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Abstract

Introduction—Exposure to endocrine disrupting chemicals (EDCs) has recently been linked to
declining fertility in men in both developed and developing countries. Since many EDCs possess
intrinsic estrogenic or androgenic activities, thus, the gonad is one of the major targets of EDCs.

Areas covered—For the past 2 decades, studies found in the literature regarding the disruptive
effects of these EDCs on reproductive function in human males and also rodents were mostly
focused on oxidative stress-induced germ cell apoptosis, disruption of steroidogenesis, abnormal
sperm production and disruption of spermatogenesis in particular cell adhesion function and the
blood-testis-barrier (BTB) function. Herein, we highlight recent findings in the field illustrating
testis-specific proteins are also targets of EDCs.

Expert opinion—This information should be helpful in developing better therapeutic approach
to manage ECD-induced reproductive toxicity. This information is also helpful to identify
potential targets for male contraceptive development.
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1. Introduction

Infertility affects about 15% of the married couples, among these, ~ 50% of the cases are
contributed by reproductive dysfunction in men, and infertility is an emerging health issue
after cancer and cardiovascular diseases across the world [1-3]. Generally, male factors that
lead to infertility amongst married couples are either congenital, acquired or idiopathic,
some of them are reversible and treatable [3,4]. Recent studies have shown that exposure to
environmental toxicants is one of the major causes of idiopathic male infertility [5,6]. Some
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of the environmental toxicants are capable of disrupting endocrine systems in both humans
and rodents and designed endocrine disrupting chemicals (EDCs). According to the US
Environmental Protection Agency (EPA) at www.epa.gov/endocrine/, an EDC is defined as
‘an exogenous agent that interferes with the synthesis, secretion, transport, metabolism,
binding, action or elimination of natural hormones in the body that are responsible for the
maintenance of homeostasis, reproduction, development and/or behavior’. EDCs exert their
effects primarily through nuclear hormone receptors such as estrogen receptor, androgen
receptor and thyroid receptor, and/or through non-nuclear hormone receptor pathways such
as orphan receptor and enzymatic pathways involving in steroidogenesis and metabolism
[7]. As the result of industrial activities, many of these chemicals are now part of the food
chain. For instance, phthalates and bisphenol A (BPA) used as plasticizers and plastic
monomers that give polyvinyl chloride (PVC) its fluidity to improve flexibility and
durability are found to leach out gradually over time from bottles and containers used by
consumers. Organochlorine insecticide dichlorodiphenyltrichloroethane (DDT) synthesized
in 1874 to control malaria and typhus has also contaminated our environment since then. A
significant reduction of sperm quality in US veterans after exposure to dioxin was first
reported in 1990 [8]. In short, EDCs are now detected in body fluids in humans, drinking
water, food supplies, cosmetics and household products and textiles. Unfortunately, some of
these toxicants (e.g., cadmium) have exceedingly long half-life, posing potential harmful
events due to their gradual build-up in organs over time (Table 1). Most of the EDCs target
the liver, kidneys, thyroid and testes. Males appear to be more susceptible to the adverse
effect of EDCs versus females since most of the EDCs are anti-androgenic. For instance,
BPA and cadmium are estrogenic while phthalates are anti-androgenic compounds [9-11].

In humans, development of the male reproductive system begins at ~ 7-week of pregnancy
which continues until puberty at ~ 12 — 13 years of age, primarily mediated by the testicular
hormones and hormones released at the hypothalamic-pituitary-testicular axis (HPT) [12],
which in turn regulate Leydig and Sertoli cell function. It is noted that Leydig cells produce
testosterone through steroidogenesis, whereas Sertoli cells release paracrine/autocrine
factors (e.g., cytokines) and hormones (e.g., estrogen, inhibin, activin, follistatin) in the
testis that support germ cell maturation. Although spermatogenesis begins at puberty, a
series of events that take place during the prenatal, early postnatal and prepubertal stages are
essential to prepare for the initiation of spermatogenesis (Figure 1). Spermatogenesis is
tightly regulated by the HPT axis in mammals, which is sensitive to internal hormone
fluctuations and external stimuli mediated by drugs, radiation, toxicants and development
[13-16]. Human epidemiological studies also suggest a link between toxicant exposure and
reduced fertility as manifested by reduced sperm count and sperm motility among men
following toxicant exposure [17,18], implying these toxicants may disrupt germ cell
maturation and/or adhesion. Low sperm count may also be related to an increase in exposure
of men to estrogenic, anti-estrogenic or anti-androgenic chemicals, which exert their effects
by mimicking naturally occurring steroids, affecting the expression of various receptors
and/or activation/inhibition of sex hormone biosynthesis along the HPT axis as well as in the
testis [19]. For instance, molecular signaling cascades were shown to be activated or
inhibited following exposure of male rodents to EDCs, perturbing gene transcription and/or
cell apoptosis. Herein, we summarize recent findings on the testis-specific targets commonly
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disrupted by EDCs. In this review, we limit our discussion on the impact of EDCs on
spermatogenesis from the onset of pubertal to adult animals, including humans except for a
few examples illustrated in Tables 2 and 3 regarding the effects of EDCs on Leydig cell
function in immature and mature rodents, since cellular targets in fetal testes are different
from adult animals. We divide our discussion into four topics in the sections below.

2. Impact of EDCs on hormone dialogue: from HPG axis to testosterone

action in the testis

2.1 Introduction

Puberty in humans and rodents is a neurologically initiated event that begins with the
secretion of GnRH (gonadotropin-releasing hormone) from the hypothalamus under the
influence of kisspeptin on GnRH neurons, which in turn stimulates the pituitary
gonadotropins luteinizing hormone (LH) and follicle stimulating hormone (FSH) synthesis
and secretion [20,21]. LH receptors are restricted to Leydig cells whereas FSH receptors are
limited to Sertoli cells in the testis. Binding of LH onto its receptor in Leydig cells stimulate
testosterone biosynthesis through steroidogenesis. Testosterone in turn initiates the onset of
spermatogenesis at puberty and also regulates germ cell development through
spermatogenesis. Gonadal steroidogenesis begins with signal transduction on stimulation by
binding LH onto its G-protein-coupled LH receptor at the cell surface, which interacts with
adenylate cyclase (AC) to increase intracellular cyclic AMP. Cyclic AMP then stimulates
the protein kinase A to initiate cholesterol biosynthesis and transport. This activation of
cAMP response element binding (CREB) protein and the subsequence transcription of
downstream steroidogenic enzymes is the hallmark in steroid biogenesis [22]. The first and
rate-limiting step of steroidogenesis is the transport of cholesterol from outer to inner
mitochondrial membrane by the steroidogenic acute regulatory protein (StAR) (Figure 2). In
the inner mitochondrial membrane, cytochrome P450 side-chain cleavage (P450scc)
converts cholesterol to pregnenolone and it was further catalyzed into progesterone, and
rostenedione and testosterone by 3p-hydroxysteroid dehydrogenase (3-HSD), cytochrome
P450 17A (CYP17A) and 17B-hydroxysteroid dehydrogenase (173-HSD), respectively
(Figure 2). Testosterone can be further converted to estrogen by the enzyme cytochrome
P450 aromatase (AROM) (Figure 2). Expression of these enzymes and their intrinsic
activities thus determine the bioavailability of steroid hormones and thereby the
physiological outcomes in sperm production and fertility. In fact, these testis-specific
enzymes are known to be the targets of multiple EDCs (Figure 2) [23,24].

2.2 Multiple steroidogenesis regulatory pathways in Leydig cells are the target of EDCs

Leydig cell steroidogenesis is one of the primary targets of EDCs. Perfluorinated
compounds (PFCs), such as perfluorooctanoic acid (PFOA), perfluorooctane sulfonate
(PFOS), perflorododecanoic acid (PFDOA), perfluorodecanoic acid (PFDA) and
perfluoronanoic acid (PFNA) were shown to reduce serum testosterone level in rodents and
also in spent medium of Leydig cells cultured in vitro (Figure 2) [25-27]. PFOS was also
shown to down-regulate LH receptor gene expression without affecting pituitary LH mRNA
levels in adult mice, suggesting disruptive effects of PFOS on LH receptor expression but
not LH per se[27]. Similar effects were also reported in cadmium and lead treated rodents
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[28,29]. Tables 2 and 3 summarize effects of different EDCs on Leydig cell function in adult
and immature rodents, respectively. In this context, it is of interest to note that any person is
likely exposed to a variety of toxicants at any given time, exposure to a mixture of anti-
androgens can also lead to a cumulative and dose-additive effect because of the relatively
long half-life despite they mediate their effects through diverse mechanism of actions versus
exposure to just a single toxicant at a time [30,31]. Thus, it is likely that we may
underestimate the risks by exposing ourselves to multiple environmental toxicants even if
they are present at relevant acceptable doses versus a single compound. Furthermore, recent
studies have shown that ECD-induced endocrine disruptive effects, such as phthalates, in the
fetal testis are species-specific [32] as shown in selected examples summarized in Tables 2
and 3. Besides aromatic EDCs, which are structurally similar to naturally occurring steroid
hormones, heavy metals (e.g., cadmium, mercury and lead) also disrupt testicular steroid
metabolism by inhibiting steroidogenic enzymatic activities (Figure 2) [33,34].

Besides testosterone, thyroid hormone released from the thyroid gland is also important for
growth and development of the testis. In the testis, triiodothyronine (T3) transport into
testicular cells (e.g., Leydig cells) through its transporter, once inside the cell, they bind to
the retinoid X receptor/thyroid receptor (RXR/TR) to form heterodimer which induces
transcription of steroidogenic factor-1 (SF-1) and subsequent up-regulates StAR gene
(Figure 2) [35]. Recent human epidemiological study revealed that phthalates (and their
metabolites), BPA and cadmium displayed an inverse relationship with thyroid hormone
status in men [36]. Furthermore, thyroid hormone also modulates Leydig cell differentiation
and steroidogenesis [37], implying that exposure to EDCs may affect steroidogenesis
through their effects on thyroid hormone homeostasis. Other than thyroid hormone, a
systematic and localized hormone, insulin-like growth factor-1 (IGF-1), which acts on IGF-1
receptor (IGF-1r) can also stimulate steroid hormone synthesis and StAR expression in
Leydig cells. Studies in rodents have shown that PFOS inhibited IGF-1 and down-regulated
its receptor expression in both the liver and the testis [27]. Other than the disruptive effects
on the expression of steroidogenic enzymes, IGF-1 is also an anti-apoptotic factor for
Leydig and Sertoli cells [38,39]. Furthermore, many EDCs, such as BPA, phthalates and
PFCs, are known activators of peroxisome proliferator activated receptors (PPARS), which
induced down-regulation of translocator protein (TSPO, former called peripheral-type
benzodiazepine receptor) expression [7,40]. TSPO is a cholesterol-binding protein located in
the outer mitochondrial membrane for steroid hormone biosynthesis. It interacts with StAR,
and it requires for the binding, uptake and release of cholesterol from cytosol to the
mitochondrion upon ligand stimulation [41]. These effects thus affect the rate-limiting step
(i.e., transportation of precursor cholesterol into the inner mitochondrial membrane) of
steroidogenesis, regulating testosterone production. Testosterone is the dominant male
androgen. It is essential for male sexual development, initiation and maintenance of
spermatogenesis. In addition, testosterone is not only an endocrine hormone that regulates
male sexual organ development and to maintain testicular function in adulthood, it also
regulates paracrine signaling in Sertoli cells to initiate and to maintain spermatogenesis.
Figure 2 summarizes some of the likely target sites of EDCs in Leydig cells. In short,
Leydig cell steroidogenesis is one of the most important targets of EDCs in mammals.
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3. Impact of EDCs on sperm production in the testis through their effects

on Sertoli and germ cells

The ultimate goal of spermatogenesis is the production of sperm for fertilization.
Spermatogenesis is a highly regulated process and takes place in the seminiferous tubule
where germ cells are nourished and supported by Sertoli cells, creating the seminiferous
epithelium. Sertoli cells are essential to germ cell development in several ways. Sertoli cells
provide the structural and nourishment support to developing germ cells, many of which are
metabolically quiescence cells, in particular after meiosis when genetic materials are
condensed and packed in the head of spermatids. Sertoli cells also secrete hormones (e.g.,
estrogen, inhibin), cytokines (e.g., TGF-Bs), paracrine/autocrine factors (e.g., IGF-1) and
proteins (e.g., transferrin, testin) necessary for germ cell development. Many of the signaling
functions that coordinate the events of germ cell development take place at the Sertoli-germ
cell interface, such as mediated by gap junctions [42]. Sertoli cells also confer immune
privilege status to the testis by secreting immunosuppressive biomolecules, and also create
the blood-testis-barrier (BTB) that anatomically divides the seminiferous epithelium into the
basal and the adluminal compartment. Additionally, Sertoli cells serve as the scavenger to
remove apoptotic germ cells and other cellular debris as they arise during spermatogenesis
through phagocytosis. Similar to the Leydig cell, EDCs also target the Sertoli cell,
disturbing hormone or protein secretions, inducing oxidative stress, blocking GJ
communications and damaging the BTB integrity, contributing to infertility [5,42-45].

3.1 EDC-induced disruption of the local hormonal/autocrine/paracrine microenvironment

in the testis

3.1.1 The somatotropic GH/IGF-1 axis—While testicular function is primarily
regulated by the HPT axis, however, the somatotropic GH (growth hormone)/IGF-1 (insulin-
like growth factor 1) axis is also an important functional axis that regulates reproductive
function through its effects on Leydig cells for the onset of spermatogenesis [46]. IGF-1 is
known to play a role in Sertoli cell proliferation and maturation, enhanced testicular
steroidogenesis and initiation of spermatogenesis [46]. Both Sertoli and Leydig cells
produce IGF-1 locally in the testis upon FSH and LH stimulation, respectively. Both
systemic and localized IGF-1 production can stimulate androgen production by Leydig cells
[46]. In addition, reduced IGF-1 and IGF-1 receptor (IGF-1r) expression promotes Sertoli
cell death [39], highlighting the important role of IGF-1. A recent study demonstrated the
inhibitory effect of PFOS exposure to male CD-1 mice on the expression of GH receptor,
IGF-1 and IGF-1r in the liver and the testis [27]. In addition, exposure of rats to dioxin
significantly reduced serum IGF-1 levels [47], illustrating EDCs induce systemic effects and
injury to the testis. In short, the somatotropic GH/IGF-1 axis is an emerging target of EDCs.

3.1.2 Sertoli cell peptide hormones—Hormonal peptides such as anti-Mullerian
hormone (AMH) and inhibin B are two Sertoli cell peptide hormones which are crucial to
testis development and are targets of EDCs. Studies in humans have reported a tight
relationship between various hormones and semen quality. For instance, semen quality
negatively correlated with gonadotropins, but positively correlated with thyroid hormone
and inhibin B levels [48]. Inhibin B is one of the peptide hormones secreted by Sertoli cells

Expert Opin Ther Targets. Author manuscript; available in PMC 2014 June 16.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Wan et al.

Page 6

to serve as a feedback loop to reduce FSH biosynthesis and secretion by the pituitary gland.
FSH promotes Sertoli cell function, increasing sperm count, sperm motility and
spermatogenic status. Exposure to PFOS reduced inhibin B expression in adult mice,
partially affected spermatogenesis that led to low sperm count. Exposure of male rats to
bisphenol AF (an analog of BPA) also increased serum levels of gonadotropins and reduced
the MRNA levels of testicular inhibin B [48]. Animal studies suggested that EDCs affected
normal spermatogenesis by inhibiting inhibin B synthesis at the transcriptional level. Recent
human studies demonstrated that the serum BPA level of infertile males was inversely
associated with inhibin B, androgen and TSH; while positively association with FSH and
FSH:inhibin B ratio [48,49]. Another human study also demonstrated that perinatal dioxin
exposure led to lowered inhibin B and elevated FSH level and reduced semen quality,
consistent with findings using BPA [50].

During the onset of puberty, testosterone plays a major role in initiating Sertoli cell
maturation, testosterone is also necessary to support spermatogenesis during adulthood.
Thus, proliferation and maturation of Sertoli cells is a downstream regulatory target of
Leydig cell steroidogenic function. Testosterone acts on androgen receptors (ARs), which
expressed exclusively in Sertoli cells in the testis since the onset of puberty [51]. Deletion of
Sertoli AR led to the meiotic arrest and failure in spermiogenesis [52,53]. Androgens, AR
and GnRH form a feedback regulatory loop that controls their normal physiological levels
[54]. Circulating androgens act on AR in GnRH neurons in the hypothalamus to suppress
GnRH secretion [55]. Any disruption of this axis produces both systemic and testicular
effects that perturb sperm production. In fact, it is known that human semen quality is
associated with the level of testicular androgen receptor and androgen sensitivity [56,57].
Under physiological conditions, testosterone produced by Leydig cells is bound and
maintained at high level in the lumen of seminiferous tubules by Sertoli cell-specific
androgen binding protein (ABP). High concentration of testosterone in the luminal fluid is
essential to spermatogenesis and maturation of sperm in the epididymis [58] since testicular
testosterone level is at least 100-fold higher than its level in the systemic circulation [59,60].
ABP production was stimulated by FSH and testosterone, which are the targets of many
EDCs since EDCs lower ABP synthesis and/or expression, thereby affecting sperm
maturation [61]. On the other hand, estrogen produced locally in the testis by Sertoli and
germ cells is equally important to normal sperm production process [62-64]. Estrogen
receptors are found in Sertoli and germ cells and they are crucial to spermatogenesis, in
particular spermiogenesis [63,65]. Exposure of rodents to estrogenic compounds, such as
BPA, dioxin and cadmium, that disrupts the homeostasis of estrogen in the
microenvironment of the testis can impede spermatogenesis. Biosynthesis of estrogen is
carried out by cytochrome P450 aromatase, which is responsible for the irreversibly
aromatization of androgens to estrogens. Other than Leydig cells, aromatization can also
take place in both Sertoli and germ cells, since both cell types express high level of
cytochrome P450 aromatase [63,66]. Overexpression of aromatase was found to induce
infertility and an increase in estrogen exposure also led to germ cell apoptosis [67,68],
suggesting the importance of estrogen in maintaining the relative ratio of Sertoli:germ cell at
~1:30 — 1:50 in the seminiferous epithelium [69]. Estrogen in the testis, similar to androgen,
may exert its effects through both genomic and non-genomic pathways. They can bind to
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estrogen receptors (ERa or ERp) which are then translocated to the nucleus to interact with
the estrogen responsive element (ERE) in multiple estrogen-dependent genes to activate
transcription (Figure 3). Other than genomic pathway, G-protein coupled receptor 30
(GPR30) agonist or estrogens may also bind to GPR30 to stimulate the activation of
secondary messengers or signaling cascades involving tyrosine kinase receptors and protein
kinases, such as IGF-1R, P13 kinase/Akt, MEK/ERK, PKA and PKC, and subsequent
stimulate gene transcription [70]. Figure 3 summaries some of events that take place in the
seminiferous epithelium mediated by steroid hormones, which are also the targets of EDCs.
Recent studies have shown that one of the functions of testosterone in the epithelium is to
maintain cell adhesion, such as Sertoli cell adhesion at the BTB and Sertoli-spermatid
adhesion in the apical ectoplasmic specialization (ES) [5,71-75]. Other studies have also
demonstrated the importance of testosterone and estrogen in maintaining spermiogenesis
[21,64]. This, thus, explains reduced sperm counts in rodents and men following exposure to
EDCs since a reduced testosterone in the intratesticular environment impedes germ cell
development and adhesion in the seminiferous epithelium.

In this context, it is noted that FSH receptors are integral membrane proteins restricted to the
Sertoli cell in the seminiferous epithelium [76,77], which is crucial to FSH function in the
testis. However, studies from the knockout mouse models and human data have shown that
suppression of FSH levels and signaling did not lead to male infertility even though FSH-
deficient males are having smaller testes versus the control mice [78-80]. Likewise, the
absence of inhibin beta B (also known as INHBB) does not alter male fertility and
spermatogenesis [81-83]. In fact, FSH and inhibin are now known to be the hormones that
fine-tune, but not essential to, spermatogenesis. Thus, it must be cautious about mechanistic
relationships of the EDCs to the true target that results in a phenotype in males in rodents
and humans, such as reduced sperm count and sperm quality. Since EDCs that affect the
serum levels of FSH and/or inhibin B may not necessarily impede testicular function,
instead, the noted phenotypes may be attributed entirely to a disruption of the Leydig cell,
rather than the Sertoli cell, and perhaps through other yet-to-be defined biomolecules or
cellular structures and/or signaling pathway(s).

4. Impact of EDCs on induction of reaction oxygen species

During spermatogenesis, apoptosis is crucial to maintain the number of germ cells in the
seminiferous tubule through both intrinsic and extrinsic pathways [84]. This is
physiologically necessary to maintain spermatogenesis since the number of Sertoli cells per
testis in adult animals and humans after puberty remains stable, as Sertoli cells in adult
males cease to divide [85]. Thus, each Sertoli cell in the rat testis was found to support ~ 30
— 50 developing germ cells [69,86]. Interestingly, an increase in testicular oxidative stress,
however, was found to increase cell apoptosis and subsequent hypospermatogenesis [87].
Oxidative stress induced by environmental toxicants has long been link to male infertility
[88]. In fact, many of the conditions which are known to have detrimental effects to male
reproductive system are due to an induction of oxidative stress [89]. Besides altering
hormonal changes, EDCs are also known to induce oxidative stress through a reduction of
antioxidant enzyme (e.g., superoxide dismutase, dismutase, catalase and glutathione
peroxidase) activities and/or an increase in lipid peroxidation [33,90-92]. In addition, EDC-
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induced oxidative stress was found to disrupt cell adhesion protein function between
testicular cells through the phosphorylation of phosphoinositide 3-kinase/c-Src/focal
adhesion kinase (PI13K/c-Src/FAK) signaling cascade [88]. An activation and
phosphorylation of FAK and polarity protein Par6 have recently shown to induce
internalization of tight junction and apical ES proteins, resulting in cell junction disruption
and a loss of cell-cell communications between Sertoli cells as well as between Sertoli cells
and spermatids [93,94]. Antioxidants can partially block some of these changes, illustrating
oxidative stress may contribute, at least in part, to testicular injury following EDC exposure
[95-98]. In fact, subfertile men caused by sperm DNA fragmentation can be therapeutically
corrected to have successful pregnancy after antioxidant therapy for at least 3 months [99],
suggesting oxidative stress plays a crucial role in male infertility, such as induced by EDCs,
and antioxidant therapy may be one of the possible treatments to male infertility.

5. Impact of EDCs on the BTB

During spermatogenesis, type B spermatogonia transform into preleptotene spermatocytes
residing in the basal compartment outside the BTB (Figure 4). However, preleptotene
spermatocytes connected in ‘clones’ through intercellular bridges must traverse the BTB to
enter the adluminal compartment while differentiate into zygotene and pachytene
spermatocytes to prepare for meiosis I/11. If this event is disrupted, this leads to a disruption
in spermatogenesis. For instance, it was shown that administration of non-steroidal
estrogenic diethylstilbestrol (DES), also an environmental toxicant, a synthetic non-steroidal
estrogen, and an EDC, to neonatal rats delayed the establishment of BTB by 4-week also
delayed the first wave of spermiation by the same time due to failure of spermatocytes to
enter meiosis [100]. Furthermore, treatment of neonatal rats with adjudin also delayed the
assembly of a functional BTB and the onset of meiosis [101]. Additionally, treatment of
adult rats with adjudin at approximately fivefold the normal dose which induced reversible
infertility was found to permanently damage the BTB, 250 versus 50 mg/kg b.w., and this
also led to irreversible infertility since these rats failed to reinitiate spermatogenesis, even
though the population of spermatogonia in this group of rats was relatively unaffected versus
normal rats or rats in the low-dose adjudin treated group [102]. In fact, cadmium is known to
induce irreversible BTB disruption [103-105], and fertility in these rats also failed to
rebound. Collectively, these findings illustrate that the BTB is a likely target of toxicants,
when it is exposed to toxicants in particular through an acute dose that leads to its permanent
damage, infertility will follow [106].

At present, the precise mechanism(s) by which cadmium disrupts BTB function is not
known, however, recent studies have shed new information regarding cadmium-induced
tissue barrier injury. It was shown that cadmium mediated its effects at cell junction through
E-cadherin [107,108]. Since E-cadherin is a Ca2*-dependent cell adhesion molecule, it is
likely that Cd2* competes with Ca2* to binding onto the E-cadherin [109], thereby altering
the function of E-cadherin and its cellular distribution at the cell-cell interface [110],
disrupting cell adhesion, thereby leading to tissue-barrier injury in the kidney and blood
vessels [111,112]. The reason that the BTB is even more susceptible to the endothelial tight
junction-barrier to cadmium toxicity is plausibly due to the unusual molecular layout of cell
adhesion molecules at the BTB. In other blood-tissue barriers, such as in the kidney and
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blood vessels, tight junctions “seal’ off the access of toxicants to crucial signal molecules
behind the blood-tissue barrier. In the testis, the BTB is composed of intermingled cell
junctions, namely tight junction, basal ES, gap junction and desmosome. Furthermore,
signaling molecules that are usually being seal-off from the toxicants, such as focal adhesion
kinase (FAK) is an integrated component of the occludin-ZO-1 complex [94,113], and they
are readily accessible by toxicants. Thus, it was shown that the disruption of the BTB
occurred prior to the disruption of the microvessels located in the interstitial space by as
much as ~ 14-h following a single dose of cadmium administration through i.p. [104,105].
Furthermore, FAK appears to be an important target of signal transduction during cadmium-
induced testis injury. For instance, it was shown that a knockdown of FAK by RNAi would
insensitize the Sertoli cells to cadmium-induced tight junction-permeability barrier
disruption [114], illustrating FAK can also be a therapeutic target to manage cadmium-
induced male infertility. A recent study has shown that the FAK isoform that confers BTB
integrity is p-FAK-Tyr407 however, overexpression of p-FAK-Tyr397 was found to perturb
the Sertoli cell tight junction function [115]. These data suggest that cadmium may exert its
effects by altering the homeostasis of these two isoforms of FAK at the BTB, thereby it can
rapidly disrupt the BTB function. More important, cadmium was recently shown to down-
regulate the expression of drug efflux transporters, such as P-glycoprotein at the Sertoli cell
BTB [116]. Taken collectively, these data illustrate that a short exposure of the testis to
cadmium can rapidly dismantle the entire molecular defense system in the testis in which
this toxicant can initially downregulate the expression of efflux drug transporters, making it
easily for the toxicant to enter the testis, reaching its molecular targets FAK and cadherins,
impeding cell adhesion function at the site, thereby disrupting spermatogenesis (Figure 4).

Besides cadmium, BPA was also shown to disrupt BTB function in rodents. However, the
BTB in adult rats was found to be very resistant to the disruptive effects of BPA, however,
exposure of immature rats to BPA at age 20 — 25 day postpartum (dpp) was found to delay
the assembly of the BTB [13], illustrating there is a narrow ‘window’ in the testis during
BTB development that is sensitive to BPA exposure. This disruptive effect may be related,
at least in part, to the half-life of BPA versus cadmium, at ~ 2-h versus ~ 20-year (Table 1).
The observation on the disruptive effects of BPA on the Sertoli cell BTB function in
immature rats reported from our laboratory [13] was consistent with another study published
in the same year in which neonatal rats exposed to BPA was shown to induce down-
regulation on the expression of connexin-43 at the Sertoli cell BTB in these rats, coupled
with an impairment on their fertility [117]. These finding, thus, support the notion that
developing BTB in rats is sensitive to BPA toxicity, and supporting the concept that the
BTB is crucial to spermatogenesis. Additionally, exposure of immature rodents to
plasticizers BPA and phthalates simultaneously was also found to down-regulate CX43
expression in Sertoli and Leydig cells [117,118]. Furthermore, using an in vitro model to
study BTB function in which Sertoli cells cultured in vitro established a functional tight
junction-permeability barrier which mimics the BTB in vivo, treatment of this Sertoli cell
epithelium by BPA was found to induce a transient disruption of the barrier function since
the removal of BPA could ‘reseal’ the disrupted barrier [13]. This disruptive effects of BPA
on the Sertoli cell tight junction function appeared to be mediated by a mis-localization of
BTB proteins connexin 43, ZO-1, N-cadherin and occludin, in which these proteins
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redistributed from the Sertoli cell—cell interface, and moved into the cell cytosol, thereby
destabilizing the tight junction-permeability barrier [13]. In short, these findings illustrate
that immature animals and perhaps children and infants are sensitive to BPA, and repeated
exposure to this toxicant, possibly including phthalates, can impair BTB function, affecting
fertility in adulthood as shown in animal studies.

6. Conclusion

Declining fertility or sperm quality in men has recently been linked to the exposure of
multiple environmental toxicants, which are found to interfere with the mammalian
endocrine system [119,120]. Human epidemiological studies have illustrated the possible
association between declining male sperm quality and exposure of men to environmental
pollutants [17,18,121,122]. Earlier studies revealed that nearly all the components of the
male reproductive tract are potential targets of EDCs. Some of them affect the HPT axis,
which governs reproductive development and function, thereby disturbing normal
physiological function of the testis. The main function of mammalian testes is the
production of male sex hormones and sperm throughout adulthood. For instance, enzymatic
pathway in steroidogenesis is targeted by nearly all commonly found EDCs, like BPA,
phthalates, heavy metals and PFCs, disrupting androgen production. This inhibition may be
receptor-mediated or through direct effects on gene transcription. Recent studies also
suggest that the BTB is an emerging target of EDCs in the testis in particular in immature
animals, such as infants and children. Long-term and low-dose exposures of developing
animals to EDCs are needed to assess the disruptive effects of EDCs in future studies.

7. Expert opinion

EDCs have now become an integrated component of our environment since they are widely
used in virtually every household item. However, studies in the last ~ 2 — 3 decades have
shown that they can cause various metabolic and reproductive disorders in both rodents and
humans. Thousands of reports based on animal studies can now be found in the literature,
illustrating many of these EDCs can perturb reproductive functions, such as changes in testis
weight, other accessory sex organs, hormone levels, sperm count and fertility, plus
epigenetic effects. However, many of these studies were criticized regarding their
physiological relevance since many animal studies were based on results of utilizing acute
doses in order to display observable phenotypes, the levels of which may never be achieved
among individuals in the general public. However, some EDCs have exceedingly long half-
life and high level of these EDCs can be accumulated in the mammalian body over time,
perhaps years and decades. Furthermore, administration of a single EDC may mask the
physiological effects and its health risk since each person is being exposed to multiple types
of EDCs simultaneously. For instance, when animals were exposed to a mixture of
phthalates (called dose addition model) and compared to effects that obtained individually, it
was found that a mixture of phthalates produced additive effects [123], which are worse than
the sum of the combined effects. Thus, changes that were reported following low-dose
exposure to a single EDC may not necessarily illustrate the ‘real’ health risk. Of course, it is
also important to perform long-term low-dose studies using a combination of common
EDCs to assess their health risks. There are also studies in the field that illustrate the use of
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active ingredients in ginseng-ginsenosides that can prevent BPA-induced apoptosis,
vimentin filament collapse and phosphorylation of ERK1/2 in 15P-1 Sertoli cell lines [124],
illustrating some of the risk can possibly be managed. The major weakness in the field is
that the underlying molecular mechanism(s) by which EDCs affect male reproductive
function remain largely unknown. For instance, even though some of the molecular targets
of EDCs are highlighted herein, how EDCs reduce semen quality and sperm count in men
remains largely unknown? These mechanistic studies are crucial to provide better
therapeutic treatments to men with idiopathic infertility. Unfortunately, most reports found
in the literature for the last decade or two are correlation studies in rodents and humans,
reporting phenotypes regarding changes in reproductive function and/or andrological
parameters following exposure to EDCs. This lack of mechanistic and functional studies
may be due to the declining funding in the field. However, a better coordinated effort by
investigators may alleviate the issue of budget constraint to some extends. However, recent
studies that ECDs, such as cadmium and BPA, exert their effects at the cell junction in the
seminiferous epithelium in particular the blood—testis barrier may be an important area of
research that deserves attention. Furthermore, the role of ECDs in transcriptional regulation
of proteins crucial to spermatogenesis also requires much needed research. We are hopeful
that advances in technology, such as the use of gene profiling and genomics/proteomics
approaches, can bring new initiatives to the field.
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Figure 1. Different stages of testicular development in human males that are sensitive to EDCs
Fetal Leydig cells (LC) proliferate beginning at gestational week 7 — 8, through the gestation

and early postnatal life until 1.5-year of age. Perinatal exposure BPA increases LC
proliferation via ERa activations, while phthalates decrease total LC numbers but increase
aggregations of fetal LC. At the age 2-year, adult LC starts to proliferate until early
adulthood, when then cease to divide. Prepubertal BPA exposure stimulates adult LC
proliferation; while phthalates produce the opposite effect. Immature Sertoli cells (SC)
proliferate until the SC population reaches its maximum number by 6-month of age which
then cease to divide, and maturation of SC begins at the onset of puberty at ~ 12 — 13 years
of age. Perinatal BPA exposure increases Sertoli cell numbers and this thus increases the
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testicular weight as shown in rat pups. Germ cells proliferation can be impaired by cadmium
and phthalate exposure, while stimulated by BPA exposure [125,126]. Hormonal regulation
during early development is mediated via pituitary gonadotropins (LH & FSH), anti-
mullerian hormone (AMH) and inhibin B. Both BPA and phthalates increase the perinatal
AMH and impair gonadotropins and inhibin B secretion. During the onset of puberty, the
amplitude and frequency of the pulsative release of gonadotropins are up-regulated to
accommodate the needs of gonadotropins. BPA exposure impairs their secretion which
affects the biosynthesis of testicular steroids. In the seminiferous tubules, BTB development
begins by ~ 8 years of age which is completed at puberty by ~ 12 — 13 years of age.
Thereafter, preleptotene spermatocytes have to be transported across the BTB to enter the
adluminal compartment to prepare for meiosis I/1l. BPA exposure was found to specifically
disrupting BTB integrity in premature rats suggesting BPA may be harmful to BTB
development in humans. Throughout development, there are three testosterone (T) surges
which stimulate specific events in the testis. The first testosterone surge occurs at gestational
week 7 — 8, which stimulates the proliferation of testicular cells. The second testosterone
surge increases the fetal LC populations. The last testosterone surge at the onset of puberty
simulates Sertoli cell maturation which is essential to maintain spermatogenesis.
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Figure 2. A schematic drawing illustrating the effects of EDCs on steroidogenesis in mammalian
Leydig cells
Following the binding of LH to G-protein coupled LH receptor, it stimulates adenylate

cyclase (AC), leading to a surge in intracellular cyclic AMP (CAMP). Activated cAMP and
ligand binding of peroxisome proliferator activated receptor gamma (PPARY) stimulate the
phosphorylation of protein kinase A (PKA), which in turn initiate gene transcription of
StAR protein. StAR gene expression can be further up-regulated by thyroid hormones and
Insulin-like growth factor-1 (IGF-1) stimulation. StAR protein in the outer mitochondrial
membrane is responsible for the transportation of precursor cholesterol to the inner
membrane where P450scc (cholesterol side-chain cleavage enzyme, labeled as P450sc) was
found. Cholesterol is converted to pregnenolone where it goes to the smooth endoplasmic
reticulum (ER) for further enzymatic conversion to testosterone and estrogen. Different
EDCs impose adverse effects which ultimately lead to the disrupted biosynthesis of male sex
hormone testosterone that perturbs spermatogenesis.
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Figure 3. Effects of EDCs-induced changes in the mammalian seminiferous epithelium that

disrupts spermatogenesis
In the mammalian seminiferous epithelium, Sertoli cells are the nurse cells that provide

structural and nourishment supports to developing germ cells. The BTB is formed by two
adjacent Sertoli cells near the basement membrane. Co-existing tight junction (TJ), gap
junction (GJ), and basal ES, which together with desmosome create the BTB. The BTB
physically divides the seminiferous epithelium into the basal and the adluminal
compartments. Preleptotene spermatocytes differentiate from type B spermatogonia must
traverse the BTB to enter the adluminal compartment to differentiate into zygotene and
pachytene spermatocytes to undergo meiosis I/1l. Ligand binding of FSH onto its receptor as
well as androgen onto its receptor stimulate Sertoli cells to secrete androgen binding protein
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(ABP), which is being used to maintain a high level of testosterone in the tubule lumen to
assist sperm maturation. In addition to ABP, Sertoli cells also secrete inhibin B which
maintain Sertoli cell normal functioning and increase sperm count/motility. Sertoli cells also
secrete a wide range of autocrine, paracrine, and biological factors (such as anti-viral
cytokines interferon ). Sertoli and germ cells also secrete estrogen, which is crucial to
maintain male reproductive function via the PI3K/FAK or PI13K/Akt and MAPK/ERK
signaling pathways, regulating gene transcription, germ cell apoptosis and BTB function.
EDCs have been shown to exert their effects at multiple levels in the seminiferous
epithelium depicted herein to affect male reproductive function.
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Figure 4. EDCs-induced BTB disruption
The BTB is an important structure in the testis to maintain spermatogenesis. One of the

hallmark ultrastructures of the BTB is the actin filament bundles that lie perpendicular to the
apposing Sertoli cell plasma membranes which are sandwiched in-between endoplasmic
reticulum and the plasma membrane. Exposure of rodents to heavy metal cadmium and
BPA, both are EDCs, disrupted the BTB integrity by inducing defragmentation of actin
filament bundles at the BTB, thereby enhancing endocytosis of tight junction- and basal ES-
integral membrane proteins, destabilizing the BTB integrity. In addition, BPA down-
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regulates the expression of GJ protein connexin-43 (Cx43), further perturbing the BTB
integrity. On EDC exposure, the BTB is “open”, disrupting spermatogenesis, leading to
aspermatogenesis.
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Table 1
The acceptable daily intake/tolerable daily intake (ADI/TDI) dose and the half-life (ty/o) of
common EDCs in humans
Types of Mechanism EDCs Human Main route Estimated daily ~ ADI or TDI Refs.
chemicals of actions/Refs. elimination (source) intake (per kg (adult)
half-life of exposure body weight)
Heavy Estrogenic [127-129] Cadmium > 20 years Oral 1.06 pg 55 ug/kg/day ~ ATSDR,
metals (seafood, rice) 1999 [130,131]
Lead 28— 36 days Inhalation 0.043 ug 50 ug/kg/day  ATSDR,
(old lead- (25 ug/kg/day 2005 [130]
based for children)
paints)
Methyl 60-90days Oral (Fish, 0-0.33 ug 0.1 pg/kg/day  WHO,
mercury seafood) 2006 [130,132]
Plasticizers  Estrogenic [148] Bisphenol A <2 hours Oral 34ng 50 pug/kg/day ~ EFSA,
2006 [133,134]
Anti-androgenic [135]  Phthalates 10 hours Oral, medical 1.6 22 pg/kg/day USEPA,
(e.g., DEHP) devices 1998 [136,137]
Surfactants  Thyroid toxicity [138] PFOS 5.4 years Oral 1.6 ng 150 ng/kg/day  EFSA,
PFOA 3.8 years Oral 29ng 1.5 yg/kg/day 2008 [139,140]

ATSDR: Agency for Toxic Substances and Disease Registry; DEHP: Di-2-ethylhexyl phthalate; EFSA: European Food Safety Authority; PFOA:
Perfluorooctanoic acid also known as C8 and perfluorooctanoate; PFOS: Perfluorooctanesulfonic acid or perfluorooctane sulfonate; USEPA: US

Environmental Protection Agency;

ADI: acceptable daily intake; TDI: tolerable daily intake

*%

WHO: World Health Organization; Oral, includes dairy products, meats, vegetables, fruits, seafood, beverage, and water.
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Table 2
Effects of EDCs on Leydig cell function in adult rodents”
EDCs Exposure period Dosage Effects on Leydig cells Refs.
PFOS Adult mouse exposure for 21 days 5 or 10 mg/kg/day | Pituitary LH mRNA level [27]
J Testicular IGF-1, IGF-1r and
LHr gene expression
| Steroidogenic enzyme expression
1 Serum testosterone
Cadmium Single injection and sacrifice 10 pm/kg J Testicular LHr mRNA level [29]
after 0.48 — 144 h in adult rats
Methylmercury  Adult rat exposure for 14 days 3 mg/kg/day J Serum testosterone level [141]

Page 28

This Table is not intended to be exhaustive, only selected examples were used to highlight the effects of EDCs on Leydig cell function in adult

rodents. Other references can be found in recent reviews [32,142,143].
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Effects of EDCs on Leydig cell function in immature rodents”
EDCs Exposure Dosage Effects Refs.
period

Lead Neonatal 200 or 2000 ppm from PND 0 - 21 1 LC populations in adult life [144]
| Steroidogenic enzymes, serum and
testicular testosterone
1 Weights of sex organ

DEHP Prepubertal 10 mg/kg/day from PND 21 - 35 | Testosterone production [145]
1 Steroidogenic enzyme productions

BPA Perinatal 2.4 yg/kg/day from GD 12 -PND 21 | Serum testosterone and LH levels [146]
| Steriodogenic enzymes gene expression

Mixture of Perinatal 10 mg/kg/day from GD 0—PND 21 | Gene expression levels of AMH, AR, StAR [61]

BPA and DEHP
J Serum FSH, testosterone and progesterone levels
and these persist in mature offsprings

Cadmium Prenatal 0.5 mg/kg GD 13 - 17 | Fetal and adult serum testosterone levels [147]

chloride . . .
| Steroidogenic enzyme expression

This Table is not intended to be exhaustive, only selected examples were used to highlight the effects of EDCs on Leydig cell function in

immature rodents. Other references can be found in recent reviews [32,142,143]. PND: Postnatal day; GD: Gestation day.
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