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We investigated whether arginase inhibition suppressed interleukin (IL)-1p-stimulated proliferation in
vascular smooth muscle cells (VSMCs) and the possible mechanisms involved. IL-1B stimulation
increased VSMC proliferation, while the arginase inhibitor BEC and transfection of the antisense (AS) oli-
gonucleotide against arginase I decreased VSMC proliferation and was associated with increased protein
content of the cell cycle regulator p21Waf1/Cip1. IL-1B incubation induced inducible nitric oxide syn-
thase (iNOS) mRNA expression and protein levels in a dose-dependent manner, but did not affect arginase
I and II expression. Consistent with this data, IL-1p stimulation resulted in increase in NO production that
was significantly augmented by arginase inhibition. The specific iNOS inhibitor 1400W abolished IL-1B-
mediated NO production and further accentuated IL-1B-stimulated cell proliferation. Incubation with NO
donors GSNO and DETA/NO in the presence of IL-1B abolished VSMCs proliferation and increased
p21Waf1/Cip1 protein content. Furthermore, incubation with the cGMP analogue 8-Br-cGMP prevented
IL-1B-induced VSMCs proliferation. In conclusion, arginase inhibition augmented iNOS-dependent NO
production that resulted in suppression of IL-1p-induced VSMCs proliferation in a cGMP-dependent
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manner.
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1. Introduction

Arginases play a critical role in cardiovascular homeostasis by
reciprocally regulating nitric oxide (NO) [1] production through
the competitive binding of r-arginine to nitric oxide synthase
(NOS) [2]. NO inhibits cell proliferation through cGMP-dependent
and -independent mechanisms [3-6]. An increase in arginase activ-
ity decreases NO production, causing vascular smooth muscle cell
(VSMC) proliferation that can lead to vascular pathologies, resteno-
sis after angioplasty, and atherosclerosis. Studies have shown that
NO donor agents and NOS gene transfers result in the inhibition of

Abbreviations: IL-1B, interleukin-18; VSMC, vascular smooth muscle cells; iNOS,
inducible nitric oxide synthase; ¢cGMP, cyclic guanosine monophosphate; AS,
antisense; RT-PCR, reverse transcription polymerase chain reaction; eNOS, endo-
thelial nitric oxide synthase; nNOS, neuronal nitric oxide synthase; DMEM,
Dulbecco’s modified Eagle medium; RASMC, rat aortic smooth muscle cell; GSNO,
S-nitrosoglutathione; DETA NONOate, diethylenetriamine NONOate; 1400W, N-(3-
aminomethyl)benzylacetamidine, 2HCI ; BEC, (S)-(2-(boronoethyl)--cysteine, HCI ;
0DQ, 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one); 8-Br-cGMP, 8-bromoguano-
sine 3’, 5'-cyclic monophosphate.
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neointimal formation after balloon angioplasty [7-9], whereas
adding NOS enhanced intimal formation [9]. Increased arginase
activity also contributes to VSMC proliferation by increasing poly-
amine production [10], and it attenuates inflammatory cytokine
secretion in lipopolysaccharide-stimulated VSMCs by reducing
the inducible nitric oxide synthase (iNOS) function and inhibiting
nuclear factor-kappa B (NF-kB) activation [11]. Conversely,
systematic inhibition of arginase activity using a chemical inhibitor
reduced the wall thickness in an atherosclerotic mice model [12].

VSMCs are the primary cell type responsible for maintaining
vascular integrity. In the healthy vessel, VSMC proliferation is
tightly controlled by humoral mediators, cell cycle regulators,
and cytokines [13,14]. Interleukin (IL)-1B is a particularly impor-
tant biologically active mediators synthesized and secreted by
VSMCs. IL-1B uses both paracrine and autocrine mechanisms to
promote VSMC proliferation and inflammation, which may
contribute to intimal hyperplasia, vascular stiffness, and lesion
progression in restenosis and atherosclerosis [15]. This indicates
preventing VSMCs proliferation is an important therapeutic
approach for the vascular disorders. Therefore, the aim of the pres-
ent study was to determine if arginase inhibition suppresses IL-1p-
stimulated VSMCs proliferation and whether the mechanism is
cGMP-dependent.
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2. Materials and methods
2.1. Materials

GSNO (S-nitrosoglutathione), DETA NONOate (diethylenetriamine
NONOate), 1400W (N-(3-aminomethyl)benzylacetamidine, 2HCI),
BEC [(S)-(2-(boronoethyl)-L-cysteine,HCI), ODQ (1H-[1,2,4]oxadiazol-
0[4,3-a]quinoxalin-1-one)] and 8-Br-cGMP (8-bromoguanosine 3',5’'-
cyclic monophosphate) were purchased from Calbiochem. Co. (La Jolla,
CA). Polymerase chain reaction (PCR) primers and PCR premix were
purchased from Bioneer (Daejeon, Korea). Anti-serum against
p21Waf1/Cip1, arginase Il and arginase Il were from Santa Cruz Biotech-
nology. B-Tubulin and iNOS antiserum was from BD Biosciences (San
Diego, CA). All reagents were purchased from Sigma unless otherwise
stated.

2.2. Isolation of rat aortic smooth muscle cells (RASMCs)

RASMCs were isolated from the thoracic and upper parts of the
abdominal aorta in 10- to 12-week-old male Sprague-Dawley rats
using a modification of a technique previously described [16].
Briefly, the stripped aorta was prepared from the anesthetized
rat, cut into 2-mm pieces, treated with type-II collagenase (1 mg/
ml, Gibco) for 1 h to remove the endothelial cells, and washed with
culture medium [Dulbecco’s modified Eagle medium (DMEM) plus
10% fetal bovine serum, penicillin (100 U/ml) and streptomycin
(100 pg/ml)]. The de-endothelialized aortic pieces were incubated
with culture medium on gelatin (0.1%)-coated culture dishes for
approximately 10 days. RASMCs were identified by their ‘spindle-
shaped’ pattern and further confirmed by double staining using
platelet endothelial cell adhesion molecule-1, a specific marker
for endothelial cells, and a-smooth muscle actin, a specific marker

>

5 1607 *
1404 " *
£ S 1204
E E 1004 —
k=
E 5 80
=3
O T 604
A
= 404
3 204
0 T
IL-1B (ng/ml) 0 3 5 10
£
o 5 160+
=
g gm- e
£E _a===|
E O 804
o = = =
=¥ a0
[
72}
= o :
IL-1f (10 ng/ml) - + + + +
BEC (uM) - - 0.1 1 10
E S — )21 Wafl/Cip]
IL-1B (10ng/ml) - + + + +
BEC (mol/L) - - 0.1 1 10

for SMC. All the cells were stained with anti a-smooth muscle actin
antibodies. The RASMCs were routinely used between the fourth
and seventh passage. For all experiments, confluent cells were
maintained with medium (DMEM plus 0.1% fetal bovine serum,
penicillin (100 U/ml) and streptomycin (100 pg/ml) for 24 h.

2.3. NO assay

Intracellular NO production was evaluated by measuring nitrite
levels (Calbiochem Co.) after incubation of cells with BEC or 1400W
[17].

2.4. Cell proliferation assay

Cells (1 x 10*cells/well) were incubated in 96-well plates,
starved, and stimulated with IL-1B in the presence or absence of
inhibitor for 24 h. Cell proliferation was measured using WST-1 re-
agent (Roche) according to the supplier’s protocol.

2.5. RT-PCR analysis

Total RNAs were isolated with Trizol reagent according to the
supplier’s protocol (Gibco), and cDNA was synthesized using
AMV reverse transcriptase (Invitrogen). PCR amplification was per-
formed with specific primer sets for rat arginase I forward 5-GTA
GCA GAG ACC CAG AAG AAT G-3, reverse 5'-GGT TGT CAG CGG
AGT GTT G-3'(product, 156 bp); arginase II forward 5-CCA CCT
GAG CTT TGA CAT AGA TGC-3/, reverse 5-CTA CAC TTG TGA GAG
TGC ACA-3'(product, 460 bp); iNOS forward 5'-TGT GCG GAG TGT
CAG TGG CTT CC-3/, reverse 5'-TCA CTG TCA TTT TAT TTA GGG
CCA-3'(product, 500 bp). Primer set for B-actin (Roche) was ampli-
fied as a control.
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Fig. 1. Effect of arginase inhibition on IL-1B-dependent VSMCs proliferation. (A) VSMC cell proliferation and (B) arginase activity in response to 24 h incubation with IL-1B. (C)
Cell proliferation of VSMCs pretreated with the arginase inhibitor BEC for 30 min before IL-1p incubation (10 ng/ml). Knockdown of arginase I (D, upper) and suppression of
IL-1B-induced proliferation (D, lower) in response to transfection of phosphorothioated antisense (AS, 100 nM) and sense (S, 100 nM) oligonucleotides against arginase I (E).
The p21Waf1/Cip1 protein content in response to IL-1p and BEC. *p < 0.05 compared to control, #p < 0.05 compared to IL-1p treated.
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Fig. 2. IL-1p stimulation induced iNOS but not arginase expression. The iNOS mRNA expression (A) and protein content (B), and arginase I and I mRNA expression (C) and
protein content (D) after 24 h IL-1B incubation. *p < 0.01 compared to control.
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Fig. 3. Arginase inhibition enhanced iNOS-dependent NO signaling, resulting in reduced VSMCs proliferation. (A) Intracellular nitrite generation after 24 h IL-1p incubation
with or without BEC preincubation (*p < 0.01 compared to control, “p < 0.01 compared to IL-1p). (B) Cell proliferation in response to 1 h preincubation with the iNOS inhibitor
1400 W, followed by 24 h IL-1p incubation (**p < 0.01 compared to IL-1p, *p < 0.01 compared to control, #p < 0.01, compared to IL-1p). (C) VSMC cell proliferation in response
to no stimulation, IL-1p only, IL-1B and GSNO, and IL-1p and DETA/NO, and (*p < 0.01, compared to control, #p < 0.01, compared to IL-1p). (D) Protein levels of p21Waf1/Cip1
in response to incubation of IL-1B-stimulated cells with 1400 W (10 uM), GSNO (10 uM) and DETA/NO (10 puM).
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Fig. 4. Soluble guanylyl cyclase activity in response to IL-1B-stimulated cell proliferation. Cell proliferation in response to 8-Br-cGMP (A), and ODQ (B), in the presence or
absence of IL-1p stimulation (*p < 0.01, compared to control, #p < 0.01, compared to IL-18).

2.6. Transfection of rat arginase I antisense (AS)

VSMCs were transfected using antisense (AS) and sense (S)
oligonucleotides [18] against rat arginase I using Oligofectamine
reagent (Invitrogen) following supplier’s protocol. In brief, 8 pl of
oligofectamine was added to 17 pl Opti-MEM I reduced serum
media (Gibco), incubated for 5 min at room temperature, mixed
with 180 pl Opti-MEM medium containing oligonucleotide (6 pl
of a 10 uM stock oligonucleotide), and further incubated for
15 min. The oligonucleotide-oligofectamine complex was then
overlaid on cells (each well, 1 ml serum-free media, in a 6 well cul-
ture dish). After incubation for 6 h, the serum concentration in
growth medium was returned to a 1x serum concentration by add-
ing 3 x media of 0.5 ml per well. Transfected cells were then recov-
ered for 36 h and then serum-starved for 24 h prior to stimulation
with IL-1B for 24 h.

2.7. Western blot analysis

Cell lysates prepared in sodium dodecyl sulfate-sample buffer
were separated using sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, transferred to nitrocellulose membranes (Bio-
Rad), and analyzed with antibodies according to the supplier’s
protocol, and visualized using chemiluminescence (ECL kit).

2.8. Arginase activity measurement

Arginase activity was measured by quantifying urea amount
generated from r-arginine using previously described methods
[17].

2.9. Statistics

All data are presented as the mean + standard deviation of at
least three independent experiments. An unpaired Student’s t-test
was used to determine significance. Statistical significance was set
at p <0.05.

3. Results

3.1. Arginase inhibition suppressed proliferation in IL-1B-stimulated
vascular smoothmuscle cells and was associated with increased
p21Waf1/Cip1 protein content

To test whether IL-1B could induce the proliferation of VSMCs,
serum-starved cells were incubated with different amount of
IL-1B for 24 h. Stimulation of VSMCs with IL-1p resulted in a signif-
icant increase in cell proliferation (Fig. 1A), although arginase

activity did not change (Fig. 1B). Pretreating cells with BEC, a spe-
cific inhibitor of arginase isoforms, significantly suppressed IL-1p-
induced proliferation in a dose-dependent manner (Fig. 1C).

To downregulate arginase expression, VSMCs were transfected
with an AS sequence against arginase I because arginase I is an
abundant isoform in RASMCs [19]. Transfection with the AS se-
quence resulted in a significant decrease in cell proliferation com-
pared to IL-1B-stimulated cells (Fig. 1D). The effect of arginase
inhibition on VSMCs proliferation was further tested by measuring
the protein level of p21Waf1/Cip1, which regulates progression
through the G1-S transition checkpoint in cell division [1]. As
shown in Fig. 1E, IL-1B induced a significant decrease in the protein
level of p21Waf1/Cip1, whereas incubation with the arginase
inhibitor increased p21Waf1/Cip1 protein content level.

3.2. IL-1B stimulation induced iNOS, but not arginase expression

We next examined whether IL-1B stimulation increases iNOS,
arginase I, and arginase Il expression in VSMCs. IL-1p increased
iNOS mRNA expression (Fig. 2A) and protein content (Fig. 2B) in
a dose-dependent manner. The iNOS expression was undetectable
in cells not stimulated with IL-1p. Neither arginase isoform showed
changes in mRNA (Fig. 2C) or protein (Fig. 2D) levels in response to
IL-1B incubation. As indicated in Fig. 2D, arginase [ was the domi-
nant isoform in VSMCs.

3.3. Arginase inhibition augmented NO signaling pathway that
resulted in inhibition of VSMC proliferation

With our results showing IL-1p induced iNOS expression and
previous reports demonstrating arginase isoforms reciprocally reg-
ulated NO production in endothelial cells [12,17], we measured NO
production in VSMCs. IL-1B incubation significantly increased NO
production, which was further augmented in the presence of BEC
(Fig. 3A). However, inhibition of iNOS activity by 1400W abolished
NO production (Fig. 3A). We tested whether iNOS-dependent NO
production influences IL-1B-induced proliferation. Inhibition of
iNOS activity with 1400W further increased IL-1B-stimulated cell
proliferation (Fig. 3B). Preincubating the cells with the NO donors
GSNO and DETA/NO completely abolished IL-1B-dependent VSMC
proliferation (Fig. 3C). Protein content of p21Waf1/Cip1 decreased
in response to 1400W incubation and increased in the presence of
NO donors (Fig. 3D).

3.4. The cGMP analogue inhibited IL-1p-induced proliferation
We next wished to investigate whether NO-dependent inhibi-

tion of cell proliferation acts through a cGMP-dependent mecha-
nism. Incubation with the cGMP analogue 8-Br-cGMP suppressed
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IL-1B-induced VSMCs proliferation (Fig. 4A), whereas the soluble
guanylyl cyclase inhibitor ODQ had no effect on VSMC proliferation
(Fig. 4B), suggesting enhanced NO production by arginase inhibi-
tion prevented IL-1B-dependent VSMC proliferation in a cGMP-
dependent manner.

4. Discussion

In the present study, we demonstrate that arginase inhibition
increases iNOS-dependent NO production in a cGMP-dependent
manner, reducing IL-1B-induced proliferation of VSMC. The argi-
nase inhibition was also associated with increased content of
p21Waf1/Cip1, indicating that cell cycle regulation was involved
in the reduced proliferation of VSMCs. Our findings suggest that
inhibition of arginase activity may have beneficial effects on pre-
vention of VSMCs proliferation in pathophysiological conditions
such as restenosis and atherosclerosis.

Each of the two arginase isoforms - the hepatic isoform arginase I,
and the extrahepatic isoform arginase Il - are encoded by a distinct
gene [20,21]. Although VSMCs constitutively expressed arginases at
low levels, their expression was further induced by IL-4 and IL-13
[21], transforming growth factor-p [2], lysophosphatidylcholine
[22], and mechanical strain [23]. High arginase and ornithine carbox-
ylase activities also increased polyamine synthesis, which also con-
tributes to cell proliferation [16]. Together with cGMP-independent
mechanisms, our results suggest that arginase inhibition suppress
IL-1B-induced VSMC proliferation in a cGMP-dependent manner.

Although the etiology of atherosclerosis is multifactorial,
inflammatory cytokines such as IL-1B [24], IL-4 [25], and IL-8
[12,26] likely play a role because of their involvement in inflamma-
tion and proliferation. Cytokines have growth-promoting and che-
motactic effects in VSMCs, and they increase the expression of
leukocytes adhesion molecules on VSMCs and endothelial cells.
Therefore, reducing the effects of the cytokines effects may help
prevent vascular diseases such as atherosclerosis and restenosis.

As shown in Fig. 2, IL-1p stimulation induced iNOS expression,
but did not influence the expression of either arginase isoform.
These results are consistent with previous findings that inter-
feron-vy, another inflammatory cytokine, induces iNOS but does
not affect arginase mRNA expression [27]. The cGMP analogue 8-
Br-cGMP induced both arginases but not iNOS in murine macro-
phage cells [27]. IL-1B activated transcription factor NF-kB, result-
ing in iNOS induction [28]; however, the transcription factor
activating protein-1 was responsible for the induction of arginase
I expression in rat aortic endothelial cells [29].

NO is produced from L-arginine by endothelial NOS (eNOS),
neuronal NOS (nNOS), and iNOS. It has been demonstrated that
iNOS is present in atherosclerotic legions [30,31]. Although the
physiological significance of iNOS expression in atherosclerotic
vessels is not completely clear, it may produce NO to support eNOS
function in VSMCs. Expression of iNOS plays antiatherogenic and
vasculoprotective roles by exerting vasorelaxation and inhibiting
leukocyte adhesion, platelet aggregation, low-density lipoprotein
oxidation, VSMC proliferation and migration [32,33]. However,
other studies demonstrate opposite effects of iNOS [34,35], which
may be due to the different concentration and exposure times of
NO in the respective studies. In one study, arginase [ activity in-
creases through its interaction with iNOS protein and the subse-
quent modification of S-nitrosylation in aged rat model [36].
Furthermore, the increased arginase activity itself can induce
VSMCs proliferation as suggested by previous report [10]. There-
fore, our results also suggest that alternative means of modulating
iNOS, such as arginase inhibition, should be useful for the treat-
ment of cardiovascular diseases.
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