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Environmental toxicants, such as cadmium and bisphenol A
(BPA) are endocrine disruptors. In utero, perinatal or neonatal
exposure of BPA to rats affect the male reproductive function,
such as the blood-testis barrier (BTB) integrity. This effect of
BPA on BTB integrity in immature rats is likely mediated via a
loss of gap junction function at the BTB, failing to coordinate
tight junction and anchoring junction function at the site
to maintain the immunological barrier integrity. This in
turn activates the extracellular signal-regulated kinases 1/2
(Erk1/2) downstream and an increase in protein endocytosis,
destabilizing the BTB. The cadmium-induced disruption of
testicular dysfunction is mediated initially via its effects on
the occludin/ZO-1/focal adhesion kinase (FAK) complex at
the BTB, causing redistribution of proteins at the Sertoli-
Sertoli cell interface, leading to the BTB disruption. The
damaging effects of these toxicants to testicular function
are mediated by mitogen-activated protein kinases (MAPK)
downstream, which in turn perturbs the actin bundling and
accelerates the actin-branching activity, causing disruption of
the Sertoli cell tight junction (TJ)-barrier function at the BTB
and perturbing spermatid adhesion at the apical ectoplasmic
specialization (apical ES, a testis-specific anchoring junction
type) that leads to premature release of germ cells from the
testis. However, the use of specific inhibitors against MAPK
was shown to block or delay the cadmium-induced testicular
injury, such as BTB disruption and germ cell loss. These findings
suggest that there may be a common downstream p38
and/or Erk1/2 MAPK-based signaling pathway involving
polarity proteins and actin regulators that is shared between
different toxicants that induce male reproductive dysfunction.
As such, the use of inhibitors and/or antagonists against
specific MAPKs can possibly be used to “manage” the illnesses
caused by these toxicants and/or “protect” industrial workers
being exposed to high levels of these toxicants in their work
environment.
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Introduction

The US Consumer Product Safety Commission and McDonald’s
recently recalled 12 million cadmium-tainted Shrek drinking
glasses (www.cpsc.gov/cpscpub); this is one of the latest inci-
dents consumers are facing regarding environmental toxicants,
which have now become an integrated component of our daily
life in both developed and developing countries. While the cad-
mium was found to associate only with the paints found in the
Shrek designs printed on the outside of these glasses, the toxicant
could leach from the glasses and contaminate other glassware in
the dishwashing machine. In light of the toxicity of cadmium
and its unusually long half-life in humans, about 2040 years,
a recall appears to be the only means to protect the general pub-
lic. However, various toxicants are found in virtually all utensils,
foods and water in our environment, it is likely that humans,
including children, are exposed to these toxicants at high levels
that are harmful to our health.® This review is not intended to
be exhaustive on the basics of these toxicants or their generally
known mechanisms of action since this information can be found
in several recent reviews and reports.”'” Instead, we focus on the
destructive effects of several toxicants [e.g., cadmium and bisphe-
nol A (BPA)] on male reproductive functions, such as reducing
sperm count in men and rodents'! and by perturbing the blood-
testis barrier (BTB) integrity in immature rats.'? In particular,
the underlying mechanisms of action will be discussed, since
recent findings have shown that these toxicants mediate their
effects downstream via a common pathway involving mitogen-
activated protein kinases (MAPKs), such as Erkl/2 and p38
MAPK. Thus, future studies should include an examination
of whether small molecule inhibitors against these MAPKs can
block or reverse the toxicant induced testicular injury. While it
is known that these MAPKSs are needed for diverse cellular func-
tions and their blockade could have other unwanted side effects,
the new information can be used to prepare targeted delivery of
small inhibitors, such as to the testis, to prevent testicular injury
caused by these toxicants.
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Figure 1. The structural formulae of bisphenol A (BPA) and estradiol-17.

Mechanisms of Toxicant-Induced Testicular Damage

Xenoestrogenic endocrine-disrupting compounds. A number of
environmental endocrine-disrupting compounds (EDCs) (Note:
EDCs are man-made compounds that impair hormonal function
in both humans and animals) are found in the environment as
a result of industrial and manufacturing activities. These com-
pound include bisphenol A (BPA)(Fig. 1), polychlorinated biphe-
nyls (PCBs), pesticides, phthalates, polybrominated diphenyl
ethers (PBDEs) and others (e.g., cadmium chloride) (reviewed
in ref. 3). Herein, we focus our discussion on BPA because of its
wide-spread presence in the environment (e.g, utensils, plastics,
foods, water bottles) and this compound appears to share the
common downstream toxicological signaling pathway of MAPK,
similar to the heavy metal environmental toxicant cadmium.
Bisphenol A. Introduction. Bisphenol A [BPA, 2,2-bis
(hydroxyphenyl)propane] (Fig. 1), a synthetic non-steroidal
estrogen widely used in the manufacture of polycarbonate plas-
tic (e.g., water bottles, baby bottles), epoxy resins (e.g., inside
coating in metallic food cans) and as a non-polymer additive to
other plastics. BPA leaches from polycarbonate bottles and food
containers including canned foods, and thus becomes an inte-
grated part of the food chain."#'"* While adult animals tolerate
acute and high doses of bisphenol (e.g., >2-50 mg/kg b.w./day at
multiple doses) without much noticeable phenotypic changes,
recent studies have shown that in utero, perinatal or neonatal
exposure of laboratory animals (rats and mice) to bisphenol is
harmful even at a physiologically relevant exposure dose, also

www.landesbioscience.com

REVIEW

known as a “low-dose” (i.e., at a concentration below the cur-
rent lowest observed effect level, LOAEL, of 50 pg/kg/day for
in vivo studies). Harmful effects include disruption of (1) devel-
opment, differentiation and function of the central nervous sys-
tem, (2) reproductive function (such as, follicle development),
(3) thyroid hormone function, (4) morphology of prostate and
mammary glands, (5) meiosis in fetal oocytes and (6) immune
system (for recent reviews, see refs. 8 and 13-15). This suscepti-
bility of neonatal animals to BPA versus adults may be related to
the lower level of liver enzyme activity that can metabolize BPA
to its non-toxic BPA-glucuronide form which is then excreted by
the kidney.® It has been reported that biologically active BPA in
neonatal mice following oral administration is indeed ~10-fold
higher than adults.'® Thus, BPA may indeed be harmful to chil-
dren in humans and additional studies are warranted (see ref. 15).

It is known that BPA exerts its effects by binding to the
nuclear steroid receptors: estrogen receptor a (ERa) and ERf,
with about 10-fold higher affinity for ERB; BPA also binds to
androgen receptor and thyroid hormone receptor competitively.”?
In Leydig cells, BPA interferes with the expression of steroido-
genic enzyme (17a-hydroxylase/17-20
lyase) (reviewed in ref. 13).

BPA-induced MAPK signaling in the testis. A recent study" has
shown that in utero exposure of rats to BPA (0.1 to 200 mg/kg/
day for 7 days from gestational day 14 to birth) led to a transient
induction in testicular Erkl (also known as MAPK 3), but not
Erk2, in neonatal rats, most notably in Sertoli cells. This MAPK
induction was no longer detected by day 21 postpartum; and the
fertility of these rats were not grossly affected. These findings are

17a-monooxygenase

in agreement with a recent report that treatment of immature rats
at age 20-25 days postpartum with BPA (50 mg/kg b.w./day for
6 days) induced a BTB disruption (Note: BTB is assembled in
rats by age 1516 postnatal), but a similar regimen in adult rats
(50 mg/kg b.w./day for 5 days) had no apparent effect on the BTB
integrity or the fertility.'? Also, this BPA-induced BTB disruption
can be reproduced in vitro using Sertoli cell cultures when BPA at
200 pM reversibly perturbed the Sertoli cell tight junction (T7J)-
permeability barrier, and this disruption was associated with an
induction of p-Erkl but not p-Erk2."? Furthermore, BPA also
caused a redistribution of several known BTB integral membrane
proteins: Cx43, occludin and N-cadherin, but not ZO-1 (a TJ
adaptor), moving away from the Sertoli-Sertoli cell interface to
the cell cytosol,’? thereby destabilizing the T]-barrier. In short,
these findings suggest that when neonatal rats and perhaps chil-
dren are exposed to BPA, this toxicant exerts its effects by activat-
ing MAPK signaling pathway downstream in the testis.

In this regard, the in vivo function of MAPK signaling in
spermatogenesis remains unclear from the phenotypes of knock-
out animals. It is known that Erkl knockout mice are fertile,'®
whereas Erk2 KO mice are embryonic lethal” so that its role in
spermatogenesis and fertility cannot be assessed. Although the
former finding seems to suggest that the Erkl MAPK is not
critical for spermatogenesis, this probably resulted from other
MAPKs, such as ERK5, JNK and/or p38, superseding Erkl
to perform various necessary functions during spermatogen-
esis. For instance, it is known that Erk1/2 and other MAPKs
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Figure 2. The three mitogen-activated protein kinase (MAPK) signaling pathways that are known to be involved in the toxicant-induced testicular
injury. MAP kinases are a family of Ser/Thr protein kinases found in eukaryotic cells that are well conserved among mammalian species, and they are
involved in a number of normal cellular and pathological events including cell proliferation, differentiation, apoptosis, tumorigenesis, cell movement,
cell cycle progression and meiosis in germ cells, and junction restructuring.?*¢7! Recent studies have shown that environmental toxicants

e.g., cadmium, bisphenol),'>"741-4244 cytokines (e.g., TGF-B3, TNFa)’>7° or male contraceptives (e.g., adjudin)’>7* exert their effects to induce either germ
cell depletion from the seminiferous epithelium that mimics spermiation or BTB disruption via one of the three MAPKSs (i.e. Erk1/2, p38 MAPK and JNK).
These findings thus illustrate the possibility that the toxicant-induced testicular injury can be managed by using specific inhibitors to block members
of the MAPK signaling molecules. Some of the commonly used inhibitors including a few that are in clinical trials (e.g., SB681323) are indicated in this
schematic drawing. The chemical names for these inhibitors are: Sorafenib, 4-[4-{[4-chloro-3-(trifluoromethyl)phenyl]lcarbamoylamino}phenoxy]-N-
methyl-pyridine-2-carboxamide; U0126, 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)-butadiene, marketed as Nexavar by Bayer; PD98059,

2’-amino-3’-methoxyflavone; SCIO-469, 2-[6-chloro-5-{[(2R,55)-4-(4-foluorobenzyl)-2,5-dimethylpiperazin-1-yllcarbonyl}-1-methyl-1H-indol-3-yl]-N,N-
dimethyl-2-oxoacetamide; SB681323, a GlaxoSmithKline p38 MAPK inhibitor, its chemical structure has not been released, this p38 MAPK inhibitor is
currently in Phases 1 and 2 clinical trials for different pathological conditions, such as neuropathic pain, chronic obstructive pulmonary disease, acute
respiratory distress syndrome, rheumatoid arthritis (see www.gsk-clinicalstudyregister.com/protocol_comp_list.jsp;jsessionid=707CC014554CD2B306F
E34C4BE56BD27?compound=Sb681323); SB242235, 1-(4-piperidinyl)-4-(4-fluorophenyl)-5-(2-methoxy-4-pyrimidinyl)imidazole; SP600125, anthra(1,9-

cd)pyrazol-6(2H)-one.

(e.g., MEK1, MEK2) are crucial to cell cycle progression in
spermatocytes such as chromatin condensation prior to meiosis
1% Figure 2 illustrates some of the known MAPKs and MAPK-
based signaling pathways that are known to be involved in the
toxicant-induced BTB and anchoring junction restructuring in
the testis, highlighting crucial MAPK molecules that can be
tackled to manage toxicant-induced testicular injury, such as the
use of small molecule inhibitors to block specific MAPK.

An emerging new concept on how BPA perturbs the BTB integ-
rity via gap junctions. As noted in a recent study reported by our
laboratory, BPA was shown to perturb the integrity of the BTB
when administered to neonatal rats on day 20 to 25 postnatal
at 50 mg/kg b.w. for 6 doses.’* This in vivo effect was repro-
duced in vitro using primary Sertoli cells cultured on Matrigel-
coated bicameral units with a functional barrier that mimicked
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the BTB in vivo, in which BPA reversibly perturbed the Sertoli
TJ-permeability barrier.!* Although it is known that BPA acts as
an endocrine disruptor in multiple organs by mediating its effects
via estrogen receptors, androgen receptors, or thyroid hormone
receptors (see above), we instead focused on the effects of BPA on
BTB components since this ultrastructure is not strictly estrogen-
or androgen-dependent. It is noted that the BTB is constituted
by coexisting T7J, basal ectoplasmic specialization (ES, a testis-
specific adherens junction type*#), desmosome (also known
as desmosome-gap junction because it shares the properties of
desmosome and gap junction*) and gap junction (GJ)*"*. Our
study first suggested that BPA may perturb the Sertoli cell BT B by
blocking GJ communication, since the BPA-induced Sertoli cell
TJ-permeability barrier disruption was associated with a redis-
tribution of GJ proteins, such as Cx43, from the Sertoli-Sertoli
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Figure 3. For figure legend, see page 6.

cell interface to cell cytosol.'? These findings are supported by a
more recent study, in which BPA was shown to impede GJ func-
tion based on a dye-transfer assay to assess GJ communication.*®
Thus, the loss of GJ communication is likely to be an important
mechanism for BPA-induced BTB disruption. Indeed, the func-
tion of GJ in maintaining the homeostasis of the BTB and the
cross-talk of different junction types was demonstrated by the
knock-down of Cx43 and plakophilin-2 in Sertoli cells by RNAi,
which led to the disruption of T]-barrier.”

These findings thus warrant the investigation of whether BPA
physically interacts with GJ communicating channel. Since the
crystal structure of Cx26 at 3.5A resolution is known?®, and
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Cx26 is also a known GJ-protein in the Sertoli cell BTB?, the
likelihood of BPA binding to Cx26-based connexon was assessed
by molecular modeling analysis (Fig. 3). This analysis showed
the presence of a docking ‘pocket” in Cx26-based connexon for
estradiol-17 (Fig. 3A) and BPA (Fig. 3B), analogous to the
docking of these molecules to Cx43-based connexons (data not
shown). These results thus further strengthen the notion that
BPA directly interacts with GJ, thereby impeding GJ-based com-
munication as demonstrated in a BPA-induced disruption of
dye-transfer across the GJ,* which in turn impedes cross-talk
between different junction types at the BTB, destabilizing the
BTB integrity (Fig. 4). It is also possible that the interaction of
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Figure 3 (See previous page). The docked complex of estradiol-17 (A:a, b) and BPA (B:a, b) with a Cx26-based GJ communicating channel. The Panel
ain A or Billustrates the top view of the corresponding docked complex and Panel b in A or B illustrates the ball and stick model for the interaction
residues with the protein secondary structure representation. The crystal structure of human Cx26 is known at 3.5A resolution.? The protein crystal
structure of Cx26 was retrieved from Protein Data Bank (PDB ID: 2ZW3). The initial requirement of docking study is the preparation of protein and
ligand to have optimized structures. Cx26 protein structure was prepared using the Maestro 9.0 protein preparation wizard; bond orders assigned, and
hydrogen added appropriately. Exhaustive sampling method was used for the optimization of the hydrogen bonding network, in which the orienta-
tion of hydroxyl groups, amide groups of Asn and GIn, and imidazole ring of His residues were optimized. The root mean square deviation (RMSD, to
be used to measure the scalar distance between atoms of the same type of two structures) of atom displacement for terminating the minimization was
set to be 0.30A. The minimization was carried out with OPLS2005 force field. The ligand structures of estradiol-17f (CID: 5757) and bisphenol A (CID:
6623) were retrieved from NCBI-PubChem database. LigPrep (Version 2.3, Schrédinger, LLC, New York, NY, 2009) was used to generate 3D structure
with correct chiralities for each ligand used in this study. Grid files represent the volume of the receptor that can be searched for ligand docking. We
have set the grid box on the centriod of all the residues in the Cx26 and no constraints were selected. The Standard Precision (SP) mode of Glide (Ver-
sion 5.5, Schrédinger, LLC, New York, NY, 2009) was used for the flexible ligand docking. The best binding conformation was selected as one which has
the lowest docking energy from the generated docking solutions. Docking of estradiol-17f into the Cx26-based GJ channel shows strong interactions
with the pore lining residues such as tryptophan (Trp, W) and aspartic acid (Asp, D). The amino acid residues such as Asp2 (Chain E and F) and Trp3
(Chain A and E) were involved in multiple hydrogen bond formation with estradiol-17p (Aa, b). The backbone nitrogen atom of Asp2 (Chain E) and side
chain carboxyl oxygen of Asp2 (Chain F) makes hydrogen bond interaction with estradiol-17 in the bond distances of 1.772A and 1.647A, respectively.
Whereas the side chain nitrogen of Trp3 (Chain A) and backbone nitrogen atom of Trp3 (Chain E) were also involved in hydrogen bond formation in the
bond distance of 2.116A and 2.368A, respectively. In addition to hydrogen bonds, Asp2 (Chain A), Trp3 (Chain F), Val37 (Chain E and F), Thr5 (Chain E)
and Lys41 (Chain F) were involved in non-bonded interaction to further stabilize the interaction. The docking score of this binding conformation was
-5.36 kcal/mol. The binding site surface area of Cx26 and ligand were 1230.776 A and 273.880A, respectively. This docking result shows that estradiol-
178 binds with residues of chain A, E and F only that are lining the GJ channel. Hence, we conclude that additional unit of estradiol-17f3 is also required
for binding with monomeric unit of other chains, which leads to blockage of the gating of channel Cx26. Bisphenol A docking result reveals that

pore lining residues such as Asp2 (Chain C and D), Trp3 (Chain C) and Lys41 (Chain D) of Cx26 were involved in hydrogen bond formation in the bond
distance of 1.783A, 1.994A, 2.091A and 1.930A. respectively (Ba,b). The non-bonded interactions were also observed in the residues of Trp3 (Chain D),
Thr5 (Chain C), Val37 (Chain C and D), Val38 (Chain C) and Lys41 (Chain C) with bisphenol A. The binding site surface area of Cx26 and bisphenol A were
1029.645A and 254.604A, respectively. The docking score for this binding complex was -4.47kcal/mol. It is interesting to note that Asp2, Trp3, Val37
and Lys41 residues of both Chain C and D were involved in the interactions and thus it creates an empty space in the pore region. Hence an additional
unit of bisphenol A is also required to bind with other monomeric chains of Cx26 to block the passage of chemical molecules through the pore. In this
study, we observed that both estradiol-173 and bisphenol A interact with pore lining residues of N-terminal helix (NTH) and first transmembrane helix
(TMH1) of Cx26 protein. We also observed that each of the compounds is forming four hydrogen bonds with the Cx26. Hence, we conclude that both

represents the sequence number from the N-terminus.

the compounds can regulate or inhibit the functions of Cx26 by binding with pore region of the protein. Asn (N), asparagine; Asp (D), aspartic acid;
GIn (Q), gluatamine; His (H), histidine; Lys (K), lysine; Thr (T), threonine; Trp (W), tryptophan; Val (V), valine. The “numeral” after an amino acid residue

BPA with Cx43-based connexons at the BTB may lead to the
activation of MAPK, which in turn perturbs the BTB function
in the testis.

Collectively, recent studies suggest that BPA affects the BTB
primarily by targeting GJ (or also desmosome-gap junction), and
this mechanism is facilitated by the unique structure of the BTB.
In general, blood-tissue barriers (e.g., the blood-brain barrier
and the blood-retina barrier) are constituted by endothelial tight
junctions of the microvessels inside the corresponding organs,
such as the brain and the eye. Unlike these blood-tissue barriers,
the BTB is constituted by coexisting TJ, basal ES, desmosome
and GJ between Sertoli cells near the basement membrane*"?,
while the microvessels in the interstitium contribute relatively
lictle barrier function to the BTB** similar to the myoid cell
layer in the tunica propria in primates.”> The physiological sig-
nificance of these coexisting junctions at the BTB is not clear.
However, recent studies have shown that a disruption of GJ*
or desmosome® by the knock-down of their components using
specific siRNA duplexes by RNAI can impede the Sertoli cell
BTB integrity, illustrating that these junctions likely provide the
necessary cross-talk between different junction types at the BTB
to maintain its integrity. For instance as previously mentioned, it
was shown that a loss of Cx43 and plakophilin-2 expression by
their knockdown using RNAI led to a loss of proper distribution
of occludin and ZO-1 at the Sertoli-Sertoli cell interface, mov-
ing from the cell surface to cell cytosol via an increase in protein
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endocytosis, disrupting the Sertoli cell TJ-permeability barrier.?
Similarly, the simultaneous knockdown of desmoglein-2 and des-
mocollin-2 also led to a redistribution of ZO-1 and CAR from
the Sertoli cell surface to cell cytosol, thereby disrupting the
Sertoli cell-T] barrier.? Thus, the blockage of GJ communica-
tion by BPA% (see also Fig. 3) is likely to destruct the necessary
cross-talk of cell junctions at the BTB, causing an increase in
the kinetics of protein endocytosis at the BTB, thereby perturb-
ing the barrier function (see the hypothetical pathway shown in
Fig. 4).

In short, the above discussion illustrate that the GJ at the BTB
is one of the cellular targets of BPA and environmental toxicants.
These findings should be further explored to examine if a block-
ade of GJ communication by using inhibitors would render the
Sertoli cell T]-permeability barrier insensitive to the BPA treat-
ment. Such studies can open a new window of opportunity to
therapeutically manage BPA-induced damage to the reproductive
function in children.

Cadmium. ntroduction. Cadmium is a heavy metal and an
environmental toxicant used for manufacturing paints for plas-
tics, ceramics and glasses; and for making nickel-cadmium bat-
tery and electric cables when alloyed with copper.!! Cadmium is
also as an endocrine disrupting compound (EDC) that interferes
with the synthesis and the regulation of several hormones in both
females and males.?® Besides its disruptive effects on Leydig cell
steroidogenesis®, cadmium also modifies several hormone levels
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Figure 4. A schematic drawing illustrating an emerging mechanism of action of BPA in disrupting the BTB integrity via its effects on gap junction,
which in turn perturbs the proper protein distribution at the tight junction and basal ES. The left panel represents an intact BTB in the rat testis. The
presence of bisphenol A, such as when immature rats or the Sertoli cell epithelium in vitro are exposed to this environmental toxicant, however, blocks
the GJ communication (e.g., Cx43-based GJ), leading to changes in protein re-distribution at the BTB via an increase in protein endocytosis (middle

panel),’>?” thereby causing a disruption of the BTB (right panel).

in the hypothalamic-pituitary-testicular axis®, such as testoster-
one, LH and FSH. Similar to BPA, cadmium is an integrated
component of the food chain due to industrial activities, such as
smelting and refining of metals that contaminate our foods and
water, and municipal waste incineration which release cadmium
to the atmosphere as cadmium oxide, chloride or sulfide'.
While the cadmium levels in the air and drinking water are
relatively low (i.e., ~0.04 pg/m? and <1 pg/L, respectively), an
average person ingests ~30 pg cadmium/day via food and water,
which is then absorbed by the stomach or intestines; smokers
who consume -1 pack cigarettes per day absorb an additional
1-3 pg of cadmium through their lungs' (for additional infor-
mation, see www.e-b-i.net/ebi/comtaminants/cadmium.html).
Unfortunately, cadmium has an exceedingly long biological
half-life of ~20—40 years in humans so that it can accumulate in
the body over a long period of time, particularly in the kidneys
and the liver.* Cadmium is also known to cause a lot of illnesses
including cancers in various organs, such as kidney, prostate and
breast’*® besides disrupting male reproductive function.*!

www.landesbioscience.com

While the damaging effect of cadmium in the testis by caus-
ing necrosis is known for more than five decades®”?, its mecha-
nism of action and the cellular targets in the testis are not known
until recent years. The first report illustrating that the BTB is an
early target of cadmium toxicity in the testis appeared in 1970.%
Subsequent studies have shown that following the administration
of an acute dose (3 mg/kg b.w.) of cadmium chloride in adult
rats, damage of microvessels was preceded by the loss of BTB
integrity***?, with a destruction of TJ-associated microfilaments
in Sertoli cells.®®

Cadmium-induced MAPK signaling in the testis. Similar to the
action of BPA as discussed in the previous section, cadmium-
induced toxicity also involves MAPK pathways. The disruption
of the BTB, which occurs at ~14-16 hr after cadmium admin-
istration, was shown to be mediated via an activation of the p38
MAPK.# This finding is important because it illustrates for the
first time that cadmium-induced toxicity in the testis can possibly
be therapeutically managed by using specific inhibitors against
MAPK. Indeed, the use of a specific p38 MAPK inhibitor, such
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Figure 5. Cadmium chloride-induced mis-orientation and loss of cell
polarity in developing spermatids prior to their premature depletion
from the seminiferous epithelium in adult rats. Adult rats (~300 gm
body weight, n = 3 rats for each group including control) were treated
with saline (0.9% NaCl) at time 0 (a, b) versus CdCl, (3 mg/kg b.w., ad-
ministered via i.p.) and terminated by 6 hr (c, d) or 16 hr (e, f) thereafter.
Germ cells were shown to deplete from the seminiferous epithelium
prematurely following cadmium exposure in tubules (marked with

an asterisk) versus control testes (see yellow arrowheads in cand e
versus a). In control rats at time 0, developing spermatids are properly
oriented with the heads of spermatids pointing towards the basement
membrane (see b) in the seminiferous epithelium. At 6 hr after cad-
mium exposure, some spermatids began to lose their cell polarity with
improper orientation (see white arrowheads in d). Significantly more
spermatids were mis-oriented by 16 hr (f, see white arrowheads), prior
to their premature depletion from the epithelium. Scale bars: a, 120 um
(also applies to cand e); b, 25 um (also applies to b and f).

as  SB202190 [4-(4-fluorophenyl)-2-(4-hydroxyphenyl)-5-(4-
pyridyl)-1H-imidazole] was shown to delay and block, at least
in part, the cadmium-induced BTB disruption in vivo.* These
findings were confirmed in two follow-up studies.”** In addition,
another MAPK member c-Jun N-terminal kinase (JNK) was also
shown to play a role in cadmium toxicity. The inhibition of JNK
by DMAP (6-dimethylaminopurine, a JNK inhibitor) worsened
cadmium-induced testicular injury as shown by accelerated germ
cell loss, which might be due to the decreased production of the
non-specific protease inhibitor a -macroglobulin.* These studies
also noted the irreversible nature of cadmium-induced germ cell
loss from the seminiferous epithelium, as well as BTB disruption,
following the administration of an acute dose (such as a single
dose of 3 mg/kg b.w.). -2

New insights on the mechanism of cadmium toxicity: The role of
cell polarity. Prior to the visible damage to the BTB and the loss
of germ cell from the epithelium (e.g. at ~6-hr after cadmium
administration), many of the elongated spermatids became
mis-oriented. This may reflect a loss of cell polarity (see Fig. 5)
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following cadmium treatment, as opposed to the properly ori-
ented developing spermatids with their heads pointing towards
the basement membrane in the seminiferous epithelium of nor-
mal testes (Fig. 5). This loss of cell polarity in elongating sperma-
tids becomes more extensive by 16-hr after cadmium treatment
(Fig. 5) and thereafter, germ cells were shown to begin their
depletion from the seminiferous epithelium.* Cell polarity of
developing spermatids in the seminiferous epithelium is con-
ferred by a specialized testis-specific anchoring junction known
as apical ectoplasmic specialization (apical ES)® (Fig. 6), which
appears in developing step 8 through step 19 spermatids in the
rat. Once the apical ES appears, it is the only anchoring device
found between Sertoli cells and the developing spermatids, which
is also used to maintain their proper orientation, so as to maxi-
mize the number of spermatids that can be packed in a limited
cross section area of the seminiferous epithelium.?"#

The early disruption of spermatid polarity and orientation fol-
lowing cadmium treatment (see Fig. 5) is reminiscent of germ
cell depletion induced by another chemical known as adjudin
[1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide] (Fig. 6).
In this respect, a previous study showed that adjudin treatment
led to a loss of cell polarity protein partitioning-defective protein
6 (PARG) at the apical ES, rendering these spermatids incapa-
ble of orientating themselves properly with their heads point-

4 triggering their eventual

ing toward the basement membrane,
depletion from the epithelium. Thus, cadmium-induced loss of
cell polarity may also involve the down-regulation of polarity
proteins, which remains to be investigated.

Furthermore, the disruption of homeostasis in the actin fila-
ment network surrounding the apical ES may also contribute
to the loss of spermatid polarity following cadmium treatment.
One of the major actin nucleation machineries Arp2/3 complex,
as well as its activator N-WASP (neuronal Wiskott-Aldrich syn-
drome protein),”* are important for the proper orientation of
elongated spermatids in the seminiferous epithelium. This was
demonstrated by the inhibition of N-WASP using wiskostatin®,
which led to spermatid mis-orientation® (see Fig. 7). When
N-WASP binds and activates the Arp2/3 complex’, the entire
activated Arp2/3/N-WASP protein complex can bind to the lat-
eral side of an existing actin filament and serve as the nucleation
site for a new actin branch, thereby forming a branched actin
network in cells. While actin branching is necessary for changes
in cell shape in response to the environmental stimuli (e.g.,
stress, growth factors, cytokines, infection), it is also necessary
for spermatid development during spermiogenesis. For instance,
elongating spermatids transform their cell shape and also move
progressively in the epithelium near the basement membrane
towards the luminal edge of the seminiferous tubule so that sper-
miation can take place at stage VIII of the seminiferous epithe-
lium cycle.

In this context, it is of interest to note that FAK, a non-recep-
tor protein tyrosine kinase’?, is an integrated component of the
occludin-ZO-1 complex at the BTB.”® This FAK-occludin-ZO-1
protein complex also appears to be the primary target of cad-
mium toxicity in the testis.”® For instance, a knockdown of FAK
by RNAi using FAK-specific siRNA duplexes was shown to
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render the Sertoli cell TJ-permeability barrier unresponsive to
cadmium-induced disruption.” In short, these findings suggest
that the FAK-occludin-ZO-1 complex is one of the cellular tar-
gets of cadmium toxicity in the testis and a disruption of this pro-
tein complex, such as by RNAi to knock-down FAK, can render
the Sertoli cell BTB insensitive to cadmium toxicity. As such, this
protein complex is also a therapeutic target to manage toxicant-
induced male reproductive dysfunction.

Taken collectively, these findings suggest that cadmium may
initially alter the proper function of the polarity proteins as well
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Figure 6. Adjudin-induced loss of orientation and cell polarity in
developing spermatids (see ref. 46). In normal rat testes (A), developing
spermatids (from steps 8 through 19) remain attached to the Sertoli cell
in the seminiferous epithelium via apical ectoplasmic specialization
(apical ES) which also confers cell polarity by maintaining proper orien-
tation with the head of the spermatid pointing towards the basement
membrane. The apical ES is typified by the presence of actin filament
bundles (see black arrowheads) sandwiched between the plasma mem-
brane of the Sertoli cell and the endoplasmic reticulum (ER). The two
opposing white arrowheads illustrate the plasma membranes of the
Sertoli cell and the elongating spermatid. Nu, nucleus; AC, acrosome.

In rats treated with a single dose of adjudin (50 mg/kg b.w., by gavage,
a chemical known to induce premature loss of spermatids from the
epithelium) for 12 hr (B), spermatids lose their cell polarity and proper
orientation, with some spermatids pointing to the opposite direction
instead of towards the basement membrane (see asterisks in B, illustrat-
ing mis-oriented elongating spermatids). This observation is analogous
to rats receiving a single dose of cadmium shown in Figure 5. When

a mis-oriented spermatid was magnified as shown in (C), it was noted
that the actin filament bundles became disrupted and less organized
(see arrowheads in C), possibly the result of an increase in actin branch-
ing activity via an activation of Arp2/3 (proteins that regulate actin
nucleation)(see Figs. 7 and 8), so that these spermatids can be depleted
from the epithelium. Scale bars: (A), 0.1 um; (B), 2 um; and (C), 0.1 pm.

as the actin-nucleation/branching activity, altering cell polarity
in Sertoli cells near the basement membrane of the seminiferous
tubules, which in turn activates MAPK downstream that leads to
a disruption of the BTB. This mechanism may also be used by
cadmium to perturb the cell polarity of developing spermatids,
disrupting the cell polarity protein function and proper actin
branching activity at the actin ES, perturbing spermatid polarity
and orientation in the seminiferous epithelium behind the BTB
(see Fig. 8). This, in turn, contributes to germ cell depletion from
the seminiferous epithelium prematurely, thereby reducing sperm
counts in the affected individuals. This hypothetical mechanism
of action also reveals there are multiple targets that can be tackled
to manage cadmium-induced testicular injury, which should be
pursued in future studies.

Regulation of cadmium entry to the seminiferous epithelium
behind the BTB. Cadmium appears to enter the seminiferous epi-
thelium behind the BTB in the mouse testis via the drug trans-
porter SLC39A8, also known as ZIP8 (a zinc transporter that
is highly expressed in human T cells’) (see Fig. 8). This drug
transporter is found in Sertoli cells, but is most notably associ-
ated with microvessels in the interstitium.”° It is noted that the
mRNA of ZIP8 is the most abundant in lung and kidney, and
its steady-state mRNA level in the liver is similar to that in the
testis.” However, besides the zinc cation transporter ZIP8, it is
also possible that cadmium and other heavy metals (e.g., zinc)
traverse a blood-tissue barrier including the BTB in the testis via
other drug transporters (e.g., influx pump transporters”, such as
OCT family cation transporters®>?) or by macropinocytosis.*’
Indeed, recent studies have shown that Sertoli cells express a large
number of drug transporters, including efflux and influx pump
transporters, in the testis.***""** For instance, p-glycoprotein (an
efflux pump protein) is an integrated component of the JAM-A-,
claudin-11- and occludin-based protein complexes at the BTB.%
This efflux pump apparently plays a role in regulating the types
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Arp3/F-actin

Figure 7. A disruption of proper actin nucleation by Arp2/3 using an
inhibitor against N-WASP, an activator of Arp2/3, induces mis-orien-
tation and loss of polarity in developing spermatids (see ref. 50). The
left panel, a, ¢, e, g and i, illustrates rats treated with vehicle control
(0.15% DMSO in PBS) via intratesticular administration as described

in reference 50. Elongating spermatids were properly oriented in the
seminiferous epithelium (a, c) on day 4 post-treatment, with Arp3 found
in the concave side of the spermatid heads (e, red) whereas F-actin was
found around the entire spermatid heads at the apical ES (g, green); the
co-localization of Arp3 and F-actin is shown in i (orange). However, after
wiskostatin (an inhibitor of N-WASP) treatment which perturbs Arp2/3-
mediated actin nucleation to generate proper actin-branching at the
apical ES which facilitates proper cell polarity and orientation, many
elongating spermatids became misoriented without pointing towards
the basement membrane (see white arrowheads in d versus properly
oriented spermatids shown in c). The Arp3 (f) and the actin network (h)
appeared diminished and less organized (f), which were also evident in
the merged image shown in j. Scale bars: a, 100 uwm, also applies to b; c,
15 wm, also applies to d-j.
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of drugs, heavy metals and/or environmental toxicants that can
traverse the BTB to exert their effects in developing germ cells
behind the BTB. Recent studies have shown that other proteins,
such as tissue plasminogen activator, can also mediate the trans-
port of heavy metals (e.g., zinc) across a cell epithelium via its
interaction with drug transporter ZIP4.% The role of these drug
transporters in cadmium and/or BPA toxicity in the male repro-
ductive function should be carefully evaluated in future studies.

Alleviating Toxicant-Induced Testicular Damage
by Specific Inhibitor

As discussed above and summarized in Figure 3, specific MAPK
inhibitors (e.g., SB202190 that blocks p38 MAPK® and
DMARP that blocks JNK*) that are delivered specifically to the
testis via intratesticular administration can indeed interfere with
cadmium-induced injury in the testis. Thus, environmental tox-
icant-induced male reproductive dysfunction can be therapeuti-
cally ‘managed’. It is obvious that local administration of MAPK
inhibitors to the testis is not a viable option, these inhibitors,
however, can be administered using nanotechnology, such as

64

the use of a modified FSH mutant protein®* for targeted delivery
since FSH receptor is limited to the Sertoli cells in the mamma-
lian testis. There are recent advances in the field using inhibitors
against different MAPKs to treat various pathological conditions,
mostly notably cancer, heart disease and pulmonary disease.®-%
While many of these studies are in the stage of laboratory-based
in vitro testing and studies,®* several of these MAPK inhibi-
tors or related kinase inhibitors have moved onto clinical stud-
ies.0¢

collection and analysis prior to the publication in peer-reviewed

8 Some of these clinical studies are now at the stages of data

journals regarding their use to treat different illnesses ranging
from late stage cancers to heart disease and inflammatory disor-
ders (see www.ciscrp.org, www.nih.gov or www.cancer.gov for
selected and additional references).

Concluding Remarks and Future Perspectves

Herein we have critically discussed some of the latest develop-
ments in the field regarding the role of MAPK in the cadmium-
and BPA-induced damage to the testis. It is increasingly clear
that the BTB, while it is one of the tightest blood-tissue bar-
riers in the mammalian body, is the primary cellular target of
cadmium (and perhaps BPA as well, at least in immature rats'?)
wherein cadmium initiates its “assault” (e.g., by disrupting the
TJ-permeability barrier), to be followed by a cascade of events
(e.g., germ cell depletion from the epithelium) that leads to tes-
ticular injury.*> And within the BTB ultrastructure, the FAK/
occludin/ZO-1 protein complex is one of the primary molecu-
lar targets of cadmium.®*”7 Furthermore, BPA and cadmium
were shown to activate MAPK downstream of the FAK/occlu-
din/ZO-1 protein complex at the BTB, which is constituted by
coexisting TJ, basal ES, desmosome and gap junction between
adjacent Sertoli cells near the basement membrane in the semi-
niferous tubule, and the use of specific inhibitors against some

Volume 1 Issue 1



A Plasma
membrane Endosome-mediated
| Cd2+ degradation

@ ~ @./
o) _ucg” ®
= —L§ @ _> N\ N y c =~ Endooytosis

( — ‘
- ) 7 @

) Endocytosis )
) T & \p
Occludin
‘\ Endocytic vesicle
Endosome-mediated Cd
degradation

Yo

Occludin

ls

2+

Intact BTB Disrupted BTB

@ @ Spermatid loss
A ° 7~

Intact Apical ES Disrupting Apical ES Disrupted Apical ES

Figure 8. A schematic drawing illustrating the likely mechanism of action of environmental toxicants (e.g., cadmium) that causes disruption of the

BTB and premature germ cell loss from the seminiferous epithelium, thereby reducing sperm count and leading to male reproductive dysfunction. In
(A), the left panel illustrates an intact and functional BTB in the rat testis. The entry of cadmium into the testis via drug transporter SLC39A8 in mice®*
can affect FAK in the FAK/occludin-ZO-1 protein complex,>*’” such as changes in the phosphorylation status of the occludin-ZO-1 protein complex,”
causing their re-distribution, such as mediated by enhanced endocytosis of occludin in the rat Sertoli cell BTB,** this thus destabilizes the BTB integrity,
leading a loss of BTB integrity (see right panel). This postulate was confirmed by the observation that a loss of FAK function by RNAi would render

the Sertoli cell epithelium less susceptible to cadmium.”” In (B), the left panel illustrating an intact apical ES at the Sertoli cell-elongating spermatid
interface with the abundant presence of Par-based proteins (e.g., Par6)*® and Eps8,’® which facilitate the maintenance of the actin filament bundles

to confer apical ES integrity. The presence of cadmium (e.g., CdCl.) which reaches the apical compartment of the seminiferous epithelium via the
SLC39A8 transporter (or other drug transporters) likely activates Arp3, and this activation Arp3 is recently shown to induce the formation of actin
branching network, replacing the actin filament bundles at the apical ES* (middle panel). This, in turn, destabilizes the apical ES, leading to premature

loss of spermatids from the seminiferous epithelium (right panel), analogous to spermiation.
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members of the MAPK family was effective to block and/or delay
the toxicant-induced testicular damage, such as the BTB disrup-
tion (see Figs. 2, 4 and 8). Furthermore, the cadmium-induced
testicular injury may also involve a disruption of the polarity pro-
teins and the likely participation of FAK (see Fig. 8). These find-
ings thus illustrate that much research is needed to address the
possibility of manipulating the activity of MAPK, FAK and/or
polarity proteins by using small molecule specific inhibitors and/
or activators to manage the toxicant-induced injury in the testes.
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