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Curcumin regulates autophagy 
through SIRT3‑SOD2‑ROS 
signaling pathway to improve 
quadriceps femoris muscle atrophy 
in KOA rat model
Hua Ye 1, Yi Long 1, Jia‑Ming Yang 1, Yan‑Lin Wu 1, Ling‑Yan Dong 1, Yan‑Biao Zhong 1,2, 
Yun Luo 1* & Mao‑Yuan Wang 1,3*

Knee osteoarthritis (KOA) usually leads to quadriceps femoris atrophy, which in turn can further 
aggravate the progression of KOA. Curcumin (CUR) has anti-inflammatory and antioxidant effects 
and has been shown to be a protective agent for skeletal muscle. CUR has been shown to have a 
protective effect on skeletal muscle. However, there are no studies related to whether CUR improves 
KOA-induced quadriceps femoris muscle atrophy. We established a model of KOA in rats. Rats in the 
experimental group were fed CUR for 5 weeks. Changes in autophagy levels, reactive oxygen species 
(ROS) levels, and changes in the expression of the Sirutin3 (SIRT3)-superoxide dismutase 2 (SOD2) 
pathway were detected in the quadriceps femoris muscle of rats. KOA led to quadriceps femoris 
muscle atrophy, in which autophagy was induced and ROS levels were increased. CUR increased SIRT3 
expression, decreased SOD2 acetylation and ROS levels, inhibited the over-activation of autophagy, 
thereby alleviating quadriceps femoris muscle atrophy and improving KOA. CUR has a protective 
effect against quadriceps femoris muscle atrophy, and KOA is alleviated after improvement of 
quadriceps femoris muscle atrophy, with the possible mechanism being the reduction of ROS-induced 
autophagy via the SIRT3-SOD2 pathway.
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Abbreviations
KOA	� Knee osteoarthritis
ROS	� Reactive oxygen species
SIRT3	� Sirutin3
SOD2	� Superoxide dismutase 2
CUR​	� Curcumin
OARSI	� Osteoarthritis Research Society International

Knee osteoarthritis (KOA) is a very common chronic musculoskeletal disease that widely affects many people 
around the world1. The fundamental hallmark of KOA is the degradation of intra-articular cartilage2, but it is also 
characterized by changes in the muscles around the joint, such as weakness and atrophy of the quadriceps femoris 
muscle being the most common3–5. The quadriceps femoris muscle is not only an active muscle that produces 
knee extension movements but also provides knee stability. Quadriceps femoris muscle weakness and atrophy 
can further worsen the development of KOA6. Inflammation of the KOA leads to presynaptic reflex inhibition 
and decreases alpha motor neuron activity, resulting in quadriceps femoris muscle atrophy and weakness7,8. Joint 
pain and reduced mobility in patients with KOA can lead to the development of disuse atrophy in the quadriceps 
femoris muscle9. Atrophy and weakness of the quadriceps femoris muscle lead to biomechanical alterations 
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and overloading of the knee joint, accelerating the destruction of cartilage10. Therefore, a vicious cycle of knee 
degeneration and skeletal muscle atrophy is formed. Improving the atrophy of the quadriceps femoris muscle can 
alleviate the progression of KOA and thus break this vicious cycle. Exercise training to strengthen the quadriceps 
femoris muscle has been shown to improve KOA11. Most of the current studies on the muscles of KOA patients 
are on muscle function, and there are fewer studies on the structural and cellular molecular changes in the mus-
cles. More studies are needed to explore the molecular mechanisms of quadriceps atrophy, which can help to 
promote quadriceps regeneration in KOA patients and also help to further optimize KOA treatment protocols.

Muscle atrophy is caused by an imbalance in protein synthesis and degradation. Two major proteolytic sys-
tems, the ubiquitin–proteasome system and the autophagy lysosome system, are activated during skeletal muscle 
atrophy12. Autophagy is required in muscle to maintain muscular mass, either inhibition or excessive activation of 
autophagy can lead to atrophy in skeletal muscle13–15. However, how KOA-induced quadriceps atrophy autophagy 
changes is unknown. Excessive accumulation of reactive oxygen species (ROS) can lead to atrophy of skeletal 
muscle16–18. ROS can induce autophagy18. Sirutin3 (SIRT3) is a deacetylase located primarily in mitochondria. 
It regulates a variety of mitochondrial functions, including energy metabolism and anti-oxidative stress19. SIRT3 
can bind directly to superoxide dismutase 2 (SOD2) and then deacetylate it, thereby increasing the activity of 
SOD2 and significantly affecting ROS homeostasis and autophagic flux20,21.

Curcumin (CUR) is a natural polyphenolic compound extracted from turmeric root. It mainly has anti-
inflammatory and antioxidant properties22,23. It has been shown that CUR can ameliorate exercise-induced 
muscle damage, which is primarily achieved by decreasing the inflammatory response and increasing antioxi-
dant capacity24–27. CUR also can reduce skeletal muscle mitochondrial damage and improve muscle atrophy 
in chronic obstructive pulmonary disease rats by activating SIRT328. CUR can effectively inhibit palmitate-
induced inflammation in skeletal muscle cells as well as scavenge intracellular ROS29. In addition, CUR protects 
heat-induced skeletal muscle damage in a dose-dependent manner by preventing mitochondrial dysfunction, 
ROS increase, and apoptosis30. CUR can effectively improve muscle disuse muscular atrophy by activating the 
deacetylase sirtuin-131,32. There were also numerous studies confirming that CUR treats sarcopenia by exerting 
anti-inflammatory and antioxidant effects33–35. CUR not only has a protective effect on skeletal muscle, it also 
has a therapeutic effect on KOA36–38. It has been shown that CUR can attenuate cartilage damage in KOA rats by 
inhibiting the inflammatory response through acting on the NF-κB signaling pathway39,40. CUR may also prevent 
chondrocyte damage by inhibiting oxidative stress41. It has also been shown that CUR can act on mitochondrial 
autophagy to exert chondroprotective effects in KOA rats42. There are no relevant studies on the role of CUR in 
KOA-induced quadriceps femoris muscle atrophy.

In this study, we established KOA model rats to explore the mechanism of CUR in KOA-induced quadri-
ceps femoris muscle atrophy. Based on the results of previous studies, we hypothesized that CUR could regu-
late autophagy to ameliorate quadriceps femoris muscle atrophy by activating SIRT3, deacetylating SOD2, and 
increasing the activity of SOD2 to scavenge ROS. As the quadriceps femoris muscle atrophy improved, the knee 
joint returned to normal biomechanics and weight bearing. As well as the therapeutic effect of CUR on KOA. 
As a result, KOA can be better treated.

Materials and methods
Experimental animals
Thirty-two 5-week-old healthy male Sprague Dawley rats (purchased from Hunan Silaike Jingda Experimental 
Animal Co., Ltd, China)43. After 1 week of acclimatization feeding, the rats were randomly divided into four 
groups: Control group (Control), Sham group (Sham), KOA group (KOA), and KOA + CUR group (KOA + CUR), 
with eight rats assigned to each group.  The experiments were conducted in accordance with relevant guidelines 
and regulations. The study complied with ARRIVE guidelines.

Modeling and medication
The Hulth method was used to establish a model of KOA44. After 12 h of fasting, an intraperitoneal injection of 
18% urane (94,300, Sigma) at a dose of 0.45 ml/100 g was administered, followed by immobilization in the supine 
position. The right knee was incised to expose the joint cavity and subsequently the medial collateral ligament, 
anterior and posterior cruciate ligaments were severed and the medial meniscus was outlined without any damage 
to the articular cartilage surface. This was confirmed by the drawer test44. Rats in the KOA group and rats in the 
KOA + CUR group underwent Hulth surgery. Rats in the control group did not undergo any intervention. Sham 
group rats were sutured after opening the joint cavity without damaging the ligaments or medial meniscus. Rats 
in the KOA group were fed with a 0.5% solution of sodium carboxymethyl cellulose (2 ml/day, 419273, Sigma) for 
5 weeks. Rats in the KOA + CUR group were fed with CUR (150 mg/kg/day, SR3294, HARVEYBIO, China), which 
was dissolved in 2 ml 0.5% sodium carboxymethyl cellulose. The experimental procedure was shown in Fig. 1.

Sacrifice and sample collection
After 5 weeks, the rats in each group were anesthetized by intraperitoneal injection of 18% urane (0.45 ml/100 g) 
and subsequently euthanized by cervical dislocation. The quadriceps femoris muscle and knee joints of the 
right hind leg of each group of rats were obtained, rapidly frozen in liquid nitrogen, and subsequently stored at 
– 80 ℃. In addition, the quadriceps femoris muscle and knee joints for histological analysis were fixed in a 4% 
paraformaldehyde solution (BL539A, Biosharp Bio Inc, China).

Gait test
We used the CatWalk XT automated gait analysis system to analyze the gait of each group of rats (Noldus Infor-
mation Technology, Netherlands, https://​www.​noldus.​com/​catwa​lk-​xt)45,46. The software name is CatWalk™ XT 
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and version is 10.6. It consists of a 1.3-m-long horizontal glass panel covered with a movable tunnel that produces 
a dim light on the walkway. Gait analysis was performed before the establishment of the KOA model, 3 days after 
surgery, and 5 weeks after intervention. The rats were placed at the beginning of the walkway and ran through 
the glass panels to the end. The run criteria was set to a maximum speed variation of 60% and a minimum 
duration of 0.5 s47. The gait analysis results of rats were sent to the computer and automatically analyzed by the 
CatWalkTM XT software. The rats must perform at least three uninterrupted runs that meet the requirements of 
the CatWalkTM XT analysis. A manual review of the automated tracking identifications was conducted to improve 
the quality of the data. We used CatWalkTM XT software to analyze the maximum contact area, standing length, 
swing length, and mean pressure of the right hind foot of 32 rats.

Histopathological analysis
After 48 h of fixation in paraformaldehyde, the knee joints were placed in Ethylenediaminetetraacetic acid decal-
cification solution (G1105, Servicebio, China) in a thermostatic shaker (ZHPW-250, BLabotery) for thermostatic 
shaker decalcification (30 ℃), and the decalcification solution was changed once a week, and the procedure was 
continued for 3 weeks. During this procedure, the bone is tested with a needle to see if it can be punctured. 
Decalcification was successful when the bones became soft and flexible. Afterwards, the knee is cut in the sagittal 
plane, dehydrated in gradient alcohol, paraffin-embedded, and sectioned (5 μm). The sections were then stained 
for hematoxylin–eosin (H&E), (G1003, Servicebio, China) and Safranin-O/Fast Green staining (G1053, Service-
bio, China)48,49. The Osteoarthritis Research Society International (OARSI) histopathological grading system 
assesses changes in the structural cartilage of the knee joint50,51. Injury grades ranging from 0 to 6 represent the 
depth of progression of cartilage damage. Injury stages from 0 to 4 represent the degree of cartilage involvement. 
The final score combined grade and stage (score range 0–24). As in previous studies, two independent evaluators 
scored the knee to avoid evaluator bias50,52.

The quadriceps femoris muscle was removed from the fixative and gradient dehydrated, paraffin embedded, 
sectioned (5 μm), and then subjected to conventional H&E staining. Muscle fiber cross-sectional area (CSA) of 
rat muscle fibers were calculated using ImageJ software (National Institutes of Health, Stapleton, NY, USA)53.

Western blotting analysis
Quadriceps femoris muscle was collected from each group of rats for Western blot analysis. Protein was extracted 
from 1 g of quadriceps femoris muscle tissue using a 1.5 ml RIPA reaction solution supplemented with protease 
inhibitors. The samples were left at 100℃ for 10 min and then stored in a − 20 °C freezer. Each sample was 
separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and 30 μg transferred to 
the polyvinylidene difluoride (PVDF) membrane. We cut the PVDF membrane while retaining sufficient width 
and length to allow different positions of the PVDF membrane to bond with different primary antibodies. Then 
blotted with primary antibodies for LC3 (1:1000, ab192890, Abcam)54, P62 (1:1000, ab109012, Abcam)55, SIRT3 
(1:500, #5490, CST)56, SOD2 (1:1000, #13141, CST)57, acetylated SOD2 (1:1000, ab137037, Abcam)58 and GAPDH 
(1:2000, 60004-1-Ig, Proteintech)59 overnight at 4 °C. Then, incubate with the secondary antibody for 1.5 h at 
room temperature. Protein bands were displayed using an ECL Western blotting substrate (PE0010-2, Solarbio). 
Finally, protein bands were quantified using ImageJ software60.

Determination of ROS and SOD2 activity assay
Make a homogenate of 50 mg from fresh quadriceps femoris muscle with 1 mL of buffer, use the homogenate 
and centrifuge 4 °C at 1000×g for 10 min. The supernatant was collected and incubated with an ROS probe 
(BB470515, BestBio, China) for 30 min at 37 °C in the dark61,62. ROS levels were quantified under fluorescent 
zymography (Bio-Tek Instruments, USA) with an excitation wavelength of 480 nm and an emission wavelength 
of 615 nm.

SOD2 activity (U, in mg of protein) in rat quadriceps femoris muscle was determined using a superoxide 
dismutase (SOD) typing assay kit (A001-2-2, Jiancheng Biotech, Nanjing, China)63.

Figure 1.   The schematic diagram of the experimental procedures. Gait analysis was performed the day before 
the Hulth procedure, 3 days after the procedure, and 35 days after the intervention. CUR treatment was started 
on the third day after the Hulth procedure, once a day for 35 days. Knee joints and quadriceps femoris muscle 
tissues were collected at the end of instillation and used for subsequent experiments.
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Transmission electron microscopy
The quadriceps femoris muscle was stripped from the rat, cut into 1 mm3 size and quickly fixed in 2.5% glu-
taraldehyde at 4 ℃ for 48 h. The tissue was then removed and rinsed with 0.1 M phosphate buffer (pH 7.4). 
Dehydration was performed at room temperature, followed by resin penetration and embedding at 37 °C. Sec-
tions (60 nm) were performed after polymerization using an ultrathin microtome (Leica UC7, Leica). Staining 
was then performed as follows: Soak in a 2% uranyl acetate saturated alcohol solution for 8 min to avoid light 
staining, then rinse 3 times with 70% ethanol and 3 times with ultrapure water. 2.6% lead citrate avoided CO2 
staining for 8 min, then rinsed 3 times with ultrapure water. After drying on filter paper, the copper-beryllium 
grid was placed on a grid plate and dried overnight at room temperature. Finally, the sections were observed 
under a transmission electron microscope (HT7800/HT7700, HITACHI) and images were captured64.

Statistical analysis
All tests were given in at least three copies. Continuous variables were expressed as the mean ± standard devia-
tion (SD). Statistical analysis was performed using a one-way ANOVA to determine if there were significant 
differences between groups. P < 0.05 was considered statistically different. All statistical analyses were performed 
using GraphPad Prism-8 software.

Ethics approval and consent to participate
This study was approved by the Animal Management and Ethics Committee of Gannan Medical University 
(NO. 2022151).

Results
CUR ameliorates gait abnormalities in rats caused by KOA
The gait parameters of rats were assessed using the CatWalk gait analysis system. In this test, we measured four 
gait parameters to show the pain-related behavior of KOA rats. As shown in Fig. 2, CatWalk gait analysis was 
performed 3 times, including one day before surgery, three days after surgery, and 35 days after intervention. 
The KOA group significantly reduced the maximum contact area (Fig. 2A) and mean intensity (Fig. 2B), and the 
swing duration (Fig. 2C) increased compared to the control group. This suggested that Hulth surgery induced 
abnormal movement patterns in rats. These conditions were significantly reversed by CUR treatment (150 mg/
kg/day) in KOA rats, with an increase in maximum contact area, mean intensity and stand (Fig. 2D). These 
results suggest that CUR treatment attenuates pain-related behaviors. Printed views of the paws of each group 
of rats on the glass plate are shown in Fig. 2E.

CUR improves KOA‑induced histologic changes in knee joints
KOA causes significant pathologic changes in the knee joint65. As shown in Fig. 3A, the morphology of the rat 
knee joint was observed, the cartilage surface of the rats in the KOA group was rough and dull, and defects 
were visible on the surface. The cartilage on the surface of the knee joint of the rats in the KOA + CUR group 
was smoother relative to that of the model group. As shown in Fig. 3B and C, we performed H&E staining and 

Figure 2.   CUR ameliorates gait abnormalities in rats caused by KOA. (A) Effect of KOA on the maximum 
contact area of rats. Maximum contact area (cm2) represents the maximum surface area of the claw in contact 
with the glass plate. (B) Effect of KOA on the mean intensity of rats. Mean intensity represents the average 
intensity of the claw in contact with the glass plate. (C) Effect of KOA on the swing of rats. Swing (s) is the time 
that the claw did not make contact with the glass plate during a walking cycle. (D) Effect of KOA on the stand 
of rats. Stand (s) is the time that the claw is in contact with the glass plate. (E) This is the print view of the claw 
on the glass plate. Control represents the blank control rats. Sham represents sham-operated group rats. KOA 
represents the knee osteoarthritis model group rats. KOA + CUR represents the treated group rats with feeding 
CUR. *P < 0.05, **P < 0.01, ***P < 0.001. All data are expressed as mean ± SD, n = 8 for each group.
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Safranin-O/Fast Green staining on the knee joints of rats in the KOA group. The staining results indicated that 
the cartilage surface layer of the control group rats was flatter and structurally intact, with a thicker cartilage 
layer and relatively more cells and proteoglycans. The joint surface of the KOA group rats was rough, with obvi-
ous cracks, a thinner cartilage layer, and fewer cells visible in irregular tidal lines. Compared with KOA group 
rats, the cartilage surface of KOA + CUR group rats was slightly flat, without cracks, and the cartilage layer was 
thicker with more cells. As shown in Fig. 3D, We used the OARSI scoring method to determine the severity of 
osteoarthritis42. We found that rats in the KOA group scored considerably higher (P < 0.0001) compared to rats 
in the control group. The severity of cartilage damage in the KOA + CUR group rats was significantly lower than 
that in the KOA group of rats, and the difference between the two groups was statistically significant (P < 0.001).

CUR can improve quadriceps femoris muscle atrophy due to KOA
As shown in Fig. 4A, the quadriceps femoris muscle of the rats in the KOA group showed atrophy and the 
morphology of the myocytes became more rounded. We calculated the CSA of the quadriceps femoris muscle 
in each group by the results of H&E staining and found that the CSA of the quadriceps femoris muscle in the 
KOA group was a lot smaller than that in the control group, and the CSA of the rats in the KOA + CUR group 
was more than that in the KOA group (Fig. 4B). Atrogin-1 and MuRF-1 are considered markers associated with 
skeletal muscle atrophy66. As shown in Fig. 4C, compared with the control group, the expression of Atrogin-1 
and MuRF-1 in the quadriceps femoris muscle of the KOA group was significantly higher, while compared with 
the KOA group, the expression of Atrogin-1 and MuRF-1 in the quadriceps femoris muscle of the KOA + CUR 
group was significantly decreased. The above results indicate that KOA caused quadriceps femoris muscle atrophy, 
and this atrophy improved after CUR treatment.

Autophagy is hyperactivated in the quadriceps femoris muscle of KOA rats
We observed the changes in autophagy within the quadriceps femoris muscle by western blotting analysis 
and transmission electron microscopy. Basal levels of autophagy are protective of cells, but over-activation of 
autophagy leads to cell death. P62/SQSTM1 (hereafter as p62), a major defense protein, regulates autophagy of 
mitochondrial debris post-oxidative stress. P62 form autophagosomes by binding to light chain 3 (LC3) on the 
mitochondrial membrane, which degrade into autolysosomes, thus triggering autophagic flu67. As shown in the 
Fig. 5A, compared with control rats, autophagy was overactivated in the quadriceps femoris muscle of the KOA 
group, whereas autophagy was inhibited in the quadriceps femoris muscle of the KOA + CUR group. As shown 
in the Fig. 5B, the quadriceps femoris muscle of control and sham group rats showed the ultrastructure of normal 
muscle, normal mitochondrial morphology, and the presence of a small number of autophagosomes (red arrows). 

Figure 3.   Cartilage changes in each group of rats. (A) Gross morphological images of the rat knee joints. (B) 
H&E images of rat knee joints. Images were acquired at 100 ×, scale bars = 100 μm. Images were acquired at 
200 ×, scale bars = 50 μm. (C) Images of Safranin O/Fast Green staining of rat knee joints. Images were acquired 
at 100 ×, scale bars = 100 μm. Images were acquired at 200 × , scale bars = 50 μm. (D) OARSI scores of rats in each 
group. Control represents the blank control rats. Sham represents sham-operated group rats. KOA represents 
the knee osteoarthritis model group rats. KOA + CUR represents the treated group rats with feeding CUR. 
***P < 0.001, ****P < 0.0001 All data are expressed as mean ± SD, n = 3 for each group.
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However, in the KOA group, it showed more autophagosomes (red arrows), enlarged and fragmented mitochon-
dria, and disorganized cristae. There was a decrease in autophagosomes and an improvement in mitochondrial 
morphology within the quadriceps muscle of rats in the CUR + KOA group compared to the KOA group.

CUR alleviates oxidative stress and inhibits autophagy via SIRT3‑SOD2
Excessive accumulation of ROS can over-activate autophagy68. The main scavenger of oxygen radicals in mito-
chondria is SOD269 and its activity is mostly modulated by the deacetylase SIRT3 in mitochondria70,71. As shown 
in the Fig. 6A, compared with the control group, the expression of deacetylated SOD2 was decreased, the activity 
of SOD2 was decreased (Fig. 6B), ROS accumulation was increased (Fig. 6C), and autophagy was over-activated 
in the quadriceps femoris of rats in the KOA group. The expression of SIRT3 in the quadriceps femoris muscle 
of rats after CUR treatment was increased, and deacetylation acted on SOD2, which enhanced SOD2 activity 
and scavenged ROS, thus alleviating the oxidative stress response. Autophagy induced by ROS was inhibited and 
quadriceps femoris muscle atrophy was improved.

Discussion
Quadriceps femoris muscle weakness and atrophy are common complications in patients with KOA3,4,72. It is not 
only the active muscle that produces knee extension movements, but also provides knee stability6. Weakness and 
atrophy of the quadriceps femoris muscle can further affect the onset and progression of KOA73–76. Some studies 
have shown that exercise training to strengthen the quadriceps femoris muscle can be used to treat KOA11,77. 
In our study, we found that the articular cartilage of the rats in the KOA group was severely damaged, and the 
quadriceps femoris muscle was markedly atrophied. In the CUR-treated group, the atrophy of the quadriceps 
femoris muscle was markedly ameliorated, and the damage of the knee joint cartilage was more KOA group rats 

Figure 4.   CUR can improve quadriceps femoris muscle atrophy due to KOA. (A) Representative H&E staining 
images of the quadriceps femoris muscle. Scale bar = 50 µm. (B) Myofiber CSA determined from cross-
sections of the quadriceps femoris muscle. (C) Changes in MuRF-1 and Atrogin-1 expression were assessed 
by Western blotting. Equal protein loading was normalized by GAPDH. Original blots/gels were presented in 
Supplementary Figs. S1–S3. Control represents the blank control rats. Sham represents sham-operated group 
rats. KOA represents the knee osteoarthritis model group rats. KOA + CUR represents the treated group rats 
with feeding CUR. *P < 0.05, **P < 0.01, ***P < 0.001, **** P < 0.0001. All data are expressed as mean ± SD, n = 3 
for each group.
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also improved, which may be achieved by regulating the SIRT3-SOD2 signaling pathway. It has also been previ-
ously shown that CUR can improve muscle atrophy by modulating SIRT3 activity64,78.

Muscle atrophy occurs because of an imbalance in protein synthesis and degradation. During skeletal muscle 
atrophy, two major protein hydrolysis systems are activated: the ubiquitin–proteasome system and the autophagy-
lysosome system12. Autophagy helps maintain muscle mass. When undergoing fasting or denervation stimulation 
autophagy is inhibited and severe muscle atrophy occurs13. However, over-activated autophagy can exacerbate cel-
lular damage by engulfing proteins, mitochondria, or other organelles critical to cellular health79. How autophagy 
changes in KOA-induced quadriceps femoris muscle atrophy has not been reported. In our study, autophagy-
associated proteins were determined by Western blotting and the presence of autophagic vesicles was observed 
by transmission electron microscopy. The results showed that LC3II/LC3I was significantly increased and P62 
expression was decreased in the quadriceps femoris muscle of rats in the KOA group. Autophagic vesicles were 
significantly increased in the quadriceps femoris muscle of rats in the KOA group, as observed by transmission 
electron microscopy. This indicated that autophagy was activated in the atrophied quadriceps femoris muscle 
of KOA rats. Our findings are in agreement with Zhang, Y. Y, et al. that autophagy is hyperactivated in rectus 
abdominis atrophy induced by chronic kidney disease64. Yang, X. et al. also found that the gastrocnemius and 
tibialis anterior muscles underwent rapid atrophy after denervation and that mitochondrial autophagic activity 
was significantly enhanced80. It has been shown that ROS levels rise when muscle atrophy occurs16. It has been 
shown that ROS can activate the ubiquitin proteasome system to degrade Bcl-2, leading to increased Beclin-1 
expression and the induction of autophagy18,81,82. We examined the changes in ROS content in the quadriceps 
femoris muscle of KOA rats. The results showed that ROS were significantly increased in the quadriceps femo-
ris muscle of rats in the KOA group compared with the control group. Our findings suggested that quadriceps 
femoris muscle atrophy in KOA rats may be due to excessive activation of autophagy by increased ROS levels. 
It has also been previously shown that mitochondrial autophagy activity is enhanced and ROS generation is 
increased in disused muscle atrophy17.

SOD2 is the main scavenger of free radicals in mitochondria83,84. SOD2 activity is important for maintaining 
intracellular oxygen radical homeostasis85,86 and its activity is regulated by the deacetylase SIRT385–87. SIRT3 
is the most powerful mitochondrial deacetylase and is directly engaged in the regulation of mitochondrial 

Figure 5.   Autophagy is hyperactivated in the quadriceps femoris muscle of KOA rats. (A) Changes in LC3 and 
P62 expression were assessed by Western blotting. Equal protein loading was normalized by GAPDH. Original 
blots/gels were presented in Supplementary Figs. S4–S6. *P < 0.05, **P < 0.01, ***P < 0.001. All data are expressed 
as mean ± SD, n = 3 for each group. (B) Abnormal morphology of autophagosomes and mitochondria in the 
quadriceps femoris muscle of KOA rats. Autophagosomes (red arrows). Images were acquired at 2500 × , scale 
bars = 5 μm. Images were acquired at 7000 × , scale bars = 2 μm. Control represents the blank control rats. Sham 
represents sham-operated group rats. KOA represents the KOA model group rats. KOA + CUR represents the 
treated group rats with feeding CUR.
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energy synthesis and oxygen radical levels88. Acting on the SIRT3-SOD2 pathway alleviates ischemia/reperfu-
sion-induced myocardial oxidative stress and apoptosis89. Hypertrophic preconditioning attenuates myocardial 
ischemia–reperfusion injury by modulating SIRT3-SOD2 dependent autophagy90. In our study, we found that the 
expression of SIRT3 was decreased, the acetylation level of SOD2 was increased, SOD2 activity was decreased, 
ROS content was increased, and autophagy was activated in the atrophied quadriceps femoris muscle of rats in 
the KOA group. From these results, it can be hypothesized that SIRT3-SOD2-mediated autophagy may be an 
important mechanism of quadriceps femoris muscle atrophy in KOA rats.

CUR is a natural antioxidant derived from the roots of ginger, a plant in the ginger family22. It is considered an 
activator of SIRT328,91,92. CUR exerts a protective effect on bone marrow by reducing ROS-stimulated autophagic 
cell death in a SIRT3-SOD2 pathway-dependent manner69. CUR attenuates ischemia–reperfusion-induced myo-
cardial injury by activating SIRT378. KOA rats were treated with CUR for 35 days. Our results showed that SIRT3 
expression was increased, SOD2 acetylation level was decreased, and SOD2 activity was increased in the quadri-
ceps femoris muscle of KOA rats, which resulted in the scavenging of ROS and the inhibition of autophagy. The 
expression of Atrogin-1 and MuRF-1 in the quadriceps femoris muscle of KOA rats was significantly decreased 
and CSA was significantly increased. From the above results, we hypothesized that CUR improves quadriceps 
femoris muscle atrophy in KOA rats by activating the SIRT3-SOD2 pathway and scavenging ROS to inhibit 
over-activated autophagy.

Figure 6.   CUR alleviates oxidative stress and inhibits autophagy via SIRT3-SOD2. (A) Protein expressions of 
SIRT3, SOD2, Ac-SOD2, LC3 and P62 was detected by western blotting. Equal protein loading was normalized 
by GAPDH. Original blots/gels were presented in Supplementary Figs. S7–S12. (B) ROS content in the 
quadriceps femoris muscle of rats in each group. (C) Activity of SOD2 in quadriceps femoris muscle of rats 
in each group. Control represents the blank control rats. Sham represents sham-operated group rats. KOA 
represents the knee osteoarthritis model group rats. KOA + CUR represents the treated group rats with feeding 
CUR. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. All data are expressed as mean ± SD, n = 3 for each group.
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Our study had some limitations. We did not use inhibitors to clarify that CUR acts on the SIRT3-SOD2 
pathway, and can only say that CUR may act through the SIRT3-SOD2 pathway to scavenge ROS, inhibit over-
activated autophagy, improve quadriceps femoris atrophy, and further improve the KOA process.

Conclusion
In this study, we propose for the first time a possible mechanism by which KOA induces quadriceps femoris 
muscle atrophy through ROS-dependent autophagy. CUR was applied to promote quadriceps femoris muscle 
regeneration in KOA rats. It may play a protective role in vivo by clearing ROS through SIRT3-SOD2 pathway 
to inhibit autophagy. These findings provide a new idea for the treatment of KOA-induced quadriceps femoris 
muscle atrophy and a new strategy for the treatment of KOA.

Data availability
The data presented in this study are available on request from the corresponding author.
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