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Glutamate Cysteine Ligase Modifier Subunit (Gclm)
Null Mice Have Increased Ovarian Oxidative Stress
and Accelerated Age-Related Ovarian Failure

Jinhwan Lim, Brooke N. Nakamura, Isaac Mohar, Terrance J. Kavanagh,
and Ulrike Luderer

Departments of Medicine (J.L., B.N.N., U.L.) and Developmental and Cell Biology (U.L.), University of
California Irvine, Irvine, California 92617; and Department of Environmental and Occupational Health
Sciences (I.M., T.J.K.), University of Washington, Seattle, Washington 98195

Glutathione (GSH) is the one of the most abundant intracellular antioxidants. Mice lacking the
modifier subunit of glutamate cysteine ligase (Gclm), the rate-limiting enzyme in GSH synthesis,
have decreased GSH. Our prior work showed that GSH plays antiapoptotic roles in ovarian follicles.
We hypothesized that Gclm�/� mice have accelerated ovarian aging due to ovarian oxidative stress.
We found significantly decreased ovarian GSH concentrations and oxidized GSH/oxidized gluta-
thione redox potential in Gclm�/� vs Gclm�/� ovaries. Prepubertal Gclm�/� and Gclm�/� mice had
similar numbers of ovarian follicles, and as expected, the total number of ovarian follicles declined
with age in both genotypes. However, the rate of decline in follicles was significantly more rapid
in Gclm�/� mice, and this was driven by accelerated declines in primordial follicles, which constitute
the ovarian reserve. We found significantly increased 4-hydroxynonenal immunostaining (oxida-
tive lipid damage marker) and significantly increased nitrotyrosine immunostaining (oxidative
protein damage marker) in prepubertal and adult Gclm�/� ovaries compared with controls. The
percentage of small ovarian follicles with increased granulosa cell proliferation was significantly
higher in prepubertal and 2-month-old Gclm�/� vs Gclm�/� ovaries, indicating accelerated recruit-
ment of primordial follicles into the growing pool. The percentages of growing follicles with
apoptotic granulosa cells were increased in young adult ovaries. Our results demonstrate increased
ovarian oxidative stress and oxidative damage in young Gclm�/� mice, associated with an accel-
erated decline in ovarian follicles that appears to be mediated by increased recruitment of follicles
into the growing pool, followed by apoptosis at later stages of follicular development.
(Endocrinology 156: 3329–3343, 2015)

Reactive oxygen species (ROS) result from the sequen-
tial addition of electrons to molecular oxygen, form-

ing superoxide anion radical, hydrogen peroxide, and hy-
droxyl radical. SO can also react with nitric oxide,
forming peroxynitrite (1). ROS function as intracellular
signaling molecules, but because they are highly reactive,
they can damage important cellular components in the
ovary and other tissues by reacting with lipids, proteins,

and DNA (2). ROS and reactive nitrogen species are gen-
erated as byproducts of normal cellular processes such as
oxidative phosphorylation. In steroid synthesizing tissues,
such as the ovary and testis, ROS are generated due to
uncoupling of electron transfer from substrate hydroxy-
lation by steroidogenenic cytochrome P450 enzymes (3).

To prevent the adverse effects of high levels of ROS, the
ovary possesses antioxidant defenses. Vitamins A, C, and
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E, the antioxidant tripeptide glutathione (GSH), and ROS
scavenging enzymes, such as superoxide dismutases
(SOD), glutathione peroxidases (GPX), catalase, glutathi-
one-S-transferases (GST), and peroxiredoxins are impor-
tant for maintaining cellular redox poise (4–10). GSH is
the most abundant intracellular nonprotein thiol and one
of the most important intracellular antioxidants. GSH has
numerous intracellular functions including reduction of
hydrogen peroxide and lipid peroxides as a cofactor for
GPXs and peroxiredoxin-6 and detoxification of electro-
philic toxicants as a cofactor for GSTs (11). GSH is syn-
thesized in two ATP-dependent reactions. The first, rate-
limiting reaction is catalyzed by glutamate cysteine ligase
(GCL), a heterodimer composed of a catalytic (GCLC)
and a modifier (GCLM) subunit (12, 13). GCLC is re-
sponsible for the catalytic activity of the enzyme, whereas
binding of GCLM to GCLC decreases the Michaelis con-
stant for the substrates glutamate and ATP and increases
the inhibitory constant for GSH (12, 13). Gclm, like Gclc,
is ubiquitously expressed in all cells; however, the levels of
Gclm expression and the relative expression of Gclm and
Gclc vary among cell types (14, 15). In most tissues,
GCLM is limiting for the synthesis of GSH (16). Although
all cells have intracellular GSH concentrations in the mill-
imolar range, oocytes have the highest intracellular GSH
concentrations of any cell type (10 mM) (17).

Follicles are the functional unit of the ovary, consisting
of the oocyte, surrounded by and communicating with
specialized somatic cells, the granulosa and theca cells.
Follicles progress from the least mature, quiescent primor-
dial follicle stage through primary, secondary, and antral
stages to mature preovulatory follicles. The vast majority
of follicles does not survive to the preovulatory stage but
undergoes a process of degeneration called atresia (18,
19). Due to atresia and ovulation, the number of follicles
declines continuously throughout postnatal life, culminat-
ing in reproductive senescence, which normally occurs at
50 � 4 years in women (20). Premature ovarian failure
(POF) or primary ovarian insufficiency, which afflicts 1%
of all women, is defined as cessation of ovarian function
prior to the age of 40 years. Women with POF have pre-
mature depletion of the ovarian follicle reserve. The causes
of POF are unknown in 90% of cases (21, 22). In recent
years, several genetically modified mouse models have
been described that experience POF. Among these are
mice with the deletion of several genes in the phosphati-
dylinositol-3-kinase (PI3K)/AKT (also called protein ki-
nase B) signaling pathway, including the inhibitor of the
pathway phosphatase and tensin homolog deleted on
chromosome 10 (Pten), phosphoinositide-dependent ki-
nase (Pdk1), the targets of AKT phosphorylation tuberous
sclerosis 1 and 2 (Tsc1, Tsc2), and the transcription factor

Foxo3a (23–29). Mice null for Pten, Tsc1/2, and Foxo3a
undergo rapid premature ovarian failure due to premature
activation of primordial follicles followed by subsequent
death of the activated follicles, whereas mice null for Pdk1
undergo ovarian failure due to death of primordial
follicles.

Our previous studies have shown that ovarian follicles
and granulosa cells are sensitive to the initiation of apo-
ptosis by stimuli that result in the generation of ROS (30–
33). Furthermore, we have shown that oxidative protein,
lipid, and DNA damage increase in mouse ovarian follicles
and interstitial cells with normal aging, concomitant with
a decline in ovarian expression of several antioxidant
genes (34). Concentrations of GSH and expression of
GSH-related genes are lower in oocytes from aged mice
compared with those from young mice (35–37). ROS in-
crease and antioxidant enzyme activities decrease with age
in oocytes, follicular fluid, and/or cumulus cells of women
undergoing assisted reproduction (38–40).

Gclc�/� mice die during embryonic development (11,
41, 42), whereas Gclm�/� mice survive and reproduce,
despite greatly decreased tissue levels of GSH (11, 43, 44).
We previously showed that female Gclm�/� mice have
dramatically reduced fertility compared with wild-type lit-
termates due to poor oocyte quality, causing preimplan-
tation embryonic demise (45). Herein we tested the hy-
pothesis that Gclm�/� females have low ovarian GSH
concentrations, resulting in oxidative stress, oxidative
damage, and accelerated age-related decline in ovarian
follicles.

Materials and Methods

Materials
Chemicals and reagents were purchased from Fisher Scientific

or Sigma-Aldrich unless otherwise noted.

Animals
Gclm�/� mice were generated by disrupting the Gclm gene by

replacing exon 1 with a �-galactosidase/neomycin phospho-
transferase fusion gene and were backcrossed onto a C57BL/6J
genetic background (43, 46). Female mice for these experiments
were generated at the University of California, Irvine (UCI) or the
University of Washington (UW) by mating Gclm�/� males with
Gclm�/� females. The mice were housed in American Associa-
tion for the Accreditation of Laboratory Animal Care-accredited
facilities, with free access to deionized water and laboratory
chow (Harlan Teklad 2919; UCI; LabDiet 5053; UW), on a 14-
hour light, 10-hour dark cycle (UCI) or on a 12-hour light, 12-
hour light-dark cycle (UW). Temperature was maintained at 69–
75°F. The experimental protocols were carried out in accordance
with established guidelines (47) and were approved by the In-
stitutional Animal Care and Use Committees at UCI and UW.
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Estrous cycling
Estrous cycling in individually housed adult female mice was

evaluated every morning for a minimum of 14 days by vaginal
cytology (48, 49). Gclm�/� mice and wild-type littermates were
euthanized by CO2 narcosis followed by cardiac puncture (UCI)
or followed by cervical dislocation (UW). For some end points,
euthanasia occurred on defined days of the estrous cycle [me-
testrus for ovarian GSH concentrations and proestrus for ovar-
ian immunohistochemistry and terminal deoxynucleotidyl
transferase-mediated deoxyuridine 5-triphosphate nick end-la-
beling (TUNEL)].

Glutathione assays
Ovarian total and oxidized glutathione (GSSG) were mea-

sured using an enzymatic recycling assay with modifications
as previously described (8, 50, 51). Reduced GSH concentra-
tions were calculated from the total and oxidized glutathione
concentrations.

The levels of GSH and GSSG decrease and increase, respec-
tively, during oxidative stress. Therefore, the redox state of the
GSH/GSSG redox couple is a useful indicator of oxidative stress.
The ratio of GSH to GSSG is a commonly used indicator of the
redox state of this couple. However, generally, two GSHs are
oxidized for every GSSG formed. The Nernst potential (Eh) is a
measure of the redox state for the GSH/GSSG redox couple that
takes into account this stoichiometry. Eh was calculated as fol-
lows: Eh � E0 � (RT/nF)ln[(GSSG)/(GSH)2], where GSSG and
GSH are molar concentrations calculated from the concentra-
tion in nanomoles per milligram protein, assuming a cellular
volume of 5 �L/mg protein; R is the gas constant (8.314 J/mol �
K); T is the absolute temperature (37°C � 310°K); n is the num-
ber of electrons transferred (two electrons in this case); F is Fara-
day’s constant (96 485 Col/mol); E0 is taken as �252 mV for pH
7.2, based on a value of �240 mV for pH 7.0, with an adjustment
of �5.9 mV per 0.1 increase in pH (52, 53). The intracellular pH
was assumed to be 7.2, based on prior studies in the ovary (54).

Immunostaining
Ovaries were fixed in 4% paraformaldehyde in PBS overnight

at 4°C, cryoprotected in 15% sucrose in PBS, embedded in op-
timum cutting temperature compound, and cryosectioned at 10
�m thickness. For 4-hydroxynonenal (4-HNE), nitrotyrosine
(NTY), cleaved caspase-3, and proliferating cell nuclear antigen
(PCNA) immunostaining, antigen retrieval was performed at
95°C for 10–15 minutes using 10 mM citrate buffer. For 4-HNE,
NTY, and cleaved caspase-3, immunostaining was carried out
using the Vectastain ABC kit (PK-6101; Vector Laboratories)
according to the manufacturer’s instructions. PCNA immuno-
staining was performed using the Vector M.O.M. immunodec-
tion kit (PK-2200; Vector Laboratories) according to the man-
ufacturer’s instructions. All immunostaining procedures

incorporated avidin/biotin and 3% hydrogen peroxide-blocking
steps. Details regarding primary antibodies are provided in Table
1. Visualization was accomplished using 3�3�-diaminobenzidine
chromogen substrate (Roche). Slides were counterstained with
hematoxylin. The following negative controls were included in
every experiment: secondary antibody without primary anti-
body; primary antibody without secondary antibody; and pri-
mary antibody replaced by rabbit IgG or mouse IgG, as appro-
priate for the primary antibody, with secondary antibody. For
cleaved caspase-3, granulosa cells in atretic antral follicles served
as internal positive controls. For PCNA, the granulosa cells of
healthy secondary and antral follicles served as internal positive
controls.

The numbers of 4-HNE, NTY, cleaved caspase-3, and PCNA-
positive and -negative follicles were counted in 16–24 sections
distributed throughout the ovary by an investigator (J.L.) blind
to Gclm genotype. The percentages of positive primordial and
primary follicles (containing one or more positive granulosa cells
per largest cross-section) and secondary and antral follicles (con-
taining three or more positive granulosa cells or theca cells per
largest cross-section) were calculated and used for data presen-
tation and analysis.

Terminal deoxynucleotidyl transferase-mediated
deoxyuridine 5-triphosphate nick end-labeling

Ovaries were prepared for in situ detection of apoptosis using
TUNEL as for immunostaining. TUNEL was carried out using
the in situ cell death detection kit POD (Roche) as previously
described (8, 55). Negative controls without terminal transferase
and positive controls treated with deoxyribonuclease I were in-
cluded in every experiment.

Numbers of TUNEL positive and negative secondary and
antral follicles (containing three or more TUNEL positive gran-
ulosa cells per largest cross-section) were counted in 16–28 sec-
tions distributed throughout the ovary by an investigator (J.L.)
blind to Gclm genotype. The percentages of TUNEL-positive
secondary and antral follicles were calculated and used for the
data presentation and analyses. Primordial and primary follicles
almost never had TUNEL-positive cells.

Ovarian histomorphometry
Ovaries were fixed in Bouin’s fixative for 24 hours at 4°C,

washed four times in 50% ethanol, and stored in 70% ethanol
until processing. Complete 5-�m serial sections were cut and
stained with hematoxylin and eosin. Histological sections from
each animal were evaluated by one of the investigators (U.L.)
without knowledge of Gclm genotype for 2 day, 21 day, 3
month, 7 month, 9 month, and 12 month old mice and by an-
other of the investigators (J.L.) for 2 month old mice. Ovarian
follicles were classified as primordial (single layer of flattened
granulosa cells), primary (single layer of cuboidal or mixed

Table 1. Antibody Table

Peptide/Protein Target

Antigen Sequence

(if Known) Name of Antibody

Manufacturer, Catalog Number,

and/or Name of Individual Providing

the Antibody

Species Raised

(Monoclonal or

Polyclonal)

Dilution

Used

4-HNE protein adducts Anti-4-HNE Alpha Diagnostic, number HNE11-S Rabbit; polyclonal 1:500
Proteins that are nitrated Antinitrotyrosine Millipore, number 06-284 Rabbit; polyclonal 1:50
PCNA p36 PCNA (PC10) Santa Cruz Biotechnology, number SC-56 Mouse; monoclonal 1:1000
Activated caspase-3 Cleaved caspase-3 (Asp175) (5A1E) Cell Signaling, number 9664 Rabbit; monoclonal 1:100
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cuboidal/flattened granulosa cells), secondary (greater than one
layer of granulosa cells), or antral (possessing an antral cavity or
several fluid filledvesicles in thecaseofearlyantral follicles) (56,57)
and were further classified as healthy or atretic according to estab-
lishedcriteria (18,58).Primordial,primary,andsecondaryfollicles,
as well as naked oocytes in postnatal day 2 ovaries, were counted in
every fifth serial section (59). The counts were multiplied times 5 to
obtain estimates of the total number of follicles per ovary (60).
Antral follicles were followed through every serial section, taking
care to count each of these structures only once.

For the analysis of age-related changes in ovarian follicle
numbers ovaries from several experiments were used. Ovaries
from the postnatal day 2 and 21, 9-month, and 12-month time
points were obtained from untreated mice; 9 and 12-month mice
were killed on the morning of proestrus of the estrous cycle; 2-
and 21-day-old mice were not yet cycling. Ovaries for the
3-month time point were collected from randomly cycling adult
mice that had been treated 6 hours before euthanasia with 500
mg/kg acetaminophen or vehicle (46). Because initial analyses
showed that acetaminophen treatment did not affect follicle
numbers, data from both treated and control mice were pooled.
Ovaries from 7.5-month-old mice were collected on the morning
of estrus from the sesame oil vehicle control groups from our
previously published study (61). The ovaries for the analysis of
ovarian follicle counts at 2 months of age were collected on the
morning of proestrus (see Figure 7, A–D); these data are pre-
sented separately because the experiment was performed more
than 3 years after the other experiments.

Serum LH and FSH assays
Pituitary panel multiplex kits (EMD Millipore) were used to

measure LH and FSH concentrations in serum of 2-month-old
Gclm�/� and Gclm�/� mice euthanized between 9:00 AM and
12:00 PM on proestrus. These assays were performed at the Uni-
versity of Virginia Center for Research in Reproduction Ligand
Assay and Analysis Core. The laboratory intra- and interassay
coefficients of variation for this assay were 5.5% and 11.5%,
respectively.

Statistical analyses
For continuous variables, the Levene’s test was used to test for

homogeneity of variances. The effects of Gclm genotype on var-
ious end points were analyzed by independent-samples t test for
equal or unequal variances as appropriate. Quantities expressed
as fractions were subjected to arcsine square root transformation
prior to the t test (62) or were analyzed by the nonparametric
Mann-Whitney test. Analyses of the combined effects of age and
genotype used two-way ANOVA. Differences in the distribution
of regular and irregular estrous cycles by genotype were assessed
using the Pearson �2 statistic. Data are presented as mean � SEM
in the figures and tables. Statistical analyses were performed
using SPSS 20.0 for Mac OS X (IBM Software).

Results

Decreased GSH and GSSG concentrations and
oxidized GSH redox potential in Gclm�/� ovaries

Gclm�/� females had significantly decreased ovarian
total GSH and GSSG concentrations compared with

Figure 1. Gclm�/� mice have greatly decreased ovarian
concentrations of total GSH and oxidized GSH/GSSG redox state
compared with wild-type littermates. Total and oxidized GSH were
measured; the ratio of GSH to GSSG and the Eh for GSH/GSSG were
calculated as described in Materials and Methods. A, Mean � SEM
of total ovarian GSH at 2 and 6 months of age. *, P � .001
compared with Gclm�/� of the same age by t test. B, Mean � SEM
of ovarian GSSG concentrations at 2 and 6 months of age. *, P �
.008 compared with Gclm�/� of the same age by t test. C, Mean �
SEM of GSH to GSSG ratio. *, P � .03 compared with Gclm�/� of
the same age by t test. D, Mean � SEM of Eh for GSH/GSSG redox
couple. *, P � .002 compared with Gclm�/� of the same age by t
test.
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Gclm�/� littermates. In both 2- and 6-month-old Gclm�/�

females, ovarianGSHconcentrationswere23%ofGclm�/�

levels (P � .001 by t test at both ages; Figure 1A). GSSG
concentrations were less decreased than total GSH in
Gclm�/� ovaries, to 69% at 2 months (P � .31) and 40% at
6 months (P � .008), respectively, of Gclm�/� levels (Figure
1B). The ratio of reduced GSH to GSSG was decreased sig-
nificantly by approximately half in Gclm�/� females com-
pared with Gclm�/� females at both ages (Figure 1C; P �

.021 and P � .009, respectively), and the Nernst potential
(Eh) for the GSH/GSSG redox couple was significantly oxi-
dized by about 30 mV in Gclm�/� females at both ages (Fig-
ure 1D; P � .002 and P � .001, respectively).

The age-related decline in ovarian follicles is
accelerated in Gclm�/� mice

We hypothesized that the oxidative stress in Gclm�/�

ovaries would cause accelerated depletion of ovarian fol-

Figure 2. Accelerated age-related decline in ovarian follicles in Gclm�/� mice compared with wild-type littermates. Complete serial sections of
ovaries were prepared and stained with hematoxylin and eosin, and healthy and atretic follicles were counted as described in Materials and
Methods. A, Mean � SEM of total numbers of healthy primordial plus primary plus secondary plus antral follicles in Gclm�/� and Gclm�/� ovaries
at the indicated ages. B, Mean � SEM of healthy primordial follicles. C, Mean � SEM of healthy primary follicles. D, Mean � SEM of healthy
secondary follicles. E, Mean � SEM of healthy antral follicles. F, Mean � SEM of atretic antral follicles. G, Mean � SEM percentage of atretic antral
follicles. *, P � .05 compared with Gclm�/� of the same age.
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licles compared with Gclm�/� ovaries. Total counts of
healthy ovarian follicles and naked oocytes did not differ
between Gclm�/� and Gclm�/� ovaries at postnatal day 2
or postnatal day 21, indicating that the initial complement
of oocytes and packaging of oocytes into follicles is not
disrupted by lack of Gclm (Figure 2A). Interestingly, very
few antral follicles were observed in the 21-day-old
Gclm�/� ovaries, whereas multiple antral follicles were
present in the Gclm�/� ovaries, suggesting a delay in fol-
licular development in the Gclm�/� ovaries.

The total number of ovarian follicles (primordial plus
primary plus secondary plus antral) declined with age in
both genotypes (Figure 2A). However, the rate of decline
in healthy follicles was more rapid in Gclm�/� mice. By 3
months of age, Gclm�/� mice had 46% fewer follicles, by
7.5 months of age they had 54% fewer follicles, by 9
months they had 74% fewer follicles, and by 12 months
they had 64% fewer follicles than Gclm�/� littermates
(P � .05 for pairwise comparisons at 3, 7.5, and 9 mo by
t test). This pattern of accelerated decline in Gclm�/� fe-
males compared with Gclm�/� females was recapitulated
by the counts of healthy primordial follicles (Figure 2B;
P � .013, effect of genotype overall; P � .05 for pairwise
comparisons at 3, 7.5, and 9 mo by t test), indicating that
their ovarian reserve was being depleted at a faster rate.
Lower numbers of healthy follicles of all classes were ob-
served in the Gclm�/� ovaries from adult mice from 3
months of age. The effect of Gclm genotype was statisti-
cally significant for primordial follicles, primary follicles,
healthy antral follicles, and atretic antral follicles (P � .03;
Figure 2, C–F), but most pairwise comparisons were not
statistically significant. The effect of age was statistically
significant for follicles of all classes (P � .002).

The numbers of atretic primordial, primary, and sec-
ondary follicles were very low, as we and others have pre-
viously reported (55, 63, 64), and did not differ by Gclm
genotype (data not shown). The percentage of atretic an-

tral follicles also did not differ by Gclm genotype (Figure
2G); it tended to increase with age in both genotypes, but
the effect of age was not statistically significant (P � .075).

Age-related decline in estrous cycling in Gclm�/�

and Gclm�/� mice
Estrous cycle data for Gclm�/� and Gclm�/� females

are shown in Table 2. Most 2- and 6-month-old females of
both genotypes had regular 4- to 5-day estrous cycles, with
similar percentages of cornified vaginal cytology, charac-
teristic of estrus, and leukocytic vaginal cytology, charac-
teristic of metestrus and diestrus (Table 2). The 2-month-
old Gclm�/� females had significantly longer estrous
cycles than Gclm�/� females of the same age, which was
associated with a significantly greater percentage of days
with cornified vaginal cytology (P � .05). These genotype-
related differences were not observed at other ages and
may have occurred by chance. By 9 months of age, more
animals of both genotypes had irregular cycles compared
with younger mice. By 12 months, half of wild-type mice
and 100% of Gclm�/� mice did not cycle at all. The dif-
ference in distribution of regular and irregular cycles be-
tween Gclm genotypes did not reach statistical signifi-
cance at any age.

Ovarian oxidative damage is increased in Gclm�/�

ovaries
We compared oxidative protein and lipid damage in

ovaries of 21-day, 9-month, and 12-month-old Gclm�/�

and Gclm�/� mice (Figures 3 and 4). As described above,
at 21 days, no genotype-related differences in follicle num-
bers are observed, whereas at 9 and 12 months, Gclm�/�

ovaries have fewer follicles than Gclm�/� ovaries. We
found statistically significantly increased immunostaining
for 4-HNE, a product of lipid peroxidation, in granulosa
cells and theca cells of healthy secondary follicles in 21-
day-old Gclm�/� ovaries, compared with Gclm�/� ova-

Table 2. Effects of Gclm Genotype on Estrous Cycles

Genotype

Age, mo

2 6 9 12

Regular cycle, %a Gclm�/� 80 78 60 0
Gclm�/� 100 100 71 50

Leukocytic cytology, % Gclm�/� 45 � 2 43 � 2 32 � 8 74 � 10
Gclm�/� 43 � 2 46 � 2 45 � 9 45 � 13

Cornified cytology, % Gclm�/� 40 � 2b 28 � 2 55 � 10 15 � 8
Gclm�/� 31 � 3 32 � 3 35 � 5 42 � 13

Cycle length (days if cycling) Gclm�/� 5.2 � 0.3b 4.3 � 0.1 5.0 � 1.0 NA
Gclm�/� 4.5 � 0.2 4.2 � 0.1 4.9 � 0.4 6.4 � 1.1

Abbreviation: NA, not applicable, mice not cycling. Data are for n � 5–9/group.
a Percentage of mice having regular, 4- to 5-day estrous cycles.
b P � .05 vs Gclm�/� of same age by t test.
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ries (P � .019 and P � .011, respec-
tively, by Mann-Whitney test;
Figures 3, A–D, and 4, E and G).
There were no statistically signifi-
cant differences in 4-HNE immuno-
staining in healthy primordial and
primary follicles (P � .280 and P �
.051, respectively, by Mann-Whit-
ney test for primary follicles; Figures
3, C and D, and 4, A and C). Al-
though the increased percentage of
antral follicles with 4-HNE-positive
theca cells in 9-month-old Gclm�/�

ovaries approached significance
(P � .065), no statistically signifi-
cant Gclm genotype-related differ-
ences in 4-HNE immunostaining
were found in ovaries from 9-month-
old mice (Figure 4, A, C, E, G, I, and
K).

We found increased immuno-
staining for NTY in granulosa cells
of primary follicles in 21-day-old
and 9-month Gclm�/� ovaries com-
pared with Gclm�/� ovaries (P �
.039 and P � .008, respectively; Fig-
ures 3, E and F, and 4D). The per-
centage of NTY-positive primordial
follicles was also statistically signif-
icantly higher in 9-month-old
Gclm�/� compared with Gclm�/�

ovaries (P � .033; Figure 4B). No
statistically significant genotype-re-
lated differences in NTY immuno-
staining were observed for second-
ary or antral follicles in ovaries from
21-day-old or 9-month-old mice
(Figure 4, F, H, J, and L).

Very few follicles of any stage
were found in 12-month-old ova-
ries of either Gclm genotype, and
therefore, Gclm genotype-related
differences in 4-HNE or NTY im-
munostaining could not be de-
tected at this age (data not shown).

Ovarian follicular activation is
increased in Gclm�/� ovaries

PCNA immunostaining was used
as a marker of proliferation of gran-
ulosa cells (Figure 5). In ovaries from
21-day-old mice, the percentage of

Figure 3. Ovarian oxidative damage in Gclm�/� mice. Ovarian oxidative damage in granulosa
and theca cells was scored for immunostaining with oxidative damage markers as described in
Materials and Methods. Representative images of immunostaining with each oxidative damage
marker in the granulosa and theca cells are as follows: lipid peroxidation (4-HNE; A–D) and
protein NTY (E–H) in the ovaries of 21-day- and 9-month-old Gclm�/� and Gclm�/� mice. A,
Representative image of immunostaining for 4-HNE in the ovary of a 21-day-old Gclm�/� mouse.
B, Representative image of immunostaining for 4-HNE in the ovary of a 21-day-old Gclm�/�

mouse. C, Representative image of immunostaining for 4-HNE in the ovary of a 21-day-old
Gclm�/� mouse. D, Representative image of immunostaining for 4-HNE in the ovary of a 21-day-
old Gclm�/� mouse. E, Representative image of immunostaining for NTY in the ovary of a 21-
day-old Gclm�/� mouse. F, Representative image of immuonstaining for NTY in the ovary of a
21-day-old Gclm�/� mouse. G, Representative image of immunostaining for NTY in the ovary of
a 9-month-old Gclm�/� mouse. The black arrows indicate primary follicles and the black
arrowheads indicate primordial follicles. H, Representative image of immunostaining for NTY in
the ovary of a 9-month-old Gclm�/� mouse. All scale bars, 100 �m.
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primordial and secondary follicles with PCNA-positive
granulosa cells did not differ by Gclm genotype, but the
percentage of PCNA-positive primary follicles was signif-
icantly higher in Gclm�/� ovaries than in Gclm�/� ovaries
(P � .020). Our follicle classification scheme placed tran-
sitional or activated follicles into the same group as pri-
mary follicles. Therefore, the increase in PCNA-positive
primary follicles is indicative of increased recruitment of
primordial follicles into the growing pool.

There were so few primordial or primary follicles in the
remaining sections from 9- and 12-month-old mice that no
conclusions could be drawn about the effects of Gclm
genotype on granulosa cell PCNA immunostaining at
those ages.

The percentages of healthy primordial and primary fol-
licles out of total healthy ovarian follicles are shown in
Figure 6, A and B, respectively, for 21-day, 3-month, 7.5-
month, and 9-month-old mice. These graphs show that
beginning at 3 months of age, the percentage of primordial
follicles decreased, whereas the percentage of primary fol-
licles increased in Gclm�/� compared with Gclm�/� ova-
ries. The differences in primordial follicle percentages be-
tween the Gclm genotypes were statistically significant at
7.5 and 9 months of age, whereas the differences in pri-
mary follicle percentages were statistically significant at
7.5 months and approached significance at 3 months (P �
.08). These data provide additional support for acceler-
ated recruitment of primordial follicles into the growing
pool in Gclm�/� ovaries and further suggest that this may
increase with age.

Effects of Gclm deletion on ovarian follicle counts,
apoptosis, proliferation, and oxidative damage at
2 months of age

Having identified the period between 21 days and 3
months of age as the critical window when Gclm�/� and
Gclm�/� ovaries begin to show differences, we performed
a detailed analysis of the effects of Gclm genotype on ova-
ries harvested on the day of proestrus at 2 months of age.
The numbers of healthy primordial (P � .113), primary
(P � .202), secondary (P � .185), and antral (P � .058)
follicles were nonsignificantly lower in Gclm�/� ovaries
than in Gclm�/� ovaries (Figure 7A). The percentage of

Figure 4. Increased ovarian oxidative damage in Gclm�/� mice.
Ovarian oxidative damage in granulosa and theca cells of 21-day
(0.7 months) and 9-month-old mice was scored for immunostaining
with oxidative damage markers as described in Materials and
Methods. Quantification of immunostaining with each oxidative
damage marker in granulosa cells of healthy primordial follicles are
as follows: A, lipid peroxidation (4-HNE); B, protein NTY. C and D,
Quantification of immunostaining with each oxidative damage
marker in granulosa cells of healthy primary follicles as follows: C,
4-HNE; D, NTY. E and F, Quantification of immunostaining with
each oxidative damage marker in granulosa cells of healthy
secondary follicles as follows: E, 4-HNE; F, NTY. G and H,
Quantification of immunostaining with each oxidative damage
marker in theca cells of healthy secondary follicles as follows: G,
4-HNE; H, NTY. I and J, Quantification of immunostaining with each
oxidative damage marker in granulosa cells of healthy antral follicles
as follows: I, 4-HNE; J, NTY. K and L, Quantification of

Figure 4. (Continued). immunostaining with each oxidative
damage marker in theca cells of healthy antral follicles as follows:
K, 4-HNE; L, NTY. NP, no follicles scored positive for the given
marker. Data presented are means � SEM of the percentage of
follicles with positive staining for the indicated marker from three
or five experiments. Statistical significance was analyzed using an
independent-samples t test after arcsine square root transformation
and nonparametric Mann-Whitney U test; the results of both tests
were similar. *, Significant difference between genotypes at P �
.05 (n � 4 – 6/group).
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primordial follicles was decreased and the percentage of
primary follicles was increased, albeit nonsignificantly
(P � .147 and P � .073, respectively), consistent with
increased recruitment of primordial follicles into the
growing pool (Figure 7B).

There were no Gclm genotype-related differences in
serum concentrations of the gonadotropin hormones, LH
(1.4 � 0.3 ng/mL in Gclm�/� and 1.6 � 0.4 ng/mL in
Gclm�/�) and FSH (57.6 � 13.8 ng/mL in Gclm�/� and
37.3 � 14.3 ng/mL in Gclm�/�) on proestrus.

We performed cleaved caspase-3 immunostaining (Fig-
ure 7C) and TUNEL (Figure 7D) to detect apoptosis. We

observed a significantly increased
percentage of antral follicles with
cleaved caspase-3-positive granu-
losa cells in 2-month-old Gclm�/�

compared with Gclm�/� ovaries
(P � .047; Figure 7C). We observed
a nonsignificantly higher percentage
of cleaved caspase 3-positive second-
ary follicles at 2 months of age in
Gclm�/� ovaries (P � .108; Figure
7C). The percentage of secondary
follicles with TUNEL-positive gran-
ulosa cells was significantly higher at
2 months of age in Gclm�/� ovaries
than in Gclm�/� ovaries (P � .028),
whereas there was no statistically
significant difference in the percent-
ages of TUNEL-positive antral folli-
cles between Gclm�/� and Gclm�/�

ovaries (Figure 7D). The percentage
of secondary follicles with 4-HNE-
positive granulosa cells was signifi-
cantly higher in 2-month-old
Gclm�/� ovaries compared with
Gclm�/� ovaries (P � .032, Figure
7F), whereas there were no differ-
ences in the percentage of 4-HNE-
positive antral follicles (data not
shown). We observed a significantly
increased percentage of primary fol-
licles with PCNA-positive, prolifer-
ating granulosa cells at 2 months of
age in Gclm�/� compared with
Gclm�/� ovaries (P � .032; Figure
7E).

We also performed TUNEL
analysis on ovaries from the same
21-day and 9-month-old mice for
which data on follicle counts, oxi-
dative damage, and proliferation

were presented above (Supplemental Figure 1A). Over-
all, there were no statistically significant Gclm
genotype-related differences in the percentages of
TUNEL-positive secondary or antral follicles at 21 days
of age or 9 months of age. The apparent increase in
TUNEL-positive secondary follicles in Gclm�/� null
ovaries at 21 days of age was not statistically significant
(P � .19).

We observed very few cleaved caspase-3- or TUNEL-
positive primordial or primary follicles, and there were no
apparent effects of Gclm genotype on these endpoints
(data not shown).

Figure 5. Increased granulosa cell proliferation in Gclm�/� mouse ovaries. Granulosa cell
proliferation was scored as immunostaining with PCNA as described in Materials and
Methods. A, Quantification of immunostaining with PCNA in granulosa cells of healthy
primordial, primary, and secondary follicles in 21-day-old female mice. *, Significant
difference with genotype at P � .05 (n � 4 – 6/group). B, Representative image of
immunostaining with PCNA in the ovary of 21-day-old Gclm�/� mice. C, Representative image of
PCNA immunostaining in the ovary of 21-day-old Gclm�/� mice. D, Representative image of PCNA
immunostaining in the ovary of 21-day-old Gclm�/� mice. E, Representative image of PCNA
immunostaining in the ovary of 21-day-old Gclm�/� mice. The black arrows in D and E indicate
primary follicles. Data presented are means � SEM of the percentage of follicles with positive staining
for PCNA from four experiments. Statistical significance was analyzed using an independent-samples t
test after arcsine square root transformation. All scale bars, 100 �m.
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Discussion

Our results demonstrate that Gclm�/� mice have greatly
decreased ovarian GSH concentrations, decreased ratio of
GSH to GSSG, and oxidized Eh of the GSH/GSSG redox
couple compared with Gclm�/� littermates, consistent
with chronic ovarian oxidative stress. Further demon-
strating ovarian oxidative stress, Gclm�/� ovaries show
increased lipid peroxidation and protein oxidation by im-
munostaining for 4-HNE and NTY, respectively. More-
over, Gclm�/� and Gclm�/� females are born with an
equal complement of oocytes, but Gclm�/� females expe-
rience an accelerated age-related decline in primordial fol-
licles. Increased oxidative damage was observed in the
Gclm�/� ovaries at 21 days of age, before any difference
in follicle numbers, suggesting that oxidative stress may be
driving the accelerated decline in ovarian follicles in
Gclm�/� mice. Moreover, immunostaining for the prolif-
eration marker PCNA showed that Gclm�/� ovaries had
increased proliferation in primary follicles at 21 days of
age, consistent with increased recruitment of quiescent
primordial follicles into the growing pool, followed by
death of recruited follicles as a mechanism for accelerated
follicle depletion in Gclm�/� mice. Consistent with the

latter, at 2 months of age, markers of apoptosis, cell pro-
liferation, andoxidativedamagewere increased in follicles
of Gclm�/� ovaries compared with Gclm�/� ovaries, and
by 3 months of age, a statistically significantly lower num-
ber of primordial follicles was observed in Gclm�/� ova-
ries, which accelerated with aging.

The 77% lower ovarian total GSH levels in Gclm�/�

females compared with wild-type littermates in the present
study is similar to the differences reported for cerebellar
neurons and astrocytes (43) and somewhat less than dif-
ferences reported for liver, kidney, and erythrocytes (44).
The ratios of GSH to GSSG in liver, kidney, pancreas, and
erythrocytes reportedly did not differ between Gclm�/�

and Gclm�/� mice of unspecified sex (44), whereas the Eh

of the GSSG/2GSH redox couple was oxidized by 40–90
mV in these tissues (11). We previously reported that the
ratio of GSH to GSSG did not differ between Gclm�/� and
Gclm�/� epididymides and was increased in testes of
Gclm�/� males and that testicular spermatogenesis was
normal in Gclm�/� males (65). In contrast, we observed
that the GSH to GSSG ratio was decreased and the Eh of
the GSSG/2GSH redox couple was oxidized in Gclm�/�

compared with Gclm�/� ovaries. Taken together, these
results suggest that the ovary is more susceptible to chronic
oxidative stress caused by GSH deficiency compared with
other tissues.

Although the magnitude of the GSH/GSSG ratio and Eh

of the GSH/GSSG redox couple vary widely among tis-
sues, significant age-related decreases in both GSH/GSSG
and Eh occur in brain, liver, kidney, heart, eye, and testis
of 26-month-old compared with 4-month-old male mice
(66, 67). Furthermore, these age-related changes in the
GSH/GSSG redox state are partially reversed by caloric
restriction, which also prolongs the life span (66, 67).
These prior data lead to the hypothesis that experimental
manipulations that oxidize the GSH/GSSG redox state
may accelerate aging, at least in some tissues/organs. Our
data using mice genetically deficient in GSH synthesis,
which have an oxidized ovarian GSH/GSSG redox state
and accelerated ovarian aging, support this hypothesis.

Oxidative stress occurs when the production of ROS
overwhelms antioxidant defense capacity in cells.
Whereas oxidative damage in other organs has been ex-
tensively evaluated, relatively little information exists on
oxidative damage in the ovary (2). We previously reported
that aging in mice is associated with increased ovarian
oxidative damage to DNA, protein, and lipids (34). We
hypothesized that oxidative damage would be exacer-
bated in ovaries of Gclm�/� mice due to their decreased
antioxidant capacity. Consistent with this hypothesis,
we observed significantly increased immunostaining for
4-HNE in granulosa cells (21 d and 2 mo old) and theca

Figure 6. Increased primordial follicle activation in Gclm�/� mice.
These graphs show the mean � SEM percentage of healthy primordial
follicles (A) or primary follicles (B) of total healthy follicles (calculated
from counts shown in Figure 2, A and B). *, P � .05 by t test
compared to Gclm�/� ovaries of the same age; #, P � .08 compared
with Gclm�/� ovaries of the same age.
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cells (21 d old) of healthy secondary follicles in Gclm�/�

ovaries compared with Gclm�/� ovaries. 4-HNE is a prod-
uct of lipid hydroperoxide decomposition by hydroxyl (or
other) radical-mediated chain reactions in polyunsatu-
rated fatty acids and lipoproteins (68, 69). The damage in

membrane phospholipids decreases
membrane fluidity, causing struc-
tural changes, and reduces activity of
membrane-bound enzymes (68, 69).

Superoxide anion radical reacts
with nitric oxide to generate per-
oxynitrite, forming NTY by nitra-
tion of tyrosine residues (70–72).
NTY immunostaining is therefore a
marker of oxidative protein damage.
The percentage of NTY-positive pri-
mary follicles was higher in 21-day-old
Gclm�/� ovaries and percentages of
NTY-positive primordial and primary
follicles were higher in 9-month-old
Gclm�/� ovaries than in Gclm�/� ova-
ries. Our findings of oxidative damage
to lipids and protein in young and mid-
dle-aged ovaries of Gclm�/� mice sup-
port the hypothesis that low GSH con-
centrations and oxidized GSH/GSSG
redox potential in Gclm�/� ovaries re-
sult in increased oxidative stress-in-
duced damage.

Importantly, the implications of
this oxidative damage may be re-
flected in an increased rate of fol-
licle turnover in Gclm�/� mice.
PCNA is a marker of proliferating
cells. As follicles are recruited into
the growing pool, granulosa cells
begin to proliferate. In ovaries
from 21-day- and 2-month-old
mice, we observed that the percent-
age of primary follicles with
PCNA-positive staining was higher
in Gclm�/� ovaries than in
Gclm�/� ovaries. The increase in
PCNA-positive primary follicles is
indicative of increased recruitment
of primordial follicles into the
growing pool. Moreover, the in-
creased recruitment of primordial
follicles preceded the decline in
ovarian follicle numbers, which
was first observed at 3 months of
age.

Consistent with increased primordial follicle recruit-
ment in Gclm�/� mice, we also observed decreased per-
centages of primordial follicles at 2, 7.5, and 9 months
of age and increased percentages of primary follicles at
2, 3, and 7.5 months of age in Gclm�/� compared with

Figure 7. Effects of Gclm deletion on ovarian follicle counts, apoptosis, cell proliferation, and
oxidative damage at 2 months of age. Healthy and atretic follicles were counted in hematoxylin
and eosin-stained serial sections, as described in Materials and Methods. A, Mean � SEM of
numbers of healthy primordial, primary, secondary, and antral follicles in Gclm�/� and Gclm�/�

ovaries at 2 months of age (n � 10 for Gclm�/� and n � 6 for Gclm�/�). B, Mean � SEM
percentage of healthy primordial follicles and primary follicles of total healthy follicles (calculated
from counts shown in Figure 7A). C and D, Cleaved caspase-3 and TUNEL were performed to
detect apoptotic cells as described in Materials and Methods. C, Means � SEM percentage of
secondary and antral follicles that had cleaved caspase-3-positive granulosa cells (GC; n �
5/group). Representative images at top of caspase-3 immunostaining in Gclm�/� (left) and
Gclm�/� (right) ovaries are shown. Black arrows indicate cleaved caspase-3-positive GCs of antral
follicle. D, Means � SEM of follicles with TUNEL-positive GCs in the ovaries of 2-month-old mice
(n � 5/group). Representative images at top of TUNEL in Gclm�/� (left panel) and Gclm�/� (right
panel) ovaries are shown. E and F, PCNA and 4-HNE were performed to detect proliferating GCs
and oxidative damage as described in Materials and Methods. E, Means � SEM percentage of
primordial, primary, and secondary follicles with PCNA-positive GC (n � 5/group). F, Means �
SEM percentage of primordial, primary, secondary, and antral follicles with 4-HNE-positive GCs
(n � 5/group). *, Significant difference between genotypes by nonparametric Mann-Whitney U
test or t test at P � .05. All scale bars, 100 �m.
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Gclm�/� ovaries. Increased recruitment of primordial
follicles into the growing pool may be driving the ac-
celerated age-related follicle decline that we observed in
Gclm�/� mice. Accelerated recruitment of primordial
follicles into the growing pool with subsequent death of
the prematurely activated follicles is responsible for pre-
mature ovarian failure in mice with oocyte-specific de-
letion of the PI3K/AKT signaling pathway genes Pten,
Tsc1, Tsc2, and Foxo3a (23, 24, 26, 28) and in mice
with global deletion of Foxl2 (73, 74). ROS have been
shown to promote phosphorylation (activation) of AKT
and phosphorylation and acetylation of Forkhead box
O (FOXO)-3a in nonovarian systems (75–77). We spec-
ulate that increased oxidative stress in the ovaries of
Gclm�/� females may lead to the activation of AKT
signaling, which inhibits tuberous sclerosis complex
(TSC)-1, TSC2, and FOXO3a signaling, causing accel-
erated activation of primordial follicles.

Increases in activated (cleaved) caspase-3- and
TUNEL-positive secondary and antral follicles in the pres-
ent study are consistent with apoptosis of the prematurely
activated follicles at later stages of follicular development
in Gclm�/� mice. We observed minimal evidence for ap-
optosis or histological evidence of atresia in primordial
follicles in mice of either Gclm genotype in the present
study. However, we cannot exclude that primordial fol-
licle death was occurring by a mechanism other than ap-
optosis, such as autophagy. Recent evidence suggests that
autophagy may be an important cell death pathway in
ovarian follicles (64, 78, 79). Future studies will examine
the effects of Gclm deletion on autophagy in the ovary.

Few of the other genetically modified mouse models
with deletion of antioxidant genes have been systemati-
cally evaluated for effects on ovarian function. Mice lack-
ing the transcription factor nuclear factor erythroid 2-re-
lated factor 2 (NRF2) have decreased antioxidant capacity
due to decreased basal and inducible transcription of an-
tioxidant defense genes, including GSH synthesis genes
(80, 81). Nrf2�/� female mice had significantly smaller
litters than wild-type mice, but they did not have an ac-
celerated decline in fertility with age (82). Female mice null
for Sod1 are also subfertile due to defects in the later stages
of follicle maturation (83) and/or increased embryonic le-
thality (84). Copper chaperone for superoxide dismutase
null mice, which have decreased ability to incorporate
copper into SOD1, have a similar ovarian phenotype as
Sod1 null mice (85). Although Sod2�/� mice die before
puberty, transplantation of Sod2�/� ovaries to wild-type
hosts resulted in normal follicular development, ovula-
tion, and viable offspring, suggesting that SOD2 is not
required for normal ovarian function (83). Mice null for
�-glutamyl transpeptidase 1 (Ggt1) have female infertility,

with lack of large antral follicles, corpora lutea, and ovu-
latory response to gonadotropins (86–88). Ggt1�/� mice
have decreased ovarian cysteine concentrations and nor-
mal ovarian GSH concentrations compared with wild-
type controls, and the female reproductive phenotype is
completely rescued by cysteine replacement (86). Normal
fertility has been reported in mice that lack Gpx1 (89) or
catalase (90).

In summary, Gclm�/� mice display low ovarian GSH
levels, ovarian oxidative stress, and oxidative damage. De-
spite apparently normal in utero ovarian development,
with normal complements of oocytes/ovarian follicles at
birth and weaning, these mice subsequently experience an
accelerated decline in ovarian follicles compared to wild-
type littermates. Our data implicate accelerated recruit-
ment of primordial follicles into the growing pool fol-
lowed by apoptotic death of these follicles at later stages,
rather than increased death of primordial follicles, as the
driving force behind the accelerated follicle decline. To-
gether with our previous work showing increasing ovarian
oxidative damage and decreased antioxidant gene expres-
sion with aging, the present results provide strong evi-
dence that ovarian oxidative stress plays a major role in
ovarian aging.
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