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Abstract

Joint inflammation is a key player in the pathogenesis of osteoarthritis (OA). Imperatorin, a plant-
derived small molecule has been reported to have anti-inflammatory properties; however, its effect
on chondrocytes is not known. Here, we investigated the effects of Imperatorin on IL-1p induced
expression of inducible nitric oxide synthase (iNOS) and nitric oxide production in primary human
OA chondrocytes and cartilage explants culture under pathological conditions and explored the
involved signaling pathways. We pretreated chondrocytes or explants with Imperatorin (50uM)
followed by IL-18 (Lng/ml), and the culture supernatant was used to determine the levels of
nitrite production by Greiss assay and chondrocytes were harvested to prepare cell lysate or

RNA for gene expression analysis of iNOS by Western blot or gPCR and in explants by

IHC. Pretreatment of primary chondrocytes and cartilage explants with Imperatorin suppressed
IL-1p induced expression of iNOS and NO production. Imperatorin blocked the I1L-1p-induced
phosphorylation of ERK/MAPK signaling pathway to suppress iNOS expression. The role of
ERK in the regulation of iNOS expression was verified by using ERK inhibitor. Interestingly,

we also found that Imperatorin binds to iINOS protein and inhibits its activity /7 vitro. Our data
demonstrated that Imperatorin possess strong anti-inflammatory activity and may be developed as
a therapeutic agent for the management of OA.
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1. Introduction

Nitric oxide (NO) is an important inflammatory mediator which is involved in the
pathogenesis of Osteoarthritis (OA) [1-3]. The excessive production of nitric oxide in
cartilage inhibits matrix synthesis and enhances its degradation [4]. Additionally, NO reacts
with oxidants such as superoxide anion, thereby promoting cellular injury. NO is produced
by conversion of L-arginine to L-citrulline and is catalyzed by nitric oxide synthase (NOS)
enzyme. NO is a gaseous free radical with a very short half-life of a few seconds, so it’s
level in biological fluids is measured indirectly by estimating the level of nitrite (NO2)™,
which is the more stable metabolite of NO by using Greiss assay [5]. NO production

in OA cartilage has been illustrated by immunostaining with anti-nitrotyrosine antibodies
[6]. The expression of iINOS is upregulated in OA chondrocytes, resulting in excess NO
production and eventual release of other catabolic and inflammatory cytokines [7]. iINOS
expression is preferentially upregulated in the superficial zone of OA cartilage, suggesting
active production of NO in that area [8]. The importance of iNOS in OA pathogenesis can
be emphasized by the observation that iNOS knock out mice are resistant to developing
experimental OA [9]. These experiments suggest that iINOS is a potential therapeutic target
for the management of OA.

Imperatorin, known as 9-[(3-methyl-2-buten-1-yl)oxy]-7H-furo[3,2-g]chromen-7-one or
8-(1,1-dimethylallyloxy)-psoralen, is a plant secondary metabolite belonging to the family of
furanocoumarins [10]. Imperatorin is mainly found among plants belonging to the Apiaceae
and Rutaceae families, particularly in Angelica dahurica, A. archangelica, Notopterygium,
Peuceaani, and Radix Glehniae [11] and is known for many traditional applications. It

is a noted constituent in many traditional medications, especially in Traditional Chinese
Medicine system [12]. It has been reported that Imperatorin has a wide range of
pharmacological properties, that include anti-inflammatory, anti-bacterial, anti-convulsant
and anti-tumor activities [13, 14]. However, its anti-inflammatory effect has not been
explored in OA and the cell type directly affected in OA.

In this study, we used an /in vitro and ex vivo model of OA pathogenesis to investigate

the effects of Imperatorin on IL-1p induced expression of iNOS, production of NO

and associated signaling pathways. We have demonstrated that Imperatorin treatment
significantly suppressed the expression of iNOS in primary human OA chondrocytes and
cartilage explants and the levels of nitrite in the culture supernatant. Interestingly, in addition
to suppressing the expression of iINOS, we also found that Imperatorin can also bind to
iNOS protein and inhibit its activity. Our data also showed that Imperatorin suppressed
iNOS by inhibiting the IL-1p induced activation of ERK-MAPK signaling pathway, but was
independent of the NF-xB pathway.
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2. Materials and Methods

2.1 Reagents

Imperatorin (99% pure by HPLC, #0519S) was purchased from Alkemist labs. Gene-specific
TagMan assays were purchased from Integrated DNA Technologies. DMEM/F12 Media
(#11320082) and FBS used for cell culture were purchased from HyClone Laboratories.
Pronase (# 10165921001) and collagenase (# 10103578001) enzymes were purchased from
Sigma-Aldrich. Recombinant human IL-1p (#201-LB) was purchased from R&D Systems.
Antibody against iNOS (#ab3523) was from Abcam and antibodies against p38 (#sc-7972),
and B-Actin (#sc-81178) were from Santa Cruz Biotechnologies and c-Fos (#4384), p-c-Fos
(#5348), p-ERK (#4370), ERK (#4695), IxBa (#4812), p-p38 (#4092), SAPK/INK (#9252)
and p-JNK (#9251) antibodies were from Cell Signaling Technology.

2.2 Primary chondrocyte isolation and culture

All the methods used in this study were carried out in accordance with the approved
guidelines and all protocols were approved by the IRB of Northeast Ohio Medical
University, Rootstown, OH and SUMMA Health, Barberton, OH as a “non-human subject
study under 45 CFR”. Primary human OA articular chondrocytes were isolated from
discarded and de-identified cartilage of OA patients who underwent knee/hip replacement
surgery at the SUMMA Health Hospitals as described before in several of our publications
[15-18]. Normal cartilage samples (with no known history of any rheumatic disease) were
provided by National Disease Research Institute (NDRI). Cartilage was scraped off the
surface of the knee/hip joint with the help of sterile scalpels. The cartilage pieces were
incubated at 37°C for 1 hour in a digestion media containing 1.5 mg Pronase /ml in
Dulbecco’s modified Eagle medium (DMEM) + F12 (1:1) supplemented with 10% fetal
bovine serum (FBS), 100U/ml penicillin and 100pg/ml streptomycin. This was followed
by overnight incubation at 37°C in a digestion media containing 1.5 mg Collagenase/ml in
DMEMI/F12 + 10% FBS. Next day, the sample was passed through a 70 um cell strainer.
The cells were collected by centrifugation at 180g for 5 minutes followed by washing with
PBS. Finally, the chondrocytes were suspended in complete DMEM/F12 and seeded at a
density of 1x106 cells per well in 6-wells plate and incubated at 37°C in humidified CO2
incubator for attachment for 2—-3 days. For explant culture, cartilage was aseptically scraped
off from the surface of knee joint and 3mm thick cartilage explants were produced by using
a punch biopsy tool. Explants were maintained in multi-well plates in DMEM/F-12 (1:1)
supplemented with 10% FBS at least for 4-5 days before any treatment.

2.3 Chondrocyte/Cartilage explant treatment with Imperatorin and IL-1p

All the experiments were done using primary human OA chondrocytes from at least

five independent donors. Chondrocytes or cartilage explants were maintained in DMEM/
F-12 (1:1) media and were serum-starved overnight before every experiment. Next day,
chondrocytes were pretreated with Imperatorin or 0.1 % DMSO (as control) for two hours,
followed by stimulation with IL-1f (1ng/ml) for 24 hours. The culture supernatant was
collected to estimate nitrite levels and chondrocytes were harvested for cell lysate or total
RNA preparation and cartilage explants were harvested and processed for histology as
described below.
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2.4 Evaluation of cell viability by MTT assay

Primary human OA chondrocytes were plated (20,000 cells/well) in 96-well plate and their
viability was determined using MTT assay as described previously [15].

2.5 Estimation of Nitrite

NO is a gaseous free radical with a very short half-life of a few seconds, so it’s level in
biological fluids is measured indirectly by estimating the level of nitrite (NO2)™ , which is
the more stable metabolite of NO by using Greiss assay as described previously [19].

2.6 Western Blotting

Estimation of protein expression in chondrocytes was estimated by Western blotting using
validated antibodies as described previously [20, 21].

2.7 RNA isolation and quantitative real-time polymerase chain reaction

Total RNA was isolated using Trizol-chloroform reagent. cDNA was synthesized using 1
ug of total RNA using a cDNA synthesis kit (# 4368814, Life Technologies Corp). mRNA
expression was quantified using TagMan Gene Expression Assays as described previously
[22] . p-actin was used as endogenous expression control.

2.9 Histology and Immunohistochemistry (IHC)

For histological and immunohistochemical analysis, human OA cartilage (n=5) or human
cartilage explants were harvested and fixed in 4% paraformaldehyde and processed for
paraffin embedding. The extent of damage to the cartilage was determined by Safranin
O/Fast Green (S/F) staining and expression of iNOS was determined by IHC as described
previously [23].

2.10 Molecular docking of Imperatorin with iNOS

Two-dimensional (2D) structure of Imperatorin was drawn at ChemDraw/ChemSketch
editor. This 2D structure was saved in .mol file format and was further converted to 3D
structure and its structural geometry was optimized to the lowest energy state. Finally, stable
3D structure was saved in .pdb format and PDB file was converted to charged file format
PDBQT. Protein crystal structure of iNOS was collected from protein databank as PDB
4cx7. PDB 4c¢x7 contains 04 chains A, B, C, D and ligands SO4, GOL, HEM, S71 & H4B.
Out of this chain-A only was considered for docking. Co-crystallized ligand S71 at chain-A
was used as reference for identification of binding site center. Binding site pocket of radius
of 25 Angstrom around binding site center was considered for docking studies. Before
docking, PDB files were converted to charged file format PDBQT. After preparation of
“.pdb’ files of Imperatorin as well as iINOS, docking studies were performed with AutoDock
Vina software [24].

2.11 Human Phospho-Kinase Proteome Profiling

Relative phosphorylation of the kinases was determined using Proteome Profiler human
phosphor kinase array kit (#ARY003B) according to the manufacturer’s instructions. In
brief, primary human OA chondrocytes were treated with IMP and IL-1f as described
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above and chondrocytes were harvested to prepare cell lysate. The lysate was incubated
with the antibody-coated membrane and incubated at 4°C for overnight. Next day, the
membranes were washed and incubated with biotin-labeled anti-phospho antibodies. The
signal produced was proportional to the phosphorylation in the bound analyte and was
quantified using ImageJ software.

Immunofluorescence

Chondrocytes (0.1x10%) were seeded in 8-well chamber slide and treated with Imperatorin
and IL-1p as described above. At the end of experiment, cells were fixed and permeabilized
and were probed with anti-c-Fos or ¢c-Jun antibody followed by anti-rabbit Alexa-Fluor
488/594 secondary antibody (Life Technologies) as described previously [25] . Nuclei were
counterstained with DAPI and chondrocytes were mounted using antifade mounting medium
(\Vectashield) and visualized by Olympus F\V1000 confocal microscope.

2.13 Statistical analyses

All the data were analyzed by GraphPad Prism (Version 8.2.1) software for statistical
significance. Statistical significance of nonparametric data between two groups was
analyzed by Wilcoxon-Mann-Whitney U test and Student’s t-test was used for the
parametric data set. Statistical significance between more than two groups was determined
by one-way analysis of variance (ANOVA) followed by Tukey test for post hoc analysis.
P-value < 0.05 was considered as significant.

3. Results

3.1 iNOS expression was upregulated in human OA cartilage and chondrocytes under
pathological conditions

The human OA cartilage sections were stained with S/F to determine the extent of ECM
degradation. Compared to the deep zone, the surface area of OA cartilage exposed to
synovial cavity showed higher level of proteoglycan degradation (Figure 1A). Investigation
of iINOS expression by IHC in human OA cartilage (Mankin score >3) showed high level
of iINOS in the damaged area compared to the undamaged area of cartilage from the

same patient (Figure 1B&C). We quantified the expression of iNOS in the damaged versus
undamaged OA cartilage from the same patient by isolating total RNA from chondrocytes
isolated directly from the damaged and undamaged area of the OA cartilage from the same
patients and found a significant increase in the expression of iNOS in chondrocytes isolated
from the damaged area (n=5) (Figure 1D). As previously reported by others and us, IL-1p
stimulation of chondrocytes increased the expression of iINOS at mRNA (Figure 1E) &
protein level (Figure 1F) and NO production (Figure 1G) /in vitro [26, 27].

3.2 Imperatorin was not toxic to human OA chondrocytes

We determined the effect of Imperatorin on chondrocyte viability by MTT assay.
Imperatorin (10, 25, 50 uM) had no adverse effects on chondrocytes viability at all the
concentrations used in this study (Figure 2A).
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3.3 Imperatorin suppressed the IL-1p-induced iNOS expression and production of NO in
OA and normal chondrocytes.

To analyze the effect of Imperatorin on iINOS expression in chondrocytes under pathological
condition, we pretreated OA chondrocytes with Imperatorin (50uM) for 2h, followed by
stimulation with IL-1p for 24 h. IL-1p stimulation significantly upregulated the expression
of iINOS, which was suppressed by Imperatorin at mMRNA (Figure 2B) and protein levels
(Figure 2C). Densitometry of the Western blot was carried out to quantify the relative
protein expression of iINOS (Figure 2D). We also determined the effect of Imperatorin

on IL-1B induced NO production and found that Imperatorin significantly reduced the
production of NO in IL-1p treated OA chondrocytes (Figure 2E). Importantly, Imperatorin
also inhibited IL-1p induced NO levels in normal chondrocytes (Supplementary Figure
1A). Calculation of percentage inhibition of NO by Imperatorin revealed that Imperatorin
50uM, 25uM & 10uM caused 87%, 67.5% and 46.3% inhibition of NO production,
respectively (Supplementary FigurelB). Imperatorin also suppressed the production of
NO in chondrocytes post-stimulation with IL-1f indicating its therapeutic potential
(Supplementary Figure 1C).

3.4 Imperatorin inhibited the IL-1B-induced NO levels and expression of iNOS in human
OA cartilage explants

Human OA cartilage explants were treated with Imperatorin followed by IL-1p as described
above. It was found that the expression of iNOS in IL-1f stimulated cartilage explants

was suppressed by pretreatment with Imperatorin (Figure 3A). Quantification of the
immunohistochemical staining was carried out by counting the percentage of iNOS positive
cells. A significantly lower level of iNOS positive cells was seen in the IMP+IL-1p treated
explants as compared with the IL-1p treated explants (Figure 3B). In addition, presence

of Imperatorin significantly reduced the production of NO upon IL-1p stimulation (Figure
3C). These results show that Imperatorin has anti-inflammatory activity and it suppressed
IL-1B induced expression of iNOS and production of NO in OA and in normal human
chondrocytes.

3.5 Imperatorin binds to iNOS and inhibited its activity as evident by molecular docking

We performed molecular docking analyses of Imperatorin against iNOS protein and
generated nine docking poses (Figure 4A). Each of nine conformations can be observed

at single binding location that supports the feasible binding affinity of Imperatorin towards
iNOS. Possible molecular interactions between iNOS and Imperatorin can be seen as Van
der Waals, hydrogen bonds and pi-interactions. Binding affinity (kcal/mol) was shown for
each docked pose (Figure 4B). Negative value of binding affinity shows the stability of

the Imperatorin-iNOS interaction. To experimentally confirm that Imperatorin inhibits NOS
activity by binding to iNOS, we measured the iNOS activity in the chondrocytes treated
with Imperatorin using an /7 vitro iINOS activity assay and found that Imperatorin indeed
inhibited the iINOS activity (Figure 4C). These results indicate that Imperatorin suppressed
the production of NO not only by decreasing the expression of iNOS, but also by binding to
iNOS and inhibiting its activity.

Int Immunopharmacol. Author manuscript; available in PMC 2021 September 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmad et al. Page 7

3.6 Imperatorin suppressed iNOS by inhibiting the IL-1p induced activation of ERK-
MAPK/AP1 pathway

To find out the signaling pathway suppressed by Imperatorin, we performed Proteome
Profiler Human Phospho-Kinase Array on cell lysates obtained from the following treatment
groups: DMSO (Control), IMP, IL-1p and IMP+ IL-1B (Figure 5A). The pixel densities

of every dot were quantified by ImageJ and a heat map of densitometric analyses of
dot-blot image signals from treated chondrocytes normalized to those from control was
generated and presented as fold change in protein levels (Figure 5B). The signaling
molecule whose phosphorylation was most affected due to Imperatorin pretreatment was
ERK1/2. The mean pixel density for p-ERK1/2 spots was plotted, and it was found that
Imperatorin inhibited IL-1p induced phosphorylation of ERK1/2 (Figure 5C). The result
from proteome profiler array was confirmed by immunoblotting (Figure-6A). Our results
showed that Imperatorin suppressed the activation of ERK1/2 and its upstream kinase,
MEK (Figure 6A, B&C). Next, we examined the effect of Imperatorin on the activation

of other members of MAPK family. As indicated by phosphorylation, p-38 and JNK were
activated by IL-1pB, but Imperatorin had no effect on the activation of p-38 and JNK (Figure
6A). We also examined the effect of Imperatorin on the activation of NF-xB signaling
pathway and found no effect of Imperatorin on IL-1p induced degradation of IxBa (Figure
6A). The role of ERK1/2 in the regulation of iNOS was validated by using PD98059, an
inhibitor of MEK/ERK pathway. We found that PD98059 treatment suppressed the I1L-1
induced production of iINOS (Figure 6D) and NO (Figure 6E). One of the substrates that

is downstream of ERK1/2 is Activator protein 1 (AP-1), a heterodimer of c-Fos and c-Jun
[28]. We determined the effect of Imperatorin treatment on the activation of c-Fos and
c-Jun transcription factors in IL-1p stimulated OA chondrocytes and found that Imperatorin
inhibited the IL-1p induced phosphorylation of c-Fos and c-Jun (Figure 6A). The activation
of c-Fos and c-Jun was further confirmed by determining their nuclear translocation by
immunofluorescence staining. c-Fos and c-Jun translocated to nucleus as early as 20
minutes post-1L-1p stimulation which was suppressed by Imperatorin (Figure 6F&G). Thus,
Imperatorin mediated inhibition of iINOS was dependent on the ERK-MAPK pathway, but
independent of NF-xB pathway.

4. Discussion

This study reports the inhibitory effects of Imperatorin on NO production and expression
of iINOS in OA chondrocytes and cartilage explants. To our knowledge, this is the first
study reporting the inhibition of IL-1p induced expression of iNOS by Imperatorin and
demonstrating that this was achieved by inhibiting the activation of ERK-MAPK/AP1
signaling pathway in IL-1p stimulated OA chondrocytes. In the present study, we showed
that pretreatment of OA chondrocytes with Imperatorin significantly inhibited both the
production of NO and iNOS expression in response to stimulation with IL-1p. Imperatorin
exhibited a dose-dependent inhibitory effect on iNOS transcript level and a corresponding
dose-dependent inhibition in the NO production. We found consistent results in normal
human chondrocytes as well. Since cultured primary chondrocytes do not mimic the exact
cartilage matrix environment, it is crucial to study the inhibitory response in explant culture
in which extracellular matrix accurately mimics the /7 vivo environment. We observed that
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Imperatorin suppressed the IL-1p induced NO levels and inhibited the expression of iINOS in
human OA cartilage explants.

Plant-derived small molecules with NO inhibitory potential are particularly important as
they have minimum side effects and are cost-effective [29]. We have demonstrated that
Imperatorin was not toxic to primary human chondrocytes. Many compounds that inhibit
iNOS are being researched for their potential protective effects in Osteoarthritis [8]. L-NIL,
a selective inhibitor of iINOS, attenuates the progression of experimental OA in dogs [30]
and notably, SD-6010, a selective inhibitor of iINOS has been beneficial in osteoarthritic
and is currently in clinical trials [31]. Previous studies have demonstrated that Imperatorin
possesses potent anti-inflammatory activity [11]. It has been previously demonstrated that
Isoimperatorin, an isoform of Imperatorin, reduced the expression levels of MMP-13,
Runx2, Col X and VEGF in murine chondrocytes [32]. It is also demonstrated that in

mice treated with Isoimperatorin, the expression levels of MMP13, Runx2, Col X and VEGF
were reduced and Isoimperatorin ameliorated pathological alterations in OA by delaying
cartilage degradation. In another study, it was shown that Imperatorin significantly reduced
collagen-induced arthritis by reducing synovial hyperplasia [33].

Furthermore, to elucidate the mechanism of Imperatorin mediated inhibition of iINOS, we
investigated common signaling pathways involved in iNOS regulation. IL-1f has been
shown to induce NO production through activation of NF-xB, MAPK, and JAK-STAT
pathways in chondrocytes [34]. To find out the exact pathway affected by Imperatorin,

we used human phospho-kinase array. Analysis of the array data revealed that Imperatorin
inhibited phosphorylation of ERK1/2. We further confirmed the array data using Western
Blotting. As activation of NF-xB has mostly been implicated in the pathological expression
of iINOS and production of NO [34], we first investigated the activation of NF-xB by
analyzing protein expression of IxBa and we observed that Imperatorin did not inhibit the
IL-1B induced activation of NF- xB. Next, we investigated the activation of p-38 and JNK
by analyzing protein expression of P-p38, p38, P-JNK, JNK and found that Imperatorin did
not inhibit the IL-1p induced activation of p-38 and JNK. In a previous study it was reported
that Imperatorin inhibited the expression of iNOS by suppressing the activity of NF- xB in
RAW 264.7 cells [11] and taken together with our data indicates that the anti-inflammatory
activity of Imperatorin is through different signaling pathways in different cell types.

AP-1 is one of the downstream substrate of ERK that controls many cellular processes
including cell proliferation, differentiation and apoptosis [35]. AP-1 is a heterodimer that

is mainly composed of c-Fos and c-Jun, so we looked at the response of Imperatorin
treatment on the activation of c-Fos and c-Jun transcription factors in IL-1p stimulated OA
chondrocytes. We found that Imperatorin inhibited the activation of ERK1/2 via inhibiting
the IL-1p induced nuclear translocation of c-Fos and c-Jun. It has been shown in the

past that inhibition of ERK has the potential to slow OA progression [36]. We used
PD98059 to inhibit ERK/MAPK pathway in chondrocytes and found that inhibition of
ERK1/2 suppressed the expression of iNOS and production of NO confirming its role in the
regulation of iNOS in chondrocytes.
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We calculated the % inhibition of the expression of iINOS and production of NO,
respectively, in IL-1p vs. IMP+ IL-1p treated chondrocytes and found that % inhibition

in the production of NO (87%) was much greater than the inhibition in expression of
iNOS (39%), suggesting that this inhibition may not be only because of the inhibition of
iNOS expression, but may also be due to decreased in iINOS activity. To investigate this,
we performed molecular docking of Imperatorin against iNOS and found that Imperatorin
showed strong binding towards iNOS. We confirmed this finding by checking the effect of
Imperatorin on iNOS activity and we found that Imperatorin inhibited the iNOS activity.
Thus, Imperatorin mediated inhibition of iINOS was dependent on ERK-MAPK/AP1
pathway, but independent of NF-xB and p-38, JNK signaling pathways. Also, imperatorin
binds to iNOS protein and inhibits its enzymatic activity.

Conclusion

In conclusion, these results revealed that Imperatorin treatment inhibited the expression

of iINOS and effectively suppressed the production of NO in OA chondrocytes under
pathological conditions. These results have potential clinical significance considering the
role of NO in joint metabolism and cartilage homeostasis. Although further studies are
required to analyze the observed inhibitory response in mouse OA model, these results for
the first time demonstrate that Imperatorin can counteract the production of NO in OA joint
has thus, has the potential to be developed as a therapeutic agent for OA management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. iINOS expression was upregulated in human OA cartilage and chondrocytes, and
IL-1B-induced the expression of iNOS in OA chondrocytes

(A) Safranin O/Fast green staining to visiualize damaged (superficial) and undamaged (deep
zone) area of OA cartilage (n=5) (20X magnification). (B) Expression of iNOS in damaged
and undamaged region of OA cartilage determined by IHC (20X magnification) and (C)
Quantification of the IHC data. (D) iNOS expression at mMRNA level in damaged and
undamaged human OA cartilage (n=5). B-Actin was used as a normalization control. (E)
iNOS expression in chondrocytes treated with IL-1B at mMRNA level and (F) protein level.
[B-actin was used as endogenous normalization or loading control. (G) Culture supernatant
was used to determine the level of NO production. (*p<0.05, **p <0.005).
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Figure 2. Imperatorin suppressed IL-1@-induced iNOS expression and production of NO in OA

chondrocytes.

(A) Effect of Imperatorin (50, 25 & 10 pM) on chondrocyte viability was determined
by MTT assay. Chondrocytes treated with 0.1% DMSO served as control. (B) iNOS

MRNA expression in OA chondrocytes treated with IL-1 in the presence or absence of
Imperatorin. p-actin was used as endogenous expression control (* p<0.05). (C) Expression
of iNOS at protein level in OA chondrocytes treated with IL-1 in the presence or absence
of Imperatorin. (D) Quantification of band intensity by ImageJ. (E) Chondrocyte culture
supernatant from the above experiment was used to NO levels. The values are mean + SD of
five independent experiments (**p <0.005). The values are mean + SD of three independent

experiments.
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Figure 3. Imperatorin inhibited IL-1B-induced NO production and expression of iNOS in human
cartilage explants.

(A) INOS expression in human OA cartilage explants treated with IL-1p in the presence or
absence of Imperatorin was determined by IHC (20X magnification). (B) Quantification of
IHC data. For each explant, 5 sections were scored (AE5). (C) Supernatants of the explants
were collected to estimate the levels of NO. The values are mean * SD of three independent
experiments. (** p<0.005). The values are mean + SD of three independent experiments.
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Figure 4. Imperatorin binds to iNOS protein and inhibits its activity.
(A) Docking of Imperatorin on iNOS protein was done to predict its binding with iNOS.

(B) Binding affinity values for nine different poses of Imperatorin against iNOS. (C)
Endogenous NOS activity in OA chondrocyte lysate was determined in the presence and
absence of Imperatorin using the BioVision NOS activity assay.
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Figure 5. Imperatorin inhibited ERK-MAPK pathway in human OA chondrocytes
(A) Proteome Profiler Human Phospho-Kinase Array was performed on cell lysates obtained

from chondrocytes treated with DMSO (Control) or IMP or IL-18 or IMP + IL-1p. (B)

Heat map of densitometric analyses of dot-blot image signals from treated chondrocytes
normalized to those from control and presented as fold change in protein levels. (C) The
pixel densities of the single dots of p-ERK % were quantified by ImageJ software (*p<0.05).
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Figure 6. Imperatorin suppressed iNOS by inhibiting ERK-MAPK pathway
(A) Human OA chondrocytes were treated with IL-1f in the presence or absence of

Imperatorin and the activation of NF-xB, p-38, INK, MEK1/2, ERK1/2, c-Fos and c-Jun
was investigated by Immunoblotting. Immunoblot (B and C) Band intensities of MEK1/2
and ERK1/2 were quantified by ImageJ. (D) Primary human OA chondrocytes were pre-
treated with PD98059 (5uM) to inhibit MEK/ERK followed by treatment with I1L-1p (1
ng/ml). Culture supernatants were harvested to determine NO level and (E) Chondrocytes
were harvested for RNA isolation followed by qPCR analysis for iNOS expression. -actin
was used as endogenous normalization control. (F) Translocation of c-Fos to nucleus was
analyzed by immunofluorescence using c-Fos-specific antibody. (G) Translocation of c-Jun
to nucleus was analyzed by immunofluorescence using c-Jun-specific antibody. Nuclei
were counterstained with DAPI and images were captured by Olympus FVV1000 confocal
microscope (60X magnification).
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