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ABSTRACT. The aim of this study was to investigate the impact of high 
intensity exhaustive exercise on nitric oxide (NO), malondialdehyde 
(MDA), and superoxide dismutase (SOD) expression in rats with knee 
osteoarthritis. Sprague Dawley rats were randomly divided into control 
(N = 5) and model (N = 35) groups; the model group was further divided 
into quiet (N = 5), low- (N = 15) and high- (N = 15) intensity exhaustive 
exercise groups. The low- and high-intensity groups were randomly 
divided into pre-exercise (N = 5), immediate post-exercise (N = 5), and 
24-h post-exercise (N = 5) groups according to different time points for 
detection. NO, MDA, and SOD levels were compared between each 
group. The SOD levels in the quiet, low-, and high-intensity exhaustive 
exercise groups were lower than that in the control group, whereas 
the NO and MDA levels were higher in the former groups than in 
the controls (P < 0.05). The SOD level in the 24-h post-low intensity 
exhaustive exercise group was higher than that in the 24-h post-high 
intensity exhaustive exercise group, whereas the NO and MDA levels 
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were lower in the 24-h post-low intensity than in the post-high intensity 
exercise group (P < 0.05). Overall, the results demonstrated that with 
the increase of exercise intensity, the SOD activity in the rats with knee 
osteoarthritis decreased gradually, whereas the MDA and NO levels 
gradually increased. Thus, the greater the exercise intensity, the more 
serious the impact on knee osteoarthritis.
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INTRODUCTION

Osteoarthritis, also known as degenerative arthritis or joint disease, is a kind of 
non-inflammatory chronic articular disease characterized by bone hyperplasia and articular 
cartilage destruction or degeneration. Osteoarthritis is a common and frequently-occurring 
disease. Patients with early onset usually exhibit no obvious symptoms, whereas some patients 
present certain symptoms such as low local temperature or stiff discomfort of the knee; such 
symptoms can improve after activity. As the disease progresses, pain and difficulties standing 
up and climbing stairs might gradually appear. Some patients with severe osteoarthritis 
develop joint deformities if not treated in a timely manner (Toklu et al., 2010). Generally, 
osteoarthritis is related to many factors including immunity, heredity, metabolic disorder, 
obesity, trauma, and increased age (Lu et al., 2010). With the accelerated development of 
research on osteoarthritis, it has been found that cytokines, free radicals, nitric oxide (NO), 
and malondialdehyde (MDA) levels demonstrated close relationships with articular cartilage 
degeneration. Furthermore, exercise rehabilitation in osteoarthritis has become a popular 
topic for clinical research. Thus, our study analyzed the impact of high intensity exhaustive 
exercise on NO, MDA, and superoxide dismutase (SOD) expression in the knee arthritis 
rat model, with the aim of providing information for improving knee osteoarthritis patient 
rehabilitation therapy.

MATERIAL AND METHODS

General information and animal usage

Rats were used for all experiments, and all procedures were approved by the Animal 
Ethics Committee of Binzhou Municipal People’s Hospital (Shandong, China). Forty male 
Sprague Dawley rats weighing 180-220 g were provided by the Binzhou City Animal Center. 
The experiments began after rats received adaptable feed for one week. The rats were randomly 
divided into control (N = 5) and model (N = 35) groups, and the model group was further 
divided into quiet (N = 5), low intensity (N = 15), and high-intensity exhaustive exercise (N 
= 15) groups. The low- and high-intensity exhaustive exercise groups were randomly divided 
into three subgroups including a pre-exercise (N = 5), immediate post-exercise (N = 5), and 
24-h post-exercise (N = 5) group according to different time points for detection.

Reagents utilized included NO, MDA, and SOD detection kits purchased from 
Chenguang Biotech Group Co., Ltd. (Quzhou, China), papain, and chloral hydrate.
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Methods

Rat knee osteoarthritis modeling

As described by Panicker et al. (2009), after the rats were successfully anesthetized 
with chloral hydrate, 0.2 mL 4% papain solution was injected into the knee joint cavities every 
two days for two weeks. X-ray and ultrasound screening were used for monitoring after the 
administration of the medication. Observation of knee joint cartilage degeneration conforming 
to types of osteoarthritis change was judged as modeling success.

Exhaustive exercise

After successful establishment of the knee osteoarthritis model, low or high intensity 
exhaustive exercises were performed by the rats according to Bedford animal motion model 
standards (Bedford et al., 1979). An electric treadmill (Yuyan Instrument, Shanghai, China) 
with a 10° slope was used. Rats in the low intensity exhaustive exercise group began to run at 5 
m/min velocity for 15 min, and then movement speed was gradually increased to a maximum 
of 15 m/min until exhaustion. Rats in the high intensive exhaustive exercise group began to 
run at 15 m/min velocity for 15 min, and then movement speed was gradually increased to a 
maximum of 35 m/min until exhaustion.

Sampling

Rats in the control and quiet groups were anaesthetized under quiet conditions, and 5 mL 
abdominal venous blood was collected. Rats in the low- and high-intensity exhaustive exercise 
groups were sampled at the different time points previously described. The blood samples were 
centrifuged at 3000 r/min for 5 min and the supernatants were collected and stored at -20°C.

Index detection

NO levels were detected by the nitrate reductase method; MDA levels were detected 
by the thiobarbituric acid method; and SOD levels were detected by the xanthine oxidase 
method. All detection procedures were in strict accordance with kit instructions.

Statistical analysis

The SPSS 20.0 statistical software (SPSS, Chicago, IL, USA) was used for data analyses. 
Data counts were analyzed by the χ2 test; measurement data are reported as means ± SE and 
compared by analysis of variance (ANOVA) among different groups. Bonferroni’s correction 
was applied for pairwise comparison, with statistically significant differences defined as P < 0.05.

RESULTS

SOD expression in the different groups

SOD levels in the quiet, low intensity, and high intensity exhaustive exercise groups 
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were all significantly lower than that in the control group (P < 0.05). The SOD level in the low 
intensity exhaustive exercise group 24-h post-exercise was higher than that in high intensity 
exhaustive exercise group (P < 0.05) (Table 1). The SOD levels in the low- and high-intensity 
exhaustive exercise groups are shown in Figure 1.

Group	 Patients	 SOD

Control	   5	 45.79 ± 14.84
Quiet	   5	 33.32 ± 8.521

Low-intensity exhaustive exercise	 15	
   Pre-exercise	   5	 33.67 ± 5.731

   Immediate post-exercise	   5	 20.36 ± 5.411,2

   24 h post-exercise	   5	 29.33 ± 4.981

High-intensity exhaustive exercise	 15	
   Pre-exercise	   5	 33.14 ± 6.551

   Immediate post-exercise	   5	 18.53 ± 3.291,2

   24 h post-exercise	   5	 21.41 ± 6.091,2

1Compared with controls, P < 0.05; 2compared with pre-exercise, P < 0.05. SOD = superoxide dismutase.

Table 1. SOD levels in each groups (means ± SE, U/mL).

Figure 1. Superoxide dismutase (SOD) levels in the low- and high-intensity exhaustive exercise groups.

MDA expression in the different groups

MDA levels in the quiet, low intensity, and high intensity exhaustive exercise 
groups were all significantly higher than those in the control group (P < 0.05). The MDA 
level in the low-intensity exhaustive exercise group 24 h post-exercise was lower than that 
in the high-intensity exhaustive exercise group (P < 0.05) (Table 2). The MDA levels in the 
low- and high-intensity exhaustive exercise groups are shown in Figure 2.
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NO expression in the different groups

NO levels in the quiet, low intensity, and high intensity exhaustive exercise groups 
were all significantly higher than that in the control group (P < 0.05). The NO level in the low-
intensity exhaustive exercise group 24 h post-exercise was lower than that in the high-intensity 
exhaustive exercise group (P < 0.05) (Table 3). The NO levels in the low- and high-intensity 
exhaustive exercise groups are shown in Figure 3.

Group	 Patients	 MDA

Control	   5	 5.95 ± 1.51
Quiet	   5	 10.48 ± 2.891

Low-intensity exhaustive exercise	 15	
   Pre-exercise	   5	 10.04 ± 2.771

   Immediate post-exercise	   5	 17.33 ± 4.511,2

   24 h post-exercise	   5	 11.17 ± 2.352

High-intensity exhaustive exercise	 15	
   Pre-exercise	   5	 10.21 ± 3.041

   Immediate post-exercise	   5	 18.69 ± 5.231,2

   24 h post-exercise	   5	 16.64 ± 3.061,2

1Compared with controls, P < 0.05; 2compared with pre-exercise, P < 0.05; MDA = malondialdehyde.

Table 2. MDA levels in each group (means ± SE, nom/mL).

Figure 2. Malondialdehyde (MDA) levels in the low- and high-intensity exhaustive exercise groups.
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DISCUSSION

A recent study (Bist and Bhatt, 2010) found that the occurrence and development of 
knee osteoarthritis is the result of the synergy of many factors. Although the pathogenesis of 
knee osteoarthritis is still not well understood, the role of free radicals in causing damage to the 
articular cartilage has become generally accepted. Under general pathological conditions of 
knee osteoarthritis, overwhelming amount of free radicals can inhibit cartilage cell proliferation 
through the inhibition of DNA synthesis as well as damage the metabolic synthesis of the 
collagen matrix and proteoglycans, thus accelerating cartilage matrix degradation and eventual 
cartilage cell death. In turn, loss of cartilage cells reduces the overall strength and elasticity of 
the cartilage leading to knee osteoarthritis degenerative disease with joint pain and movement 
limitation (Andriacchi and Favre, 2014).

Group	 Patients	 NO

Control	   5	 40.58 ± 4.19
Quiet	   5	 67.32 ± 6.241

Low-intensity exhaustive exercise	 15	
   Pre-exercise	   5	 66.59 ± 6.511

   Immediate post-exercise	   5	 77.38 ± 5.231,2

   24 h post-exercise	   5	 68.47 ± 6.851

High-intensity exhaustive exercise	 15	
   Pre-exercise	   5	 67.23 ± 7.041

   Immediate post-exercise	   5	 80.32 ± 8.361,2

   24 h post-exercise	   5	 76.39 ± 4.011,2

Table 3. NO levels in each group (means ± SE, μM).

1Compared with controls, P < 0.05; 2compared with pre-exercise, P < 0.05; NO = nitrous oxide.

Figure 3. Nitric oxide (NO) levels in the low- and high-intensity exhaustive exercise groups.
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SOD is a main free radical scavenger that can significantly reduce free radical damage 
to the body. SOD is an active substance generated by living organisms which can eliminate 
the harmful materials such as free radicals produced during normal oxygen metabolism. SOD 
can react with oxygen free radicals to generate hydrogen peroxide; the latter is converted into 
water by the organism and excluded. Thus, SOD activity represents the free radical scavenging 
ability of the body: higher SOD activity represents greater free radical scavenging ability 
(Marks, 2014). Free radical release is enhanced when the intensity of motion increases; lipid 
peroxidation and bodily damage are also concomitantly increased. Under normal conditions, 
SOD release would also gradually increase to maintain the balance between oxidation and 
antioxidation at this time.

A previous study (Gan et al., 2014) had shown that SOD damage could be identified 
in the process of knee osteoarthritis pathogenesis and was significantly positively correlated 
with its severity. Our results revealed that SOD levels were significantly lower in the knee 
osteoarthritis rat model group than in the control group. Figure 1 shows that SOD levels 
immediately after the exhaustive exercise in both the low- and high-intensity groups 
were significantly lower than those in the quiet and pre-exercise groups. SOD decreased 
immediately after exhaustive exercise in both the low and high-intensity groups, which might 
be caused by suppression of SOD activity due to the rapid rise of the free radical level. 
Furthermore, after 24-h recovery, the SOD level in the low-intensity exhaustive exercise 
group returned to the baseline as defined by the quiet group, whereas it was still significantly 
lower in the high-intensity exercise group at this time. This finding showed that SOD levels 
recovered slowly in the high-intensity group which might be related to the larger amounts of 
damage to the body generated by this regime (Smink et al., 2014).

In the clinic, MDA and SOD have often been treated as matching indicators, of which 
the SOD level was associated with free radical scavenging ability, whereas MDA reflected the 
degree of damage caused by free radicals to the cells. During the intensive exercise process, 
oxygen consumption has been shown to elevate sharply. Enhancement of mitochondrial 
activity has also been demonstrated, promoting a free radical chain reaction. When the level 
of free radicals was high, it was found that SOD failed to effectively remove them, leading 
to lipid peroxidation and cell damage (Yang et al., 2014). Therefore, as a lipid peroxidation 
product, MDA can not only influence the degree of cell damage, but also reflects the severity 
of lipid peroxidation.

In the present study, the MDA level was higher in the quiet group than in the controls, 
which revealed that the MDA level increased in the serum of rats with knee osteoarthritis. 
The MDA levels in both the low- and high-intensity groups immediately after the exhaustive 
exercise were significantly higher than that in pre-exercise group, indicating that exhaustion 
exercise aggravated lipid peroxidation and generated a dramatic increase in MDA level. This 
finding was consistent with previous research (Killian et al., 2014). Subsequently, the MDA 
level in the low-intensity exhaustive exercise group decreased with no statistical significant 
difference at 24 h post-exercise with the quiet and pre-exercise groups. On the other hand, 
although the MDA level also declined gradually in the high intensity exercise group, it was 
still higher than baseline at this time. High-intensity exhaustive exercise might increase cell 
damage leading to a significant change in cell membrane permeability. Meanwhile, high-
intensity exhaustive exercise might also decrease the free radical scavenging ability of SOD, 
thereby slowing the decrease in the MDA level (Wang et al., 2014).
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The occurrence and developmental process of knee osteoarthritis and cartilage cell 
degeneration would be expected to release a large quantity of active factors and inflammatory 
mediators into the synovial membrane and the synovial fluid. The balance between active 
factors and inflammatory mediators has also been shown to play a decisive role in cartilage 
cell damage (Foster et al., 2014). Among these, suspect cell factors primarily included tumor 
necrosis factor alpha (TNF-α), and interleukin 1 alpha (IL-1α) and 1 beta (IL-1β), among 
others. IL-1α and IL-1β concentrations have been shown to increase under the pathological 
conditions of osteoarthritis; this increase improved the fibrinolytic enzyme activity, 
destroyed the cartilage matrix, and increased the incidence of synovial thickening and bone 
invasion (van Baarsen et al., 2014). In addition, TNF-α has been demonstrated to have an 
inhibitory effect on matrix repair, so as to accelerate the degeneration of articular cartilage. 
In turn, NO is an important inflammatory mediator in knee osteoarthritis progression, acting 
through increased induction of nitric oxide synthase (iNOS) (Ye et al., 2014). In the present 
study, the NO levels increased in the quiet and the low- and high-intensity exhaustive 
exercise groups compared with the control group, consistent with findings from clinical 
studies (Tanaka et al., 2014).

High NO levels have been shown to have a marked inhibitory effect on cartilage 
cell proliferation. It can induce cartilage cell apoptosis and prevent cartilage matrix synthesis 
leading to cartilage destruction. At the same time, IL-1β can also accelerate the synthesis 
and secretion of matrix metalloproteinase 3 in human cartilage cells through the action of 
NO to aggravate cartilage matrix damage. Therefore, NO also plays an important role in 
promoting the occurrence and development of knee osteoarthritis (Prior et al., 2014). NO 
levels immediately after the exhaustive exercise in both the low- and high-intensity groups 
was dramatically higher than those in the quiet and pre-exercise groups, indicating that NO 
levels were upregulated after exhaustion exercise. The primary reason for this might be related 
to the increased muscle blood flow and shear stress caused by vasodilation during exercise, 
which would likely promote the continuous generation of NO by endothelial cells (Balaganur 
et al., 2014). After 24 h, the NO level in the low intensity exhaustive exercise group recovered 
to the quiet and pre-exercise baseline. On the other hand, although the NO level declined in 
the high-intensity exercise group, it was still higher than that in the quiet and pre-exercise 
groups at this time. This showed that NO decreased slowly after high intensity exhaustive 
exercise, which was consistent with the results from clinical research (Laufer et al., 2014). 
The main reason for this limited decline might be that structural NOS (cNOS) activity was 
decreased by high-intensity exhaustive exercise, leading to an increased activity of iNOS. 
In addition, high-intensity exhaustive exercise might have resulted in inflammatory cell 
infiltration that stimulated neurogliocytes and macrophages. The latter in turn might result in 
iNOS overexpression in the tissue, leading to the maintenance of a high level of NO 24 h post-
exercise (Clement et al., 2014).

In conclusion, the SOD levels decreased, while the MDA and NO levels increased 
under different intensities of exhaustion exercise in knee osteoarthritis. High-intensity 
exhaustive exercise might restrain the activity of SOD and cNOS, leading to high levels of NO 
and lower level of SOD at 24 h post-exercise, which might exacerbate the knee osteoarthritis 
pathological state. The future study of different intensities and times of endurance exercise 
training might allow the identification of movement forms or intensities sufficient to relieve 
knee osteoarthritis.
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