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BACKGROUND AND PURPOSE

Infection with Gram-negative bacteria has been recognized as an initiator of rheumatoid arthritis, which is characterized by
chronic inflammation and infiltration of immune cells. Carbon monoxide (CO) exhibits anti-inflammatory properties. Here we
have investigated the detailed mechanisms of vascular cell adhesion molecule-1 (VCAM-1) expression induced by LPS and if
CO inhibited LPS-induced leukocyte adhesion to synovial fibroblasts by suppressing VCAM-1 expression.

EXPERIMENTAL APPROACH

Human rheumatoid arthritis synovial fibroblasts (RASFs) were incubated with LPS and/or the CO-releasing compound
CORM-2. Effects of LPS on VCAM-1 levels were determined by analysing mRNA expression, promoter activity, protein
expression, and immunohistochemical staining. The molecular mechanisms were investigated by determining the expression,
activation, and binding activity of transcriptional factors using target signal antagonists.

KEY RESULTS

CORM-2 significantly inhibited inflammatory responses in LPS-treated RASFs by down-regulating the expression of adhesion
molecule VCAM-1 and leukocyte infiltration. The down-regulation of LPS-induced VCAM-1 expression involved inhibition of
the expression of phosphorylated-NF-xB p65 and AP-1 (p-c-Jun, c-Jun and c-Fos mRNA levels). These results were confirmed
by chromatin immunoprecipitation assay to detect NF-xB and AP-1 DNA binding activity.

CONCLUSIONS AND IMPLICATIONS

LPS-mediated formation of the TLR4/MyD88/TRAF6/c-Src complex regulated NF-xB and MAPKs/AP-1 activation leading to
VCAM-1 expression and leukocyte adhesion. CORM-2, which liberates CO to elicit direct biological activities, attenuated
LPS-induced VCAM-1 expression by interfering with NF-xB and AP-1 activation, and significantly reduced LPS-induced
immune cell infiltration of the synovium.
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Abbreviations

ChIP, chromatin immunoprecipitation; CORM, carbon monoxide-releasing molecule; EMSA, electrophoretic mobility
shift assay; HO, haem oxygenase; OA, osteoarthritis; RA, rheumatoid arthritis; RASFs, rheumatoid arthritis synovial
fibroblast; TLR, Toll-like receptor; TRAF6, TNF receptor-associated factor 6; VCAM-1, vascular cell adhesion molecule-1

Introduction

Rheumatoid arthritis synovial fibroblasts (RASFs) are impor-
tant cells in joint erosion and actively contribute to inflam-
mation (Neumann et al., 2010). Bacterial infection has been
shown to initiate inflammation in synovial fibroblasts medi-
ated through Toll-like receptors (TLRs) (Rosenstein et al.,
2004; Kobayashi et al., 2008; receptor nomenclature follows
Alexander et al., 2013). TLR4 is activated by LPS leading to the
activation of MAPKs and transcription factors via adaptor
molecules and induces the expression of proinflammatory
molecules (Kim et al., 2010; Rego et al., 2011). Up-regulation
of adhesion molecules, including vascular cell adhesion
molecule-1 (VCAM-1) enhanced endothelial adhesion and
migration in rheumatoid arthritis (RA) (McMurray, 1996).
Moreover, adhesion molecules present on the RASFs surface
regulate the trafficking of leukocytes into and/or through the
synovial tissues (Carter and Wicks, 2001). Accordingly, block-
ing the expression of adhesion molecules may exert beneficial
effects in RA (Okamoto et al., 2008).

Carbon monoxide (CO) is highly toxic because it binds
haemoglobin with a higher affinity than oxygen, thereby
forming carboxyhaemoglobin and causing severe respiratory
dysfunction. However, an increasing number of publications
indicate that administration of exogenous CO has beneficial
effects, including the inhibition of LPS-induced production
of cytokines both in vivo and in vitro studies, and other cyto-
protective and anti-inflammatory effects in acute inflamma-
tion (Ryter et al., 2006; Sun et al., 2008b; Lee et al., 2009). CO,
as a gas, has often been used to investigate CO as an anti-
inflammatory agent (Otterbein etal.,, 2000; Nakao etal.,
2003), although this approach has limitations in terms of
knowing the exact amount of CO produced at cellular levels.

CO covalently bound to a transition metal can be carried
and released under appropriate conditions and this is the
basis for the design of CO-releasing molecules (CORMs) as
therapeutic agents aimed at delivering controlled amounts of
CO to tissues and organs (Motterlini and Otterbein, 2010).
CORMs have potent anti-inflammatory effects, decreasing
the production of inflammatory mediators and attenuating
levels of NO and TNF-o. in macrophages stimulated with LPS
(Otterbein et al., 2000; Sawle et al., 2005). The first lipid-
soluble metal carbonyl complex, exhibiting CO-releasing
properties, to be identified was tricarbonyl dichlororuthe-
nium (II) dimer {[Ru(CO);Cl;],}, and is known as CORM-2.
CORM-2 is able to transfer CO spontaneously to myoglobin
and exerts typical CO-mediated pharmacological effects such
as vasodilation and hypotension (Motterlini ef al., 2002).
Moreover, CORM-2 attenuated the sequestration of leuko-
cytes in renal tissues by interfering with NF-xB activation,
ICAM-1 expression and thus suppressing the pro-adhesive
phenotype of endothelial cells (Sun etal., 2008a). These
studies have shown a wide range of therapeutic benefits of
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CO, including cytoprotection and restoration of homeostasis
in various cell types. However, the precise cellular and
molecular targets that involve downstream gene regulation
have not been investigated in human RASFs. Therefore, in
this study, we used CORM-2 to assess the effects and potential
mechanisms of CO released locally, in the modulation
of VCAM-1 expression and leukocyte infiltration in LPS-
challenged RASFs.

Methods

Cell culture

RASFs were obtained from 30 patients with RA who under-
went knee or hip surgery. Informed consent was obtained
from all patients, and the experimental protocol was
approved by the Institutional Review Board, Chang Gung
Memorial Hospital. Cells were isolated and grown as previ-
ously described (Luo et al., 2010). More than 95% of the cells
were fibroblasts, which were characterized by an immuno-
fluorescence staining using an antibody specific for the fibro-
blast protein marker vimentin (Luo et al., 2010). Experiments
were performed using the cells from passages 3 to 6. Cells
were pretreated with CORM-2 (25 uM) or iCORM-2 (25 uM)
for 16 h followed by incubation with LPS (100 ug-mL™).
iCORM-2, a compound that does not release CO, served as a
negative control.

Animals

All animal care and experimental procedures complied with
the Guidelines of the National Institutes of Health Guide for
the Care and Use of Laboratory Animals and were approved
by the Animal Care Committee of Chang Gung University.
All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010). A total
of 18 mice were used in this study.

ICR mice (aged 4-6 weeks) were purchased from the
National Laboratory Animal Centre (Taipei, Taiwan). Mice
were randomly divided into six groups (n = 3 per group)
and were intra-articularly injected with PBS (sham), PP1
(0.8 ug-kg! of body weight), tanshinone IIA (0.09 ug-kg' of
body weight), helenalin (0.08 ug-kg™ of body weight) for 2 h
or CORM-2 (8 ug-kg' of body weight) for 16 h before treat-
ment with LPS (100 ug-kg') and were killed after 24 h (Chi
etal., 2011).

Immunohistochemistry

To examine the cellular expression and localization of
VCAM-1 protein, immunohistochemical staining was per-
formed on the serial sections of the ankle joints or RA syno-
vial tissues as previously described (Chi et al., 2011). Briefly,
the first section was incubated with an anti-VCAM-1



antibody at 37°C for 1h and then with horseradish
peroxidase-conjugated anti-rabbit IgG antibodies at room
temperature for 1 h. The second section was incubated with
an anti-vimentin antibody for the positive localization and
identification of synovial fibroblasts and observed using an
optical microscope. Images were obtained with light micros-
copy at a magnification x200. Pictures of 3-5 random fields
across three replicates were captured for quantification using
Image J software (NIH, Bethesda, MD, USA). The brown DAB
image was converted to binary image and grey value meas-
ured. In general, 50-100 counts per field of vimentin-positive
cells (RASFs) were seen in the synovial layer, whereas 75-100
counts per field of VCAM-1-positive cells were seen in the
presence of LPS. The quantitative data of immunohisto-
chemical staining were calculated as the ratio (as %) of the
number of VCAM-1-positive cells to the number of vimentin-
positive cells, in the microscopic field.

Preparation of cell extracts and Western

blot analysis

RASFs were incubated with LPS at 37°C for the indicated time
intervals. The cells were washed, scraped, collected and cen-
trifuged at 45 000x g at 4°C for 1 h to yield the whole cell
extract, as previously described (Wu et al., 2004).

Plasmids and transfection

The shRNAs (p42, p44, JNK1, JNK2 and p38) were kindly
provided by Dr. C.P. Tseng (Chang Gung University, Taiwan).
For construction of the VCAM-1-luc plasmid, human
VCAM-1 promoter, a region spanning -1716 to -119 bp
(kindly provided by Dr. W.C. Aird, Beth Israel Deaconess
Medical Center, Boston, MA, USA) was cloned into a pGL3-
basic vector (Promega, Madison, WI, USA). The AP-1 lucif-
erase reporter construct (AP-1-Luc) and NF-xB luciferase
reporter construct (NF-xB-Luc) were purchased from Clon-
tech (San Diego, CA, USA). SMARTpool RNA duplexes corre-
sponding to human haem oxygenase (HO)-1, TLR4, MyDS88,
TRAF6, TRAF2, c-Src, c-Jun, c-Fos and scrambled #2 siRNAs
were from Dharmacon (Lafayette, CO, USA). siRNA (100 nM)
was formulated with Lipofectamine 2000 (Invitrogen, Carls-
bad, CA, USA) according to the protocol of the manufacturer,
as previously described (Chi et al., 2011).

Total RNA extraction and real-time

PCR analysis

Total RNA was isolated from RASFs treated with LPS in 10 cm
culture dishes with Trizol (Invitrogen Life Technologies,
Carlsbad, CA, USA) according to the protocol of the manu-
facturer. The levels of mRNA expression were determined by
real-time PCR, as previously described (Wu et al., 2010). The
primers and probes used for real-time PCR of human VCAM-
land GAPDH were obtained from Invitrogen.

Electrophoretic mobility shift assays (EMSA)

DNA-protein binding assays were performed with nuclear
extracts of RASFs, treated with LPS (100 pg-mL™). Synthetic
complementary oligonucleotides 3’-biotinylated were from
MDBio (Taipei, Taiwan). The sequences of the oligonucleo-
tides used are S5-TCTTTTGATGGTTCATTTTTTAAAA-3’ and
5-TGCCCTGGGTTTCCCCTTGAAGGGATTTCCCTCCGCCT
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CTGCA-3’ for wild-type AP-1 and NF-xB. Binding reactions
were carried out for 20 min at room temperature in the pres-
ence of 50 ng-uL™" poly(dl-dC), 0.05% Nonidet P-40, 5 mM
MgCl,, 10 mM EDTA and 2.5% glycerol in 1X binding buffer
[LightShift™ chemiluminescent EMSA kit, Pierce, Rockford,
IL, USA] using 20 fmol of biotin-end-labelled target DNA and
9 ug of nuclear extract. Unlabelled target DNA (4 pmol) was
added per 20 uL of binding reaction. To test the effect of
antibodies on DNA protein binding, nuclear extracts were
pre-incubated with antibodies of c-Fos and c-Jun for 30 min
at room temperature. Assays were loaded onto native 4%
polyacrylamide gels pre-electrophoresed for 60 min in 0.5X
Tris borate/EDTA and electrophoresed at 100 V before being
transferred onto a positively charged nylon membrane
(Hybond™-N*) for 30 min. Transferred DNAs were cross-
linked to the membrane at 120 mJ-cm™ and detected using a
HRP-conjugated streptavidin.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as previously described (Chi
etal.,, 2011). Soluble chromatin was immunoprecipitated
using an anti-p65, anti-c-Jun, anti-c-Fos or anti-IgG antibody.
The purified DNA was subjected to PCR amplification using
primers specific for the VCAM-1 promoter: 5-TGGGCTAT
GTGTGTGCAAG-3" (sense) and S5-TTTAAGTTGCTGTCGT
GAT- 3’ (antisense). PCR fragments were analysed on 2%
agarose in 1x Tris-acetate-EDTA gel containing ethidium
bromide.

Isolation of cell fractions

RASFs were seeded in 10 cm dishes. When they reached 90%
confluence, the cells were starved for 24 h in serum-free
DMEM/F-12 medium. After incubation, the cells were washed
once with ice-cold PBS. Homogenization buffer A (200uL;
20 mM Tris-HCI, pH 8.0, 10 mM EGTA, 2mM EDTA,
2 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride,
25 ug-mL™" aprotinin, 10 ug-mL™" leupeptin) was added to
each dish, and the cells were scraped into a 1.5 mL tube.
Cells were centrifuged at 5000x g for 15 min at 4°C. The
pellet was collected as the nuclear fraction. The supernatant
was centrifuged at 15 000x g at 4°C for 60 min to yield the
pellet (membrane fraction) and the supernatant (cytosolic
fraction).

Immunofluorescence staining

RASFs were grown on 6-well culture plates with coverslips.
Confluent cells were shifted to DMEM/F-12 containing 1%
FBS for 24 h and incubated with 100 ug-mL™" LPS. Cells were
fixed, permeabilized and stained using an anti-NF-xB (p65)
antibody as previously described (Wu et al., 2004).

Measurement of luciferase activity

VCAM-1-Luc, AP-1-Luc or NF-xB-Luc activity was determined
as previously described (Wu et al., 2010) using a luciferase
assay system (Promega). Firefly, luciferase activities were nor-
malized to that of B-galactosidase activity.

Leukocyte adhesion assay
Leukocyte-RASF adhesion was measured as previously
described (Lee et al., 2012). Confluent RASFs in 6-well plates

British Journal of Pharmacology (2014) 171 2993-3009 2995



P-L Chi et al.

were incubated with BCECF/AM-labelled THP-1 cells (2 x 10°
cells per mL) at 37°C for 1 h. The numbers of adherent THP-1
cells were determined by counting four fields per 200X high-
power field well using a fluorescence microscope (Axiovert
200M, Zeiss, Jena, Germany).

Data analysis

Data are reported as the mean + SEM of at least three inde-
pendent experiments. Comparisons of >3 populations were
made using a GraphPad Prism Program, and analysed by
one-way ANovA followed by Tukey’s post hoc test. P-values less
than 0.05 were considered significant.

Materials

Anti-VCAM-1, anti-TLR4, anti-MyD88, anti-TRAF2, anti-TNF
receptor-associated factor 6 (TRAF6), anti-c-Src, anti-c-Jun,
anti-c-Fos, anti-IxBo and anti-NF-xB (p65) antibodies were
from Santa Cruz (Santa Cruz, CA, USA). Anti-GAPDH anti-
body was from Biogenesis (Boumemouth, UK). PhosphoPlus
IKKo/B, IxBo, p42/p44 MAPK, p38 MAPK and JNK1/2
antibodies were from Cell Signaling (Danver, MA, USA).
U0126, SB202190, SP600125, curcumin, tanshinone IIA and
helenalin were from Biomol (Plymouth Meeting, PA, USA).
Tricarbonyldichlororuthenium (II) dimer (CORM-2) and
ruthenium (IIT) chloride (inactive CORM-2) were from Sigma
(St. Louis, MO, USA). We obtained ultrapure preparations of
LPS from InvivoGen (San Diego, CA, USA).

Results

LPS/TLR4 induces VCAM-1 expression
through the MyD88-dependent pathway

LPS has been shown to induce VCAM-1 expression in various
cell types (Lin ef al., 2007; Fernandez-Pisonero et al., 2012;
Lee et al., 2012). Thus, we first investigated whether LPS could
induce VCAM-1 expression in RASFs, by measuring VCAM-1
protein in the cell lysates and on plasma membrane of RASFs,
by Western blot. As shown in Figure 1A and B, exposure of
RASFs to LPS induced the expression of VCAM-1 in both cell
lysates and plasma membrane fraction, in a time-dependent
manner. In addition, LPS enhanced VCAM-1 mRNA expres-
sion and promoter activity in a time-dependent manner with
maximal responses within 6 h (Figure 1C). LPS-triggered
TLR4 signalling has been shown to activate both MyD88-
dependent and MyD88-independent signalling pathways in
various cell types (Akira and Takeda, 2004; Sheedy and
O’Neill, 2007; Carpenter and O’Neill, 2009), and leading to
the expression of inflammatory genes (Funakoshi-Tago et al.,
2003; Lee etal., 2008; Lin etal.,, 2010). Moreover, MyD88
recruits IL-1 receptor-associated kinase and then TRAF6,
which activates the prototypic inflammatory transcription
factor NF-xB (O’Neill, 2008), which encodes inflammatory
genes such as VCAM-1 (Luo et al., 2010). In RASFs, transfec-
tion with siRNA of TLR4, MyD88 or TRAF6 down-regulated
the expression of TLR4, MyD88 or TRAF6 protein and attenu-
ated LPS-induced VCAM-1 protein and mRNA expression,
and promoter activity (Figure 1D and E). In contrast, trans-
fection with TRAF2 siRNA had no effect on LPS-induced
responses.
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LPS-induced VCAM-1 expression is

mediated through the formation of a
TLR4/MyD88/TRAF6/c-Src complex

VCAM-1 gene expression is mediated through c-Src kinase in
various cell types (Morel et al., 2002; Lin et al., 2008a,b; Lee
etal., 2012). As shown in Figure 2A, pretreatment of RASFs
with PP1 (c-Src kinase inhibitor) concentration-dependently
attenuated LPS-induced VCAM-1 expression. Also, transfec-
tion with c-Src siRNA down-regulated c-Src protein expres-
sion and attenuated LPS-induced VCAM-1 expression
(Figure 2B). As shown in Figure 2C, LPS stimulated c-Src
phosphorylation in a time-dependent manner, which was
attenuated by PP1.

We used an in vitro co-immunoprecipitation to investigate
if TLR4, MyD88 and TRAF6 were associated with c-Src, fol-
lowing LPS stimulation. As shown in Figure 2D and E (left
panel), the protein levels of MyD88, TRAF6 and c-Src were
time-dependently increased in a TLR4-immunoprecipitated
complex, which were attenuated by transfection with siRNA
of MyD88, TRAF6 or c-Src. In addition, transfection with
these siRNAs also decreased the protein levels of TLR4,
MyD88 or TRAF6 in a c-Src-immunoprecipitated complex
(Figure 2E, right panel). To confirm these findings, transfec-
tion with siRNA of TLR4, MyD88, TRAF6 or c-Src also attenu-
ated LPS-stimulated c-Src phosphorylation (Figure 2F),
indicating that c-Src was downstream of TLR4, MyD88 and
TRAF6.

LPS induces VCAM-1 expression via
c-Src-dependent MAPKSs activation

Some studies have indicated that VCAM-1 expression is regu-
lated by MAPK family members (p42/p44 MAPK, p38 MAPK
and JNK1/2; Wu et al., 2004; Luo et al., 2010). In our experi-
ments, we used pharmacological inhibitors selective for dif-
ferent members of the MAPK family: U0126 for MEK1/2,
SB202190 for p38 MAPK and SP600125 for JNK1/2. As shown
in Figure 3A, LPS-induced VCAM-1 protein expression was
concentration-dependently inhibited by pretreatment with
U0126, SB202190 or SP600125. We also used transfection
with shRNA of p44, p42, p38, JNK1 or JNK2 to down-regulate
the expression of their respective proteins and found they
subsequently attenuated LPS-induced VCAM-1 expression
(Figure 3B). We then showed that treatment of RASFs with
LPS stimulated p42/p44 MAPK, p38 MAPK or JNK1/2 phos-
phorylation in a time-dependent manner, which was attenu-
ated by U0126, SB202190 or SP600125 (Figure 3C). Others
have shown that MAPKSs activation is mediated through c-Src
(Funakoshi-Tago et al., 2003; Cheng et al., 2010). We there-
fore used transfection with c-Src siRNA to down-regulate the
expression of the protein and found this to inhibit the LPS-
stimulated phosphorylation of p42/p44 MAPK, p38 MAPK
and JNK1/2.

Involvement of AP-1 in LPS-induced

VCAM-1 expression

The promoter region of VCAM-1 gene contains several poten-
tial regulatory elements including that for AP-1 (Iademarco
etal., 1992; Sawa et al., 2008). As shown in Figure 4A, pre-
treatment of RASFs with the inhibitors of AP-1, curcumin
or tanshinone IIA, concentration-dependently inhibited
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Figure 1

MyD88 and TRAF6 are necessary for LPS-induced VCAM-1 expression. (A) RASFs were treated with various concentrations of LPS for the indicated
time intervals and collected for Western blot analysis of VCAM-1 protein expression. (B) Cells were treated with LPS (100 pug-mL™") for the indicated
time intervals. Membrane fraction was prepared and examined by Western blotting. Go, was used as a marker protein for the membrane fraction.
(C) The levels of MRNA and VCAM-1 expression were analysed by real-time PCR and promoter luciferase activity respectively. (D) RASFs were
transfected with TLR4, MyD88, TRAF2 or TRAF6 siRNA, and then treated with 100 pug-mL™" LPS for (D) 6 h or (E) 4 h. (D) The protein expression
of TLR4, MyD88, TRAF2, TRAF6 and VCAM-1 were determined by Western blot. (E) The levels of VCAM-1 mRNA and promoter activity were
determined by real-time PCR and promoter activity. All analyses were performed on samples from three RA patients. Results are representative of
three independent experiments. Values are the mean + SEM. In B, #P < 0.01 versus vehicle alone. In D, #P < 0.01 versus LPS alone.

LPS-induced VCAM-1 expression. Within the AP-1 subfamily,
c-Jun and c-Fos are important transcriptional activators,
acting on VCAM-1 promoter AP-1 motifs (Lin et al., 2009).
We used siRNAs for c-Jun or for c-Fos and found them to
reduce expression of the respective proteins and to inhibit
LPS-induced VCAM-1 expression (Figure 4B). Moreover, c-Jun
and c-Fos are transcriptionally regulated by various stimuli
(Reddy and Mossman, 2002; Lin et al., 2009). In our experi-
ments, LPS stimulated c-Jun and c-Fos mRNA expression in
a time-dependent manner (Figure 4C), with a maximal
response within 30 min. Up-regulation of c-Fos or c-Jun
protein is mediated through activation of p42/p44 MAPK,

p38 MAPK and JNK1/2 (Lin et al., 2009). In human RASFs,
LPS induced both c-Fos and c-Jun mRNA expression which
were attenuated by pretreatment with U0126, SP600125 or
PP1. However, pretreatment with SB202190 attenuated LPS-
induced c-Jun mRNA, but not c-Fos mRNA expression, reveal-
ing the different regulatory roles of p38 MAPK in c-Fos and
c-Jun expression.

To investigate whether up-regulation of c-Jun and c-Fos
mRNA in response to LPS was related to the transcriptional
activity of AP-1, RASFs were transfected with AP-1-luci plas-
mids. As shown in Figure 4E, LPS-stimulated AP-1 luciferase
activity was inhibited by pretreatment with PP1, U0126,
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Figure 2

LPS enhances VCAM-1 expression via TLR4/MyD88/TRAF6/c-Src. (A) RASFs were pre-incubated with PP1 for 1 h, and then stimulated with
100 ug-mL~" LPS for 6 h. (B) RASFs were transfected with scrambled (scrb), or c-Src siRNA, and then treated with 100 pg-mL™" LPS for 6 h. (C) Cells
were pretreated with PP1 and then incubated with LPS for the indicated time intervals. (D, E) Cells were incubated with LPS for the indicated time
intervals or transfected with scrb, MyD88, TRAF6 or c-Src siRNA and then stimulated with LPS for 5 min. Cell lysates were immunoprecipitated
(IP) and determined by immunoblotting (IB) using the indicated antibodies. (F) Cells were transfected with scrb, TLR4, MyD88, TRAF6 or c-Src
siRNA and then incubated with LPS for the indicated times or for 3 min. The levels of various proteins were analysed by Western blot using the
antibodies indicated. All analyses were performed on samples from three RA patients. Results are representative of three independent experiments.
Values are the mean + SEM. In A, C, F, *P < 0.05; *P < 0.01 versus LPS alone.
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Figure 4

LPS induces VCAM-1 expression via c-Src/MAPKs/AP-1. (A) RASFs were pretreated with tanshinone IIA or curcumin for 1 h and then incubated with
LPS for 6 h. (B) Cells were transfected with an empty vector (scrb), c-Jun or c-Fos siRNA and then incubated with LPS for 6 h. The levels of VCAM-1
expression were analysed by Western blot. (C) Cells were treated with LPS (100 ug-mL™") for the indicated time intervals. (D) RASFs were
pretreated with the inhibitors and then incubated with LPS for 30 min. The levels of c-Jun and c-Fos mMRNA were determined by real-time PCR.
(E) Cells were transfected with AP-1 reporter gene together with a B-galactosidase plasmid, pretreated with the inhibitors for 1 h, and then
incubated with LPS for 1 h. AP-1 promoter activity was determined. (F) Nuclear extracts were prepared from RASFs pretreated with U0126 (UO;
10 uM), SB202190 (SB; 10 uM), SP600125 (SP; 10 uM) or curcumin (Cur; 1 uM) and then incubated with LPS for 1 h. The complexes were
subjected to EMSA followed by ECL detection. All analyses were performed on samples from three RA patients. Results are representative of three
independent experiments. In A, C, *P < 0.05; *P < 0.01 versus vehicle alone. Values in B, D and E are the mean + SEM. *P < 0.05; ¥P < 0.01 versus
LPS alone.
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SB202190 or SP600125. To confirm the involvement of the
MAPKs in the activation of AP-1 by LPS, DNA binding activity
of AP-1 was determined, by EMSA, in nuclear extracts of
RASFs. As shown in Figure 4F, LPS enhanced the DNA binding
activity of AP-1, which was inhibited by pretreatment with
U0126, SB202190, SP600125 or curcumin.

LPS-induced VCAM-1 expression via
c-Src-dependent NIK/IKK/NF-xB activation

In addition to AP-1, the promoter region of VCAM-1 contains
a NF-xB binding site that is regulated by several external
stimuli in different cell types (Iademarco et al., 1992; Collins
et al., 1995; Basta et al., 2005). To investigate the involvement
of NF-xB activation in VCAM-1 expression by LPS, we used
helenalin, a sesquiterpene lactone known to be a specific
inhibitor of NF-xB (Lyss et al., 1998) and showed that hele-
nalin concentration-dependently attenuated LPS-induced
VCAM-1 expression in RASFs (Figure 5A). The NF-xB-
inducing kinase (NIK) directly interacts with IKKo and IKKS,
and the phosphorylation of IkBo by IKKo and IKKB, is
enhanced by NIK co-expression (Shambharkar et al., 2007).
To confirm the involvement of these components (Figure 5B),
we transfected RASFs with the dominant negative mutants of
MyD88, NIK, IKKo or IKKB and found them to attenuate
LPS-induced VCAM-1 expression. Cells activated by cytokines
lead to the degradation of IxBo, accompanied by NF-«B trans-
location into the nucleus. We therefore stimulated RASFs
with LPS and measured IkBa degradation and NF-kB translo-
cation in the cytosolic and nuclear fractions respectively. As
shown in Figure 5C, the levels of p-IxBo were increased and
those of IxBo were decreased in the cytosolic fraction and, in
the nuclear fraction, the p65 subunit of NF-xB was increased
in a time-dependent manner, indicating that p65 subunit was
translocated from the cytoplasm into the nucleus. Further, as
shown in Figure 5D, LPS-stimulated phosphorylation of IxBo.
and translocation of NF-xB was inhibited by helenalin and
PP1, but not by U0126, SB202190 and SP600125. Moreover,
immunofluorescence staining demonstrated that pretreat-
ment with helenalin and PP1, but not U0126, SB202190 or
SP600125, also attenuated LPS-induced NF-«xB (p65) translo-
cation (Figure 5E). Using EMSA, we found that the DNA
binding activity of NF-kB was enhanced by LPS and inhibited
by helenalin but not U0126, SB202190 and SP600125
(Figure S5F). The LPS-stimulated NF-kB promoter activity was
inhibited by pretreatment with PP1 and helenalin, but not
U0126, SB202190 and SP600125 (Figure 5G and H). On the
other hand, transfection with c-Src siRNA significantly
reduced c-Src protein expression and LPS-induced IKKo/f
phosphorylation in RASFs (Figure SI).

c-Src, MAPKs-dependent AP-1 and NF-kB are
vital to LPS-induced VCAM-1 promoter
activity, mRNA up-regulation and

leukocyte adhesion

We further examined whether c-Src, MAPKs, AP-1 and NF-xB
were involved in VCAM-1 expression occurring at the tran-
scriptional level in these cells. The up-regulation of VCAM-1
gene transcription was confirmed by gene promoter luciferase
activity assay and real-time PCR. As shown in Figure 6A,
LPS-stimulated VCAM-1 promoter activity and mRNA expres-

CORM-2 attenuates LPS-induced inflammation

sion was significantly attenuated by pretreatment with the
inhibitor of c¢-Src (PP1), MEK1/2 (U0126), p38 (SB202190),
JNK1/2 (SP600125), NF-xB (helenalin) or AP-1 (tanshinone
ITIA). Furthermore, as shown in Figure 6B, the increased
number of leukocytes adhering to RASFs treated with LPS
was attenuated by pretreatment with U0126, S$SB202190,
SP600125, PP1, helenalin or tanshinone IIA. Pretreatment
with U0126, SB202190, SP600125, helenalin or tanshinone
IIA also reduced expression of VCAM-1 in the plasma mem-
brane fraction (Figure 6C).

To confirm these results in vivo, mice were injected intra-
articularly with PP1, tanshinone IIA or helenalin and, 2 h
later, injected with LPS. The images of immunostaining in the
articular joints, taken 24 h after LPS, showed that the number
of VCAM-1-expressing cells was higher in LPS-treated mice
than in PBS-treated mice (Figure 6D, panels a, d). Moreover,
LPS-induced expression of VCAM-1 on the synovial layer of
the articular joints was significantly attenuated by treatment
with PP1, tanshinone IIA or helenalin (Figure 6D, panels d, g,
j, m).

CORM-2 inhibits leukocyte adhesion to
RASFs challenged with LPS via suppressing
AP-1 and NF-xB activation

Administration of exogenous CO inhibits LPS-induced
production of cytokines and consequently exerts anti-
inflammatory effects (Lee and Chau, 2002). We therefore
pretreated RASFs with CORM-2 or inactive CORM-2
(iCORM-2, which does not liberate CO) before exposure to
LPS. As shown in Figure 7A and B, LPS-induced VCAM-1
protein and mRNA expression, and promoter activity was
attenuated by pretreatment with CORM-2, but not iCORM-2.
CORM-2, but not iCORM-2, also decreased adhesion of leu-
kocytes to RASFs (Figure 7C). Treatment with CORM-2 sup-
pressed the increased NF-xB and AP-1 promoter activities,
following LPS (Figure#x2009;7D). As a confirmation, chroma-
tin was immunoprecipitated using an anti-c-Fos, anti-c-Jun or
anti-p65 antibody, and the VCAM-1 promoter region was
amplified by PCR. Pretreatment with CORM-2, but not
iCORM-2 (Figure 7E), inhibited the LPS-induced c-Jun, c-Fos
and p65 binding to the VCAM-1 promoter. The transcrip-
tional activity of NF-xB is enhanced upon phosphorylation of
its p65 subunit on serine residues (Zhong et al., 1998). In
RASFs, Figure 7F, the LPS-stimulated phosphorylation of p65
and c-Jun was attenuated by CORM-2 but not iCORM-2. As
shown in Figure 7G, pretreatment with CORM-2 also attenu-
ated LPS-induced expression of mRNA for both c-Jun and
c-Fos, in RASFs.

To confirm these results in vivo, mice were intra-articularly
injected with CORM-2 for 16 h, and then with LPS. 24 h later,
the articular joints were stained immunohistochemically. The
increase in VCAM-1-expressing cells after LPS (Figure 7H,
panels a, b) was attenuated by CORM-2 (Figure 7H, panels b,
). The levels of VCAM-1 expression normalized to vimentin
are summarized in the bar graph (Figure 7H, left panel).

Discussion and conclusions

Infection of bacteria has been recognized to initiate the
pathology of RA, which is characterized with chronic
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Figure 5

LPS induces VCAM-1 expression via c-Src/NF-kB. (A) RASFs were pretreated with helenalin (HLN) and then incubated with LPS for 6 h. (B) Cells
were transfected with a dominant negative mutant of MyD88, NIK, IKKo. or IKKB, and then treated with 100 ug-mL™" LPS for 6 h. The protein
expression of VCAM-1 was determined. (C) Cells were treated with LPS (100 pg-mL™") for the indicated time intervals. (D) Cells were pretreated
with the indicated inhibitors and then incubated with LPS for 1 h. Cytosol or nuclear extracts were examined by Western blotting. Lamin A and
GAPDH were used as marker proteins for nuclear and cytosolic fractions respectively. (E) NF-kB nuclear translocation was identified by
immunofluorescence staining. (F) RASFs were pretreated with the indicated inhibitors and then incubated with LPS for 1 h. Nuclear extracts were
subjected to EMSA. (G) Cells were transfected with NF-kB reporter gene, treated with LPS (100 ug-mL™) for the indicated time intervals. (H) Cells
were pretreated with the inhibitors for 1 h, and then incubated with LPS for 1 h. NF-xB promoter activity was determined. (I) Cells were
transfected with c-Src siRNA, treated with LPS (100 pg-mL™") for the indicated time intervals. The phosphorylation of IKKo/B were determined by
Western blot. All analyses were performed on samples from three RA patients. Results are representative of three independent experiments. In G,
*P < 0.05; *P < 0.01 versus vehicle alone. Values in A and H are the mean + SEM. *P < 0.05; #P < 0.01 versus LPS alone.
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Figure 6

Involvement of MAPKs, AP-1 and NF-kB in VCAM-1 promoter activity, mRNA expression, and leukocyte adhesion stimulated by LPS. (A) RASFs
were transfected without or with VCAM-1 reporter gene, pretreated with T uM U0126 (U0), 10 uM SB202190 (SB), T uM SP600125 (SP), 1 uM
helenalin (HLN) or 1 uM tanshinone lIA (TSIIA) for 1 h, and then incubated with LPS for 6 h (promoter) or 4 h (mRNA). Promoter activity and
mRNA were determined. (B) Cells were pretreated with the indicated inhibitors for 1 h and then incubated with LPS for 8 h prior to addition of
leukocytes. The leukocyte adherence was measured. Data are expressed as the mean and SEM of three separate experiments. In Aand B, *P < 0.05;
#P < 0.01, versus cells incubated with LPS alone. (C) Cells were pretreated with the indicated inhibitors for 1 h and then incubated with LPS for
16 h. Membrane fraction was prepared and analysed by Western blotting. (D) Immunohistochemical staining for VCAM-1 and vimentin in serial
sections of ankle joints from PBS-treated (sham; panels a—c), LPS-injected (panels d—f), PP1-pretreated (panels g-i), tanshinone IlA-pretreated
(panels j-1), and helenalin-pretreated mice (panels m—o) are shown. Arrowheads indicate positive staining. The quantities of immunohistochemical

results are representative of three mice per experimental group.

British Journal of Pharmacology (2014) 171 2993-3009 3003




P-L Chi et al.

A B 5% s IS
Fold of basal = 1 0.6 0.9 2.5 1.3* 2.6 28 z
VCAM-1 =[5 o= = -] 55 6 N
GAPDH = [ = = = = =1 ﬁ!; F2 S
o
CORM2(uM) | — |25 | — 25| — % = 4 # g3
iCORM2(uM)| — 125 — |125 - L1 g'?'_\f
e =| |2 # ]
LPS (ug-mL™") — 100 b ga
Cc (8} n <
S 08 F
=150 Q 1 Vv 2 3 > =
5 # NPT AN
£ K » D
£ D € N
2 s S &
£100 S S
3 €
o .
£ 50 £%3 sz
2 g § e
5 s N s B 522 L F
d & & P P P %3 33
& &N $ S £ # 482
K &£ B s g
(SR & Y al 1 %o
(o) (o) i) # 2T Q
(OIS % o<
E £l o) gz
Fold of basal+ 1 6.8 6.9 3.6 =L10 0
p65=+ CORM-2 (uM) - I 25 - ] 25
Fold of basal=» 1 21 2.7 1.5 LPS (pgmL™) = 100
c-Jun—+ N
Fold of basal* 1 2.5 2.9 1.8*
c-Fos=#| F
Fold of basal = 1 1.3 1.3 2.3 4.3 53 1.1 1.9 2.0 4.2 3.6 2.9*
input > [y
cun (= = = ever ey = o o e wi)
I9G —+ — Fold of basal ** 1 0.9 1.1 1.6 1.9 2.3 0.6 0.5 0.5 0.6'0.6°0.8*
CORM-2 (uM) = 25 pes *E = e - > )
icorm2 )| — |125 - GAPDH * [ s s s s ar == s o= =)
LPS (ng'mL™") == ] 100 CORM:2 ("'Y? = 25
G LPS (ug'mL™") | =— 100 - 100
c= Time(min) | 0 1 3|5[10[15/30 0 (35 10/15/30]
0T 4 r1
23
o8 l J
2“53 Ls g pc-un*l-———-—-——=—-=|
&1: Q p-p65 ==[ N ]|
°3 . =3 GAPDH = |
082 i
] Z ;‘g iCORM-2 (uM) — 25
gl |1 # , 58 LPS (ug'mL™") | = 100 - 100
3 g5 Time(min) | 0 |3|5/10/15/30 0 |3 |5/10/15/30]
o], Lo
CORM-2 (uM) — ] 25
ps pgmit)|  — | 100
H
CORM-2/LPS
: "
(= l
VCAM-1 £ = 3
[}
E®
32 2] #
\ o I
=3
(]
S 4
) >
Vimentin
o % %
2 M 0
6’0 WV ﬂ>\r
&
(o)
[¢)
Figure 7

Inhibition of AP-1 and NF-xB prevents LPS-induced leukocyte adhesion by CORM-2. (A-G) Cells were pretreated with CORM-2 or iCORM-2 for
16 h and then incubated with LPS for additional 6 h (A), 4 h (B), 8 h (C), 1 h (D, E) or 30 min (G). The levels of VCAM-1 protein, mRNA and
promoter (A, B), the leukocyte adherence (C), the AP-1 and NF-xB promoter activities (D), ChIP assays (E), the levels of phospho-p65 and
phospho-c-Jun (F), and the expression of mRNA for c-Jun and c-Fos (G) were determined. All analyses were performed on samples from three RA
patients. Results are representative of three independent experiments. Values are the mean + SEM. *P < 0.05; #*P < 0.01 versus LPS alone. (H)
Immunohistochemical staining for VCAM-1 or vimentin in sections of synovial tissues from RA patients or ankle joints from mice injected with the
indicated inhibitors. Arrowheads indicate positive staining. The summary immunohistochemical data are from three mice per experimental group.
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inflammation and immune cell infiltration (Higashiyama
etal., 1995; Tak etal., 1995). LPS, released from Gram-
negative bacteria, may promote the expression of adhesion
molecules and thus contribute to the adhesiveness between
RASFs and immune cells. VCAM-1 deficiency affords substan-
tial protection against tissue inflammation in mice with
collagen-induced arthritis (Carter et al., 2002). Endogenous
CO is derived from HO-catalysed metabolism and plays an
important role in the modulation of pathological processes
(Ryter et al., 2002). For instance, CO suppressed LPS-induced
production of proinflammatory cytokines in vascular
endothelial cells (Otterbein et al., 2000). An effective and
convenient means of generating CO in situ is to use CORMs,
compounds containing a heavy metal such as ruthenium,
cobalt or iron surrounded by carbonyl groups as coordinated
ligands (Motterlini, 2007). For each mole of CORM-2,
approximately 0.7 mole of CO is liberated and the effects of
these CORMs are similar to those of endogenous, HO-1-
derived, CO, exerting a variety of biological activities, includ-
ing anti-inflammatory effects. To explore the potential
mechanisms responsible for CORM-2 effects, we assessed the
interference of different signal transduction pathways in LPS-
induced VCAM-1 expression. Our results showed that LPS-
induced VCAM-1 expression is mediated through TLR4/
MyD88/TRAF6/c-Src-dependent NF-kB and MAPKs associated
with AP-1 activation in RASFs.

TLR4 is a pattern recognition receptor that functions as a
LPS sensor and whose activation results in the production
of several proinflammatory, antiviral and antibacterial
cytokines (Kim et al., 2010; Rego et al., 2011). In addition,
two signalling pathways have been described following TLR4
activation, the MyD88-dependent and -independent path-
ways and, in this study, LPS induced VCAM-1 expression in
RASFs via a MyD88-dependent pathway. Verstak et al. (2009)
indicated that MyD88 adapter-like (Mal)/TIRAP interaction
with TRAF6 is critical for TLR4-mediated NF-xB proinflamma-
tory responses. In RASFs, we established that LPS enhanced
VCAM-1 expression via a TLR4/MyD88/TRAF6 pathway.
c-Src, a protein frequently participating in the cross-talk
between the cytoplasmic protein TKs and receptors, mediated
LPS signalling in human renal mesangial cells (Lee et al.,
2012). Here, we demonstrated that LPS not only induced c-Src
activation but also induced formation of the TLR4/MyD88/
TRAF6/c-Src complex in RASFs. In mammals, MAPKs consist
of more than a dozen MAPK enzymes that coordinately regu-
late cell proliferation, differentiation, motility and survival.
The best known are the conventional MAPKSs, including p42/
p44 MAPK, JNK1/2 and p38 MAPK. MAPKs were crucial in the
modulation of VCAM-1 expression by LPS, in human tracheal
smooth muscle cells (Lin et al., 2007) and, here, we also found
that LPS induced inflammatory responses in RASFs via a c-Src-
dependent MAPKs pathway.

Many biological effects attributed to CO have been linked
to its ability to modulate MAPKs signalling pathways. In
rat primary hepatocytes, CO blocked glucose deprivation-
induced hepatocyte cytotoxicity by suppressing ERK1/2 acti-
vation, but not p38 MAPK (Choi et al., 2003) and against
apoptosis initiated by oxidative stress, via inhibition of
JNK1/2 activity (Conde de la Rosa et al., 2008). Effects of CO
gas or CO-RMs on MAPKs activation are variable and depend
on the cell types. In airway smooth muscle cells and T-cells,

CORM-2 attenuates LPS-induced inflammation

CO exerts its antiproliferative effects via inhibition of ERK1/2
phosphorylation, whereas in pancreatic stellate cells, CO acts
through activation of the p38 MAPK pathway (Schwer et al.,
2010). In chondrocytes from patients with osteoarthritis
(OA), IL-1B-induced ERK1/2 and JNK1/2 phosphorylation
was strongly reduced by CORM-2 at 100 and 200 pM
(Garcia-Arnandis et al., 2011). In contrast, we observed that
LPS-stimulated phosphorylation of c-Src and MAPKs was only
slightly inhibited by CORM-2 at 2 uM (Supporting Informa-
tion Fig. S1). This difference may be due to the different
concentrations used. Moreover, we found that treatment of
RASFs with 100 uM CORM-2 for 24 h caused an approximate
30-40% loss in cell viability (data not shown). In addition, it
has been reported that overexpression of HO-1 is responsible
for the catabolism of haem to produce CO, which inhibits the
activation of c-Src in gastric epithelial cells infected with
Helicobacter pylori (Gobert et al., 2013). In contrast, treatment
of RASFs with CORM-2 had no effect on LPS-stimulated c-Src
phosphorylation (Supporting Information Fig. S1). Hence,
our data indicated that the c-Src-dependent MAPKs pathway
may be not a target of the anti-inflammatory effects of
CORM-2, which is involved in LPS-induced VCAM-1 expres-
sion in RASFs. Instead, these anti-inflammatory effects of CO
might target the transcriptional control of VCAM-1 expres-
sion through the suppression of the activity of transcription
factors, in particular AP-1 and NF-xB.

We demonstrated that LPS induced VCAM-1 expression
via a MAPKs-dependent activation of AP-1 transcriptional
activity. CO participates in HO-1 inhibition of TPA-induced
tumour invasion of breast carcinoma cells via suppressing
ERK/c-Jun/AP-1 activation, and CO interaction with the
MMP-9 protein may contribute to its inhibition of MMP-9
enzyme activity in vitro (Lin et al., 2008a,b). In RAW264.7
macrophages, CO reduced IL-6 expression through interfer-
ence with LPS-induced JNK1/2 activation and impairment of
AP-1 signalling (Morse et al., 2003). Although, in OA synovio-
cytes, CORM-2 reduced production of MMP-1 and MMP-3
through reduced binding of AP-1 to DNA, the underlying
mechanism was still unclear (Garcia-Arnandis et al., 2011).
Increased AP-1 activity in response to stimuli is due to
increased c-Jun and c-Fos expression and may also be due to
enhanced c-Jun phosphorylation. Thus, one possible mecha-
nism is modulation of c-Jun and c-Fos expression by CORM-2
which leads to inhibition of AP-1 activation. In this study,
LPS-induced mRNA levels of c-Jun and c-Fos, c-Jun phospho-
rylation or AP-1 DNA binding ability and promoter activity
were all blocked by CORM-2, suggesting that suppression of
AP-1 is probably involved in CORM-2-mediated down-
regulation of VCAM-1 expression by LPS.

We established that LPS stimulated NF-xB activation
leading to VCAM-1 expression via a MAPK-independent
cascade. Inhibition of NF-«B activation by CORM-2-released
CO was associated with the reduced expression of ICAM-1
protein in LPS-stimulated HUVECs (Sun et al., 2008b). In
contrast, CO has no effect on NF-xB in activated endothelial
cells (Soares et al., 2004) and the protection against hepatic
ischaemia-reperfusion injury by CO administration was not
associated with inhibition of NF-kB signalling (Kaizu et al.,
2005). In our study, CORM-2 suppresses the activity of NF-xB
induced by LPS in RASFs. Furthermore, we identified the
kinases relevant for p65 phosphorylation that was also
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VCAM-1

Schematic diagram illustrating the possible mechanisms responsible for CORM-2 effects on LPS-induced VCAM-1 expression in RASFs. LPS
activates a TLR4/MyD88/TRAF6/c-Src pathway leading to enhance two distinct signalling cascades, including NIK/IKKo,/B-dependent activation of
NF-kB and MAPKs-dependent activation of AP-1 transcription factors in RASFs. CORM-released CO decreased inflammatory responses by
interfering with activation of NF-xB and AP-1, and expression of VCAM-1 protein, thereby suppressing leukoyte adhesion to RASFs.

inhibited by CORM-2 treatment. Similarly, inhibition of
NF-xB activation by CORM-2 was dependent on the inhibi-
tion of p65 phosphorylation in cytokine-stimulated Caco-2
cells (Megias et al., 2007). We further confirmed that the
down-regulation of adhesion molecules by CORM-2 was asso-
ciated with decreased phosphorylation of the NF-xB-p65
subunit, which results in the prevention of NF-xB DNA
binding to VCAM-1 promoter region. In contrast, CO
released by CORM-3 induced rapid activation of NF-xB and
Nrf2 in the myocardium (Stein et al., 2012). To our knowl-
edge, CO immediately induces accumulation of Nrf2 in the
nucleus, but phosphorylation of the p65 subunit is delayed,
leading to the up-regulation of cytoprotective genes, such as
HO-1. Further work would be necessary to identify transcrip-
tion factors involved in the expression of cytoprotective
genes that may be induced by CORM-2 treatment. Our
present data indicate that CORM-2 alone has no effect on the
phosphorylation of p65 and c-Jun, promoter activity of
NF-xB and AP-1 in RASFs (Figure 7D and F).

In summary, as shown in Figure 8, CORM-2 effectively
inhibited activation of NF-kB and AP-1, which was accompa-
nied by a decrease of the expression of VCAM-1. In parallel,
leukocyte adhesion to RASFs challenged with LPS was
markedly decreased by CORM-2 administration. The results
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support the hypothesis that decreased expression or function
of VCAM-1, induced by CORMs, could be of therapeutic
value in RA.
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Figure S1 Effects of CORM-2 on LPS-induced phosphoryla-
tion of Src and MAPKs. Cells were pretreated with CORM-2
for 16 h and then incubated with LPS for the indicated
time intervals. The levels of phospho-Src, phospho-p38
MAPK, phospho-p44/42 MAPKand phospho-JNK1/2 were
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