
EXPERIMENTAL AND THERAPEUTIC MEDICINE  25:  161,  2023

Abstract. Granulosa cells (GCs) are important for supporting 
and nourishing oocytes during follicular development and 
maturation. Oxidative stress (OS) injury of GCs can lead to 
decreased responsiveness of follicles to follicular stimulating 
hormone (FSH), which will accelerate ovarian senescence and 
adversely affect oocyte and embryo quality. Since L‑carnitine 
has been previously reported to exert strong antioxidant 
activity, the present study aimed to explore the possible effects 
of L‑carnitine on OS injury and FSH receptor (FSHR) expres‑
sion in ovarian GCs, results of which may be of significance 
for GCs protection. In the present study, OS was induced 
in vitro in KGN cells by treatment with H2O2. KGN cells were 
cultured and divided into the following four groups: Blank, 
OS, and 40 and 80 µmol/l L‑carnitine pre‑treatment groups. 
In the OS group, cells showed nuclear pyknosis, mitochondria 
swelled irregularly whilst featuring fractured cristae. In addi‑
tion, cell viability, ROS levels, superoxide dismutase levels, 
glutathione levels, malondialdehyde levels, the mitochondrial 
membrane potential and FSHR expression, as determined by 
Cell Counting Kit‑8 (CCK‑8), 2,7‑dichloro‑dihydrofluorescein 
diacetate, spectrophotometry, ELISA, spectrophotometry, 
JC‑1 and western blot analyses, respectively, were all signifi‑
cantly different in the OS group compared with those in 
the control group. However, malonaldehyde levels, reactive 
oxygen species levels and the apoptosis rate according to flow 
cytometry were all significantly increased compared with 
those in the control. Compared with those in the OS group, 
the morphology of cells and mitochondria in the L‑carnitine 

pre‑treatment groups were improved, whilst cell viability and 
the expression of FSHR were significantly increased but oxida‑
tive stress injury was decreased. The present results suggest 
that L‑carnitine can protect the cells from OS damage induced 
by H2O2, enhance antioxidant activity whilst suppressing the 
apoptosis of GCs, in addition to preserving FSHR expression 
in GCs under OS. Therefore, the present study revealed that 
the introduction of L‑carnitine in clinical medicine or dietary 
supplement may protect GCs, improve follicular quality and 
female reproductive function.

Introduction

Forming part of the basic unit of female reproduction, a follicle 
consists of oocyte and granulosa cells (GCs) (1). GCs are 
involved in supporting and nourishing oocytes during follic‑
ular development and maturation (2,3). Oxidative stress (OS) 
caused by the increase of reactive oxygen species (ROS) levels 
has an important effect on oocyte and embryo quality (4,5). 
Previous study have found that the levels of ROS in the follic‑
ular fluid of patients with polycystic ovary syndrome (PCOS) 
and endometriosis (EMT) are significantly increased (4,6). 
In addition, within the healthy population, the total oxidative 
state and total antioxidant state in the follicular fluid also tend 
to be abnormal as the individual ages (6‑8). Other studies have 
confirmed that OS can reduce the ovarian follicle stimulating 
hormone (FSH) activity by downregulating the expression of 
the FSH regulatory gene P450 aromatase and then decreasing 
the expression of FSHR (9,10). Therefore, it is important to 
protect GC from OS injury to improve the quality of follicles 
and embryos, in addition to preserving female reproductive 
function.

L‑carnitine (LC) is a type of water soluble vitamin 
analogue that is naturally occurring in the human body (11). 
As an important substance of aliphatic acid energy metabo‑
lism, it can help transport long chain aliphatic acids from the 
cytoplasm into the mitochondria (12). Since L‑carnitine is a 
carrier of long‑chain fatty acyl groups, it can participate in 
the deacylation and reacylation of membrane phospholipids in 
the process of membrane repair, which is conducive to timely 
membrane repair (12). In other words, LC exhibits high anti‑
oxidant effects. Although previous studies have demonstrated 
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that LC exerts protective effects on female reproduction by 
reducing the damage of oocytes by oxidative stress products 
(such as ROS) by reducing oocyte oxidative stress, which 
improves oocyte quality (13,14), the potential role of LC in 
GCs remains unclear. Therefore, the present study firstly 
introduced LC into an in vitro model of OS in GCs, which is 
established in the ovarian granular cell line KGN through H2O2 
treatment. OS biomarkers and FSH receptor (FSHR) protein 
expression levels were then measured to explore the effects of 
LC on OS injury in KGN cells induced by H2O2. The present 
study examined the morphological changes of KGN cells in the 
aforementioned groups using electron microscopy, measured 
the levels of oxidative stress [2,7‑dichloro‑dihydrofluorescein 
diacetate (DCFH‑DA) assay of ROS, spectrophotometry of 
superoxide dismutase levels, ELISA of glutathione levels, 
spectrophotometry of malondialdehyde (MDA) levels], and 
examined cell apoptosis using flow cytometry and FSHR 
expression using western blotting to explore the effects of LC 
on the response of KGN cells to oxidative stress.

Materials and methods

Reagents. LC (purity >98%) was purchased from 
Sigma‑Aldrich (Merck KGaA). H2O2 30% solution (analytical 
grade) was purchased from Yantai Far East Fine Chemical Co., 
Ltd. KGN human ovarian granulocyte cells (cat. no. YS549C) 
were purchased from Shanghai Yaji Biotechnology Co., Ltd. 
The KGN cells were authenticated by short tandem repeat 
profiling.

Culture of KGN cells. KGN cells are anchorage‑dependent 
cells and can proliferate steadily (15). KGN cells maintain 
the majority of the physiological activities of normal human 
ovarian GCs, including functional FSHR expression, steroid 
production and Fas‑mediated apoptotic patterns (16). They are 
suitable for studying the physiological regulation of human 
GCs (16). KGN cells were cultured in complete medium 
(CM), which was comprised of 89% DMEM/F‑12 (Beijing 
Oka Biological Technology Co., Ltd.), 10% FBS (ExCell 
Biotechnology Co., Ltd.) supplement and 1% penicillin 
(100 U/ml) and streptomycin (0.1 mg/ml) (Beijing Biosharp 
Biotechnology Co., Ltd.) at 37˚C with 5% CO2. The cells able to 
multiply normally were cryopreserved once every other week 
with 1 ml cryoprotectant made of DMSO (Beijing Solarbio 
Science & Technology Co., Ltd.) and FBS at a ratio of 1:9.

KGN cells were divided into the following groups for the 
Cell Counting Kit‑8 (CCK‑8), OS level (DCFH‑DA, spectro‑
photometry, ELISA and spectrophotometry), JC‑1 and western 
blotting assays: Blank (CM‑blank 24 h + CM‑blank 24 h), 
OS (CM‑blank 24 h + CM‑H2O2 100 µmol/l 24 h), low LC 
(CM‑LC 40 µmol/l 24 h + CM‑H2O2 100 µmol/l 24 h) and 
high LC (CM‑LC 80 µmol/l 24 h + CM‑H2O2 100 µmol/l 24 h) 
groups.

Determination of H2O2 concentration needed to induce OS. 
KGN cells (1x103 cells/well) were seeded into a 96‑well plate 
and cultured at 37˚C for 24 h. Cells were then divided into the 
following groups: Control (cells without H2O2 treatment); treat‑
ment (cells treated with 25, 50, 100, 150 and 200 µmol/l H2O2) 
and the blank groups (wells without cells or H2O2 treatment). 

After culture for 12, 24 and 48 h at 37˚C, 10 µl CCK‑8 solu‑
tion (Beijing Solarbio Science & Technology Co., Ltd.) was 
added to each well according to the manufacturer's protocols. 
The plates were incubated for 2 h at 37˚C and the absorbance 
at 450 nm wavelength, which was obtained as the optical 
density (OD) value, was measured with a Multiskan SkyHigh 
automatic microplate reader (Thermo Fisher Scientific, Inc.). 
Cell viability was calculated using the following formula: 
Cell viability=(ODtreatment‑ODblank)/(ODcontrol‑ODblank) x100. The 
appropriate concentration of H2O2 in CM was screened out 
by monitoring changes in cell viability and cell viability of 
50‑60% was selected to construct the OS model for subsequent 
experiments. Cell viability was assessed in three replicates for 
each group.

Determination of the concentration of LC. KGN cells had a 
relatively long population doubling time of ~46.4 h (13), there‑
fore, the cells were sub‑cultured at a 1:2 ratio. Subsequently, 
cells were cultured in CM containing 80 µmol/l LC for 24 h 
and then the CM containing 100 µmol/l H2O2 was replaced to 
culture cells for a further 24 h at 37˚C. The duration of 24 h 
was selected because a culture time of two times 24 h was 
close to its doubling time (15).

Effect of LC concentration on KGN cell viability. KGN 
cells (5x103 cells/well) were seeded into a 96‑well plate and 
divided into the control group (cells without LC treatment) and 
the experimental groups (cells treated with 10, 20, 40, 80 and 
160 µmol/l LC at 37˚C). The OD data were corrected for the 
OD of the blank group (wells without cell or LC treatment) and 
then normalized to the control group. After 24 h, cell viability 
was calculated according to the manufacturer's instructions 
using CCK‑8 (cat. no. BS350A; Biosharp Life Sciences) at 
37˚C for 4 h. This cell viability experiment was assessed in 
three replicates for each group.

LC concentration in KGN cells. KGN cells (1x105 cells/well) 
were seeded into a six‑well plate without the blank group. 
Aliquots of 2 ml CM containing different LC concentrations 
(10, 20, 40, 80 and 160 µmol/l LC at 37˚C) were added to each 
well and before intracellular LC concentrations were detected 
after 24 h at 37˚C. After washing with PBS, cells were digested 
with 1 ml trypsin (cat. no. T1300, Beijing Solarbio Science 
& Technology Co., Ltd.) for 1 min and collected in a 1.5‑ml 
Eppendorf tube. After further washing with PBS, cells were 
resuspended in 1 ml PBS, repeatedly frozen and thawed (‑80˚C 
and 37˚C) for three times. Subsequently, cells were centri‑
fuged at 590 x g for 20 min and the LC concentration in the 
supernatant was measured using ELISA (cat. no. ml037170; 
Shanghai Enzyme‑linked Biotechnology Co., Ltd.) according 
to the manufacturer's protocols. Sample concentrations were 
extrapolated from a calibration curve. Sample concentrations 
were tested three times. The concentration of LC was selected 
according to the change in LC concentration in GCs under 
different extracellular concentrations of LC.

Observation of the ultrastructure of KNG cells. Cells were 
cultured to 1x107 cells in each group: Blank (CM‑blank 
24 h + CM‑blank 24 h), OS (CM‑blank 24 h + CM‑H2O2 
100 µmol/l 24 h), low LC (CM‑LC 40 µmol/l 24 h + CM‑H2O2 
100 µmol/l 24 h) and high LC (CM‑LC 80 µmol/l 24 h + 
CM‑H2O2 100 µmol/l 24 h) groups. After digestion at 37˚C 
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with 1 ml trypsin for 1 min, the cells were collected in a 1.5‑ml 
Eppendorf tube and centrifuged at 100 g for 10 min to remove 
the supernatant. Subsequently, cells were fixed in 4% parafor‑
maldehyde + 1% glutaraldehyde solution for 30 min at 37˚C 
and stored at 5˚C for 12 h. After removal of the fixative solu‑
tion, cells were rinsed with PBS three times for 15 min each 
time. Subsequently, cells were fixed with 1% osmium tetroxide 
solution for 1‑2 h at 37˚C, washed with PBS, dehydrated in 
ascending ethanol series (30, 50, 70, 80, 90 and 95% ethanol; 
15 min each) before being finally treated with 100% ethanol 
for 20 min. After treatment with pure acetone for 20 min, 
the cells were treated with a mixture of embedding agent 
and acetone (V/V=1/1 for 1 h, then V/V=3/1 for 3 h) and pure 
embedding agent overnight. The osmotic samples were heated 
overnight at 70˚C. The samples were sliced into 70‑90‑nm 
sections using an ultrathin slicing machine (HT7700; Hitachi, 
Ltd.) and stained with lead citric acid solution and 50% 
ethanol saturated solution of uranium dioxane acetate for 
5‑10 min, respectively. After exposure to air, the specimens 
were observed under transmission electron microscopy (EM 
UC7; Leica Microsystems GmbH) to analyze the morphology 
of the nuclear membranes and mitochondria. The specific 
method was consistent with that used by Ma et al (17).

Measurement of cell viability and OS levels
Cell viability. A total of 1x106 KGN cells were cultured in a 
96‑well plate at 37˚C as follows: Blank group (CM‑blank 24 h + 
CM‑blank 24 h), OS (CM‑blank 24 h + CM‑H2O2 100 µmol/l 
24 h), low LC (CM‑LC 40 µmol/l 24 h + CM‑H2O2 100 µmol/l 
24 h) and high LC groups (CM‑LC 80 µmol/l 24 h + CM‑H2O2 
100 µmol/l 24 h). Subsequently, cell viability of each experi‑
mental group was detected using CCK‑8 assay.

OS levels. A total of 1x106 KGN cells were cultured 
in a 96‑well plate at 37˚C: Blank group (CM‑blank 24 h + 
CM‑blank 24 h), OS (CM‑blank 24 h + CM‑H2O2 100 µmol/l 
24 h), low LC (CM‑LC 40 µmol/l 24 h + CM‑H2O2 100 µmol/l 
24 h) and high LC groups (CM‑LC 80 µmol/l 24 h + CM‑H2O2 
100 µmol/l 24 h). ROS (cat. no. CA1410), MDA content 
(cat. no. BC0020), reduced glutathione (GSH) content (cat. 
no. BC1175) and superoxide dismutase (SOD) activity (cat. 
no. BC0170) assay kits, all purchased from Beijing Solarbio 
Science & Technology Co., Ltd., were used to analyze the OS 
levels in vitro, according to the manufacturer's protocols.

ROS. The ROS level in KGN cells was measured based 
on the fluorescence intensity of DCFH‑DA. After washing 
with PBS, cells were treated with 1 ml working solution 
(DCFH‑DA: serum‑free medium=1:1,000). ROS detection 
solution was prepared with the DCFH‑DA probe in serum‑free 
medium at 1:1,000 ratio and 1 ml ROS detection solution was 
added into the six‑well plate to cover the bottom of the wells. 
After cultured for 25 min at 37˚C, the cells were gently washed 
with DMEM and digested with 500 µl trypsin without EDTA 
for 3 min at 37˚C. The average fluorescence intensity of KGN 
cells in each experimental group was recorded using the fluo‑
rescein isothiocyanate (FITC) channel of a NovoCyte 2040R 
flow cytometer (Beckman Coulter, Inc.) and analyzed using 
NovoExpress 1.1.0 (Agilent Technologies, Inc.) within 1 h. 
The maximum absorption and excitation wavelengths of FITC 
were 494 and 518 nm, respectively. The ROS level analysis was 
performed in triplicate.

MDA. KGN cells in the Blank (CM‑blank 24 h + CM‑blank 
24 h), OS (CM‑blank 24 h + CM‑H2O2 100 µmol/l 24 h), low 
LC (CM‑LC 40 µmol/l 24 h + CM‑H2O2 100 µmol/l 24 h) and 
high LC (CM‑LC 80 µmol/l 24 h + CM‑H2O2 100 µmol/l 24 h) 
groups were washed with PBS, digested with 400 µl trypsin 
for 1 min at 37˚C and resuspended in an Eppendorf tube. A 
total of 10 µl cell suspension was collected for cell counting 
using a hemocytometer. After cell counting, the cells in each 
group were centrifuged at 210 x g for 5 min at 37˚C to remove 
the supernatant and then diluted in PBS to 5x106 cells/ml. Cell 
disruption was performed at 4˚C using an ultrasonic breaker 
(KQ‑800GKDV; Kunshan Ultrasonic Instrument Co., Ltd.) for 
30 cycles of sonication at 20% power for 3 sec with an interval 
of 10 sec between each sonication. Subsequently, the broken 
cells were centrifuged at 8,000 g and 4˚C for 10 min to collect 
the supernatant that was stored at 4˚C until further use. The 
samples were treated with the MDA content assay kit as per 
manufacturer's protocols and sealed in water bath at 100˚C for 
60 min. After cooling to room temperature (~1 h), the samples 
were centrifuged at 10,000 g and room temperature for 10 min, 
before 200 µl were added into each well of a 96‑well plate. The 
absorbance at 450, 532 and 600 nm in each well was deter‑
mined and ∆OD was obtained as the OD difference between 
test well and blank well at the same wavelength. MDA content 
in each sample was calculated using the following formula: 
MDA content=[12.9x (∆OD532‑∆OD600)‑2.58x ∆OD450] x V 
total/(500/Vextract x Vsample). The MDA content was measured 
three times.

GSH. KGN cells in a six‑well plate were collected and 
counted to ensure a number of cells of 1x106‑1x107. After 
centrifugation at 600 x g and 10 min at room temperature, 
cells were washed twice with PBS and then treated with the 
working solution according to the manufacturer's protocol 
of the specific kit. After being frozen (30 min) and thawed 
(30 min) for three times, the samples were centrifuged at 
8,000 x g for 10 min at room temperature and the supernatants 
were collected and stored at 4˚C until further analysis. A cali‑
bration curve was prepared according to the manufacturer's 
protocols of the specific kit and the sample supernatants were 
loaded into a microplate reader. For each sample, the absor‑
bance at 412 nm was measured and the detection absorbance 
of the blank detection hole was set as D0. ∆OD412=OD412‑OD0). 
Subsequently, the calibration curve was used to extrapolate 
the concentration of each sample from the corresponding 
∆OD412. The GSH content was calculated using the following 
formula: Sample concentration x Vsample/(Vsample/Vsample total x 
cell number), i.e. the ratio between sample concentration and 
cell number. The GSH content was measured three times.

SOD. The protocol used to measure the SOD content was 
the same as that for MDA in terms of experimental groups and 
treatments, cell counting and disruption, as well as supernatant 
collection. The SOD activity detection kit was purchased from 
Beijing Solarbio Science & Technology Co., Ltd. (product 
no. BC0170). The supernatants collected from each sample 
were loaded in the microplate reader according to the kit 
protocols before the test, control (untreated KGN cells) and 
blank (no cells) samples were set. After sample loading using 
the loading buffer in the kit to prevent excessive protein degra‑
dation, the supernatants and the assay reagents in each tube 
were mixed, incubated at 37˚C for 30 min and cooled down to 
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room temperature. Samples were added into 96‑well plate at 
the volume of 200 µl per well and the absorbance at 560 nm of 
each sample was measured using a microplate reader. ∆ODtest 
was the difference of ODtest and ODcontrol, whereas ∆ODblank 

was the difference of ODblank1 and ODblank2 (blank1 and blank2 
were replicates. This step aimed to eliminate systematic errors). 
The inhibition percentage was calculated using the following 
formula: % Inhibition=(∆ODblank‑∆ODtest)/∆ODblank x100. The 
cell number of samples were adjusted to 1.2 x106 to ensure 
the inhibition percentage of 30‑70% based on preliminary 
experiments. Therefore, the SOD activity was calculated using 
the following formula: SOD activity=inhibition percentage 
x Vreaction/(1‑inhibition percentage)/(500/Vsample total x Vsample) x 
Dilution ratio. The SOD content was measured three times.

Measurement of mitochondrial membrane potential (ΔΨm) 
and cell apoptosis
ΔΨm. The ΔΨm was measured using the Mitochondrial 
Membrane Potential Detection Kit (JC‑1 Assay; cat. 
no. CA1310; Beijing Solarbio Science & Technology Co., Ltd.) 
according to the manufacturer's protocols. Cells were cultured 
in six‑well plates and 4 ml 200X JC‑1 dye solution diluted with 
ultrapure water at a ratio 1:160 was added with 1 ml 5X JC‑1 
dyeing buffer solution to prepare the JC‑1dyeing working solu‑
tion. After washing with PBS, the cells were treated with 1 ml 
CM‑blank or JC‑1 dyeing working solution and incubated at 
37˚C for 20 min. The distilled water and 5X JC‑1 dyeing buffer 
were mixed in a 4:1 ratio to obtain 1X JC‑1 dyeing buffer. 
After incubation, cells were gently washed two times with the 
1X JC‑1 dyeing buffer and 2 ml CM‑blank was added into 
each well. The samples were observed under a fluorescence 
microscope (magnifications, x200 and s400; IX73 DP22; 
Olympus Corporation) within 1 h. The JC‑1 monomers diluted 
in the cytoplasm of KGN cells were excited using blue light to 
present green fluorescence, whilst the JC‑1 aggregates in the 
mitochondrial matrix of KGN cells were excited using green 
light to present red fluorescence. The maximum excitation and 
emission wavelengths of JC‑1 monomer (green light) are 514 
and 529 nm respectively. The maximum excitation wavelength 
of the JC‑1 polymer (J‑aggregates; red light) is 585 nm, and 
the maximum emission wavelength is 590 nm. The presence 
of green fluorescence in the cytoplasm indicates a decrease 
in mitochondrial membrane potential, where the cells would 
be considered in the early stages of apoptosis, whilst red 
fluorescence would indicate normal mitochondrial membrane 
potential and the cells are likely to be in normal condition. 
The images displaying either green or red fluorescence were 
merged using the ImageJ V1.8.0 software (National Institutes 
of Health). The ΔΨm measurement was performed three times 
and calculated according to the kit instructions.

Cell apoptosis. Cell apoptosis was detected using a ACEA 
NovoCyte flow cytometer (ACEA Bioscience, Inc.) according 
to the protocols of the Annexin V‑FITC/PI double‑staining 
kit (cat. no. 40302ES20; Shanghai Yeasen Biotechnology 
Co., Ltd.). KNG cells were digested with 400 µl trypsin and 
collected by centrifugation at 300 g and 4˚C for 5 min. A total 
of 1x106 Cells were washed twice with cold PBS and resus‑
pended with 100 µl 1X Binding Buffer, before they were gently 
mixed with Annexin V‑FITC (5 µl) and PI staining solution 
(10 µl). The control was only composed of Annexin V‑FITC 

and PI staining solution without cells. The cells were stored 
away from light to react at room temperature for 15 min, mixed 
with 400 µl 1X binding buffer and stored on ice. Samples were 
analyzed within 1 h and FITC and PI channels were selected. 
The results were graphically analyzed using the Novoexpress 
1.5.6 software (Agilent Technologies, Inc.). The experiment 
was performed three times.

Detection of FSHR protein expression in GCs. Total protein 
was extracted from KNG cells using 500 µl RIPA lysis buffer 
(RIPA and PMSF at a ratio of 100:1). RIPA (product no. R0010) 
and PMSF (product no. P0100) were purchased from Beijing 
Solarbio Science & Technology Co., Ltd. After lysis on ice in 
the dark for 30 min, the cells were scraped and transferred into 
an Eppendorf tube for centrifugation at 13,680 x g and 4˚C. 
The supernatants were collected and total protein contents 
were measured using a BCA protein quantitative detection 
kit. RIPA was used to adjust the total protein concentration of 
supernatants in each group to the same value and 5X protein 
loading buffer was added according to the samples in a 5:1 
ratio. The protein samples were boiled at 100˚C for 5 min and 
the 10% polyacrylamide gel was prepared using a PAGE Gel 
rapid preparation kit. Protein (30 µg per lane) separation was 
performed by SDS‑PAGE using the voltage of 80 V for 30 min 
and 120 V for 1 h, before the proteins were transferred onto 
PDVF membranes. After washing three times with TBST 
(0.5% Tween; cat. no. T1085; Beijing Solarbio Science & 
Technology Co., Ltd.), the samples were blocked with 5% milk 
for 2 h at 37˚C and incubated with primary antibodies against 
FSHR (1:1,500; cat. no. 22665‑1‑AP; ProteinTech Group, 
Inc.) and GAPDH (1:10,000, cat. no. 60004‑1‑Ig; ProteinTech 
Group, Inc.) overnight at 4˚C, then incubated with the 
HRP‑IgG secondary antibodies (1:10,000, cat. no. PR30011; 
ProteinTech Group, Inc.) for 1 h at 37˚C. Subsequently, the 
membranes were washed and the protein bands were devel‑
oped using Omni‑ECL™ basic chemiluminescence detection 
Kit (cat. no. SQ201; Shanghai Epizyme Biotech Co., Ltd.). 
Luminescence imaging was performed using a chemilumi‑
nescence imager (ChemiDoc touch; Bio‑Rad Laboratories, 
Inc.). The experiment was repeated three times. ImageJ V1.8.0 
software was used to quantify protein expression.

Statistical analysis. SPSS 25.0 (IBM Corp.) and GraphPad 
Prism 8.0 (GraphPad Software, Inc.) were used for statistical 
analysis. Data are expressed as the mean ± standard deviation. 
Levene's test was used to test the homogeneity of variance in 
each group. If the variance was homogeneous, Tukey's test 
would be used. By contrast, if the variance was not homoge‑
neous, then Welch ANOVA and Dunnett's T3 test would be 
used. All experiments were repeated ≥ three times and P<0.05 
was considered to indicate a statistically significant difference.

Results

Determination of the H2O2 concentration needed to induce 
OS. KGN cells were cultured at different H2O2 concentra‑
tions (0, 25, 50, 100, 150 and 200 µmol/l) and cell viability 
was measured through CCK‑8 assay at different timepoints 
after treatment with H2O2 (12, 24 and 48 h). Cell viability of 
each group decreased as the H2O2 concentration increased 
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compared with that in the control group, reaching significance 
at H2O2 concentrations of >50 µmol/l for 24 h (P<0.05; Fig. 1). 
Therefore, 100 µmol/l H2O2 were used to treat KGN cells for 
24 h to induce OS in the KGN cells.

Determination of the optimal LC concentration. LC exerted 
no significant effects on cell viability (Fig. 2A). ELISA showed 
that increasing the LC concentration from 80 to 160 µmol/l did 
not result in a significant increase in the concentration of LC 
internalized by the cells, whilst cell viability was decreased 
slightly (Fig. 2B). Therefore, 80 µmol/l LC was chosen for 
further experiments, and 40 µmol/l was used as a median 
control.

Effect of LC pretreatment on cell viability in the presence 
of H2O2‑induced OS. Compared with that in the control 
group, the cell viability in the H2O2‑only group was signifi‑
cantly decreased (P<0.01; Fig. 3). Compared with that in the 
H2O2‑only group, the cell viability of all LC pre‑treated groups 
were all significantly increased in a dose‑dependent manner 
(P<0.01; Fig. 3).

Figure 1. Cell viability is decreased in KGN cells challenged with H2O2. Effect of several H2O2 treatment concentrations and durations on the cell viability of 
KGN cells. *P<0.05 and **P<0.01 vs. control (untreated cells), Tukey's test. Data are represented as the mean ± standard deviation (n=3). 

Figure 2. L‑carnitine concentration. (A) Effects of different concentrations of L‑carnitine on the viability of KGN cells. (B) Analysis of the intracellular 
concentrations of L‑carnitine after exposure to different concentrations of L‑carnitine. Data are represented as the mean ± standard deviation (n=3).

Figure 3. Effects of L‑carnitine pre‑treatment on the viability of KGN cells 
challenged with H2O2. **P<0.01 vs. control and ##P<0.01 vs. H2O2‑only, 
Tukey's test. Data are represented as the mean ± standard deviation (n=3). 
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Ultrastructure of KGN cells. KGN cells in the control 
group showed intact nucleolus, clear nuclear membrane and 
normal mitochondrial morphology, whilst in the H2O2‑only 
group and the 40 and 80 µmol/l LC pretreatment groups, 
different degrees of early and late apoptosis appeared in 
electron microscopy (Fig. 4). In the blank control group, 
the cells showed a spindle‑shaped extension state under 

the light microscope and were well attached to the wall. 
Under the electron microscope, it was observed that the cell 
structure was complete, the nucleolus was complete, the 
nuclear membrane was clear, the mitochondrial morphology 
and structure were normal, and the mitochondrial crest 
was clearly visible. In the injury model group, the density 
of KGN cells decreased, floating dead cells and cell debris 

Figure 4. Ultrastructure of untreated KGN cells, those treated with H2O2 and those pre‑treated with L‑carnitine as analyzed using transmission electron 
microscopy. The arrows indicate the nuclear membrane. (A) In the control group, the nucleus is complete, the nuclear membrane is clear, the mitochondrial 
structure is complete and the mitochondrial ridge is clearly visible. (B) In the H2O2‑only group, the nucleolus is diffused, the nuclear membrane is blurred, the 
nuclear membrane in some areas disappeared. The majority of mitochondria do not present with the complete structure and there is a large number of apoptotic 
and phagocytic bodies in the cytoplasm. (C) In the low L‑carnitine group (40 µmol/l), the nucleus is heterogeneous, the nuclear membrane in some areas is 
fuzzy, some mitochondria were visible, the structure in the mitochondria is unclear and apoptotic. Phagocytic bodies are visible in the cytoplasm. (D) In the 
high L‑carnitine group (80 µmol/l), the nucleus is complete, the nuclear membrane is basically clear, the mitochondrial structure is basically complete and a 
clear mitochondrial ridge can be seen. Magnifications: Left, x2,000; right, x5,000. M, mitochondria; P, phagosome; A, apoptotic body.
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were visible under the light microscope, and aperture was 
visible around some cells, and the ability of cells to adhere 
to walls decreased. Under the electron microscope, the 
ultrastructural damage of cells was obvious, the intracel‑
lular apoptotic bodies increased, the nucleolus lobules 
increased, the nuclear membrane was blurred and unstruc‑
tured, the mitochondria showed obvious swelling, and the 
mitochondrial crest fracture disappeared, showing early or 
late apoptotic manifestations. These characteristics include 
increased nucleolar lobulation, blurred nuclear membrane, 
mitochondrial swelling, mitochondrial cristae rupture and 
increased intracellular phagocytes.

OS biomarkers in KGN cells. After 100 µmol/l H2O2 
induction, ROS and MDA levels in the H2O2‑only group 
were significantly increased (P<0.01; Fig. 5A and B), 
whilst GSH content and SOD activity were significantly 
decreased compared with those in the control group 
(P<0.01; Fig. 5C and D). This suggest that 100 µmol/l H2O2 
effectively induced OS injury in KGN cells. Compared with 
those in the H2O2‑only group, the ROS and MDA levels 
in the 40 and 80 µmol/l LC pre‑treatment groups were 
significantly decreased (P<0.05; Fig. 5A and B), whilst 
GSH content and SOD activity were significantly increased 
(P<0.01; Fig. 5C and D). In particular, the 80 µmol/l LC 
pre‑treatment group exerted a greater effect compared with 
that by 40 µmol/l LC pre‑treatment group.

ΔΨm and cell apoptosis of KGN cells. Compared with 
that in the control group, the ΔΨm in the H2O2‑only group 
decreased significantly (P<0.01; Fig. 6A and B) whereas the 

Figure 5. OS levels in KGN cells. (A) ROS content quantification and corresponding flow cytometry histogram. (B) MDA, (C) GSH and (D) SOD content. 
Compared with the control group, the KNG cells challenged with H2O2 showed an increase in the content of ROS and MDA, whilst the content of GSH and the 
activity of SOD were decreased. The OS injury model group was successfully constructed. Compared with that in the OS group, 40 and 80 µmol/l L‑carnitine 
pre‑treatment ameliorated the effect of H2O2 in KGN cells. **P<0.01 vs. untreated cells and ##P<0.01 vs. H2O2‑only; (A, C and D) Tukey's test; (B) Dunnett's 
T3 test. Data are presented as the mean ± standard deviation (n=3). OS, oxidative stress; ROS, reactive oxygen species; MDA, malondialdehyde; GSH, reduced 
glutathione; SOD, superoxide dismutase. 

Figure 6. mitochondrial membrane potential of KGN cells. Mitochondrial 
membrane potential in the (A‑a) H2O2‑only, (A‑b) low L‑carnitine (40 µmol/l), 
(A‑c) high L‑carnitine (80 µmol/l) and (A‑d) control groups. Magnification, 
x200. (B) Percentage of ΔΨm (JC‑1 monomer‑positive cells). **P<0.01 vs. 
control and ##P<0.01 vs. H2O2‑only, Tukey's test. Data are represented as the 
mean ± standard deviation (n=3).
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cell apoptosis rate was also significantly increased (P<0.01; 
Fig. 7A and B). Compared with those in the OS group, 40 and 
80 µmol/l LC pre‑treatment was able to significantly restore 

normal ΔΨm (P<0.01; Fig. 6A and B) and significantly reduce 
the extent of cell apoptosis (P<0.01; Fig. 7A and B), with the 
effects mediated by 80 µmol/l LC being more potent. These 

Figure 7. Cell apoptosis analysis through flow cytometry. (A) Representative flow cytometry dot plots in (A‑a) H2O2‑only, (A‑b) low L‑carnitine (40 µmol/l), 
(A‑c) high L‑carnitine (80 µmol/l) and (A‑d) control groups (B) Percentage of apoptotic cells in each group. **P<0.01 vs. control and ##P<0.01 vs. H2O2‑only, 
Tukey's test. Data are represented as the mean ± standard deviation (n=3).
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results suggest that LC pretreatment can prevent the early 
apoptosis of KGN cells after OS injury and reduce the apop‑
tosis rate after injury.

Expression level of the FSHR protein in KGN cells. Compared 
with that in the control group, the expression of FSHR in 
KGN cells was significantly decreased in the H2O2‑only group 
(P<0.01; Fig. 8A and B). Compared with that in the H2O2‑only 
group, 40 and 80 µmol/l LC pre‑treatments could significantly 
increase FSHR protein expression (P<0.01; Fig. 8A and B).

Discussion

As one of the most important components of the follicle, 
ovarian GCs are involved in the mechanism of signal trans‑
duction and nutritional support to oocytes (18). The decrease 
in the number of GCs, as well as damage to their function, may 
lead to the decline of oocyte quality and eventually of ovarian 
function, which can cause female infertility (16).

The oocytes show different sensitivity to OS at different 
stages of follicle development (16). It is considered that 
once the dominant follicle enters the first stage of meiosis, 
a certain degree of OS is present to maintain high meta‑
bolic activity, whilst the subsequent process after of the 
first meiosis requires low OS to avoid cell damage (19). 
Compared with somatic cells, GCs have constitutively high 
metabolic levels during the entire process of follicular 
development, whilst the oxidation and antioxidant systems 
in the follicular microenvironment maintain a dynamic 
balance to meet the needs of the oocytes (15,16). When this 
system is disrupted by stress stimuli, OS and reduced local 
repair capability can change macromolecules, such as estra‑
diol, production and induce mitochondrial mutations in the 
follicular microenvironment (20). A large number of follicle 
atresia causes an irreversible decline in ovarian function and 
eventually leads to premature ovarian failure (19). Previous 
studies have also found that the high level of ROS in the 
follicular fluid is associated with poor follicular quality, 
dysontogenesis and failure of in vitro fertilization‑embryo 
transfer (IVF‑ET) (19,21). In addition, the increase of ROS 
in the follicular fluid was also found in common female 
reproductive diseases, such as PCOS and EMT, suggesting 

that ROS may be associated with the occurrence and devel‑
opment of ovarian disorders (19). Therefore, it is important 
to protect ovarian GCs from OS damage for preserving 
female reproductive vitality.

LC is an amino acid analogue naturally occurring in the 
human body (13). It can promote lipid metabolism, protect 
plasma and mitochondrial membrane from damage by lipid 
peroxidation (19). LC has been widely used as an antioxi‑
dant (22), where it has been found that the addition of LC in 
sperm culture can improve sperm motility (22). In addition, 
LC treatment in the oocyte culture can improve oocyte quality, 
which may be associated with the reduction of GC apoptosis 
and improvement of mitochondrial function (23). It has also 
been reported that the administration of LC is beneficial to 
alleviate delayed embryonic development, DNA fragmentation 
and abnormal blastocyst development caused by long‑term 
culture in elevated ROS conditions (24). Therefore, treatment 
with LC may have the potential to improve the quality of 
follicles and the pregnancy outcome following IVF‑ET.

OS injury of GCs can lead to an imbalanced follicular 
microenvironment, reduced function of GCs and ovarian 
aging (24‑26). The present study demonstrated that LC can 
effectively alleviate the generation of excess ROS induced by 
H2O2 by maintaining the redox balance. In addition, the level 
of MDA, the end‑product of lipid peroxidation, was found 
to be significantly reduced in GCs after LC pre‑treatment, 
suggesting that LC may alleviate the cell damage caused 
by OS and the mitochondrial oxidative respiratory chain. 
Analysis of SOD activity and GSH content revealed that LC 
pre‑treatment may improve the antioxidant activity to reduce 
the consumption of antioxidants, which may in turn main‑
tain the dynamic balance of redox species in the follicular 
microenvironment.

Damage of macromolecules, such as proteins and DNA, 
caused by OS eventually leads to the apoptosis of GCs (1). 
The present study showed that LC pre‑treatment can 
effectively prevent the formation of apoptotic bodies, mito‑
chondrial swelling and vacuolation, and nuclear membrane 
blurring induced by H2O2. The protective effects of LC was 
demonstrated by the fluorescence detection of ΔΨm and cell 
apoptosis analysis. The expression of FSHR was higher in the 
cells with strong granulosa cell proliferation activity (27,28). 

Figure 8. Effect of L‑carnitine pretreatment on the expression of FSHR in KGN cells in a H2O2‑induced oxidative stress injury model. (A) Representative 
western blotting image. (B) Densitometry data generated from the western blotting images. **P<0.01 vs. control and ##P<0.01 vs. H2O2, Dunnett's T3 test. Data 
are represented as the mean ± standard deviation (n=3). FSHR, follicle stimulating hormone receptor.
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A previous study has suggested that OS can increase FSH 
activity by increasing the expression of P450 aromatase (9). 
Therefore, the present study aimed to use FSHR as an indi‑
cator to evaluate the function of GCs. The present results 
demonstrated that the expression level of FSHR in the 
H2O2‑only group is significantly decreased compared with 
that in the control group. The expression of FSHR on GCs 
in the presence of H2O2 was significantly increased after 
pre‑treatment with LC, further demonstrating the protec‑
tive effect of LC. However, some limitations remain in the 
present study. The effect of LC on GCs has been investigated 
only in vitro since the number of granulosa cells collected 
could not meet the requirements of the experiment. In the 
future, it is important to build a rat model to confirm the 
effects of LC in vivo.

In conclusion, the present study suggest that LC treatment 
has the potential to reduce OS injury in GCs induced by H2O2 
and decrease GC apoptosis. Therefore, LC may exert a protec‑
tive effect on GCs, which could ensure improved nutritional 
support to oocytes and improve the quality of follicles.
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