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Summary

Mitochondrial damage is involved in the pathogenesis of osteoarthritis. Metformin, one of
the most common prescriptions for patients with type 2 diabetes, can reportedly activate
Sirtuin 3 (SIRT3) expression which protects mitochondria from oxidative stress. In this study,
we investigated the inhibitory property of metformin on mitochondrial damage by focusing
on the interleukin-1 beta (IL-1p)-stimulated osteoarthritis model by using primary murine
chondrocytes. Our results demonstrated that SIRT3 was downregulated in chondrocytes
under IL-1p stimulation, where its expression was positively correlated with mitochondrial
damage and reactive oxygen species (ROS) production. Metformin treatment upregulated
SIRT3 expression and mitigated loss of cell viability and decreased the generation of
mitochondria-induced ROS in chondrocytes stimulated with IL-1p. Metformin also attenuated
IL-1B-induced expressions of catabolic genes such as matrix metalloproteinase-3 (MMP3)
and MMP13 and enhanced the anabolic indicator Collagen II. These effects were mediated by
phosphatase and tensin homolog (PTEN)-induced putative kinase protein 1 (PINK1)/Parkin-
dependent mitophagy and the autophagic elimination of damaged mitochondria. Further,
the SIRT3 inhibitor 3-TYP effectively inhibited the initiation of mitophagy, as decreased
expression of PINK1 and Parkin, decreased the LC3II/LC3I, enhanced the expression of
MMP3 and MMP13, and decreased the expression of Collagen II. Overall, our findings
provide evidence that metformin suppresses IL-1pB-induced oxidative and osteoarthritis-like
inflammatory changes by enhancing the SIRT3/PINK1/Parkin signaling pathway, thereby
indicating metformin's potential in prevention and treatment of osteoarthritic joint disease.
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1. Introduction

Osteoarthritis (OA) is a common degenerative
joint disease affecting patients worldwide, which is
characterized by articular cartilage degradation and
elevated chondrocyte mortality, in addiction to synovial
inflammation, osteophyte formation and remodeling
of subchondral bone (/). It is well documented that
mitochondrial dysfunction and damages can cause an
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inflammatory response, characterized by interleukin-1
beta (IL-1P) release which is a classic hallmark of OA
chondrocytes (2).

The mitochondria is a membrane-enclosed organelle
that converts nutritional molecules into adenosine
triphosphate(ATP) via oxidative phosphorylation
(OXPHOS) (3). Mitochondria are at the center of
multiple specific pathways in cartilage homeostasis
owing to their central role in catabolic and anabolic
metabolism, generation of reactive oxygen species
(ROS), apoptosis, and signal transduction. OA
chondrocytes demonstrate impaired mitochondrial
function (4) and decreases in mitochondrial biogenesis
and OXPHOS (5).

Protein acetylation in mitochondria typically
promotes decreased mitochondrial integrity and function
(6).The nicotinamide adenine dinucleotide (NAD")-
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dependent protein deacetylase, SIRT3 (Sirtuin 3), is the
major mitochondrial protein deacetylase localized to the
mitochondria (7,8), thereby regulating mitochondrial
antioxidant system and OXPHOS (9,10). SIRT3 protects
mitochondria from oxidative stress by deacetylating
superoxide dismutase (SOD2) and mitigates OA
progression (/7).Chen et al. recently showed that
SIRT3 was regulated by AMP-activated protein kinase
(AMPK) activation in human chondrocytes, which
reduced mtDNA*”" deletion and improved mitochondrial
functions (/2). AMPK activator metformin also
increased SIRT3 expression and knockdown SIRT3
by short hairpin RNA (shRNA) transfection mediated
accumulation of oxidative stress (/3). In our study, we
chose metformin to induce SIRT3 expression. Meanwhile
considering metformin is an autophagy-inducing drug
possibly through mitophagy (/4), we investigated
the relationship between SIRT3 and mitophagy using
metformin.

The role of autophagy in human chondrocytes and
the pathophysiology of OA has been elucidated, which
is known to modulate OA-related gene expression and
apoptosis (/5). Mitophagy is the specific autophagic
elimination of damaged mitochondria, regulated by
the kinase phosphatase and tensin homolog (PTEN)-
induced putative kinase protein 1 (PINK1) and the E3
ubiquitin ligase Parkin in many metazoan cell types (/6).
A recent study has shown that loss of Parkin can impair
the elimination of damaged/dysfunctional mitochondria
in IL-1B-stimulated OA chondrocytes (/7). Together,
these data suggest that the functional role of mitophagy
is critical in the pathophysiology of OA.

The relationship between SIRT3 and mitophagy has
been previously reported (/8,79) wherein depletion of
SIRT3 strongly reduced mitophagy. However, to our
best knowledge, the effectiveness of SIRT3-mediated
mitophagy in OA has not yet been investigated. Herein,
we aimed to examine the effects of SIRT3-mediated
mitophagy on IL-1B-induced mitochondrial damage and
inflammatory responses in primary murine chondrocytes
(PMCs).

2. Materials and Methods
2.1. Materials and chemicals

Metformin was purchased from Sigma (St.Louis, USA).
It was dissolved in dimethyl sulfoxide (DMSO) for
the in vitro assay and was stored at a concentration
of 1 M, diluted with Dulbecco's modified Eagle's
medium (DMEM), and a solvent control with DMSO
was performed at no more than 2%o (v/v). 3-TYP was
purchased from Selleck (Shanghai, China) and was
dissolved in DMSO and stored at a concentration of 5
mM.

DMEM/F12 and fetal Bovine Serum (FBS) were
from Gibco BRL (Grand Island, NY, USA). Antibodies

against Parkin, LC3B and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) were from Cell Signaling
Technology (Boston, USA). Antibodies against
PINK1, MMP3, MMP13 and Collagen IIwere from
Abcam (Cambridge, UK). IL-1p was from Preprotech
(Chicago,USA). Phenylmethylsulfonyl fluoride
(PMSF), ethylenediamine tetraacetic acid (EDTA),
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-tetrazolium
bromide (MTT) and other chemicals were purchased
from Sigma.

2.2. PMC isolation and culture

All experiments with mice were approved by the Ethics
Committee for Animal Research (Zhongshan Hospital,
Shanghai, China). Mouse articular chondrocytes were
isolated from the knee of 6~8-week-old C57BL/6 male
mice. Cartilage was dissected from the joint explant
surfaces and then rinsed with saline. The cartilage
explants were digested overnight at 37°C in 1.5 mg/mL
collagenase II solution (Gibco, CA, USA). The primary
isolated chondrocytes were seeded in flasks after being
filtered through a 70 uM cell strainer. Cells are cultured
in DMEM/F12 (Gibco) with 10% fetal bovine serum
(FBS)(Gibco). Passage 2 was used for experimentation.

2.3. Cell viability assay

Chondrocytes were seeded in 96-well plates. After
stimulation with IL-1f for 24 h in the presence or
absence of different concentrations of metformin, cell
viability was evaluated using the Cell Counting Kit-8
solution (Beyotime, Shanghai, China).

2.4. Detection of reactive oxygen species (ROS)

Intracellular ROS generation was detected by
Cellular Reactive Oxygen Species Detection Assay
Kit (Beyotime). Cells were incubated with 10 uM
2',7'-dichlorofluorescin diacetate (DCF-DA) for 30 min
and then washed with phosphate buffered saline (PBS)
thrice. The fluorescent signals were recorded with a
fluorescent microscope (Olympus, Japan). Six random
fields were selected and quantified and measured by
using the Image J software (National Institutes of Health,
Bethesda, Maryland, USA).

2.5. Protein isolation and western blot analysis

To extract whole-cell proteins, the chondrocytes were
collected, washed thrice with ice-cold PBS, and then
lysed using the cell lysis buffer (25 mM tris-CI [pH
7.5], 250 mM NacCl, 5 mM ethylenediaminetetraacetic
acid, 1%Nonidet-P40, 1 mM phenylmethylsulphonyl
fluoride, 5 mM dithiothreitol, 2X protease and
phosphatase inhibitor [Thermo Scientific, Waltham,
MA, USA]) for 15 min before cell debris were removed
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by centrifugation. The same amounts of protein
(20 pg) were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to polyvinylidene difluoride (PVDF)
membranes. The membranes were blocked with 5%
non-fat dry milk for 1 h at room temperature and
subsequently probed with primary antibodies overnight
with gentle agitation at 4°C. After washing three times
with Tris-buffered saline containing 0.1% Tween-20
(TBST) for 5 min, the membranes were incubated
with the corresponding horseradishperoxidase-linked
secondary antibodies (Proteintech, Wuhan, China) for 1 h
at room temperature. The membranes were visualized by
enhanced chemiluminescence (ECL) solution (Epizyme
Bio, Shanghai, China) and the density of each band was
measured on the Tanon Imager 4600 system (Tannon,
China) and quantified by Image J software.

2.6. Gene expression analyses by Real-time Quantitative
Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using the TRIZOL reagent
(Sigma, St. Louis, USA). cDNA was synthesized using
1 ng RNA isolated from mice articular chondrocytes
with the First Strand cDNA synthesis kit (Takara,
Dalian, China) according to the manufacturers'
recommendations. Quantitative PCR analyses were
performed using SYBR Green qPCR master mix
system (Takara, Dalian, China) according to the
manufacturers' recommendations. The target genes
expressions were normalized to the mRNA levels
of the housekeeping gene GAPDH. The following
conditions were used for PCR amplification: incubation
for 10 min at 95°C followed by 40 amplification cycles
of 15 s of denaturation at 95°Cfollowed by 45 s of
annealing-elongation at 60°C. Primers used for qPCR
analysis are as follows GAPDH forward primer:5'-
AGGTCGGTGTGAACGGATTTG-3', reverse primer:
5'-TGTAGACCATGTAGTTGAGGTCA-3"; SIRT3
forward primer: 5'-ATCCCGGACTTCAGATCCCC-3',
reverse primer: 5'-CAACATGAAAAAGGGCTTGGG-3'".

2.7. Mitochondrial specific fluorescence staining

MitoTracker™ Green FM (M7514, ThermoFisher)
is a mitochondrial membrane potential independent
mitochondrial staining regent. The experiment was
performed according to the manufacturer's protocol.
Mitochondria were observed under fluorescence
microscopy.

2.8. Immunofluorescence staining

Chondrocytes were inoculated on the culture slide
(Corning, Corning, NY, USA) to facilitate microscopic
observation. After 4% paraformaldehyde fixation, 0.5%
Triton X-100 permeabilization and serum blocking

overnight, cells were incubated with the rabbit polyclonal
anti-LC3B antibodies (1:200) (CST) at 4°C overnight
and then incubated with rabbit IgG (H+L) secondary
antibodies (Alexa Fluor 555, 1 : 1000) (Invitrogen) at
room temperature for 1 h. The fluorescent signals were
recorded with a fluorescent microscope (Olympus,
Japan).

2.9. Statistical analysis

All experiments reported in this study were replicated in
six independent experiments. The results are presented
as the mean + SD. All data analyses were performed
using GraphPad Prism 7 software (GraphPad Software
Inc., San Diego, CA, USA). Statistical significance
was assessed by unpaired #-test (between two groups)
and one-way analysis of variance followed by least
significant difference (LSD) test (among multiple
groups). A P value of < 0.05 was considered statistically
significant.

3. Results

3.1. IL-1p reduces chondrocyte viability and metformin
prevents it

In the present study, IL-1B (20) significantly reduced
chondrocytes viability in a dose dependent manner
(Figure 1A). There was nearly a 40% decrease in cell
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Figure 1. Effects of IL-1p and metformin on cell viability.
(A) Cell Counting Kit-8 (CCK-8) results of primary murine
articular chondrocytes treated with different concentrations
of IL-1B (0, 0.3, 1, 3 10 and 30 ng/mL) for 24 h. (B) CCK-8
results of metformin-pretreated (0, 0.1, 0.2, 0.5, 1 and 2 mM)
chondrocytes stimulated by 10 ng/mL IL-1f. The data in the
figures represent the averages + SD. Significant differences
between groups are indicated as *P < 0.05 compared to group
NC; #P< 0.05 compared to the cells treated with IL-1B (n = 6).
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Figure 2. Effects of IL-1p and metformin on the expression of SIRT3. (A) Chondrocytes were incubated with IL-1f (0, 0.3,
1, 3, 10 and 30 ng/mL) respectively, the expression of SIRT3 proteins were detected by Western blotting. (B) Chondrocytes were
incubated with IL-1f (0, 0.3, 1, 3, 10 and 30 ng/mL) respectively, the level of relative mRNA expression of SIRT3 were detected
by qPCR. (C) After metformin treatment (0, 0.1, 0.2, 0.5, 1 and 2 mM) for 24 h, the expression of SIRT3 proteins were detected
by Western blotting. (D) Chondrocytes were incubated with 1mM metformin for 0, 4, 8, 12, 24 or 48 h respectively, the expression
of SIRT3 proteins were detected by Western blotting. The data in the figures represent the averages + S.D. Significant differences
between the treatment and control groups are indicated as *p < 0.05, n = 6.

viability after treatment with 30 ng/mL IL-1 compared
with the control group (p < 0.01). Metformin alone did
not exhibit any toxic effects on cells (data not shown). In
the presence of metformin, IL-1B-induced cell toxicity
was reduced by different concentration of metformin
(Figure 1B).

3.2. SIRT3 is downregulated in chondrocytes stimulated
with IL-1f, and metformin can activate SIRT3
expression

To investigate the effect of IL-1P on the expression of
SIRT3, the level of SIRT3 expression was detected by
western blotting and qRT-PCR assays in chondrocytes
stimulated with different concentration of IL-1p.
As shown in Figure 2A-B, the expression of SIRT3
decreased in a dose dependent manner. We also
detected whether SIRT3 expression was regulated
by metformin in chondrocytes, the cells were treated
with different concentrations or with 1 mM metformin
for different time points as shown in Figure 2C-D.
Metformin increased the expression of SIRT3 in a

concentration- and time-dependent manner. We found
that treatment with 1 mM metformin for 24 h resulted
in autophagy activation reaching its highest point.
According to these findings, the concentration of
metformin was chosen as 1 mM and treatment course
as 24 h for subsequent studies.

3.3. Metformin ameliorates IL-1B-induced oxidative
stress in chondrocytes

As oxidative stress also plays a critical role in the
progression of OA (217), we performed ROS staining
assay and mitochondrial membrane potential detection
in chondrocytes treated by IL-1B and metformin to
confirm whether metformin could alleviate IL-1p-
induced mitochondrial stress. As shown in Figure
3, pretreatment with metformin could significantly
decrease IL-1pB-induced ROS production and rescue
downregulated mitochondrial membrane potential.

3.4. Effect of metformin on mitochondrial function
regulators in chondrocytes
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Figure 3. Metformin treatment reduces chondrocytes oxidative stress and decreases mitochondrial membrane potential. (A)
ROS measurement was described as the fluorescence intensity imaged by fluorescence microscopy. (B) Mitochondrial membrane
potential was described as relative mean fluorescence intensity of Green/Red. The data in the figures represent the averages + S.D.
Significant differences between groups are indicated as *p < 0.05 compared to group NC; #p < 0.05 compared to the cells treated

with IL-1f (n = 6).
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Figure 4. Effect of metformin on mitochondrial function regulators in chondrocytes. (A)The protein expression of PGC-1a,
MEFNI1, MFN2, Drpl in chondrocytes treated with different concentration of metformin (0, 0.1, 0.2, 0.5, 1 and 2 mM) for 24 h. (B)
Relative level of PGC-1a, relative level of MFNI, relative level of MFN2, relative level of Drpl. The data in the figures represent
the averages = S.D. Significant differences between the treatment and control groups are indicated as *p < 0.05, n = 6.

To confirm the effect of metformin on mitochondrial
functional statement, we screened the change of
mitochondrial fission and fusion-related protein
including peroxisome proliferator-activated receptor
gamma coactivator 1 Alpha (PGC-1a), mitofusin
I(MFN1), mitofusin 2(MFN2), dynamin-related
protein 1(Drpl) (Figure 4). We found that the levels
of PGC-1a and MFN2 protein expression increased
in a concentration-dependent manner after metformin
treatment while the level of Drpl decreased. These
findings indicated metformin promoted mitochondrial
fusion and inhibited mitochondrial fission which
elevated mitochondrial quality.

3.5. Metformin promotes PINKI/Parkin-mediated
mitophagy in chondrocytes

To investigate the effect of metformin on autophagy,
the expression of SIRT3, PINKI1, Parkin and LC3B
was detected by western blotting. As shown in Figure
5A, the expression of SIRT3 decreased in chondrocytes
stimulated with IL-1B. Metformin upregulated the

expression of SIRT3, PINK1, Parkin and the ratio of
LC3II/LC3I under inflammatory cytokines stimulation.

To further confirm the effect of metformin on
mitophagy, MitoTracker Green staining and LC3B
immunofluorescence staining were used to detect
mitophagy. Metformin significantly increased co-
localization of autophagosome with mitochondria,
as evidenced by the merged fluorescent signaling of
LC3B and MitoTracker (Figure 6B). Taken together,
these data suggest that metformin stimulates mitophagy
by activating mitochondrial PINK1/Parkin signaling
pathway in OA chondrocytes.

3.6. SIRT3 inhibitor 3-TYP inhibits SIRT3-mediated
PINK1/Parkin-dependent mitophagy in chondrocytes

We further investigated the effect of SIRT3 inhibitor
3-TYP on mitophagy for the study of mechanisms
involved in the SIRT3-mediated PINK1/Parkin-
dependent mitophagy. Western blotting results showed
pretreatment of 3-TYP inhibited the increase of PINK1,
Parkin and the ratio of LC3II/LC3Ias compared to
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Figure 5. Metformin promotes PINK1/Parkin-mediated
mitophagy in chondrocytes. (A) After 10 ng/mL IL-1f
treatment with or without metformin for 24 h, the expression
of SIRT3, PINK1, Parkin and LC3B were determined by
Western blot analysis. (B) Representative colocalization
images of LC3B immunofluorescent (green) and mitochondria
(MitoTracker Green). Chondrocytes were pretreated without or
with IL-1f for 1 h, followed by incubation with metformin for
another 24 h.

chondrocytes treated with metformin alone (Figure
6).These results indicated that SIRT3 may serve as
a upstream regulator of the PINK1/Parkin/LC3B
pathway.

3.7. SIRT3/PINK 1/Parkin signaling pathway is involved
in the pathogenesis of OA

To confirm the protective effect of SIRT3-mediated
mitophagy in chondrocytes, we screened the expression
of OA markers-MMP3, MMP13 and collagen II-when
chondrocytes were treated with IL-1B. As shown in
Figure 7, immunoblotting revealed that inflammatory
cytokine IL-1f increased matrix degrading enzymes,
MMP3 and MMP13 and decreased collagen II, as
compared to the levels in vehicle-treated chondrocytes.
However, metformin reversed the inflammatory
response caused by IL-1B, which was dented by
SIRT3 inhibitor 3-TYP. These findings illustrated that
the inhibition of SIRT3 enhanced the chondrocyte
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Figure 6. SIRT3 inhibitor 3-TYP inhibits SIRT3-mediated
PINK1/Parkin-dependent mitophagy in chondrocytes.
After 1 h of pretreatment without or with3-TYP (50 uM),
chondrocytes were treated with metformin for another 24 h.
The expression of PINK1, Parkin and LC3B was detected by
Western blotting.
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Figure 7. Effects of activation of mitophagy mediated by
SIRT3 on ECM catabolism and anabolism balance. After 1
h of pretreatment without or with3-TYP (50 uM), chondrocytes
stimulated with IL-1B were treated with metformin for another
24 h. The expression of MMP3, MMP13 and Collagen IIwas
detected by Western blotting.

pathological phenotype via the PINK1/Parkin-
dependent mitophagy.

4. Discussion

OA is a common disease that shows increasing
incidence with age. Chondrocytes, which are the only
cell type found in articular cartilages, maintain the
dynamic balance between synthesis and degradation of
ECM (22). Inflammatory cytokines, especially IL-1,
were upregulated in OA joints and have been showed to
decrease the production of type II collagen and increase
the levels of cartilage matrix degrading proteases in
chondrocytes (20). Therefore, IL-1p is often used to
mimic pathological conditions and establish an in
vitro OA model. Previous studies have shown that
stimulation of primary murine chondrocytes with IL-
1B result in loss of mitochondrial membrane potential,
significant increase in mitochondrial ROS levels, and
chondrocyte death (/7). Mitochondria dysfunction is
tightly associated with oxidative stress. Therefore, we
sought to establish the role of mitophagy in eliminating
dysfunctional mitochondria and its impact on ROS
level and chondrocyte-specific anabolic and catabolic
balance under IL-1f stimulation in this study.

In this study, we investigated the role of SIRT3
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on mitophagy in OA. We found that SIRT3-meidated
mitophagy exerted a potent protective effect against
OA progression. These beneficial effects may be the
result of specific autophagic elimination of damaged
mitochondria.

In our study, we found that SIRT3 was decreased
in IL-1B stimulated chondrocytes, where its expression
was positively correlated with mitochondrial damage
and ROS production. The results that IL-1 promoted
generation of ROS in chondrocytes were consistent
with the phenomenon that the accumulation of ROS
was elevated in degenerated articular cartilage in vivo
(23). We also found that metformin treatment elevated
SIRT3 expression in chondrocytes. Furthermore,
metformin treatment mitigated the loss of chondrocytes
viability caused by IL-1p. We also demonstrated that
metformin activated SIRT3/PINK1/Parkin pathway
could reverse the increased ROS level and loss of
AYM. Consistent with our results, studies have also
shown that Parkin-mediated mitophagy may eliminate
damaged mitochondria and decrease the level of ROS in
human umbilical vein endothelial cells and fibroblasts
(24,25).

We also investigate the effect of metformin on
mitochondrial dynamics. The dynamic balance of
mitochondrial fusion and fission is critical in the
maintenance of mitochondrial membrane potential and
function. We found that 24 h of metformin treatment
promoted fusion level and suppressed fission level in
chondrocytes. Metformin significantly enhanced the
mitochondrial fusion level and restored its normal
function.

Mitophagy recently emerged as an important
mechanism that controls mitochondrial quality. and as
a cytoprotective mechanism to maintain mitochondrial
homeostasis and cell survival under conditions of stress
(26). We found that PINK1/Parkin was elevated in IL-
1B stimulated murine chondrocytes. We considered
the upregulation of PINK1/Parkin as a chondrocytic
response to combat pathological conditions. When
metformin-mediated SIRT3 was elevated, the
PINK1/Parkin pathway was more enhanced, and the
immunofluorescence staining results showed enhanced
mitophagy in metformin-treated and inflammation-
stimulated chondrocytes as compared to the IL-1
group, indicating that the SIRT3 regulated mitophagic
activity in OA chondrocytes eventually helped to
eliminate damaged mitochondria.

One of the critical events during OA is the loss of
chondrocyte cellularity within the articular cartilage.
This phenomenon can disrupt the balance between
catabolic and anabolic processes and consequently
destroy the cartilage. In our studies, metformin
abolished IL-1B-induced ECM catabolism by inducing
mitophagy related to the activation of the SIRT3/
PINK1/Parkin signaling pathway. SIRT3 inhibitor
3-TYP effectively enhanced the expression of MMP3

and MMP13 and decreased the expression of collagen
II. Thus, we speculate this effect of metformin
on chondrocyte ECM balance may depend on the
activation of PINK 1/Parkin-mediated mitophagy.

In conclusion, our data reveals that SIRT3
expression is associated with the progression of OA,
it is also involved in the clearance of dysfunctional
mitochondria via mitophagy in chondrocytes.
Metformin could suppress IL-1B-induced oxidative
stress via the activation of the SIRT3/PINK1/Parkin
signaling pathway. Thus, mitophagy may become
a therapeutic target for OA. Finally, owing to the
association between mitophagy and OA, a wide range
of drug screening targeting mitophagy may support
clinical treatment of OA.
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