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Abstract

Nrf2, a redox regulated transcription factor, has recently been shown to play a role in cartilage 

integrity but the mechanism remains largely unknown. Osteoarthritis (OA) is a multifactorial 

disease in which focal degradation of cartilage occurs. Here, we studied whether Nrf2 exerts 

chondroprotective effects by suppressing the oxidative stress and apoptosis in IL-1β stimulated 

human OA chondrocytes. Expression of Nrf2 and its target genes HO-1, NQO1 and SOD2 was 

significantly high in OA cartilage compared to normal cartilage and was also higher in damaged 

area compared to smooth area of OA cartilage of the same patient. Human chondrocytes treated 

with IL-1β resulted in robust Nrf2/ARE reporter activity, which was inhibited by pretreatment 

with antioxidants indicating that Nrf2 activity was due to IL-1β-induced ROS generation. Ectopic 

expression of Nrf2 significantly suppressed the IL-1β-induced generation of ROS while Nrf2 

knockdown significantly increased the basal as well as IL-1β-induced ROS levels in OA 

chondrocytes. Further, Nrf2 activation significantly inhibited the IL-1β-induced activation of 

extrinsic and intrinsic apoptotic pathways as determined by inhibition of DNA fragmentation, 

activation of Caspase-3,-8,-9, cleavage of PARP, release of cytochrome-c, suppression of 

mitochondrial dysfunction and mitochondrial ROS production in OA chondrocytes. Nrf2 over-

expression in OA chondrocytes increased the expression of anti-apoptotic proteins while pro-

apoptotic proteins were suppressed. Importantly, Nrf2 over-expression activated ERK1/2 and its 

downstream targets-ELK1, P70S6K and P90RSK and suppressed the IL-1β-induced apoptosis 

whereas inhibition of ERK1/2 activation abrogated the protective effects of Nrf2 in OA 

chondrocytes. Taken together, our data demonstrate that Nrf2 is a stress response protein in OA 

chondrocytes with anti-oxidative and anti-apoptotic function and acts via activation of ERK1/2/

ELK1-P70S6K-P90RSK signaling axis. These activities of Nrf2 make it a promising candidate for 

the development of novel therapies for the management of OA.
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Introduction

Osteoarthritis (OA), is a leading cause of joint dysfunction in the affected population and the 

disease is characterized by progressive destruction of the articular cartilage [1]. At molecular 

level, loss of cartilage is attributed to multifactorial events including oxidative stress, 

mitochondrial dysfunction, apoptosis and associated changes in inflammatory and catabolic 

gene expression in chondrocytes-the only cell type present in the cartilage [1, 2]. Pro-

inflammatory cytokine interleukin-1β (IL-1β) is a critical player in OA pathogenesis and 

has been shown to induce oxidative stress, apoptosis and catabolic gene expression in OA 

[3]. Oxidative stress in chondrocytes occurs due to excess generation of reactive oxygen 

species (ROS) by exogenous factors such as overload, trauma, local intra-articular lesions 

and synovial inflammation [4, 5]. Recent studies have demonstrated that elevated levels of 

ROS modulates multiple signaling pathways initiated by cytokines and further amplifies 

inflammatory, catabolic and apoptotic response in chondrocytes leading to the destruction of 

cartilage matrix in OA [6]. Additionally, the magnitude of cartilage matrix damage 

positively correlates with the extent of chondrocyte apoptosis induced by pro-inflammatory 

cytokines in OA [7–9]. Since oxidative stress and apoptotic signaling pathways are integral 

component of OA pathogenesis, therefore it is reasonable to hypothesize that 

pharmacological attenuation of these pathways may be a promising approach for the 

management of OA.

The nuclear factor-erythroid 2-related factor 2 (Nrf2) is a redox-regulated transcription 

factor that orchestrates the expression of a battery of approximately 250 genes involved in a 

wide variety of cellular functions and contributes to cytoprotection against environmental 

electrophiles and oxidative stresses [10–12]. Nrf2 plays a crucial role in protection against 

the oxidative damage, hyperoxia, nitrosative stress and ER stress by inducing the expression 

of cytoprotective and antioxidant genes including Heme-Oxygenase-1 (HO-1), 

Peroxiredoxin 1 (PRDX1), Superoxide Dismutase-2 (SOD2) and elevating the intracellular 

glutathione levels [13]. Additionally, Nrf2 has been identified as an inhibitor of apoptosis in 

a number of studies including Fas-induced apoptosis [14], nitric oxide induced apoptosis 

[15] and cell death in an in vitro model of ischemia/reperfusion injury [16]. These studies 
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thus point to a beneficial role of Nrf2 activation in a wide variety of diseases generally 

associated with oxidative stress. The Nrf2-activating drug Dimethyl Fumarate (Tecfidera) 

has recently been approved by the US Food and Drug Administration (FDA) for the 

treatment of multiple sclerosis [17], in part based on its anti-oxidative and anti-apoptotic 

effects. These observations indicate that Nrf2/ARE pathway is of great interest as an 

attractive drug target for the pharmacological control of oxidative and apoptotic response in 

different cell types and organ-specific diseases. However, despite these findings, little 

attention has been given to explore its role in OA.

Recent studies have shown that activation of Nrf2 with phytochemicals suppressed the 

catabolic and inflammatory mediator’s production by chondrocytes and inhibited the 

cartilage damage in an experimental model of OA [18–24]. Other studies have shown that 

Nrf2 deficient mice had severe cartilage damage compared to wild type mice in a model of 

post-traumatic OA thereby highlighting the crucial role of Nrf2 in maintaining cartilage 

homeostasis [25]. However, the mechanism of Nrf2 mediated inhibition of cartilage damage 

was not reported and the data underlying the role of Nrf2 in maintaining cartilage 

homeostasis is completely lacking. Here, we studied how Nrf2 suppresses oxidative stress 

and inhibit apoptosis in OA chondrocytes under pathological conditions. Our results 

demonstrate that Nrf2/ARE signaling exerts chondroprotection by diminishing the oxidative 

stress and inhibiting the apoptosis via activation of ERK1/2/ELK1-P70S6K-P90RSK 

signaling axis in OA chondrocytes.

Material and Methods

Reagents

Pronase and Collagenase were from Roche Diagnostics (Indianapolis, IN). Ham’s F12 

Medium was from Lonza (Walkersville, MD). Dulbecco’s modified Eagle’s Medium 

(DMEM) and other reagents for cell culture were from HyClone Laboratories (Logan, UT). 

Recombinant human IL-1β and TdT In Situ Apoptosis Detection Kit-Fluorescein were from 

R&D Systems (St Paul, MN). Dichlorodihydrofluorescein Diacetate (H2DCF-DA), Dihydro-

Rhodamine (DHR123), PD98059 and MTT (#M2128) were from Sigma Aldrich Chemicals 

Inc (St. Louis, MO). Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit was 

purchased from Thermo Fischer Scientific. Nrf2/ARE-luciferase reporter plasmid was from 

Signosis (Santa Clara, CA). Dual-Glo® Luciferase Assay System was purchased from 

Promega (Madison, WI). Antibodies specific for p-ERK1/2, total ERK1/2, p-JNK, total 

JNK, p-P38-MAPK, total P38-MAPK, Nrf2, p-Elk1 (Ser383), p-P90RSK (Ser380), p-

MEK1/2 (Ser217/221), MEK1/2, Mcl-1, cleaved Caspase-3, cleaved PARP, Caspase-9, p-

Iκβα (Ser 32) and Iκβα were from Cell Signaling Technology (Beverly, MA). Antibodies 

specific for β-Actin, Bcl-2, Bcl-xl, Bax, Bad, Bid, Cytochrome c, Caspase-8, p-P70S6K 

(Ser411), were from Santa Cruz Biotechnology (Santa Cruz, CA). Appropriate horseradish 

peroxidase (HRP) conjugated secondary antibodies were from Cell Signaling Technology.

Human cartilage samples and isolation of chondrocytes

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

Northeast Ohio Medical University, Rootstown, Ohio and SUMMA Health System, Akron, 
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OH as a “non-human subject study under 45 CFR”. All the methods used in this study were 

carried out in accordance with the approved protocol and guidelines. Discarded and de-

identified knee cartilage samples were from donors who underwent total knee arthroplasty 

due to OA at SUMMA Health System Hospitals, Akron, OH. Normal/unaffected articular 

cartilage samples (no recorded history of arthritis) were from post mortem donors and 

obtained from the National Disease Research Interchange (NDRI), Philadelphia, PA.

Cartilage specimen were washed with sterile phosphate buffered saline (PBS) and stained 

with India ink. Areas of cartilage with a smooth articular surface (no staining with India ink) 

and area with a damaged articular surface (intense staining with India ink) were used for the 

histopathologic grading according to the Mankin scoring system [26] and the regions of the 

cartilage samples with Mankin score of 0–1 were considered unaffected and regions with a 

score of 2–3 were graded as damaged. Chondrocytes were prepared by enzymatic digestion 

of the cartilage as described previously [22, 27, 28].

Treatment of human chondrocytes with IL-1β

Primary human OA or normal chondrocytes (1×106/well of 6-well plate) were seeded in 

DMEM/F-12 mixture supplemented with 10% fetal calf serum (FCS), 100 units/ml 

Penicillin, and 100 mg/ml Streptomycin for 2–3 days after plating. At about 80% 

confluence, chondrocytes were serum starved overnight and then stimulated with IL-1β (1 

or 10 ng/ml) for indicated time points.

Over-expression and knockdown of Nrf2 in OA chondrocytes

Nrf2 over-expression plasmid (pcDNA3-EGFP-C4-Nrf2) was a gift from Yue Xiong 

(Addgene plasmid # 21549) [29]. Primary human OA chondrocytes were transfected with 

pcDNA3-EGFP-C4-Nrf2 plasmid or pcDNA3.1 empty plasmid as controls (1μg) using P3 

Primary Cell 4D-Nucleofector™ X Kit and the Amaxa Nucleofection System (Lonza, 

Walkersville, MD) as described earlier [22]. For knockdown experiments, chondrocytes 

were transfected with 100 nM Nrf2 siRNA (SMARTpool: ON-TARGETplus NFE2L2 

siRNA Dharmacon, Lafayette, CO) or MISSION® siRNA Universal Negative Controls 

(Sigma Aldrich, St. Louis, MO) using X-tremeGENE™ siRNA transfection reagent (Sigma 

Aldrich, St. Louis, MO) according to the instructions provided. Forty-eight hours later, 

chondrocytes were serum starved overnight and stimulated with IL-1β (1 or 10 ng/ml) in 

serum free medium for indicated time. Total RNA and lysates were prepared for the 

determination of gene and protein expression levels by quantitative RT-PCR and Western 

blot analysis respectively as described [22, 27, 28, 30].

Total RNA isolation and quantitative RT-PCR

Chondrocytes (1×106/well of 6-well plate) were serum starved overnight and stimulated 

with IL-1β (1 ng/ml) for 24h. Total RNA from isolated chondrocytes was prepared 

essentially as previously described [27, 30, 31] and the levels of Nrf2, HO-1, NQO1 and 

SOD2 mRNA was quantified using SYBR® green assays as previously described [27].
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Western Immunoblotting

Chondrocytes were harvested, washed with cold PBS and lysed in ice-cold RIPA buffer and 

equivalent amounts of lysate protein (20–35 μg) were resolved by 10% or 12% SDS-PAGE 

and transferred to a PVDF membrane (Bio-Rad, USA). Western blots were incubated with 

primary antibodies overnight at 4°C and were then incubated with an appropriate HRP-

conjugated secondary antibody, followed by washing thrice with TBST [27]. Blots were 

developed using Luminata Western HRP substrate (EMS Millipore) and the immunoreactive 

proteins were visualized by chemiluminescence and imaged using the Pxigel imaging 

system (Syngene, Frederick, MD).

Luciferase reporter assay

Chondrocytes were transfected with pNrf2/ARE-Luc reporter vector (LR-2016, Signosis, 

Santa Clara, CA, USA) and pRL-TK (10 nM) as internal control by Nucleofection as 

described above. Forty-eight hours later, chondrocytes were serum starved overnight and 

then stimulated with IL-1β (1 ng/ml) in serum free medium for indicated time and luciferase 

activity was measured using a Dual-Glo® Luciferase Assay System (Promega, Madison, 

WI, USA) according to the instructions provided. The luciferase reporter activity was 

normalized to the Renilla luciferase activity of the internal control.

Cell viability assay

Forty-eight hours after transfection with pcDNA3-EGFP-C4-Nrf2 vector or siRNA against 

Nrf2, human chondrocytes (40,000 cells/well of 96-well plate) were serum starved 

overnight, and then stimulated with IL-1β (10 ng/ml) for 48 h in serum free medium and 

viability was determined using the MTT assay as described earlier [27].

Estimation of apoptosis by TUNEL assay

Human OA chondrocytes transfected with the pcDNA3-EGFP-C4-Nrf2 vector or the control 

plasmid were stimulated with IL-1β (10 ng/ml) for 48 h in serum free medium and the 

extent of apoptosis was quantified using TUNEL assay as described previously [32, 33].

Measurement of Reactive Oxygen Species (ROS) levels

Basal and induced ROS levels were measured by using cell-permeable fluorogenic probes 

DHR123 and H2DCF-DA as described previously [34]. Briefly, OA chondrocytes 

transfected as above were stained with oxidation-sensitive DCFH2-DA (20 μM) or DHR123 

(5 μM) probes for 0.5 h at 37 °C and were stimulated with IL-1β (1 ng/ml) for 5 minutes 

and ROS levels were estimated by measuring the fluorescence emission due to oxidation of 

DHR123 to Rhodamine123 at 500 nm excitation and 536 nm emission or oxidation of 

H2DCF to DCF at an excitation and emission wavelengths of 485 and 525 nm respectively 

using the Synergy H1 multi-mode plate reader.

Estimation of H2O2 in the culture supernatant using Amplex Red® assay

We measured H2O2 generation in the supernatants of Nrf2 knockdown or over-expressing 

human chondrocytes stimulated with IL1β according to the manufacturer’s protocol. 

Amplex® Red reagent reacts with H2O2 in the presence of peroxidase (HRP) and produces 
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the red-fluorescent oxidation product Resorufin which was estimated by measuring the 

fluorescence at the excitation and emission wavelengths of 571 and 585 nm respectively 

using the Synergy H1 multi-mode plate reader as previously described [22].

Estimation of mitochondrial O2
− using MitoSOX

For the measurement of mitochondrial O2
−, chondrocytes treated as above were stained with 

MitoSOX ™ Red (5 μM) for 10 minutes at 37°C and O2
− generation was estimated by 

measuring fluorescence using 510 nm excitation and 580 nm emission as previously 

described [22].

Statistical Analyses

The values are presented as the Mean±SD and the difference in the values between the 

experimental groups and controls was analyzed using one-way ANOVA followed by post 

hoc analyses by the Tukey’s test. Unless otherwise stated, each experiment was repeated 

three times using chondrocytes prepared from three independent cartilage samples from 

different donors. P<0.05 was considered statistically significant.

Results

Activated Nrf2/ARE signaling was detected in human OA cartilage

To examine the potential role of Nrf2 in OA, articular cartilage from patients with OA and of 

non-OA donors was examined for the expression of Nrf2. The protein and mRNA 

expression of Nrf2 was significantly high in the cartilage of patients with OA compared to 

the levels detected in cartilage samples from non-OA donors (Figure 1A, B). Since temporal 

expression pattern of target genes is a key to determine the activity and function of a 

transcription factor, therefore, we first determined the expression of Nrf2 dependent genes 

HO-1 and SOD2. The protein and mRNA expression of HO-1 and SOD2 was considerably 

high in the articular cartilage of OA patients compared with cartilage from non-OA donors 

(P<0.05, Figure 1A, B). To further confirm these findings, we next examined the smooth and 

damaged cartilage samples from the same OA patient for the expression of Nrf2 and its 

signaling targets. The expression levels of Nrf2 and its target genes HO-1 and SOD2 were 

also significantly higher in the damaged OA cartilage compared with the levels detected in 

the smooth cartilage area from the same patients (P<0.05, Figure 1C–E). These data suggest 

that Nrf2 signaling was activated and its target genes were highly expressed in OA cartilage.

Nrf2/ARE signaling was activated in human OA chondrocytes under pathological 
conditions

To maintain the chondrogenic phenotype, chondrocytes were cultured in monolayer at high 

density (1×106/well of 6-well plate) and phenotype was determined by mRNA expression of 

chondrocyte marker genes. As shown in Supplementary Figure 1, human chondrocytes 

cultured in monolayer expressed COL2A1 and ACAN genes robustly with little or no 

expression of COL10A1 and COL1A1 at the time of analysis (Supplementary Figure 1). 

These conditions were thus maintained throughout the study.
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Since activation of Nrf2/ARE signaling was found in OA cartilage, we determined whether 

Nrf2/ARE signaling was activated in human OA chondrocytes under pathological conditions 

(stimulation with IL-1β). In OA chondrocytes transfected with the Nrf2/ARE-reporter vector 

and stimulated with IL-1β, a time-dependent increase in the activity of Nrf2 was observed 

and a significant activation was seen after 3 h of stimulation with IL-1β (P<0.05, Figure 

2A).

To explore Nrf2/ARE signaling in depth in IL-1β stimulated OA chondrocytes, we 

performed time and dose kinetics studies and results showed that in comparison to untreated 

control, treatment of OA chondrocytes with IL-1β significantly (P<0.05) increased the 

mRNA (Supplementary Figure 2A) and protein expression of Nrf2 and its signaling targets 

HO-1, NQO1 and SOD2 in a time (Figure 2B, C) and dose dependent manner 

(Supplementary Figure 2B, C). Since Nrf2 is an oxidative stress responsive transcription 

factor, therefore, we hypothesized that increase in the level of Nrf2 activity may be a 

response to oxidative stress present in OA cartilage and chondrocytes under pathological 

conditions. To test this hypothesis, we first treated the OA chondrocytes with different 

antioxidants and then determined the expression of Nrf2 and its target gene HO-1 after 

stimulation with IL-1β. The results showed that treatment with antioxidants NAC, GSH and 

DPI significantly inhibited the IL-1β-induced expression of Nrf2 and HO-1 in OA 

chondrocytes (Figure 2D). Taken together these results suggest that activation of Nrf2/ARE 

signaling in OA chondrocytes was in response to the generation of prooxidants under 

pathological conditions.

Human OA chondrocytes under pathological conditions had enhanced levels of ROS

To determine whether enhanced Nrf2 activation was due to oxidative stress in damaged OA 

cartilage and IL-1β stimulated OA chondrocytes, we monitored the extent of oxidative stress 

in chondrocytes isolated from normal cartilage and the damaged cartilage from patients with 

OA. We monitored both the basal and induced oxidative stress by measuring the ROS levels 

using oxidation-sensitive dye DHR123 and our results showed that basal level of ROS was 

significantly higher in OA chondrocytes as compared to normal chondrocytes (P<0.05, 

Figure 3A). Of importance is our finding that stimulation with IL-1β resulted in little to no 

induction of ROS in normal chondrocytes, whereas the generation of ROS was significantly 

higher in OA chondrocytes (P<0.05, Figure 3A), which probably reflects the preactivated 

state of OA chondrocytes due to the disease.

Since ROS include superoxide (O2
−) and hydroxyl radical (HO·), along with non-radical 

species such as hydrogen peroxide (H2O2), therefore, we determined the nature of ROS 

generated by IL-1β in OA chondrocytes. OA chondrocytes were pretreated with antioxidant 

enzymes including PEG-Catalase or PEG-SOD, prior to the stimulation with IL-1β and it 

was observed that IL-1β-induced increase in H2DCF-DA fluorescence was significantly 

reduced in the presence of both Catalase and SOD suggesting that IL-1β stimulation induces 

the generation of both H2O2 and O2
− in human OA chondrocytes (Figure 3B). Further, to 

identify the intracellular source of IL-1β stimulated generation of ROS, human OA 

chondrocytes were incubated with inhibitors of putative sources of ROS such as NADPH 

oxidase (DPI, 5μM), or mitochondrial complex I inhibitor (Rotenone, 10 μM). While 
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Rotenone did not have any effect, the treatment with DPI completely inhibited the IL-1β-

induced generation of ROS suggesting that NADPH oxidase (NOX) was the major source of 

ROS in IL-1β stimulated human OA chondrocytes (Figure 3C). Taken together with 

previous reports [35], our data demonstrate that enhanced NOX activity is a critical player in 

IL-1β-induced generation of high levels of ROS to induce oxidative stress in OA 

chondrocytes.

Nrf2 deficiency intensified the oxidative stress while its over-expression inhibited the 
oxidative stress in OA chondrocytes under pathological conditions

Our data shown in Figure 2D indicated that increase in Nrf2 levels in OA chondrocytes upon 

stimulation with IL-1β reflects cellular response to the induced oxidative stress. However, 

this increase in Nrf2 levels is not sufficient to fully counteract the pathogenic events induced 

by the oxidative stress in IL-1β-stimulated OA chondrocytes. We hypothesized that a 

deficiency in Nrf2-mediated antioxidant defenses plays a pivotal role in OA pathogenesis 

and therefore, over-expression of Nrf2 may alleviate the catabolic events through attenuation 

of oxidative stress in OA chondrocytes. To test this hypothesis, we employed both gain- and 

loss-of function studies of Nrf2 expression and monitored the oxidant levels in OA 

chondrocytes upon stimulation with IL-1β. Genetic ablation of Nrf2, using specific siRNA 

against Nrf2 (siNrf2) resulted in >90% depletion of mRNA and protein levels of Nrf2 and its 

signaling targets HO-1, NQO1 and SOD2 (Supplementary Figure 3A, B). Similarly, the 

ectopic expression of Nrf2 showed a significantly enhanced expression of Nrf2 and its 

downstream targets at mRNA and protein levels in OA chondrocytes (P<0.05, 

Supplementary Figure 3C, D).

We next determined whether over-expression or knockdown of Nrf2 had any effect on 

IL-1β-induced ROS levels in OA chondrocytes. Our results showed that IL-1β treatment 

significantly increased the ROS production in OA chondrocytes whereas over-expression of 

Nrf2 in OA chondrocytes suppressed the IL-1β-mediated generation of ROS (P<0.05, Figure 

4A). Interestingly, knockdown of Nrf2 enhanced the basal ROS levels and augmented the 

ROS levels induced by IL-1β in OA chondrocytes (P<0.05, Figure 4B). Since H2O2 is one of 

the major ROS produced by IL1β stimulation, we specifically measured H2O2 levels using 

Amplex® Red assay in the supernatant of OA chondrocytes with either over-expression or 

depleted expression of Nrf2. In agreement with the above data, it was observed that OA 

chondrocytes with Nrf2 over-expression had significantly less basal levels of H2O2 and 

produced less H2O2 upon stimulation with IL-1β. On the other hand, OA chondrocytes with 

depleted expression of Nrf2 had considerably enhanced basal and induced levels of H2O2 

(P<0.05, Figure 4C, D). These results indicated that increased expression and activity of 

Nrf2 in OA chondrocytes can effectively suppress IL-1β-induced ROS generation and may 

protect against oxidative stress under pathological conditions.

Enhanced expression of Nrf2 suppressed both extrinsic and intrinsic apoptotic pathways 
and increased the survival of OA chondrocytes under pathological conditions

Since degeneration of articular cartilage, a hallmark of OA pathogenesis, is primarily 

attributed to compromised chondrocyte function and survival, hence chondrocyte death due 

to induction of apoptosis is considered as a central feature in OA progression [9]. We 
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therefore, investigated the effect of Nrf2 overexpression on apoptosis induction in OA 

chondrocytes under pathological conditions. As shown previously [27], treatment with IL-1β 
for 48 h considerably reduced the viability of OA chondrocytes (Figure 5A). Interestingly, 

Nrf2 over-expression in OA chondrocytes significantly inhibited the IL-1β-mediated loss of 

viability (P<0.05, Figure 5A). In contrast, OA chondrocytes with depleted expression of 

Nrf2 showed significantly decreased viability after stimulation with IL-1β (Supplementary 

Figure 4A). The cytoprotective effect of Nrf2 was further confirmed by quantitative 

evaluation of apoptosis using TUNEL and DNA fragmentation assays and in corroboration 

with MTT data, results showed that Nrf2 over-expression significantly inhibited IL-1β-

mediated apoptosis in OA chondrocytes (P<0.05, Figures 5B, C and Supplementary Figure 

4B). Apoptosis is the culmination of sequential events executed through the formation of 

apoptosome complex, cleavage of pro-Caspase-3 into the active form, and finally the 

fragmentation of PARP. We observed that upregulation of Nrf2 expression significantly 

inhibited the formation of active Caspase-3 and fragmentation of PARP in IL-1β-stimulated 

OA chondrocytes (Figure 6A, B). These results suggest that increased expression of Nrf2 

inhibit apoptosis by suppressing the activation of Caspase-3 in OA chondrocytes under 

pathological conditions.

We next determined the molecular events of apoptosis suppression for the observed 

protective effects of Nrf2 in OA chondrocytes. Several reports on chondrocytes apoptosis in 

OA suggest the activation of signaling effectors involved in both extrinsic and intrinsic 

pathways [7–9, 36]. Extrinsic apoptotic pathways are mediated by activation of Caspase-8, 

whereas Caspase-9 occupies a central role in mediating intrinsic apoptosis [37]. Therefore, 

we explored whether Nrf2 had suppressive effects on the extrinsic or intrinsic pathways in 

IL-1β stimulated OA chondrocytes. OA chondrocytes stimulated with IL-1β showed 

cleavage of Caspase-8 and Caspase-9 suggesting the activation of both extrinsic and intrinsic 

apoptotic pathways (Figure 6A, B). Further, the over-expression of Nrf2 in OA chondrocytes 

inhibited the IL-1β induced cleavage of both Caspase-8 and Caspase-9 indicating that Nrf2 

suppresses the activation of both the extrinsic and intrinsic apoptotic pathways in OA 

chondrocytes (Figure 6A, B). We next asked how Nrf2 suppressed both the pathways of 

apoptosis in chondrocytes. Molecular crosstalk between the extrinsic and intrinsic apoptotic 

pathways require Caspase-8 mediated cleavage and activation of the Bid (BH3-interacting 

domain death agonist), the product of which tBid (truncated BID) protein is required for 

intrinsic apoptosis in some cell types [38]. Therefore, we determined whether Nrf2 had any 

effect on the cleavage of Bid in IL-1β-stimulated OA chondrocytes and our results showed 

that Nrf2 over-expression inhibited the IL-1β induced cleavage of Bid (Figure 6A, B). Taken 

together, these findings indicate that the suppression of Bid cleavage was probably due to the 

inhibition of Caspase-8 activation and thus may be a common denominator of Nrf2 mediated 

suppression of both extrinsic and intrinsic apoptotic pathways in OA chondrocytes under 

pathological conditions.

Mitochondrial depolarization has been proposed as the early event during intrinsic apoptotic 

pathway and previous studies demonstrated the impairment of mitochondrial membrane 

potential and loss of mitochondrial ATP production in IL-1β-stimulated chondrocytes [39]. 

To investigate whether Nrf2 expression had any effects on mitochondrial depolarization, we 

examined the mitochondrial dysfunction by measuring changes in mitochondrial membrane 
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potential using the mitochondria specific cationic dye JC-1. Our data showed that IL-1β 
induced a mitochondrial permeability transition (loss of Δ ψm) suggesting that 

mitochondrial damage and dysfunction are involved in IL-1β-induced apoptosis in OA 

chondrocytes (Figure 6C). Further over-expression of Nrf2 completely inhibited the IL-1β 
mediated loss of mitochondrial membrane potential in OA chondrocytes (Figure 6C). Since 

high levels of mitochondrial ROS (mtROS) initiate the molecular events leading to 

mitochondrial membrane permeabilization [40], we measured mtROS levels using a 

mitochondrial superoxide-sensitive fluorescent dye, MitoSOX™ red. While IL-1β 
stimulation resulted in enhanced generation of mtROS, over-expression of Nrf2 significantly 

inhibited the basal and induced levels of mtROS (Supplementary Figure 5A). Mitochondrial 

apoptotic pathway is further exemplified by Bax dependent release of Cytochrome c, which 

is considered as point of no return in the apoptotic death pathway [37]. We observed that 

Nrf2 over-expression significantly inhibited the IL-1β mediated release of Cytochrome-c in 

OA chondrocytes (Figure 6D and Supplementary Figure 5B). Taken together these results 

suggest that Nrf2 is a critical regulator of mitochondrial health in human OA chondrocytes 

and plays a vital role in inhibiting mitochondrial dysfunction and apoptosis implicated in 

OA pathogenesis.

Mitochondrial apoptosis is mediated through increased expression of pro-apoptotic proteins 

such as Bax and Bad which promote the formation of apoptosome consisting of 

Cytochrome-c, Caspase-9 and Apaf-1 [40]. IL-1β treatment resulted in a profound increase 

in the expression of Bax and Bad and inhibited the expression of anti-apoptotic proteins-

Bcl-2, Bcl-xl and Mcl-1 in OA chondrocytes (Supplementary Figure 5C). Importantly, over-

expression of Nrf2 reversed these effects of IL-1β in human OA chondrocytes 

(Supplementary Figure 5C). Thus, in combination with the data presented above, we 

demonstrate that Nrf2 plays a crucial role in chondroprotection by maintaining the 

mitochondria integrity and suppressing both the extrinsic and intrinsic apoptosis pathways in 

human OA chondrocytes under pathological conditions.

Nrf2 over-expression did not inhibit the activation of NF-κB in human OA chondrocytes 
under pathological conditions

Recent studies suggest that Nrf2 inhibits the transcriptional activation of NF-κB by 

preventing the degradation of IκB-α [41–43]. Therefore, we hypothesized that Nrf2 may 

exerts its protective effects through the suppression of NF-κB activation in OA chondrocytes 

under pathological conditions. Stimulation of OA chondrocytes with IL-1β has been shown 

to induce the phosphorylation and degradation of the NF-κB inhibitor IκBα [28, 44, 45]. 

Therefore, we evaluated the effect of Nrf2 over-expression on the phosphorylation and 

degradation of IκBα. Stimulation of OA chondrocytes with IL-1β caused the 

phosphorylation and degradation of IκBα within 15 minutes of treatment followed by 

reappearance of IκBα at 30 minutes (Supplementary Figure 6A). However, contrary to other 

reports [41–43], we observed that Nrf2 over-expression in OA chondrocytes results in 

phosphorylation and degradation of IκBα leading to activation of NF-κB and also prolonged 

the IL-1β-mediated activation of NF-κB upto 30 minutes (Supplementary Figure 6A). Taken 

together these results indicate the absence of cross talk between Nrf2 and NF-κB and further 
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suggest that suppressive and chondroprotective effects of Nrf2 were independent of NF-κB 

signaling pathways in OA chondrocytes under pathological conditions.

Nrf2 over-expression did not inhibit the activation of p38MAPK and JNK in human OA 
chondrocytes under pathological conditions

We next examined the involvement of MAPKs in the protective effects of Nrf2 in OA 

chondrocytes as IL-1β induced activation of p38MAPK and JNK is involved in OA 

pathogenesis [46, 47]. Expression of Nrf2 has been shown to inhibit TNF-α induced 

activation of p38 MAP kinase in endothelial cells [48]. Therefore, we determined whether 

Nrf2 mediates its chondroprotective effects through the suppression of p38MAPK activation 

by measuring the phosphorylation in IL-1β stimulated OA chondrocytes. Stimulation of OA 

chondrocytes with IL-1β resulted in the phosphorylation of p38MAPK within 15 minutes of 

treatment. However, Nrf2 over-expression did not inhibit the phosphorylation of p38MAPK, 

but instead stimulated its activation in OA chondrocytes (Supplementary Figure 6B). This 

was surprising observation as activation of p38 MAPK is recognized as primary signal for 

apoptosis in chondrocytes [49–51]. We further examined the activation of JNK and results 

showed that expression of Nrf2 did not have any effects on IL-1β mediated activation of 

JNK1/2 in IL-1β stimulated OA chondrocytes (Supplementary Figure 6B). These results 

indicated that Nrf2 exerts chondroprotective effect without involving p38MAPK and JNK 

signaling pathways in OA chondrocytes.

Nrf2 over-expression inhibited apoptosis through activation of ERK1/2 signaling in human 
OA chondrocytes under pathological conditions

It has been shown that ERK1/2 signaling is recognized as a primary survival signaling in 

chondrocytes and function as anti-apoptotic since inhibition of ERK causes cellular 

apoptosis [50, 52, 53]. Therefore, we determined the possible involvement of ERK1/2 

signaling in the observed protective effects of Nrf2 in OA chondrocytes under pathological 

conditions. The activation of ERK1/2 was examined by measuring the phosphorylation and 

results showed that IL-1β stimulation resulted in the phosphorylation of ERK1/2 within 15 

minutes followed by a slow decline in phosphorylation levels at 30 minutes in OA 

chondrocytes (Figure 7A and Supplementary Figure 6C). Interestingly, OA chondrocytes 

with over-expression of Nrf2 showed robust phosphorylation of ERK1/2 and also enhanced 

the IL-1β-mediated activation of ERK in OA chondrocytes (Figure 7A and Supplementary 

Figure 6C) with the stimulatory effect on the phosphorylation of ERK1/2 being prominent 

after 30 minutes of IL-1β stimulation (Figure 7A and Supplementary Figure 6C). To further 

elucidate the signaling pathway leading to Nrf2 mediated activation of ERK1/2, we 

examined the phosphorylation of MEK1/2 in OA chondrocytes as Ras/Raf/MEK signaling 

axis is the canonical signaling pathway for the activation of ERK [54]. However, Nrf2 

expression did not resulted in the phosphorylation of MEK1/2 in OA chondrocytes 

indicating that Nrf2 did not activate the ERK1/2 signaling through MEK1/2 and most likely 

involve an alternate mechanism of ERK activation (Figure 7A).

To further dissect the role of ERK1/2 signaling in the protective effect of Nrf2, we 

determined the activity of ERK in Nrf2 over-expressed and IL-1β stimulated OA 

chondrocytes by evaluating the activation of downstream targets. More than 150 targets of 
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ERK are known in mammalian cells, we focused on the effector molecules having anti-

apoptotic roles [54]. The ERK downstream target p70S6 kinase and p90 ribosomal S6 kinase 

(RSK) are involved in the inhibition and down regulation of pro-apoptotic protein BAD and 

Bim [54–56]. Corresponding with temporal activation of ERK, our results showed that over-

expression of Nrf2 increased the ERK activity as judged from the levels of p-ELK1, p-

P70S6K and p-P90RSK in OA chondrocytes (Figure 7A). To further substantiate the role of 

ERK1/2 signaling in chondroprotective effects of Nrf2, a pharmacological inhibitor of ERK 

(PD98059) was used in Nrf2 over-expressed chondrocytes which effectively inhibited the 

phosphorylation of ERK1/2 (Figure 7B). Results of TUNEL assay showed that inhibition of 

ERK1/2 in IL-1β stimulated OA chondrocytes significantly abrogated the protective effects 

of Nrf2 (Figure 7C). All together, these results suggest that activated Nrf2 is an effective 

inhibitor of IL-1β mediated apoptosis through the activation of ERK1/2 signaling in OA 

chondrocytes.

Discussion

Oxidative stress due to perturbations in cellular redox status is an established risk factor in 

the pathogenesis of OA and likely mediates the effects of emerging, less well-defined 

variables that contribute to residual risk not explained by traditional factors [57]. Inside the 

cell, high levels of ROS are derived from many sources including mitochondria, xanthine 

oxidase, uncoupled nitric oxide synthases and NADPH oxidase [58]. In addition to 

generalized oxidation resulting in cell dysfunction, necrosis or apoptosis, ROS also induce 

specific post-translational modifications that alter the function of important cellular proteins 

and signaling pathways. The Nrf2/ARE signaling pathway is mainly responsible for cellular 

defense against oxidative stress and maintaining the cellular redox balance at physiological 

levels. The relation between Nrf2/ARE signaling and regulation of apoptosis and oxidative 

stress in osteoarthritis is not understood. Towards this goal, in the present study we analyzed 

the mechanisms underlying Nrf2 mediated chondroprotection under pathological and 

oxidative stress microenvironment. We employed an in vitro cellular model of chondrocyte 

dysfunction and death by treating human chondrocytes, the only resident cell type present in 

the cartilage, with IL-1β, a critical player in the induction and the pathogenesis of OA. Our 

results provide considerable evidence that the chondroprotective effects of Nrf2 were 

mediated through the suppression of molecular events involved in oxidative stress and 

apoptosis in OA chondrocytes. In the present study, we show for the first time that Nrf2 

exerts potent anti-apoptotic effects through the activation of ERK1/2/ELK-1-P70S6K-

P90RSK signaling axis in human OA chondrocytes under pathological conditions. These 

results also identify the Nrf2/ARE signaling as an endogenous chondroprotective system for 

protection against the prooxidants mediated cellular dysfunction and suppression of 

apoptotic events suggesting that targeting the Nrf2/ARE pathway may represent a novel 

therapeutic approach for the maintenance of cartilage integrity and suppressing disease 

progression in OA.

Increasing evidence supports a key role that oxidative stress play in OA pathogenesis, as 

increased levels of oxidized molecule such as TBARS (thiobarbituric acid reactive 

substances), oxidized nucleotide 8-oxoguanine and decreased levels of antioxidants 

including ascorbic acid, GSH, catalase and GPx were reported in OA patients [4, 59]. 
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Oxidative stress disturbs intracellular signaling involved in the regulation of multiple events 

associated with OA pathogenesis including chondrocyte senescence and apoptosis, ECM 

synthesis and degradation, synovial inflammation and dysfunction of the subchondral bone 

[6]. We have shown that the expression and activity of the oxidative stress responsive 

transcription factor Nrf2 was increased in the damaged cartilage and chondrocytes isolated 

from the damaged area of the OA cartilage compared to chondrocytes prepared from the 

normal cartilage or the unaffected cartilage of the same patients (Figure 1A–E, 2A–C). 

These findings were in agreement with earlier studies where increased expression of Nrf2 

was observed in the affected joints of arthritic mice and patients with rheumatoid arthritis 

[60]. The increased Nrf2 expression and activity may represent a self-adaptive mechanism of 

chondrocytes to cope with and survive in the disease microenvironment characterized by 

increased levels of inflammatory molecules and oxidative stress. We have provided 

experimental evidence to support this hypothesis and our data showed that increased Nrf2 

activity in IL-1β stimulated chondrocytes was significantly suppressed by treatment with 

antioxidants suggesting that Nrf2 activation in OA chondrocytes and cartilage was response 

to oxidative stress (Figure 2D). Further, Nrf2 activation upon stimulation with IL-1β might 

also be the result of activation of upstream MAPK as increased ERK1/2 activity were 

reported in IL-1β-stimulated OA chondrocytes (Figure 7A) [45]. However, the intrinsic 

activity of Nrf2 in OA cartilage and IL-1β-stimulated OA chondrocytes is not sufficient to 

fully encounter the catabolic events associated with OA pathogenesis, our data suggest that a 

deficiency imposed by the suppression of Nrf2 expression and activity in chondrocytes 

under pathological conditions plays a significant role in OA pathogenesis and therefore 

pharmacological interventions to enhance expression and activity of Nrf2 would be an 

efficient and effective therapeutic strategy for the management of OA.

Targeting oxidative stress by stimulation of endogenous antioxidants through activation of 

Nrf2/ARE signaling to make their own natural antioxidants seems to be more promising as 

these become available locally inside the cells to reduce the level of ROS. Activation of Nrf2 

signaling leads to induction of several antioxidants effectors and cytoprotective genes such 

as SOD2, Catalase, and HO-1 that have been shown to inhibit OA pathogenesis. A recent 

study showed that HO-1 induction reduced the severity of OA like changes in two distinct 

mouse models of OA [61]. Additional studies using phytochemicals and polyphenols 

including Wogonin, Plumbagin, Sesamin, Protandim and 6-Gingerol also reported similar 

findings where induction of endogenous antioxidants defenses through the activation of Nrf2 

signaling exerted chondroprotective and disease suppressing effects in experimental models 

of OA [18, 20–23]. Collectively, these data support the notion that activation of Nrf2/ARE 

signaling is a powerful tool for the restoration of the redox status of OA chondrocytes that is 

protective under pathological conditions.

Compromising the chondrocyte function and survival would lead to the failure of articular 

cartilage leading to OA, therefore loss of chondrocytes survival due to induction of apoptosis 

is considered a central feature in OA progression [7]. However, signaling pathways involved 

in chondrocytes apoptosis are not characterized in detail and further it is not known whether 

chondrocyte apoptosis is the inducer of cartilage degeneration or a byproduct of cartilage 

destruction. Therefore, characterization of novel pathways involved in chondrocytes 

apoptosis leading to cartilage disintegration is of importance for the effective management of 
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OA. Present study was undertaken to characterize the molecular pathways involved in 

chondrocytes apoptosis using IL-1β stimulated OA chondrocytes as a cellular model because 

this model closely resembles chondrocytes damage in OA [1, 27]. We found that treatment 

of OA chondrocytes with IL-1β activated both the extrinsic and intrinsic apoptotic pathways 

as evidenced by activation Caspase-8, -9 and -3 and cleavage of PARP (Figure 6A). Our data 

supports the earlier findings which demonstrated that treatment of bovine chondrocytes with 

IL-1 results in induction of apoptosis [8]. Our findings support the recent studies where 

treatment with IL-1β activated Caspase-3 and cleavage of PARP was observed in 

chondrocytes [62, 63]. In addition, our data extend the knowledge by demonstrating that 

IL-1β-induced apoptosis was associated with loss of mitochondrial membrane potential and 

induction of mtROS generation (Supplementary Figure 5A) and provide further 

experimental support to an earlier finding where mitochondrial dysfunction was reported in 

OA [64]. In our studies, release of cytochrome-c further substantiated the role of 

mitochondrial dysfunction in IL-1β-mediated intrinsic apoptosis in OA chondrocytes (Figure 

6D and Supplementary Figure 5B). Similar to previous reports in rat chondrocytes [59], we 

also observed that IL-1β treatment resulted in increased expression of Bax and decreased 

levels of Bcl2 in human OA chondrocytes (Supplementary Figure 5C) [62]. However, in 

addition to these effector molecules, our study also demonstrated for the first time the 

involvement of Bad and Bid proteins as pro-apoptotic and Bcl-xl and Mcl-1 as anti-apoptotic 

proteins in IL-1β-stimulated human chondrocytes (Supplementary Figure 5C). Our data thus 

identify the molecular effectors involved in chondrocytes apoptosis, which is controlled by 

multiple signaling players and involves cross talk between these regulatory molecules.

Recent highlights on the role of Nrf2 activation in the suppression of apoptosis have been 

described in periodontal ligament stem cells (PDLSCs), THP-1-derived macrophage and 

ethanol induced apoptosis in H9C2 cardiomyocytes and PC12 cells [65–68]. Here, we 

undertook a detailed investigation of the role of Nrf2 in the suppression of apoptosis in OA 

chondrocytes using an Nrf2 expression vector, as genetic over-expression is more specific 

than pharmacological activation. Our results showed that Nrf2 over-expression effectively 

diminished TUNEL staining, reduced PARP cleavage and decreased the activation of 

Caspase-3, Caspase-8, and Caspase-9 in IL-1β-stimulated OA chondrocytes (Figure 5B, C 

and 6A). A recent report demonstrated that Nrf2 activation exerts anti-apoptotic effects by 

upregulating the levels of Bcl-2, in addition to downregulating Bax and c-fos expression in a 

different cell type [67]. In agreement with this study, we found that Nrf2 over-expression 

inhibited the expression of pro-apoptotic proteins Bax, Bad and Bid and upregulated the 

expression of anti-apoptotic proteins Bcl2, Bcl-xl and Mcl-1 in IL-1β-stimulated human OA 

chondrocytes (Supplementary Figure 5C). These data provide experimental support to the 

previously reported findings by demonstrating that the activation of Nrf2 inhibits stress 

induced apoptosis and increase cell survival by enhancing the expression of Bcl-2 [69]. We 

next examined the role of Nrf2 in maintaining the mitochondrial homeostasis which is 

known be disrupted in OA. Our data extend the previous findings on mitochondrial function 

in OA [70] by demonstrating that expression of Nrf2 improved the mitochondrial health and 

suppressed apoptosis by downregulating the mtROS production, preventing mitochondrial 

dysfunction and inhibited the release of cytochrome-c from mitochondria to cytosol (Figure 

6C, D and Supplementary Figure 5A, B).
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Nrf2 expression has been shown to inhibit NF-κB and p38 MAP kinase, the known 

therapeutic targets of OA [48]. Our data rule out the possible involvement of NF-κB and p38 

MAPK signaling in the observed protective effect of Nrf2 and goes a step further and 

suggests that the anti-apoptotic effect of Nrf2 was exerted independent of NF-κB and p38 

MAP kinase signaling pathways in OA chondrocytes (Supplementary Figure 6A, B). Earlier 

reports suggested that ERK1/2 functions as an inhibitory signal for apoptosis and further 

promote the maintenance of chondrocyte phenotype [50]. Pharmacological activation of 

ERK1/2 using Curcumin was shown to be protective by suppressing the IL-1β-mediated 

apoptosis in primary chondrocytes [52]. Our data demonstrated that increased Nrf2 

expression resulted in increased phosphorylation of ERK1/2 and its downstream targets 

ELK1, P70S6K and P90RSK (Figure 7A). Our data further revealed that increased kinase 

activity of ERK1/2 was not mediated through the activation of the upstream kinase MEK1/2 

in OA chondrocytes (Figure 7A). Our findings of ERK1/2 activation and inhibition of 

apoptosis in chondrocytes with over expression of Nrf2 are similar to previous reports in 

other cell types where ERK1/2 mediated activation of Nrf2 prevented apoptosis induced by 

6-Hydroxydopamine in neuroblastoma cells [71]. Thus, this study for the first time 

demonstrated that increased expression of Nrf2 in human OA chondrocytes resulted in 

coordinated and temporal activation of ERK1/2 and inhibition of apoptosis under 

pathological conditions.

In conclusion, our study shows for the first time that Nrf2 plays a pivotal role in protecting 

OA chondrocytes against IL-1β-induced redox imbalance and apoptotic death and 

subsequently improves the chondrocytes survival by preventing the mitochondrial damage 

and dysfunction under pathological conditions. Furthermore, we characterized the role of 

extrinsic and intrinsic signaling events involved in chondrocytes apoptosis in vitro under 

pathological conditions. Our data provide strong evidence that Nrf2 exerts chondroprotective 

effect by repressing oxidative stress and apoptosis through inhibition of extrinsic and 

intrinsic pathways, suppression of pro-apoptotic and expression of anti-apoptotic proteins 

via activation of ERK1/2/ELK1-P70S6K-P90RSK signaling axis in human OA 

chondrocytes (Fig. 8). These findings suggest that approaches to induce Nrf2/ARE signaling 

have the potential to be developed as a novel therapeutic approach for the management of 

OA.
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Highlights

• Nrf2/ARE signaling is activated in OA cartilage compared with cartilage from 

healthy donors.

• Nrf2 overexpression suppresses IL-1β-mediated ROS generation in OA 

chondrocytes.

• Ectopic expression of Nrf2 inhibits apoptotic signaling in OA chondrocytes 

under pathological conditions.

• Expression of Nrf2 suppresses mitochondrial dysfunction in IL-1β-stimulated 

OA chondrocytes.

• Nrf2 exerts chondroprotection through activation of ERK1/2/ELK1-P70S6K-

P90RSK signaling axis.
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Figure 1. Nrf2/ARE signaling was activated in articular cartilage of patients with OA
Cartilage from OA patients and healthy donors was processed for lysate preparation or RNA 

isolation using method described in method section. (A) Protein expression of Nrf2 and its 

signaling target HO-1 and SOD2 was investigated by immunoblotting using antibodies 

against indicated protein. β-actin was used as a control for equal loading. Fold change 

relative to β-actin for the expression these proteins were quantified by measuring specific 

signal intensities using ImageJ software. Immunoblot results are representatives of three 

blots performed on samples obtained from three individuals. *p≤0.05, as compared to 

normal cartilage. (B) Expression of Nrf2, HO-1 and SOD2 was measured by quantitative 

PCR using SYBR® green assay (Life Technologies). β-actin was used as endogenous 

expression control. (C–E) RNA was isolated from damaged or smooth cartilage for same 

patients and mRNA levels of (C) Nrf2, (D) HO-1 and (E) SOD2 were determined by 

SYBR® green assay (Life Technologies). Each symbol represents a single patient and 

horizontal lines shows the mean value of expression levels in the indicated number of 

samples. Bar graph represents mean±SD from three subjects. *p≤0.05, as compared to 

normal cartilage or smooth cartilage.
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Figure 2. Nrf2/ARE signaling was activated in human OA chondrocytes under pathological 
conditions
Primary human chondrocytes were isolated from cartilage of OA patients. (A) Nrf2/ARE 

luciferase reporter vector was transfected in OA chondrocytes and 48 hours later, 

chondrocytes were stimulated with IL-1β (1 ng/ml) for indicated time and luciferase activity 

was measured by Dual-Glo® reporter assay. Renilla luciferase was cotransfected for 

normalization purposes. Values are the mean±SD of 2 experiments each performed in 

triplicate. (B–C) Human OA chondrocytes were stimulated with IL-1β (1 ng/ml) for 

indicated time. At the end of treatment, chondrocytes were harvested and cell lysates were 

prepared using RIPA buffer for immunoblot analysis. (B) Protein expression of Nrf2, HO-1, 

NQO1 and SOD2 was investigated by immunoblotting using antibodies against indicated 

protein. β-actin was used as a control for equal loading. Immunoblot results are 

representatives of three blots performed on samples obtained from three individuals. (C) 
Fold change relative to β-actin for the expression these proteins were quantified by ImageJ 

software. *p≤0.05, as compared to control. (D) Human OA chondrocytes were pre-treated 

with anti-oxidants-NAC(10 mM) or GSH (10 mM) or DPI (5μM) for 2 h followed by 

treatment with IL-1β (1 ng/ml) for 16 h and RNA were isolated from harvested 

chondrocytes and expression of Nrf2 and HO-1 was measured by quantitative PCR using the 

SYBR® green assay (Life Technologies). β-actin was used as endogenous expression 

control. Bar graph represents mean±SD from three subjects. *p≤0.05, as compared to 

control, # ≤0.05, as compared to IL-1β.
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Figure 3. Oxidative stress was enhanced in human OA chondrocytes under pathological 
conditions
(A) Chondrocytes isolated from cartilage obtained from OA patients and healthy individuals 

were stained with DHR123 (5 μM) for 0.5 h at 37°C, and stimulated with IL-1β (1 ng/ml) 

for indicated time and ROS generation was estimated by measuring fluorescence emission at 

535 nm. Bar graph showing relative fluorescence levels was calculated with respect to 

untreated control. Data points represent mean±SD from four replicates. *p≤0.05, as 

compared to untreated control OA chondrocytes, # ≤0.05, as compared to OA chondrocytes 

in each respective groups. (B) OA chondrocytes were incubated with PEG-catalase (1000 

unit/ml) or PEG-SOD (200 unit/ml) for 1 h, stained with H2DCF-DA (20 μM) for 0.5 h at 

37°C and then stimulated with IL-1β (1 ng/ml) for 30 minutes at 37°C. Fluorescence 

emission was measured at 535 nm using Synergy H1 multi-mode plate reader. Bar graph 

shows arbitrary fluorescence units indicating ROS levels. (C) Chondrocytes were incubated 

with DPI (5 μM) or Rotenone (10 μM) for 2 h, stained with H2DCF-DA (20 μM) for 0.5 h at 

37°C and then stimulated with IL-1β (1 ng/ml) for 30 minutes at 37°C and ROS levels were 

estimated by measuring the fluorescence emission at 535 nm using Synergy H1 multi-mode 

plate reader. Data points represent mean±SD of four replicates from a representative 

experiment and three such independent experiments were carried out. *p≤0.05, as compared 

to control, # ≤0.05, as compared to IL-1β.
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Figure 4. Nrf2 over-expression in OA chondrocytes inhibited oxidative stress while its deficiency 
intensified the oxidative stress under pathological conditions
Human OA chondrocytes were transfected with siRNA specific for Nrf2 (siNrf2, 100 nM) or 

negative controls siRNA (siCNT, 100 nM) using X-tremeGENE™ siRNA transfection 

reagent or transfected with Nrf2 expression plasmid (pNrf2, 1μg) or pcDNA3.1 as control 

plasmid (1μg) using P3 Primary Cell 4D-Nucleofector™ X Kit on 4D on Amaxa 

Nucleofection System. (A, B) Forty-eight hours after the transfection with (A) siRNA or (B) 

expression vector, OA chondrocytes were stained with DHR123 (5 μM) for 0.5 h at 37°C, 

and stimulated with IL-1β (1 ng/ml) for 30 minutes at 37°C and ROS generation was 

estimated by measuring fluorescence emission at 535 nm. Bar graph shows arbitrary 

fluorescence units indicating ROS levels. (C–D) Forty-eight hours after the transfection with 

(C) siRNA or (D) expression vector, OA chondrocytes were stained with stimulated with 

IL-1β (1 ng/ml) for 30 minutes at 37°C, supernatants were collected and generation of H2O2 

in the supernatant was estimated using Amplex red assay as described in method section. 

Data points represent mean±SD of three replicates from a representative experiment and 

three such independent experiments were carried out.*p≤0.05, as compared to control, # 

≤0.05, as compared to IL-1β.
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Figure 5. Nrf2 over-expression inhibited apoptosis in OA chondrocytes under pathological 
conditions
Human OA chondrocytes were transfected with Nrf2 expression plasmid (pNrf2, 1μg) or 

pcDNA3.1 as control plasmid (1μg) using P3 Primary Cell 4D-Nucleofector™ X Kit on 4D 

on Amaxa Nucleofection System. Forty-eight hours after the transfection, OA chondrocytes 

were serum starved and then stimulated with or without IL-1β (10 ng/ml) for 48 h. (A) Cell 

viability was measured by MTT assays using method described in method sections. 

Unstimulated chondrocytes were served as control and viability was expressed relative to 

control cells. Data point was expressed as a mean ± SD of two replicates from a 

representative experiment and three such independent experiments were carried out. 

*p≤0.05, as compared to pcDNA (control), # ≤0.05, as compared to pcDNA+IL-1β group. 

(B) Apoptosis was estimated by TUNEL assay as described in method section. Flow 

cytometric histograms showing percent TUNEL positive chondrocytes were shown. Twenty 

thousand cells in each group were acquired using a flowcytometer and percent apoptosis was 

calculated using flow Jo software and expressed as a mean±SD of three replicates from a 

representative experiment and three such independent experiments were carried out. (C) 

Apoptosis was visualized by DNA fragmentation assay as described in method section and 

DNA samples were electrophoresed in 1.8% agarose gel and DNA fragmentation pattern in 

control and simulated groups were visualized by EtBr staining. Results are representatives of 

three experiments performed on samples obtained from three individuals.
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Figure 6. Nrf2 over-expression inhibited both extrinsic and intrinsic apoptotic pathways in OA 
chondrocytes under pathological conditions
Human OA chondrocytes were transfected with Nrf2 expression plasmid (pNrf2, 1μg) or 

pcDNA3.1 as control plasmid (1μg) using P3 Primary Cell 4D-Nucleofector™ X Kit on 4D 

on Amaxa Nucleofection System. Forty-eight hours after the transfection, OA chondrocytes 

were serum starved and then stimulated with or without IL-1β (10 ng/ml) for 48 h. (A). At 

end of treatment, cell lysates were prepared using RIPA buffer and protein levels of cleaved 

caspase-3, cleaved caspase-8, pro-caspase-9, cleaved PARP and Bid were investigated by 

immunoblotting using antibodies against indicated protein. β-actin was used as a control for 

equal loading. Immunoblot results are representatives of three blots performed on samples 

obtained from three individuals. (B) Fold change relative to β-actin for the expression these 

proteins were quantified by measuring specific signal intensities using ImageJ software. 

*p≤0.05, as compared to pcDNA, # ≤0.05, as compared to pcDNA+IL-1β. (C) After 

transfection, OA chondrocyte were stimulated IL-1β (1 ng/ml) for 30 minutes at 37°C and 

then stained with JC-1 (2.5 μM) and mitochondrial membrane potential loss was measured 

by ratio of red to green fluorescence. Values were expressed relative to unstimulated control 

and graph shows mean ± SD of four replicates from a representative experiment and three 

such independent experiments were carried out. *p≤0.05, as compared to control, # ≤0.05, as 

compared to IL-1β. (D) Cytosolic lysates were prepared after 48 h of IL-1β (10 ng/ml) 

stimulation in transfected chondrocytes and levels of cytosolic cytochrome-c was estimated 

by immunoblotting using validated antibody. β-actin was used as a control for equal loading. 

Immunoblot results are representatives of three blots performed on samples obtained from 

three individuals.
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Figure 7. Nrf2 over-expression activated ERK1/2 signaling in human OA chondrocytes under 
pathological conditions
Human OA chondrocytes were transfected with Nrf2 expression plasmid (pNrf2, 1μg) or 

pcDNA3.1 as control plasmid (1μg) using P3 Primary Cell 4D-Nucleofector™ X Kit on 4D 

on Amaxa Nucleofection System. Forty-eight hours after the transfection, OA chondrocytes 

were serum starved and then stimulated with or without IL-1β (10 ng/ml) for 15 and 30 

minutes at 37°C (A–C). At end of treatment, cell lysates were prepared using RIPA buffer 

and immunoblotting was performed to detect the protein levels of (A) p-ERK1/2 (Thr180/

Tyr182), total ERK1/2, p-MEK1/2 (Ser217/221), total MEK1/2, p-ELK-1 (Ser383), p-

P70S6K (Ser411), p-P90RSK (Ser380). β-actin was used as a control for equal loading. 

Immunoblot results are representatives of three blots performed on samples obtained from 

three individuals. (B–C) At end of transfection, chondrocytes were treated with ERK 

inhibitor PD98059 (30 μM) for 2 h and then stimulated with IL-1β (10 ng/ml) for (B) 15 

minutes and (C) 16 h at 37°C and processed for (B) immunoblotting with p-ERK1/2 and 

total ERK1/2 and (C) TUNEL assay as described in method section. Bar graph shows mean

±SD of three replicates from a representative experiment and three such independent 

experiments were carried out. *p≤0.05, as compared to pcDNA, # ≤0.05, as compared to 

pcDNA+IL-1β, $≤0.05, as compared to pNrf2+IL-1β.
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Figure 8. Schematic representation of proposed mechanism of Nrf2/ARE mediated protective 
effects in human OA chondrocytes
Nrf2 plays a pivotal role in protecting osteoarthritis chondrocytes against IL-1β-induced 

oxidative stress and apoptotic events through inhibition of extrinsic apoptosis (caspase-8) 

and intrinsic apoptotic pathways (caspase-9 and 3), mitochondria dysfunction, release of 

cytochrome-c in cytosol, expression of pro-apoptotic proteins-Bax and Bad and stimulation 

of anti-apoptotic proteins-Bcl-2, Bcl-xl and Mcl-1 via activation of ERK1/2/ELK1-P70S6K-

P90RSK signaling axis in human OA chondrocytes.
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