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Abstract
Ovarian aging is a long-term and complex process associated with a decrease in follicular

quantity and quality. The damaging effects of reactive oxygen species (ROS) in ovarian

aging and ovarian aging-associated disorders have received relatively little attention. Thus,

we assessed if the oxidative stress induced by long-term (defined by the Environmental

Protection Agency as at least 30 days in duration) moderate ozone inhalation reduced ovar-

ian reserves, decreased ovarian function and induced ovarian aging-associated disorders.

The expression of oxidative stress markers and antioxidant enzymes was used to deter-

mine the degree of oxidative stress. Ultrastructural changes in ovarian cells were examined

via electron microscopy. The ovarian reserve was assessed by measuring multiple param-

eters, such as the size of the primordial follicle pool and anti-Müllerian hormone (AMH)

expression. The estrous cycle, hormone levels and fertility status were investigated to

assess ovarian function. To investigate ovarian aging-associated disorders, we utilized

bone density and cardiovascular ultrasonography in mice. The levels of oxidized metabo-

lites, such as 8-hydroxy-2´-deoxyguanosine (8-OHdG), 4-hydroxynonenal (4-HNE) and

nitrotyrosine (NTY), significantly increased in ovarian cells in response to increased oxida-

tive stress. The ultrastructural analysis indicated that lipid droplet formation and the propor-

tion of mitochondria with damaged membranes in granulosa cells were markedly increased

in ozone-exposed mice when compared with the control group. Ozone exposure did not

change the size of the primordial follicle pool or anti-Müllerian hormone (AMH) expression.

The estrogen concentration remained normal; however, progesterone and testosterone

levels decreased. The mice exposed to ozone inhalation exhibited a substantial decrease

in fertility and fecundity. No differences were revealed by the bone density or cardiovascu-

lar ultrasounds. These findings suggest that the decreased female reproductive function
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caused by long-term moderate oxidative damage may be due to a decrease in follicle qual-

ity and progesterone production.

Introduction

Female fertility declines with age. The gradual loss of fertility becomes more notable after age
35 and ends in menopause at a mean age of 50–51 years [1, 2]. The ovary exhibits an acceler-
ated rate of aging compared with other body systems and demonstrates a gradual deterioration
in the quantity and quality of its follicles [3].

In addition to a decrease in follicle number, a decrease in follicle quality may also cause
reduced fertility. Several theories for understanding the cause of age-related changes have been
developed. The concept of free radicals in aging, which was proposed by Denham Harman 50
years ago, has inspired a large amount of research [4]. The process of aging is characterized by
a high concentration of endogenous reactive oxygen species and limited antioxidant activity
that cause various oxidative injuries, such as lipid peroxidation of cell membranes, enzyme
inactivation, protein oxidation, and DNA damage [5–11]. Evidence indicates that ROS and
antioxidants disturb the normal physiological processes in the ovary; however, their impor-
tance in ovarian aging and ovarian aging-associated disorders has not been extensively investi-
gated [12]. In women who received assisted reproductive treatment, the antioxidant activity in
their oocytes, cumulus oophorus and follicular fluid decreased with age. Moreover, the concen-
tration of ROS increased in these patients and was associated with worse outcomes [13–15].
These findings suggest that oxidative stress plays a role in the decrease in fertility with age.

According to the Environmental Protection Agency (EPA), ozone exposure for at least 30
days at ambient levels is defined as long-term exposure [16]. Previous studies suggested that an
oxidative stress response can be induced by ozone inhalation in animal models [17, 18]. The
increase in ROS caused by ozone may, in turn, activate a series of senescent phenotypes. In this
study, we hypothesized that the oxidative stress induced by ozone inhalation is involved in
ovarian aging; furthermore, we predicted that a single oxidative stress-inducing exposure
would induce significant ovarian aging. Ovarian aging is a long and complex process associated
with a decrease in follicular quantity and quality. Changes in hormone production caused by
ovarian aging may produce various health consequences, including vasomotor symptoms, car-
diovascular disease (CVD), osteoporosis, cognition, depression, mood disorders, sexual func-
tion, and vaginal atrophy [19]. To date, few studies have focused on the effects of oxidative
stress on ovarian aging and ovarian aging-associated disorders in mice. Here, we discuss the
result of ozone inhalation-induced oxidative stress with a focus on health outcomes, specifically
general health conditions, ovarian aging, cardiovascular disease (CVD) and osteoporosis. The
purpose of this report was to assess the effects of oxidative stress following long-term moderate
ozone exposure on ovarian reserves, endocrine and reproductive function, and ovarian
aging-associated disorders; in addition, we investigated the underlying mechanisms of these
processes.

Materials and Methods

Ethics Statement

The experimental procedures were approved by the Animal Care Committee of Tongji Hospi-
tal within the Tongji Medical College at the Huazhong University of Science and Technology
in China.
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Ozone Exposure

Six week old, specific pathogen-free, female C57BL/6J mice were obtained from Beijing HFK
Bio-Technology Co., Ltd. (Beijing, PR China). The mice were maintained in a temperature-
controlled environment, and rodent chow and water were provided ab libitum. Forty-eight
mice were randomly divided into two groups: a normal control group (NC) and an ozone inha-
lation group (OI).

For the ozone inhalation paradigm, the mice were placed in a breeding box that contained
an ozonator (Beijing Kang Er Xing Technology Development Co., Ltd., PR China). An ozone
meter (Beijing Kang Er Xing Technology Development Co., Ltd., PR China) was used to mea-
sure the ozone concentration inside the cage during the experiment. A fan was used to main-
tain a constant ozone concentration of 1.2 mg/m3 via fresh airflow regulation. The mice in the
OI group were exposed to ozone for 10 h (21:00–07:00), which was regulated by a time switch
control, every day for 30 days [18, 20]. A diagram and picture of the ozone chamber and ozone
generator are shown in Fig 1. Similar to the ozone inhalation group, mice from the NC group
were placed in the same type of box, without the ozone generator, during the same time period
every day for 30 days.

Sample Collection

The mice were monitored daily during the entire treatment period. Once a week, the mice were
weighed to calculate changes in body weight and observed to assess the condition of their fur.

Fig 1. Picture and schematic representation of the ozone chamber and ozone generator. Note: 1. ozone generator; 2. interval timer;
3. exhaust fan; and 4. ozone chamber.

doi:10.1371/journal.pone.0162194.g001
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All mice were euthanized by CO2 inhalation on the first morning of metestrus after one month
of treatment. The ovaries and blood samples were collected from twelve mice per group, and
the ovaries were dissected and weighed for subsequent laboratory tests, such as western blot-
ting, real-time polymerase chain reaction, and immunohistochemistry.

Exhaustive Swimming Exercise

Six mice per group were subjected to an exhaustive swimming test. The mice were acclimated
to the water environment and trained for swimming adaptation for five days prior to the exper-
iment. Water was added to a plastic pool (93×58×58 cm) to a depth of 40 cm, and its tempera-
ture was maintained at 28±1°C. Endurance, defined as the time to reach exhaustion, was
assessed by compelling the mice to swim in the plastic pool. Exhaustion was considered as the
point when mice sank to the bottom of the pool without movement for 10 seconds and exhib-
ited a lack of the righting reflex when they were placed on a flat surface [21, 22]. After the
swimming test, the mice were euthanized, and the ovaries were dissected and fixed in 4% para-
formaldehyde to determine the ovarian follicle counts.

Immunohistochemistry

Five representative sections from each of the ten selected ovaries per group were used for
immunohistochemistry to assess 8-hydroxy-2-deoxyguanosine (8-OHdG), 4-hydroxynonenal
(4-HNE) and nitrotyrosine (NTY). The ovaries were fixed in 4% paraformaldehyde for 24 h,
then subsequently placed in 70% ethanol and bathed in paraffin. The ovaries were consecu-
tively cut into 5-μm thick slices, and every fifth section was transferred onto a slide. Immuno-
histochemistry of the ovary was performed using routine procedures as previously reported
[23]. The primary antibodies were diluted to appropriate concentrations (8-OHdG, ab62623,
1:100 dilution, mouse monoclonal antibody, Abcam, Cambridge, MA, USA; 4-HNE, ab46545,
1:500 dilution, rabbit polyclonal antibody, Abcam, Cambridge, MA, USA; and NTY, ab7048,
1:50 dilution, rabbit polyclonal antibody, Millipore, Temecula, CA, USA) and incubated with
the tissue sections at 4°C overnight. The sections were subsequently washed with PBS and incu-
bated with secondary antibodies and a streptavidin-biotin peroxidase complex (SABC)
(PK4001/PK4002, Zhongshan Golden Bridge Biotechnology, Zhongshan Golden Bridge,
China). Negative controls were incubated with antibodies pre-absorbed with blocking peptide
rather than the primary antibody. Due to age-related increases in oxidative damage [24], two-
year-old mice were used as a positive control. Images were obtained using confocal microscopy
(DM4000B; Leica, Germany).

Western Blotting

The total expression of AMH and superoxide dismutase 2 (SOD2) was analyzed in the col-
lected ovarian tissue. The proteins were extracted from ten ovaries per group. Tissue extracts
(30 μg) were electrophoresed on a 10% SDS-PAGE gel and transferred to polyvinylidene
difluoride membranes. The membranes were blocked using 5% nonfat milk in Tris-buffered
saline (10 mM Tris and 150 mM phosphate buffered saline, pH 8.0) for 1 h at room tempera-
ture. Next, the membranes were incubated overnight at 4°C with diluted primary antibodies
(AMH, AF1446, 1:250 dilution, goat antibody, R&D Systems, Minneapolis, USA; SOD2,
ab68155, 1:1000 dilution, rabbit monoclonal antibody, Epitomics, California, USA; and actin,
BM0005, 1:1000 dilution, rabbit polyclonal antibody, Boster, China). The blots were subse-
quently incubated with secondary antibodies (1:1000 dilution). The immunoreactive bands
were observed using alkaline phosphatase (ALP) and BCIP/NBT staining. Each blot was com-
pleted in quadruplicate.
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Transmission Electron Microscopy

Immediately after dissection, five ovaries per group were fixed and weighed by immersion for
60 min in Karnovsky fixative (2.5% glutaraldehyde and 2% paraformaldehyde in 0.1 M Na-
cacodylate buffer, pH 7.3) and prepared as previously described [25]. The ovaries were cut into
approximately 1 mm3 pieces using a scalpel. After dehydration in an ascending ethanol series,
the ovarian tissues were fixed in osmium tetroxide and embedded in epoxy resin. The sections
were examined after Reynold’s lead citrate staining. Small follicles with visible oocyte nuclei
were randomly selected, and images were obtained using a transmission electron microscope
(CM 10 Philips, Eindhoven, The Netherlands) at 80 kV.

RNA Isolation, Reverse Transcription and Real-Time Polymerase Chain
Reaction

The ovaries were stored at −80°C. The RNA was randomly isolated from five ovaries per group
to perform a real-time polymerase chain reaction (PCR) analysis. The total RNA of the ovaries
was extracted with Trizol according to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). The RNA concentration was measured with a NanoDrop spectrophotometer (λ =
260/280 nm; ND 1000; NanoDrop Technologies, Wilmington, DE, USA). Real-time PCR was
conducted using an AB StepOne Plus PCR machine (Applied Biosystems, Foster City, CA) as
described in our previous study [23]. The relative gene amplification was determined with the
2-ΔΔCT method [26]. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(Gapdh) served as the endogenous control. The primer sequences for AMH were forward, 5'-
TCCTACATCTGGCTGAAGTGATATG-3’ and reverse, 5'-CAGGTGGAGGCTCTTGGAACT-
3'. The primer sequences for Gapdh were forward, 5'-TGTGTCCGTCGTGGATCTGA-3'
and reverse, 5'-TTGCTGTTGAAGTCGCAGGAG-3'.

Ovarian Follicle Counts

Ten paraffin-embedded ovaries per group were longitudinally and serially cut with a section
thickness of 4 μm. Every fifth section was placed on a glass slide and stained with hematoxylin
and eosin. Two individuals blinded to the treatment conditions analyzed the samples using a
microscope. These two individuals have extensive knowledge of the morphology at each follicle
stage. A histomorphometric assessment of follicle-containing oocytes was completed as previ-
ously described [27]. The experiment was repeated if the data from the two individuals varied
widely. The data are represented as the primordial follicle number.

Enzyme Immunoassays for 17β-Estradiol, Progesterone and
Testosterone

The 17β-estradiol, progesterone and testosterone concentrations in mouse serum were deter-
mined using enzyme-linked immunoassay (EIA) kits (Cayman Chemical Company, Ann
Arbor, USA) according to the manufacturer’s instructions and a spectrophotometer (Bio-Tek,
Winooski, USA). For estrogen, the EIA typically exhibits an IC50 (50% B/B0) of approximately
125 pg/ml and a detection limit (80% B/B0) of approximately 20 pg/ml. For progesterone, the
EIA typically exhibits an IC50 (50% B/B0) of approximately 70 pg/ml and a detection limit
(80% B/B0) of approximately 10 pg/ml. The assay for testosterone has a detection range of 3.9–
500 pg/ml and sensitivity (80% B/B0) of approximately 6 pg/ml. The within-group difference
was 5.98%, whereas the between-group difference was 13.98%. These results indicate that this
method has good specificity.
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Estrous Cycling and Fertility Status Tests

Six mice were used for estrous cycling and fertility status tests. The estrous cycle of individually
housed mice was evaluated every morning for twenty days using vaginal cytology. Mating trials
were initiated twenty days after the one-month treatment. These trials lasted for six months.
The male mice were rotated at random among the cages during the mating trials. The male was
removed from the cage as soon as a dam became pregnant. Following delivery, the dams were
incorporated back into the mating trials. When the mating trials were complete, all mice were
euthanized via CO2 inhalation.

Bone Density Measurements

A bone mass analysis using mouse micro-CT was conducted with a SCANCO μCT50
(SCANCOMedical) on six mice per group following the fertility status tests. The scans were
performed using the following instrument settings: E = 55 KVp, I = 110 μA, increment 7.4 μm,
and threshold value = 375. Six mid-shaft tibia were used for the bone density analysis.

Ultrasound Imaging and Doppler Echocardiography

Ultrasound scanning was conducted using a Vevo11100 Imaging system on six mice per
group. The mice were sedated with 1.5% isoflurane. While anesthetized, body temperature was
maintained at 36–37°C, and the heart rate was 450–550 beats per minute (bpm). The B-mode
and M-mode axial resolutions were 0.05–0.1 mm, and the B-mode lateral resolution was 0.2–
0.5 mm (Zhou et al. 2002). The temporal frame rate in echo-mode was set to 60 Hz. A 1.0-mm
sampling gate was used to obtain the inflow and outflow velocities, and the maximal sweep
speed was 200 mm/sec. The spectral Doppler and M-mode images were recorded in multiple
screen shots, and the Doppler and M-mode measurements were obtained from individual
heart beats. The ultrasound parameters acquired from the spectral Doppler and the 2D and M-
mode images are reported in the results section.

Statistical Analysis

SPSS 17.0 software was used to conduct the statistical analyses. Differences in body weight,
length of estrous cycles, exhausted swimming time, 17β-estradiol, progesterone and testoster-
one levels, follicle number counts, and bone density and cardiovascular ultrasound parameters
were investigated using Student’s t-tests. Group differences in AMH and SOD2 expression
determined using western blotting or PCR were analyzed using Student’s t-tests. Differences in
the expression of 8-OHdG, 4-HNE and NTY between the experimental and control groups
were examined using the non-parametric Kruskal–Wallis test. Values are represented as the
mean ± SEM, and P<0.05 was considered statistically significant.

Results

Ozone Inhalation Stimulated Senescent Phenotypes in Mice

The mice were observed daily to closely monitor their health. All mice were alive at the end of
the treatment, and no mice became severely ill. The physiological outcomes were analyzed and
summarized. Compared with the NC group, the OI group exhibited aging phenomena, such as
reduced exploratory activity and progressive greying of the hair and/or alopecia (Fig 2A). The
weight of the OI group was not significantly different when compared with the NC group (Fig
2B). The latency to exhaustion during swimming was used an indicator of physical strength,
and this parameter was substantially decreased in the OI group (Fig 2C).
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Ozone Inhalation Produced Oxidative Damage in the Ovary

Oxidative lipid, protein, and DNA damage in interstitial cells and follicles of ozone-exposed
mice were determined. 8-OHdG, one of the major products of DNA oxidation, is a widely
accepted biomarker of oxidative DNA damage in biological systems and a potential marker of
carcinogenesis. NTY, a product of tyrosine nitration, serves as an indicator of cell damage,
inflammation and nitric oxide production. 4-HNE generated during the oxidation of lipids has
been shown to modify mitochondrial proteins, which results in mitochondrial dysfunction.
These molecules are widely accepted as biomarkers of oxidative DNA, protein, and lipid dam-
age in biological systems [28]. Different follicular components and interstitial tissues were ana-
lyzed in the ovaries. Significant increases in 4-HNE, NTY, and 8-OHdG immunostaining in
ovarian interstitial cells and all follicle components were observed in the OI group (Fig 3A).
The percentage of positive staining for the indicated markers in granulosa cells/theca cells of
healthy and atretic follicles was significantly increased when compared with the NC group (Fig
3B–3E). In addition, oxidative damage markers in interstitial cells were increased when com-
pared with the NC group mice (Fig 3F). SOD2, one of the most important antioxidant enzymes
in all tissues because of its defensive role against oxidative stress, was increased in the ovarian
tissue of mice exposed to ozone inhalation (Fig 3G).

Oxidative Stress Affected Follicle Ultrastructure in Mouse Ovaries

To analyze the impact of oxidative stress on the organizational structure of cells, we assessed
ultrastructural changes in the ovaries using electron microscopy (Fig 4A–4F). The mean areas
of granulosa cells (GCs) and GC nuclei were not significantly different between groups
(Table 1). However, there was a substantial difference in the morphology of mitochondria
between groups. The cristae of the mitochondria were easily detected and appeared tubular in
shape in the NC group, whereas most cells from the OI group showed highly electron-dense
matrices and cristae that were barely visible. In the OI group, some mitochondria were swollen
and showed vacuolization and degeneration of the cristae and matrix. Moreover, the OI group
showed significant increases in swollen Golgi apparatus and lipid droplets.

Fig 2. Body weight and exhausted swimming time for each group. (A) Representative images of mice in the NC and OI groups. (B) There was no
significant difference in body weights between the two groups. (C) The exhausted swimming time of the OI mice was substantially decreased when
compared with the control group (*P<0.05 when compared with the control group).

doi:10.1371/journal.pone.0162194.g002
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Oxidative Stress Did Not Affect the Major Markers of Ovarian Reserves
in Mice

AMH serves as an ideal marker for ovarian reserves [29–33]. In addition to AMH, the counting
of ovarian primordial follicles is another ideal parameter to evaluate the ovarian reserve [34,
35]. The hematoxylin and eosin-stained tissue (Fig 5A) revealed that the number of primordial
follicles was similar between groups (Fig 5B). The AMHmRNA and protein expression in the
ovaries was used to assess the ovarian reserve. No significant differences in the AMHmRNA
or protein expression were identified between the OI and NC groups (Fig 5C–5E).

Fig 3. Effects of ozone inhalation on oxidative damage and antioxidant enzymes. (A) The
immunostaining results (dark brown) for the oxidative damage in the interstitial cells and follicles in the ovaries
of NC and OI mice, including oxidative DNA damage (8-OHdG), lipid peroxidation (4-HNE) and protein
oxidation (NTY). (B-C) The percentage of positively-stained granulosa cells in healthy and atretic follicles.
(D-E) The percentage of positively-stained theca cells in healthy and atretic follicles. (F) The percentage of
positively-stained interstitial cells in the ovaries. (G) The protein expression of SOD2 was significantly
increased following ozone exposure. Values represent the mean ± SEM, and the data were obtained from 3
independent experiments (*P<0.05 and **P<0.01 when compared with the NC group).

doi:10.1371/journal.pone.0162194.g003
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Oxidative Stress Weakened the Ovarian Reproductive Function of Mice

Oxidative stress did not affect the ovarian reserves; thus, we assessed ovarian function by deter-
mining the estrous cycle length, serum estradiol and progesterone levels and reproductive
capacity.

Fig 4. Ultrastructural changes in ovarian granulosa cells from both groups. (A-C), The normal
mitochondria and Golgi complexes in the ovaries of NCmice. (D-F), The number of swollen mitochondria
and Golgi complexes and the presence of lipid droplets increased in the OI group mice (N: nucleus of
granulosa cells; M: mitochondrion; G: Golgi complex; and L: lipid).

doi:10.1371/journal.pone.0162194.g004

Table 1. Ultrastructural morphology comparison of GCs from each group.

Variable NC OI

Mean area of GCs (μm2) 119.7±5.6 118.6 ±5.3

Mean area of GC nuclei (μm2) 23.6±2.3 22.4 ±1.5

Mean nucleus/cell ratio 0.21 0.22

Cytoplasmic fraction of mitochondria (%) 14.1±5.2 13.8±3.4

Cytoplasmic fraction of lipid droplets (%) 15.0±2.3 42±5.7**

Cells with defective mitochondria 4.7% 50.2%*

*P<0.05 when compared with the NC group.

**P<0.01 when compared with the NC group.

N = 5 per group. Values represent the mean±SD.

doi:10.1371/journal.pone.0162194.t001
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The ovarian weight and estrous cycle of ozone-exposed mice were similar to NC mice (Fig
6A and 6B). The expression levels of the sex hormones estradiol and progesterone, which are
secreted by granulosa and luteal cells, are typically used to evaluate ovarian endocrine function.
Therefore, we determined the effect of ozone inhalation on the plasma levels of 17β-estradiol,
progesterone and testosterone (Fig 6C–6E). The progesterone and testosterone levels were sig-
nificantly decreased after ozone exposure; however, there was no significant difference in 17β-
estradiol levels.

A decrease in fertility and fecundity is the most prominent marker of ovarian aging; thus,
we analyzed the mean litter size and mean number of litters per group for 6 months after the
treatment paradigm (Fig 6F and 6H). The fertility and fecundity was substantially decreased in
the OI group.

Oxidative Stress Had No Impact on Bone Density

Osteoporosis, which is characterized by changes in the bone architecture, is the most common
consequence of menopause. Therefore, we assessed the bone mass of mice from both groups 6
months after treatment. We used a SCANCOMicro-CT50 (SCANCOMedical) system to esti-
mate the bone architecture via a trabecular bone analysis (Table 2). The trabecular bone

Fig 5. Effects of ozone inhalation on the ovarian reserves of mice. (A) Images of NC and OI mouse ovaries stained with hematoxylin and eosin.
The inset (upper right corner of each group) indicates the number of primordial follicles (primordial follicles, red arrows). The images are shown at the
original magnification of 100x. The insets are shown at a 400x magnification. (B) The bar graphs show similar numbers of primordial follicles in OI and
NCmice. (C) The bar graphs show the mRNA expression of AMH in OI and NCmice. (D-E) The protein expression of AMHwas determined using
western blot analysis. The bar graphs show similar levels of AMH protein expression in the OI and NCmice. The data are expressed as the mean±SEM
and were obtained from 3 independent experiments.

doi:10.1371/journal.pone.0162194.g005
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volume (BV), connectivity density (ConnD) and trabeculae thickness (TbTh) in the tibia of the
OI group were not significantly different (Fig 7B) when compared with the NC group (Fig 7A).

The trabecular bone volume (BV), connectivity density (ConnD) and trabeculae thickness
(TbTh) in the tibia of OI mice were not significantly different when compared with the NC
group. N = 5 per group. Values represent the mean (±SD). BV, trabecular bone volume; TbN,
number of trabeculae; TbTh, trabeculae thickness; TbSp, trabeculae separation; ConnD, con-
nectivity density; and SMI, structure modeling index.

Oxidative Stress Had No Effect on Cardiovascular Ultrasound
Parameters

Cardiovascular disease is another common consequence of menopause. Thus, the ejection
fraction (EF) and fractional shortening (FS) were examined to estimate the cardiac function
of mice from both groups using a Vevo11100 Imaging system. We found no significant
changes despite the increased oxidative damage and decreased ovarian reproductive function
(Fig 8A–8C).

Fig 6. Assessment of ovarian, endocrine and reproductive function. (A) The ovarian weights of both groups. (B) The estrous cycles of the OI mice
were normal when compared with the NCmice. Using EIA kits, the concentrations of 17β-estradiol (C) progesterone (D) and testosterone (E) were
determined in duplicate. The data are shown as the mean ± SEM obtained from 6 animals. The mean litter size (F) and the mean number of litters (H)
during a 6-month period were calculated as previously described. The OI mice showed decreased litter sizes and less overall litters when compared with
the NC group. The data are shown as the mean ± SEM. N = 6 per group. * P<0.05 when compared with the NC.

doi:10.1371/journal.pone.0162194.g006

Table 2. Trabecular parameters of proximal tibia.

Variable BV (mm3) Tb.N. (1/mm) Tb.Th. (mm) Tb.Sp (mm) ConnD (1/mm3) SMI

NC 1.40±0.06 4.98±0.21 0.08±0.00 0.25±0.01 312.62±55.45 -2.62±0.25

OI 1.29±0.08 4.55±0.16 0.08±0.01 0.25±0.03 298.97±49.39 -1.65±1.15

doi:10.1371/journal.pone.0162194.t002
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Discussion

ROS are an underlying factor of aging and may initiate aging by causing oxidative damage
[36]. Studies in mice suggest that ozone exposure induces oxidative stress and results in many

Fig 7. Bonemineral density (BMD) analysis of trabecular bone in the left tibia. (A) Representative
micor-CT renderings show the trabecular bone of the NC group. (B) Representative micro-CT renderings
show the trabecular bone of the OI group.

doi:10.1371/journal.pone.0162194.g007

Fig 8. Ultrasound imaging used for the cardiovascular assessment of mice. (A) The cardiovascular ultrasound imaging of the NC group. (B) The
cardiovascular ultrasound imaging of the OI group. (C) The cardiac function of the two groups was estimated by determining the EF and FS.

doi:10.1371/journal.pone.0162194.g008
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aging phenomena; thus, ozone exposure may be applicable in senescence research [17, 18, 37].
Our results demonstrated a significant increase in oxidative stress in mice after ozone inhala-
tion using biochemical parameters. We observed signs of aging, including reduced exploratory
activity and physical strength and a progressive greying of coat color. An exhaustive swimming
exercise used to test physical strength revealed that physical strength was substantially
decreased in the ozone-exposed mice. According to a study by Feng et al., ozone exposure
decreases the physical strength of mice [18]. Thus, our results show the successful establish-
ment of an oxidative stress model in mice via long-term ozone inhalation.

The ovarian aging process is marked by a gradual decrease in follicle quantity and quality.
Increasing the level of endogenous ROS and decreasing antioxidant defenses leads to a wide
range of cellular oxidative damage, including a subsequent decrease in ovarian quality. Jinhwan
Lim’s study demonstrated that significant increases in oxidative damage to DNA, proteins and
lipids in ovarian interstitial tissue could be used as markers of age-related changes [28]. Follow-
ing ozone inhalation, the ovarian tissue of exposed mice showed increased expression of oxida-
tive damage markers, including in 8-OHdG, 4-HNE and NTY. SOD2, an enzyme that converts
superoxide anions to hydrogen peroxide, was markedly increased in the ozone-inhalation
group when compared with the NC group. The alterations in these biomarkers confirm that
ozone inhalation in mice increases oxidative damage to the ovaries.

Several clinical studies assessed the effect of follicular fluid on follicle quality and embryo
formation; furthermore, ROS levels in follicular fluid were shown to be increased in unfertilized
oocytes and poor quality embryos [14, 38]. In general, oxygen radicals, which increase with
age, stimulate cellular damage. The mitochondria are the first organelles to degenerate because
they are the site of oxygen radical production, and the accumulation of mitochondrial DNA
deletions occurs with age [39, 40]. The substantially increased number of GCs with mitochon-
dria degeneration and the loss of fertility in the OI group confirms that a decrease in follicle
quality results from ROS-induced damage to follicular mitochondria [41].

The most notable characteristic of ovarian aging is the gradual loss of the primordial follicle
pool [42]. However, we determined that the number of primordial follicles in the OI group of
mice did not decrease after one month of ozone inhalation. The number of antral follicles
decreases with age, and the serum levels of AMH become undetectable near menopause [43].
AMH is an excellent marker of ovarian reserves [29–33]. In our study, AMH expression was
similar in the OI and NC groups. Our findings indicate that long-term moderate ozone inhala-
tion had little effect on ovarian reserves, which may be due to enhanced antioxidant ability.

Menstrual changes are considered an early manifestation of ovarian dysfunction. During
the menopausal transition, the menstrual cycle becomes increasingly irregular because there
are insufficient FSH-sensitive follicles present in the ovaries [44, 45]. Rodents do not have men-
strual cycles; however, they ovulate every estrous cycle when stimulated with FSH and transi-
tion through an age-related regression in their reproductive status. Previous work has
demonstrated that important commonalities exist between primates and rodents in the hypo-
thalamic control of ovarian function. The cycles of older mice become lengthened, and the
capacity for cyclicity is subsequently lost. Most vaginal lavages from acyclic mice are leukocytic
(i.e., diestrus or metestrus-2) [46]. In this study, all mice exhibited a 4–5 day estrous cycle,
which was determined to be regular. Current evidence suggests that the estradiol level decreases
comparatively late during ovarian aging, and the plasma concentration of progesterone does
not significantly change [47–49]. Our results demonstrated that the plasma concentration of
estradiol did not substantially change, whereas the progesterone decreased in OI mice. How-
ever, the fertility and fecundity significantly decreased in OI mice. Granulosa cells are the main
source of estrogen and progesterone. Progesterone is also secreted by ovarian corpus luteum
cells, which are luteinized granulosa cells [50, 51]. Oxidative stress plays a vital role in
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granulosa lutein insufficiency [52], which explains low progesterone levels in mice experienc-
ing oxidative stress [53, 54]. An age-related decrease in egg quality is commonly considered the
principal driving force for poor pregnancy success rates in aging females. Circulating proges-
terone is critical for embryo growth and the establishment and maintenance of pregnancy [55–
57]. In our study, oxidative stress decreased the production of progesterone, which may com-
prise another important factor in decreased reproductive function. The levels of testosterone
also decreased after ozone inhalation, which may be associated with decreased endocrine func-
tion of ovarian theca-interstitial cells in the ovary. However, the adrenal cortex is another
major source of testosterone. Thus, the effects of adrenal cortex-derived androgen should be
addressed.

Oxidative stress induced by ozone exposure may also exist in other body systems, including
the brain, hypothalamus and pituitary; however, we did not determine the effects of ozone inha-
lation on the neuroendocrine axis. Changes in this axis may contribute to the ovarian aging
observed in ozone exposed mice. Menopause may follow or precede age-related changes in the
hypothalamus and central nervous system [58]. Oxidative stress to the ovary induced by ozone
inhalation is the dominant phenomenon in our models; however, this is not a drawback because
the models partially mimicked age-related physiological senescence in the body and successfully
demonstrated the process of ovarian aging. To date, research on the causative factors of aging
has mainly focused on the spontaneous damage accumulated during daily biological metabo-
lism processes, which exist in nearly all organs [59]. Studies have shown that oxidative stress
was triggered in mice exposed to ozone [17, 18]. Thus, we utilized ozone inhalation to accelerate
the aging process. Moreover, the ovary, which was not the only tissue affected, undergoes sub-
stantially more serious aging effects when compared with other organs. In our experiment, the
exposed dams exhibited normal estradiol levels and ovarian reserves, suggesting that a single
induction of oxidative stress may not cause ovarian aging. Aging involves oxidative stress; how-
ever, not all oxidative stress may involve aging, especially ovarian aging.

Moreover, ovarian aging results in a decrease in gonadal steroids. These gonadal steroids
are vital to maintain normal functioning of the reproductive tract and general female health,
such as the maintenance of bone density, the cardiovascular system, cognition, wellbeing and
sexuality. To investigate ovarian aging-associated disorders in mice, we examined bone density
and cardiovascular function using ultrasound. We found no significant changes in the bone
density or cardiovascular system of OI mice, which may be explained by the normal estradiol
plasma levels.

In summary, our current findings suggest that the long-term moderate oxidative stress
caused by ozone inhalation decreases the fertility and fecundity potential of mice. This effect
may be due to poor follicle quality and decreased progesterone levels. Additional studies with
large sample sizes of women with infertility are necessary to draw attention to the crucial role
of oxidative stress in female reproduction. Notably, increasing the level of circulating proges-
terone may be a promising method to improve fertility and ART success.

Supporting Information

S1 File. Immunohistochemistry pictures for each marker. Significant increases in 4-HNE,
NTY, and 8-OHdG immunostaining in ovarian interstitial cells and all follicle components
were observed in the OI group.
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S2 File. Transmission electron microscopy. The OI group showed significant increases in
swollen mitochondria, Golgi apparatus and lipid droplets.
(ZIP)
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S3 Table. Concentration of progesterone. The progesterone levels were significantly
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ing the EF and FS.
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group.
(XLSX)

S7 Table. primordial follicle counts. The counting of ovarian primordial follicles showed no
significant difference.
(XLSX)

Acknowledgments

ShixuanWang and Aiyue Luo designed the study, revised the manuscript drafts and reviewed
the final manuscript. Liangyan Shi and Jinjin Zhang wrote the first draft of the manuscript. Zhi-
wen Lai, Yong Tian, Li Fang, MengWu, Jiaqiang Xiong and Xian Qin were responsible for data
acquisition. Liangyan Shi and Jinjin Zhang completed the data analysis and interpretation.

Author Contributions

Conceptualization: SW AL.

Data curation: YT LF MW JX XQ.

Formal analysis: LS ZL.

Funding acquisition: SW AL.

Investigation: LS ZL.

Methodology: LS JZ YT ZL.

Project administration: SW AL.

Resources: SW.

Software: LS JZ.

Supervision: SW AL.

Oxidative Stress Does Not Affect Ovarian Reserve Markers but Decreases Reproductive Function

PLOSONE | DOI:10.1371/journal.pone.0162194 September 27, 2016 15 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162194.s009


Validation: SW AL.

Visualization: LS JZ ZL YT.

Writing – original draft: JZ.

Writing – review & editing: SW.

References
1. Perheentupa A, Huhtaniemi I. Aging of the human ovary and testis. Molecular and cellular endocrinol-

ogy. 2009; 299(1):2–13. doi: 10.1016/j.mce.2008.11.004 PMID: 19059459.

2. Cetin MT, Kumtepe Y, Kiran H, Seydaoglu G. Factors affecting pregnancy in IVF: age and duration of
embryo transfer. Reproductive biomedicine online. 2010; 20(3):380–6. doi: 10.1016/j.rbmo.2009.12.
008 PMID: 20117051.

3. Younis JS. Ovarian aging and implications for fertility female health. Minerva endocrinologica. 2012;
37(1):41–57. PMID: 22382614.

4. Harman D. Aging: a theory based on free radical and radiation chemistry. Journal of gerontology.
1956; 11(3):298–300. PMID: 13332224.

5. Marchi S, Giorgi C, Suski JM, Agnoletto C, Bononi A, Bonora M, et al. Mitochondria-ros crosstalk in the
control of cell death and aging. Journal of signal transduction. 2012; 2012:329635. doi: 10.1155/2012/
329635 PMID: 22175013; PubMed Central PMCID: PMC3235816.

6. Brink TC, Demetrius L, Lehrach H, Adjaye J. Age-related transcriptional changes in gene expression
in different organs of mice support the metabolic stability theory of aging. Biogerontology. 2009; 10
(5):549–64. doi: 10.1007/s10522-008-9197-8 PMID: 19031007; PubMed Central PMCID:
PMC2730443.

7. Cui H, Kong Y, Zhang H. Oxidative stress, mitochondrial dysfunction, and aging. Journal of signal
transduction. 2012; 2012:646354. doi: 10.1155/2012/646354 PMID: 21977319; PubMed Central
PMCID: PMC3184498.

8. Ischiropoulos H. Free radical-induced damage to DNA: mechanisms and measurement. Free Radic
Biol Med. 2002 Jun; 32(11):1102–15. PMID: 12031895

9. Ischiropoulos H. Biological selectivity and functional aspects of protein tyrosine nitration. Biochem Bio-
phys Res Commun. 2003 Jun; 305(3):776–83. PMID: 12763060

10. H B. Effect of diet on cancer development: is oxidative DNA damage a biomarker? Free Radic Biol
Med. 2002 May 15; 32(10):968–74. PMID: 12008112

11. DMJ. The oxidative environment and protein damage. Biochimica et biophysica acta. 2005 Jan 17;
1703(2):93–109. PMID: 15680218
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