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Abstract

The antioxidant tripeptide glutathione (GSH) protects ovarian follicles against oxidative damage that may lead to apoptotic death. The rate-
limiting step in synthesis of GSH is catalyzed by glutamate cysteine ligase (GCL), a heterodimer composed of a catalytic subunit (GCLC), and
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modifier subunit (GCLM). We hypothesized that GSH depletion in vivo or in vitro with buthionine sulfoximine (BSO), a specific inh
CL activity, would increase ovarian and granulosa cell GCL subunit expression. Ovarian glutathione levels are lowest on proestro
nd increase to their highest levels on estrus and metestrus. Therefore, we treated rats on proestrous morning or on proestrous
gain 12 h later to prevent the normal increase in ovarian glutathione between proestrus and estrus. OvarianGclc andGclm mRNA levels and
CLC protein levels increased transiently by 1.4–1.5-fold at 8 h, but not at 12 or 24 h, after a single dose of BSO administered to
n the morning of proestrus. GCLC protein levels were also modestly increased 1.4-fold at 12 h after a second dose of BSO. GC

evels increased 1.4-fold at 24 h after a single dose of BSO, but not at other time points. BSO treatment did not significantly alt
CL enzymatic activity or the intraovarian localization of either GCL subunit mRNA. Treatment of a human granulosa cell line or

at granulosa cells with BSO suppressed intracellular GSH; however, there was no compensatory upregulation of GCL subuni
RNA levels. These results demonstrate that ovarian follicles and granulosa cells are minimally able to respond to acute GSH d
pregulating expression of GCL.
2005 Elsevier Inc. All rights reserved.

eywords: Ovary; Glutathione; Buthionine sulfoximine; Glutamate cysteine ligase; Gamma-glutamylcysteine synthetase

. Introduction

The tripeptide glutathione (GSH) is the most abundant
ntracellular, non-protein thiol. GSH constitutes a critical
omponent of the antioxidant defense system, functions in
ysteine transport and storage, maintains cellular redox sta-
us, and serves other important functions[1]. GSH is present
t moderately high concentrations in the ovary[2–4]. As it
oes in other tissues, ovarian GSH likely plays important
oles in detoxifying reactive oxygen species and in conju-
ating electrophilic toxicants via glutathione-S-transferase

∗ Corresponding author. Tel. +1 949 824 8641; fax: +1 949 824 2345.
E-mail address: uluderer@uci.edu (U. Luderer).

catalyzed reactions. Indeed, GSH depletion increases
sia, the apoptotic process of follicular degeneration[5,6],
whereas enhancement of GSH levels rescues cultured o
follicles from apoptosis[7].

GSH synthesis occurs via two ATP-dependent enzym
reactions[8–10]. The first and rate-limiting step forms�-
glutamylcysteine and is catalyzed by the enzyme gluta
cysteine ligase (GCL, also known as�-glutamylcysteine
synthetase). The second step is catalyzed by glutat
synthetase. GCL is a heterodimer composed of a cat
(GCLC) and a modifier (GCLM) subunit that are join
by disulfide bonds[10,11]. GCLC possesses all the c
alytic activity and is catalytically active alone in vitro[12].
However, under normal physiological conditions, GCLC

890-6238/$ – see front matter © 2005 Elsevier Inc. All rights reserved.
oi:10.1016/j.reprotox.2005.07.011
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thought to be catalytically inactive unless it forms a het-
erodimer with GCLM[12]. Transcriptional regulation of both
GCL subunit genes is an important mechanism for mod-
ulating intracellular GSH synthesis[10,11]. Interestingly,
transcriptional regulation of GCL subunits varies consider-
ably among cell types, and within the same cell type the
two subunits are independently regulated[13]. GCL enzy-
matic activity is under negative feedback regulation by GSH
[10,11]. Formation of the heterodimer with GCLM decreases
theKm for glutamate and increases theKi for GSH[10,11].
GSH synthesis is also dependent on the availability of cys-
teine[9].

In the ovary, granulosa cells and oocytes of healthy,
growing follicles display high levels ofGclm mRNA
expression, whereas follicles undergoing the apoptotic
process of atresia lackGclm expression[14]. Other ovarian
cell types display minimalGclm expression, except for a
transient, but large, increase in theca cells after an ovulatory
gonadotropin stimulus[15]. In contrast, GCLc protein
and mRNA are more ubiquitously expressed throughout
the ovary [14,15]. Ovarian GSH synthesis increases in
response to gonadotropin hormone stimulation of follicular
development, mediated by increased GCLC and GCLM
protein expression and increased GCL enzymatic activity
[4,15].

Buthionine sulfoximine (BSO) inhibits GSH synthesis by
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2.2. Experimental animals

Adult (9–10 weeks old) or pre-pubertal (22 days old),
female Sprague–Dawley (Crl:CD(SD)IGS BR) rats were
purchased from Charles River Laboratories (Wilmington,
MA). Upon arrival, animals were housed 3 to a cage in an
AAALAC-accredited facility on a 14 h light/10 h dark cycle.
Adult rats were allowed to acclimate for 7 days. Deionized
water and standard laboratory rodent chow were provided ad
libitum. Vaginal cytology was performed for at least two 4-
day estrous cycles before the in vivo experiments began. All
experimental protocols were performed in accordance with
theGuide for the Care and Use of Laboratory Animals [22]
and were approved by the Institutional Animal Care and Use
Committee at the University of California at Irvine.

2.3. Experimental protocols

In the first experiment, adult female rats weigh-
ing 205–260 g were injected intraperitoneally (i.p.) with
5 mmol/kg (1110 mg/kg) buthionine sulfoximine in 0.9%
saline or saline alone on the morning (07:00–08:00 h) of
proestrus and killed by decapitation 8, 12, or 24 h later or were
injected at 07:00 and 19:00 h on proestrus and were killed the
following morning of estrus (07:00 h). The dose of BSO was
chosen to maximally suppress GSH synthesis. Given the sol-
u to
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locking the active site of GCL[16]. Suppression of GS
ynthesis using BSO in vitro has been shown to upr
ate GCL subunit mRNA levels in some cell types[17–19],
ut not in others[20]. In vivo treatment of mice wit
SO did not alter hepatic GCL mRNA or protein expr
ion [21]. No previous studies have tested the ability
he ovary or of different cell types within the ovary
espond to GSH depletion by up-regulating GCL sub
xpression.

The present study was, therefore, designed to inves
he hypothesis that suppression of ovarian GSH synt
sing BSO would cause compensatory increases in ov
CL subunit protein and mRNA expression and, further,

his increase would be localized to growing follicles.
ested this hypothesis in cycling rats in vivo and in cultu
ranulosa cells. Our results demonstrate that, unlike
ell types, ovarian cells are unable to respond to GSH d
ion by up-regulating expression of GCL, the rate-limit
nzyme in its synthesis.

. Materials and methods

.1. Materials

All chemicals were purchased from Sigma–Aldrich
ouis, MO) unless otherwise noted. All tissue cult
eagents were purchased from Invitrogen Life Technolo
Carlsbad, CA).
bility of BSO and the desire to limit the injection volume
mL or less[23], 5 mmol/kg was the maximum achieva
ose. The day of proestrus was chosen because we hav
iously observed that ovarian GSH concentrations incr
ignificantly between the morning of proestrus and the m
ng of estrus[4]. Dosing twice with BSO on proestrus w
esigned to prevent this normal rise in ovarian GSH
ls. Trunk blood was collected for estradiol and progeste
ssays. Examination of the uterus for ballooning (accum

ion of 100 mg or more of uterine fluid) on proestrus allow
or further verification of cycle stage[24]. Ovaries were dis
ected, trimmed of fat, weighed, and processed for
ssay, Western analysis, or Northern analysis. Ovaries
nimals killed 24 h after a single dose of BSO or saline w
lso processed for GCL enzymatic activity assay. This a
as not performed at earlier time points because the m
ism of action of BSO is to suppress GCL enzymatic act

16].
In the second experiment, proestrous or estrous fe

ats weighing 209–295 g were injected i.p. with 5 mmo
SO in 0.9% saline or saline alone at 07:00 and 19:0
nimals were killed by decapitation at 0700 h the follo

ng day (estrus or metestrus), and ovaries were diss
nd processed for GSH assay or for in situ hybridizatio
escribed below. Because we observed no effects of sup

ng GSH synthesis during the proestrus to estrus trans
hen ovarian GSH levels are normally rising in the fi
xperiment, we added a second time point, designed to
ress ovarian GSH synthesis when levels are normally

4].
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2.4. COV434 human granulosa cell culture

COV434 cells (gift of Dr. Peter Schrier, University Hos-
pital of Leiden, Netherlands) are derived from a human gran-
ulosa cell tumor[25]. They possess many characteristics of
normal granulosa cells[26]. A preliminary dose–response
experiment showed that culture for 24 h with concentrations
of BSO from 100 to 1000�M suppressed intracellular GSH
to undetectable levels. Therefore, 100�M was chosen for the
subsequent experiments.

COV434 cells were plated 5× 106 cells per 75 cm2 flask
in DMEM F12 with GlutaMAX, 9% fetal bovine serum,
100 mg/mL streptomycin, and 100 IU/mL penicillin. After
24 h the cells were washed twice with PBS, and the medium
was replaced with (1) serum-free control medium (DMEM-
F12), (2) medium plus 100�M BSO, (3) medium plus
200 ng/mL recombinant human follicle stimulating hormone
(rhFSH; Purchased from Dr. A.F. Parlow, National Hormone
and Peptide Program, NIDDK), or (4) rhFSH plus 100�M
BSO. Treatment media were removed after 20 h and replaced
with control, serum-free medium for 6 h. Cells were har-
vested by trypsinization for GSH assay or by scraping with
a cell scraper for protein or RNA extraction. Cells were
routinely assessed for mycoplasma contamination using the
Mycotect Kit (Invitrogen) and were found to be free of
contamination.
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assay or by scraping with a cell scraper for Western analysis
at 24 h after the initiation of culture.

2.6. GSH assay

Fresh ovaries were immediately homogenized in 1:4 (w/v)
5% sulfosalicylic acid on ice. Cell pellets were pipetted up
and down in buffer containing 20 mM Tris base, 1 mM EDTA,
250 mM sucrose, 2 mMl-serine, and 20 mM borate (TES-
SB buffer). After removing an aliquot of suspension for
protein assay (BCA Assay Kit, Pierce, Rockford, IL), 1/4
volume 5% sulfosalicylic acid was added. After 30 min incu-
bation on ice, cells or tissue suspensions were centrifuged at
15,800× g for 10 min at 4◦C. The supernatant was removed
and stored at−70◦C until assay as described[4], except that
the assay was scaled down to a 96-well microplate format and
absorbances were read using a VersaMax tunable microplate
reader (Molecular Devices, Sunnyvale, CA). The interassay
coefficient of variation was 13.6% for a rat liver pool.

2.7. Northern blot analysis

Total ovarian or granulosa cell RNA was prepared using
the TRIzol reagent (Invitrogen Life Technologies, Carls-
bad, CA) according to the manufacturer’s instructions. Sam-
ples of RNA (20�g) were analyzed by separation in 1%
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Cell viability was assessed after trypsinization by T
an Blue exclusion. After incubation for 20 h with treatm
edia followed by 6 h in control media, the percentag
ead cells did not exceed 7.5% in any treatment group.
ere then centrifuged at 300× g at room temperature fo
min and were processed for GSH assay, protein extra
r RNA extraction.

.5. Primary rat granulosa cell culture

Granulosa cells from small antral follicles are not fully d
erentiated and differentiate in response to FSH and and
reatment[27,28]. Granulosa cells from small antral follicl
ere obtained from prepubertal rats primed once daily
days beginning at 24 days of age with estradiol inject

1.5 mg 17ß-estradiol/0.2 mL propylene glycol administe
ubcutaneously). Twenty-four hours after the last injec
he animals were killed by carbon dioxide asphyxiation
varies were dissected out under aseptic technique. G

osa cells were isolated directly into DMEM-F12 medi
ith GlutaMAX, penicillin, and streptomycin in a Petri di

rom follicles 300 to 400�m in diameter by puncture with 2
auge needles under a stereomicroscope. Cells were cu

n (1) serum-free medium alone, (2) medium plus 200 ng
ecombinant human FSH (National Hormone and Pep
rogram, NIDDK), or (3) FSH plus 100�M BSO, at a den
ity of 1× 106 cells per 60 mm fibronectin-coated Petri d
Becton Dickinson). After 18 h, FSH plus BSO medium w
eplaced with DMEM F12 and culture was continued
nother 6 h. Cells were harvested by trypsinization for G
garose/formaldehyde-containing gels, followed by c
ary transfer to nylon membranes and hybridization w
2P-labeled nucleic acid probes. 32P-labeled random-pr
robes were prepared using template full-length cD
f the mouseGclc, Gclm [29,30] and Gapdh (Ambion,
ustin, TX) genes with the DECAprime II DNA Labelin
it (Ambion, Austin, TX). Visualization was by autoradio

aphy. The rat has oneGclc transcript (size 4.1 kb) and tw
clm transcripts (size 1.8 and 5.2 kb)[11]. Semiquantitativ
nalysis of autoradiographs was performed using a S
ene molecular documentation and image analysis sy
ith EagleSight software. The absorbance readings o
clc band and the sum of the absorbance readings fo

wo Gclm bands were normalized to control mRNA (Gapdh)
nd relative differences among treatment groups were c

ated.

.8. Western blot analysis

Ovaries were homogenized and cells were lysed in R
ysis buffer (PBS, 1% Nonidet-P-40, 0.5% sodium deo
holate, 0.1% SDS) with protease inhibitors on ice. Lys
ere incubated on ice for 30 min and were centrifuge
5,800× g for 10 min at 4◦C. Supernatants were stored
70◦C. Gel electrophoresis, Western blotting for GC
CLM, and�-actin and semiquantitative analysis of ima
ere performed as previously described[4]. Briefly, 40�g
f protein extract from each ovary or 25�g of protein from
ell extracts were loaded onto 12% Tris HCl polyacrylam
els (BioRad, Hercules, CA), separated by electropho
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transferred to polyvinylidine difluoride membranes, blocked,
and incubated with GCLM and GCLC antisera[31]. For
the in vivo experiments, samples for each time point were
run on separate gels (three to six samples per treatment
group per gel). Blots were subsequently reprobed with�-
actin antiserum (Sigma–Aldrich, St. Louis, MO) as a load-
ing control. The second antibody was HRP-conjugated goat
antirabbit (for GCLC and GCLM) or antimouse (for�-actin)
immunoglobulin G (Amersham Pharmacia Biotech, Piscat-
away, NJ). Visualization was accomplished using enhanced
chemiluminescence (ECL, Amersham Pharmacia Biotech,
Piscataway, NJ) followed by exposure to Hyperfilm ECL
(Amersham). Semiquantitative analysis of films was per-
formed using a Stratagene molecular documentation and
image analysis system with EagleSight software. For statis-
tical analyses, the mean of the absorbance readings for the
control (saline-treated) samples on a given blot was calcu-
lated and the absorbance reading for each individual band
was then divided by the mean of the control values for that
blot and multiplied by 100 to express the absorbance as “per-
cent control”.

2.9. GCL enzymatic activity assay

GCL activity was measured essentially as described by
White et al.[32]. Ovaries homogenized in TES-SB buffer
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2.10. Fluorogenic 5′-nuclease mRNA quantification
(real time PCR)

RNA was extracted using Trizol reagent (Invitrogen Life
Technologies, Carlsbad, CA) according to the manufac-
turer’s instructions. Two micrograms of RNA from each
sample were incubated for 30 min at 37◦C with DNAse I
(0.25 U), dithiothreitol (10 mM), and RNAse inhibitor (10 U),
then inactivated at 70◦C. Oligo d(T)15 primer (0.13�g;
Invitrogen) was added and the mixture was incubated at
70◦C for 5 min. Finally, reverse-transcription was carried
out by adding RT Master Mix containing Superscript II
RNase H-Reverse Transcriptase (100 U), dNTPs (1.43 mM),
first strand buffer, and dithiothreitol (14.3 mM) (Invitro-
gen) at 45◦C for 1 h. RT reactions were shipped on dry
ice to the University of Washington where fluorogenic
5′-nuclease assays (TaqMan®) were carried out using an
ABI Prism 7700 Sequence detection system (Perkin-Elmer
Applied Biosystems). The thermal cycling conditions com-
prised an initial denaturation step at 95◦C for 10 min, fol-
lowed by 40 cycles at 95◦C for 20 s and 62◦C for 60 s.
The human gene-specific sequences of primer pairs and
probes used in the TaqMan assays are listed inTable 1.
A standard curve derived from serial dilutions of rat kid-
ney RNA (crossing point as a function of log dilution) was
used to convert the crossing points forGclc, Gclm, and
G ard
f and
p orted
[
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tcac
ere centrifuged and the supernatant was diluted aga
ES-SB for a final dilution of 1:24 w/v. Fifty microlitre
f sample (in duplicate) or GSH standards in TES-SB w
dded to prewarmed 1.5 ml microcentrifuge tubes conta
CL reaction cocktail (400 mM Tris, 40 mM ATP, 20 m
-glutamic acid, 2 mM EDTA, 20 mM boric acid, 2 mMl-
erine, 40 mM MgCl2) in a 37◦C water bath. After 11 mi
reincubation, the reaction was initiated by the add
f 50�l of 2 mM l-cysteine to one of each of the tw
ample tubes. After exactly 20 min incubation, the re
ion was stopped by the addition of 50�l of 200 mM
ulfosalicylic acid to all tubes. Then, 50�l of cysteine
as added to the second tube for each sample (the

ine GSH tube) and to the standard tubes. Samples
ortexed, incubated on ice for 20 min, and centrifuge
500× g at 4◦C for 5 min. Twenty microlitres of supe
atant (in triplicate) were pipetted into the wells of a
ell microplate. One hundred and eighty microlitres
aphthalenedicarboxaldehyde solution (1.4 parts 50 mM
ase, pH 10; 0.2 parts 0.5N NaOH; 0.2 parts 10 mM
aphthalenedicarboxaldehyde in DMSO) was then a

o each well. The plate was incubated at room temp
ure for 30 min and read at an excitation wavelength
85 and emission wavelength of 530 in a Biotek FL
pectrofluorometer microplate reader (Biotek Instrume
inooski, VT). Results were expressed as the nanom

f GSH synthesized above the baseline GSH level
inute per milligram ovary or per milligram protein (det
ined using the Pierce BCA Protein Assay Kit, Pie
ockford, IL).
-

apdh mRNAs in samples to log dilutions of the stand
or data analysis. The rat gene-specific primer pairs
robes used for the standard curves were previously rep

15].

.11. Estradiol and progesterone assays

A standard curve was prepared in charcoal-strip
variectomized rat serum using a stock solution of 1�-
stradiol (Sigma, St. Louis, MO) dissolved in 100% etha
t a concentration of 100 ng/mL that was serially dilu

o concentrations of 7.8, 15.6, 62.5, 125, 250, 500,
000 pg/mL. The other reagents were from the Estradiol D
le Antibody Radioimmunoassay Kit (Diagnostic Produ
orporation, Los Angeles, CA), and the assay was perfo

able 1
rimer pairs and probes used in real time PCR assays

DNA GenBank
ccession #

Type of oligo Sequence

clc; BC039894 Primer (forward) tggatgtggacaccagatgtag
Primer (reverse) tgtcttgcttgtagtcaggatggtt
Probe (anti-sense) ttctccagatgctctcttct

clm; L35546 Primer (forward) tgactgcatttgctaaacaatttg
Primer (reverse) cgtgcgcttgaatgtcagg
Probe (anti-sense) caatgatccaaaagaactgct

apdh;
BT006893

Primer (forward) tcctgcaccaccaactgctt
Primer (reverse) gaggggccatccacagtctt
Probe (anti-sense) ctcatgaccacagtccatgcca
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as previously described[5]. The progesterone assays utilized
the Progesterone CL Radioimmunoassay Kit (Diagnostic
Systems Corporation, Webster, TX), as previously described
[5].

2.12. In situ hybridization

Upon dissection, ovaries were immediately fixed in 4%
paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) in phosphate-buffered saline (PBS) at 4◦C for 1 h,
dehydrated in 15% sucrose in PBS at 4◦C for 3 to 4 h,
embedded in Tissue-Tek O.C.T. (Sakura Finetek, Torrance,
CA), and stored at−70◦C until serial sectioning at 10�m
onto Superfrost Plus slides (Fisher Scientific, Pittsburgh,
PA) using a cryostat. Slides were stored at−70◦C with
dessicant until in situ hybridization. The hybridization proce-
dure was adapted from Wilcox[33] as previously described
[14], utilizing 35S-labeled antisense and sense riboprobes
transcribed from full-length 0.82 kb mouse GCLM cDNA
in pCR II [29] or a 0.6 kb mouse GCLC cDNA frag-
ment in pBluescript II[34]. Sections of kidney were used
as “positive controls” because of the known high lev-
els of GCL subunit mRNA in this organ[35]. Negative
control slides were incubated with senseGclc or Gclm
riboprobes.

Serial sections of ovaries were examined under light
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3. Results

3.1. Ovarian GSH concentrations after BSO treatment

Mean ovarian GSH concentrations in animals treated with
BSO were significantly decreased to 58% of control levels
at 8 h after a single BSO injection and gradually increased
towards control levels at 12 and 24 h after a single BSO injec-
tion; ovarian GSH levels were suppressed to 53% of control
levels at 12 h after a second BSO injection (p < 0.001, effect of
treatment by two-way ANOVA;Fig. 1A). Ovarian GSH lev-

Fig. 1. BSO treatment suppresses ovarian GSH levels. (A) Proestrous adult
female rats were injected i.p. with 5 mmol/kg BSO in 0.9% saline or saline
alone at 07:00 h and sacrificed 8 h (8 h/1), 12 h (12 h/1), or 24 h (24 h/1) later
or were injected at 07:00 and 19:00 h and sacrificed the following morning at
07:00 h (24 h/2). Ovaries were subjected to total GSH assay by the enzymatic
recycling method. Ovarian GSH levels, expressed as mean± S.E.M., were
significantly suppressed after BSO treatment (p < 0.001, effect of treatment
by two-way ANOVA). (*) BSO-treated significantly different from respec-
tive saline control. Ovarian GSH concentrations in estrous saline control
animals (24 h/1, 24 h/2) were significantly higher than in proestrous control
animals (8 h/1, 12 h/1) byt-test,p = 0.003;N = 5–10 per group. (B) Proe-
strous (pro/est) or estrous (est/met) adult female rats were injected i.p. with
5 mmol/kg BSO in 0.9% saline or saline alone at 07:00 and 19:00 h and sac-
rificed the following morning of estrus or metestrus, respectively, at 0700 h.
Ovarian GSH levels, expressed as mean± S.E.M., were suppressed by about
half in both BSO-treated groups compared to the respective saline control
(p < 0.001, effect of treatment by two-way ANOVA; (*) indicates signifi-
cantly lower than respective saline control byt-test). There was no effect of
estrous cycle stage.
icroscopy and follicles were classified as primary (Pe
on stages 1–3), secondary (Pederson stages 4–5), or
Pederson stages 6–8)[36,37]. The follicle granulosa cel
nd oocytes were scored forGclm hybridization and forGclc
ybridization (absent, weak, or strong signal) using dark
icroscopy.

.13. Statistical analysis

The effects of BSO treatment on GSH concentrat
n ovaries and on serum estradiol and progesterone
entrations were analyzed by two-way analysis of v
nce (ANOVA) with treatment (saline versus BSO)

ime as independent variables. The effect of BSO
CL subunit protein and mRNA levels at each ti
oint was analyzed by independent samplest-test. The
ffect of BSO treatment on the intraovarian localiza
nd intensity ofGclc and Gclm riboprobe hybridizatio
as analyzed by ANOVA. Treatment and estrous c
tage were the independent variables and the arcsine
ormed percentages[38] of follicles with strong hybridiza
ion signal were the dependent variables. Separate
ses were also performed to assess the effects of
reatment on GCL subunit hybridization in antral fo
les alone, secondary follicles alone, and primary f
les alone. The effects of BSO and FSH treatment
CL subunit protein and mRNA levels in cultured gr
losa cells were analyzed by two-way ANOVA. Analy
ere performed using SPSS 11 for the MacIntosh (S
hicago, IL).
l
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Fig. 2. BSO treatment modestly increases ovarian GCLC protein levels. The
experimental protocol was as described underFig. 1, except that ovaries
were subjected to protein extraction, polyacrylamide gel electrophoresis,
and Western blotting with anti-GCLC and anti-GCLM antibodies. Den-
sitometry was performed on each band and all values were divided by
the mean of the saline values for the same blot. (A) Representative West-
ern blot showing GCLC and GCLM protein expression in extracts from
ovaries 8 h after injection with saline or BSO. The graph summarizes
the mean± S.E.M. of densitometry results for several blots for each time
point expressed as percent of saline control. The horizontal line indicates
100% of control. (*) BSO-treated differed significantly from saline-treated
for same time point by independent samplest-test, p < 0.05; N = 4–15/
group.

els were significantly higher in control estrous ovaries than in
control proestrous ovaries (p = 0.014, byt-test), as previously
reported[3,4]. In the second experiment, mean ovarian GSH
concentrations were suppressed by more than half at 12 h after
the second BSO injection compared to saline treated controls
(p < 0.001, effect of treatment by ANOVA;Fig. 1B). Ovar-
ian GSH levels did not differ between estrous and metestrous
stages of the estrous cycle, consistent with previous obser-
vations [4]. Collectively, these results show that repeated
injections of BSO administered at 12 h intervals can maintain
ovarian GSH concentrations at about 50% or less of control
levels.

3.2. Ovarian GCL subunit protein and mRNA expression
after BSO treatment

Ovarian GCLC protein levels were statistically signifi-
cantly increased by 1.5-fold at 8 h after a single BSO injec-
tion and by 1.4-fold at 12 h after a second BSO injection
compared to saline-treated controls (Fig. 2). GCLM pro-
tein levels were significantly increased by 1.4-fold compared
to saline controls at 24 h after a single BSO injection,
but not at other time points (Fig. 2). Gclc and Gclm
mRNA levels were increased by 1.4-fold at 8 h after a sin-
gle BSO injection (Fig. 3). Gclm mRNA levels were sig-
n tion
(

Fig. 3. Effect of BSO treatment on ovarian GCL subunit mRNA levels. The
experimental protocol was as described underFig. 1, except that ovaries
were subjected to RNA extraction, agarose-formaldehyde gel electrophore-
sis, and Northern blotting with32P-labeledGclc, Gclm, andGapdh cDNA
probes. Densitometry was performed on each band and allGcl values were
normalized toGapdh. Each normalized value was then divided by the mean
of the saline values for the same blot. At top is a representative Northern
blot showingGclc andGclm mRNA expression in extracts of ovaries 12 h
after injection of saline or BSO. The graph summarizes mean± S.E.M. of
normalized densitometry results expressed as percent of saline control. The
horizontal line indicates 100% of control. (*) BSO-treated differed signifi-
cantly from saline-treated for same time point by independent samplest-test,
p < 0.05;N = 4–11/group.

3.3. Ovarian GCL enzymatic activity after BSO
treatment

Ovarian GCL enzymatic activity was 66.8± 6.4 pmol
GSH/(mg ovary/min) (1.06± 0.06 nmol/(mg protein/min))
at 24 h after a single dose of BSO compared to
54.9± 4.3 pmol GSH/(mg ovary/min) (0.89± 0.07 nmol/
(mg protein/min)) after saline. These differences were
not statistically significant (p = 0.17,p = 0.08, respectively;
N = 10/group)

3.4. Serum sex steroid concentrations and organ weights
after BSO

BSO treatment did not alter serum estradiol or proges-
terone concentrations (Table 2). Estradiol concentrations
were significantly higher at 16:00 h on proestrus than at
the other time points (p < 0.001). Progesterone concentra-
tions were significantly higher at both 16:00 and 20:00 h
on proestrus than on estrous morning (p < 0.001). There was
no effect of BSO on body weight, ovarian weight, uterine
ificantly decreased at 12 h after a single BSO injec
Fig. 3).
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Table 2
Serum estradiol and progesterone concentrations after BSO treatment

Injection time/sac time Treatment Mean± S.D.

Estradiol (pg/mL) Progesterone
(ng/mL)

08:00 h pro/16:00 h
pro

Saline 70.7± 49.1 67.9± 33.8

BSO 52.6± 25.7 69.7± 23.2

08:00 h pro/20:00 h
pro

Saline 22.4± 18.4 64.5± 10.6

BSO 30.7± 34.4 67.5± 13.4

08:00 h pro/08:00 h
est

Saline 13.8± 11.7 27.4± 15.9

BSO 22.0± 24.1 29.6± 11.9

07:00 h, 19:00 h
pro/07:00 h est

Saline 16.7± 2.8 39.7± 13.1

BSO 25.6± 23.9 42.5± 17.6

Estradiol concentrations were significantly higher at 16:00 h on proestrus
(pro) than at the other time points (p < 0.001, effect of time by two-way
ANOVA and post hoc comparison with 16:00 h time point by Fisher’s LSD
test). Progesterone concentrations were significantly higher at both time
points on proestrous evening than on estrous (est) morning (p < 0.001). There
was no effect of BSO treatment on either hormone.N = 7–18/group for estra-
diol; N = 12–17/group for progesterone.

weight, or on vaginal cytology on estrous morning (data not
shown).

3.5. Localization of Gclc and Gclm mRNA within the
ovary after BSO treatment on proestrus or estrus

Gclm antisense riboprobes hybridized strongly to granu-
losa cells and oocytes of healthy, growing follicles, but not
to atretic follicles, or to the most immature (primordial) fol-
licles in saline controls (Fig. 4A–D), as we have previously
reported[14]. Gclc riboprobe hybridized more ubiquitously
throughout the ovary in the saline controls (Fig. 4E–H), also
as previously reported[14]. NeitherGclm norGclc hybridiza-
tion appeared altered by BSO treatment (Fig. 4B, C, G, H).
Statistical analyses confirmed that the distribution and inten-
sity of hybridization ofGclm andGclc antisense riboprobes
within the ovary did not vary with BSO treatment or estrous
cycle stage (data not shown).

3.6. Effect of GSH depletion with BSO on GSH
concentrations and GCL subunit protein and mRNA
levels in a human granulosa cell line

Treatment of COV434 cells with 100�M BSO for 20 h,
followed by 6 h in control media, suppressed intracellular
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3.7. Effect of GSH depletion with BSO on GSH
concentrations and GCL subunit protein levels in
cultured primary rat granulosa cells

Treatment of granulosa cells with 100�M BSO plus
200 ng/mL FSH for 18 h, followed by 6 h in control medium
without BSO or FSH did not alter GCLC or GCLM pro-
tein levels compared to cells cultured in control medium or
medium with FSH alone (Fig. 6). There was an apparent stim-
ulatory effect of FSH treatment on GCL protein levels that
was not statistically significant. However, we have observed
statistically significant stimulation of GCL protein levels in
granulosa cells after longer durations of culture with FSH
(data not shown).

4. Discussion

We observed small increases in ovarianGclc andGclm
mRNA levels and in GCLC protein levels at 8 h after admin-
istration of BSO on proestrus to inhibit GSH synthesis. GCLC
protein and mRNA levels returned to baseline by 12 and
24 h after BSO. Ovarian GCLM protein levels were slightly
increased at 24 h after a single dose of BSO, but the con-
comitant increase inGclm mRNA levels was not statistically
significant. BSO treatment did not alter the distribution of
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SH to 14% of control levels (106.8± 12.4 nmol/mg protei
n controls versus 14.8± 3.7 nmol/mg protein in FSH + BSO
= 0.012). Treatment with BSO in the presence or absen
SH for 20 h, followed by 6 h in control media without BS
r FSH, did not significantly alter GCLC or GCLM prote
r mRNA levels compared to cells cultured in control me
Fig. 5A and B).
CL subunit mRNA expression within the ovary or ovar
CL enzymatic activity. In experiments using BSO to dep
SH in a human granulosa cell line and in primary rat g
losa cells, we again observed no upregulation of GCL
CLM protein or mRNA levels after BSO treatment. Th
ata show that acute depletion of ovarian GSH in vivo o
ranulosa cell GSH in vitro using BSO does not lead
obust upregulation ofGclc andGclm transcription, in con
rast to some other cell culture models. To our knowledge
s the first study to investigate the effects of BSO treatm
n ovarian GCL expression.

Our observations that suppression of ovarian GSH le
ith BSO did not result in dramatic upregulation of ovar
CL subunit expression are similar to results in the liver[21].
itteringham and coworkers observed no effects on he
clc mRNA levels at various time points (1, 2, 3, 10, or 24
fter a single BSO injection in mice. GCLC and GCLM p

ein levels were assessed only at 24 h after BSO trea
nd were not changed at that time[21]. Hepatic GCL enzy
atic activity was increased at 24 h after BSO injection[21].

n contrast, we observed no significant difference in ova
CL enzymatic activity at 24 h after a single BSO inject

ompared to saline. Treatment of primary hepatocyte cul
18,19]and the L2 rat lung epithelial cell line[17] with BSO
as been reported to increase bothGclm and Gclc mRNA
teady state levels and transcription. However, BSO t
ent did not increaseGclm or Gclc mRNA levels in mous
epatoma cells[20].

The lack of an effect of in vivo treatment with BSO
iver GCL expression versus the pronounced upregulatio
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Fig. 4. Effect of BSO treatment on in situGclc andGclm mRNA expression. (A) Bright field view of metestrous ovary from animal treated with saline on estrus.
(B) Dark field view of same section showingGclm riboprobe hybridizing to granulosa cells and oocytes of antral (arrows) and secondary (arrowheads) follicles.
(C) Bright field view of metestrous ovary from animal treated with BSO on estrus. (D) Dark field view of same field as in C showsGclm riboprobe hybridizing
predominantly to granulosa cells of several antral follicles (arrowheads). (E) Bright field view of estrous ovary from animal treated with saline on proestrus.
(F) Dark field view of same field as in E shows strongestGclc hybridization to granulosa cells of healthy antral follicles (arrows), with less hybridization to
atretic antral follicle (*) and secondary follicles (arrowheads). (G) Bright field view of estrous ovary from animal treated with BSO on proestrus. (H) Dark field
view of same field as in G shows strongestGclc hybridization to healthy antral follicle (arrow), with less hybridization to atretic antral follicle (*) and smaller
growing follicles (arrowheads). Original magnification of all images×33.



194 Y.D. Hoang et al. / Reproductive Toxicology 21 (2006) 186–196

Fig. 5. Effect of BSO treatment on GCL subunit protein and mRNA expres-
sion in human granulosa (COV434) cells. COV434 cells were cultured as
detailed in Section2. (A) Cells were treated with control medium (DMEM
F12), 100�M BSO (BSO), 200 ng/mL FSH (FSH), or 200 ng/mL FSH and
100�M BSO (FSH + BSO) for 20 h. Medium was then replaced with control
medium and the cells were incubated for an additional 6 h. (A) Cells were
collected for protein extraction and quantification, followed by gel elec-
trophoresis and Western blotting, as detailed in Section2. A representative
Western blot is shown. The graph shows the mean± S.E. of the normalized
GCLC and GCLM subunit absorbances expressed as fold of the mean of
the control absorbances for the same blot. There was no significant effect
of BSO treatment on GCL subunit protein levels.N = 4–5/group from three
separate experiments. (B) Cells were collected for RNA extraction and quan-
tification, followed by reverse transcription and real time PCR, as detailed
in Section2. The graph shows the mean± S.E. of theGclc andGclm subunit
concentrations normalized toGapdh. There was no significant effect of BSO
treatment on GCL subunit mRNA levels.N = 3–4/group from two separate
experiments.

GCL expression observed after in vitro treatment of primary
hepatocytes with BSO may be due to the lesser extent of GSH
depletion that was achieved using BSO in vivo compared to
in vitro. In the latter situation, GSH concentrations were sup-
pressed to less than 10% of control levels within 12–24 h[18].
In vivo, hepatic GSH levels were maximally suppressed to
25–40% of control levels at 2–5 h after injection, and returned
to initial levels by about 18–24 h after injection[16,21]. Sim-
ilarly, in the current in vivo study, ovarian GSH levels were
58% of control levels at 8 h after a single dose of BSO and
were not statistically different from control levels by 24 h
after BSO (Fig. 1). However, in our granulosa cell mod-
els, even depletion of GSH below 15% of control levels did

Fig. 6. Effect of BSO treatment on GCL subunit protein expression in pri-
mary rat granulosa cells. Granulosa cells were collected and cultured as
detailed in Section2. (A) Cells were treated with control medium (DMEM
F12) or 200 ng/mL FSH (FSH) for 24 h. A third experimental group was
treated with 200 ng/mL FSH and 100�M BSO (FSH + BSO) for 18 h, at
which time the medium was replaced with control medium and the cells were
incubated for an additional 6 h. Additional cells were processed immediately
after harvesting without culturing (0 h). Cells were collected for protein
extraction and quantification, gel electrophoresis, and Western blotting as
detailed in Section2. The representative Western blot shows the GCLC band
at 73 kDa and the GCLM band at 30 kDa. The third band between the two
may be a degradation product of GCLC. The graph shows the mean± S.E.
of the normalized GCLC and GCLM subunit absorbance values expressed
as fold of the mean of the 0 h absorbances for the same blot. There was no
significant effect of BSO or FSH treatment on GCL subunit protein levels.
N = 4/group from two separate experiments.

not result in upregulation of GCLC or GCLM expression,
suggesting that the negative findings in our in vivo study
were not due to inadequate suppression of GSH synthesis
and further suggesting that granulosa cells lack the ability
to respond to GSH depletion by upregulating GCL subunit
expression.

Agents that deplete GSH by mechanisms other than inhibi-
tion of GCL have varied effects on GCL subunit mRNA and
protein expression. Diethylmaleate (DEM), which depletes
GSH via glutathione-S-transferase-mediated conjugation,
increases bothGclc andGclm mRNA levels in cultured hep-
atocytes[19]. HepaticGclc mRNA levels were significantly
increased at 30 min and 3 h, but not 1, 2, 10, or 24 h, after
in vivo administration of DEM[21]. This dose of DEM also
upregulated GCLC, but not GLCm, protein levels and GCL
enzymatic activity at 24 h[21]. Culture of day 1 (cleavage
stage) or day 3 (blastocyst stage) mouse embryos for 3 h with
DEM, followed by a 3 h recovery for RT-PCR or a 5 h recov-
ery for Western blotting, did not result in increased GCLC
protein or mRNA levels in embryos of either developmen-
tal stage[39]. In contrast, treatment of cultured day 10 rat
embryos with DEM for 24 h significantly increasedGclc



Y.D. Hoang et al. / Reproductive Toxicology 21 (2006) 186–196 195

andGclm mRNA levels and GCLC protein levels (GCLM
was not measured), but did not significantly increase GCL
enzymatic activity[40]. Acetaminophen, which also depletes
GSH by glutathione-S-transferase mediated conjugation, had
a different effect upon hepatic GCL expression than DEM.
Gclc mRNA levels were increased at 30 min and 24 h after
acetaminophen, but not at 1 or 2 h[21]. GCLC protein lev-
els, but not GCLM protein levels, were also increased at
24 h, but GCL enzymatic activity was suppressed at 24 h after
acetaminophen treatment[21]. Tert-butyl hydroquinone, an
agent that depletes GSH by inducing oxidative stress, upreg-
ulated Gclc and Gclm mRNA levels in cultured hepato-
cytes[19] and in Hepa-1c1c7 hepatoma cells[20]. Similarly,
treatment withtert-butyl hydroperoxide, another agent that
induces oxidative stress, increased GCLC protein and mRNA
levels of cleavage stage embryos, but not of blastocyst stage
embryos[39]. Taken together the results of these studies sug-
gest that the GCL response to GSH depletion depends on both
the mechanism of GSH depletion as well as the tissue or cell
type in which depletion occurs.

Only one other study of which we are aware has inves-
tigated the effects of agents that deplete GSH on ovarian
GCL expression. The anti-cancer drug and ovarian toxicant
cyclophosphamide suppressed ovarian GSH levels at 24 h,
but not 8 h, after an in vivo dose in adult rats. This suppres-
sion of GSH levels was associated with an increase in ovarian
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