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Abstract

Objective—Mitochondrial dysfunction, oxidative stress and chondrocyte death are important 

contributors to the development and pathogenesis of osteoarthritis (OA). In this study, we 

determined the expression and role of Parkin in the clearance of damaged/dysfunctional 

mitochondria, regulation of ROS levels and chondrocyte survival under pathological conditions.

Methods—Human chondrocytes were from the unaffected area of knee OA cartilage (n=12) and 

were stimulated with IL-1β to mimic pathological conditions. Mitochondrial membrane 

depolarization and ROS levels were determined using specific dyes and flow cytometry. 

Autophagy was determined by Western blotting for ATG5, Beclin1, immunofluorescence staining 

and confocal microscopy. Gene expression was determined by qRT-PCR. siRNA, wild-type and 

mutant Parkin plasmids were transfected using Amaxa system. Apoptosis was determined by PI 

staining of chondrocytes and TUNEL assay.

Results—IL-1β-stimulated OA chondrocytes showed high levels of ROS generation, 

mitochondrial membrane damage, accumulation of damaged mitochondria and higher incidence of 

apoptosis. IL-1β stimulation of chondrocytes with depleted Parkin expression resulted in sustained 

high levels of ROS, accumulation of damaged/dysfunctional mitochondria and enhanced 

apoptosis. Parkin translocation to depolarized/damaged mitochondria and recruitment of p62/

SQSTM1 was required for the elimination of damaged/dysfunctional mitochondria in IL-1β-

stimulated OA chondrocytes. Importantly we demonstrate that Parkin elimination of depolarized/
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damaged mitochondria required the Parkin ubiquitin ligase activity and resulted in reduced ROS 

levels and inhibition of apoptosis in OA chondrocytes under pathological conditions.

Conclusions—Our data demonstrates that Parkin functions to eliminate depolarized/damaged 

mitochondria in chondrocytes which is necessary for mitochondrial quality control, regulation of 

ROS levels and chondrocyte survival under pathological conditions.

Introduction

Osteoarthritis (OA) is the most common disease of the whole joint and a leading cause of 

disability and considerable socioeconomic cost worldwide [1]. Age-related development of 

OA is predominantly characterized by the progressive degradation of articular cartilage, 

oxidative stress and chondrocytes death [2]. Physiologically reactive oxygen species (ROS) 

performs a variety of functions including signaling and maintenance of chondrocytes 

homeostasis but an imbalance in favor of oxidants results in disruption of normal redox 

signaling, homeostasis and contribute to aging and age-related diseases [3–6]. There is 

increasing evidence of increased levels of ROS in OA (recently reviewed by Loeser RF et al 

in [7]). Hypertrophic chondrocytes produce cytokines and other factors that are associated 

with OA pathogenesis and these also stimulate the production of ROS by chondrocytes [8–

10]. Increase in cellular ROS leads to oxidative stress, matrix metalloproteases (MMPs) 

production and degradation of cartilage extracellular matrix (ECM) [11]. It is believed that 

high level of ROS induces mitochondrial membrane depolarization leading to a sustained 

production of ROS which causes oxidative stress and ultimately chondrocyte death. This 

highlights the importance of mitochondrial quality control in chondrocytes survival and for 

the normal functioning of cartilage.

To prevent oxidant-induced damage to mitochondria and chondrocytes death, multiple anti-

oxidant and chaperone systems function to protect mitochondrial damage/depolarization and 

prevent oxidant buildup [12, 13]. However, despite the presence of the antioxidant defense 

system, chronic exposure of chondrocytes to factors stimulating ROS production induce 

oxidative stress and chondrocyte death in OA [7, 10]. Additionally, evidence of 

mitochondrial dysfunction in chondrocytes has also been reported [14, 15]. These data 

highlight the need for a chondrocyte mechanism to remove damaged mitochondria in order 

to prevent the generation of high levels of ROS and oxidative stress. However, to date no 

chondrocyte mechanism for removal of damaged mitochondria has been identified and the 

effect of removing damaged mitochondria on ROS levels or survival of chondrocytes has not 

been established.

Evidence for the existence of a mechanism that could function to remove damaged 

mitochondria in chondrocytes was recently provided when it was shown that 

pharmacological activation of autophagy in chondrocytes significantly protected against 

mitochondrial dysfunction [16, 17]. These publications and a subsequent report [18] 

suggests that the selective autophagy process called mitophagy may function to eliminate 

damaged/dysfunctional mitochondria in chondrocytes and prevent oxidative stress. However, 

active mitophagy has not yet been studied in human chondrocytes. One protein that 

functions in the removal of damaged/dysfunctional mitochondria via mitophagy is Parkin 

Ansari et al. Page 2

Osteoarthritis Cartilage. Author manuscript; available in PMC 2019 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(PARK2) [19, 20]. Parkin, an E3 ubiquitin ligase, operates in conjunction with PTEN-

induced kinase 1 (PINK1) and responds to the loss of mitochondrial membrane potential 

(ΔΨM) for initiating the process for the clearance of damaged/dysfunctional mitochondria 

[21, 22]. A recent study has shown that Parkin mediated elimination of damaged/

dysfunctional mitochondria is essential for the regulation of oxidative stress, mitochondrial 

homeostasis and survival of lens epithelial cells [23].

In this study, we used IL-1β to induce ROS generation and mitochondrial dysfunction in 

primary human OA chondrocytes. We demonstrate that Parkin levels increased in 

chondrocytes with IL-1β-induced oxidative stress and establish that Parkin translocated to 

depolarized mitochondria and recruit p62/SQSTM1 and that Parkin was required for the 

elimination of damaged/depolarized mitochondria. We further demonstrate that clearance of 

damaged mitochondria by mitophagy was dependent on active autophagy as inhibition of 

autophagy augmented IL-1β induced mitochondrial dysfunction and ROS production. 

Importantly we demonstrate that Parkin elimination of depolarized/damaged mitochondria 

resulted in reduced ROS levels and increased chondrocyte survival under pathological 

conditions. Our results for the first time establish that Parkin-mediated elimination of 

damaged/dysfunctional mitochondria in human OA chondrocytes is important for 

homeostasis and survival. Our data also provide evidence that mitochondria quality control 

by Parkin in human OA chondrocytes may be important in the maintenance of cartilage 

integrity and function.

Materials and Methods

Reagents

For chondrocyte culture DMEM-F-12 was purchased from Lonza (Walkersville, MD, USA, 

#12-719Q). Fetal calf serum (#10437028) and other cell culture reagents were purchased 

form Life Technologies (Carlsbad, CA, USA). Pronase (#11459643001) and Collagenase 

(#11088793001) were from Roche Diagnostics (Indianapolis, IN, USA). Recombinant 

human IL-1β (#201-LB-025) was purchased from R&D Systems (St Paul, MN, USA). 

Validated antibodies against Parkin (#ab15954) and p62/SQSTM1 (#ab56416) were from 

Abcam (Cambridge, MA, USA). Antibody against β-Actin (sc-47778) was from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA) and for LC3 (#12741) was from Cell Signaling 

Technology (Beverly, MA, USA). Horseradish peroxidase conjugated appropriate secondary 

antibodies were from Cell Signaling Technology (#7074) or Santa Cruz Biotechnology 

(sc-2020).

Preparation of Human OA Chondrocytes

The study protocol was reviewed and approved by the Institutional Review Board (IRB) of 

Northeast Ohio Medical University, Rootstown, Ohio as a “non-human subject study under 

45 CFR”. All the methods used in this study were carried out in accordance with the 

approved guidelines and all experimental protocols were approved by the IRB of Northeast 

Ohio Medical University, Rootstown, Ohio. Discarded and de-identified knee joint cartilage 

samples were from donors who underwent arthroplasty due to OA at Crystal Clinic, Akron, 

OH. Human OA chondrocytes were isolated from the unaffected area of knee OA cartilage 
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(n=12, n refers to the number of patient’s samples), as described previously [24] and 

cultured in DMEM-F12 supplemented with 10% serum.

Immunofluorescence Staining and Confocal Imaging

Immunofluorescence staining of OA chondrocytes was done as described earlier [25]. 

Briefly, OA chondrocytes were seeded in an 8-well chamber slide (0.1 × 106 per well) (Nunc 

Lab-Tek) for 2 to 3 days after isolation and treated with 5ng/ml of IL-1β. Chondrocytes were 

fixed in 4% PFA and permeabilized in 1x-PBS containing 0.3% Triton X-100. Blocking was 

performed in 5% BSA in PBS for 30 minutes at room temperature followed by incubation 

with primary antibody at 4°C overnight and then chondrocytes were incubated with 

corresponding fluorescently tagged secondary antibody (Anti-mouse: A-11005, anti-rabbit: 

A-11034 and anti-goat: A11056; Life Technologies). For lysosomal and mitochondrial 

staining, live chondrocytes were incubated with Lysotracker Red (25 nM) or Mitotracker 

Deep Red (100 nM) (#L7528 and M22426 respectively, Life Technologies) for 30 minutes 

and then fixed with 4% PFA. Nuclei were stained with DAPI and were mounted with anti-

fade medium (Vectashield, Vector Laboratories, USA, #H-1000). Images were acquired on 

an Olympus FV1000 confocal microscope using a 60X oil immersion lens.

Gene Expression Analyses by qRT-PCR

Chondrocytes were cultured in 6 wells plates and total RNA was prepared using RNeasy kit 

(#74104, Qiagen) and the cDNA was synthesized from 1 μg of total RNA using a cDNA 

synthesis kit (Life Technologies, #4368813). mRNA expression was quantified using 

TaqMan or SYBR Green primers (IDT, Coralville, Iowa). Relative expression levels of 

mRNAs were normalized to β-Actin or GAPDH mRNA expression levels.

Western Immunoblotting

Treated and control OA chondrocytes were harvested, washed with 1x PBS and lysed in 

RIPA buffer supplemented with protease inhibitor cocktail (Roche, 11697498001) 

homogenized by passing multiple times through a 22 gauge needle. Lysate was clarified by 

centrifugation (15,000xg for 10 minutes at 4°C) and either was used immediately or stored 

at −80°C after protein quantitation. Proteins were resolved on 10–12% SDS-PAGE gels and 

transferred to PVDF membrane (#1704272, Bio-Rad), blocked with 5% BSA in TBS-T and 

incubated with primary antibody at 4°C overnight. The membrane was then washed with 

TBS-T and incubated with HRP-conjugated secondary antibody, washed and developed 

using the chemiluminescent HRP detection reagent (#WBLUF0500, Millipore) and imaged 

on PXi-4 gel imaging system (Syngene, Frederick, MD).

Measurement of Mitochondrial ROS and Mitochondrial Membrane Potential (ΔΨM)

Mitochondrial ROS was measured using MitoSOX Red dye (Invitrogen, M36008). Briefly, 

OA chondrocytes were stained with 5.0 μM of MitoSOX Red for 10 minutes at 37°C 

followed by IL-1 β treatment (5ng/ml). For autophagy inhibition studies and its effect on 

ROS levels, OA chondrocytes were first treated with inhibitor of autophagy for 2 hours 

followed by MitoSOX Red staining and IL-1β treatment as above. Loss of ΔΨM was 

assessed using the mitochondrial-specific fluorescent probe JC-1 (5,5′,6,6′-tetrachloro-1,1′,
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3,3′-tetraethyl-benzimidazolylcarbocyanine iodide) (Invitrogen, T3168). JC-1 forms 

multimers in cells with a high red fluorescence indicating normal ΔΨM. Loss of the ΔΨM 

results in a reduction in the red fluorescence with a concurrent gain in green fluorescence as 

the dye shifts from multimeric form to monomeric state. Ratio of red to green fluorescence 

was used as an indicator of loss of ΔΨM. OA chondrocytes treated as above were loaded 

with JC-1 (5 μM) for 20 minutes at 37 °C, washed with PBS and analyzed by flow 

cytometry using BD Accuri C6 Flowcytometer. Flow cytometry data was analyzed by 

Flowjo software (Tree Star Inc. Ashland, OR, USA).

Estimation of apoptosis by PI staining and TUNEL assay—OA chondrocytes were 

cultured with or without IL-1β for 48 hours. At the end of the treatment chondrocytes were 

washed with 1x-PBS and incubated with 1 ml staining solution containing 0.5 μg/ml PI, 

0.1% sodium citrate, and 0.1% Triton X-100 overnight at 4°C. A total of 20,000 cells were 

acquired in BD Accuri C6 Flowcytometer and percent apoptotic cells were determined by 

analyzing sub-G1 population (<2 n DNA content) using FlowJo software [26]. TUNEL 

assay was performed using a kit according to the manufacturer’s protocols (Biotool, USA 

#B31112). Nuclei were stained with DAPI and apoptotic cells were visualized by confocal 

microscopy or analyzed by Flow cytometer.

siRNA and Plasmid Transfections

Validated siRNAs for indicated genes and control siRNA were from Sigma-Aldrich. YFP-

Parkin and YFP-Parkin C431N were a gift from Richard Youle (Addgene plasmid #23955 

and #46924 respectively) [19, 27]. For transfection, chondrocyte cultures were digested with 

Pronase-Collagenase enzyme mix for 3 hours, collected by centrifugation and washed with 

PBS. Chondrocytes (1×106) were transfected with 100 nM siRNAs or 1 μg of plasmid DNA 

using P3 Primary Cell 4D Nucleofector X kit and the Amaxa Nucleofection System (Lonza).

Statistical analysis

All the results are reported as Mean±SD of at least three independent experiments from 

different patient samples, each done in triplicate. Statistical significance was evaluated using 

one-way analysis of variance (ANOVA using Sigmaplot 12.3 software (Systat Software, 

Inc.) followed by Tukey’s test for post hoc analyses. P values ≤ 0.05 were considered 

significant.

Results

IL-1β induces high levels of ROS, mitochondrial dysfunction and apoptosis in 
chondrocytes

The proinflammatory cytokine IL-1β is believed to be a critical factor in the pathogenesis of 

OA. We determined whether IL-1β induces the generation of mitochondrial ROS in OA 

chondrocytes using mitochondrial ROS specific probe MitoSOX Red. We found 

significantly increased levels of mitochondrial ROS in IL-1β treated chondrocytes (Fig. 1A 

and 1B). We also analyzed the ROS levels in normal chondrocytes isolated from mouse 

knee. The total ROS levels were high in normal chondrocytes stimulated with IL-1β (Suppl. 

Fig. 1A and B) but the mitochondrial ROS levels in normal chondrocytes were similar to OA 
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chondrocytes (Suppl. Fig. 1C). We next determined the mitochondrial membrane 

depolarization and dysfunction in OA chondrocytes treated with IL-1β. We found that IL-1β 
was a potent inducer of mitochondrial damage as exposure of chondrocytes for 5 minutes 

resulted in significant damage to mitochondrial membrane as determined by change in ΔΨM 

(Fig. 1C). We also found that IL-1β-induced loss of ΔΨM was rapid and sensitive to low 

doses of IL-1β with the maximum damage inflicted when chondrocytes were exposed to 

5ng/ml of IL-1β (Fig. 1D). We also found that the number of apoptotic chondrocytes were 

double in chondrocyte cultures treated with IL-1β compared to untreated controls as 

determined by PI staining (Fig. 1E) and TUNEL assay (Fig 1F). Taken together, these results 

demonstrate that human OA chondrocytes under pathological conditions exhibit increased 

damage/depolarization of mitochondrial membrane, mitochondrial ROS generation, 

oxidative stress and enhanced rate of apoptosis.

Expression of Parkin was enhanced in OA chondrocytes under pathological conditions

High levels of ROS induce mitochondrial dysfunction that results in further increase in ROS 

levels eventually leading to DNA damage and cell death [28]. This suggests that removal of 

dysfunctional mitochondria is necessary for maintaining the redox balance and cell survival. 

This is accomplished through mitophagy in which Parkin protein has been shown to play a 

critical role [19]. We found that Parkin mRNA and protein levels were increased in IL-1β 
stimulated OA chondrocytes compared to untreated controls (Fig. 2A). To determine 

whether enhanced ROS generation correlates with increased expression of Parkin, we treated 

OA chondrocytes with IL-1β in the presence or absence of antioxidant Diphenyliodonium 

(DPI) and performed qPCR analysis of Parkin mRNA expression. We found that Parkin 

mRNA expression was reduced in the presence of DPI (Fig 2B). We also confirmed whether 

increased expression of Parkin correlated with increased autophagy in OA chondrocytes, we 

treated OA chondrocytes with IL-1β for overnight and analyzed for the formation of LC3-II, 

a marker of autophagy activation and the expression levels of Atg5. We found that IL-1β 
stimulation of OA chondrocytes resulted in increased formation of LC3-II as well as 

increased expression of Atg5 protein (Fig. 2C). Rapamycin treated chondrocytes were used 

as positive control. We also treated the OA chondrocytes with IL-1β in the presence or 

absence of Bafilomycin and found that LC3-II generation was increased and was further 

enhanced by IL-1β suggesting that IL-1β treatment of OA chondrocytes enhanced the 

autophagy flux (Fig 2D). Taken together, this data indicated that mitophagy, in which Parkin 

is a critical player, may also be active to control the population of dysfunctional 

mitochondria and prevent oxidant-induced damage in OA chondrocytes under pathological 

conditions.

Parkin accumulates on depolarized mitochondria in chondrocytes under pathological 
conditions and promotes mitophagy

To determine whether increased levels of Parkin in IL1β stimulated OA chondrocytes 

correlate with active mitophagy, we determined the accumulation of Parkin on the damaged/

depolarized mitochondria by immunofluorescence staining followed by confocal 

microscopy. We found a substantial increase in the translocation of Parkin (green) from 

cytosol to mitochondrial surface (red) in IL-1β treated chondrocytes (Fig. 3A). Translocation 

of Parkin is associated with PINK1 dependent increase in its activity that promotes 
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ubiquitination of mitochondrial proteins [29]. Ubiquitination of mitochondrial surface 

proteins by Parkin recruits p62/SQSTM1 protein that accumulates on damaged mitochondria 

and has been reported to recruit mitochondria to the autophagosomes by binding to 

ATG8/LC3 [30, 31]. Consistent with this, we found that Parkin and p62/SQSTM1 were 

colocalized on damaged mitochondria as shown by increased numbers of distinct yellow 

puncta indicating colocalization of p62/SQSTM1 to Mitotracker labeled mitochondria in 

chondrocytes treated with IL-1β (Figure-3B). Mitophagic clearance of depolarized/

dysfunctional mitochondria in IL-1β-stimulated OA chondrocytes was determined by 

colocalization of autophagosomes, immunostained with LC3 specific antibody and 

mitochondria stained with Mitotracker. We observed increased formation of LC3 positive 

autophagosomes (green) in IL-1β treated chondrocytes which were colocalized with the 

mitochondria (magenta) (Figure-3C). In the process of mitophagy, the autophagosomes 

eventually fuse with the lysosomes where the degradation of dysfunctional mitochondria 

occurs. Data presented in Figure-3C also demonstrated that the autophagosomes engulfed 

mitochondria were colocalized with lysosomes (red) thus demonstrating active mitophagy 

for the clearance of damaged/dysfunctional mitochondria from IL-1β treated OA 

chondrocytes.

Inhibition of autophagy blocks the clearance of damaged mitochondria and enhances IL-1β 
induced oxidative stress

Translocation and activation of Parkin on the surface of damaged mitochondria and active 

autophagy are considered as an essential mechanism for autophagic clearance of damaged/

dysfunctional mitochondria and disruption in any one of these arms may result in 

accumulation of dysfunctional mitochondria. To test this hypothesis, we used siRNA-

mediated depletion of Parkin to first interfere with the mitophagy branch of autophagy. 

Parkin expression was significantly reduced in OA chondrocytes transfected with siRNAs 

targeting Parkin in comparison to chondrocytes transfected with scrambled siRNAs (Fig. 4A 

and 4B). Parkin depleted OA chondrocytes showed significant increase in the accumulation 

of damaged/dysfunctional mitochondria upon IL-1β-stimulation as determined by electron 

microscopy (Figure-4C) and production of mitochondrial ROS (Fig. 4D and 4E). We also 

analyzed the levels of Atg5 and Beclin1 in IL-1β stimulated OA chondrocytes and found 

increased expression of Atg5 and Beclin1 (Suppl. Fig. 2). We next used siRNAs to 

knockdown Atg5 or Beclin1 expression, but not Parkin expression, to block the autophagy 

pathway to prove our hypothesis that Parkin-mediated clearance of damaged/dysfunctional 

mitochondria in OA chondrocytes requires active autophagy. Transfection of OA 

chondrocytes with siRNAs targeting ATG5 or Beclin1 (siAtg5 or siBeclin1) significantly 

reduced the expression of targeted genes (Fig. 4F and 4G respectively). Downregulation of 

Atg5 or Beclin1 expression significantly increased the mitochondrial ROS production upon 

IL-1β stimulation (Fig. 4H). These results indicated that Parkin-mediated clearance of 

dysfunctional mitochondria in OA chondrocytes is dependent on active autophagy and is 

essential to prevent accumulation of damaged mitochondria and prevention of oxidative 

stress. This was further confirmed by using pharmacological inhibitors of autophagy and 

then treating the OA chondrocytes with IL-1β. We measured the mitochondrial ROS levels 

in OA chondrocytes pretreated with Chloroquine followed by stimulation with IL-1β. 

Mitochondrial ROS production upon IL-1β treatment was signifcantly higher in 
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chondrocytes with autophagy inhibition than in chondrocytes treated with IL-1β alone (Fig. 

5A). Inhibition of autophagy also resulted in enhanced loss of ΔΨM and accumulation of 

dysfunctional mitochondria in chondrocytes treated with IL-1β (Fig. 5B and Suppl. Fig. 3). 

To find out whether IL-1β induced mitochondrial dysfunction was through ROS or some 

other mechanism, we treated chondrocytes with catalase, an antioxidant enzyme before 

IL-1β stimulation and JC-1 staining. The analysis of JC-1 fluorescence revelaed that 

addition of Catalase inhibited the generation of high levels of ROS and prevented the loss of 

ΔΨM induced by IL-1β (Fig. 5C) indicating that cytokine-induced ROS generation plays a 

role in inducing mitochondrial damage/dysfunction. Overall, these results indicated that 

mitophagic clearance of dysfunctional mitochondria is important for preventing the 

accumulation of damaged/dysfunctional mitochondria in OA chondrocytes under 

pathological conditions.

Parkin clearence of damaged mitochondria results in reduced ROS levels and increased 
survival of chondrocytes under pathological conditions

Data presented above indicated that chondrocytes mitochondria were damaged and 

generated high levels of ROS under pathological conditions. We therefore determined 

whether clearence of damaged/depolarized mitochondria in OA chondrocytes by Parkin 

eliminate excessive ROS under pathological conditions. To test this we transfected the OA 

chondrocytes with wild type Parkin (YFP-wt-Parkin) or the E3 ubiquitin ligase mutant YFP-

C431N-Parkin and then stimulated them with IL-1β and measured the ROS production using 

MitoSOX. Following stimulation with IL-1β, control trasfected OA chondrocytes or OA 

chondrocytes overexpressing the mutant form of Parkin showed increased ROS production 

compared to unstimulated OA chondrocytes or OA chondrocytes overexpressing the wt-

Parkin (Fig. 6A) as determined by increased MitoSOX fluorescence. In addition we found 

that wt-Parkin, but not the mutant form of Parkin, colocalized with depolarized/damaged 

mitochondria in OA chondrocytes stimulated with IL-1β (Fig. 6B). There was also a 

significant increase in the number of TUNEL positive OA chondrocytes with depleted 

expression of Parkin compared to controls (Fig. 6C and 6D). We further confirmed the 

enhanced apoptotic death of chondrocytes using Caspase Glo 3/7 activity assay (Promega, 

#G8090). As shown in the Figure 6E, Parkin depletion enhanced the apoptotic death of OA 

chondrocytes compared to wild type OA chondrocytes in response to IL-1β.

Discussion

In the aging population, OA is a leading cause of chronic disability and has been suggested 

to be due to disruption of chondrocyte homeostasis and oxidative stress which contributes to 

OA pathogenesis [7, 32]. ROS-induced chondrocyte death [33] indicates that survival of 

chondrocytes is dependent on the presence of a functional mitochondrial population. IL-1β 
is upregulated in OA joints and has been shown to induce the expression of cartilage matrix 

degrading proteases and other inflammatory mediators [24]. Previous studies have shown 

that dysfunction in the removal of damaged mitochondrial is associated with the 

pathogenesis of OA [34]. Here we show that stimulation of human OA chondrocytes with 

IL-1β resulted in loss of ΔΨM, significant increase in mitochondrial ROS levels, and 

chondrocyte death. Loss of ΔΨM causes reduced synthesis of ATP and increased production 
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of ROS and if the dysfunctional mitochondria are not removed from cells, this may result in 

release of pro-apoptotic proteins that lead to apoptosis. In this regard, recent findings that 

respiratory chain activity of complex II and III are compromised in human OA chondrocytes 

in comparison to normal chondrocytes are important because these implicate directly 

mitochondrial damage/dysfunction in OA pathogenesis [15]. Additionally, treatment of 

human normal chondrocytes with respiratory chain dysfunction inducers like Rotenone, 

Oligomycin, Sodium azide etc. has been reported to alter the expression of MMPs, collagen 

type II and other cartilage ECM components [35]. Since mitochondria play critical role in 

several cellular processes, from energy production through oxidative phosphorylation to cell 

signaling and apoptosis [28, 36], there is a need for mechanism(s) to remove damaged 

mitochondria to prevent generation of excessive ROS and cell death. However, no such 

chondrocyte mechanism for the removal of damaged/dysfunctional mitochondria has been 

identified and neither the effect of their removal on ROS levels and chondrocyte survival 

under pathological conditions has been reported.

In this study, we sought to establish how mitochondria are damaged, role of Parkin in their 

elimination and its impact on the ROS levels and OA chondrocytes survival under 

pathological conditions. We found that IL-1β-induced ROS generation precedes 

depolarization of mitochondria in OA chondrocytes. This is a novel finding and has not been 

previously reported. Our data also revealed that autophagy was increased and Parkin 

expression was significantly upregulated in human OA chondrocytes under pathological 

conditions. Increased expression of Parkin suggested that it might be involved in the 

clearance of damaged mitochondria and indeed OA chondrocytes with depleted Parkin 

expression showed increased production of ROS, accumulation of dysfunctional 

mitochondria, and apoptosis establishing an important role of Parkin in the clearance of 

dysfunctional mitochondria in human OA chondrocytes. This gets further strength from our 

data showing that overexpression of wt-Parkin significantly reduced the production of 

mitochondrial ROS, and was dependent on the E3 ubiquitin ligase activity of Parkin. 

Consistent with our data, in a recent study Parkin mediated clearance of dysfunctional 

mitochondria was found essential to regulate ROS levels and survival of lens epithelial cells 

[23]. Furthermore, Parkin null mouse have been reported to show compromised mitophagy 

and increased accumulation of dysfunctional mitochondria in myocytes under stress [37]. A 

number of reports have documented increased inflammation in human patients with 

Parkinson’s disease establishing the link between Parkin, ROS levels and mitochondrial 

dysfunction [38, 39].

Autophagy plays a central role in maintaining cellular homeostasis by clearing intracellular 

protein aggregates and dysfunctional organelles. Defective autophagy has been linked to 

several human diseases, including Parkinson’s disease, cancer [40, 41] and OA [42]. Several 

drugs and inhibitors such as CCCP, acetaminophen etc., which induce mitochondrial 

dysfunction have been reported to induce mitophagy and clearance of dysfunctional 

mitochondria [21]. Our data demonstrate that Parkin translocate to damaged mitochondria 

and recruits p62/SQSTM1 followed by engulfment of dysfunctional mitochondria by 

autophagosomes and degradation by lysosomes thus providing evidence that Parkin removes 

damaged mitochondria by recruiting the autophagy machinery to degrade the defective 

organelle in human OA chondrocytes stimulated with IL-1β. Importantly, overexpression of 
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wild-type Parkin resulted in reduced levels of ROS. Our data thus provide evidence that 

Parkin-mediated clearance of damaged/depolarized mitochondria limit the generation of 

ROS and prevent the induction of oxidative stress and possibly the damage caused by 

oxidative stress in OA chondrocytes. To our knowledge, this is the first report demonstrating 

that Parkin-mediated elimination of depolarized/damaged mitochondria is an important 

mechanism to limit ROS production and improve OA chondrocytes survival under 

pathological conditions. Thus, it is tempting to speculate that loss of Parkin function could 

contribute directly to the pathogenesis of OA. However, this needs further study including 

the data on the incidence of OA in Parkinson’s patients with an established mutation 

preventing its translocation to mitochondria and initiation of mitophagy.

In conclusion, our data provides first detailed study of clearance of dysfunctional 

mitochondria in human OA chondrocytes. We show for the first time that Parkin protein is 

required for autophagic clearance of dysfunctional mitochondria under pathological 

conditions. We show that depletion of Parkin in chondrocytes resulted in increased 

mitochondrial dysfunction and oxidative stress in response to IL-1β stimulation indicating 

that Parkin is essential for mitophagy of dysfunctional mitochondria. Thus, the above data 

indicate that Parkin could be critical for maintaining chondrocyte homeostasis under 

pathological conditions. Further study is required to understand the detailed mechanism of 

Parkin mediated mitophagy in chondrocytes under pathological conditions in vitro as well as 

in whole body models of OA to better understand its role in chondrocyte/cartilage 

homeostasis and its potential development as a therapeutic target for the management of OA.
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Figure 1. 
IL-1β treatment stimulated ROS production and mitochondrial dysfunction in chondrocytes. 

(A) and (B) Chondrocytes (1×106 cells/well) were seeded in 6 well plate and treated with 

MitoSox Red (5μM) for 10 minutes followed by IL-1β for 5 minutes. Chondrocytes were 

analyzed for mitochondrial ROS by flow cytometer. (C) and (D) Chondrocytes were seeded 

in 6 well plates as above and treated with IL-1β for 5 minutes followed by incubation with 

JC-1 dye for 30 minutes. The green (FL1) and red (FL2) fluorescence of JC-1 as marker of 

ΔΨM loss was analyzed by flow cytometer (BD Accuri C6). CCCP was used as positive 

control. (E) Chondrocytes were either treated with IL-1β (or left untreated as control) and 

incubated at 37°C for 48 hours. Chondrocytes were stained with propidium iodide in 01% 

Triton X-100 and analyzed for pre-G1 population indicating cell death by flow cytometer. 
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(F) Chondrocytes were treated as above and analyzed for cell death by TUNEL staining and 

analysis by flow cytometer. Data shown are the representative of three independent 

experiments from different patient’s samples, each done in triplicate. Values are expressed as 

mean ± SD (*p<0.05).
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Figure 2. 
IL-1β induced stress upregulated Parkin expression. Chondrocytes were seeded in 35mm 

dish (1×106 cells/well) and stimulated with IL-1β for overnight. Cells were harvested for 

RNA and lysate preparation and expression of Parkin was analyzed by qPCR (right panel) 

and Western blot (left panel). Data represent mean ± SD of three independent experiments, 

each done in triplicate (*p<0.05). β-Actin was used as normalization/loading control. (B) 

Chondrocytes were treated with IL-1β in the presence or absence of DPI for overnight. Total 

RNA was prepared from cells and analyzed for Parkin mRNA expression. (C) Chondrocytes 

were treated with IL-1β in the presence of 10% serum for overnight (16 hours) and analyzed 

for LC3-II and Atg5 levels by immunoblotting. (D) Chondrocytes were treated with IL-1β 
for overnight in the presence or absence of Bafilomycin to analyze autophagic flux. Cells 

were lysed in RIPA buffer supplemented with protease inhibitors and analyzed for LC3-II 

formation. β-Actin was used as loading control.
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Figure 3. 
Autophagy targeted dysfunctional mitochondria in IL-1β stimulated chondrocytes. 

Chondrocytes were seeded in 8 well chamber slides (0.1×106/well) and treated with IL-1β 
(or left untreated as control) for 24 hours. (A) Chondrocytes were stained with Mitotracker 

Deep Red for 30 minutes and fixed with 4% paraformaldehyde. Chondrocytes were 

permeabilized with 0.3% Triton X-100 and probed with rabbit anti-Parkin antibody followed 

by anti-rabbit Alexa-Fluor 488. Chondrocytes were stained with DAPI, mounted with anti-

fade mounting media and visualized by Olympus FV1000 confocal microscope. (B) 

Chondrocytes stained with Mitotracker Deep Red as above and probed with mouse anti-p62 

antibody followed by anti-mouse Alexa Fluor 488 and visualized as above. (C) 

Chondrocytes were stained with Mitotracker Deep Red followed by Lysotracker Red and 

fixed and permeabilized. Chondrocytes were probed with rabbit anti-LC3 antibody and 

visualized as above.
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Figure 4. 
Knockdown of Parkin or Atg5 or Beclin-1 hyper sensitized chondrocytes against IL-1β 
induced oxidative stress and mitochondrial dysfunction. Chondrocytes were transfected with 

control siRNA or siRNA targeting Pakrin for 48 hours. Total RNA and cell lysate was 

prepared to analyze Parkin expression by qPCR (A) and immunoblot analysis (B). β-Actin is 

used as loading or normalization control. (*p<0.05) (C) Chondrocytes were transfected with 

siControl or siParkin as above and treated with IL-1β followed by transmission electron 

microscopy. Untreated chondrocytes were taken as control. (D) and (E) Chondrocytes were 

transfected as above with siControl or siParkin for 48 hours and incubated with MitoSOX 

Red dye followed by IL-1β and analyzed by flow cytometer for MitoSOX fluorescence. 

Values are mean±SD (*p<0.05). (F) and (G) Chondrocytes were transfected with siControl 

or siAtg5 or siBeclin1 as above. Cells were incubated at 37°C for 48 hours fo llowed by 

RNA isolation and Atg5 and Beclin1 knockdown was analyzed by qPCR (*p<0.05). (H) 

siControl, siAtg5 and siBeclin1 transfected cells were stained with MitoSOX Red, treated 

with IL-1β and analyzed the fluorescence with Flow cytometer. Data represent mean ± SD 

of three independent experiments, each done in triplicate. (* IL-1β vs control, $ target 

siRNA vs control siRNA, p<0.05).
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Figure 5. 
Autophagy inhibition exaggerated IL-1β induced oxidative stress and mitochondrial 

dysfunction. (A) Chondrocytes were seeded in 6 well plates and pretreated with different 

concentrations of autophagy inhibitor chloroquine (CQ) followed by addition of MitoSOX 

red dye. Cells were treated with IL-1β for 5 minutes and analyzed by flow cytometer to 

measure mitochondrial ROS. (B) Chondrocytes were pretreated with chloroquine as above 

followed by treatment with IL-1β for five minutes and addition of JC-1 dye for 30 minutes. 

The red and green fluorescence of JC-1 was measured by fluorimeter and the ΔΨM loss was 

calculated as ratio of red and green fluorescence (C) Chondrocytes were treated with 

catalase for 1 hour followed by IL-1β treatment and JC-1 staining. ΔΨM loss was calculated 

as above. Data is shown as mean ± SD of three independent experiments, each done in 

triplicate (* IL-1β vs control, # CQ+IL-1β vs IL-1β, $ Catalse+IL-1β vs IL-1β, p<0.05).
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Figure 6. 
Overexpression of wt-Parkin downregulates mitochondrial ROS by clearing dysfunctional 

mitochondria. (A) Chondrocytes were transfected with YFP-wt-Parkin and YFP-C431N-

Parkin and incubated at 37°C for 48 hours. Chondrocytes were stained with MitoSOX Red 

followed by IL-1β stimulation. MitoSOX red fluorescence was measured by fluorimeter. (B) 

Chondrocytes were transfected with YFP-wt-Parkin and YFP-C431N-Parkin as above and 

treated with IL-1β. Chondrocytes were stained with Mitotracker Deep Red and fixed with 

4% paraformaldehyde. Mounted with anti-fade mounting media and visualized as above. (C) 

and (D) Chondrocytes were transfected with siControl or siParkin for 48 hours and 

stimulated with IL-1β for 48 hours. Chondrocytes were processed for TUNEL assay as per 

manufacturer’s instruction. Around 600 cells were counted in both the samples and plotted 

as TUNEL positive cells. (E) Chondrocytes were transfected with siControl and siParkin and 

treated with IL-1β as above. Apoptotic cell death was analyzed by measuring caspase 3/7 

activities using Caspase Glo 3/7 luminescence assay system. Data is shown as mean ± SD of 

three independent experiments, each done in triplicate.
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