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Oxidative stress participates in quadriceps muscle  
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Abstract: Osteoarthritis is the most common form of arthritis, affecting approximately 15% of the population. 
Quadriceps muscle weakness is one of the risk factors of osteoarthritis development. Oxidative stress has been 
reported to play an important role in the pathogenesis of various muscle dysfunction; however, whether it is involved 
in osteoarthritis-associated quadriceps muscle weakness has never been investigated. The aim of the present study 
is to examine the involvement of oxidative stress in quadriceps muscle dysfunction in the initiation of osteoarthritis 
in rats. Rat osteoarthritis was initiated by conducting meniscectomy (MNX). Quadriceps muscle dysfunction was 
evaluated by assessing muscular interleukin-6, citrate synthase activity, and myosin heavy chain IIa mRNA expres-
sion levels. Muscular oxidative stress was assessed by determining lipid peroxidation, Nrf2 expression, reactive 
oxygen species, and circulating antioxidants. Increased muscular interleukin-6 production as well as decreased 
citrate synthase activity and myosin heavy chain IIa mRNA expression were observed at 7 and 14 days after MNX. 
Biomarkers of oxidative stress were significantly increased after MNX. Muscular free radical counts were increased 
while glutathione and glutathione peroxidase expression were decreased in MNX-treated rats. We conclude that 
oxidative stress may be involved in the pathogenesis of muscle dysfunction in MNX-induced osteoarthritis.

Keywords: Muscle dysfunciton, osteoarthritis, oxidative stress, sesame oil, rats

Introduction

Osteoarthritis (OA) is the most common form of 
arthritis, affecting approximately 15% of the 
population. Due to its predilection for lower 
extremity joints such as the knee and hip, OA is 
the leading cause of lower extremity disability 
amongst older adults with an estimated life-
time risk for knee OA being approximately 40% 
in men and 47% in women. Therefore, osteoar-
thritis is now considered as a major public 
health problem worldwide [1].

Knee meniscectomy (MNX) is the most com-
mon procedure performed by orthopedic sur-
geons as a treatment of medial meniscal tears. 
Patients who have undergone MNX surgery 
show a marked muscle weakness of the ipsilat-
eral limb [2-6]. Although muscle weakness has 
been considered as a secondary effect in knee 
OA historically, recent studies suggest that 
quadriceps muscle weakness may precede the 
onset of radiographic evidence of OA [7]. 
Moreover, quadriceps muscle weakness may 

be directly involved in the pathogenesis and 
development of OA [8]. The initiation of OA in 
the guinea pig is associated with the changes in 
the quadriceps skeletal muscle [9]. Improving 
quadriceps weakness may be a strategy for pre-
venting OA development. However, mechanism 
involved in OA-associated quadriceps muscle 
weakness is still unclear.

Skeletal muscles are composed of striated sub-
units called sarcomeres, which are composed 
of the myofilaments actin and myosin. Myosin 
ATPase is localized to the globular head of the 
myosin heavy chain (MHC) [10]. MHC alteration 
plays a dominant role in muscle strength [11-
15]. For example, decreased muscular MHC IIa 
mRNA and protein expressions are associated 
with muscle weakness in OA patients [16]. 
Cytokines and citrate synthase (CS) are involved 
in the loss of muscle mass and strength. 
Previous studies have shown a correlation 
between high levels of pro-inflammatory cyto-
kine interleukin (IL)-6 and low muscle mass and 
strength [17, 18]. CS activity has been used as 
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an indicator of oxidative potential in skeletal 
muscle [19-21], and reported to be associated 
with fatigue resistance [22, 23].

Oxidative stress is imposed on cells as a result 
of one of two factors: an increase in oxidant 
generation and a decrease in antioxidant pro-
tection. If oxidant attacks continuously, oxida-
tion of lipid constituents (lipid peroxidation; 
LPO) of membranes ensues, which impairs the 
function of cell organelles and eventually culmi-
nates in ultrastructural injury [24]. In addition, 
nuclear factor erythroid 2-related factor 2 
(Nrf2) is a transcriptional activator that plays a 
critical role in cellular response to oxidative 
stress. Nrf2 is suppressed under a basal condi-
tion through Keap1-dependent degradation 
[25]. Oxidative stress initiates Nrf2 transcripti- 
on of anti-oxidative genes and their proteins 
through inhibiting Keap1 [26]. Therefore, both 
LPO product and Nrf2 expression have been 
used as an important marker of oxidative stress 
[27].

Reactive oxygen species (ROS), such as super-
oxide anion, hydroxyl radical, and peroxynitrite, 
are produced in animals and humans  
under pathophysiologic conditions [28-30]. 
Superoxide anion can act with nitric oxide to 
generate peroxynitrite and hydroxyl radical, 
both of them are the important mediators of 
LPO [31-33]. On the other hand, glutathione 
peroxidase (GPx), localized in the cytosol and 
the inner membrane of mitochondria of animal 
cells, is a crucial enzyme in the biosynthesis of 
glutathione (GSH). As a potent free radicals 
scavenger, GSH prevents interactions of reac-
tive intermediates with critical cellular constitu-
ents, such as phospholipids of biomembranes, 
nucleic acids, and proteins [34-37].

Although oxidative stress is believed to be 
responsible for many tissue changes, whether 
it involves in the pathogenesis of quadriceps 
muscle dysfunction during OA development has 
never been investigated. The aim of the pres-
ent study was to investigate the involvement of 
oxidative stress in the pathogenesis of quadri-
ceps muscle dysfunction in MNX-model of OA in 
rats.

Materials and methods

Animals

Male SPF Sprague Dawley rats weighing 200-
300 g were obtained from our institution’s 

Laboratory Animal Center. They were individually 
housed in a room with a 12-hour dark/light 
cycle and central air conditioning (25°C, 70% 
humidity), allowed free access to tap water, and 
fed a rodent diet from Richmond Standard, PMI 
Feeds, Inc (St Louis, MO), without a sesame oil 
supplement. The animal care and experimental 
protocols were in accordance with nationally 
approved guidelines.

Experimental designs

Experiment I: Time course study of MNX-
induced osteoarthritis-like joint pain in rats. 
Rats were divided into two groups of five. Group 
I (Sham group), rats were received sham opera-
tion only; and Group II (OA group) rats received 
MNX operation only. Weight distribution of the 
ipsilateral hind paw was assessed 0, 7, and 14 
days after sham of MNX operation.

Experiment II: The role of muscular oxidative 
stress in muscle dysfunction in rats with MNX. 
Rats were divided into three groups of five. All 
rats received MNX operation. Quadriceps mus-
cle samples were collected at 0, 7, and 14 days 
after MNX from Group I, II, and III, respectively.

MNX surgery

MNX surgery was performed under 3.5%  
isofluorane inhalational anesthetics. Rats 
received cephalexin (Ceporex oral drops) (0.03 
ml/100 g body weight) 1 h before and 12, 24, 
and 36 h after surgery. A small incision was 
made longitudinally down the medial side of  
the knee and a cauterizer was used to work 
through both the connective tissue and muscle 
layers until the medial collateral ligament, 
anchoring the medial meniscus to the tibial  
plateau, was identified. The ligament was 
grasped at the tibial end and cut until fully  
transected. The ligament was then transected 
again at the femoral end to remove the portion 
overlying the meniscus. The meniscus was 
freed from the fine connective tissue, allowing 
a full thickness, medial meniscal transection. 
Sham animals underwent the same surgical 
procedure with the omission of medial menis-
cal transection [2].

Measuring muscular protein concentration

The protein concentration in tissue homoge-
nate was determined by using protein assay 
dye (Bio-Rad Laboratories, Hercules, CA, USA).
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Measuring muscular IL-6 levels

IL-6 levels were quantitatively measured by 
using ELISA kits (Duo-Set; R&D Systems Inc., 
Minneapolis, MN). Briefly, sample was incubat-
ed with biotinylated rabbit antibody for 2 h, and 
then streptavidine-conjugated horseradish per-
oxidase was added for 20 min. The peroxidase 
reaction was initiated by adding 3,3’,5,5’-tetra-
methylbenzidine/H2O2 (R&D Systems) for 30 
min, and then stopped by adding 0.5 M H2SO4. 
The absorbance was measured at 450 nm [38].

Measuring muscular CS activity

Tissues were homogenized in 0.1 M Tris buffer 
containing 0.1% Triton X-100, pH 8.35. Briefly, 
the homogenates were frozen and thawed four 
times to disrupt the mitochondria. Added 4 l of 
homogenate to 200 l assay buffer (100 mM Tris 
buffer, 5 mM 5,5-dithiobis (2-nitrobenzoate), 
22.5 mM acetyl-CoA, and 25 mM oxaloacetate, 
pH 8.35). The rate change in color was moni-
tored at wavelength of 405 nm at 15-s inter-
vals for a period of 3 min [39].

Measuring muscular MHC IIa mRNA expres-
sion

The total RNA was extracted from the muscular 
tissue using TRIZOL reagent (Invitrogen) in 

accordance with the manufacturer’s instruc-
tions. Quantitative real-time polymerase chain 
reaction (RT-PCR) was performed by using an 
SYBR Green and Applied Biosystems Step One 
Real- PCR system (Life Technologies, CA). After 
reverse transcription, Quantitative PCR was 
performed 40 cycles under the following  
conditions: for 40 cycles, initial treatment at 
95°C for 10 min, denaturing at 95°C for 15 s, 
and annealing at 60°C for 1 min without exten-
sion. Primer pairs were designed against MHC 
IIa (forward 5’-AAGATCAAATCATCAGTGCC-3’; 
reverse 5’-TCTAGCAGATATGTCTCGATG-3’) and 
GAPDH (forward 5’-AACATCATCCCTGCCTCTA- 
CTG-3’; reverse 5’-CTCCGACGCCTGCTTCAC-3’). 
The amounts of MHC IIa mRNA expression were 
normalized with GAPDH mRNA value.

Measuring muscular LPO levels

Muscle homogenate (200 μl) was taken for LPO 
measurement by using a commercial assay  
kit (Lipid Peroxidase Assay Kit; Calbiochem-
Novabiochem Co, Darmstadt, Germany) fol-
lowed the manufacturer’s instruction, and the 
spectrophotometer was read at 586 nm.

Western blotting

Nuclear extraction kit (Sigma, Inc., St. Louis, 
MO) was used to separate nuclear and cytosol-
ic protein. Fifty micrograms of protein was load-
ed on SDS-PAGE, and then transferred to nitro-
cellulose sheets (NEN Life Science Products, 
Inc., Boston, MA). After blocking, the blots  
were incubated with Nrf2, GPx, or -actin anti-
body (dilution 1:1000) in 5% non-fat skim  
milk (using -actin as a loading control). After 
washed, the blots were incubated with second-
ary antibodies conjugated with alkaline  
phosphatase (dilution 1:3000) (Jackson Im- 
munoResearch Laboratories, Inc., Philadelphia, 
PA). Immunoblots were developed using bro-
mochloroindolyl phosphate/nitroblue tetrazoli-
um solution (Kirkegaard and Perry Laboratories, 
Inc., Baltimore, MD) [40].

Determining muscular hydroxyl radical, super-
oxide, and peroxynitrite levels

Briefly, tissue was homogenized in Tris-sucrose 
buffer (0.24 M sucrose in 20 mM Tris HCl buffer 
containing 1 mM EDTA (pH 7.4) (1:10; wt/vol). 
The homogenate was centrifuged at 400g at 
4°C for 30 min. Superoxide, peroxynitrite, and 
hydroxyl radical were measured using a high-

Figure 1. Time course of OA induction in rats. Rats 
were divided into two groups of five. Group I (Sham 
group), rats were received sham operation only; and 
Group II (OA group) rats received MNX operation only. 
Weight distribution of the ipsilateral hind paw was 
assessed 0, 7, and 14 days after sham of MNX op-
eration. Data are means ± SD. *P < 0.05 compared 
with Sham group (Group I).
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performance chemiluminescence (CL) analyzer 
(CLA-2100; Tohoku Electronic Industrial Co, 
Ltd, Rifu, Japan). Briefly, 400 µl of tissue homog-
enate were mixed with 200 µl of phosphate 
buffer solution in a stainless dish, and then the 
background CL count was read for 60 s. One 
hundred microliters of lucigenin, indoxyl [beta]-
D-glucuronide, or luminol (17 mM dissolved in 
phosphate buffer solution, to determine super-
oxide anion or hydroxyl radical, respectively) 
was injected into the machine, and the CL is 
counted for another 1200 s at 10-s intervals. 
The data are analyzed using Chemiluminescence 
Analyzer Data Acquisition Software (Tohoku 
Electronic Industrial Co) [30].

Measuring muscular GSH levels

Muscle tissues were homogenized in ice-cold 
trichloroacetic acid (0.1 g of tissue plus 1 ml of 
10% trichloroacetic acid). Briefly, after the 
homogenates had been centrifuged at 3,000 
rpm for 10 min, 500 μl of supernatant was 
added to 2 ml of 0.3 M Na2HPO4 solution. A 
200 μl solution of dithiobisnitrobenzoate (in 1% 
sodium citrate, 0.4 mg/mL) was added, and the 
absorbance at 412 nm was measured immedi-
ately [30].

Hindlimb weight distribution assessment

Hindlimb weight distribution was measured on 
an incapacitance meter (IITC, Inc., Woodland 
Hills, CA, USA), a behavioral analysis assay that 
measures weight bearing on the hindlimbs 
while the animal was in an induced rearing pos-
ture. In brief, an incapacitance meter consists 

of two scales and specialized caging to encour-
age a rearing posture. Weight on the left and 
right hindlimbs was acquired during 5-second 
intervals (five trials per rat). These data were 
converted into weight distribution by dividing 
the weight on the right limb by the total weight 
for both hindlimbs. Weight-distribution imbal-
ance was determined at each time point by 
using a repeated-measures test, with balanced 
weight distribution represented by a right limb 
percentage weight near 50% [41].

Statistical analysis

Data were expressed as the means ± standard 
deviation (SD). One-way analysis of variance 
(ANOVA) followed by student’s t-test analysis 
was used to make pairwise comparisons 
between the groups. Statistical significance 
was set at P < 0.05.

Results

Time course of joint pain in MNX-induced OA

To establish the rat model of MNX-induced OA, 
weight distribution of the hind paw was 
assessed after MNX surgery. The weight distri-
bution was significantly decreased at 7 and 14 
days after MNX in OA group compared with that 
in Sham groups (Figure 1).

Muscle dysfunction changes in MNX-induced 
OA

To examine the onset of muscle dysfunctionin 
MNX-induced OA, muscular IL-6 production, CS 

Figure 2. Quadriceps muscle dysfunction in MNX-induced OA. Rats were divided into three groups of five. Rat quad-
riceps muscle was collected 0 (Group I), 7 (Group II), and 14 (Group III) days after MNX, respectively. Muscular IL-6 
production (A), CS activity (B), and MHC IIa mRNA expression (C) levels were determined at different time points. 
Data are means ± SD. *P < 0.05 compared with day 0 group (Group I).
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activity, and MHC IIa mRNA levels were deter-
mined. Muscular IL-6 production (Figure 2A) 
was significantly increased while CS activities 
(Figure 2B) and MHC IIa mRNA levels (Figure 
2C) were significantly decreased at 7 and 14 
days after MNX surgery compared with them in 
control groups.

Role of muscular oxidative stress in OA-
associated muscle dysfunction

To examine the role of oxidative stress in MNX-
associated muscle weakness, muscular LPO 

and nuclear Nrf2 expression levels were deter-
mined after MNX surgery. Muscular LPO (Figure 
3A) and nuclear Nrf2 expression (Figure 3B) 
were significantly increased at 7 and 14 days 
after MNX surgery compared with them in con-
trol groups.

Involvement of ROS generation and circulating 
antioxidant production in OA-associated mus-
cular oxidative stress

To examine the mechanism involved in 
OA-associated muscle dysfunction, ROS includ-

Figure 3. Muscular oxidative stress in MNX-induced OA. Rats were divided into three groups of five. Rat quadriceps 
muscle was collected 0 (Group I), 7 (Group II), and 14 (Group III) days after MNX, respectively. Muscular LPO level 
(A) and nuclear Nrf2 expression (B) were determined at different time points. Data are means ± SD. *P < 0.05 com-
pared with day 0 group (Group I).

Figure 4. Muscular reactive oxygen species generation in MNX-induced OA. Rats were divided into three groups of 
five. Rat quadriceps muscle was collected 0 (Group I), 7 (Group II), and 14 (Group III) days after MNX, respectively. 
Muscular superoxide anion (A), peroxynitrite (B), and hydroxyl radical (C) generations were determined at different 
time points. Data are means ± SD. *P < 0.05 compared with day 0 group (Group I).
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ing superoxide anion, hydroxyl radical, and per-
oxynitrite, as well as circulating antioxidant 
GSH and GPx were determined after MNX sur-
gery. Muscular superoxide anion (Figure 4B), 
hydroxyl radical (Figure 4B), and peroxynitrite 
(Figure 4C) counts were significantly increased 
at 7 and 14 days after MNX surgery compared 
with them in control groups. In addition, both 
GSH level (Figure 5A) and GPx expression 
(Figure 5B) were significantly lowered at 7 and 
14 days after MNX compared with control 
group. 

Discussion

We have for the first time demonstrated that 
muscular oxidative stress is involved in muscle 
dysfunction in the development of OA. In the 
present study, increased cytokines as well as 
decreased CS activity and MHC IIa mRNA were 
found at 7 and 14 days after MNX. Muscular 
oxidative stress markers and reactive oxygen 
species production were significantly increased 
while circulating antioxidants were decreased 
after MNX. We suggested that muscular oxida-
tive stress is involved in the quadriceps muscle 
dysfunction during the initiation and develop-
ment of OA. 

Muscle dysfunction can be detected in the 
early stage of MNX-induced OA. Previous stud-

ies suggest that muscle weakness may be a 
result of disuse after MNX [14]; however, recent 
evidences show that muscle weakness may 
participate in the pathogenesis and develop-
ment of OA [8]. In the present study, increased 
IL-6 and as well as decreased CS activity and 
MHC IIa mRNA expression were found from 7 
days after MNX, which indicated that muscle 
weakness could be found in the early stage of 
MNX-induced OA. Therefore, we suggested that 
muscle dysfunction may play an important role 
in the development of OA after MNX.

Inhibiting MHC IIa gene expression may be 
associated with muscular weakness after MNX. 
MHC typing changes have been suggested as 
one of the major causes of muscle weakness 
after MNX [14]. Decreased MHC IIa fiber is 
associated with lower muscle strength/muscle 
weakness in the quadriceps in patients with OA 
[42]. Beta2-adrenergic agonist which induces 
muscle hypertrophy of the quadriceps skeletal 
muscle without affecting MHC IIa expression, 
does not modulate disease severity in rat MNX 
model of osteoarthritis [2]. Therefore, it is likely 
that inhibiting MHC IIa gene expression may be 
involved in muscle dysfunction during OA devel-
opment, at least partially.

Oxidative stress, resulted from the over-produc-
tion of ROS and the decrease of circulating anti-

Figure 5. Changes in muscular circulating antioxidant levels in MNX-induced OA. Rats were divided into three groups 
of five. Rat quadriceps muscle was collected 0 (Group I), 7 (Group II), and 14 (Group III) days after MNX, respectively. 
Muscular GSH (A) and GPx (B) levels were determined at different time points. Data are means ± SD. *P < 0.05 
compared with day 0 group (Group I).
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oxidant, may be involved in the pathogenesis  
of muscle dysfunctionin MNX-induced OA. 
Oxidation can alter the structure and function 
of lipids, proteins and nucleic acids, leading to 
cellular injury and even cell death [43]. Genetic 
evidence has shown that increased oxidative 
stress in skeletal muscle is sufficient to induce 
muscle atrophy [44, 45]. In the present study, 
increased muscular LPO and nuclear Nrf2 
expression were found in MNX-treated rats. We 
suggest that muscular oxidative stress may be 
associated with muscle weakness after MNX.

In addition, oxidative stress is resulted from an 
increase of oxidants or a decrease of antioxi-
dants, both of which may be involved in MNX-
associated muscle weakness. Inhibiting circu-
lating antioxidant expression in mice results in 
significant loss of skeletal muscle mass and 
muscle weakness [28]. Elevated ROS levels 
can contribute to muscle loss and weakness by 
oxidative damage, degradating contractile pro-
teins, or activating calpain and ubiquitin proteo-
lytic systems [46, 47]. In addition, over-
production of ROS alters the fiber type and 
muscle function by regulating MHC gene 
expression [48]. In the present study, muscular 
ROS generation was marked increased while 
GSH and GPx levels were reduced after MNX. 
Therefore, we suggested that the increase of 
ROS generation and the decrease of circulating 
antioxidant may be associated with MNX-
induced oxidative muscular damage.

We concluded that oxidative stress may be 
involved in the pathogenesis and development 
of muscle dysfunction in MNX-induced OA 
model. Further, inhibiting muscular oxidative 
stress may be beneficial in preventing the 
quadriceps muscle dysfunction as well as the 
initiation and development of OA. However, 
more investigation will be needed to confirm 
this.

Acknowledgements

This study was supported by the National 
Science Council Taiwan [Grant 101-2314-B- 
675-002-MY2].

Disclosure of conflict of interest

None.

Address correspondence to: Dr. I-Ming Jou, De- 
partment of Orthopedics, College of Medicine 

National Cheng Kung University 138 Sheng-Li Road, 
704 Tainan, Taiwan. Tel: 886-6-276-6689; Fax: 
886-6-276-6189; E-mail: jming@mail.ncku.edu.tw

References

[1] Velasquez MT and Katz JD. Osteoarthritis: an-
other component of metabolic syndrome? 
Metab Syndr Relat Disord 2010; 8: 295-305.

[2] Tonge DP, Jones SW, Parr T, Bardsley R, 
Doherty M, Maciewicz RA. Beta2-adrenergic 
agonist-induced hypertrophy of the quadriceps 
skeletal muscle does not modulate disease se-
verity in the rodent meniscectomy model of 
osteoarthritis. Osteoarthritis Cartilage 2010; 
18: 555-562.

[3] Salata MJ, Gibbs AE, Sekiya JK. A systematic 
review of clinical outcomes in patients under-
going meniscectomy. Am J Sports Med 2010; 
38: 1907-1916.

[4] Lohmander LS and Roos HP. Knee ligament 
injury, surgery and osteoarthritis: truth or con-
sequences? Act Orthop Scand 1994; 65: 605-
609.

[5] Roos H, Adalberth T, Dahlberg L, Lohmander 
LS. Osteoarthritis of the knee after injury to the 
anterior cruciate ligament or meniscus: the in-
fluence of time and age. Osteoarthritis 
Cartilage 1995; 3: 261-267.

[6] Ericsson YB, Roos EM, Dahlberg L. Muscle 
strength, functional performance, and self-re-
ported outcomes four years after arthroscopic 
partial meniscectomy in middle-aged patients. 
Arthritis Rheum 2006; 55: 946-952.

[7] Lohmander L, Englund P, Dahl L, Roos E. The 
long-term consequence of anterior cruciate 
ligament and meniscus injuries - osteoarthri-
tis. Am J Sports Med 2007; 35: 1756-1769.

[8] Ikeda S, Tsumura H, Torisu T. Age-related quad-
riceps-dominant muscle atrophy and incident 
radiographic knee osteoarthritis. J Orthop Sci 
2005; 10: 121-126.

[9] Tonge DP, Bardsley RG, Parr T, Maciewicz RA, 
Jones SW. Evidence of changes to skeletal 
muscle contractile properties during the initia-
tion of disease in the ageing guinea pig model 
of osteoarthritis. Longev Healthspan 2013; 2: 
15.

[10] Levitsky DI. Actomyosin systems of biological 
motility. Biochemistry 2004; 69: 1177-1189.

[11] Lefaucheur L, Ecolan P, Plantard L, Gueguen 
N.New insights into muscle fiber types in 
thepig. J Histochem Cytochem 2002; 50: 719-
730.

[12] Kim GD, Kim BW, Jeong JY, Hur SJ, Cho IC, Lim 
HT, Joo ST. Relationship of carcassweight to 
muscle fiber characteristics and pork quality of 
crossbred (Korean native black pig × Landrace) 
F2 pigs. Food Bioprocess Technol 2013; 6: 
522-529.



Oxidative stress in osteoarthritis-associated muscle dysfunction

12498 Int J Clin Exp Pathol 2015;8(10):12491-12499

[13] Ausoni S, Gorza L, Schiaffino S, Gundersen K, 
Lomo T. Expression of myosin heavy chain iso-
forms in stimulated fast and slow rat muscles. 
J Neurosci 1990; 10: 153-160.

[14] Tonge DP, Jones SW, Bardsley RG, Parr T.
Characterisation of the sarcomeric myosin 
heavy chain multigene family in the laboratory 
guinea pig. BMC Mol Biol 2010; 11: 52.

[15] Martin NRW, Passey SL, Player DJ, Khodabukus 
A, Ferquson RA, Sharples AP, Mudera V, Baar 
K, Lewis MP. Factors affecting the structure 
and maturation of human tissue engineered 
skeletal muscle. Biomaterials 2013; 34: 5759-
5765.

[16] Callahan DM, Miller MS, Sweeny AP,Tourville 
TW, Slauterbeck JR, Savage PD, Maugan DW, 
Ades PA, Beynnon BD, Toth MJ.Muscle disuse 
alters skeletal muscle contractile function at 
the molecular and cellular levels in older adult 
humans in a sex-specific manner. J Physiol 
2014; 592: 4555-4573.

[17] Ferrucci L, Harris TB, Guralnik JM, Tracy RP, 
Corti MC, Cohen HJ, Penninx B, Pahor M, 
Wallace R, Havlik RJ.Serum IL-6 level and the 
development of disability in older persons. J 
Am Geriatr Soc 1999; 47: 639-646.

[18] Penninx BW, Kritchevsky SB, Newman 
AB,Nicklas BJ, Simonsick EM, Rubin S, Nevitt 
M, Visser M, Harris T, Pahor M. Inflammatory 
markers and incident mobility limitation in the 
elderly. J Am Geriatr Soc 2004; 52: 1105-
1113.

[19] Degens H, Veerkamp JH. Changes in oxidative 
capacity and fatigue resistance in skeletal 
muscle. Int J Biochem 1994; 26: 871-878.

[20] Gollnick PD and Saltin B. Significance of skel-
etal muscle oxidative enzyme enhancement 
with endurance training. Clin Physiol 1982; 2: 
1-12.

[21] Bouchard C, Dionne FT, Simoneau JA, Boulay 
MR. Genetics of aerobic and anaerobic perfor-
mance. Exerc Sport Sci Rev 1992; 20: 27-58.

[22] Essén-Gustavsson B and Henriksson J. Enzyme 
levels in pools of microdissected human mus-
cle fibres of identified type. Adaptive response 
to exercise. Acta Physiol Scand 1984; 120: 
505-515.

[23] Nemeth PM, Pette D, Vrbova G. Comparison of 
enzyme activities among single muscle fibres 
within defined motor units. J Physiol 1981; 
311: 489-495.

[24] Milei J, Forcada P, Fraga CG, Grana DR, Iannelli 
G, Chiariello M, Tritto I, Ambrosio G. 
Relationship between oxidative stress, lipid 
peroxidation, and ultrastructural damage in 
patients with coronary artery disease undergo-
ing cardioplegic arrest/reperfusion. Cardiovasc 
Res 2007; 73: 710-719.

[25] Kobayashi A, Kang MI, Watai Y, Tong KI, 
Shibata T, Uchida K, Yamamoto M. Oxidative 

and electrophilic stresses activate Nrf2 
through inhibition of ubiquitination activity of 
Keap1. Mol Cell Biol 2006; 26: 221-229.

[26] Ma Q. Role of nrf2 in oxidative stress and toxic-
ity. Annu Rev Pharmacol Toxicol 2013; 53: 
401-426. 

[27] Niki E. Lipid peroxidation products as oxidative 
stress biomarkers. Biofactors 2008, 34: 171-
180.

[28] Shi Y, Ivannikov MV, Walsh ME, Liu Y, Zhang Y, 
Jaramillo CA, Macleod GT, Van Remmen H. The 
lack of CuZnSOD leads to impaired neurotrans-
mitter release, neuromuscular junction desta-
bilization and reduced muscle strength in 
mice. PLoS One 2014; 9: e100834.

[29] Evans P and Halliwell B. Micronutrients: oxi-
dant/antioxidant status. Br J Nutr 2001; 85: 
S67-74.

[30] Hsu DZ, Chien SP, Li YH, Chuang YC, Chang YC, 
Liu MY. Sesame oil attenuates hepatic lipid 
peroxidation by inhibiting nitric oxide and su-
peroxide anion generation in septic rats. JPEN 
J Parenter Enteral Nutr 2008; 32: 154-159.

[31] Aoyagi K, Akiyama K, Shahrzad S, Tomida C, 
Hirayama A, Nagase S, Takemura K, Koyama A, 
Ohba S, Narita M. Formation of guanidinosuc-
cinic acid, a stable nitric oxide mimic, from ar-
gininosuccinic acid and nitric oxide-derived 
free radicals. Free Radic Res 1999; 31: 59-65.

[32] Foyer CH, Lelandais M, Kunert KJ. 
Photooxidative stress in plants. Physiol Plant 
1994; 92: 696-717.

[33] Alscher RG, Donahue JL, Cramer CL. Hypoxia-
inducible factor 1: master regulator of O2 ho-
meostasis. Reactive oxygen species andan-
tioxidants: Relationships in green cells. Physiol 
Plant 1997; 100: 224-233.

[34] Guillemette J, Marion M, Denizeau F, Fournier 
M, Brousseau P. Characterization of the in vitro 
hepatocyte model for toxicological evaluation: 
repeated growth stimulation and glutathione 
response. Biochem Cell Biol 1993; 71: 7-13.

[35] Gutteridge JM and Mitchell J. Redox imbalance 
in the critically ill. Br Med Bull 1999; 55:49-75.

[36] Kaplowitz N, Aw TY, Ookhtens M. The regula-
tion of hepatic glutathione. Annu Rev 
Pharmacol Toxicol 1985; 25: 715-744.

[37] Meister A and Anderson ME. Glutathione. Annu 
Rev Biochem 1983; 52: 711-760.

[38] Jinbo T, Sakamoto T, Yamamoto S. Serum al-
pha2-macroglobulin and cytokine measure-
ments in an acute inflammation model in rats. 
Lab Anim 2002; 36: 153-157.

[39] Siu PM, Donley DA, Bryner RW, Alway SE.
Citrate synthase expression and enzyme activ-
ity after endurance training in cardiac and 
skeletal muscles. J Appl Physiol 2003; 94: 
555-560.

[40] Chu PY, Chien SP, Hsu DZ, Liu MY. Protective 
effect of sesamol on the pulmonary inflamma-



Oxidative stress in osteoarthritis-associated muscle dysfunction

12499 Int J Clin Exp Pathol 2015;8(10):12491-12499

tory response and lung injury in endotoxemic 
rats. Food Chem Toxicol 2010; 48: 1821-1826. 

[41] Allen KD, Mata BA, Gabr MA, Huebner JL, 
Adams SB Jr, Kraus VB, Schmitt DO, Setton LA. 
Kinematic and dynamic gait compensations 
resulting from knee instability in a rat model of 
osteoarthritis. Arthritis Res Ther 2012; 14: 
R78. 

[42] Fink B, Egl M, Singer J, Fuerst M, Bubenheim 
M, Neuen-Jacob E. Morphologic changes. in 
the vastus medialis muscle in patients with os-
teoarthritis of the knee. Arthritis Rheum 2007; 
56: 3626-3633.

[43] Bertaggia E, Scabia G, Dalise S, Lo Verso F, 
Santini F, Vitti P, Chisari C, Sandri M, Maffei M. 
Haptoglobin is required to prevent oxidative 
stress and muscle atrophy. PLoS One 2014; 9: 
e100745.

[44] Dobrowolny G, Aucello M, Rizzuto E, Beccafico 
S, Mammucari C, Boncompagni S, Belia S, 
Wannenes F, Nicoletti C, Del Prete Z, Rosenthal 
N, Molinaro M, Protasi F, Fanò G, Sandri M, 
Musarò A. Skeletal muscle is a primary target 
of SOD1G93A-mediated toxicity. Cell Metab 
2008; 8: 425-436.

[45] Yang SY, Hoy M, Fuller B, Sales KM, Seifalian 
AM, Winslet MC. Pretreatment with insulin-like 
growth factor I protects skeletal muscle cells 
against oxidative damage via PI3K/Akt and 
ERK1/2 MAPK pathways. Lab Invest 2010; 90: 
391-401.

[46] Li YP, Chen Y, Li AS, Reid MB. Hydrogen perox-
ide stimulates biquitinconjugating activity and 
expression of genes for specific E2 and E3 pro-
teins in skeletal muscle myotubes. Am J Physiol 
Cell Physiol 2003; 285: C806-812.

[47] McClung JM, Judge AR, Talbert EE, Powers SK. 
Calpain-1 is required for hydrogen peroxide-in-
duced myotube atrophy. Am J Physiol Cell 
Physiol 2009; 296: C363-371.

[48] Rom O, Kaisari S, Reznick AZ, Aizenbud D. 
Peroxynitrite induces degradation of myosin 
heavy chain via p38 MAPK and muscle-specific 
E3 ubiquitin ligases in C2 skeletal myotubes. 
Adv Exp Med Biol 2015; 832: 1-8. 


