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Abstract. Dipeptidyl peptidase 4 (DPP4) has been revealed 
to be upregulated in women suffering from polycystic 
ovary syndrome (PCOS), which is a common reproductive 
disorder. The present study was designed to investigate the 
effects of inhibition of DPP4 expression on the proliferation 
of ovarian granulosa cells as well as on the activation of the 
cAMP response element‑binding protein (CREB)/aromatase 
pathway. The expression levels of DPP4 in rat serum samples 
with or without PCOS and ovarian granulosa cells (KGN 
cells) were detected using reverse transcription‑quantitative 
PCR (RT‑qPCR) and western blot analyses. Cell viability and 
cell cycle progression were detected using the Cell Counting 
Kit‑8 assay and flow cytometric analysis, respectively. The 
5‑ethynyl‑2'‑deoxyuridine assay was employed to detect 
the proliferation of glycolaldehyde‑bovine serum albumin 
(GOA‑BSA)‑treated KGN cells. In addition, RT‑qPCR and 
western blot analyses were applied to detect the expression 
levels of CREB, specific cell cycle‑associated proteins and 
cytochrome P450 (CYP) 19A1 and CYP11A1 enzymes in 
KGN cells. The expression levels of DPP4 were upregulated 
in rats with PCOS. Inhibition of DPP4 expression promoted 
the proliferation and cell cycle arrest of KGN cells. It was also 
revealed that the expression levels of cell cycle‑associated 
proteins were upregulated in DPP4‑silenced KGN cells. In 
addition, their proliferation was decreased following treatment 
with GOA‑BSA, while the addition of sitagliptin partially 
reversed these effects. Additionally, sitagliptin reversed the 
inhibitory effects caused by GOA‑BSA treatment on the cell 
cycle progression and on the activation of the CREB/aroma‑
tase pathway in KGN cells, as determined by the increased 
expression levels of the cell cycle‑associated proteins as well 
as those of the CREB protein and the CYP19A1 and CYP11A1 

enzymes. In conclusion, inhibition of DPP4 expression 
promoted the proliferation of KGN cells and the activation of 
the CREB/aromatase pathway. 

Introduction

Polycystic ovary syndrome (PCOS) is a heterogeneous and 
chronic condition featuring hirsutism, anovulation and poly‑
cystic ovaries with a prevalence of 10% (1‑3). Patients with 
PCOS are vulnerable to reproductive abnormalities (4,5), 
insulin resistance (6), coronary heart disease (7), anxiety and 
depression (8). In addition, >30% of infertility results from 
PCOS (9). It has been revealed that there are multiple causes 
of PCOS and these are attributed to genetic and environmental 
factors, which are prominent contributors to the development 
of this disease (10). Despite the severity and high incidence 
rate of PCOS, effective methods for its treatment are limited. 
Additionally, an insufficient number of research studies have 
examined its mechanism of development (9). Therefore, a 
more effective therapeutic treatment for PCOS is required and 
the investigation of its mechanism of action may contribute to 
this process.

Dipeptidyl peptidase 4 (DPP4), also known as cluster 
of differentiation 26, is a type II transmembrane protein 
released from the cell membrane in a non‑classical secretory 
mechanism. The release of DPP4 may be detected in plasma as 
well as in different tissues, such as the liver, spleen, lung and 
ovaries (11). A previous study demonstrated that DPP4 overex‑
pression caused hepatic insulin resistance and promoted liver 
steatosis, while its inhibition could improve hepatic insulin 
sensitivity and prevent further accumulation of ectopic fat in 
the liver (12). Kawasaki et al (13) reported that the inhibition of 
DPP4 expression could alleviate lipopolysaccharide‑induced 
lung injury in mice and potentially serve as a therapeutic drug 
for acute respiratory distress syndrome. Furthermore, it was 
revealed that DPP4 levels were elevated in patients with PCOS 
and that inhibition of DPP4 expression could be used to treat 
the development of this condition (14). During the progression 
of PCOS, estrogen induces cAMP response element‑binding 
protein (CREB) expression in order to promote transcription 
of cytochrome P450 (CYP) 19A1 and CYP11A1. This in 
turn reduces the development of the disease (15). However, 
the effects of the inhibition of DPP4 expression on ovarian 
granulosa cell proliferation and on the activation of the 
CREB/aromatase pathway remain unknown. Therefore, the 
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present study was designed to explore the role of inhibition of 
DPP4 expression in ovarian granulosa cell proliferation and on 
the activation of the CREB/aromatase pathway.

Advanced glycation end products (AGEs) refer to the early 
glycation products, which undergo further reactions, such as rear‑
rangements and dehydration to become irreversibly cross‑linked, 
fluorescent and senescent macroprotein derivatives (16). By 
stimulating DPP4 production, AGEs evoke endothelial cell 
damage (17). AGEs significantly increase DPP4 production, 
which in turn induces inflammatory reactions in proximal 
tubular cells (18). Previous studies have also demonstrated that 
AGEs are closely associated with the pathogenesis of PCOS, as 
well as its metabolic and reproductive consequences (19,20). In 
addition, the expression levels of DPP4 are upregulated in the 
serum and ovarian granulosa cells in patients with PCOS (21). 
In particular, glycolaldehyde (GOA)‑derived AGEs are deemed 
toxic AGEs, and long term‑incubation of GOA with bovine 
serum albumin (BSA) produces toxic AGEs (22). Therefore, 
the present study explored whether AGEs could induce the 
expression of DPP4 in granulosa cells and whether inhibition of 
DPP4 expression could alleviate the suppressed proliferation of 
GOA‑BSA‑treated ovarian granulosa cells.

Materials and methods

Experimental animals. A total of 20 adult female Sprague 
Dawley rats, aged 6 weeks, weighing 82±5 g were provided by 
the Animal Center of the Chinese Academy of Sciences and 
were randomly divided into a control and a PCOS group (n=10 
per group) (23). Rats were housed in a room with controlled 
temperature (21‑22˚C), and in a 12‑h light/dark cycle, with 
access to food and water ad libitum. The experiment was 
conducted in strict accordance to the Guidelines for the Care 
and Use of Laboratory Animals (24) and the ‘3R’ principle (25). 
All experiments received approval from the Experimental 
Animal Ethics Committee of Zhaofenghua Biological 
Technology Co., Ltd. (approval number IACUC‑20201012‑16).

Establishment of a PCOS animal model. In the PCOS group 
(n=10), the rats were intragastrically administered 0.5 mg/kg 
letrozole (Jiangsu Hengrui Medicine Co., Ltd.) dissolved in 
1% (w/w) carboxymethylcellulose (CMC; Beyotime Institute 
of Biotechnology) and fed with a high fat diet for 21 days (26). 
The control group of 10 rats received vehicle only (1% aqueous 
solution of CMC) once daily (p.o.). To obtain vaginal smears, 
rats were restrained by hand, a sterile cotton swab moist‑
ened with normal saline was inserted into the vagina of the 
animal to dip in the exfoliated cells via gentle rotation in the 
vagina (27‑29). The whole movement was gentle to ensure that 
the rats experienced no pain. The vaginal smears of the rats 
were monitored 1 week following modeling and the estrous 
cycle was used to assess the successful establishment of the 
model. The animal health and behavior were monitored every 
day, and the following humane endpoints were used in the 
present study: Rapid loss of 15% of the original body weight; 
continuous inability of the rats to gain weight; and inability 
to eat and drink on their own. On the 30th day, the rats were 
anesthetized with 2% sodium pentobarbital (intraperitoneal 
injection, 40 mg/kg) and then the blood samples (4‑6 ml) 
from the abdominal aorta were collected, following cervical 

dislocation of the spine. When the cessation of the heartbeat and 
breathing of the rats was verified, and there were no reflexes, 
the death of the rats was confirmed. The blood samples were 
centrifuged at 1,000 x g/min for 10 min at 4˚C to obtain the 
serum samples. The granular cells from the ovaries of control 
and PCOS rats were isolated as previously reported (30).

Hematoxylin and eosin (H&E) staining. The ovarian tissues of 
control and PCOS rats were collected and fixed with 10% form‑
aldehyde at room temperature. Following dehydration, tissues 
were embedded in paraffin and sliced into pieces (cross‑sections, 
5 µm). After being deparaffinized and rehydrated, an H&E 
staining kit (product code ab245880; Abcam) was applied to 
the sections following the manufacturer's protocol, and the 
sections were observed by light microscope, Leica DM3000 
(Leica Microsystems Ltd.; magnification, x200).

Cell culture, treatment and transfection. The immortalized 
human granulosa‑like tumor cell line, KGN, which maintained 
the physiological characteristics of ovarian cells and has been 
widely used to study PCOS (30‑33) was purchased from the 
American Type Culture Collection (ATCC). The cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 
100 µg/ml streptomycin (Invitrogen; Thermo Fisher Scientific, 
Inc.) at 37˚C in a humidified atmosphere with 5% CO2.

In order to knockdown DPP4 expression in KGN 
cells, small interfering RNA (siRNA) targeting DPP4 
(siRNA‑DPP4‑1 and siRNA‑DPP4‑2) and the corresponding 
negative control (siRNA‑NC) were synthesized by GenScript. 
The transfection of 2 µg/ml vectors into KGN cells at 37˚C for 
10 h was conducted using Lipofectamine® 2000 transfection 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) as deter‑
mined by the manufacturer's protocol. At 48 h post‑transfection, 
cells were used for subsequent experiments. The sequence for 
siRNAs were as follows: siRNA‑DPP4‑1 forward, 5'‑GUA 
CCU CCU UAU UCA UGG ATT‑3' and reverse, 5'‑UCC AUG 
AAU AAG GAG GUA CTT‑3'; siRNA‑DPP4‑2 forward, 5'‑CAC 
CGU GGA AGG UUC UUC UTT‑3' and reverse, 5'‑AGA AGA 
ACC UUC CAC GGU GTT‑3'; siRNA‑NC, forward, 5'‑UUC 
UCC GAA CGU GUC ACG UTT‑3' and reverse, 5'‑TTA AGA 
GGC UUG CAC AGU GCA‑3'. 

GOA‑BSA was prepared as previously reported (22), and 
KGN cells were treated with 400 µg/ml GOA‑BSA for 24, 
48, 72 and 96 h with or without sitagliptin (100 nM; APeXBIO 
Technology LLC) co‑treatment for 24 h.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA from cells or samples was extracted using TRlzol® 
reagent (Thermo Fisher Scientific, Inc.). The samples were 
reverse transcribed into cDNA using a RevertAid First Strand 
cDNA Synthesis kit (cat. no. K1622; Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's protocol. qPCR 
was performed using a SYBR‑Green kit (QuantiNova SYBR 
Green RT‑PCR kit, cat. no. 208152; Qiagen AB). The thermo‑
cycling conditions were: Initial denaturation at 95˚C for 8 min; 
denaturation at 95˚C for 25 sec, annealing at 60˚C for 1 min 
(37 cycles); and final extension at 72˚C for 10 min. GAPDH was 
used as an endogenous control and the calculation of the relative 
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gene expression was performed using the 2‑ΔΔCq method (34). 
Primers are as follows: DPP4 (rat) forward, 5'‑ATT CCG TAC 
CCA AAG GCA GG‑3' and reverse, 5'‑AGG CCA CGT CAC 
ACA AGT AG‑3'; DPP4 (human) forward, 5'‑TCT GCT GAA 
CAA AGG CAA TGA‑3' and reverse, 5'‑CTG TTC TCC AAG 
AAA ACT GAG C‑3'; CREB forward, 5'‑TAG TGC CCA GCA 
ACC AAG T‑3' and reverse, 5'‑ACA TGT TAC CAT CTT CAA 
ACT GAC‑3'; CYP19A1, forward, 5'‑ACT TAT CCT ATC AGG 
ACG GAA GGT‑3' and reverse, 5'‑AGG GGG CAA TTT AGA 
GTC GC‑3'; CYP11A1 forward, 5'‑GCT GAA GTG GAG CAG 
GTA CA‑3' and reverse, 5'‑CTT TGA CCA GGA CTG AGC GT‑3'; 
GAPDH (rat) forward, 5'‑GCA TCT TCT TGT GCA GTG CC‑3' 
and reverse, 5'‑TAC GGC CAA ATC CGT TCA CA‑3'; GAPDH 
(human) forward, 5'‑AAT GGG CAG CCG TTA GGA AA‑3' and 
reverse, 5'‑GCG CCC AAT ACG ACC AAA TC‑3'.

Western blot analysis. Total proteins from cells or samples were 
extracted using RIPA lysis buffer (Beijing Solarbio Science 
& Technology Co., Ltd.). A BCA kit (Beyotime Institute of 
Biotechnology) was used to quantify the protein concentration. 
Subsequently, the samples (30 µg per lane) were separated 
with 12% SDS‑PAGE and transferred to PVDF membranes 
(MilliporeSigma). Following blocking with 5% non‑fat milk 
for 2 h at room temperature, the membranes were incubated 
with the corresponding primary antibodies at 4˚C overnight. 
Subsequently, a HRP‑conjugated goat anti‑rabbit secondary anti‑
body (1:10,000; cat. no. ab205718; Abcam) was used to incubate 
the membranes for 2 h at room temperature. Finally, an ECL kit 
(Beyotime Institute of Biotechnology) was used to determine the 
relative protein levels. The rabbit primary antibodies (Abcam) 
included: DPP4 (1:2,000; cat. no. ab187048), cyclin‑dependent 
kinases (CDKs) CDK2 (1:2,000; cat. no. ab32147), CDK4 
(1:2,000; cat. no. ab108357), CDK6 (1:2,000; cat. no. ab124821), 
cell cycle proteins (cyclins) cyclin B (1:2,000; cat. no. ab32053), 
cyclin E (1:2,000; cat. no. ab33911), CREB (1:2,000; 
cat. no. ab32515), CYP19A1 (1:1,000; cat. no. ab106168), 
CYP11A1 (1:1,000; cat. no. ab272494), GAPDH (1:2,500; 
cat. no. ab9485) and β‑actin (1:2,000; cat. no. ab8227). The 
densitometry analysis was performed using ImageJ software 
(version 1.8.0; National Institutes of Health).

Cell Counting Kit‑8 (CCK‑8) assay. The effects of silencing 
DPP4 expression were investigated on KGN cell viability 
using the CCK‑8 assay. The cells (2,000 cells per well) were 
incubated in 96‑well plates for 24, 48, 72 and 96 h at 37˚C. 
Subsequently, 10% CCK‑8 solution (Beyotime Institute of 
Biotechnology) was added to each well and the cells were 
incubated for an additional 2 h at 37˚C. Subsequently, the 
absorbance was determined at 450 nm using a microplate 
reader (Thermo Fisher Scientific Inc.).

5‑Ethynyl‑2'‑deoxyuridine (EdU) staining. The transfected 
KGN cells were seeded into 96‑well plates and incubated with 
EdU solution (Beyotime Institute of Biotechnology) for 4 h at 
room temperature. Following fixation with 4% paraformalde‑
hyde at room temperature for 1 h, the cells were stained with 
1X Apollo567 solution for 30 min at room temperature in the 
dark and DAPI solution was used to stain the cell nuclei at 
room temperature for 5 min. A fluorescent microscope was 
employed to observe the results (magnification, x200) and 

ImageJ software (version 1.8.0; National Institutes of Health) 
was used to analyze the percentage of EdU‑positive nuclei 
(green) compared with the total percentage of the nuclei 
(stained with blue fluorescence), and then the data was revealed 
as relative to the control group (normal KGN cells).

Flow cytometry. The transfected KGN cells were centrifuged 
at 1,000 x g/min for 30 sec at 4˚C and the supernatant was 
discarded. Subsequently, l ml PBS was used to resuspend the 
cells. The precipitated cells were resuspended using 100 µl 
RNase A at 37˚C for 30 min. A total of 400 µl PI staining solu‑
tion was added and the cells were stained in the dark at room 
temperature for 10 min. Finally, flow cytometry (BD FACS; 
BD Biosciences) was used to assess the cell cycle and the data 
was analyzed by FlowJo version 7.6 (FlowJo LLC).

Statistical analysis. All data are presented as the mean ± SD 
of three independent experiments after normalization to the 
control group, and statistical analysis was performed using 
SPSS 20.0 (IBM Corp.). Statistical differences between two 
groups were determined using an unpaired Student's t‑test, 
while one‑way ANOVA was carried out with Tukey's multiple 
comparison post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

DPP4 expression is increased in serum samples of rats with 
PCOS and KGN cells. To validate the success of the PCOS 
animal model, ovarian tissues from control and PCOS rats were 
observed by H&E staining. As illustrated in Fig. 1A, the struc‑
ture of ovarian tissues in the control rats was well arranged, 
while in the PCOS rats it was arranged in disorder. In addition, 
control rats exhibited ovarian follicles at a variety of stages, 
whereas ovarian cystic expansion and a significant drop in the 
number of granular cells was observed in the ovaries of PCOS 
rats. The aforementioned results indicated the successful 
establishment of the PCOS animal model. Subsequently, the 
relative mRNA expression levels of DPP4 were determined 
in the serum samples of rats with PCOS using RT‑qPCR 
analysis. DPP4 expression was significantly increased in rats 
with PCOS (~3.4‑fold of the control) compared with that of 
the control group (Fig. 1B). In addition, DPP4 expression in 
granular cells from the ovaries of control and PCOS rats was 
detected using RT‑qPCR and western blot analyses. The rela‑
tive expression levels of DPP4 were significantly increased in 
granular cells from the ovaries of PCOS rats compared with 
those of the control rats (Fig. 1C). The aforementioned results 
suggested that DPP4 exhibited high expression in the PCOS 
group. 

Knockdown of DPP4 expression promotes the proliferation 
of KGN cells. The effects of silencing DPP4 expression were 
investigated on KGN cell proliferation. KGN cells were 
transfected with siRNA‑DPP4 and the relative mRNA and 
protein expression levels were detected using RT‑qPCR and 
western blot analyses, respectively. The expression levels of 
DPP4 were significantly decreased compared with those noted 
in the siRNA‑NC group, whereas siRNA‑DPP4‑1 contributed 
to the lowest DPP4 expression (0.3 vs. 0.36; Fig. 1D and E). 
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Therefore, siRNA‑DPP4‑1 was selected for subsequent experi‑
ments. In addition, the proliferation of DPP4‑silenced KGN 
cells was detected using the CCK‑8 and EdU staining assays. 
The results demonstrated that the proliferation of KGN cells 
was significantly increased due to DPP4 silencing in compar‑
ison with that of the siRNA‑NC group (Fig. 1F and G).

Knockdown of DPP4 expression accelerates the cell cycle of 
KGN cells. Flow cytometry was employed to assess the role 
of the inhibition of DPP4 expression on the cell cycle of KGN 
cells. The cell cycle is divided into the G1, S, G2 and M phases 
and each phase exhibits different characteristics (23). Different 
functions are required for the transition from one phase to 
the next (35). The number of DPP4‑silenced KGN cells at the 
G1 and G2/M phases was slightly diminished compared with 
that of the siRNA‑NC group, whereas the number of cells at 
the S phase was significantly increased by DPP4 silencing 
in comparison with that of siRNA‑NC (Fig. 2A and B). The 
cell cycle is regulated via the activation of cell cycle proteins 

(cyclins) and CDKs (36,37). Therefore, the expression levels of 
CDK2, CDK4, CDK6, cyclin D1, cyclin E and cyclin B were 
detected using western blot analysis. The results indicated 
that the expression levels of the cell cycle proteins (cyclin D1, 
cyclin E and cyclin B) and CDKs (CDK2, CDK4, CDK6) were 
upregulated in the DPP4‑silenced KGN cells compared with 
those of the siRNA‑NC group (Fig. 2C). The aforementioned 
results revealed that silencing of DPP4 expression could effec‑
tively accelerate the cell cycle of KGN cells. 

Knockdown of DPP4 expression induces upregulation of 
the expression levels of CREB, CYP19A1 and CYP11A1. 
Subsequently, the expression levels of CREB, CYP19A1 
and CYP11A1 were detected via RT‑qPCR and western blot 
analyses. The transcription factor CREB and the enzymes 
CYP19A1 and CYP11A1 had higher expression levels in 
DPP4‑silenced KGN cells compared with those of the 
siRNA‑NC group, revealing that DPP4 silencing induced the 
activation of CREB and the transcription of aromatase (Fig. 3).

Figure 1. Expression levels of DPP4 are increased in the serum of rats with PCOS and KGN cells, while inhibition of DPP4 expression promotes the proliferation 
of KGN cells. (A) Ovarian tissues from control and PCOS rats were subjected to H&E staining (magnification, x200). (B) RT‑qPCR was used to assess the relative 
mRNA expression levels of DPP4 in the serum of rats with PCOS. (C) DPP4 RNA and protein expression levels in granular cells from the ovaries of control 
and PCOS rats were determined using RT‑qPCR and western blot analyses. The relative mRNA and protein expression levels of DPP4 in KGN cells that were 
transfected with indicated vectors were detected using (D) RT‑qPCR and (E) western blot analyses, respectively. The proliferation of DPP4‑silenced KGN cells 
was detected using (F) Cell Counting Kit‑8 and (G) 5‑ethynyl‑2'‑deoxyuridine staining assays. *P<0.05, ***P<0.001. DPP4, dipeptidyl peptidase 4; PCOS, polycystic 
ovary syndrome; RT‑qPCR, reverse transcription‑quantitative PCR; EdU, 5‑ethynyl‑2'‑deoxyuridine; siRNA, small interfering RNA; NC, negative control. 
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Figure 2. Knockdown of DPP4 expression accelerates the cell cycle of KGN cells. (A and B) Flow cytometry was employed to investigate the role of DPP4 
knockdown on the cell cycle distribution including G1, S and G2/M of KGN cells. (C) The expression levels of CDK2, CDK4, CDK6, cyclin D1, cyclin E and 
cyclin B were detected using western blot analyses. **P<0.01 and ***P<0.001. DPP4, dipeptidyl peptidase 4; CDK, cyclin‑dependent kinase; siRNA, small 
interfering RNA; NC, negative control. 

Figure 3. Knockdown of DPP4 expression upregulates the expression levels of CREB, CYP19A1 and CYP11A1. The expression levels of CREB, CYP19A1 
and CYP11A1 were assessed using (A) reverse transcription‑quantitative PCR and (B) western blot analysis. ***P<0.001. DPP4, dipeptidyl peptidase 4; 
CREB, cAMP response element‑binding protein; CYP, cytochrome P450; siRNA, small interfering RNA; NC, negative control. 
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GOA‑BSA upregulates DPP4 expression and inhibits 
proliferation of KGN cells, whereas sitagliptin reverses these 
effects. Previous studies have demonstrated that AGEs are 
closely associated with the pathogenesis of PCOS as well as its 
reproductive consequences (18,19). Additionally, DPP4 expres‑
sion was increased in KGN cells and in serum samples derived 
from rats with PCOS (19,20). Toxic AGEs were prepared 
by long term‑incubation of GOA with BSA (22). Therefore, 
GOA‑BSA was used to treat KGN cells. DPP4 expression was 
increased following treatment of the cells with GOA‑BSA 
and this process occurred in a time‑dependent manner 
(Fig. 4A and B). The CCK‑8 assay indicated that treatment 
of KGN cells with GOA‑BSA decreased their proliferation 

in a time‑dependent manner (Fig. 4C). Subsequently, 96 h 
was selected as the action time of GOA‑BSA considering 
that GOA‑BSA treatment for 96 h resulted in the largest 
effect (Fig. 4A‑C). Increased DPP4 expression was decreased 
following the addition of sitagliptin, which is an inhibitor of 
DPP4 (Fig. 4D and E). In addition, the proliferation of KGN 
cells in GOA‑BSA group was increased following concomi‑
tant treatment of the cells with GOA‑BSA and stimulation 
by sitagliptin, suggesting that the latter partly abolished the 
inhibitory effects of GOA‑BSA on KGN cells (Fig. 4F).

Suppression of DPP4 expression alleviates the inhibitory 
effects of GOA‑BSA on the cell cycle of KGN cells. The 

Figure 4. Expression levels of DPP4 are upregulated in KGN cells after GOA‑BSA treatment, while sitagliptin reverses the inhibitory effects of GOA‑BSA 
treatment on KGN cell proliferation. The expression levels of DPP4 in GOA‑BSA‑treated KGN cells were detected using (A) RT‑qPCR and (B) western blot 
analyses. (C) The proliferation of KGN cells was detected using the Cell Counting Kit‑8 assay. The expression levels of DPP4 in GOA‑BSA‑treated KGN cells 
were detected using (D) RT‑qPCR and (E) western blot analyses. (F) The cell proliferation of KGN cells was detected using the 5‑ethynyl‑2'‑deoxyuridine 
staining assays. *P<0.05, **P<0.01 and ***P<0.001. DPP4, dipeptidyl peptidase 4; GOA‑BSA, glycolaldehyde‑bovine serum albumin; RT‑qPCR, reverse tran‑
scription‑quantitative PCR; EdU, 5‑ethynyl‑2'‑deoxyuridine. 
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number of cells in the S and G2/M phases was decreased 
following their treatment with GOA‑BSA, while the addition 
of sitagliptin alleviated the inhibitory effects of GOA‑BSA 
(Fig. 5A and B). In contrast to these observations, the 
increased number of cells at the G1 phase was diminished 
by sitagliptin treatment. In addition, sitagliptin promoted the 
effects on the cell cycle‑associated proteins, as demonstrated 
by the increased expression levels of CDK4, CDK6, cyclin D1, 
CDK2, cyclin E and cyclin B compared with those noted in the 
GOA‑BSA group (Fig. 5C). 

Suppression of DPP4 expression upregulates the expression 
levels of CREB, CYP19A1 and CYP11A1 in GOA‑BSA‑treated 
KGN cells. The mRNA and protein expression levels of CREB, 
CYP19A1 and CYP11A1 were significantly decreased due to 
GOA‑BSA treatment compared with those noted in the control 
group. However, the addition of sitagliptin partially increased 
the expression levels of CREB, CYP19A1 and CYP11A1, indi‑
cating that it could abolish the inhibitory effects of GOA‑BSA 
on KGN cells (Fig. 6A and B).

Discussion

PCOS is a common endocrinopathy affecting a large part of 
the global population. It contributes to ovulatory infertility in 

women, accounting for 75% of non‑ovulatory infertile women 
of childbearing age (38,39). It has been reported that one in 
5‑6 women has severe infertility and irregular menstrual 
cycles (40). In recent years, PCOS has been a research hotspot 
and numerous studies have been conducted to examine its 
mechanism of action (6‑10). However, a limited number of 
studies have investigated the role of DPP4 in the development 
of PCOS. Therefore, the aim of the present study was to detect 
DPP4 expression and explore its role in PCOS. First, a PCOS 
model was established in rats via intragastrical administration 
of letrozole (26). PCOS is commonly manifested as ovulatory 
dysfunction, clinical and biochemical excess of androgen 
levels, and polycystic ovaries (41). In the present study, disar‑
ranged structure of ovarian tissues, ovarian cystic expansion 
and a significant drop in the number of granular cells were 
observed in the ovary of PCOS rats, suggesting the successful 
establishment of the PCOS animal model. Subsequently, DPP4 
expression was detected in serum samples derived from rats 
with PCOS and ovarian granulosa cells, indicating that the 
expression levels of DPP4 were significantly upregulated in 
this model. To further assess the effects of DPP4 on PCOS, 
KGN cells were transfected with siRNA‑DPP4 and the data 
indicated that knockdown of DPP4 expression promoted the 
proliferation and cell cycle progression of KGN cells and the 
induction of CREB, CYP19A1 and CYP11A1 expression. 

Figure 5. Suppression of DPP4 expression alleviates the inhibitory effects of GOA‑BSA treatment on the cell cycle of KGN cells. (A and B) Flow cytometry 
was employed to assess the role of inhibition of DPP4 expression in the cell cycle distribution including G1, S and G2/M of KGN cells. (C) The expression 
levels of CDK2, CDK4, CDK6, cyclin D1, cyclin E and cyclin B were detected using western blot analyses. *P<0.05, **P<0.01 and ***P<0.001. DPP4, dipeptidyl 
peptidase 4; CDK, cyclin‑dependent kinase; GOA‑BSA, glycolaldehyde‑bovine serum albumin.
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DPP4 is a ubiquitous multifunctional type II transmem‑
brane protease and a member of the S9 protease family (29,30). 
It was initially identified in 1963 (42,43). DPP4 has been 
revealed to participate in several biological processes, such as 
inflammation and tumor immunity (44,45). The mRNA and 
protein expression levels of DPP4 have notably been revealed 
to be increased in the ovaries (43). Jensterle et al (46) reported 
that DPP4 expression was increased in PCOS and that treat‑
ment of the cells with DPP4 inhibitors, such as alogliptin and 
pioglitazone, could be a therapeutic therapy for the treatment 
of this condition. In addition, DPP4 expression was revealed 
to be upregulated in rats with PCOS (47). In the present study, 
RT‑qPCR and western blot analyses indicated that DPP4 
expression was significantly increased in ovarian granulosa 
cells, which was consistent with the results reported in the 
aforementioned studies. 

AGEs, also known as ‘glycotoxins’, are the products of 
non‑enzymatic glycation and oxidation of proteins and lipids 
that are formed during endogenous and exogenous reac‑
tions (48‑50). A previous study demonstrated that AGEs were 
an important player in aging, diabetes, atherosclerosis, female 
fertility and the pathogenesis of cancer (48). Azhary et al (51) 
reported that AGEs were accumulated in granulosa cells from 
patients with PCOS. AGEs were also revealed to be associated 
with the pathogenesis of PCOS (52,53). In addition, it has been 
demonstrated that induction of AGEs stimulates the release 
of DPP4 from endothelial cells (54). In the present study, it 
was revealed that AGEs (GOA‑BSA) increased the expression 
levels of DPP4 and inhibited the proliferation of KGN cells in 
a time‑dependent manner.

Sitagliptin is an effective selective inhibitor of DPP4 
specifically designed to inhibit the DPP4 enzyme (55). 
Ferjan et al (56) demonstrated that sitagliptin was an optimal 
therapeutic strategy for the treatment of PCOS. Furthermore, 

a recent study provided encouraging data on a beneficial 
effect of sitagliptin in reproduction, demonstrating that sita‑
gliptin could improve the maturation of oocytes and quality 
of embryos in PCOS patients undergoing intracytoplasmic 
sperm injection (57). In the present study, increased expression 
of DPP4 caused by treatment of the cells with GOA‑BSA was 
decreased following application of sitagliptin. The prolifera‑
tion of GOA‑BSA‑treated KGN cells was diminished, while 
the addition of sitagliptin partially reversed the effects of 
GOA‑BSA on KGN cells. In addition, sitagliptin alleviated the 
cell cycle of GOA‑BSA‑treated KGN cells, while upregulating 
the expression levels of the cell cycle‑associated proteins. 
Furthermore, sitagliptin promoted the transcription of aroma‑
tase in GOA‑BSA‑induced KGN cells, as demonstrated by the 
increased expression levels of CREB, CYP19A1 and CYP11A1. 
However, the present study contains certain limitations, such 
as the verification of the dose and safety of sitagliptin along 
with the repeated experiments using rat primary granular 
cells and the PCOS rat model. Therefore, further studies are 
required to confirm and expand these conclusions. In addition, 
to improve the reliability of these preliminary results, further 
studies may be performed to evaluate other aspects such as 
apoptosis, autophagy and DNA methylation, in addition to the 
vitality/proliferation/cell cycle in DPP4‑silenced KGN cells. 

In summary, the present study indicated that the expression 
levels of DPP4 were upregulated in rats with PCOS. Treatment 
of KGN cells with GOA‑BSA decreased cell proliferation, 
the expression levels of the cell cycle‑associated proteins and 
the transcription of aromatase. These effects were reversed 
following treatment of the cells with sitagliptin. The present 
study, to the best of our knowledge, for the first time demon‑
strated the protective effect of DPP4 inhibitor, sitagliptin, against 
PCOS, providing evidence for the potential value of sitagliptin 
in serving as an ideal therapy for the treatment of PCOS. 

Figure 6. Suppression of DPP4 expression upregulates the expression levels of CREB, CYP19A1 and CYP11A1 in GOA‑BSA‑treated KGN cells. The expression 
levels of CREB, CYP19A1 and CYP11A1 were assessed using (A) reverse transcription‑quantitative PCR and (B) western blot analyses. **P<0.01 and ***P<0.001. 
DPP4, dipeptidyl peptidase 4; CREB, cAMP response element‑binding protein; CYP, cytochrome P450; GOA‑BSA, glycolaldehyde‑bovine serum albumin. 
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