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Abstract: Accumulation of advanced glycation end-products (AGEs) increases inflammation and triggers processes 
involved in the pathogenesis of osteoarthritis (OA). As a major debilitating age-related disease, it is imperative 
that novel therapies for OA be sought. In the present study, we investigated the effects of the selective dipeptidyl 
peptidase IV (DPP-4) inhibitor sitagliptin in human primary chondrocytes exposed to insult by AGEs to elucidate the 
potential role of sitagliptin in the treatment of OA. Our findings show that inhibition of DPP-4 by sitagliptin could 
reduce oxidative stress, increase cell viability and prevent degradation of type II collagen and aggrecan by matrix 
metalloproteinases (MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) induced 
by AGEs in human primary chondrocytes. Mechanistically, we found that sitagliptin inhibited AGEs-induced nuclear 
translocation of p65 protein and drastically decreased the luciferase activity of NF-κB. These findings indicate that 
sitagliptin may have potential as a novel therapeutic option for the treatment and prevention of OA.

Keywords: Osteoarthritis (OA), sitagliptin, dipeptidyl peptidase IV (DPP-4), advanced glycation end-products (AGEs), 
matrix metalloproteinases (MMPs), a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS)

Introduction

Osteoarthritis (OA) is a painful debilitating dis-
ease affecting the lives of millions of people 
worldwide. OA was ranked as the 11th highest 
contributor to disability out of nearly 300 dis-
eases reported in the 2010 Global Burden of 
Disease study [1]. Additionally, as the average 
age of the global population increases, the 
Centres for Disease Control (CDC) estimates 
that the incidence of OA will more than double 
by the year 2030 [2]. However, the mechanisms 
driving the development and progression of OA 
are complicated and remain poorly understood. 
Accumulation of advanced glycation end-prod-
ucts (AGEs) has been shown to play a role in the 
development and progression of age-related 
diseases such as OA by promoting the release 
of cytokines and chemokines, production of 

reactive oxygen species (ROS), and activation of 
the NF-κB proinflammatory signaling pathway 
[3, 4]. Owing in part to their resilience to degra-
dation, AGEs are commonly used a food preser-
vative. However, once ingested, they accumu-
late in tissues along with AGEs produced by  
the body’s own process of non-enzymatic glyca-
tion, thereby further contributing to AGE-induc- 
ed inflammation [5]. Additionally, chondrocytes 
have been shown to express the receptor for 
AGEs, thereby suggesting a role of AGEs in cell 
turnover and cartilage remodeling [6]. The two 
main components of articular cartilage are type 
II collagen and aggrecan, which are degraded 
by their respective enzymes, matrix metallopro-
teinases (MMPs) and a disintegrin and metallo-
proteinase with thrombospondin motifs (AD- 
AMTS) [7, 8]. While aggrecan has a relatively 
rapid rate of turnover in normal physiological 
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conditions, type II collagen is extremely slow to 
regenerate, so excessive degradation of aggre-
can and especially type II collagen is viewed as 
a major irreversible event in the pathogenesis 
of OA [9, 10]. MMP-3 (stromelysin-1) and MMP-
13 (collagenase 3) are the two major collage-
nases that degrade type II collagen via unwind-
ing of the collagen triple helix and cleavage at 
the P4-P11’ site [11]. ADAMTS-4 and ADAMTS-5 
have been cited as key aggrecanases involved 
in the pathogenesis of OA [12]. Upregulation of 
these proteolytic enzymes by AGEs coupled 
with AGEs-induced oxidative stress, inflamma-
tion, and apoptosis creates the perfect condi-
tions for a sustained inflammatory response 
and excessive degradation of articular carti- 
lage. 

The class of drugs known as DPP-4 inhibitors, 
also termed gliptins, includes sitagliptin, vilda-
gliptin, saxagliptin, teneligliptin, and alogliptin, 
among numerous others. While these drugs 
share a common mechanism of action that pre-
vents degradation of the incretin hormone glu-
cagon-like peptide 1 (GLP-1), they have diverse 
chemical properties, and thus may have a wide 
range of potential use cases in the treatment  
of various diseases [13]. Inhibition of DPP-4 
reduces blood glucose levels by increasing the 
incretin hormones GLP-1 and gastric inhibitory 
polypeptide (GIP), thereby downregulating glu-
cagon secretion, upregulating insulin secretion, 
and slowing gastric emptying, thus serving as 
an effective therapy for type II diabetes mellitus 
[14]. The possible involvement of DPP-4 in the 
development and progression of OA has recent-
ly been receiving both positive and negative 
attention. On one hand, inhibition of DPP-4 
results in the preservation of endogenous GLP-
1, which could exert beneficial actions by pro-
moting bone formation and remodeling, sup-
pressing bone resorption, and enhancing os- 
teoblast differentiation [15]. On the other hand, 
it has been reported that the pharmacological 
inhibition of DPP-4 might induce the develop-
ment of arthralgia [16, 17]. The question of a 
beneficial role of DPP-4 inhibition in patients 
with OA has not yet been adequately answered. 
Therefore, in the present study, we investigated 
the effects of the specific DPP-4 inhibitor sita-
gliptin on AGEs-induced oxidative stress, cell 
viability, degradation of extracellular matrix and 
activation of the NF-κB signaling pathway in 
human primary chondrocytes (HPCs). 

Materials and methods

Cell isolation, culture, and treatment

Human primary chondrocytes, purchased from 
MT-BIO Company (China), were maintained in 
DMEM/Ham’s F-12 medium supplemented 
with 10% FBS and 1% streptomycin/penicillin. 
Cells were treated with 100 μg/ml AGEs in the 
presence or absence of 100 and 200 nM sita-
gliptin [18] for 48 h. Human subject researches 
were designed following the World Medical 
Association Declaration of Helsinki Ethical 
Principles for Medical Research Involving 
Human Subjects. 

RNA extraction and reverse transcription PCR 
analysis

Total RNA was extracted from cells using Qiazol 
(Qiagen, USA). RNA was quantified using a 
Nanodrop ND-1000 spectrophotometer. cDNA 
was generated through a reverse transcription 
PCR with a cDNA Synthesis Kit (Thermo Fisher 
Scientific, USA). The expression of target gene 
at the mRNA levels was measured through a 
real time PCR analysis using a SYBR® Green 
qPCR master mix on a 7500 Real-Time PCR 
System (Applied Biosystems, USA). Results 
were normalized to the expression of GAPDH 
using the 2-ΔΔCT method. 

Western blot analysis 

Human chondrocytes were scraped off of the 
culture plate with cell lysis buffer containing 
protease and phosphatase inhibitor cocktail. 
Protein concentration was determined using 
the BCA method. Proteins were separated by 
8-12% SDS-PAGE and blotted onto nitrocellu-
lose membranes. Membranes were blocked 
with 5% fat free milk for 2 h at room tempera-
ture. The membranes were then sequentially 
probed with primary antibodies overnight at 
4°C and HRP-linked secondary antibodies at 
room temperature (RT). Blots were visualized 
using an enhanced chemiluminescence kit 
(Thermo Fisher Scientific, USA).

Measurement of intracellular reactive oxygen 
species (ROS) 

Intracellular levels of ROS in human primary 
chondrocytes were assessed using DCFH-DA. 
Human chondrocytes were rinsed three times 
with PBS. DCFH-DA in phenol-free red medium 
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at a final concentration of 10 μM was added to 
the cell culture plate and incubated for 30 min 
at 37°C to catalyze the conversion of DCFH-DA 
to a fluorescent DCF product. Fluorescent  
signals were captured using a fluorescence 
microscope. 

Measurement of reduced glutathione (GSH) 

HPCs were seeded into 6-well plates and treat-
ed with 100 μg/ml AGEs in the presence or 
absence of 100 and 200 nM sitagliptin for 48 
h. A fluorometric assay was used to measure 
the reduction in the antioxidant GSH in HPCs. 
After treatment, cells were scraped from the 
culture plate and suspended in 5% ice cold 
meta-phosphoric acid (MPA). Cells were then 
sonicated and centrifugated at 14,000 rpm for 
15 min. Aliquots of the supernatant were mixed 
with OPAME in methanol and borate buffer 
(Sigma-Aldrich, USA). The results were record-
ed at 350 nm.

Enzyme-linked immunosorbent (ELISA) assay

The secretion of HMG-1 from cytoplasm into 
the supernatant as well as intracellular levels  
of MMP-3, MMP-13, ADAMTS-4, and ADAMTS-5 
in HPCs were measured using ELISA kits pur-
chased from R&D Systems. Briefly, 50 µL cell 
culture medium or cell lysate was collected and 
added into ELISA plates. After 2 h incubation, 
the liquid was removed. The ELISA plates were 
washed 3 times and incubated with 100 µL 
diluted detection antibody for 1 h at RT. After 3 
washes, the ELISA plate was incubated with 
100 µL HRP linked antibody for 30 min at RT. 
After 3 washes, a reaction was developed with 
100 µL chromogenic substrate for 30 min in 
darkness. The reaction was then stopped with 
the stop solution. OD value was recorded at 
450 nm. 

Determination of lactate dehydrogenase (LDH) 
release

HPCs were seeded into 6-well plates and treat-
ed with 100 μg/ml AGEs in the presence or 
absence of 100 and 200 nM sitagliptin for 48 
h. A total of 50 μl supernatant was collected 
and added to a fresh 96-well plate to be mixed 
with 50 μl of the LDH assay reagent. After incu-
bation for 30 min in darkness, the reaction was 
stopped with 50 μL stop buffer. OD value at 
490 nm was recorded to assess LDH release.

Measurement of cell viability

HPCs were seeded into 6-well plates and treat-
ed with 100 μg/ml AGEs in the presence or 
absence of 100 and 200 nM sitagliptin for 48 
h. After 3 gentle washes, 3-(4,5-dimethyl- 
thiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) in phenol-free red medium at the final 
concentration of 5 mg/mL was used to evalu-
ate the cell viability of chondrocytes. After incu-
bation for 4 h at 37°C in darkness, the product 
was dissolved with dimethyl sulfoxide (DMSO). 
OD value at 570 nm was measured to reflect 
the viability percentage.

Statistical analysis

Experimental data are expressed as means ± 
standard deviation (S.D.). Statistical analyses 
were performed using one-way analysis of vari-
ance (ANOVA) using the software SPSS (version 
19.0). P values of less than 0.05 were consid-
ered to be statistically significant differences.

Results

Decreased oxidative stress

To determine the effects of inhibition of DPP-4 
on oxidative stress in human primary chondro-
cytes (HPCs), we assessed the levels of ROS 
and the antioxidant glutathione (GSH) in HPCs 
stimulated with 100 ng/ml AGEs in the pres-
ence or absence of the specific DPP-4 inhibitor 
sitagliptin. As shown by the results of DCFH-DA 
staining in Figure 1A, treatment with AGEs 
potently increased production of ROS, which 
was ameliorated by sitagliptin in a dose-depen-
dent manner. Additionally, the results in Figure 
1B indicate that 100 ng/ml AGEs decreased 
the level of GSH by roughly half, which was also 
ameliorated by treatment with 100 and 200 
nM sitagliptin in a dose-dependent manner. 
Thus, sitagliptin can improve oxidative stress in 
HPCs due to insult from AGEs.

Downregulated expression of HMG-1 and in-
creased cell viability

The release of the chemokine high mobility 
group protein 1 (HMG-1) has been associated 
with cell death. Here, we investigated whether 
treatment with sitagliptin can ameliorate cell 
death by downregulating expression of HMG-1 
in HPCs. As shown in Figure 2, exposure to 100 
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nent of articular cartilage. To determine the 
effects of inhibition of DPP-4 on AGE-induced 
expression of MMPs and subsequent degrada-
tion of type II collagen, we exposed HPCs to 
100 ng/ml AGEs in the presence or absence of 
100 and 200 nM sitagliptin for 48 h. As 
revealed by the results of real-time PCR and 
ELISA analysis shown in Figure 4, AGEs signifi-
cantly increased expression of MMP-3 and 
MMP-13 at both the mRNA and protein levels, 
respectively, which was ameliorated by treat-
ment with 100 and 200 nM sitagliptin in a 
dose-dependent manner. Concordantly, the 
results of western blot analysis in Figure 5 
show that, using β-actin as a control, exposure 
to 100 ng/ml AGEs reduced the level of type II 
collagen by roughly 75%, which was ameliorat-
ed by treatment with 100 and 200 nM sita-
gliptin in a dose-dependent manner. 

Figure 1. Sitagliptin ameliorates advanced glycation end-products (AGEs)-
induced oxidative stress in human primary chondrocytes. Human primary 
chondrocytes were treated with 100 μg/ml AGEs in the presence or ab-
sence of 100, 200 nM sitagliptin for 48 h. A. Reactive oxygen species (ROS) 
was determined by DCFH-DA; B. Intracellular level of reduced GSH (a, b, c, 
P<0.01 vs. previous column group).

Figure 2. Sitagliptin mitigates advanced glycation 
end-products (AGEs)-induced release of high-mobility 
group protein 1 (HMG-1) in human primary chondro-
cytes. Human primary chondrocytes were treated 
with 100 μg/ml AGEs in the presence or absence of 
100, 200 nM sitagliptin for 48 h. Release of HMG-1 
was determined by ELISA assay (a, b, c, P<0.01 vs. 
previous column group).

ng/ml AGEs for 48 h tripled 
the release of HMG-1 by HPCs, 
which was ameliorated by 
treatment with 100 and 200 
nM sitagliptin in a dose-
dependent manner. Further- 
more, we assessed the effects 
of inhibition of DPP-4 on AGEs-
induced reduced cell viability. 
HPCs were exposed to 100 
ng/ml AGEs in the presence or 
absence of 100 and 200 nM 
sitagliptin for 48 h. As shown 
by the results of lactose dehy-
drogenase (LDH) assay and 
MMT in Figure 3A and 3B, 
insult from AGEs drastically 
increased the release of LDH 
and reduced cell viability by 
more than half, both of which 
were ameliorated by treat-
ment with sitagliptin in a  
dose-dependent manner. Th- 
ese findings indicate that inhi-
bition of DPP-4 can ameliorate 
cell death and can increase 
cell viability of HPCs exposed 
to AGEs.

Ameliorated MMP-mediated 
degradation of type II col-
lagen

MMP-3 and MMP-13 are the 
major collagenases responsi-
ble for degradation of type II 
collagen, a primary compo-
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Ameliorated ADAMTS-induced degradation of 
aggrecan

Along with degradation of type II collagen, 
excessive degradation of aggrecan by ADAMTS 
is a major event in the pathogenesis of OA. To 
investigate the role of DPP-4 in degradation of 
aggrecan, we exposed HPCs to 100 ng/ml 
AGEs in the presence or absence of 100 and 
200 nM sitagliptin for 48 h and assessed the 
expression levels of ADAMTS-4 and ADAMTS-5 
as well as the extent of aggrecan degradation. 
As shown in Figure 6, insult from AGEs qu- 
adrupled the expression of ADAMTS-4 and 
ADAMTS-5 at the mRNA level and tripled the 
expression of these two aggrecanases at the 
protein level, both of which were ameliorated by 
treatment with sitagliptin in a dose-dependent 
manner. To further verify the protective effects 

of sitagliptin against cartilage degradation, we 
measured the level of aggrecan expression by 
HPCs using β-actin as a control. As shown by 
the results of western blot analysis in Figure 7, 
exposure to AGEs significantly increased degra-
dation of aggrecan, which was ameliorated by 
treatment with 100 and 200 nM sitagliptin in a 
dose-dependent manner. These findings impli-
cate a potential therapeutic role of DPP-4 inhi-
bition by sitagliptin in the treatment and pre-
vention of OA.

Reduced activation of the NF-κB signaling 
pathway

Finally, we set out to determine the role of 
DPP-4 in activation of the NF-κB proinflamma-
tory signaling pathway. HPCs were exposed to 
insult from 100 ng/ml AGEs in the presence or 
absence of 100 and 200 nM sitagliptin for 48 
h. As shown in Figure 8, exposure to AGEs sig-
nificantly increased nuclear translocation of 
p65 protein by 3.5-fold and drastically in- 
creased the luciferase activity of NF-κB by 
roughly 30-fold, which were both ameliorated 
by treatment with sitagliptin in a dose-depen-
dent manner. These findings imply that inhibi-
tion of DPP-4 by sitagliptin may have a potent 
protective effect against activation of the proin-
flammatory NF-κB signaling pathway.  

Discussion

As one of the greatest immediate threats to the 
health of the global population, there have 
been numerous studies seeking safe and effec-
tive therapies to prevent, slow or reverse the 
pathological progression of OA. Inhibition of 
enzymes that facilitate cartilage degradation, 
such as MMPs and ADAMTS, has been widely 
explored as a therapeutic target for OA. 
However, the mechanisms driving the expres-
sion of these molecules are complicated. 
Recent studies have demonstrated the involve-
ment of GLP-1 and its receptor in bone forma-
tion and remodeling, preventing bone resorp-
tion, and osteoblast differentiation [19, 20]. 
Inhibition of DPP-4 can prevent degradation of 
GLP-1, thereby having an agonistic effect on 
the GLP-1 receptor. In the present study, we 
investigated the effects of inhibition of DPP-4 
using the selective DPP-4 inhibitor sitagliptin 
on various factors related to OA. Oxidative 
stress is implicated in a wide range of inflam-

Figure 3. Sitagliptin attenuates advanced glycation 
end-products (AGEs)-induced release of lactate de-
hydrogenase (LDH) and reduction of cell viability in 
human primary chondrocytes. Human primary chon-
drocytes were treated with 100 μg/ml AGEs in the 
presence or absence of 100, 200 nM sitagliptin for 
48 h. A. Release of LDH was assayed; B. Cell viability 
was determined by the MTT method (a, b, c, P<0.01 
vs. previous column group).
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matory diseases. Recent stud-
ies have shown that sitagliptin 
can reduce oxidative stress in 
the heart, kidneys, brain, and 
liver [21-24] The results of our 
study contribute to this pool of 
data by demonstrating the 
beneficial effects of sitagliptin 
in preventing AGEs-induced 
generation of ROS and de- 
creased levels of the antioxi-
dant glutathione (GSH) in 
HPCs stimulated with AGEs 
(Figures 1 and 2), thereby hav-
ing a potential anti-oxidative 
stress role in OA. High mobility 
group protein 1 (HMG-1) is  
an important proinflammatory 
cytokine which has been iden-
tified as a substrate of DPP-4 
and which binds with high 
affinity to the receptor for 
AGEs (RAGE), thereby promot-
ing further RAGE-mediated 
effects [25, 26]. Here, we 
found that treatment with sita-
gliptin could reduce increased 
levels of HMG-1 triggered by 
exposure to AGEs. We also 
found that treatment with sita-
gliptin could improve cell via-
bility of HPCs, as evidenced by 
reduced LDH release (Figure 
3).

Previous studies have de- 
monstrated the effects of 
DPP-4 inhibitors on expres-
sion of MMPs and ADAMTS. 
The results of a contempo- 
rary study show that treat-
ment with vildagliptin, another 
DPP-4 inhibitor, could reduce 
expression of MMP-3, MMP-
13, ADAMTS-4 and ADAMTS- 
5, subsequent degradation of 
type II collagen and aggrecan, 
respectively, and activation of 
NF-κB in HPCs stimulated with 
interleukin 1β [27]. Consistent 
with these findings, the pres-
ent study demonstrates that 
sitagliptin can rescue degra-
dation of type II cartilage and 
aggrecan via downregulation 
of expression of MMP-3, MMP-

Figure 4. Sitagliptin suppresses advanced glycation end-products (AGEs)-
induced expression of matrix metalloproteinases (MMPs) in human primary 
chondrocytes HPCs). HPCs were treated with 100 μg/ml AGEs in the pres-
ence or absence of 100, 200 nM sitagliptin for 48 h. A. Expression of MMP-3 
and MMP-13 at the gene level was determined by real-time PCR analysis; B. 
Expression of MMP-3 and MMP-13 at the protein level was determined by 
ELISA (a, b, c, P<0.01 vs. previous column group).

Figure 5. Sitagliptin inhibits advanced glycation end-products (AGEs)-in-
duced degradation of type II collagen in human chondrocytes. Human pri-
mary chondrocytes were treated with 100 μg/ml AGEs in the presence or 
absence of 100, 200 nM sitagliptin for 48 h. Type II collagen was measured 
by western blot analysis (a, b, c, P<0.01 vs. previous column group). 

Figure 6. Sitagliptin suppresses advanced glycation end-products (AGEs)-
induced expression of ADAMTS-4 and ADAMTS-5 in human chondrocytes. 
Human primary chondrocytes were treated with 100 μg/ml AGEs in the pres-
ence or absence of 100, 200 nM sitagliptin for 48 h. A. ADAMTS-4 and AD-
AMTS-5 at the gene levels were determined by real time PCR analysis; B. 
ADAMTS-4 and ADAMTS-5 at the protein levels were determined by ELISA (a, 
b, c, P<0.01 vs. previous column group).
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capacity of sitagliptin to reduce activation of 
NF-κB in diverse tissues [28-30]. To our knowl-
edge, this is the first study to demonstrate the 
ability of sitagliptin to reduce AGE-induced 
NF-κB activation on OA chondrocytes. 

The main limitation of this study is that we only 
investigated the protective effects of sitagliptin 
against AGEs-induced degradation of type II 
collagen and aggrecan in an in vitro primary 
chondrocytes culture model. It should be 
noticed that the pathological mechanism of OA 
is complex. A variety of risk factors have been 
associated with the pathogenesis of OA, includ-
ing genetics, mechanical instability and joint 
injuries, ageing, obesity. Future in vivo investi-
gations with animal models or clinical trails will 
be helpful for verifying the pharmacological 
function of sitagliptin in OA.

Taken together, our findings demonstrate that 
sitagliptin can ameliorate oxidative stress, 
improve cell viability, reduce cartilage degrada-
tion via downregulation of expression of MMPs 
and ADAMTS, and inhibiting activation of the 
NF-κB pathway in human primary chondro-
cytes. Therefore, administration of sitagliptin 
may have potential as a safe and effective ther-
apy to prevent or halt the progression of OA. 
Further study is required to broaden our under-
standing of the mechanisms involved.
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