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Summary

Objective: Investigation of the effects of diallyl sulfide (DAS), a garlic sulfur compound, on joint tissue inflammatory responses induced by
monosodium urate (MSU) crystals and interleukin-1b (IL-1b).

Design: The HIG-82 synovial cell line was used to establish the experimental model and DAS regime. Primary cultures of articular chondro-
cytes and synovial fibroblasts obtained from patients undergoing joint replacement for osteoarthritis were used in experimental studies.
Cyclooxygenase (COX) expression following MSU crystal and IL-1b stimulation with/without DAS co-incubation was assessed by reverse
transcription-polymerase chain reaction (RT-PCR), western blotting, and immunocytochemistry and nuclear factor-kappa B (NF-kB) activation
determined by electrophoretic mobility shift assay. Prostaglandin E2 (PGE2) production was measured by enzyme-linked immunosorbent as-
say (ELISA). DAS effects on COX gene expression in an MSU crystal-induced acute arthritis in rats were assessed by RT-PCR.

Results: MSU crystals upregulated COX-2 expression in HIG-82 cells and this was inhibited by co-incubation with DAS. DAS inhibited MSU
crystal and IL-1b induced elevation of COX-2 expression in primary synovial cells and chondrocytes. Production of PGE2 induced by crystals
was suppressed by DAS and celecoxib. MSU crystals had no effect on expression of COX-1 in synovial cells. NF-kB was activated by MSU
crystals and this was blocked by DAS. Increased expression of COX-2 in synovium following intraarticular injection of MSU crystals in a rat
model was inhibited by co-administration of DAS.

Conclusions: DAS prevents IL-1b and MSU crystal induced COX-2 upregulation in synovial cells and chondrocytes and ameliorates crystal
induced synovitis potentially through a mechanism involving NF-kB. Anti-inflammatory actions of DAS may be of value in treatment of joint
inflammation.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction

The cyclooxygenase (COX) pathway, through the constitu-
tively expressed COX-1 and the inducible enzyme COX-2,
leads to the generation of prostaglandins. COX-2 is absent
in most tissues under normal resting conditions but is
upregulated in inflamed tissues and is responsible for
elevated prostaglandin E2 (PGE2) production. Agents that
suppress COX-2 activity have been promoted as potential
drug targets to suppress the inflammatory conditions involv-
ing most tissues1. COX-2 over expression in articular
tissues is a characteristic feature of both inflammatory joint
disease, including crystal-induced arthritis, and osteoarthri-
tis (OA)2. COX-2 is induced in human joint tissues including
chondrocytes and synoviocytes by a variety of inflammatory
stimuli including interleukin-1b (IL-1b), IL-17, and tumor
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necrosis factor (TNF)3e11. These cytokines appear to play
a major role in regulation of COX-2 expression in joint dis-
ease and subsequent production of PGE2 resulting in carti-
lage degradation, inflammation, and angiogenesis2,7,12e15.

COX-2 selective inhibitors are of benefit in the manage-
ment of arthritis but evidence of associated increased
cardiovascular risk has limited their general use. Recently
there has been increased interest in possible roles for
natural derived compounds that may have anti-inflamma-
tory effects in treatment of diverse conditions, although
the specific mechanisms of action of many of these com-
pounds remain unclear. Garlic has been shown to have
beneficial effects against several diseases. It exhibits anti-
thrombotic16e18, anti-oxidative19e21 and anti-carcinogenic
activities22,23. Its bioactive components are being identified
and tested for the specific treatment of diseases24. Diallyl
sulfide (DAS), a flavor compound derived from garlic oil,
is one such agent. Following oxidation at the sulfur atom,
the allylic carbon, and the terminal double bonds of DAS
are converted to diallyl sulfoxide (DASO) and diallyl sulfone
(DASO2) by cytochrome enzymes25. These compounds
have been demonstrated to inhibit chemically induced
hepatotoxicity and carcinogenesis in animal models26.
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DAS may also have anti-infectious properties27. Although
garlic has been suggested as having potential benefit in
age-related conditions such as OA28, a role for the pure
garlic extract DAS on joint inflammation has not been
extensively explored.

This work was carried out to investigate the potential anti-
inflammatory effect of DAS on joint inflammation induced by
monosodium urate (MSU) crystals and IL-1b. Both in vitro
and in vivo models were tested. We identified that COX-2
upregulation, induced by urate crystals and IL-1b in chon-
drocytes and synoviocytes was inhibited by DAS. Urate
crystal induced production of PGE2 by chondrocytes and
synoviocytes was also inhibited by DAS and the positive
control celecoxib. The mechanism appears to involve
inhibition of nuclear factor-kappa B (NF-kB) activation.
Our data suggest that DAS may have potential for a drug
target in the control of inflammation in arthritic disease.
Materials and methods
MATERIALS
DAS, a liquid product, was purchased from Fluka Chemie (Switzerland),
corn oil from Sigma-Aldrich, Inc. (St. Louis, MO, USA). DAS stock solution
at a concentration of 1 M was prepared in corn oil (64 ml of DAS in 436 ml
of corn oil). Preparation of MSU crystals has been described previously29.
Briefly, 0.4 g sodium hydroxide pellets (Sigma) were dissolved in 400 ml
distilled water; 1.68 g uric acid (Sigma) was then added and the preparation
left overnight at room temperature. The following day crystals were
harvested by decanting of the supernatant solution and washing three times
in cold sterile phosphate buffered saline (PBS). Crystals were left to dry at
room temperature for 3 days before re-suspension in PBS at a concentration
of 24 mg/ml and sterilizing in an autoclave.
CELL CULTURE
Synovial cell line

The rabbit synovial cell line HIG-82 (ATCC CRL-1832) was maintained in
Nutrient Mixture F-12 HAM medium (Sigma) supplemented with 10% fetal
bovine serum (FBS) (Sigma), 100 I.U./ml penicillin (Gibco, Carlsbad, CA,
USA) and 100 mg/ml streptomycin (Gibco).

Human chondrocytes and synovial cells

Human cartilage and synovial tissue samples were obtained from knee
joints at total knee replacement of OA patients with consent (n¼ 35, mean
age, 68.7 years; range 55e83 year). Residual OA cartilage with predomi-
nantly grade II and III lesions (Collins/McElligot system) from each joint
was removed and pooled30,31. Chondrocytes were extracted by sequential
enzymatic digestion at 37�C in 95% air/5% CO2 with 0.25% trypsin (Gibco)
for 30 min and 3 mg/ml blend collagenase type H (Sigma). Extracted cells
were re-suspended in 10 ml Dulbecco’s modified Eagle’s medium/Nutrient
Mixture F-12 HAM medium (Sigma) supplemented with 10% FBS (Sigma),
100 I.U./ml penicillin (Gibco) and 100 mg/ml streptomycin (Gibco) and
seeded in complete medium at a density of 5� 105 cell/ml in 55 mm petri
dishes, and cultured in a humidified 5% CO2 atmosphere at 37�C. First-
passage of OA chondrocytes was used in all experiments. A minimum of
three donors was used for each experiment.

For primary human synovial fibroblasts culture, OA synovial tissues were
minced, incubated in anti-microbial solution for 1 h at room temperature, and
stirred with 3 mg/ml of blend collagenase type H (Sigma) in serum-free
Nutrient Mixture F-12 HAM medium (Sigma) for 6 h, filtered through nylon
mesh, and washed extensively. Synovial fibroblasts were maintained in
Nutrient Mixture F-12 HAM medium supplemented with 10% FBS (Sigma),
100 I.U./ml penicillin (Gibco) and 100 mg/ml streptomycin (Gibco). Cells
between passages 2 and 4 were used.
TETRAZOLIUM ASSAY
DAS cytotoxicity was assessed by a tetrazolium methylthiotetrazole (MTT)
assay. 1� 104 HIG-82 synovial cells were seeded on 96-well microtiter plates
in 0.2 ml growth medium described above. DAS (10, 20, 25, 30, 40, 50 mM)
was added to cultured wells and incubated for 0, 2, 4, 6,12, 24 and 48 h
with triplication of each condition. Fifty microliters of tetrazolium was added
to each well and incubated for 3 h at 37�C. After aspiration of medium and
tetrazolium, 25 ml of Sorenson’s glycine buffer (0.1 mol/l glycine, 0.1 mol/l
NaCl, pH 10.5) and 200 ml of dimethyl sulfoxide (DMSO) were added to
each well. The plate was shaken for 5 min. The optical density at 540 nm
was determined on a microplate reader (mQuant, BIO-TEK Instruments,
Inc.) with analyzing software of KC junior, version 1.5 (BIO-TEK Instruments,
Inc.)
EXPERIMENTAL PROTOCOL
Petri dishes of OA chondrocytes and synovial cells were placed in serum-
free media overnight, then incubated with either 2 mg/ml of MSU crystals,
10 ng/ml of IL-1b (R&D Systems Inc., Minneapolis, MN, USA), or 20 mM of
DAS for treatment at 37�C for 6 h.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was isolated from cells using TriZOL Reagent (Invitrogen Cor.,
Carlsbad, CA, USA). For first strand cDNA synthesis, 3 mg of total RNA was
used in a single-round RT reaction, containing 0.75 mg Oligo(dT)14 primer,
1 mM deoxyribonucleotide triphosphate (dNTP), 1� first strand buffer,
4 mM dithiothreitol (DTT), 40 units RNaseOut recombinant ribonuclease in-
hibitor, and 200 units of superscript II reverse transcriptase (Invitrogen).
Polymerase chain reaction (PCR) was run using 0.9 ml of the RT reaction
mixture as template, 0.4 mM of gene specific primers, 1� PCR buffer,
0.25 mM dNTPs, and 1.5 units of KlenTaq DNA polymerase (Ab Peptides
Inc., St. Louis, MO, USA). The amplification was carried out at 94�C for
2 min, then for 30 cycles at 94�C for 45 s, 56�C for 1 min, and 72�C for
45 s followed by a final extension at 72�C for 10 min. All PCR products
were size-fractionated by a 1.5% agarose gel electrophoresis, and DNA
bands were visualized by staining the gel with 0.1 mg/ml ethidium bromide.
Amplification of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) si-
multaneously served as an internal positive control and allowed normaliza-
tion of the various mRNA levels against the total mRNA content in the
samples. The bands were then scanned (Vilber Lourmat, France) and
analyzed using gel documentation system (Bio-Profil, Bio-1D version 99,
Viogene, USA), according to the manufacturer’s instructions. The values
were expressed as ratio of the COX-2 gene to the control GAPDH. The
primers used are summarized in Table I.

Protein extraction and western blotting

Following stimulation, cells were immediately washed with ice-cold PBS
containing 100 mM Na3VO4 (Sigma) and lysed in situ with ice-cold lysis buffer
at 4�C for 15 min. Lysis buffer contained 1% Igepal (Sigma), 100 mM Na3VO4,
and protease inhibitor cocktail tablet (Roche Diagnostics, Mannheim, Ger-
many). Whole cell lysates were collected after centrifugation at 13,000 rpm
for 15 min. Protein concentration was determined by the Lowry method. Equal
amounts of protein (20 mg) were loaded onto 12% sodium dodecyl sulfate
(SDS)-polyacrylamide gel and were transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore Immobilon-P, Sigma). Membranes were
blocked overnight at 4�C with 2% bovine serum albumin (BSA) in tris-buffered
saline tween-20 (TBST) (12.5 mM Tris/HCl, pH 7.6, 137 mM NaCl, 0.1%
Tween 20). After washing three times with TBST, blots were incubated for
1 h at room temperature with anti-COX-2 antibody (NeoMarkers, Fremont,
CA, USA) diluted in TBST. After washing six times with TBST, the blots
were then incubated with horseradish peroxidase (HRP) labeled secondary
antibody for 1 h at room temperature. Membranes were rewashed extensively
and the binding was detected using Enhanced Chemiluminescense plus
western blotting detection system (Amersham Biosciences, UK), according
to the manufacturer’s instructions. The bands were also scanned and ana-
lyzed by densitometry (Bio-Profil, Bio-1D version 99, Viogene, USA), accord-
ing to the manufacturer’s instructions and values expressed as ratio of COX-2
protein to the control tubulin.

Immunocytochemistry

Cells were cultured at a concentration of 5� 104/ml as a monolayer for
1e2 weeks in 55 mm tissue culture petri dishes (Nunc). The cells were
washed with 10 ml tris-buffered saline (TBS) and then fixed using 2 ml of
a 1:1 methanol/acetone mixture per dish for 5 min at �20�C. Immunodetec-
tion for COX-2 was performed with a standard avidinebiotineperoxidase
complex detection kit (DakoCytomation, Glostrup, Denmark). Fixed cells
were rinsed with PBS for three times. Endogenous peroxidase activity
and non-specific background were blocked by incubation with 3% hydrogen
peroxide and non-immune goat serum, respectively. The cells were then in-
cubated sequentially with primary antibody (1:200) for 60 min, biotinylated
secondary antibody for 30 min, and peroxidase-conjugated streptavidin
for 30 min before washing with 5 ml TBS three times for 5 min. In the neg-
ative controls, the primary antibody was omitted. The chromogen 3-amino-
9-ethylcarbazole (AEC) was used to localize positive staining by light
microscopy.



Table I
Oligonucleotides primers for semi-quantitative RT-PCR analysis

Gene Size (bp) Accession no.

Human
COX-1 50-TGCCCAGCTCCTGGCCCGCCGCTT-30 303 NM_080591

50-GTGCATCAACACAGGCGCCTCTTC-30

COX-2 50-TTCAAATGAGATTGTGGGAAAATTGCT-30 304 NM_000963
50-AGATCATCTCTGCCTGAGTATCTT-30

GAPDH 50-GAAGGTGAAGGTCGGAGTCA-30 225 NM_002046
50-GAAGATGGTGATGGGATTTC-30

Rabbit
COX-2 50-TCAGCCACGCAGCAAATCCT-30 278 NM_001082388

50-GTCATCTGGATGTCAGCACG-30

GAPDH 50-TCACCATCTTCCAGGAGCGA-30 293 DQ403051
50-CACAATGCCGAAGTGGTCGT-30

Rat
COX-2 50-GTCTCTCATCTGCAATAATGTG-30 801 S67722

50-ATCTGTGTGGGTACAAATTTG-30

GAPDH 50-CCC ATC ACC ATC TTC CAG GAG-30 284 X02231
50-GTTGTCATGGATGACCTTGGCC-30

For each primer pair, the top sequence is forward and the bottom is reverse.
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Measurement of PGE2 production in culture medium

Cells were seeded at a density of 5� 104 cells/dish in culture medium
containing 10% FBS. Cells were then cultured with 2 mg/ml of MSU crystals
in the presence or absence of DAS and celecoxib for 6 h. The culture super-
natant was harvested, and PGE2 concentration was measured by enzyme-
linked immunosorbent assay (ELISA) (R&D) according to the manufacturer’s
instructions. Celecoxib (Celebrex 200 mg) was obtained from Pfizer Co.
(New York, USA) and dissolved in DMSO (Sigma).
Fig. 1. Upregulation of COX-2 induced by MSU crystal stimulation
in HIG-82 cells. HIG-82 cells were incubated with 2 mg/ml MSU
crystals for 0, 0.5, 2, 4, 6, 12, and 24 h following which total RNA
was isolated and RT-PCR undertaken. COX-2 gene expression
was significantly upregulated following MSU crystal stimulation
from 2 h, reaching a maximum at 6 h, with continued expression
at high levels to 24 h. GAPDH served as an internal control. (A)
COX-2 and GAPDH gene expression. (B) Results presented as
semi-quantitative data. COX-2/GAPDH ratio is significantly
elevated after 2 h stimulation (*P< 0.05). The results shown in
(A) are from a single experiment and are representative of a total
of six separate experiments. B shows the data from six experiments

with the ratios given as a mean�SD.
Activation of NF-kB by electrophoretic mobility
shift assay (EMSA)

Cells were incubated with 2 mg/ml of MSU crystals only or combined
treatment with DAS at 37�C for 0, 30 min, and 2 h. Nuclear and cytoplasmic
extracts were prepared using nuclear extract-protein extraction reagent (NE-
PER) nuclear and cytoplasmic extraction reagents according to the manufac-
turer’s protocols (Pierce, Rockford, IL, USA). A non-radioactive EMSA was
performed using an EMSA kit according to the manufacturer’s instructions
Fig. 2. DAS inhibits MSU crystal induced upregulation of COX-2
gene expression in HIG-82 cells. HIG-82 cells were incubated
with 2 mg/ml MSU crystals in the presence of DAS over a concen-
tration range of 0, 1, 5, 10, 20, 30, and 50 mM for 6 h following
which total RNA was isolated and RT-PCR undertaken. (A)
COX-2 and GAPDH gene expression. (B) Results presented as
semi-quantitative data. COX-2 upregulation following MSU crystal
stimulation was significantly inhibited by DAS at a concentration
of greater than 10 mM (*P< 0.05). The solvent corn oil alone (#)
did not alter the effect of MSU crystals. The results shown in (A)
are from a single experiment and are representative of a total of
six separate experiments. B shows the data from six experiments

with the ratios given as a mean�SD.



Fig. 3. Effects of DAS on cell viability. The effects of DAS on HIG-82
cell viability were assessed using an MTT assay. DAS at a concen-
tration of 10, 20, and 25 mM, unlike concentrations of 30 mM and
over showed no significant effect on cell viability with incubation

up to 48 h.
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(Panomics, Inc., Redwood City, CA, USA). Six micrograms of nuclear protein
were used to bind biotinylated oligonucleotides containing the NF-kB-binding
site for 30 min at room temperature. The samples were separated in a non-
denaturing polyacrylamide gel (6%, with 2.5% glycerol) and blotted on a Bio-
dyne B (0.45 mm) positively charged nylon membrane (Pall Schweiz AG,
Basel, Switzerland). The biotin was labeled with alkaline phosphatase-conju-
gated streptavidin and alkaline phosphatase was detected with Enhanced
Chemiluminescense detection system (Santa Cruz, CA, USA).
Fig. 4. DAS effects on 2 mg/ml MSU crystal and 10 ng/ml IL-1b induced u
human OA synovial cells (A and B) and articular chondrocytes (C and D).
cells and chondrocytes by 2 mg/ml MSU crystals and 10 ng/ml IL-1b (*P
MSU-induced inflammation in rat knee joints

Male SpragueeDawley rats weighing 300e400 g were obtained from the
National Applied Research Laboratories and National Laboratory Animal Center
(Taiwan). Experiments were approved by the local Institutional Review Board
and were performed in adherence to the National Institutes of Health Guidelines
for the treatment of experimental animals. Direct knee joint cavity injection with
2 mg/ml of MSU crystals (volume 50 ml) was performed according to previous
reports32 with the contralateral knee joint, injected with normal saline being
used as a control. The treatment group was injected with DAS (48.9 mg/kg)
and MSU crystals into one knee joint and MSU crystals only into the contralateral
knee joint33. Sixteen hours after injection animals were sacrificed and fresh
synovial tissues were collected for RT-PCR studies. Knee joint tissues (n¼ 3
for each group) were also fixed in formalin, processed into paraffin wax, sections
cut and subjected to routine hematoxylin and eosin (H&E) staining.

Statistical analysis

All values were expressed as mean� standard deviation (SD). Statistical
evaluation of the semi-quantification data of COX-2 mRNA expression levels
was performed by Student’s t tests. For the animal study (n¼ 4 for each group),
Wilcoxon signed-rank test was used. The results were considered significant at
a value of P< 0.05.
Results
MSU CRYSTALS UPREGULATE COX-2 EXPRESSION

IN THE HIG-82 SYNOVIAL CELL LINE
The rabbit synovial cell line HIG-82 cells were co-cultured
with MSU crystals at a concentration of 2 mg/ml for up to
24 h. COX-2 gene expression, as assessed by RT-PCR,
pregulation of COX-2 gene (n¼ 6) and protein (n¼ 3) expression in
COX-2 gene expression was significantly increased in both synovial
< 0.05). This effect of MSU crystals was inhibited by 20 mM DAS.



Fig. 5. DAS effects on 2 mg/ml MSU crystal and 10 ng/ml IL-1b induced upregulation of COX-2 expression in human OA synovial cells (A) and
articular chondrocytes (B) (n¼ 3). (a) Negative control: secondary antibody only. (b) No stimulation: anti-COX-2 antibody. (c) 10 ng/ml IL-1b:
anti-COX-2 antibody. (d) 2 mg/ml MSU crystals stimulation: anti-COX-2 antibody. (e) 10 ng/ml IL-1b plus DAS: anti-COX-2 antibody. (f) 2 mg/

ml MSU crystals plus DAS: anti-COX-2 antibody. COX-2 induction by MSU crystal and IL-1b is suppressed by DAS co-incubation.
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was increased significantly after 2 h exposure to MSU
crystal stimulation, reaching a plateau by 6 h, with elevated
levels being seen up to 24 h. Semi-quantitative analysis of
COX-2 gene expression after 6 h stimulation showed
a 4.19� 1.21-fold increase (six repeats, P< 0.05) (Fig. 1).
DAS BLOCKS MSU CRYSTAL-INDUCED UPREGULATION

OF COX-2 IN THE HIG-82 SYNOVIAL CELL LINE
HIG-82 cells were co-incubated both MSU crystals
(2 mg/ml) and DAS (0, 1, 5, 10, 20, 30, and 50 mM) or
the solvent corn oil. By RT-PCR analysis, COX-2 upregu-
lation-induced by MSU crystals was significantly inhibited
by DAS in a dose dependent manner from 10 mM,
approaching basal levels at 20 mM (P< 0.05) (Fig. 2).
The solvent corn oil alone did not influence the effects
of MSU crystals on COX-2 gene expression. DAS alone
(20 mM) did not affect COX-2 gene expression (data not
shown). MTT assays showed no effect on cell viability of
DAS at a concentration of 10, 20, or 25 mM (Fig. 3),
however, at higher concentrations the MTT assay
suggested an adverse influence of DAS on cell activity/
viability and a 20 mM concentration was therefore chosen
for further experiments.
COX-1 AND COX-2 REGULATION BY MSU CRYSTALS

IN HUMAN OA SYNOVIAL CELLS
Cultures of human OA synovial cells were incubated with
MSU crystals, 2 mg/ml, for up to 24 h to characterize the
effects on COX-1 and COX-2 gene regulation. RT-PCR
showed COX-2 upregulation, whereas COX-1 showed no
discernible change over the time course of the experiment.
COX-2 induction in human OA synovial cells was very
similar to rabbit HIG-82 synovial cells (data not shown).
By semi-quantitative analysis a 5.24� 1.16-fold increase
in COX-2 gene expression was identifiable at 6 h compared
to basal levels (n¼ 6) (P< 0.05).
DAS BLOCKS MSU CRYSTAL AND IL-1b-INDUCED

UPREGULATION OF COX-2 GENE AND PROTEIN

IN OA SYNOVIAL CELLS AND CHONDROCYTES
We next studied whether DAS influenced both MSU
crystal and IL-1b effects on COX-2 expression in OA chon-
drocytes and synovial cells. Treatment of OA synovial cells
with 2 mg/ml of MSU crystals or 10 ng/ml of IL-1b for 6 h
resulted, to a similar degree, in a significant increase in
COX-2 gene and protein expression. DAS alone (20 mM)
did not significantly affect COX-2 gene expression at basal
levels (data not shown). The upregulation of COX-2 gene
and protein expression was suppressed by DAS treatment
[Fig. 4(A) and (B)]. Chondrocytes from OA cartilage were
similarly treated; analysis showing that MSU crystals
increased COX-2 gene expression by 3.65� 0.95-fold and
IL-1b had similar activity increasing COX-2 gene expression
by 3.31� 1.04-fold. The increase in gene and protein
expression of COX-2 was inhibited by DAS treatment
[Fig. 4(C) and (D)]. Immunocytochemical analysis of
COX-2 expression in OA synovial cells and chondrocytes
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supported the findings of western blotting, showing
increased COX-2 immunoreactivity following stimulation of
cells by MSU crystals that was blocked by the presence
of DAS [Fig. 5(A) and (B)].

To assess whether increased expression of COX-2 was
associated with changes in prostaglandin production levels
of PGE2 released into the media of MSU crystal treated
OA synovial cells and chondrocytes were measured. The
results demonstrated that treatment of both OA synovial
cells and chondrocytes by MSU crystals significantly
increased PGE2 release into the media. This effect was
suppressed by the addition of DAS and celecoxib
[Fig. 6(A) & (B)].
NF-kB ACTIVATION BY MSU CRYSTALS IN OA SYNOVIAL

CELLS AND CHONDROCYTES
As IL-1b is known to upregulate COX-2 expression by an
NF-kB dependent pathway in both synoviocytes and
chondrocytes, experiments were undertaken to establish
whether NF-kB was similarly involved in MSU crystal
upregulation of COX expression. Following incubation with
2 mg/ml MSU crystals for 30 min and 2 h NF-kB activation,
in both synovial cells and chondrocytes, was identified
using a gel mobility-shift assay. This activation of NF-kB
in both OA synovial cells and chondrocytes following stimu-
lation by MSU crystals was significantly inhibited by the
presence of DAS [Fig. 7(A) and (B)].
Fig. 6. DAS effects on MSU crystal-induced PGE2 production. The
supernatants from OA human synovial cells (A) and articular
chondrocytes (B) following stimulation with MSU crystals, crystals
plus DAS, and crystals plus celecoxib for 6 h were collected.
PGE2 levels in the supernatants were assessed by ELISA
(n ¼ 3). MSU crystals significantly induced PGE2 secretion
(*P< 0.05). PGE2 production-induced by MSU crystal was blocked

by DAS and celecoxib (#P< 0.05).
DAS INHIBITS MSU-INDUCED COX-2 UPREGULATION IN VIVO

AND AMELIORATE SYNOVIAL INFLAMMATION
Sixteen hours following injection of MSU crystals into rat
knee joints (n¼ 4) there was a significant increase in
COX-2 gene expression in synovial tissue when compared
to contralateral joints injected with saline (Fig. 8, group 1). In
a further group of rats, MSU crystals were injected into knee
joints with or without DAS and at 16 h COX-2 gene expres-
sion in synovial tissue measured. The results (Fig. 8, group
2), demonstrate that DAS significantly inhibited the increase
of COX-2 gene expression induced by MSU crystals.
Histologically, the acute synovitis induced by MSU crystals
was characterized by massive influx of polymorphoneclear
leukocytes and tissue necrosis. These changes were
markedly suppressed by DAS injection [Fig. 8(C)].
Discussion

The present study has demonstrated that COX-2 gene
and protein expression and PGE2 secretion are increased
in primary human OA chondrocytes and synovial cells
following stimulation by MSU crystals and IL-1b. COX-2
gene expression is elevated in synovial tissue in a rat model
of MSU crystal induced arthritis. The increased expression
of COX-2 is significantly inhibited by DAS both in vitro and
in vivo, possibly through the prevention of NF-kB activation.

Extracts of garlic have for sometime been known to have
anti-carcinogenic properties. Recently DAS a flavor
compound derived from garlic that is sequentially converted
to DASO and DASO2 by cytochrome P450 2E1 has been
shown to have anti-carcinogenetic effects26,34,35, believed
to be secondary to modulation of COX-2 expression. Inhibi-
tion of inducible COX-2 expression in lipopolysaccharide
(LPS)-stimulated macrophages by DAS36 indicated possi-
ble roles for this compound in treatment of conditions
such as arthritis where COX-2 over expression is believed
to have important roles in the inflammatory response2.
Urate crystals increase COX-2 expression in monocytes37
Fig. 7. Electrophoresis mobility-shift assay with NF-kB-binding site.
Gel mobility-shift assay was performed using a digoxigenin (DIG)-
labeled synthetic oligonucleotides and nuclear extract from cultures
of OA human synovial cells (A) and articular chondrocytes (B) fol-
lowing stimulation with 2 mg/ml MSU crystals for 0, 30 min, 2 h.
The competition assay used the same unlabeled oligonucleotide
sequence with 10� concentration. NF-kB translocation was identi-
fied in both OA synovial cells (A) and articular chondrocytes (B)
following with MSU crystals at 30 min and 2 h. The effect of MSU
crystals was inhibited by DAS treatment. Blank lane was free of

oligonucleotides (n¼ 3).



Fig. 8. DAS effects on synovial COX-2 gene expression and synovial inflammation in an MSU crystal-induced arthritis model. COX-2 gene
expression was significantly induced 16 h following injection of MSU crystals into rat knee joints (group 1 and group 2 e MSU) in comparison
to saline injected joints (group 1 e N) but this increase was inhibited by the presence of DAS (group 2 e MSUþDAS). (A) Gene expression.
(B) Results presented as semi-quantitative data. *P< 0.05. Group 1¼ 4 animals, N: left knee joint with normal saline injection; MSU: right
knee joint with MSU crystal injection. Group 2¼ 4 animals, MSU: right knee joint with MSU crystal injection; MSUþDAS: left knee joint.

(C) Severe acute synovitis induced by MSU crystal injection (a). DAS ameliorated the degree of acute synovitis (b); H&E, 200�.
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and in synovial fluid inflammatory cells38 in acute gout. In
the current work we now demonstrate that MSU crystals
also increase COX-2 expression in a rabbit synovial cell
line, human articular chondrocytes and synovial cells
whereas levels of constitutive COX-1 showed no significant
change following exposure to MSU crystals. This modula-
tion of COX-2 by MSU crystals and the increased expres-
sion of COX-2 induced by IL-1b was blocked by DAS
suggesting that this compound may have potential anti-
inflammatory roles in treatment of crystal-induced arthritis.

Several studies have reported that NF-kB activation is es-
sential in the transcriptional activation of COX-2 in response
to IL-1b in chondrocytes and synovial fibroblasts39e42 and
we have previously shown that NF-kB translocation is
seen following treatment of chondrocytes with IL-1b and
fibronectin fragments43. Similar to IL-1b activation shown
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by Yan et al.44, here we show that not only is NF-kB trans-
location seen in both chondrocytes and synovial cells
following MSU crystal stimulation but also that NF-kB trans-
location is inhibited by DAS co-incubation. Interestingly
DAS appears to have differential effects on NF-kB
activation in different systems. DAS does not inhibit tumor
necrosis factor-alpha (TNF-a) induced NF-kB DNA binding
nor NF-kB transactivation in endothelial cells45 and appears
to have no effect on LPS stimulated NF-kB activation in
RAW 264.7 macrophages46 although the other major orga-
nosulfur compounds, diallyl trisulfide (DATS) and diallyl di-
sulfide (DADS), in garlic oil show inhibitory activity in the
latter model system.

DAS also reduced the COX-2 expression in synovial
tissues in the MSU crystal-induced arthritis model system
used in the current study. Treatment of acute gout normally
involves medication with non-steroidal anti-inflammatory
drugs (NSAIDs) with allopurinol most often used in long-
term treatment. COX-2 selective inhibitors have been
suggested as being useful in both prophylactic manage-
ment of gout as these have been shown to suppress acute
MSU crystal induced inflammation in a rat subcutaneous air
pouch model11 and in urate crystal induced acute synovitis
in dogs47. A randomised double blind trial comparing
a COX-2 inhibitor with an NSAID in acute gout has also
suggested that they may be equally efficacious48. There is
increasing interest in the use of naturally derived products
in treatment of a variety of conditions although knowledge
of mechanisms by which these may function remains
limited. Use of colchicine, a derivative of the autumn crocus
used to treat gout for thousands of years, can provide relief
in acute attacks and can help prevent future attacks but is
less now used because of side effects. Unlike non-steroidal
anti-inflammatory agents colchicine does not exert its anti-
inhibitory effect through inhibition of COXs49.

The current study demonstrates potential for DAS, a fla-
vor compound derived from garlic oil, in the treatment of
inflammatory arthritis and provides evidence to support
the idea that anti-inflammatory effects are through sup-
pression of NF-kB activation and COX-2 expression.
DAS was used at a concentration of 20 mM in the current
study. At concentrations of 30 mM and above the MTT as-
say showed increasing toxicity. DAS has been shown to
induce apoptosis in several cancer cells including colon
cancer cells50, glioblastoma51, and neuroblastoma52 tumor
cells acting, at least in part by activation of caspases. In-
deed in the current study we cannot exclude that effect on
neutrophil apoptosis may contribute to the inhibition of the
inflammatory response. It is unlikely that effects seen in
vitro are a result of induction of apoptosis but clearly po-
tential toxicity may influence use in a clinical setting.
Both DAS and DADS have been tested for cytotoxic
and genotoxic effects in a Chinese hamster ovary cell
line. DAS exhibits less cytotoxicity and genotoxicity includ-
ing chromosome aberrations and sister chromatid ex-
changes than DADS. The use of such compounds
therefore should be cautioned to avoid any potential dele-
terious effects53. The administration of this agent by
mouth or intraarticular use, however, needs to be further
examined. Combined use with other intraarticular reagents
such as colcemid or hyaluronic acid might be a way to
explore.
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