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Abstract—Treatment with the anticancer drug cyclophosphamide (CPA) destroys ovarian follicles. The active

metabolites of CPA are detoxified by conjugation with glutathione (GSH). We tested the hypotheses that CPA causes

apoptosis in ovarian follicles and that suppression of ovarian GSH synthesis before CPA administration enhances

CPA-induced apoptosis. Proestrous rats were given two injections, 2 h apart, with (1) saline, then saline; (2) saline,

then 50 mg/kg CPA; (3) saline, then 300 mg/kg CPA; or (4) 5 mmol/kg buthionine sulfoximine (BSO) to inhibit

glutamate cysteine ligase (GCL), the rate-limiting enzyme in GSH synthesis, and then 50 mg/kg CPA. Statistically

significantly increased DNA fragmentation by agarose gel electrophoresis and granulosa cell apoptosis by TUNEL

were observed in the CPA-treated ovaries 24 h after the second injection, but BSO did not enhance the effect of 50

mg/kg CPA. We next tested the hypothesis that CPA depresses ovarian GSH concentration and expression of the

rate-limiting enzyme in GSH synthesis, GCL. Proestrous rats were injected with 300 or 50 mg/kg CPA or vehicle

and were sacrificed 8 or 24 h later. After CPA treatment, ovarian and hepatic GSH levels decreased significantly,

and ovarian GCL subunit mRNA levels increased significantly. There were no significant changes in GCL subunit

protein levels. Finally, we tested the hypothesis that GSH depletion causes apoptosis in ovarian follicles. Proestrous

or estrous rats were injected with 5 mmol/kg BSO or saline at 0700 and 1900 h. There was a significant increase in

the percentage of histologically atretic follicles and a nonsignificant increase in the percentage of apoptotic, TUNEL-

positive follicles 24 h after onset of BSO treatment. Our results demonstrate that CPA destroys ovarian follicles by

inducing granulosa cell apoptosis and that CPA treatment causes a decline in ovarian GSH levels. More pronounced

GSH suppression achieved after BSO treatment did not cause a statistically significant increase in follicular

apoptosis. Thus, GSH depletion does not seem to be the mechanism by which CPA causes follicular

apoptosis. D 2004 Elsevier Inc. All rights reserved.
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INTRODUCTION

Glutathione (GSH) is the most abundant nonprotein thiol in

mammalian cells. It plays important roles inmaintaining the

intracellular environment by assisting with amino acid

transport, regulating enzyme activity, maintaining mem-

brane structural integrity, and protecting against exogenous

and endogenous toxicants [1]. Although liver and kidney
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are the most active tissues in producing and using GSH,

ovarian cells also contain moderately high levels of GSH

[2,3]. It is likely that ovarianGSH plays an important role in

protecting ovarian follicles from damage by exogenous

toxicants. Cellular levels of GSH are maintained by two

tightly coupled enzymatic processes involving a rate-limit-

ing step, catalyzed by glutamate cysteine ligase (GCL), to

form g-glutamylcysteine, followed by addition of glycine

tomake glutathione [4,5]. The enzymatically active form of

GCL is a heterodimer, composed of a catalytic (GCLc) and

a modifier (GCLm) subunit [4,5].

The antineoplastic drug cyclophosphamide (CPA) has

been widely used in treating patients with various types
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of cancer and autoimmune diseases for some time.

Unfortunately, premature menopause occurs in many

women treated with CPA [6,7]. Studies in rodents have

shown that CPA causes a dose- and time-dependent

depletion of ovarian follicles [8–10]. The histological

appearance of degenerating follicles after CPA treatment

has been reported to resemble that of follicles undergoing

the natural process of degeneration termed atresia, with

pyknosis of granulosa cell nuclei and separation of the

oocyte from the cumulus cells [10,11]. Atresia is an

apoptotic process whereby the majority of mammalian

ovarian follicles degenerate before ovulation [12]. Other

indicators of ovarian apoptosis, such as oligonucleoso-

mal DNA fragmentation, have not been examined after

CPA treatment.

CPA itself is biologically inactive and requires meta-

bolic activation. The two main active metabolites of CPA

are phosphoramide mustard and the a,h-unsaturated
aldehyde, acrolein [13]. Both of these metabolites are

potent cytotoxic agents, which exert their biological

effects through covalently binding to important cellular

macromolecules. Both phosphoramide mustard and acro-

lein are detoxified by spontaneous or glutathione S-

transferase-mediated conjugation with GSH [13]. These

GSH conjugates are excreted, resulting in a net loss of

GSH. Phosphoramide mustard possesses DNA-alkylat-

ing activity and is generally considered to be the thera-

peutically significant cytotoxic metabolite of

cyclophosphamide [13]. Phosphoramide mustard has

also been shown to be the metabolite responsible for

follicle depletion in the mouse ovary [14].

CPA treatment has been reported to dose-dependently

deplete GSH levels in liver, lung, and bone marrow [15–

18]. We have previously demonstrated, using in situ

hybridization, that Gclm mRNA is strongly expressed

in the granulosa cells and oocytes of healthy, growing

follicles, whereas atretic follicles, which have granulosa

cells that stain for DNA fragmentation by terminal

deoxynucleotidyl transferase-mediated dUTP nick end

labeling (TUNEL), lack Gclm expression [19]. Loss of

Gclm expression would deplete GCL holoenzyme, turn-

ing off GSH synthesis. Taken together these findings led

us to hypothesize that ovarian GSH depletion may induce

follicular apoptosis and that this may be the mechanism

by which CPA causes destruction of follicles.

In the present study we tested the following hypoth-

eses: (1) CPA treatment increases ovarian follicular

apoptosis; (2) suppression of ovarian GSH synthesis

before CPA administration enhances CPA-induced apo-

ptosis; (3) CPA treatment depresses ovarian GSH con-

centrations and suppresses protein or mRNA expression

of GCL, the rate-limiting enzyme in GSH synthesis;

and (4) GSH depletion increases apoptosis in ovarian

follicles.
MATERIALS AND METHODS

Animals

Eight to nine week old Sprague Dawley female rats

(Crl:CD(SD)IGS BR) were purchased from Charles River

Laboratories. Upon arrival, the animals were housed in an

AAALAC-accredited facility, three to a cage, with free

access to deionized water and standard laboratory chow,

on a 14 h/10 h light/dark cycle. After a 7 day acclimati-

zation period, daily vaginal cytology was performed for at

least two 4 day estrous cycles before initiation of the

experiments. The experiments were conducted in accor-

dance with the Guide for the Care and Use of Laboratory

Animals [20] and the experimental protocols were ap-

proved by the Institutional Animal Care and Use Com-

mittee at the University of California at Irvine.
Experimental design

For all experiments, animals were randomly assigned

to treatment groups using a random number table. Pro-

estrous adult female rats weighing 212 to 232 g were

injected i.p. with (1) 5 mmol/kg buthionine sulfoximine

(BSO; Sigma–Aldrich, St. Louis, MO, USA), a specific

inhibitor of GCL activity, in 0.9% saline, followed 2

h later by 50 mg/kg CPA (Sigma–Aldrich) in 0.9%

saline/10% DMSO (Sigma–Aldrich); (2) saline alone

followed 2 h later by 300 mg/kg CPA in saline/DMSO;

(3) saline followed 2 h later by 50 mg/kg CPA in saline/

DMSO; or (4) saline alone followed 2 h later by saline/

DMSO. The animals were sacrificed by decapitation 24

h after the second injection, and ovaries were processed

for DNA extraction and agarose gel electrophoresis for

detection of DNA fragmentation, TUNEL for in situ

detection of apoptotic cells, or GSH assay. The two

doses of CPA were chosen to cause a moderate and a

pronounced degree of antral follicle degeneration, re-

spectively, based on previous studies [10,11].

In the second experiment, rats weighing 192 to 308 g

were injected intraperitoneally with CPA dissolved in

saline with 10% DMSO at a dose of 50 or 300 mg/kg of

body weight or with an equivalent volume of saline/

DMSO alone at 0800–0900 h on proestrus, as deter-

mined by vaginal cytology. Eight or 24 h after injection,

the animals were rapidly killed by decapitation, trunk

blood was collected, and ovaries were removed and

processed for GSH assay or frozen on dry ice and stored

at �70jC until protein or RNA extraction. Blood was

allowed to clot at room temperature and was centrifuged,

and serum was collected and stored at �20jC until

estradiol and progesterone assay.

For the third experiment proestrous or estrous rats

weighing 208 to 295 g were injected i.p. with 5 mmol/

kg BSO in 0.9% saline or with saline alone at 0700 and



Fig. 1. CPA treatment increases ovarian apoptosis. Proestrous female
rats received sequential i.p. injections 2 h apart: 0.9% saline followed by
0.9% saline/10% DMSO (sal/sal), saline followed by 50 mg/kg CPA in
saline/DMSO (sal/50), saline followed by 300 mg/kg CPA (sal/300), or 5
mmol/kg BSO followed by 50 mg/kg CPA (BSO/50). The animals were
sacrificed 24 h later on estrous morning. DNA from one ovary of each
animal was separated by electrophoresis with ethidium bromide staining
and was visualized under ultraviolet light. A representative gel is shown
at top. M, 25 bp DNA step ladder. Mean densities (FSEM) obtained
using NIH Image of the low-molecular-weight portions of each lane
from scans of two gels are shown in the graph at bottom. ANOVA
revealed a significant effect of treatment ( p = .038; n = 4 per group).
*Significantly different from saline control by Fisher’s LSD test.
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1900 h and sacrificed 24 h after the first injection. Ovaries

were removed and processed for DNA extraction and

electrophoresis, TUNEL, or GSH assay. Liver fragments

were also processed for GSH assay. These two estrous

cycle stages were chosen to test the effect of GSH

suppression on a day when ovarian GSH levels were high

(estrus) and on a day when they were low (proestrus) [3].

In all of the experiments estrous cycle stage was

further verified at autopsy by checking for the presence

of uterine ballooning, which occurs on proestrus, fol-

lowed by loss of uterine fluid estrous morning [21]. The

uterus was dissected out without puncturing it, weighed,

slit open and blotted dry to remove any fluid contained

within it, and weighed again. Uteri with 100 mg or more

fluid were considered ballooned.

Glutathione assay

Total glutathione (reduced plus oxidized glutathione)

was measured by a modification of an enzymatic assay

developed by Griffith [22]. Immediately after sacrifice,

the ovary was homogenized in 5% sulfosalicylic acid on

ice (1:4 w/v) and centrifuged at 15,800 � g, and the

supernatant was removed and stored at �70jC until

assay as described [19]. The interassay coefficient of

variation is 13.6% for a rat liver pool.

Estradiol and progesterone assays

A standard curve was prepared in charcoal-stripped,

ovariectomized rat serum using a stock solution of 17h-
estradiol (Sigma, St. Louis, MO, USA) dissolved in 100%

ethanol at a concentration of 100 ng/ml that was serially

diluted to concentrations of 10, 20, 50, 150, 500, and

1000 pg/ml. The other reagents were from the Estradiol

Double Antibody Radioimmunoassay Kit (Diagnostic

Products Corp., Los Angeles, CA, USA), and the assay

was performed according to the manufacturer’s protocol.

The standard curve generated in rat serum was demon-

strated to be parallel to serial dilutions of a proestrous rat

serum pool (data not shown). The interassay coefficient of

variation (CV) was 8.5% and the intra-assay CV was

9.0% for an estrous morning (0900 h) serum pool. The

progesterone assays utilized the Progesterone CL Radio-

immunoassay Kit (Diagnostic Systems Corp., Webster,

TX, USA). The standard curve provided with the kit was

demonstrated to be parallel to serial dilutions of a pro-

estrous rat serum pool (data not shown). The interassay

CV was 14.2% and the intra-assay CV was 8.4% for a

high progesterone serum pool (estrus 0000 h).

DNA extraction and agarose gel electrophoresis

Extraction of DNA from whole ovaries was per-

formed using the Qiagen DNeasy kit (Qiagen, Inc.,

Valencia, CA, USA), according to the manufacturer’s

instructions. Ten micrograms of DNA from each ovary
was then loaded onto a 2% agarose gel with 0.5 Ag/ml

ethidium bromide and electrophoresed in Tris acetate

EDTA buffer with 0.5 Ag/ml ethidium bromide at 50 V

for 3.5 h. After electrophoresis, gels were visualized and

photographed under ultraviolet light for detection of

oligonucleosomal DNA fragmentation. Photographs

were scanned using a Hewlett–Packard Scanner. For

statistical analysis the mean density of the low-molecu-

lar-weight portion of each lane was measured on the

scanned images using NIH Image (version 1.60b7).

TUNEL

Ovaries were prefixed in 4% paraformaldehyde in

phosphate-buffered saline (PBS) at 4jC for 1 h and then

immersed for 3 h in 15% sucrose in PBS at 4jC. The
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ovary was then embedded in Tissue Tek OCT (Sakura

Finetek USA, Torrance, CA, USA) and stored at �70jC
until sectioning. Paraformaldehyde-prefixed ovaries were
Fig. 2. CPA treatment dose-dependently increases apoptosis in granulos
was as described for Fig. 1, except that ovaries were fixed, embedded,
TUNEL for in situ detection of DNA fragmentation, as detailed unde
stained brown. (A) Control ovary from animal treated with sequential
animal treated with saline followed by 300 mg/kg CPA. Two antral f
magnification �66. (C) Secondary follicle from animal treated with sa
(D) Secondary follicle from animal treated with saline followed by 50 m
treated with 5 mmol/kg BSO, followed by 50 mg/kg CPA. Small an
magnification �66. (F) Mean F SEM percentage of TUNEL-positive s
cross section) or histologically atretic secondary follicles (3 or more
groups. The overall effect of treatment on arcsine-transformed data w
different from respective saline control by Fisher’s LSD test. (G) Mean
antral follicles in each of the four treatment groups. The overall ef
significant by ANOVA ( p < .001). *Statistically different from respec
sectioned at 10 Am onto charged microscope slides

(Superfrost Plus, Fisher Scientific, Pittsburgh, PA,

USA) using a cryostat and stored at �70jC. TUNEL
a cells of preantral and antral follicles. The experimental protocol
and serially sectioned, and every fourth section was subjected to
r Materials and Methods. Apoptotic, TUNEL-positive cells are
saline injections. Original magnification �66. (B) Ovary from
ollicles (1, 2) and a secondary follicle (3) are shown. Original
line followed by 300 mg/kg CPA. Original magnification �132.
g/kg CPA. Original magnification �132. (E) Ovary from animal
tral follicle (1) and large antral follicle (2) are shown. Original
econdary follicles (3 or more TUNEL-stained granulosa cells per
pyknotic nuclei per cross section) in each of the four treatment
as statistically significant by ANOVA ( p < .001). *Statistically
F SEM percentage of TUNEL-positive or histologically atretic
fect of treatment on arcsine-transformed data was statistically
tive saline control by Fisher’s LSD test. N = 3 per group.



Fig. 3. Effects of CPA treatment on ovarian and hepatic GSH
concentrations. Proestrous female rats received i.p. injections of 0.9%
saline/10% DMSO, 50 mg/kg CPA in saline/DMSO, or 300 mg/kg CPA
in saline/DMSO. The animals were sacrificed 8 h later on proestrous
evening (Pro) or 24 h later on estrous morning (Est). Tissues were
subjected to GSH assay as detailed under Materials and Methods. (A)
CPA treatment suppressed ovarian GSH concentrations at 24 h ( p =
.016, effect of treatment by two-way ANOVA, *300 mg/kg different
from control by Fisher’s LSD test; n = 11–13 per group), but not at 8 h
after injection ( p = .59; n = 4–6 per group). (B) CPA treatment
suppressed hepatic GSH concentrations at 8 h ( p = .024, effect of
treatment by one-way ANOVA, *300 mg/kg different from control by
Fisher’s LSD test; n = 4–6 per group), but not at 24 h, after injection
( p = .32; n = 5 or 6 per group).
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was performed as described on every fourth serial section

from each ovary [19].

Scoring of follicular atresia using TUNEL and

histological criteria

Serial sections of ovaries were examined under light

microscopy and follicles were classified as primary (Ped-

erson stages 1–3), secondary/preantral (Pederson stages 4

and 5), or antral (Pederson stages 6–8) [23,24]. The

follicle diameter was measured as the average of two

perpendicular diameters in the section in which the oocyte

nucleus was visible to avoid scoring any follicle more

than once. For follicles in late stages of atresia, the

diameters were measured in the section in which the

oocyte was visible. Follicles were scored as atretic based

upon the following histological criteria that were adapted

from Hirshfield [25,26]: (1) more than 3 pyknotic gran-

ulosa cell nuclei in any one cross section, except for

follicles of fewer than 50 cells in cross section, in which

case 1 pyknotic nucleus; (2) separation of the oocyte from

the surrounding granulosa cells; (3) loss of distinct

boundary between granulosa and theca cell layers. Fol-

licles were judged definitely atretic if they met the

pyknosis criteria and were judged as advanced atresia if

they met at least two of the remaining criteria. Follicles

were judged possibly atretic if they met one of the other

criteria, but not the first criterion. Finally, follicles were

scored in terms of TUNEL staining: (1) no TUNEL-

positive granulosa cells, (2) two or fewer strongly

TUNEL-positive granulosa cells in a cross section, or

(3) three or more strongly TUNEL-positive granulosa

cells in a cross section. The investigator scoring the slides

was blinded to the treatment.

Western blot analysis

Protein extraction, electrophoresis, Western blotting

for GCLc and GCLm, and semiquantitative image anal-

ysis were performed as described [3].

Northern blot analysis

RNA extraction, electrophoresis, and Northern blot-

ting for Gclc, Gclm, and Gapdh were performed as

described [3]. Visualization was by autoradiography.

Semiquantitative analysis of autoradiographs was per-

formed using a Stratagene molecular documentation and

image analysis system. For Gclm the optical densities of

the two bands were summed for each lane. Gclc and

Gclm optical densities were then normalized to Gapdh

control and relative differences among treatment groups

were calculated.

Statistical analysis

Analysis of variance (ANOVA) was used to de-

termine significant differences in GSH concentration,
body and ovarian weights, GCLc and GCLm protein

levels, Gclc and Gclm mRNA levels, mean density

of low-molecular-weight DNA, and percentages of

apoptotic follicles among the different doses of CPA

and BSO. For the latter analyses, the proportions were

first subjected to arcsine transformation [27]. Assay

number was included as an additional independent

variable in the analyses as appropriate. Post hoc

comparisons of CPA- or BSO-treated groups with

the control groups were made using Fisher’s Least

Significant Difference test. The Pearson m2 test and

the Linear-by-Linear Likelihood test were used to test

the hypothesis that the presence of uterine balloon-

ing on estrous morning differed by CPA-treatment

group. Results were considered statistically significant

if p < .05.
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RESULTS

Effects of CPA and BSO plus CPA on ovarian

oligonucleosomal DNA fragmentation and in situ DNA

fragmentation (TUNEL)

CPA caused an increase in oligonucleosomal DNA

fragmentation in DNA extracts of whole ovaries collected

24 h after treatment (Fig. 1). Significantly increased DNA

fragmentation compared to controls was observed in the

300 mg/kg CPA-treated ovaries (Fig. 1). Pretreatment

with 5 mmol/kg BSO 2 h before 50 mg/kg CPA injection

or treatment with 50 mg/kg CPA did not significantly

increase ovarian DNA fragmentation (Fig. 1).
Fig. 5. Effects of CPA on ovarian Gclc and Gclm mRNA levels. The
experimental protocol was as described for Fig. 3. Northern analysis
using 32P-labeled cDNA probes for Gclc, Gclm, and Gapdh was
performed as detailed under Materials and Methods. Gclc and Gclm
optical densities were normalized to Gapdh. The Gcl subunit to Gapdh
ratios were then divided by the mean ratio for the control lanes on the
same blot. The means F SEM of the Gclc and Gclm to Gapdh ratios
expressed as fold control are depicted in the graphs. Representative
blots are shown above the graphs. (A) There was a statistically
significant effect of CPA treatment on Gclc and Gclm mRNA levels at 8
h after injection ( p = .029, p = .013, respectively, effect of treatment by
ANOVA; *significantly different from respective control and 50 mg/kg
group by Fisher’s LSD test; n = 8 or 9 per group). (B) There was no
statistically significant effect of CPA treatment on mRNA levels of
either subunit 24 h after injection. N = 10–12 per group.

Fig. 4. Effects of CPA on ovarian GCLc and GCLm protein levels.
The experimental protocol was as described for Fig. 3. Western
analysis using anti GCLc and GCLm antibodies was performed as
detailed under Materials and Methods. The means F SEM of the
GCLc and GCLm optical densities expressed as fold control are
depicted in the graphs. Representative blots are shown above each
graph. There was no statistically significant effect of CPA treatment on
protein levels of either subunit at (A) 8 or (B) 24 h after injection. N =
6–8 per group.



Table 1. The Effects of BSO Treatment on GSH Concentrations in
Ovary and Liver

GSH concentration (nmol/mg tissue, mean F SD)

Metestrus Estrus

Saline BSO Saline BSO

Ovarya

(N)
3.4 F 0.8 (11) 1.6 F 0.3 (8) 3.6 F 0.6 (10) 1.4 F 0.6 (11)

Livera

(N)
7.3 F 0.8 (4) 4.4 F 0.7 (3) 7.7 F 1.3 (4) 3.9 F 1.5 (5)

Cycling adult rats were injected i.p. with 5 mmol/kg BSO or saline

vehicle twice, 12 h apart, on proestrus or estrus and sacrificed 12 h after

the second injection. Ovary and liver were immediately homogenized

for total GSH assay using the enzymatic recycling method.
a p < .001, effect of treatment by ANOVA.
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TUNEL demonstrated that CPA treatment dose-de-

pendently increased granulosa cell apoptosis in preantral

follicles ( p < .001, effect of treatment) and antral follicles

( p < .001, effect of treatment) (Fig. 2), but not in primary

or primordial follicles (data not shown). Post hoc testing

showed that both doses of CPA significantly increased

the proportions of TUNEL-positive preantral and antral

follicles compared to controls (Figs. 2F and 2G). The

percentage of follicles with apoptotic granulosa cells in

the 50 mg/kg CPA-treated animals was not enhanced by

pretreatment with BSO to depress GSH levels. In addi-

tion to being more numerous, apoptotic follicles in the

300 mg/kg CPA group contained more TUNEL-positive

granulosa cells, granulosa cells with pyknotic nuclei,

apoptotic bodies, and cellular debris than apoptotic

follicles in the other treatment groups (Figs. 2A–2E).

When the data were analyzed using histological criteria

for atresia rather than TUNEL criteria, the results were

essentially the same (Figs. 2F and 2G).
Fig. 6. Depletion of GSH by BSO treatment did not increase ovarian
with 5 mmol/kg BSO or saline vehicle at 0700 and 1900 h on the proe
0700 h the following day. DNA was extracted from the ovaries, sep
visualized under ultraviolet light. (A) DNA from ovaries of animals trea
DNA from ovaries of animals treated with saline or BSO on estrus an
was no statistically significant effect of BSO treatment on DNA fragm
Effects of CPA on total ovarian and hepatic GSH levels

CPA treatment suppressed ovarian GSH levels (Fig.

3A) at 24 h after injection ( p = .016, effect of treatment by

two-way ANOVA). In contrast, there was no significant

effect of CPA treatment on ovarian GSH concentrations at

8 h after CPA injection ( p = .59). Ovarian GSH levels

were higher on estrous morning than on proestrous

morning, as we have previously reported [3]. Hepatic

GSH concentrations (Fig. 3B) were significantly sup-

pressed at 8 h after CPA, but not at 24 h ( p = .02 at 8 h

and p = .32 at 24 h, effect of treatment by one-way

ANOVA). CPA treatment has previously been reported

to suppress hepatic GSH concentrations in male rats [17]

and mice [15].

Effects of CPA on ovarian GCLc and GCLm protein and

mRNA levels

There was no significant effect of CPA treatment on

either GCLc or GCLm protein levels at 24 h ( p = .90, p =

.96 for GCLc and GCLm, respectively, by ANOVA) or at

8 h ( p = .13, p = .14 for GCLc and GCLm, respectively)

(Fig. 4). Similarly, there was no significant effect of CPA

treatment on Gcl subunit mRNA levels normalized to

Gapdh at 24 h ( p = .64, p = .47, effect of treatment on

Gclc and Gclm, respectively, by ANOVA) (Fig. 5B).

However, there were significant increases in Gclc and

Gclm mRNA levels at 8 h after 300 mg/kg CPA ( p =

.029, p = .013, effect of treatment on Gclc and Gclm,

respectively, by ANOVA) (Fig. 5A).

Effects of GSH depletion on ovarian apoptosis

The dose of BSO used (5 mmol/kg) significantly sup-

pressed ovarian and hepatic GSH concentrations by more

than 50% compared to control tissues at 12 h after the
oligonucleosomal DNA fragmentation. Adult rats were injected
strous or estrous stage of the estrous cycle and were sacrificed at
arated by electrophoresis, stained with ethidium bromide, and
ted with saline or BSO on proestrus and sacrificed on estrus. (B)
d sacrificed on metestrus. Lane 1, 25 bp DNA stepladder. There
entation at either estrous cycle stage (data not shown).



Fig. 7. Effects of BSO treatment on atresia in antral and secondary
follicles. The experimental protocol was described in the legend for Fig.
6, except that ovaries were serially sectioned and were subjected to
TUNEL detection of apoptotic cells and histological evaluation for
atresia as detailed under Materials and Methods. The graphs summarize
data from four to five animals per treatment group. For ease of
interpretation, the data are shown as mean percentageF SEM; however,
statistical analyses were performed on arcsine transformations. (A) The
percentages of atretic antral or secondary (preantral) follicles as judged
by histological criteria. The effect of BSO treatment on antral follicles
was statistically significant (*p = .008 by two-way ANOVA). The effect
of estrous cycle stage was significant for antral follicles, but not
secondary follicles ( p = .016, p = .078, respectively). (B) The
percentages of atretic antral or secondary follicles as judged by TUNEL
criteria. The effect of treatment was not significant for antral follicles or
for secondary follicles ( p = .108, p = .552, respectively, by two-way
ANOVA). The effect of estrous cycle stage was statistically significant
for secondary follicles, but not for antral follicles ( p = .026, p = .398,
respectively). est/met, animals treated with saline or BSO on estrus and
sacrificed on metestrus; pro/est, animals treated on proestrus and
sacrificed on estrus.

GSH and ovarian apoptosis 1373
second dose in both metestrous and estrous rats (Table 1).

Maximal suppression of GSH synthesis occurs within 2 to

5 h after BSO administration in vivo [28]. Thus, the

dosage used maintained ovarian GSH levels at less than

half of normal levels over the 24 h period before sacrifice.

There was no significant increase in DNA fragmenta-

tion in total DNA extracted from whole ovaries of animals

treated with BSO on proestrus or estrus (Fig. 6) compared

to saline-treated animals. Because an increase in apopto-

sis in a subset of follicles might not be detectable in whole

ovary homogenates, DNA fragmentation after BSO treat-

ment was also assessed in individual follicles.

Serially sectioned ovaries were evaluated for apopto-

sis by TUNEL and for histological evidence of atresia.

There was rarely evidence of apoptosis or atresia among

primary follicles after either saline or BSO treatment;

therefore, these follicles were excluded from the subse-

quent analyses. An increase in atretic antral follicles was

observed in the BSO-treated ovaries on both estrous

cycle stages, but an increase in atretic secondary follicles

was observed only after BSO treatment on metestrus

(Fig. 7). The increase in atretic antral follicles by histo-

logical criteria after BSO treatment was statistically

significant ( p = .008, effect of treatment; Fig. 7A). The

increase in antral follicles with apoptotic granulosa cells

by TUNEL was not statistically significant ( p = .108;

Fig. 7B). On both cycle stages, a much higher proportion

of the antral follicles was atretic than of the secondary

follicles (Figs. 7A and 7B). There was also a significant

effect of estrous cycle stage on atresia, with metestrous

ovaries having higher rates of antral follicle atresia than

estrous ovaries (Fig. 7A).

Systemic effects of CPA and BSO

In the second experiment there was a statistically

significant, dose-dependent decrease in body weight in

the CPA-treated animals at 24 h after injection ( p = .001,

effect of treatment), with the 300 mg/kg group losing

21.9 F 3.1 g and the 50 mg/kg group losing 8.9 F 3.1 g.

This trend was already evident at 8 h after injection, but

was not statistically significant ( p = .076). Interestingly,

the control animals in this experiment also experienced a

small amount of weight loss, which was greater at 8 h

(6.5 F 2.8 g) than at 24 h (3.7 F 3.0 g), indicating

recovery. This seemed to be due to the 10% DMSO

component of the vehicle, as the controls in the third

experiment, which received saline alone, did not lose

weight. There was also a statistically significant weight

loss of 7.5 F 1.4 g after BSO treatment in the third

experiment ( p < .001 by t test). There was no statistically

significant effect of CPA or BSO treatment on ovarian

weight at 8 or 24 h (data not shown).

Eight of 19 animals dosed with 300 mg/kg CPA had

hemorrhagic cystitis at autopsy 24 h after injection. No
animals in the 50 mg/kg dose group or at the 8 h time

point had visible evidence of hemorrhagic cystitis. This

is a known side effect of CPA treatment that is also

observed in humans [29].

Effects of CPA on uterine ballooning and serum estradiol

and progesterone concentrations

Animals treated with 300 mg/kg CPA on proestrus

and sacrificed on estrus had a statistically significantly

increased rate of persistence of uterine ballooning on
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estrous morning ( p < .001, linear-by-linear likelihood

association). Loss of uterine ballooning occurred by 0900

h on estrus in 80% of saline-treated controls, 76% of the

50 mg/kg CPA-treated animals, and only 22% of the 300

mg/kg CPA-treated animals.

Serum estradiol levels were not significantly altered

8 or 24 h after CPA treatment on proestrous morning.

Serum estradiol levels were 311.5 F 64.6, 202.9 F 32.4,

and 229.0 F 40.5 pg/ml at 8 h and 16.6 F 1.7, 17.1 F
2.8, and 17.8 F 3.1 pg/ml at 24 h in the control, 50 mg/

kg treated, and 300 mg/kg treated animals, respectively.

Similarly, serum progesterone levels were not affected

8 h after CPA treatment. Serum progesterone levels were

61.5 F 4.3, 58.5 F 4.8, and 62.3 F 4.0 ng/ml at 8 h in

the control, 50 mg/kg treated, and 300 mg/kg treated

animals, respectively. However, in contrast to estradiol,

serum progesterone levels were significantly elevated

( p = 0.022, effect of treatment by ANOVA) in the 300

mg/kg group relative to controls and to the 50 mg/kg

group at 24 h after CPA treatment. Progesterone con-

centrations at 24 h were 28.8 F 3.7, 33.0 F 3.6, and

43.4 F 3.2 ng/ml in the control, 50 mg/kg treated, and

300 mg/kg treated animals, respectively.
DISCUSSION

We have demonstrated that CPA treatment on proes-

trus dose-dependently increased apoptosis in granulosa

cells of secondary and antral follicles. Further, CPA

treatment reduced ovarian GSH levels, without altering

protein levels of either subunit of GCL, its rate-limiting

enzyme. In contrast to the absence of an effect on GCL

subunit protein levels, CPA treatment increased ovarian

GCL subunit mRNA levels. GSH suppression alone,

after treatment with an inhibitor of GCL, also modestly

increased ovarian follicular atresia, but did not have a

statistically significant effect on granulosa cell apoptosis.

CPA seems to target follicles in different maturational

stages depending on the species studied. Primordial and

primary follicles are dramatically depleted in adult [9]

and juvenile [8] mice after a single dose of CPA. Antral

follicle numbers are also decreased in mice after CPA

treatment [9]. In adult rats, growing follicles seem to be

the primary targets, and primordial/primary follicles are

not affected [10,11]. Jarrell and co-workers reported that

antral follicles were depleted 14 days after CPA treatment

on postnatal day 30 [11]. Davis and Heindel reported

degeneration of all follicles with diameters between 150

and 390 Am at 24 h after a single dose of CPA on

proestrus in rats [10]; this size class includes both

preantral and small antral follicles. Within the category

of antral follicles, the small antral follicles (V390 Am
diameter) have also been reported to be the most affected

by CPA treatment in mice [9,10]. The results of the
present experiments using TUNEL to identify apoptotic

follicles are in agreement with these previous findings, in

that increased apoptosis was observed in preantral and

antral follicles, but not in primary or primordial follicles,

at 24 h after CPA injection. Within the preantral follicles,

the effect of CPA was more pronounced in those with

diameters greater than 150 Am in the present study (data

not shown). It has been hypothesized that large preantral

and small antral follicles are most sensitive to CPA

because granulosa cells of these follicles have the highest

mitotic index [9,10,30]. A study by Ataya and co-work-

ers provides further evidence that multiplying granulosa

cells are the primary targets of CPA in the adult rat ovary.

This group demonstrated that CPA administration in-

creased granulosa cell DNA cross-linking, followed by

granulosa cell death and decreased serum estradiol levels,

an indicator of granulosa cell function [31]. DNA dam-

age is a well-known stimulus of entry into the mitochon-

drial apoptotic pathway [32], and this may be the

stimulus by which CPA initiates apoptosis in granulosa

cells.

CPA treatment induces apoptosis in other normal

tissues, including hair follicles [33], bone marrow [34],

testis [35], and thymus [36], as well as in tumor cells

[37]. The teratogenic effects of CPA are also thought to

be mediated via induction of apoptosis in sensitive

tissues, whereas tissues that are not susceptible to CPA-

induced teratogenesis are also resistant to CPA-induced

apoptosis [38–41]. Induction of apoptosis by CPA in

developing mouse embryos seems to occur via activation

of the mitochondrial or damage-induced apoptotic path-

way, as evidenced by cytochrome c translocation from

the mitochondria to the cytoplasm and activation of

caspases 9 and 3 [39,40]. Similarly, CPA-induced apo-

ptosis in 9L gliosarcoma cells also seems to occur via the

mitochondrial pathway [37]. Taken together, our findings

and previous studies suggest the hypothesis that CPA

treatment causes follicular degeneration by inducing

granulosa cell apoptosis via the damage-induced or mi-

tochondrial apoptotic pathway. This hypothesis remains

to be proven.

In the present study, GSH suppression using BSO

treatment resulted in increased follicular atresia by his-

tological criteria, but the increase in granulosa cell

apoptosis as indicated by TUNEL was not statistically

significant. The increase in atresia was more pronounced

after treatment with BSO on estrus than after treatment

on proestrus. This may be due to estrous cycle-related

fluctuations in ovarian GSH. Total ovarian GSH concen-

trations are significantly higher on estrus and metestrus

than on diestrus and proestrus [3]. Therefore, treatment

with BSO beginning on estrous morning and continuing

through metestrous morning suppresses ovarian GSH

levels during the two cycle days when they are normally
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highest. In contrast, treatment with BSO on proestrus

suppresses ovarian GSH levels during a stage of the

cycle when they are low and prevents the increase that

normally occurs between proestrus and estrus. These

results suggest that a physiological role of increased

ovarian GSH levels on estrus and metestrus may be to

protect maturing antral follicles that will ovulate at the

next estrus from proapoptotic stimuli such as reactive

oxygen species.

The extent of ovarian GSH suppression brought about

by 300 mg/kg CPA in the present study was about a 24%

decrease, compared to a greater than 50% decrease

achieved with BSO. In contrast, the increase in apoptosis

observed after CPA was much greater than the nonsig-

nificant increase in apoptosis observed after BSO. Addi-

tionally, 50 mg/kg CPA, a dose that did not suppress

ovarian GSH levels, caused a statistically significant

increase in follicular apoptosis. Thus, it is unlikely that

the increased follicular apoptosis and atresia after CPA

are mediated by the CPA-induced reduction of ovarian

GSH levels.

GSH depletion causes apoptosis in vitro in immortal-

ized cholangiocytes, glioma cells, and a neuronal cell line

[42–44], but not in a pancreatic tumor cell line or in

leukemia cell lines [45,46]. In the cell lines in which

GSH depletion alone does not cause apoptosis, GSH

depletion sensitizes the cells to induction of apoptosis by

other stimuli, such as melphalan [45] and ultraviolet light

[46]. In vivo, prolonged GSH depletion with a sulfur

amino acid-deficient diet or repeated administration of

phorone, but not acute GSH depletion with a single dose

of phorone, has been reported to sensitize hepatocytes to

Fas-mediated apoptosis [47]. We observed no enhanced

effect of a lower dose of CPA on follicular apoptosis after

acute GSH depletion with BSO in the present study.

However, we did not investigate the effects of prolonged

GSH depletion on the sensitivity of ovarian follicles to

CPA treatment.

CPA treatment on proestrus blocked the loss of uterine

fluid that normally occurs on estrous morning. This loss

of fluid is triggered by the increase in progesterone that

occurs during the night of proestrus and early morning of

estrus [21]. Progesterone levels on estrous morning, 24

h after treatment, were significantly elevated in the high

CPA dose group in the present study. This result suggests

that CPA treatment delays the rise (and subsequent fall) in

progesterone levels. The stimulus for the rise in proges-

terone secretion late on proestrus is believed to be the

preovulatory LH surge [48]. Although our experiments

were not designed to assess the effects of CPA treatment

on the preovulatory surge or on ovulation, we observed a

larger number of unovulated preovulatory follicles on

estrous morning, as well as an absence of oocyte–

cumulus complexes in the oviducts, in the 300 mg/kg
animals compared to the controls (data not shown). Thus,

it is possible that the preovulatory surge and subsequent

ovulation were delayed by CPA treatment. Our observa-

tion of a significant effect of CPA treatment on proges-

terone levels at 24 h contrasts with the lack of an effect of

a similar CPA treatment regimen in a study by Davis and

Heindel [10]. This discrepancy may be due to the lower

dose used in that study (250 mg/kg).

CPA treatment resulted in modestly increased Gclc

and Gclm mRNA levels, but not protein levels, in the

ovary. Similarly, other electrophilic toxicants that are

conjugated by GSH have been shown to induce GCL

subunit mRNA expression. h-Naphthoflavone induced

mRNA expression of both Gclc and Gclm in cultured

HepG2 cells [49]. Diethyl maleate induced mRNA ex-

pression of both subunits in cultured hepatocytes [50].

The antineoplastic agents cisplatin and melphalan also

induced GCL mRNA expression in cultured cells

[51,52]. None of these studies investigated the effects

of these agents on GCL subunit protein levels. The

increase in GCL mRNA levels in the absence of a

concomitant increase in GCL subunit protein in the ovary

after CPA treatment is of uncertain physiological signif-

icance. To our knowledge no studies that investigated the

effects of cyclophosphamide treatment on GCL expres-

sion in any other tissue or cell line have been published.

In summary, our results demonstrate that CPA destroys

ovarian follicles by inducing apoptosis in granulosa cells

of secondary and antral follicles. GSH suppression using

BSO alone caused a nonsignificant increase in granulosa

cell apoptosis and a statistically significant increase in

follicular atresia. Although both BSO and CPA treatments

cause declines in ovarian GSH levels, the suppression of

GSH after BSO treatment is at least 2-fold greater than

that after CPA treatment. Because BSO causes a greater

suppression of ovarian GSH levels, but a much lesser

increase in follicular apoptosis, than CPA, the data do not

support the hypothesis that CPA causes follicular apopto-

sis via GSH depletion.
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