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Purpose: Osteoarthritis (OA) is a progressive disease characterized by pain and impaired 
joint functions. Engeletin is a natural compound with anti-inflammatory and antioxidant 
effects on other diseases, but the effect of engeletin on OA has not been evaluated. This 
study aimed to elucidate the protective effect of engeletin on cartilage and the underlying 
mechanisms.
Methods: Chondrocytes were isolated from rat knee cartilage, and TNF-α was used to 
simulate OA in vitro. After treatment with engeletin, the expression of extracellular matrix 
(ECM) components (collagen II and aggrecan) and matrix catabolic enzymes (MMP9 and 
MMP3) was determined by Western blotting and qPCR. Chondrocyte apoptosis was evaluated 
using Annexin V-FITC/PI and flow cytometry. Apoptosis-related proteins (Bax, Bcl-2, and 
cleaved caspase-3) were evaluated by Western blotting. The mitochondrial membrane potential 
of chondrocytes was measured with JC-1, and intracellular reactive oxygen species (ROS) 
levels were determined with DCFH-DA. Changes in signaling pathways (Nrf2, NF-κB and 
MAPK) were evaluated by Western blotting. In vivo, anterior cruciate ligament transection 
(ACLT) was used to induce the rat OA model, and engeletin was administered intraarticularly. 
The therapeutic effect of engeletin was analyzed by histopathological analysis.
Results: Pretreatment with engeletin alleviated TNF-α-induced inhibition of ECM compo-
nents (collagen II and aggrecan) and upregulation of matrix catabolic enzymes (MMP9 and 
MMP3). Engeletin ameliorated chondrocyte apoptosis by inhibiting Bax expression and 
upregulating Bcl-2 expression. Engeletin maintained the mitochondrial membrane potential 
of chondrocytes and scavenged intracellular ROS by activating the Nrf2 pathway. The NF- 
κB and MAPK pathways were inhibited by treatment with engeletin. In vivo, ACLT-induced 
knee OA in rats was alleviated by intraarticular injection of engeletin.
Conclusion: Engeletin ameliorated OA in vitro and in vivo. It may be a potential ther-
apeutic drug for OA.
Keywords: engeletin, osteoarthritis, OA, apoptosis, reactive oxygen species, ROS, 
mitochondrial membrane potential

Introduction
Osteoarthritis (OA) has emerged as a public health issue that affected 303 million 
patients in 2017, and the prevalence continues to increase each year.1,2 The patho-
genesis of OA is not fully understood, but various factors, such as being over-
weight, trauma, senescence and abnormal immune responses, have been shown to 
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be related to OA progression.3,4 Progressive cartilage 
destruction, subchondral bone remodeling and synovitis 
are the characteristics of OA and lead to pain and func-
tional impairments of joints, especially those in the knee, 
hand and hip.5 For these end-stage OA patients, arthro-
plasty of the involved joints is inevitable. The American 
Academy of Orthopaedic Surgeons (AAOS) only recom-
mended nonsteroidal anti-inflammatory drugs (NSAIDs) 
and tramadol for the relief of symptoms.6 To date, no 
pharmacotherapy has been proven to slow or reverse the 
progression of OA. Therefore, it is urgent to discover 
effective drugs that preserve cartilage in the treatment 
of OA.

Reactive oxygen species (ROS) generation and apop-
tosis are the principal mechanisms involved in the onset 
and progression of OA. ROS are a series of short-lived 
oxygen-containing molecules, including hydroxyl radicals 
(OH−), hydrogen peroxide (H2O2), superoxide anion (O2

−) 
and nitric oxide (NO).7 ROS play central roles in the 
inflammatory response of chondrocytes. ROS enhance 
the expression of proinflammatory mediators, including 
interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis 
factor alpha (TNF-α) and prostaglandin E2 (PGE2). These 
cytokines inhibit the expression of extracellular matrix 
(ECM) components such as collagen II and aggrecan, 
and facilitate the synthesis of ECM catabolic enzymes, 
including matrix metalloproteinases (MMPs) and 
a disintegrin and metalloproteinase with thrombospondin 
motifs (ADAMTS).8–11 Excessive ROS accumulation in 
cells can also alter the mitochondrial membrane potential, 
initiating apoptosis and leading to cartilage hypocellular-
ity, which destroys cartilage integrity and results in ECM 
degradation.12 These biological processes together contri-
bute to the progression of OA. Therefore, drugs that can 
scavenge intracellular ROS and alleviate chondrocyte 
apoptosis have the potential to protect cartilage from 
degeneration.

Engeletin (dihydrokaempferol 3-rhamnoside) is 
a naturally occurring compound that is widely distributed 
in vegetables and fruits.13–16 Recent studies have shown 
that engeletin has anti-inflammatory, anticarcinogenic and 
antioxidant properties.17–19 Engeletin has been proven to 
be an activator of the nuclear factor erythroid 2-related 
factor 2 (Nrf2) pathway in BV-2 cells.17 Nrf2 is a key 
transcription factor that regulates antioxidant processes. 
Activation of the Nrf2 pathway facilitates the expression 
of downstream antioxidant proteins, including heme oxy-
genase-1 (HO-1), superoxide dismutase (SOD) and 

NAD(P)H dehydrogenase, quinone 1 (NQO1).20–22 The 
nuclear factor kappa-B (NF-κB) and mitogen-activated 
protein kinase (MAPK) pathways also participate in mod-
ulating chondrocyte growth, differentiation and 
inflammation.23 The progression of OA is associated 
with the activation of these two signaling pathways.24 

Engeletin has been reported to be an inhibitor of the NF- 
κB and MAPK pathways in many types of cells and 
tissues.14,15,25,26 However, the effect of engeletin on chon-
drocytes remains unknown.

We hypothesize that engeletin protects chondrocytes 
from degradation through the Nrf2 pathway activation 
and NF-κB and MAPK pathway inhibition. Therefore, in 
this study, we used TNF-α to simulate chondrocyte inflam-
mation in vitro. ECM component expression, apoptosis, 
mitochondrial membrane potential, intracellular ROS 
levels and changes in related signaling pathways were 
measured after engeletin administration to elucidate the 
cartilage-protective effects. Moreover, anterior cruciate 
ligament transection (ACLT) was used to induce knee 
OA in rats and engeletin was injected intraarticularly to 
evaluate its protective effects in vivo.

Materials and Methods
Reagents and Antibodies
Engeletin was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA) and diluted in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA). 
TNF-α was obtained from R&D Systems (Minneapolis, 
MN, USA). Cell Counting Kit-8 (CCK-8), protease and 
phosphatase inhibitor cocktails, RIPA lysis buffer, the 
nuclear and cytoplasmic protein extraction kit, HRP- 
labeled goat anti-rabbit IgG, electrochemiluminescence 
reagents, the Annexin V-FITC apoptosis detection kit and 
the ROS assay kit were obtained from Beyotime 
(Shanghai, China). Collagenase type II, DMEM/F-12 cul-
ture medium, fetal bovine serum (FBS), 0.25% trypsin 
EDTA solution and the penicillin-streptomycin mixture 
were purchased from Gibco (Grand Island, NY, USA). 
Reverse transcript master mix and qPCR master mix 
were obtained from Promega (Madison, WI, USA). 
Primary antibodies against MMP9, HO-1, NQO1, lamin 
B1, B-cell lymphoma 2 (Bcl-2), caspase-3 and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) were obtained 
from Proteintech (Wuhan, China). Antibodies against p38, 
p-p38, c-Jun N-terminal kinase (JNK), p-JNK, extracellu-
lar signal-regulated kinase (ERK), p-ERK, inhibitor kappa 
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B alpha (IκBα), p-IκBα, p65, p-p65 and bcl2-associated 
X protein (Bax) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Antibodies against col-
lagen II, aggrecan, MMP3, and Nrf2 and the JC-1 mito-
chondrial membrane potential assay kit were purchased 
from Abcam (Cambridge, MA, USA).

Experimental Animals
For primary cell isolation and rat OA model induction, 
four- and eight-week-old male Sprague-Dawley rats were 
acquired from the Shanghai SLAC Laboratory Animal 
Company (Shanghai, China). The protocols for animal 
experiments were approved by the Ethics Committee of 
Zhongshan Hospital. The surgeries were performed in 
accordance with the National Institutes of Health (NIH) 
Guide for the Care and Use of Laboratory Animals.

Isolation and Culture of Rat 
Chondrocytes
Primary chondrocytes were isolated from Sprague-Dawley 
rats. Four-week-old male Sprague-Dawley rats were eutha-
nized by an overdose injection of sodium pentobarbital. 
Death was confirmed by checking breath and heartbeat. 
Verification of death was supplemented by percutaneous 
cardiac puncture. The articular cartilage was separated 
from the knee joint and digested with a 0.25% trypsin 
EDTA solution for two hours, followed by digestion with 
0.1% collagenase II solution overnight. The isolated chon-
drocytes were centrifuged, resuspended and cultured in 
DMEM/F-12 culture medium containing 10% FBS and 
a 1% penicillin-streptomycin mixture in a 37°C incubator 
with 5% CO2. When the cells reached 80–90% confluence, 
chondrocytes were passaged with a trypsin solution. The 
culture medium was replaced every two days, and chon-
drocytes between passage one and passage three were used 
in subsequent experiments.

Cell Viability Assay
The viability of chondrocytes was determined by CCK-8 
assay. Chondrocytes were cultured in 96-well plates at 
a density of 5000 cells per well and then treated with 
different concentrations of engeletin (0 μM, 5 μM, 10 
μM, 20 μM, 40 μM, 80 μM, and 160 μM) or DMSO for 
24 or 48 hours. After treatment, the culture medium was 
removed, and the chondrocytes were washed with phos-
phate-buffered saline (PBS) three times. Then, 100 μL of 
culture medium containing 10 μL of CCK-8 solution was 

added to each well. The plates were incubated at 37°C for 
two hours, and then the absorbance at 450 nm was deter-
mined using a spectrophotometer (FlexStation 3, 
Molecular Devices, San Jose, CA, USA). To determine 
the toxicity and IC50 of engeletin, chondrocytes were 
treated with DMSO or different concentrations of engele-
tin (240 μM, 320 μM, 400 μM, 480 μM, 560 μM, 640 μM, 
720 μM, 800 μM, 880 μM) for 24 hours. CCK-8 was also 
used to measure the toxicity and the inhibition rate is 
calculated using the following formula:

Inhibition rate (%) = (1 – Atest/Acontrol) x 100%

Western Blotting
Total protein was extracted from chondrocytes using RIPA 
lysis buffer containing a protease and phosphatase inhibitor 
cocktail. Nuclear protein and cytoplasmic protein were 
extracted using a nuclear and cytoplasmic protein extraction 
kit. Proteins were separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) membranes 
(Millipore, Bedford, MA, USA). After being blocked with 
5% nonfat milk solution for one hour, the membranes were 
incubated with the respective primary antibodies overnight 
and HRP-conjugated secondary antibodies for one hour. 
Finally, the blots were visualized using enhanced chemilu-
minescence on an imaging system (Tanon, Shanghai, China).

RNA Isolation and Real-Time PCR
Total RNA was isolated from chondrocytes using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocols. Single-stranded cDNA was synthe-
sized from 1000 ng of the RNA using reverse transcript 
master mix. Quantitative RT-PCR was performed using 
a QuantStudio 5 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA) with qPCR master mix. 
GAPDH was used to normalize the expression using the 
formula 2-ΔΔCt.27 The primer sequences are listed in Table 1.

Detection of Cell Apoptosis
Chondrocyte apoptosis was examined using an Annexin 
V-FITC apoptosis detection kit. Chondrocytes were cul-
tured in 6-well plates at a density of 100,000 cells per 
well. After the respective treatments, the chondrocytes 
were digested, centrifuged and resuspended in 100 μL of 
binding buffer. The chondrocytes were then incubated with 
5 μL of Annexin V-FITC and 10 μL of propidium iodine 
(PI) at room temperature for 15 minutes. The chondrocyte 
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apoptotic rate was measured using a flow cytometer 
(Accuri C6, BD Biosciences, San Jose, CA, USA).

Detection of Mitochondrial Membrane 
Potential
Chondrocyte mitochondrial membrane potential was deter-
mined using a JC-1 mitochondrial membrane potential 
assay. Chondrocytes were seeded in 6-well plates at 
a density of 100,000 cells per well. After the respective 
treatments, the chondrocytes were incubated with JC-1 
solution for 10 minutes, and images were captured using 
a confocal laser scanning microscope (FV3000, Olympus, 
Tokyo, Japan). To quantify changes, chondrocytes were 
also collected and incubated with JC-1 solution, followed 
by flow cytometric analysis.

Detection of Intracellular ROS Levels
The intracellular ROS levels in chondrocytes was mea-
sured using a ROS assay kit. Chondrocytes were cultured 
in 6-well plates at a density of 100,000 cells per well. 
After the respective treatments, the chondrocytes were 
digested, collected and resuspended in 10 mM 2ʹ,7ʹ- 
dichlorofluorescein diacetate (DCFH-DA) solution. 
After the cells were incubated in the dark at 37°C for 
20 minutes, ROS levels were determined using flow 
cytometry.

Surgical Procedures
Thirty-six eight-week-old male Sprague-Dawley rats were 
randomly divided into three equal groups: the control 
group, OA group and engeletin group. The rat OA model 
was induced with ACLT. Before the surgery, rats were 
anesthetized by sodium pentobarbital injection. After 
anesthesia induction, a longitudinal medial parapatellar 
incision was made on the unilateral knee followed by 
transection of the anterior cruciate ligament. Rats in OA 

and engeletin groups received ACLT surgery while rats in 
the control group received the same incision without 
further surgery. After four weeks, rats in engeletin group 
received intraarticular injections of engeletin once a week 
(dissolved in normal saline, 100 μL containing 50 μg 
engeletin per injection). Rats in the control and OA groups 
received the same volume of normal saline.

Histopathological Analysis
After four or eight weeks of injection, six rats in each group 
were euthanized by an overdose injection of sodium pento-
barbital. Knee joints were collected and fixed in 4% parafor-
maldehyde for 24 hours, followed by decalcification in 10% 
EDTA solution for one month. After decalcification, the 
tissues were then dehydrated, embedded in paraffin and cor-
onally cut into 3-μm slices. The slices were then stained with 
hematoxylin-eosin (HE), safranin O/fast green and toluidine 
blue (TB). The severity of OA was evaluated using the 
Osteoarthritis Research Society International (OARSI) scor-
ing system.28 We used the semi-quantitative grading method 
reported in this study. The score is the multiplication of grade 
(0–6) and stage (0–4) and the range is between 0 and 24. 
Scoring was performed in a blinded manner.

Statistical Analysis
All experiments were performed at least three independent 
times. All data are represented as the mean ± standard 
deviation (SD). Analysis of the flow cytometry data was 
performed using FlowJo 10 software (FlowJo, LLC, 
Ashland, OR, USA). Statistical analyses were performed 
using GraphPad Prism 8 (GraphPad Software, Inc., La 
Jolla, CA, USA). Difference between multiple groups 
were analyzed using one-way analysis of variance 
(ANOVA) followed by Tukey’s post hoc test. P-values < 
0.05 were considered statistically significant.

Table 1 Primer Sequences Involved in This Research

Name Forward Reverse

Collagen II ACGCTCAAGTCGCTGAACAACC ATCCAGTAGTCTCCGCTCTTCCAC
Aggrecan CTTCCCAACTATCCAGCCAT TCACACCGATAGATCCCAGA

MMP9 AGGTGCCTCGGATGGTTATCG TGCTTGCCCAGGAAGACGAA

MMP3 GCTCATCCTACCCATTGCAT GCTTCCCTGTCATCTTCAGC
NQO1 ATCACCAGGTCTGCAGCTTC GCCATGAAGGAGGCTGCTGT

HO-1 ATACCCGCTACCTGGGTGAC TGTCACCCTGTGCTTGACCT

GAPDH GACAATTTTGGCATCGTGGA ATGCAGGGATGATGTTCTGG
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Results
Effects of Engeletin on Chondrocyte 
Viability
Figure 1A shows the molecular structure of engeletin. To 
determine the cytotoxicity of engeletin, we used a CCK-8 
assay to evaluate cell viability. As shown in Figure 1B and 
C, chondrocytes were treated with various concentrations 
of engeletin for 24 or 48 hours. Treatment with engeletin 
at concentrations between 5 μM and 160 μM improved 
chondrocyte viability and no significant differences were 
found among these groups. To determine the IC50 of 
engeletin, we used higher concentrations of engeletin to 
treat chondrocytes for 24 hours and inhibition rate was 
calculated. As shown in Figure 1D, the inhibition rate 
curve was created using nonlinear regression 
(“Sigmoidal, 4PL, X is concentration” method provided 
by GraphPad Prism) and 336 μM is the IC50 of engeletin.

Engeletin Alleviated TNF-α-Induced 
Matrix Degradation
Chondrocytes were cultured in 6-well plates at 
a density of 100,000 cells per well and pretreated 

with different concentrations of engeletin (10 μM and 
20 μM) for two hours. Then TNF-α (20 ng/mL) was 
added to incubate for another 24 hours. As shown in 
Figure 2A–I, TNF-α treatment promoted MMP9 and 
MMP3 expression and suppressed collagen II and 
aggrecan expression at the mRNA and protein levels. 
Engeletin pretreatment reversed the effect of TNF-α 
treatment.

Engeletin Inhibited TNF-α-Induced 
Chondrocyte Apoptosis
Chondrocytes were pretreated with different concentra-
tions of engeletin (10 μM and 20 μM) for two hours. 
TNF-α (20 ng/mL) was then added to incubate for another 
24 hours. Apoptosis was examined using Annexin 
V-FITC/PI and flow cytometry. As shown in Figure 3A 
and B, TNF-α treatment upregulated the chondrocyte 
apoptosis, while engeletin pretreatment dose-dependently 
reversed this effect.

To determine the underlying molecular mechanism by 
which engeletin inhibits apoptosis, we used Western blot-
ting to measure the expression of apoptosis-related pro-
teins. As shown in Figure 3C–F, TNF-α treatment 

Figure 1 The molecular structure of engeletin and the effects of engeletin on chondrocyte viability. (A) The molecular structure of engeletin. (B, C) Chondrocytes were 
treated with DMSO or different concentrations of engeletin (5, 10, 20, 40, 80 and 160 μM) for 24 (B) or 48 (C) hours. Then, cell viability was measured by CCK-8 assay. (D) 
Chondrocytes were treated with DMSO or different concentrations of engeletin (240, 320, 400, 480, 560, 640, 720, 800, 880 μM) for 24 hours to determine the toxicity of 
engeletin. The data are presented as the mean ± SD. n=3. ns: not significant.
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upregulated the expression of Bax and cleaved caspase-3 
and suppressed the expression of Bcl-2, while engeletin 
pretreatment dose-dependently reversed the effect of 
TNF-α.

Engeletin Maintained Chondrocyte 
Mitochondrial Membrane Potential
Chondrocytes were pretreated with different concentra-
tions of engeletin (10 μM and 20 μM) for two hours. 

Figure 2 Engeletin alleviated TNF-α-induced ECM degradation. Chondrocytes were pretreated with engeletin (10 μM and 20 μM) for two hours, and then TNF-α (20 ng/ 
mL) was added to the culture medium and incubated for another 24 hours. (A–D) The relative mRNA expression levels of collagen II, aggrecan, MMP9 and MMP3 were 
determined by qPCR. (E–I) The protein expression levels of collagen II, aggrecan, MMP9 and MMP3 were determined by Western blotting. The results were quantified using 
ImageJ software. Protein expression was normalized to GAPDH. The data are presented as the mean ± SD. n=3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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TNF-α (20 ng/mL) was then added to incubate for another 
24 hours. Chondrocytes were then incubated with JC-1 
solution and observed using a confocal laser scanning 
microscope. Figure 4A shows that the red fluorescence 
was weakened and the green fluorescence was intensified 

by TNF-α treatment, while engeletin pretreatment dose- 
dependently reversed these effects.

Flow cytometry was also used to quantify the mitochon-
drial membrane potential. As shown in Figure 4B and C, 
abnormal chondrocytes with collapsed mitochondrial 

Figure 3 Engeletin ameliorated TNF-α-induced chondrocyte apoptosis. Chondrocytes were pretreated with engeletin (10 μM and 20 μM) for two hours, and then TNF-α 
(20 ng/mL) was added to the culture medium and incubated for another 24 hours. (A) Chondrocytes were stained with Annexin V-FITC/PI and measured by flow cytometry 
to determine the apoptotic rate. (B) Statistical analysis of the apoptotic rate of chondrocytes. (C–F) The protein expression levels of Bax, Bcl-2, and cleaved caspase-3 were 
determined by Western blotting. The results were quantified using ImageJ software. Protein expression was normalized to GAPDH. The data are presented as the mean ± 
SD. n=3. *p < 0.05, **p < 0.01, ***p< 0.001, ****p < 0.0001.
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Figure 4 Engeletin maintained the mitochondrial membrane potential of chondrocytes. Chondrocytes were pretreated with engeletin (10 μM and 20 μM) for two hours, 
and then TNF-α (20 ng/mL) was added to the culture medium and incubated for another 24 hours. (A) Chondrocytes were stained with JC-1 and observed using a confocal 
laser scanning fluoroscope. (B) Chondrocytes were stained with JC-1 and measured by flow cytometry. (C) The proportion of the chondrocytes with collapsed 
mitochondrial potential (Q2+Q3+Q4). (D–F) Quantification of red and green fluorescence. The data are presented as the mean ± SD. n=3. ***p < 0.001, ****p < 0.0001.
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potential were increased in the TNF-α treatment group, 
while engeletin pretreatment dose-dependently reversed 
this effect. The red and green fluorescence intensities were 
also quantified, and the results are shown in Figure 4D–F. 
TNF-α treatment intensified the green fluorescence and wea-
kened the red fluorescence, while engeletin dose- 
dependently alleviated these effects. These results indicated 
that engeletin could maintain the mitochondrial membrane 
potential.

Engeletin Ameliorated TNF-α-Induced 
ROS Generation in Chondrocytes
Chondrocytes were pretreated with different concentra-
tions of engeletin (10 μM and 20 μM) for two hours. 
TNF-α (20 ng/mL) was then added to incubate for another 
24 hours. Intracellular ROS levels were evaluated using 
DCFH-DA. Figure 5A and B shows that TNF-α treatment 
increased intracellular ROS generation, while engeletin 
pretreatment dose-dependently reversed this effect.

Engeletin Activated Nrf2 Pathway
The Nrf2 pathway is closely related to intracellular ROS 
generation and elimination. Chondrocytes were pretreated 
with different concentrations of engeletin (10 μM and 20 
μM) for two hours. TNF-α (20 ng/mL) was then added to 
incubate for another 24 hours. Figure 5C–E shows that 
engeletin treatment enhanced the nuclear translocation of 
Nrf2. As shown in Figure 5F–J, engeletin treatment upre-
gulated the expression of NQO1 and HO-1 at the mRNA 
and protein levels in a dose-dependent manner.

Engeletin Inhibited TNF-α-Induced 
Activation of the NF-κB and MAPK 
Pathways
As previously described, recent studies have shown that 
NF-κB and MAPK pathway activation is closely asso-
ciated with the progression of OA.23,24 To determine the 
effect of engeletin on these pathways, chondrocytes were 
pretreated with different concentrations of engeletin (10 
μM and 20 μM) for two hours. TNF-α (20 ng/mL) was 
then added to incubate for another six hours.

Figure 6A–C shows that engeletin alleviated TNF-α- 
induced phosphorylation of IκBα and p65, indicating that 
engeletin reversed TNF-α-induced activation of the NF-κB 
pathway. Figure 6D–G shows that engeletin ameliorated 
TNF-α-induced phosphorylation of ERK, JNK and p38, 

indicating that engeletin also inhibited TNF-α-induced 
activation of the MAPK pathway.

Engeletin Alleviated Rat OA in vivo
To evaluate the effect of engeletin on OA in vivo, we used 
ACLT to induce OA in rats, and engeletin was intraarti-
cularly administered once a week. After four or eight 
weeks of treatment, the rats were euthanized, and knee 
joints were collected for histopathological analysis.

Figure 7A is the result of engeletin intervention for 
four weeks. HE, safranin O/fast green and TB staining 
indicated that ACLT treatment resulted in superficial car-
tilage erosion and the loss of proteoglycan. Four weeks of 
engeletin administration partially alleviated the destructive 
effect of ACLT. Figure 7B represents the result of engele-
tin injection for eight weeks. The protective effect of 
engeletin was also obvious, but the cartilage destructions 
in OA group and engeletin group were worse than those of 
four weeks. The severity of OA was quantified using the 
OARSI scoring system, and the results are shown in 
Figure 7C. The scores of the engeletin group were lower 
than those of the OA group at both time points. The scores 
of the OA and engeletin groups at eight weeks were higher 
than those at four weeks. These results indicated that 
engeletin could slow down the ACLT-induced progression 
of OA.

Discussion
OA has become a worldwide medical burden, and thus 
far, there have been no available preventive or therapeu-
tic biological interventions.29 This study aimed to dis-
cover a therapeutic drug for OA. Chondrocytes were 
treated with TNF-α to mimic the inflammatory environ-
ment, and engeletin was then administered. The in vitro 
findings indicated that engeletin alleviated TNF-α- 
induced ECM degradation, apoptosis, mitochondrial 
membrane potential destruction and ROS generation in 
chondrocytes. The cartilage-protective effect occurred 
through Nrf2 pathway activation and NF-κB and 
MAPK pathway inhibition. Engeletin was also injected 
intraarticularly into a rat knee OA model, and histopatho-
logical analysis proved that this treatment ameliorated 
OA in vivo. Figure 8 shows the schematic diagram of 
the mechanisms. This schematic diagram is created with 
BioRender.com.

Excessive chondrocyte apoptosis has been proven to be 
the key factor in OA. Studies have shown that the apopto-
tic rate of OA chondrocytes can reach a maximum of 28%, 
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Figure 5 Engeletin alleviated TNF-α-induced ROS generation by activating the Nrf2 pathway. Chondrocytes were pretreated with engeletin (10 μM and 20 μM) for two 
hours, and then TNF-α (20 ng/mL) was added to the culture medium and incubated for another 24 hours. (A) Chondrocytes were stained with DCFH-DA and measured by 
flow cytometry. (B) The geometric mean of the fluorescence. (C–E) The protein expression levels of nuclear and cytoplasmic Nrf2 were determined using Western blotting. 
The results were quantified with ImageJ. Nuclear protein expression was normalized to Lamin B1 and cytoplasmic protein expression was normalized to GAPDH. (F, G) The 
relative mRNA expression levels of NQO1 and HO-1 were measured by qPCR. (H–J) The protein expression levels NQO1 and HO-1 were measured by Western blotting. 
The results were quantified with ImageJ. Protein expression was normalized to GAPDH. The data are presented as the mean ± SD. n=3. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001.
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Figure 6 Engeletin inhibited TNF-α-induced activation of the NF-κB and MAPK pathways. Chondrocytes were pretreated with engeletin (10 μM and 20 μM) for two hours, 
and then TNF-α (20 ng/mL) was added to the culture medium and incubated for another six hours. (A–C) The protein expression levels of p-IκBα, IκBα, p-p65 and p65 
(components of the NF-κB pathway) were determined by Western blotting. The results were quantified with ImageJ. (D–G) The protein expression levels of p-ERK, ERK, 
p-JNK, JNK, p-p38 and p38 (components of the MAPK pathway) were evaluated by Western blotting. The results were quantified with ImageJ. The data are presented as the 
mean ± SD. n=3. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7 Histopathological analysis of the rat knee joint. (A, B) Representative hematoxylin-eosin, safranin O/fast green and toluidine blue staining images of rat knee 
cartilage from different groups after four (A) or eight (B) weeks of engeletin intervention. (C) Scatter plot of the OARSI scores of the knee cartilage from different groups.
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far exceeding that of normal cartilage chondrocytes.30 This 
study focused on the association between engeletin and the 
intrinsic apoptotic pathway, which is modulated by mito-
chondria. Intrinsic stimuli, such as DNA damage and 
oxidative stress, upregulate the expression of proapoptotic 
proteins, including Bax and Bak, and downregulate the 
expression of antiapoptotic proteins, including Bcl-2 and 
Bcl-xL. An abnormal ratio of proapoptotic and antiapop-
totic proteins results in mitochondrial pore formation and 
destroys mitochondrial membrane potential. Cytochrome 
c is then released from the mitochondria and activates the 
caspase cascade, initiating the apoptotic process.31–34 The 
present study showed that engeletin maintained mitochon-
drial membrane potential and alleviated chondrocyte apop-
tosis by upregulating Bcl-2 expression and inhibiting Bax 
expression.

ROS are the initiators of the intrinsic apoptotic path-
way. The mitochondrial permeability transition pore 

(mPTP) plays an important role in modulating the redox 
homeostasis of cells. Low levels of ROS cause reversible 
opening of the mPTP, which helps eliminate ROS and 
maintain low levels. However, high levels of ROS cause 
irreversible opening of the mPTP. Irreversible opening 
may lead to ROS burst and result in the destruction of 
mitochondria, which initiates apoptosis.35 In addition, 
ROS inhibit the expression of ECM components and upre-
gulate proinflammatory mediators.36 Various kinds of 
drugs have been discovered that are capable of scavenging 
intracellular ROS in chondrocytes. These drugs are 
divided into two categories: those that directly react with 
ROS and those that promote the expression of antioxidant 
proteins.37 Engeletin belongs to the latter category. This 
study proved that engeletin scavenged intracellular ROS 
by activating the Nrf2 pathway. The Nrf2 pathway is 
present in nearly all cell types and controls the antioxidant 
processes. Nrf2 binds with Kelch-like ECH-associated 

Figure 8 Schematic diagram of the mechanisms by which engeletin affects chondrocytes. TNF-α promotes apoptosis, ROS generation and ECM degradation in 
chondrocytes. Engeletin alleviates apoptosis by upregulating Bcl-2 and downregulating Bax. Engeletin scavenges ROS by activating the Nrf2 pathway and inhibits ECM 
degradation by inhibiting the MAPK and NF-κB pathways.
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protein 1 (Keap1) in the cytoplasm if inactivated. Once 
activated by certain stimuli, Nrf2 detaches from Keap1, 
translocates to the nucleus and initiates the expression of 
several antioxidant proteins, including HO-1, NQO1, and 
SOD, which perform the scavenging processes.38–40

In addition to the Nrf2 pathway, the NF-κB and MAPK 
pathways are also involved in the progression of OA. IκBα 
and p65 are components of the NF-κB pathway and are 
activated through phosphorylation. In OA chondrocytes, 
activation of the NF-κB pathway is associated with upre-
gulated expression of matrix catabolic enzymes, including 
MMP1, MMP2, MMP3, MMP7, MMP8, MMP9, MMP13, 
ADAMTS4 and ADAMTS5, and proinflammatory media-
tors, such as IL-1β, IL-6, TNF-α and inducible nitric oxide 
synthase (iNOS).41–43 The MAPK pathway includes ERK, 
JNK and p38 and is also activated through phosphoryla-
tion. Activation of the MAPK pathway not only upregu-
lates the expression of matrix catabolic enzymes and 
proinflammatory mediators but also contributes to the 
inhibition of other anabolic pathways, such as insulin- 
like growth factor 1 (IGF-1) and bone morphogenetic 
protein 7 (BMP7).38,44,45 The present study proved that 
engeletin inhibited the NF-κB and MAPK pathways, as 
shown by Western blotting. This inhibitory effect may be 
the underlying mechanism of the therapeutic effect of 
engeletin.

This study has two limitations. First, we only evaluated 
the effect of engeletin on each signaling pathway, but the 
interaction among pathways was not elucidated in this 
study. It remains unknown whether engeletin inhibits the 
MAPK and NF-κB pathways directly or by scavenging 
intracellular ROS and alleviating the inflammatory 
response. Second, we only examined changes in morphol-
ogy and proteoglycan levels in cartilage by histopatholo-
gical analysis. The in vivo study did not include 
elucidating the underlying mechanisms of engeletin, 
which will be evaluated through immunohistochemistry 
in the future.

Conclusion
To conclude, this study proved that engeletin ameliorated 
TNF-α-induced ECM degradation, apoptosis and ROS 
generation in chondrocytes in vitro. The protective effect 
of engeletin occurred through the activation of the Nrf2 
pathway and the inhibition of the NF-κB and MAPK path-
ways. In addition, engeletin alleviated ACLT-induced knee 
OA in a rat model in vivo. This study showed that enge-
letin may be a potential therapeutic drug for OA.
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