
b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 2 9 8 – 3 0 8
The anti-inflammatory actions of LCY-2-CHO,
a carbazole analogue, in vascular smooth
muscle cells

Feng-Ming Ho a,b, Hao-Cheng Kang c, Sho-Tone Lee d, Yee Chao e,
You-Ci Chen c, Li-Jiau Huang f, Wan-Wan Lin c,*
aDepartment of Internal Medicine, Tao-Yuan General Hospital Department of Health, The Executive Yuan,

Tao-Yuan, Taiwan
bDepartment of Biomedical Engineering, Chung Yuan Christian University, Tao-Yuan, Taiwan
cDepartment of Pharmacology, College of Medicine, National Taiwan University, Taipei, Taiwan
d Institute of Biomedical Science, Academia Sinica, Taipei, Taiwan
eCancer Center, Veterans General Hospital, Taipei, Taiwan
fDepartment of Internal Medicine, China Medical University and Hospital, Taichung, Taiwan

a r t i c l e i n f o a b s t r a c t

avai lable at www.sc iencedi rec t .com

journal homepage: www.e lsev ier .com/ locate /b iochempharm
Article history:

Received 7 March 2007

Accepted 4 April 2007

Keywords:

LCY-2-CHO

HO-1

Anti-inflammation

Cell signaling

Vascular smooth muscle

LCY-2-CHO has anti-inflammatory actions on macrophages. To understand its thera-

peutic implication in atherosclerosis, we examined its effects on the expressions of anti-

inflammatory and inflammatory proteins in cultured rat aortic vascular smooth muscle

cells (VSMC). LCY-2-CHO is able to induce heme oxygenase-1 (HO-1) protein expression

through a transcriptional action. The HO-1 inducting effect of LCY-2-CHO was inhibited

by SB203580, NG-nitro-L-arginine methylester (L-NAME), and wortmannin, but was not

affected by U0126 or SP600125. In accordance LCY-2-CHO increased protein phosphor-

ylation of p38, Akt, and eNOS. Nrf2 is a transcription factor essential for HO-1 gene

induction and we showed that LCY-2-CHO is able to cause Nrf2 nuclear translocation and

this action depends on p38, Akt and eNOS. In addition to induce anti-inflammatory HO-1,

LCY-2-CHO reduced interleukin-1b (IL-1b)-induced inflammatory mediators, inducible

nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), growth-related oncogene pro-

tein-alpha (GRO-a), and interleukin-8 (IL-8). Inhibitory effect on IL-1b-mediated NF-kB

activation was evidenced by the diminishment of IkB kinase (IKK) phosphorylation and

IkBa degradation. In contrast, IL-1b-mediated ERK and JNK activations were not changed

by LCY-2-CHO, while p38 activation by IL-1b and LCY-2-CHO displayed the non-

additivity. Taken together, given the overall anti-inflammatory properties of LCY-2-CHO
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in VSMC, in terms to induce HO-1 gene expression and inhibit inflammatory gene expres-

sion, these results highlight the therapeutic potential of LCY-2-CHO in atherosclerosis.

# 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Heme oxygenase (HO) catalyzes the rate-limiting step in the

oxidative degradation of heme (a potent oxidant) to biliverdin

(rapidly converted to bilirubin, an anti-oxidant), iron (seques-

tered by ferritin), and carbon monoxide (CO, a vasodilatory gas

that has anti-inflammatory properties) [1]. Three distinct

isoforms of HO (HO-1, -2, -3) were identified [2–4], while HO-3 is

a pseudogene derived from HO-2 gene and has no function

demonstrated thus far [5]. Unlike HO-2, HO-1 is ubiquitously

distributed and strongly induced by oxidative, nitrosative,

osmotic, hemodynamic, hyperthermia, and endoplasmic

reticulum stress [6–8]. HO-1 has many beneficial effects,

inclusive of the anti-oxidant, anti-apoptosis, and potent anti-

inflammatory properties [1,3,9,10]. HO-1 also inhibits vascular

smooth muscle cells (VSMC) growth, and inhibits the devel-

opment of atherosclerotic lesions in apoE-deficient mice

[11,12]. The absence of HO-1 exacerbates atherosclerotic

lesion formation and vascular remodeling [13].

HO-1 gene expression can be induced through signaling

pathways, such as mitogen-activated protein kinases

(MAPKs) (ERK, JNK, p38 MAPK) [14,15], and phosphoinositide

3-kinase (PI3K)-dependent Akt [16]. It also has been reported

that nitric oxide (NO) induces HO-1 gene expression in VSMC

[6]. The mouse HO-1 gene contains multiple copies of anti-

oxidant response element (ARE) sequences, whose necessity

is a commonality in response to multiple agents in the

activation of HO-1 [17]. Studies indicate that the transcription

factor Nrf2 plays a critical role in ARE-dependent HO-1 gene

expression [8,18,19]. Under normal conditions, Nrf2 is

retained in the cytoplasm via its binding to the cytosolic

protein Keap1 [20]. However, changes in cellular redox

potential leads to the release of Nrf2 from Keap1 and its

translocation to the nucleus and in turn heterodimerization

with Maf, resulting in ARE-mediated gene transcription

[18,20]. It has been proved that many protein kinases, such

as p38 MAPK, JNK, ERK and PI3K/Akt are involved in the

nuclear translocation and ARE transactivation of Nrf2 [16,21–

24].

LCY-2-CHO ([9-(2-chlorobenzyl)-9H-carbazole-3-carbal-

dehyde]) was proved to have anti-inflammatory effect by

directly down-regulating leukocyte functions, including the

attenuation of neutrophil degranulation and superoxide

anion (O2
�) generation [25,26], and inhibition of lipopolysac-

charide (LPS)-induced NO, prostaglandin E2 (PGE2) and tumor

necrosis factor-a (TNF-a) production, accompanying tran-

scriptional inhibition of LPS-induced inducible nitric oxide

synthase (iNOS), cyclooxygenase-2 (COX-2), and pro-TNF-a

protein in murine RAW264.7 macrophages [27,28]. Given that

LCY-2-CHO is a novel compound with anti-inflammatory

properties in macrophages, herein we attempt to explore its

effects on HO-1, iNOS, COX-2, growth-related oncogene

protein-alpha (GRO-a) and interleukin-8 (IL-8) protein
expression in rat aortic VSMC, hoping to clarify its potential

therapeutic implication in cardiovascular disorders, such as

atherosclerosis.
2. Materials and methods

2.1. Materials

Dulbecco’s modified Eagle’s medium, fetal bovine serum,

penicillin, and streptomycin were obtained from Gibco BRL

(Grand Island, NY, USA). [g-32P]ATP (5000 Ci/mmol) was

obtained from NEN (Boston, MA, USA). Rabbit polyclonal

anti-iNOS and anti-b-actin antibodies were purchased from

Transduction Laboratories (Lexington, KY, USA). Polyclonal

antibodies specific for HO-1, p38 MAPK, Akt, Nrf2, COX-2, IkB

kinase (IKK), IkBa and lamin B were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-

bodies specific for phosphorylated p38 MAPK, phosphorylated

Akt, and phosphorylated IKKa were purchased from Cell

Signaling (Beverly, MA, USA). Murine IL-1b, TNF-a, ELISA assay

kits for IL-8 and GRO-a were obtained from R&D Systems

(Minneapolis, MN, USA). 3-(4,5-Dimethylthiazol-2-yl)2,5-

dephenyltetrazolium (MTT), cycloheximide, actinomycin D,

N(omega)-nitro-L-arginine methyl ester (L-NAME), MG132,

homocysteine, and PMA were obtained from Sigma-Aldrich

(St. Louis, MO, USA). LCY-2-CHO (purity > 99%) was synthe-

sized as we previously described [30]. U0126, SB203580 and

wortmannin were purchased from Calbiochem (San Diego,

CA, USA). SP600125 was purchased from Tocris Cookson

(Avon-mouth, UK). ELISA assay kit for PGE2 and EIA assay kit

for 6-ketoPGF1a were purchased from Cayman Chemicals

(Ann Arbor, MI, USA).

2.2. Cell culture

Rat aortic VSMC were prepared from thoracic aortas of male

Wistar rats by using the collagenase digestion method and

cultured in DMEM containing 10% (v/v) FBS, 100 units/ml

penicillin and 100 mg/ml streptomycin. For all experiments,

rat aortic VSMC from passages 3 to 8 were used. Cells were

incubated at 37 8C in a humidified atmosphere of 5% CO2 in

air.

2.3. Nitrite assay

Measurement of nitrite production as an assay of NO release

was performed. Aliquots of conditioned media were mixed

with an equal volume of Griess reagent [1% sulfanilamide and

0.1% N-(1-naphthyl)-ethylene-diamine in 5% phosphoric acid].

Nitrite concentrations were determined by comparison with

the OD550 using standard solutions of sodium nitrite prepared

in cell culture medium.
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2.4. Immunoblotting analysis

After agent treatment, the medium was aspirated. Cells were

rinsed twice with ice-cold PBS, and 100 ml of whole-cell lysis

buffer (20 mM Tris–HCl, pH 7.5, 125 mM NaCl, 1% Triton X-100,

1 mM MgCl2, 25 mM b-glycerophosphate, 50 mM NaF, 100 mM

Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 10 mg/ml leu-

peptin, and 10 mg/ml aprotinin) was then added to each well.

After cell harvest, cell lysates were centrifuged. Equal

amounts of the soluble protein were electrophoresed on a

SDS-PAGE, and transferred to a nitrocellulose membrane.

Non-specific binding was blocked with TBST (50 mM Tris–HCl,

pH 7.5, 150 mM NaCl, and 0.02% Tween 20) containing 5% non-

fat milk for 1 h at room temperature. After immunoblotting

with the first specific antibodies, membranes were washed

three times with TBST and incubated with horseradish

peroxidase-conjugated secondary antibody for 1 h. After three

washes with TBST, the protein bands were detected with

enhanced chemiluminescence detection reagent. To make

sure equal amounts of sample protein were applied for

electrophoresis and immunoblotting, b-actin or lamin B was

used as an internal control.

2.5. Reverse transcription-polymerase chain reaction (RT-
PCR)

The expression of HO-1 mRNA was determined by RT-PCR

analysis. After drug treatment, cells were homogenized with

1 ml of RNAzol B reagent (Invitrogen), and total RNA was

extracted by acid guanidinium thiocyanate-phenol-chloro-

form extraction. RT was performed using StrataScript RT-PCR

kit (Stratagene, La Jolla, CA, USA), and 10 mg of total RNA was

reverse transcribed to cDNA following the manufacturer’s

recommended procedures. RT-generated cDNA encoding HO-

1 and b-actin genes were amplified using PCR. The oligonu-

cleotide primers used correspond to the mouse HO-1 (sense:

50-GAG AAT GCT GAG TTC ATG-30 and anti-sense: 50-ATG TTG

AGC AGG AAG GC-30), and mouse b-actin (sense: 50-GAC TAC

CTC ATG AAG ATC CT-30 and anti-sense: 50-CCA CAT CTG CTG

GAA GGT GG-30). PCR was performed in a final volume of 50 ml

containing TaqDNA polymerase buffer, all four dNTPs,

oligonucleotide primers, TaqDNA polymerase, and RT pro-

ducts. After an initial denaturing for 1 min at 94 8C, 30 cycles of

amplification (HO-1: 94 8C for 45 s, 55 8C for 30 s, and 72 8C for

30 s) were performed followed by a 10-min extension at 72 8C.

PCR products were analyzed on 2% agarose gel. The mRNA of

b-actin served as an internal control for sample loading and

mRNA integrity.

2.6. Immunoprecipitation and p38 kinase assay

After stimulation cells were washed twice with ice-cold PBS,

lysed in 1 ml lysis buffer and centrifuged. The supernatant was

collected, and anti-p38 MAPK antibody with protein A/G-

agarose beads was added, and then stored at 4 8C overnight.

The immunoprecipitates were washed three times with lysis

buffer and immune-complex kinase assays were performed

on the antibody immunoprecipitates at 30 8C for 30 min in

20 ml kinase reaction buffer (25 mM HEPES, pH 7.4, 20 mM

MgCl2, 0.1 mM Na3VO4, 2 mM dithiothreitol, 100 mM ATP,
10 mCi [g-32P]ATP) containing 50 mg/ml myelin basic protein

(MBP). The reaction was terminated with 5� Laemmli sample

buffer and samples were separated on SDS-PAGE followed by

autoradiography.

2.7. Preparation of nuclear extracts

Nuclear extracts from stimulated or non-stimulated cells were

prepared by cell lysis followed by nuclear lysis. Cells were

suspended in 30 ml of buffer containing 10 mM HEPES, pH 7.9,

1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, and 0.2 mM

phenylmethylsulfonyl fluoride; vortexed vigorously for 15 s;

allowed to stand at 4 8C for 10 min; and centrifuged at

2000 rpm for 2 min. The pelleted nuclei were re-suspended

in buffer containing 20 mM HEPES, pH 7.9, 25% glycerol,

420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithio-

threitol, and 0.2 mM phenylmethylsulfonyl fluoride for 20 min

on ice, and then the lysates were centrifuged at 15,000 rpm for

2 min. The supernatants containing the solubilized nuclear

proteins were stored at �70 8C until used for immunoblotting

analysis of Nrf2 translocation.

2.8. PGE2, PGI2, IL-8 and GRO-a assays

VSMC cultured in 24-well plate were stimulated with indicated

agents and cultured for different periods. PGE2, 6-ketoPGF1a,

IL-8 and GRO-a production were measured by commercial kits

according to manufacturer’s instruction.

2.9. Cell viability assay

Cells were seeded in 96-well plates and treated with LCY-2-

CHO (1–30 mM) for 24 h in the complete medium or serum-free

medium. 3-(4,5-Dimethylthiazol-2-yl)2,5-diphenyltetrazolium

bromide (MTT, 1 mg/ml) was added and incubated at 37 8C for

1 h. The formazan granules generated by the live cells were

dissolved in 100% DMSO, and absorbance at 550 nm was

monitored using a multiscanner enzyme-linked immunosor-

bent assay autoreader.

2.10. Statistical evaluation

Values are expressed as the mean � S.E.M. of at least three

experiments. Analysis of variance (ANOVA) was used to assess

the statistical significance of the differences, with a p-value of

<0.05 being considered statistically significant.
3. Results

3.1. Effects of LCY-2-CHO on cell viability

Before examining the actions of LCY-2-CHO on rat VSMC, we

determined the cell viability in cells treated with LCY-2-CHO

for 24 h. Cell viability as assayed by MTT indicated no cell

toxicity of LCY-2-CHO treatment for 24 h at concentrations up

to 30 mM in the complete culture medium. In contrast, when

cells were incubated in serum-free condition, LCY-2-CHO at

30 mM elicited 50% cell toxicity (Fig. 1). To avoid the

interference with cell toxicity on specific actions of LCY-2-



Fig. 1 – Cell viability of LCY-2-CHO-treated VSMC. Rat VSMC

were treated with LCY-2-CHO for different concentrations

for 24 h in the presence (complete medium) or absence

(serum-free) of serum. After incubation, cells viability was

determined by treating MTT. Data are mean W S.E.M. from

three independent experiments. *p < 0.05, indicating

significant reduction of cell viability by LCY-2-CHO.

Fig. 2 – LCY-2-CHO induces HO-1 gene and protein expression in

concentrations indicated for different periods. After stimulation,

and b-actin proteins with immunoblotting (A and B), or cell RN

levels with RT-PCR (C). The b-actin level was considered as an in

measured by densitometry, normalized to the level of b-actin, a

without LCY-2-CHO treatment. In some experiments, cells were

(ActD, 3 mM) and/or LCY-2-CHO (10 mM) for 24 h (D) or for differen

its half-life value (E). Traces shown are representative of three

percentages of the control HO-1 protein level.
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CHO, we tested concentrations lower than 10 mM in the

following experiments.

3.2. LCY-2-CHO induces HO-1 gene expression in rat
VSMC

Immunobloting indicated that the HO-1 protein expression in

VSMC 24 h following LCY-2-CHO (1–10 mM) treatment was

increased in a concentration-dependent manner (Fig. 2A). We

also investigated the time-course response of HO-1 and found

the increased HO-1 protein level by 10 mM LCY-2-CHO

displayed the time-dependency, occurring after 6 h exposure,

peaking at 12 h and maintaining for at least 36 h (Fig. 2B). The

effect of 3 mM LCY-2-CHO, however, occurred after 12 h

exposure.

Utilizing RT-PCR analysis, we found that HO-1 mRNA level

was time- and concentration-dependently increased by LCY-

2-CHO (Fig. 2C). The increase of HO-1 mRNA level by 10 mM

LCY-2-CHO was obvious as early as 1 h, reached the peak at 2 h

and declined at 4 h. For 3 mM LCY-2-CHO, the HO-1 mRNA

induction was apparent after 4 h treatment. To further verify

whether HO-1 protein expression by LCY-2-CHO results from

gene transcription and consequent protein translation, we

incubated cells with the transcriptional inhibitor, actinomycin
rat aortic VSMC. Rat VSMC was treated with LCY-2-CHO at

cell lysate was prepared respectively for determining HO-1

A was prepared for determining HO-1 and b-actin mRNA

ternal control. Data on HO-1 protein and mRNA levels were

nd calculated as percentages of the control response

treated with cycloheximide (CHX, 3 mM), actinomycin D

t periods (E). The stability of HO-1 protein was reflected by

separate experiments. Numbers in parentheses are
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D, or the protein synthesis inhibitor, cycloheximide. Results

shown in Fig. 2D confirmed this notion, as presence of either

agent led to the abolishment of LCY-2-CHO response. Next, we

addressed the possible action of LCY-2-CHO on the HO-1

protein stability. In condition where protein translation was

blocked with cycloheximide, addition of LCY-2-CHO (10 mM)

did not alter the time-dependent decay of HO-1, which

exhibited a half-life of �4.8 h (Fig. 2E). These results suggest

the up-regulation of HO-1 gene transcription account for the

effect of LCY-2-CHO.

3.3. The HO-1 up-regulation effect of LCY-2-CHO via
multiple signal pathways

Numbers of pathways have been implicated in transmitting

the extracellular signals to the nuclei for HO-1 gene expres-

sion. To investigate the signal transduction pathways involved

in regulating HO-1 expression of LCY-2-CHO, we used some

pharmacological inhibitors of signaling intermediates and

examined their effects on HO-1 protein level. As shown in

Fig. 3, SB203580 (p38 MAPK inhibitor), L-NAME (NOS inhibitor),

and wortmannin (PI3K inhibitor) all could attenuate the LCY-
Fig. 3 – Effects of pharmacological inhibitors on LCY-2-

CHO-induced HO-1 expression. Cells were pretreated with

U0126 (1 mM), SB203580 (10 mM), L-NAME (300 mM),

wortmannin (100 nM), or SP600125 (10 mM) for 30 min,

then stimulated with LCY-2-CHO (10 mM) for 24 h. Protein

levels of HO-1 and b-actin were measured in the cell

lysates by immunoblot. Data on protein levels were

measured by densitometry, and calculated as percentages

of the control response without agent treatment. Data are

mean W S.E.M. from three independent experiments.
*p < 0.05, indicating significant reduction of LCY-2-CHO-

induced HO-1 protein expression. Traces shown are

representative of three separate experiments.
2-CHO-induced increase in HO-1. In contrast, neither U0126

(MEK inhibitor) nor SP600125 (JNK inhibitor) could inhibit LCY-

2-CHO response.

In reciprocal experiments, we found that LCY-2-CHO

caused a sustained phosphorylation of p38 MAPK for at least

2 h (Fig. 4A). This action displayed the concentration-depen-

dency at 3 and 10 mM LCY-2-CHO, and was sensitive to the

treatment with SB203580, but not to wortmannin. Akt also

could be obviously phosphorylated by LCY-2-CHO addition,

even though this event was transient at 30 min and could not

last afterwards (Fig. 4B). The Akt phosphorylation is down-

stream of PI3K activation, as wortmannin treatment abrogated

this action. Consistent to the established notion that Akt

phosphorylation mediates eNOS phosphorylation [29], we also

found eNOS phosphorylation by LCY-2-CHO, which slightly

occurred at 30 min and reached obvious extent after 2 h

exposure (Fig. 4C). According to the above data, we further-

more performed kinase assay to examine p38 MAPK activity.

Results confirm that the LCY-2-CHO-induced phosphorylation

of p38 MAPK indeed paralleled its kinase activation (Fig. 4D).

3.4. LCY-2-CHO induces Nrf2 translocation from cytosol to
nuclear

According to previous studies, it has been proved that p38

MAPK and PI3K-Akt activation could respectively induce HO-1

transcriptional expression via the translocation and activation

of the transcription factor Nrf2, a member of CNC-bZIP

proteins, which plays a critical role in ARE-dependent HO-1

gene expression [8,17–19]. Therefore we ask whether LCY-2-

CHO could also cause Nrf2 translocation from cytosol to

nuclei. As shown in Fig. 5, LCY-2-CHO could rapidly and

concentration-dependently induce the nuclear accumulation

of Nrf2 at 30 min, as those seen in cells treated with MG132 and

homocysteine. These two agents have been reported to induce

HO-1 expression via Nrf2 activation [8]. Next, to understand if

LCY-2-CHO-induced Nrf2 activation is related to the signaling

pathways that activated by LCY-2-CHO (i.e. p38 and PI3K-Akt-

eNOS), we treated cells with specific inhibitors to p38, PI3K and

NOS. As a result, we found the nuclear translocation of Nrf2

was inhibited by the presence of each inhibitor (Fig. 5B).

3.5. LCY-2-CHO decreases IL-1b-induced iNOS, COX-2, IL-
8, and GRO-a protein induction

In addition to the induction of HO-1, we thereafter interested

to extend LCY-2-CHO effects on IL-1b, which is a pro-

inflammatory cytokine capable of inducing inflammatory

proteins, such as COX-2, iNOS, IL-8, and GRO-a. We observed

that LCY-2-CHO concentration-dependently decreased the IL-

1b-induced PGE2 (Fig. 6A) and PGI2 production (Fig. 6B) as well

as COX-2 protein expression (Fig. 6D). Moreover, IL-1b-induced

NO production (Fig. 6C) and iNOS protein expression (Fig. 6D)

were likewise reduced by the presence of LCY-2-CHO. Further

examining the chemokine production, data revealed that IL-8

and GRO-a release by IL-1b were both attenuated by LCY-2-

CHO within concentrations ranging 1–10 mM (Fig. 6E and F).

These findings together suggest that LCY-2-CHO has potential

anti-inflammatory effects, and might have value for anti-

atherosclerosis therapy.



Fig. 4 – LCY-2-CHO activates p38 MAPK, Akt, and eNOS. Cell lysates prepared from cells following LCY-2-CHO (3–10 mM)

stimulation for different periods were immunoblotted with antibodies specific for total or phosphorylated p38 MAPK (A),

Akt (B) and eNOS (C). In some experiments, SB203580 (10 mM), L-NAME (300 mM) or wortmannin (100 nM) was pretreated for

30 min before LCY-2-CHO. In a separate experiment, cells were treated with LCY-2-CHO (10 mM) or TNF-a (50 nM) for 10 or

30 min. p38 MAPK activity was determined by immunoprecipitation and in vitro kinase assay using MBP as a substrate (D).

Numbers in parentheses are percentages of the protein phosphorylation or activity as compared to cells without agent

treatment. Data are representative of at least three separate experiments.

Fig. 5 – Effects of LCY-2-CHO on Nrf2 nuclear translocation. VSMC were treated with LCY-2-CHO (3–10 mM) for different

periods as indicated. MG-132 and homocystein were used as positive controls. After stimulation, nuclear protein was

extracted for determining Nrf2 and lamin B with immunoblotting (A). In some experiments, SB203580 (10 mM), L-NAME

(300 mM) or wortmannin (100 nM) was pretreated for 30 min before LCY-2-CHO (B). Numbers in parentheses are percentages

of the protein levels as compared to cells without agent treatment. Data are representative of at least three separate

experiments.

b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 2 9 8 – 3 0 8 303



Fig. 6 – Inhibition of stimuli-induced iNOS, COX-2, IL-8 and GRO-a protein expression by LCY-2-CHO. Cells were treated with

LCY-2-CHO at concentrations indicated for 30 min, and then stimulated with IL-1b (10 ng/ml) for 24 h. Medium was

prepared for determining PGE2 (A), PGI2 (B), NO (C), IL-8 (E) and GRO-a (F) production. Protein levels of iNOS (D) and COX-2 (D)

were measured in the cell lysates by immunoblot. Data are mean W S.E.M. of at least three independent experiments.
*p < 0.05, indicating significant inhibition of mediator release as compared to the control group without LCY-2-CHO

treatment. Numbers in parentheses are percentages of the protein levels as compared to cells stimulated with IL-1b alone.

Traces are representative of at least three separate experiments.
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3.6. LCY-2-CHO inhibits IKK activation induced by IL-1b

As NF-kB is an essential transcription factor for driving gene

expression of many inflammatory proteins, we thus examined

the effect of LCY-2-CHO on IL-1b-elicited IKK phosphorylation

and IkBa degradation. Fig. 7A showed that IKK was rapidly

phosphorylated after IL-1b stimulation. In the presence of

LCY-2-CHO this action of IL-1b was reduced (Fig. 7A). Conse-

quently, IkBa degradation occurring as early as 15 min

exposure to IL-1b was inhibited and delayed by the presence

of LCY-2-CHO (Fig. 7B). The inhibition of IkBa degradation by

LCY-2-CHO was not affected by the treatment of SB203580,

wortmannin or L-NAME, suggesting the action of LCY-2-CHO

was independent of these signal pathways (Fig. 7C). In addition

to inhibit IL-1b-induced NF-kB, we also examined if LCY-2-

CHO affects IL-1b-induced MAPKs, thus contributing to its

anti-inflammation. Results in Fig. 7D revealed that IL-1b could

induce JNK, ERK and p38 activation, while LCY-2-CHO only

activated p38. Neither ERK activation nor JNK activation was

observed by LCY-2-CHO. Moreover, upon studying the
combinatorial effects, we found that IL-1b-induced ERK and

JNK activation were not changed by LCY-2-CHO, while p38

activation exhibited the non-additivity.
4. Discussion

LCY-2-CHO has been proved to inhibit the expression of LPS-

induced inflammatory mediator, such as NO, PGE2, and TNF-a,

accompanying the inhibition of LPS-induced iNOS, COX-2, and

pro-TNFa proteins production in murine RAW 264.7 macro-

phages [27,28]. In addition, LCY-2-CHO attenuated neutrophil

degranulation and superoxide anion generation, responsible

for directly down-regulating leukocyte functions [25]. In the

present study to further extend the therapeutic potential in

cardiovascular diseases, we examined if LCY-2-CHO possesses

the anti-inflammatory properties in rat VSMC. Indeed, our

data demonstrate that LCY-2-CHO could decrease IL-1b-

induced iNOS, COX-2, IL-8, and GRO-a protein induction in

rat VSMC. Interestingly, we also found that LCY-2-CHO



Fig. 7 – LCY-2-CHO inhibits IL-1b-induced IKK phosphorylation and IkBa degradation. VSMC were treated with IL-1b (10 ng/

ml) in the absence or presence of LCY-2-CHO (10 mM) for different periods. Protein levels of phosphorylated IKK, total IKK

(A), IkBa, b-action (B,C), JNK, ERK and p38 (D) were determined by immunoblot. In (C), SB203580 (10 mM), L-NAME (300 mM) or

wortmannin (100 nM) was pretreated for 30 min before the co-addition of LCY-2-CHO and IL-1b. After 30 min,

immunobloting of IkBa was determined. Traces are representative of at least three separate experiments. Numbers in

parentheses are percentages of the control protein level without agent treatment.
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induces the HO-1 protein production in rat VSMC. Inducible

HO-1 protein executes as a cytoprotector, which could perform

the anti-oxidant, anti-apoptosis, and anti-inflammation prop-

erties [1,3,10,12,14]. In cardiovascular system, the therapeutic

implication of virus-based delivering HO-1-expression has

gained much attention and promising results [3,11,12]. Thus,

we confirm that LCY-2-CHO, by decreasing inflammatory

proteins expression and increasing HO-1 protein production,

truly has the powerful anti-inflammation effect in rat VSMC.

HO-1 gene expression can be induced through signaling

pathways, such as MAPKs (ERK, JNK, p38) [14,15] and PI3K-Akt

[16]. Moreover, activation of p38 and PI3K could exert this

action on HO-1 via the nuclear translocation and activation of

transcription factor Nrf2 [8,17–19]. The nuclear translocation

of Nrf2 has been demonstrated to play a key role to mediate

ARE-dependent activation of the HO-1 gene [8,17–19]. Explor-

ing the action mechanisms of LCY-2-CHO in VSMC, several
evidences in this study pointed the involvement of p38 and

PI3K-Akt in a coordinative manner to mediate Nrf2 activation

and consequently result in HO-1 expression. First, HO-1

induction and Nrf2 activation by LCY-2-CHO were attenuated

by selective inhibitors of p38 and PI3K (SB203580 and

wortmannin, respectively). In contrast, HO-1 induction was

not changed by U0126 or SP600125, ruling out the participation

of ERK and JNK signal pathways. Second, biochemical results

confirmed that LCY-2-CHO is able to cause the active

phosphorylation of p38 and Akt. In VSMC, this stimulating

effect on p38 was contrast to that observed in murine

macrophages where LCY-2-CHO alone failed to activate p38,

but it can inhibit lipopolysaccharide-induced p38 activity [28].

These differential actions suggest the cell specific action of

LCY-2-CHO. Third, LCY-2-CHO-induced signal pathways of

p38 and PI3K/Akt are independent each other. All these results

suggest that LCY-2-CHO-induced HO-1 expression is through
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activation of p38 MAPK and PI3K-Akt, followed by increasing

nuclear translocation of Nrf2, acting on ARE and inducing HO-

1 gene transcription.

It has been reported that NO can induce HO-1 gene

expression in VSMC [6] and other cell types [30,31]. Moreover,

contribution of NO for Nrf2 activation was demonstrated

[32,33]. In this study, it appears that PI3K/Akt-dependent eNOS

is involved in the HO-1 induction caused by LCY-2-CHO. We

found that NOS inhibitor (L-NAME) could reduce HO-1 protein

induction and Nrf2 activation by LCY-2-CHO, and accordingly

LCY-2-CHO could phosphorylate eNOS, representing the

activating state. As it is quite clear that eNOS phosphorylation

by Akt is essential for the enzymatic activity [29], we also

examined if LCY-2-CHO-activated PI3K-Akt is the upstream

signal for eNOS. As a result, we found that eNOS phosphor-

ylation induced by LCY-2-CHO can be inhibited by wortman-

nin (data not shown).

In addition to induce anti-inflammatory protein HO-1, LCY-

2-CHO is able to inhibit inflammatory responses of IL-1b. In

this aspect, we showed its ability to reduce several inflam-

matory mediators, such as iNOS, COX-2, IL-8 and GRO-a. These

proteins are key mediators of many inflammatory responses,

and have been implicated in the pathogenesis of athero-

sclerosis [34–38]. Up-regulation of IL-8 and GRO-a play a

central role in macrophage recruitment and accumulation in

atherosclerotic plaque [36,37]. It has been demonstrated that

iNOS is present in human atherosclerotic lesions [38] and high

amount of NO production from iNOS leads to tissue damage

and prolonged inflammation [34]. Overexpression of COX-2

detected in symptomatic atherosclerotic plaques contributes

to PGE2-dependent plaque instability [35]. Thus, identification

of these proteins as targets for prevention of atherosclerosis,

as what we report for LCY-2-CHO action in this study, is

promising.

When exploring the molecular mechanism for inhibition of

iNOS, COX-2, IL-8 and GRO-a, we first focused on IKK-NF-kB.

The binding of NF-kB to its specific cognate kB sites has been

shown to be functionally important for the gene transcription

of these proteins [39]. Accumulating lines of evidences

indicate that IKKb is a converged mediator essential for IkB

phosphorylation and proteolytic degradation. This event

releases the NF-kB dimer to translocate to the nucleus and

binds DNA. In this study, we showed the ability of LCY-2-CHO

to IL-1b-induced IKK phosphorylation and subsequent IkBa

degradation in VSMC, providing additional action mechanism

for the anti-inflammation property of LCY-2-CHO. Here, we do

not prefer that the inhibitory action on IKK is resulting from

HO-1 induction. Even though HO-1-catalyzed products (bilir-

ubin and carbon monoxide) could interrupt IKK activation

through their anti-oxidant property, the onsets of actions

prompts us not to favor this possibility. LCY-2-CHO-induced

HO-1 protein expression occurred after 12 h incubation, while

IKK inhibition was observed at incubation periods as short as

15 min. In addition, we also showed that prevention of IkBa

degradation by LCY-2-CHO was independent of activation of

p38 and PI3K/Akt/eNOS pathway.

In addition to NF-kB, IL-1b-activated signaling pathways

might also include MAPKs and Akt [40], and account for the

inflammatory responses. To elucidate if they possibly involve

in the anti-inflammatory action of LCY-2-CHO, we determined
the interplay between IL-1b and LCY-2-CHO in this aspect. We

found LCY-2-CHO failed to affect ERK and JNK activation by IL-

1b. For p38, the actions of LCY-2-CHO and IL-1b exert the non-

additivity. In rat aortic VSMC stimulated with IL-1b within 4 h,

we did not detect significant Akt activation (data not shown).

These results suggest that inhibitory action of LCY-2-CHO on

IL-1b-induced inflammatory mediators primarily results from

the attenuation of NF-kB, rather than MAPKs, signaling

pathway.

Nrf2 is a transcription factor that is best known for

providing cellular protection against oxidative insults via

transcriptional activation of anti-oxidant enzymes and detox-

ification enzymes [22,41]. Several studies have demonstrated

the prominent role of Nrf2 in anti-atherosclerosis, a disease

progress comprising oxidative stress and inflammation. Nrf2/

ARE pathway as an endogenous atheroprotective system for

anti-oxidant protection and suppression of redox-sensitive

inflammatory genes suggests that targeting the Nrf2/ARE

pathway may represent a novel therapeutic approach for the

treatment of atherosclerosis [42,43]. Here, we also concern if

Nrf2 is a direct transcriptional regulator of iNOS, COX-2, IL-8

and GRO-a. Thus far no reports describe the direct DNA

binding activity of Nrf2 on promoter regions of iNOS, IL-8 and

GRO-a genes. Even though a possible ARE enhancer was

identified in the COX-2 promoter, and induction of a transgene

driven by the 50-flanking region of COX-2 was increased by co-

transfection with an expression vector for the Nrf2 transcrip-

tion factor [44], no substantiated reports favor endogenous

Nrf2/DNA binding in promoter of COX-2 gene. For IL-8 gene

expression, a report showed the ability of Nrf2 to induce IL-8

and this action is mainly through mRNA stabilization instead

of gene transcription [45]. Conversely, the more accepted

notion is that inflammatory gene transcription might be

indirectly and negatively regulated by Nrf2 through target

gene products with anti-oxidant capacity and NF-kB regulat-

ing activity [22,41,43,45,46]. Based on this notion, we cannot

rule out the possibility that contribution of Nrf2 in gene

transcription of iNOS, COX-2, IL-8 and GRO-a might occur at

late stage through indirect induction of anti-oxidant enzymes,

which balance redox state and compromise signaling path-

ways required for inflammatory gene transcription. Never-

theless, as mentioned previously the rapid IKK inhibition

favors the suggestion that abrogation of IKK activity by LCY-2-

CHO plays a major role in this event.

In summary, we have shown that in rat VSMC, LCY-2-CHO,

via the ability to activate p38 MAPK, Akt, eNOS, and the

translocation of Nrf2, increases the production of HO-1

protein, which has the cytoprotection, anti-inflammation

and anti-atherosclerosis properties. LCY-2-CHO also can

reverse the increase of pro-inflammatory proteins through

the reduction of IKK-NF-kB signaling pathway. All these

results provide new evidences into the beneficial application

of LCY-2-CHO in cardiovascular disorders.
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