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Introduction

Cadmium is one of the few environmental toxicants that has sig-
nificant adverse side-effects in humans, in particular men’s repro-
ductive health. It is also a known carcinogen. Cadmium has an 
unusual long half-life (~15–20 y) and it has a widespread presence 
in the ecosystem and food chains because industrial activities.1-7 
However, its mechanism(s) of action remains largely unknown 
even though there are indications that cadmium exerts its effect 
at cell adhesion proteins, such as E-cadherin,8-10 causing kidney 
and endothelial tight junction (TJ)-barrier dysfunction.1,3,5,11 
Cadmium also promotes carcinogenesis in lung, breast, kidney, 
prostate, stomach, pancreas, liver, head and neck, bladder, and 
testis, by perturbing cellular DNA repair mechanism, inducing 
DNA-protein cross-linking and cell proliferation, disrupting 
gene expression, and inhibiting cell apoptosis.7,12-15 It is known 
that in the mouse testis, drug transporter, Slc39a8 (solute carrier 
family 39, zinc transporter, member 8, also known as ZIP8), an 
influx pump, is the transporter responsible for cadmium-induced 
toxicity in the testis,16 illustrating cadmium enters multiple 
organs via the Slc39a8 transporter at the blood-tissue barriers in 

the blood-testis barrier (BtB) provides an efficient barrier to restrict paracellular and transcellular transport of substances, 
such as toxicants and drugs, limiting their entry to the testis to cause injury. this is achieved by the coordinated actions 
of efflux and influx transporters at the BtB, which are integral membrane proteins that interact with their substrates, 
such as drugs and toxicants. An efflux transporter (e.g., p-glycoprotein) can either restrict the entry of drugs/toxicants 
into the testis or actively pump drugs/toxicants out of Sertoli and/or germ cells if they have entered the seminiferous 
epithelium via influx pumps. this thus provides an effective mechanism to safeguard spermatogenesis. Using Sertoli 
cells cultured in vitro with an established tight junction (tJ)-permeability barrier which mimicked the BtB in vivo and 
treated with cadmium chloride (CdCl2), and also in adult rats (~300 g b.w.) treated with CdCl2 (3 mg/kg b.w., via i.p.) to 
induce testicular injury, cadmium was found to significantly downregulate the expression of efflux (e.g., p-glycoprotein, 
Mrp1, Abcg1) and influx (e.g., Oatp3, Slc15a1, Scl39a8) transporters. For instance, treatment of Sertoli cells with cadmium 
induced significant loss of p-glycoprotein and Oatp-3 at the cell-cell interface, which likely facilitated cadmium entry into 
the Sertoli cell. these findings illustrate that one of the mechanisms by which cadmium enters the testis is mediated by 
downregulating the expression of drug transporters at the BtB. Furthermore, cytokines and steroids were found to have 
differential effects in regulating the expression of drug transporters. Summary, the expression of drug transporters in the 
testis is regulated by toxicants, steroids and cytokines.
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multiple organs, including the blood-testis barrier (BTB) in the 
testis. However, it is not known if cadmium can modulate the 
expression of drug transporters at the blood-tissue barriers, such 
as the BTB.

P-glycoprotein (P-gp, also known as multidrug resistance 
protein 1, Mdr1; or ATP-binding cassette sub-family B mem-
ber 1, Abcb 1) and Mrp1 (multidrug resistance-related protein 
1 also known as multidrug resistance-associated protein 1 and 
Abcc1) are ATP-binding cassette (ABC)-transporters, both are 
integral membrane proteins serving as efflux drug pumps that 
either pump drugs out of an epithelial or endothelial cell or pre-
vent drugs from entering a cell via an ATP-dependent mecha-
nism.7,17 Abcg1 (ATP-binding cassette sub-family G member 1) 
is a homolog of the Drosophila gene white,18 it is also an intra-
cellular ATP-dependent efflux sterol transporter to facilitate the 
transport of cellular sterols to exogenous high-density lipopro-
tein (HDL).19 Several efflux drug transporters have recently been 
shown to be components of the BTB in the rat testis. For instance, 
P-glycoprotein was found to structurally interact with TJ-integral 
membrane proteins occludin, claudin-11 and JAM-A.20
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and drug influx pumps (e.g., Oatp3, Slc39a8) (Fig. 1A, a–d). 
These findings support the notion that the unusual sensitivity 
of the testis to cadmium-induced injury, such as the BTB,45-47 
is due to a downregulation of drug transporters at the BTB 
by cadmium, as such, cadmium has unlimited access to the 
seminiferous epithelium behind the BTB. The findings shown 
in Figure 1A (panels a–d) depicting downregulation of drug 
transporters by cadmium were supported by studies using 
immunofluorescence microscopy as shown in Figure 1B, illus-
trating considerable loss of both P-glycoprotein and Oatp3 at 
the Sertoli cell-cell interface following exposure of these Sertoli 
cells to CdCl

2
 for 24 h, possibly via an increase in endocytic 

vesicle-mediated endocytosis and intracellular degradation of 
these drug transporters.

Cadmium downregulates the expression of efflux and influx 
drug transporters in the rat testis in vivo. Downregulation of 
drug transporters in Sertoli cells at the BTB following their expo-
sure to cadmium in vitro as shown in Figure 1 was also con-
sistent with findings in vivo when the steady-state protein levels 
of efflux pumps (e.g., P-glycoprotein, Mrp1, Abcg1) and influx 
pumps (e.g., Oatp3, Slc15a1) were examined by immunoblotting 
(Fig. 2A). A downregulation of drug transporters by CdCl

2
 in 

the rat testis by as much as ~5- to 10-fold was detected when these 
blots were densitometrically scanned and compared statistically 
as shown in (Fig. 2B), illustrating the findings using the in vitro 
system to study Sertoli cell BTB function that demonstrated the 
disruptive effects of cadmium on the expression of these efflux 
and influx transporters are physiologically relevant.

Differential effects of steroids and cytokines on the expres-
sion of drug transporters in Sertoli cells in vitro. We next exam-
ined the effects of two other classes of biomolecules, namely 
steroids and cytokines, which are known to regulate Sertoli 
cell BTB function,7 if they would modulate the expression of 
the efflux transporter P-glycoprotein and the influx transporter 
Oatp3 (Fig. 3A and B). Steroids, such as estradiol-17β and tes-
tosterone; and cytokines, such as IL-1α, TGF-β3 and TNFα; 
were earlier found to modulate Sertoli cell BTB function either in 
vitro, in vivo or both.28,29,32,44,48-50 Interestingly, estradiol-17β, tes-
tosterone and TGF-β3 were shown to downregulate the expres-
sion of P-glycoprotein, whereas IL-1α and TNFα had no apparent 
consistent effects on P-glycoprotein expression (Fig. 3A and B). 
However, estradiol-17β and IL-1α upregulated Oatp3 but testos-
terone, TGF-β3 and TNFα apparently had no effects on Oatp3 
expression (Fig. A and B). In short, these findings are in contrast 
to cadmium treatment since cadmium uniformly downregulated 
all the efflux and influx drug transporters that were examined 
but steroids and cytokines were shown to have differential effects 
on the expression of efflux transporter P-glycoprotein and influx 
drug transporter Oatp3 (Fig. 3 vs. Fig. 2).

Discussion

In the mouse, Slc39a8 (also known as Zip8) was shown to be 
the influx drug pump responsible for transporting cadmium 
across the BTB to induce toxicity in the testis.16 However, stud-
ies have shown that other efflux and influx transporters may also 

Oatp3 (organic anion transporting polypeptide protein 3, also 
known as Slco1a5, solute carrier organic anion transporter family 
member 1a5) is an influx pump that transports thyroid hormones 
and prostaglandin E2 in mouse brain.21 Oatp3 was recently 
shown to structurally associate with N-cadherin, β-catenin, and 
ZO-1, but not occludin, at the BTB in the rat testis,22 illustrat-
ing these influx pumps together with the efflux pumps (e.g., 
P-glycoprotein) determine how much toxicants (e.g., cadmium) 
can “enter” the adluminal compartment of the seminiferous epi-
thelium to induce testicular injury. Solute carrier family 15 mem-
ber 1 (Slc15a1), also known as peptide transporter-1 (PepT-1), is 
an influx pump involved in oligopeptide reabsorption in the kid-
ney and the intestines.23 Slc15a1 also facilitates the absorption of 
many peptidomimetic drugs in humans.24 Slc39a8, on the other 
hand, is also an influx drug pump, but earlier studies have shown 
that it is involved specifically in the transport of heavy metals, 
such as zinc25,26 and cadmium,16 across the blood-tissue barriers 
including the BTB. Unlike the ABC transporters, these influx 
pumps transport drugs across the blood-tissue barriers without 
involving the use of ATP.17,27

In light of the presence of several efflux and influx drug trans-
porters at the BTB in the rat testes and their association with 
cell adhesion protein complexes at the BTB (e.g., occludin-ZO-1, 
N-cadherin-β-catenin, JAM-A-ZO-1, claudin-11-ZO-1),20,22 we 
sought to examine herein if cadmium-induced testicular toxicity 
would perturb the expression of these drug transporters, thereby 
facilitating or modifying their entry efficacy into the seminiferous 
epithelium to induce testis injury. Since cytokines (e.g., TGF-βs, 
TNFα, IL-1α)28-32 and steroids (e.g., testosterone, estradiol-17β) 
were shown to modulate BTB function,7,33,34 we also sought to 
examine if cytokines and steroids would modulate the expression 
of drug transporters in the testis.

Results

Cadmium downregulates the expression of efflux and influx 
drug transporters at the Sertoli cell BTB in vitro. Sertoli 
cells cultured in vitro were known to establish a functional 
TJ-permeability barrier, and with the ultrastructures of TJ, 
basal ES, and gap junction as well as desmosome visibly by 
electron microscopy that mimicked the BTB in vivo.35-37 In 
fact, this in vitro system was widely used in the field by investi-
gators to study Sertoli cell BTB dynamics.31,38-40 We thus used 
this system to assess if exposure of Sertoli cells to cadmium 
would lead to changes in the expression of several drug trans-
porters including the putative cadmium influx transporter 
Slc39a8 (ZIP8) by immunoblotting and/or RT-PCR (Fig. 1). 
After Sertoli cells were cultured alone for 4 d when a func-
tional TJ-permeability barrier was established,41,42 mimicking 
the Sertoli cell BTB in vivo,43,44 these cultures (designated time 
0 h) were exposed to CdCl

2
 at 3 μg/ml (15 μM) and termi-

nated at specified time points between 3 and 36 h for either 
immunoblotting (see Table 1) or RT-PCR (see Table 2) (since 
a working antibody against Slc39a8 was not available) vs. time 
0, it was noted that cadmium significantly downregulated the 
expression of drug efflux pumps (e.g., P-glycoprotein, Mrp1), 
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Figure 1. effects of cadmium on the expression of drug transporters in Sertoli cell epithelium with an established functional tJ-permeability barrier 
in vitro. (A) Sertoli cells cultured alone for 4 d at 0.5 x 106 cells/cm2 with an established functional tJ-permeability barrier were treated with CdCl2 
(Mr 183.32) at 3 μg/ml (~15 μM) or without (control, Ctrl) for 0–36 h and cultures were terminated at specified time points. the steady-state protein 
or mRNA levels of p-glycoprotein (p-gp) (a), Mrp1 (b), Oatp3 (c) and Slc39a8 (d) were then quantified by immunoblottings (a–c) or Rt-pCR (d) since a 
satisfactory antibody was not available for Slc39a8. the lower panels in (a–d) are the histograms of the corresponding immunoblotting or Rt-pCR data 
using data shown in the upper panels from n = 3 experiments from different Sertoli cell cultures. *p < 0.05; **p < 0.01. (B) Sertoli cells cultured at 0.05 
× 106 cells/cm2 were treated with CdCl2 for 24 h and stained for p-gp (red fluorescence) or Oatp3 (green fluorescence) vs. the control control (Ctrl) with 
Sertoli cell nuclei stained by DApI. Bar = 40 μm and 20 μm for p-gp and Oatp3 in the left panel, which apply to the micrographs in the right panel.
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cell TJ-permeability barrier function as demonstrated in earlier 
studies in which cadmium was found to perturb the Sertoli cell 
TJ-barrier.38,52,53 Recent studies, however, have shown that drug 
transporters, such as P-glycoprotein and Oatp3, are integrated 
components of the protein adhesion complexes that consti-
tute the BTB, such as occludin-ZO-1, JAM-A-ZO-1, claudin-
11-ZO-1 or N-cadherin-β-catenin.20,22,41 Thus, downregulation 
of the drug transporters that are part of these adhesion protein 
complexes may perturb the integrity of these proteins, thereby 
impeding their functionality in conferring the barrier function 
at the Sertoli cell BTB. This possibility warrants further studies 
to examine the role of drug transporters in blood-tissue barriers.

During spermatogenesis, steroids and cytokines play differ-
ent functional roles to regulate spermatogenesis, which include 
germ cell survival and apoptosis, inflammatory responses, cell 
cycle progression, meiosis, cell adhesion function and BTB func-
tion.7,34,54-58 It is of interest to note that steroids and cytokines 
have differential effects on the expression of the efflux trans-
porter P-glycoprotein and the influx transporter Oapt3. It is 
likely that these regulatory effects are also stage-specific depend-
ing on the cycle of the seminiferous epithelium. While in this 
report, we have limited our studies to examine the effects of 
steroids and cytokines on the expression of P-glycoprotein and 
Oatp3, it is highly likely that steroids and cytokines play a cru-
cial role in regulating the expression of the complex network of 
drug transporters since dozens of drug transporters are present 
in the testis.7 The net result of these changes induced by steroids 
and cytokines determines the steady-state levels of different bio-
molecules, steroids, therapeutic drugs, paracrine/autocrine fac-
tors, and/or hormones that are available to developing germ cells 
and/or Sertoli cells in the seminiferous tubules both behind and 

be capable of transporting heavy metals, such as cadmium, into 
and out of the Sertoli and germ cells in the testis. Recent studies 
have shown that these drug transporters are not limited to the 
Sertoli cell, the nursery cell type in the seminiferous epithelium 
that provides structural supports, nutrients and other necessary 
biomolecules to the developing germ cells during spermatogen-
esis; instead, germ cells at various stages of their development 
express different types of efflux and influx drug transporters in 
the rat testis.17,22,51 Herein, it was shown that when Sertoli cells 
cultured in vitro with an established functional TJ-permeability 
barrier that mimics the BTB in vivo were exposed to cadmium, 
this toxicant can downregulate several efflux and influx drug 
transporters, illustrating that this toxicant is capable of disman-
tling the machinery that is put in place at the BTB to protect the 
unwanted entry of toxicants. The downregulation of these drug 
pumps by cadmium is not restricted to findings in vitro since 
the expression of several selected drug efflux and influx drug 
transporters was similarly downregulated when rats were exposed 
to cadmium in vivo. These findings were further validated by 
immunofluorescence microscopy when the expression and local-
ization of P-glycoprotein and Oatp3 were examined before and 
after exposure to cadmium. These observations also support the 
notion that even though there is a sophisticated system in place in 
the testis involving both drug efflux and influx pumps to protect 
germ cell development behind the testis, and that this similar sys-
tem is also in place in germ cells outside the BTB, such as in sper-
matogonia and early spermatocytes,7,51 certain toxicants, such as 
cadmium as shown herein, can disrupt their expression, so that 
there is no checkpoint in place in the testis to reduce their levels 
in the testis. However, it is not known at the moment if such 
a downregulation of drug transporters can impede the Sertoli 

Table 1. primary antibodies used for different experiments in this report*

Antibody Catalog # Lot # Host Vendor
Working dilution

IB IF

P-glycoprotein
sc-55510 
517310

B1108 
D00022523

Mouse 
Mouse

Santa Cruz Biotechnology 
Calbiochem

1:200 
1:250

1:50

Mrp1 sc-13960 I1906 Rabbit Santa Cruz Biotechnology 1:200

Abcg1 ab52617 467040 Rabbit Abcam 1:2000

Oatp3 sc-47265 A1408 Goat Santa Cruz Biotechnology 1:200 1:50

Slc15a1 LS-C18855 12477 Rabbit Lifespan Biosciences 1:1000

Actin sc-1616 F0809 Goat Santa Cruz Biotechnology 1:200

*Antibodies used herein were shown to cross-react with their corresponding proteins in rats as indicated by the manufacturers. IB, immunoblotting; IF, 
immunofluorescence microscopy.

Table 2. primers used for Rt-pCR experiments in this report

Gene Primer sequence Orientation Position
Length 

(b.p.)
Tm 
(°C)

Cycle 
no.

GenBank 
accession number

Slc39a8
5'- AGt tGC tGt Gtt tGG tGG-3' 

5'- GtG tCC Att AGG CtC AGt G-3'
Sense 

Antisense
597–614 
792–810

214 53 25 BC089844

S16
5'-tCC GCt GCA GtC CGt tCA AGt Ctt-3' 

5'-GCC AAA Ctt Ctt GGt ttC GCA GCG-3'
Sense 

Antisense
15–38 

376–399
385 53 25 XM_341815

*b.p., base pairs; tm, annealing temperature.
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normal and pathophysiological conditions. However, the pheno-
typic effects of the steroid- or cytokine-mediated expression of 
drug transporters on different testicular functions remain to be 
determined. It is likely that steroids and cytokines fine-tune the 
levels of different biomolecules in the seminiferous epithelium via 
their effects on drug transporters, so that the steady-state levels of 
various biomolecules in metabolically quiescent germ cells can be 
tightly regulated during spermatogenesis.

In summary, we have demonstrated herein the expression 
of drug transporters is regulated by environmental toxciants 
(e.g., cadmium), steroids (e.g., estradiol-17β, testosterone), and 

outside the BTB during the epithelial cycle of spermatogenesis. 
For instance, it is now known that influx drug transporters, such 
as organic anion-transporting polypeptides (Oatps), regulate the 
uptake of steroids in breast epithelial and breast cancer cells,59 
and efflux transporters (e.g., P-glycoprotein) also regulate the 
bioavailability of antiretroviral drugs across the BTB.60 Thus, 
our findings illustrate that endogenous steroids and cytokines in 
the testis can modulate the expression and thus the function of 
drug transporters, thereby modulating the levels of steroids and 
therapeutic drugs in the testis, perhaps altering the homeostasis 
of the testis in response to changes in the environment during 

Figure 2. effects of cadmium on the expression of drug transporters in the rat testis during cadmium mediated testicular injury. Groups of adult rats 
(n = 3 rats for each time point including time 0, which served as a control) at 250–300 g b.w. were treated with CdCl2 at time 0 via i.p. and 3 rats were 
terminated at specified time points. Lysates were prepared from these testes for immunoblotting as shown in (A) to quantify the steady-state levels 
of different efflux drug transporters: p-glycoprotein (p-gp), Mrp1, and Abcg1; and influx drug transporters: Oatp3 and Slc15a1 with 100 μg protein 
per lane using lysates from testes. Data from 3 rats such as those shown in (A) were scanned and normalized against actin which served as a loading 
control and the histograms are shown in (a–d) in (B) corresponding to the five drug transporters. N.D., not detectable; *p < 0.05; **p < 0.01.
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was approved by The Rockefeller University Animal Care and 
Use Committee with Protocol numbers 09016 and 12056.

Sertoli cell cultures. Sertoli cells were isolated from 20-d-old 
rat testes and plated on Matrigel™-coated 12-well plates at 0.5 
× 106 cells/cm2 as earlier described.61 Sertoli cells were cultured 
in serum-free F12/DMEM with supplements and incubated at 
35°C in a humidified atmosphere of 5% CO

2
/95% air [v/v]. 

About 36–48 h after cell plating, these cultures were subjected 
to a hypotonic treatment using 20 mM Tris (pH 7.4 at 22°C) for 
2.5 min to lyse residual germ cells, and cultures were washed in 
F12/DMEM as described.62 The purity of these cultures is ~98% 
with negligible contaminations of Leydig cells, germ cells and/

cytokines (e.g., TNFα, TGF-β3). Functional studies can now 
be designed to examine the functional significance of these 
findings.

Materials and Methods

Animals. Male Sprague-Dawley rats at 20 d of age, and adult 
male rats at ~250–300 g b.w. (body weight) were purchased 
from Charles River Laboratories. Rats had free access to water 
and standard rat chow, and they were maintained at 22°C with a 
12:12 h of light:dark cycle. Rats were euthanized by CO

2
 asphyx-

iation. The use of animals for the experiments reported herein 

Figure 3. effects of steroids and cytokines on the expression of different drug transporters in Sertoli cells cultured in vitro with an established func-
tional tJ-permeability barrier. (A) Steroids, such as estradiol-17β (e2) and testosterone (t); and cytokines, such as IL-1α, tGF-β3 and tNFα, at concentra-
tions known to be found in the testis and were shown to regulate Sertoli cell function were added to the Sertoli cells cultured in vitro on day 4 when 
a functional tJ-permeability barrier that mimicked the BtB in vivo was established. At specified time points, these cultures were terminated from 
different treatment groups vs. the control (Ctrl) group, and lysates were obtained for immunoblotting (40 µg protein per lane) using antibodies against 
either p-glycoprotein (p-gp) (left panel) or Oatp3 (right panel) with actin (bottom panel) served as the loading control. (B) Histograms that summarize 
results of immunoblotting, such as those shown in (A) were densitometically scanned using SigmaGel and normalized against actin, and the steady-
state protein level at time 0 was arbitrarily set at 1. Statistical analysis was performed by comparing the level of a drug transporter following treatment 
to the level of the corresponding control at each time point. *p < 0.01.
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incubated with HRP-conjugated secondary antibodies (Santa 
Cruz Biotechnology), and chemiluminescence was performed as 
described using a kit prepared in our laboratory64 to detect the 
target proteins. Images were captured with a LAS-4000 lumi-
nescent image analyzer (FujiFilm). Densitometric analysis was 
performed using SigmaGel.

RT-PCR. Since a specific anti-Slc39a8 antibody was not avail-
able for immunoblotting analysis, we had used RT-PCR to assess 
any changes on the steady-state mRNA level of Slc39a8 following 
cadmium treatment. Total RNAs were extracted from Sertoli cells 
after cadmium treatment for 0, 12 and 24 h using TRIzol reagent 
(Invitrogen). Contaminating genomic DNA in each RNA sam-
ple, if any, was digested with RNase-free DNase I (Invitrogen) 
prior to their use for reverse transcription into cDNAs using 
Moloney murine leukemia virus reverse transcriptase (M-MLV 
RT) reagent (Invitrogen) as described.20 PCR was performed 
using primer pair specific to target gene Slc39a8 (Table 2), which 
was co-amplified with ribosomal S16 serving as an internal con-
trol for equal sample processing and RNA loading.

Immunofluorescence microscopy. Immunofluorescence 
microscopy was performed using primary Sertoli cells after 24 
h-cadmium treatment. Sertoli cells were fixed in 4% parafor-
maldehyde [w/v], permeabilized with 0.1% Triton X-100 [v/v] 
and blocked with 1% BSA [w/v]. Thereafter, cells were incu-
bated with either anti-P-glycoprotein or anti-Oatp3 diluted at 
1:50 in 1% BSA at room temperature overnight. Cells were then 
washed and incubated with Alexa Fluor 555 (red color) or 488 
(green color) secondary antibodies diluted at 1:100 in 1% BSA. 
ProLong Gold antifade reagent with DAPI was used for mount-
ing, and images were acquired using an Olympus BX61 fluores-
cence microscope with a built-in Olympus DP71 digital camera 
at 12.5 MPx as described.41,65

Statistical analysis. All in vitro culture experiments reported 
herein were repeated at least three times with duplicate or trip-
licate wells using different batches of Sertoli cells. For in vivo 
experiments, at least three rats for each time point were used. 
Statistical analysis was performed with GB-STAT (Version 7.0, 
Dynamic Microsystems). Student’s t-test was used for paired 
comparisons against the control, whereas one-way ANOVA fol-
lowed by Dunnett’s post-test was used for multiple comparisons.
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or peritubular myoid cells when specific markers for these cells 
were used and assessed by either RT-PCR or immunoblotting as 
described.63 Sertoli cells were cultured alone for 4-d before dif-
ferent treatments. Cells were terminated at specified time points 
thereafter for immunoblotting or RT-PCR. For fluorescence 
microscopy, Sertoli cells were plated on Matrigel-coated cover-
slips at 0.05 × 106 cells/cm2, and placed in 6-well dishes with 5-ml 
F12/DMEM per well. This cell density was selected for micros-
copy so that Sertoli cells were evenly spaced and protein localiza-
tion at the cell-cell interface was easily detected. In experiments 
to be used to obtain lysates for immunoblotting or for nucleic acid 
extraction for RT-PCR, a Sertoli cell density of 0.5 × 106 cells/cm2 
was used so that sufficient protein or RNA can be obtained from 
each well in the 12-well dishes (each well contained 3-ml F12/
DMEM) for analysis. These experiments were repeated at least 
three times using different batches of Sertoli cells and each time 
point had triplicate cultures.

Treatment of Sertoli cells with cadmium, steroids and cyto-
kines. On day 4 of culture when Sertoli cells were found to estab-
lish a functional TJ-permeability barrier in vitro based on the 
presence of a stable TER (transepithelial electrical resistance) 
across the Sertoli cell epithelium as described,22,41 cells were incu-
bated with CdCl

2
 (Mr 183.32) at 3 μg/ml (~15 μM) for 0, 3, 

6, 12, 24 and 36 h; estradiol-17β (E2, 2 × 10-9 M), testosterone 
(T, 2 × 10-7 M), IL-1α (100 pg/ml), TGF-β3 (5 ng/ml), or TNF-α 
(10 ng/ml) for 0, 6, 12 h and 1, 2, 3 d at 35°C. Corresponding 
vehicle controls were used without cadmium, steroids or cyto-
kines in F12/DMEM.

Treatment of rats with cadmium. Adult rats were treated 
with CdCl

2
 dissolved in saline (20 mg/ml) at 3 mg/kg b.w., i.p., 

as described previously,46 which is known to disrupt the BTB 
irreversibly and induces germ cell loss from the epithelium.45-47 
Rats were euthanized at different time points at 0, 3, 6, 12, 24 
and 48 h after treatment with n = 3 rats per time point. Testes 
were immediately removed, frozen in liquid nitrogen and stored 
at -80°C until used for lysate preparation.

Immunoblot analysis. Testis or Sertoli cell lysates were pre-
pared in lysis buffer [10 mM Tris, pH 7.4 at 22°C containing 
0.15 M NaCl, 10% glycerol (v/v), 1% NP-40 (v/v)] with cock-
tails of protease inhibitors and phosphatase inhibitors from 
Sigma-Aldrich as described.22,41 Protein concentrations in sam-
ples were estimated by using BioRad DC (detergent compatible) 
Protein Assay kits and a BioRad Model 680 Spectrophotometer. 
Approximately 100 μg testis lysate or 40 μg Sertoli cell lysate per 
lane was resolved onto SDS-polyacrylamide gels under reducing 
conditions. Proteins in these gels were transferred onto nitrocellu-
lose, blocked with 5% milk [w/v] in PBS-Tris [pH 7.4 containing 
0.1% Tween-20 (v/v)] for 1 h, and probed with different pri-
mary antibodies at room temperature overnight. Blots were then 
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