
J Toxicol Pathol 2022; 35: 75–82

Original Article

Nitrite exposure may induce infertility in mice
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Abstract: In the present study, we investigated the potential of nitrite exposure to induce infertility in mice. Adult female C57BL/6J 
mice were randomly divided into control and nitrite exposure groups. Subsequently, the rate of mouse infertility was calculated, and 
pathological changes in ovarian tissues were examined using hematoxylin and eosin staining. In addition, TUNEL staining, immu-
nofluorescent labeling, and western blotting were performed to assess cell apoptosis and oxidative stress response in ovarian tissues 
from various groups. We observed that nitrite exposure could induce infertility (p<0.05) in mice. High-dose nitrite exposure caused 
infertility in a time-dependent manner, and two-round exposure induced higher infertility than that one-round exposure (p<0.01). In 
addition, a higher number of atretic follicles were detected in the ovaries of nitrite-exposed groups than in the control group. Further-
more, TUNEL-positive cells were observed in granulosa cells of atretic follicles, and overexpression of caspase 8, c-Fos, and inducible 
nitric oxide synthase (iNOS) was detected in ovaries after nitrite exposure (p<0.01), suggesting that cell apoptosis and oxidative stress 
response were induced following nitrite exposure. Collectively, these findings suggest that nitrite exposure can induce mouse infertility 
in a time-dependent manner. Oxidative stress response and cell apoptosis are involved in mediating nitrite-induced infertility. (DOI: 
10.1293/tox.2021-0002; J Toxicol Pathol 2022; 35: 75–82)
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Introduction

Nitrite is an inorganic chemical compound that is often 
used as an additive for food preservation. Given its ability to 
inhibit microorganisms, including Bacillus and Clostridium 
botulinum, nitrite is frequently used in meat processing1. 
However, excessive nitrite can be toxic, potentially induc-
ing acute and chronic poisoning. Acute nitrite poisoning can 
cause urgent and notable symptoms, including abdominal 
pain, nausea, vomiting, diarrhea, and methemoglobinemia. 
Chronic poisoning can cause permanent, even undetectable, 
damage to the body. Chronic poisoning can damage mul-
tiple systems and organs, including the nervous, immune, 
and digestive systems, and possible carcinogenic and terato-
genic effects2. In addition to food additives, nitrite exposure 

can occur through the drinking water, especially chronic 
nitrite poisoning. Industrial waste pollution is an important 
source of nitrite in drinking water. Given its potential to 
harm human health, countries have stipulated nitrite stan-
dards for drinking water and food. For example, in China, 
the hygienic standards for food additives in meat products 
mandate that nitrite levels should not exceed 0.15 mg/kg. 
Furthermore, according to the US National Environmental 
Protection Agency and regulatory agencies in the European 
Union (EU), ˂1 mg/L and 0.5 mg/L nitrite should be present 
in drinking water, respectively.

Studies examining nitrite toxicity have mainly focused 
on the mechanism of acute nitrite poisoning and its clinical 
treatment owing to the urgency of acute poisoning symp-
toms. More recently, researchers have focused on chronic 
nitrite poisoning, given its potential for severely impacting 
human health. Our previous studies have revealed that ni-
trite can cause mental retardation and developmental delay 
in the central nervous system, especially dendritic devel-
opment3. Moreover, nitrite toxicity can reportedly impact 
other functions4–8. For example, considering reproduction 
and infertility, nitrite can cross the placenta and induce fetal 
abortion9, 10. However, previous studies on nitrite-induced 
infertility are limited and warrant additional experimental 
evidence to comprehensively elucidate underlying mecha-
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nisms. In the present study, we examined nitrite exposure-
induced infertility in mice. Additionally, we examined 
apoptosis in follicular granulosa cells. Furthermore, we at-
tempted to elucidate potential mechanisms underlying nitric 
oxide (NO)-activated oxidative stress response and apopto-
sis pathways. Accordingly, our study will generate further 
data regarding the impact of nitrite toxicity on the reproduc-
tive system, as well as provide valuable information to guide 
hygiene standards for food and water.

Materials and Methods

Animals
Healthy adult male and female C57BL/6J mice were 

provided by the Experimental Animal Center of the Henan 
Institute of Reproduction Health Science and Technology. 
All experiments were performed in accordance with the 
guidelines and approval of the Animal Welfare and Use 
Committees of the Institute to ensure animal welfare during 
the experiments. Adult male and female mice were housed 
in standard breeding cages (each cage housed one male and 
two females) with a 12/12-h light/dark cycle. For experi-
ments, female mice older than P30 (postnatal day 30) were 
employed, given that mice attain reproductive ability at P30. 
The youngest males and females were mated at P30; howev-
er, natural conception until after P40 was preferable. Given 
the different pregnancy times, precise age at pregnancy and 
sacrifice could not be determined. In principle, the age at 
pregnancy for round one exposure was P40–P100, whereas 
the age at round two exposure ranged between P90–P160 
(see also graphical abstract). In housed cages, 2-5 month-
old mating males were often replaced to accelerate female 
pregnancy. Females were checked each morning for a vagi-
nal plug; the day at which a positive plug was observed was 
termed G0 (gestation day 0). Pups (usually 5–10 mice in 
each nest) were born from timed pregnancies at gestational 
day 19. The animals were housed in a clean environment at 
22–25°C, with a relative humidity of 50–60% and free ac-
cess to food and water. Female mice were randomly divided 
into control and nitrite exposure groups. The females in the 
control group received a daily intragastric gavage of normal 
saline (0.02 mL/kg) from G0 until pup birth. Four hours be-

fore gavage, animals were deprived of water and food. In 
addition, nitrite exposure groups were established. Nitrite 
doses were defined based on the concentration of human 
acute food poisoning and mouse tolerance for nitrite. Based 
on the nitrite exposure time and dose, mice were divided 
into four groups: (1) low dose with one round (once gesta-
tion period) of nitrite exposure = low-dose nitrite (60 mg/
kg in saline) + one pregnancy cycle gavage (from G0 to pup 
birth) (Chen et al., 2016); (2) high-dose with one round (once 
gestation period) of nitrite exposure = high dose nitrite (120 
mg/kg in saline) + one pregnancy cycle gavage (from G0 to 
pup birth). After completion of pregnancy and lactation, a 
few mice were subjected to another round of gestation and 
nitrite exposure. The dams were housed with male mice, 
and vaginal plugs were checked each morning as performed 
earlier. Low-dose and high-dose round-two nitrite exposure 
was performed. For instance, (3) low dose with two rounds 
(twice gestation) nitrite exposure = low-dose nitrite (60 mg/
kg in saline) + two pregnancy cycles of nitrite gavage. Like 
the first gestation, the second exposure was initiated from 
G0 to pup birth. (4) High-dose with two rounds (twice ges-
tation) nitrite exposure = high-dose nitrite (120 mg/kg in 
saline) + two pregnancy cycle gavage. In the control group, 
water and food were withheld for 4 h before gavage. Finally, 
the infertility rate was calculated among various groups, 
and females who failed to achieve pregnancy after mating 
continuously for at least 2 months were defined as cases of 
infertility. Table 1 shows experimental cases and infertile 
mice in various experimental groups. Animals from dif-
ferent groups were selected and sacrificed at defined time 
points; for instance, the fertile dams were sacrificed after 
weaning, and the infertile dams were sacrificed after more 
than two months without pregnancy. After observing infer-
tility, the dams were sacrificed, and the ovaries were har-
vested for further pathological and biochemical analyses. 
The following cases were used to ensure statistical tests: 
hematoxylin-eosin (H&E) staining (at least 10 cases in each 
group), immunocytochemistry (at least 10 cases in each 
group), TUNEL staining (at least 5 cases in each group), 
and western blotting (at least 5 cases in each group).

Table 1. Infertility Rates in Various Experimental Groups

Control group (A)
Low dose with 
one round nitrite 
exposure (B)  

High dose with 
one round nitrite 
exposure (C)

Low dose with 
two round nitrite 
exposure (D)

High dose with 
two round nitrite 
exposure (E)

Infertility vs. total number 2/66 8/32 14/32 14/24 16/18
Infertility rate 3.03% 25.00%* 43.75%* 58.33%* 88.89%*, **

A: control group; B: low dose group with one round of nitrite exposure; C: high dose group with one round of nitrite exposure; 
D: low dose group with two rounds of nitrite exposure; E: high dose groups with two rounds of nitrite exposure. Using the χ2 test, 
various groups were compared. *: p<0.01, if compared with control. **: p<0.01, if compared with low dose nitrite with one round of 
exposure (B and E). The following are details of pairwise comparison: B vs. A (*), C vs. A (*), C vs. B, D vs. A (*), D vs. B, D vs. C, 
E vs. A (*), E vs. B (**), E vs. C, E vs. D, respectively. The tests indicate statistical differences between control and nitrite exposure 
groups. The high dose shows a statistically significant difference in the rate of infertility after one vs. two rounds of nitrite exposure, 
indicating an enhanced effect upon repeated exposure.
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Hematoxylin and eosin staining
In brief, ovaries were harvested from control and treat-

ment groups and were then subjected to routine procedures, 
including fixation, dehydration, transparency, paraffin em-
bedding, and sectioning (5-μm thick sections). The sections 
were washed with 0.01 M phosphate buffer (0.01 M PB) and 
stained with H&E for a few minutes. Next, the sections were 
rinsed with distilled water three times. After gradient de-
hydration in ethanol (50%, 75%, 95% and 100%), transpar-
ency in xylene, and application of coverslip, sections were 
visualized and photographed using a microscope (BX61; 
Olympus).

Immunocytochemistry
After ovarian sections were dewaxed, the antigens 

were repaired by microwave oven heating. Then, sections 
were rinsed with 0.01 M PB, and nonspecific antigens were 
blocked with 10% normal goat serum (with 0.3% Triton 
X-100 and 1% BSA in 0.01 M PB) for 30 min. The sections 
were incubated overnight with primary antibodies at 4°C. 
After rinsing three times, sections were incubated with sec-
ondary antibodies for 3 h at room temperature. The primary 
antibody used was mouse anti-iNOS (inducible nitric ox-
ide synthase) monoclonal antibody (1:500, Santa Cruz, SC-
7271). The secondary antibody was Alexa Fluor 488 donkey 
anti-mouse IgG (1:500; Invitrogen, A10037). The negative 
control was prepared using 0.01 M PB (instead of the pri-
mary antibody). Sections were coverslipped with 65% glyc-
erol+300 nM DAPI (D1306, Invitrogen) in PB. DAPI was 
used to counterstain nucleic acids in cellular nuclei. Finally, 
sections were imaged with an epifluorescent microscope 
(BX61, Olympus, Japan) with excitation of ultraviolet or flu-
orescein isothiocyanate (FITC). High-quality sections were 
photographed using an Olympus laser confocal microscope 
(FV1000, Olympus, Japan).

TUNEL fluorescent staining
Terminal deoxynucleotidyl transferase-mediated 

dUTP-biotin nick end labeling (TUNEL) is a reliable indi-
cator of apoptosis. When cells undergo apoptosis, endoge-
nous endonucleases are activated, and DNA double-strands 
in the nucleus are broken with exposed 3′-OH ends. Using 
TUNEL staining, the 3′-OH can be catalyzed and linked by 
terminal deoxynucleotidyl transferase (TdT), which is com-
bined with fluorescein (FITC)-labeled dUTP (fluorescein-
dUTP). Therefore, apoptotic cells exposed to 3′-OH ends are 
labeled with FITC. Accordingly, TUNEL assay can be used 
to detect apoptosis by microscopy or flow cytometry. Here-
in, 5-μm thick ovarian tissue sections were dewaxed and 
digested with proteinase K. Sections were then incubated in 
a solution containing rTdT and fluorescein-dUTP mix reac-
tion liquid (Promega, TB235) at 37°C for 1 h in the dark. 
The chemical reaction was terminated using 2 × SSC buf-
fer at room temperature for 15 min. Finally, sections were 
rinsed with 0.01 M PB and coverslipped with 65% glycerol 
and 300 nM DAPI. Images were obtained under a fluores-
cent microscope, as described above.

Western blot analyses for caspase-8 and c-Fos
To further verify cell apoptosis and oxidative stress re-

sponse in atretic follicles, activated protein caspase-8 and 
c-Fos were determined in ovarian tissues using western 
blotting. Mice were sacrificed by cervical dislocation, and 
the ovaries were quickly dissected and placed in a homog-
enizer. After homogenization, the ovarian cytoplasmic pro-
teins were extracted using a cytoplasmic protein extraction 
kit (Shanghai Biyuntian Biotechnology Co., Ltd., P0027). 
Protein concentrations in samples were measured, subject-
ed to electrophoresis, and transferred to membranes. Then, 
immune reactions, enzyme labeling, and film exposure 
were performed sequentially. The primary antibodies, rab-
bit anti-active caspase-8 polyclonal antibody (1:2,000, Im-
genex, IMG5703) and rabbit anti-c-Fos polyclonal antibody 
(1:1000, Abcam, AB7693), were incubated at 4°C overnight. 
The secondary antibody, horseradish peroxidase-labeled 
goat anti-rabbit IgG (1:1000, Beyotime Institute of Biotech-
nology, A0208), was incubated at room temperature for 1 
h. Finally, membranes were incubated in the ECL reagent 
for 3 min, and X-ray films were exposed. β-actin (Beyotime 
Institute of Biotechnology, AA128) was used as an internal 
reference. The grayscale ratio is the relative gray value of 
target bands versus internal reference bands.

Statistical analyses
Parameter measurements and calculations: (1) infer-

tility rate was calculated using the following formula: in-
fertility rate = number of infertile dams/total dams in each 
group. In addition, semi-quantitative protein analysis was 
performed. The gray values of caspase-8 and c-Fos (west-
ern blot) were measured using ImageJ software (National 
Institutes of Health, Bethesda, MD, USA), and β-actin was 
used as an internal reference. (2) The gray value of protein 
was calculated from the gray value of the target band/gray 
value of β-actin.

Statistical analyses: To determine the infertility rate, 
the χ2 test was used to compare significance among vari-
ous groups (Table 1). For semi-quantitative protein analy-
sis, one-way ANOVA was performed among various groups 
using SPSS 11.5 software (IBM Corp, Chicago, IL, USA). 
Statistical significance was set at p<0.05. Both control and 
treatment groups included infertile and non-infertile mice; 
however, ovaries were not separately examined, owing to 
minor histological differences among mice in the same 
group. Thus, we primarily aimed to compare differences be-
tween control and treatment groups.

Results

Nitrite exposure and mouse infertility
In the present study, we calculated the infertility rates 

for various experimental groups. The control group ex-
hibited an infertility rate of 3.03% (2/66), while infertility 
rates after one round of nitrite exposure were 25.00% (8/32) 
and 43.75% (14/32) in the low- and high-dose groups, re-
spectively. After round two of nitrite exposure, the infer-
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tility rates were 58.33% (14/24) and 88.89% (16/18) in the 
low- and high-dose groups, respectively (Table 1). Statisti-
cal analysis revealed that infertility rates were higher in the 
nitrite exposure groups than in the control group (p<0.01). 
For instance, infertility rates in all exposure groups were 
higher than those in the control group. Moreover, the infer-
tility rate was higher after two rounds of nitrite exposure 
than after one round of high dose exposure (p<0.01), sug-
gesting that nitrite-induced infertility was time-dependent. 
In addition, the number of newborn pups was higher in the 
control group than in the treatment groups. In the control 
group litter, the number of pups ranged between 5 and 10; in 
treatment groups, the number of pups ranged between 3 to 7.

Nitrite exposure and cell apoptosis in ovary
Pathological alterations in the ovaries were examined 

to clarify the underlying cause of nitrite exposure-induced 
infertility in mice. Following H&E staining under low mag-
nification, we observed that ovaries in the treatment groups 
were notably atrophied, and blood vessels were congested 
when compared with the control group (Fig. 1A and 1B). 
Under high magnification, control group ovaries exhibited 
follicles at different developmental stages, such as primor-
dial follicles, growing follicles (including primary and 
secondary follicles), and mature follicles (Fig. 1C and 1D). 
Typically, in the growing follicle, the oocyte is surrounded 
by several layers of granulosa cells. As the follicle matures, 
a cavity appears within the stratum granulosum to form 
an antral follicle, and finally, a large cavity develops in the 
Graafian follicles. Herein, we observed some atretic fol-
licles inside the ovary that were degenerative growing fol-
licles with morphological deformations such as oocyte lysis, 
zona pellucida collapse, follicular wall collapse, and irregu-
lar follicle shape (Fig. 1C and 1E). The control group also 
displayed corpora lutea with loose connective tissue and 
vessels (Fig. 1D). Following nitrite exposure, the number 
of growing follicles, including antral follicles and corpora 
lutea, was reduced; however, the number of atretic follicles 
was elevated when compared with that in the control group. 
In treatment groups, almost all follicles were atretic follicles 
(Fig. 1E). The numbers of atretic follicles and corpora lu-
tea in ovaries were semi-quantitatively analyzed between 
control and nitrite exposures, and the results are shown in 
Table 2. Increased atretic follicles and decreased corpora 
lutea were more pronounced in infertility cases in the high-

dose group than in the low-dose and control groups. Among 
groups subjected to two rounds of nitrite exposure, the ob-
served lesions were comparable between animals (infertil-
ity or fertility) in the low-dose groups and infertile animals 
in the high-dose groups. Moreover, the lesions in infertile 
animals in the high-dose groups were more notable than in 
fertile animals (Table 2).

As atretic follicles are degenerative structures, cell 
apoptosis has been suggested to inevitably occur in granu-
losa cells and oocytes11. To further understand cell apopto-
sis in atretic follicles, TUNEL staining with DAPI coun-
terstaining was performed (Fig. 1F and 1G). In the control 
group, only a few TUNEL-positive cells were detected 
among granulosa cells (Fig. 1F); however, a high number of 
apoptotic cells were observed in the granulosa cells of atret-
ic follicles following nitrite exposure (Fig. 1G). Western blot 
assays supported the results of TUNEL staining. Based on 
the semi-quantitative analysis, we detected overexpression 
of caspase-8 in the treatment group ovarian tissues. For in-
stance, the relative expression level of activated-caspase-8 
(0.523 ± 0.09) was higher in the nitrite exposure group (two 
rounds of high dose exposure) than in the control group 
(0.316 ± 0.08) (Fig. 2; p<0.01). These results suggested that 
the apoptosis pathway might be involved in the mechanism 
underlying nitrite exposure-induced infertility.

Nitrite exposure and oxidative stress response
Theoretically, nitrite and its metabolic product, NO, 

are strong oxidants of oxidative stress, and c-Fos is a mark-
edly sensitive biomarker for oxidative stress response. In 
the present study, c-Fos was overexpressed in the nitrite-
exposed groups. The relative expression of activated c-Fos 
was higher in the ovaries of the nitrite exposure group (0.48 
± 0.04; exposed twice at the high dose) than that in the con-
trol group (0.275 ± 0.07) (Fig. 2; p<0.01), suggesting that 
oxidative stress response occurred after nitrite exposure. 
Nitrite can be converted into NO when metabolized, and 
NO is likely to participate in the activation of the oxidative 
stress response. Accumulated clinical evidence suggests 
that high NO concentrations could cause polycystic ovary 
and endocrine dysfunction of the corpus luteum, leading to 
female infertility12. To test this hypothesis, the NO level in 
the ovary was measured indirectly. As NO is an unstable 
substance, precise measurement can be challenging. How-
ever, the iNOS quantity can be used to infer NO levels indi-

Table 2. Atretic Follicles and Corpora Lutea between Control and Nitrite Exposure Groups

Histopathological examination
Control 60 mg/kg/day 

(two round)
120 mg/kg/day 

(two round)
Non-infertility Infertility Non-infertility Infertility Non-infertility Infertility

Increase 
atretic 
follicle

Number of animal examined 64 2 10 14 2 16
Primary and secondary follicle Normal Normal + + + ++
Antral follicle Normal Normal + + + ++

Decrease corpus luteum Normal Normal − − − − −

Mark: normal, normal number; +, slight increased; ++, considerably increased; −, slight decreased; ––, considerably decreased. It should be 
noted that these were observational data, as cases of non-infertility in the high dose group were insufficient to perform statistical analysis.
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Fig. 1. Pathological and chemical changes in ovaries after nitrite exposure. A–E; Pathological alterations in control and treatment groups (H&E 
staining). A–B: Low magnification of control and treatment ovaries. The control ovary is plump, with some developing follicles (A, ar-
row). Conversely, the treatment group ovary shows notable atrophy and congested blood vessels (B, arrow). C–E: High magnification of 
control and treatment ovaries. Various follicles, including secondary follicles (arrow) and some antral follicles (*), can be observed in the 
control ovary (C). Corpora lutea with loose connective tissue and vessels inside can be observed in the control group tissues (D, *). After 
nitrite exposure, mature follicles are decreased, but atretic follicles with morphological deformation (arrow), such as oocyte autolysis, 
zona pellucida collapse, follicular wall collapse, are markedly increased (E). F–G: Nitrite exposure and cell apoptosis in granulosa fol-
licular cells (TUNEL staining and DAPI counterstaining). In the control group, DAPI counterstaining (blue) shows numerous granulosa 
cells (blue) surrounding oocytes in the follicles, with few apoptotic cells (green, arrow) in granulosa cells (F). After high-dose nitrite 
exposure, numerous apoptotic cells (arrow) can be observed in granulosa cells (G). Interestingly, the matrix in the follicular cavity ap-
pears to be TUNEL-positive. H–J: Nitrite exposure and iNOS expression in granulosa cells (iNOS immunofluorescent labeling and 
DAPI counterstaining). In the control group (H), few iNOS positive cells with weak fluorescence (arrow) can be seen in granulosa cells 
(blue). The matrix in the follicular cavity exhibits iNOS-positivity. After nitrite exposure, numerous iNOS positive cells (arrow) can be 
observed in follicular granulosa cells (J). It should be noted that although there the iNOS positive matrix in the follicular cavity of the 
control group is dense, the iNOS positive granulosa cells are few. In contrast, the iNOS positive granulosa cells are enriched in treatment 
groups (arrow, with DAPI and iNOS double labeling). The control and high-dose exposure groups are indicated as Cont. and Treat. in 
the upper-left corner, respectively. Scale bar: A-B, 20 μm; C & E, 50 μm; D, 100 μm; F-J, 200 μm. H&E, hematoxylin-eosin; NOS, nitric 
oxide synthase; iNOS, inducible nitric oxide synthase.
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rectly. NOS is a key enzyme in NO metabolism, and iNOS 
is a subtype of NOS. In the present study, iNOS expression 
levels were determined using immunocytochemistry. The 
results revealed that nitrite exposure increased the number 
of iNOS-positive granulosa cells with strong fluorescence 
when compared with the control (Fig. 1F and 1G), indicat-
ing that NO activated the oxidative stress response in ni-
trite exposure groups. Moreover, the matrix in the follicular 
cavity exhibited TUNEL- and iNOS-positivity; however, 
the underlying mechanism was unclear, warranting further 
investigations.

Discussion

Epidemiological studies have shown a correlation 
between the nitrite concentration in drinking water and 
spontaneous abortion, and pregnant women in regions with 
higher nitrate concentrations in drinking water typically ex-
perienced higher abortion rates than in other regions13. In 
addition, pregnant women with nitrite-induced miscarriage 
exhibit a high incidence of methemoglobinemia14. Although 
epidemiological studies have suggested that nitrite exposure 
may contribute to infertility, additional data accumulation is 
crucial to clarify the mechanism of nitrite-induced infertil-
ity. In the present study, we aimed to confirm whether nitrite 
exposure can induce mouse infertility with dose and repeat-
ed-exposure dependency. In addition, we aimed to elucidate 
whether the oxidative stress response and cell apoptosis me-
diate infertility induction.

Our results revealed that nitrite exposure could lead 
to mice infertility when compared with control. Moreover, 
after two rounds of nitrite exposure, the infertility rate was 
significantly higher than observed after one round of expo-
sure at high-dose treatment, thus indicating that a repeated-
exposure effect can be observed with high-dose treatment. 
In contrast, the infertility rate in the high-dose group was 
higher than that in the low-dose group, both with one-round 

and two-rounds of nitrite exposure, although the difference 
was not statistically significant (p>0.05). Therefore, increas-
ing the number of experimental animals could help dem-
onstrate dose dependency with statistical significance be-
tween one-round exposure and two-round exposures in the 
high-dose group. Based on pathological observations, nitrite 
exposure can also induce the degeneration of growing fol-
licles, resulting in atretic follicles with numerous apoptotic 
cells. The corpora lutea is greatly reduced owing to the in-
crease in atretic follicles. In the present study, cell apoptosis 
was probably caused by nitrite-induced follicle degeneration 
and animal infertility. Apoptosis in granulosa cells occurs 
via the mitochondrial pathway, and caspase family proteins, 
such as caspase-8 and caspase-3, are activated during the 
process15–17, as confirmed in the present study. As ovaries 
in nitrite-treated groups displayed an increase in atretic fol-
licles and a decrease in corpora lutea, this ovarian status 
resulted in fewer newborn pups, leading to nitrite-induced 
infertility.

In the present study, the nitrite exposure groups ex-
hibited oxidative stress response in ovarian tissues; oxida-
tive stress is known to promote overexpression of c-Fos (a 
sensitive monitor of oxidative stress). Western blot semi-
quantitative analysis revealed that the c-Fos protein was 
overexpressed in the ovary following nitrite exposure, dem-
onstrating a further enhanced effect with repeated exposure. 
Furthermore, NO, an active oxidant, activates and partici-
pates in the oxidative stress response. As NOS, especially 
iNOS, is a key enzyme in NO metabolism and the NO path-
way, iNOS can be used to evaluate NO levels indirectly. We 
observed that nitrite exposure promoted iNOS overexpres-
sion in ovaries, suggesting that NO activates the oxidative 
stress response. Therefore, we can infer that the oxidative 
stress response contributes to cell apoptosis, as well as ni-
trite-induced infertility. However, the relationship between 
the apoptosis pathway and oxidative stress response needs 
to be elucidated. In addition, the precise interaction between 

Fig. 2. Western blotting of activated-caspase-8 and c-Fos expressions in ovaries of various experimental groups. Nitrite 
exposure increases the expression of activated-caspase-8 and c-Fos in ovaries (A). The histogram shows that the 
differential expressions of caspase-8 and activated c-Fos in the control and high dose exposure group were statisti-
cally significant. The grayscale ratio is the relative gray value of target bands vs. internal reference bands, where 
β-actin was used as the internal reference. Mean ± standard deviation (SD), n=5. *: p<0.01, if treatment vs. control.
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the NO-activated oxidative stress response and the apoptot-
ic pathway should be examined.

The key molecule, NO, is possibly involved in activat-
ing the oxidative stress response and cell apoptosis. NO is 
important for physiological functions. Ideal NO levels are 
advantageous for body functions and are considered thera-
peutic in certain diseases, such as follicular dysplasia. In 
contrast, high NO levels can activate cell apoptosis and 
cause functional disorders associated with progesterone 
and steroids, resulting in follicular degeneration18–20. Lastly, 
progesterone and steroid disorders can cause implantation 
failure of fertilized eggs21, 22. Thus, NO can also activate the 
oxidative stress response, and excessive NO inhibits follicu-
lar maturation and egg ovulation, resulting in mouse infer-
tility. The NO-activated oxidative stress response can im-
pact the cell apoptosis pathway via reactive oxygen species 
(ROS). The oxidative stress response can cause ROS accu-
mulation, which in turn causes cell apoptosis. Three types 
of ROS, peroxide (O2

− −), hydrogen peroxide (H2O2), and 
hydroxyl (OH−), are known to exist in the body. Therefore, 
ROS are toxic to cells and tissues23–26. ROS can maintain 
balance with antioxidant substances. Superoxide dismutase 
(SOD) is a typical antioxidant that can eliminate excessive 
ROS in cells. Once the balance is disrupted, excessive ROS 
can damage cells, tissues, and even the reproductive system, 
thus resulting in diseases such as endometriosis and ovar-
ian disorders27, 28. In addition, previous studies have shown 
that H2O2 can interfere with gonadotropin and progesterone 
release29, 30. These hormones are important for regulating 
oocyte development and maturation31. Therefore, NO is a 
key molecule during the oxidative stress response and can 
be implicated in ovarian cell apoptosis and nitrite-induced 
infertility in mice.

In summary, (1) nitrite exposure can cause infertility in 
mice, exhibiting additional effects upon repeated exposure. 
(2) After nitrite exposure, pathological and chemical chang-
es occur in the ovaries. For instance, atretic follicles and 
their apoptotic granulosa cells are markedly increased, and 
iNOS, c-Fos, and caspase-8 are overexpressed in treatment 
groups, indicating that cell apoptosis and NO-activated oxi-
dative stress response mediate nitrite-induced infertility. (3) 
Our study may provide useful scientific data to help guide 
hygienic standards for water and food.
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