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There is emerging evidence that environmental toxicants, in particular endocrine
disrupting chemicals (EDCs) such as cadmium and perfluorooctanesulfonate (PFOS),
induce Sertoli cell and testis injury, thereby perturbing spermatogenesis in humans,
rodents and also widelife. Recent studies have shown that cadmium (e.g., cadmium
chloride, CdCl2) and PFOS exert their disruptive effects through putative signaling proteins
and signaling cascade similar to other pharmaceuticals, such as the non-hormonal male
contraceptive drug adjudin. More important, these signaling proteins were also shown to
be involved in modulating testis function based on studies in rodents. Collectively, these
findings suggest that toxicants are using similar mechanisms that used to support
spermatogenesis under physiological conditions to perturb Sertoli and testis function.
These observations are physiologically significant, since a manipulation on the expression
of these signaling proteins can possibly be used to manage the toxicant-induced male
reproductive dysfunction. In this review, we highlight some of these findings and critically
evaluate the possibility of using this approach to manage toxicant-induced defects in
spermatrogenesis based on recent studies in animal models.

Keywords: testis, spermatogenesis, endocrine disrupting chemicals, Sertoli cells, cytoskeletons,
male reproduction
1 INTRODUCTION

An endocrine disrupting chemical (EDC) is an exogenous chemical, usually an environmental
toxicant, capable of interfering with the function of endogenous hormones that are essential to
maintain body function including reproduction, development, growth, metabolism, behavior and/
or cell/tissue/organ homeostasis in humans and other mammals. In fact, the list of EDCs has been
growing for the last decade due to industrial activities in which pharmaceutical industry synthesize
new chemicals for their use in consumer products (1–3). These include plastic softeners (also known
n.org December 2021 | Volume 12 | Article 8003271
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as plasticizers) for utensils and rubbers, stain- and stick-resistant
chemicals to increase durability of clothing, fabrics, draperies,
and vinyl flooring and wall covering products, as well as paints
by modifying their components namely pigment, solvent and
resin. These also include personal care products, such as nail
polish, antiperspirants, deodorants, hair sprays, shampoos,
soaps, and fragrance products. In fact, these chemicals are
found in hundreds of products widely used by consumers
across the globe. The EDCs include heavy metals (e.g., lead,
mercury, cadmium), plasticizers (e.g., bisphenols, parabens,
benzophenones, phthalates), and surfactants (e.g., PFOS,
PFOA) (Tables 1, 2) (3, 33–37). Studies have shown that many
of these EDCs affects human reproductive function, pathogenesis
of multiple diseases including carcinogenesis, obesity, diabetes,
growth and development (in particular during fetal and child
development) and others (37–39). For instance, recent studies
have shown that exposure to EDCs is one of the major causes of
idiopathic male infertility (40–43) and also reproductive
dysfunction in females including primary ovarian insufficiency,
endometriosis, preterm birth and earlier puberty (33, 43, 44).

More important, some EDCs have a very long half-life in
humans. As such, high level of EDCs can be accumulated in the
human body over an extended period of time, often years and
also decades. For instance, cadmium has a half-life of >20 years
(45, 46) vs. >5 years for PFOS in humans (47, 48). Furthermore,
administration of a single EDC for a controlled study in rodents
(or exposure of humans to a single EDC) may mask the
Frontiers in Endocrinology | www.frontiersin.org 2
physiological effects and its health risk since each animal (or
person) is exposed to multiple EDCs simultaneously because of
their widespread presence in our environment through foods,
water, and air. Furthermore, selected life style, such as smoking,
of the study subjects can also affect the outcome of a study. For
instance, when laboratory animals were exposed to a mixture of
phthalates in “dose addition model” and compared to results that
obtained when toxicant was administered individually, the
outcomes could be considerably different. Findings from the
dose addition model studies have shown that a mixture of
phthalates produce additive effects (49, 50), and the
phenotypes are far worse than the sum of the combined
individual effects. As such, changes that were found following
low-dose exposure to a single EDC may not necessarily
demonstrate the ‘real’ health risk. Thus, it is important to
perform long-term studies using a combination of common
EDCs to assess their health risks at doses that mimic the
environmental (or industrial) exposure.

In this review, we focus our discussion based on recent
reports on selected EDCs, namely cadmium and PFOS, that
were found to perturb male reproductive function in particular
spermatogenesis through putative signaling proteins and/or
pathways. These findings are therapeutically important since
the EDC-induced Sertoli cell or testis injury was shown to be
blocked or rescued through an interference of the signaling
proteins utilized by these EDCs in rodents (25, 51, 52), and in
humans such as the use of primary human Sertoli cell cultures in
TABLE 1 | Effects of cadmium chloride (CdCl2) on male reproductive function*.

Species/
cell line

Route of
administration

Treatment dose Observed effects Refs

Human In vivo Natural
environmental
exposure

Sertoli cell injury; reduced inhibin B, AMH, and FSH in serum
Reduced semen quality
Reduced sperm concentration and motility
Idiopathic oligoasthenozoospermic males had high levels of cadmium in serum, associated with
impairment of sperm motility; higher sperm DNA fragmentation

(4–7)

Human
sperm

In vitro 10 µM Reduced sperm motility and DNA integrity; an increase in sperm DNA fragmentation and in intracellular
oxidative stress in sperm

(8)

Human
sperm

In vitro 20 mM Reduced nucleus diameter; reduced mitochondrial membrane potential (MMP); an increase in DNA
fragmentation.

(9)

Mouse In vivo, i.p. 1 and 2.5 mg/kg
b.w.

Reduced testis weight; reduced sperm survival and serum testosterone; an increase in sperm
abnormality and ROS level.

(10)

Mouse In vivo, i.p.
In vivo, i.p.
In vivo, oral

3 mg/kg b.w.
1.2 mg/kg b.w. 24
mg/kg b.w.

Germ cell exfoliation; Leydig cell degeneration; an increase in abnormal sperm morphology
Seminiferous epithelial degeneration; Leydig cell injury; reduced serum testosterone; reduced Sertoli TJ
function

(11,
12)

Mouse
sperm

In vitro 14-55 µM Reduced sperm motility (13)

Rat In vivo, oral
In vivo, i.p.
In vivo, i.p.

5 mg/kg b.w.
2 mg/kg b.w.
3 mg/kg b.w.

Reduced body weight, reduced sperm count, motility and viability; an increase in sperm defects;
seminiferous epithelial degeneration
Seminiferous epithelial injury; defects in spermatogenesis; intertubular haemorrahage; germ cell
exfoliation
Germ cell exfoliation; Sertoli cell injury with vacuoles found in cell cytosol; seminiferous epithelial
disorganization

(14–
16)

Rat Sertoli
cell line

In vitro 1 µM Sertoli cell injury; Sertoli cell tight junction disruption (17)

Fish In vivo, oral 5-40 µM Germ cell exfoliation; germ cell injury with vacuoles in the cytosol of spermatogonia, spermatocytes, and
spermatids; reduced semen quality

(18)

Chicken In vivo, oral 140 mg/kg b.w. Deformation of the seminiferous tubules; germ cell exfoliation (19)
December 2021 | Volume 12 | Article 80
*This list is not intended to be exhaustive, it summarizes recent findings that illustrate effects of PFOS onmale reproductive function based on studies in vivo and in vitro. AMH, anti-Mullerian
hormone; FSH, follicle stimulating hormone; ROS, reactive oxygen species.
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studies (23, 53). As such, if these findings can be expanded in
particular using other toxicants, some common signaling
proteins and/or signaling cascades may be identified, in
particular through the use of transcriptomics and pertinent
omics including multiomics approaches. This information, in
turn, can be helpful to alleviate toxicant-induced reproductive
dysfunction. In brief, we narrowly focus on signaling proteins
that are involved in EDC-induced Sertoli cell and/or testis injury
based on studies in cadmium and PFOS. This approach is used
since several eminent reviews on the larger topic of toxicant-
induced reproductive dysfunction are found in the literature,
many of which are cited here, to avoid redundancy.

2 PROTEIN KINASES CAPABLE OF
ALLEVIATING EDC-INDUCED SERTOLI
CELL INJURY IN RODENTS AND/OR
HUMANS

2.1 Focal Adhesion Kinase (FAK)
2.1.1 Background
FAK is a known regulatory component of the focal adhesion
complex (FAC, also called focal contact) at the cell-extracellular
matrix (ECM or cell matrix) interface and an actin-based cell-
matrix anchoring junction type (54, 55). FAK is also a crucial
signaling protein that works in concert with integrins to relate
integrin-based signaling cascade via its different interacting
domains along its polypeptide sequence as shown in Figure 1
Frontiers in Endocrinology | www.frontiersin.org 3
(56). In fact, FAK is a prime target of anticancer therapy, being
actively investigated by clinicians and scientists in recent years
(57–59). FAK also involves in numerous cellular and
physiological functions in cells and tissues, but also
pathogenesis of diseases in particular carcinogenesis (57, 60).
In the testis, FAK, however, is not found at the FAC since FAC is
absent in the testis (61, 62). Instead, the only cell-matrix
anchoring junction found in the testis is the intermediate
filament-based hemidesmosome found at the base of the
seminiferous epithelium, between basement membrane (a
modified form of ECM in the testis) and the base of Sertoli
cells (63, 64). Interestingly, FAK, and most notably its two
activated/phosphorylated forms: p-FAK-Y397 (65, 66) and p-
FAK-Y407 (67) (Figure 1) are constituent and regulatory
component of the apical ES (apical ectoplasmic specialization)
and basal ES (which together with tight junction (TJ) constitute
the blood-testis barrier (BTB) in the testis), respectively. On the
other hand, studies have shown that the robust expression of p-
FAK-Y397 at the apical ES persists until late stage VIII tubules
when the release of spermatozoa takes place near the edge of the
tubule lumen (66, 68), suggesting it may be crucial to support
spermatid adhesion at the apical ES. In fact, the a6ß1-integrin/p-
FAK-Y397 complex is likely a crucial regulatory protein complex
to modulate the release of sperm at spermiation (69–71).
Interestingly, the use of a phosphomimetic mutant of
p-FAK-Y397, namely p-FAK-Y397F, making it constitutively
inactive was found to promote Sertoli cell TJ-barrier function
making it tighter when overexpressed in the Sertoli cell
TABLE 2 | Effects of perfluorooctane sulfonate (PFOS) on male reproductive function*.

Species/
cells

Route of
administration

Treatment
dose(s)

Phenotypes References

Human In vivo Natural
environmental
exposure

Subfertility; reduced sperm count; reduced sperm motility; an increase in serum levels of LH and FSH
but reduced inhibin B
Germ cell chromosomal aneuploidies and DNA fragmentation; reduced sperm quality and an increase
in the population oc immature sperm

(20)

(21, 22)

Human
Sertoli
cells

In vitro 20 and 40 mM Sertoli cell injury manifested by truncated actin filaments and truncated microtubules across cell cytosol (23)

Rat In vivo, oral 0.5 - 6 mg/kg
b.w.

Germ cell degeneration and testicle edema (24)

Rat Sertoli
cells

In vitro 20 mM Sertoli cell injury manifested by truncation of actin filaments; TJ-barrier disruption; perturbed GJ
communication

(25)

Mouse In vivo, oral 0.5 or 10 mg/kg
b.w.

An increase in germ cell apoptosis but reduced proliferation; reduced serum testosterone; reduced
sperm count with vacuolations in spermatogonia, spermatocytes, and Leydig cells

(26)

Mouse In vivo, oral 0.3 and 3 mg/kg
b.w.

Low levels of adrenic acid and docosahexaenoic acid (DHA) in neonatal testes; reduced serum
testosterone and reduced epididymal sperm count in postnatal mice

(27)

Mouse In vivo, oral 0.5-10 mg/kg
b.w.

Reduced sperm count in the epididymis and reduced serum testosterone; disrupted BTB and defects
in spermatogenesis

(28)

Mouse
Leydig
cells

In vitro 15 and 30 mM Reduced secretion of testosterone by Leydig cells due to defects in steroidogenesis (29)

Mouse
Sertoli
cells

In vitro 5–60 mM Disruption in Sertoli cell TJ-barrier function due to reduced expression of TJ and GJ proteins (30)

Fish In vivo 0.5 mM Reduced sperm quality; structural defects in testis; an increase in serum E2; increased in estrogen
receptor a1 levels

(31)

C. elegans In vivo 0.375-10 mM Reduced in germ cell population; reduced spermatid size and motility; an increase in spermatid defects (32)
December 2021 | Volume 12 | A
*This list is not intended to be exhaustive, it summarizes recent findings that illustrate effects of PFOS on male reproductive function based on studies in vivo and in vitro. BTB, blood-testis
barrier, E2, estradiol-17ß; GJ, gap junction; TJ, tight junction.
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epithelium with an established TJ-barrier (67). This is analogous
to expressing p-FAK-Y407E (a phosphomimetic and
constitutively active mutant of p-FAK-Y407) in Sertoli cells
when its overexpression promoted the Sertoli TJ-barrier,
making the barrier tighter (67). On the other hand, the use of
a p-FAK-Y407F (a phosphomimetic and constitutively inactive
mutant of p-FAK-Y407) was found to perturb the Sertoli cell
TJ-barrier following its overexpression (67). Other studies have
shown that FAK involves in maintaining the phosphorylation
status of the cell adhesion proteins at the BTB/basal ES site, such
as occludin (72). For instance, FAK determines whether these
proteins (e.g., occludin) stay at the Sertoli cell-cell interface to
support the TJ-permeability function of the BTB, or these
proteins (e.g., occludin) at the BTB site should be internalized
(55, 67, 72). This thus provides a novel mechanism to induce
transient “opening” of the BTB to facilitate the transport of
preleptotene spermatocytes across the barrier at stages VII-VIII
of the epithelial cycle when p-FAK-Y407 robustly expresses at
the BTB (67). Studies have shown that FAK, in particular p-FAK-
Y397 and p-FAK-Y407 exert their regulatory effects at the
corresponding apical ES and basal ES/BTB through changes at
the F-actin and microtubule cytoskeletal organization (67, 73).
Importantly, the use of a biochemical assay that monitors the
ability of lysates of primary Sertoli cells cultured in vitro,
Frontiers in Endocrinology | www.frontiersin.org 4
overexpression of p-FAK-Y407E in cells transfected with pCI-
neo/p-FAK-Y407E mutant vs. control cells transfected with pCI-
neo, is able to enhance actin polymerization considerably (67).
On the other hand, overexpression of a human p-FAK-Y407E
phosphomimetic (i.e., constitutively active) mutant in human
Sertoli cells is also capable of blocking the PFOS-induced MT
defragmentation (23), such that MTs stretched across the entire
human Sertoli cell cytosol, analogous to control human Sertoli
cells (23). Collectively, these findings are consistent with earlier
studies in fibroblasts, and epithelial and endothelial cells in
which FAK is involved in actin and MT polymerization (74–
78). In brief, these two activated/phosphorylated forms of FAK
(and mTORC1, see Figure 2) appear to serve as molecular switch
to turn the apical ES and BTB/basal ES “on” or “off”, depending
on their expression status at the microdomain of these sites
across the seminiferous epithelium (Figures 2, 3).

2.1.2 Studies of the PFOS and Cadmium Models,
and the Adjudin Pharmaceutical Model
The initial report that illustrates p-FAK-Y407 is involved in
PFOS-induced Sertoli cell injury was first published in 2014 (52).
This study showed that PFOS-mediated disruption of the Sertoli
TJ-barrier function associated with a considerable down-
regulation of p-FAK-Y407, but not p-FAK-Y397. Furthermore,
FIGURE 1 | Schematic illustration of the human focal adhesion kinase (FAK). FAK in humans is a polypeptide composed of 1058 amino acid residues (NP_001186578.1),
comprised of different functional domains. The different functional domains along the FAK polypeptide from its N-terminus are the FERM (band 4.1, ezrin, radixin, moesin
homology) domain, followed by the catalytic kinase domain, and the FAT (focal adhesion targeting) domain near its C-terminus, and also three Pro-rich regions (PR1, PR2
and PR3). There are multiple putative phosphorylation sites including Tyr-397, -407, -576, -577, -861, and Y927, which are well conserved across species. Following its
activation through phosphorylation, FAK serves as a signaling platform wherein different regulatory proteins (e.g., c-Src, c-Yes, Fyn, Fer, Erk, Csk) and adaptors (e.g., talin,
paxillin) can bind to FAK. As such, FAK can recruit additional signaling and regulatory proteins to its different functional domains to modulate cellular functions, such
spermatogenesis. EGFR, epidermal growth factor receptor; Arp2/3, actin-related protein 2/3 complex; p53, tumor protein p53; GATA4, GATA binding protein 4; N-WASP,
neuronal Wiskott-Aldrich syndrome protein; Mdm2, mouse double minute 2 homology (also known as E3 ubiquitin-protein ligase, a regulator of the p53 tumor suppressor);
ERBB2, Rrb-b2 receptor tyrosine kinase 2; c-Met, MET proto-oncogene, receptor tyrosine kinase; RET, rearranged during transfction, a proto-oncogene; PIAS1, protein
inhibitor of activated STAT 1; Bmx, BMX non-receptor tyrosine kinase; Fyn, FYN proto-oncogene, c-Src, cellular Src transforming kinase; ZF21, zinc finger FYVE-type
containing 21; RB1CC1, RB1 inducible coiled-coil 1; Grb7, growth factor receptor bound protein 7; Rgnef, Rho guanine nucleotide exchange factor 28; Hic5, transforming
growth factor ß1 induced transcript 1; Csk, C-terminal Src kinase; Stat1, signal transducer and activator of transcription 1; DCC, DCC netrin 1 receptor; PIN1, peptidylprolyl
cis/trans isomerase, NIMA-interacting 1; Erk, mitogen-activated protein kinase 1; MBD2, methyl-CpG binding domain protein 2; STAT1, signal transducer and activator of
transcription 1; SRC, SRC proto-oncogene, non-receptor tyrosine kinase; ZAP-70, zeta chain of T cell receptor associated protein kinase 70; SOCS3, suppressor of
cytokine signaling 3; Shc, SHC-adaptor protein; Nck-2, NCK adaptor protein 2; p120RasGAP, RAS p21 protein activator 1; PLCg, phospholipase C g1; p130Cas, BCAR1
scaffold protein, Cas family member; ASAP1, ArfGAP with SH3 domain, ankyrin repeat and PH domain 1; NEDD9, neural precursor cell expressed, developmentally down-
regulated 9; Graf, GTPase regulator associated with FAK; Fer, FER tyrosine kinase.
December 2021 | Volume 12 | Article 800327
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FIGURE 3 | Schematic illustration by which cadmium and PFOS induce Sertoli cell and/or testis injury via FAK and mTORC1. This schematic illustration was
prepared based on findings using environmental toxicant models of CdCl2 and PFOS. It is noted that the upstream ligand(s) utilized by cadmium and PFOS remain
to be identified, but this likely involves either integrin-, cytokine- and/or insulin-based receptors. Both FAK and mTORC1 signaling protein/complex exert their
corresponding effects downstream through different actin and microtubule (MT) regulatory proteins (see text for details). These changes, either through up- or down-
regulation of the corresponding regulatory proteins, or distributions across the seminiferous epithelium, in turn, alter the structural organization of either actin- or MT-
based cytoskeleton. The net result of these changes induce Sertoli cell or testis injury.
FIGURE 2 | Schematic illustration of the human mTORC1 signaling complex. mTORC1 (mammalian target of rapamycin, NP_001373429.1) is a non-receptor Ser/
Thr protein kinase, when it binds to its adaptor protein Raptor (regulatory-associated protein of mTOR), this creates the mTORC1 (mammalian target of rapamycin
complex 1) signal complex. mTOR contains two distinctive catalytic domain (KD) containing intrinsic protein kinase activity called KD N-lobe (near the N-terminus)
and the KD C-lobe (near the C-terminus). It has 20 tandem HEAT repeats near its N-terminus, to be followed by the FAT domain, FRB domain, LBE domain and the
FATC domain near its C-terminus. Akt1; transforming retrovirus Akt1, an onocogene, also known as PKB (protein kinase B); C-lobe, C-terminal lobe; DEP, Dishevelled,
Egl-10 and Pleckstrin; DEPTOR, DEP domain-containing mTOR interacting protein; EF3, elongating factor 3; FAT domain, FRAP, ATM, TRAP domain; FATC, FAT
domain at the C-terminus; FKBP12, FK506/rapamycin-binding protein; HEAT, Huntington, EF3, PP2A, TOR1; FRAP, FKBP rapamycin associated protein; FRB,
FKBP132 rapamycin binding; KD, kinase domain; LBE, binding site for mLST8; mLST8, mammalian lethal with SEC thirteen 8, also known as mTOR associated
protein LST8 homolog; N-lobe, N-terminal lobe; PKB, protein kinase B; Raptor, regulatory-associated protein of mTOR, an adaptor protein.
Frontiers in Endocrinology | www.frontiersin.org December 2021 | Volume 12 | Article 8003275
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PFOS also considerably perturbed the cytoskeletal organization
of F-actin across the Sertoli cell epithelium with an established
functional TJ-barrier, in which actin filaments were considerably
truncated and disorganized, analogous to the phenotypes when
Sertoli cells were transfected with a specific FAK miRNA (called
miR-135b, which is known to knockdown FAK (52, 79, 80). This
report thus establishes the likely mechanism by which PFOS
induces Sertoli cell injury, likely through a down-regulation of p-
FAK-Y407, which in turn, perturbs the Sertoli cell F-actin
organization (52) (Figures 4, 5). This notion is also supported
by an earlier report which has shown that p-FAK-Y407
Frontiers in Endocrinology | www.frontiersin.org 6
indeed promotes Sertoli cell BTB function by stabilizing actin
cytoskeleton at the Sertoli cell epithelium with a functional BTB
in vitro (67). Interestingly, it was shown that overexpression of a
phosphomimetic (and constitutively active) mutant of p-FAK-
Y407, namely p-FAK-Y407E, in the Sertoli cell epithelium
in vitro, was capable of blocking the PFOS-induced Sertoli
cell injury by re-establishing the PFOS-mediated Sertoli cell
TJ-barrier disruption (52). Overexpression of p-FAK-Y407E
was also capable of inducing proper re-organization of the
actin cytoskeleton which was perturbed by PFOS (52), likely
through an increase in actin polymerization kinetics (67). An
earlier report has also shown that FAK is capable of recruiting
occludin to the Sertoli cell-cell interface, possibility through
FIGURE 4 | Environmental toxicant-induced testis injury through changes in
germ cell adhesion, leading to germ cell exfoliation. Left panel depicts schematic
illustration of intact seminiferous epithelium, such as in a stage VII-early VIII
tubule, wherein intact apical ES supports spermatid adhesion to the Sertoli
cell in the seminiferous epithelium during the final stage of spermiogenesis.
The integrity of MT cytoskeleton is maintained by binding of MAPs (e.g., MAP1a)
to the MT protofilaments and MT stability is also maintained by binding of
the +TIP (e.g., EB1), and the proper level of –TIP (e.g., CAMSAP2) at its
corresponding plus (+) and minus (-) ends. On the other hand, the actin
cytoskeleton is maintained by binding of the actin bundling proteins (e.g.,
palladin and actin barbed end capping and bundling protein Eps8) to maintain
actin filament bundles at the apical ES but also across the epithelium as
aggregates of actin filaments to support Sertoli cell structural integrity. This
microenvironment is also maintained by robustly expression of p-FAK-Y407
and likely p-Akt1/2. However, the unexpected presence of either toxicant
(e.g., cadmium or PFOS) alter the microenvironment of the testis. For instance,
a surge in MARK4 induces phosphorylation of MAP1a, causing their
detachment from MTs, which is coupled with a down-regulation of +TIP
(e.g., EB1) and more –TIP (e.g., CAMSAP2) binding to the corresponding
ends of the MT. These changes thus destabilize MTs, leading to MT
catastrophe. The expression and/or distribution of actin bundling proteins
(e.g., palladin, Eps8) are also affected, these changes, coupled with a
surge in Arp2/3 complex, causing “debundling” of actin filaments at the
apical ES since actin filaments becoming a branched network due to an
increase in actin branched nucleation induced by the Arp2/3 complex,
thereby destabilizing F-actin network. The disruptive changes in the
microenvironment include a considerable decline in p-FAK-Y407 and a
surge in mTORC1 (with a concomitant down-regulation of p-Akt1/2)
expression. The net result leads to premature germ cell exfoliation as
noted in the right panel (see text for details), thereby perturbing male
fertility due to defects in spermatogenesis.
FIGURE 5 | Environmental toxicant-induced testis injury through changes in
Sertoli cell adhesion at the BTB, leading to defects in spermatogenesis. Left
panel depicts schematic illustration of intact seminiferous epithelium near the
basement membrane at the site of the BTB, such as in a stage VII tubule,
wherein intact basal ES maintains BTB integrity to support spermatogenesis.
The integrity of MT cytoskeleton at the BTB and across the seminiferous epithelium
is maintained by binding of MAPs (e.g., MAP1a) to the MT protofilaments, and
MT stability is also maintained by binding of the +TIP (e.g., EB1) and the proper
level of –TIP (e.g., CAMSAP2) at its corresponding plus (+) and minus (-) ends.
On the other hand, the actin cytoskeleton is maintained by binding of the actin
bundling proteins (e.g., palladin and Eps8) to maintain actin filament bundles at
the basal ES/BTB but also across the epithelium as aggregates of actin filaments to
support Sertoli cell structural integrity. This microenvironment is also maintained by
robust expression of p-FAK-Y407 and likely p-Akt1/2. However, the unexpected
presence of cadmium or PFOS alters the microenvironment of the testis at the BTB
but also across the seminiferous epithelium. For instance, a surge in MARK4
induces phosphorylation of MAP1a, causing MAP detachment from MTs, which
is coupled with a down-regulation of +TIP (e.g., EB1) and more –TIP (e.g.,
CAMSAP2) binding to the corresponding ends of the MT. These changes
thus destabilize MTs, leading to MT catastrophe. The expression and/or
distribution of actin bundling proteins (e.g., palladin, Eps8) are also affected,
these changes, coupled with a surge in Arp2/3 complex, causing
“debundling” of actin filaments at the basal ES/BTB since actin filaments
becoming a branched network due to an increase in actin branched
nucleation induced by the Arp2/3 complex, thereby destabilizing F-actin
network. This disruptive change in the microenvironment is maintained by
a considerable decline in p-FAK-Y407 and a surge in mTORC1 (with a
concomitant down-regulation of p-Akt1/2). The net result leads to a loss of
BTB integrity, making the barrier more permeable to toxicants/biomolecules
as noted in the right panel (see text for details), thereby perturbing male
fertility due to defects in spermatogenesis.
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changes in the phosphorylation status of occludin (72). These
changes, in turn, promoted proper distribution of the occludin-
ZO-1 complex at the Sertoli cell-cell interface, thereby re-
establishing the PFOS-induced disrupted TJ-barrier (52). More
important, these findings were recently confirmed in primary
Sertoli cell cultures in vitro in which PFOS not only perturbed
the organization of actin- but also microtubule (MT)-based
cytoskeletons (23). For instance, overexpression of a human p-
FAK-Y407E phosphomimetic (and constitutively active) mutant
was shown to re-establish the PFOS-induced human Sertoli cell
TJ-barrier disruption, which is the result of a proper re-
organization of actin and MT cytoskeletons across the human
Sertoli cell epithelium (23). Collectively, these findings are
important because they have unequivocally demonstrated for
the first time that by manipulating a putative signaling protein,
namely p-FAK-Y407 whose expression was down-regulated by
PFOS, such as through overexpression of a phosphomimetic and
constitutively active mutant p-FAK-Y407E, both in rodents and
humans, the PFOS-induced Sertoli cell injury can be alleviated.

A recent report based on studies in vivo has also shown that
cadmium chloride (CdCl2)-induced testis injury (3 mg/kg b.w.,
via i.p.) was remarkably notable by as early as 6 hr by assessing
changes in the organization of microtubule cytoskeleton across
the seminiferous epithelium (81), consistent with more recent
studies (82). This is also the time when the phenotypes across the
seminiferous epithelium were not distinctively noted by
histological analysis (81). Besides extensive truncation and
disorganization of the MT protofilaments across the
seminiferous epithelium, considerable disruption regarding
distribution of the MT regulatory proteins MAP1a and
CAMSAP2 were also notably detected (81). These findings are
physiologically significant since MAP1a (microtubule associated
proteins 1a, a MAP) is known to bind onto the microtubules to
confer MT stability (83). On the other hand, CAMSAP2
(calmodulin-regulated spectrin-associated protein 2) is a
microtubule minus (-) end targeting protein (-TIP) known to
confer MT dynamics, determining the length of the MT
protofilaments in response to changes in cellular environment
(84), such as at different stages of the epithelial cycle in the testis.
These findings suggest that toxicant-induced testis or Sertoli cell
injury is more than a simple general cell toxicity cellular event,
but involving a well defined toxicant-induced cascade of events
including signaling and regulatory proteins. More important,
these are the same signaling proteins that are being used by the
testis to support testis function and spermatogenesis, illustrating
that toxicants exert their toxic effects through defined signaling
pathways. In this context, it is of interest to note that toxicants,
including cadmium, also exert their disruptive effects in the testis
through an increased oxidative damage in the seminiferous
epithelium involving FAK (82, 85). It is obvious that much
work is needed to relate these findings to p-FAK-Y407 in the
cadmium model and to delineate the precise underlying
molecular mechanism(s). The current concept by which PFOS
and cadmium induce Sertoli cell and testis injury is summarized
in Figures 4, 5. Additionally, in parallel experiments that
investigated changes in cytoskeletal organization and the
Frontiers in Endocrinology | www.frontiersin.org 7
downstream signaling proteins using the pharmaceutical model
adjudin, we have discovered a remarkable negative correlation
between p-FAK-Y407 expression and the adjudin-mediated
defects in spermatogenesis in the testis in vivo (81). In this
context, it is of interest to note that adjudin is a non-hormonal
male contraceptive known to induce extensive germ cell
exfoliation (86, 87) by primarily targeting the actin and
microtubule cytoskeletons in the Sertoli cells across the
seminiferous epithelium (81, 87–89). It has also been used to
serve as a model to study Sertoli cell-cell and Sertoli-germ cell
adhesion and BTB dynamics in the testis, making this a novel
model to decipher the underlying mechanism(s) that regulate
spermatogenesis (89–92). Using this pharmaceutical adjudin
model, we have detected extensive disruption of the MT
cytoskeletal organization across the seminiferous epithelium,
which tightly associated with a considerable down-regulation
of p-FAK-Y407 in testes (81). This finding is also consistent with
earlier findings in which the spatiotemporal expression of p-
FAK-Y407 in normal testes is tightly associated with the BTB in
the testis, and overexpression of p-FAK-Y407E phosphomimetic
(and constitutively active) mutant in Sertoli cell epithelium
promotes BTB function making it “tighter” (67). On the other
hand, p-FAK-Y407 is robustly expressed at the apical ES to
confer spermatid adhesion onto Sertoli cells in the seminiferous
epithelium, but its expression is remarkably reduced at the
Sertoli cell-spermatid interface (i.e., apical ES) in late stage VIII
when the release of sperm occurs (67). Collectively, these data
thus indicate that findings obtained from the use of toxicant and/
or pharmaceutical models are consistent with physiological data
using normal testes in vivo. These changes also highlight the
importance of delineating the downstream signaling proteins
and the involving signaling cascade utilized by toxicants to
induce male reproductive dysfunction. Since this information
will be crucial to provide new approaches to manage toxicant-
induced reproductive dysfunction and idiopathic infertility, and
other pathological conditions, such as carcinogenesis.

2.2 mTORC1/rpS6/Akt1/2 Signaling
Complex
2.2.1 Background
Studies have shown that the mTORC1 (mammalian target of
rapamycin complex 1)/rpS6 (ribosomal protein S6)/Akt1/2
(transforming thymic lymphomas Akt1/2 kinase, also known
as PKB, protein kinase B, a non-receptor Ser/Thr protein kinase)
complex is one of the most prevalent signaling protein complexes
that regulates cellular metabolism found in virtually all
mammalian cells (93–95). mTORC1 is created by binding of
the mTOR (mammalian target of rapamycin, a Ser/Thr non-
receptor protein kinase) and its adaptor protein Raptor
(regulatory-associated protein of mTOR) (Figure 2) (94).
Besides energy metabolism in mammalian cells, mTORC1/p-
rpS6/p-Akt1/2 is an emerging regulatory signaling complex
crucial to support spermatogenesis through its effects on
Sertoli cell function (95, 96) (Figure 3). The role of mTORC1
(and mTORC2) in regulating mammalian spermatogenesis in
studies of the rat and mouse has been recently reviewed (95, 96),
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so additional discussion is not included here to avoid
redundancy. Nonetheless, studies using genetic models have
also confirmed our earlier findings indicating the significance
of both mTORC1 and mTORC2 in testis functions (97). For
instance, Sertoli cell-specific deletion of mTOR led to infertility
in mice, which associated with a surge in p-rpS6 expression, loss
of Sertoli cell polarity, increased in germ cell apoptosis and
extensive germ cell exfoliation, but also gap junction impairment
due to mislocalization of connexin 43 (Cx43) (98). On the other
hand, germ cell-specific deletion of mTOR also led to infertility
in mice even though these mice were viable and apparently
healthy (99). In adulthood, spermatogonial stem cells in these
mice failed to proliferate and differentiate into spermatocytes to
undergo meiosis, and seminiferous tubules were devoid of
virtually all germ cells, leading to infertility (99). These
findings also illustrate that these mTOR deletion mediated
infertility is more than just defects in energy metabolism since
developing germ cells rely on Sertoli cells for their energy needs.
As such, specific deletion of mTOR in germ cells should not
interfere with their energy metabolism since Sertoli cells remain
in the testis to support their metabolic and nutritional needs.
Studies have shown that this mTORC1-based signaling complex
exerts its effects by modulating cytoskeletal organization of actin
and MT in Sertoli cells across the seminiferous epithelium,
involving changes in energy metabolism but also intrinsic
activities and/or distribution of regulatory proteins of both
cytoskeletons (95, 96). In brief, it is increasingly clear that the
mTORC2 complex modulates cytoskeletal function by activating
mTORC1 initially, to be followed by a surge in the expression of
p-rpS6-S235/S236 and p-rpS-S240/S244, and then a down-
regulation of the p-Akt1-S473 and p-Akt2-S474 expression
(Figure 1) as noted in two reports (100, 101). Interestingly,
this signaling complex has been shown to be involved in PFOS-
and adjudin-mediated Sertoli cell or testis injury.

2.2.2 Studies of the PFOS and the Pharmaceutical
Adjudin Models
Using the PFOS model in Sertoli cells cultured in vitro with an
established TJ-permeability barrier, this environmental toxicant
was found to perturb both actin and MT cytoskeletons through a
down-regulation of the p-Akt1-S473 and p-Akt2-S474 (51). For
instance, actin filaments that stretched across the entire Sertoli cell
cytosol noted in control cells were considerably truncated and
mis-aligned, no longer stretching properly across the Sertoli cell to
support cell function, which in turn perturbed the TJ-barrier
function (51). On the other hand, MT protofilaments that
stretched across the entire Sertoli cell cytosol in control cells to
support cell function were also considerably altered. For instance,
MTs were considerably shortened and wrapped around the Sertoli
cell nuclei instead (51). In order to confirm that PFOS exerts its
disruptive effects to induce Sertoli cell injury is indeed involving p-
Akt1/2, we used a specific Akt1/2 activator, namely SC79 (2-
amino-6-chloro-a-cyano-3-(-ethoxycarbonyl)-4H-1-benzopyran-
4-acetic acid ethyl ester, Mr 364.78) for the study. It is known that
SC79 binds to the plecktrin homology (PH) domain of the Akt
polypeptide, mimicking the binding of PtdIns(3,4,5)P3 to Alt to
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induce conformational change by enhancing its phosphorylation
and activation at p-Akt1-T308 and p-Akt1-S473 sites (102). As
anticipated, SC79 indeed was capable of blocking PFOS-mediated
Sertoli cell injury by alleviating the PFOS-mediated Sertoli TJ-
barrier disruption through corrective changes in the proper
organization of actin- and MT-based cytoskeletons across the
cell cytosol (51). In a recent in vivo study using the pharmaceutical
adjudin model, we also reported a remarkable surge in the
expression of p-rpS6-S235/S236 and p-rpS6-S240/S244 following
treatment of adult rats with a single dose of adjudin at 50 mg/kg
b.w. (oral gavage) (81). This observation is also consistent with
an earlier study, reporting a surge in expression of mTOR and
p-rpS6 (but not total rpS6) following treatment of adult rats
with adjudin (single dose, 250 mg/kg b.w., oral gavage) (103).
Collectively, these findings together with the data summarized
and discussed in Section 2.1 have provided compelling evidence
that environmental toxicants exert their effects by disrupting key
signaling proteins, most notably their phosphorylation status,
which are necessary and essential to support spermatogenesis
and testis function under physiological conditions (Figures 3–5).
Furthermore, new activator(s) of p-Akt1/2, instead of SC79,
with reduced cytotoxicity should be carefully evaluated in
future studies.
3 CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

As discussed above, we have provided a critical summary on the
two signaling proteins that are being used by the toxicants
cadmium and POFS to induce male reproductive dysfunction,
through changes in their phosphorylation status (Figures 3–5).
In order to expand this work further prior to studies in vivo, it
may be advantageous to develop an in vitro human testis model
that mimics the testes in vivo for toxicity studies. This in vitro
human testis model should have the capability of developing
functional haploid spermatids from spermatogonical stem cells
(SSCs), mimicking the testis in vivo. The use of such a model thus
reduces the time it takes to translate findings from studies in
rodents to humans. There are much interest in the field to
develop polymer- or hydrogel-based microfluidic devices for
tissue engineering that mimic ion channels in human cells/
tissues, bone tissue regeneration for transplantation, and
perhaps tubules found in kidneys, prostate and others (104–
108). A major obstacle of developing an in vitro human testis
model is that the polymer- or hydrogel-based microfluidic
device, unlike the seminiferous tubules in the testis, is not a
dynamic structure. Since these hydrogel- or biopolymer-based
devices are not capable of undergoing disassembly, reassembly,
and dynamic maintenance, similar to the actin- and MT-based
cytoskeletons in the seminiferous tubules, in response to changes
of the epithelial cycle during spermatogenesis in the testis.
Nonetheless, it is our beliefs that such an in vitro human testis
can be established in the near future due to advances in cell/tissue
cultures and engineering technology. On the other hand, it
remains to be established if these EDCs, such as cadmium and
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PFOS, exert their disruptive effects directly, such as through
direct changes on the phosphorylation status and/or distribution
of the involving signaling proteins, or indirectly, such as through
a down-regulation of the enzymes that change the testosterone
availability through steroidogenesis. These possibilities should
also be carefully evaluated in future studies.
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Sánchez-Romero R, et al. Impact of Heavy Metals on Human Male Fertility-
An Overview. Antioxid (Basel Switzerland) (2021) 10:1473. doi 10.3390/
antiox10091473

35. Robaire B, Delbes G, Head JA, Marlatt VL, Martyniuk CJ, Reynaud S, et al. A
Cross-Species Comparative Approach to Assessing Multi- and
Transgenerational Effects of Endocrine Disrupting Chemicals. Environ Res
(2021) 204:112063. doi: 10.1016/j.envres.2021.112063

36. Padmanabhan V, Song W, Puttabyatappa M. Praegnatio Perturbatio-Impact
of Endocrine-Disrupting Chemicals. Endocr Rev (2021) 42:295–353. doi:
10.1210/endrev/bnaa035

37. Sweeney MF, Hasan N, Soto AM, Sonnenschein C. Environmental Endocrine
Disruptors: Effects on the Human Male Reproductive System. Rev Endocr
Metab Disord (2015) 16:341–57. doi: 10.1007/s11154-016-9337-4

38. Eve L, Fervers B, Le Romancer M, Etienne-Selloum N. Exposure to
Endocrine Disrupting Chemicals and Risk of Breast Cancer. Int J Mol Sci
(2020) 21:9139. doi: 10.3390/ijms21239139

39. Francis CE, Allee L, Nguyen H, Grindstaff RD, Miller CN, Rayalam S.
Endocrine Disrupting Chemicals: Friend or Foe to Brown and Beige Adipose
Tissue? Toxicology (2021) 463:152972. doi: 10.1016/j.tox.2021.152972

40. Nordkap L, Joensen UN, Blomberg JM, Jorgensen N. Regional Differences
and Temporal Trends in Male Reproductive Health Disorders: Semen
Quality May Be a Sensitive Marker of Environmental Exposures. Mol Cell
Endocrinol (2012) 355:221–30. doi: 10.1016/j.mce.2011.05.048

41. Krzastek SC, Farhi J, Gray M, Smith RP. Impact of Environmental Toxin
Exposure on Male Fertility Potential. Transl Androl Urol (2020) 9:2797–813.
doi: 10.21037/tau-20-685

42. Cheng CY, Wong EWP, Lie PPY, Li MWM, Su L, Siu ER, et al.
Environmental Toxicants and Male Reproduct ive Function.
Spermatogenesis (2011) 1:2–13. doi: 10.4161/spmg.1.1.13971

43. Mesquita I, Lorigo M, Cairrao E. Update About the Disrupting-Effects of
Phthalates on the Human Reproductive System. Mol Reprod Dev (2021)
88:650–72. doi: 10.1002/mrd.23541

44. Priya K, Setty M, Babu UV, Pai KSR. Implications of Environmental
Toxicants on Ovarian Follicles: How It Can Adversely Affect the Female
Fertility? Environ Sci Pollut Res Int (2021). doi: 10.1007/s11356-021-16489-4

45. Bhardwaj JK, Panchal H, Saraf P. Cadmium as a Testicular Toxicant: A
Review. J Appl Toxicol (2021) 41:105–17. doi: 10.1002/jat.4055

46. Genchi G, Sinicropi MS, Lauria G, Carocci A, Catalano A. The Effects of
Cadmium Toxicity. Int J Environ Res Public Health (2020) 17:3782. doi:
10.3390/ijerph17113782

47. Mokra K. Endocrine Disruptor Potential of Short- and Long-Chain
Perfluoroalkyl Substances (PFASs)-A Synthesis of Current Knowledge
With Proposal of Molecular Mechanism. Int J Mol Sci (2021) 22:2148.
doi: 10.3390/ijms22042148

48. Tarapore P, Ouyang B. Perfluoroalkyl Chemicals and Male Reproductive
Health: Do PFOA and PFOS Increase Risk for Male Infertility? Int J Environ
Res Public Health (2021) 18:3794. doi: 10.3390/ijerph18073794
Frontiers in Endocrinology | www.frontiersin.org 10
49. Howdeshell KL, Wilson VS, Furr J, Lambright CR, Rider CV, Blystone CR,
et al. A Mixture of Five Phthalate Esters Inhibits Fetal Testicular Testosterone
Production in the Sprague-Dawley Rat in a Cumulative, Dose-Additive
Manner. Toxicol Sci (2008) 105:153–65. doi: 10.1093/toxsci/kfn077

50. Howdeshell KL, Rider CV, Wilson VS, Gray LE Jr. Mechanisms of Action of
Phthalate Esters, Individually and in Combination, to Induce Abnormal
Reproductive Development in Male Laboratory Rats. Environ Res (2008)
108:168–76. doi: 10.1016/j.envres.2008.08.009

51. Gao Y, Chen H, Xiao X, Lui WY, Lee WM, Mruk DD, et al.
Perfluorooctanesulfonate (PFOS)-Induced Sertoli Cell Injury Through a
Disruption of F-Actin and Microtubule Organization Is Mediated by Akt1/
2. Sci Rep (2017) 7:1110. doi: 10.1038/s41598-017-01016-8

52. Wan HT, Mruk DD, Wong CKC, Cheng CY. Perfluorooctanesulfonate
(PFOS) Perturbs Male Rat Sertoli Cell Blood-Testis Barrier Function by
Affecting F-Actin Organization via P-FAK-Tyr407 - An In Vitro Study.
Endocrinology (2014) 155:249–62. doi: 10.1210/en.2013-1657

53. Xiao X, Mruk DD, Tang EI, Wong CKC, Lee WM, John CM, et al.
Environmental Toxicants Perturb Human Serotli Cell Adhesive Function
via Changes in F-Actin Organization Medicated by Actin Regulatory
Proteins. Hum Reprod (2014) 29:1279–91. doi: 10.1093/humrep/deu011

54. Schaller MD. Cellular Functions of FAK Kinases: Insight Into Molecular
Mechanisms and Novel Functions. J Cell Sci (2010) 123:1007–13. doi:
10.1242/jcs.045112

55. Cheng CY, Mruk DD. Regulation of Blood-Testis Barrier Dynamics by Focal
Adhesion Kinase (FAK): An Unexpected Turn of Events. Cell Cycle (2009)
8:3493–9. doi: 10.4161/cc.8.21.9833

56. Li M, Wang Y, Li M, Wu X, Setrerrahmane S, Xu H. Integrins as Attractive
Targets for Cancer Therapeutics. Acta Pharm Sinica B (2021) 11:2726–37.
doi: 10.1016/j.apsb.2021.01.004

57. Dawson JC, Serrels A, Stupack DG, Schlaepfer DD, Frame MC. Targeting
FAK in Anticancer Combination Therapies. Nat Rev Cancer (2021) 21:313–
24. doi: 10.1038/s41568-021-00340-6

58. Rigiracciolo DC, Cirillo F, Talia M, Muglia L, Gutkind JS, Maggiolini M,
et al. Focal Adhesion Kinase Fine Tunes Multifaced Signals Toward Breast
Cancer Progression. Cancers (2021) 13:645. doi: 10.3390/cancers13040645

59. Chauhan A, Khan T. Focal Adhesion Kinase-An Emerging Viable Target in
Cancer and Development of Focal Adhesion Kinase Inhibitors. Chem Biol
Drug design (2021) 97:774–94. doi: 10.1111/cbdd.13808

60. Frame MC, Patel H, Serrels B, Lietha D, Eck MJ. The FERM Domain:
Organizing the Structure and Function of FAK. Nat Rev Mol Cell Biol (2010)
11:802–14. doi: 10.1038/nrm2996

61. Siu MKY, Cheng CY. Dynamic Cross-Talk Between Cells and the
Extracellular Matrix in the Testis. BioEssays (2004) 26:978–92. doi:
10.1002/bies.20099

62. Mruk DD, Cheng CY. Sertoli-Sertoli and Sertoli-Germ Cell Interactions and
Their Significance in Germ Cell Movement in the Seminiferous Epithelium
During Spermatogenesis. Endocr Rev (2004) 25:747–806. doi: 10.1210/
er.2003-0022

63. Siu MKY, Cheng CY. Extracellular Matrix: Recent Advances on Its Role in
Junction Dynamics in the Seminiferous Epithelium During Spermatogenesis.
Biol Reprod (2004) 71:375–91. doi: 10.1095/biolreprod.104.028225

64. DymM. Basement Membrane Regulation of Sertoli Cells. Endocr Rev (1994)
15:102–15. doi: 10.1210/edrv-15-1-102

65. Siu MKY, Mruk DD, Lee WM, Cheng CY. Adhering Junction Dynamics in
the Testis Are Regulated by an Interplay of b1-Integrin and Focal Adhesion
Complex (FAC)-Associated Proteins. Endocrinology (2003) 144:2141–63.
doi: 10.1210/en.2002-221035

66. Siu MKY, Wong CH, Lee WM, Cheng CY. Sertoli-Germ Cell Anchoring
Junction Dynamics in the Testis Are Regulated by an Interplay of Lipid and
Protein Kinases. J Biol Chem (2005) 280:25029–47. doi: 10.1074/
jbc.M501049200

67. Lie PPY, Mruk DD, Mok KW, Su L, Lee WM, Cheng CY. Focal Adhesion
Kinase-Tyr407 and -Tyr397 Exhibit Antagonistic Effects on Blood-Testis
Barrier Dynamics in the Rat. Proc Natl Acad Sci USA (2012) 109:12562–7.
doi: 10.1073/pnas.1202316109

68. Beardsley A, Robertson DM, O'Donnell L. A Complex Containing a6b1-
Integrin and Phosphorylated Focal Adhesion Kinase Between Sertoli Cells
December 2021 | Volume 12 | Article 800327

https://doi.org/10.1016/j.tox.2020.152663
https://doi.org/10.1093/toxsci/kft129
https://doi.org/10.1093/toxsci/kft129
https://doi.org/10.1016/j.envpol.2016.07.064
https://doi.org/10.1007/s11356-020-10530-8
https://doi.org/10.1016/j.beem.2021.101579
https://doi.org/10.3390/antiox10091473
https://doi.org/10.3390/antiox10091473
https://doi.org/10.1016/j.envres.2021.112063
https://doi.org/10.1210/endrev/bnaa035
https://doi.org/10.1007/s11154-016-9337-4
https://doi.org/10.3390/ijms21239139
https://doi.org/10.1016/j.tox.2021.152972
https://doi.org/10.1016/j.mce.2011.05.048
https://doi.org/10.21037/tau-20-685
https://doi.org/10.4161/spmg.1.1.13971
https://doi.org/10.1002/mrd.23541
https://doi.org/10.1007/s11356-021-16489-4
https://doi.org/10.1002/jat.4055
https://doi.org/10.3390/ijerph17113782
https://doi.org/10.3390/ijms22042148
https://doi.org/10.3390/ijerph18073794
https://doi.org/10.1093/toxsci/kfn077
https://doi.org/10.1016/j.envres.2008.08.009
https://doi.org/10.1038/s41598-017-01016-8
https://doi.org/10.1210/en.2013-1657
https://doi.org/10.1093/humrep/deu011
https://doi.org/10.1242/jcs.045112
https://doi.org/10.4161/cc.8.21.9833
https://doi.org/10.1016/j.apsb.2021.01.004
https://doi.org/10.1038/s41568-021-00340-6
https://doi.org/10.3390/cancers13040645
https://doi.org/10.1111/cbdd.13808
https://doi.org/10.1038/nrm2996
https://doi.org/10.1002/bies.20099
https://doi.org/10.1210/er.2003-0022
https://doi.org/10.1210/er.2003-0022
https://doi.org/10.1095/biolreprod.104.028225
https://doi.org/10.1210/edrv-15-1-102
https://doi.org/10.1210/en.2002-221035
https://doi.org/10.1074/jbc.M501049200
https://doi.org/10.1074/jbc.M501049200
https://doi.org/10.1073/pnas.1202316109
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gao et al. Emerging Target of EDCs
and Elongated Spermatids During Spermatid Release From the Seminiferous
Epithelium. J Endocrinol (2006) 190:759–70. doi: 10.1677/joe.1.06867

69. O'Donnell L, Nicholls PK, O'Bryan MK, McLachlan RI, Stanton PG.
Spermiation: The Process of Sperm Release. Spermatogenesis (2011) 1:14–
35. doi: 10.4161/spmg.1.1.14525

70. Siu MKY, Cheng CY. Interactions of Proteases, Protease Inhibitors, and the
b1 Integrin/Laminin g3 Protein Complex in the Regulation of Ectoplasmic
Specialization Dynamics in the Rat Testis. Biol Reprod (2004) 70:945–64. doi:
10.1095/biolreprod.103.023606

71. Siu MKY, Wong CH, Xia W, Mruk DD, Lee WM, Cheng CY. The b1-
Integrin-P-FAK-P130cas-DOCK180-RhoA-Vinculin Is a Novel Regulatory
Protein Complex at the Apical Ectoplasmic Specialization in Adult Rat
Testes. Spermatogenesis (2011) 1:73–86. doi: 10.4161/spmg.1.1.15452

72. Siu ER, Wong EWP, Mruk DD, Porto CS, Cheng CY. Focal Adhesion Kinase
Is a Blood-Testis Barrier Regulator. Proc Natl Acad Sci USA (2009)
106:9298–303. doi: 10.1073/pnas.0813113106

73. Wan HT, Mruk DD, Li SYT, Mok KW, Lee WM, Wong CKC, et al. P-FAK-
Tyr397 Regulates Spermatid Adhesion in the Rat Testis via Its Effects on
F-Actin Organization at the Ectoplasmic Specialization. Am J Physiol
Endocrinol Metab (2013) 305:E687–99. doi: 10.1152/ajpendo.00254.2013

74. Breuzard G, Pagano A, Bastonero S, Malesinski S, Parat F, Barbier P, et al. Tau
Regulates theMicrotubule-Dependent Migration of Glioblastoma Cells via the
Rho-ROCK Signaling Pathway. J Cell Sci (2019) 132:jcs222851. doi: 10.1242/
jcs.222851

75. Fan Z, Xu Q, Wang C, Lin X, Zhang Q, Wu N. A Tropomyosin-Like
Meretrix Meretrix Linnaeus Polypeptide Inhibits the Proliferation and
Metastasis of Glioma Cells via Microtubule Polymerization and FAK/Akt/
MMPs Signaling. Int J Biol Macromol (2020) 145:154–64. doi: 10.1016/
j.ijbiomac.2019.12.158

76. Peng Y, Qu R, Feng Y, Huang X, Yang Y, Fan T, et al. Regulation of the
Integrin avb3- Actin Filaments Axis in Early Osteogenesis of Human
Fibroblasts Under Cyclic Tensile Stress. Stem Cell Res Ther (2021) 12:523.
doi: 10.1186/s13287-021-02597-y

77. Benwell CJ, Taylor J, Robinson SD. Endothelial Neuropilin-2 Influences
Angiogenesis by Regulating Actin Pattern Development and a5-Integrin-P-
FAK Complex Recruitment to Assembling Adhesion Sites. FASEB J (2021)
35:e21679. doi: 10.1096/fj.202100286R

78. Devi SS, Yadav R, Arya R. Altered Actin Dynamics in Cell Migration of GNE
Mutant Cells. Front Cell Dev Biol (2021) 9:603742. doi: 10.3389/fcell.2021.603742

79. Linsen SE, de Wit E, de Bruijn E, Cuppen E. Small RNA Expression and
Strain Specificity in the Rat. BMC Genomics (2010) 11:249. doi: 10.1186/
1471-2164-11-249

80. Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, Aravin A, et al. A
Mammalian microRNA Expression Atlas Based on Small RNA Library
Sequencing. Cell (2007) 29:1401–14. doi: 10.1016/j.cell.2007.04.040

81. Wang L, Yan M, Li H, Wu S, Ge R, Wong CKC, et al. The Non-Hormonal
Male Contraceptive Adjudin Exerts Its Effects via MAPs and Signaling
Proteins Mtorc1/Rps6 and FAK-Y407. Endocrinology (2021) 162:bqaa196.
doi: 10.1210/endocr/bqaa196

82. Venditti M, Ben Rhouma M, Romano MZ, Messaoudi I, Reiter RJ, Minucci S.
Evidence of Melatonin Ameliorative Effects on the Blood-Testis Barrier and
Sperm Quality Alterations Induced by Cadmium in the Rat Testis. Ecotoxicol
Environ Saf (2021) 226:112878. doi: 10.1016/j.ecoenv.2021.112878

83. Wang L, Yan M, Wong CKC, Ge R, Wu X, Sun F, et al. Microtubule-
Associated Proteins (MAPs) in Microtubule Cytoskeletal Dynamics and
Spermatogenesis. Histol Histopathol (2021) 36:249–65. doi: 10.14670/HH-
18-279

84. Akhmanova A, Steinmetz MO. Control of Microtubule Organization and
Dynamics: Two Ends in the Limelight. Nat Rev Mol Cell Biol (2015) 16:711–
26. doi: 10.1038/nrm4084

85. Wong EWP, Cheng CY. Impacts of Environmental Toxicants on Male
Reproductive Dysfunction. Trends Pharmacol Sci (2011) 32:290–9. doi:
10.1016/j.tips.2011.01.001

86. Cheng CY, Mruk DD, Silvestrini B, Bonanomi M, Wong CH, Siu MKY, et al.
AF-2364 [1-(2,4-Dichlorobenzyl)-1H-Indazole-3-Carbohydrazide] Is a
Potential Male Contraceptive: A Review of Recent Data. Contraception
(2005) 72:251–61. doi: 10.1016/j.contraception.2005.03.008
Frontiers in Endocrinology | www.frontiersin.org 11
87. Cheng CY. Toxicants Target Cell Junctions in the Testis - Insights From the
Indazole-Carboxylic Acid Model. Spermatogenesis (2014) 4:e981485.
doi: 10.4161/21565562.2014.9814895

88. Mruk DD, Cheng CY. Testin and Actin Are Key Molecular Targets of
Adjudin, an Anti-Spermatogenic Agent, in the Testis. Spermatogenesis
(2011) 1:137–46. doi: 10.4161/spmg.1.2.16449

89. Tang EI, Lee WM, Cheng CY. Coordination of Actin- and Microtubule-
Based Cytoskeletons Supports Transport of Spermatids and Residual Bodies/
Phagosomes During Spermatogenesis in the Rat Testis. Endocrinology
(2016) 157:1644–59. doi: 10.1210/en.2015-1962

90. Mao B, Li L, Yan M, Wong CKC, Silvestrini B, Li C, et al. F5-Peptide and
Mtorc1/Rps6 Effectively Enhance BTB Transport Function in the Testis-
Lesson From the Adjudin Model. Endocrinology (2019) 160:1832–53. doi:
10.1210/en.2019-00308

91. Mao BP, Li L, Yan M, Ge R, Lian Q, Cheng CY. Regulation of BTB Dynamics
in Spermatogenesis - Insights From the Adjudin Toxicant Model. Toxicol Sci
(2019) 172:75–88. doi: 10.1093/toxsci/kfz180

92. Yan M, Li L, Mao BP, Li H, Li SYT, Mruk D, et al. Mtorc1/Rps6 Signaling
Complex Modifies BTB Transport Function - An In Vivo Study Using the
Adjudin Model. Am J Physiol Endocrinol Metab (2019) 317:E121–38. doi:
10.1152/ajpendo.00553.2018

93. Laplante M, Sabatini DM. mTOR Signaling in Growth Control and Disease.
Cell (2012) 149:274–93. doi: 10.1016/j.cell.2012.03.017

94. Szwed A, Kim E, Jacinto E. Regulation and Metabolic Functions of Mtorc1
and Mtorc2. Physiol Rev (2021) 101:1371–426. doi: 10.1152/
physrev.00026.2020

95. Mok KW, Mruk DD, Cheng CY. Regulation of Blood-Testis Barrier (BTB)
Dynamics During Spermatogenesis via the "Yin" and "Yang" Effects of
Mammalian Target of Rapamycin Complex 1 (Mtorc1) and Mtorc2. Int
Rev Cell Mol Biol (2013) 301:291–358. doi: 10.1016/B978-0-12-407704-
1.00006-3

96. Li N, Cheng CY. Mammalian Target of Rapamycin Complex (mTOR)
Pathway Modulates Blood-Testis Barrier (BTB) Function Through F-Actin
Organization and Gap Junction. Histol Histopathol (2016) 31:961–8. doi:
10.14670/HH-11-753

97. Wen Q, Tang EI, Gao Y, Jesus TT, Chu DS, Lee WM, et al. Signaling
Pathways Regulating Blood-Tissue Barriers - Lesson From the Testis. Biochim
Biophys Acta (2018) 1860:141–53. doi: 10.1016/j.bbamem.2017.04.020

98. Boyer A, Girard M, Thimmanahalli DS, Levasseur A, Celeste C, Paquet M,
et al. mTOR Regulates Gap Junction Alpha-1 Protein Trafficking in Sertoli
Cells and Is Required for the Maintenance of Spermatogenesis in Mice. Biol
Reprod (2016) 95:13. doi: 10.1095/biolreprod.115.138016

99. Serra ND, Velte EK, Niedenberger BA, Kirsanov O, Geyer CB. Cell-
Autonomous Requirement for Mammalian Target of Rapamycin (Mtor)
in Spermatogonial Proliferation and Differentiation in the Mousedagger.
Biol Reprod (2017) 96:816–28. doi: 10.1093/biolre/iox022

100. Mok KW, Chen H, Lee WM, Cheng CY. Rps6 Regulates Blood-Testis Barrier
Dynamics Through Arp3-Mediated Actin Microfilament Organization in
Rat Sertoli Cells. An In Vitro Study. Endocrinology (2015) 156:1900–13. doi:
10.1210/en.2014-1791

101. Mok KW, Mruk DD, Cheng CY. Rps6 Regulates Blood-Testis Barrier
Dynamics Through Akt-Mediated Effects on MMP-9. J Cell Sci (2014)
127:4870–82. doi: 10.1242/jcs.152231

102. Jo H, Loison F, Luo HR. Microtubule Dynamics Regulates Akt Signaling
via Dynactin P150. Cell Signal (2014) 26:1707–16. doi: 10.1016/j.cellsig.
2014.04.007

103. Mok KW, Mruk DD, Silvestrini B, Cheng CY. RPS6 Regulates Blood-Testis
Barrier Dynamics by Affecting F-Actin Organization and Protein
Recruitment. Endocrinology (2012) 153:5036–48. doi: 10.1210/en.2012-1665

104. Yao Y, Fan Y. CO(2) Laser Fabrication of Hydrogel-Based Open-Channel
Microfluidic Devices. Biomed Microdevices (2021) 23:47. doi: 10.1007/
s10544-021-00584-x

105. Scott SM, Ali Z. Fabrication Methods for Microfluidic Devices: An Overview.
Micromachines (2021) 12:319. doi: 10.3390/mi12030319

106. Annabestani M, Esmaeili-Dokht P, Fardmanesh M. A Novel, Low Cost, and
Accessible Method for Rapid Fabrication of the Modifiable Microfluidic
Devices. Sci Rep (2020) 10:16513. doi: 10.1038/s41598-020-73535-w
December 2021 | Volume 12 | Article 800327

https://doi.org/10.1677/joe.1.06867
https://doi.org/10.4161/spmg.1.1.14525
https://doi.org/10.1095/biolreprod.103.023606
https://doi.org/10.4161/spmg.1.1.15452
https://doi.org/10.1073/pnas.0813113106
https://doi.org/10.1152/ajpendo.00254.2013
https://doi.org/10.1242/jcs.222851
https://doi.org/10.1242/jcs.222851
https://doi.org/10.1016/j.ijbiomac.2019.12.158
https://doi.org/10.1016/j.ijbiomac.2019.12.158
https://doi.org/10.1186/s13287-021-02597-y
https://doi.org/10.1096/fj.202100286R
https://doi.org/10.3389/fcell.2021.603742
https://doi.org/10.1186/1471-2164-11-249
https://doi.org/10.1186/1471-2164-11-249
https://doi.org/10.1016/j.cell.2007.04.040
https://doi.org/10.1210/endocr/bqaa196
https://doi.org/10.1016/j.ecoenv.2021.112878
https://doi.org/10.14670/HH-18-279
https://doi.org/10.14670/HH-18-279
https://doi.org/10.1038/nrm4084
https://doi.org/10.1016/j.tips.2011.01.001
https://doi.org/10.1016/j.contraception.2005.03.008
https://doi.org/10.4161/21565562.2014.9814895
https://doi.org/10.4161/spmg.1.2.16449
https://doi.org/10.1210/en.2015-1962
https://doi.org/10.1210/en.2019-00308
https://doi.org/10.1093/toxsci/kfz180
https://doi.org/10.1152/ajpendo.00553.2018
https://doi.org/10.1016/j.cell.2012.03.017
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.1152/physrev.00026.2020
https://doi.org/10.1016/B978-0-12-407704-1.00006-3
https://doi.org/10.1016/B978-0-12-407704-1.00006-3
https://doi.org/10.14670/HH-11-753
https://doi.org/10.1016/j.bbamem.2017.04.020
https://doi.org/10.1095/biolreprod.115.138016
https://doi.org/10.1093/biolre/iox022
https://doi.org/10.1210/en.2014-1791
https://doi.org/10.1242/jcs.152231
https://doi.org/10.1016/j.cellsig.2014.04.007
https://doi.org/10.1016/j.cellsig.2014.04.007
https://doi.org/10.1210/en.2012-1665
https://doi.org/10.1007/s10544-021-00584-x
https://doi.org/10.1007/s10544-021-00584-x
https://doi.org/10.3390/mi12030319
https://doi.org/10.1038/s41598-020-73535-w
https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Gao et al. Emerging Target of EDCs
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