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ABSTRACT. Peroxisome proliferator-activated receptor is closely 
associated with the pathogenesis of osteoarthritis. The level of exogenous 
advanced glycation end-products (AGEs) in articular cartilage is highly 
associated with the severity of osteoarthritic lesions. However, their 
interactions and role in promoting osteoarthritisprogression remain 
unclear. Here, we investigated the effect of AGEs on transforming growth 
factor (TGF)-β and matrix metalloproteinase (MMP)-9 expression, and 
discussed the correlation between AGEs and osteoarthritis, possible 
signaling pathways and mechanism in rabbit chondrocytes. TGF-β and 
MMP-9 mRNA and protein expression, catalase (CAT) and superoxide 
dismutase (SOD) activity, and malondialdehyde (MDA) and reactive 
oxygen species (ROS) levels were analyzed in chondrocytes treated 
with different concentrations of AGEs using RT-PCR and/or western 
blot; we detected NF-κB nuclear translocation by immunofluorescence. 
AGE treatment significantly increased TGF-β and MMP-9 mRNA and 
protein expression compared to controls (P < 0.01) in a dose-dependent 
manner (highest at 100 µg/mL). AGE-induced TGF-β and MMP-9 
expressions in chondrocytes were significantly inhibited by anti-RAGE 
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and PDTC (0.1 mM) treatment (P < 0.01). Furthermore, AGE-treatment 
significantly decreased CAT and SOD activity and increased MDA 
levels in a concentration-dependent manner compared to controls (P 
< 0.05), significantly promoting NF-κB nuclear translocation. AGE 
significantly inhibited the increased expression of TGF-β and MMP-
9, and induced chondrocyte damage. Its mechanism is associated with 
RAGE activation, increased ROS expression, and activation of the NF-
κB signaling pathways.
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INTRODUCTION

Osteoarthritis (OA) is the most common disease affecting the motor system (Zhang et 
al., 2010). It is a chronic joint disease with a morbidity that increases significantly with age. 
The total morbidity of OA is 35.87% in people aged >40 years, 50% in people aged above 
60 years, and 80% in patients aged >75 years. The disability rate of this disease is as high as 
53% (Matsui et al., 2010). The cause of OA and the specific pathogenesis, however, remains 
unclear (Hemmings et al., 2015). The development of OA in the joints leads to an increase in 
the expression and content of various matrix metalloproteinases (MMPs) and a corresponding 
increase in the decomposition of cartilage mesenchyme. The degradation products of the 
cartilage mesenchyme molecules promote further degradation, forming a continuous vicious 
circle (Koh et al., 2013). MMP-9 is an enzyme with the ability to decompose type II collagen. 
It plays an important role in the incidence and progression of OA (Gondret et al., 2012; Mahali 
and Manna, 2012). Some cytokines secreted from the diseased region can significantly damage 
the articular cartilage and synovial membrane. TGF-β is a particularly important cytokine that 
is expressed during early OA (Bakala et al., 2013). Therefore, TGF-β and MMP-9 can serve as 
experimental observational indices for judging the onset and severity of OA; this also accounts 
for these factors being the main objects of observation in OA research.

OA incidence has been associated with many factors, including heredity, development, 
metabolism, trauma. An increase in age leads to the generation and accumulation of a large 
number of advanced glycation end-products (AGEs) (Bian et al., 2013). AGEs are stable 
covalent compounds (Lee et al., 2013) derived from non-enzymatic glycosylation reactions 
between proteins, lipids, and glucose or other reducing monosaccharides. AGE generation 
is an unavoidable and irreversible process (Fu et al., 2014). Research has demonstrated that 
the generation and accumulation of a large number of AGEs in vivo play a vital role in the 
development and acceleration of OA (Mahmoud and Elshazly, 2014); moreover, these act as 
the molecular foundation for the effect of age on OA. However, its mechanism remains unclear.

Previous studies have discovered a close association between peroxisome proliferator-
activated receptor (PPAR) and the pathogenic mechanism of osteoarthritis (Lee et al., 
2012; Rahigude et al., 2012; Chen et al., 2015). Thiazolidinediones such as pioglitazone, 
rosiglitazone, and troglitazone are the major synthetic ligands of PPARα that have found 
clinical application (Mahali et al., 2014). Previously, PPARawas believed to participate 
mainly in the regulation of lipid metabolism. Recent research has also indicated their role in 
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the regulation of inflammatory reactions, substrate decomposition, and synthesis (as a signal 
assembly complex) (Xu et al., 2011).

OA acceleration is mainly attributed to the generation and accumulation of a number 
of AGEs. Therefore, these processes are believed to be the molecular foundation of the effect of 
age on OA (Wang et al., 2011). AGEs and RAGE play a role in (forming a complex) increasing 
the levels of IL-1, TGF-β, and MMP-9 (Devi and Sudhakaran, 2012) during cellular secretion 
and synthesis. OA patients and animal models are known to show a significant decrease in 
the expression of PPARα. Moreover, PPARα expression has been associated with oxidative 
stress in osteoarthritis animal models, as well as the pathological process of osteoarthritis 
arising from AGEs (Baibergenova and Walsh, 2012). Therefore, it may be a critical aspect 
influencing the cellular signal transduction pathways (Kuo et al., 2012). Here, we describe 
three experiments performed to verify this hypothesis. AGEs were applied as damage factors 
in in vitro articular cartilage models, and PPARα expression was observed. A specific agonist 
was used to further define the relationship between PPARα and AGE-induced osteoarthritis, 
to explain the protective effect of the PPARα ligand and the signal transcription pathway in 
AGEs, and identify the cells mediated by their receptor RAGE.

MATERIAL AND METHODS

Experimental animals

Healthy and clean male New Zealand white rabbits aged 5 weeks and weighing 
approximately 1.2-1.5 kg were obtained from the Laboratory Animal Department of the Inner 
Mongolia University (Hohhot, China); all animal experiments were approved by the Ethics 
Committee of the Inner Mongolian Hospital.

Experimental design and grouping

The animals were divided into the 1) control group; 2) BSA (100 µg/mL) control 
group; 3) AGE (1 µg/mL) treatment group; 4) AGE (10 µg/mL) treatment group; 5) AGE 
(25 µg/mL) treatment group; 6) AGE (50 µg/mL) treatment group; and 7) AGE (100 µg/
mL) treatment group (N = 8 each). The catalase (CAT) (Beyotime, Jiangsu, China) and 
superoxide dismutase(SOD) (Beyotime) activities and malondialdehyde (MDA) content in the 
chondrocytes after treatment with different concentrations of AGEs for 48 h were determined. 
Reactive oxygen species (ROS) concentration was detected using the fluorescent probe 
DCFH-DA (R&D Systems, Minneapolis, MN, USA). TGF-β and MMP-9 expression in the 
chondrocytes was detected by RT-PCR.

Detection of CAT activity

Cells in the treatment group were decomposed with the lysis solution and subsequently 
centrifuged for 10 min at 1600 g at 4°C. Simultaneously, the detection agent was prepared in 
accordance with the manufacturer instructions. The supernatant (20 µL) and reagent were 
mixed thoroughly with a pipette; this was incubated with the color development working 
solution for 15 min at 25°C to terminate the reaction. The absorbance was determined at 520 
nm using a microplate reader. The CAT activity was calculated using the appropriate formula.



4J. Wang et al.

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 15 (2): gmr.15027963

Detection of SOD activity

Cells in the treatment groups were lysed, centrifuged for 10 min at 1600 g at 4°C, and 
the supernatant (10 µL) was mixed with the pre-mixed reagent (according to the manufacturer 
instructions) using a vortex mixer. This mixture was then placed in a thermostatic water bath 
for 20 min at 37°C. The mixture was then incubated with the color-developing agent for 10 
min at room temperature. The absorbance value was determined at 560 nm with a microplate 
reader. The SOD activity was calculated using the standard formula.

Detection of MDA content

The MDA reagent was prepared in accordance with the kit instructions (Lin et al., 
2012). The sample (0.1 µL) was mixed with an equal volume of the reagent in a 0.5-mL PCR 
tube using a vortex mixer, and incubated in a 100°C water bath for 10 min. The tube was then 
cooled to room temperature with running water. The supernatant (200 µL) was then added to 
each well of a 96-well microplate. The absorbance was determined at 532 nm with an ABI PE 
microplate reader (Applied Biosystems, Foster City, CA, USA). The MDA concentration was 
calculated using the standard formula.

Detection of oxygen-free radical (ROS) level in cells

The fluorescent probe DCFH-DA was used to detect ROS expression. DCFH-DA 
(R&D Systems) was diluted (1:2000) with serum-free Dulbecco’s modified Eagle’s medium 
(DMEM) (MOEL, Huhhot, China). The cell culture medium was replaced with 1 mL diluted 
DCFH-DA and incubated for 20 min in a 37°C incubator. The cells were washed thrice with 
serum-free DMEM to completely remove the excess DCFH-DA. The cells were then observed 
under a fluorescence microscope.

RT-PCR

cDNA was synthesized by reverse transcription. The primers were designed with 
Primer Express 2.0 (Tree Star Inc., Ashland, OR, USA). The melting temperature was set at 
58°-60°C. The following primers were used for PCR: TGF-β: 5'-GTGATCTAGTGCTAGTGA
TCGATCTG-3'; MMP-9: 5'-CTAGCTGTAGTGCAGTCGATGCT-3'; GAPDH: 5'-TTCATTG
CTGTCAGTCGTAC-3'. The samples were amplified with the Bio-Rad 7500 (Bio-Rad, Her-
cules, CA, USA) under the following cycling conditions: initial denaturation at 95°C for 4 
min, 36 cycles at 95°C for 30 s, 60°C for 32 s, and 72°C for 40 s. The melting curve process 
was also performed. The SDS software (Costa Mesa, CA, USA) for the 7500 quantitative PCR 
amplifier was used for data analysis, according to the program instructions.

Western blot

Total protein was extracted and its concentration determined using the standard BCA 
method. Thirty micrograms of the protein was loaded, electrophoresed, and transferred to a 
membrane (constant voltage 100 V, 1 h), where the protein was blocked, washed, and incubated 
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with the primary antibody PPAR (Abcam, Cambridge, UK). Subsequently, the membrane was 
washed thrice for 10 min, incubated for 1 h at room temperature with the HRP-labeled specific 
secondary antibodies (1:1000) (Boster, Wuhan, China), and washed again. The membrane was 
developed and analyzed using actin as the internal reference.

Statistical analysis

All data are reported as means ± standard deviation (means ± SD). The differences 
among various groups were compared by analysis of variance (ANOVA) Newman-Student. 
Multiple comparisons were performed using the t-test. All analyses were performed with 
SPSS v.16.0 (IBM, Armonk, NY, USA). The differences were considered to be statistically 
significant when P < 0.05.

RESULTS

Effect of AGEs on TGF-β and MMP-9 expression in chondrocytes

The chondrocytes were incubated with AGEs at different concentrations (1, 10, 
25, 50, and 100 µg/mL) for 48 h, and the expression of TGF-β and MMP-9 mRNA in the 
treated chondrocytes were determined by RT-PCR. We observed a significant increase in the 
expression of TGF-β and MMP-9 mRNA in the AGE-treated chondrocytes, compared to the 
controls (P < 0.05).

This effect was most significant at an AGE concentration of 100 µg/mL, which showed 
an increase in the TGF-β:GAPDH and MMP-9:GAPDH ratios from 0.61 ± 0.02 to 1.79 ± 0.03 
(P < 0.01) and 0.78 ± 0.02 to 1.87 ± 0.04 (P < 0.01). We observed no statistically significant 
differences between the BSA and normal control groups (P > 0.05; Figure 1).

Figure 1. Effect of different concentrations of AGE on the expression of (A) TGF-β and (B) MMP-9 mRNA in 
chondrocytes, as detected by RT-PCR. All data arereported as means ± SD; N = 8 per group. *P < 0.05, **P < 0.01 
vs the normal control group (CON).
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Dose-response relationship between AGEs and PPARα expression in in vitro cultured 
chondrocytes

We then detected the mRNA and protein levels of PPARα in AGE-treated chondrocytes 
by RT-PCR and western blot, respectively. The BSA and normal control groups did not differ 
significantly (P > 0.05). AGE treatment caused a significant decrease in PPARα mRNA and 
protein content in the chondrocytes compared to the normal control chondrocytes (P < 0.05). 
Treatment with 100 µg/mL AGE caused the least significant effect (Figure 2).

Figure 2. Effect of different concentrations of AGEs PPAR (A) mRNA and (B) protein expression in chondrocytes, 
as detected by RT-PCR and westernblot, respectively. All data are reported as means ± SD; N = 8 per group. *P < 
0.05 vs normal control group (CON).

The PPAR mRNA and protein levels in cultured chondrocytes treated with 100 µg/
mL exogenous AGE for 0, 3, 6, 12, 24, and 48 h were determined by RT-PCR and western 
blot, respectively (Figure 3). We observed a statistically significant difference in PPAR mRNA 
and protein expression between the 0-h treatment group and other groups (P < 0.05), with the 
mRNA and protein expression being lowest in the 48 h group. The PPAR mRNA expression 
and protein content was shown to decrease with time.

PPARα expression in chondrocytes cultured in vitro

The JNK, P38, and ERK signaling pathways of the MAPK family were blocked 30 
min prior to the AGE treatment (for 48 h). The PPARα mRNA and protein expressions were 
detected by RT-PCR and western blot, respectively. Addition of the three blocking agents 
individually did not significantly influence the RT-PCR and western blot results of the 
treatment and normal control groups (P > 0.05). However, co-incubation of the chondrocytes 
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with the blocking agents SP600125 and SB203580 (specific for the JNK and P38-MAPK 
signal pathways) prior to AGE treatment led to a significant increase in the PPARα mRNA 
and protein levels compared to those in cells treated with AGEs alone (P < 0.05); moreover, 
this increase was proportional to the concentration of the blocking agent. We also observed no 
significant difference in PPARα mRNA and protein expression between the group treated with 
the blocking agent PD98059 (specific for the ERK pathway; 3 concentrations) prior to AGE 
treatment, and the AGE-treated group (P > 0.05; Figure 4).

Figure 3. Effect of AGEs on PPAR (A) mRNA and (B) protein content in chondrocytes at different time points, as 
detected by RT-PCR and westernblot, respectively. All data are reported as means ± SD (N = 8 per group).

Figure 4. Effect of different concentrations of pathway blocking agents (A) SP600125 (against the JNK-MAPK 
pathway), (B) SB203580 (against the P38-MAPK pathway), and (C) PD98059 (against the ERK-MAPK pathway) 
on the regulatory role of AGEs in PPAR mRNA and protein expression in chondrocytes. All data are reported as 
means ± SD (N = 8 per group).
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Effect of pioglitazone on AGE-induced CAT and SOD activity and MDA content in 
chondrocytes

The chondrocytes were pre-incubated with 1, 10, and 50 µM pioglitazone for 2 h, and 
subsequently co-incubated with 100 µg/mL AGE for 48 h. CAT, SOD, and MDA expressions 
were detected in accordance with the kit instructions.

We observed that pioglitazone had a dose-dependent antagonistic action on CAT 
activity (Figure 5A) and SOD (Figure 5B), while positively affecting MDA expression (Figure 
5C) in cells treated with AGEs (P < 0.05), with the 50 µM pioglitazone exerting the most 
significant effect.

Figure 5. Effect of different concentrations of pioglitazone on AGE-induced (A) CAT and (B) SOD activity, and (C) 
MDA level in chondrocytes. Columns: 1. control; 2. BSA (100 µg/mL); 3. 100 µg/mL AGE; 4. 100 µg/mL AGE + 
pioglitazone (1 µM); 5. 100 µg/mL AGE + pioglitazone (10 µM); 6. 100 µg/mL AGE + pioglitazone (50 µM); 7. 
pioglitazone (50 µM). All data are reported as means ± SD (N = 8 per group). *P < 0.05 vs the AGE treatment group.

Effect of pioglitazone on AGE-induced activation of NF-κB in chondrocytes

The chondrocytes were pre-incubated with 1, 10, and 50 µM pioglitazone for 2 h, and 
subsequently co-incubated with 100 µg/mL AGE for 48 h. NF-κB P65 nuclear translocation was 
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directly detected using the fluorescence method (Figure 6). The AGE treatment significantly 
promoted nuclear translocation of chondrocyte P65, which was significantly inhibited by 
pioglitazone pre-treatment in a dose-dependent manner; the effect of pioglitazone on the 100 
µg/mL AGE treatment group was significantly higher than that in the normal control group (P 
< 0.05). On the other hand, we observed no statistically significant difference between the 50 
µM pioglitazone treatment group and the normal control group. The NF-κB protein content, 
detected by western blot, was consistent to the results of the fluorescence method.

Figure 6. Effect of different concentrations of pioglitazone on AGE and induced NF-κB protein content in 
chondrocytes. A. P65 expression. B. DAPI nuclear staining. C. Nuclear translocation was obvious in the 
merged diagram. The AGE treatment group significantly promoted nuclear translocation of P65 in chondrocytes. 
Pioglitazone significantly inhibited this effect of AGEs. The effect was strengthened by the increase in dosage. All 
data are reported as means ± SD (N = 8 per group).

DISCUSSION

A considerable amount of research conducted over the past few years has indicated 
a close association between AGEs and the incidence and progression of OA. Some scholars 
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even believe that AGEs play a key role in the molecular mechanism of the OA age risk 
factor; however, the mechanism remains unclear. Currently, the mechanism of AGE-induced 
OA is believed to follow a direct or indirect route. AGE directly leads to collagen glycation, 
crosslinking, decreased proteoglycan synthesis in the matrix, increased matrix brittleness, and 
a significant decrease in compressive resistance and shearing resistance capacity. AGEs are 
highly expressed on longevity proteins. The half-life period of collagen, the major component 
of the cartilage matrix, is >100 years, contributing to the easy formation and accumulation of 
AGEs. The collagen is further cross-linked following glycation, thus damaging the cartilage 
matrix structure and function and hardening and embrittling the articular cartilage. Therefore, 
cartilage is damaged even under a normal physiological load (Furukawa et al., 2013). Secondly, 
the formation and deposition of AGEs in tissue can accelerate aging and tissue hypofunction. 
The results of this experiment have shown that AGEs significantly induce the expression 
of TGF-β and MMP-9 in chondrocytes in a highly concentration-dependent manner. This 
demonstrates the damaging effect of AGEs on chondrocytes.

PPAR influences multiple-cellular processes including lipid metabolism, homeostasis, 
cell cycle, cell differentiation, inflammation, and extracellular matrix reconstruction by 
regulating the transcriptional level of the relevant genes. Down-regulation of PPARα in 
chondrocytes can lead to structural and functional changes in chondrocytes, such as a decrease 
in secretions by the chondrocyte matrix, increase in secretions by the matrix metalloproteinase, 
and increase in number of inflammatory factors and cytokines (Chen and Zhong, 2013). Here, 
we have demonstrated the antagonistic effect of AGEs on chondrocyte PPAR in a concentration- 
and time-dependent manner. MAPK regulates multiple-cellular physiological processes such 
as cellular proliferation, differentiation, transformation, and apoptosis through primers such 
as phosphorylated transcription factors, cytoskeleton-related proteins, and enzymes (Chen et 
al., 2013). The chondrocytes were pre-incubated with blocking agents for the three signal 
pathways of MAPKs (JNK, P38, and ERK) for 30 min, and then incubated for 48 h with or 
without AGEs. The PPARα mRNA and protein levels were then detected with RT-PCR and 
westernblot, respectively. The signaling pathways of P38-MAPK and JNK-MAPK were thus 
found to participate in AGE-induced down-regulation of PPARα expression in chondrocytes.

Previous studies reported that the generation of a large amount of ROS is the initial link 
to the AGEs/RAGE signaling pathways. Here, we determined that the AGE treatment group 
can significantly promote nuclear translocation of NF-κB P65 in chondrocytes. Pioglitazone 
can significantly inhibit such an effect in a dose-dependent manner (Antonopoulou et al., 
2013). The results of this study indicated that pioglitazone protects against AGE-induced 
cartilage injury, providing a theoretical and experimental basis for clinical treatment of OA, 
identification of novel therapeutic targets, and the development of novel drugs.
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