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ABSTRACT. Background and objective: Controversial effects
of bisphenol A (BPA) have been reported on testicular func-
tion. These differences might reflect dissimilar exposure con-
ditions. Dose responses to toxicants may be non-linear, e.g.
U-shaped, with effects at low and at high levels of exposure
and lower or inexistent effects at intermediate levels. Ser-
toli cells produce high levels of glutathione (GSH) as a cell
defense mechanism. In this study, we addressed the ques-
tion whether the exposure to different doses of BPA could in-
fluence Sertoli cell GSH synthesis and recycling. Materials
and methods: Primary Sertoli cell cultures were exposed to
various doses of BPA (0.5 nM-100 µM). Cell viability was mea-
sured as an outcome of toxic effect. GSH cell content was
determined to evaluate cell response to toxicant exposure.
Glutamate-cysteine ligase catalytic (GCLC) and modulatory

(GCLM) subunit expression were assessed to estimate GSH
synthesis, and GSH reductase (GR) expression to estimate
GSH recycling. Results: BPA 100 µM, but not lower doses,
decreased cell viability. BPA 10 and 50 µM, but not lower
doses, induced an increment in Sertoli cell GSH levels, due to
a rapid upregulation of GCLC and GR and a slower upregu-
lation of GCLM. Conclusions: High doses of BPA are delete-
rious for Sertoli cells. Intermediate doses do not affect Ser-
toli cell viability and increase cell content of GSH owing to in-
creased GSH synthesis and recycling enzyme expression.
Lower doses of BPA are not capable of eliciting a cell de-
fense response. These observations may explain a non-linear
dose response of Sertoli cells to BPA.
(J. Endocrinol. Invest. 34: e102-e109, 2011)
©2011, Editrice Kurtis

INTRODUCTION

Bisphenol A (BPA) [2,2-bis(4-hydroxyphenyl)propane] is
a monomer of polycarbonate plastics and a constituent of
epoxy and polystyrene resins that are extensively used
in the food-packaging industry and also as a component
of dental sealant. BPA was first considered a potential
endocrine disruptor owing to its experimentally shown
estrogenic activity (1-3). Furthermore, detectable con-
centrations of BPA have been found in human fluids (4,
5), and concern was raised especially by the facts that fe-
tal and neonatal periods of life might be particularly sen-
sitive to endocrine disruptors (6, 7), resulting in adverse
effects later in life in diverse organs (3, 8), and that baby
feeding bottles may release BPA (9).
Regional decline in sperm count and increase in devel-
opmental male reproductive tract disorders, like cryp-
torchidism, hypospadias, and testicular cancer, have been
associated with an increasing exposure to environmen-
tal pollutants during fetal life (10-12). Although sperm
production begins at puberty, a normal development of
testicular cell populations from early embryonic life is es-
sential for the development of a fully competent repro-
ductive capacity. Sertoli cells are the somatic component
of the seminiferous tubules and function as primary sup-

porting cells creating the structural and physiological en-
vironments necessary for spermatogenesis. In the inter-
stitial tissue, Leydig cells are responsible for the secre-
tion of androgens and insulin-like factor 3. While the lat-
ter is involved in testicular descent during fetal life (13),
androgens are essential for both testicular descent in fe-
tal life and Sertoli cell maturation and spermatogenic de-
velopment at puberty (14).
The effect of BPA on testicular function has been con-
troversial. Whereas certain studies have clearly shown
that Leydig cell testosterone production (15), Sertoli cell
junctional complex formation (16), and sperm output (7,
17) are affected by exposure to the toxicant in fetal
and/or early post-natal life, other experimental designs
have failed to demonstrate a BPA-dependent deleteri-
ous effects in the male gonad (18, 19). Whether these
different findings on BPA effects are the result of dissim-
ilar experimental conditions (in vivo/in vitro, cell type,
BPA dose, etc.) that might reflect a differential sensitivi-
ty of the various cell populations of the testis to BPA re-
mains to be elucidated. On the other hand, to add to the
controversy, a non-linear dose response curve has been
described for many toxicants. In fact, in some non-mono-
tonic dose responses, the curve may be U-shaped – i.e.
high responses at low and at high levels of exposure with
lower responses at intermediate levels – or shaped like an
inverted U – with the greatest responses at intermediate
doses (3).
Glutathione [L-γ-glutamyl-L-cysteinylglycine (GSH)] is a non-
protein thiol with an essential role in cell protection against
oxidative stress and xenobiotic detoxification (20-23). High
levels of GSH have been localized in Sertoli cells (23-27),
suggesting that protection of seminiferous epithelium
against oxidative stress can be achieved through Sertoli
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cell GSH production. Recently, we demonstrated that GSH
content in post-natal Sertoli cells is modulated by FSH and
the paracrine regulator basic fibroblast growth factor
through stimulation of GSH de novo synthesis and recy-
cling (27), suggesting that protection of seminiferous
tubule cells against oxidative stress can be achieved
through an increase in Sertoli cell GSH content. Here, we
hypothesized that post-natal Sertoli cells might respond
differently according to the dose of BPA exposure by mod-
ifying its GSH content, as a mechanism of cell protection.
There are several mechanisms by which cells maintain
their GSH content: de novo synthesis from its constituent
amino acids, GSH redox recycling from oxidized GSH –
catalyzed by GSH reductase (GR) – and direct uptake (20).
Glutamate-cysteine ligase (GCL) is the initial and rate-lim-
iting enzyme in the de novo synthesis of GSH. This en-
zyme catalyzes the binding of L-glutamate and L-cysteine
to form L-γ-glutamyl-L-cysteine. GCL is a heterodimer
composed of a 72-kDa catalytic subunit (GCLC) and a 30-
kDa modulatory subunit (GCLM) (28, 29). GR catalyzes the
reduction of oxidized GSH (GSSG) to reduced GSH using
NADPH as the electron donor. The presence of GCL (26)
and GR (25, 27, 30) has been demonstrated in rat Sertoli
cells. Glutathione-S-Transferases (GST) are a family of
detoxification isoenzymes present in different tissues in-
cluding the testis (25). GST catalyzes the conjugation of
many toxic substrates to GSH resulting in the formation
of a less toxic product (31). In this study, we addressed
the question whether the exposure to different doses of
the environmental pollutant BPA could influence post-na-
tal Sertoli cell GSH synthesis, recycling, and loss.

MATERIALS AND METHODS
Materials
Tissue culture media were purchased from Grand Island Biolog-
ical Co. (Grand Island, NY, USA). Bisphenol A 99% (Aldrich
239658) and other drugs and reagents were purchased from Sig-
ma Chemical Co. (St. Louis, MO, USA). All experimental proce-
dures and animal use were in accordance with the requirements
of NIH Guide for the Care and Use of Laboratory Animals.

Sertoli cell isolation and culture
Sertoli cells from early pubertal (18-day-old) Sprague-Dawley
rats were isolated as previously described (32). Briefly, decap-
sulated testes were digested with 0.1% collagenase and 0.006%
soybean trypsin inhibitor in Hanks’ balanced salt solution for 5
min at room temperature. Seminiferous tubules were saved, cut,
and submitted to 1 M glycine-2 mM EDTA (pH 7.4) treatment
to remove peritubular cells. The washed tubular pellet was then
digested again with collagenase for 10 min at room tempera-
ture to remove germ cells. The Sertoli cell suspension, collect-
ed by sedimentation, was resuspended in culture medium con-
sisting of a 1:1 mixture of Ham’s F-12 and Dulbecco’s modified
Eagle medium, supplemented with 20 mM Hepes, 1.8 mg/ml
sodium bicarbonate, 100 IU/ml penicillin, 2.5 µg/ml ampho-
tericin B, 10 µg/ml transferrin, 5 µg/ml insulin, 5 µg/ml vitamin E,
and 4 ng/ml hydrocortisone. Sertoli cells were cultured at 34 C
in a mixture of 5% CO2: 95% air.
Purity of Sertoli cells was assessed in monolayers prepared as
described above and compared to the purity of monolayers sub-
mitted to a brief hypotonic treatment as described by Galdieri

et al. (33). After 5 days in culture, germ cells represented
3.89±0.79% and 2.95±0.55%, respectively (ns using a paired t-
test). Sox-9 and inhibin-α subunit immunocytochemistry was
used to identify Sertoli cells. Myoid and Leydig cell contamina-
tion was assessed by immunocytochemistry for alkaline phos-
phatase and 3β-hydroxysteroid dehydrogenase (3β-HSD) re-
spectively, as described below.

Culture conditions
Sertoli cells were allowed to attach for 48 h in the presence of in-
sulin (5 µg/ml); the medium was then replaced with insulin-free
fresh medium. BPA dissolved in Dimethyl Sulfoxide (DMSO)-
containing vehicle was added to culture medium at various con-
centrations (0.5 nM-100 µM). For control conditions, DMSO-con-
taining vehicle without BPA was added to the medium (DMSO
final concentration <0.25%). DMSO-containing vehicle or DM-
SO-dissolved BPA was added 24, 3 or 1 h before the end of the
culture period. Cells were harvested on day 5 and disrupted by
sonication. Adequate aliquots for DNA determinations were
saved and analyzed (34).

Immunocytochemistry
Immunocytochemistry was performed in 18-day-old rat Sertoli
cell cultures. Cells were washed with Tris-buffered saline (TBS)
and fixed by immersion in methanol at 4 C. Fixed cells were in-
cubated in specific rabbit polyclonal antibodies raised against
Sox-9 (Chemicon International Inc., Temecula, CA, USA) or 3β-
HSD (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), di-
luted 1:100, or mouse monoclonal antibodies raised against in-
hibin-α subunit (35), diluted 1:10 or placental alkaline phos-
phatase (Dako, Carpinteria, CA, USA), diluted 1:100 in TBS. Af-
ter incubation with the primary antibodies, cells were washed
with TBS and the Dako Cytomation LSAB+System-HRP (Dako,
Carpinteria, CA, USA) was used with 3,3’-diaminobenzidine as
chromogen. Negative controls were obtained by incubating with
nonimmune rabbit or nonimmune mouse serum replacing the
primary antibody. Nuclear counterstain was performed with
hematoxylin.

Viability assay
Cell viability was determined by an MTS assay using the Cell
Titer 96 Aqueous non-radioactive cell proliferation assay
(Promega Corp., Madison, WI). This colorimetric method deter-
mines the number of viable cells in cytoxicity assays by measur-
ing MTS conversion; this is accomplished by dehydrogenase en-
zymes found in metabolically active cells and is directly propor-
tional to the number of living cells in culture. The method mea-
sures the conversion of a tetrazolium salt compound, MTS to an
aqueous soluble formazan product at 490 nm.

GSH assay
Determination of intracellular concentration of total GSH was per-
formed as described by Baker et al. (36) with slight modifications.
Briefly, Sertoli cell monolayers in 24-multiwell plates (10 µg
DNA/well, corresponding to approximately 1.4×106 cells/well at
the beginning of the culture) were homogenized in 0.15 M Tris-
HCl buffer pH 7.4 and disrupted by sonication. Adequate aliquots
were saved for DNA determinations. In microtitration plates, two
different aliquots of the homogenate were added to the reac-
tion buffer (0.1 ml) consisting of a mix of 100 mM sodium phos-
phate, pH 7.5 – 1 mM EDTA (5.75 ml), 1 mM NADPH (5 ml) and
1 mM 5.5’-Dithiobis (2-nitrobenzoic acid) (5 ml). GR from baker’s

JEI_10_096_Schteingart.qxp:Layout 1  30-05-2011  11:48  Pagina e103

© 2011, Editri
ce Kurtis

FOR PERSONAL USE ONLY



BPA effect on GSH in Sertoli cells

e104

yeast (20 Units) was added to the mix to initiate the assay. The
rate of 5-thio-2-nitrobenzoic acid formation was followed at 405
nm every 2-min intervals for 10 min using a spectrophotometer.
Absorbance was proportional to the sum of GSH and GSSG pre-
sent. It was compared to a standard curve generated with GSH.
Results were expressed as pmol GSH/µg DNA.

Western blots
Western blot analyses for GR, GCLC, and GCLM were performed.
Sertoli cell monolayers in 6-multiwell plates were disrupted by
sonication in PBS (NaCl 137 mM, ClK 2.7 mM, Na2HPO4 8 mM,
KH2PO4 1.5 mM, pH 7.4) containing 1% protease inhibitor cock-
tail (P-8340, Sigma Chemical Co., St. Louis, MO, USA) and
phenylmethanesulfonyl fluoride 2 mM. Protein concentration was
determined as described by Bradford et al. (37). Proteins (20-40
µg/lane) were resolved in 12.5% SDS/PAGE and then transferred
onto polyvinylide difluoride membranes using a MiniTrans-blot
Cell (Bio-Rad, Hercules, CA, USA). Membranes were then blocked
by incubation with 5% skim milk in TBS (Tris 20 mM, ClNa 137
mM, pH 7.6) containing 0.1% Tween-20 (TBS-Tween) for 3 h at
room temperature. After washing them with TBS-Tween, mem-
branes were incubated overnight with a rabbit anti-GR antibody
(1:6000 dilution) (38), generously provided by Dr J. Fujii; a rabbit
anti-GCLC antibody (1:10.000 dilution) or a rabbit anti-GCLM an-
tibody (1:12.000 dilution) (39), generously provided by Dr. T. Ka-
vanagh. Membranes were then washed with TBS-Tween and in-
cubated with peroxidase-conjugated goat anti-rabbit IgG (Cell
Signal Technology Inc., Beverly, MA, USA) for 1-2 h. The anti-
body-antigen complexes were detected by chemiluminescence
(Phototope®-HRP Western Blot Detection System, Anti-rabbit
IgG HRP-linked, Cell Signal Technology Inc, Beverly, MA, USA).
Blots were subsequently reprobed with β-actin antiserum (mon-
oclonal anti-actin antibody Clone AC-40, A-4700, Sigma) as a
loading control. The intensities of the autoradiographic bands
were estimated by densitometric scanning using NIH Image soft-
ware (Scion Corporation, Frederick, MD, USA)

Activity of GST
Total enzymatic activity of GST was determined by the method
of Habig and Jakoby (40). Activity was measured at room tem-
perature by determining the rate of conjugate formation be-
tween GSH and 1-chloro-2,4-nitrobenzene in a spectropho-
tometer at 340 nm. Results are expressed as nmol of product/µg
DNA/min. The change in absorbance is a linear function of en-
zyme concentration.

Statistical analyses
Data presented as means±SEM. Analysis of variance (ANOVA)
was used to compare more than two experimental conditions,
followed by adequate post-hoc tests (Dunnet’s test for com-
parisons of all conditions against control, Tukey’s test for com-
parisons of all conditions against each other). A one-sample t-
test was used to compare results of an experimental condition
to an expected theoretical value. Results were considered sig-
nificantly different if p<0.05; all tests were two-tailed. Statistical
analyses were performed using GraphPad version 4.00 (Graph-
Pad Software, San Diego, CA, USA).

RESULTS
Identity of cell monolayers
Cells in primary culture were obtained following a vali-
dated method for isolation of Sertoli cells (41-43). We
verified the identity of cell monolayers by immunocyto-
chemistry. The vast majority of cells were positive for Sox-
9 (Fig. 1A) and inhibin-α subunit (Fig. 1B); this combined
expression is specific of Sertoli cells. Very few germ cells
were identified by their morphology and negative reac-
tion for the above-mentioned markers. No cell was posi-
tive to 3β-HSD, thus ruling out Leydig cell contamination
(Fig. 1C). Extremely scarce myoid cells were identified by
a positive reaction to alkaline phosphatase (Fig. 1D).

Fig. 1 - Immunocytochemistry for Sox-9
(A), inhibin-α subunit (B), 3β-hydroxys-
teroid dehydrogenase (C), and placental
alkaline phosphatase (D) in cell mono-
layers. Inserts are higher magnifications
of figures A and B. Bars represent 50 µm
in all Figures except for inserts to figures
A and B, where they represent 10 µm.
Arrows indicate germ cells in Figure A
and peritubular cells in D.
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High doses of BPA affect Sertoli cell viability
Sertoli cells in primary culture were incubated for 24 h in
medium containing various concentrations of BPA. BPA
induced a significant diminution of cell viability when in-
cubated at 100 µM (82.4±5.3% viable cells as compared
to control, p<0.05), but not at 50 µM (95.2±6.1%, ns) or 10
µM (95.1±4.6%, ns). The 100-µM dose also affected Sertoli
cell viability at 1 h (67.6±8.0%, p<0.05) and 3 h (80.9±11.8%,
p<0.05). In all cases, results are the mean±SEM of 3 ex-
periments with 6 replicates each, and were compared by
ANOVA followed by Dunnett’s test. These results indicate
that high doses (100 µM) of BPA are severely toxic for Ser-
toli cells, whereas lower doses could be managed by Ser-
toli cells.

Intermediate BPA doses induce an increment
in Sertoli cell GSH levels
Subsequently, we investigated the effect of intermediate
and low doses of BPA on total GSH levels in primary Ser-
toli cell culture. Results in Figure 2 show a significant in-
crement in intracellular GSH levels at 3 and 24 h with 10-
µM BPA and at 1, 3, and 24 h with 50 µM. No changes in
GSH content was observed with lower BPA concentra-
tions. From these results we concluded that intermedi-
ate, but not low, doses of BPA are capable of inducing an
increase in the GSH content in Sertoli cells. To investi-
gate the mechanisms underlying the observed changes
in GSH content, were performed further experiments us-
ing BPA at 10 and 50 µM.

Intermediate BPA doses induce an increase
in GCL expression
To assess whether BPA-dependent increase in Sertoli cell
GSH content was mediated by an upregulation of GCL,
the rate-limiting enzyme involved in the de novo synthe-
sis of GSH, we studied the effect of BPA on the expres-
sion of GCLC and GCLM protein subunits by Western
blot. After incubation with BPA, both 10 µM and 50 µM,
a rapid increase in GCLC was seen at 1 h, with a decrease
to basal levels at 3 and 24 h (Fig. 3). Conversely, GCLM
expression was significantly increased only at 24 h (Fig. 4).
These results indicate that GCL expression is upregulat-
ed in Sertoli cells by intermediate doses of BPA, which
might be explained by a rapid increase in GCLC and a
later increase in GCLM.

Intermediate BPA doses increase GSH recycling
We also assessed whether BPA effect on GSH content in
Sertoli cells was mediated by an increment in GR ex-
pression, which reduces GSSG to GSH. Incubation of Ser-
toli cells with both 10 µM did not affect GR expression,
whereas 50 µM of BPA resulted in an increased GR ex-
pression at 1 h, but not at 3 h or 24 h (Fig. 5). These re-
sults indicate that the increase in Sertoli cell GSH con-
tent after incubation with 50 µM of BPA may also result
from GSH recycling from GSSG.
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Fig. 2 - Total glutathione (GSH) levels in Sertoli cell cultures treat-
ed for 1, 3, and 24 h with bisphenol A. To normalize for interas-
say variability, control value of GSH content was considered as
100% in each assay (dotted line). Results are the mean±SEM of
total GSH content in treated conditions expressed as percentage
of the untreated controls in 3 different experiments (one-sample
t-test against the control value considered as 100%; *p<0.05).
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Fig. 3 - Western blot analysis of glutamate-cysteine ligase cat-
alytic subunit (GCLC) expression in Sertoli cells under bisphe-
nol A (BPA) treatment (10 and 50 µM). Top: Representative
Western blot. Bottom: Quantitative analysis: to normalize for in-
terassay variability, control value of GCLC protein level, nor-
malized to β-actin protein level, was considered as 100% in each
assay (dotted line). Results are the mean±SEM of GCLC protein
levels in treated conditions expressed as percentage of the un-
treated controls in 3 different experiments (one-sample t-test
against the control value considered as 100%; *p<0.05).
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Intermediate BPA doses induce the activity of GST
GST conjugate pollutants to GSH thus reducing their tox-
ic effect. We assessed the effect of BPA 50 µM on total
GST enzymatic activity in Sertoli cells. BPA had a mod-
erate but significant stimulatory effect on the activity of
GST at 24 h (1 h: 106.4±8.0% as compared to control,
ns; 3 h: 109.9±4.4 %, ns; 24 h: 116.1±3.7%, p<0.05). In
all cases, results expressed as the mean±SEM of 3 ex-
periments with 4 replicates each were compared to the
expected theoretical value of 100% corresponding to the
control condition by a one-sample t-test. These results
suggest that BPA conjugation to GSH could also be en-
visaged to underlie Sertoli cell detoxification.

DISCUSSION

The toxic effects of BPA on testicular cell populations,
and especially those of the seminiferous tubules, have
been controversial. The mechanisms underlying delete-
rious effects claimed to exist with low dose exposure and
no effects at higher doses have been difficult to explain.
In this work, we have assessed the effect of a large range
of BPA doses on post-natal Sertoli cells using a previ-
ously validated in vitro model (44). From our results, we
conclude that high doses of BPA result in a severely dele-
terious effect on Sertoli cells, provoking a decrease in

cell viability. Intermediate doses do not affect Sertoli cell
viability and increase cell content of GSH, which has a
well-known role in cell protection against oxidative stress
and xenobiotic detoxification (20-23, 45). Interestingly,
lower BPA doses were unable to trigger GSH production
in our Sertoli cell model. Altogether, these results might
give some insight into the potential mechanisms under-
lying the disparate effects observed in the reproductive
axis after exposure to different concentrations of BPA in
the environment or in different experimental conditions,
based on the U-shaped curve of non-monotonic dose re-
sponses – i.e. toxic effects more evident at low and at
high levels of exposure than at intermediate levels. We
show that post-natal Sertoli cells are particularly sensitive
to high doses of BPA that reduce their viability. They
might be less sensitive to intermediate BPA doses be-
cause an increase in GSH cell content is triggered. Con-
versely, low doses do not elicit a response in GSH pro-
duction; BPA is claimed to have deleterious, estrogen re-
ceptor-dependent effects at low concentrations; the ab-
sence of an increase in the GSH-dependent cell detoxi-
fication mechanisms at these low doses might render Ser-
toli cells more sensitive to low than to intermediate BPA
concentrations. Conclusions from our results are appli-
cable only to BPA exposure during the pubertal period,
since we isolated Sertoli cells from 18-day-old rats. In vi-
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Fig. 4 -Western blot analysis of glutamate-cysteine ligase mod-
ulatory subunit (GCLM) expression in Sertoli cells under bisphe-
nol A (BPA) treatment (10 and 50 µM). Top: Representative
Western blot. Bottom: Quantitative analysis: to normalize for in-
terassay variability, control value of GCLM protein level, nor-
malized to β-actin protein level, was considered as 100% in each
assay (dotted line). Results are the mean±SEM of GCLM protein
levels in treated conditions expressed as percentage of the un-
treated controls in 3 different experiments (one-sample t-test
against the control value considered as 100%; *p<0.05).
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Fig. 5 - Western blot analysis of glutathione reductase (GR) ex-
pression in Sertoli cells under bisphenol A (BPA) treatment (10
and 50 µM). Top: Representative Western blot. Bottom: Quan-
titative analysis: to normalize for interassay variability, control
value of GR protein level, normalized to β-actin protein level,
was considered as 100% in each assay (dotted line). Results are
the mean±SEM of GR protein levels in treated conditions ex-
pressed as percentage of the untreated controls in 3 different ex-
periments (one-sample t-test against the control value consid-
ered as 100%; *p<0.05).
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vo exposure to low doses of BPA in adult rats has been
shown to affect spermatogenesis transiently (46, 47).
Normal Sertoli cell development and function is essential
for the attainment of adequate sperm production in adult
life. Deleterious effects on germ cells have been shown
in animals exposed to high doses of BPA (48-50), where-
as GSH has been reported to have significant protective
functions in reproductive processes and spermatogenesis
(26, 45, 51, 52). However, the mechanisms underlying
spermatogenic cell protection by GSH is unknown. In this
work, we provide evidence that Sertoli cells, while severe-
ly affected by high BPA doses, are capable of respond-
ing to the insult of moderate doses of BPA by activating
their GSH-dependent defense mechanisms. Although our
experimental model was not designed to test the final
outcome on germ cell survival, a protective effect on germ
cells by Sertoli cell-produced GSH could be foreseen. Fur-
ther work applying the adequate experimental model is
necessary to confirm this hypothesis.
Our results are in line with those reported by others
demonstrating effects in primary or immortalized Sertoli
cell cultures exposed to BPA at micromolar concentra-
tions (48, 49, 53-56), equivalent to those released from
plastic dental sealants in saliva, i.e. approximately 10-140
µM (57). BPA toxic effects at these concentrations are
due to disruption of the blood-testis barrier, essentially
formed by Sertoli cell tight junctions, when administered
to post-natal rodents (16, 58), and to increased germ cell
apoptosis (17). Interestingly, no such effect was observed
in the latter study when somewhat lower concentrations
of BPA were used (17).
BPA levels of 0.1 to 10 nM have been measured in hu-
man serum, ovarian follicular fluid and amniotic fluid and
raised concern on their potential pathophysiological sig-
nificance (59). Since it was beyond our scope, we did not
test whether low BPA concentrations could be deleteri-
ous for germ cell development in vitro. However, we
show that those levels did not elicit a protective GSH in-
crease in our Sertoli cell model. An unsolved issue re-
mains in that low BPA concentration may have adverse
effects on Sertoli cells and spermatogenesis, which can-
not be neutralized by Sertoli cell protective mechanisms.
An alternative explanation is that although BPA may have
negligible or no effects at low doses in primary cell cul-
ture, in vivo exposure is continuous and BPA can bioac-
cumulate, thus representing a possible threat to human
reproductive health especially for occupational workers
(60). Unfortunately, primary cell culture is not an ade-
quate model for testing bioaccumulative effects since
they cannot be maintained for longer than a week.
When exposed to intermediate doses of BPA, we show
that Sertoli cells respond by activating their oxidative de-
fense mechanisms. Our results are in line with those ob-
served in vivo, where intratesticular GSH content increased
after BPA administration for 5 days (61). Here we provide
evidence that the increase in Sertoli cell GSH content is
the consequence of stimulated GSH synthesis and recy-
cling mediated by the induction of GCL and GR, respec-
tively, and also by an increase in GST activity. A rapid in-
crease in Sertoli cell GSH content is due, at least in part, to
GSH synthesis and recycling. In fact, as early as 1 h after
treatment, BPA induced an almost 2-fold increment in

GCLC, the catalytic subunit of the rate-limiting enzyme in-
volved in GSH synthesis, and in GR, involved in GSH re-
cycling from GSSG. The increased GSH levels observed at
3 h, despite no increased levels of GCL or GR, may reflect
the GSH previously synthesized and not yet consumed.
This observation is in line with a lack of an early increase in
the conjugation activity of GST. Another possibility, that
we did not test in this work, is that GSH peroxidase (GPX)
is activated. The activity of GPX is important for maintain-
ing normal sperm activity in men (62). At 24-h treatment,
the increased levels of GSH seem to be mainly explained
by an upregulation of the modulatory subunit of GCL,
GCLM. Differential regulation of the two GCL subunits has
already been reported in other tissues (63, 64).
It is known that BPA induces the formation of GSH con-
jugates. Two hypotheses could explain the formation of
GSH conjugates (65): the first one involves the formation
of GSH conjugates by an oxidation of BPA into an arene
epoxide and its subsequent conjugation to GSH, cat-
alyzed by a GST. The second one, where GST is not in-
volved, is a first-step CYP-mediated oxidation of BPA in-
to 5-hydroxybisphenol A converted lately into bisphenol-
o-quinone. This is an electrophile-reactive species that
can covalently bind to GSH, a nucleophile compound,
producing GSH-BPA conjugates. We tested the first hy-
pothesis analyzing GST enzymatic activity in Sertoli cell
culture; finding a moderate but significant increase in
GST activity at 24 h. These results indicate that GST also
is probably involved in Sertoli cell mechanisms of detox-
ification when exposed to BPA. However, a GST-inde-
pendent mechanism cannot be ruled out. An increased
GST activity is expected to result in a decrease of GSH in-
tracellular content (20). In our experiments, BPA upregu-
lated both GSH cell content and GST activity after 24-h
incubation. GSH cell content results from the balance be-
tween its synthesis and its consumption. It therefore
seems that the increased GSH synthesis resulting from
GCL upregulation at 24 h prevails over GSH consump-
tion resulting from GST conjugating activity.
In conclusion, high concentrations of BPA affect Sertoli
cell viability and could underlie the deleterious effects al-
ready described on spermatogenesis. Intermediate dos-
es of BPA induce an increment in GSH level in Sertoli
cells, which suggests that Sertoli cells – and secondarily
spermatogenesis – may be protected. Low doses of BPA
do not elicit a GSH protective response; whether this rep-
resents a potential hazard to the male reproductive func-
tion remains to be elucidated.

ACKNOWLEDGMENTS
The authors want to express their gratitude to Dr. T. Kavanagh, (Depart-
ment of Environmental Health, University of Washington, Seattle, USA)
for providing GCLC and GCLM antibodies; to Dr. J. Fujii (Department of
Biochemistry, Obstetrics and Gynecology, Yamagata University School
of Medicine, Yamagata, Japan) for providing GR antibody. The technical
assistance of Oscar Rodriguez and Mercedes Astarloa is gratefully ac-
knowledged. This work was supported in part by grants from the AN-
PCYT (BID 1728-OC- AR PICT N° 13626) and CONICET (PIP 5479/2006).
H.F.S and R.A.R are established investigators of CONICET. A.F.G was a
recipient of a fellowship from ANPCYT.

Conflict of interest statement
The authors declare that there are no conflicts of interest.

JEI_10_096_Schteingart.qxp:Layout 1  30-05-2011  11:49  Pagina e107

© 2011, Editri
ce Kurtis

FOR PERSONAL USE ONLY



BPA effect on GSH in Sertoli cells

e108

25. Bauché F, Fouchard MH, Jégou B. Antioxidant system in rat tes-
ticular cells. FEBS Lett 1994, 349: 392-6.

26. Castellón EA. Glutathione and gamma-glutamyl cycle enzymes in
rat testis during sexual maturation. Arch Androl 1994, 33: 179-85.

27. Gualtieri AF, Mazzone GL, Rey RA, Schteingart HF. FSH and bFGF
stimulate the production of glutathione in cultured rat Sertoli cells.
Int J Androl 2009, 32: 218-25.

28. Reid LL, Botta D, Lu Y, Gallagher EP, Kavanagh TJ. Molecular
cloning and sequencing of the cDNA encoding the catalytic sub-
unit of mouse glutamate-cysteine ligase. Biochim Biophys Acta
1997, 1352: 233-7.

29. Reid LL, Botta D, Shao J, Hudson FN, Kavanagh TJ. Molecular
cloning and sequencing of the cDNA encoding mouse glutamate-
cysteine ligase regulatory subunit. Biochim Biophys Acta 1997,
1353: 107-10.

30. Kaneko T, Iuchi Y, Kobayashi T, et al. The expression of glutathione
reductase in the male reproductive system of rats supports the en-
zymatic basis of glutathione function in spermatogenesis. Eur J
Biochem 2002, 269: 1570-8.

31. Eaton DL, Bammler TK. Concise review of the glutathione S-trans-
ferases and their significance to toxicology. Toxicol Sci 1999, 49:
156-64.

32. Schteingart HF, Rivarola MA, Cigorraga SB. Hormonal and
paracrine regulation of gamma-glutamyl transpeptidase in rat
Sertoli cells. Mol Cell Endocrinol 1989, 67: 73-80.

33. Galdieri M, Ziparo E, Palombi F, Russo MA, Stefanini M. Pure Sertoli
Cell Cultures: A New Model for the Study of Somatic-Germ Cell
Interactions. J Androl 1981, 2: 249-54.

34. Labarca C, Paigen K. A simple, rapid, and sensitive DNA assay pro-
cedure. Anal Biochem 1980, 102: 344-52.

35. Venara M, Rey R, Bergadá I, Mendilaharzu H, Campo S, Chemes H.
Sertoli cell proliferations of the infantile testis: an intratubular form
of Sertoli cell tumor? Am J Surg Pathol 2001, 25: 1237-44.

36. Baker MA, Cerniglia GJ, Zaman A. Microtiter plate assay for the
measurement of glutathione and glutathione disulfide in large num-
bers of biological samples. Anal Biochem 1990, 190: 360-5.

37. Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of pro-
tein-dye binding. Anal Biochem 1976, 72: 248-54.

38. Fujii T, Hamaoka R, Fujii J, Taniguchi N. Redox capacity of cells af-
fects inactivation of glutathione reductase by nitrosative stress.
Arch Biochem Biophys 2000, 378: 123-30.

39. Thompson SA, White CC, Krejsa CM, et al. Induction of glutamate-
cysteine ligase (gamma-glutamylcysteine synthetase) in the brains
of adult female mice subchronically exposed to methylmercury.
Toxicol Lett 1999, 110: 1-9.

40. Habig WH, Jakoby WB. Assays for differentiation of glutathione S-
transferases. Methods Enzymol 1981, 77: 398-405.

41. Schteingart HF, Rivarola MA, Cigorraga SB. Hormonal and
paracrine regulation of gamma-glutamyl transpeptidase in rat
Sertoli cells. Mol Cell Endocrinol 1989, 67: 73-80.

42. Galardo MN, Riera MF, Pellizzari EH, Cigorraga SB, Meroni SB. The
AMP-activated protein kinase activator, 5-aminoimidazole-4-car-
boxamide-1-b-D-ribonucleoside, regulates lactate production in
rat Sertoli cells. J Mol Endocrinol 2007, 39: 279-88.

43. Meroni SB, Riera MF, Pellizzari EH, Cigorraga SB. Regulation of rat
Sertoli cell function by FSH: possible role of phosphatidylinositol 3-
kinase/protein kinase B pathway. J Endocrinol 2002, 174: 195-204.

44. Gualtieri AF, Mazzone GL, Rey RA, Schteingart HF. FSH and bFGF
stimulate the production of glutathione in cultured rat Sertoli cells.
Int J Androl 2009, 32: 218-25.

45. Lenzi A, Gandini L, Picardo M. A rationale for glutathione therapy.
Hum Reprod 1998, 13: 1419-22.

46. Sakaue M, Ohsako S, Ishimura R, et al. Bisphenol-A affects sper-
matogenesis in the adult rat even at a low dose. J Occup Health
2001, 43: 185-90.

47. Toyama Y, Suzuki-Toyota F, Maekawa M, Ito C, Toshimori K.
Adverse effects of bisphenol A to spermiogenesis in mice and rats.
Arch Histol Cytol 2004, 67: 373-81.

48. Hughes PJ, McLellan H, Lowes DA, et al. Estrogenic alkylphenols
induce cell death by inhibiting testis endoplasmic reticulum Ca(2+)
pumps. Biochem Biophys Res Commun 2000, 277: 568-74.

REFERENCES
1. vom Saal FS, Cooke PS, Buchanan DL, et al. A physiologically

based approach to the study of bisphenol A and other estrogenic
chemicals on the size of reproductive organs, daily sperm produc-
tion, and behavior. Toxicol Ind Health 1998, 14: 239-60.

2. Kuiper GGJM, Carlsson B, Grandien K, et al. Comparison of the
ligand binding specificity and transcript tissue distribution of es-
trogen receptors alpha and beta. Endocrinology 1997, 138: 863-70.

3. Vandenberg LN, Maffini MV, Sonnenschein C, Rubin BS, Soto AM.
Bisphenol-A and the great divide: a review of controversies in the
field of endocrine disruption. Endocr Rev 2009, 30: 75-95.

4. Matsumoto A, Kunugita N, Kitagawa K, et al. Bisphenol A levels
in human urine. Environ Health Perspect 2003, 111: 101-4.

5. Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y. Determination
of bisphenol A concentrations in human biological fluids reveals
significant early prenatal exposure. Hum Reprod 2002, 17: 2839-41.

6. Carwile JL, Luu HT, Bassett LS, et al. Polycarbonate bottle use and
urinary bisphenol A concentrations. Environ Health Perspect 2009,
117: 1368-72.

7. Salian S, Doshi T, Vanage G. Perinatal exposure of rats to Bisphenol
A affects the fertility of male offspring. Life Sci 2009, 85: 742-52.

8. Hunt PA, Susiarjo M, Rubio C, Hassold TJ. The bisphenol A expe-
rience: a primer for the analysis of environmental effects on mam-
malian reproduction. Biol Reprod 2009, 81: 807-13.

9. Vandenberg LN, Hauser R, Marcus M, Olea N, Welshons WV.
Human exposure to bisphenol A (BPA). Reprod Toxicol 2007, 24:
139-77.

10. Colborn T, vom Saal FS, Soto AM. Developmental effects of en-
docrine-disrupting chemicals in wildlife and humans. Environ Health
Perspect 1993, 101: 378-84.

11. Toppari J, Larsen JC, Christiansen P, et al. Male reproductive health
and environmental xenoestrogens. Environ Health Perspect 1996,
104 (Suppl 4): 741-803.

12. Sharpe RM, Skakkebaek NE. Testicular dysgenesis syndrome:
mechanistic insights and potential new downstream effects. Fertil
Steril 2008, 89: e33-8.

13. Ivell R, Bathgate RA. Reproductive Biology of the Relaxin-Like
Factor (RLF/INSL3). Biol Reprod 2002, 67: 699-705.

14. Rey RA, Musse M, Venara M, Chemes HE. Ontogeny of the an-
drogen receptor expression in the fetal and postnatal testis: its rel-
evance on Sertoli cell maturation and the onset of adult sper-
matogenesis. Microsc Res Tech 2009, 72: 787-95.

15. Nakamura D, Yanagiba Y, Duan Z, et al. Bisphenol A may cause
testosterone reduction by adversely affecting both testis and pi-
tuitary systems similar to estradiol. Toxicol Lett 2010, 194: 16-25.

16. Salian S, Doshi T, Vanage G. Neonatal exposure of male rats to
Bisphenol A impairs fertility and expression of sertoli cell junction-
al proteins in the testis. Toxicology 2009, 265: 56-67.

17. Li YJ, Song TB, Cai YY, et al. Bisphenol A exposure induces apop-
tosis and upregulation of Fas/FasL and caspase-3 expression in the
testes of mice. Toxicol Sci 2009, 108: 427-36.

18. Kato H, Furuhashi T, Tanaka M, et al. Effects of bisphenol A given
neonatally on reproductive functions of male rats. Reprod Toxicol
2006, 22: 20-9.

19. Howdeshell KL, Furr J, Lambright CR, Wilson VS, Ryan BC, Gray
LE Jr. Gestational and lactational exposure to ethinyl estradiol, but
not bisphenol A, decreases androgen-dependent reproductive or-
gan weights and epididymal sperm abundance in the male long
evans hooded rat. Toxicol Sci 2008, 102: 371-82.

20. Meister A, Anderson ME. Glutathione. Annu Rev Biochem 1983,
52: 711-60.

21. Griffith OW. Biologic and pharmacologic regulation of mammalian
glutathione synthesis. Free Radic Biol Med 1999, 27: 922-35.

22. Sies H. Glutathione and its role in cellular functions. Free Radic Biol
Med 1999, 27: 916-21.

23. Dickinson DA, Forman HJ. Glutathione in defense and signaling:
lessons from a small thiol. Ann N Y Acad Sci 2002, 973: 488-504.

24. Den Boer PJ, Mackenbach P, Grootegoed JA. Glutathione
metabolism in cultured Sertoli cells and spermatogenic cells from
hamsters. J Reprod Fertil 1989, 87: 391-400.

JEI_10_096_Schteingart.qxp:Layout 1  30-05-2011  11:49  Pagina e108

© 2011, Editri
ce Kurtis

FOR PERSONAL USE ONLY



A.F. Gualtieri, M.A. Iwachow, M. Venara, et al.

e109

49. Iida H, Maehara K, Doiguchi M, Mori T, Yamada F. Bisphenol A-
induced apoptosis of cultured rat Sertoli cells. Reprod Toxicol 2003,
17: 457-64.

50. Iida H, Mori T, Kaneko T, Urasoko A, Yamada F, Shibata Y. Dis-
turbed spermatogenesis in mice prenatally exposed to an en-
docrine disruptor, Bisphenol A. Mammal Study 2002, 27: 73-82.

51. Li LY, Seddon AP, Meister A, Risley MS. Spermatogenic cell-so-
matic cell interactions are required for maintenance of spermato-
genic cell glutathione. Biol Reprod 1989, 40: 317-31.

52. Fujii J, Iuchi Y, Matsuki S, Ishii T. Cooperative function of antioxi-
dant and redox systems against oxidative stress in male repro-
ductive tissues. Asian J Androl 2003, 5: 231-42.

53. Lee DY, Lee SS, Joo WA, Lee EJ, Kim CW. Analysis of differential-
ly regulated proteins in TM4 cells treated with bisphenol A. Biosci
Biotechnol Biochem 2004, 68: 1201-8.

54. Fiorini C, Tilloy-Ellul A, Chevalier S, Charuel C, Pointis G. Sertoli
cell junctional proteins as early targets for different classes of re-
productive toxicants. Reprod Toxicol 2004, 18: 413-21.

55. Tabuchi Y, Zhao QL, Kondo T. DNA microarray analysis of differ-
entially expressed genes responsive to bisphenol A, an alkylphenol
derivative, in an in vitro mouse Sertoli cell model. Jpn J Pharmacol
2002, 89: 413-6.

56. Tabuchi Y, Kondo T. cDNA microarray analysis reveals chop-10
plays a key role in Sertoli cell injury induced by bisphenol A.
Biochem Biophys Res Commun 2003, 305: 54-61.

57. Olea N, Pulgar R, Pérez P, et al. Estrogenicity of resin-based com-
posites and sealants used in dentistry. Environ Health Perspect
1996, 104: 298-305.

58. Li MW, Mruk DD, Lee WM, Cheng CY. Disruption of the blood-
testis barrier integrity by bisphenol A in vitro: is this a suitable mod-
el for studying blood-testis barrier dynamics? Int J Biochem Cell
Biol 2009, 41: 2302-14.

59. Ikezuki Y, Tsutsumi O, Takai Y, Kamei Y, Taketani Y. Determination
of bisphenol A concentrations in human biological fluids reveals
significant early prenatal exposure. Hum Reprod 2002, 17: 2839-41.

60. Li YJ, Song TB, Cai YY, et al. Bisphenol A exposure induces apop-
tosis and upregulation of Fas/FasL and caspase-3 expression in the
testes of mice. Toxicol Sci 2009, 108: 427-36.

61. Kabuto H, Hasuike S, Minagawa N, Shishibori T. Effects of bisphe-
nol A on the metabolisms of active oxygen species in mouse tis-
sues. Environ Res 2003, 93: 31-5.

62. Giannattasio A, De RM, Smeraglia R, et al. Glutathione peroxidase
(GPX) activity in seminal plasma of healthy and infertile males. J
Endocrinol Invest 2002, 25: 983-6.

63. Diaz D, Krejsa CM, White CC, Keener CL, Farin FM, Kavanagh TJ.
Tissue specific changes in the expression of glutamate-cysteine
ligase mRNAs in mice exposed to methylmercury. Toxicol Lett
2001, 122: 119-29.

64. Thompson JA, White CC, Cox DP, et al. Distinct Nrf1/2-indepen-
dent mechanisms mediate As 3+-induced glutamate-cysteine lig-
ase subunit gene expression in murine hepatocytes. Free Radic
Biol Med 2009, 46: 1614-25.

65. Jaeg JP, Perdu E, Dolo L, Debrauwer L, Cravedi JP, Zalko D.
Characterization of new bisphenol a metabolites produced by CD1
mice liver microsomes and S9 fractions. J Agric Food Chem 2004,
52: 4935-42.

JEI_10_096_Schteingart.qxp:Layout 1  30-05-2011  11:49  Pagina e109

© 2011, Editri
ce Kurtis

FOR PERSONAL USE ONLY


