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Chapter 4
Introduction to Environmental Pollutants 
and Human Reproduction

Roberto Marci, Giovanni Buzzaccarini, Jean Marie Wenger, 
and Amerigo Vitagliano

4.1  Introduction

4.1.1  Recent Trends in Human Reproduction

Human reproductive health (defined as a state of physical, emotional, mental, and 
social well-being in relation to sexuality) is a matter of great concern in the new 
millennium. Over the past half century, there has been a growing trend toward 
delayed motherhood in the developed countries. In 2019, 29.4 years was the mean 
age of women at birth of the first child in European Union. The lowest mean age at 
birth of the first child was observed in Bulgaria (26.3  years), while the highest 
values were found in Italy (31.3 years) [1].

Postponement of parenthood has decreased the total fertility rates in almost all 
the European countries, with a mean fertility rate per woman of 1.53  in 2019 
(ranging from 1.86 live births per woman in France to less than 1.3 in Italy, Spain, 
and Malta). Overall, the number of live births in Europe has decreased by 50% 
approximately, in the last 50 years. In parallel to the decreased global fertility rates, 
the chance of a couple remaining involuntarily childless has dramatically increased. 
A systematic analysis of 277 health surveys conducted by the World Health 
Organization (WHO) found that 25% of couples were affected by infertility in 2012 
[2]. Infertility is defined as “the failure to achieve a pregnancy after 12 months or 
more of regular unprotected sexual intercourse.” The rise in infertility has been 
accompanied by the rapid diffusion of assisted reproductive technologies (ARTs) 
worldwide. Over 9 million in vitro fertilization (IVF) children have been born, and 
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over 2.5 million cycles are performed annually, resulting in over 500,000 deliveries 
every year. Although ARTs have an increasing contribution to the overall birth rate, 
they can only partially compensate for the drop in fertility rates in the developed 
countries [2].

The risk of infertility increases with advancing age. The relationship between 
age and fertility is particularly significant for the female gender, in which a decline 
in fertility occurs early. By the age of 30, female fertility starts to decline. The 
decline becomes more rapid once women reach their mid-30s. By the age of 45, the 
majority of women are infertile. The key reasons for age-related infertility include 
reduced number and competence of oocytes due to aging insults, resulting in a 
higher risk of embryo aneuploidies. With respect to males, a significant reduction of 
fertility is described around the age of 40–45 years, mainly due to worsening of 
sperm number and motility. Therefore, in general, increasing parental age reduces 
the overall chances of pregnancy and increases the risk of spontaneous miscarriage [3].

In addition to parental age, there are many causes of infertility including female 
factors (e.g., ovulation disorders, tubal disease, endometriosis, uterine abnormalities, 
and reduced ovarian reserve) and male problems (e.g., varicocele, obstructive 
disorders, and testicle insufficiency), while 20–30% of cases are idiopathic [4]. 
With respect to age-independent infertility factors, an alarming phenomenon was 
recently described in males, also defined as “the male infertility crisis.” Such a crisis 
refers to a steady annual decline of 1.4% in sperm counts from 1970 (with an overall 
decline of 52.4% in the last 40 years) to date. The causes of this phenomenon are 
partly unexplained. However, it is a common belief among scientists that some 
environmental factors may have played a role in determining a general worsening of 
human reproductive health.

Environmental pollutants are chemical, biological, and physical substances 
introduced in the environment as a result of human activities. The short- and long- 
term effects of these substances on human reproduction are a present matter of 
concern, especially in the developed countries. Several mechanisms may be involved 
in reproductive damage caused by environmental pollutants including hormone- 
mediated effects, oxidative stress, and direct genetic damage. In this chapter, we 
introduce the most relevant aspects inherent to the relationship between environment 
pollutants and human reproductive health.

4.1.2  Environmental Pollutants

Environmental pollution is the contamination of the environment (air, water, and 
land) with substances originated from man’s activities such as urbanization, 
industrialization, mining, and exploration. It represents the world’s greatest problem 
faced by humans and a major cause of human morbidity and mortality. According 
to the recent analyses, environmental pollution may account for 9 million deaths 
each year worldwide.

R. Marci et al.



77

Over the last decades, numerous environmental pollutants were established as 
potential risk factors for various acute and chronic diseases in humans. Although the 
pathogenic effects of pollutants are often evaluated individually, their action is 
simultaneous and cumulative if one considers the countless possible sources of 
exposure [5].

The detrimental effects of pollutants on human fertility are supposed to vary 
based on the age of the exposed subject. Theoretically, the earlier the exposure (i.e., 
from intrauterine life to adolescence), the greater the resulting reproductive damage. 
However, the adults are not exempt from sequelae.

In addition, as an individual’s intensity of exposure increases, so the severity of 
the damage will increase.

The mechanisms of interaction between pollutants and reproductive health can 
be academically divided into three classes:

 1. Endocrine-disrupting chemicals (EDCs): The EDCs are “exogenous chemicals, 
or mixture of chemicals, that interfere with any aspect of hormone action.” This 
action can be distinguished in transitory or permanent depending on the time of 
exposure. This mechanism is typical of polycyclic aromatic hydrocarbons 
(PAHs) and heavy metals (Cu, Pb, Zn, etc.) contained in particulate matter (PM), 
especially from diesel exhaust. EDCs can influence ovarian reserve by acting 
mainly on the aryl hydrocarbon receptor (AhR) or estrogen receptors (ERs). 
After binding the exogenous ligand, AhR translocates toward the nucleus; it 
associates with a nuclear receptor and is able to bind to DNA sequences and 
modulate gene transcription. AhR induces Bax synthesis, namely a proapoptotic 
factor contributing to follicular atresia [6]. In addition, diesel exhaust particles 
contain substances with estrogenic, antiestrogenic, and antiandrogenic activities 
that can affect gonadal steroidogenesis and gametogenesis. ERs play a crucial 
role during the early phase of folliculogenesis in humans, as they are increasingly 
expressed from the primordial stage onward [7]. Moreover, they are consistently 
expressed by oocytes in human fetal ovaries whatever the follicular stage [8]. In 
different mammals, estrogens can interfere with primordial follicle formation: in 
a positive manner in primates and bovines and in a negative manner in mice [8].

 2. Induction of oxidative stress: Reactive oxygen species (ROSs) are normally bal-
anced in the organism. However, in case of augmented ROS production or 
reduced ROS metabolism, oxidative stress occurs. In this situation, the ovarian 
function can be negatively influenced, because ROS may lead to antral follicle 
apoptosis [9]. In this respect, solid data found that oxidative stress markers are 
increased in patients with primary ovarian insufficiency (POI) syndrome [10]. 
This mechanism is demonstrated for nitrogen oxide (NO2), ozone (O3), or PM 
(through the heavy metals and PAHs they contain) pollutant.

 3. Modifications of DNA: Molecules can create alterations to the DNA chain 
through the formation of DNA adducts. This type of interaction can lead to 
modifications in gene expression. Moreover, the exposure to pollutants could 
cause epigenetic modifications on the three-dimensional DNA structure, due to 
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alterations in DNA methylation. If these modifications affect the germ line in a 
nonmodifiable way, the mutation will be transmitted to the offspring [11].

4.1.2.1  Air Pollution

Air pollution has been considered for decades as a cause of concern for human fer-
tility. Particulate matter (PM) and ground-level ozone (O3) are Europe’s most trou-
bling pollutants, followed by benzo(a)pyrene (BaP). The main sources of these 
pollutants are transport and energy chains followed by the industries. The correlation 
between PM levels in the atmosphere and infertility has been largely investigated. It 
was found that every increase of 10 μg/m3 in PM2.5 concentration was associated 
with a 22% fecundability decrease (95% confidence interval [CI] = 6–35%) [12]. A 
further confirmation comes from an observational study with over 36,000 nurses, 
which showed a direct association between infertility and the proximity of residence 
to a main road. Hazard ratio (HR) for infertility when living close to major roads 
compared with farther was 1.11 (CI = 1.02–1.20). The authors therefore concluded 
that air pollution has a potentially harmful effect on fertility. In addition, the HR for 
every 10  μg/m3 increase in cumulative PM2.5–10 among women with primary 
infertility was 1.10 (CI = 0.96–1.27), and similarly, it was 1.10 (CI: 0.94–1.28) for 
those with secondary infertility [13].

4.1.2.2  Polycyclic Aromatic Hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a class of common environmental 
pollutants found in water, air, soil, and plants. They can be released by the natural 
sources; however, the vast majority derives from vehicular emissions, coal-burning 
plants, and the production and use of petroleum-derived substances. Exposure to 
PAHs has been associated with the onset of cancer and other diseases, including 
infertility. Their deleterious action on female reproductive system comes from their 
ability to interact with the pituitary–ovarian axis, causing alterations on the ovarian 
physiology and function [14].

4.1.2.3  Pesticides

Pesticides have wide applications in agriculture, especially with growing mass pro-
duction for commercial export. At toxic doses, they cause oxidative stress due to a 
direct damage to antioxidant defense system. These substances have been associ-
ated with a variety of reproductive issues in males (e.g., germ cell apoptosis, hypo-
testosteronemia, and asthenozoospermia) and females (e.g., oligoanovulation, 
impaired folliculogenesis, follicular atresia, implantation defects, and endometriosis) 
and with obstetrical complications including spontaneous abortions and fetal 
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malformations. For all these reasons, which will be extensively debated, pesticides 
directly affect fertility and reproductive physiology of the organism [15].

4.1.2.4  Parabens

Parabens are chemical substances used as preservatives in foods, cosmetics, and 
pharmaceutical products. These substances are endocrine disruptors that mainly act 
by mimicking the sex hormones, resulting in reproductive imbalance in both males 
and females [16]. In males, parabens were shown to affect total sperm count, semen 
motility, and morphology. In females, toxic exposure to parabens (as assessed 
through an increase in urinary propylparaben) was associated with short menstrual 
cycle length, low antral follicle count, and high cycle Day 3 follicle-stimulating 
hormone (FSH) level. Low antral follicle count and high FSH levels are markers of 
diminished ovarian reserve and reduced success rates of fertility treatments [17]. 
Other studies showed a variety of hormonal abnormalities after parabens exposure. 
In particular, increased levels of butylparaben were associated with lower levels of 
endogenous estradiol levels, altered thyroid hormone levels, and shifts in estradiol/
progesterone ratios in women [18].

4.1.2.5  Perfluorooctanesulfonate (PFOS)/Perfluorooctanoate (PFOA)

Perfluorinated chemicals are substances widely used in everyday items such as food 
packaging, pesticides, clothing, upholstery, carpets, and personal care products. 
They have been extensively studied, and recent findings led to the acquaintance that 
they could be associated with infertility in women and men.

It was found that women who had higher levels of perfluorooctanoate (PFOA) 
and perfluorooctanesulfonate (PFOS) in their blood took longer to achieve a 
pregnancy than women with lower levels. The researchers divided the women’s 
levels of PFOS/PFOA into four quartiles and found that, compared with women 
with the lowest levels of exposure, the likelihood of infertility increased by 70–134% 
for women in the higher three quartiles of PFOS exposure and by 60–154% for 
women in the higher three quartiles of PFOA exposure [19]. In men, the recent 
studies have suggested that PFOA/PFOS exposure can lead to hypotestosteronemia 
and reduction in semen quality.

The PFOS/PFOA role in male and female infertility is now under the spotlight, 
deserving an appropriate discussion in a later section.

Considering the wide distribution of different pollutant molecules in the environ-
ment and the difficulty in approaching their debate, we consider eligible an aca-
demic and a systematic approach. For this reason, here we present two main 
examples of environmental pollutants and how they could affect human 
reproductive health.

4 Introduction to Environmental Pollutants and Human Reproduction



80

4.1.3  A Striking Example: The Role of Bisphenol

Bisphenol-A, 2,2-bis(4-hydroxyphenyl) propane (BPA), is one of the most investi-
gated bisphenols. It is largely found in polycarbonate resin mainly used for plastic 
bags, bottles, baby battles and packaging, coated tins, particularly food and drink 
cans, and microwave ovenware. More than 90% of the overall exposure to BPA is 
diet being it a constituent of food containers and packaging, because it can leach 
into food products, especially after heating. The exposure to BPA occurring through 
the dermal absorption by the handling of thermal paper or by the application of 
cosmetics, together with air inhalation and dust and dental material ingestion, rep-
resents only the 5% of BPA exposure [20, 21]. In accordance with the Chapel Hill 
BPA consensus statement, “low BPA doses” have been considered in human epide-
miological studies below the reference dose of tolerable daily intake (TDI), corre-
sponding to 0.05 mg/kg (50 μg/kg) body weight/day as established by the United 
States Environmental Protection Agency (EPA). According to the World Health 
Organization (WHO) and the Food and Agriculture Organization (FAO) of the 
United Nations, in Europe, it has been estimated that BPA daily intake is around 
0.2 μg/kg bw/day in breast-fed babies and around 11 g/kg bw/day in formula-fed 
babies for which feeding polycarbonate bottles were used. The estimated daily 
intake for adults is around 1.5 g/kg bw/day [20, 21].

4.1.3.1  Bisphenol Pathophysiological Impact

BPA acts through a dual mechanism. First, it acts as endocrine-disrupting chemical, 
thus affecting hormone synthesis, metabolism, and function [22]. In several in vivo 
and in vitro studies, it has been demonstrated the high affinity of bisphenol-A for 
estrogen receptors (ERs), having an estrogen-mimicking behavior and consequently 
stimulating estrogen function [20, 21, 23]. Therefore, BPA has been supposed to be 
involved in many diseases of female reproductive system [24, 25], due to its property 
to stimulate ER-dependent gene expression involved in the pathophysiology of 
female reproductive system [26–29]. Indeed, BPA has a conformational structure 
that confers the ability to bind both ER alpha (ERα) and ER beta (ERβ), although, 
according to the in vivo models, the affinity of BPA for ER is 1000-fold to 10,000- 
fold less than the affinity of 17β-estradiol (E2) [30].

Second, BPA has a slow action on genomic pathways interacting with nuclear 
ER and regulating several gene expressions; in addition, BPA has a rapid action 
through nongenomic pathways, activating, for example, the kinase signaling 
cascades or modulating the calcium flux through the cell’s walls [31]. Genomic and 
nongenomic mechanisms can be triggered by the low- and high-dose exposure of 
BPA [32].

Taking together these modalities of action, BPA has a different effect if the expo-
sure occurs during prenatal, perinatal, or postnatal period. Deleterious effects are 
more critical during perinatal exposure, causing dysregulation of hypothalamic–
pituitary–ovarian (HPO) axis in babies and adults, with a precocious maturation of 
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the axis through a damage of gonadotropin-releasing hormone (GnRH) pulsatility, 
gonadotropin signaling, and sex steroid hormone production. Further, a transmis-
sion from the pregnant woman to the developing fetus or child through the placenta 
and breast milk (during gestation and lactation) was also demonstrated, causing 
BPA-related diseases [33, 34].

4.1.3.2  Bisphenol A and Infertility

Increasing evidence has suggested that BPA might contribute to the pathogenesis 
of female and male infertility. The hypothetical impact of BPA on natural con-
ception has been investigated in several observational studies [6, 35–37]. The 
number of subjects with detectable BPA levels (limit of detection [LOD] of 
assay: 0.5 ng/mL) was higher in infertile than in fertile women [6] and above all 
in infertile women who live in metropolitan areas [36]. Humans and rodents 
share the same regulation of reproductive system by the hypothalamic–pituitary–
ovarian (HPO) axis. Hypothalamus releases gonadotropin-releasing hormone 
(GnRH) in rhythmic pulses; the pituitary gland secretes follicle-stimulating hor-
mone (FSH) and luteinizing hormone (LH); the ovary releases sex hormones, 
including estradiol and progesterone, controlling the function of reproductive 
system. Most studies were performed on rat models with variation regarding to 
the exact timing of toxic exposure during their development. The findings of 
studies conducted on animal models pointed out that the deleterious effect of 
BPA could vary depending on doses, administration route, window of exposure, 
and animal models.

Morphological and functional changes in the reproductive system due to BPA 
can impair female fertility. BPA is able to inhibit androgen function by binding 
androgen receptors (ARs) [38], resulting in altered ovarian steroidogenesis [39–44] 
and folliculogenesis [41, 45, 46]. Moreover, BPA can influence endometrial 
receptivity, resulting in impaired embryo implantation [47–50].

Males are not exempt from reproductive damage due to BPA. In the postpubertal 
male, BPA is able to interfere with sex hormone synthesis, expression, and function 
of the respective receptors, resulting in reduced libido and ejaculatory defects. The 
effects are more detrimental during in utero exposure, as BPA was found to cause a 
variety of defects including feminization, atrophy of testes and epididymis, increased 
prostate size, and alteration of adult sperm parameters.

The Reproductive Organ Impairment in Females

The effects of BPA on ovarian, oviduct, and uterus morphology and functions in 
humans are still unclear, although different authors suggested that BPA exposure 
can affect in utero morphogenesis and the reproductive function in adults. Most of 
the experimental studies have been performed on mice; for both humans and 
rodents, the ovarian development is a dynamic process consisting in the growth of 
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the ovary and establishment of the finite pool of primordial follicles, occurring 
predominantly during the embryonic period [51]. The functional alterations of 
ovary, which can be the cause or consequence of alterations of ovarian morphology, 
include mainly the impairment of folliculogenesis, beyond the impairment of 
steroidogenesis and sex hormones production.

The BPA action on the ovary and on the sex hormone secretion has been investi-
gated in female pups and adult animals during different phases of the estrus cycle. 
Indeed, in rat and mouse female offspring perinatally, prenatally, and postnatally 
exposed to oral, gavage, and subcutaneous administration of low and high BPA 
doses, increased circulating E2 levels have been recorded [40, 42, 52, 53]. In addi-
tion to the regulation of sex hormone synthesis, the exposure to low BPA doses 
increased messenger and protein expression of FSH receptor (FSHR) too in the 
ovarian tissue of female adult rats [54].

The Folliculogenesis Impairment

BPA may interfere with multiple molecular processes and pathways involved in fol-
liculogenesis. Indeed, it has been shown that BPA enhances ER messenger expres-
sion in ovary and, through the binding to ER, induces epigenetic modifications, in 
particular DNA hypomethylation, of genes involved in oocyte maturation, with a 
consequent acceleration of the transformation of the primordial to primary follicles 
[55]. The administration of low BPA doses in ovaries explanted from mouse female 
pups inhibited germ cell nest breakdown and enhanced primordial follicle 
recruitment, by decreasing the expression of Ki-67, Fas, Bac, Bax, and Caspase 3 
and 8; increasing the expression of Bcl2; and activating phosphoinositide-3-kinase 
(PI3K)/Akt pathway. Low BPA doses accelerated follicle development with an 
increase in antral follicle growth [46], while high BPA doses selectively inhibited 
antral follicle growth [42, 45, 56]. Low BPA doses’ effects on antral follicles were 
found to be associated with high methylation level of several maternally and 
paternally imprinted genes [46], whereas high BPA doses’ effects on antral follicles 
were found to be mediated by interference with the expression of genes involved in 
cell cycle progression (increased expression of cyclin-dependent kinase 4 (CDK4) 
and cyclin E1 (CCNE1) and decreased expression of cyclin D2 (CCND2), and 
apoptosis (increased expression of p53, Bcl-2, and Bax) [57].

However, the disruption of folliculogenesis seems to be a reversible process 
depending on the timing of BPA exposure. Indeed, when BPA exposure occurs in 
adults, the damage appears to be transient (with a reduction in the number of antral 
follicles), but a restoration of pre-exposure conditions few weeks later is generally 
observed. On the contrary, when the exposure to BPA occurs during the postnatal 
period, a persistent disruption of folliculogenesis is noticed (i.e., a decreased number 
of primordial follicles and an increased number of atretic follicles persisting in 
adulthood) [58]. Alarmingly, a recent study on a cohort of women undergoing IVF 
reported that higher urinary BPA levels were associated with lower antral follicle 
count, raising concerns for a possible accelerated follicle loss [59].
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The Altered Embryo Implantation

Experimental ex vivo studies on uterus confirmed that exposure to BPA affected 
uterine function, particularly interfering with uterine receptivity and embryo 
implantation. An ex vivo study, conducted on uterus of female adult mice treated 
with BPA in the first 3 days of pregnancy, demonstrated that high BPA doses delayed 
the transfer of embryos to the uterus, damaged blastocyst development before 
implantation, and inhibited embryo implantation. Regarding the putative mechanism, 
high BPA dose exposure induces a dose-dependent increase of endothelial nitric 
oxide synthase (eNOS) protein expression in trophoblast cells, the cells forming the 
outer layer of a blastocyst, with a consequent induction of excess nitrogen monoxide 
(NO), which might represent one of the causal factors involved in embryo implanta-
tion [47].

Unfavorable embryo implantation was also observed in female adult mice 
exposed to low BPA dose treatment, in which ex vivo analysis of uterus showed 
reduced decidual cells surrounding the attached embryo and an increased percentage 
of intrauterine hemorrhage, due to the shedding and collapse of the endometrium [55].

The impairment of uterine receptivity and the unfavorable embryo implantation 
can be addressed by the BPA capability to increase uterine luminal area, enhancing 
the uterine luminal epithelial cell height, and capability to affect E2 and heart and 
neural crest derivatives expressed 2 (P/HAND2) pathways [56]. Indeed, BPA- 
exposed uterine epithelial and stromal tissues showed a marked suppression of E2 
and P receptor expression and P receptor downstream target gene, HAND2. These 
factors enhance the activation of fibroblast growth factor and mitogen-activated 
protein kinase (MAPK) signaling in the epithelium, thus contributing to aberrant 
proliferation, lack of uterine receptivity, and impaired embryo implantation [47–50].

In conclusion, prenatal, perinatal, and postnatal BPA exposure may influence the 
following: (1) ovarian development, by reducing the breakdown of germ cell nest, 
as a consequence of deregulated expression of apoptotic genes; (2) oviduct 
morphology; (3) folliculogenesis, by downregulating the expression of cell cycle 
regulatory genes and steroidogenic enzymes, leading to increased follicle apoptosis 
and premature ovarian insufficiency; and (4) uterine receptivity and embryo 
implantation.

4.1.3.3  To Strengthen the Concept: The Role of Phthalates

Phthalates are chemical substances that are mainly used as plasticizers in disposable 
and non-disposable products. Since their widespread use in factories and 
environment, knowledge on their potential effects on human health is of paramount 
importance. Notably, different disorders were described in connection to phthalates 
exposure, including infertility [60].

Chemically, phthalates are esters of 1,2-benzene dicarboxylic acid with a struc-
ture that varies according to the number of side chains. Side chains can be com-
posed by dialkyl, alkyl, or aryl groups. Physically, phthalates are colorless, oily, and 
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odorless substances, with a low solubility in water, which is inversely correlated to 
the chain length. Conversely, phthalic acid derivatives are more soluble in organic 
solvents [60–62].

Regarding their role in human pathology, phthalates are classified as endocrine 
disruptors (EDs), namely specific substances hampering the hormonal balance in 
males and females. Regarding males, phthalates can affect their reproductive 
function with different mechanisms. First, they can interfere with male reproductive 
system development [63]. Second, they can induce testicular dysgenesis syndrome 
(TDS) being responsible for decreased testis weight, spermatogenesis dysfunction, 
and external genital malformations (shortened anogenital distance, hypospadias, 
and cryptorchidism) [64]. Third, they can be responsible for male puberty 
dysfunction [65]. Fourth, phthalates can induce cancer in male reproductive 
organs [66].

In females, a putative negative effect of phthalates on ovarian function has been 
hypothesized. Studies on mice showed a considerable reduction of antral follicle 
development [67] after phthalate exposure, up to follicle exhaustion and premature 
ovarian failure (POF). Perhaps, the antiestrogenic activity of phthalates may be 
involved in POF [68]. When the exposure occurs in postnatal age, the natural onset 
of female puberty can be anticipated or delayed [69, 70]. In addition, exposure to 
phthalate during pregnancy may somehow result in spontaneous miscarriage and 
other obstetric complications [71]. Finally, also in women, a role of phthalates in 
carcinogenesis of the genital tract cannot be excluded [72].
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