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Abstract

Osteoarthritis (OA), characterized by progressive destruction of articular cartilage, is the most 

common form of human arthritis. Here, we evaluated the potential chondroprotective and anti-

inflammatory effects of Wogonin, a naturally occurring flavonoid, in IL-1β-stimulated human OA 

chondrocytes and cartilage explants. Wogonin completely suppressed the expression and 

production of inflammatory mediators including IL-6, COX-2, PGE2, iNOS and NO in IL-1β-

stimulated OA chondrocytes. Further, Wogonin exhibits potent chondroprotective potential by 

switching the signaling axis of matrix degradation from catabolic towards anabolic ends and 

inhibited the expression, production and activities of matrix degrading proteases including 

MMP-13, MMP-3, MMP-9, and ADAMTS-4 in OA chondrocytes, and blocked the release of s-

GAG and COL2A1 in IL-1β-stimulated OA cartilage explants. Wogonin also elevated the 

expression of cartilage anabolic factors COL2A1 and ACAN in chondrocytes and inhibited the 

IL-1β-mediated depletion of COL2A1 and proteoglycan content in the matrix of cartilage 

explants. The suppressive effect of Wogonin was not mediated through the inhibition of MAPKs 

or NF-κB activation. Instead, Wogonin induced mild oxidative stress through the generation of 

ROS and depletion of cellular GSH, thereby modulating the cellular redox leading to the induction 

of Nrf2/ARE pathways through activation of ROS/ERK/Nrf2/HO-1-SOD2-NQO1-GCLC 

signaling axis in OA chondrocytes. Molecular docking studies revealed that Wogonin can disrupt 

KEAP-1/Nrf-2 interaction by directly blocking the binding site of Nrf-2 in the KEAP-1 protein. 

Genetic ablation of Nrf2 using specific siRNA, significantly abrogated the anti-inflammatory and 

chondroprotective potential of Wogonin in IL-1β-stimulated OA chondrocytes. Our data indicates 

that Wogonin exerts chondroprotective effects through the suppression of molecular events 
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involved in oxidative stress, inflammation and matrix degradation in OA chondrocytes and 

cartilage explants. The study provides novel insights into the development of Nrf2 as a promising 

candidate and Wogonin as a therapeutic agent for the management of OA.
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Introduction

Osteoarthritis (OA), the most prevalent form of arthritis, is a multifactorial disease and the 

major contributory factors are aging, age related mitochondrial dysfunction, oxidative stress 

and associated changes in inflammatory and catabolic gene expression in articular 

chondrocytes [1, 2]. Accumulating evidence indicates that inflammation plays a critical role 

in the pathogenesis of OA [3]. Interleukin-1β (IL-1β), a pro-inflammatory cytokine, plays a 

pivotal role in OA pathogenesis and triggers the production and secretion of inflammatory 

and catabolic factors associated with OA pathogenesis [4]. The cartilage degradation in OA 

results from disruption of metabolic homeostasis due to excess production of matrix 

degrading proteases including matrix metalloproteinases (MMPs) and aggrecanases [5]. 

Management of OA is difficult as current treatment options for preventing or slowing the 

development of OA are mostly ineffective and patients undergo the costly surgical 

intervention for joint arthroplasty. Thus, efforts to elucidate new molecules and mechanism 

that can be utilized in the management of OA are of utmost importance. The phytochemicals 

isolated from medicinal plants rich in flavonoids and polyphenols have been suggested as 

alternative and complementary therapies because of their minimal side effects, cost effective 

and local availability [6].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), is a redox sensitive transcription factor 

that regulates the antioxidant defense system through a battery of cytoprotective genes in 

response to electrophilic and oxidative stresses [7]. Nrf2 regulate the expression of 

antioxidant, phase 2 detoxifying genes (such as superoxide dismutase (SOD-2) and 

NAD(P)H: quinone oxidoreductase (NQO1)) and stress response genes (for example, heme 

oxygenase-1(HO-1)) through consensus cis-elements called antioxidant-response elements 

(AREs). Activation of Nrf2/ARE has been shown to confer protection against various 

inflammatory stimuli, and oxidative stress associated diseases [8]. A recent study using 

histone deacetylase inhibition showed that activation of Nrf2 protect against OA [9]. Further, 

in an experimental model of OA, Nrf2-knockout mice displayed more severe cartilage 

damage than wild-type mice suggesting that Nrf2 activation has chondroprotective potential 

[9]. Some phyotchemicals rich in polyphenols and flavonoids have been reported to protect 

against cellular and tissue injury through activation of Nrf2 and induction of HO-1 and other 

cytoprotective enzymes [10–12]. Based on these reports, we hypothesized that Nrf2 

activation using natural flavonoid might protect against OA related inflammatory and 

catabolic changes in human OA chondrocytes and cartilage explants under pathological 

condition in vitro.
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Wogonin (5, 7-dihydroxy-8-methoxyflavone), a naturally occurring flavonoid derived from 

the root extract of Scutellaria baicalensis, has been traditionally used in the treatment of 

inflammatory diseases [13]. The anti-inflammatory effect of Wogonin is known to be 

mediated through suppression of iNOS and COX-2 expression [13, 14]. Additionally, 

Wogonin has been shown to inhibit the inflammation associated colorectal carcinogenesis 

through suppression of NF-κB and activation of Nrf2 signaling pathways in HCT116 cells 

and THP-1 cells [15]. Further, a recent study showed that Wogonin inhibited the expression 

of MMP-3 in rabbit articular chondrocytes [16]. However, the chondroprotective effects of 

Wogonin have not been explored in detail and the data concerning the mechanisms 

underlying the potential chondroprotective actions of Wogonin is lacking. Therefore, the 

present study was undertaken to examine the anti-inflammatory and chondroprotective effect 

of Wogonin using OA chondrocytes and investigate its mechanisms. Our results demonstrate 

that Wogonin inhibited the IL-1β induced inflammatory and catabolic responses through the 

induction of Nrf2/ARE pathways via activation of ROS/ERK/Nrf2/HO-1-SOD2-NQO1 

signaling axis in human OA chondrocytes.

Material and Methods

Reagents

Dulbecco’s modified Eagle’s medium (DMEM) and other reagents for cell culture were 

purchased from HyClone Laboratories (Logan, UT, USA). Ham’s F12 Medium was 

purchased from Lonza (Walkersville, MD, USA). Pronase and Collagenase were from 

Roche Diagnostics (Indianapolis, IN, USA). Wogonin was purchased from Extrasynthese 

(Genay Cedex, France). Recombinant human IL-1β, anti-COX-2 antibody and PGE2 and 

IL-6 ELISA kit were from R&D Systems (St Paul, MN, USA). Dichlorodihydrofluorescein 

diacetate (H2DCF-DA), fluorescein diacetate (FDA), dihydro-rhodamine (DHR123), 

propidium iodide (PI) were procured from Sigma Aldrich Chemicals Inc. (St. Louis, MO, 

USA). Antibodies specific for p-ERK1/2, ERK1/2, p-JNK, JNK, p-P38, P38, Nrf2, p-PI3K, 

p-AKT, p-GSK3β and Iκβα were purchased from Cell Signaling Technology (Beverly, 

MA). Antibodies specific for β-Actin, MMP-13, MMP-3, MMP-9, IL-6, iNOS, and 

COL2A1 were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Appropriate 

horseradish peroxidase conjugated secondary antibodies were from Cell Signaling 

Technology (#7074) or Santa Cruz Biotechnology (sc-2020).

Preparation of primary human OA chondrocytes

Prior to the initiation of the studies 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” and that no informed consent was needed. 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 or hip joint cartilage samples 

were collected through the NIH supported National Disease Research Interchange (NDRI) 

per the IRB approved protocol.
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The unaffected areas of the cartilage were used to prepare OA chondrocytes by enzymatic 

digestion as described previously [17, 18]. OA cartilage was examined for histopathology 

grading according to Mankin scoring system [19]. In this system the scores are defined as 

follows: 0=Normal, 1=Superficial fibrillation, 2=Pannus and superficial fibrillation, 

3=Fissures to the middle zone, 4=Fissures to the deep zone and 5=Fissures to the calcified 

zone. We have used OA cartilage with Mankin score of 1 for the preparation chondrocytes in 

the present study. To maintain the chondrogenic phenotype, chondrocytes were seeded at 

high density (1×106/well of 6-well plate). Further to confirm the phenotype at the time of 

analysis, the mRNA expression of chondrocytes phenotype markers COL2A1, ACAN, and 

COL10A1 was analyzed by real time PCR.

Treatment of primary human OA chondrocytes with Wogonin and IL-1β

Primary human OA chondrocytes (1×106/well of 6-well plate) were seeded in Dulbecco’s 

modified Eagle’s medium/Nutrient Mixture F-12 (DMEM/F-12) 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, OA chondrocytes were serum starved overnight and 

were then treated with different concentration of Wogonin for 2 h followed by stimulation 

with IL-1β (1 ng/ml). Chondrocytes treated with 0.1% DMSO served as control.

Cell viability assay

Primary human OA chondrocytes (20,000 cells/well of 96-well plate), were serum starved 

overnight, and then treated with Wogonin (10–50 μM) for 24 h in serum free medium and 

viability was determined using MTT assay using method described earlier [17].

Estimation of apoptosis by PI staining

Chondrocytes (1×106/well of 6-well plate) were treated with Wogonin (50 μM) for 24 h and 

Wogonin induced chondrocytes apoptosis were estimated by PI staining as described 

previously [20]. A total of 20,000 cells were acquired in BDAccuri C6 Flowcytometer and 

percent apoptotic cells were determined by analyzing a sub-G1 population (<2 n DNA 

content) using FlowJo software.

Reactive oxygen species (ROS) measurement

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

DHR123 and (H2DCF-DA) as described previously [21, 22]. To detect intracellular ROS, 

OA chondrocytes (0.5×106/well of 12-well plate) were stained with 20 μM oxidation-

sensitive (DCFH2-DA) for 0.5 h at 37 °C and were further treated with Wogonin (10–50 μM) 

or vehicle for 1 h. To ascertain the contribution of H2O2 and O2
− to Wogonin-mediated 

increase in ROS, chondrocytes were treated with catalase (1000 units/ml) or SOD (200 

unit/ml) for 2 h before the addition of Wogonin (50 μM).

For the measurement of IL-1β induced ROS, chondrocytes were pretreated with Wogonin 

(50 μM) for 2h and then labeled with DHR123 (5μM) or H2DCF-DA (20 μM) for 0.5 h 

followed by stimulation with IL-1β (1ng/ml) for 5 minutes and ROS levels were estimated 

by measuring the fluorescence emission due to oxidation of DHR123 to Rhodamine123 at 
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500 nm excitation and 536 nm emission or oxidation of H2DCF to DCF at an excitation and 

emission wavelengths of 485 and 525 nm using the Synergy H1 multi-mode plate reader.

Estimation of H2O2 in supernatant using Amplex red assay

We measured H2O2 generation in the supernatants, not in the cells to rule out the possibility 

of H2O2 production that may occur during lysates preparation due to cell destruction. 

Interestingly, H2O2 can diffuse across cell membranes probably through the aquaporins [23], 

therefore level of H2O2 is predicted to be similar within the cytoplasm and in the culture 

medium. For the measurement H2O2 generation, OA chondrocytes were treated with 

Wogonin (25, 50 μM) for 1 h and supernatant were collected and assay was performed as per 

the manufacturer’s protocol. Amplex® Red reagent reacts with H2O2 in the presence of 

peroxidase (HRP) and produces the red-fluorescent oxidation product, resorufin. The release 

of H2O2 in the supernatant of Wogonin treated chondrocytes was estimated by measuring 

fluorescence of resorufin at an excitation and emission wavelengths of 571 and 585 nm 

using the Synergy H1 multi-mode plate reader.

Estimation of mitochondrial O2
− using MitoSox

For measurement of mitochondrial O2
−, chondrocytes were stained with MitoSOX Red (5 

μM) for 10 minutes at 37°C followed by treatment with Wogonin (25, 50 μM) for 1 h and 

O2
− generation were estimated by measuring fluorescence using 510 nm excitation and 580 

nm emission using Synergy H1 multi-mode plate reader.

Estimation of nitric oxide (NO)

Chondrocytes (1×106/well of 6-well plate) were pretreated with Wogonin (50 μg/ml) for 2h 

followed by treatment with IL-1β (1 ng/ml) for 24 h and NO was estimated in the culture 

supernatant using Greiss assay as described previously [22]. Culture supernatant was 

incubated with Greiss reagent and NO levels were estimated by measuring the absorbance at 

550 nm using the Synergy H1 multi-mode plate reader. The amount of nitric oxide in each 

sample was calculated using standard curve generated with known dilutions of sodium 

nitrite.

Intracellular GSH assay

Monocholorbimane (mBCl) was used to measure intracellular GSH as described previously 

[20]. Briefly, OA Chondrocytes (0.5×106/well of 12-well plate) were treated with Wogonin 

(10–50μM, 1h) and mBCl (40μM, 0.5 h at 37°C) was loaded into the cells and fluorescence 

emission from cellular SH-reacted monochlorobimane was measured at 394 nm excitation 

and 490 nm emission using the Synergy H1 multi-mode plate reader. Monocholorbimane is 

also known to react with small molecular weight thiols other than GSH, but GSH forms the 

major monochlorobimane reactive thiol [20].

Total RNA isolation and real time PCR

Chondrocytes (1×106/well of 6-well plate) were pretreated with Wogonin (50 μM) for 2h 

followed by treatment with IL-1β (1 ng/ml) for 24h. Total RNA from isolated chondrocytes 

was prepared essentially as previously described [17]. For mRNA expression analysis, 
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cDNA was synthesized from 1μg of total RNA using high-capacity cDNA reverse 

transcription kit (Life Technologies) and mRNA expression of MMP-13, MMP-3, MMP-9, 

IL-6, iNOS, COX-2, ADAMTS-4, COL2A1, ACAN was quantified using TaqMan Gene 

Expression Assays as previously described [24]. Relative expression levels were calculated 

using the 2−ΔΔCT method [25].

Western Immunoblotting

After treatments, OA chondrocytes were harvested, washed with cold PBS and lysed in ice-

cold RIPA buffer and lysate were prepared as described previously [24]. Equivalent amounts 

of lysate protein (20 μg) were resolved by 10% SDS-PAGE and transferred to a PVDF 

membrane (Bio-Rad, USA) and the blots were incubated with primary antibodies diluted in 

2% blocking buffer for overnight at 4°C. Blots were then incubated with horse radish 

peroxidase-conjugated secondary antibody, followed by washing with TBST. Blot were 

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

reactive proteins were visualized by chemiluminescence and imaged using the Pxigel 

imaging system (Syngene, Frederick, MD).

Visualization of Nrf2 nuclear translocation using confocal microscopy

OA Chondrocytes (0.1×106) were seeded in 8-well chamber slide and then treated with 

Wogonin (50 μM) for 6, 12 h at 37°C. After completion of treatment, cells were fixed with 

4% paraformaldehyde and permiabilzed in 0.3% Triton X-100 in phosphate buffered saline. 

The cells were probed with anti-Nrf2 primary antibody followed by anti-mouse or ant-rabbit 

Alexa Fluor 488 secondary antibody (Life Technologies). Cells were mounted using antifade 

mounting medium containing DAPI stain (Vectashield, Burlingame, CA) and visualized by 

Olympus FV1000 confocal microscope using a 60xoil immersion lens.

siRNA mediated depletion of Nrf2 expression using nucleofection

Primary human OA chondrocytes were transfected with 100 nM Nrf2 siRNA (SMARTpool: 

ON-TARGETplus NFE2L2 siRNA Dharmacon, Lafayette, CO, USA) or MISSION® siRNA 

Universal Negative Controls (Sigma Aldrich, St. Louis, MO) using P3 Primary Cell 4D-

Nucleofector™ X Kit on 4D-Nucleofector equipment (Lonza, Walkersville, MD) following 

the instructions provided by the manufacturers. Transfected cells were plated in 6-well 

plates. Forty-eight hours after the transfections, cells were serum starved overnight followed 

by treatment with Wogonin (10 μM) followed by stimulation with IL-1β (1 ng/ml) in serum 

free medium for 16 h. Gene expression levels were measured by quantitative PCR using the 

TaqMan assay system as described previously [18].

Molecular docking of Wogonin with Keap1 protein

The Crystal structure of Keap1 protein in complex with a small chemical compound K67 

(PDB CODE: 4ZY3) was extracted from the Protein Data Bank and used as docking 

structure template. Docking studies were performed using Glide tool in Schrödinger Maestro 

suite [26]. An energy minimised three dimensional structure of Wogonin compatible for 

docking was used throughout the docking process. Keap1 protein was processed using 

protein preparation wizard to ensure chemical correctness and to optimize the protein 
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structure for docking. A receptor grid has been generated around the ligand binding site of 

the Keap1 protein followed up for docking process. The Glide docking output contains 

multiple docking combinations ranked according to Glide gscore, docking score, binding 

energy, and other properties.

Estimation of IL-6, MMP-13 and PGE2 using ELISA

After the treatment of OA chondrocytes, culture supernatants were collected and levels of 

IL-6, MMP-13 and PGE2 in the supernatants were estimated using a commercially available 

ELISA kit (Boster Immunoleader, Pleasanton, CA or R&D System, St Paul, MN).

MMP-13 activity assay

MMP-13 activity was measured in the culture media from the Wogonin (10–50 μM) treated 

and IL-1 β-stimulated chondrocytes using SensoLyte Fluorimetric MMP-13 activity assay 

kit essentially as per manufacturer’s instruction (AnaSpec). The culture supernatant proteins 

were first activated with Aminophenyl mercuric acetate (APMA; 1 mM) at 37°C for 40 

minutes. To initiate the enzymatic reaction, activated culture supernatant was incubated with 

MMP-13 FRET substrate for 1h at 37°C and fluorescence signal was recorded at 510 nm 

excitation and 580 nm emission using Synergy H1 multi-mode plate reader.

Collagenase activity assay

Collagenase/gelatinase activity was estimated in culture supernatant from Wogonin (10–50 

μM) treated and IL-1β stimulated chondrocytes using Enzchek Gelatinase/Collagenase 

Assay Kit (Molecular Probes) according to the manufacturer’s instructions. Collagenase in 

the culture supernatants was activated by APMA (1 mM) at 37°C for 40 minutes. To analyze 

collagenase activity, DQ Collagen Fluorescein conjugate (100μg/mL) was added to culture 

medium and incubated for 4 h at 37°C and activity was determined by measuring 

fluorescence emission of fluorescence peptide generated by cleavage of DQ collagen at 480 

nm excitation and 520 nm emission using Synergy H1 multi-mode plate reader.

Estimation of type II collagen (COL2A1) levels

Cartilage degradation occurs due to enzymatic activity of metalloproteinase and MMP-13 

specifically caused the enzymatic digestion of type 2 collagen, therefore ECM degradation 

was studied by quantifying the COL2A1 levels which are released into culture medium and 

the remaining content present in cartilage matrix using Sircol collagen Assay Kit (Biocolor 

Ltd.).

Cartilage explants of equal sizes were cut from femoral condyle of OA cartilage, weighed 

and cultured in 24-well plate in basal medium for 24 h. At the end of 24h, cartilage explants 

were serum starved overnight and then treated with Wogonin (10–50 μM) for 2 hours in 

fresh medium without serum, and then stimulated with IL-1β (25 ng/ml) for 72 h and 

supernatant were collected. The remaining COL2A1 levels in cartilage explants was also 

measured that require additional extraction step using acid-pepsin treatment (4°C, 16 h) 

followed by collagen concentration step as per manufacturer protocol. Briefly, 100 μl of 

extracted samples were mixed with Sirius red dye containing sulfonic acid, which reacts 

specifically with the basic side chain groups of COL2A1, for 30 minutes at room 
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temperature. After centrifuging for 10 minutes at 12,000 rpm, the unbound dye was 

removed, and the dye bound to COL2A1 was redissolved in 0.5N NaOH. Absorbance was 

measured at 540 nm using Synergy H1 multi-mode plate reader. Concentrations were 

calculated using a standard curve generated with standards provided by the manufacturer.

Sulfated-glycosaminoglycan (s-GAG) release assay

Aggrecan degradation due to enzymatic activity of ADAMTS results into release of s-GAG 

which are quantified in culture medium of cartilage explants treated with Wogonin (10–50 

μM) and then stimulated with IL-1β (25 ng/ml, 72 h) using the DMMB assay as described 

earlier [27]. Briefly, 200 μl of DMMB dye was added to 50 μl of diluted cultured medium 

and absorbance of the solution was measured at 540 nm using the Synergy H1 multi-mode 

plate reader. Chondroitin sulfate C from shark cartilage was used to generate standard curve.

Histopathological examination

Cartilage matrix depletion due to IL-1β-induced activation of matrix degrading proteases 

was determined by Safranin-O staining of cartilage explants. The cartilage explants were 

treated with Wogonin (10–50 μM) and then stimulated with IL-1β (25 ng/ml, 72 h). At the 

end of the experiment, the explant were fixed in 10% neutral buffer formalin for 24h, 

decalcified in 10% EDTA (pH 7.4) for 72 h, dehydrated with series of alcohols and then 

embedded in paraffin wax. The sections (6 μm) were prepared and stained with safranin-O 

dye as described previously [28]. The cartilage sections were imaged by a Nikon eclipse Ti 

inverted microscope.

Cellular uptake of Wogonin

Cellular uptake of Wogonin in human OA chondrocytes was performed by LC-MS/MS 

analysis using a UHPLC system connected to a triple quadrupole mass spectrometer (LC-

MS 8040; Shimadzu, Kyoto, Japan) equipped with an electrospray ionization source. The 

uptake was quantitated using the ESI ion source in multiple reaction monitoring and 

negative ion mode (MRM-) by monitoring transition pairs m/z 283.00 (precursor ion)/162.9 

(product ion). The following instrument settings were used for MRM analysis: heat block 

temperature, 400 °C; DL temperature, 250 °C; nebulizing gas (N2), 3L/min; drying gas (N2), 

15L/min; collision energy, 35.0; dwell time, 100 msec. A calibration curve was prepared 

using pure Wogonin dissolved in methanol at the concentrations of 0.001, 0.005, 0.01, 0.1 

and 1mg/ml.

The cell lysate for mass spectrometric analysis for Wogonin was prepared as described 

earlier [29]. Briefly, after the treatment with Wogonin (50–100 μM) for 4 or 24h, OA 

chondrocytes were washed three times with phosphate-buffered saline, lysed with lysis 

buffer (10 mM Tris-HCl (pH 9.6), 1% Triton X-100,150 mM NaCl, 5 mM EDTA) and 

deproteinized with an equivalent amount of acetonitrile. After centrifugation for 5 minutes at 

10,000xg, the supernatant was used for MRM- analysis using LC-MS/MS system.

Statistical Analyses

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

the experimental groups and controls were analyzed using one-way ANOVA followed by 
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post hoc analyses using the Tukey test. Unless otherwise noted, each experiment was 

repeated three times using three independent samples. P<0.05 was considered to be 

statistically significant.

Results

Wogonin did not affect the viability of human OA chondrocytes

To confirm the chondrogenic phenotype of monolayer culture of human OA chondrocytes, 

we measured the expression of chondrocyte marker genes, and data showed that COL2A1 

and ACAN were highly expressed while the expression of COL10A1 was low indicating that 

the chondrocyte’s phenotype was maintained at the time of analyses (Fig. 1 in [30]). We first 

examined the effect of Wogonin on the viability of human OA chondrocytes. Compared with 

untreated control, treatment of OA chondrocytes with Wogonin (10–50 μM, 24 h) had no 

effect on chondrocytes viability (Fig. 2A in [30]). Further, absence of cytotoxic effect of 

Wogonin was confirmed by PI staining and flowcytometric histograms of PI stained cells 

revealed that OA chondrocytes incubated with Wogonin (50 μM) for 24 h did not show any 

increase in apoptosis (pre-G1 peak) compared to untreated control chondrocytes (Fig. 2B in 

[30]).

Wogonin inhibited the expression and production of IL1-β-induced inflammatory mediators 
in human OA chondrocytes

Inflammation is recognized as an important component of OA pathogenesis [3]. We 

determined whether Wogonin had any effect on IL-1 β induced expression of IL-6, iNOS 

and COX-2 in OA chondrocytes. OA Chondrocytes were pretreated with Wogonin (10–50 

μM) for 2 h and then stimulated with IL-1 β for 24 h and gene and protein expression of 

selected inflammatory mediators was determined by TaqMan assay and immunoblotting 

assay respectively. As reported previously [18, 24], gene expression data showed that 

treatment of OA chondrocytes with IL-1β significantly increased the mRNAs expression of 

IL-6, iNOS and COX-2 as compared to untreated control OA chondrocytes (Fig. 1A). 

Interestingly, pretreatment of OA chondrocytes with Wogonin significantly inhibited the 

expression of these inflammatory mediators in a dose dependent manner (Fig. 1A). Western 

blot analysis demonstrated that protein levels of IL-6, iNOS and COX-2 were also 

significantly suppressed by pre-treatment of human OA chondrocytes with Wogonin in 

agreement with the mRNA expression data (Fig. 1B). Additionally, we also measured the 

secreted levels of IL-6 in the culture supernatant of treated OA chondrocytes using ELISA 

and found that treatment with Wogonin completely blocked the secretion of IL-6 in response 

to IL-1β by OA chondrocytes (Fig. 1C). COX-2 mediates its inflammatory effect through 

production of prostaglandin E2 (PGE2), which is known to play a significant role in the 

inhibition of proteoglycan synthesis and stimulation of matrix degradation in OA 

chondrocytes [31]. Therefore, we examined the effect of Wogonin on IL-1β-induced PGE2 

production in the supernatants of control and experimental cultures and the result showed 

that IL-1β-mediated production of PGE2 was also significantly blocked by Wogonin in OA 

chondrocytes (Fig. 1D). Further, we also measured the level of NO, the effector molecule of 

iNOS for its catabolic and inflammatory effects [32]. Our result showed that treatment of 

OA chondrocytes with Wogonin significantly blocked the IL-1β induced production of NO 
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in a dose dependent manner (Fig. 1E). Taken together, these results suggest that Wogonin 

exhibits potent anti-inflammatory effects through the suppression of expression and 

production of inflammatory mediators in OA chondrocytes under pathological conditions.

Wogonin inhibited the IL-1β induced oxidative stress in human OA chondrocytes

Oxidative stress has recently been implicated in OA pathogenesis because of its role in 

chondrocytes apoptosis and ECM degradation [33, 34]. Therefore, we determined whether 

Wogonin has suppressive effect on IL-1β-induced oxidative stress in OA chondrocytes. The 

level of oxidative stress was determined by measuring the ROS levels using oxidation-

sensitive dye H2DCF-DA and DHR-123 and result showed that IL-1β treatment significantly 

increased the ROS production in OA chondrocytes whereas, pretreatment of OA 

chondrocytes with Wogonin significantly suppressed the IL-1β-mediated generation of ROS 

in a dose dependent manner (Fig. 2A, B). These results indicated that Wogonin could 

effectively repress IL-1β-induced oxidative stress by suppressing the production of ROS in 

OA chondrocytes.

Wogonin inhibited the IL-1β induced expression and activity of matrix degrading proteases 
in human OA chondrocytes

Activation of matrix degrading proteases such as aggrecanases and metalloproteinases 

(MMPs) is a hallmark of OA pathogenesis [35]. MMP-13, MMP-3, MMP-9 and 

ADAMTS-4 are produced by chondrocytes in response to IL-1β that contribute to OA 

pathogenesis. Therefore, we investigated the effect of Wogonin on the IL-1β-induced mRNA 

and protein expression of these proteases in human OA chondrocytes. Our results showed 

that IL-1β-stimulation of human OA chondrocytes resulted in a significant up-regulation of 

mRNA expression of MMP-3, MMP-9, MMP-13 and ADAMTS-4 whereas treatment with 

the Wogonin resulted in significant suppression of expression of all of these enzymes in a 

dose dependent manner (Fig 3A). Additionally, Western blot analysis further demonstrated 

that protein levels of both secreted and cytoplasmic MMP-3, MMP-13, and MMP-9 and 

ADAMTS-4 were also significantly suppressed by pre-treatment of human OA chondrocytes 

with Wogonin in a dose dependent manner (Fig. 3B). We also measured the secreted levels 

of MMP-13 in the culture supernatant of treated chondrocytes using ELISA and result 

showed that Wogonin treatment of OA chondrocytes significantly blocked the IL-1β 
mediated secretion of MMP-13 in a dose dependent manner (Fig. 3C).

To determine whether this inhibition of collagenase expression also influenced the 

collagenase activity, culture supernatants of treated chondrocytes were assayed using 

fluorescein-conjugate DQ-gelatin as substrate and result showed that IL-1β treatment 

significantly increased the collagenase activity as compared to untreated control. 

Interestingly, treatment of OA chondrocytes with Wogonin significantly inhibited the IL-1β 
induced collagenase activity in a dose dependent manner (Fig. 3D). Since this assay evaluate 

the activity of mixture of collagenases and lack the specificity for specific MMPs, we 

particularly determined the activity of MMP-13, a major collagenase involved in cartilage 

degradation, using fluorescence-based assay. Results showed that Wogonin treatment of OA 

chondrocytes significantly inhibited the IL-1β induced increased MMP-13 activity in a dose 

dependent manner (Fig. 3E). Taken together these results suggest that Wogonin could be an 
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effective inhibitory agent for the suppression of matrix degrading proteases in OA 

chondrocytes.

Wogonin rescued the IL-1β induced suppression of COL2A1 and ACAN expression in 
human OA chondrocytes

We further explored whether Wogonin can rescue the expression of COL2A1 and ACAN in 

OA chondrocytes stimulated with IL-1β. As shown previously [36], IL-1β stimulation 

significantly down regulated the mRNA and protein expression of ACAN and COL2A1 in 

OA chondrocytes (Fig. 3B, 3F). However, pretreatment with Wogonin significantly 

enhanced the mRNA and protein expression of COL2A1 and ACAN in IL-1β-stimulated 

OA chondrocytes (Fig. 3B, 3F). Altogether, these data indicate that Wogonin may exerts 

cartilage protective effects through up-regulating the expression of cartilage anabolic factors 

COL2A1 and ACAN in human OA chondrocytes under pathological conditions.

Wogonin inhibited the IL-1β induced matrix degradation in human OA cartilage explants

Since cartilage degradation in OA occurred by collagenase mediated depletion of major 

components of ECM including type 2 collagen and aggrecan, we explored whether Wogonin 

had any effect on the levels of COL2A1 and ACAN in an in vitro model of human cartilage 

degradation. We measured the release of COL2A1 in the supernatants of human cartilage 

explants treated with and without Wogonin and stimulated with IL-1β. Our result showed 

that IL-1β treatment resulted in significant release of COL2A1 in the culture medium 

indicating the matrix degradation. However, Wogonin treatment significantly blocked the 

IL-1β mediated release of COL2A1 in the culture medium a dose dependent manner 

indicating that Wogonin possessed cartilage matrix protective ability (Fig. 3G). We further 

measured the COL2A1 content in the cartilage explants and result showed that Wogonin 

treatment significantly inhibited the IL-1β mediated depletion of COL2A1 content in the 

explants in a dose dependent manner (Fig. 3H).

We also measured the aggrecan degradation using similar in vitro explant model of cartilage 

degradation. Our result showed that treatment of cartilage explants with IL-1β resulted in 

significantly increased s-GAG release in the culture medium compared to un-stimulated 

controls (Fig. 3I). However, the IL-1β-induced release of s-GAG in the culture medium was 

significantly inhibited by the Wogonin treatment in a dose dependent manner (Fig. 3I).

We also measured the loss of GAG in the cartilage explants by evaluating the proteoglycan 

content of cartilage matrix using Safranin-O/Fast-Green staining of cartilage explants treated 

with Wogonin and stimulated with IL-1β. The histological results depicted in Fig. 3J, 

showed the depletion of proteoglycan content in IL-1β treated explants tissue as indicated by 

diminished staining of proteoglycans. Interestingly, pretreatment of cartilage explants with 

Wogonin inhibited the IL-1β mediated loss of proteoglycans from the matrix as indicated by 

the intense staining similar to the controls (Fig. 3J). Taken together these results provide 

support that Wogonin could be a potent cartilage protective agent and could be used for 

effective suppression of IL-1β mediated degradation of OA cartilage matrix.
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Wogonin did not inhibit the IL-1 β induced activation of MAPKs and NF-κB in human OA 
chondrocytes

We next determined the molecular mechanism responsible for the observed 

chondroprotective effects of Wogonin. Recent literatures suggest that IL-1β mediated 

expression of MMPs has been regulated through the activation of MAPKs including ERK, 

p38 kinase, and JNK signal transduction molecules [37]. Therefore, we determined whether 

Wogonin mediate its chondroprotective effects through the suppression of MAPKs by 

measuring the phosphorylation levels of ERK, JNK and p38 in IL-1β stimulated OA 

chondrocytes. Results illustrated that stimulation of OA chondrocytes with IL-1β activates 

the phosphorylation of p38, JNK and ERK1/2 within 15 minutes of treatment (Fig. 3A in 

[30]). Surprisingly, pretreatment of OA chondrocytes with Wogonin for 2 h did not inhibit 

the phosphorylation of p38, JNK and ERK1/2 upon stimulation with IL-1β (Fig. 3A in 

[30]). These results indicated that Wogonin exerts chondroprotective effect without 

modulating the activation of MAPK signaling pathways in OA chondrocytes under 

pathological conditions.

We next examined the involvement of NF-κB transcription factor, as IL-1β induced 

expression of catabolic mediators such IL-6, COX-2 and iNOS are transcriptionally 

regulated by NF-κB [18, 24]. Stimulation of OA chondrocytes with IL-1β induce 

proteasomal degradation of IκBα, the inhibitory protein of NF-κB, resulting in the release 

and translocation of NF-κB protein to the nucleus [24]. Therefore, we evaluated the effect of 

Wogonin on the degradation of IκBα and found that stimulation of OA chondrocytes with 

IL-1β alone caused degradation of IκBα within 15 minutes of treatment, and was not 

blocked by treatment with Wogonin indicating that Wogonin-mediated suppression of IL-6, 

COX-2, iNOS and MMPs was not due to the inhibition of the activation of NF-κB in IL-1β-

stimulated OA chondrocytes (Fig. 3B in [30]). Altogether these results suggest that Wogonin 

exerts anti-inflammatory and chondroprotective effects independent of MAPKs and NF-κB 

signaling pathways in OA chondrocytes under pathological conditions.

Wogonin modulated the cellular redox status of human OA chondrocytes

Although Wogonin inhibited the IL-1β induced ROS generation, results as shown in Fig. 2A, 

B indicated that Wogonin treatment alone elevated the basal ROS levels in OA chondrocytes. 

To explore these findings in details, we performed dose and time kinetics studies, and the 

result showed that treatment of OA chondrocytes with Wogonin elevated the basal ROS 

levels in a concentration-dependent and time dependent manner as measured by DCFH2-DA 

staining (Fig. 4A, B). To identify the nature of the ROS induced by Wogonin in OA 

chondrocytes, catalase or SOD were used prior to addition of Wogonin and it was observed 

that Wogonin mediated increase in DCFH2-DA fluorescence was significantly suppressed in 

the presence of both catalase and SOD suggesting the involvement of H2O2 and O2
− (Fig. 

4C). Since H2O2 freely crosses cell membranes, probably through the aquaporins [23], 

therefore externally added catalase can exert both intracellular and extracellular effects on 

H2O2 level by neutralizing the H2O2 crossing out the cell membrane. Further, we 

specifically measured H2O2 levels in the supernatant of Wogonin treated chondrocytes using 

Amplex red assay and result showed that treatment with Wogonin induced the generation of 

H2O2 in OA chondrocytes (Fig. 4D). We also measured the mitochondrial O2
− generation 
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using MitoSOX red assay and Wogonin treatment for 0.5h increased the levels of O2
− in a 

dose dependent manner in human OA chondrocytes (Fig. 4E). These results suggest that 

Wogonin treatment increased the basal ROS levels by inducing the generation of H2O2 and 

O2
− in human OA chondrocytes.

Cellular redox status is maintained by equilibrium between levels of cellular ROS and GSH, 

the most abundant thiol antioxidant responsible for detoxifying the ROS [22]. This process 

also consumes GSH and therefore, in neutralizing the ROS generation induced by Wogonin 

in chondrocytes, there would be a concomitant decrease in the GSH levels in Wogonin 

treated chondrocytes. To test this hypothesis, we measured the chondrocyte GSH levels 

using fluorescence based assay and the results showed that treatment of OA chondrocytes 

with Wogonin for 1h decreased the cellular GSH levels in a dose dependent manner (Fig. 

4F). Taken together these results (Figure-4) suggest that Wogonin modulated the cellular 

redox status in OA chondrocytes by generating ROS which depleted the cellular GSH levels.

Wogonin activated the redox sensitive transcription factor Nrf2 in human OA chondrocytes 
and binds to Kelch domain of Keap-1

Modulation of cellular redox status is known to affect the redox sensitive transcription 

factors and other stress related regulatory proteins including Nrf2. Since Wogonin perturbed 

the redox balance of chondrocytes with low levels of ROS generation, we hypothesized that 

treatment with Wogonin might be activating the pro-survival pathway by activating the 

transcription factor Nrf2. Therefore, we measured the activation of Nrf2 in Wogonin treated 

OA chondrocytes by measuring protein expression using immunoblotting and nuclear 

translocation of Nrf2 using confocal microscopy. A significant accumulation of Nrf2 in the 

nucleus was seen after 6h of treatment of chondrocytes with Wogonin (Fig. 5A, B). Wogonin 

treatment also led to a significant increase in mRNA copy number of Nrf-2 in a dose and 

time dependent manner (Fig. 5C, D).

To better understand the molecular mechanisms of Wogonin mediated Nrf2 activation, an in 
silico molecular docking study was performed with Wogonin on the crystal structure of 

Keap1 Kelch domain to determine if Wogonin can directly inhibit by interfering with the 

interactions between Keap1 and Nrf2. The molecular docking of Wogonin with Keap1 

protein revealed that Wogonin binds to Kelch domain of Keap1 protein efficiently with a 

glide gscore of −6.240 (Fig. 5E). Wogonin binds to the Kelch domain of Keap1 protein 

specifically at Arg415 and Asn414 and thus may directly compete and restrict the binding of 

Nrf2 to Keap1 and thereby prevent its ubiquitination and subsequent degradation leading to 

activation of Nrf2 (Fig. 5F). Taken together these results suggest that Wogonin treatment of 

OA chondrocytes lead to the activation of redox sensitive transcription factor Nrf2, at least 

in part by interfering with its interaction with Keap1.

Genetic ablation of Nrf2 abrogate the anti-inflammatory and chondroprotective effect of 
Wogonin in human OA chondrocytes

To further substantiate the role of Nrf2 in Wogonin mediated chondroprotection, we 

specifically depleted Nrf2 in OA chondrocytes which were then treated with Wogonin and 

stimulated with IL-1β for 16 h. siRNA-mediated depletion of Nrf2 (Fig. 4 in [30]) 
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significantly abrogated the Wogonin-induced suppression of IL-6, COX-2, iNOS, MMP-13 

and ADAMTS4 mRNA expression and upregulation of COL2A1 and ACAN expression in 

OA chondrocytes pre-treated with Wogonin and then stimulated with IL-1β (Fig. 5G–I). 

These are novel findings and establish a direct role of Nrf2 in Wogonin-mediated 

suppression of inflammatory and catabolic molecules expression and upregulation of the 

anabolic molecules in OA chondrocytes under pathological conditions. Taken together these 

results highlight the potential of Wogonin in inhibiting the joint degradation and disease 

progression through the activation Nrf2 in human OA chondrocytes. However, this needs to 

be studied further using in vivo models of the disease.

Wogonin upregulated the expression of Nrf2-dependent antioxidant and cytoprotective 
enzymes in human OA chondrocytes

To determine how Wogonin-mediated Nrf2 activation offers chondroprotection, we 

examined the effect of Wogonin on the downstream expression of Nrf2 effectors in human 

OA chondrocytes. These results showed that treatment with Wogonin induced the mRNA 

expression of SOD-2 and NQO-1 and their downstream target genes GCLC and HO-1 in a 

dose and time dependent manner in OA chondrocytes (Fig. 6A, B). Corroborating the RNA 

expression data, there was a time and dose dependent increase was also observed in the 

protein levels of these molecules in Wogonin treated OA chondrocytes (Fig. 6C, D).

Wogonin activated the upstream kinase ERK1/2 in human OA chondrocytes

We further investigated the underlying molecular mechanism of Wogonin-mediated Nrf2 

activation by probing the PI3K/AKT/GSK3β signaling axis, as this is an important layer of 

Nrf2 regulation mediated through cellular redox modulation [38, 39]. However, treatment of 

OA chondrocytes with Wogonin (0–120 minutes) did not induce the phosphorylation of 

PI3K, AKT or GSK3β proteins indicating that Wogonin activate Nrf2 independent of 

PI3K/AKT/GSK3β signaling axis in OA chondrocytes (Fig. 6E). Recent studies have shown 

that flavonoid-mediated Nrf2 activation involves the phosphorylation of the upstream kinase 

ERK1/2 [22, 40]. We therefore, determined whether Wogonin treatment induce 

phosphorylation of ERK1/2 in OA chondrocytes. Our results showed that Wogonin 

treatment increased the phosphorylation of ERK1/2 significantly in human OA chondrocytes 

in a time-dependent manner (Fig. 6E). Taken together with the previous findings [22,40] our 

results suggest that Wogonin likely activated the Nrf2 through the phosphorylation of 

ERK1/2 in OA chondrocytes.

Cellular uptake of Wogonin in human OA chondrocytes

Cellular uptake of Wogonin was examined using multiple reaction monitoring and negative 

ion mode (MRM-) analysis using LC-MS/MS. Results are shown in Fig. 7A, B and 

demonstrate that uptake of Wogonin in OA chondrocytes increased in a dose and time 

dependent manner (Fig. 7A, B). These data were in line with an earlier published report 

where intracellular uptake of different flavonoids of Scutellaria baicalensis including 

baicalin and baicalein was studied and only Wogonin was detected inside the RAW 264.7 

macrophage cells [29]. The intracellular concentration of Wogonin in treated chondrocytes 

was quantified using four-point calibration curves prepared with Wogonin standard and 

MRM- analysis of the extract. Linear calibration curve with good correlation coefficients 
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(R2=0.996) was obtained in the range of 10−1-10−4 mg/ml (Fig. 5 in [30]). Based on our 

data, the intracellular concentration of Wogonin in OA chondrocytes was determined to be 

0.98±0.05 μM/106 chondrocytes in cultures treated with 100 μM of Wogonin for 4 h and 

1.35±0.08 μM/106 chondrocytes in cultures treated with 100 μM of Wogonin for 24 h (Fig. 

7C). These concentrations are sufficiently high to modulate the cellular response to the 

inflammatory stimuli. However, a limitation of the present study is that the observed 

protective effect on chondrocytes may not be attributed to Wogonin only after absorption it 

is likely to generate several metabolites due to glucuronidation, sulfation, methylation, 

conjugation and glycosylation of the molecule. Although, we have not considered 

interactions of possible metabolites of Wogonin with the Nrf2 inhibitor Keap-1in this study, 

we cannot rule out the possible involvement of these metabolites in playing a role in the 

observed chondroprotective effects. Therefore, our data suggest that the observed 

chondroprotective effects could be due to the cumulative effects of Wogonin and its 

metabolites.

Discussion

Cellular response is an outcome of balance between intracellular redox couples such as 

GSH/GSSG, cysteine/cystine and reduced/oxidized thioredoxin [41]. Modulation of cellular 

redox status lead to activation of redox sensitive transcription factor Nrf-2, a master 

regulator of antioxidative stress. These studies were undertaken to test the hypothesis that a 

natural flavonoid, Wogonin, would protect human OA chondrocytes/cartilage explants 

against IL-1β-mediated inflammatory and matrix-degrading effects by initiating an adaptive 

response through the activation of Nrf2/ARE signaling pathway. Our results provide 

substantial evidence of chondroprotective effects of Nrf2 activation through the suppression 

of molecular events involved in oxidative stress, inflammation and matrix degradation. In the 

present study, we also showed for the first time that Wogonin possessed potent 

chondroprotective and anti-inflammatory effects through the activation of ROS/ERK/Nrf2/

HO-1-NQO1-GCLC-SOD2 signaling axis in human OA chondrocytes. Our result indicate 

that Wogonin, as a natural Nrf2 activator, may be pharmacologically effective against 

pathogenic events involved in OA progression.

OA, one of the most common aging-related joint diseases, is a heterogeneous complex 

multifactorial disease [1, 2]. Inflammation and oxidative stress are considered as major 

mediators of OA pathogenesis. Excessive oxidative stress triggers the activation of signaling 

pathways leading to apoptosis or necrosis of chondrocytes in OA [33]. Inflammatory 

molecules that induce mitochondrial dysfunction and high levels of ROS, including the 

inflammatory cytokines IL-1β, TNF-α, and IL-6, are important mediators of OA 

pathogenesis [3]. Being master regulator of antioxidative stress, Nrf2 signaling regulates the 

expression of antioxidant responsive genes and phase II detoxifying enzymes such as NQO1, 

HO-1, glutathione S-transferase, glutathione peroxidase, glutamate–cysteine ligase, and 

peroxiredoxin I that counteract the oxidative damage in tissue injury by enhancing the 

removal of cytotoxic ROS [42]. Several studies have shown an indispensable role of Nrf-2 in 

the regulation of inflammatory responses and its deficiency had been shown to increase 

susceptibility to inflammatory disorders [43, 44]. Therefore, we hypothesized that Nrf2 

activation by a natural flavonoid may be chondroprotective in OA. We employed an in vitro 
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model of cartilage damage using human OA cartilage explants and chondrocytes to 

demonstrate the protective role of Wogonin-mediated Nrf2 activation and also elucidated the 

mechanism of Nrf2 activation by Wogonin in OA chondrocytes under pathological 

conditions. Wogonin-mediated increase in ROS and decrease in GSH levels were associated 

with increased activation of Nrf2 and an increased transcription of Nrf2-dependent genes 

including HO-1, GCLC, SOD-2 and NQO-1 in OA chondrocytes stimulated with IL-1β in 
vitro (Fig. 4, 5A–D, 6A–D).

By investigation of different upstream kinases leading to Nrf2 activation, we obtained data 

indicating that Wogonin induced Nrf2 activation was not mediated through the activation of 

PI3K/AKT/GSK3β signaling axis, but through the activation of the MAP kinase ERK1/2 

(Fig. 6E). We also found that treatment with Wogonin induce the generation of ROS in OA 

chondrocytes and this may be related to the observed activation of ERK1/2 as ROS mediated 

signaling is considered an important mediator of MAP Kinase activation [45]. The 

modulation of Nrf2 activation via direct inhibition of Keap1-Nrf2 protein-protein interaction 

has evolved as an effective molecular target for various diseases. In silico molecular docking 

study, within the limitations discussed above, suggests that Wogonin specifically binds to 

Arg415 and Asn414 in Kelch domain of Keap1 protein, thereby directly blocking the 

binding site of Nrf2 in Keap 1 protein and thus may restrict/interfere with the binding of 

Nrf2 and lead to its activation (Fig. 5E, F).

Activation of Nrf2 has been shown to inhibit the inflammatory pathways in a variety of 

inflammatory conditions [46, 47]. A recent study using nutraceuticals showed that 

protandim and 6-gingerol mediated Nrf2 activation offers protection against IL-1β-induced 

NO and PGE2 production in OA chondrocytes [48]. Wogonin treatment of OA chondrocytes 

under stimulation with IL-1β completely inhibited the expression and production of varieties 

of inflammatory mediators including COX-2, PGE2, iNOS, NO, IL-6 and MMP-13 in 

human OA chondrocytes (Fig. 1A–E, Fig. 3A, B). To test our hypothesis that activation of 

Nrf2 mediates the anti-inflammatory effect of Wogonin, genetic ablation of Nrf2 was 

performed using specific siRNA in human OA chondrocytes. Interestingly, siRNA-mediated 

depletion of Nrf2 significantly abrogated the Wogonin-mediated suppression of IL-1β-

induced expression of inflammatory molecules in OA chondrocytes which supports the 

involvement of Nrf2/ARE pathway in the observed chondroprotective effects of Wogonin 

(Fig. 5G, H). We further probed the ability of Wogonin to inhibit molecular pathways 

involved in matrix degradation, the hallmark of OA. At one end of metabolic axis, Wogonin 

inhibited the expression, production and enzymatic activities of catabolic mediators 

including MMP-13, MMP-3, MMP-9, ADAMTS-4, and release of s-GAG and COL2A1 in 

OA chondrocytes and cartilage explants (Fig. 3A–I). On the other hand, Wogonin treatment 

elevated the expression of cartilage anabolic factors COL2A1 and ACAN and restores the 

COL2A1 and proteoglycan contents in the cartilage explants under pathological conditions 

(Fig. 3G–J). Interestingly, siRNA-mediated depletion of Nrf2 inhibited the suppressive 

effects Wogonin on the expression of MMP-13 in IL-1β-stimulated OA chondrocytes (Fig. 

5H) and abolished the up-regulation of anabolic genes in human OA chondrocytes (Fig. 5I). 

These results are in agreement with a recent report demonstrating that Nrf2 over-expression 

reduced the production of MMP-13 in IL-1β stimulated OA chondrocytes [48]. Collectively, 

these results demonstrate that Wogonin is a potent inducer of anabolic genes in OA 
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chondrocytes in vitro and has the potential to suppress matrix degradation in vivo. However, 

this need to be tested in whole body models of OA before arriving at a decision.

In conclusion, the present study demonstrates that Wogonin exert chondro- and cartilage 

protection through the suppression of key molecular events involved in oxidative stress, 

inflammation and matrix degradation in human OA chondrocytes and cartilage explants. Our 

results also demonstrate that induction of low levels of ROS in OA chondrocytes by 

Wogonin leads to the modulation of the redox mediated induction Nrf2/ARE pathways via 

activation of ROS/ERK/Nrf2/HO-1-SOD2-NQO1 signaling axis (Fig. 8). Further, we also 

highlight the potential of redox modifiers as promising anti-inflammatory and 

chondroprotective agents. Our study provides novel insights into the development of Nrf2 as 

a promising candidate for the development of novel therapies for the management of OA.
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List of abbreviations used

IL-1β Interleukin-1 β

IL-6 Interleukin-6

MMP Matrix Metalloproteinase

ADAMTS A Disintegrin and Metalloproteinase with Thrombospondin 

Motifs

COX-2 Cyclo-oxygenase-2

iNOS Inducible Nitric Oxide Synthase

PGE2 Prostaglandin E2

COL2A1 Type 2 Collagen

s-GAG Sulfated-Glycosaminoglycans

ACAN Aggrecan

GCLC Glutamate-Cysteine Ligase Catalytic Subunit

NO Nitric oxide

ROS Reactive Oxygen Species

ERK Extracellular signal regulated kinase

MAPK Mitogen activated protein kinase

Nrf2 Nuclear factor (erythroid-derived 2)-like 2
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NQO1, NAD(P)H quinone oxidoreductase

HO-1 Heme Oxygenase-1

SOD-2 Super Oxide Dismutase-2

ECM Extracellular Matrix

TNF-α Tumor Necrosis Factor-α
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Highlights

1. Wogonin suppressed the expression and production of inflammatory 

mediators.

2. Wogonin suppressed the expression of matrix degrading proteases.

3. Wogonin enhanced the expression of cartilage anabolic factors COL2A1 and 

ACAN.

4. Wogonin modulated the redox homeostasis of OA chondrocytes by disturbing 

the balance between cellular ROS and GSH levels.

5. Wogonin activated Nrf2 through induction of ROS/ERK/Nrf2/HO-1-NQO1 

signaling axis.
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Figure 1. Wogonin (WG) inhibited the IL1-β induced inflammatory mediators in human OA 
chondrocytes
Primary human OA chondrocytes were pre-treated with Wogonin (10–50 μM) for 2 h 

followed by treatment with IL-1β (1 ng/ml) for 16 h. At the end of treatment culture 

supernatant were collected and chondrocytes were harvested. Cell lysate were prepared 

using RIPA buffer for immunoblot analysis or RNA were isolated for real time PCR 

analysis. (A) Expression of IL-6, COX-2 and iNOS was measured by quantitative PCR using 

the TaqMan assay system (Life Technologies). β-actin was used as endogenous expression 

control. (B) Protein expression of secreted IL-6, cytosolic IL-6, COX-2 and iNOS was 

investigated by immunoblotting using antibodies against indicated protein. β-actin was used 

as a control for equal loading. Specific signal intensities were quantified by ImageJ software. 

(C–D) Secreted levels of IL-6 (C) and PGE2 production (D) were measured in the culture 

supernatant by ELISA (E) Production of NO was estimated in supernatant using Griess 

assay as described in methods. Bar graph represents mean±SD from two subjects. *p≤0.01, 

as compared to control, #≤0.01, as compared to IL-1β.
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Figure 2. Wogonin (WG) inhibited the IL-1β induced oxidative stress in human OA chondrocytes
Human OA chondrocytes were treated with Wogonin (10–50 μM) for 2 h, then stained with 

(A) H2DCF-DA (20 μM) or (B) DHR123 (5 μM) for 0.5h at 37°C, and stimulated with 

IL-1β (1ng/ml) for 5 minutes at 37°C. Fluorescence emission of DCF was measured at 525 

nm after excitation at 485 nm and emission of DHR was measured at 536 nm after excitation 

at 500 nm. Bar graph shows arbitrary fluorescence units indicating ROS levels. Data points 

represent mean±SD from four replicates. *p≤0.01, as compared to control, #≤0.01, as 

compared to IL-1β.
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Figure 3. Wogonin (WG) inhibited the IL-1β induced matrix degradation in human OA 
chondrocytes and cartilage explants
Human OA chondrocytes were pre-treated with Wogonin (10–50 μM) for 2 h followed by 

treatment with IL-1β (1 ng/ml) for 16 h. At the end of treatment culture supernatant were 

collected and chondrocytes were harvested. Cell lysate were prepared using RIPA buffer for 

immunoblot analysis or RNA were isolated for real time PCR analysis. (A) Expression of 

MMP-3, MMP-9, MMP-13 and ADAMTS-4 was measured by quantitative PCR using the 

TaqMan assay system (Life Technologies). β-actin was used as endogenous expression 

control. (B) Protein expression of secreted MMP-13, MMP-3, cytosolic MMP-13, MMP-9, 

MMP-3, ADAMTS-4 and COL2A1 was investigated by immunoblotting using antibodies 

against indicated protein. β-actin was used as a control for equal loading. Specific signal 

intensities were quantified by ImageJ software. (C) Secreted level of MMP-13 production 
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was measured in the culture supernatant using ELISA. The data was expressed relative to 

untreated controls. (D) Collagenase/gelatinase activity in the culture supernatant was 

measured using method described in method section. Supernatant were collected from OA 

chondrocytes (1×106/well of 12-well plate in 0.5 ml) treated with Wogonin (10–50 μM) for 

2 h and then stimulated with IL-1β (25 ng/ml) for 16 h. Activity was expressed relative to 

untreated controls. (E) MMP-13 activity in the culture media activated using APMA (1 mM, 

40 minutes) was determined by fluorogenic peptide assay using commercially available kit 

(AnaSpec). Supernatant were collected from OA chondrocytes (1×106/well of 6-well plate) 

treated with Wogonin (10–50 μM) for 2 h and then stimulated with IL-1β (25 ng/ml) for 16 

h. Activity was expressed relative to untreated controls. (F) Expression of COL2A1 and 

ACAN was measured by quantitative PCR using the TaqMan assay system (Life 

Technologies). β-actin was used as endogenous expression control. (G) The release of 

COL2A1 levels, (H) COL2A1 content in cartilage explants and (I) release of s-GAG levels 

was estimated in supernatants isolated from culture of OA cartilage explants treated with 

Wogonin (10–50 μM) for 2 h followed by treatment with IL-1β (25 ng/ml) for 72 h. (J) 
Histopathological section of cartilage explants treated with Wogonin (10–50 μM) for 2 h 

followed by treatment with IL-1β (25 ng/ml) for 72 h, fixed in 4% PFA and embedded in 

paraffin. Explant sections (6 μm) were stained with Safranin O and fast green and imaged 

using Nikon eclipse Ti inverted microscope. The scale bar is shown as 100 μm. Bar graph 

represents mean±SD from three subjects. Immunoblot results are representatives of two 

blots performed on samples obtained from two individuals *p≤0.01, as compared to control, 

#≤0.01, as compared to IL-1β.
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Figure 4. Wogonin (WG) modulated the cellular redox status of human OA chondrocytes
(A, B) Wogonin elevated basal ROS levels in OA chondrocytes. Human OA chondrocytes 

were stained with H2DCF-DA (20 μM) for 0.5 h at 37°C, and then (A) treated with Wogonin 

(10–50 μM) for 1 h or (B) treated with Wogonin (10–50 μM) for indicated time points at 

37°C. ROS generation was estimated by measuring fluorescence emission at 535 nm. Bar 

graph shows arbitrary fluorescence units indicating ROS levels. (C–E) Wogonin induced 

production of H2O2 and O2
− in OA chondrocytes. (C) OA chondrocytes were incubated with 

catalase (1000 unit/ml) or SOD (200 unit/ml) for 1 h, stained with H2DCF-DA (20 μM) for 

0.5 h at 37°C and then treated with Wogonin (50 μM) for 1 h at 37°C. Fluorescence emission 

was measured at 535 nm. Bar graph shows arbitrary fluorescence units indicating ROS 

levels. (D) The generation of H2O2 in the supernatant of OA chondrocytes treated with 

Wogonin (25, 50 μM, 1 h) was estimated using Amplex red assay as described in method 

section. (E) The production of O2
− in OA chondrocytes stained with MistoSOX red (5 μM) 

and then treated with Wogonin (25, 50 μM, 1 h) was estimated by measuring the 

fluorescence emission at 580 nm following the excitation at 510 nm. (F) Wogonin depleted 

cellular GSH levels in OA chondrocytes. OA chondrocytes were treated with Wogonin (10–

50μM, 1h) and then stained with mBCl (40μM, 0.5 h) and GSH levels were estimated by 

measuring fluorescence emission at 490 nm, following the excitation at 394 nm. Bar graph 

represents mean±SD from two subjects. *p≤0.01, as compared to control, #≤0.01, as 

compared to Wogonin treated cells.

Khan et al. Page 26

Free Radic Biol Med. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Wogonin (WG) activated Nrf2 in human OA chondrocytes
OA chondrocytes were treated with Wogonin (50 μM) for 6, and 12 h and lysate were 

prepared from harvested chondrocytes using RIPA lysis buffer. (A) The expression of Nrf2 

was investigated by immunoblotting using anti-Nrf2-antibody. β-actin was used as a control 

for equal loading. (B) Nuclear translocation of Nrf2 in Wogonin treated (50 μM, 6, and 12 h) 

OA chondrocytes was performed by immunofluorescence using specific antibody on 

Olympus FV1000 confocal microscope. (C–D) mRNA expression of Nrf2 in OA 

chondrocytes treated with (C) Wogonin (50 μM) for indicated time points or (D) Wogonin 

(10–50 μM) for 24h was measured by quantitative PCR using the SYBR® green assay 

system (Life Technologies). (E) In silico molecular docking of Wogonin with Keap1. 

Wogonin binds to the Keap1 protein in their Kelch domain, the Nrf2 binding domain. (F) 
Interactive visualisation of Wogonin binding to Arg415 and Asn414 in Kelch domain of 

Keap1 protein through hydrogen bonding. (G–I) Genetic ablation of Nrf2 using specific 

siRNA abrogated the anti-inflammatory and chondroprotective effect of Wogonin in human 

OA chondrocytes. OA chondrocytes were transfected with siRNA specific for Nrf2 (100 

nM) using nucleofection. Forty-eight hours after the transfections, OA chondrocytes were 

serum starved, treated with Wogonin (10 μM) for 2 h and then stimulated with or without 

IL-1β (1 ng/ml) for 16 h. (G–I) Gene expression of COX-2, iNOS, IL-6, MMP-13, 

ADMATS-4, COL2A1 and ACAN was measured by quantitative PCR using the TaqMan 
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assay (Life Technologies). Bar graph represents mean±SD from three subjects. *p≤0.05, as 

compared to control. For transfection experiments, *p≤0.05, as compared to control siRNA 

#≤0.05, as compared to control siRNA+IL-1β, $≤0.05, as compared to control siRNA+IL-1β
+Wogonin.
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Figure 6. Wogonin (WG) upregulated the expression of Nrf2 dependent genes and activated 
upstream kinase ERK1/2 in human OA chondrocytes
Human OA chondrocytes were treated with (A, C) Wogonin (10–50 μM) for 24 h or (B, D) 

Wogonin (50 μM) for indicated time points. At the end of treatment chondrocytes were 

harvested and cell lysate were prepared using RIPA buffer for immunoblot analysis or RNA 

were isolated for real time PCR analysis. (A–B) Expression of HO-1, SOD-2, NQO-1 and 

GCLC was measured by quantitative PCR using the SYBR® green assay system (Life 

Technologies). β-actin was used as endogenous expression control. (C–D) Protein 

expression of HO-1, SOD-2, and NQO-1 was investigated by immunoblotting using 

antibodies against indicated protein. β-actin was used as a control for equal loading. (E) 
Wogonin activated upstream kinase ERK1/2 in human OA chondrocytes. Human OA 

chondrocytes were treated with Wogonin (50 μM) for indicated time points and lysate were 

prepared using RIPA lysis buffer. Activation of MAPKs was investigated by immunoblotting 

using primary antibodies specific for phospho-ERK1/2, phospho-PI3K, phospho-AKT and 

phsopho-GSK3β. Expression of total ERK1/2 β-actin was used as control. Immunoblot are 

representatives of two blots performed on samples obtained from two individuals. Bar graph 

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

Khan et al. Page 29

Free Radic Biol Med. Author manuscript; available in PMC 2018 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Cellular uptake of Wogonin (WG) to human OA chondrocytes
OA chondrocytes were treated with WG (50, 100 μM) for 4 or 24 h. Cell lysates were 

prepared and subjected to LC-MS/MS analysis using the ESI ion source in multiple reaction 

monitoring and negative ion mode (MRM-) by monitoring transition pairs m/z 283.00 

(precursor ion)/162.9 (product ion) as described in method section. MS chromatogram of 

WG uptake in OA chondrocytes in a (A) dose and (B) time dependent manner. (C) 
Quantification of Wogonin in the cellular milieu of OA chondrocytes was calculated by four 

point calibration curves of Wogonin using MRM- analysis. Bar graph represents mean±SD 

from two subjects. *p≤0.01, as compared to Wogonin (100μM, 4h) treated cells.
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Figure 8. Schematic representation of proposed mechanism of Wogonin on Nrf2 activation in 
human OA chondrocytes
Wogonin treatment caused increased production of ROS and activation of ERK1/2 which 

leads to activation of redox sensitive transcription factor Nrf2. Wogonin disrupts the Keap1-

Nrf2 interaction by directly blocking the binding site of Nrf2 in the Keap-1 protein, thereby 

competing the Nrf2 binding of Keap1 leading to activation of Nrf2. Activation of Nrf2 lead 

to the transcription of downstream genes HO-1, NQO-1, SOD-2 and GCLC. Wogonin 

inhibits matrix degradation through the suppression of MMPs in OA chondrocytes.
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