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Abstract. To investigate the involvement of oxidative stress 
in the pathogenesis of osteoarthritis (OA), we evaluated the 
relationship between oxidative stress and articular cartilage 
degradation by measuring the serum levels of malondialde-
hyde (MDA, an oxidative stress marker), CTX-II (a type II 
collagen degradation marker) and CPII (a type II collagen 
synthesis marker) in obese and hyperlipidemic STR/Ort 
(STR) and control CBA mice. Seven-week-old osteoarthritic 
STR male mice (n=10) and control CBA male mice (n=10) 
were fed standard laboratory food ad libitum. At 35  weeks 
of age, the mice were sacrificed, and the serum levels of 
MDA, CTX-II and CPII were determined. Furthermore, 
histopathological changes were evaluated in the knee joints. 
Most of the STR mice spontaneously developed OA (18 of 
the 20 knees). By contrast, the CBA mice developed OA in 
only 4 of the 20 knees. Importantly, the serum levels of MDA, 
CTX-II and CPII were elevated to a greater extent in the STR 
mice compared to levels in the CBA mice. Notably, the level 
of MDA was correlated with that of CTX-II, but not of CPII. 
Moreover, the MDA levels were significantly correlated with 
the serum lipid (total cholesterol and triglyceride) levels as 
well as body weight. Together these observations suggest that 
oxidative stress is likely involved in the degradation of type 
II collagen in articular cartilage, thereby possibly contrib-
uting to the development of OA in obese and hyperlipidemic 
STR mice.

Introduction

Osteoarthritis (OA) is a chronic joint disease characterized by 
degeneration of the articular cartilage, sclerosis of subchondral 
bone and osteophyte formation. The incidence of OA increases 
during every decade of life and by the age of 65 years, almost 
one-third of the population develops OA of the knee joints (1). 
Degeneration of articular cartilage is accompanied by chronic 
pain and significant disability in OA. However, at present no 
treatment is available which prevents or cures OA. Various 
factors, including obesity, previous injury and lifestyle, have 
been related to the pathogenesis of OA. Current concepts 
of the pathogenic mechanisms of OA suggest a shift in the 
homeostatic balance between the destruction and synthesis 
of bone and cartilage (2). Notably, previous studies have indi-
cated the involvement of oxidative stress in the pathogenesis 
and progression of OA (3).

Oxidative stress is the disturbance in the state of equi-
librium of pro-oxidant and anti-oxidant systems in cells 
and tissues (4,5). Since Harman proposed the promotion of 
aging by oxidative stress in 1956 (6), the association between 
oxidative stress and various diseases, such as cancer, diabetes 
mellitus and hypertension, has been elucidated. Reactive 
oxygen species (ROS) are highly reactive transient chemical 
substances, which include nitric oxide, superoxide anion, 
hydrogen peroxide and hydroxy radical, with the potential 
to initiate cellular damage by acting on molecules, such as 
proteins, lipids and nucleic acids. Furthermore, lipid peroxides, 
i.e., polyunsaturated fatty acids peroxidized by ROS, have also 
been shown to induce tissue injury (7). Several studies have 
demonstrated that oxidative damage, due to overproduced 
ROS from superoxide, may be involved in the pathogenesis 
of OA (8,9). In this regard, it has been reported that oxidative 
stress leads to structural and functional changes in chondro-
cytes and extracellular matrix, when ROS production exceeds 
the anti-oxidant capacities (3,10,11). 

A number of animal models have been developed to 
investigate the pathology of OA. In STR/Ort (STR) mice, 
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~85% of males spontaneously develop the degeneration of 
knee cartilage from 25 to 35 weeks of age. These pathological 
changes are closely similar to those in human OA, such as 
joint space narrowing, subchondral bone sclerosis and osteo-
phyte formation. In STR mice, visceral fat is accumulated in 
their peritoneal cavities and they are slightly obese. Moreover, 
STR  mice exhibit human hyperlipidemic patient-like symp-
toms, such as hypercholesterolemia, hypertriglyceridemia, 
hyperinsulinemia, insulin resistance, dysregulation of nones-
terified fatty acids and low serum adiponectin (12). 

In this study, to investigate the involvement of oxidative 
stress in the pathogenesis of OA, we evaluated the relationship 
between oxidative stress and articular cartilage degrada-
tion by measuring the serum levels of biomarkers, such as 
malondialdehyde (MDA; an oxidative stress marker), CTX-II 
(a type II  collagen degradation marker) and CPII (a type II 
collagen synthesis marker) in osteoarthritic STR and control 
CBA mice.

Materials and methods

Animals. All procedures were carried out according to the 
institutional Animal Care and Committee Guide of Juntendo 
University School of Medicine. In this study, 7-week-old 
osteoarthritic STR male mice weighing ~27  g (n=10) and 
7-week-old control CBA male mice weighing ~26 g (n=10) 
were purchased from Charles River Japan (Yokohama, Japan). 
Five mice per cage were housed under a specific pathogen-free 
condition (controlled temperature of 24±3˚C and humidity of 
55±15%) and fed standard laboratory food ad libitum. All mice 
were measured for body weight using a scale every week. All 
mice were sacrificed at 35 weeks of age. 

Tissue preparation and histopathological examination. Histo-
pathological changes were evaluated on the sagittal sections of 
cartilage in the weight-bearing area of the medial tibiofemoral 
compartment. The whole knee joint samples were dissected 
and fixed in 10% formalin for 24 h. They were then decal-
cificated by Gooding and Stewart's fluid (equal volume of 
10% formalin and 10% formic acid solution) and embedded 
in paraffin. Sections (5 µm) were stained with Safranin 
O. Grading of OA progression in the medial tibiofemoral 
compartment was performed according to the procedure previ-
ously described (13,14) (grade 0, no apparent change; grade 1, 
superficial fibrillation of articular cartilage; grade 2, defects 
limited to uncalcified cartilage; grade 3, defects extending into 
calcified cartilage; grade 4, exposure of subchondral bone at 
the articular surface) (Fig. 1). In this study, histopathological 
changes with grade 1 or more were considered to be OA.

Assays of type II collagen degradation/synthesis markers 
and malondialdehyde. Blood was obtained from the heart 
of the mice at 35  weeks of age, and sera were stored in 
aliquots at -80˚C. Serum CTX-II (15) was assayed with a 
serum Pre-Clinical CartiLaps ELISA kit (Nordic Bioscience 
Diagnostic A/S, Herlev, Denmark), which detects C-telopeptide 
degradation products of type II collagen (CTX-II) in the sera. 
By contrast, serum CPII (15) was assayed with a Procollagen 
type II C-propeptide ELISA kit (IBEX Technologies Inc., 
Montreal, Canada), which detects carboxy propeptide of type 

II collagen (C-propeptide, also referred to as CPII) in the sera. 
CPII is cleaved from type II procollagen during the processing 
of newly synthesized procollagen and thus can be used as a 
type II collagen-synthesis marker.

Serum MDA was assayed with a TBARS Assay kit 
(Cayman Chemical Company, USA). MDA is a naturally 
occurring product of lipid peroxidation (16,17).

Assay of the serum concentrations of total cholesterol and 
triglyceride. The serum concentrations of total cholesterol and 
triglyceride were measured using Cholesterol E and L-Type 
Triglyceride M (Wako Pure Chemical Industries, Ltd., Osaka, 
Japan), respectively.

Statistical analyses. Data are presented as the mean ± SD and 
were analyzed for significant differences using the Student's 
t-test (StatView 5.0 program; SAS Institute Inc., NC, USA). 
Correlation analysis was also performed with the StatView 5.0 
program. A p-value of <0.05 was considered to be statistically 
significant.

Results

Evaluation of body weight and serum levels of total choles-
terol and triglyceride. During the experimental periods, the 
body weight of STR mice was consistently higher compared 
to that of the CBA mice (p<0.05) (Fig. 2A). Moreover, the 
serum levels of total cholesterol and triglyceride were signifi-
cantly higher in the obese STR mice compared with levels in 
the control CBA mice (Fig. 2B and C).

Evaluation of histopathological changes in articular carti-
lage. STR mice spontaneously developed OA in 18 of the 
20  knees at 35 weeks (grade 0, 2 knees; grade 1, 6 knees; 
grade 2, 3 knees; grade 3, 3 knees; grade 4, 6 knees) (Table I). 
By contrast, control CBA mice developed OA only in 4 of the 
20 knees (grade 0, 16 knees; grade 1, 2 knees; grade 2, 0 knee; 
grade 3, 1 knee; grade 4, 1 knee). 

Evaluation of type II collagen degradation/synthesis and 
oxidative stress markers. The levels of CTX-II were 
29.51±16.98 pg/ml in the STR mice and 20.04±11.74 pg/ml in 
the CBA mice at 35 weeks and were slightly higher in the STR 
mice than in the CBA mice (p=0.22) (Fig. 3A). Furthermore, 
the levels of CPII were 1478.56±835.75 pg/ml in the STR mice 
and 621.45±277.7  pg/ml in the CBA mice at 35 weeks, and 
were significantly elevated in the STR mice compared to 
levels in the CBA mice (p<0.05) (Fig. 3B).

Importantly, the levels of MDA were 21.04±5.23 µM in 
the STR/Ort mice and 13.48±5.23 µM in the CBA mice at 
35 weeks, and were significantly higher in the STR mice than 
levels in the CBA mice (p<0.01) (Fig. 3C).

Correlation analysis of the biomarkers for oxidative stress 
and type II collagen metabolism. To evaluate the effect of 
oxidative stress on type II collagen metabolism, correlation 
analysis was performed between the levels of serum MDA and 
CTX-II or CPII at 35 weeks of age in the CBA and STR mice. 
Notably, the MDA levels were correlated with the CTX-II 
levels (r=0.55, p<0.05) (Fig. 4A); however, the MDA levels 
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were not correlated with the CP-II levels (r=-0.06, p=0.81) 
(Fig. 4B). These observations indicate that oxidative stress 
(the elevation of MDA levels) is associated with the degra-
dation, but not the synthesis of type II collagen in articular 
cartilage, and that the levels of CTX-II and CPII are unlikely 
to be changed in parallel within the body, although the levels 
of both type II  collagen degradation and synthesis markers 
(CTX-II and CPII, respectively) are elevated in osteoarthritic 
STR mice (Fig. 3A and B). To test the latter possibility, the 
correlation between CTX-II and CPII levels was analyzed. As 

  A   B   C

  D   E

Figure 1. Histopathological grading of articular cartilage in STR mice. The sagittal sections of cartilage in the weight-bearing area of the medial tibiofemoral 
compartment were stained with Safranin O. The severity of the OA lesion was graded on a scale of 0-4 according to the procedure previously described 
(13,14). (A) Grade 0, no apparent changes; (B) grade 1, superficial fibrillation of articular cartilage; (C) grade 2, defects limited to uncalcified cartilage; 
(D) grade 3, defects extending into calcified cartilage; (E) grade 4, exposure of subchondral bone. Scale bar, 500 µm; CC, calcified cartilage; UC, uncalcified 
cartilage; SB, subchondral bone.

Figure 2. Body weight change and serum levels of total cholesterol and 
triglyceride in STR and CBA mice. Body weight change (A) during experi-
mental periods and serum levels of total cholesterol (B) and triglyceride (C) 
at 35 weeks of age were compared between STR and CBA mice. Data repre-
sent the mean ± SD of ten animals in each group. *p<0.05, **p<0.01.

  A

  B   C

Table I. Histopahological grading of cartilage degradation in 
CBA and STR mice.

Histpathological	C BA mice	 STR mice
grade	 (20 knees/10 mice)	 (20 knees/10 mice)

0	 16	 2
1	   2	 6
2	   0	 3
3	   1	 3
4	   1	 6

Histpathological changes with grade 1 or more were considered to 
be OA.

https://www.spandidos-publications.com/10.3892/etm.2011.196


watari et al:  Effect of oxidative stress on articular cartilage248

expected, there was no significant correlation between the two 
parameters (r=0.003, p=0.99) (Fig. 4C).

Correlation analysis of oxidative stress and serum lipids. 
A higher level of MDA in the obese and hyperlipidemic 
STR mice (Fig. 2B and C) suggests a possibility that the MDA 
levels may be associated with serum lipid levels. To test this, 
we analyzed the correlation between the serum levels of MDA 
and total cholesterol or triglyceride. As expected, there was 
a significant correlation between serum MDA and lipid (total 
cholesterol or triglyceride) levels (r=0.63, p<0.01 and r=0.53, 
p<0.05, respectively) (Fig. 5A and B). Importantly, there was 
also a significant correlation between MDA levels and body 
weight (r=0.47, p<0.05) (Fig. 5C).

Discussion

Oxidative stress induces tissue injury via the production of 
ROS. Among biomolecules, lipids are particularly susceptible 
to oxidation and are transformed into lipid peroxides by oxida-
tion. The accumulated lipid peroxides are involved, not only 

in tissue injury, but also in the development and progression 
of various diseases, such as lifestyle-related diseases (athero-
sclerosis, diabetes mellitus, dementia and cancer) (18,19). In 
addition, ROS are capable of inducing apoptotic cell death in 
chondrocytes and, more importantly, they induce the degrada-
tion of aggrecan and collagen in articular cartilage (20,21). 
In this context, it has been reported that chondrocyte-derived 
ROS mediate degradation of aggrecan and that various anti-
oxidants prevent the degradation process (22). Together these 
observations suggest that oxidative stress is involved in the 
pathogenesis and progression of OA via the degradation of 
articular cartilage components.

MDA is a toxic aldehyde end-product of lipid peroxidation, 
which functions as a key molecule for cellular injury in both 
plants and animals. Thus, MDA is widely used as an indicator 
of oxidative stress in cells and tissues (16,17). Furthermore, 
MDA has been demonstrated to mediate the oxidative degra-
dation of cartilage collagen (23).

Type II collagen is a major constituent of articular carti-
lage, representing 90-95% of the total collagen content and 
forming the fibrillar structure that gives cartilage its tensile 

Figure 3. Serum levels of CTX-II, CPII and MDA in STR and CBA mice. 
CTX-II (A), CPII (B) and MDA (C) at 35 weeks of age were compared 
between STR and CBA mice. Data represent the mean ± SD of ten animals 
in each group. *p<0.05, **p<0.01.

Figure 4. Correlation analysis of CTX-II, CPII and MDA in CTR and CBA 
mice. Correlation analysis was performed between CTX-II and MDA (A), 
CPII and MDA (B), and CPII and CTX-II (C), using serum samples from 
STR and CBA mice. P-values are indicated in the panels.

  A   A

  B   B

  C   C
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strength (24). Among several reported biomarkers (15), 
components of type II collagen are recognized as the most 
important biomarkers for OA (25). Actually, it has been 
reported that CTX-II levels in patients with knee OA are 
significantly higher compared to levels in non-OA controls 
(26). Moreover, correlations have been shown between the 
CTX-II levels and the stage of OA (26-28), the radiographic 
changes of OA (29,30), or the knee pain in symptomatic 
OA (31). Thus, CTX-II is considered to be a reliable marker of 
cartilage degradation. Furthermore, it has been suggested that 
abnormalities in the metabolism (degradation and synthesis) of 
type II collagen play a key role in the pathogenesis of OA (32), 
and that the C-propeptide of type II procollagen (CPII), 
released extracellularly from the newly synthesized molecule, 
is directly related to type II collagen synthesis in healthy and 
osteoarthritic articular cartilages (33). Thus, we utilized CPII 
as a type II collagen synthesis marker.

Male STR mice spontaneously develop knee OA via the 
degeneration of cartilage. Their pathological changes are 
comparable to those in human OA. STR mice are slightly obese, 

and visceral fat is accumulated in their peritoneal cavities. 
Moreover, STR mice exhibit hypercholesterolemia, hypertrig-
lyceridemia, hyperinsulinemia, insulin resistance, dysregulation 
of nonesterified fatty acids and low serum adiponectin, as in 
human hyperlipidemic patients. Thus, STR mice can be used 
as a model for investigating the involvement of dyslipidemia in 
the underlying mechanism for OA (12).

In the present study, we revealed that the body weight 
was significantly higher in the STR mice compared to that of 
the control CBA mice during almost the entire experimental 
period (Fig. 2A), and that total cholesterol and triglyceride 
levels were also significantly higher in the STR mice than 
those in the control CBA mice (Fig. 2B and C). Furthermore, 
the level of MDA, an oxidative stress marker, was significantly 
higher in the STR mice than that in the CBA mice (Fig. 3C). 
To date, large scale clinical studies, such as the Framingham 
Study, have indicated a correlation between body mass index 
and the urinary 8-epi-prostaglandin-F2α level (a parameter of 
oxidative stress), an increase in the oxidative stress level due 
to obesity (34) and a close association between visceral fat 
accumulation (metabolic syndrome) and oxidative stress (35). 

Based on these findings, our observations strongly 
suggest that the oxidative stress level is higher in obese and 
hyperlipidemic STR mice than in CBA mice. In fact, there 
was a significant correlation between serum MDA and 
total cholesterol, triglyceride or body weight (Fig.  5A-C). 
Moreover, the level of CTX-II, a type II collagen degradation 
marker, was higher in the STR mice than in the CBA mice 
(Fig. 3A), and histopathological evaluation demonstrated 
spontaneous development of OA in the STR mice. In addition, 
there was a significant correlation between serum MDA and 
CTX-II levels (Fig. 4A). Together these observations indicate 
that oxidative stress is involved in the degradation of type II 
collagen in articular cartilage, thereby possibly promoting the 
development of OA in obese and hyperlipidemic STR mice. 
To note, the level of CPII, a type II collagen synthesis marker, 
was significantly increased in the osteoarthritic STR mice 
compared to that of the control CBA mice (Fig. 4B), although 
oxidative stress has been reported to suppress collagen 
synthesis (36). Since the synthesis of type II collagen has been 
reported to increase in OA (33), the higher level of CPII in the 
STR mice may indicate a compensatory increase in type II 
collagen synthesis during the process of cartilage degradation. 
The present finding that oxidative stress is possibly associated 
with type II collagen degradation provides a novel insight into 
the pathogenesis of secondary OA, which is caused by factors 
associated with lifestyle-related diseases (obesity, diabetes 
and dyslipidemia).

In conclusion, the present study using obese and hyperlipi-
demic STR mice suggests that oxidative stress is associated 
with the development of OA, possibly via the degradation of 
type II collagen in articular cartilage. 
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