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Abstract: Osteoarthritis (OA) presents a major global health burden and is projected to become even more preva-
lent in coming decades. Therefore, it is of utmost importance to uncover novel therapies for the treatment and 
prevention of this disease. In the present study, we investigated the effects of exenatide, a specific glucagon-like 
peptide (GLP) agonist, on degradation of type II collagen and aggrecan, the two main components of the articular 
extracellular matrix, in human primary chondrocytes. Our results reveal that exenatide could ameliorate degrada-
tion of type II collagen and aggrecan by inhibiting expression of metalloproteinases (MMPs) and a disintegrin and 
metalloproteinase with thrombospondin motifs (ADAMTS) induced by advanced glycation end-products. We also 
found that exenatide reduces oxidative stress and inhibits activation of nuclear factor-κB through the p38 cellular 
signaling pathway. Taken together, the findings of this study indicate that exenatide may have potential as a novel 
treatment for osteoarthritis.
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Introduction

Osteoarthritis (OA) is a major global disease 
burden that primarily affects the elderly popula-
tion. The prevalence of OA is forecasted to 
greatly increase in coming decades as the aver-
age age of the general populace increases [1]. 
Advanced glycation end-products (AGEs) accu-
mulate in tissues over time and are very resil-
ient to degradation. It has been shown that the 
presence of AGEs in tissues leads to the release 
of various pro-inflammatory factors, such as 
tumor necrosis factor α (TNF-α), nuclear factor 
κB (NF-κB), interleukin 1β (IL-1β), and produc-
tion of reactive oxygen species (ROS) resulting 
from oxidative stress [2, 3]. AGEs have also 
been shown to enhance expression of meta- 
lloproteinases (MMPs) and a disintegrin and 
metalloproteinase with thrombospondin motifs 
(ADAMTS) in chondrocytes [4]. Of these, MMP-
3, MMP-13, ADAMTS-4, and ADAMTS-5 are 
most relevant in OA. These factors trigger and 
sustain the pathological development of OA, 
which is primarily characterized by excessive 

degradation of the articular extracellular matrix 
(ECM) [5]. 

MMPs and ADAMTS are well-recognized as cri- 
tical factors in the progression of OA. Termed  
as collagenases and aggrecanases, MMPs and 
ADAMTS respectively degrade type II collagen 
and aggrecan, which are the main components 
of the articular ECM [5, 6]. Under normal physi-
ological conditions, MMPs and ADAMTS play an 
important role in maintaining homeostasis by 
triggering regular cell turnover in the articular 
ECM as well as other joint components, such as 
articular cartilage, the synovial membrane, and 
subchondral bone [7]. While aggrecan, which 
gives cartilage its shock-absorptive property, 
has a relatively high rate of turnover, type II col-
lagen, the proverbial backbone of the ECM, has 
a very low rate of turnover. Therefore, excessive 
degradation of type II collagen is largely consi- 
dered to be irreversible [8, 9]. Accelerated de- 
gradation or reduced regeneration of these 
components eventually leads to joint failure, 
which is extremely painful and debilitating for 
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the patient. Presently, arthroplasty is the first-
line therapy for advanced OA. While this app- 
roach has a high success rate of roughly 85%, 
it is costly, and recovery can be quite difficult in 
elderly patients [10]. Therefore, novel drug ther-
apies against the development and progres-
sion of OA are of great value.

Exenatide is a glucagon-like peptide 1 (GLP-1) 
agonist belonging to the family of synthetic 
exendin-based incretin mimetics and was ap- 
proved by the FDA for the treatment of type II 
diabetes mellitus in 2005 [11, 12]. GLP-1 is an 
incretin hormone present in the gut that plays  
a role in triggering glucose-induced insulin 
secretion, inhibiting the release of glucagon, 
delaying gastric emptying, and reducing app- 
etite. The resulting weight-loss effect has br- 
ought GLP-1 receptor agonists to be widely 
used in the treatment of type II diabetes [13]. 
Interestingly, exenatide has displayed anti-in- 
flammatory and antioxidant capacities in vari-
ous tissues and cells. For example, exenatide 
significantly attenuated AGEs-induced IL-6 and 
TNF-α production, the receptor of advanced gly-
cation endproducts expression, and cell death 
in rat mesangial cells (RMC) [14]. Another stu- 
dy reported that exenatide treatment inhibits 
the calcification of human calcifying vascular 
smooth muscle cell (CVSMC) via suppressing 
the receptor activator of nuclear kappa B (NF-
κB)/nuclear factor-κB ligand (NF-κB/RANKL) 
signaling pathway [15]. Administration of exen-
din-4 is able to inhibit lipopolysaccharide (LPS)-
induced osteoclast formation and bone resorp-
tion by suppressing LPS-induced TNF-α produc-
tion in macrophages [16]. It has recently been 
demonstrated that GLP-1-knockout mice exhib-
ited reduced bone strength and poor bone 
quality, and that gut incretin hormones may 
play a role in regulating bone formation and 
bone remodeling [17]. Therefore, we were pro- 
mpted to investigate whether the GLP-1 agonist 
exenatide has an inhibitory effect on degrada-
tion of the articular ECM induced by accumula-
tion of AGEs.

Materials and methods

Chondrocyte isolation, culture, and treatment

Experiments with human subjects were desig- 
ned in accordance with the World Medical As- 
sociation Declaration of Helsinki Ethical Pri- 
nciples for Medical Research Involving Human 

Subjects. Human subject experiments were ap- 
proved by the ethics committee of our institute 
(NO. 20160041). Signed written informed con-
sent was submitted by all participants. 

Healthy human knee joint cartilage specimens 
were obtained from 18 adults undergoing hip 
replacement. Briefly, cartilage slices were col-
lected and cut into small pieces, followed by 
treatment with 0.5 mg/ml trypsin for 20 min at 
37°C. Samples were then incubated overnight 
with 2 mg/ml clostridial collagenase at 37°C 
and centrifuged at 500× g at RT for 10 min. 
Cells were suspended in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin (P/S) in a humid incubator with 
5% CO2 at 37°C. Cells were stimulated with 100 
μg/ml AGEs in the presence or absence of ex- 
endin-4 (a form of exenatide) at concentrations 
of 10 and 20 nM [18] for 24 h.

Elisa

Secreted levels of TNF-α, IL-1β, MMP-3, and 
MMP-13 in the supernatants of cultured chon-
drocytes were assessed using a commercial 
ELISA kit (R&D Systems, USA). After the indi-
cated treatment, plates were coated with pri-
mary antibodies against TNF-α, IL-1β, MMP-3, 
and MMP-13 and incubated overnight at 4°C. 
After washing 3 times with PBS, plates were 
blocked with goat serum at room temperature 
(RT) for 1 h. Then, 50 μl of samples were then 
loaded and incubated at 4°C overnight. After 
washing with PBS for 3 times, biotinylated 
sheep polyclonal antibodies were loaded and 
incubated at RT for 1 h, followed by incubation 
with 50 μl of avidin-HRP (diluted 1:5000). H2SO4 
was added to stop the reaction. OD values 
recorded at 490 nm were used to index secret-
ed levels of target proteins. 

Determination of reactive oxygen species 
(ROS) 

Intracellular ROS in cultured cells was mea-
sured by staining using the 2,7-dichlorofuo-
rescin diacetate (DCFH-DA) dye method. Briefly, 
cells were gently washed 3 times with HBSS. 
Cells were then loaded with 1 μM DCFH-DA 
(Sigma-Aldrich, USA) in culture medium without 
FBS and cultured for 15 min in darkness at 
37°C. Cells were then washed with PBS and 
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photographed with a DM500 fluorescence mi- 
croscope (Leica Microsystems, Germany). The 
fluorescent images of ROS staining were quan-
tified by fluorescence density using the soft-
ware Image J. Briefly, regions of interest (ROI) 

ish peroxidase (HRP)-conjugated secondary an- 
tibody for 2 h at RT. Immunoblots were visual-
ized using the chemiluminescence technique 
(Santa Cruz Biotechnology, USA). The bands of 
blot were carefully scanned and total optical 

Figure 1. Exenatide ameliorated advanced glycation end products (AGEs)-
induced oxidative stress in human primary chondrocytes. Human primary 
chondrocytes were stimulated with 100 μg/ml AGEs in the presence or abs- 
ence of exendin-4 (a form of exenatide) at the concentrations of 10 and 20 
nM for 24 h. A. Intracellular ROS was determined by DCFH-DA staining; Scale 
bar, 100 μm; B. Intracellular GSH levels were determined by a fluorometric 
assay (a, b, c, P < 0.01 vs. previous column group). 

was defined in the fluorescent 
image and the average num-
ber of cells present in the 
defined ROI was counted. The 
integrated density value (IDV) 
in ROI was calculated and 
divided by the average num-
ber of cells. Results were used 
to represent average level of 
intracellular ROS.

RNA extraction and quantita-
tive real-time PCR

Total RNA was isolated from 
cultured cells using a Qiazol 
reagent according to the ma- 
nufacturer’s instructions. RNA 
concentration and quality we- 
re determined by NanoDrop 
analysis. cDNA was synthe-
sized by reverse transcription 
using a cDNA synthesis kit 
(Bio-rad, USA). Real-time PCR 
experiments were performed 
with the synthesized cDNA 
products and SYBR Green 
Supermix (Bio-Rad Laborato- 
ries) on an ABI 7500 real-time 
PCR machine. Expression of 
target genes was calculated 
by the 2-ΔΔct method and nor-
malized to GAPDH.

Immunoblot analysis

Cell lysates were prepared 
from cultured cells using RI- 
PA buffer. Protein concentra-
tions were determined using  
a BCA commercial kit. Sam- 
ples were subjected to 8%- 
12% SDS-PAGE to separate 
proteins. Samples were then 
transferred to PVDF membr- 
anes. PVDF membranes were 
blocked with 5% non-fat milk, 
followed by sequential incuba-
tion with primary antibodies at 
4°C overnight and horse rad-

Figure 2. Exenatide ameliorated advanced glycation end products (AGEs)-
induced production of inflammatory cytokines in human primary chondro-
cytes. Human primary chondrocytes were stimulated with 100 μg/ml AGEs 
in the presence or absence of exendin-4 (a form of exenatide) at the concen-
trations of 10 and 20 nM for 24 h. A. mRNA levels of TNF-α and IL-1β deter-
mined by real-time PCR; B. Protein levels of TNF-α and IL-1β determined by 
ELISA (a, b, c, P < 0.01 vs. previous column group). 
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density of target bands was quantified by 
Kodak Digital Science 1D software (Eastman 
Kodak Company, USA). Target bands were se- 
lected and the background was subtracted to 
quantify signal intensities. Results were export-
ed for statistical analysis. Expression of target 

say kit. Luciferase activity was normalized to 
β-galactosidase activity.

Reduced glutathione (GSH) assay

Intracellular levels of reduced glutathione 
(GSH) were determined by a fluorometric ass- 
ay. After the indicated treatment, cells were col-
lected and sonicated, followed by centrifuga-
tion at 14000× g for 5 min at RT. Supernatants 
were mixed with OPAME (Sigma-Aldrich, USA) in 
methanol and borate buffer and incubated for 
15 min at RT. Fluorescent signals were record-
ed (350 nm excitation and 420 nm emission).

Statistical analysis

Experimental data are presented as means ± 
S.E.M from at least three separate experi-
ments. Statistical significance of differences 
among treatment groups were evaluated usi- 
ng the one-way analysis of variance (ANOVA) 
method. P < 0.05 was considered statistically 
significant.

Results

Exenatide ameliorates AGEs-induced oxidative 
stress

Exendin-4, a form of exenatide, was used in the 
following experiments. As shown in Figure 1, 
HPCs were exposed to 100 µg/ml AGEs in the 

proteins was normalized to 
β-actin.

Luciferase reporter gene as-
say

NF-κB promoter-luciferase ac- 
tivity assay was used to deter-
mine the transcriptional activ-
ity of NF-κB. NF-κB promoter-
luciferase and β-galactosida- 
se plasmids were obtained 
from Clontech and transfect-
ed into human chondrocytes. 
At 12 h post transfection, cells 
were stimulated with 100 μg/
ml AGEs in the presence or 
absence of exendin-4 at the 
concentrations of 10 and 20 
nM for 24 h. Luciferase and 
β-galactosidase activities we- 
re measured using a Secrete-
PairTM Dual luminescence as- 

Figure 3. Exenatide ameliorated advanced glycation end products (AGEs)-
induced expression of MMP-3 and MMP-13 in human primary chondrocytes. 
Human primary chondrocytes were stimulated with 100 μg/ml AGEs in the 
presence or absence of exendin-4 (a form of exenatide) at the concentra-
tions of 10 and 20 nM. A. At 24 h post treatment, expressions of MMP-3 
and MMP-13 at the mRNA levels were measured by real-time PCR; B. At 48 
h post treatment, expressions of MMP-3 and MMP-13 at the protein levels 
were measured by ELISA (a, b, c, P < 0.01 vs. previous column group).

Figure 4. Exenatide ameliorated advanced glycation 
end products (AGEs)-induced degradation of type II 
collagen in human primary chondrocytes. Human 
primary chondrocytes were stimulated with 100 μg/
ml AGEs in the presence or absence of exendin-4 (a 
form of exenatide) at the concentration of 10 and 20 
nM for 48 h. Expression of type II collagen was deter-
mined (a, b, c, P < 0.01 vs. previous column group).
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presence or absence of 10 and 20 nM ex- 
endin-4 for 24 h to determine the effects on 
ROS ge-neration and expression of glutathione 
(GSH) induced by AGEs. The results of DCFH- 
DA staining reveal that treatment with 10 and 
20 nM exendin4 significantly reduced AGEs-
induced generation of ROS in a dose-depen-
dent manner (Figure 1A). Additionally, 10 and 
20 nM exendin-4 rescued AGEs-induced reduc-
tion in GSH levels in a dose-dependent manner, 
as shown in Figure 1B.

Exenatide ameliorates AGEs-induced cytokine 
production

TNF-α and IL-1β have been shown to play a 
major role in the progression of various dise- 
ases including OA. As shown in Figure 2, expo-
sure to 100 µg/ml AGEs for 24 h significantly 
increased production of the pro-inflammatory 
cytokines TNF-α and IL-1β in HPCs, while the 
presence of 10 and 20 nM exendin-4 signifi-
cantly ameliorated AGEs-induced production of 
TNF-α and IL-1β in a dose-dependent manner 
at both the mRNA and protein levels (Figure 2A 
and 2B, respectively).

Exenatide ameliorates AGEs-induced expres-
sion of MMP-3 and MMP-13

MMP-3 and MMP-13 are recognized as the 
main collagenases responsible for degradat- 
ion of type II collagen in the articular ECM. The 

HPCs were exposed to 100 µg/ml AGEs in the 
presence or absence of 10 and 20 nM exen-
din-4 for 48 h. The results of western blot an- 
alysis reveal that 100 µg/ml AGEs significant- 
ly increased degradation of type II collagen, 
while 10 and 20 nM exendin-4 ameliorated this 
effect in a dose-dependent manner. 

Exenatide ameliorates AGEs-induced expres-
sion of ADAMTS-4 and ADAMTS-5

The aggrecanases ADAMTS-4 and ADAMTS- 
5 degrade aggrecan in the articular ECM. To 
determine the effects of exendin-4 on AGEs-
induced expression of ADAMTS-4 and ADAM- 
TS-5, we exposed HPCs to 100 µg/ml AGEs in 
the presence or absence of 10 and 20 nM 
exendin-4 for 24 and 48 h. As shown in Figure 
5A and 5B, 10 and 20 nM exendin-4 signifi-
cantly reduced AGEs-induced expression of 
AD-AMTS-4 and ADAMTS-5 at both the mRNA 
and protein levels in a dose-dependent ma- 
nner.

Exenatide ameliorates AGEs-induced degrada-
tion of aggrecan

To confirm our findings regarding the effects  
of exendin-4 on AGEs-induced expression of 
AD-AMTS-4 and ADAMTS-5, we measured the 
extent of degradation of aggrecan upon expo-
sure to 100 µg/ml AGEs in the presence or 
absence of 10 and 20 nM exendin-4 for 48 h. 

Figure 5. Exenatide ameliorated advanced glycation end products (AGEs)-
induced expression of ADAMTS-4 and ADAMTS-5 in human primary chondro-
cytes. Human primary chondrocytes were stimulated with 100 μg/ml AGEs in 
the presence or absence of exendin-4 (a form of exenatide) at the concentra-
tions of 10 and 20 nM. A. At 24 h post treatment, expressions of ADAMTS-4 
and ADAMTS-5 at the mRNA levels were measured by real-time PCR; B. At 
48 h post treatment, expressions of ADAMTS-4 and ADAMTS-5 at the protein 
levels were measured by ELISA (a, b, c, P < 0.01 vs. previous column group).

results in Figure 3 reveal that 
exposure of HPCs to 100 µg/
ml AGEs for 24 h led to a  
significant increase in expres-
sion of both MMP-3 and MMP-
13, while the presence of 10 
and 20 nM exendin-4 amelio-
rated AGEs-induced expres-
sion of MMP-3 and MMP-13 in 
a dose-dependent manner at 
both the mRNA and protein 
levels.

Exenatide ameliorates AGEs-
induced degradation of type II 
collagen

We confirmed the effects  
of exendin-4 on AGEs-induc- 
ed expression of MMP-3 and 
MMP-13 by measuring degra-
dation of type II collagen in 
HPCs. As shown in Figure 4, 
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Figure 6. Exenatide ameliorated advanced glycation 
end products (AGEs)-induced degradation of aggre-
can in human primary chondrocytes. Human primary 
chondrocytes were stimulated with 100 μg/ml AGEs 
in the presence or absence of exendin-4 (a form of 
exenatide) at the concentrations of 10 and 20 nM for 
48 h. Expression of aggrecan was determined (a, b, 
c, P < 0.01 vs. previous column group).

As the results in Figure 6 reveal that exendin-4 
rescued AGEs-induced degradation of aggre-
can in a dose-dependent manner, with 20 nM 
exendin-4 nearly restoring aggrecan to base-
line levels.

Exenatide ameliorates AGEs-induced activa-
tion of p38

Activation of the p38 pathway via phosphoryla-
tion of p38 protein is recognized as an impor-
tant event in the initiation of the inflammatory 
response. To determine the effects of exen-
din-4 on activation of the p38 pathway, HPCs 
were exposed to 100 µg/ml AGEs in the pres-
ence or absence of 10 and 20 nM exendin-4 for 
2 h. As shown in Figure 7, exendin-4 reduced 
AGEs-induced phosphorylation of p38 in a 
dose-dependent manner, while the level of 
total p38 remained constant. 

Exenatide ameliorates AGEs-induced activa-
tion of NF-κB

Activation of NF-κB is a major contributor to 
inflammation and has been shown to drive the 
pathological development of numerous disea- 
ses including OA. To determine the effects of 
exendin-4 treatment on AGEs-induced activa-
tion of NF-κB, we measured nuclear transloca-
tion of p65 and luciferase activity of NF-κB by 

exposing HPCs to 100 µg/ml AGEs in the pres-
ence or absence of 20 nM exendin-4 for 24 h. 
The immunostaining results in Figure 8A reveal 
that exendin-4 significantly ameliorated AGEs-
induced nuclear translocation of p65. The re- 
sults in Figure 8B demonstrate that exendin-4 
significantly inhibited AGEs-induced increase  
in luciferase activity of NF-κB in a dose-depen-
dent manner.

Discussion

The factors contributing to the development 
and progression of OA are complicated. Among 
them, excessive degradation of the ECM due to 
dysregulation of expression of enzymes and 
proinflammatory cytokines is recognized as a 
hallmark of the pathological progression of the 
disease [17]. The risk factors for OA include 
excessive mechanical loading, obesity, and 
injury, but the primary risk factor is ageing. In 
2018, statistics from the Centers for Disease 
Control (CDC) reported that over 30 million peo-
ple in the United States suffer from OA, and 
that this number is expected to increase by 

Figure 7. Exenatide ameliorated advanced glyca-
tion end products (AGEs)-induced activation of p38 
in human primary chondrocytes. Human primary 
chondrocytes were stimulated with 100 μg/ml AGEs 
in the presence or absence of exendin-4 (a form of 
exenatide) at the concentrations of 10 and 20 nM 
for 2 h. Phosphorylated and total levels of p38 was 
determined by western blot analysis (a, b, c, P < 0.01 
vs. previous column group).



Exenatide ameliorates articular matrix degradation

2087	 Am J Transl Res 2019;11(4):2081-2089

more than double by 2030 [19]. AGEs result 
from non-enzymatic protein glycation and have 
been shown to accumulate in tissues over time. 
The receptor for AGEs (RAGE) has been shown 
to be expressed on the surface of chondrocytes 
[20]. In cartilage, accumulation of AGEs inhibits 
regeneration of type II collagen and accelerates 
its degradation via activation of the Jak/Stat 
pathway through the interaction between AGEs 
and RAGE, which leads to increased expressi- 
on of MMP-13 and ADAMTS-4/5 [21]. Accumu- 
lation of AGEs has also been shown to elevate 
production of ROS, which further increases the 
formation of AGEs and leads to the sustained 
presence of a harmful oxidative stress environ-
ment. Under normal physiological conditions, 
expression of MMPs and ADAMTS, and the 
presence of ROS serve to maintain homeosta-
sis by facilitating cell turnover. However, under 
pathological conditions, the delicate bala- 
nce between these processes is shifted toward 
a pathological state [22].

Another major factor in the progression of OA is 
the activation of inflammatory signaling path-
ways. The NF-κB transcription factor is an ubiq-
uitously expressed heterodimer that has been 
extensively studied for its key role in the inflam-
matory response. Activation of the p38/mito-
gen activated protein kinase (MAPK) signaling 
pathway inhibits the activity of protein kinase 
Cζ, resulting in nuclear translocation of p65, 

one of the heterodimers of NF-κB, and activa-
tion of NF-κB. The NF-κB family plays important 
roles in a wide range of physiological processes 
including inflammatory response, cell prolifera-
tion, and cell differentiation in human chondro-
cytes. Activation of the NF-κB pathway is essen-
tial to induce a variety of inflammation-related 
mediators, including inducible nitric oxide syn-
thase (iNOS), IL-1β, and TNF-α, and these in- 
duced cytokines further activate the signaling 
cascade [23]. These results in increased ex- 
pression of MMPs, ADAMTS, and generation of 
ROS, thereby driving degradation of type II col-
lagen and aggrecan [24-27]. Therefore, NF-κB 
signaling has been widely associated with OA 
pathophysiology through a diversity of effects 
and is activated in OA chondrocytes during 
aging and inflammation. Although numerous 
studies have explored the mechanisms behind 
the role of inflammatory signaling in OA, the 
subject remains to be fully elucidated.

In the present study, we found that treatment of 
HPCs with 100 µg/ml AGEs drastically in- 
creased production of ROS, expression of MM- 
Ps and ADAMTS, degradation of type II collagen 
and aggrecan, and activation of p38 and NF-κB. 
Administration of 10 and 20 nM exenatide (in 
the form of exendin-4) successfully amelior- 
ated these negative effects of AGEs in HPCs. 
This indicates that exenatide may have pot- 
ential as a safe and effective therapy for the 

Figure 8. Exenatide ameliorated advanced glycation end products (AGEs)-induced activation of NF-κB in human pr- 
imary chondrocytes. Human primary chondrocytes were stimulated with 100 μg/ml AGEs in the presence or abs- 
ence of exendin-4 (a form of exenatide) at the concentrations of 10 and 20 nM for 24 h. A. Nuclear translocation of 
p65; B. Luciferase activity of NF-κB (a, b, c, P < 0.01 vs. previous column group).  
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treatment of OA. Various studies have dem- 
onstrated the anti-degradative effects of exen-
din-4 in OA [28-30]. In regard to its mechanism 
of action, exenatide acts as an incretin hor-
mone mimetic by binding to the GLP-1 receptor 
in a fashion similar to naturally occurring GLP-1 
in humans [31]. The role of incretin hormones 
in bone formation and regeneration has been 
studied in patients with type II diabetes melli-
tus and obesity. It was found that GLP-1 has an 
anabolic effect on bone regeneration in pa- 
tients with glucose intolerance [32]. Further- 
more, the authors of a study performed in 2015 
concluded that treatment with a GLP-1 receptor 
agonist increased bone formation by 16% in 
obese women after weight loss. Taken togeth-
er, the findings of this study and others indicate 
that exenatide, a GLP-1 agonist, may have 
potential as a therapeutic agent for the preven-
tion and treatment of age-related OA resulting 
from excessive accumulation of AGEs. Additi- 
onal research using in vivo animal models is 
recommended to better understand the bene-
fits of this treatment demonstrated in the pres-
ent study.
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