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Abstract. Female athletes may experience difficulties in 
achieving pregnancy due to athletic amenorrhea (AA); 
however, the underlying mechanisms of AA remain unknown. 
The present study focuses on the mitochondrial alteration 
and its function in detecting the possible mechanism of AA. 
An AA rat model was established by excessive swimming. 
Hematoxylin and eosin staining, and transmission elec-
tron microscopic methods were performed to evaluate the 
morphological changes of the ovary, immunohistochemical 
examinations and radioimmunoassays were used to detect 
the reproductive hormones and corresponding receptors. 
Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) was used to test the mtDNA copy number. PCR 
and western blot analysis were used to test the expression of 
ND2. The change of morphological features of the rat ovaries 
revealed evident abnormalities. Particularly, the features of the 
mitochondria were markedly altered. In addition, reproduc-
tive hormones in the serum and tissues of AA rats were also 
detected to evaluate the function of the ovaries, and the levels 
of these hormones were significantly decreased. Furthermore, 
the mitochondrial DNA copy number (mtDNA) and expression 
of NADH dehydrogenase subunit 2 (ND2) were quantitated 
by qPCR or western blot analysis. Accordingly, the mtDNA 
copy number and expression of ND2 expression were mark-
edly reduced in the AA rats. In conclusion, mitochondrial 
dysfunction in AA may affect the cellular energy supply and, 

therefore, result in dysfunction of the ovary. Thus, mitochon-
drial dysfunction may be considered as a possible underlying 
mechanism for the occurrence of AA.

Introduction

An increasing number of athletes are suffering from 
sports‑associated diseases in the competitive sports. For 
professional female athletes, the incidence of athletic amenor-
rhea (AA) is particularly high, at a rate of 65‑69% in athletes 
such as dancers and distance runners compared with 2‑5% in 
normal women (1). The high AA in female athletes suggests 
that achieving pregnancy may be challenging. The current 
treatment methods primarily including increasing weight and 
decreasing exercise, replenishing vitamins and minerals, and 
reinforcing strength training (2). The normal menstrual cycle 
is regulated by the hypothalamic‑pituitary‑ovarian axis, and 
the ovary is one of the most important organs in this axis (3). 
Thus, it is important to investigate the underlying mechanism 
of ovary dysfunction in AA.

The mitochondrion is the organelle of energy supply in 
eukaryotic organisms. Mitochondrial abnormity or dysfunc-
tion has been reported to be involved in various diseases (4). 
To some of these diseases, the dysfunction of mitochondrion 
is considered as a key mechanism to cause the dysfunction 
of the organ, thus it was conjectured that the dysfunction of 
mitochondrion may cause the dysfunction of ovary, which 
may result in AA. The number of mitochondria and the 
mitochondrial DNA (mtDNA) copy number may vary among 
different types of cells and tissues. Furthermore, the mito-
chondria and mtDNA copy number may be altered during 
cell differentiation and aging. It has also been reported in 
previous studies that the alteration of mtDNA participates 
in the regulation of ovarian function (5‑8). Therefore, it is 
likely that the dysfunction of the mitochondrion may be 
associated AA.

Thus, the present study aimed to describe the altera-
tions of the mitochondria in the ovaries of AA rats, 
morphologically and at the molecular level. In addition, 
the study attempted to investigate the possible mechanism 
underlying ovary dysfunction by determining the mitochon-
drial variations.
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Materials and methods

Animals and experimental design. A total of 40 healthy female 
Sprague Dawley rats (3‑month‑old, weight, 250±20 g) with a 
normal menstrual cycle were obtained from the West China 
Medical Experimental Animal Center of Sichuan University 
(Chengdu, China). All animals used in the present study were 
kept under a 12‑h light/dark cycles at a constant temperature 
and humidity (25±2˚C, 60‑75%) with free access to chow and 
water. The animal procedures were approved by the Animal 
Use and Care Committee of Sichuan University and conducted 
according to the regulations.

The animals were randomly divided into the control and 
AA groups (n=20 in each group). Rats in the control group 
were maintained under a 12‑h light/dark cycles at a constant 
temperature and humidity (25±2˚C, 60‑75%), without swim-
ming training, while rats in the AA group were subjected to 
excessive swimming for 2 h per day for 6 days per week (with 
1‑day break) for 3 weeks. Vaginal exfoliative cystoscopy was 
conducted at 8:00‑9:00 a.m. each day for observation of any 
possible alterations in the menstrual cycle.

Specimen collection. After excessive swimming training for 
3 weeks, the rats were sacrificed and the ovary tissues were 
collected. Half of the ovary was fixed in 4% neutral buffered 
paraformaldehyde at 4˚C for at least 24 h for histopathological 
and immunohistochemical examinations. The samples were 
cut into 5‑µm‑thick sections. Hematoxylin and eosin staining 
was performed for histopathological exam at 25˚C and slides 
were observed under the microscope. Images were captured at 
a magnification of x100. The remaining part of the ovary was 
immediately frozen in liquid nitrogen and stored at ‑80˚C for 
mRNA and protein expression analysis. Furthermore, serum 
samples were also collected and stored at ‑80˚C for reproduc-
tive hormones analysis. The ratio (ovary weight/body weight 
x100%) was also calculated for each rat. Samples for TEM 
were fixed in 2.5% glutaraldehyde at 4˚C for at least 12 h. 
Sections (0.05‑µm‑thick) were stained with 0.5% lead citrate 
for 20‑30 min at 20˚C. Images were captured at a magnification 
of x12,000.

Detection of reproductive hormones in the serum by 
radioimmunoassay. The concentration of reproductive 
hormones in the serum, including estradiol (E2), progesterone 
(P), follicle‑stimulating hormone (FSH), luteotropic hormone 
(LH) and testosterone (T), was measured and quantified using 
radioimmunoassay kits (Jingmei Life Sciences Inc., Beijing, 
China), according to the manufacturer's protocol.

Determination of reproduction‑associated factors in ovarian 
sections by immunohistochemical assay. The deparaffinated 
ovarian tissue sections (5‑µm‑thick) were incubated with 3% 
H2O2 at 37˚C for 10 min to quench the endogenous peroxi-
dase. Subsequent to blocking by 10% goat serum at room 
temperature for 20 min, the sections were incubated with 
primary antibodies, including 17‑b estradiol (E2; dilution: 
1:300; cat. no.  sc‑69958; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), estrogen receptor (ER; dilution: 1:250; cat. 
no. A000786; Boster Biological Technology, Ltd., Wuhan, 
China), progesterone receptor (PR; dilution: 1:300; cat. 

no. PB0077; Boster Biological Technology, Ltd.) overnight 
at 4˚C, followed by incubation with horseradish‑peroxidase 
(HRP)‑conjugated secondary antibodies (cat. nos. SP‑9001 or 
SP‑9002; OriGene Technologies, Inc., Beijing, China) at 37˚C 
for 30 min. Subsequently, the signals were detected using a 
diaminobenzidine substrate kit (cat. nos. SP‑9001 or SP‑9002; 
OriGene Technologies, Inc.). Positive staining in the images 
was indicated by brown staining in the cytoplasm or nucleus. 
Five fields‑of‑view were randomly selected for assessment in 
each tissue section. The images were observed and captured 
using a white‑light microscope at a magnification of x400.

Analysis of mtDNA copy number and NADH dehydrogenase 
subunit 2 (ND2) mRNA expression in rat ovarian tissues. 
The mtDNA copy number was measured by qPCR using a 
SYBR™ Green PCR Master Mix (cat. no. 4309155; Applied 
Biosystems; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA). Briefly, the DNA specimens were prepared using 
the TIANamp Genomic DNA kit (cat. no. DP304; Tiangen 
Biotech Co., Ltd., Beijing, China). The mtDNA copy number 
was assessed by amplification of the mitochondrial D‑loop 
against the reference gene, GAPDH. The primers used were 
as follows: D‑loop forward, 5'‑GGT​TCT​TAC​TTC​AGG​GCC​
ATC​A‑3' and reverse 5'‑GAT​TAG​ACC​CGT​TAC​CAT​CGA​
GAT‑3'; GAP​DH, forward 5'‑CGG​GAA​ATC​GTG​CGT​GAC​
AT‑3' and reverse 5'‑GAA​GGA​AGG​CTG​GAA​GAG​TG‑3'. 
The following PCR cycling conditions were performed: An 
activation step at 95˚C for 3 min, followed by 35 cycles of 
25 sec at 95˚C, 25 sec at 56˚C and 30 sec at 72˚C.

For ND2 mRNA detection, total RNA was extracted 
with TRIzol™ Reagent (cat. no. 15596018; Thermo Fisher 
Scientific, Inc.), and the concentration and quality of total 
RNA was measured with a spectrophotometer. First strand 
cDNA was obtained using a RevertAid First Strand cDNA 
Synthesis Kit (cat. no. K1622; Thermo Fisher Scientific, Inc.). 
The mRNA expression levels of ND2 were detected by qPCR 
using the following primers: ND2, forward 5'‑TTA​TCC​TCT​
TAT​CCG​TCC​TC‑3' and reverse 5'‑TGT​TAA​GTC​GAA​GGG​
AGC‑3'. The expression levels of genes were calculated using 
the 2‑ΔΔCq method (6). The relative ratio of the D‑loop and 
GAPDH expression was used as the relative abundance of the 
mitochondrial genome.

Quantification of ND2 protein expression in rat ovarian 
tissues by western blot analysis. Frozen ovarian tissues were 
homogenized and whole proteins were extracted by ice‑cold 
radioimmunoprecipitation assay buffer (Beyotime Institute 
of Biotechnology, Nanjing, China). A BCA kit was used to 
quantify the protein concentration. Equal amounts of protein 
(50 µg) from each sample were resolved by 12% SDS‑PAGE, 
transferred to polyvinylidene difluoride membranes (EMD 
Millipore, Billerica, MA, USA) and blocked with 5% non‑fat 
powdered milk in Tris‑buffered saline/Tween 20 (containing 
20 mM Tris‑HCl, pH 7.5, 150 mM NaCl and 0.1% Tween‑20). 
The membranes were then incubated with goat anti‑ND2 
polyclonal antibody (dilution: 1:500; cat. no. sc‑20496; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA) for 2 h at room 
temperature, followed by incubation with an HRP‑conjugated 
rabbit anti‑goat IgG secondary antibody (dilution: 1:10,000; 
cat. no. SA00001‑4; ProteinTech Group, Inc., Wuhan, China) 
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for 1.5  h at room temperature. For GAPDH detection, 
membranes were incubated with HRP‑conjugated GAPDH 
antibody (dilution: 1:20,000; cat. no. HRP‑60004; ProteinTech 
Group, Inc.) for 2 h at room temperature. The membranes were 
then visualized using an enhanced chemiluminescence detec-
tion kit (Beyotime Institute of Biotechnology). The protein 
expression was normalized to that of GAPDH, which was used 
as an internal control.

Statistical analysis. All data are expressed as the 
mean ± standard deviation, and statistical calculations were 
performed with the statistical package SPSS version 18.0 
(SPSS, Inc., Chicago, IL, USA). For comparisons between 
the two groups, Student's t‑test was applied. The presence of 
a statistically significant difference was indicated by P<0.05.

Results

Morphological variations to ovaries in the AA group. The 
gross morphological features of the rat ovaries were examined 
by hematoxylin and eosin staining and transmission electron 
microscopy (TEM) following sacrifice at week 3 (Fig. 1A). 
Several ovarian follicles and corpus luteum structures were 
identified in the ovaries of the control group. By contrast, 
evidently reduced ovarian follicles and corpus luteum struc-
tures were observed in the AA group. These observations 
were also confirmed by hematoxylin and eosin staining. 
Furthermore, the ultrastructure of the mitochondria was also 
observed. In the AA group, the mitochondria presented marked 
abnormal alterations, including swelling of the mitochondrial 
membrane, disappearance of the mitochondrial cristae and 
decrease of the mitochondrial number, in comparison with the 
control group. However, no evident changes in other structures 
were detected between the two groups (Fig. 1A). Notably, the 
ovary weight/body weight ratio of the AA group was signifi-
cantly decreased when compared with that in the control group 
(0.0350±0.0127% vs. 0.0507±0.0105%, respectively; P<0.01; 
Fig. 1B).

Decrease in the reproductive hormone levels in the ovaries 
of AA rats. Immunohistochemical assay was applied to detect 
the expression of reproductive hormones in the ovarian tissues, 
including E2, ER and PR (Fig. 2A). The expression levels of 
these factors were calculated in both the granular and luteal 
cells of the ovaries. Compared with the control group, the 
optical density in the immunohistochemical images of these 
hormones was significantly decreased in the AA group in the 
two cell types (P<0.05 or P<0.01; Fig. 2B).

Reduction of serum reproductive hormone levels in AA rats. 
Radioimmunoassay was performed in order to detect the 
expression levels of five reproductive hormones in the rat 
serum, including E2, P, FSH, LH and T. The levels of these 
hormones were significantly decreased in the AA group when 
compared with the control group (P<0.05; Table  I). These 
results indicate depressed ovarian function and reproductive 
capability in the AA rats.

Decrease of relative mtDNA copy number in AA ovarian 
tissues. The mtDNA copy number of ovarian tissues was 

quantified in the AA and control rats. Following statistical 
analysis, the results revealed that the relative mtDNA copy 
numbers of ovarian tissues were significantly decreased 
in the AA rats compared with the control rats (57.65±19.20 
vs. 102.42±24.92, respectively; Fig. 3A and B; P<0.01). The 
results indicated that the function level of the mitochondria 
was higher in control group than that in AA group.

Reduction of ND2 expression in AA rat ovarian tissues. The 
expression of ND2 was analyzed by western blot analysis to 
evaluate the activity of mitochondria in the ovarian tissues 
of AA rats. Following statistical analysis, the results revealed 
that the relative protein levels of ND2 in the AA group were 
markedly decreased when compared with those in the control 
group. (Fig. 3C and D; P<0.01). These findings suggested that 
the oxidative phosphorylase activity was higher in the control 

Figure 1. Morphological variations of the ovaries of AA rats. (A) H&E 
staining and TEM images of rat ovaries. (B) Decreased ovary coefficient in 
the AA group. n=20 in each group. **P<0.01 vs. control group. H&E, hema-
toxylin and eosin; TEM, transmission electron microscopy; AA, athletic 
amenorrhea.
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group, which indicated the energy metabolism level was higher 
in control group.

Discussion

The incidence of AA is increasing worldwide, and this 
condition is one of the leading causes of infertility in female 
athletes (9). However, the underlying mechanisms and effec-
tive treatments of AA remain unclear. In the present study, 
the results demonstrated a decrease in the mtDNA copy 
number and protein level of ND2 in the ovaries of AA rats. 
These results indicate that mitochondrial dysfunction may be 
associated with the occurrence of AA.

The mitochondrion is the main organelle that supplies 
energy to the cells. The mitochondrial number varies among 
cells and tissues, and is associated with multiple functions. 
Mitochondria contain their own DNA, and a mammalian cell 
contains 1,000‑10,000 copies of mtDNA (10). The mtDNA 
content is frequently used as a marker of mitochondrial 
density, while it also reflects the oxidative or ATP‑producing 
capacity of tissues (11). Alterations in the mtDNA, which are 
reflected by the change of its copy number and its mutation, 

have been reported to be involved in a series of diseases and 
in organ dysfunction (4). Several studies have reported that the 
alterations of mtDNA are involved in the maturity, aging and 
lesion formation in the ovary (12,13). Mutations in mtDNA 
can cause the abnormally expression of oxidative phosphory-
lation complex and abnormal transfer RNAs, which may be 
associated with polycystic ovarian syndrome patients (12). A 
previous study in pigs revealed that the copy number of mtDNA 
in the ovaries increased gradually along with sexual matu-
rity (5). Devine et al (14) also reported that ~20% of patients 
consulting for infertility presented signs of premature ovarian 
aging. In addition, ovarian aging is associated with reduced 
oocyte mtDNA content and mitochondrial dysfunction (13). 
Numerous studies have reported that the mtDNA content in 
the oocytes of aged women or of women with a diminished 
ovarian reserve is significantly lower when compared with that 
of young patients or those with a normal ovarian reserve (6‑8). 
In the present study, the decreased copy number of mtDNA 
in the AA rats coincided with the dysfunction of the ovaries. 
The aforementioned results indicated that the decrease of the 
mtDNA copy number may suppress the oxidative phosphory-
lation process in ovarian cells and induce ovarian dysfunction, 

Figure 2. Expression levels of E2, ER and PR in GCs and LCs. (A) Immunohistochemical analysis for E2, ER and PR on ovarian tissue sections. (B) Expression 
levels of E2, ER and PR in the two cell types, expressed according to the OD values. n=20 in each group. *P<0.05 and **P<0.01 vs. control group. GC, granular 
cell; LC, luteal cell; E2, estradiol; ER, estrogen receptor; PR, progesterone receptor.

Table I. Reproductive hormone levels in the rat serum.

Group	 n	 E2 (ng/ml)	 P (pg/ml)	 FSH (mIU/ml)	 LH (mIU/ml)	 T (ng/dl)

Control	 20	 1.56±0.48	 73.81±23.42	 8.57±1.22	 2.13±0.30	 19.41±4.51
AA	 20	 1.27±0.34a	 45.70±18.44a	 7.34±0.99a	 1.32±0.24a	 15.60±3.07a

aP<0.05 vs. the control group. Data are reported as the mean ± standard deviation. E2, estradiol; P, progesterone; FSH, follicle‑stimulating 
hormone; LH, luteotropic hormone; T, testosterone; AA, athletic amenorrhea.
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as well as the maturity of oocytes. However, further studies are 
required to clarify the underlying mechanisms.

NADH ubiquinone oxidoreductase (complex I) is the 
largest complex of the mitochondrial respiratory chain, and 
is composed by ~45 subunits. Of these, 7 subunits are directly 
encoded by the mitochondrial genome, including ND1‑ND6 

and ND4L (15). ND2 is one of the subunits of NADH that 
is a rate‑limiting enzyme involved in oxidative phosphoryla-
tion (16). In the present study, it was observed that the protein 
level of ND2 was significantly decreased in AA rats, as 
determined by western blot analysis. In addition, the normal 
menstrual cycle and ovulation are controlled directly by the 

Figure 3. Decreased relative mtDNA copy number and ND2 expression in the ovarian tissues of AA rats. (A) Quantitative polymerase chain reaction amplifica-
tion curves, and (B) relative mtDNA copy number in the control and AA groups. (C) Western blots of ND2 protein, and (D) quantified results of the relative 
protein level of ND2 in the ovaries. n=20 in each group. **P<0.01 vs. control group. mtDNA, mitochondrial DNA; ND2, NADH dehydrogenase subunit 2; 
AA, athletic amenorrhea.
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hormones that are secreted from the ovaries, including E2, 
ER, PR, P, FSH, LH and T (17). The data of the present study 
revealed that these hormones in the ovaries or serum were 
markedly downregulated, which indicated the dysfunction of 
ovaries in the AA group. Accordingly, it is suggested that the 
decrease in the mtDNA copy number may induce the down-
regulation of ND2 expression and then suppress the oxidative 
phosphorylation, thus resulting in a lack of energy supply to 
the ovary and consequent ovarian dysfunction.

The morphological alterations of ovaries in the AA group 
observed by TEM confirmed that the mitochondria were the 
most affected organelles. The current results also indicated 
that mitochondrial dysfunction, particularly decreased 
mtDNA copy number and ND2 expression, may be considered 
as an early event during the development and/or progression 
of AA. Combined with the atrophy of ovaries in AA group, 
it is speculated that the atrophy may be associated with the 
mitochondrial dysfunction in female athletes.

In conclusion, the findings of the present study investigating 
AA rats suggest that excessive exercise may lead to morpho-
logical variations in the ovary, particularly to mitochondria. 
Furthermore, these morphological variations were accompa-
nied with mitochondrial function disorder through decreased 
mtDNA content and ND2 expression. Thus, decrease in the 
mtDNA content and ND2 expression may be considered as the 
possible underlying mechanism of AA.
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