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Introduction

Osteoarthritis (OA) is a prevalent debilitating joint disorder 
and is characterized by progressive degeneration of the 
articular cartilage.1,2 Its prominent risk factor is aging.3,4 As 
the newest report cited in 2018,5 OA affects 240 million 
people globally, about 10% of men and 18% of women over 
60 years of age. In China, Tang et al.,6 using data from the 
China Health and Retirement Longitudinal Study, reported 
an 8% prevalence of symptomatic knee OA and it increased 
with age until a plateau around age 70. In addition, accord-
ing to the US Health information Brought to Life estimates, 
more than half of Americans ages 65 and older may show 
X-ray evidence of OA in at least one joint, and an estimated 
70 million Americans will be at risk of developing it by 
2030. These statistics suggest OA remains a public health 
problem and lacks effective treatment strategies.5 Thus, OA 
is worthy of wide attention and studies for new and effec-
tive intervention and therapy are required.

Multiple studies showed that Sirtuin1 (Sirt1), an NAD+-
dependent type III histone deacetylase, was involved in the 
development and progression of OA.4,7,8 In a previous study, 
Sirt1 expression decreased with the development of OA and 
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Abstract
Objective. The aim of this study is to investigate the role of Sirtuin1 (Sirt1) in the regulation of autophagy for human 
osteoarthritis (OA) chondrocytes. Design. All cartilage samples were collected from human donors, including young group, 
aged group, and OA group. Primary chondrocytes were isolated and cultured with Sirt1 activator or inhibitor. Sirt1 
expression in cartilage tissue and chondrocytes was evaluated, and the deacetylation activity of Sirt1 was determined. 
The alteration of autophagy activity after upregulating or downregulating Sirt1 was detected. Chondrocytes were treated 
with autophagy activator and inhibitor, and then the protein level of Sirt1 was examined. The interactions between Sirt1 
and autophagy-related proteins Atg7, microtubule associated protein 1 light chain 3 (LC3), and Beclin-1 were determined 
by using immunoprecipitation. Results. The assay of articular cartilage revealed that the expression of Sirt1 might be age-
related: highly expressed in of younger people, and respectively decreased in the elderly people and OA patients. In vitro 
study was also validated this result. Further study confirmed that higher levels of Sirt1 significantly increased autophagy 
in aged chondrocytes, while the lower expression of Sirt1 reduced autophagy in young chondrocytes. Of note, the high 
levels of Sirt1 reduced autophagy in OA chondrocytes. When the chondrocytes were treated with autophagy activator 
or inhibitor, we found the expression of Sirt1 was not affected. In addition, we found that Sirt1 could interact with Atg7. 
Conclusion. These results suggest that Sirt1 in human chondrocytes regulates autophagy by interacting with autophagy 
related Atg7, and Sirt1 may become a more important target in OA treatment.
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the reduction of Sirt1 in chondrocytes may have caused 
chondrocyte hypertrophy and cartilage matrix loss.9 
Moreover, Matsuzaki et  al.10 found that loss of Sirt1 in 
chondrocytes led to the accelerated development of OA in 
mice under mechanical stress and during ageing, suggest-
ing that Sirt1 had a preventive role against the develop-
ment of OA. From these studies, we can clearly draw a 
conclusion that the expression or activity of Sirt1 in human 
OA is decreased. Thus, Sirt1 play a crucial protective role 
in human chondrocytes and prevents progression of OA. 
In addition, recent findings demonstrated that Sirt1 pro-
tects chondrocytes through several signaling pathways, 
including NF-κB signaling pathways, PI3K/AKT signal-
ing pathway, and Wnt/β-catenin signaling pathway.11-13 
For instance, Liu et al.11 demonstrated that Sirt1 may reg-
ulate apoptosis and extracellular matrix degradation in 
resveratrol-treated OA chondrocytes via the Wnt/β-catenin 
signaling pathway.

Recent findings also suggested that autophagy, a 
mechanism of organelle recycling that promotes cell sur-
vival, is modulated during OA development.14,15 
Autophagy is a cellular self-digestion process in response 
to various stress situations, which involves the uptake of 
intracellular contents for the degradation in the lysosomal 
system.16,17 Autophagy activity is essential for maintain-
ing cellular homeostasis and viability through degrada-
tion of aggregated proteins, damaged organelles, and 
invading pathogens.18,19 Chondrocytes within articular 
cartilage show decreased autophagy in OA, leading to 
rapid cell death and cartilage degeneration.20 Bouderlique 
et  al.21 demonstrated that autophagy protects from age-
related OA by facilitating chondrocyte survival. 
Furthermore, Caramés et al.22 found that cartilage struc-
tural damage of OA progressed in an age-dependent man-
ner, subsequent to autophagy changes. However, it is not 
entirely clear what is the underlying mechanism of 
autophagy regulation in OA.

Sirt1 is involved in the regulation of acetylation-deacet-
ylation in autophagy.23 Some autophagy related proteins, 
LC3, Atg5, and Atg7, are deacetylated by Sirt1.24 A recent 
study showed that Sirt1-mediated autophagy protected in 
endplate chondrocytes against apoptosis.25 Given the key 
role of autophagy and Sirt1 in human chondrocytes of OA, 
we hypothesized that Sirt1 may play a key role in OA 
development via regulating autophagy. In this study, we 
investigated the quantitative expression and distribution of 
Sirt1 in normal and OA cartilage and to evaluate the effect 
of autophagy in cultured chondrocytes. We sought to 
understand whether there might be a connection between 
Sirt1 activity and the induction of autophagy in chondro-
cytes. To assess the role of Sirt1 in autophagy, we tran-
siently increased or decreased the expression of Sirt1 in the 
chondrocytes, and then we observed the changes of autoph-
agy activity.

Materials and Methods

Human Cartilage Samples

All cartilage samples were collected from human donors 
who underwent surgery at the Department of Orthopaedics, 
the First Affiliated Hospital of Anhui Medical University, 
Hefei, China. According to the records of specimen data-
base information, the specimens were divided into 3 differ-
ent groups, young group, aged group, and OA group, and 
each group consisted of 6 cartilage specimens. The speci-
mens of young and aging cartilage were obtained from 
patients undergoing lower limb amputation in severe 
trauma. The tissues of OA cartilage were obtained from 
patients with early-stage OA undergoing total knee arthro-
plasty. Ethics approval was granted from the Hospital Ethics 
Committee of Anhui Medical University, and informed 
consent was given by all patients involved. The characteris-
tics of the patients in this study are shown in Table 1.

Immunohistochemical Analysis

Cartilage tissue collected from osteoarthritic patients were 
graded according to disease severity based on Mankin 
score. Immunohistochemistry (IHC) was performed accord-
ing to the indirect immunoperoxidase method. Briefly, after 
deparaffinization, hydration, and blockage of endogenous 
peroxidase, the cartilage specimens were incubated for 20 
minutes with 10% nonfat milk in phosphate-buffered saline 
(PBS) and then individually incubated at 4°C overnight 
with anti-SirT1 (#8469, 1:400, CST). After rinsing, slides 
were washed, and sections were incubated with biotinylated 
goat anti-mouse secondary antibody for 30 minutes at room 
temperature, and then incubated with the Vectastain 
ABC-AP kit (Vector Laboratories, Burlingame, CA) for 30 
minutes. Finally, sections were washed and incubated with 
3,3-diaminobenzidine tetrahydrochloride (DAB) substrate 
for 2 to 8 minutes. For each specimen, 6 microscopic fields 
were examined under ×40 magnification. Visual impres-
sions of the intensity of stain in the nucleus and percentage 
of Sirt1-positive chondrocytes were recorded by analyzing 
the digital photomicrographs using Image J software.

Isolation and Culture of Primary Chondrocytes

Chondrocytes were isolated from cartilage as described 
previously.26 In brief, the cartilage tissue was incubated 
with trypsin (0.5 mg/mL, Sigma-Aldrich, St. Louis, MO) at 
37°C for 10 minutes. After the trypsin solution was 
removed, the tissue slices were treated for 12 to 16 hours 
with type II collagenase (2 mg/mL, Sigma-Aldrich) in 
Dulbecco’s modified Eagle’s medium (DMEM; Gibco, 
Life Technologies) with 5% fetal calf serum. The isolated 
chondrocytes were recovered in DMEM supplemented 
with 10% fetal calf serum, L-glutamine, and antibiotics 
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and allowed to attach to the culture flasks. The cells were 
incubated at 37°C in a humidified gas mixture containing 
5% CO

2
 balanced with air. The chondrocytes were used in 

the experiments at confluency (2-3 weeks in primary cul-
ture). The chondrocytes between passages 3 and 5 were 
used for the analysis. Thus, our experiments herein utilized 
chondrocytes up to passage 4 (P4).

Assays for In Vitro Deacetylase Activity

The deacetylation activity of Sirt1 was determined with a 
deacetylation active testing kit (Sigma Aldrich) according 
to the manufacturer’s protocols. Briefly, nuclear proteins 
were extracted from chondrocytes with a Cytosol 
Fractionation kit (Bio Vision) to measure cellular Sirt1 
deacetylase activity. To generate the standard curve, we 
prepared a serial dilution to yield solutions that covered 
the dynamic range of the assay of 0 to 50 µM. We made a 
reaction master mix, added 100 µL of assay buffer and 1 
µg of PNC1, removed the samples from the incubator, and 
read the fluorescence with a microplate fluorimeter (exci-
tation 360 nm, emission 460 nm). Experimental values 
were presented as pmol of converted substrate/µg of pro-
tein/min. The negative controls (10 mM NAM) were sub-
tracted from each treatment to give the final values. The 
fluorescence intensities of Sirt1 deacetylase activity were 
normalized to protein levels measured in the chondrocyte 
samples.

Monodansylcadaverine (MDC) Staining

The analysis of autophagy was used by MDC staining as 
described by Munafó.27 The chondrocytes were seeded on 
cover-slips overnight and then treated with autophagy acti-
vator Rapamycin (Sigma-Aldrich, Shanghai, China) or 
inhibitor 3-methyladenine (3-MA) (Sigma-Aldrich, 
Shanghai, China). After activated or inhibited autophagy, 
cells were incubated with 0.05 mM MDC (Sigma-Aldrich, 
Shanghai, China) in PBS at 37°C for 10 minutes, then were 
washed with 3 rinses with PBS and fixed with a solution of 
4% paraformaldehyde for 30 minutes. Cover-slips were 
examined using a fluorescence microscopy (Olympus, 

XSZ-D2). To quantify autophagic cells after treatment, we 
counted the number of autophagic cells demonstrating 
MDC staining among 200 cells.

Sirt1 Activation and Inhibition

To activate Sirt1, we used resveratrol, which has been 
reported to induce Sirt1 activity.28-30 Inhibitors of Sirt1 such 
as sirtinol have been previously reported.31,32 Briefly, 
human knee articular chondrocytes were cultured with 10 
µM resveratrol or 80 nM sirtinol for 12 hours.

Western Blot Analysis

The chondrocytes were isolated from confluent monolayer 
cultures. Before immunoblotting, protein was quantified by 
the Bradford method with a BCA detection kit (ThermoPierce) 
and adjusted to equal concentrations across different sam-
ples. Equal amounts of protein was separated by SDS-PAGE 
on precise10% polyacrylamide gels. After electrophoresis, 
proteins were transferred to a PVDF (Millipore), membranes 
were blocked with 5% nonfat milk in Tris-buffered saline 
containing 0.1% Tween-20 (TBST) at room temperature for 
1 hour, and then incubated overnight at 4°C with primary 
antibodies: rabbit polyclonal LC3 antibody (NB100-2220, 
1:2000, Novus), mouse polyclonal Anti-Sirt1 (#8469, 
1:2000, CST), rabbit polyclonal anti-ATG7 (AB10511, 
1:1800, Millipore), and rabbit polyclonal Beclin-1 (ab55878, 
1:2000, Abcam). After incubation, membranes were washed 
in TBST buffer for5 minutes and probed with goat anti-
mouse IgG antibody (AP124P, 1:40,000, Millipore) and 
goat anti-rabbit IgG antibody (401393, 1:50,000, Millipore) 
for1 hour at room temperature. They were washed with 
TBST 3 times for 5 minutes. Protein bands of interest were 
detected using the ECL Detection Kit (No. 34094 Thermo 
Pierce). The expression of GAPDH (ab9485, 1:1000, 
Abcam) was used as a loading control.

Immunoprecipitation

The chondrocytes were about 90% confluent, then harvested, 
washed, and centrifuged. Before immunoprecipitation, we 

Table 1.  Characteristics of the patients in this study.

Characteristics OA cartilage (n=6) Aged cartilage (n=6) Young cartilage (n=6)

Age (mean±SD) 62.0 ± 4.7 years 60.5 ± 3.8 years 27.5 ± 5.9 years
Gender (female/male) 4/2 2/4 1/5
Diagnosis Osteoarthritis Destructive limb injury Destructive limb injury
Treatment Total knee arthroplasty Amputation Amputation
OA grade ΙΙ-ΙΙΙ Ι-ΙΙ Ι
Mankin score 5-7 0-2 0

OA, osteoarthritis; SD, standard deviation.
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calculated protein concentrations by using a BCA detection 
kit. We incubated lysates with 20 µL of protein A/G sepha-
rose beads (Santa Cruz). After brief centrifugation to remove 
precleared beads, 0.5 to 2 µg of antibody against Atg or Sirt1 
was added to each sample and incubated at 4°C overnight on 
a rotator. The immune complex was precipitated by incubat-
ing with 40 µL of protein sepharose beads at 4°C for 2 hours. 
The complex was centrifuged at 3000g for 3 minutes, beads 
were washed 3 times with 20 µL of RIPA buffer, and boiled 
for 5 minutes. The Sirt1 and Atgs are loaded on a 10% SDS-
PAGE gel. Western blot was then performed again using anti-
Sirt1 and anti-Atgs antibodies as described above.

Transmission Electron Microscopy (TEM)

TEM analysis was performed as described previously.33 
The chondrocytes were harvested and fixed in 2.5% glutar-
aldehyde in phosphate buffer, postfixed in 2% osmium 
tetroxide, and embedded in Luveak-812 (Nacalai Tesque, 
Japan). Ultrathin sections were stained with uranyl acetate 
for 10 minutes, then with lead citrate for 10 minutes, and 
evaluated in a JEM-1230 electron microscope (JEOL, 
Japan).

Statistical Analyses

All data and results presented in present study were repeated 
in at least 3 independent experiments. The data were 
expressed as mean ± SD. Data significance was evaluated 
by one-way ANOVA. Values of P < 0.05 were considered 
statistically significant.

Results

Sirt1 Expression Was Reduced in Aged and OA 
Cartilage

To determine the role of Sirt1 in the development of OA, 
Sirt1 expression was detected in the upper zone of human 
knee cartilage samples from young, aged, and OA donors. 
We found that Sirt1 expressed in the nucleus of chondro-
cytes in both normal (young and aged) and OA cartilage. 
The IHC staining results showed that Sirt1 expression was 
significantly higher in the young cartilage group compared 
to that in the aged and OA cartilage groups (Fig. 1A.a-c). 
The percentage of chondrocytes positive for Sirt1 was sig-
nificantly decreased in both aged group (34.53 ± 5.56%) 
and OA group (27.18 ± 4.32%), compared with the young 
group (88.51 ± 4.60%) (Fig. 1A.d). Similarly, we found the 
protein levels of Sirt1 from lysates of these triple cartilage 
tissue was significantly higher in the young group, and it 
was rarely detected in aged and OA groups (Fig. 1B). 
Collectively, these results showed the expression of Sirt1 
reduced in aged and OA samples.

Resveratrol and Sirtinol Affected the Expression 
of Sirt1 in Chondrocytes

To investigate whether the activity of Sirt1 is affected by 
its activator or inhibitor, we pretreated cultured chondro-
cytes with resveratrol or sirtinol for 12 hours, and then ana-
lyzed the expression of Sirt1 by IHC. As shown in Figure 
2A and B, the percentage of Sirt1 immunopositive cells in 
the young group was significantly higher compared to that 
in aged and OA groups, which is consistent with the result 
in cartilage tissue. Following the treatment of resveratrol, 

Figure 1. T he expression of Sirt1in human articular cartilage 
tissue. (A) (a-c) The IHC staining of Sirt1 in the upper zone 
of articular cartilage from young, aged, and OA donors. 
Immunopositive chondrocytes are indicated by black arrows. 
The image representing 6 donors per group is shown. (d) Sirt1 
quantitation expressed as percentage of Sirt1 immunopositive 
cells. The percentage of immunopositive chondrocytes was 
recorded by analyzing the digital photomicrographs on a 
computer loaded with ImageJ software. The results represent 
the means ± SD of OA and aged specimens. *P < 0.05 versus 
young. (B) Western blot analysis of Sirt1 expression in articular 
cartilage from young, aged, and OA donors. Immunoblotting 
results in Sirt1 and normalized against GAPDH. One of 3 
experiments and each bar presents the means ± SD. *P < 0.05.



Liao et al.	 1241S

the percentage of Sirt1 immunopositive cells increased in 
all groups. In contrast, decreased percentage of Sirt1 was 
found following sirtinol stimulation. Furthermore, we 
examined the deacetylation activity of Sirt1 after treat-
ments. The result showed sirtinol significantly inhibited 
the activity of Sirt1 in the young group, whereas resvera-
trol induced the activity of Sirt1 in OA and aged groups 
(Fig. 2C). Taken together, these results indicated that the 
expression of Sirt1 expression was affected by resveratrol 
or sirtinol in vitro.

Sirt1 Was Involved in Autophagy Activity in 
Chondrocytes

To investigate the function of Sirt1 in chondrocytes autoph-
agy, we detected the autophagy activity with the altered 
expression of Sirt1. TEM images of autophagy ultrastruc-
ture revealed a marked difference of autophagy activity 
among the 3 groups (Fig. 3A). The MDC results showed 
that the chondrocytes autophagy activity decreased in the 
young group when Sirt1 expression was inhibited by 

Figure 2. T he expression of Sirt1 with different stimulators on chondrocytes. (A) Following the treatment of the chondrocytes 
with 10 µM resveratrol or 80 nM sirtinol, the expression of Sirt1 was detected in young, aged, and OA chondrocytes by IHC. 
Six donors were analyzed per group and representative images are shown. (B) To quantify autophagic cells after treatment, we 
counted the percentage of immunopositive chondrocytes. Values are the means ± SD. *P < 0.05 versus normal. (C) The changes 
of Sirt1deacetylation activity by Sirt1 activity assay kit and representative results after resveratrol or sirtinol treatment. Each bar 
represents the mean ± SD. *P < 0.05.
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sirtinol, while it increased in the aged group. However, the 
chondrocytes autophagy activity decreased in the OA group 
when Sirt1 expression was upregulated by resveratrol (Fig. 
3B). Beclin-1 is a key regulator of autophagy. Western blot 
results showed Beclin-1 was decreased after sirtinol treat-
ment in the young group, and the Beclin-1/GAPDH expres-
sion was significantly increased in the aged group after 
resveratrol treatment, whereas it significantly decreased in 
the OA group after resveratrol treatment (Fig. 3C). In brief, 
these results indicated that Sirt1 can mediate autophagy 
activity in chondrocytes.

Autophagy Activity Did Not Affect the Expression 
of Sirt1 in Chondrocytes

To study the effect of autophagy activity on Sirt1 expres-
sion, we detected the protein level of Sirt1 in chondrocytes 
(young, aged, and OA) after treatment with rapamycin and 
3-methyladenine (3-MA). Rapamycin is the most com-
monly used autophagy activator, while 3-MA is utilized to 
inhibit autophagy activity in most studies. The IHC staining 
results showed the percentage of Sirt1 immunopositive 
cells was not significantly altered in both rapamycin and 
3-MA-treated chondrocytes, compared with untreated con-
trol (Fig. 4A). Further investigation of western blot showed 
no significant differences for Sirt1 expression after rapamy-
cin or 3-MA treatment in young, aged, or OA groups, which 
was consist with the results of IHC (Fig. 4B). Together, 
these results demonstrated that the expression of Sirt1 was 
not affected by autophagy activator rapamycin and inhibitor 
3-MA in vitro.

Sirt1-Mediated Chondrocytes Autophagy via 
Interacting with Atg7

As previously indicated that Sirt1 regulated autophagy in 
chondrocytes, we wanted to identify the underlying molec-
ular mechanism. The interactions between Sirt1 and autoph-
agy-related proteins Atg7, Beclin-1, and microtubule 
associated protein 1 light chain 3 (LC3) were determined by 
using immunoprecipitation. As shown in Figure 5A, Sirt1 
was detected in Atg7 immunoprecipitates, indicating that 
these 2 proteins interact in chondrocytes. When we immu-
noprecipitated Sirt1, we could not detect the presence of 
LC3 and Beclin-1 (Fig. 5B). Collectively, these results sug-
gest that Sirt1 forms a complex with autophagy protein 
Atg7 in chondrocytes.

Discussion

In the present study, we found that the expression of Sirt1 in 
cartilage tissue samples of OA was significantly lower than 
the other groups, and this result was also validated in the 
cartilage cells in vitro. The cartilage cell activity continued 

to decline with increase of age, and this phenomenon was 
also reflected in chondrocyte expressions of Sirt1. Then, we 
investigated the effects of Sirt1 regulator on autophagy in 
chondrocytes in vitro. Moreover, our data indicate that Sirt1 
forms a complex with autophagy protein Atg7 in human 
articular chondrocytes. These results suggest that Sirt1 reg-
ulates autophagy by interacting with autophagy-related 
Atg7 in human chondrocytes.

Sirt1, the mammalian homologue of Silent Information 
Regulator 2 (SIR2), is an important anti-aging molecule.4,7,8 
As mentioned previously, OA are closely linked to ageing. 
In our study, Sirt1 was highly expressed in young human 
articular cartilage and chondrocyte, while decreased in 
aged and OA groups, suggesting that Sirt1 plays a protec-
tive role in the pathogenesis of OA. Sirt1 was the first 
member of Sirtuin family being discovered and is still the 
most studied for its involvement in the regulation of many 
biological processes, including cell differentiation, metab-
olism, senescence, apoptosis, inflammation, and stress 
resistance.34-37 For instance, Takayama et  al.38 demon-
strated that inhibition of Sirt1 enhanced NO-induced apop-
tosis of human chondrocytes, which was mediated by 
activation of caspases 3 and 9. Moreover, Na et  al.39 
showed that fisetin inhibited the IL-1β-induced inflamma-
tory response and extracellular matrix degradation through 
activating Sirt1 in human OA chondrocytes. We also inves-
tigated the effect of activator resveratrol and inhibitor sirti-
nol on the expression of Sirt1, and the positive results 
indicated that resveratrol may have therapeutic potential 
for the treatment of OA by targeting Sirt1.

Furthermore, we speculated that Sirt1 activity was 
involved in autophagy activity in chondrocytes. Transiently 
augmenting Sirt1 activity is sufficient to activate autophagy 
in aged group chondrocytes; otherwise, the upregulation of 
Sirt1 dramatically decreases the expression of the Beclin-1 
in OA group chondrocytes, and the inhibition of Sirt1 
expression decreases the level of autophagy in young group 
chondrocytes. Thus, we could confirm that Sirt1 was 
involved in regulating the cartilage cell autophagy. Our 
observations are consistent with previous findings that Sirt1 
could regulate autophagy. Ben Salem et al.40 suggested that 
Sirt1 could protect cardiac cells against apoptosis induced 
by zearalenone or its metabolites alpha- and beta-zearalenol 
through an autophagy-dependent pathway. Shen et  al.41 
showed that Sirt1 inhibition blunted autophagy induction in 
hepatocytes. In addition, Wang et al.42 reported that Sirt1 
could regulate vascular adventitial fibroblasts autophagy 
through the Akt/mTOR signaling pathway. Besides OA, a 
series of studies have indicated that autophagy played a pro-
tective role in various age-related diseases, such as diabe-
tes, cancer, and neurodegeneration.43-45 Previous studies 
have indicated that the Sirt1 activator resveratrol can induce 
autophagy in a Sirt1-dependent manner.46,47 In our study, 
we did not consider the direct effect of resveratrol on 
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Figure 3. E ffect of Sirt1 regulator on autophagy in chondrocytes. (A) (a) TEM images demonstrating autophagic chondrocytes, 
a few autophagosomes (black arrows) with degraded organelles from the young chondrocyte group; (b) in the aged group, a few 
autophagic vacuoles (black arrows) but few autophagosomes were observed; and (c) autophagic chondrocyte death in the OA group; 
the cells including a large number of autophagic vacuoles (black arrows) contained cell fragments. (B) MDC staining was used to 
quantify autophagic chondrocytes. (C and D) We evaluated the effect of Sirt1 regulator on Beclin-1/glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) expression by western blot analysis. Densitometry revealed a significant decrease in Beclin-1/GAPDH 
expression from 0.92 ± 0.14 to 0.24 ± 0.11 in the young group with sirtinol and a significant increase by 3.63- to 4.27–fold in the 
aged group, a significant decrease in OA group with resveratrol. Values are the mean ± SD. *P < 0.05.
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Figure 4. E ffect of autophagy regulator on Sirt1 expression in chondrocytes. (A and B) Following the treatment of the chondrocytes 
with 10 µM rapamycin or 3-MA, the expression of Sirt1 was detected in young, aged, and OA chondrocytes by IHC. The percentage 
of immunopositive chondrocytes was not significantly altered in the chondrocytes after treatment in the 3 groups. (C and D) We 
evaluated the effect of autophagy regulator on Sirt1/GAPDH expression by western blot analysis. The optical density of Sirt1/GAPDH 
was not significantly altered compared with no treatment (P < 0.05).
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autophagy. Further studies such as Sirt1 overexpression or 
knockdown on gene level are needed to discover the role of 
Sirt1 on autophagy. We further explored the effect of 
autophagy activity on Sirt1 expression. Results showed that 
the expression of Sirt1 was not affected by autophagy acti-
vator rapamycin and inhibitor 3-MA.

It is worth noting the opposite variations of beclin-1 
expression in the aged and OA samples after resveratrol or 
sirtinol treatment. Beclin-1 expression was strongest in OA 
chondrocytes, while it was weakest in aged chondrocytes 
before treatment. TEM images of autophagy ultrastructure 
and MDC results also revealed a marked difference of 
autophagy activity among the 3 groups. When Sirt1 expres-
sion was regulated by resveratrol or sirtinol, the autophagy 

activity changed in all the 3 groups. It is now widely 
accepted that autophagy plays a complex role in human dis-
eases where it can have both protective and injurious 
effects.48,49 The basal level of autophagy occurs to maintain 
cellular homeostasis and survival.50 Blockade or uncon-
trolled activation of autophagy is associated with pathogen-
esis of aged and OA cartilage.21,51 We speculated that the 
elevation of Sirt1 expression could regulate autophagy 
homeostasis, and then serves as an adaptive and defensive 
mechanism for aged and OA chondrocytes.

We also observed that Sirt1 was involved in the regula-
tion of cartilage cells autophagy via interacting with Atg7. 
Immunoprecipitation was used to determine the interactions 
between Sirt1 and autophagy-related proteins Atg7, LC3, 
and Beclin-1. It is known that autophagic process is medi-
ated by a set of evolutionarily conserved Atg proteins.52 
Among these proteins, Beclin-1 (mammalian homologue of 
yeast Atg6) and LC3 (mammalian homologue of yeast 
Atg8) are commonly used as autophagy markers, which are 
involved in the biosynthesis of the autophagosome.53,54 Our 
results showed that Sirt1 did not interact with LC3 and 
Beclin-1 but formed a complex with autophagy protein 
Atg7 in chondrocytes. Nucleus-localized Sirt1 is known to 
induce the expression of autophagy pathway components 
through the activation of forkhead box O (FoxO) transcrip-
tion factor family members.55,56 Ng et al.55 reported that the 
perception of a linear Sirt1-FoxO axis in autophagy induc-
tion is complicated by recent findings that acetylated FoxO1 
could bind to Atg7 in the cytoplasm and affect autophagy 
directly. It is also reported that phosphorylated FoxO1 
located in the cytoplasm of immature NK cells (iNKs) inter-
acts with Atg7, leading to induction of autophagy, and 
FoxO1-mediated autophagy is required for NK cell devel-
opment and NK cell-induced innate immunity.57 These 
studies are consistent with our observations.

Sirt1 regulates cellular metabolism in articular cartilage 
through the modulation of various substrates or signal path-
ways. Caramés et al.58 demonstrated that aged and OA car-
tilage were associated with reduced expression of 
autophagy-related proteins including unc51-like autophagy 
activating kinase 1 (ULK1), Beclin-1, and LC3, and specu-
lated that autophagy could play a protective role against 
chondrocytes death. Kang et al.59 found that Sirt1 deacety-
lates PERK and attenuates the PERK-eIF-2α-CHOP axis of 
the unfolded protein response pathway and thereby pro-
motes growth-plate chondrogenesis and longitudinal bone 
growth. Also, He et al.60 showed that upregulation of Sirt1 
expression may inhibit OA chondrocyte apoptosis and 
extracellular matrix degradation by increasing Bcl-2 
expression and decreasing Bax, MMP1, and MMP13 
expression, via downregulation of p38, JNK, and ERK 
phosphorylation.

We used agonists or inhibitors to change the basis of 
autophagy level, and we found that as autophagy regulator 

Figure 5.  Sirt1 interacts with the autophagy-related proteins 
in chondrocytes. (A) Chondrocyte lysates were used for 
immunoprecipitation (IP) with an anti-Atg7 antibody, and the 
precipitates were immunoblotted with anti-Sirt1 antibodies. 
Rabbit IgG served as a negative control. Input represents Atg7 
and Sirt1 expression in chondrocytes lysates. (B) Chondrocyte 
lysates were used for IP with an anti-Sirt1 antibody, and the 
precipitates were immunoblotted with anti-Atg7, anti-LC3, and 
anti-Beclin1 antibodies. Rabbit IgG served as a negative control. 
Input represents Atg7, LC3, Beclin1, and Sirt1 expression in 
chondrocyte lysates.
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acts on chondrocytes, the Sirt1 protein expression showed 
no significant changes. Autophagy affects chondrocytes’ 
negative regulation of Sirt1.

Conclusions

The present study shows that Sirt1 is highly expressed in 
young human articular cartilage and reduced in aged and 
OA cartilage. Sirt1 regulates autophagy by interacting 
with autophagy-related Atg7 in human chondrocytes. 
Through increasing the activity of Sirt1 the autophagic 
cell death of OA chondrocytes could be inhibited. 
Therefore, we proposed Sirt1 may become a more impor-
tant target in OA treatment.
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