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Abstract

Rupture of an atherosclerotic plaque is a key event in the development of cardiovascular disorders, in which matrix
metalloproteinase-1 (MMP-1) plays a crucial role by degradation of extracellular matrix resulting in plaque instability.
Cardiotrophin-1 (CT-1), a member of interleukin-6-type proinflammatory cytokines, has potent cardiovascular actions and is
highly expressed in vascular endothelium, however its role in atherosclerosis has not been fully elucidated to date. The
present study was designed to investigate whether CT-1 induces MMP-1 in human aortic endothelial cells (HAECs).
Ribonuclease protection assay demonstrated that MMP-1 gene level in HAECs was enhanced by the treatment of CT-1 in a
dose- and time-dependent manner. Immunocytochemical staining, Western immunoblot analysis and enzyme-linked
immunosorbent assay revealed that CT-1 augmented MMP-1 protein synthesis and secretion. MMP-1 activity assay revealed
that MMP-1 present in the supernatant of HAECs was exclusively precursor form. Casein zymography disclosed proteolytic
activity in the supernatant of HAECs, which was enhanced by CT-1 treatment. Furthermore, pharmacological inhibitor study
indicated the important roles of extracellular signal-regulated kinase (ERK) 1/2, p38 mitogen-activated protein (MAP) kinase,
c-Jun N-terminal kinase (JNK) and Janus kinase/signal transducers and activators of transcription (JAK/STAT) signaling
pathways in mediating CT-1-induced MMP-1 gene and protein expression. These data reveal for the first time that CT-1
induces the proteolytic potential in HAECs by upregulating MMP-1 expression through ERK1/2, p38 MAP kinase, JNK and
JAK/STAT pathways, and suggest that CT-1 may play an important role in the pathophysiology of atherosclerosis and plaque
instability.
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Introduction demonstrated that MMP-1 expression and activity are increased in
advanced and unstable atherosclerotic plaques [6,7]. To date, a lot
of proinflammatory mediators or cytokines, such as angiotensin II,
C-reactive protein, vascular endothelial growth factor, tumor
necrosis factor-o. and interleukin (IL)-lac have been proven to
induce MMP-1 expression in vascular cells [8-11].
Cardiotrophin-1 (C'T-1) is one of the proinflammatory cytokines
belonging to the IL-6 cytokine family that includes IL-6, IL-11, IL-
27, leukemia inhibitory factor (LIF), oncostatin M, cardiotrophin-
like cytokine, ciliary neurotrophic factor and neuropoietin. The
IL-6 cytokine family exerts biological actions through homo-
dimerization or heterodimerizaiton of glycoprotein (gp)130, which
subsequently activate signal transduction pathways, such as Ras-
dependent mitogen-activated protein (MAP) kinase pathway and
Janus kinase (JAK)/signal transducers and activators of transcrip-
tion (STAT) cascade [12,13]. This family exhibits multiple effects
in vivo by modulating inflammatory and immunological processes
[14], and CT-1 also has a broad spectrum of biological activities
including cardiovascular actions [15]. However, it has not been
fully elucidated whether CT-1 affects atherosclerosis. We previ-
ously showed that CT-1 stimulates expression of endothelin-1, a
vasocontricting peptide, in vascular endothelial cells [16]. More

Atherosclerosis, the underlying condition of acute coronary
syndrome and stroke, is widely recognized as an inflammatory
disease in which various cytokines and growth factors are involved
[1]. In later stages of this disease, rupture of an atherosclerotic
plaque and subsequent thrombosis are the key events in
development of cardiovascular disorders [2]. The rupture of a
plaque is largely based on the instability of the plaque which is rich
in cholesterol, and the structural vulnerability caused by alteration
between accumulation and degradation of extracellular matrices
(ECM).

Matrix metalloproteinases (MMPs) are a superfamily of zinc-
dependent endopeptidases that play a central role in the
maintenance and remodeling of ECM. A large body of evidence
implicates MMPs in all stages of atherosclerosis [3]. Elevated
activities of MMPs in atherosclerotic lesions, caused either by up-
regulation of their expression or down-regulation of their cognate
inhibitors, have been implicated in plaque instability and
eventually in rupture [2,4]. Among this superfamily, MMP-1
(interstitial collagenase) is a key enzyme to cleave native fibrillar
collagens, especially type I and III, providing the biochemical
strength for fibrous plaques [5]. In addition, previous studies
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recently, we also demonstrated that CT-1 and its receptor
components are colocalized in human atherosclerotic plaque and
that CT-1 enhances monocyte adhesion and migration by
stimulating intercellular adhesion molecule-1 and monocyte
chemoattractant protein-1 (MCP-1) [17]. These data support the
possibility that CT-1 plays a crucial role in the pathophysiology of
vascular inflammation and atherosclerosis. Additionally, Talwar et
al. [18] reported that plasma concentration of C'T-1 is elevated in
patients with unstable angina compared with those with stable
angina, providing the hypothesis that CT-1 is associated with
increased susceptibility to plaque instability and rupture. As far as
we know, few studies have ever showed a correlation between IL-6
cytokine family and MMP-1 in vascular cells [19]. Therefore, to
extend our knowledge of the role of CT-1 in the vascular
disorders, the current study was designed to identify the effect of
CT-1 on expression of MMP-1 in human aortic endothelial cells
(HAECG:s). In addition, we clarified the mechanisms involved in the
regulation of MMP-1 expression by CT-1.

Materials and Methods

Reagents

Recombinant human CT-1 was purchased from PeproTech
(Rocky Hill, USA). The mouse monoclonal anti-human MMP-1
antibody for immunohistochemistry and Western immunoblot
analysis was from Daiichi Fine Chemical (Toyama, Japan), and
that for neutralization of MMP-1 in zymography was from R&D
systems (Minneapolis, USA). The mouse monoclonal antibody
against B-actin was from Santa Cruz Biotechnology (Santa Cruz,
USA). The goat polyclonal antibodies against human Toll-like
receptor 4 (TLR4) and MCP-1, the mouse monoclonal antibodies
against human gp130, LIF receptor (LIFR), CT-1 and IL-6 and
the normal mouse IgG were from R&D Systems (Minneapolis,
USA). The rabbit monoclonal antibodies specific for JAK1, JAK2,
phospho-JAK?2 (Tyr1007/Tyr1008) and c-Jun N-terminal kinase
(JNK) were from Cell Signaling Technology (Beverly, USA). The
rabbit monoclonal antibody specific for phospho-JAK1 (Tyr1022/
Tyr1023) was from Life Technologies (Carlsbad, USA). The rabbit
polyclonal antibodies specific for STATI, phospho-STATI
(Tyr701), STAT3, phospho-STAT3 (Tyr705) and phospho-JNK
(Thr183/Tyr185) were from Cell Signaling Technology (Beverly,
USA). Pharmacological inhibitors, such as PD-98059, SB-203580
and AG490 were obtained from Wako Pure Chemical (Osaka,
Japan). SP-600125 was from BIOMOL (Plymouth Meeting, USA).
JAKS3 inhibitor II and piceatannol were from Calbiochem (La
Jolla, USA).

Cell culture of HAECs

HAEGCs (Lonza, Walkersville, USA) were seeded in plastic
plates precoated with type I collagen (Asahi Techniglass, Nagoya,
Japan) and maintained in medium 199 (Life Technologies,
Carlsbad, USA) supplemented with 10% heat-inactivated fetal
calf serum, 0.5 pg/mL fungizone, 0.25 pg/mL amphotericin B,
100 pg/mL streptomycin, 100 U/mL penicillin (Life Technolo-
gies, Carlsbad, USA), 14 U/mL heparin (Ajinomoto, Tokyo,
Japan), 20 pg/mL endothelial cell growth supplement (Kohjin
Bio, Saitama, Japan) and 10 pg/mL human epidermal growth
factor (PeproTech, Rocky Hill, USA). HAECs were cultured at
37°C in 5% COy and 95% air in a humidified atmosphere. At
confluence, HAECs formed a typical “cobblestone” monolayer.
HAECs in the third to sixth passages were used in the present
experiments.
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Total RNA extraction and ribonuclease protection assay
(RPA)

Total RNA was extracted from HAECs using Pure Link RNA
Mini kit (Ambion, Austin, USA). A biotin-labeled antisense RNA
probe cocktail was transcribed from a set of custom-designed
cDNA templates (BD Biosciences Pharmingen, San jose, USA)
using MAXIscript in vitro transcription kit (Ambion, Austin,
USA). Full-length sizes of probes for MMP-1 and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were 309 and 124 bp,
respectively, and protected fragment sizes were 280 and 96 bp,
respectively. The biotin-labeled antisense probes were hybridized
to 5 g of total RNA and subjected to ribonuclease digestion with
RPAIII kit (Ambion, Austin, USA). The ribonuclease-protected
fragments were purified, resolved on 6% denaturing tris-borate-
EDTA-urea polyacrylamide gels (Life Technologies, Carlsbad,
USA) and transferred to nylon membranes (Life Technologies,
Carlsbad, USA). The protected fragments were visualized by
incubation of the membranes with an alkaline phosphate-
streptavidin solution with BrightStar BioDetect chemilumines-
cence reagent (Ambion, Austin, USA). The intensities of the blots
of MMP-1 mRNA were quantified using a LAS-3000 Lumino
image analyzer (Fuji Film, Tokyo, Japan) and normalized to

GAPDH mRNA.

Immunocytochemistry

Cultured HAECs were immediately fixed with 1% buffered
paraformaldehyde (Wako Pure Chemical, Osaka, Japan) for
20 min. The indirect immunoperoxidase method was used for
immunocytochemical analysis, as described previously [20]. The
primary antibody against MMP-1 was used at 100-fold dilution.
The specificity of the immunostaining was confirmed by substi-
tution of the normal mouse IgG for primary antibody.

Western immunoblot analysis

HAEGCs were washed with cold PBS and immediately
harvested in ice-cold cell lysis buffer (Cell Signaling Technology,
Beverly, USA) together with 1 mmol/L phenylmethylsulfonyl
fluoride (Roche Diagnostics, Mannheim, Germany) and protease
mhibitor cocktail, Complete Mini (Roche Diagnostics, Man-
nheim, Germany). Aliquots of 10 pg of proteins were
resuspended in 3x SDS sample buffer (6% SDS, 30% glycerol,
0.03%  bromphenol blue, 187.5 mmol/L Tris-HCI) and
1.25 mol/L Dithiothreitol (BioLabs, Ipswich, USA), sonicated,
boiled for 5 min, and separated by 4-12% NuPAGE Bis-Tris
gels (Life Technologies, Carlsbad, USA). The proteins were
transferred to a polyvinylidene difluoride membrane (Life
Technologies, Carlsbad, USA) by electroblotting for 2 hours.
The membrane was soaked in blocking buffer (5% nonfat dry
milk in 0.1% Tween-TBS) and then incubated with the primary
phospho-specific antibodies or the primary antibody against
MMP-1 at concentrations suggested by the manufactures in 5%
BSA and 0.1% Tween-TBS overnight at 4°C. After washing in
0.1% Tween-TBS, the membrane was incubated with alkaline
phosphate-conjugated secondary antibodies (Cell Signaling Tech-
nology, Beverly, USA) for 1 hour. The protein bands were
visualized by CDP-Star chemiluminescent substrate (Cell Signal-
ing Technology, Beverly, USA). The intensities of the blots were
quantified using a LAS-3000 Lumino image analyzer (Fuji Film,
Tokyo, Japan). The blots were stripped and reprobed with
respective total antibodies or primary antibody against B-actin.
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Measurement of MMP-1 protein in the supernatant

Concentration of total MMP-1 protein (precursor form and
active form) in supernatant was determined by using a commer-
cially available enzyme-linked immunosorbent assay (ELISA) kit
according to the manufacturer’s instruction (Daiichi Fine Chem-
ical, Toyama, Japan). Briefly, after incubation, the supernatant
from HAECs was removed and applied at 100-fold dilution. The
diluted samples and standards were added to each well of
microtiter plate, which was precoated with anti-human MMP-1
monoclonal antibodies, and incubated for 1 hour. Each well was
washed and incubated with enzyme-linked monoclonal antibodies
specific for human MMP-1 for 30 min. The wells were washed to
remove unbound antibody-enzyme reagent, and substrate solution
was added to each well. After incubation for 30 min at room
temperature, the enzyme reaction was stopped. MMP-1 concen-
trations were determined by comparison of the optical density
results with the standard curve. Variations of intra- and inter-assay
were 7% and 6%, respectively.

Similarly, another ELISA kit (R&D Systems, Minneapolis,
USA) which is designed to evaluate both total and active form of
MMP-1 in culture supernatant was performed according to the
manufacture’s instructions. Total MMP-1 level was measured by
additional incubation with p-aminophenylmercuric acetate
(APMA) to activate the precursor form of MMP-1. The relative
fluorescence units were measured using a fluorescence plate

reader, Infinite 200 PRO (TECAN, Kanagawa, Japan).

Measurement of proteolytic activity

Proteolytic activity was examined using zymogram gels with a
casein substrate as previously reported with some modifications
[21]. Briefly, aliquots of supernatant from HAECs, with and
without C'T-1 treatment, were mixed with 2x Tris-Glycine SDS
sample buffer (Life Technologies, Carlsbad, USA), loaded on a
12% Tris-Glycine gel with 0.05% casein (Life Technologies,
Carlsbad, USA) and run for 90 min. After electrophoresis, the gel
was treated with renaturing buffer (Life Technologies, Carlsbad,
USA), followed by overnight incubation in developing buffer
containing APMA (Life Technologies, Carlsbad, USA) at 37°C.
The gel was stained overnight with SYPRO Rudy gel stain (Life
Technologies, Carlsbad, USA) at room temperature. The bands of
MMPs were visualized by using a LAS-3000 Lumino image
analyzer (I'uji Film, Tokyo, Japan). Comparison of the migration
level with molecular weight standards (Life Technologies,
Carlsbad, USA) and neutralization of MMP-1 by anti-human
MMP-1 antibody before loading were performed for identification
of MMP-1.

Statistical analysis

Results of quantitative studies are expressed as means * SEM.
Each data point represents the average of three to twelve
independent experiments. Student’s t-test was used to compare
differences between two groups. One-way ANOVA test was used
to make comparisons among three or more groups, and the
Tukey-Kramer’s post-hoc test was used to identify between group
differences. P values <0.05 were considered statistically signifi-
cant.

Results

CT-1 induces MMP-1 gene expression

We first investigated whether CT-1 induces MMP-1 mRNA
expression in HAECs. HAECs were treated for 24 hours with
different doses of CT-1 (107'% to 10"® mol/L) and gene
expression of MMP-1 was analyzed by RPA with densitometry.
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As shown in Fig. 1A, HAECs treated with CT-1 resulted in an
increase of MMP-1 mRNA in a dose-dependent manner with a
statistical significance at 10~% mol/L. Therefore, unless it is
explicitly stated, CT-1 was used at a dose of 10™% mol/L in
subsequent experiments. As shown in Fig. 1B, CT-1 increased
MMP-1 mRNA in a time-dependent manner with significant
increases at 8 to 24 hours of C'T-1 treatment.

CT-1 induces MMP-1 protein expression

We then performed immunocytochemical staining and Western
immunoblot analysis using anti-MMP-1 antibody that recognizes
both precursor and active forms of MMP-1. Immunocytochem-
istry revealed only weak immunoreactivities of MMP-1 in
untreated HAEGCs, and the staining intensity of MMP-1 was
significantly enhanced by treatment with 10™% mol/L CT-1 for
24 hours (Fig. 2A). On the other hand, the cells treated with
normal IgG, instead of primary antibody for MMP-1, demon-
strated no immnoreactivity. Western immunoblot analysis re-
vealed that HAECs expressed both precursor and active forms of
MMP-1 under basal condition, and that the treatment with CT-1
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Figure 1. CT-1 stimulates MMP-1 mRNA expression. HAECs were
treated for 24 hrs with the indicated concentrations of CT-1 (A) or with
108 mol/L CT-1 for the indicated time (B). Total RNA was extracted and
subjected to RPA. Results from densitometric analysis are presented as
density of MMP-1 mRNA normalized to GAPDH mRNA and relative to
control (C) or 0 hr. ¥*P<<0.05 vs. C or 0 hr. Blots are representative of 3
independent experiments.

doi:10.1371/journal.pone.0068801.g001
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Figure 2. Effect of CT-1 on MMP-1 protein expression. (A)
Immunocytochemical staining for MMP-1 in HAECs treated with or
without 1078 mol/L CT-1 for 24 hrs. Normal mouse IgG served as a
negative control. Original magnification; x400. Bar =25 um. (B) Western
immunoblot analysis of the whole cell lysates using anti-MMP-1
antibodies that recognize both the precursor and the active forms of
MMP-1. Bars represent densitometric data of each expression signal
after normalization to f-actin and relative to control. *P<<0.01 vs.
control (n=3).

doi:10.1371/journal.pone.0068801.g002

resulted in a significant increase in the precursor form of MMP-1
(Fig. 2B).

CT-1 induces MMP-1 protein secretion

ELISA showed that C'T-1 enhanced MMP-1 secretion from
HAEC:s in a dose-dependent manner with significant increases at
the doses over 10~" mol/L of CT-1 (Fig. 3A), and that CT-1
induced a time-dependent increase of MMP-1 secretion with
statistical significance at 16 and 24 hours of CT-1 treatment

(Fig. 3B).

PLOS ONE | www.plosone.org

CT-1 Induces MMP-1 in Human Endothelial Cells

A
= 1251
E *
3100- -
c
O 75+
°
S 501
(7]
o 251
=
= 0.
C 10121011019 10° 108
CT-1 (moliL)
B
7] o contro
O Contro

£ *
> ® CT-1
£ 751
: *
o
© 50+
[&]
[}]
(7]
-
o 25'
s
=

0 T T r

8 16 24 (hrs)

Figure 3. CT-1 stimulates MMP-1 protein secretion. (A) MMP-1
secretion in supernatant after treatment with the indicated concentra-
tions of CT-1 for 24 hrs (n=12), and (B) time course of MMP-1 secretion
after treatment with 10~8 mol/L CT-1 (n=6). Data represent protein
release per 10° cells assayed by ELISA. *P<<0.05 vs. control (C) or each
control at the same time.

doi:10.1371/journal.pone.0068801.9003

CT-1-induced MMP-1 secretion is independent of
endotoxin, IL-6 and MCP-1 actions

To exclude the potential artifacts other than the biological
actions of CT-1, the following experiments were performed. First,
endotoxin concentration in recombinant C'T-1 used in the current
study is very low (0.074 EU per pg of protein) measured by limulus
amebocyte lysate assay (data from PeproTech). Second, neutral-
izing antibody against TLLR4 did not affect C'T-1-induced MMP-1
expression at all (Fig. 4A). Third, the enhancement of MMP-1
expression by CT-1 in HAECs was abolished not only by heat
treatment (100°C, 30 minutes) but also by the neutralizing
antibodies against gpl30, LIFR and CT-1 itself (Fig. 4A).
Collectively, these findings demonstrated that MMP-1 upregula-
tion observed here is not due to the possible artifact but to the
biological actions of CT-1 per se. In addition, neutralizing
antibodies against IL-6 and MCP-1, both of which are
upregulated by CT-1 and known to stimulate MMP-1 expression
[17,22-24], revealed no effects on the CT-1-induced MMP-1
secretion (Fig. 4B).
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Figure 4. CT-1-induced MMP-1 secretion is independent of
endotoxin, IL-6 and MCP-1 actions. (A) MMP-1 secretion in
supernatant after incubation with heat-treated or untreated
10~ mol/L CT-1 in the presence or absence of neutralizing antibodies
against gp130, LIFR or CT-1 as well as TLR4 for 24 hrs. (B) Effects of
neutralizing antibodies against IL-6 and MCP-1 on basal and CT-1-
stimulated MMP-1 secretion from HAECs. Results represent the amount
of MMP-1 protein release per 10° cells assayed by ELISA (n=6). *P<0.05
vs. control (C). 1P<<0.05 vs. CT-1.
doi:10.1371/journal.pone.0068801.g004

CT-1 enhances proteolytic potential in the supernatant of
HAECs

Casein zymography showed a proteolytic activity in the
supernatant of HAECs as a single molecular weight band, which
was significantly enhanced by CT-1 treatment and was signif-
icantly reduced by monoclonal neutralizing antibody against
MMP-1 (Fig. 5). To clarify the molecular form of MMP-1 in the
supernatant of HAECs, MMP-1 activity assay was performed.
MMP-1 present in the supernatant of HAECs without CT-1
treatment was predominantly in the precursor form (precursor
form, 54 ng/mlL/24 hrs; active form, 0.32 ng/mL/24 hrs), and
CT-1 significantly increased MMP-1 protein in the precursor form
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Figure 5. CT-1 enhances proteolytic potential by MMP-1.
Supernatant from HAECs with or without stimulation of 1072 mol/L
CT-1 for 24 hrs were collected and incubated overnight in the presence
or absence of neutralizing antibody against MMP-1 (anti-MMP-1 Ab).
They were then run on 12% Tris-Glycine gel with 0.05% casein, and
subjected to renaturing, developing and staining procedures. Bars
represent results from densitometric analysis of each proteolytic signal
relative to control (n=4). *P<0.05 vs. control. 1P<<0.05 vs. CT-1.
doi:10.1371/journal.pone.0068801.g005

(91 ng/mL/24 hrs, P<0.01 vs. without CT-1 treatment), but very
little in the active form (0.42 ng/mlL/24 hrs). Taken together, the
proteolytic activity shown in zymography originated exclusively
from the precursor form of MMP-1.

CT-1 activates JAK/STAT and JNK pathways

CT-1 exerts its biological actions through diverse intracellular
signal transduction pathways [15]. In our previous studies, we
showed that CT-1 phosphorylates extracellular signal-regulated
kinase (ERK) 1/2 and p38 MAP kinase in HAECs [17]. In the
present study, we additionally confirmed that CT-1 activates
JAK/STAT signaling pathway as well as JNK, another member of
MAP kinase family, in HAECs. As shown in Fig. 6, CT-1
treatment induced phosphorylation of JAKI, JAK2, STATI,
STAT3, and JNK in a dose- (Fig. 6A-E) and time- (Fig. 6F—])

dependent manner.

Pharmacological inhibitors of the signaling pathways
reduce CT-1-induced MMP-1 gene expression

We investigated the effects of pharmacological inhibitors of the
signaling pathways on CT-l-induced expression of MMP-1
mRNA. HAECs were preincubated with pharmacological inhib-
itors of MAP kinase pathway including SP-600125 (JNK
inhibitor), SB-203580 (p38 MAP kinase inhibitor) and PD-98059
(ERK1/2 inhibitor) for 1 hour and then treated with CT-1 for
24 hours. RPA demonstrated that C'T-1-induced augmentation of
MMP-1 mRNA expression was significantly attenuated in HAECs
pretreated with these inhibitors (Fig. 7A). As shown in Fig. 7B,
pharmacological inhibitors of JAK/STAT cascade such as JAK3
inhibitor II (JAKS3 inhibitor) and piceatannol (JAK1 inhibitor) also
significantly suppressed CT-1-induced expression of MMP-1
mRNA. Although AG490 (JAK?2 inhibitor) tended to decrease
CT-1-induced MMP-1 mRNA expression, it did not reach
statistical significance (Fig. 7B).
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independent experiments.
doi:10.1371/journal.pone.0068801.9006

Pharmacological inhibitors of the signaling pathways
reduce CT-1-induced MMP-1 protein secretion

We evaluated basal or CT-I-stimulated MMP-1 protein
secretion from HAECs in the presence or absence of pharmaco-
logical inhibitors of MAP kinase and JAK/STAT cascades by
ELISA. Both AG490 and piceatannol significantly decreased basal
MMP-1 secretion from HAECs. All inhibitors such as SP-600125,
SB-203580, PD-98059, AG490, JAKS3 inhibitor II and piceatannol
significantly suppressed CT-1-induced MMP-1 protein secretion
from HAECs (Fig. 8).

Discussion

The present study demonstrates for the first time that CT-1 is
capable of inducing MMP-1 gene and protein expression via MAP
kinase pathway and JAK/STAT cascade in cultured HAECs. In

PLOS ONE | www.plosone.org

addition, this study also shows that CT-1 stimulates MMP-1
protein synthesis and secretion from HAECs predominantly as a
precursor form, which has the potential to be activated and display
a proteolytic action (Fig. 9).

MMP-1 has been shown to localize specifically in atheromatous
lesions including luminal endothelial cells, but weakly or not at all
in non-atherosclerotic arteries [6]. In the present study, immuno-
cytochemistry revealed only weak immunoreactivities of MMP-1
in untreated HAECs, which were significantly enhanced by the
treatment of CT-1 (Fig. 2A). RPA and Western immunoblot
analysis also showed that MMP-1 mRINA and protein expressions
in HAECs were detected even under basal conditions, and
increased by CT-1 stimulation (Fig. 1 and Fig. 2B). Furthermore,
CT-1 enhanced MMP-1 protein secretion from HAECs in a dose-
and time-dependent manner (Fig. 3). In a previous investigation,
we showed that immunoreactivity for CT-1 and its receptor
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Figure 7. Pharmacological inhibitors of signaling pathways
decrease CT-1-induced MMP-1 gene expression. HAECs were
preincubated with inhibitors of MAP kinase pathway (A) or JAK/STAT
cascade (B) for 1 hr, followed by additional incubation with 10~ mol/L
CT-1 for 24 hrs. Pharmacological inhibitors are 30 pmol/L SP-600125
(SP, JNK inhibitor), 10 umol/L SB-203580 (SB, p38 MAP kinase inhibitor),
30 umol/L PD-98059 (PD, ERK1/2 inhibitor), 100 umol/L AG490 (AG,
JAK2 inhibitor), 100 pmol/L JAK3 inhibitor Il (JAK3, JAK3 inhibitor) and
100 umol/L piceatannol (Pice, JAK1 inhibitor). Total RNA was extracted
and subjected to RPA. Results from densitometric analysis are
presented as density of MMP-1 mRNA normalized to GAPDH mRNA
and relative to control (C). ¥*P<<0.05 vs. C. 1P<<0.05 vs. CT-1. Blots are
representative of 5 (A) or 3 (B) independent experiments.
doi:10.1371/journal.pone.0068801.g007

components are colocalized in human atherosclerotic tissues [17].
This immunohistochemical localization of CT-1 is similar to the
distribution of augmented MMP-1 in human atherosclerotic
plaques [6,7]. Taken together, it is suggested that CT-1 might
upregulate MMP-1 expression not only in cultured HAECs but
also in the atherosclerotic plaques m vivo.

Other members of IL-6 cytokine family to which CT-1 belongs,
such as oncostatin M and IL-6, have already been shown to be
mmplicated in the regulation of ECM degradation by upregulating
MMPs in vascular cells [19,25,26]. In the current study, we
demonstrated CT-1-induced MMP-1 upregulation in HAECs.
However, in contrast to these findings, Weiss et al. [27] reported
that IL-6 family including C'T-1, oncostatin M, IL-6 and leukemia
mhibitory factor has no effects on the expression of MMP-1 in
human adult cardiac myocytes and fibroblasts. In addition, C'T-1
has been shown to stimulate canine cardiac fibroblast growth [28].
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Figure 8. Pharmacological inhibitors of signaling pathways
decrease CT-1-induced MMP-1 protein secretion. MMP-1 secre-
tion in supernatant from HAECs with or without stimulation of
1078 mol/L CT-1 for 24 hrs in the presence or absence of pharmaco-
logical inhibitors of MAP kinase or JAK/STAT signaling pathways with
preincubation for 1 hr. Abbreviations and doses of inhibitors are same
as in Figure 7. Results represent the amount of MMP-1 protein release
per 10° cells assayed by ELISA (n=6). *P<0.05 vs. control (C). 1P<0.05
vs. CT-1.

doi:10.1371/journal.pone.0068801.g008

Recently, Lopez-Andres et al. [29] also demonstrated that C'T-1
increases the secretion of collagen type III and elastin, and the
expression of tissue inhibitors of metalloproteinases (TIMPs)
without altering metalloproteinase activity in vascular smooth
muscle cells of spontaneously hypertensive rats. Although these
reports are contradictory to the results of this study, the reason for
this discrepancy remains unclear. Different cell types studied,
presence or absence of serum deprivation and different experi-
mental procedures including incubation periods could be consid-
ered. Alternatively, CT-1 may exert dual actions in HAECs that
stimulate either plaque stabilizing or plaque destabilizing process,
depending on the vascular situations and circumstances [8].

It should be noted that the CT-1-induced MMP-1 expression
described here may be associated with the indirect effects of C'T-1
via local induction of cytokines or chemokines which subsequently
stimulate MMP-1 expression in HAECs [30]. For example, IL-6
and MCP-1 have been shown to be upregulated by CT-1 in
vascular cells, and these factors have also been reported to
stimulate MMP-1 expression [17,22-24]. To examine whether
these factors are involved in C'T-1-mediated MMP-1 upregulation,
further studies using neutralizing antibodies were performed. The
neutralizing antibodies against IL-6 and MCP-1 revealed no effect
on the CT-1-induced MMP-1 secretion (Fig. 4B). This means that
neither IL-6 nor MCP-1 mediate the MMP-1 upregulation by C'T-
I treatment.

We are interested in whether the regulatory effect of C'T-1 on
MMP-1 involves its enzymatic activity. MMP-1 activity assay
demonstrated that C'T-1 stimulates MMP-1 protein secretion from
HAECs predominantly as the precursor form, and that this
precursor form is not changed to the active form at least for 24 hrs
of treatment with CT-1, suggesting that C'T-1 itself has no direct
effect to activate MMP-1. However, zymography using superna-
tant of HAECs showed a proteolytic potential attributed to MMP-
1 after APMA treatment, indicating that CT-1-induced precursor
form of MMP-1 could be functionally activated after secretion and
display a proteolytic action. It is well known that almost all MMPs
are originally secreted as the precursor forms and then activated
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Figure 9. Schematic summary of mechanisms of CT-1-induced MMP-1 expression and proteolytic potential. CT-1 induces MMP-1 gene
and protein expression as a source of proteolytic potential via MAP kinase (MAPK) pathway and JAK/STAT cascade in HAECs.

doi:10.1371/journal.pone.0068801.g009

through multiple pathways involving other MMPs, proteinases
and other factors [3].

To elucidate the signaling pathways by which CT-1 induces
gene and protein expressions of MMP-1 in HAECs, we
investigated the major signaling pathways for IL-6 type cytokine
family, such as MAP kinase pathway and JAK/STAT cascade
[31]. In addition to our previous study showing that CT-1
phosphorylates ERK 1/2 and p38 MAP kinase in HAECs [17],
we here confirmed that CT-1 induces phosphorylation of JAKI,
JAK2, STAT1, STAT3, and JNK in a dose- and time-dependent
manner (Fig. 6). Furthermore, pharmacological inhibitor studies
indicated the important roles of the MAP kinase pathway and
JAK/STAT cascade in mediating CT-1-induced MMP-1 expres-
sion (Fig. 7 and Fig. 8). Although there are many papers proving
the role of MAP kinase pathway in the regulation of MMP-1
expression in various cell types [10,32,33], the role of JAK/STAT
cascade have not been fully investigated. In support of our results,
Aida et al. [22] recently demonstrated that IL-6 and soluble IL-6
receptor stimulate the production of MMPs via not only ERK1/2
MAP kinase pathway but also JAK/STAT cascade in human
chondrocytes. Interestingly, the inhibitory effects of AG490 (JAK2
inhibitor) on gene and protein expression of MMP-1 were not so
definitive compared with those of JAKS3 inhibitor II (JAK3
mnhibitor) and piceatannol (JAKI inhibitor), implying that CT-1
could trigger induction of MMP-1 more dominantly through
JAKI and JAK3 than JAK2 in HAECs (Fig. 7 and Fig. 8). The
same tendency has been shown in a few reports concerning the
signaling pathways that induce MMPs expression [34,35].

One of the limitations in the present study is that we used
relatively high concentrations of C'T-1 compared with the plasma
level. But the exact concentration of CT-1 in vascular tissue
remains unknown to date. Because CT-1 is mainly produced in
the heart and also in the vasculature, we speculate that local C'T-1
concentration in coronary arteries, especially at atherosclerotic
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