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ABSTRACT
Osteoarthritis (OA) is the most prevalent type of degenerative joint disease, and its pathological 
progression is highly associated with oxidative stress. Natural antioxidants can attenuate oxidative 
stress and chondrocyte injury, suggesting that antioxidants have potential applications in the 
management of OA. Ellagic acid (EA), a natural polyphenol derived from fruits or nuts, exerts 
antioxidant and anti-inflammatory effects in diseases related to oxidative stress. Herein, we 
investigated the effects of EA on interleukin-1β (IL-1β)-induced oxidative stress and degeneration 
in C28/I2 human chondrocytes. EA efficiently suppressed IL-1β-induced oxidative stress and 
ameliorated oxidative stress-induced dysfunction of chondrocytes, as indicated by the promotion 
of cartilage matrix secretion. Moreover, EA remarkably suppressed cell apoptosis and senescence, 
and reduced the expression of proinflammatory factors and metalloproteinases, suggesting that 
EA could alleviate chondrocyte injury under oxidative stress. Mechanistically, EA upregulated the 
expression of nuclear factor erythroid 2-related factor 2 (Nrf2) as well as its downstream targets 
NADPH quinone oxidoreductase 1 and heme oxygenase-1. ML385, a specific Keap1/Nrf2 pathway 
inhibitor, blocked the antioxidant and chondroprotective effects of EA. Our findings demonstrated 
that EA could attenuate oxidative stress and exert protective effects on chondrocytes by upregu-
lating the Keap1/Nrf2 signaling pathway.
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Introduction

Osteoarthritis (OA) is an age-related degenerative 
joint disease with a high incidence rate [1], it 

damages the entire joint structure, including the 
articular cartilage, the synovium, and the subchon-
dral bone [2]. Most patients with advanced OA
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eventually require joint replacement, which entails 
a significant social and economic burden [3]. 
Despite the improvement in treatments used to 
relieve symptoms, the nonoperative management 
of OA remains challenging, especially with respect 
to effective therapy capable of preventing the 
pathological progression of OA.

Recent studies have suggested that oxidative 
stress plays a crucial role in the progression of 
OA [4]. Progression is associated with oxidative- 
induced cartilage breakdown and an imbalance 
between anabolic and catabolic factors of chondro-
cytes [5]. Elevated oxidative stress, with an 
increase in the generation of reactive oxygen spe-
cies (ROS) from chondrocytes, can eventually lead 
to an inflammatory response [6], cellular senes-
cence [7], and apoptosis [8]. Previous studies 
have reported that excessive oxidative stress and 
ROS production are detected in patients with OA 
[9,10]. Furthermore, recent research has suggested 
that excessive ROS generation occurs during the 
development of OA, resulting in increased inflam-
mation [11,12]. Therefore, suppression of oxida-
tive stress and excessive ROS production is vital 
for protecting the regenerated cartilage obtained 
by tissue engineering for the restoration of OA 
cartilage defects.

Nuclear factor erythroid 2-related factor 2 
(Nrf2), a key regulator that maintains cellular 
redox homeostasis, is an oxidative stress-sensitive 
transcription factor [13]. Under physiological con-
ditions, its combination with Kelch-like ECH- 
associated protein 1 (Keap1) restricts the localiza-
tion of Nrf2 to the cytoplasm, where the ubiquitin 
proteasome system constantly degrades Nrf2 [14]. 
Under oxidative stress conditions, Nrf2 can dis-
sociate from its repressor Keap1, translocate into 
the nucleus, and bind to the antioxidant response 
element (ARE) to upregulate the expression of 
various antioxidant genes, including heme oxyge-
nase-1 (HO-1) and NADPH quinone oxidoreduc-
tase 1 (NQO1) [13]. Nrf2/ARE pathway agonists 
have provided beneficial effects in experimental 
models of chronic diseases, such as cardiac disease, 
diabetes, and neurodegenerative diseases [15]. 
Furthermore, a recent study has reported that gly-
cyrrhizic acid alleviates acute lung injury in neo-
natal rats through the Keap1/Nrf2 pathway [16]. 

In OA, Nrf2 activation relieves inflammatory 
responses in cartilage [17]. Furthermore, linaglip-
tin restores the low expression of ECM-related 
genes partially through the Nrf2/SOX9 axis in 
C28/I2 human chondrocytes [18]. Thus, regulation 
of Nrf2 activity might have a therapeutic effect in 
preventing the pathological progression of OA and 
may contribute to the maintenance of the regen-
erated cartilage.

EA (Figure 1(a)), a natural bioactive agent 
derived from the peel of fruits and nuts, possesses 
multiple biological properties, including anti- 
inflammatory [19], antidiabetic [20], and antioxi-
dant [21] activities. In a recent study, EA alleviated 
oxidative stress and insulin resistance in HepG2 
cells exposed to high glucose through the Keap1/ 
Nrf2 signaling pathway [22]. However, it remains 
unclear whether EA can ameliorate oxidative stress 
of chondrocytes and exert a chondroprotective 
ability through the Keap1/Nrf2 pathway.

Herein, we predicted that EA could exert antiox-
idant and chondroprotective effects on chondro-
cytes via the Keap1/Nrf2 pathway. We investigated 
the antioxidant and protective effects of EA on 
interleukin (IL)-1β-treated C28/I2 human chondro-
cytes and clarified the underlying mechanism. Our 
findings might lay a theoretical foundation for OA 
treatment with natural antioxidants.

Materials and methods

Cell expansion

C28/I2 human chondrocytes were acquired from 
the cell bank of the Chinese Academy of 
Sciences (Shanghai, China). Chondrocytes were 
cultured in Dulbecco’s modified Eagle medium: 
nutrient mixture F-12 (DMEM/F-12) (Gibco, 
Carlsbad, CA, USA) with 10% fetal bovine 
serum (FBS) (Gibco), 1% penicillin, and strepto-
mycin (Sigma-Aldrich, St. Louis, MO, USA) at 
37°C with 5% CO2. The medium was replaced 
every 3 days.

Cell viability assay

C28/I2 chondrocytes were grown in 96-well plates 
at a density of 5 × 103 cells/well. Cells were then 
cultured with different concentrations of EA 
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(Rhawn Chemicals, Shanghai, China) with or
without IL-1β (10 ng/mL) (R&D System, 
Minneapolis, MN, USA) for 24 h. A Cell 
Counting Kit-8 (CCK8) (Dojindo, Tokyo, Japan) 
was used to assess the cell viability of chondro-
cytes. Briefly, 100 μL of serum-free DMEM/F-12 
mixed with 10 μL of CCK8 regent was added into 
each well and incubated at 37°C with 5% CO2 for 
1 h. Thereafter, the absorbance of each well was 
examined at 450 nm with a microplate reader 
(Infinite F200, Tecan, Männedorf, Switzerland).

Intracellular ROS measurement

A fluorescent probe, 2’,7’-dichlorofluorescin diace-
tate (DCFH-DA) (Sigma-Aldrich), was used to 
measure intracellular ROS levels of C28/I2 chon-
drocytes. Chondrocytes were grown in 96-well 
plates. After a 24-h treatment, each well was 
washed with phosphate-buffered saline (PBS) 
(Gibco) twice; then, 1 mL of serum-free DMEM/ 
F-12 mixed with 10 μM DCFH-DA was added, 
and wells were incubated at 37°C for 25 min in 
the dark to enable DCFH-DA to enter the cells. 
The cells were then washed with PBS three times 
to eliminate extracellular DCFH-DA. ROS levels 
were detected with a fluorescence microscope 
(Evos M7000, Thermo Fisher Scientific, 
Waltham, MA, USA) using a 488 nm excitation 
wavelength and a 525 nm emission wavelength, 
and the images were analyzed with Image 
J software (NIH, Bethesda, MD, USA). The results 
are displayed as the relative fluorescence inten-
sity [23].

Malondialdehyde assay

C28/I2 chondrocytes were cultured in six-well 
plates and collected after a 24-h treatment. RIPA 
buffer (Beyotime Biotechnology, Shanghai, China) 
supplemented with phenylmethanesulfonyl fluor-
ide (PMSF) was applied to prepare the cell lysates. 
The Lipid Peroxidation MDA Assay Kit (Beyotime 
Biotechnology) was used to quantitatively measure 
malondialdehyde (MDA) levels, which were 
detected at an absorbance of 523 nm using a micro-
plate reader. The MDA levels were standardized by 
protein content, and the protein concentration was 

assessed using a BCA Protein Assay Kit (Thermo 
Fisher Scientific) [24].

Superoxide dismutase quantification

The Total Superoxide Dismutase Assay Kit with 
WST-8 (Beyotime Biotechnology) was used to 
measure superoxide dismutase (SOD) activity. 
C28/I2 chondrocytes were seeded on six-well 
plates and collected after a 24-h treatment. An 
SOD sample preparation solution from the kit 
was applied to prepare cell lysates; 20 μL of cell 
lysate supernatant and 160 μL of WST-8/enzyme 
were then added into a 96-well plate. 
Subsequently, 20 μL of a reaction starter working 
solution was added into each well. After 30 min of 
incubation at 37°C, the absorbance of each well 
was detected at 450 nm using a microplate 
reader [25].

Alcian blue staining

A total of 1.5 × 105 C28/I2 chondrocytes were 
resuspended in 10 μL of DMEM/F-12 supplemen-
ted with 10% FBS and seeded as micromasses at 
the center of each well of a 24-well plate. The 
chondrocytes were allowed to adhere at 37°C for 
1 h, after which 500 μL of control DMEM/F-12, 
DMEM/F-12 mixed with IL-1β (10 ng/mL) or 
DMEM/F-12 mixed with IL-1β and EA was 
added to the wells [26]. After 24 h of treatment, 
micromasses were stained with Alcian blue dye 
prepared from Alcian blue 8GX (Sigma-Aldrich), 
acetic acid solution (Sigma-Aldrich), and double- 
distilled water.

Mitochondrial membrane potential assay

Measurement of the mitochondrial membrane 
potential was conducted with a Mitochondrial 
Membrane Potential Assay Kit with JC-1 
(Beyotime Biotechnology). C28/I2 chondrocytes 
were grown in 96-well plates. After 24 h of treat-
ment, the chondrocytes were harvested and 
washed twice using PBS. The chondrocytes were 
then resuspended in a mixture of 500 μL of JC-1 
dye and 500 μL of DMEM/F-12 at 37°C in the 
dark for 20 min. Subsequently, the chondrocytes 
were washed with ice-cold staining buffer three 
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times before evaluation with a fluorescence 
microscope. JC-1 aggregates and displays red 
fluorescence in cells with high mitochondrial
membrane potential, when exposed to a 525 nm 
excitation wavelength and a 590 nm emission 
wavelength. In cells possessing low mitochondrial 
membrane potential, JC-1 exists mostly in 
a monomer form that emits green fluorescence; 
this response was detected using a 490 nm excita-
tion wavelength and a 530 nm emission wave-
length. The mitochondrial membrane potential 
was presented as the ratio of red to green fluores-
cence [27].

Senescence β-galactosidase staining

β-Galactosidase staining was conducted using 
a Senescence-Associated β-Galactosidase Staining 
Kit (Beyotime Biotechnology). After 24 h of treat-
ment, C28/I2 chondrocytes were washed three 
times using PBS and fixed using 4% paraformalde-
hyde at room temperature for 15 min. The 
adhered chondrocytes were then incubated at 
37°C overnight in the dark in a working solution 
containing 0.05 mg/mL 5-bromo-4-choloro- 
3-indolyl-β-d-galactopyranoside (X-gal) [28].

Western blotting analysis

Adherent C28/I2 chondrocytes were washed twice 
by PBS and RIPA buffer containing PMSF was 
added to harvest the total protein. Cells were har-
vested using a scraper. Subsequently, cell lysates 
were lysed for 30 min on ice followed by 

centrifugation for 10 min (12,000 rpm, 4°C), and 
the supernatants containing the total protein were 
collected. The Nuclear and Cytoplasmic Protein 
Extraction Kit (Beyotime Biotechnology) was 
used in accordance with the manufacturer’s 
instructions to extract the nuclear protein. The 
BCA Assay was used for protein quantification 
according to the manufacturer’s instructions 
(Thermo Fisher Scientific). First, 20 μg of protein 
samples were separated on an SDS-polyacrylamide 
gel and transferred to PVDF membranes 
(Millipore, Bedford, MA, USA). Then, the mem-
branes were blocked with 5% bovine serum albu-
min for 1 h at room temperature. The membranes 
were then incubated overnight with primary anti-
bodies for SOD1 (Cell Signaling Technology, 
Beverly, MA, USA), SOD2 (ProteinTech Group, 
Chicago, IL, USA), Nrf2 (ProteinTech Group), 
Keap1 (ProteinTech Group), NQO1 (ProteinTech 
Group), HO-1 (ProteinTech Group), aggrecan 
(ProteinTech Group), collagen II (ProteinTech 
Group), sex determining region Y-box 9 (SOX9) 
(Abcam, Cambridge, UK), matrix metalloprotei-
nase 9 (MMP9, ProteinTech Group), matrix 
metalloproteinase 13 (MMP13, ProteinTech 
Group), collagen X (Abcam), inducible nitric 
oxide synthase (iNOS, ProteinTech Group), 
cyclooxygenase 2 (COX2, ProteinTech Group), 
GAPDH (Cell Signaling Technology), and lamin 
B1 (ProteinTech Group) at 4°C. Thereafter, the 
membranes were washed three times for 10 min 
each time and incubated using goat anti-rabbit or 
goat anti-mouse horseradish peroxidase (HRP)- 
labeled secondary antibody (Cell Signaling 

Figure 1. Effects of ellagic acid (EA) on cell viability. (a) EA chemical structure. C28 chondrocytes were exposed to EA (0 μM, 10 μM, 
25 μM, 50 μM, 75 μM, 100 μM) alone (b) or with interleukin (IL)-1β (10 ng/mL) (c) for 24 h, and cell viability was measured using the 
Cell Counting Kit-8 (CCK8) assay. N = 3. The values are expressed as the mean ± standard deviation. *p < 0.05, **p < 0.01, and 
***p < 0.001 vs. control group.
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Technology) for 1 h at room temperature. Finally, 
the Immobilon Western Chemiluminescent HRP 
Substrate (Millipore) and
the ImageQuant LAS 4000 mini system 
(Amersham Pharmacia GE, Boston, MA, USA) 
were used for detection and photography. Images 
were analyzed using Image J software [29].

Statistical analysis

All statistical analyses were conducted with 
GraphPad Prism 9 for Mac (GraphPad Software 
Inc., San Diego, CA, USA). Numerical data are 
presented as means ± standard deviations. The 
independent two-tailed Student’s t-test was applied 
to compare results of two groups, and one-way 
analysis of variance was conducted to compare 
the variables between more than two groups. 
Statistical significance was defined as p < 0.05.

Results

In the present study, the antioxidant and chondro-
protective effects of EA on IL-1β-treated chondro-
cytes were assessed. First, the cytotoxicity of EA 
was examined to select optimal concentrations. 
Second, we found that EA could attenuate oxida-
tive stress and exert protective effects on chondro-
cytes. Importantly, we found that EA could 
ameliorate oxidative stress and protect chondro-
cytes by upregulating the Keap1/Nrf2 signaling 
pathway.

Effects of EA on cell viability of chondrocytes

The CCK8 assay was performed to evaluate the 
cytotoxic effects of EA on C28/I2 chondrocytes. In 
the absence of IL-1β (Figure 1(b)), EA at the doses 
of 10 and 25 μM displayed no cytotoxicity on 
chondrocytes at 24 h. However, cell viability 
decreased in the presence of 50 μM EA. In the 
presence of IL-1β (Figure 1(c)), EA at the concen-
trations of 10, 25, and 50 μM displayed no cyto-
toxicity on chondrocytes at 24 h. Nevertheless, cell 
viability decreased under treatment with 75 μM 
EA. Therefore, EA concentrations of 10 and 
25 μM were used for subsequent experiments.

EA attenuated IL-1β-induced oxidative stress and 
promoted cartilage matrix secretion of 
chondrocytes

To investigate the effects of EA on oxidative 
stress in chondrocytes, cells were treated with 
EA and IL-1β for 24 h. Indicators of oxidative 
stress, such as MDA levels, SOD activity, and 
intracellular ROS levels, as well as protein 
expression of antioxidases, including SOD1 and 
SOD2, were determined. As shown in Figure 2 
(a), IL-1β increased MDA levels, but EA treat-
ment resisted the effects of IL-1β, which suggests 
that EA could attenuate the lipid oxidative and 
membrane lipid damage in chondrocytes under 
oxidative stress. Similarly, EA administration 
could reverse IL-1β-induced intracellular ROS 
levels (Figure 2(e, f)). In addition, EA treatment 
attenuated the IL-1β-induced suppression of 
SOD activity (Figure 2(b)), which was consistent 
with the increased protein expression of SOD1 
and SOD2 (Figure 2(c, d)). These results indicate 
that EA attenuated oxidative stress in 
chondrocytes.

To detect the effects of EA on cartilage matrix 
generation in chondrocytes under IL-1β-induced 
oxidative stress, we evaluated the expression of 
aggrecan, collagen II, SOX9, and sulfated proteo-
glycans. As depicted in Figure 2(g, h), EA reversed 
the IL-1β-induced decrease in protein expression 
of aggrecan, collagen II, and SOX9. Similarly, EA 
inhibited the IL-1β-induced reduction of sulfated 
proteoglycan secretion in chondrocytes (Figure 2 
(i)). Aggrecan, collagen II, and sulfated proteogly-
cans are important ingredients of articular hyaline 
cartilage, and SOX is a transcription factor con-
tributing to cartilage formation. These results sug-
gest that administration of EA can promote 
cartilage matrix secretion in chondrocytes under 
oxidative stress.

EA ameliorated chondrocytes injury under IL-1β- 
induced oxidative stress

To assess the effects of EA on chondrocyte 
degradation under oxidative stress, we deter-
mined the cell injury degree according to the 
protein expression of proinflammatory cytokines 
(iNOS and COX2); a marker of chondrocyte 
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Figure 2. Ellagic acid (EA) attenuated oxidative stress and promoted cartilage matrix generation in interleukin (IL)-1β-exposed 
chondrocytes. (a) Malondialdehyde (MDA) levels were determined using the MDA assay. (b) Superoxide dismutase (SOD) activity 
levels were detected using the SOD activity assay. The protein expression of SOD1 and SOD2 was assessed by (c) western blot and 
(d) quantification analysis. Intercellular reactive oxygen species (ROS) levels were determined using (e) a 2,7-dichlorofluorescin 
diacetate (DCFH-DA) probe and (f) quantification analysis. The protein expressions of aggrecan, collagen II, and sex determining 
region Y-box 9 (SOX9) were detected by (g) western blot and (h) quantification analysis. (i) Secretion levels of sulfated proteoglycans 
were assessed using Alcian blue staining. N = 3. The values are expressed as the mean ± standard deviation. *p < 0.05, **p < 0.01, 
and ***p < 0.001.
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hypertrophy, (collagen X); and catabolic 
enzymes, including MMP9 and MMP13. As 
shown in Figure 3(a, b), EA significantly sup-
pressed the IL-1β-induced increase in COX2, 
iNOS, collagen X, MMP9, and MMP13 protein 
levels. Moreover, the detected mitochondrial 
membrane potential levels reflected the early 
apoptosis of cells. After EA administration, 
a significant elevation of the mitochondrial 
membrane potential was observed in IL-1β- 
exposed chondrocytes (Figure 3(c, d)), suggest-
ing that EA can attenuate the apoptosis of chon-
drocytes under IL-1β-induced oxidative stress. In 
addition, EA delayed cell senescence of IL-1β- 
treated chondrocytes, as indicated by the results 
of SA-β-Gal staining (Figure 3(e, f)). Together, 
these results indicate that EA could ameliorate 
chondrocyte injury under oxidative stress.

EA upregulated Keap1/Nrf2 signaling pathway in 
chondrocytes under IL-1β-induced oxidative 
stress

Activation of the Keap1/Nrf2 signaling pathway 
plays a crucial role in antioxidant responses. In 
this study, western blotting was performed to 
determine the EA-regulated activation of 
Keap1/Nrf2 signaling pathway in chondrocytes 
under IL-1β-induced oxidative stress. As shown 
in Figure 4(a, b), IL-1β upregulated the expres-
sion of Keap1 but downregulated the expression 
of Nrf2 as well as the protein levels of down-
stream targets of Nrf2, HO-1, and NQO1. 
However, EA treatment reversed the IL-1β- 
induced increase in Keap1 and decreases in 
Nrf2, HO-1, and NQO1, as measured by changes 
in protein expression (Figure 4(a, b)). ML385, 
a specific Keap1/Nrf2 signal pathway inhibitor, 
was used to verify the effects of EA on the 
Keap1/Nrf2 signal pathway in chondrocytes. As 
shown in Figure 4(c, d), ML385 significantly 
inhibited the EA-induced upregulation of Nrf2, 
HO-1, and NQO1, and it reversed the EA- 
induced downregulation of Keap1 (Figure 4(c, 
d)). These results confirmed that EA can upre-
gulate the Keap1/Nrf2 signaling pathway in 
chondrocytes under IL-1β-induced oxidative 
stress.

EA attenuated IL-1β-induced oxidative stress and 
promoted cartilage matrix secretion of 
chondrocytes by upregulating the Keap1/Nrf2 
signaling pathway

To determine whether the Keap1/Nrf2 signaling 
participated in the antioxidant effects of EA on 
chondrocytes under oxidative stress, we measured 
the ML385-induced variations in MDA and intra-
cellular ROS levels as well as the total SOD activity 
and SOD1 and SOD2 protein expression of chon-
drocytes under IL-1β-induced oxidative stress and 
EA administration. We found that MDA and 
intracellular ROS increased significantly after 
ML385 treatment (Figure 5(a), Figure 5(e) and 
Figure 5(f)), indicating that ML385-induced 
downregulation of the Keap1/Nrf2 signaling path-
way suppressed the antioxidant effects of EA. In 
addition, total SOD activity and SOD1 and SOD2 
protein expression decreased significantly after 
ML385 treatment (Figure 5(b–d)). These results 
indicated that EA attenuated oxidative stress in 
chondrocytes via upregulation of the Keap1/Nrf2 
signaling pathway.

To verify whether EA restored cartilage 
matrix secretion of chondrocytes under IL-1β- 
induced oxidative stress via the Keap1/Nrf2 
signaling pathway, we examined ML385- 
induced changes in expression of aggrecan, 
collagen II, SOX9, and sulfated proteoglycans 
of chondrocytes under IL-1β-induced oxidative 
stress and EA administration. Western blotting 
analysis indicated that ML385 treatment 
decreased the expression of aggrecan, collagen 
II, and SOX9 (Figure 5(g) and Figure 5(h)). 
Meanwhile, ML385 downregulated the EA- 
mediated sulfated proteoglycan generation 
recovery of chondrocytes subjected to IL-1β- 
induced oxidative stress (Figure 5(i)). These 
results indicate that EA restores the cartilage 
matrix secretion functions in chondrocytes by 
upregulating the Keap1/Nrf2 signaling pathway.

EA ameliorated chondrocyte injury under IL-1β- 
induced oxidative stress by upregulating the 
Keap1/Nrf2 pathway

To determine whether EA ameliorated chondro-
cyte injury under IL-1β-induced oxidative stress
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Figure 3. Ellagic acid (EA) ameliorated chondrocyte injury under interleukin (IL)-1β-induced oxidative stress. The protein expression of 
inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX2), matrix metalloproteinase (MMP)9, MMP13, and collagen X were 
detected by (a) western blot and (b) quantification analysis. Mitochondrial membrane potential levels were assessed by (c) JC-1 
staining and (d) quantification analysis. Cell senescence levels were assessed by (e) Senescence β-galactosidase (SA-β-Gal) staining 
and (f) quantification analysis. N = 3. The values are expressed as the mean ± standard deviation. *p < 0.05, **p < 0.01, and 
***p < 0.001.
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through Keap1/Nrf2 signaling pathway, we evalu-
ated the ML385-mediated variation of indicators 
of chondrocyte degradation, including mitochon-
drial membrane potential levels, cellular senes-
cence, and protein expression of iNOS, COX2, 

MMP9, MMP13, and collagen X. As shown in 
Figure 6(a) and Figure 6(b), ML385 treatment 
reversed the EA-mediated downregulation of 
iNOS, COX2, MMP9, MMP13, and collagen X, 
as reflected by measurements of protein levels. In

Figure 4. Ellagic acid (EA) upregulated the Keap1/Nrf2 signaling pathway in interleukin (IL)-1β-exposed chondrocytes. The protein 
expression of Nrf2, Keap1, heme oxygenase-1 (HO-1), and NADPH quinone oxidoreductase 1 (NQO1) in chondrocytes (a-b) treated 
with EA and IL-1β (10 ng/mL) or (c-d) exposed to EA, IL-1β (10 ng/mL), and a specific Keap1/Nrf2 pathway inhibitor (ML385, 10 μM) 
were detected by western blot and quantification analysis. N = 3. The values are expressed as the mean ± standard deviation. 
*p < 0.05, **p < 0.01, and ***p < 0.001.
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Figure 5. ML385 suppressed the antioxidant effects of ellagic acid (EA) and inhibited the EA-mediated increase in cartilage matrix 
secretion of interleukin (IL)-1β-exposed chondrocytes. C28/I2 chondrocytes were treated with Ellagic acid (EA), IL-1β (10 ng/mL), and 
ML385 (10 μM) for 24 h. (a) Malondialdehyde (MDA) levels were determined using the MDA assay. (b) Superoxide dismutase (SOD) 
activity levels were detected using the SOD activity assay. The protein expressions of SOD1 and SOD2 were assessed by (c) western
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addition, EA-mediated reduction of the mitochon-
drial membrane potential was weakened by ML385 
treatment (Figure 6(c) and Figure 6(d)). ML385 
treatment also suppressed the attenuation of EA 
effects on chondrocyte senescence caused by IL- 
1β-induced oxidative stress (Figure 6(e) and 
Figure 6(f)). These results suggest that EA attenu-
ates chondrocyte degradation by upregulating the 
Keap1/Nrf2 signaling pathway. This data indicate 
that EA attenuates chondrocyte injury under IL- 
1β-induced oxidative stress by upregulating the 
Keap1/Nrf2 signaling pathway.

Discussion

OA is the most prevalent joint disease in older 
adults; it causes pain and joint dysfunction and 
ultimately reduces quality of life [30]. Current 
therapies for OA, such as hyaluronic acid, opioids, 
and corticosteroids, focus primarily on relief of 
symptoms, but do not reverse the progression of 
OA [31–33]. Effective nonoperative strategies that 
could delay the pathological process of OA are 
urgently needed. Herein, we investigated the 
underlying mechanisms of the therapeutic effects 
of EA using C28/I2 normal human chondrocytes 
exposed to IL-1β. Our results indicate that EA 
effectively protects chondrocytes from oxidative 
stress, dysfunction, and degradation by upregulat-
ing the Keap1/Nrf2 signaling pathway.

In recent years, the effects of oxidative stress on 
OA have been identified [12]. Oxidative stress is 
associated with articular cartilage degeneration 
and the development of OA [34]. 
Overproduction of ROS increases the susceptibility 
of chondrocytes to oxidant-mediated cell death 
and reduces antioxidant functions [35]; thus, nat-
ural antioxidants might be a useful approach to 
OA management. A recent study reported that 
natural antioxidants, including allicin, lycopene, 
sulforaphane, and N-acetyl-L-cysteine (NAC), 
attenuated oxidative stress and exerted protective 
effects on human osteoarthritic chondrocytes 

through the Keap1/Nrf2 signaling pathway [36]. 
EA, a natural phenolic compound with four 
hydroxyl (H bond acceptor) and two lactone (H 
bond donor) functional groups [37], abundantly 
exists in plant extracts [38]; it possesses various 
pharmacological properties, including cardiopro-
tective, anti-inflammatory, and antioxidant effects 
[39]. In this study, we used IL-1β to induce oxida-
tive stress and degrade chondrocytes, as indicated 
by increases in MDA and intracellular ROS levels 
as well as upregulation of protein expression of 
iNOS, COX2, MMP9, MMP13, and collagen 
X. However, all these variations could be restored 
by EA administration. Moreover, we found that 
EA attenuated the IL-1β-induced early apoptosis 
and senescence of chondrocytes. Previous studies 
have demonstrated that oxidative stress with an 
increase in ROS level is critical for the induction 
and maintenance of cell senescence processes [40]. 
Additionally, treatment with EA reversed the IL- 
1β-induced decrease in the expression of aggrecan, 
collagen II, SOX9 and sulfated proteoglycans of 
chondrocytes, suggesting that EA could alleviate 
chondrocyte dysfunction. These findings demon-
strated that EA could protect chondrocytes from 
IL-1β-induced-oxidative stress and exerts chon-
droprotective effects.

To detect the underlying mechanism of EA alle-
viation of oxidative stress in chondrocytes, we 
examined the expression of Nrf2 and Keap1 pro-
tein. Nrf2 is an oxidative stress-sensitive transcrip-
tion factor and serves as a crucial regulator of 
cellular redox homeostasis [13]. In addition, acti-
vation of the Nrf2/ARE pathway exerts antioxida-
tive effects in OA chondrocytes [41,42]. Moreover, 
Hesu et al. demonstrated that EA could signifi-
cantly increase the expression of antioxidant 
enzymes, such as SOD and HO-1, through upre-
gulation of Nrf2 and could noticeably weaken the 
cytoplasmic stability of Keap1 [43]. Therefore, we 
speculated that EA might ameliorate oxidative 
stress-induced dysfunction in chondrocytes 
through the Keap1/Nrf2 signaling pathway. In 

blot and (d) quantification analysis. Intercellular ROS levels were determined using (e) a 2,7-dichlorofluorescin diacetate (DCFH-DA) 
probe and (f) quantification analysis. The protein expression of aggrecan, collagen II, and sex determining region Y-box 9 (SOX9) 
were determined by (g) western blot and (h) quantification analysis. (i) Secretion levels of sulfated proteoglycans were detected 
using Alcian blue staining. N = 3. The values are expressed as the mean ± standard deviation. *p < 0.05, **p < 0.01, and 
***p < 0.001.
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Figure 6. ML385 reversed the ellagic acid (EA)-mediated remission of the chondrocyte injury subjected to interleukin (IL)-1β-induced 
oxidative stress. C28/I2 chondrocytes were treated with ellagic acid (EA), IL-1β (10 ng/mL), and ML385 (10 μM) for 24 h. The protein 
expression levels of inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX2), matrix metalloproteinase (MMP)9, MMP13, and 
collagen X were detected by (a) western blot and (b) quantification analysis. Mitochondrial membrane potential levels were detected 
by (c) JC-1 staining and (d) quantification analysis. Cell senescence levels were assessed by (e) senescence β-galactosidase (SA-β-Gal) 
staining and (f) quantification analysis. N = 3. The values are expressed as the mean ± standard deviation. *p < 0.05, **p < 0.01, and 
***p < 0.001.
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the present study, we alleviated oxidative stress 
and dysfunction in IL-1β-treated human chondro-
cytes using EA and confirmed that the Keap1/Nrf2 
signaling pathway was involved in the progression. 
IL-1β-treated chondrocytes expressed more Keap1 
and less Nrf2 compared to the control group. 
Furthermore, the protein levels of the downstream 
targets of Nrf2 (HO-1 and NQO1) decreased after 
IL-1β intervention. Our results indicated that EA 
reversed all these changes, which suggested that 
EA could upregulated the Keap1/Nrf2 pathway in 
chondrocytes under oxidative stress. We also used 
ML385 (10 μM), a specific Keap1/Nrf2 signaling 
pathway inhibitor, to detect the Keap1/Nrf2 path-
way involvement in the antioxidant and chondro-
protective abilities of EA. We found that ML385 
downregulated the protein expression of Nrf2, 
NQO1, and HO-1. ML385 administration sup-
pressed the antioxidant and protective effects of 
EA on chondrocytes subjected to IL-1β-induced 
oxidative stress by upregulating the Keap1/Nrf2 
pathway.

In this study, we determined that EA could 
exert antioxidant and chondroprotective effects 
on chondrocytes by upregulating the Keap1/Nrf2 
signaling pathway. However, this study has some 
limitations that should also be considered. The 
therapeutic effects of EA on OA and the under-
lying mechanisms must be investigated in vivo. 
In addition, our study was limited to IL-1β sti-
mulation, and the use of EA as an OA treatment 
should be confirmed by future in vitro and 
in vivo experiments. Despite the shortcomings 
of this study, it was the first, to our knowledge, 
to demonstrate that EA could ameliorate oxida-
tive stress in IL-1β-treated chondrocytes and 
exert chondroprotective effects through the 
Keap1/Nrf2 pathway, which suggested that EA 
was a promising bioactive agent applied to func-
tionalize biomaterials for cartilage defect regen-
eration in the OA articular cavity with oxidative 
stress.

Conclusion

This study demonstrated that EA attenuated IL- 
1β-induced oxidative stress and exerted chondro-
protective effects on chondrocytes through up- 
regulation of the Keap1/Nrf2 signaling pathway. 

These findings provide a novel perspective on the 
therapeutic effects of EA on OA, and suggest that 
EA was a promising antioxidant applied to therapy 
for degenerative diseases.

Data available statement

The original contributions presented in the study are 
included in the article, further inquiries can be directed to 
the corresponding author.

Disclosure statement

No potential conflict of interest was reported by the 
author(s).

Funding

This study was financially supported by grants from ‘Science 
and Technology Innovation Action Program‘ Natural Science 
Foundation of Shanghai supported by Shanghai Science and 
Technology Commission [22ZR1410800], National Natural 
Science Foundation of China [81672142], ‘Science and 
Technology Innovation Action Program’ Natural Science 
Foundation of Shanghai supported by Shanghai Science and 
Technology Commission [21ZR1412100], and Shanghai 
‘Rising Stars of Medical Talent’ Youth Development 
Program Shanghai Municipal Health Commission [2019-72].

Author contributions

WZ, HT, LC, and CG provided the idea and concept of this 
paper. WZ and HT carried out the experiments and data 
analysis. WZ, HT and LC wrote and edited the manuscript. 
CG, JL and GRM revised the manuscript. All authors read 
and approved the final manuscript.

References

[1] Silverwood V, Blagojevic-Bucknall M, Jinks C, et al. 
Current evidence on risk factors for knee osteoarthritis 
in older adults: a systematic review and meta-analysis. 
Osteoarthr Cartil. 2015;23(4):507–515.

[2] Jenei-Lanzl Z, Meurer A, Zaucke F. Interleukin-1β 
signaling in osteoarthritis - chondrocytes in focus. 
Cell Signal. 2019;53:212–223.

[3] Bellamy N, Campbell J, Robinson V, et al. 
Intraarticular corticosteroid for treatment of osteoar-
thritis of the knee. Cochrane Database Syst Rev.2006;2: 
CD005328.

[4] Bolduc J, Collins J, Loeser R. Reactive oxygen species, 
aging and articular cartilage homeostasis. Free Radic 
Biol Med. 2019;132:73–82.

BIOENGINEERED 9261



[5] Sherwood J. Osteoarthritis year in review 2018: 
biology. Osteoarthritis Cartilage. 2019;27 
(3):365–370.

[6] Lepetsos P, Papavassiliou K, Papavassiliou A. Redox 
and NF-κB signaling in osteoarthritis. Free Radic Biol 
Med. 2019;132:90–100.

[7] Brandl A, Hartmann A, Bechmann V, et al. Oxidative 
stress induces senescence in chondrocytes. J Orthop 
Res. 2011;29(7):1114–1120.

[8] Henrotin Y, Bruckner P, Pujol J. The role of reac-
tive oxygen species in homeostasis and degradation 
of cartilage. Osteoarthr Cartil. 2003;11(10):747–755.

[9] Altay M, Ertürk C, Bilge A, et al. Evaluation of proli-
dase activity and oxidative status in patients with knee 
osteoarthritis: relationships with radiographic severity 
and clinical parameters. Rheumatol Int. 2015;35 
(10):1725–1731.

[10] Collins JA, Wood ST, Nelson KJ, et al. Oxidative stress 
promotes peroxiredoxin hyperoxidation and attenuates 
pro-survival signaling in aging chondrocytes. J Biol 
Chem. 2016;291(13):6641–6654.

[11] Xie J, Lin J, Wei M, et al. Sustained Akt signaling in 
articular chondrocytes causes osteoarthritis via oxida-
tive stress-induced senescence in mice. Bone Res. 
2019;7:23.

[12] Ansari M, Ahmad N, Haqqi T. Oxidative stress and 
inflammation in osteoarthritis pathogenesis: role of 
polyphenols. Biomed Pharmacother. 2020;129:110452.

[13] Cuadrado A, Rojo A, Wells G, et al. Therapeutic tar-
geting of the NRF2 and KEAP1 partnership in chronic 
diseases. Nat. Rev. Drug Discovery. 2019;18 
(4):295–317.

[14] Mizunoe Y, Kobayashi M, Sudo Y, et al. Trehalose 
protects against oxidative stress by regulating the 
Keap1-Nrf2 and autophagy pathways. Redox Biol. 
2018;15:115–124.

[15] Kumar H, Kim I, More S, et al. Natural 
product-derived pharmacological modulators of Nrf2/ 
ARE pathway for chronic diseases. Nat Prod Rep. 
2014;31(1):109–139.

[16] Zhu L, Wei M, Yang N, et al. Glycyrrhizic acid alle-
viates the meconium-induced acute lung injury in neo-
natal rats by inhibiting oxidative stress through 
mediating the Keap1/Nrf2/HO-1 signal pathway. 
Bioengineered. 2021;12(1):2616–2626.

[17] Prasad K. Simultaneous activation of Nrf2 and eleva-
tion of antioxidant compounds for reducing oxidative 
stress and chronic inflammation in human Alzheimer’s 
disease. Mech Ageing Dev. 2016;153:41–47.

[18] Li Y, Zhan P, Wang Q, et al. Linagliptin ameliorated 
interleukin-29-induced reduction of extracellular 
matrix genes through the nuclear factor erythroid 
2-related factor 2 (Nrf2)/sry-type high-mobility-group 
box (SOX)-9 axis in an in vitro study on C-28/I2 
chondrocytes. Bioengineered. 2022;13(2):3775–3784.

[19] Ahad A, Ganai A, Mujeeb M, et al. Ellagic acid, an NF- 
κB inhibitor, ameliorates renal function in 

experimental diabetic nephropathy. Chem Biol 
Interact. 2014;219:64–75.

[20] Uzar E, Alp H, Cevik M, et al. Ellagic acid attenuates 
oxidative stress on brain and sciatic nerve and 
improves histopathology of brain in 
streptozotocin-induced diabetic rats. Neurol Sci. 
2012;33(3):567–574.

[21] Qiu Z, Zhou B, Jin L, et al. In vitro antioxidant and 
antiproliferative effects of ellagic acid and its colonic 
metabolite, urolithins, on human bladder cancer T24 
cells. Food Chem Toxicol. 2013;59:428–437.

[22] Ding X, Jian T, Wu Y, et al. Ellagic acid ameliorates 
oxidative stress and insulin resistance in high 
glucose-treated HepG2 cells via miR-223/keap1-Nrf2 
pathway. Biomed Pharmacother. 2019;110:85–94.

[23] Zhang J, Xu M, Mu Y, et al. Reasonably retard O2 

consumption through a photoactivity conversion 
nanocomposite for oxygenated photodynamic therapy. 
Biomaterials. 2019;218:119312.

[24] Zhong J, Yu H, Huang C, et al. Inhibition of phospho-
diesterase 4 by FCPR16 protects SH-SY5Y cells against 
MPP+-induced decline of mitochondrial membrane 
potential and oxidative stress. Redox Biol. 
2018;16:47–58.

[25] Chen J, Huang Z, Wu X, et al. Oxidative stress induces 
different tissue dependent effects on Mutyh-deficient 
mice. Free Radic Biol Med. 2019;143:482–493.

[26] van Gastel N, Stegen S, Eelen G, et al. Lipid availability 
determines fate of skeletal progenitor cells via SOX9. 
Nature. 2020;579(7797):111–117.

[27] Jiang H, Yang Y, Zhang Y, et al. The dual role of poly 
(ADP-ribose) polymerase-1 in modulating parthanatos 
and autophagy under oxidative stress in rat cochlear 
marginal cells of the stria vascularis. Redox Biol. 
2018;14:361–370.

[28] Huang X, Zhang H, Liang X, et al. Adipose-derived 
mesenchymal stem cells isolated from patients with 
abdominal aortic aneurysm exhibit senescence 
phenomena. Oxid Med Cell Longev. 2019;2019:1305049.

[29] Nong A, Li Q, Huang Z, et al. MicroRNA miR-126 
attenuates brain injury in septic rats via NF-κB signal-
ing pathway. Bioengineered. 2021;12(1):2639–2648.

[30] Barbour K, Helmick C, Boring M, et al. Vital Signs: 
prevalence of doctor-diagnosed arthritis and 
arthritis-attributable activity limitation - United 
States, 2013-2015. MMWR Morb Mortal Wkly Rep. 
2017;66(9):246–253.

[31] Su S, Tanimoto K, Tanne Y, et al. Celecoxib exerts 
protective effects on extracellular matrix metabolism 
of mandibular condylar chondrocytes under excessive 
mechanical stress. Osteoarthritis Cartilage. 2014;22 
(6):845–851.

[32] Zhang M, Theleman JL, Lygrisse KA, et al. Epigenetic 
mechanisms underlying the aging of articular cartilage 
and osteoarthritis. Gerontology. 2019;65(4):387–396.

[33] Varela-Eirín M, Varela-Vázquez A, 
Guitián-Caamaño A, et al. Targeting of chondrocyte 

9262 W. ZHU ET AL.



plasticity via connexin43 modulation attenuates cellu-
lar senescence and fosters a pro-regenerative environ-
ment in osteoarthritis. Cell Death Dis. 2018;9(12):1166.

[34] Sokolove J, Lepus C. Role of inflammation in the 
pathogenesis of osteoarthritis: latest findings and 
interpretations. Ther Adv Musculoskelet Dis. 2013;5 
(2):77–94.

[35] Carlo M, Loeser R. Increased oxidative stress with 
aging reduces chondrocyte survival: correlation with 
intracellular glutathione levels. Arthritis Rheumatism. 
2003;48(12):3419–3430.

[36] Yang J, Song X, Feng Y, et al. Natural ingredients-derived 
antioxidants attenuate HO-induced oxidative stress and 
have chondroprotective effects on human osteoarthritic 
chondrocytes via Keap1/Nrf2 pathway. Free Radic Biol 
Med. 2020;152:854–864.

[37] Chen P, Chen F, Zhou B. Antioxidative, 
anti-inflammatory and anti-apoptotic effects of ellagic 
acid in liver and brain of rats treated by D-galactose. 
Sci Rep. 2018;8(1):1465.

[38] Neymotin A, Calingasan N, Wille E, et al. 
Neuroprotective effect of Nrf2/ARE activators, CDDO 
ethylamide and CDDO trifluoroethylamide, in a mouse 
model of amyotrophic lateral sclerosis. Free Radic Biol 
Med. 2011;51(1):88–96.

[39] Firdaus F, Zafeer M, Anis E, et al. Ellagic acid attenuates 
arsenic induced neuro-inflammation and mitochondrial 
dysfunction associated apoptosis. Toxicol Rep. 
2018;5:411–417.

[40] Davalli P, Mitic T, Caporali A, et al. ROS, cell senes-
cence, and novel molecular mechanisms in aging and 
age-related diseases. Oxid Med Cell Longev. 
2016;2016:3565127.

[41] Khan N, Ahmad I, Haqqi T. Nrf2/ARE pathway 
attenuates oxidative and apoptotic response in human 
osteoarthritis chondrocytes by activating ERK1/2/ 
ELK1-P70S6K-P90RSK signaling axis. Free Radic Biol 
Med. 2018;116:159–171.

[42] Khan N, Haseeb A, Ansari M, et al. Wogonin, a plant 
derived small molecule, exerts potent 
anti-inflammatory and chondroprotective effects 
through the activation of ROS/ERK/Nrf2 signaling 
pathways in human Osteoarthritis chondrocytes. Free 
Radic. Biol. Med 2017;106:288–301.

[43] Hseu Y, Chou C, Senthil Kumar K, et al. Ellagic acid 
protects human keratinocyte (HaCaT) cells against 
UVA-induced oxidative stress and apoptosis through 
the upregulation of the HO-1 and Nrf-2 antioxidant 
genes. Food Chem Toxicol. 2012;50(5):1245–1255.

BIOENGINEERED 9263


	Abstract
	Introduction
	Materials and methods
	Cell expansion
	Cell viability assay
	Intracellular ROS measurement
	Malondialdehyde assay
	Superoxide dismutase quantification
	Alcian blue staining
	Mitochondrial membrane potential assay
	Senescence β-galactosidase staining
	Western blotting analysis
	Statistical analysis

	Results
	Effects of EA on cell viability of chondrocytes
	EA attenuated IL-1β-induced oxidative stress and promoted cartilage matrix secretion of chondrocytes
	EA ameliorated chondrocytes injury under IL-1β-induced oxidative stress
	EA upregulated Keap1/Nrf2 signaling pathway in chondrocytes under IL-1β-induced oxidative stress
	EA attenuated IL-1β-induced oxidative stress and promoted cartilage matrix secretion of chondrocytes by upregulating the Keap1/Nrf2 signaling pathway
	EA ameliorated chondrocyte injury under IL-1β-induced oxidative stress by upregulating the Keap1/Nrf2 pathway

	Discussion
	Conclusion
	Data available statement
	Disclosure statement
	Funding
	Author contributions
	References

