% female cancer survi-
vors are eager to bear children after the treatments [23, 24], and the proportion may
be higher during the cancer diagnosis period [25, 26]. But the cancer process itself
and its treatment are much likely to exert negative impacts on reproductive function,
which makes the patients face a higher risk of infertility. Marriage and fertility are
important aspects of a woman’s life, which may significantly influence their happi-
ness index. Infertility after anti-cancer treatments represents a serious problem for
the patients’ well-being, and it has negative effects on the quality of life of young
survivors [27, 28]. Infertility can give patients tremendous mental stress and can
destroy their social relations and disrupt their life plans in the future [27].

Oncofertility is a new integrated medical concept proposed by Woodruff in 2007.
This new medical field is mainly aimed at young cancer patients after the survival of
anti-cancer treatment, facing the status of reduced fertility and even infertility and
proposes and implements a treatment strategy that can protect fertility during timely
and effective anti-cancer treatment (http://www.fertilityprotect.cn/page/kecheng).
The extent to which cancer and its treatment affects female fertility depends on the
type of cancer, the age of the patients, and the specific therapies administered
[29]. Cancer and its treatments can disrupt the function of the ovaries, the uterus,
the hypothalamic-pituitary-ovarian axis, and other structures related to female fer-
tility which are important parts of women’s conception. What is the specific influ-
ence of cancer and anti-cancer treatment on female fertility? We will discuss about
this topic in detail in the next part.
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13.2.1 Influence of Malignant Cells on Female Fertility

Does the influence of malignant cells on female fertility really exist? Some studies
showed that malignant tumors themselves can have adverse consequences for female
fertility by having negative influence on the ovarian function [30–33]. Pal et al.
reported firstly that malignancies have adverse effects of on oocyte quality [34],
while Lubna Pal et al. were the first team to assess the effect of malignant tumors on
ovarian function before performing treatments that are toxic to the gonads. Lubna
Pal et al. showed that there were no differences in the number of oocytes retrieved
between five patients with malignancies and 12 women of the same age who were
infertile due to fallopian tube factors, however, patients in both groups reported rare
matured oocytes, and there is a decreased fertilization rate in the cancer group. This
implies that cancer may affect female fertility by impeding oogenesis. However,
there are many studies, which include retrospective investigations involving larger
populations, showed that no obvious differences are found in ovarian reserve and the
number of oocytes between cancer patients and controls [35–45]. In addition, a
prospective cohort study showed that after all patients have been treated by GnRH
antagonist stimulation regimens, despite the comparable total number of oocytes that
were retrieved, oocyte maturation was impaired [46]. Therefore, whether the malig-
nancy itself has a potential negative impact on female fertility still needs to be
continuously explored. Moreover, due to limited sample size, most studies have
not explored the effects of different malignancies on female fertility based on
specific type. However, as a result of different biological behaviors in different
types of malignant tumors [47], it is necessary to consider the effects of various
types of malignant tumors on ovarian function separately [48, 49]. For example,
although breast cancer and hematological malignancies account for a large propor-
tion of tumors in female patients of childbearing age, their effects on ovarian
function are quite different. Breast cancer cells may not affect ovarian function,
while in patients with hematological malignancies, there is a decrease in anti-
Müllerian hormone and antral follicle count (Reduction of anti-Mullerian hormone
and sinus follicle count indicate that ovarian function is impaired).

If malignant cells have a negative influence on female fertility, how is it affected?
At present, it is not clear whether the underlying mechanisms include direct damage
due to minimally invasive malignant cells, indirect impacts due to poor physical
conditions and indirect impacts due to a paracrine interaction between tumor cells
and ovarian tissue. It has been confirmed that mental stress generated after diagnosis
of cancer destroys the normal function of hypothalamic-pituitary-gonadal
axis [50]. The evidence, including the finding that cryopreserved ovarian tissue is
potentially contaminated with tumor cells, shows that malignant cells may invade
the ovarian, especially in leukemia patients [51]. However, it remains unknown that
microinvasiveness is clearly associated with decreased ovarian function so that more
evidence is needed.
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There are some cytokines such as interleukin-6 (IL-6) and interleukin-8 (IL-8) in
patients with lymphoma that are possibly critical to follicular development and are
related to lower levels of anti-Müllerian hormone (AMH) [52–54]. Nevertheless, no
researches have confirmed that these cytokines are associated with lower ovarian
function. Also, malignant cells may damage the function of granulosa cells [46]. And
we can observe another histopathological phenomenon that offers evidence of direct
impairment by malignancies. Raffaella Fabbri et al. detected many more cytoplasmic
vacuoles in the oocytes of patients with Hodgkin’s lymphoma (73.7%) than that in
the control group (5.7%) [55]. Although the number of cases in this study is small, it
can be seen that it is valuable to study the potential mechanism of the long-term role
of malignant cells from the perspective of abnormal histological changes.

13.2.2 Malignant Tumors of Reproductive System

Female reproductive system malignancies include cervical cancer, uterine body
cancer, ovarian cancer, and gestational trophoblastic tumor, etc. Cervical cancer,
uterine body cancer, and ovarian cancer are three common female reproductive
system malignancies. In recent years, with the changes in people’s reproductive
behavior, lifestyle and the surrounding environment, the risk of disease and death in
the female reproductive system in China has been increasing.

It was found by R.M. Alvarez et al. that despite similar fertilization rates,
compared with females with breast cancer or hematological malignancies, females
with gynecological malignancies produce fewer mature oocytes during COS (con-
trolled ovarian stimulation) [56]. The impact of reproductive system malignant
tumors on female fertility depends on the site and kind of the cancer disease, the
anti-cancer treatments protocol, and the age of the patient. For example, ovarian
dysfunction, anovulation, infertility often occur in the younger group with endome-
trial cancer [57], similarly, pelvic radiotherapy (including external radiation and
brachytherapy) in the advanced stage of cervical cancer and radical hysterectomy
with salpingo-oophorectomy can cause female infertility. Perhaps many people think
that reproductive system malignant tumors will affect ovarian function and even
female fertility is unquestionable due to destruction of the reproductive system, but
in fact, there is still no powerful evidence to prove this theory. More experiments are
needed to demonstrate the impacts of reproductive system malignancies on female
fertility.

13.2.3 Breast Cancer

Breast cancer is most common among women. In 2019, the proportion of women
newly diagnosed with breast cancer is about 15% among all cancers (data from
http://seer.cancer.gov/statfacts/html/breast.html.). Its mortality is declining and
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survival rate has improved over the last 10 years. Fertility after anti-cancer treatment
is essential for patients to consider which treatment regimens should be
selected [58].

Letourneau JM et al. counted that, at the time of diagnosis of cancer, about
49%~65% of young females with breast cancer express a desire to have a baby
after finishing anti-cancer treatments [59]. However, breast cancer patients are least
likely to be pregnant in all female cancer survivors and have much lower fertility
rates about 67% than ordinary people who are at the same age and education level
[60]. The factors are as follows: on the one hand, the treatment of breast cancer will
have a negative influence on female reproductive system. A large retrospective study
indicated that breast cancer and its stage had no significantly negative influence on
ovarian reserve function and response, but with the risk of biologically aggressive
subtypes of tumors in young patients with breast cancer increasing [61–63], the
subsequent treatments can cause gonadal dysfunction and infertility [64]. After
confirming endocrine therapy in hormone receptor-positive breast cancer patients,
it is often necessary to perform gonadotoxic chemotherapy and extend the treatment
periods to 10 years, which may be the cause of infertility. On the other hand, women
with BRCA1 or BRCA2 gene mutations not only have a higher risk of suffering
from breast and ovarian cancer, but also increased risk of infertility. There is a
hypothesis which says that BRCA germline mutations (BRCAm), which often occur
in women with breast cancer, are related to accelerated follicular loss and early
menopause. Females with BRCAm have a high risk of reduced ovarian reserve and
infertility, whereas whether women who carry BRCA1/2 mutations have a reduced
ovarian response remains controversial [65–67]. And with using chemotherapy
(CT), CT-induced menopause may very likely occur in BRCA1m women due to
lower ovarian reserve [68]. Therefore, breast cancer may cause serious adverse
consequences for female fertility.

13.2.4 Hematological Malignancies

Common hematological malignancies mainly include various types of leukemia,
multiple myeloma, and malignant lymphoma. There are approximately 0.5% of new
cases diagnosed of Hodgkin Lymphoma, 4.2% of new cases diagnosed of
Non-Hodgkin Lymphoma, 3.5% of new cases diagnosed of Leukemia in 2019
(http://seer.cancer.gov/statfacts/html/). Acute myeloid leukemia (AML), acute lym-
phocytic leukemia (ALL), Hodgkin lymphoma (HL), and non-Hodgkin lymphoma
(NHL) are the most common types of hematological malignancies in girls and young
women (https://www.lls.org/sites/default/files/file_assets/facts.pdf).

Hematological malignancies can have adverse influence on female fertility. On
the one hand, hematological malignancies, themselves, have a negative impact on
female fertility. There have been many studies demonstrating that lymphoma, one of
the hematological tumors has a negative impact on ovarian function before radio-
therapy and chemotherapy [53, 69–71], and it can be observed that despite using
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similar amounts of gonadotropins, the baseline ovarian reserve of the tumor group is
lower (evaluate through lower AMH and AFC) and the response to COH is poorer
[53]. From the above studies, we know that women with HL have a low response to
ovarian stimulation revealing some degree of follicle or oocyte dysfunction [53], and
Hodgkin and non-Hodge Gold lymphoma is associated with decreased oocyte
production [69]. In addition, van Dorp et al. found that impaired ovarian function
also occurs in childhood leukemia [72]. Sklavos MM et al. showed that reduced
ovarian reserve in females with hereditary bone marrow failure syndrome is related
to the development of lymphoma and leukemia as well [73]. On the other hand,
treatments of hematological malignancies also have an adverse effect on female
fertility. The extent to which the treatment of hematological malignancies affects
fertility in women depends on the type and period of the cancer, the dose of anti-
tumor treatment, and the age of the patient [74]. Alkylation chemotherapy and total
body irradiation (TBI) anti-cancer regimens are commonly used to treat teens and
young females with hematological malignancies, particularly in cases of refractory
and recurrent liver stem cell transplantation (HSCT), but these are invasive and
gonadal toxic that can lead to infertility. Bone marrow transplantation (BMT) is also
commonly used in women of lower reproductive age, and this treatment can produce
a variety of reproductive adverse reactions such as ovarian failure, impaired uterine
blood flow, and diminished uterine volume [75]. In summary, these treatments,
including radiation therapy, chemotherapy, and bone marrow transplantation can
lead to ovarian damage, uterine damage, and vaginal injury.

13.2.5 Childhood Malignancies

Childhood malignancies include childhood acute lymphoblastic leukemia (ALL),
retinoblastoma, neuroblastoma, T cell childhood non-Hodgkin lymphoma (NHL),
and Wilms’ tumor. Although the incidence of malignant cancers in children is
increasing year by year, the overall survival rates for children and teenagers diag-
nosed with cancer has been increasing due to improvements in cancer diagnosis and
treatment and has now reached more than 80% [76]. Survival and infertility have
become the two major concerns of children with malignant tumors that have shown
to influence their quality of life causing huge mental stress [77].

Whether children’s malignant tumors themselves have an impact on fertility
requires further research and proof. Although Cassandra Roeca et al. found that
female child cancer survivors who have delayed birth may have a higher risk of
infertility, they also showed that childhood cancer survivors who recovered adequate
ovarian function did not show an increase in ovarian reserve decline rate in early
adulthood [78]. There is still no strong evidence of a direct relationship between
childhood malignancies and infertility. However, there have been many studies
showing that cancer treatment affects children’s fertility. Childhood cancer treatment
regimens have gonadotoxicity on different levels and may lead to a decline in
fertility in the future. As Taylor et al. pointed out, infertility after childhood cancer
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is a long-term problem affected by short-term treatment options [79]. Chemotherapy
and radiotherapy are likely to damage the gonads to cause transient or life-long
infertility [80–82]. Child malignant survivors are 20% less likely to become preg-
nant than unaffected siblings [83]. The extent of treatment affecting fertility depends
on the age of patients and the type of treatments [84]. Patients with childhood
malignant tumors who have received chemotherapy and intraperitoneal radiation
have a significant increased risk of ovarian damage, decreased uterine volume, and
preterm delivery and having offspring with low birth weight [85].

13.2.6 Influence of Anti-Tumor Treatments on Female
Fertility

In the last decades, with the advances in available diagnostic tools and the improve-
ment of treatment protocols, the overall survival rate of cancer has been significantly
improved. Due to early diagnostic technique and successful adjuvant treatment, the
number of young cancer survivors continues to increase and subsequently more and
more young patients are facing fertility problems caused by cancer treatment so that
the quality of life based on fertility has become the focus of women’s attention. Anti-
cancer treatments include surgery, radiotherapy, chemotherapy, endocrinotherapy,
and immunotherapy. Unfortunately, although chemotherapy is improving, radio-
therapy is more concentrated and surgical methods are more diverse, these treat-
ments may all pose threats to female fertility including loss of fertility and sexual
dysfunction. It is estimated that approximately 42% of women with cancer of
childbearing age develop premature ovarian failure due to anti-cancer treatment
[86]. The extent to which cancer treatment affects female fertility depends on the
age of patients, the characteristic, duration, and dosage of treatments, and the
sensitivity of each patient. Infertility is considered to be a serious long-term com-
plication caused by cancer treatments, and it will have a negative impact on the
quality of patients’ life, patients’ mental state and even their future plans [87, 88].

Cancer treatment may have adverse influence on female fertility for different
reasons. Chemotherapy negatively affects female fertility by causing ovarian failure,
damaging oocytes [89, 90], depleting the ovarian follicular reserve, and destroying
hypothalamo-pituitary axis. For instance, some common anti-tumor drugs, such as
cyclophosphamide and cisplatin, induce apoptosis of follicle cells through DNA
breaks, which leads to follicle atresia [91]. Radiotherapy, especially in the abdomen
and pelvis, can lead to ovarian destruction, reduced ovarian reserve, and so on
[92]. And the impacts of chemotherapy and radiotherapy on female reproductive
system are decided by many factors: the variety of drugs, size or location of the
radiotherapy area, dosage, dose-intensity, method of administration, types of cancer,
age, gender, and the pre-treatment fertility of the patient [93, 94]. Pelvic surgery has
a critical effect on fertility as a consequence of adhesions and the removal of the
ovaries, fallopian tube, and uterus as well [95]. Endocrine treatments are commonly
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used in patients with breast cancer, which has direct and indirect impacts on fertility
and ovarian function [82]. The direct impact that occurs only during therapy is as a
result of damaged ovulatory and endometrial function, while the indirect impact is
associated with delayed pregnancy, leading to ovarian aging [82]. However, there
are few studies about the influence of immunotherapy on female reproductive
system.

Neerujah Balachandren and Melanie Davies [96] divide the effects of treatments
on fertility into three categories: (1) Female fertility after “high” gonadotoxic cancer
therapies: therapies that at least 80% of the possibility will cause permanent amen-
orrhea are considered as highly gonadotoxicity [97]. These consist of hematopoietic
stem cell transplantation requiring cyclophosphamide and/or total body irradiation
(TBI), external radiation therapy to the ovaries or testes, or chemotherapy used to
treat breast cancer in women over 40 years old [98]. (2) Female fertility after
‘intermediate’ gonadotoxic cancer therapies: therapies that 40%~60% of the possi-
bility will cause amenorrhea are considered as intermediate gonadotoxicity, for
example, adjuvant chemotherapy to treat 30~39 years old patients with breast
cancer, step-by-step (second-line) chemotherapy for treating Hodgkin’s lymphoma,
and so on [98]. (3) Female fertility after ‘low’ gonadotoxic cancer therapies: only a
few percent of the patients after ‘low’ gonadotoxic cancer treatments will have
permanent amenorrhea. These include chemotherapy regimens consisting of first-
line therapy for Hodgkin’s lymphoma (ABVD treatment), and regimens to treat
acute lymphoblastic and myeloid leukemia [99, 100].

In addition, anti-cancer treatments not only affect female fertility by directly
damaging glandular structures and functions, but also indirectly cause female infer-
tility through psychological influence. Most therapies may affect the physical and
psychosocial aspects of the patient’s sexual function. Anti-tumor treatments of
reproductive system malignancy, particularly through radiotherapy and surgery,
often alter the structure and function of the female reproductive tract and lead to
decreased sexual desire [101, 102]. Fear, anxiety, and depression caused by anti-
cancer treatments can reduce sexual desire, function, and frequency [103]. Therefore,
we should not ignore the impact of psychological factors on fertility after anti-cancer
treatments as well.

Next, we will specifically describe the influence of various anti-cancer treatments
on female fertility.

13.2.7 Radiotherapy

Radiotherapy plays an important role in cancer treatments. In some cases, radiother-
apy is the primary treatment for different malignancies in adolescents and young
females (<45 years old), such as sarcomas, medulloblastomas, advanced cervical
cancer, and Hodgkin’s lymphomas [104, 105]. However, radiation has a gonadal
toxicity that may causes long-term damage on the ovary, uterus, and hypothalamic-
pituitary-gonadal axis. Even though the dysfunction of the reproductive organs
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caused by radiotherapy can be temporary, recovery is usually unknown and in some
patients the impairment can be permanent [106]. Radiotherapy in different parts will
lead to different injuries. For example, total body and pelvic irradiation can affect
both the ovary and the uterus, while skull irradiation may have an impact on the
hypothalamic-pituitary-gonadal axis. Firstly, radiotherapy may result in ovarian
failure. Radiotherapy is detrimental to ovarian reserve via impairing granulosa
cells and causing follicle depletion [107]. Radiation also induces apoptosis by
causing direct mitochondrial deoxyribonucleic acid (DNA) damage in oocytes and
causes focal ovarian fibrosis by destroying blood vessels and impairing
neovascularization. Secondly, radiotherapy causes damage to the uterine muscula-
ture and vascular system. Studies have shown that receiving radiotherapy due to
childhood malignancies can lead to changes in uterine vascularization, reduced
uterine volume and elasticity, uterine muscle fibrosis and necrosis, endometrial
insufficiency and atrophy. The risk of spontaneous abortion, premature birth, and
placental abnormalities will increase due to pelvic irradiation in childhood
[108]. Thirdly, skull irradiation may cause damage to the hypothalamic-pituitary-
gonadal axis, resulting in hormone secretion disorders. This is the result from a direct
damage to H-P cells by radiotherapy [109]. And radiotherapy selectively damages
hypothalamic neurons and pituitary cells, rather than general damage to the H-P axis
[110, 111]. And the disorder of the pulsatile rhythm of FSH/LH may have negative
impacts on fertility, sexual desire, and menstrual cycle. Moreover,
hyperprolactinemia is another potential outcome of radiotherapy and is often asso-
ciated with a decrease in the inhibitory neurotransmitter dopamine levels. Mild to
moderate increases in PRL levels after low-dose radiation occasionally lead to
amenorrhea in females and delayed puberty in children [112].

The effect of radiotherapy on female fertility depends on some factors, including
the age of patients, radiation area, type, dosage, and duration of the therapy
[113]. Firstly, different influencing factors have different effects on the ovaries.
Researches have indicated that the doses of radiation varying from <2 Gy to 4 Gy
can destroy up to 50% of human follicles [114], whereas 25 to 50 Gy radiation can
cause one-third of young females and almost all females over 40 years old infertile
[115–117]. Girls exposed to radiation >5 Gy have a 50% reduced chance of
conception, while girls exposed to radiation >10 Gy have an increased risk up to
80% [118]. Moreover, premature ovarian insufficiency (POI) is related to more than
10 Gy irradiation on the ovaries [116]. Ovarian failure is associated with radiation
dose. Wallace has shown that ovarian failure occurs at birth with the dosages of
20.3 Gy, at 10 years with the dosages of 18.4 Gy and at age 20 with the dosages of
16.5 Gy [119]. And ovarian impairment is associated with the age when receiving
radiotherapy. The ovary is more resistant to radiation early in life, as the age
increases, the dosage that causes damage is reduced [114]. After pre-pubertal girls
receive 10–15 Gy radiation, the risk of amenorrhea is 30–70%, and the doses that
cause post-pubertal girls to have amenorrhea are as low as 5–10 Gy [120]. The
distance from the location of the radiation to the ovary and whether it is fractionated
is also an influencing factor. Single radiation is more toxic than multiple divided
doses that reach the same or even higher cumulative dose [121]. When 40 Gy is
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transmitted to the cervix, the scattered radiation transferred to the ovary at the field
boundary of 3~4 cm is 2~28 Gy [122]. Secondly, different radiation doses have
different effects on the uterus. In adults, Total Body Irradiation (TBI) of 12 Gy may
cause uterine damage, while radiation dosages of >25 Gy concentrated in the uterus
can cause irreversible impairment to the child’s uterus [123]. Radiation doses that
can cause damage to the uterus are still under investigation. In 2014, Teh et al. have
recommended that adults>45 Gy and childhood>25 Gy should be advised to avoid
pregnancies [124]. Thirdly, different influencing factors have different effects on the
hypothalamus-pituitary-gonadal axis. 18~24 Gy activates the hypothalamus and
promotes its secretion of gonadotropin-releasing hormone (GnRH), which affects
the production of gonadotropins in the pituitary gland and stimulates the ovaries,
leading to precocious puberty [125]. Radiation at a dose of 40~50 Gy or even 30 Gy
may directly damage the hypothalamus-pituitary-gonadal axis. Radiotherapy with a
radiation dose >30 Gy to the hypothalamus and pituitary can reduce the likelihood
of pregnancy by 40% [118]. Dosages of 40 Gy or higher can cause
hyperprolactinaemia, which may lead to amenorrhoea as well [126, 127]. Radiother-
apy damage to the hypothalamus is also related to age that immature hypothalamus
is more radiosensitive than mature one [127].

13.2.8 Chemotherapy

It has been confirmed that chemotherapy has negative influence on the female
fertility. Chemotherapy can damage the ovaries and the extent of ovarian damage
and the potential for infertility is decided by the type and doses of the drugs, the age
and gonadal conditions before treatment of the patients [128, 129]. It is known that
chemotherapy can cause a decrease in ovarian reserve and subsequently bring out
early menopause [130]. Reduced ovarian reserve is due to a decline in the quantity of
follicles or even a complete lack of follicles and fibrosis caused by chemotherapy.
Chemotherapy also have adverse effects on ovarian stromal or vascular function.
Histological studies have shown that chemotherapy has an indirect impact on
stromal cells [131]. After administering doxorubicin, a dramatic decrease in the
blood volume in the ovary and ovarian vasospasm were presented by monitoring the
blood flow in vivo [132]. There are also other mechanisms by which chemotherapy
can cause ovarian damage, such as vascular injury and focal fibrosis of the ovarian
cortex. In addition, besides the loss of fertility, it leads to the so-called climax
syndrome. Chemotherapy can make female patients suffer from subjective symp-
toms such as loss of libido and objective accessory symptoms such as genital
atrophy, vaginal atrophy, and dyspareunia [133–137]. Therefore, the effect of
chemotherapy on female fertility is multifaceted.

From many studies, chemotherapeutic drugs have been divided into three types of
risk on the basis of their gonadotoxicity [138, 139]: high risk-Alkylating drugs
(cyclophosphamide, busulphan, chlorambucil, procarbazine, melphalan, ifosfamide,
chlormethine); medium risk-Platinum drugs (cisplatin, carboplatin); anthracycline
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antibiotics (adriamycin [doxorubicin]); taxoids (docetaxel and paclitaxel); low risk-
Vinca plant alkaloids (vincristine and vinblastine); anthracycline antibiotics
(bleomycin), antimetabolites (methotrexate, 5-fluorouracil, 6-MP [mercaptopurine]).
And also different chemotherapeutic drugs negatively affect the ovaries through
different mechanisms: Alkylating drugs-forming covalent bonds between DNA
strands, interfering with cleavage during DNA replication and demaging cell divi-
sion, thereby having a direct negative effect on oocytes [140]; platinum-based
compounds-although existing researches indicate that it is not specifically toxic to
human primordial follicles, there is a research indicating that Cisplatin can cause
follicular atresia by DNA break-induced apoptosis of follicular cells [141]; antime-
tabolites and Vinca alkaloids-there is no DNA impairment to human follicles so that
there is no gonadotoxicity; Anthracyclin antibiotics-Doxorubicin causes DNA
chains breaks P63-mediated apoptotic death in human primordial follicles [140];
other agents, such as docetaxel, demage ovarian-somatic cells with secondary oocyte
death [142]. In short, chemotherapy can impair the structures and functions of
oocytes and granulosa cells in the ovarian follicle [143].

13.2.9 New Therapeutic Techniques

New therapeutic techniques include new surgical treatments, new chemotherapy
drugs, targeted therapy, and interventional, biological, genetic, photodynamic, and
radioisotope treatments.

Although there are few studies about the effects of new drugs and targeted
therapies on female reproductive system, a study has shown that the anti-angiogenic
agent bevacizumab may cause ovarian failure to 34% colorectal cancer patients
compared to the group given the same treatment except using bevacizumab. In
addition, tyrosine kinase inhibitors have teratogenic effects in laboratory animal
models so that being pregnancy during treatment is not recommended in human
[144]. But the delayed childbearing may lead to infertility. Therefore, new thera-
peutic techniques may also have a negative impact on female reproductive system,
but more studies are needed to prove it.

13.3 Fertility Preserving Strategies and Technologies

Developments in cancer treatments have led to an increased survival rate and a
longer life span in female cancer patients. For patients who are in their age of
fertility, side effects of chemotherapy and radiotherapy, may lead to ovarian dys-
function, which result in early menopause and infertility. Thus the demand for
fertility preservation has increased dramatically.

In 2009, Roger et al. systematically retrospected the development of fertility
preservation in the past decade, and proposed that, “Fertility preservation” can be
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defined as “through surgery, medical or laboratory procedures, before the end of
natural reproductive life, retain the potential for genetic parenting of adults or
children at risk of fertility [145]”. Detrimental influences on fertility which result
from cancer or its treatment protocol should be acquainted by the patient before the
beginning of the treatment [129]. According to the guideline from American Society
of Clinical Oncology and revised in 2013, potential gonadotoxic effects of cancer
treatments deserve to be discussed with a group of cross-disciplinary experts includ-
ing oncologists, reproductive specialists, and psychosocial providers [146], which is
particularly helpful for the panic patients to ease the stress and make optimal
decision considering the future possibility of conceiving. Although some fertility
preservation methods have been validated in the past decade, many health-care
workers are unfamiliar with the rapid advancements in fertility preservation
[147]. Because of the emotional shock at the cancer diagnosis, and complex inves-
tigations and procedures, only a small number of patients are provided with the
counseling on fertility preservation before the beginning of the treatments [148]. Cur-
rent evidence suggests that psychosocial workers’ assistance in the decision-making
process for patients searching for fertility preservation helps them to ease the stress
and to make morally and ethically acceptable choices [149–151], and thus are of
great importance to the patients and their families [152].

Though various fertility preservation options are currently presented, some are
regarded as experimental, and physicians and oncologists need to deliberately
choose regiments for each patient according to patient cancer type, maturity level
and her wish whether to become a mother.

13.3.1 Fertility Preserving Surgery

For fertility preservation, surgical treatments include fertility-sparing surgery and
ovarian transposition [153]. Fertility-sparing surgery (i.e. trachelectomy) is safely
performed without increasing the total mortality rate in gynecologic cancer patients
like early-staging cervical cancer and patients with stage IA and IC epithelial ovarian
cancer, and it helps to preserve the patient’s potential to bear children [154–156]. For
cervical cancer patients, it has been presented that different types of fertility preser-
vation procedures are used considering the surgical procedures and the extent of
para-cervical resection, and radical vaginal tracheostomy (VRT) and abdominal
radical trachelectomy (ART) have similar oncology results for tumors <2 cm in
length and are now known as safe procedures [157]. However, Down-staging tumors
larger than 2 cm via neoadjuvant chemotherapy is still an experimental procedure.
Neoadjuvant chemotherapy, a concept which was first adopted at Yale in 1979, is
adapted before the surgery for women with medical co-morbidities and/or poor
performance statuses that would significantly limit aggressive cytoreductive surgery
[158]. There are various combined chemotherapy administrations for breast cancer,
and according to Chinese Anti-Cancer Association it can be divided into four major
kinds: regimens centered with anthracyclines, like CAF regimen (C stands for
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cyclophosphamide; A for adriamycin; F for fluorouracil); regimens consisting of
taxane and anthracyclines; sequential regimens including taxane and anthracyclines;
and other regimens, like PC (P stands for paclitaxel taxol, C for carboplatin) [159].

Ovarian transposition is traditionally carried out for patients who are undergoing
pelvic radiotherapy to preserve ovarian functions [160]. Live births have been
reported after ovarian transposition [161], yet because of the scatter of radiation,
this process is not always successful [147], also ovarian transposition will not spare
the uterus free from adverse effect caused by radiation [160].

13.3.2 Fertility Preserving Medications

Hormone treatment, including GnRH agonist (gonadotropin-releasing hormone
agonist, GnRH-a,), progesterone, anti-estrogen, aromatase inhibitors, by
downregulating the susceptivity of the primordial follicles, aiming at protecting
follicles against damages caused by radiotherapy and chemotherapy. GnRH-a is
applied before chemotherapy, which is a conventional medical treatment for hema-
tologic malignancies, as well as breast, ovarian, and cervical cancers. By suppressing
the hypothalamus-pituitary-ovary axis, GnRH-a leaves follicles of little susceptivity
towards ovarian-toxic agents in the long term, which helps to preserve follicle
storage and ovarian functions [162]. However, no definitive evidence ensures its
validity in fertility preservation [163, 164], the application of GnRH analogs is
regarded experimental and controversial [163, 165, 166]. A study showed little
beneficial effects of GnRH analogs on the menstruation recovering [165]; while a
meta-analysis which included 24 months of follow-up after the study of one of
GnRH analogs, Zoladex, proved it may have no beneficial effect on either mainte-
nance of menstrual cycles or fertility [167]. It is still in demand for further research to
ascertain whether to use GnRH in fertility preservation. Studies which analyzed the
fertility outcomes in women with endometrial hyperplasia or early stage, low grade
carcinoma with high-dose progestin therapy have proved its safety and feasibility in
fertility preservation [168, 169], and progestin can be used alone as a primary
fertility-sparring chemotherapy in premenopausal women with endometrial carci-
noma [170]. It has long been recognized that breast cancer is hormone-dependent,
and which is positively affected by the down regulation of serum estrogen or
progesterone concentration. It has been reported that the use of aromatase inhibitors
as adjuvant hormone therapy for gonadotropins (such as follicle stimulating hor-
mone, FSH) can reduce the increasing rate of serum estradiol concentration [171],
and provide a possibility to reduce the negative impacts of the ovarian stimulation
procedures on breast cancer patients who demanding fertility preservation [172].
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13.3.3 Fertility Cryopreservation

13.3.3.1 Embryo or Oocytes Cryopreservation/Vitrification

Developed on the basis of systematic reviews, guidelines recommend cryopreserva-
tion of embryos or oocytes to be established and validated practice for female cancer
patients to ensure future fertility [146]. Embryo cryopreservation has been used since
the early stage of assisted reproductive technology, and for post-pubertal women,
conventional embryo or oocyte cryopreservation yields the highest live birth rate
[173]. With a long-term partner and without other limitations, female about to
undergo cancer treatments should be provided with the opportunity to cryopreserve
their embryos, which is embraced with the highest success rates comparing to other
fertility preservation methods [174].

A recent study which included 2157 women, who experienced the first in vitro
fertilization cycle, experienced fresh-embryo transfer or embryo cryopreservation,
and then were given frozen-embryo transfer, verified that transferring embryos that
has been cryopreserved and then thawed, will get nearly the same live birth rate as
transferring fresh embryos [175, 176]. On the other hand, Chen et al. [177] suggest
that in women with the polycystic ovary syndrome, frozen-embryo transfer tend to
have a higher rate of live birth compared with fresh-embryo transfer. And the risk of
ovarian hyperstimulation syndrome is lower and the risk of pre-eclampsia after the
first transfer is higher as well. As for people who do not have a male partner at the
time in need for fertility preservation process, cryopreservation for mature oocytes
can act as an alternative.

Cryopreservation use two major types of methods, slow freezing and vitrification
[147]. Vitrification allows the solidification of the cells and the extracellular sub-
stances into a glass-like state without the formation of ice. Recently, a systematic
review and meta-analysis have demonstrated that vitrification is superior to slow
freezing due to live birth rate, and suggests that with regard to clinical outcomes,
laboratories that continue to use slow freezing should consider transition to the use of
vitrification for cryopreservation [178].

Because of the different situation between cancer patients and patients who wish
to retain fertility with benign conditions, some points worth noticing. First, prepu-
bescent cancer patients are unable to follow the oocytes retrieving process due to
sexual immaturity [160, 179]. Second, controlled ovarian stimulation, which is
conventionally carried out as a process in cryopreservation, may add estradiol to
circulatory system, and is risky for sexual-hormone-sensitive cancers like breast and
endometrial cancer [180]. Third, oocyte or embryo cryopreservation demands for at
least 2 weeks of time before the commencement of the cancer therapy, and it is not
advisable if the postpone will jeopardize the outcome of the patient [147].
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13.3.3.2 Ovarian Tissue Cryopreservation

For pre-pubertal girls, the fertility preservation options are limited. As fertility
outcomes after ovarian transposition are uncertain [181], ovarian tissue cryopreser-
vation is the only method of fertility preservation [146, 147, 160, 179, 180, 182,
183]. Also, ovarian tissue cryopreservation does not involve the process of con-
trolled ovarian stimulation, which makes it one of the most optimal choices for
hormone-sensitive cancers like breast cancer patients. Hopefully, cryopreservation
of ovarian tissue could not only supply oocytes but also probably help young
patients regain ovarian endocrine functions. Emerging data indicate that obtaining
multiple biopsies from one ovary does not deteriorate the future hormone production
[184]. However, ovarian tissue cryopreservation is regarded as experimental, for on
most case a secondary surgery of reimplantation of ovarian tissue is needed, which
may lead to recurrence of the primary malignant disease. Four separated studies,
which used polymerase chain reaction (PCR), flow cytometry analysis, proved that
ovarian tissue cryopreserved from patients with leukemia may contain leukemic
cells in more than 50% of cases, and result in recurrence of the disease [185–
188]. Soares et al. [189] evaluated a purging procedure, involving three times of
washing, proved effective for eliminating leukemic cells in ovarian tissue while
maintaining the follicles viability. The procedure indicates a promising technique for
follicle isolation process that can effectively be followed with ovarian tissue cryo-
preservation. On the other hand, ovarian capillaries are easily damaged, and more
than half of the dormant follicles are lost during the ischemic period [160]. The
combination of ovarian tissue cryopreservation with immature oocyte collection
from the tissue followed by in vitro maturation of the oocytes has been reported as
a promising new approach [180]. And the combination of vitrification of oocytes and
cryopreservation of ovarian tissue yields a live birth rate of 50%~60% [148].

Considering that vitrification has gradually replaced the slow-freezing process of
embryos and oocytes cryopreservation, it deserves discussing that whether vitrifica-
tion is also better in the case of ovarian tissue cryopreservation. Slow freezing of
ovarian cortex is still applied in most centers, while vitrification of ovarian tissue is
under exploration, and the first live birth after transplantation of vitrified-thawed
ovarian tissue was reported in 1999 [190]. To date, vitrified ovarian tissue has
resulted in a few live birth reports, and it is demonstrated recently that in terms of
the proportion of the intact follicles and the clinical outcomes, vitrification is not
inferior to slow-freezing techniques [191, 192]. Recently a systematic review and
meta-analysis showed that vitrification was associated with significantly less pri-
mordial follicular DNA damage and better preservation of stromal cells [193].
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13.3.4 Other Newly-Developed Technologies

Several novel concepts may hold possibility to contribute to protect reproductive
function [148, 194], including artificial ovary [195, 196], ovarian stem cells [197],
preventive strategies which can mitigate gonadal-toxic effects [198].

Artificial ovary is conceived that primordial follicles are retrieved and are trans-
ferred on a framework, and after transplanting this artificial organ, obtaining mature
oocytes become a possible. In a mouse model, it was observed that isolated murine
follicles survived and grew inside a fibrin scaffold, and for the first time it demon-
strated that preantral follicles can successfully survive and develop after grafting
when encapsulated in fibrin matrices [195]. It is promising that artificial ovary can
eliminate malignant cells and in the meantime maintain reproductive functions after
a simple three-step purging procedure [189, 199].

For a long time, it had been believed that ovarian germ cells are no longer
produced after birth in some species including human beings, mice, and pigs. And
it was noteworthy when reports first demonstrated in 2004 that oogonial stem cells
(OSCs) can actually be cultured into oocytes under certain conditions [200, 201],
and it is under discovery that whether the oocytes cultured can be combined with
support cells to form mature follicle which can consequently be fertilized [202]. A
double labeling method adapting both proliferating cell markers, which include
5-Bromo-2-Deoxyuridine (BrdU), and germ cell markers are used to specifically
identify proliferating ovarian stem cells [203]. Acting as a specific marker for germ
cells, DEAD box polypeptide 4 (Ddx4), also referred to as Mouse Vasa homolog
(MVH) was reported [204]. In 2004, a study used MVH and BrdU marks to identify
the OSCs in a neonatal mouse model [200]. Also, studies reported that mouse OSCs,
which had been labeled with green fluorescent protein (GFP) and then cultured
in vitro, were able to induce GFP-positive fertilized oocyte after being transplanted
back to the ovaries [205, 206]. Recently, female primordial germ cell-like cells in
mice, which were derived from embryonic stem cells and subsequently cultured
in vitro and transplanted back to the mice ovaries, are found to produce meiotically
competent oocytes that could be fertilized to produce offsprings [207]. Also, studies
reported successful induced maturation process from stem cell to sperm in male mice
[208]. The possibility of in vitro-derived germ cells may provide patients, whose
ovarian reservation are damaged by cancer treatment, with a greater chance of
fertility preserving regardless of their puberty status, which demands further explo-
ration. However, ovarian stem cells treatments, which involving ovarian stem cells
cryopreservation and reimplantation, or growing ‘egg precursor’ cells in vitro and
transplanting them back to the ovary, are still considered preclinical which demands
for further exploration [203].

Encapsulation of the chemotherapeutic agents has made it possible that chemo-
therapy drugs be targeted-delivered to the solid tumor without damaging the function
of reproductive system [209]. This method, which encapsulates chemotherapeutic
drugs in nanoparticles, is based on the difference of vascular densities between solid
tumor and normal tissues [210]. Through the years, many delivery systems have
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been established, including viral delivery agents [211, 212], non-viral delivery
agents (nano-materials with inorganic, synthetic polymeric, biological or hybrid
composition) [213, 214], but due to their drawbacks, like unpredictable viral cyto-
toxicity, and unsatisfactory delivery efficiency in synthetic materials [215], endog-
enous cellular components are developed. Two delivery agents are now the most
popular nano-carriers: exosomes and (apo) ferritin [216–220]. Considering that these
two biomolecules actually exist in human body, they are of benefit to act as drug
delivery agents, which can efficiently decrease the adverse effects of chemotherapy.
Recently, a study after reviewing the mechanisms of action and toxicity of doxoru-
bicin, reported a liposome-based drug-delivery system, which proved to be promis-
ing to reduce toxicity [221]. Protective methods are applied to mitigate the systemic
side effects caused by chemotherapy or radiotherapy, which shows promising
effects.

For female cancer patients, fertility preservation should be counseled before they
undergo treatments. Currently, the American Society of Clinical Oncology (ASCO)
and the American Society of Reproductive Medicine (ASRM) have published
guidelines, providing specific strategies for clinical physicians to tailor fertility
preservation protocols for cancer patients. ASCO recommends that health providers
(including oncologists) provide the patients with information regarding potential
threats to fertility early in the cancer treatment process, and that sperm, embryo, as
well as oocyte cryopreservation be regarded as standard practice. Depending on the
patient’s age, puberty status, or parent own wish to conceive, fertility preservation
methods, including cryopreservation of embryos, oocytes, ovarian tissue, and ovary
transposition surgery, help to protect the functions of the reproductive system from
being damaged by cancer or its treatment. Novel approaches, like artificial ovary,
oogonial stem cells, and targeted therapy, are showing experimental potentials for
preserving ovarian functions or rebuilding ovarian reservation, while still in demand
for further validation of clinical evidence. Ensuring the safety and efficacy of fertility
preservation techniques, and offering more cancer survivors at risk of reproductive
complications, should be implemented in the near future.

13.4 Summary

There are still limited figure on the effect of negative elements in environment,
cancer and anti-cancer treatments on female fertility. For the vast majority of
negative elements in environment, cancer and anti-cancer treatments, the actual
risk of infertility has not been determined. More research is needed to verify the
influence of negative elements in environment, cancer and anti-cancer treatment on
female reproductive system and fertility preservation. Moreover, it is also important
to formulate a reasonable treatment plan such as fertility preserving technologies
based on these studies. Now it is found that fertility preservation is a common
practice for males, but for females, it is not commonly used and still in the
experimental stage before puberty. Thus, protecting female fertility to deal with
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these bad effects and improve their quality of life and long-term expectations should
be an important concern.

13.5 Conclusion

The influence of environmental factors and iatrogenic factors on female fertility and
its mechanism are gradually understood by people. This is an emerging interdisci-
plinary field and deserves full cooperation and in-depth research by scientists and
clinicians.
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