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Delphinidin inhibits IL-1p-induced activation of NF-kB
by modulating the phosphorylation of IRAK-15¢"7¢ jn
human articular chondrocytes

Abdul Haseeb', Dongxing Chen' and Tariq M. Haqq;i'

Abstract

Objective. In OA, there is enhanced expression of pro-inflammatory cytokines such as IL-1f in the
affected joint. Delphinidin, an anthocyanidin found in pigmented fruits and vegetables, has been shown
to possess anti-inflammatory and antioxidant properties. In the present study we determined whether
delphinidin would inhibit the IL-1B-induced activation of NF-xB in human chondrocytes and determined
the mechanism of its action.

Methods. PGE, levels and activation of NF-kB p65 in human OA chondrocytes were determined by
ELISA-based assays. Protein expression of cyclo-oxygenase-2 (COX-2) and phosphorylation of kinases
was determined by western immunoblotting. Expression level of mRNAs was determined by TagMan
assays.

Results. Delphinidin inhibited IL-1B-induced expression of COX-2 and production of PGE, in human
chondrocytes. Delphinidin also inhibited IL-1B-mediated phosphorylation of IL-1 receptor-associated
kinase-1°°"%"  phosphorylation of IKKa/p, expression of IKKB, degradation of IxBo, and activation and
nuclear translocation of NF-kB/p65. Phosphorylation of TGF-B-activated kinase 1 was not observed but
NF-xB-inducing kinase (NIK) was phosphorylated and phosphorylation of NIK was blocked by delphinidin
in IL-1B-treated human chondrocytes.

Conclusion. These data identify delphinidin as a novel inhibitor of IL-1B-induced production of
cartilage-degrading molecule PGE, via inhibition of COX-2 expression and provide new insight into the
mechanism of its action. Our results also identify inhibition of IRAK15¢37® phosphorylation by delphinidin in
IL-1B-induced activation of NF-«kB in human chondrocytes. Given the important role played by IL-1B-induced
NF-«B activation, COX-2 expression and PGE, production in OA, our results may have important implications
for the development of novel therapeutic strategies for the prevention/treatment of OA.
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cartilage. Synovial inflammation has now emerged as
one of the most important factors that lead to dysregula-
ProgreSS|Ve Cal’tllage breakdown is the main feature of tion of normal Chondrocyte function [1] |nf|ammatory

Introduction

OA, which results from an imbalance in the anabolic and
catabolic activities in chondrocytes that help in remodell-
ing and maintaining the extracellular matrix (ECM) of
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cytokines such as IL-1B, TNF-o and IL-6, secreted from
inflamed synovium, are major mediators of disturbed
chondrocyte function and cartilage degeneration.

In articular cartilage chondrocytes are the principal cell
type, which are embedded in a network of collagen fibres
and proteoglycans [2]. IL-1 suppresses the expression of
type Il collagen [3, 4] and aggrecan [5, 6], two principal
constituents of cartilage ECM, by chondrocytes and also
stimulates the synthesis of several proteolytic enzymes by
chondrocytes including aggrecanases, MMPs—MMP-1,
MMP-3 and MMP-13—which play an important role in
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cartilage degradation [7, 8]. Stimulation with IL-1p results
in up-regulation of INOS and cyclo-oxygenase-2 (COX-2)
in chondrocytes and leads to the release of nitric oxide
(NO) and PGE,. High-level production of NO and reactive
oxygen species [9] and the down-regulation of antioxidant
enzyme expression by IL-1f induces the oxidative stress
in chondrocytes [10, 11] and probably contributes to the
degradation of articular cartilage in OA. These catabolic
effects of IL-1p are exerted through the activation of sev-
eral signalling pathways including jun-N-terminal kinases
(UNK), p-38 mitogen-activated protein kinase (MAPK) and
the activation of transcription factor NF-kB. NF-«xB is the
master regulator of expression of several genes involved
in inflammation, immune response and apoptosis. Due to
its central role in the regulation of genes involved in the
pathogenesis of OA, including iINOS and COX-2, NF-«xB
pathway has been identified as an important target of
therapeutic strategies aimed at the treatment of OA [12].
Recent studies suggest that some phytochemicals may
prevent cartilage degradation by inhibiting the production
of catabolic mediators in OA.

Delphinidin  (2-(3,4,5-trihydroxyphenyl)chromenylium-
3,5,7-triol) is an active ingredient of pomegranate and
other pigmented fruits [13, 14]. Recently, delphinidin was
reported to exert anti-tumour activity [13], anti-
inflammatory activity and inhibition of NF-xB [15, 16].
The aim of the present study was to investigate whether
delphinidin will block the IL-1B-mediated expression of
COX-2 and production of PGE,—known to play important
roles in the pathogenesis of OA—in human chondrocytes.
For these studies we used monolayer cultures of human
primary OA chondrocytes to determine the effect of del-
phinidin on IL-1B-induced activation of NF-kB and the ex-
pression of COX-2 and production of PGE,. Our results
demonstrate that treatment with delphinidin suppressed
the IL-1pB-induced expression of COX-2 and production of
PGE, in human OA chondrocytes. We also demonstrate
for the first time that delphinidin blocks the activation of
NF-«B by suppressing the activation of upstream kinases
NF-kB-inducing kinase (NIK) and IL-1 receptor-associated
kinase-1  (IRAK1) in  human OA chondrocytes.
Furthermore, OA chondrocytes with diminished NIK and
IRAK15¢376 phosphorylation also inhibited phosphoryl-
ation of IKKBS®7” and of 1kBa>*"2 and reduced levels
of IKKB mRNA and protein expression. These findings
suggest a novel mechanism that may contribute to OA
prevention/treatment by delphinidin or compounds
derived from it.

Materials and methods

Reagents

Media and reagents for cell culture were purchased either
from HyClone Laboratories (Logan, UT, USA) or from
Invitrogen (Carlsbad, CA, USA). Primocin was purchased
from InvivoGen (San Diego, CA, USA). Pronase and
collagenase were purchased from Roche Diagnostics
(Indianapolis, IN, USA). Recombinant human IL-13 and
TNF-o were purchased from R&D Systems (St Paul, MN,
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USA). Primary antibodies against 1xB, phospho-IxB, IKKj,
Phospho-NIK, IRAK-1 and B-actin were from Santa Cruz
Biotechnologies (Santa Cruz, CA, USA). Primary anti-
bodies against IKKa, phospho-IKKe/f and NIK were
from Cell Signaling Techonology (Beverly, MA, USA).
Antibody  against P-IRAK-1 was from Pierce
Biotechnology (Rockford, IL, USA). IRDye 600 and 800
conjugated secondary antibodies were purchased from
LI-COR Biosciences (Lincoln, NE, USA). Delphinidin chlor-
ide was purchased from Extrasynthese (Extrasynthese
SA, Lyon, Nord-Genay, France). BAY 11-7082 was from
Calbiochem (EMD Millipore, Rockland, MA, USA).

Human samples and preparation of primary human
chondrocytes

The study was reviewed and approved by the
Institutional Review Board of MetroHealth Medical
Center, Cleveland, OH, USA, as exempt and that no
informed consent was needed. Discarded and
de-identified femoral head samples were collected from
the patients who underwent total joint replacement sur-
gery at MetroHealth Medical Center, Cleveland, OH,
USA. Cartilage was resected from macroscopically un-
affected areas (no staining with India ink, smooth cartil-
age). Human chondrocytes were prepared from cartilage
pieces by sequential digestion with pronase (1 mg/ml) for
1h followed by collagenase (1 mg/ml) overnight essen-
tially as described previously [17-19].

Treatment of OA chondrocytes with delphinidin,
BAY 11-7082, TNF-o and IL-1pB

OA chondrocytes (1 x 10%/ml) were allowed to grow in
DMEM 90% and fetal calf serum (FCS) 10% supple-
mented with penicillin (100U/ml) and streptomycin
(100 ug/ml) for 2-3 days after plating and only primary
(unpassaged) chondrocytes were used in the experi-
ments. At about 80% confluence, OA chondrocytes
were serum starved for 12-15h and were then treated
with delphinidin or BAY 11-7082 for 2 h followed by treat-
ment with human recombinant IL-1 or TNF-« for different
times. Fifty ng/ml delphinidin was used to study the NF-xB
pathway and IKKB expression while 10 ng/ml delphinidin
for 24 h was used for COX-2 expression and PGE, pro-
duction as higher amounts used for 24 h were toxic for the
cells. Chondrocytes not treated with delphinidin or IL-18
or TNF-a served as controls. All experiments were com-
pleted within 4-5 days after plating the cells to avoid de-
differentiation of chondrocytes.

Western immunoblotting

Immunoblot analysis was performed essentially as
described previously [17, 18]. Briefly, after treatments,
chondrocytes were washed once with ice-cold PBS and
were lysed in radioimmunoprecipitation assay (RIPA)
buffer (50mM Tris-HCI, pH 7.5; 150mM NaCl; 1%
IGEPAL, 4 mM EDTA, 0.1% sodium deoxycholate; 10 mM
NaysP2.07, 10mM NaF, 2 mM NazVO,4, 1 mM phenylmethyl-
sulphony! fluoride (PMSF), 1pg/ml leupeptin, 1 pg/mi
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aprotinin) in the dishes on ice for 30 min. The cell lysate was
cleared of cell debris by centrifugation at 18 000 g at 4°C for
10min. Total protein concentration was estimated using
DC protein assay kit (BioRad Laboratories, Hercules, CA,
USA). Equal amounts of total proteins (25 pg/lane) were
resolved by SDS-PAGE and transferred to nitrocellulose
membrane (LI-COR Biosciences, Lincoln, NE, USA). The
membranes were blocked using Odyssey blocking buffer
(LI-COR Biosciences) for 1 h at room temperature. Blocked
membranes were incubated overnight at 4°C with primary
antibodies diluted in the blocking buffer. Membranes were
washed and then incubated with secondary antibodies for
1h at room temperature followed by another wash and the
immunoreactive proteins were visualized using the
Odyssey infrared imaging system (LI-COR Biosciences).

RNA isolation and real-time PCR analysis of gene
expression

Total RNA was isolated using Qiagen RNeasy Mini Kit
(Qiagen, Valencia, CA, USA) on Qiacube automated
sample prep platform (Qiagen) according to the manufac-
turer’s protocol. Total RNA concentration was determined
by absorbance at 260 nm using the Eppendorf spectro-
photometer. cDNA synthesis was performed using the
QuantiTect reverse transcription kit (Qiagen) using 500 ng
of total RNA according to the instructions provided with the
kit. Two microlitres from a 20 ul cDNA synthesis reaction
was used for TagMan assays using the StepOne real-time
PCR system (Applied Biosystems/Life Technologies Corp,
Carlsbad, CA, USA). Relative quantification was performed
using Ct method with B-actin as internal control.

Measurement of PGE, production

Human chondrocytes were plated in six-well dishes and
grown to 80% confluence in 2 ml of growth medium, treat-
ed with delphinidin for 2 h before treatment with IL-18 and
then harvested 24 h later. The amount of PGE, released
into the medium was measured using the PGE, enzyme
immunoassay kit essentially according to the instructions
of the manufacturer (Oxford Biomedical Research,
Oxford, MI, USA).

Measurement of NF-kB p65 activation by ELISA

Activation of NF-xkB p65 and DNA-binding activity assay
was performed using Trans-AM ELISA kit (Active Moatif,
Carlsbad, CA, USA) according to the manufacturer’s
protocol. Chondrocytes were treated as described
above for the indicated times and nuclear extracts were
prepared using the nuclear extract kit (Active Motif,
Carlsbad, CA, USA). After clearing by centrifugation,
5ug of the nuclear extract were added to the 96-well
plates coated with oligonucleotide containing an NF-xB
consensus binding site and incubated at room tempera-
ture for 1 h. Wells were washed and primary antibody was
added to the wells to bind the target protein in the extract.
After incubation for 1h, the antibody was removed, and
100 pl of HRP-conjugated secondary antibody was added
to the wells and incubated for 1 h. After thorough washing,
100 ul of developing solution was added, incubated for
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2-10min and then 100pl of stop solution was added.
The absorbance at 450nm was determined using the
EnSpire 2300 multilabel plate reader (PerkinElmer,
Waltham, MA, USA).

Statistical analysis

Each experiment was repeated on primary chondrocytes
obtained from at least three donors (n=3) to ensure
reproducibility of the data. All the experiments were per-
formed in duplicate. The blots shown are representative
of at least three blots with similar results. Values shown
are mean =+ s.0. and were compared using two-tailed
Student’s t-test. A P <0.05 was considered significant.
Data were plotted using the Origin 8.1 software
(OriginLab Corporation, Northamton, MA, USA).

Results

Delphinidin inhibits IL-1B-induced expression of
COX-2 mRNA and protein and the production of
PGE, in OA chondrocytes

Over-expression of COX-2, a key mediator of inflamma-
tion, and its product, PGE, are associated with cartilage
degradation and pain in OA. We determined whether del-
phinidin has any effect on IL-1B-induced COX-2 expres-
sion in OA chondrocytes. OA chondrocytes were first
treated with delphinidin (10 ug/ml) for 2h and then stimu-
lated with IL-1 (1 and 5ng/ml) for 24 h. OA chondrocytes
not treated with delphinidin or IL-1f served as controls. At
the termination of the experiment, chondrocytes were har-
vested and half of the chondrocytes were used for the
preparation of cell lysates and the remaining half were
used for the extraction of total RNA. Gene and protein
expression levels were determined by TagMan assays
and immunoblot analysis, respectively. As shown previ-
ously [20], in IL-1B-treated OA chondrocytes gene expres-
sion of COX-2 mRNAs was induced in a dose-dependent
manner and was several hundred fold higher than in con-
trol OA chondrocytes at the highest concentration of IL-1§
used (Fig. 1A). Interestingly, OA chondrocytes treated with
delphinidin  showed significantly suppressed levels of
COX-2 mRNA even at the highest dose of IL-1f used in
these studies (>50% reduction, P <0.01; Fig. 1A). This
suppression of gene expression was also reflected in
reduced protein levels of COX-2 in OA chondrocytes des-
pite the presence of IL-1B (Fig. 1A). The production of
PGE,, which increased following treatment with IL-18,
was also suppressed by delphinidin treatment (Fig. 1B).
These results indicated that delphinidin could effectively
repress |IL-1B-induced COX-2 mRNA and protein expres-
sion and PGE, production in OA chondrocytes.
Involvement of NF-kB in transcriptional regulation of
COX-2 gene expression is well documented [21, 22].
To investigate whether delphinidin had its inhibitory
effect on COX-2 expression and PGE, production via
suppression of NF-kB activity, we used a small mol-
ecule inhibitor of NF-kB BAY 11-7082. IL-1p stimulated
COX-2 expression, both at mBRNA and protein levels,

www.rheumatology.oxfordjournals.org
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Fic. 1 Inhibition of IL-1B-induced expression of COX-2 (A) and PGE; levels (B) by delphinidin.
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Serum-starved primary human chondrocytes were pre-treated with delphinidin (10 ug/ml) and BAY 11-7082 (2.5 uM) for
2 h and then treated with IL-1p for 24 h. Total RNA was isolated and real-time analysis was performed using TagMan

assay for COX-2. B-actin was used as endogenous control. Protein expression was investigated by immunoblotting using
antibodies against COX-2 (Cell Signaling Technologies). 3-actin was used as a control for equal loading. PGE; levels in
the culture supernatant were measured using the PGE, EIA kit (Oxford Biomedical Research). Data were plotted using
Origin 8.1 software. Results of real-time PCR and PGE, EIA were averaged from three separate experiments (n=3) each
performed in duplicate and are presented as relative gene expression +s.p. within parentheses (real-time) and percentage
of untreated control with s.p. within parentheses (PGE; EIA) (*P < 0.05, **P < 0.01). Protein expression data are presented

as representative of three blots.

as well as PGE, production by human chondrocytes was
significantly inhibited upon treatment with BAY 11-7082
(Fig. 1A and 1B).

Delphinidin suppresses IL-1B-induced activation and
DNA binding activity of NF-xB p65 in OA
chondrocytes

We next measured the effect of delphinidin treatment on
IL-18 and TNF-a-stimulated activation of NF-xB-p65 in
OA chondrocytes. In these studies, OA chondrocytes
were pre-treated with delphinidin (50 ng/ml) and BAY
11-7082 for 2h followed by treatment with IL-1 (10ng/
ml) and TNF-a for 30 min. Activation and DNA-binding
activity of NF-xB-p65 was assayed by a highly specific
ELISA. There was an intense activation of NF-xB p65
after 30 min of treatment with IL-13 and TNF-a as com-
pared with control OA chondrocytes (Fig. 2). Activation
and DNA binding activity of NF-kxB was significantly
inhibited in OA chondrocytes pre-treated with delphinidin
and BAY 11-7082 (Fig. 2; P <0.01). OA chondrocytes
treated with delphinidin and BAY 11-7082 alone did not
show any significant activation of NF-xB-p65 above the
basal level detected in controls. These results suggest
that delphinidin may exert its COX-2 suppressive effect
through the inhibition of NF-kB in OA chondrocytes.

www.rheumatology.oxfordjournals.org

IL-1B-induced degradation of IkBa. was inhibited by
delphinidin in OA chondrocytes

In the quiescent state, IkB binds to NF-kB in the cyto-
plasm and prevents its activation and translocation to
the nucleus. In response to stimulation with IL-1f and
other stimuli, IxBo is phosphorylated at Ser®? by the IKK
complex leading to its ubiquitination and proteasomal
degradation, which unmasks the nuclear localization
sequence resulting in the release of NF-xB protein,
which is then translocated to the nucleus. To understand
the mechanism of inhibition of NF-xB in OA chondrocytes
by delphinidin (Fig. 2), we evaluated the effect of delphi-
nidin on the phosphorylation and degradation of IkBa in
response to stimulation with IL-1f. Stimulation with IL-18
alone caused an intense phosphorylation of IkBo at Ser®?
within 5 min of treatment followed by rapid degradation of
IkBa (Fig. 3). When OA chondrocytes were pre-treated
with delphinidin IL-1B-induced phosphorylation of lkBa
at Ser® and its subsequent degradation were completely
blocked (P <0.05) (Fig. 3). As IkBa is phosphorylated at
Ser®? by the upstream IKK serine-threonine kinase com-
plex, we also determined the effect of delphinidin on the
activation of IKK in IL-1B-stimulated OA chondrocytes and
discovered that IL-1B-induced phosphorylation of IKKa/f
was also completely blocked by delphinidin in OA chon-
drocytes (Fig. 3).

1001



Abdul Haseeb et al.

Fic. 2 Inhibition of IL-1B-induced DNA-binding activity of
NF-kB p65 in human chondrocytes by delphinidin.
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Cells were pre-treated with delphinidin (50 ng/ml) or BAY
11-7082 (10 uM) for 2 h followed by treatment with IL-18
for 30 min. After the treatments, cells were washed with
ice-cold PBS and nuclear extracts were prepared using
nuclear extract kit (Active Motif). Five micrograms of the
cleared nuclear extracts were used for the ELISA-based
p65 DNA-binding activity assay using Trans-AM kit (Active
Motif). Results from three separate experiments (n = 3)
performed in duplicate were averaged and were plotted
using Origin 8.1 software. Data are expressed as a per-
centage of untreated control with s.p. within parentheses
(**P < 0.01 compared with sample treated with IL-1p only;
##p - 0.01 compared with sample treated with TNF-o
only).

Delphinidin down-regulated the protein and mRNA
expressions of IKKpB

Importantly, when we checked for the total IKK( protein,
we consistently found a decreased level in cells that were
treated with delphinidin (Fig. 3). We then investigated
whether this was at transcriptional level and indeed
found a decrease in mMRNA levels upon treatment of
cells with delphinidin for 2h in a dose-dependent
manner (10-100 pg/ml) (Fig. 4A). To check the time
course of this effect, we treated the cells with 50 ng/ml
delphindin for 2, 6 and 12 h and then assayed the mRNA
and protein levels. We found a decrease of up to 40%
both at mRNA and protein level within 2h of treatment,
which reached to its maximum at 6h. At 12h there was
slight increase in expression but that was still less than
untreated control (Fig. 4B).

Delphinidin inhibited the intrinsic as well as
IL-1B-induced phosphoryaltion of NIK in primary
human chondrocytes

After stimulation with IL-13 a sequential series of events
takes place which leads to the activation of NF-kB. In this
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Fic. 3 Delphinidin inhibited the IL-1B-induced phosphor-
ylation of IkB and IKKo/f in human chondrocytes.
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Primary human chondrocytes were pre-treated with
delphinidin (50 ng/ml) for 2 h and then treated with IL-1§
(10ng/ml) for indicated times. Cells were washed with
ice-cold PBS and cell lysates were prepared using RIPA
buffer. Twenty-five micrograms of total cell lysates were
used for western immunoblotting employing the standard
methods. Each blot is a representative of at least three
blots performed using samples from three donors.

step-wise process of cellular signalling activation of
NF-kB can be controlled by NIK, a member of the
MAP3K family [23]. NIK forms a complex with and phos-
phorylates IKKa and IKKf, which then phosphorylate I1xBa
at Ser®? leading to its degradation and the translocation of
NF-kB to the nucleus [24-26]. To determine if the
observed inhibition of IKK phosphorylation was due to
the inhibition of the upstream kinase, we analysed the
activation of NIK in OA chondrocytes stimulated with
IL-1B. Our results showed active phosphorylation of NIK
in OA chondrocytes stimulated with IL-1p, which was in-
hibited in OA chondrocytes pre-treated with delphinidin
(Fig. 5A). This data indicated that delphinidin inhibited
the IL-1B-induced activation of NF-kB in OA chondrocytes
by suppressing the activation of a kinase upstream of NIK
in OA chondrocytes.

Delphinidin inhibited the IL-1B-induced
phosphorylation and degradation of IRAK1
in OA chondrocytes

The most proximal kinase to IL-1R is the IRAK1, which is
a serine/threonine-specific kinase. IRAK1 undergoes
autophosphorylation shortly after stimulation with IL-18
and the subsequent series of events involve its dissoci-
ation from the IL-1Rl complex, its ubiquitination and
association with two membrane-bound proteins: TAB2
and TRAF6. The resulting IRAK-TRAF6-TAB2 complex
is then released into the cytoplasm where it activates pro-
tein kinases TGF-f-activated kinase 1 (TAK1), NIK, IKKs
and the stress-activated kinases [27, 28]. To determine
whether delphinidin interferes with the activation of
IRAK1 we analysed the phosphorylation and degradation
of IRAK1 in OA chondrocytes treated with IL-1p and del-
phinidin. Our results demonstrate that stimulation with
IL-1B resulted in the phosphorylation of IRAK1Se376
which was then degraded rapidly (Fig. 5B). IL-1B-induced
phosphorylation of IRAK15¢7 and its degradation was
blocked by delphinidin in OA chondrocytes. Taken

www.rheumatology.oxfordjournals.org



Delphinidin inhibits NF-xB in human chondrocytes

Fic. 4 Delphinidin inhibited IKKB expression in a dose- and time-dependent manner.
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(A) Human chondrocytes were treated with indicated doses of delphinidin for 2 h. Total RNA was isolated and subjected
to real-time analysis using TagMan assay for IKKp. -actin was used as an endogenous control. Results are represented
as mean of relative gene expression compared with untreated control with s.p. within parentheses (*P < 0.05). (B) Human
chondrocytes were treated with 50 pg/ml delphinidin for indicated times. mMRNA and protein levels were assayed by the
methods described above. Protein bands were digitized using UnScan-It software (Silk Scientific, Orem, UT, USA) and
total pixels were plotted as percentage of untreated control after normalizing with corresponding bands on B-actin blot.
The presented blot is representative of three separate blots using cartilage samples from three donors.

together these results suggested that the inhibition of
IRAK1 by delphinidin leads to the suppression of down-
stream kinases involved in NF-kB activation, resulting in
the inhibition of NF-«B activity and expression of COX-2 in
OA chondrocytes. These are unique findings and have not
been reported previously.

Discussion

Focal degradation of ECM is a hallmark of OA, which is a
late-onset disease of the articulating joints. IL-1f is the
apical cytokine in several inflammatory cascades and is
one of the most important cytokines in OA where it plays a
key role in cartilage catabolism by up-regulating the
expression of several mediators of cartilage degradation
[1, 29]. IL-1B is also capable of inhibiting the production of
cartilage-specific macromolecules, including type Il colla-
gen, through modulation of the transcription factors Sp1
and Sp3 [3]. Inhibition of IL-1B has been shown to result in
amelioration of OA-like pathology in animal models and
the role of IL-1 in OA pathogenesis is further substantiated
by studies in IL-1-deficient mice [30, 31]. Elevated levels
of IL-1p in the SF from OA joints have been described and
it has been shown that IL-1p stimulates the expression of
iINOS, COX-2, MMPs and aggrecanases in chondrocytes
[reviewed in 29]. High levels of COX-2 result in excessive
production of PGE,, which is a crucial molecule in a

www.rheumatology.oxfordjournals.org

variety of physiological and pathological conditions
including cartilage degradation. IL-1p induces the activa-
tion of the nuclear transcription factor NF-xB, p38-MAP
kinases, JNK and extracellular regulated MAP kinase 1/2
(ERK1/2) pathways within minutes. Signalling occurs via
the 213 amino acid-long cytoplasmic domain of IL-1Rl
leading to the activation of IkB kinase complex resulting
in the phosphorylation and degradation of IkBa and the
nuclear translocation of NF-xB [30, 32, 33]. Therefore,
these sequential cellular signalling pathways offer a thera-
peutic opportunity to prevent cartilage degradation in OA.
In search of new therapeutic and preventive agents that
can inhibit cartilage matrix degradation and, thus, pro-
gress of OA, we found that in vitro treatment of human
primary chondrocytes with  delphinidin  inhibited
IL-1B-induced expression of COX-2 as well as secretion
of PGE; into the culture medium (Fig. 1). However, delphi-
nidin did not show any effect on IL-1B-induced over-
expression of aggrecanases ADAMTS-4 and -5 (data not
shown).

Dietary polyphenols and extracts rich in polyphenols
exhibit protective effects against a number of chronic dis-
eases. Previous studies have shown that anthocyanins are
potent antioxidants and suppress oxidative stress-
induced apoptosis and tumour cell invasion and migration
[34, 35]. NF-xB pathway is an important target for the
treatment of inflammatory diseases including RA and OA
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Fic. 5 Delphinidin inhibited IL-13-induced phosphorylation of NIK and phosphorylation as well as degradation of IRAK1.
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(A) Primary human chondrocytes from OA patients were pre-treated with delphinidin (50 ug/ml) for 2 h followed by
treatment with IL-1p (10ng/ml) for indicated times. Chondrocytes were lysed in RIPA buffer and total protein was
resolved by SDS-PAGE followed by transfer to nitrocellulose membrane. Blots were probed with phospho-NIK antibody
and developed using standard methods. -actin was used as control for equal loading. The presented blot is repre-
sentative of three separate blots using samples from three donors. (B) Primary human chondrocytes from OA patients
were pre-treated with delphinidin (50 pg/ml) for 2 h followed by treatment with IL-1B (10 ng/ml) for indicated times and
subjected to western blot analysis. The presented blot is representative of three separate blots using samples from three
donors. The band detected with the antibody against phospho form of IRAK1 ran much higher than the unphosphorylated
form suggesting modification of the protein upon treatment with IL-1f. This band was not observed when cells were

treated with delphinidin.

[reviewed in 12]. Several cytokines responsible for cartil-
age degeneration in OA, including IL-1B and TNF-«, act
through the activation of NF-xB pathway. NF-xB is a
master regulator, which controls the expression of several
genes involved in inflammatory response including COX-2
[36, 37]. Therefore, there is a continuing effort to find the
ways to pharmacologically modulate this pathway with
little or no toxicity for treating OA. In the present study,
we show a strong inhibitory effect of delphinidin on mRNA
and protein expression of COX-2 via suppression of
NF-«B activation in OA chondrocytes (Figs 1 and 2).
Catabolic role of IL-1p in cartilage degeneration during
OA is well established [38]. Elevated level of IL-1p causes
increased degradation of the cartilage resulting in the re-
lease of matrix constituents such as proteoglycan and
collagen. This may be the consequence of an increase
in expression and activity of COX-2 resulting in the pro-
duction of a potent effecter molecule, namely, PGEs. In
the present study, we found that there was very low or no
expression of COX-2 in unstimulated OA chondrocytes,
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but this was increased several hundred fold in response
to IL-1p treatment. Delphinidin has previously been shown
to inhibit the expression of UV-induced expression of
COX-2 in cancer cells [16]. In the present study, we
found that delphinidin is also a potent inhibitor of
IL-1B-induced increase in COX-2 expression and the pro-
duction of PGE; in human chondrocytes. This effect was
similar to the effect of BAY 11-7082, an established small
molecule inhibitor of NF-xB (Fig. 1).

To further understand the mechanism, we investigated
the site of delphinidin’s action within the NF-kB pathway.
IL-18 activates NF-kB through the canonical pathway.
Upon binding of IL-18 to its receptor, IL-1RIl, a
multi-protein  complex containing IL-1RI, IL-1RAcp,
IRAK1, IRAK2 and MyD88 is formed. TRAF6 is then
recruited to the complex and activates Tak-1 and NIK.
Results presented here show a novel mechanism of inhib-
ition of NF-xB activation by delphinidin by inhibiting the
phosphorylation of IRAK1 (Fig. 5) and by down-regulating
the expression of IKKp, both at protein and mRNA levels

www.rheumatology.oxfordjournals.org
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Fic. 6 Schematic of mechanism of action of delphinidin on NF-kB pathway and COX-2 expression in human

chondrocytes.
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Upon binding of IL-1 to IL-1RI a multiprotein complex involving IL-1RI/IRAK1/IRAK2/IL-1RAcp/MyD88 is formed. TRAF6
is recruited to the complex and activates NIK, which in turn activates the IKK complex. Activated IKK complex phos-
phorylates IkB, which is degraded by proteosome resulting in the release and translocation of NF-kB to the nucleus and
subsequent transcription of COX-2. Elevated level of COX-2 result in production and release of PGE, from the chon-
drocytes. Delphinidin blocks the process by inhibiting the phosphorylation of IRAK and NIK as well as by inhibiting the
expression of IKKB resulting in the inhibition of COX-2 expression and production of PGE.

(Figs 3 and 4). Delphinidin did not interfere with IL-1 bind-
ing to IL-1R as in a bioassay no effect on IL-1-induced
IL-2 production by a T-cell line was observed (data not
shown). We cannot rule out the possibility of delphinidin’s
interference with interaction of MyD88 and other members
of the receptor complex, but that needs further
investigation.

The IKK complex is a major checkpoint in the NF-kB
pathway. Many signalling pathways that activate NF-xB
merge at IKK complex including the signalling induced
by inflammatory cytokines such as TNF-o and IL-1p,
endotoxins, viral infection, double-stranded RNA and UV
irradiation [39]. Multiple upstream kinases have been
reported as IKK kinases including TAK-1 and NIK [28,
40]. We did not observe the phosphorylation of TAK-1 in
IL-1B-stimulated human chondrocytes (data not shown),
but NIK was phosphorylated in these cells. This suggests
that in human chondrocytes IL-1p3-mediated activation of
NF-kB proceeds via activation of NIK. Activated NIK
phosphorylates IKKp in this complex, which then phos-
phorylates two adjacent serines of kB leading to its ubi-
quitination and proteosomal degradation. In addition to
phosphorylating I«B, IKKp has inhibitory autophosphyral-
tion activity resulting in a feedback effect [41]. Given the
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central role played by IKKp in regulation of NF-kB path-
way, IKKB is an important target for pharmacological
modulation of NF-xB pathway, particularly for the treat-
ment of diseases with an inflammatory component such
as OA and RA. In a rat model with adjuvant-induced
arthritis, dominant-negative IKKf inhibited the NF-xB
activation resulting in suppression of cytokine-induced
IL-6, IL-8 and ICAM-1 expressions [42]. Some small-mol-
ecule inhibitors of IKKp activity, for example, SC-514 and
BMS-345541, have also been demonstrated to have mod-
ifying effects on arthritis in vitro and in vivo [43, 44]. Similar
to our results, Vidya Priyadarsini et al. [45] recently
showed a down-regulation of IKKB at protein level in
HelLa cells treated with a flavonoid, quercetin. It will be
interesting to further investigate the mechanism of
down-regulation of IKKf expression by delphinidin.

The first line of treatment option for OA includes acet-
aminophen and NSAIDs [46]. However, both these drugs
have their side effects. While prolonged use of NSAIDs
causes gastrointestinal ulcers [47] and cardiovascular ad-
verse events [48], use of acetaminophen is associated
with hepatotoxicity. Due to these limitations, use of natural
health products or nutraceuticals to treat OA is on the rise
[49]. Polyphenols or plant extracts rich in polyphenols are
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the most widely studied natural health products with rele-
vance to OA. Positive effects of resveratrol from grapes,
curcumin from turmeric and EGCG from green tea have
been reported [49, 50]. A number of natural products
including curcumin and resveratrol have been particularly
studied as modulators of NF-kB pathway [51].
Delphinidin, one of the major anthocyanidin class of poly-
phenols, is abundantly present in coloured flowers and
fruits including grape and pomegranate, and has been
shown to exhibit strong antioxidant activity [52]. We
recently reported the inhibitory effect of pomegranate
fruit extract (PE), a rich source of anthocyanidins including
delphinidin, on IL-1B-induced activation of MKK-3,
p38alpha-MAPK and transcription factor RUNX-2 in
human OA chondrocytes [18]. We also showed the bio-
availability and protective effects of PE constituents on
the joints in CIA mouse model [53]. Results of our present
study revealed that delphinidin, a constituent of PE, may
act as a potent chondroprotective agent providing a
potential novel option for the treatment of OA.

In summary, we are reporting for the first time that del-
phinidin can inhibit the phosphorylation and activation of
IRAK1 in IL-1B-stimulated human chondrocytes. This
could block the activation of downstream signalling
events and the activation of NF-kB (Fig. 6). Our data
also show a potent inhibitory effect of delphinidin on
IL-1B-induced production of cartilage-degrading molecule
PGE:; via suppressing IL-1B-induced expression of COX-2
mRNA and protein in human OA chondrocytes (Fig. 6).
These findings are of importance to understand the chon-
droprotective mechanisms and clinical applications of
delphinidin.

Rheumatology key messages

e Delphinidin inhibits production of cartilage-
degrading molecule PGE, via suppressing COX-2
expression in primary human chondrocytes.

e Delphinidin inhibits IL-1B3-induced NF-kB activation
in primary human chondrocytes.

e Delphinidin acts through suppression of KK
expression as well as upstream of IRAK1 in primary
human chondrocytes.
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Clinical vignette

Three-pointed star sign of lupus enteritis

A 62-year-old woman presented to our hospital with a
7-day history of increasing nausea, vomiting, watery
diarrhoea and abdominal pain. She had been having

Fia. 1 Contrast-enhanced CT scan at the level of the
kidney showing wall thickening of the colon.

Rheumatology 2013;52:1008
doi:10.1093/rheumatology/kes426
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watery diarrhoea and abdominal pain frequently for
one and a half years previously. On admission, she had
photosensitivity, lymphocytopenia, pericarditis and a
high titre of ANA. Anti-dsDNA antibody, aPL and aCL
B2-glycoprotein-1 antibody were all positive. These find-
ings were highly suggestive of SLE. CT with contrast en-
hancement of the abdomen showed marked bowel wall
thickening with a three-pointed star appearance and en-
hancement of the ascending colon (Fig. 1). The patient
was diagnosed with lupus enteritis. She was treated
with prednisolone 20 mg daily and recovered rapidly in 2
weeks.
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