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Abstract Ovarian injury can be induced by heat stress.

Mice granulosa cells (GCs) are critical for normal ovarian

function and they synthesize a variety of growth factors

and steroids for the follicle. Furthermore, the growth, dif-

ferentiation, and maturate of theca cells and oocyte are

dependent upon the synthesis of GCs. Due to the critical

biological functions of GCs, we hypothesized that the

apoptosis and dysfunction of GCs could also be induced by

heat stress. We analyzed GCs apoptosis and evaluated the

expression of apoptosis-related genes (caspase-3, Bax, Bcl-

2) after heat treatment. Radio immunity assay was used to

measure the secretion of 17b-estradiol (E2) and proges-

terone (P4). RT-PCR was used to evaluate the expression of

steroids-related genes (Star, CYP11A1, CYP19A1). Our

data suggested that heat stress inhibited GCs proliferation,

induced GCs apoptosis, decreased E2 and P4 secretion,

reduced the steroids-related genes mRNA expression.

Besides, our results indicated that heat treatment-induced

apoptosis of GCs through the mitochondrial pathway,

which involved caspase-3 and Bax. The reduction in ster-

oids secretion and mRNA expression of Star, CYP11A1,

and CYP19A1 might also play a role in heat-induced GCs

apoptosis and ovarian injury.
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Introduction

There are many different kinds of stress in livestock,

among these stresses, environmental stress has the greatest

impact and heat stress is the main stress in environmental

stress. Heat stress is sum of the animals for non-specific

response of thermal environment, when the ambient tem-

perature exceeds the temperature range of animals, they

will show some of the stress response. Heat tress reduces

reproductive performance, increases incidence and even

causes death. With the advance of global warming and

intensive farming, heat stress becomes more serious, which

will result in a great economic loss. In prior studies, heat

stress was shown to cause ovarian injury, resulted in

degradation of reproductive performance [1, 2]. It was also

shown to lead to ovarian tissue degeneration and necrosis

[3–5]. Although heat-induced ovarian injury has been

studied by investigators, its mechanism remains poorly

understood. Thus, this study was designed to investigate

the effect of heat stress on GCs to elucidate the mechanism

of heat-induced ovarian injury.

Granulosa cells (GCs) are critical for ovarian function

[6]. In an individual follicle, GCs locate outside of the zona

pellucida. These cells maintain physical, physiological

connection with the oocyte through gap junctions and play

a very important role in nourishing oocyte and regulating

oocyte development [7]. In the process of follicular

development, GCs regulate the growth, differentiation, and

maturation of theca cells as well as the oocyte by synthe-

sizing a variety of growth factors and hormones. GCs are

the main source of estrogen and progesterone [8–10]. Gap

junctions that exist between GCs and oocytes enable small

molecules (such as amino acids, ions and metabolites, etc.)

to transfer to the oocyte, which can provide up to 85 % of

oocyte metabolic needs. This conduit of nutrient delivery is
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indispensable for oocyte development [11, 12]. In addition,

GCs can regulate the transcriptional activity of oocyte

through these gap junctions and facilitate the post-tran-

scriptional modification of several oocyte proteins [13].

Bax is one of the pro-apoptotic signals in mitochondrial

pathway and it can promote follicular atresia [14]. Another

member of the Bcl-2 family, Bcl-2, has an opposing

function to Bax in regulating cell apoptosis [15–17]. In

apoptotic cells, Bax is transferred from the cytoplasm to

the mitochondria. It accelerates the opening of the mito-

chondrial ion voltage channel, which increases mitochon-

drial membrane permeability. This enables cytochrome C

to remove from the mitochondria via ion channels and

combine with apoptotic protease-activating factor (apaf21),

then pro-caspase-9 and caspase-3 is activated. Caspase-3

executes cell apoptosis. In contrast, Bcl-2 inhibits the

release of cytochrome C into the cytoplasm [18]. Bax and

Bcl-2 regulate apoptosis by forming homodimer to pro-

mote apoptosis or heterodimer to inhibit apoptosis [19]. In

earlier studies, the ratio of Bax to Bcl-2 was shown to

provide the ‘molecule switch’ of cell apoptosis. It was also

an indicator to determine whether a cancer cell is drug

resistant or recurrent [20, 21].

There are two main pathways of ovarian granulosa cells

apoptosis: death receptor pathway and mitochondrial

pathway [22]. In death receptor pathway, death receptors

combine their specific death ligands and activate caspase

cascade [23]. In mitochondrial pathway, cell apoptosis is

initiated by pro-apoptotic signals (Bax, etc.). Pro-apoptotic

signals promote the release of cytochrome C from the

mitochondria and into the cytoplasm. Subsequently, cyto-

chrome C combines with apoptotic protease-activating

factor (Apaf-1). Then pro-caspase-9 and caspase-3 is acti-

vated [24]. Caspase-3 is involved in both of the death

receptor and mitochondrial pathway, moreover, it is the

final executor of cell apoptosis and the common effect

section of various apoptotic pathways downstream [25, 26].

Besides, many hormones and growth factors regulate GCs

apoptosis by inhibiting or activating caspase activities.

Therefore, the expression of caspase-3 can reflect the

overall degree of cell apoptosis. Moreover, Pro-caspase-3

is shown as a PAC-1–sensitive dormant single-chain pre-

cursor with an N-terminal prodomain (Pro). During apop-

tosis, caspase-3 assembles as an active p17–p12

heterotetramer after proteolytic processing between the p17

and p12 subunits (at Asp175) and removal of the prodo-

main. PAC-1 is proposed to regulate the Asp–Asp–Asp

(DDD) safety catch at amino acids 179–181 in pro-caspase-

3, consequently inducing a conformational change that

leads to proteolytic processing into the active p17 and p12

subunits [27].

In addition to GCs, E2 and P4 are also very important to

maintain ovarian function. They regulate GCs apoptosis,

follicular development and ovarian atresia, E2 inhibits GCs

apoptosis by inhibiting endogenous endonuclease activa-

tion and promoting the division and growth of GCs [28]. It

regulates the development of follicles by promoting the

expression of steroid hormone synthesis genes and gona-

dotropin receptors. It also facilitates ovulation, and induces

the LH surge before ovulation. In vitro experiments, the

release of E2 is an important indicator to assess the ade-

quacy of follicular development [29]. Estrogen deficiency

or over-activity can cause ovarian tissue aging or tumori-

genesis [30]. P4 is similarly critical to ovarian develop-

ment. P4 maintains the estrous cycle and pregnancy of

ovary. It is synthesized mainly in the GCs of the corpus

luteum and placental syncytiotrophoblast. In earlier stud-

ies, progesterone was shown to regulate the apoptosis of

GCs via a protein kinase G-dependent pathway [31].

In earlier studies, steroid-producing enzymes are critical

for steroid synthesis. The process is as following: choles-

terol is transported from the outer mitochondrial membrane

to the inner membrane by steroidogenic acute regulatory

protein (StAR), and then it is synthesized to pregnenolone

by P450scc (cholesterol-side-chain cleavage enzyme).

After that, pregnenolone is catalyzed to progesterone and

then synthesized to androgen in thecal cell. At last,

androgen is synthesized to estrogen by P450arom (aro-

matase cytochrome P450) in GCs. StAR is encoded by Star

and p450scc is encoded by CYP11A1. P450arom is enco-

ded by CYP19A1 and it is the rate-limiting enzyme for

androgens conversing into estrogens [32, 33]. There is a lot

of reaction substrate- cholesterol in the mitochondrial outer

membrane cytoplasm while there is very few in thecal

cells, however, the essential reaction that cholesterol con-

versing to pregnenolone takes place in the inner mito-

chondrial membrane [34], therefore, the step that

cholesterol is transported from the outer to the inner

mitochondrial membrane by StAR is the rate-limiting step

in steroid hormone synthesis. After the transfer of choles-

terol, P450scc role in the formation of progesterone, so

StAR and P450scc are the rate-limiting enzymes for pro-

gesterone synthesis [35].

Methods

Primary culture of GCs

In this study, female Kunming mice (21 days old,

15 ± 2 g) were obtained from the Nanjing Qinglongshan

Experimental Animal Factory and reared in the same cage.

Mice were ad libitum under 25 �C and 12–12 h light dark

cycles. All experiments were carried out in accordance

with the National Institutes of Health guidelines. Each

mouse was injected with PMSG (10 IU) and subsequently
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the anesthetized with pentobarbital sodium (4 mg/kg body

weight) and euthanized by cervical vertebra dislocation

after 48 h. Ovary samples were collected in petri dishes

(35 9 15 mm) under aseptic conditions. 1 mL syringe

needles were used to prick the follicles and release the

pellets. The cell suspensions were cultured in F12/DMEM

supplemented with 15 % FBS and 5 % Penicillin–Strep-

tomycin in 6-well plates at 37 �C in the CO2 incubator.

Cell attachment or not was observed and confirmed 24 h

after incubation. After 48 h of culture, the medium was

replaced to remove unattached cells and this procedure was

repeated every 48 h.

Identification of GCs

Microscopic examination and immunohistochemistry for

the follicle-stimulating hormone receptor (FSHR) was

utilized to identify GCs within cultured cells. The mor-

phological characteristics were determined using an

inverted phase contrast microscope. The procedure of

immunohistochemistry for the follicle-stimulating hormone

receptor (FSHR), in brief, cell samples were fixed in 4 %

paraformaldehyde for 20 min, air-dried for 5 min, and

incubated in a 3 % H2O2 and pure methanol (1:4) for

30 min to quench endogenous cell peroxidase. Subse-

quently a blocking buffer was added to the slides. The

primary antibody utilized was rabbit polyclonal FSHR

(1:200) (Boster Biological Technology, China, diluted

1:200). Immunoreactivity was detected using goat anti-

rabbit IgG secondary antibody (Beyotime Biotechnologies,

China, diluted 1:50) marked by horseradish peroxidase

(HRP). Diaminobenzidine tetrahydrochloride (DAB) was

used as the substrate. Then the slides were counterstained

with haematoxylin.

Determination of cell growth curve

GCs were cultured in 96-well plates and their optical

density (OD) was assessed using the CCK-8 cell viability

assay kit (Jiancheng Bioengineering Institute, Nanjing,

China) according to the manufacturer’s instructions every

24 h until the 8th day. In brief, 10 lL CCK-8 was added to

each well and incubated for 4 h at 37 �C. The plate was

then scanned by a spectrophotometer (wavelength of

450 nm). The mean absorbance of each well was plotted

against time to produce the cell growth curve.

GCs heat treatment

The plates containing cultivated cells were placed in the

CO2 incubator at 40 �C or 43 �C with a paraffin membrane.

Subsequently, the dishes were immediately returned to the

37 �C CO2 incubator for 6 h. The cell cultures were then

terminated for analysis.

Analysis of cell viability

The cells were cultured in 96-well plates and their viability

was assessed by utilizing CCK-8 cell viability assay kit

(Jiancheng Bioengineering Institute, Nanjing, China)

according to the manufacturer’s instructions after heat treat-

ment at 40 �Cor 43 �C.The cell viabilitywas expressed as the
proportion of absorbance values compared to the control.

Analysis of GC apoptosis by flow cytometry (FCM)

GCs were prepared by enzymatic digestion and washed

with preheated phosphate buffered saline (PBS). Then the

GCs were measured through APC-annexin V/PI double

Table 1 Nucleotide sequence

of specific primer pairs applied

for the quantitative real-time

PCR detection of caspase-3,

Star, CYP11A1, CYP19A1,

Bax, Bcl-2 and GAPDH

Gene Primers pairs and probes Product

length (bp)

Annealing

(�C)

Caspase-3 F: 50-CTGGACTGTGGCATTGAGAC-30 158 54.4

R: 50-GCAAAGGGACTGGATGAACC-30

Star F: 50-CCTCAGCACTCAGCATGTTCC-30 173 57.1

R: 50-GACGTCGAACTTGACCCATCC-30

CYP11A1 F: 50-AGTTCAGATGCCTGGAAGAAAGA-30 198 55.6

R: 50-ACTCAAAGGAAAAGCGGAATAGG-30

CYP19A1 F: TCGCAGAGTATCCAGAGG-30 277 47.9

R: GGTAAATTCATTGGGCTTA-30

Bax F: 50-CCGGCGAATTGGAGATGAACT-30 229 56.0

R: 50-CCAGCCCATGATGGTTCTGAT-30

Bcl-2 F: 50-TCAGAGCGAGAAGGTAGGGA-30 274 56.0

R: 50-CTGTGGGGTAACAAGAAGGTC-30

GAPDH F: 50-AGAAACCTGCCAAGTATGATGAC-30 220 55.0

R: 50-CCTGTTGCTGTAGCCGTATTC-30
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staining by utilizing the Annexin V Apoptosis Detection

Kit APC (eBioscience) according to the manufacturer’s

instructions before being analyzed by flow cytometry.

Activated-caspase-3 activity assay of GCs

Caspase-3 colorimetric assay kit (KeyGEN BioTECH,

Nanjing, China) was used to determine activated-caspase-3

activity after collection and treated cells as previously

described. Briefly, 50 lL of lysate was incubated in a

96-well plate with 50 lL of 2 9 reaction buffer containing

0.5 lL of DTT. Then they were added with 5 lL caspase-3

substrate. After that the plate was incubated at 37 �C for

4 h and then read on an ELSA microplate reader at 405 nm

wavelength. The level of activated-caspase-3 in the lysates

was direct proportion to the color reaction. Therefore, the

fold increase of activated-caspase-3 protease activity was

determined by comparing absorbance from the treated

samples with the controls.

RNA extraction and qualitative real-time PCR

analysis

Qualitative real-time PCR analysis was used to evaluate the

level of mRNAs and was performed using the ABI Prism

Sequence Detection System (Applied Biosystems). Total

RNA of control groups and treated groups were extracted

using the Total RNA Isolation Kit (Takara). An aliquot of

the total RNA was treated with DNase I and reverse-tran-

scribed into cDNA with PrimeScriptTM RT Master Mix

(TaKaRa). The resulting cDNA was used for SYBR Green

(Applied Biosystems) real-time PCR amplification with the

SYBR Green Master (Roche). Mouse GAPDH was used as

an endogenous control. The sequences of the specific pri-

mer pairs for caspase-3, Bax, Bcl-2, Star, CYP11A1,

CYP19A1, and GAPDH are presented in Table 1. The

relative mRNA expression level from real-time PCR was

calculated using the formula 2�DDCt method, as described

previously [36, 37]. In all runs, the differences in mRNA

expression of samples were compared to the internal con-

trol sample and the mRNA analyses were performed in

triplicate.

Western blot analysis

The expression levels of pro-caspase-3 in GCs were ana-

lyzed by Western blot. The proteins from GCs were

extracted by radio immunoprecipitation assay (RIPA Lysis

Buffer, Beyotime Biotechnologies, Nanjing, China)

according to the manufacturer’s instructions. The crude

homogenates were centrifuged at 10,0009g for 3 min and

the resultant supernatant, which contained the soluble

protein fraction, was collected. The protein content was

determined by utilizing the BCA Protein Assay Kit (Bey-

otime Biotechnologies, Nanjing, China) according to the

manufacturer’s instructions. The samples were diluted with

Fig. 1 GCs attached plates and aggregate into attached clusters

Fig. 2 Growth curve of cultured GCs

Fig. 3 Immunohistochemical staining of FSHR in cultured GCs
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sample buffer (pH 6.8, 60 m mol/L Tris–Cl, 200 m mol/L

dithiothreitol, 2 % sodium dodecyl sulpfate (SDS), 0.1 %

bromophenol blue and 25 % glycerol) and heated to

99.9 �C for 8 min to ensure that they contained equal

amounts of protein (12 lg). They were subsequently sep-

arated by SDS-PAGE in gels containing 10 % acrylamide.

The samples were electrically transferred to an immunoblot

PVDF membrane (Bio-Rad, Shanghai, China), which was

then blocked with 5 % BSA for 1 h at room temperature

and incubated with an anti-mouse caspase-3 (diluted 1:500;

Boster Biotechnologies, China) or anti-mouse tubulin

monoclonal antibody (diluted 1:1000; Boster Biotech-

nologies, China) at room temperate overnight with

constantly shaking. The membranes were then washed in

TBST for 10 min and incubated with a secondary antibody,

HRP-labeled Goat Anti-Mouse IgG-H ? L (diluted

1:1000; Beyotime Biotechnologies, Nanjing, China), for

2 h at room temperature. After the membranes were

washed with TBST and incubated with ECL (electro-

chemiluminescence) for 3–5 min, the signal was

visualized.

Determination of E2 and P4 levels

Radio immunoassay (RIA) was used to assay the levels of

E2 and P4. The GCs serum-free culture medium was col-

lected and preserved in -20 �C before and after heat

treatment and subsequently sent to Nanjing General

Hospital of Nanjing Military Command to determine the

levels of E2 and P4. Their levels were expressed as the

proportion of hormone concentration compared to the

control.

Statistical analysis

Every experiment was repeated three times and six wells

were included in each treatment. The data were analyzed

using one-way ANOVA in SPASS13.0 and expressed as

the mean ± standard deviation (SD) with P value\ 0.05

considered significantly significant.

Fig. 4 Cell viability analysis of GCs in control group and treatment

groups. *P\ 0.05 with respect to the control group; **P\ 0.01 with

respect to the control group

Fig. 5 Effects of heat treatment

on apoptosis of GCs. a Annexin

and PI double staining. The

cells were divided into four

quadrants as follows: living

cells (FITC-, PI-); early

apoptotic cells (FITC?, PI-);

late apoptotic/necrotic cells

(FITC?, PI?). b Statistical

chart of apoptosis rate,

*P\ 0.05 with respect to the

control group; **P\ 0.01 with

respect to the control group;
#P\ 0.05 with respect to the

40 �C group; ##P\ 0.01 with

respect to the 40 �C group
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Results

Characterization of cultured GCs

The spherical GCs attached to plates and aggregated into

clusters within the first 24 h. GCs were polygonal or

fusiform. Their nuclei were large, round, and translucent.

GCs covered more than 80 % of the wells at 3rd or 4th

day. The cell morphology was consistent with the refer-

ences [38–40] (Fig. 1). As illustrated in the cell growth

curve, GCs proliferated as the cultured time progressed.

The proliferation reached the peak by 3rd day, after which

it began to slow, particularly by day six (Fig. 2). GCs are

the only cells that express FSHR among the ovarian cells

[41]. The result of the FSHR immunohistochemistry

staining confirmed that the cultured cells were GCs

(Fig. 3).

Effects of heat treatment on cell viability and GC

apoptosis

The data showed that cell viability reduced following heat

treatment. 40 �C group (P\ 0.05) and 43 �C group

(P\ 0.01) had lower viability than control group (Fig. 4).

Annexin V and PI double staining was used to verify GC

apoptosis. Compared to the apoptotic rate of control group,

40 �C group and 43 �C group were increased (P\ 0.05;

P\ 0.01) and the difference between them was significant

(P\ 0.05; Fig. 5a, b).

Effects of heat treatment on caspase-3 expression

in GCs

As shown in Fig. 6a, caspase-3 mRNA levels were

increased in 40 �C group (P\ 0.05) and 43 �C group

(P\ 0.01) and the difference between 40 �C group and

43 �C group was significant (P\ 0.05; Fig. 6a). Procas-

pase-3 protein levels was also higher than control group

after heat treated at 40 �C (P\ 0.05) and 43 �C (P\ 0.01)

(Fig. 6b, c).

In addition, compared to control group, activated-cas-

pase-3 activity was significantly increases in 40 �C group

(P\ 0.05) as well as 43 �C group (P\ 0.01) (Fig. 6d).

Effects of heat treatment on Bax and Bcl-2

expression in GCs

Compared to control group, heat treatment groups con-

tained significantly elevated Bax mRNA levels (Fig. 7a).

Interestingly, the level of Bcl-2 mRNA expression was

lower after 40 �C heat treatment while it was higher after

43 �C heat treatment. And the Bcl-2 mRNA expression

difference between 40 and 43 �C was not statistically sig-

nificant (Fig. 7b). In addition, the Bax/Bcl-2 ratio was

significantly decreased in 40 �C (P\ 0.05) group as well

as 43 �C group (P\ 0.05) compared to the control group

(Fig. 7c).

Fig. 6 Qualitative real-time RT-PCR and Western blot analysis for

caspase-3 of GCs in control group and treatment groups. a Relative

mRNA expression of caspase-3 in GCs by different treatments.

b Western blot analysis of caspase-3 of GCs in control group and

treatment groups. c Relative protein expression of caspase-3 in GCs

by different treatments, analyzed by Western blotting. d Relative

activity of activated-caspase-3. Protein expression is expressed as a

percentage of caspase-3 expression versus tubulin expression, and

represents the mean ± SD of at least three independent experiments.

*P\ 0.05 with respect to the control group; **P\ 0.01 with respect

to the control group; #P\ 0.05 with respect to the 40 �C group;
##P\ 0.01 with respect to the 40 �C group
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Effects of heat treatment on E2 and P4 secretion

of GCs

As shown in Fig. 8, both of E2 and P4 concentration

decreased as the temperature increased. The concentration

of E2 was not significantly different between 40 �C group

and control group, (Fig. 8a) while the concentration of P4
was significantly lower (P\ 0.01) (Fig. 8b). In 43 �C
group, both of E2 and P4 concentration were significantly

lower than control group (P\ 0.05; P\ 0.01) (Fig. 8). In

addition, P4 concentration was significantly different

between 40 �C group and 43 �C group (P\ 0.05)

(Fig. 8b). Star, CYP11A1 and CYP19A1 mRNA levels

showed a downward trend as the temperature increased and

the difference between 43 �C group and control group was

significant (Fig. 9).

Discussion

It is previously demonstrated that heat stress can cause

injury to ovary [4, 5] and GCs are critical for normal

ovarian function [6]. In the process of follicular develop-

ment, GCs regulate the growth, differentiation, and matu-

ration of theca cells as well as the oocyte by synthesizing a

variety of critical growth factors and hormones. Moreover,

GCs are the main source of estrogen and progesterone [8–

10]. Thus, GCs apoptosis will disturb the process of fol-

licular development and the secretion of steroids. Prior

investigations have found that E2 and P4 can protect GCs

from apoptosis [31]. In the present study, our data sug-

gested that heat treatment could induce GCs apoptosis and

disturb the secretion of E2 and P4, indicating that ovarian

injury has occurred.

Caspase-3 is involved in two major apoptotic pathways

of GCs- death receptor pathway and mitochondrial path-

way. Previous studies have found that the proteins involved

in the mitochondrial pathway are primarily those belonging

to the Bcl-2 family [42], and Bcl-2 gene deletion could

cause a reduction of follicles number in mice, while

overexpression of Bcl-2 could inhibit GC apoptosis and

follicular atresia [19]. After heat treatment, GCs prolifer-

ation was inhibited, the expression of caspase-3 were sig-

nificantly increased. Moreover, the ratio of Bax/Bcl-2 was

significantly increased, which indicates that the mito-

chondrial pathway plays an important role in heat-induced

Fig. 7 Effect of heat treatment on Bax and Bcl-2 mRNA expression.

a Relative mRNA expression of Bax in GCs after heat treatment.

b Relative mRNA expression of Bcl-2 in GCs after heat treatment.

c Relative mRNA expression of Bcl-2/Bax ratio after heat treatment.

*P\ 0.05 with respect to the control group; **P\ 0.01 with respect

to the control group; #P\ 0.05 with respect to the 40 �C group;
##P\ 0.01 with respect to the 40 �C group

Fig. 8 Effects of heat treatment on the secretion of E2 and P4 in GCs.

a Relative concentration of E2 in GCs after different treatments.

b Relative concentration of P4 in GCs after different treatments.

*P\ 0.05 with respect to the control group; **P\ 0.01 with respect

to the control group; #P\ 0.05 with respect to the 40 �C group;
##P\ 0.01 with respect to the 40 �C group

Mol Cell Biochem (2016) 412:81–90 87

123



apoptosis of GCs. The expression of Bax mRNA was

significantly elevated while the expression of Bcl-2 mRNA

was not, which suggested that Bax might play an important

role in heat-induced GC apoptosis while Bcl-2 was not as

critical as Bax. We hypothesized that the possible mecha-

nistic process was, Bax was transferred from the cytoplasm

to the mitochondria and accelerated the opening of mito-

chondrial ion voltage channel, which increased mitochon-

drial membrane permeability. Subsequently, cytochrome C

was removed from the mitochondria via ion channels and

cytochrome C combined with apoptotic protease-activating

factor (Apaf-1). Thus, pro-caspase-9 was activated and

then caspase-3 was activated, ultimately cell was apoptotic.

The apoptosis of cells is co-regulated by multiple genes

and proteins so there were many potential mechanisms by

which Bcl-2 mRNA expression was increased or

decreased. We suspected that the reduction of Bcl-2 mRNA

expression after 40 �C heat treatment might due to heat

induction. However, the increasing level of Bcl-2 mRNA

expression might be the result of heat shock proteins,

which was a self-protection mechanism in GCs [43–45].

Meanwhile, our data showed that, after heat treatment, the

secretion of E2 and P4 was reduced and the related genes

(Star, CYP11A1, CYP19A1) mRNA expression were

reduced, which indicated that heat treatment might disturb

the secretion of E2 and P4 via inducing GCs apoptosis and

reducing the related genes expression. Moreover, the

decline of E2 and P4, in turn, enhanced the possibility of

GCs apoptosis and disturbed follicular development.

In conclusion, heat-induced ovarian injury is well

understood, but the present study highlights a potential

mechanism of heat-induced ovarian injury. We found that

Bax was involved in the mechanism via mitochondrial

pathway. Furthermore, the reduction in steroids secretion

(E2, P4) and mRNA expression of Star, CYP11A1, and

CYP19A1 might also play an important role in heat-in-

duced GCs apoptosis and ovarian injury (Fig. 10), although

Fig. 9 Effect of heat treatment on ‘‘rate-limiting’’ genes mRNA

expression. a Relative mRNA expression of Star in GCs after heat

treatment. b Relative mRNA expression of CYP11A1 in GCs after

heat treatment. c Relative mRNA expression of CYP19A1 after heat

treatment. *P\ 0.05 with respect to the control group; **P\ 0.01

with respect to the control group; #P\ 0.05 with respect to the 40 �C
group; ##P\ 0.01 with respect to the 40 �C group

Fig. 10 Proposed mechanism of heat-induced injury in GCs. Bax

was involved in the mechanism via mitochondrial pathway. The

secretion of E2 and P4 might be disturbed by heat treatment via

inducing GCs apoptosis and reducing the related genes expression.

Moreover, the decline of E2 and P4, in turn, might enhance the

possibility of GCs apoptosis and ovarian injury
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the precise mechanism by which this occurs still needs to

be clarified.
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