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ABSTRACT

Glutathione (GSH), the most abundant intracellular nonpro-
tein thiol, is critical for many cellular functions. The rate-limiting
step in GSH synthesis is catalyzed by glutamate cysteine ligase
(GCL), a heterodimer composed of a catalytic (GCLC) and a
modifier (GCLM) subunit. The tissue-specific regulation of GSH
synthesis is poorly understood. We showed previously that
gonadotropin hormones regulate ovarian GSH synthesis. In the
present study, we sought to clarify the ovarian cell type-specific
effects of follicle-stimulating hormone (FSH) and estradiol on
GSH synthesis. Immature female rats were treated with estradiol
to stimulate development of small antral follicles. Granulosa
cells (GCs) from these follicles or whole follicles were cultured
in serum-free media, with or without FSH and 17beta-estradiol.
The GSH and GCLC protein and mRNA levels increased in GCs
treated with FSH alone. The effects of FSH on GCLC and GCLM
protein and mRNA levels, GCL enzymatic activity, and GSH
concentrations in GCs were significantly enhanced by the
addition of estradiol. Estradiol alone had no effects on GSH.
Dibromo-cAMP mimicked and protein kinase A (PKA) inhibitors
prevented FSH stimulation of GCL subunit protein levels. In
cultured small antral follicles, FSH stimulated estradiol synthesis
and robustly increased GCL subunit mRNA and protein levels
and GSH concentrations. The GCL subunit mRNA expression
increased in both the granulosa cells and theca cells of follicles
with FSH stimulation. These data demonstrate that maximal
stimulation of GSH synthesis by FSH in granulosa cells and
follicles requires estradiol. Without estradiol, FSH causes lesser
increases in GCL subunit expression via a PKA-dependent
pathway.

antioxidant, antral follicle, estradiol, follicle, follicle-stimulating
hormone, glutamate cysteine ligase, glutathione, granulosa cells,
protein kinase A, toxicology

INTRODUCTION

Premature menopause, infertility, and decreased fecundity
are among the serious consequences of human exposure to
environmental toxicants. Infertility or impaired fecundity
affects about 12% of American women [1]. Premature
menopause afflicts about 1% of all women [2]. Women with
early onset of natural or surgical menopause are at increased
risk of cardiovascular disease, Alzheimer disease, and
osteoporosis compared with age-matched controls [3–5]. In
most cases, the causes of these conditions are unknown, but
exposure to environmental toxicants likely is responsible for
many more cases than is currently appreciated. Environmental
chemicals that are known female reproductive toxicants include
anticancer drugs, like cyclophosphamide [6–9]; occupational
chemicals, like 4-vinylcyclohexene [10] and 2-bromopropane
[11]; and environmental pollutants, like polycyclic aromatic
hydrocarbons [12–14]. The tripeptide glutathione (GSH) is
involved in the phase 2 detoxification of many of these female
reproductive toxicants, as well as of reactive oxygen species
that may be generated as a result of toxicant metabolism [15–
21]. Our previous work has shown that depletion of GSH
enhances and supplementation of GSH diminishes the toxicity
of polycyclic aromatic hydrocarbons and cyclophosphamide to
ovarian follicles and granulosa cells [22, 23].

Glutathione is present in every mammalian cell, and
moderate levels are found in the ovary [21, 24–26].
Glutathione is synthesized in a two-step, ATP-dependent
process. The first step, which forms c-glutamylcysteine, is
controlled by the rate-limiting enzyme glutamate cysteine
ligase (GCL; EC 6.3.2.2). The second step requires the enzyme
glutathione synthetase, which catalyzes the addition of glycine
to the c-glutamylcysteine to form GSH. Glutamate cysteine
ligase is a heterodimer composed of a catalytic (GCLC) and a
modulatory (GCLM) subunit. GCLC exhibits all catalytic
activity, whereas GCLM decreases the K

m
of the enzyme for

glutamate and raises the K
i

for GSH [27]. Intracellular GSH
concentrations reflect a balance between loss of GSH and
synthesis of GSH. The GCL enzymatic activity is regulated by
nonallosteric negative feedback inhibition by GSH [28].
Glutathione synthesis is also regulated via transcriptional and
posttranscriptional regulation of Gclc and Gclm and by the
availability of cysteine, which is the least abundant constituent
amino acid of GSH [28, 29]. Despite this understanding of the
general factors regulating GSH synthesis, much less is known
about the regulation of tissue-specific rates of GSH synthesis.

We showed previously that ovarian GSH synthesis is
regulated by the gonadotropin hormones. Ovarian GSH
concentrations in rats varied with estrous cycle stage and were
highest on estrus, the day of ovulation [24]. Equine chorionic
gonadotropin (eCG) treatment of immature female rats to
stimulate follicular development increased ovarian GSH
concentrations and GCLM and GCLC protein levels without
appreciable effects on whole-ovary GCL subunit mRNA [24,
25]. However, in vivo eCG treatment altered the intraovarian
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localization of Gclc and Gclm mRNA, increasing expression of
both mRNAs in theca cells [25]. The mechanisms by which
gonadotropins modulate GCL subunit expression in granulosa
and theca cells are not known. Binding of luteinizing hormone
(LH) and follicle-stimulating hormone (FSH) to their cognate
membrane-bound receptors results in the activation of
intracellular signaling cascades, starting with the cyclic AMP/
protein kinase A (cAMP/PKA) cascade and followed by
several downstream cascades [30]. Activation of these
signaling cascades stimulates synthesis of the ovarian steroids
estradiol and progesterone and proliferation and differentiation
of granulosa cells. We hypothesized that upregulation of GSH
synthesis by FSH in follicles and granulosa cells also involves
PKA activation and is mediated by stimulation of estradiol
synthesis.

MATERIALS AND METHODS

Reagents

All chemicals and reagents were purchased from Sigma Chemical Co. (St.
Louis, MO) or Fisher Scientific (Houston, TX) unless otherwise noted. Ovine
FSH was purchased from the National Hormone and Peptide Program, National
Institute of Diabetes and Digestive and Kidney Diseases (Dr. A.F. Parlow,
Harbor UCLA Medical Center, Torrance, CA). Tissue culture media, trypsin,
and RT-PCR primers were purchased from Invitrogen (Carlsbad, CA). RNeasy
and SYBR Green RT-PCR kits were purchased from Qiagen (Valencia, CA).
Antibodies for GCLC and GCLM were a gift from Dr. Terrance J. Kavanagh at
the University of Washington, Seattle, Washington [31]. Progesterone
radioimmunoassay kits were purchased from Diagnostic Systems Laboratories
(Webster, TX), and estradiol radioimmunoassay kits were purchased from
Siemens Medical Solutions Diagnostics (Los Angeles, CA). The PKA
inhibitors 14–22 amide, myristoylated peptide inhibitor (PKI) and H89, as
well as cycloheximide (CHX) were purchased from Calbiochem (Carlsbad,
CA).

Animals

Female Sprague Dawley rats (Charles River Laboratories, Wilmington,
MA) were housed under a 12L:12D schedule, with ad libitum access to
standard laboratory rodent chow and deionized water. Experimental protocols
were approved by the Institutional Animal Care and Use Committee at the
University of California, Irvine.

Granulosa Cell Culture

Primary granulosa cells were obtained from estradiol-primed rats and
cultured according to the methods of Gonzalez-Robayna et al. [32]. Briefly,
immature rats were given daily subcutaneous injections of 1.5 mg of 17b-
estradiol in 0.2 ml of propylene glycol for 3 days beginning at 25 days of age.
Animals were killed by carbon dioxide asphyxiation 24 h after the last
injection, and ovaries were immediately excised and kept in Dulbecco modified
Eagle medium (DMEM)/F12 media on ice. Granulosa cells were obtained from
small antral follicles by needle puncture and were cultured at a density of 1 3

105 cells/cm2 in serum-free DMEM/F12 media with penicillin, streptomycin,
and various treatments in tissue culture-treated six-well plates for up to 48 h.
Treatments included 2, 20, and 200 ng/ml ovine FSH, 100 ng/ml 17b-estradiol,
1 mM dibutyryl cyclic AMP (dbcAMP), 10 lM PKA inhibitor H89, 50 lM
PKI, or 10 lg/ml CHX. The concentrations of FSH were chosen to encompass
non-preovulatory surge concentrations measured during the rat estrous cycle
[33, 34]. The concentration of estradiol corresponded to concentrations
measured in rat follicular fluid [35]. Estradiol was dissolved in 100% ethanol
prior to adding to culture medium. Cycloheximide was dissolved in
dimethylsulfoxide (DMSO) prior to addition to the culture medium. The final
concentration of ethanol or DMSO in the culture medium was 0.1%. The same
concentration of ethanol alone was added to the other groups in experiments
that included estradiol-treated groups, and the same concentration of DMSO
was added to the other groups in experiments that included CHX-treated
groups.

Small Antral Follicle Culture

Twenty-five-day-old Sprague Dawley rats were primed with estradiol as
described for granulosa cell culture. Ovaries were placed in Eagle minimum

essential medium (MEM) media with 2 mM L-glutamine, 100 U/ml penicillin,
100 lg/ml streptomycin, and 0.1% fatty acid-free bovine serum albumin,
gassed with 95% O

2
and 5% CO

2
, and kept on ice. Small antral follicles were

dissected by hand from the ovaries with 27-gauge needles under a
stereomicroscope using sterile technique and were kept at 48C until time of
culture as described previously [36, 37]. Cultures were gassed every 12 h with
95% O

2
and 5% CO

2
and were incubated at 378C with gentle agitation. For

each experiment, follicles from three rats were dissected, pooled, and then
allocated to treatment groups. Between 10 and 20 follicles were routinely
obtained from each rat. One experiment consisted of two to five observations
per treatment (control or FSH), and each observation consisted of one or two
culture vials containing four or six follicles. The number of follicles processed
together for an observation depended on the end point being measured (e.g.,
eight follicles per observation for GSH assay, eight follicles for immuno-
blotting, six follicles for quantitative RT-PCR). Each experiment was
repeated with follicles dissected from a second group of three rats, and the
data were pooled for a final n ¼ 4–9 observations per treatment.

GSH Assay

Granulosa cells were trypsinized and counted by trypan blue exclusion.
Cells were pelleted by centrifugation and homogenized in TES-SB buffer (20
mM Tris, 1 mM ethylenediaminetetraacetic acid, 250 mM sucrose, 20 mM
boric acid, and 2 mM L-serine) with protease inhibitors on ice using a Kontes
handheld homogenizer and disposable pestle. Follicles were similarly
homogenized in TES-SB buffer. A small aliquot of homogenate was removed
for Pierce BCA Protein Assay (Thermo Scientific, Rockford, IL), and the
remainder was acidified with a one-quarter volume of 5% sulfosalicylic acid.
Homogenates were centrifuged for 10 min at 48C at 15 800 3 g. Supernatants
were stored at �808C until assay. Supernatants were assayed in triplicate for
total and oxidized (GSSG) glutathione using an enzymatic recycling assay [25,
36, 38]. Reduced GSH concentrations were calculated as the total GSH
concentration minus two times the GSSG concentration. The GSH concentra-
tions were expressed as nanomoles per milligram of protein.

Immunoblotting

Granulosa cells were detached from culture plates by a rubber policeman
and pelleted by centrifugation. Cell pellets or follicles were lysed in RIPA
buffer (PBS, 0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40) with
protease inhibitors and were kept on ice. Protein concentrations were
determined with the Pierce BCA Assay. A total of 20–40 lg of protein were
separated by electrophoresis in 12% Tris-HCL polyacrylamide gels (BioRad,
Hercules, CA), transferred to polyvinylidene difluoride membranes, and
subjected to immunostaining for GCLC, GCLM, and b-actin as described
previously [24]. Visualization was accomplished using ECL chemilumines-
cence (GE Healthcare Lifesciences, Piscataway, NJ). Films were subjected to
densitometric analysis. Optical densities of GCLC and GCLM bands were
normalized to b-actin. All normalized densities were then expressed as fold of
the means of the control bands for the same blot for subsequent statistical
analyses.

Quantitative Real-Time RT-PCR

Total RNA was extracted from granulosa cells or follicles using the Qiagen
RNeasy Kit (Qiagen) according to the manufacturer’s instructions. Fifty
nanograms of RNA were reverse transcribed and subjected to PCR using the
gene-specific forward and reverse primers shown in Table 1 and the Qiagen
Quantitect SYBR Green RT-PCR reagent in 10-ll reaction volumes in
duplicate in the Roche LightCycler. Standard curves derived from serial
dilutions of rat kidney RNA (Gclc, Gclm, Gapdh) or rat ovary RNA (Lhr) were
used to determine concentrations of Gclc, Gclm, and Lhr mRNAs normalized to
Gapdh using the Roche LightCycler 4.0 software. Gclc, Gclm, and Gapdh
primers were designed previously for the amplification of mouse and rat
mRNA [25]. Lhr primer sequences were obtained from Bao et al. [39].

GCL Enzymatic Activity Assay

Cells were detached using a rubber policeman. Cells and their culture media
were centrifuged at 400 3 g for 5 min. Cell pellets (containing 2 3 106 to 3 3

106 cells) were homogenized in 30 ll of TES-SB buffer on ice and were
centrifuged at 15 800 3 g at 48C for 10 min. The supernatants were stored at
�808C until assay. The supernatants were diluted to 3–5 mg protein/ml
(determined by Pierce BCA assay) if necessary. GCL enzymatic activity was
measured using a fluorimetric assay according to a modification of the method
of White and coworkers [25, 40]. All samples were assayed in duplicate.
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Progesterone and Estradiol Assays

Media from cultured granulosa cells and follicles were collected and stored
at �208C until the assays were performed. Progesterone concentrations were
measured using the Progesterone ACTIVE radioimmunoassy kit (Diagnostic
Systems Laboratories). Estradiol was measured in culture media using the
Estradiol Double Antibody radioimmunoassay kit (Siemens Medical Solutions
Diagnostics), except that a standard curve was generated using known
concentrations of 17b-estradiol in tissue culture media.

Statistical Analyses

Data from two or three replicate experiments were pooled for statistical
analyses. Homogeneity of variances was assessed by Levene test [41].
Comparisons of two groups were made using independent-samples t-test for
homogeneous or nonhomogeneous variances as appropriate. The differences
among multiple groups were analyzed by ANOVA followed by Fisher least
significant difference (LSD) test. When variances were nonhomogeneous, the
Kruskal-Wallis test for nonparametric data was used. If the Kruskal-Wallis test
was statistically significant at P , 0.05, the Mann-Whitney test was then used
for intergroup comparisons. Statistical analyses were carried out using SPSS
16.0 for Mac OS X.

RESULTS

Effects of FSH and Estradiol on GSH Concentrations,
Progesterone Secretion, and Viability in Cultured
Granulosa Cells

To test the independent and combined effects of FSH and
estradiol on GSH synthesis in cultured granulosa cells, several
experiments using a range of FSH concentrations were
performed. Granulosa cells cultured for 48 h with 2 ng/ml
FSH in the presence or absence of 100 ng/ml estradiol or
cultured with estradiol alone did not have significantly
increased concentrations of total intracellular GSH compared
with control cells cultured without hormones for 48 h (Fig.
1A). Subsequent experiments with two higher concentrations
of FSH (20 and 200 ng/ml) and the same concentration of
estradiol demonstrated statistically significant increases in GSH
concentrations at 48 h (Fig. 1B), but not at 24 h (data not
shown), in all treated groups compared with untreated controls
and 0-h controls (P , 0.001, effect of treatment by Kruskal-
Wallis test at 48 h). The GSH concentrations were increased
1.5-fold in both FSH-treated groups (P , 0.005 FSH versus
untreated control by Mann-Whitney test) and 2.0-fold in both
FSH plus estradiol-treated groups relative to untreated controls
(P , 0.003 versus untreated controls by Mann-Whitney test).
The difference between FSH alone and FSH plus estradiol was
statistically significant for the 20 ng/ml FSH alone compared
with 20 ng/ml FSH plus estradiol (P , 0.05 Mann-Whitney
test). Because the 2 ng/ml FSH concentration was ineffective in
stimulating GSH and the 20 and 200 ng/ml concentrations were
equally effective, we used 20 ng/ml FSH in subsequent
experiments.

We also measured the stimulation of progesterone produc-
tion, a well-known effect of FSH in granulosa cells [42, 43], to

verify that these cells respond normally to FSH in our hands.
Concentrations of progesterone at 48 h in untreated controls
and in the groups treated with 2 ng/ml FSH were near the limit
of detection of the assay of 0.3 ng/ml. Treatment with 20 or
200 ng/ml FSH with or without estradiol significantly
increased progesterone production to 15.5 6 2.7 ng/ml in the
20-ng/ml FSH group, 27.2 6 6.3 ng/ml in the 20-ng/ml FSH
plus estradiol group, 29.8 6 0.8 ng/ml in the 200-ng/ml FSH
group, and 53.1 6 0.6 ng/ml in the 200-ng/ml FSH plus
estradiol group (P , 0.001, effect of treatment by Kruskal-
Wallis test).

Trypan blue staining was used to test whether differences in
cellular GSH concentrations were due to differences in cell
viability. The fraction of viable cells did not differ between
cells cultured for 48 h in untreated medium (0.71 6 0.03 in the
first set of experiments and 0.67 6 0.02 in the second set of
experiments); cells cultured for 48 h with 20 ng/ml (0.73 6
0.02) or 200 ng/ml (0.69 6 0.02) FSH alone, with 20 ng/ml
FSH plus estradiol (0.66 6 0.03), or with 200 ng/ml FSH plus
estradiol (0.68 6 0.03) in the second set of experiments; or
cells cultured with 2 ng/ml FSH (0.72 6 0.03) or estradiol
alone (0.78 6 0.03) in the first set of experiments. The fraction
of viable cells was slightly, but statistically significantly,
greater after 48 h of culture with 2 ng/ml FSH plus estradiol
(0.79 6 0.02) in the first set of experiments (P¼ 0.045 versus
control by Fisher LSD test). However, the latter treatment
group did not have statistically significant increases in GSH
concentrations.

Effects of FSH on GSH Concentrations and Estradiol
Secretion in Small Antral Follicles

To further explore the combined role of FSH and estradiol
on ovarian GSH synthesis, we turned to the whole-cultured
small antral follicle model, which preserves the intracellular
interactions among granulosa cells, theca cells, and oocyte.
Treatment of small antral follicles with 20 ng/ml FSH for 24 h
resulted in a robust increase in estradiol concentrations in the
treatment media (10.3 6 1.1 pg/ml in controls versus 348.2 6
18.3 pg/ml in FSH-treated group). Total intracellular GSH
concentrations increased 1.5-fold after 24 h of FSH treatment
(Fig. 1C; P¼ 0.032 by t-test). The GSSG concentrations were
nonstatistically significantly lower by 0.7-fold in the FSH-
treated group (Fig. 1C). The FSH treatment also resulted in a
statistically significant 2.5-fold increase in the reduced
GSH:GSSG ratio compared with untreated control follicles,
indicating that the GSH redox state in FSH-treated follicles was
less oxidized than in controls (Fig. 1C).

These data show that FSH treatment increases GSH
concentrations in granulosa cells and follicles, whereas
estradiol treatment alone has no effect on granulosa cell
GSH concentrations. The fold increase in GSH concentrations
was greater in granulosa cells treated with FSH plus estradiol

TABLE 1. Primer pairs used in quantitative real-time PCR assays.

Primer Direction Product length (bp) Primer sequence Primer length (bp)

Gclc Forward 129 ATGTGGACACCCGATGCAGTATT 23
Gclc Reverse 129 TGTCTTGCTTGTAGTCAGGATGGTTT 26
Gclm Forward 119 GCCACCAGATTTGACTGCCTTT 22
Gclm Reverse 119 CAGGGATGCTTTCTTGAAGAGCTT 24
Gapdh Forward 125 TCCTGCACCACCAACTGCTT 20
Gapdh Reverse 125 GAGGGGCCATCCACAGTCTT 20
Lhr Forward 273 AGAGTGATTCCCTGGAAAGGA 23
Lhr Reverse 273 TCATCCCTTGGAAAGCATTC 23
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than with FSH alone. The FSH treatment of follicles caused a
robust increase in follicular estradiol production, which likely
played a role in the stimulation of GSH synthesis by FSH in
follicles.

Increased GCL Subunit Protein Levels in Response to FSH

and Estradiol in Granulosa Cells and Small Antral Follicles

We performed immunoblotting to evaluate whether the
increases in GSH concentrations after FSH and estradiol
treatment of granulosa cells and follicles were due to increased
levels of GCLC and GCLM protein. GCLC protein levels in
granulosa cells (Fig. 2A) varied significantly by treatment at 48
h (P¼ 0.019 by Kruskal-Wallis test) but not at 24 h (P¼ 0.331
by Kruskal-Wallis test). GCLC protein levels in the FSH and
the FSH plus estradiol groups were statistically significantly

greater than levels in untreated controls at 48 h (P , 0.05 by
Mann-Whitney test). GCLM protein levels (Fig. 2A) varied in
a statistically significant manner with treatment at 24 h (P ¼
0.016 by Kruskal-Wallis test), but not at 48 h (P ¼ 0.248).
GCLM protein levels in the untreated controls and in the FSH-
treated cells at 24 h were significantly lower than those of the
0-h controls (P , 0.05 by Mann-Whitney test). There was an
apparent trend toward greater GCLM protein levels in the FSH
and FSH plus estradiol groups compared with untreated
controls at 48 h, but in these experiments the effect was not
statistically significant.

In antral follicles cultured for 24 h with FSH, there were
statistically significant increases in both GCLC (P¼0.045 by t-
test) and GCLM (P ¼ 0.022) protein levels compared with
untreated controls (Fig. 2B). GCLC increased 1.6-fold and
GCLM increased 2.1-fold above control levels.

FIG. 1. Effects of FSH and estradiol on GSH concentrations in granulosa cells and small antral follicles. A and B) Granulosa cells were cultured in
DMEM-F12 serum-free media with ovine FSH and/or estradiol (E) at the indicated concentrations for 48 h prior to collection of cells for total intracellular
GSH assay as described in Materials and Methods. The 0-h cells were immediately processed for GSH assay without culture. Data are expressed as means
6 SEM (n¼ 7–9 per group). A) The effect of treatment was not statistically significant. B) The effect of treatment was statistically significant by Kruskal-
Wallis test (P , 0.001) *Significantly different from untreated 48-h control and from 0-h by Mann-Whitney test, P , 0.01. �Significantly different from FSH
alone at the same concentration by Mann-Whitney test, P , 0.05. C) Small antral follicles were cultured for 24 h with or without 20 ng/ml FSH and
assayed for total (top graph) and oxidized (middle graph) GSH. The ratio of reduced GSH to GSSG was calculated and is presented in the bottom graph.
Data are expressed as means 6 SEM (n¼7–9 observations of eight follicles each per treatment group). *The effects of FSH treatment on total GSH and on
the GSH:GSSG ratio (presented as GSH/GSSG) were statistically significant by t-test (P , 0.05).
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Effects of FSH and Estradiol on GCL Subunit mRNA
Expression in Granulosa Cells and Small Antral Follicles

Gclc and Gclm mRNA levels in granulosa cells increased
with FSH and with FSH plus estradiol treatment compared with
untreated controls. For both Gclc and Gclm, the effect of FSH
combined with estradiol was greater than the effect of FSH
alone, and the effect was greatest at 48 h (Fig. 3A). Kruskal-
Wallis tests at each time point showed statistically significant
effects of treatment at 36 and 48 h for Gclc and at 48 h for
Gclm (P , 0.05). The Gclc mRNA levels were significantly
greater than control levels at 48 h after FSH alone and at both
36 and 48 h after FSH plus estradiol (P , 0.05 by Mann-
Whitney test). The Gclm mRNA levels were significantly
greater than control levels at 48 h after FSH plus estradiol (P ,
0.05 by Mann-Whitney test).

Small antral follicles cultured with FSH for 24 h showed
significantly increased Gclc and Gclm mRNA levels relative to
controls (P¼ 0.003 and P¼ 0.020 by t-test, respectively; Fig.
3B). Gclc and Gclm were approximately 3.7- and 3.0-fold
higher than controls, respectively. In situ hybridization showed
that FSH treatment for 24 h increased Gclc and Gclm mRNA
levels in both granulosa cells and theca cells of cultured
follicles (Fig. 3C).

Together, the data from granulosa cells and small antral
follicles suggest that the apparently greater capacity of follicles
than granulosa cells to increase transcription of Gclc and Gclm
in response to FSH stimulation may result from the stimulation

of estradiol synthesis in whole follicles, but not in granulosa
cells, by FSH.

Effects of FSH and Estradiol on GCL Enzymatic Activity
in Granulosa Cells

The effect of treatment group on GCL enzymatic activity in
granulosa cells cultured for 48 h was statistically significant
overall (P ¼ 0.002 by Kruskall-Wallis test; Fig. 4). The FSH
treatment resulted in a nonsignificant 1.2-fold increase in GCL
enzymatic activity compared with controls. The combination of
estradiol and FSH caused a statistically significant 3-fold
increase in GCL activity compared with controls (P¼ 0.003 by
Mann-Whitney test).

The Stimulation of GSH Synthesis and GCL Subunit
Expression by FSH and Estradiol in Granulosa Cells
Is Associated with Luteinization of Granulosa Cells

Granulosa cells undergo a process of differentiation called
‘‘luteinization’’ in response to high periovulatory concentra-
tions of LH and FSH [42]. This process requires LH receptor
expression on granulosa cell membranes, which occurs in
response to FSH. Cultured granulosa cells have been shown to
undergo this process after several days of gonadotropin
stimulation [42]. We were therefore interested in determining
whether the effects of FSH on GCL subunit expression were
associated with luteinization. Quantitative real-time PCR

FIG. 2. Effects of FSH and estradiol on GCL subunit protein levels in granulosa cells and small antral follicles. Granulosa cells and follicles were cultured
as described for Figure 1, except that only the 20-ng/ml concentration of FSH was used. GCLC, GCLM, and b-actin protein levels were measured by
immunoblotting of protein extracts from granulosa cells (A and B) and antral follicles (C) as described in Materials and Methods. Relative protein levels
normalized to b-actin were expressed as fold of 0-h controls (A) or untreated controls (C) for the same blot. Data are expressed as means 6 SEM. A) GCLC
protein levels (upper graph) varied significantly by treatment at 48 h (P¼ 0.019 by Kruskal-Wallis test) but not at 24 h (P¼ 0.331 by Kruskal Wallis test).
GCLM protein levels (lower graph) varied significantly by treatment at 24 h (P¼0.016 by Kruskal-Wallis test) but not at 48 h (P¼0.248 by Kruskal-Wallis
test). �Significantly different from 0-h controls at the same time point, P , 0.05 by Mann-Whitney test. *Significantly different from untreated controls at
the same time point, P , 0.05 by Mann-Whitney test (n¼3–5 per treatment group and time point). B) Representative Western blot showing GCLC, GCLM,
and b-actin levels in granulosa cells after 48 h of culture with the indicated treatments. C) *Treatment of antral follicles with FSH for 24 h resulted in
statistically significant increases in protein levels of GCLC (P ¼ 0.045 by t-test) and GCLM (P ¼ 0.022) compared with untreated controls (n ¼ 6
observations of eight follicles each per treatment group).
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revealed that LH receptor (Lhr) mRNA levels were essentially
undetectable in control cells and in cells treated with estradiol
alone (Fig. 5). There were statistically significant increases in
Lhr mRNA in the FSH-treated and FSH plus estradiol-treated
groups compared with controls at 24, 36, and 48 h (P , 0.01
for effect of treatment by Kruskal-Wallis test at each time

FIG. 3. Effects of FSH and estradiol on GCL subunit mRNA levels in granulosa cells and small antral follicles. Granulosa cells and follicles were cultured
as described for Figures 1 and 2 and were harvested at the indicated times for analysis of Gclc, Gclm, and Gapdh mRNA by quantitative real-time RT-PCR
as described in Materials and Methods. The graphs show mean 6 SEM levels of Gclc and Gclm normalized to Gapdh and expressed as fold change from
the untreated control levels. A) When each time point was analyzed separately by Kruskal-Wallis test, the effect of treatment was statistically significant for
Gclc mRNA levels (upper graph) at 36 and 48 h and for Gclm mRNA levels (lower graph) at 48 h. *Significantly different from control at the same time
point by Mann-Whitney test, P , 0.05 (n ¼ 4–5 per treatment group). B) Gclc and Gclm mRNA levels in follicles cultured with FSH for 24 h were
significantly increased compared with untreated control follicles (n¼4–5 observations of six follicles each per treatment group). *P¼0.003 and P¼0.020,
respectively, by t-test. C) In situ hybridization localization of Gclc and Gclm mRNA in cultured follicles. Follicles were cultured as in B and were fixed and
processed for in situ hybridization for Gclc and Gclm as described in Materials and Methods. Bright-field images are in the top row, and dark-field images
are in the bottom row. GC, granulosa cells. TC, theca cells. Dark-field images show increased hybridization for both Gclc and Gclm in GC and TC after
FSH treatment. Original magnification 3400.

FIG. 4. Follicle-stimulating hormone and estradiol are required for
maximal induction of glutamate cysteine ligase enzymatic activity.
Granulosa cells were cultured for 48 h in serum-free medium alone, with
20 ng/ml ovine FSH, or with FSH plus 100 ng/ml estradiol. The graph
shows mean (6SEM) GCL enzymatic activity expressed as nanomoles of
GSH produced per milligram of protein per minute (n¼ 6–8 per treatment
group). The effect of treatment was statistically significant by Kruskal-
Wallis test (P ¼ 0.002). *Significantly different from control by Mann-
Whitney test, P¼ 0.003.

FIG. 5. Follicle-stimulating hormone and FSH plus estradiol increase LH
receptor mRNA levels in cultured granulosa cells. Cells were cultured in
1) serum-free medium alone (control), 2) with 20 ng/ml ovine FSH, 3) 100
ng/ml estradiol, or 4) FSH plus estradiol. Cells were harvested at the
indicated times for analysis of Lhr and Gapdh mRNA by quantitative real-
time RT-PCR as described in Materials and Methods. Data are expressed as
mean ratio (6SEM) of Lhr:Gapdh (presented as Lhr/Gapdh) for each
treatment group (n ¼ 4–5 per treatment group). At each time point, the
effect of treatment group was statistically significant by Krukal-Wallis test
(P , 0.01). *Significantly different from control at same time point by
Mann-Whitney test, P , 0.03. �Significantly different from FSH at same
time point by Mann-Whitney test, P , 0.03.
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point; P , 0.03 for intergroup comparisons by Mann-Whitney
tests; Fig. 5). At 36 and 48 h, the levels of Lhr mRNA were
significantly greater in FSH plus estradiol-treated cells than in
those treated with FSH alone (P , 0.03 for intergroup
comparisons by Mann-Whitney tests; Fig. 5).

FSH Increased GCLC Protein Levels via the cAMP/PKA
Signaling Pathway

To test whether the observed FSH-stimulated increases in
GCL subunit protein and mRNA in granulosa cells are
mediated via cAMP/PKA signaling, we conducted experiments
using dbcAMP, a cAMP analog, and two PKA inhibitors.
When granulosa cells were cultured for 48 h with medium
alone, FSH, dbcAMP, or FSH plus estradiol, the effect of
treatment group was statistically significant for GCLC protein
levels (P ¼ 0.006 by Kruskal-Wallis test) but not for GCLM
protein levels (Fig. 6). GCLC protein levels increased about 3-
fold compared with untreated controls in both dbcAMP- and
FSH-treated groups (P¼ 0.045 and P¼ 0.006, respectively, by
Mann-Whitney test; Fig. 6A). GCLC protein levels were
increased 7.5-fold in the FSH plus estradiol group, but the
differences between this group and the FSH and dbcAMP
groups were not statistically significant. GCLM protein levels
were nonstatistically significantly increased by 1.3-, 1.5-, and
3.6-fold increases in dbcAMP, FSH, and FSH plus estradiol
groups.

When granulosa cells were cultured for 48 h with medium
alone, FSH, the PKA inhibitor PKI, or FSH plus PKI, the effect
of treatment group on GCLC and GCLM protein levels was
statistically significant (P , 0.001 by ANOVA for both
subunits; Fig. 6B). The FSH treatment significantly increased
GCLC and GCLM protein levels (P , 0.02, FSH versus
control by LSD test), and cotreatment with FSH and PKI
prevented the stimulation of GCLM and GCLC protein levels
by FSH. PKI by itself had no effect on GCLC or GCLM
protein levels.

When granulosa cells were cultured for 48 h with medium
alone, FSH, the PKA inhibitor H89, or FSH plus H89, the
effect of treatment group on GCLC and GCLM protein levels
was statistically significant (P ¼ 0.005 by Kruskal-Wallis test
for both subunits; Fig. 6C). The FSH treatment significantly
increased GCLC and GCLM protein levels (P , 0.03, FSH
versus control by Mann-Whitney test), and cotreatment with
FSH and H89 prevented the stimulation of GCLM, but not
GCLC, protein levels by FSH. H89 by itself slightly increased
GCLC levels and slightly decreased GCLM levels (P , 0.03,
H89 versus control by Mann-Whitney test).

FIG. 6. Involvement of cAMP/PKA signaling in the FSH-induced increase
in GCL subunit protein levels in granulosa cells. Cells were cultured in
serum-free medium alone (control), with 20 ng/ml FSH, with FSH plus 100
ng/ml estradiol, or with 1 mM dbcAMP (A); presented as db-cAMP or (B
and C) FSH plus PKA inhibitor or inhibitor alone (50 lM PKI or 10 lM
H89). Cells were pretreated with PKA inhibitors for 1 h before FSH was
added. Protein was extracted and subjected to immunoblotting for GCLC,

3

GCLM, and b-actin as described in Materials and Methods. Graphs show
the mean 6 SEM of the b-actin-normalized densitometry expressed as fold
change from the control for the same blot. Representative Western blots
are shown above each graph. A) The effect of treatment group was
statistically significant for GCLC (P ¼ 0.006 by Kruskal-Wallis test).
Dibutyryl cAMP stimulated GCLC protein to a similar extent as FSH (n¼
5–6 per treatment group). *Significantly different from control, P , 0.01
by Mann-Whitney test. B) The effects of treatment group on GCLC and
GCLM were statistically significant (P , 0.001 by ANOVA). PKI prevented
the stimulation of GCLC and GCLM protein by FSH (n¼ 5 per treatment
group). *Significantly different from control, P , 0.02 by LSD test. �
Significantly different from FSH, P , 0.02 by LSD test. C) The effects of
treatment group on GCLC and GCLM were statistically significant (P ¼
0.005 by Kruskal-Wallis test for both subunits). H89 prevented the
stimulation of GCLM, but not GCLC, protein by FSH (n¼ 4 per treatment
group). *Significantly different from control, P , 0.03 by Mann-Whitney
test. �Significantly different from FSH, P , 0.03 by Mann-Whitney test.
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These data support the hypothesis that the cAMP/PKA
pathway is involved in the FSH-induced upregulation of GCL
subunit expression.

FSH Does Not Increase GCL Subunit Protein Stability

To examine whether treatment with FSH alone increases
protein levels of GCL subunits, in part by increasing GCL
subunit stability, we used CHX to inhibit protein synthesis in
the presence and absence of FSH, and we measured protein
levels of GCLC and GCLM at 4, 8, and 24 h. Granulosa cells
were pretreated with 10 lg/ml CHX for 1 h before FSH was
added, and control cells were treated only with CHX. The total
protein content decreased at the same rate in both control and
FSH-treated groups, reflecting the inhibition of protein
synthesis by CHX (data not shown). However, cotreatment
of granulosa cells with FSH and 10 lg/ml CHX revealed no
statistically significant effect of FSH on GCLC (P ¼ 0.881,
effect of treatment by two-way ANOVA) and GCLM (P ¼
0.689) protein levels normalized to b-actin levels and
expressed as fold above 0-h controls at 4, 8, and 24 h after
initiation of treatment (Fig. 7). Moreover, there was no
significant change in protein levels of either subunit during
the time course of the experiment.

DISCUSSION

Our results demonstrate that FSH regulates GSH synthesis
in both granulosa cells and small antral follicles by increasing
GCL subunit levels. The use of isolated granulosa cells, which
are incapable of synthesizing estradiol in response to FSH
because of the lack of the required substrate androstenedione
from theca cells, allowed us to investigate the effects of FSH
and estradiol alone and together on GCL subunit expression. In
granulosa cells, FSH alone increased GSH concentrations and
modestly increased GCL subunit expression. Estradiol alone
had no effect on GSH synthesis. Follicle-stimulating hormone
combined with estradiol increased expression of both GCL
subunits, increased GCL enzymatic activity, and increased
GSH concentrations in granulosa cells to a greater extent than
FSH alone. We obtained further evidence that estradiol
mediates optimal stimulation of GSH synthesis by FSH by
showing that small antral follicles, which synthesized estradiol
in response to FSH, rapidly increased GCL subunit mRNA and
protein levels and GSH concentrations upon FSH treatment.
We also showed that stimulation of GCL subunit expression by
FSH alone involves activation of PKA and does not involve
increasing GCL subunit protein stability.

Our data clearly show that the addition of estradiol to FSH
enhanced the effects of FSH on GSH synthesis in isolated
granulosa cells. At 48 h of treatment, GSH concentrations were
increased about 1.4-fold, GCL enzymatic activity was
increased about 2.4-fold, and GCLM protein levels were
increased about 1.7-fold with estradiol plus FSH treatment
relative to FSH treatment alone. Moreover, combined treatment
led to robust increases in Gclc and Gclm mRNA levels,
whereas no effect on Gclm mRNA and only a small effect on
Gclc mRNA were seen with FSH alone. Notably, estradiol
alone had no effect on GSH synthesis. The concentration of
estradiol used in the granulosa cell experiments (2.6 3 10�7 M)
is physiologically relevant because it is similar to concentra-
tions reported in follicular fluid of rat preovulatory follicles
(1.4 3 10�7 M) [35]. In parallel experiments, cultured small
antral follicles synthesized estradiol in response to FSH, and
FSH treatment significantly increased GCL subunit protein and
mRNA levels and GSH concentrations within 24 h. It has been
reported that estradiol increased transcription of GCLC in

human breast cancer MCF-7 cells. The authors reported that
ligand-bound estrogen receptor beta (ESR2) formed a complex
with the transcription factor NFE2L2 (also known as NRF2
[nuclear factor-erythroid 2-related factor 2]), which bound to
the antioxidant response element (ARE) in the promoter of the
gene [44]. This mechanism is not likely to occur in rat
granulosa cells because there are no AREs in the promoters of
the rat Gclc and Gclm genes [45, 46]. However, more recent
work by the same group showed that Activator Protein 1 (AP-
1) and nuclear factor of kappa light polypeptide enhancer in B
cells (NF-jB) sites in the promoter of rat Gclc are required for
transcription of Gclc in rat fibroblasts, and that NRF2 increased
the expression of AP-1 family members Jun and Fos,
decreased expression of AP-1 member Fra1, and increased
expression of NF-jB family members Nfkb1 and Rela to
stimulate Gclc expression [47]. Cyclic AMP treatment and, by
extension, FSH, increased protein levels of AP-1 family
members FOS, JUNB, JUN, and FRA2 in cultured granulosa
cells from small antral follicles of estradiol-primed rats within
40 min, with increases no longer apparent by 24 h [48].
Therefore, it is possible that the combined effects of FSH and
estradiol to induce Gclc and Gclm transcription in rat granulosa
cells and follicles are mediated by increased expression of AP-
1 and/or NF-jB family members. Other effects of FSH on
granulosa cells are also augmented by estradiol. For example,
estradiol increased FSH stimulation of progesterone synthesis
in cultured granulosa cells (Welsh et al. [43] and the present
study) and enhanced FSH-induced aromatase activity [49].

FIG. 7. Follicle-stimulating hormone did not increase GCL subunit
protein stability. Granulosa cells were cultured with 10 lg/ml CHX starting
1 h before 20 ng/ml FSH was added; control cells did not receive FSH.
Cells were collected at 4, 8, and 24 h and were processed for
immunoblotting for GCLC, GCLM, and b-actin. The 0-h baseline controls
were not cultured and were processed immediately. A and B) The graphs
show the mean 6 SEM of the b-actin-normalized GCLC (A) or GCLM (B)
densitometry values expressed as fold change from the 0-h control for the
same blot. Neither the effect of FSH treatment nor the effect of time on
GCLC or GCLM protein levels normalized to b-actin was statistically
significant by two-way ANOVA.
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The canonical signaling pathway activated by FSH in
granulosa cells is cAMP/PKA [30]. In the present studies,
dbcAMP treatment increased GCLC and GCLM protein in
granulosa cells to the same degree as FSH treatment,
implicating the cAMP/PKA signaling pathway. Further
supporting a role for this pathway in mediating the effect of
FSH to increase GCL protein levels, we showed that two
different PKA inhibitors abolished the stimulatory effect of
FSH on GCLM protein levels in granulosa cells. PKI, a
specific peptide inhibitor of PKA, attenuated the effect of FSH
on both GCLC and GCLM protein levels. On the other hand, a
biochemical PKA inhibitor, H89, only blocked the effect of
FSH on GCLM protein. These differences may be attributed to
the specificity of each inhibitor. H89 inhibits the activity of
several other kinases, including ribosomal protein S6 kinase
(formerly MSK1), Rho-associated coiled-coil-containing pro-
tein kinase 2 (ROCK2), ribosomal protein S6 kinase, 70 kDa,
polypeptide 1 (formerly S6K1), and protein kinase D1, at the
10-lM concentration used in our study [50]. PKI at a
concentration of 1 lM was shown to inhibit PKA activity by
80% and to completely abolish PKA activity at 100 lM in
pancreatic b cells, whereas it has no effect on PKC at
concentrations up to 10 lM [51]. At the 50-lM concentration
used in the present study, it is possible that some inhibition of
PKC also occurred, and PKC signaling is important in
granulosa cells [52]. Therefore, the divergent effects of H89
and PKI on GCLC protein observed in the present studies may
have been due to inhibition of other signaling kinase pathways
by either of these inhibitors. On the other hand, the observation
that both of these compounds inhibited the FSH-induced
increase in GCLM protein levels provides strong evidence that
this effect of FSH is mediated via PKA signaling.

Granulosa cells undergo differentiation after 48 h in culture
in the presence of FSH. The process of granulosa cell
differentiation is gonadotropin dependent, is mediated by
cAMP, and involves the production of steroid hormones and
LH receptor expression [42]. In the present studies, increases in
LH receptor expression confirmed that granulosa cells from
small antral follicles of estradiol-primed rats differentiated
during 48 h of FSH treatment. GCL subunit protein levels and
GSH concentrations did not increase until 48 h in granulosa
cells cultured with FSH alone, suggesting that events
associated with granulosa cell differentiation may be required
for FSH alone to stimulate GSH synthesis. Downstream targets
of cAMP that have been implicated in granulosa cell
differentiation are also involved in the regulation of GCL
subunit expression in other cell types. Follicle-stimulating
hormone activates adenylate cyclase, resulting in cAMP
production, which can activate AKT via phosphoinositide-3
kinase (PIK3). Alam et al. [53] demonstrated that the PIK3/
AKT/RHEB/FRAP1 pathway was required for expression of
granulosa differentiation markers, including LH receptor. A
study that used adenoviral vectors to constitutively express
activated Akt1 or a dominant-negative Akt1 also showed that
AKT signaling was required for FSH-induced LH receptor
expression [54]. PIK3/AKT signaling was involved in the
NFE2L2-ARE-mediated transcriptional response to hyperoxia
in pulmonary epithelial cells [55]. Thus, PKA-induced
activation of PIK3/AKT signaling is a candidate pathway by
which FSH may regulate both granulosa cell differentiation and
GSH synthesis. This remains to be explored in future studies.

Follicle-stimulating hormone alone increased granulosa cell
GCLC and GCLM subunit protein levels and Gclc mRNA
levels but did not increase Gclm mRNA levels. These data
suggested that in addition to transcriptional effects, FSH may
also exert translational or posttranslational effects on GCL

subunits. We therefore tested the possibility that FSH stabilized
GCL subunit proteins and prevented their degradation using
CHX, a potent inhibitor of protein translation. During a 24-h
period, we observed no changes in GCLC or GCLM protein
levels normalized to b-actin levels. Our data clearly do not
support the hypothesis that FSH increases GCLC or GCLM
protein stability in granulosa cells. Franklin et al. [56, 57] have
reported that GCLC and GCLM proteins, when equal amounts
of total protein were loaded per lane, were highly stable in
other cell systems in the presence of CHX for up to 48 h. Our
data on GCLC and GCLM protein stability in granulosa cells
are consistent with these reports.

In addition to increasing total intracellular GSH concentra-
tions in small antral follicles, FSH treatment also nonsignif-
icantly decreased GSSG and significantly increased the ratio of
reduced GSH to GSSG. An increase in the ratio of reduced
GSH to GSSG indicates that the cellular environment is less
oxidized [58]. In addition to stimulating GSH synthesis, FSH
has also been reported to upregulate other antioxidants in the
ovary. Priming of immature rats with eCG increased ovarian
mRNA levels of secreted (Sod3) and mitochondrial (Sod2)
superoxide dismutase [59, 60] and increased ovarian levels of
the antioxidant vitamin A [61]. Upregulation of other
antioxidants in the FSH-treated follicles may have decreased
reactive oxygen species in the follicles, resulting in the
nonsignificant decrease in GSSG and significant increase in
reduced GSH to GSSG ratio observed in the present study.

Regulation of de novo GSH synthesis via transcriptional and
posttranscriptional regulation of GCL, the rate-limiting en-
zyme, is known to be important in maintenance of GSH
concentrations. However, tissue-specific regulation of GSH
synthesis is less well understood. This study demonstrated that
maximal stimulation of GSH synthesis in granulosa cells and
ovarian follicles by FSH requires estradiol. In the absence of
estradiol, FSH alone increased GSH synthesis in granulosa
cells by modestly upregulating GCL subunit expression.
Estradiol enhanced the effects of FSH on granulosa cell GCL
subunit expression and GSH synthesis but had no effects alone.
Our results demonstrate that the independent effects of FSH
required PKA signaling and appeared to require granulosa cell
differentiation, which is PKA dependent. The combination of
FSH and estradiol treatment of cultured granulosa cells or
stimulation of estradiol synthesis by FSH in whole cultured
follicles led to a more rapid and greater increase in intracellular
GSH concentrations due to increased GCL subunit mRNA and
protein expression and greatly increased GCL enzymatic
activity. These findings are physiologically relevant. In a
previous study, FSH-stimulated GSH synthesis in large antral
(preovulatory) follicles partially mediated the antiapoptotic
effects of FSH [36], and the present findings suggest that it
may play a similar role in small antral follicles.
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