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CDDO-Im ameliorates osteoarthritis and inhibits chondrocyte
apoptosis in mice via enhancing Nrf2-dependent autophagy
Jian Dong1, Kai-jia Zhang1, Gao-cai Li2, Xing-ren Chen1, Jia-jia Lin3, Jia-wei Li1, Zhong-yang Lv1, Zhao-zhi Deng1, Jin Dai1,
Wangsen Cao4 and Qing Jiang1

Osteoarthritis (OA) is the most prevalent chronic degenerative joint disease with few treatment options. The pathogenesis of OA is
characterized by sustained inflammation, oxidative stress and chondrocyte apoptosis that eventually lead to cartilage degradation
and joint dysfunction. In the present study, we identified a synthetic triterpenoid CDDO-Im(1-[2-cyano-3,12-dioxooleana-1,9
(11)–dien-28-oyl] imidazole) as an activator of Nrf2 (nuclear factor erythroid 2-related factor 2) that displayed strong anti-OA effects.
We showed that CDDO-Im (20 nM) significantly alleviated TNF-α-induced apoptosis of primary human chondrocytes and
extracellular matrix degradation. In a mouse OA model incurred by DMM (destabilization of medial meniscus), administration of
CDDO-Im (2.5 mg/kg, ip, every other day for 8 weeks) effectively reduced knee joint cartilage erosion and serum levels of
inflammatory cytokines IL-1β and IL-6. We revealed that CDDO-Im (20 nM) significantly enhanced autophagy activities in
chondrocytes, whereas the autophagy inhibition by chloroquine (CQ, 50 μM) or 3-methyladenine (3-MA, 5 mM) abrogated the anti-
apoptosis and chondroprotective effects of CDDO-Im in TNF-α-treated chondrocytes. Moreover, we confirmed that CDDO-Im (1–20
nM) dose-dependently activated Nrf2 pathway in TNF-α-treated chondrocytes, and its chondroprotective and autophagy-
enhancing effects were significantly diminished when Nrf2 signaling was blocked by Nrf2 inhibitor ML385 (20 μM) or siRNA-
mediated Nrf2 knockdown. Together, our results demonstrate that CDDO-Im exhibits prominent chondroprotective and anti-OA
activities owing to its Nrf2 activation and autophagy-enhancing properties, which might provide new insights into the strategies of
OA clinical prevention and treatment.
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INTRODUCTION
Osteoarthritis (OA) is a common and chronic degenerative joint
disease that affects more than 250 million people worldwide, and
imposes massive health and social burdens [1]. For patients with
mild and early OA, some anti-OA drugs such as diacerein,
glucosamine and nonsteroidal anti-inflammatory drugs (NSAIDs),
are only palliative [2–6], and for patients with advanced OA,
surgical replacement of the joint is the treatment of last resort [7].
Owing to the complex pathogenesis of OA, effective treatments to
stop or reverse OA progression are lacking.
OA pathogenesis is characterized by sustained inflammation and

oxidative stress, resulting in chondrocyte apoptosis and cartilage
degeneration [8–10]. Recent studies have shown that the develop-
ment of OA is significantly affected by dysfunction of autophagy, an
essential cellular function that protects cells from apoptosis by
degrading waste or damaged proteins and organelles [11, 12]. During
OA progression, the autophagic activity of chondrocytes is defective,
leading to increased cellular apoptosis that exacerbates OA

pathologies [13]. In contrast, restoration of chondrocyte autophagy
by various pharmacological agents has been shown to protect
chondrocytes from apoptosis in cell and animal studies of OA [14].
It has been established that there is a close connection between

oxidative stress and autophagy [15–17]. Oxidative stress, which results
from an imbalance between cellular oxidant species production and
antioxidant capability, is a pathological factor for OA [8]. Oxidative
stress modifies and causes the accumulation of proteins, lipids,
carbohydrates, and nucleic acids that need to be properly removed
by autophagy to maintain cellular homeostasis. However, sustained
oxidative stress might also adversely affect autophagy, which
exacerbates oxidative damage. Nrf2 (nuclear factor erythroid-
derived 2-related factor-2), as a transcription factor, essential for
cellular redox and chondrocyte homeostasis, exerts its anti-oxidative
stress functions mainly by binding to the antioxidant-response
element on target gene promoters, thereby transactivating multiple
antioxidant and detoxification enzymes [18, 19]. Nrf2 has been
recognized as an effective target for OA intervention and effective
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strategies targeting Nrf2 might improve chondrocyte autophagy,
which contributes to its anti-OA activities [10].
In this study, we explored the anti-OA effects of CDDO-Im, a

synthetic triterpenoid (saponin compound) and an Nrf2 activator
known to have anti-inflammatory and anti-oxidative stress
properties [20], in cultured primary human chondrocytes and a
mouse model of OA induced by DMM (destabilization of medial
meniscus). We found that CDDO-Im possesses strong anti-OA
activities, a considerable portion of which are attributed to its anti-
apoptotic and autophagy-enhancing properties. These results
have important clinical therapeutic implications.

MATERIALS AND METHODS
Isolation and culture of human primary chondrocytes
Human primary chondrocytes were isolated using a previously
reported protocol [21]. Briefly, the human cartilage tissues from the
relatively normal area collected from total knee arthroplasty patients
were cut into pieces and digested in type II collagenase (0.2%) in a 37
°C shaker for 8 h. After filtration with a 100 μm cell strainer (Corning,
USA), the suspension was centrifuged, and the isolated chondrocytes
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
containing 1 g/L glucose (Gibco BRL, Grand Island, NY, USA)
supplemented with 10% fetal bovine serum (Gibco BRL, Grand Island,
NY, USA) and 1% penicillin–streptomycin (Invitrogen, Carlsbad, CA,
USA) at a 37 °C, 5% CO2 incubator. Second or third passage
chondrocytes were used in cell experiments, in which, CDDO-Im
(MCE, MedChem Express, New Jersey, USA) and ML385 (20 μM, MCE-
MedChemExpress, New Jersey, USA) were added 2 h before TNF-α
treatment (50 ng/mL, Peprotech, Rocky Hill, NJ, USA). For the
autophagic flux assay, chondrocytes were pretreated with chloro-
quine (CQ, 50 μM, MCE-MedChemExpress, New Jersey, USA) or
3-methyladenine (3-MA, 5mM, MCE-MedChemExpress, New Jersey,
USA). All experiments were performed in triplicate and repeated
three times.

Animals and model
Wild-type C57BL/6 male mice aged 12 weeks were obtained from
the Model Animal Research Center of Nanjing University, and
maintained in SPF (specific pathogen-free) environment with
freely available water and standard mouse chow. The experi-
mental mice were randomly divided into the following three
groups: (1) sham operation (sham); (2) destabilization of medial
meniscus (DMM); and (3) DMM with CDDO-Im treatment (2.5 mg/
kg in DMSO-PBS, intraperitoneal injection, every other day,
8 weeks). DMM surgery was performed according to a previously
established procedure [10]. The use of animals and the animal
protocols were approved by the Ethics Committee and the
Institutional Animal Care and Use Committee of Drum Tower
Hospital, Nanjing University Medical School.

Western blot analysis
A whole Cell Lysis Assay Kit (KeyGEN, Nanjing, China) was used to
isolate total proteins according to the manufacturer’s instructions.
Protein concentrations were quantified using a BCA Protein Assay Kit
(Beyotime, Nanjing, China). After electrophoresis on SDS-
polyacrylamide gels, proteins were transferred to PVDF membranes
and incubated with the following primary antibodies: anti-Collagen II
(Boster, Wuhan, China); anti-Aggrecan, anti-P62/SQSTM1, anti-LC3 and
anti-Nrf2 (Proteintech, Wuhan, China); anti-matrix metalloproteinase-
13 (MMP13), anti-Adamts5, anti-Bax, anti-Bcl-2 and anti-ATG7 (Abcam,
Cambridge, UK); anti-cleaved caspase 3, anti-Beclin1, anti-HO-1 and
anti-NQO1 (Cell Signaling Technology, Boston, MA, USA); anti-β-actin
(Abclonal, Wuhan, China) as the internal control. The membranes
were further incubated with HRP-conjugated secondary antibodies
(Proteintech, Wuhan, China), and an ECL Western Blotting Substrate
Kit (Tanon, China) was then used to visualize signals. Finally, band
densities were analyzed by ImageJ software [22].

Histological analysis
Eight weeks after the operation, the right knee joints of mice were
surgically removed and fixed with 4% paraformaldehyde, dec-
alcified with EDTA and embedded in paraffin. The joints were
sliced into 5 μm sections and stained with safranin O/fast green
(Sigma-Aldrich, St. Louis, USA), and the Osteoarthritis Research
Society International (OARSI) scoring system was used to evaluate
the degradation of joint cartilage [21].

Immunohistochemical (IHC) staining
The standard IHC protocol was used to stain the knee joint
sections [23]. Briefly, the sections were incubated with primary
antibodies against Collagen II and MMP13 at 4 °C overnight. The
next day, the sections were incubated with HRP-conjugated
secondary antibody, processed with 3,3’-diaminobenzidine (DAB)
horseradish peroxidase color development kit (Beyotime, Nanjing,
China) and counterstained with hematoxylin.

Immunofluorescence (IF) staining
Immunofluorescence staining was performed as previously
described [24]. Briefly, chondrocytes were seeded on glass slides
with various treatments, fixed with 4% paraformaldehyde for 15
min and permeated with 0.2% Triton-100 for 20 min. After
washing, the slices were blocked with 10% goat serum (Boster,
Wuhan, China) for 2 h and then incubated with primary antibodies
against Collagen II (Boster, Wuhan, China); caspase 3, LC3 (CST,
Boston, MA, USA); MMP13 (Abcam, Cambridge, UK) or Nrf2
(Proteintech, Wuhan, China) overnight at 4 °C. The next day, the
slices were incubated with a fluorescein-conjugated secondary
antibody (Proteintech, Wuhan, China) at room temperature for 1.5
h and nuclei were stained with DAPI (Santa Cruz, USA). A laser
confocal microscope (Olympus, Tokyo, Japan) was used to acquire
the images.

TdT-mediated dUTP Nick-End Labeling (TUNEL)
The DeadEndTM Fluorometric TUNEL System (Promega, Madison,
Wisconsin, USA) was used to evaluate chondrocyte apoptosis. The
cells on slides were fixed and permeabilized, and then incubated
with reagents from the cell death detection kit according to the
manufacturer’s protocol. Nuclei were stained with aqueous
mounting medium containing DAPI (Santa Cruz, USA). Finally, an
inverted fluorescence microscope (Olympus, Tokyo, Japan) was
used to acquire images [23].

Cell viability assay
Cell Counting Kit-8 (CCK-8, MCE, New Jersey, USA) and trypan
blue exclusion assays were used to evaluate cell growth and
viability. For the CCK-8 assay, a total of 5000 human primary
chondrocytes were seeded into 96-well plates overnight and
treated with various concentrations of CDDO-Im (0, 1, 2, 5, 10,
20, 40 nM) for 24 h, followed by the addition of 10 μL of
CCK8 solution and culture at 37 °C for 1.5 h. The OD values at
450 nm were measured with a microplate reader (MolecularDe-
vices, California, USA). For the trypan blue exclusion assay,
chondrocytes treated with various concentrations of CDDO-Im
(0, 1, 2, 5, 10, 20, 40 nM) for 24 h were treated with Trypan blue
dyes according to the manufacturer’s recommendation (Beyo-
time, Nanjing, China). The results are presented as the
percentage of live cells to total cells [25].

Measurement of Nitric Oxide (NO) Production
NO (nitric oxide) production was detected with an NO Detection
Assay kit (Beyotime, Nanjing, China) according to the manufac-
turer’s protocol. In short, 50 μL of Griess Reagent I was mixed with
an equal amount of fresh medium and added to cells, followed by
the addition of 50 μL Griess Reagent II. After mixing, the
absorbance was measured at 540 nm using a microplate reader
(Molecular Devices, California, USA).
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Measurement of Reactive Oxygen Species (ROS)
A ROS Assay Kit (Beyotime, Nanjing, China) was used to measure
cellular ROS levels according to the manufacturer’s protocol [26].
Briefly, chondrocytes subjected to various treatments were
incubated with the DCFH-DA probe (10 μM) for 20min and
washed. ROS fluorescence signals were imaged with a confocal
laser microscope (Olympus, Tokyo, Japan) at an excitation
wavelength of 488 nm and an emission wavelength of 525 nm.

Enzyme-linked Immunosorbent Assay (ELISA)
Mouse blood was collected and centrifuged at 3000 × g for 15 min.
The upper plasma was aspirated and tested for IL-1β and IL-6
levels using respective mouse IL-1β or IL-6 ELISA kits (KeyGEN,
Nanjing, China) according to the manufacturer’s instructions.

Small interfering RNA-mediated Nrf2 knockdown
Nrf2 knockdown in chondrocytes was achieved by small interfer-
ing RNA (siRNA). Initially, three siRNAs targeting the different
regions of Nrf2 mRNA were tested and the one showing highest
knockdown efficacy (siN2, 5′-GCCCAUUGAUGUUUCUGAUTT-3′/5′-
AUCAGAAACAUCAAUGGGCCC-3′), and the control containing
scrambled sequences were transfected into cells with FuGENE®

HD Transfection Reagent (Promega, Madison, Wisconsin, USA)
according to a standard protocol [24]. The siRNAs were
synthesized by Hippobio (Huzhou, China) and the knockdown
efficiency was verified by Western blot analysis.

Transmission electron microscopy
Chondrocytes were fixed with electron microscope fixation solution
for 30min, fixed with 2% osmium tetroxide for 2 h, and then stained
with 0.5% uranyl acetate for 12 h. After dehydration, samples on
slices were observed and images were acquired using a transmission
electron microscope (Hitachi TEM system, Japan) [24].

Statistical analysis
Data are presented as the mean ± standard deviation (SD) of at least
three independent experiments for cell assays or the mean ± SEM
values for animal studies. Statistical analyses were performed with
GraphPad Prism 7 software (La Jolla, CA, USA). Differences between
group means were assessed with Student’s test/one-way ANOVA or
two-way ANOVA. P < 0.05 was considered statistically significant.

RESULTS
CDDO-Im attenuates TNF-α-induced chondrocyte apoptosis and
ECM degradation
To determine the chondroprotective effects of CDDO-Im, we first
treated primary human chondrocytes from the third passage with
increasing concentrations of CDDO-Im (0, 1, 2, 5, 10, 20, 40 nM) for
24 h, and then performed cell growth and viability analyses. As
shown in Fig. 1a, CDDO-Im treatment neither inhibited cell growth
nor reduced cell viability at concentrations of up to 20 nM. Next,
we performed Western blotting and found that the addition of

Fig. 1 CDDO-Im attenuates TNF-α-induced chondrocyte apoptosis and ECM degradation. a Cell viability assay. Primary chondrocytes were
treated with various doses of CDDO-Im for 24 h. Cell viability was assayed by a cell counting kit (CCK-8, upper panel) and the trypan blue
exclusion test (lower panel). Western blot analysis of protein expression and quantification of Collagen II, Aggrecan, MMP13 and Adamts5 (b
and c) and cleaved caspase 3, Bax and Bcl-2 (d and e) in chondrocytes treated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) for 24
h. Representative images of immunofluorescence staining of Collagen II (f) or Caspase 3 (g). Chondrocytes were treated with CDDO-Im (20 nM)
with or without TNF-α (50 ng/mL) for 24 h. h Quantitative analysis of the data in Fig. 1f and g. The values are presented as the means ± SDs.
*P < 0.05 versus control, #P < 0.05 versus TNF-α-treated chondrocytes.
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TNF-α, a proinflammatory cytokine involved in OA pathogenesis
[27–30], to chondrocytes increased the expression of the major
metalloproteinases Adamts5 and MMP13, and decreased the
levels of the cartilage matrix proteins Collagen II and Aggrecan;
these changes were significantly reveresd by CDDO-Im treatment
(Fig. 1b and c). To determine whether CDDO-Im affected
chondrocyte apoptosis, we found that TNF-α treatment signifi-
cantly increased the expression of the apoptotic proteins Bax and
cleaved caspase 3 and reduced the expression of the antiapopto-
tic protein Bcl-2, and these levels were normalized by CDDO-Im
treatment (Fig. 1d and e). In addition, immunofluorescence
staining confirmed that CDDO-Im blocked the TNF-α-induced
Collagen II reduction and induction of Caspase 3 (Fig. 1f–h). These

data suggest that CDDO-Im reduces arthritic chondrocyte
apoptosis and the associated ECM degradation.

CDDO-Im ameliorates DMM-induced cartilage erosion in mouse
knee joints, chondrocyte apoptosis and OA pathologies
To further explore the therapeutic effects of CDDO-Im in vivo, we
adopted a DMM animal model of OA and divided the
experimental mice into the sham, DMM and CDDO-Im-treated
DMM groups. We performed safranin O/fast green staining of
mouse knee joint sections and found that DMM caused marked
cartilage erosion and loss and increased OARSI scores, which were
significantly reduced by CDDO-Im treatment (Fig. 2a). Moreover,
CDDO-Im treatment significantly reduced the serum levels of IL-1β

Fig. 2 CDDO-Im ameliorates DMM-induced cartilage erosion in mouse knee joints, chondrocyte apoptosis and OA pathologies. Mice were
divided into Sham, DMM, and CDDO-Im-treated DMM groups (n= 6 per group, 8 weeks). a Representative images of safranin-O/fast green
stained knee joint sections from sham, DMM and CDDO-Im-treated DMM mice. The arrows indicated the damaged cartilage areas. OARSI
scores were on the right side. b The serum levels of IL-1β and IL-6 were measured by ELISA. c Representative immunohistochemical (IHC)
staining of Collagen II and d MMP13. The arrows indicate damaged cartilage areas (c) or positively- stained chondrocytes (d). e Representative
images of TUNEL staining of the sections. f Quantitative analysis of the data in Fig. 2c, d and e. g Representative H&E staining images of heart,
liver, lung, spleen and kidney of sham, DMM and CDDO-Im-treated DMM mice. h Body weight changes of sham, DMM and CDDO-Im-treated
DMM mice during the 8-week of experimental period. i Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN) and serum creatinine (Scr). The values are presented as means ± SEMs. *P < 0.05 versus sham mice, #P < 0.05 versus
DMM mice.
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and IL-6 in DMM mice (Fig. 2b). IHC staining of the joint sections
revealed reduced Collagen II and increased MMP13 in DMM
mouse cartilage, which were alleviated by CDDO-Im treatment
(Fig. 2c, d and f). Furthermore, CDDO-Im treatment significantly
reduced the number of TUNEL-positive cells in DMM mouse
cartilage (Fig. 2e and f). In addition, we monitored the changes in
mouse body weight; histomorphology of the heart, liver, lung,
spleen and kidney; and several parameters of liver (ALT, alanine
aminotransferase; and AST, aspartate aminotransferase) and
kidney (BUN, blood urea nitrogen; and Scr, serum creatinine)
function and found no adverse alterations (Fig. 2g–i). Taken
together, these data reveal that CDDO-Im inhibits DMM-induced
cartilage erosion and chondrocyte apoptosis in vivo with very low,
if any, cytotoxicity in major organs.

CDDO-Im autophagy-sensitively regulates TNF-α-induced arthritic
phenotypes of chondrocytes
It is well known that OA pathogenesis is associated with impaired
autophagic activity that might exacerbate chondrocyte apoptosis
[31–33]. Therefore, we investigated whether CDDO-Im regulates
autophagy in this process. We found that CDDO-Im treatment
enhanced the expression of the autophagy-related proteins
Beclin1, ATG7 and LC3 II and inhibited P62 by Western blotting
(Fig. 3a and b) and by immunofluorescent staining of LC3 (Fig. 3c
and d). Transmission electron microscopy (TEM) confirmed that
CDDO-Im treatment increased the number of autophagy-
associated vesicles (Fig. 3e). These results suggest that the
antiapoptotic activity of CDDO-Im might be related to its
beneficial regulation of autophagy.
To confirm this idea, we repeated chondrocyte assays in the

absence and presence of two autophagy inhibitors 3-MA and CQ,
and found that CDDO-Im increased the expression levels of
Beclin1 and ATG7 and the ratio of LC3II/LC3I and inhibited P62
expression (Fig. 4a and b); in addition, its ability to correct the

levels of Collagen II, Aggrecan, MMP13 and Adamts5 (Fig. 4c and
d) as well as those of cleaved caspase 3, Bax and Bcl-2 (Fig. 4e and
f) were significantly reduced in the presence of the two autophagy
inhibitors. These results indicate that CDDO-Im enhancement of
autophagy contributes significantly to its chondroprotective
activities.

CDDO-Im exerts chondroprotective effects by activating Nrf2
Since CDDO-Im is an Nrf2 activator and increases in Nrf2 or its
downstream signaling by various pharmacological strategies are
chondroprotective and exhibit anti-OA activities [10, 20, 34–37],
we examined CDDO-Im-mediated regulation of Nrf2 and its
relevance to chondroprotective functions. We proved that
CDDO-Im significantly increased the Nrf2 protein abundance in
chondrocytes (Fig. 5a and b), accompanied by increases in the
levels of its downstream targets HO-1 and NQO1 in a
concentration-dependent manner (Fig. 5c and d). Furthermore,
immunofluorescence staining confirmed that CDDO-Im increased
the nuclear translocation of Nrf2 (Fig. 5e and f), an indicator of
Nrf2 activation.
Next, we used both pharmacological and gene-knockdown

strategies to test whether CDDO-Im exerts its chondroprotective
effects via its activation of Nrf2. ML385 is a potent and widely used
pharmacological inhibitor of Nrf2. We found that
ML385 significantly reduced the Nrf2 level in chondrocytes and
partially blocked the chondroprotective effects of CDDO-Im on the
expression of MMP13, Adamts5, Collagen II, Aggrecan, cleaved
caspase 3, Bcl-2 and Bax (Fig. 6a and b). To further prove this, we
tried three Nrf2 siRNAs and found that one siRNA (siN2) showed
the highest Nrf2 knockdown efficacy (Fig. 6c and d). Transfection
of siN2 into chondrocytes exhibited regulatory effects on CDDO-
Im similar to those of ML385 (Fig. 6e and f).
Furthermore, in chondrocytes, TNF-α-induced accumulation of

NO (Fig. 7a), TUNEL positive cells (Fig. 7b), MMP13 (Fig. 7c and e)

Fig. 3 CDDO-Im enhances autophagy in TNF-α-treated chondrocytes. a, b Western blot analysis of protein expression and quantification of
ATG7, P62, Beclin1 and LC3 I/II in chondrocytes treated with control vehicle, CDDO-Im (20 nM), TNF-α (50 ng/mL) or CDDO-Im plus TNF-α for
24 h. The relative levels of LC3 are expressed as the ratio of LC3II/LC3I. c Representative images of Immunofluorescence-stained LC3 in
chondrocytes treated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) for 6 h. d Quantitative analysis of the data in Fig. 3c.
e Representative TEM images of chondrocytes treated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) for 6 h. The arrows point to
autophagic vesicles. The values are presented as the means ± SDs. *P < 0.05 versus control, #P < 0.05 versus TNF-α-treated chondrocytes.
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and cellular ROS (Fig. 7d and e) were significantly inhibited by
CDDO-Im treatment, but ML385 blocked this inhibition (Fig. 7a–e).
These data indicated that CDDO-Im-mediated activation of Nrf2 is
critical for its chondroprotective effects.

CDDO-Im regulates chondrocyte autophagy by activating Nrf2
Finally, to determine whether the beneficial regulation of
chondrocyte autophagy by CDDO-Im is due to its activation of
Nrf2, we examined the effects of pharmacological Nrf2 inhibition
and Nrf2 knockdown on CDDO-Im-mediated regulation of
autophagy protein expression. The results showed that both
Nrf2 inhibition by ML385 (Fig. 8a and b) and siRNA-mediated Nrf2
knockdown (Fig. 8c and d) significantly reduced the beneficial
regulatory effects on the expression of the autophagy proteins
ATG7 and Beclin1 and the LC3II/LC3I ratio. These results indicate
that CDDO-Im-mediated activation of Nrf2 is essential for its
regulation of autophagy in chondrocytes.

DISCUSSION
In this study, our explorations of the anti-OA functions of CDDO-
Im led to several novel and important discoveries: (a) In the in vitro

cell assay, CDDO-Im significantly reduced the apoptosis of arthritic
chondrocytes and ECM degradation induced by TNF-α. (b) In the
in vivo animal study, CDDO-Im alleviated articular cartilage
damage caused by DMM and maintained the homeostasis of
the cartilage matrix. (c) CDDO-Im effectively activates Nrf2 and its
downstream signaling, which increases the antioxidative stress
potential of chondrocytes. (d) CDDO-Im-mediated activation in
Nrf2 enhances autophagy of chondrocytes, which contributes
significantly to its antiapoptotic and anti-OA functions.
Nrf2 is a key regulator of cellular redox responses and an

essential factor of OA, as Nrf2 knockout in mice exacerbates OA
pathologies [10]. Nrf2 is ubiquitously expressed in almost all types
of cells. Under normal conditions, Nrf2 is continuously expressed
and degraded mediated by its inhibitor Keap1 via the ubiquitina-
tion pathway, but under stress conditions of various natures, Nrf2
is released from Keap1, enters the cell nucleus and transactivates a
large spectrum of antioxidant and detoxifying molecules/enzymes
[10, 34, 38]. In addition, Nrf2 beneficially regulates multiple
signaling pathways and cellular processes that are critically
involved in OA pathogenesis, such as chondrocyte proliferation,
inflammation, autophagy and apoptosis. Activation of Nrf2 and its
downstream signaling are protective against OA in many cell and

Fig. 4 CDDO-Im autophagy-sensitively regulates TNF-α-induced arthritic phenotypes of chondrocytes. a Representative Western blot of
ATG7, P62, Beclin1 and LC3 in chondrocytes pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the presence or
absence of CQ (50 μM) or 3-MA (5 mM) for 24 h. b Quantitative analysis of the protein levels in Fig. 4a. c Representative Western blot of
Collagen II, Aggrecan, MMP13 and Adamts5 in chondrocytes pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the
presence or absence of CQ (50 μM) or 3-MA (5 mM) for 24 h. d Quantitative analyses of the protein levels in Fig. 4c. e Representative
Western blot of cleaved caspase 3, Bax and Bcl-2 in chondrocytes pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in
the presence or absence of CQ (50 μM) or 3-MA (5 mM) for 24 h. f Quantitative analysis of the protein levels in Fig. 4e. The values are
presented as the means ± SDs. *P < 0.05 versus control, #P < 0.05 versus TNF-α-treated chondrocytes, †P < 0.05 versus TNF-α and CDDO-Im
treated chondrocytes.
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Fig. 6 CDDO-Im exerts chondroprotective effects by activating Nrf2. a Representative Western blot of Nrf2, Collagen II, Aggrecan, MMP13,
Adamts5, cleaved caspase 3, Bax and Bcl-2 in chondrocytes pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the
presence or absence of ML385 (20 μM) for 24 h. b Quantitative analysis of the protein levels in Fig. 6a. c Western blot analysis of Nrf2 protein
expression in chondrocytes treated with three siRNAs. d Quantitative analysis of the protein levels in Fig. 6c. e Representative Western blotting
of Collagen II, Aggrecan, MMP13, Adamts5, cleaved caspase 3, Bax and Bcl-2 in chondrocytes pretreated with CDDO-Im (20 nM) with or
without TNF-α (50 ng/mL) in the presence or absence of siN2 for 24 h. f Quantitative analysis of the protein levels in Fig. 6e. The values are
presented as the means ± SDs. *P < 0.05 versus control, #P < 0.05 versus TNF-α-treated chondrocytes, †P < 0.05 versus TNF-α- and CDDO-Im-
treated chondrocytes.

Fig. 5 CDDO-Im activates the Nrf2 pathway in chondrocytes. a, b Western blot analysis of protein expression and quantification of Nrf2 in
chondrocytes treated with control vehicle, CDDO-Im (20 nM), TNF-α (50 ng/mL) or CDDO-Im plus TNF-α for 24 h. c, d Western blot of protein
expression and quantification of HO-1 and NQO1 in chondrocytes treated with various concentrations of CDDO-Im for 24 h. e Representative
images of immunofluorescence-stained Nrf2 in chondrocytes treated with or without CDDO-Im. f Quantitative analysis of the data in Fig. 5e.
The values are presented as the means ± SDs. *P < 0.05 versus control, #P < 0.05 versus TNF-α-treated chondrocytes.
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animal disease models [18, 39, 40]. CDDO-Im-induced activation of
Nrf2 beneficially regulates the undesirable expression of the
presentative antioxidant enzymes HO-1 and NQO1; autophagy
proteins ATG7, Beclin1 and LC3; apoptotic proteins Bcl-2 and Bax;
ECM proteins Collagen II and Aggrecan, and catabolic enzymes
MMP13 and Adamts5. CDDO-Im also inhibits chondrocyte
apoptosis, reduces ROS and increases autophagosome numbers.
In particular, we demonstrated that these protective functions
occur in a Nrf2-dependent manner. These findings provide strong
evidence suggesting that Nrf2 activation by CDDO-Im and
possibly other similar chemicals or natural components may exert
sufficient anti-OA activities.
One important observation of our study is that the antiapop-

tostic function of CDDO-Im in chondrocytes is related to its
regulation of autophagy. Autophagy, especially the well-studied
macroautophagy, is a conserved cellular function that protects
cells from apoptosis by removing extra damaged cellular
components and organelles [33, 41]. The initiation of autophagy
starts with the formation of a double-layer membrane structue
called phagophore, which wraps unwanted materials to form an
autophagosome, which then fuses with a lysosome to form an
autolysosome, ultimately leading to the degradation or reuse of
intra-autophagosomal substances [42]. During autophagy, the
cytosolic form of LC3 (LC3-I) is conjugated to phosphatidyletha-
nolamine to form an LC3-phosphatidylethanolamine conjugate
(LC3-II), which is recruited to autophagosomal membranes as an
indication of autophagy activation [43]. In addition, a variety of
autophagy-related proteins (ATGs) participate in the autophagy
process. For example, P62 is a cargo-carrier that recognizes
unwanted cellular waste products, ATG5 (autophagy-related 5)
and ATG7 coordinate the expansion and extension of

phagophores, and Beclin1 is essential for the induction of
autophagosomes [12, 33]. Dysregulated and deficient autophagic
activity has been observed during OA development
[13, 14, 32, 44, 45]. Our results demonstrated that CDDO-Im
enhances autophagic activity and corrects the altered expression
of autophagy proteins, accompanied by a marked reduction in
chondrocyte apoptosis, both in vitro and in vivo. However, the
protective effects are blocked in the presence of the autophagy
inhibitors CQ or 3-MA. These data support the hypothesis that the
beneficial regulation of autophagy by CDDO-Im contributes
significantly to its antiapoptotic and anti-OA functions.
CDDO-Im is a synthetic Nrf2 activator with a clearly-defined

mechanism of action and very low, if any, toxicity even at high
doses [46]. CDDO-Im can directly modify thiols of cysteine on the
Nrf2 inhibitor Keap1, promoting its release from Keap1 and
subsequent nuclear translocation/activation. In addition, CDDO-Im
has a second reactive site (imidazolide) and can covalently bind to
arginine and serine residues on other target proteins, such as
glutathione S-transferase pi (GSTP) [47] and likely PPARγ (peroxi-
some proliferator-activated receptor-gamma) [48]. CDDO-Im’s
therapeutic effects on lung injury, inflammatory diseases, chronic
kidney disease and neurodegenerative disorders [46, 49–52] are
mainly due to its upregulation of signaling by the master
antioxidant transcription factor Nrf2 and subsequent activation
of Nrf2-controlled antioxidant genes. Its beneficial regulation of
PPARγ signaling might also contribute to its additive chondro-
protective effects. Notably, clinical trials for cancer and cardiovas-
cular disease have not shown equally positive results [46, 53].
Although our data support the hypothesis that CDDO-Im is
chondroprotective and causes no noticeable adverse histomor-
phological alterations in other major organs, its derivatives, such

Fig. 7 Inhibition of Nrf2 partially blocks the chondroprotective effects of CDDO-Im. a NO levels in chondrocyte culture medium pretreated
with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the presence or absence of ML385 (20 μM) for 24 h. b Representative images and
quantification analyses of TUNEL staining in chondrocytes pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the
presence or absence of ML385 (20 μM) for 24 h. c Representative images of immunofluorescence staining of MMP13 in chondrocytes
pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the presence or absence of ML385 (20 μM) for 24 h. d Representative
images of ROS in chondrocytes pretreated with CDDO-Im (20 nM) with or without TNF-α (50 ng/mL) in the presence or absence of ML385
(20 μM) for 2 h. e Quantitative analysis of the data in Fig. 7c and d. The values are presented as the means ± SDs. *P < 0.05 versus control,
#P < 0.05 versus TNF-α-treated chondrocytes, †P < 0.05 versus TNF-α and CDDO-Im treated chondrocytes.
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as CDDO-Me, have shown the ability to increase adverse
cardiovascular events [54]. Further studies are needed to clarify
the safety profile of CDDO-Im.

CONCLUSION
In conclusion, we demonstrate for the first time that CDDO-Im has
marked chondroprotective and anti-OA effects in vitro and in vivo.
These effects are mainly achieved via its activation of Nrf2 and
beneficial regulation of autophagic flux. Many OA patients on
long-term treatment with NSAIDs might experience side effects
such as liver and kidney injury [2]. CDDO-Im or its related
derivatives may provide an alternative and effective strategy to
treat OA and related joint diseases.
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