Drug Design, Development and Therapy

Dove

ORIGINAL RESEARCH

Icariin Alleviates IL-1B-Induced Matrix
Degradation By Activating The Nrf2/ARE Pathway
In Human Chondrocytes

Shi Zuo"*
Wei Zou>?*
Rong-Min wu*
Jing Yang®
Jian-Nan Fan?
Xue-Ke Zhao®
Hai-Yang Li'

'Department of Hepatobiliary Surgery,
The Hospital Affiliated to Guizhou
Medical University, Guiyang, Guizhou,
People’s Republic of China; 2Department
of Sports Medicine, The Hospital
Affiliated to Guizhou Medical University,
Guiyang, Guizhou, People’s Republic of
China; 3Department of Orthopedics, The
Fourth People’s Hospital of Guiyang,
Guizhou, People’s Republic of China;
“Department of Ultrasonography, The
Maternity Hospital of Guizhou, Guiyang,
Guizhou, People’s Republic of China;
SDepartment of Infectious Disease, The
Hospital Affiliated to Guizhou Medical
University, Guiyang, Guizhou, People’s
Republic of China

*These authors contributed equally to
this work

Correspondence: Hai-Yang Li
Department of Hepatobiliary Surgery,
The Hospital Affiliated to Guizhou
Medical University, No.28, Guiyi Street,
Guiyang, Guizhou 550004, People’s
Republic of China

Email haiyangli666@sohu.com

Jian-Nan Fan

Department of Sports Medicine, The
Hospital Affiliated to Guizhou Medical
University, No.28, Guiyi Street, Guiyang,
Guizhou 550004, People’s Republic of
China

Email publetscientific@126.com

This article was published in the following Dove Press journal:
Drug Design, Development and Therapy

Objective: Osteoarthritis (OA) is characterized by progressive matrix destruction of articu-
lar cartilage. This study aimed to investigate the potential antioxidative and chondroprotec-
tive effects and underlying mechanism of Icariin (ICA) in interleukin-1 beta (IL-1f)-induced
extracellular matrix (ECM) degradation of OA cartilage.

Methods: Human chondrocyte cell line HC-A was treated with different doses of ICA, and
then MTT assay and PI staining were used to estimate ICA-induced chondrocyte apoptosis.
Intracellular ROS and superoxide dismutase (SOD) and glutathione peroxidase (GPX) were
measured after treatment by IL-1p with or without ICA. The mRNA and protein expression
levels of redox transcription factor Nrf2 and the downstream effector SOD-1, SOD-2, NQO-
1 and HO-1 were assayed to explore the detailed mechanism by which ICA alleviates ECM
degradation. Finally, to expound the role of Nrf2 in ICA-mediated chondroprotection, we
specifically depleted Nrf2 in human chondrocytes and then pretreated them with ICA
followed by IL-1p.

Results: ICA had no cytotoxic effects on human chondrocytes and 10° M was selected as
the optimum concentration. ROS induced by IL-1B could drastically activate matrix-
degrading proteases and ICA could significantly rescue the matrix degradation and excess
ROS generation caused by IL-1p. We observed that ICA activated the Nrf2/ARE pathway,
consequently upregulating the generation of GPX and SOD. Ablation of Nrf2 abrogated the
chondroprotective and antioxidative effects of ICA in IL-1B-treated chondrocytes.
Conclusion: ICA alleviates IL-1B-induced matrix degradation and eliminates ROS by
activating the Nrf2/ARE pathway.
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Introduction
Osteoarthritis (OA) is a common chronic joint disease characterized by the degra-
dation and destruction of the mesochondrium. The main pathological processes of
osteoarthritis include ageing, oxidative stress, inflammation and changes in catabo-
lism-related gene expression.' > As demonstrated in several studies, inflammatory
responses play a key role in the pathogenesis of OA, owing to the extracellular
matrix (ECM) degradation caused by inflammatory mediators.*> An increasing
number of studies have demonstrated that cellular inflammation and ECM degrada-
tion are crucial for the progression of OA.

Interleukin-1 (IL-1) was the first interleukin to be identified and has served as
a ground-breaking molecule with implications extending far beyond its extended
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family. IL-1 affects virtually all cells and organs and is
a major pathogenic mediator of autoinflammatory, auto-
immune, infectious and degenerative diseases. The effect
of IL-1 on the central nervous system include fever and
activation of the hypothalamus-pituitary-adrenal (HPA)
axis. Cortisol downstream of HPA axis has a regulatory
function on innate immunity and inflammation.®'°

IL-1a and IL-1p, are encoded by distinct genes, bind to
the same receptor (IL-1R1) and have similar biological
properties. However, distinctions do exist and impact on
immunity, inflammation and cancer. The IL-1a precursor is
constitutively present in epithelial layers of the entire gastro-
intestinal tract, lung, liver, kidney, endothelial cells, and
astrocytes. Upon cell death by necrosis, as occurs in
ischemic diseases such as myocardial infarction, stroke,
acute renal failure and tumor necrosis, the IL-1o precursor
is released. Unlike the IL-1f precursor, the IL-1a precursor
is fully active and functions as an “alarmin” by rapidly
initiating a cascade of inflammatory cytokines and chemo-
kines, which accounts for sterile inflammation.'"'? Thus,
IL-1o mediates the early phases of sterile inflammation. In
addition to the IL-1a precursor released from necrotic cells,
there is a membrane form of IL-la present on activated
monocytes. However, circulating IL-1a is rarely detected
even in persons with severe infections but is contained in
apoptotic bodies released from endothelial cells."?

IL-1B, a key pro-inflammatory cytokine that signals pri-
marily through the type 1 IL-1 receptor (IL-1R1), plays an
important role in OA. IL-1f is produced as a 269-amino-acid
precursor that is cleaved by IL-1B-converting enzyme (ICE)
to the active IL-1p form that is secreted.'* Some studies have
shown that IL-1 signaling is opposed by the naturally occur-
ring peptide IL-1 receptor antagonist, which is a therapeutic
agent for the treatment of arthritis'> The IL-1p signaling
cascade represents a highly conserved response to various
pathological processes, including OA. Conversely, the IL-153
pathway can, in turn, aggravate OA by accelerating ECM
degradation and inducing excess ROS generation and the
expression of prostaglandin E2 (PGE2) and nitric oxide
(NO)."'7 Hence, in this study, we used IL-1B to simulate
the in vitro inflammatory response of chondrocytes to septic
arthritis. In addition, we found that IL-1B-induced inhibition
of pathophysiological processes, such as ECM degradation,
was an effective strategy for the treatment of OA.

NF-E2-related factor 2 (Nrf2) is a sensitive redox transcrip-
tion factor in the leucine zipper family, and Kelch-like ECH-
associated protein 1 (Keapl) is its specific repressor. Nrf2/
Keapl signaling mediates cellular responses to oxidative

stresses and a series of electrophilic xenobiotics.'®2° Under
normal conditions, Nrf2 exists in the cytoplasm, combining
with Kelch-like epoxy chloropropane-related protein 1
(Keapl) in the form of a dipolymer. However, in response to
an oxidative stress source, the configuration of Keap1 changes,
leading to the dissociation of Nrf2 in the cytoplasm. Nrf2 is
then phosphorylated for transfer into the nucleus, where it
combines with the antioxidant reaction element (ARE) to
regulate a variety of antioxidant enzymes and protect the cell,
including activation of the expression of SOD-1, SOD-2, HO-1
and NQO-1"82! A great deal of research has shown that the
Nrf2/Keapl pathway is actually responsible for defending
tissues against the effects of chronic inflammation and cancer
by preventing oxidative stress.'***

Herba epimedium, a perennial herb of the berberidaceae
that is rich in flavonoids and lignin compounds, has validated
curative effects in the treatment of several age-related diseases
including osteoporosis, sexual dysfunction and OA.?*** Icariin
(ICA) (chemical structure see Figure 1A) is the major pharma-
cologically active flavonol diglycoside of herba epimedium,
which has been shown to promote matrix formation, including
the facilitation of bone matrix generation. Additionally, the
anti-inflammatory effect of ICA is known to be mediated
through the suppression of NF-kappaB activity and upregula-
tion of SIRT6 enzyme activity in vitro.>> 2’ Understanding of
the chondroprotective effects of ICA is gradually emerging
owing to research using a rat osteoarthritis model and or
chondrosarcoma cells.*®° Additionally, ICA has been shown
to have an antioxidant effect in human chondrocytes, which
might be associated with its chondroprotective effects.>

However, the relationship between antioxidative and
chondroprotective effects induced by ICA is not clear.
Moreover, the chondroprotective effect of ICA has not
been explored in detail, and reports concerning the under-
lying mechanisms are lacking. Therefore, the present
research was undertaken to verify the chondroprotective
effects and underlying mechanism of ICA using IL-1f-
induced human chondrocytes. Our results demonstrate that
ICA inhibits IL-1pB-induced matrix degradation and catabolic
responses through a reduction of ROS excess generation by
induction of the Nrf2/ARE pathway in human chondrocytes.

Materials And Methods
Treatment Of Human Chondrocytes

With IL-1 Or ICA
Human chondrocytes-Adult (HC-A) (Sigma, TX, USA)
(1x10%well of 6-well plate) were seeded in Dulbecco’s
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Figure | ICA at 107° M exerts no cytotoxic effects on the HC-A cell line. (A) The chemical structure of ICA. (B) Bar chart showing HC-A cell viability after 0.1% DMSO or 10~'°
~1077 M ICA treatment for 24 h, 72 h and 6 days using the MTT assay. (C-F) P! staining of HC-A cells cultured in 0.1% DMSO or 10 M ICA for 24 h. (G) Bar chart comparing the
percentage of PI" cells in control or ICA cultures. Scale bars = 100 pm in (B-E). Data are expressed as the mean + SD (n = 6). *p<0.05, compared to the control.

Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/
F-12) supplemented with 10% fetal calf serum (FCS), 100
units/mL penicillin, and 100 mg/mL streptomycin for 2-3
days after plating. At approximately 80% confluence, they
were serum-starved overnight and then treated with different
concentrations of ICA (Sigma, TX, USA) for 2 h followed by
stimulation with IL-1p (1 ng/mL) (Pepro Tech, NJ, USA).
Chondrocytes treated with 0.1% DMSO served as a control.

Cell Culture And MTT Assay

HC-A were cultured in a humidified incubator at 37 °C
and 5% CO, in 96-well plates. The cells (1 x 10°
cells mL-1) were maintained in Dulbecco Minimal
Eagle’s Medium (Gibco, Carlsbad, CA, USA) plus 10%
fetal bovine serum (Australia origin, Gibco, Carlsbad,
CA, USA). ICA (107'°~1077 M, 72 h) or simple saline
(control) was added to the HC-A cultures. Cell viability
was assessed using a modified MTT assay. Briefly, 10 pl
of MTT solution (5 mg/mL in phosphate-buffered saline)
was added to the 96-well plates and incubated continually

for 4 h at 37 °C. The MTT solution was then removed,
and formazan dye was dissolved in dimethyl sulfoxide
(Sigma-Aldrich) for 10 min by shaking. The absorbance
values were measured at 570 nm using a Bio-Rad Model
450 Microplate Reader (Bio-Rad). The cell viability was
indirectly determined by examining the ratio of the absor-
bance value of ICA-treated cells relative to the control.
The final results were determined by analyzing three
independent experiments. GAPDH used as control and
none of treatment group affect the GAPDH.*!

Estimation Of Apoptosis By Propidium
lodide (Pl) Staining

Chondrocytes (1x10%well of 6-well plate) were treated with
ICA (10 '°~107" M) for 72 h, and ICA-induced chondrocyte
apoptosis was estimated by PI staining. In brief, the chon-
drocytes were cultured, washed twice with cold PBS, and
then incubated with PI for 45 min at 37 °C in the dark. All
cells were counterstained with DAPI (1:1000, Invitrogen) at

room temperature.
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Measurement Of Intracellular Reactive
Oxygen Species

Intracellular ROS were determined using the nonfluorescent
dye 2'7'-dichlorodihydrofluorescein diacetate (Sigma-
Aldrich), which is oxidized by ROS generated by cells into
a fluorescent dye 2',7"-dichlorofluorescin. The control group,
IL-1B (1 ng/mL), and IL-1B + NAC (10 mM)-treated HC-A
cells were incubated in the presence of 10 uM 2'7'-
dichlorodihydrofiuorescein diacetate for 20 min. The fluor-
escence was measured using a BD FACS Aria (Becton,
Dickinson and Company, Franklin Lakes, NJ, USA).

Superoxide Dismutase And Glutathione
Peroxidase (GPX) Assays

Oxidative stress was assessed by measuring the superoxide
dismutase (SOD) and glutathione peroxidase (GPX) levels in
the developing YSM. SOD and GPX activities were elucidated
using commercial kits (Nanjing, Jiangsu Province, China). The
results from the control group, IL-1B (1 ng/mL) or IL-1f +
NAC (10 mM)-treated samples were analyzed based on the
differences in their respective fluorescein decay curves.

RNA Isolation And qPCR Analysis

Total RNA was isolated from chondrocytes (1x10%well in
a 6-well plate) using a TRIzol kit (Invitrogen, USA) accord-
ing to the manufacturer’s instructions. These chondrocytes
were pretreated with NAC (10 mM) or ICA (10° M) for 2 h,
followed by treatment with IL-1B (1 ng/mL) for 24 h. First-
strand cDNA synthesis and the SYBR® Green qPCR assay
was performed using a PrimeScript™ RT reagent kit (Takara,
Japan). Reverse transcription and amplification reactions
were performed in Bio-Rad S1000™ (Bio-Rad, USA) and
ABI 7000 thermal cyclers, respectively. Analysis of an invar-
iant endogenous control gene, GAPDH, was performed in
parallel to confirm that equal amounts of RNA were used in
each reaction. The ratio between the intensity of fluorescently
stained bands corresponding to the genes and GAPDH was
calculated to quantify the transcript levels of those genes.
The RT-qPCR results are representative of three independent
experiments. The amplicon sequenced done by Sanger
sequencing. GAPDH used as control and none of treatment
group affect the GAPDH.

Morphometry Of Chondrogenic Matrix
Production By Cultured Cells

Proteoglycan synthesis of cultured cells was evaluated by
Alcian blue staining as previously described.’® In short,

the cultured cells were fixed in 95% ethanol and then
stained with 1% Alcian blue dye (pH 1.0) overnight at
room temperature. The stained cartilage nodules that were
formed in the presence of 10™° M ICA or IL-1f were
photographed and counted using an inverted microscope
(Nikon Eclipse Ti-U, Japan). After treatment, the cultures
were examined at 72 h. The average size (area) of the
chondrogenic nodules was digitized as the total stain inten-
sity/nodule number. The final results were acquired by
analyzing 3 independent experiments.

Glycosaminoglycan (GAG) Assay

After treatment for 72 h, the agarose cell specimens were
dissolved and centrifuged at 300 g for 10 mins at 4 °C, which
provided a pellet containing cells with their cell-associated
matrix. To determine the GAG amounts, the pellets were
digested for 12 hrs at 55 °C in papain buffer (200 pg/mL
papain in 50 mmol/L EDTA, 5 mmol/L L-cysteine, pH 3.0)
(Sigma Chemical, USA). GAG was quantified using the
dimethylmethylene blue assay.’®> The metachromatic reac-
tion of GAG with dimethylmethylene blue was monitored
using a spectrophotometer, and the As4o/Asgs ratio was used
to determine the amount of GAG using chondroitin sulfate
C (Sigma Chemical, USA) as a standard.

Western Immunoblotting

After treatment with DMSO or IL-18 1 ng/mL for 24 h, or
pretreatment with ICA (10~ M) for 2 h followed by IL-14 (1
ng/mL) for 24 h, chondrocytes were harvested and proteins
isolated using an extraction kit (Beyotime Institute of
Biotechnology, Jiangsu, China), separated by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis, and trans-
ferred onto polyvinylidene fluoride membranes (Bio-Rad,
USA). Membranes were blocked in 5% bull serum albumin
(Sigma, TX, USA) for 2 h and then incubated with primary
antibodies overnight at 4 °C. Blots were then incubated with
horseradish peroxidase-conjugated secondary antibody, fol-
lowed by washing with TBST (Bio-Rad, USA). Blots were
developed using Luminata Western HRP substrate (EMS
Millipore, USA), and antibody reactive proteins were visua-
lized by chemiluminescence and imaged using the Pxigel
imaging system (Syngene, Frederick, MD).

siRNA-Mediated Depletion Of Nrf2

Expression Using Nucleofection
Human chondrocytes were transfected with 100 nM Nrf2
siRNA (SMART pool: ON-TARGET plus NFE2L2 siRNA
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Dharmacon, Lafayette, CO, USA) or MISSION® siRNA
Universal Negative Controls (Sigma Aldrich, St. Louis, MO)
using the P3 Primary Cell 4D-Nucleofector™ X Kit on 4D-
Nucleofector equipment (Lonza, Walkersville, MD) following
the instructions provided by the manufacturers. Transfected
cells were plated in 6-well plates. Forty-eight hours after
transfection, the cells were serum-starved overnight, followed
by treatment with ICA (10~° M) for 2 h, and then stimulation
with IL-1f (1 ng/mL) in serum-free medium for 24 h. Gene
expression levels were measured by Western blotting.

Statistical Analyses

The values are presented as the mean+SD, and statistically
significant differences between the experimental groups and
controls were analyzed by one-way ANOVA followed by post
hoc analyses using the Tukey’s test. Unless otherwise noted,
each experiment was repeated three times using three indepen-
dent samples. P<0.05 was considered statistically significant.

Results
ICA At 107° M Exerts No Cytotoxic

Effect On The Viability Of Human
Chondrocytes

Icariin (chemical structure see Figure 1A) (Sigma, TX,
USA), the major pharmacologically active flavonol digly-
coside of Herba Epimedii, has potential chondroprotective
effects, as previously reported.”®** To confirm the chon-
drogenic phenotype of a monolayer culture of human
chondrocytes-adult (HC-A) (Sigma-Aldrich, USA) treated
with ICA, we examined the viability of the chondrocytes
using the MTT assay. Compared with the untreated con-
trol, ICA treatment (10 '°~1077 M, 72 h) had no effect on
chondrocyte viability at day 1, day 2 or day 3 (Figure 1B).
Furthermore, the absence of a cytotoxic effect of ICA was
confirmed by PI staining at 24 h (Figure 1C-F), and no
increases in apoptosis or necrosis were observed in chon-
drocytes incubated with ICA (10~° M) for 24 h compared
with untreated control chondrocytes (Figure 1G).

IL-1B-Induced ROS Production Plays An
Important Role In The Activation Of
Genes Or Proteases Related To Matrix

Degradation

Several studies have demonstrated that ROS production is
the crucial pathophysiological change during inflammation
progression in articular cartilage.>>*® In our study, the

intracellular ROS production assay demonstrated that IL-1§
could significantly increase ROS generation after treatment
for 24 h, which was clearly inhibited by NAC (Figure 2B).
These chondrocytes were pretreated with NAC (10 mM) for
2 h followed by IL-1f (1 ng/mL) for 24 h or IL-1p alone. The
results obtained for GPX and SOD activity further reinforced
this mechanism (Figure 2C and D).

N-acetylcysteine (NAC), an admittedly efficacious sca-
venger of ROS, has been utilized to demonstrate whether
ROS production is necessary for the activation of genes related
to ECM degradation and GAG disintegration.*”** Therefore,
to investigate whether IL-1B-induced ROS generation was the
main cause of the activation of matrix-degrading proteases in
chondrocytes, we performed qRT-PCR to examine the expres-
sion of genes related to matrix degradation.

Our results showed that IL-1p-stimulated human chondro-
cytes presented a significant upregulation of the mRNA
expression of MMP-3, =9, —13 and ADAMTS-4, whereas
treatment with NAC clearly reversed this effect, especially
for the expression of MMP-13 and ADAMTS-4 (Figure 2E).
These chondrocytes were pretreated with NAC (10 mM) for
2 h followed by IL-1f (1 ng/mL) for 24 h or with IL-1p alone.
In addition, the results of the GAG assay further supported that
the reduction of ROS could rescue the synthesis of GAG
(Figure 2F). The chondrocytes used in the GAG assay were
pretreated with NAC (10 mM) for 2 h followed by IL-1f (1 ng/
mL) for 24 h or IL-1p alone, and then cultured in a humidified
incubator at 37 °C and 5% CO, for an additional 48 h. Taken
together, these results suggested that the activation of genes or
proteases related to matrix degradation is principally caused
by IL-1p-induced ROS instead of a direct effect of IL-1f.

ICA Can Significantly Reduce The Matrix
Degradation Caused By IL-1j3

ICA (chemical structure shown in Figure 1A), the major
pharmacologically active flavonol diglycoside of Herba
Epimedii as shown in some studies, has certain chondro-
protective effects;**** however, the specific underlying
mechanism is still unknown.

The chondrocyte micromass culture model has been
widely used to simulate cartilaginous ECM formation. In
micromass cultures, chondrogenesis is initiated when the
chondrocytes begin to condense and aggregate to form
large nodules.*>%*° These nodules appear morphologi-
cally like cartilage and will begin to produce an extracel-
lular matrix (ECM) after several days of culture.*® Thus,
this model was employed to investigate whether ICA
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Figure 2 Matrix-degrading proteases are activated by excess ROS production induced by IL-I1B. (A) Schematic drawing summarizing the relationship between IL-IB, ROS
and ECM degradation according to the following charts. (B) Bar charts showing intracellular ROS production level after treatment with 0.1% DMSO alone, IL-18 | ng/mL for
24 h, and pretreatment with NAC (10 mM) for 2 h followed by IL- 1B (I ng/mL) for 24 h. The fluorescence was then measured to detect the percentage of positive cells using
a BD FACS Aria (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). (C-D) Bar charts showing GPX and SOD activities in the different above-described groups. (E)
After the different treatments described above, RNA expression levels of MMP-3, =9, —13, ADAMTS-4, SOD-1 and SOD-2 in chondrocytes were measured by quantitative
PCR using the TagMan assay system (Life Technologies). GADPH was used as an endogenous control. (F) The glycosaminoglycan (GAG) assay was performed after the
above-described treatments. After an additional 48-h incubation, GAG synthesis was significantly inhibited following chondrocyte treatment with IL-1§, and the inhibitory
effect of IL-1p on GAG synthesis was significantly reversed when chondrocytes were pretreated with NAC. Data are expressed as the mean + SD (n = 6). *p<0.05,

compared to the control; #p<0.05, compared to IL-1p.

could reduce the matrix degradation caused by IL-1p, as
identified by Alcian blue staining.

In our study, the chondrocytes were treated with DMSO, or
IL-1pB 1 ng/mL for 24 h, or pretreated with ICA (10~ M) for 2
h followed by IL-1P (1 ng/mL) for 24 h, and then cultured in
a humidified incubator at 37 °C and 5% CO, in 6-well plates
for an additional 48 h and stained with Alcian blue. In the
presence of IL-1P (1 ng/mL), a dramatic reduction in nodule
formation was observed in the cultures (Figure 3B and C),
implying that IL-1B could inhibit ECM secretion and chon-
drogenesis. In contrast, ICA reversed the inhibitory effect of
IL-1B on ECM secretion (Figure 3D). We also quantitatively
determined the extent of ECM formation by measuring the

area of Alcian blue staining after exposure to IL-1 or ICA for
72 h (Figure 3E), which further revealed that ICA could exert
a chondroprotective effect by reducing the ECM reduction
caused by IL-1P.

To further assess whether this phenomenon was involved
in the change in matrix-degrading related genes, we per-
formed quantitative PCR. The results demonstrated that IL-
1B stimulation of human chondrocytes led to a significant
upregulation of the mRNA expression of MMP-3, MMP-9,
MMP-13 and ADAMTS-4, whereas treatment with ICA,
conversely, exerted a suppressive effect on the expression
of all these enzymes (Figure 3F). GAG synthesis was sig-
nificantly inhibited when chondrocytes were treated with IL-
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Figure 3 ICA can significantly rescue the matrix degradation caused by IL-B. (A) Schematic drawing summarizing the relationship between IL-1p, ROS and ECM degradation
according to the following charts, with the unknown mechanism of ICA. (B-D) Representative micrographs of HC-A cell mass micromass cultures treated with DMSO or IL-
IB | ng/mL for 24 h, or pretreated with ICA (107° M) for 2 h followed by IL-1p (I ng/mL) for 24 h, and culturing in a humidified incubator at 37 °C and 5% CO, for an
additional 48 h and Alcian blue staining. (E) Bar chart showing the average size (area) of the chondrogenic nodules formed after 72 h. (F) The expression levels of Nrf2,
Keapl, SOD-1, SOD-2 and HO-| were measured by quantitative PCR using the TagMan assay system (Life Technologies). GADPH was used as an endogenous control. (G)
The GAG assay was performed after treatment with 0.1% DMSO alone, IL-1B | ng/mL for 24 h, or pretreatment with ICA (10~° M) for 2 h followed by IL-1§ (I ng/mL) for
24 h. Scale bars = 500 pm in (B-D). Data are expressed as the mean + SD (n = 6). *p<0.05, compared to the control; *p<0.05, compared to IL-I.

1B, and the inhibitory of IL-1p on GAG synthesis was
reversed when chondrocytes were pretreated with ICA for
2 h before addition of IL-1B (Figure 3G).

Taken together these results demonstrated that ICA could
be an effective inhibitory agent for the suppression of matrix-
degrading proteases in IL-1B-induced chondrocytes.

ICA Activates The Redox Sensitive
Transcription Factor Nrf2 In Human
Chondrocytes

As mentioned previously, although the chondroprotective
effect of ICA has been affirmed, the detailed mechanism
by which ICA alleviates ECM degradation is still unknown.

Since ROS is the main contributing factor to ECM degra-
dation under IL-1f induction as proved (Figure 2A), and ICA
can obviously suppress the expression of matrix-degrading
proteases (Figure 3A), we hypothesized that treatment with
ICA might reduce ECM degradation by means of alleviating
oxidative stress and eliminating ROS.

As reported in a large body of literature, Nrf2 is
a crucial redox transcription factor that functions in
restraining oxidative stress.*'™** To examine whether
ICA achieves its chondroprotective function by activating
the Nrf2/ARE pathway and eliminating ROS, we exam-
ined the expression of the Nrf2/ARE pathway at both
mRNA and protein levels.
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First, we measured the activation of the Nrf2/ARE
pathway in human chondrocytes by detecting protein
synthesis by Western blotting. The chondrocytes were
treated with DMSO or IL-18 1 ng/mL for 24 h or
pretreated with ICA (10~° M) for 2 h followed by IL-
1B (1 ng/mL) for 24 h and then harvested and subjected
to protein isolation. A significant upregulation of Nrf2
and its downstream proteases was detected after ICA
treatment (Figure 4A and B). In addition, ICA could
eliminate a considerable amount of ROS (Figure 4D).
Furthermore, it dramatically promoted SOD and GPX
viability, which may have led to the reduced ROS levels
(Figure 4C and E).

Finally, to further substantiate the role of ICA in the
Nrf2 pathway at mRNA level, RT-qPCR was performed to
assess Nrf2 and the downstream expression of Nrf2 effec-
tors in human chondrocytes treated with DMSO or IL-1B 1
ng/mL for 24 h or pretreated with ICA (10~ M) for 2

h followed by IL-1f (1 ng/mL) for 24 h. The results
indicated that treatment with ICA could considerably
induce the mRNA expression of SOD-1, SOD-2, NQO-1
and their downstream target gene HO-1 in human chon-
drocytes, the downregulation of Keapl also indicated that
ICA could inhibit formation of the Nrf2/Keap1 dipolymer
(Figure 4F).

Corroborating these data, we can assume that ICA
can activate Nrf2/ARE pathway and, consequently,
eliminate ROS, likely eventually alleviating the ECM
degradation.

Primer sequence done by Sanger sequencing are men-
tioned below.

GAPDH (202bp)

F: 5- TGTTGCCATCAATGACCCCTT-3
R: 5- CTCCACGACGTACTCAGCG-3
IL1P (148bp)

F: TCAAACCTCTGGAGGAAGTGC

A
Nrf2 s B C
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Figure 4 ICA reduces the ROS generation induced by IL-1§ by activating the Nrf2 pathway. (A) Protein expression of Nrf2, SOD-land SOD-2 was investigated by Western
blotting using antibodies against the indicated protein, and B-actin was used as a control for equal loading. (B) Specific signal intensities normalized to B-actin were quantified
using Image] software. (C) Bar charts showing GPX activities in 0.1% DMSO alone, IL-I | ng/mL alone and IL-1p together with ICA 10~° M. (D) Bar charts showing
intracellular ROS production in the different groups. (E) Bar charts showing SOD activities in the different groups. (F) The expression of Nrf2, Keapl, SDO-I, SOD-2 and
HO-1 was measured by quantitative PCR using the TagMan assay system (Life Technologies). GADPH was used as an endogenous control. Data are expressed as the mean +

SD (n = 6). ¥p<0.05, compared to the control; *p<0.05, compared to IL-1p.
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Genetic Ablation Of Nrf2 Abrogates The
Chondroprotective And Antioxidative
Effects Of ICA In IL-1B-Treated

Chondrocytes

Although we showed that ICA could activate the Nrf2/
ARE pathway and reduce ROS production to alleviate
matrix degradation, whether the Nrf2/ARE pathway
played a prominent role in the function of ICA as an
inhibitor of ECM degradation was still unknown.

To expound the role of Nrf2 in ICA-mediated chondropro-
tection, we specifically depleted Nrf2 in human chondrocytes
and then pretreated them with ICA for 2 h followed by IL-1B
(1 ng/mL) for 24 h (Figure 5A and B). As demonstrated by the
Western blotting results, siRNA-mediated depletion of Nrf2
significantly abrogated the ICA-induced suppression of MMP-
13 (Figure 5A and D), and the GAG assay result further
confirmed that the chondroprotective effect of ICA could be
abrogated following depletion of the Nrf2 gene (Figure 5F).

In addition, the reduction of IL-1B-induced ROS caused
by ICA also disappeared following depletion of the Nrf2
gene (Figure 5E). Moreover, ICA-induced promotion of
NQO-1 protein was also abrogated when Nrf2 was depleted
(Figure 5A and C). Finally, the GPX and SOD activity results
further substantiated the dramatic abrogation of the antiox-
idative effect of ICA following Nrf2 gene depletion (Figure
5G and H). Taken together, these results demonstrate that the
Nrf2 pathway plays a key role in the ICA-mediated chon-
droprotective and antioxidative effects.

Discussion

Under physiological conditions, articular cartilage is in
a state of homeostasis, consisting of chondrocytes and
ECM, which is a strictly avascular environment with
a low oxygen supply.*>*® However, oxidative stress
can be triggered by various adverse factors, like inflam-
mation, causing tremendous production of ROS. During
pathological conditions, oxygen tension in synovial fluid
is subject to fluctuation as a consequence of ischemia-
reperfusion, pathological acceleration of tissue metabo-
lism and sustained abnormal strains on the joint.*”*®
The excess ROS can then lead to clear destruction of
the cartilage matrix via several intracellular pathways,
including cytokine receptors, receptor tyrosine kinases,
receptor serine/threonine kinases and G protein coupled
receptors. In addition, ROS have been shown to activate
mitogen-regulated kinase (MAPK) pathways in several
systems, including extracellular signal-regulated kinase

(ERK)1/2, Jun-NH2-terminal kinase and P38 MAPK
cascades.*™*® Ultimately, various intracellular signaling
events result in matrix degradation by mediating the
activation of latent collagenase, which is involved in
the upregulation of the matrix metalloproteinases
(MMPs) family.**!

However, the cause of the increased expression of
MMPs and ADAMTS-4 resulting from inflammation or
subsequent ROS production necessitated further study.
Hence, we investigated the effects of ROS induced by
IL-1p on ECM degradation and found, using NAC (an
orthodox ROS scavenger), that the expression of MMPs
and ADAMTS-4 mainly arose from ROS rather than
a direct effect of IL-1P (Figure 2).

ICA, a kind of plant-derived agent, has received consid-
erable attention for its potential to serve as a substitute ther-
apy for the treatment of OA. ICA exhibits antioxidative

325% including diabetes and

properties in various diseases,
osteoarthritis. These findings suggest that ICA may have
therapeutic potential for the promotion of ECM synthesis,
which is significant to the treatment of OA.

Therefore, after elucidating the relationship between
ROS generation and MMP activation (Figure 2), we
exposed IL-1pB-treated chondrocytes to ICA. The results
demonstrated that ICA could significantly alleviate the
matrix degradation caused by IL-B (Figure 3), in accord
with previous reports. To further investigate the mechan-
ism by ICA rescued the matrix degradation, we employed
a series of assays targeting intracellular ROS generation.
The results revealed that the excess ROS generation could
be reduced by ICA (Figure 4). Additionally, ICA activated
the Nrf2/ARE pathway, consequently upregulating the
generation of GPX and SOD, which strongly suggested
that Nrf2/ARE signaling was involved in the mechanism
of ICA-mediated chondroprotection (Figure 4). Taken
together, these results indicate that ICA may alleviate
matrix degradation by activating Nrf2/ARE signaling and
eliminating excrescent ROS.

Nevertheless, the actual mechanism of chondropro-
tection mediated by ICA can be fairly complex, and it
may include other factors except the activation Nrf2/
ARE signaling. Hence, whether activation of the Nrf2/
ARE pathway is necessary for the inhibition of matrix-
degrading is a crucial issue. Therefore, to expound the
role of Nrf2/ARE signaling in ICA-mediated chondro-
protection, we eventually resorted to transfection experi-
ments. The results demonstrated that ablation of Nrf2
abrogated the and

completely chondroprotective
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Figure 5 Ablation of Nrf2 abrogates the chondroprotective and antioxidative effects of ICA in IL-|B-treated chondrocytes. Genetic ablation of Nrf2 using specific siRNA abrogated
the antidegradation effect of ICA in chondrocytes. Chondrocytes were transfected with siRNA specific for Nrf2 (100 nM) using nucleofection. Forty-eight hours after transfection, the
OA chondrocytes were serum-starved, treated with Wogonin (10 pM) for 2 h and then stimulated with or without IL-1p (1 ng/mL) for 16 h. (A) The expression levels of Nrf2, NQO- |
and MMP- 13 were investigated by Western blotting. B-actin was used as a control for equal loading. (B-D) Specific signal intensities normalized to B-actin were quantified using Image)
software. (E) Bar chart showing the cellular ROS production level using the nonfluorescent dye 2'7'-dichlorodihydrofluorescein diacetate (Sigma-Aldrich). (F) Bar chart showing GAG
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pathway leads to transcription of the downstream genes SOD-1, SOD-2, NQO-I and HO-I. The activation of ARE results in the reduction of ROS, consequently reducing

the IL-1B-induced matrix-degrading proteases and ECM degradation.

antioxidative effects of ICA in IL-1B-treated chondro-
cytes (Figure 5),
(Figure 6).

In conclusion, our research shows that ICA can acti-
vate Nrf2 to decrease oxidative stress, consequently redu-

substantiating our hypothesis

cing the degradation of cartilage matrix and revealing the
cartilage-protective and antioxidation functions of ICA,
based on activation of the Nrf2 signaling pathways.
These findings offer an important theoretical basis for the
admission of ICA to the clinical treatment of joint dis-

eases. However, its clinical application requires further

research, and further studies are also needed to determine
whether and how ICA activates Nrf2 upstream signaling
molecules.
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