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ABSTRACT

Oxidative stress has been implicated in various aspects of
aging, but the role of oxidative stress in ovarian aging remains
unclear. Our previous studies have shown that the initiation of
apoptotic cell death in ovarian follicles and granulosa cells by
various stimuli is initiated by increased reactive oxygen species.
Herein, we tested the hypothesis that ovarian antioxidant
defenses decrease and oxidative damage increases with age in
mice. Healthy, wild-type C57BL/6 female mice aged 2, 6, 9, or
12 mo from the National Institute on Aging Aged Rodent Colony
were killed on the morning of metestrus. Quantitative real-time
RT-PCR was used to measure ovarian mRNA levels of
antioxidant genes. Immunostaining using antibodies directed
against 4-hydroxynonenal (4-HNE), nitrotyrosine (NTY), and 8-
hydroxy-20-deoxyguanosine (8-OHdG) was used to localize
oxidative lipid, protein, and DNA damage, respectively, within
the ovaries. TUNEL was used to localize apoptosis. Ovarian
expression of glutathione peroxidase 1 (Gpx1) increased and
expression of glutaredoxin 1 (Glrx1), glutathione S-transferase
mu 2 (Gstm2), peroxiredoxin 3 (Prdx3), and thioredoxin 2 (Txn2)
decreased in a statistically significant manner with age.
Statistically significant increases in 4-HNE, NTY, and 8-OHdG
immunostaining in ovarian interstitial cells and follicles were
observed with increasing age. Our data suggest that the decrease
in mRNA expression of mitochondrial antioxidants Prdx3 and
Txn2 as well as cytosolic antioxidants Glrx1 and Gstm2 may be
involved in age-related ovarian oxidative damage to lipid,
protein, DNA, and other cellular components vital for main-
taining ovarian function and fertility.

aging, ovary, oxidative stress, reactive oxygen species

INTRODUCTION

The free radical theory of aging has been a driving force in
the study of aging since it was first proposed 50 yr ago by
Denham Harman [1, 2]. Much of this research has focused on
the detrimental roles of reactive oxygen species (ROS) and
reactive nitrogen species (RNS), which are formed during
cellular metabolism. Aging has been associated with increases

in the levels of endogenous ROS and decreases in antioxidant
defenses, leading to a wide range of oxidative damage in cell
structures, including lipid peroxidation of membranes, enzyme
inactivation, protein oxidation, and DNA damage [3–5].
Studies evaluating the role of mitochondria in aging have
confirmed that mitochondria are not only a source of cellular
energy but also a major source for, and target of, ROS [6, 7].
This research has clearly demonstrated that age-associated
oxidative damage differs among organs and cell types [8].

Ovarian aging is characterized by declines in ovarian follicle
numbers and in oocyte quality, culminating in reproductive
senescence, which in most species occurs long before death [9,
10]. At 13–14 mo of age, the number of ovarian follicles in
mice is 10% or less the number of ovarian follicles at 4–5 mo
of age [10]. However, few studies have investigated the role of
oxidative stress in ovarian aging. Older age was associated
with increased ROS and decreased antioxidant levels in
oocytes, cumulus cells, and follicular fluid of women
undergoing assisted reproduction, and higher ROS levels were
associated with worse outcomes [11–13]. These studies suggest
that oxidative stress may play a role in the age-related decline
in oocyte quality.

Cellular antioxidant defense systems are organized in
complex redox circuits with subcellular compartmentation,
allowing ROS/RNS to act as signaling molecules at low
concentrations [14, 15]. Disruption of these redox circuits
results in oxidative stress, even in the absence of free radical-
mediated damage [14, 15]. The ovary and oviduct possess
antioxidant defenses, including vitamins A, C, and E, as well as
the antioxidant tripeptide glutathione (GSH) and ROS-
scavenging enzymes, such as superoxide dismutase (SOD),
glutathione peroxidase (GPX), catalase (CAT), glutathione
S-transferase (GST), peroxiredoxin (PRDX), and thioredoxin
(TXN) [16–24]. However, relatively little is known about how
these ovarian antioxidant defenses change with aging. SOD
and GPX enzymatic activities were significantly lower in
ovaries of postmenopausal women compared to those of
premenopausal women [25]. SOD and CAT expression were
lower in cultured granulosa cells collected from 38- to 42-yr-
old patients undergoing in vitro fertilization (IVF) compared to
those collected from 27- to 32-yr-old IVF patients [11]. In
another study of human IVF patients, SOD enzymatic activity
and protein levels of SOD1 in cumulus cells surrounding
ovulated oocytes decreased significantly with age, and lower
levels of SOD activity were associated with unsuccessful IVF
outcomes [26]. Oocytes from aged mice were reported to have
decreased expression of several antioxidant genes and
decreased concentrations of GSH compared to those from
young mice [27, 28].

The cellular thiol redox state is controlled by the TXN and
the glutaredoxin (GLRX) systems [29]. The antioxidant
capacity of GLRX and TXN originates from their ability to
use the sulfur (or thiol) group as an electron donor to quench
free radicals. GSH acts as a cofactor in the GLRX redox
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balance reactions and in the GSH-dependent enzymatic (GPX,
GST, and GLRX) antioxidant defense reactions [30]. A
balanced thiol redox state with the aid of the sulfur-redox
cycle enzymes, such as glutathione reductase (GSR) and

thioredoxin reductase (TXNRD), is important to maintain
normal cellular function and cell survival. The disruption of
cellular thiol redox homeostasis is a good indicator of oxidative
stress in an organism. When the cell is exposed to sustained
oxidative stress, the degree of disruption in the balance
between oxidizing and reducing conditions increases as a
result of the formation and accumulation of disulfides between
protein thiols, which can be re-reduced by GLRX or TXN.
These alterations of intracellular thiol redox balance may lead
to oxidative damage to cellular macromolecules and likely
contribute to age-associated diseases [31].

In the present study, we hypothesized that ovarian aging is
associated with decreased expression of ovarian antioxidant
genes, resulting in oxidative damage to ovarian lipids, proteins,
and DNA.

MATERIALS AND METHODS

Materials

All chemicals and reagents were purchased from Fisher Scientific or Sigma-
Aldrich unless otherwise noted.

Animals

Female C57BL/6 mice (age, 1, 5, 8, and 11 mo) were purchased from the
National Institute on Aging Aged Rodent Resource (n¼ 6 mice/age). The mice
were housed in American Association for the Accreditation of Laboratory
Animal Care-accredited facilities, with free access to deionized water and
irradiated, soy-free laboratory chow (Harlan Teklad 2919) and a 14L:10D
photoperiod. Temperature was maintained at 70–738F. Mice were allowed to
acclimate for 1 wk to the vivarium, after which they were separated into
individual cages. The experimental protocols were carried out in accordance
with the Guide for the Care and Use of Laboratory Animals [32] and were
approved by the Institutional Animal Care and Use Committee at the University
of California, Irvine.

Estrous Cycling and Ovary Harvest

Estrous cycling in individually housed adult female mice was evaluated
every morning for a minimum of 14 days by vaginal cytology [33]. Mice were
killed by CO

2
euthanasia on the morning of metestrus. Ovaries and uteri were

dissected and weighed. One ovary from each mouse was snap-frozen and stored
at �808C for quantitative real time RT-PCR. The other ovary was fixed for
immunohistochemistry for 1–2 h in 4% paraformaldehyde in PBS at 48C, then
cryopreserved in 15% sucrose in PBS for 3–4 h at 48C, then embedded in
Tissue-Tek O.C.T. compound, wrapped in aluminum foil, and stored at�808C
until sectioning.

Quantitative Real-Time RT-PCR

For quantitative real-time RT-PCR, total RNA was extracted from one
ovary of each mouse using the Qiagen RNeasy Mini Kit according to the
manufacturer’s instructions. The quality and quantity of the total RNA were
assessed by spectrometry. Purified total RNA (900 ng) was reverse-transcribed
to cDNA with Superscript II reverse transcriptase (Invitrogen) using an oligo-
dT

12–18
primer (Invitrogen) after digestion with DNase I (Roche). Twenty

nanograms of cDNA were subjected to PCR using gene-specific forward and
reverse primers and the Roche SYBR Green RT-PCR reagent (Roche) in 20-ll
reaction volumes in duplicate. Gene-specific primers used are listed in
Supplemental Table S1 (available online at www.biolreprod.org). Primer

TABLE 1. Body and organ weights and estrous cycle data from 2-, 6-, 9-, and 12-mo-old C57BL/6 female mice.

Age (mo) Body weight (g)
Paired ovary
weight (mg)

Uterus weight
(mg)

Cycle length
(days)

Leukocytic
cytology (%)

Cornified
cytology (%)

2 19.5 6 0.34 11.1 6 0.80 68.1 6 10.5 4.7 6 0.31 49 26
6 22.4 6 0.6a 11.7 6 0.86 68.6 6 5.4 4.1 6 0.08 49 26
9 23.2 6 0.5a 10.7 6 0.79 88.2 6 10.9 4.3 6 0.16 41 30
12 26.0 6 0.4a 12.9 6 1.62 89.8 6 4.4 4.1 6 0.06 50 22

a Significantly greater at P , 0.002 compared to 2-mo-old by post-hoc Tukey test; N ¼ 6 per age.

FIG. 1. Effects of aging on oxidative damage in ovarian interstitial cells.
Age-related oxidative damage in interstitial cells was scored for
immunostaining with oxidative damage markers as described in Materials
and Methods. Representative images of immunostaining (dark brown)
with each oxidative damage marker in interstitial cells are shown:
oxidative DNA damage (8-OHdG; A and B), protein oxidation (NTY; C
and D), and lipid peroxidation (4-HNE; E and F) in 12-mo-old ovary
compared with 2-mo-old ovary. Representative bright-field (G) and
autofluorescence (H) images of the same section from a 12-mo-old ovary
immunostained with 8-OHdG and counterstained with hematoxylin are
also shown. We verified that the brown areas in G are lipofuscin pigments
and not 8-OHdG immunostaining by showing that the brown pigmented
areas fluoresce yellow/green under blue-light excitation (H). Original
magnification 3200 (A–C and E–H) and 3400 (D).
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sequences were obtained from previous publications [34, 35] or from Primer
Bank (http://pga.mgh.harvard.edu/primerbank/). The PCR amplification of all
transcripts was performed on the AB StepOne Plus PCR machine (Applied
Biosystems). Transcripts were initially incubated at 958C for 10 min to activate
FastStart Taq DNA polymerase, then underwent 40 cycles of the following
program: 958C for 10 sec, followed by incubation at an average annealing
temperature of forward and reverse primers for 30 sec according to the primers
used (Supplemental Table S1), and final elongation at 728C for 10 sec. The
quality and identity of each PCR product was determined by melting-curve
analysis. Expression of each target gene was calculated by the delta-delta Ct
method [36, 37]. All data were normalized to expression of the glyceraldehyde-
3-phosphate dehydrogenase (Gapdh). Results were also normalized to the
expression of Rn18s, with essentially the same results. Because the variability
in Rn18s levels was greater in our hands than the variability in Gapdh, we
chose to present the results normalized to Gapdh.

Immunohistochemistry

For in situ detection of oxidative damage, ovaries were serially sectioned
(thickness, 10 lm) using a cryostat. Slides were stored with desiccant at�808C
until immunostaining. For 4-hydroxynonenal (4-HNE) and nitrotyrosine (NTY)
immunostaining, antigen retrieval was performed at 958C for 10 min using
citrate buffer, and blocking steps were carried out using the Vectastain ABC kit
according to the manufacturer’s instructions, with avidin/biotin blocking and
3% hydrogen peroxide blocking steps. Primary antibodies for 4-HNE (catalog
no. ALX-210–767; Alexis Biochemicals) [38] and NTY (catalog no. 06–284;
Millipore) were utilized at dilutions of 1:500 and 1:50, respectively. Oxidative
DNA damage was detected using the Vector M.O.M. immunodetection kit
(PK-2200) with a 3% hydrogen peroxide blocking step. Primary antibody for 8-
hydroxy-20-deoxyguanosine (8-OHdG) immunostaining (catalog no. 4354-
MC-050; Trevigen) [39] was used at dilution of 1:100. Visualization was
accomplished using 30,30-diaminobenzidine chromogen substrate (Roche).
Sections were counterstained with hematoxylin. The following negative
controls were included in every experiment: primary antibody without
secondary antibody, secondary antibody without primary antibody, and primary
antibody replaced by rabbit immunoglobulin (Ig) G (for 4-HNE and NTY
immunostaining) or mouse IgG (for 8-OHdG immunostaining) with secondary
antibody. Two or three separate runs of immunostaining were performed for
each marker, with at least one slide from each of six ovaries per group per run.

An observer blinded to age performed quantification of oxidatively
damaged follicles and interstitial cells. Antral follicles containing three or
more (and smaller follicles containing one or more) positive granulosa cells or
theca cells per the best cross section were counted. Primordial and primary
follicles almost never had positive cells. Interstitial cells were examined for the
presence and intensity of immunostaining and scored on a scale from 0 to 3
according to intensity and quantity (0, no staining; 1, light staining; 2, localized
and dark staining; 3, extensive and dark staining). Percentages of positive
secondary and antral follicles out of the total number of follicles in each follicle
type were calculated and used for statistical analyses.

Lipofuscin, an autofluorescent lipid pigment and a marker of aging, in
interstitial cells was confirmed by fluorescence (excitation, 450–480 nm;

barrier filter, 515 nm) using an Olympus BX60 microscope equipped with a

mercury burner and fluorescence filters [40, 41]. Lipofuscin accumulation was

distinct in aged groups and was excluded from scoring.

Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End-Labeling

Ovarian sections were prepared for TUNEL as for immunostaining.
TUNEL was carried out using the In Situ Cell Death Detection Kit, POD

(Roche) as previously described [24, 42]. Negative controls without terminal

transferase and positive controls treated with DNase I were included in every

experiment. Three separate runs of TUNEL were performed, with at least one
slide from each of six ovaries per group per run. The numbers of TUNEL-

positive and -negative secondary and antral follicles (containing three or more

TUNEL-positive granulosa cells or theca cells per the largest cross section)

were counted. Primordial and primary follicles almost never had TUNEL-

positive cells. The percentages of TUNEL-positive secondary and antral
follicles were calculated and used for data presentation and analyses.

Statistical Analyses

Differences in estrous cycles were evaluated using one-way analysis of

variance with post hoc Tukey test. Percentages of follicles that stained

positively for various markers were subjected to arcsine square root

transformation before analysis [43]. The transformed data and ovarian mRNA
expression by age were analyzed using general linear regression procedures.

Kendall tau correlation analysis was used to determine the changes in

interstitial cell damage with age. Data are presented as the mean 6 SEM in

figures and tables. Statistical analyses were performed using SPSS 16.0 for Mac
(SPSS, Inc.).

RESULTS

Estrous Cycling and Reproductive Organ Weights

Female mice of all age groups had regular 4- to 5-day
estrous cycles with similar percentages of cornified vaginal
cytology, characteristic of estrus, and leukocytic vaginal
cytology, characteristic of metestrus and diestrus (Table 1).
Body weights increased significantly with age (P , 0.001,
effect of age by ANOVA). Absolute ovarian and uterine
weights (Table 1) as well as ovarian and uterine weights
adjusted for body weight (not shown) did not change with age
in a statistically significant manner.

TABLE 2. Distributions of immunostaining for oxidative damage markers and apoptosis in ovarian interstitial cells by age.a

Age group

4 HNEb NTYb 8-OHdGb TUNELc

1 2 0 1 2 0 1 2 3 1 2 3

2 mo
Observed count 6 0 1 5 0 1 4 1 0 4 2 0
Expected Count 3.8 2.3 0.3 4.2 1.6 0.3 1.0 3.8 1.0 3.3 2.3 0.5
Within age group (%) 100.0 0.0 16.7 83.3 0.0 16.7 66.7 16.7 0.0 66.7 33.3 0.0

6 mo
Observed count 6 0 0 6 0 0 0 6 0 5 1 0
Expected Count 3.8 2.2 0.3 4.2 1.6 0.3 1.0 3.8 1.0 3.3 2.3 0.5
Within age group (%) 100.0 0.0 0.0 100.0 0.0 0.0 0.0 100.0 0.0 83.3 16.7 0.0

9 mo
Observed count 2 4 0 4 2 0 0 4 2 2 3 1
Expected Count 3.8 2.2 0.3 4.2 1.6 0.3 1.0 3.8 1.0 3.3 2.3 0.5
Within age group (%) 33.3 66.7 0.0 66.7 33.3 0.0 0.0 66.7 33.3 33.3 50.0 16.7

12 mo
Observed count 1 5 0 1 4 0 0 4 2 2 3 1
Expected Count 3.8 2.3 0.2 3.5 1.3 0.3 1.0 3.8 1.0 3.3 2.3 0.5
Within age group (%) 16.7 83.3 0.0 20.0 80.0 0.0 0.0 66.7 33.3 33.3 50.0 16.7

a Scores of 0, 1, 2, and 3 represent no staining, light staining, localized and dark staining, extensive and dark staining, respectively, for the indicated
marker (N ¼ 6 per age).
b P , 0.001, c P ¼ 0.05, effect of age by Kendall tau test.
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Age-Related Increase in Oxidative Damage

Oxidative lipid, protein, and DNA damage in interstitial

cells increased significantly with age (Fig. 1 and Table 2). In
addition, an increase in the levels of apoptosis with aging
approached significance (P¼ 0.050) in interstitial cells (Table
2). Accumulation of lipofuscin pigments increased with age
and exhibited a distinct interstitial distribution pattern in the 12-

mo-old group (Fig. 1G). The identity of the lipofuscin was
further confirmed by the demonstration of yellow/green
autofluorescence when excited with blue light (Fig. 1H).
Characteristic brown lipofuscin deposits were observed even in
negative-control slides for which primary antibody was omitted
(not shown). DNA damage detected by 8-OHdG immuno-
staining increased significantly with age in the granulosa cells
(P ¼ 0.013) and theca cells (P ¼ 0.002) of healthy secondary

FIG. 2. Effects of aging on ovarian oxidative damage in secondary and antral follicles. The granulosa cells and theca cells of healthy and atretic
secondary and antral follicles were scored for immunostaining with oxidative damage markers as described in Materials and Methods. Very few atretic
secondary follicles were observed. Therefore, the graphs show the percentages of follicles with positive staining for the indicated marker in the granulosa
cells of healthy secondary follicles (A), healthy antral follicles (B), and atretic antral follicles (C) or in the theca cells of healthy secondary follicles (D),
healthy antral follicles (E), and atretic antral follicles (F). Data are presented as the mean 6 SEM of the percentage of follicles with positive staining for the
indicated marker from two or three experiments. Asterisks indicate that no follicles scored positive for the given marker and age group. Statistical
significance was analyzed using linear regression after arcsine square root transformation (#significant change with age at P , 0.05, ##significant change
with age at P , 0.001; n¼ 6 per age). Representative images of immunostaining with each oxidative damage marker in the granulosa and theca cells are
shown: DNA damage (8-OHdG; G and H), protein oxidation (NTY; I and J), and lipid peroxidation (4-HNE; K and L) in aged mice (12-mo-old ovary)
compared with young mice (2-mo-old ovary). Original magnification 3400.
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follicles and in the theca cells of healthy antral follicles (P ¼
0.004) and atretic antral follicles (P , 0.0001) and approached
significance in the granulosa cells of atretic antral follicles (P¼
0.051) (Fig. 2). Protein nitration by peroxynitrite, detected by
NTY immunostaining, increased with age in the granulosa cells
(P¼ 0.008) and theca cells (P¼ 0.032) of atretic antral follicles
and in the theca cells of healthy secondary follicles (P¼ 0.010)
in a statistically significant manner (Fig. 2). Lipid peroxidation,
detected by 4-HNE immunostaining, increased significantly
with age in the granulosa cells of atretic antral follicles (P ¼
0.014) (Fig. 2).

Age-Related Changes in Apoptosis

Very few TUNEL-positive primordial, primary, or second-
ary follicles were observed in any age group. In contrast, a high
percentage of antral follicles had TUNEL-positive granulosa
cells. The effect of age on the percentages of TUNEL-positive
antral follicles was not statistically significant (Fig. 3).

Age-Related Alterations in Antioxidant Gene Expression

Quantitative real-time RT-PCR was used to measure ovarian
mRNA levels of the antioxidant genes Gclc, Gclm, Sod1, Sod2,

Cat, Gpx1, Gpx3, Gsr, Glrx1, Glrx2, Txn1, Txn2, Txnrd1,
Txnrd2, Gsta4, Gstm1, Gstm2, Gstp1, Gstt1, Mgst1, Prdx3,
and copper chaperone for SOD (Ccs). The mRNA expression
of the mitochondrial antioxidant enzymes Prdx3 and Txn2 and
the cytosolic antioxidant enzymes Glrx1 and Gstm2 decreased
gradually with age in a statistically significant manner (Fig. 4).
CAT and GPX1 are major cytosolic regulators of H

2
O

2
concentration. Expression of Cat was unchanged and expres-
sion of Gpx1 increased significantly during aging. In contrast,
the mRNA expression of Prdx3, the regulator of mitochondrial
H

2
O

2
concentration and apoptosis, decreased significantly with

age (Fig. 4).

DISCUSSION

The present study revealed significant age-related increas-
es in oxidatively damaged lipid, protein, and DNA in ovarian
interstitial tissue as well as in granulosa cells and/or theca
cells of secondary and antral follicles. The granulosa and
theca cells of healthy secondary follicles demonstrated
significant age-related increases in DNA oxidation. The theca
cells of healthy and atretic antral follicles demonstrated
significant age-related increases in protein and DNA oxida-
tion. The granulosa cells of atretic antral follicles demon-
strated significant age-related increases in lipid peroxidation,
protein oxidation, and oxidative DNA damage. To our
knowledge, the present study is the first to investigate age-
related changes in markers of oxidative damage in the ovary.
We also demonstrated that ovarian expression of genes
associated with ovarian thiol redox balance and cellular
detoxification of electrophilic compounds—namely Prdx3,
Txn2, Grx1, and Gstm2—was down-regulated during aging.
In contrast, ovarian mRNA expression of Gpx1, a regulator of
cytosolic H

2
O

2
concentration, increased with age. These

results suggest that age-related alterations of ovarian antiox-
idant enzyme mRNA expression may contribute to an age-
related increase in cellular oxidative damage in the ovary.

Ovarian aging is associated with fertility declines in
women and female rodents caused by depletion of ovarian
follicles and loss of ovarian cyclicity [10]. In the present
study, female mice aged 2 to 12 mo had regular 4- to 5-day
estrous cycles with similar percentages of cornified and
leukocytic vaginal cytology, consistent with previous reports
[9]. Despite regular estrous cycles, we observed significant
age-related increases in oxidative damage in the ovaries, and
others have reported significant declines in fertility and
ovarian follicle numbers at this age in C57BL/6 mice [9, 10].
Our findings support the hypothesis that accumulating
oxidative damage may underlie age-related declines in

FIG. 3. Effects of aging on apoptosis in antral follicles. TUNEL was
performed to detect apoptotic cells as described in Materials and
Methods. The graph shows the percentage of antral follicles that had
TUNEL-positive granulosa cells by age group. Data are presented as the
mean 6 SEM. The effect of age was not statistically significant (P¼0.33 by
linear regression; n ¼ 6 per age except for 12 mo, where n¼ 5).

FIG. 4. Changes in ovarian mRNA ex-
pression of antioxidant genes during aging.
Gpx1 significantly increased with age (P ¼
0.004 by linear regression), whereas mRNA
expression of Gstm2 (P ¼ 0.047), Glrx1 (P
, 0.001), Prdx3 (P ¼ 0.003), and Txn2 (P ¼
0.046) significantly decreased with age.
Data are presented as the mean 6 SEM. An
asterisk indicates significant change with
age by linear regression (n ¼ 5–6 per age).
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ovarian function. Immunostaining with 8-OHdG increased
significantly in an age-related manner in interstitial cells and
in the cells of healthy and atretic follicles. A DNA adduct
formed from hydroxyl radical attack on guanine residues in
DNA, 8-OHdG is the most important and studied DNA lesion.
It is a widely accepted biomarker of oxidative DNA damage
in biological systems and a potential marker of carcinogenesis
[5, 44]. NTY immunostaining, a marker of protein nitration
by peroxinitrite, increased with age in ovarian interstitial cells
and in the cells of healthy and atretic antral follicles.
Oxidative damage to protein is characterized by structural
modification of side chains by ROS, including oxidation of
sulfhydryl groups, oxidative adducts on amino acid residues
near metal-binding sites, cross-linking, unfolding, and protein
fragmentation. Direct ROS attack on the amino acid side
chains of proline, arginine, lysine, and theonine results in
protein carbonyl formation, which eventually changes the
tertiary structure of a protein and results in alterations of
protein function [4]. We also observed statistically significant
increases with age in 4-HNE immunostaining in interstitial
cells and in the granulosa cells of atretic antral follicles. 4-
HNE is a product of lipid hydroperoxide decomposition.
Hydroxyl radicals initiate a free-radical chain reaction and
remove a hydrogen atom from one of the carbon atoms in
polyunsaturated fatty acids and lipoproteins, causing lipid
peroxidation [3, 45]. The damage in membrane phospholipids
decreases membrane fluidity, causing severe structural
changes, and reduces activity of membrane-bound enzymes,
thereby affecting cellular signaling pathways. 4-HNE has
been shown to modify mitochondrial proteins, resulting in
mitochondrial dysfunction [46].

Others have reported that the effect of aging on antioxidant
gene expression varies among different organs and between
males and females [28, 47, 48]. One important strength of the
present study is that we controlled for estrous cycle stage.
Estrous cycle stage is known to affect expression of genes in
reproductive, as well as other, tissues. We have previously
reported that ovarian Gclc and Gclm mRNA and protein
levels as well as GSH concentrations change with estrous
cycle stage in the rat [24, 34]. GSR and TXN expression
similarly vary with estrous cycle stage in female reproductive
organs [22, 49]. Carcinogen metabolism by the ovary also
varies with estrous cycle stage [50]. The only study we are
aware of that has compared global gene expression in whole
ovaries between young and old females did not take account
of estrous cycle stage and compared gene expression in
ovaries from 1- and 6-mo-old mice to those from 16- and 24-
mo-old mice [51]. By 16–24 mo of age, mouse ovaries are
essentially devoid of follicles [10]; therefore, these compar-
isons cannot provide insight regarding how changes in gene
expression might be driving the decline in follicle numbers.
Two studies have compared global gene expression in oocytes
of young versus old mice [27, 28], and these studies showed
decreased expression of several antioxidant genes in germinal
vesicle-intact or ovulated oocytes from older mice, including
Sod1, Glrx1, Gclm, Gsr, GLRX-related protein, and Txn1.
Our data suggest that down-regulation of antioxidant enzymes
during aging, specifically the mitochondrial antioxidant
enzymes, may lead to elevated levels of ROS, resulting in
oxidative damage in the ovary. Mitochondria-specific antiox-
idant enzymes, such as PRDX3, TXN2, and TXNRD2,
provide a major line of defense against mitochondrial ROS
[52]. PRDX3 depletion in cells leads to an increase of H

2
O

2
levels in mitochondria [53]. In the present study, we showed
that the ovarian expression of Gpx1 increased significantly
during aging, whereas the expression of Cat remained

unchanged and the expression of Prdx3 decreased signifi-
cantly with age. GPX1 is a major cytosolic isoform in
mammalian cells that plays a critical role in the protection of
cells against oxidative damage by H

2
O

2
[54]. PRDX3 is much

more abundant in mitochondria and is a major regulator of
mitochondrial H

2
O

2
concentration and apoptosis [53]. Thus,

whereas the age-related increase in Gpx1 expression may be
protective against ROS in the cytosol, the age-related
decreases in the expression of Prdx3 and Txn2 are consistent
with increased susceptibility of mitochondria in aging ovaries
to oxidative damage. Our observations that ovarian Txn2 and
Glrx1 were down-regulated suggest that cellular thiol redox
homeostasis is disturbed during ovarian aging, leading to
increased vulnerability to oxidative stress. The observed
decrease in the expression of Gstm2, which plays a role in the
cellular detoxification of electrophilic compounds through
GSH conjugation and in protection against lipid peroxidation,
also suggests a decrease in cellular resistance against
oxidative stress. Thus, age-related down-regulation of these
cytosolic and mitochondrial antioxidant enzymes and disrup-
tion of the cellular thiol redox balance may be associated with
increased oxidative damage to mitochondria and other key
cellular components vital for maintaining ovarian function
during aging.

As has been reported by others, we observed age-related
increases in yellow-brown pigment, mainly in the interstitial
cells of ovaries. Such age-related accumulations of pigment
have been variously referred to as lipofuscins, ceroids, or
simply ‘‘age pigments.’’ However, the term lipofuscins is
more properly reserved for pigments that accumulate in
secondary lysosomes of cells during normal aging, whereas
ceroids are similar pigments that accumulate during
pathological processes [41]. The C57BL/6 strain has a
particularly high prevalence (67%) of brown pigment
deposition in the ovaries at 1.5 to 2 yr of age [55]. In the
present study, we confirmed by autofluorescence that the
pigment in the ovaries was lipofuscin. Oxidative stress has
been postulated to promote lipofuscin formation in various
tissues and cell types, and this has been demonstrated
definitively for lipofuscin in the rat retinal pigment
epithelium [40, 41]. Our observations of age-related
increases in oxidative lipid, protein, and DNA damage in
the ovarian interstitial cells provide support for the notion
that oxidative stress also promotes the formation of ovarian
lipofuscin.

In summary, we have observed age-related increases in
oxidative lipid, protein, and DNA damage in ovarian interstitial
cells and follicles and decreases in the expression of several
ovarian antioxidant genes. These results suggest that intracel-
lular thiol redox homeostasis and cellular antioxidant defense
capabilities are diminished during ovarian aging, leading to an
increase in oxidative damage in the ovary. Age-related
oxidative damage may play a role in the declines in ovarian
function that occur with aging.
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