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We investigated whether NS-398, a selective inhibitor of COX-2, induces HO-1 in IL-1B-stimulated vas-
cular smooth muscle cells (VSMC). NS-398 reduced the production of PGE, without modulation of
expression of COX-2 in IL-1B-stimulated VSMC. NS-398 increased HO-1 mRNA and protein in a dose-
dependent manner, but inhibited proliferation of IL-1B-stimulated VSMC. Furthermore, SnPPIX, a HO-1
inhibitor, reversed the effects of NS-398 on PGE, production, suggesting that COX-2 activity can be
affected by HO-1. Hemin, a HO-1 inducer, also reduced the production of PGE, and proliferation of IL-
1B-stimulated VSMC. CORM-2, a CO-releasing molecule, but not bilirubin inhibited proliferation of IL-
1B-stimulated VSMC. NS-398 inhibited proliferation of IL-1B-stimulated VSMC in a HbO,-sensitive man-
ner. In conclusion, NS-398 inhibits proliferation of IL-1B-stimulated VSMC by HO-1-derived CO. Thus, NS-
398 may facilitate the healing process of vessels in vascular inflammatory disorders such as
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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 (sequestered
by ferritin), and carbon monoxide (CO, a vasodilatory gas that has
anti-inflammatory properties) [1]. Three distinct HO isoforms have
been cloned. HO-1 is inducible [2,3], whereas HO-2 and HO-3 are
constitutively expressed [4]. Unlike HO-2, HO-1 is ubiquitously
distributed and strongly induced by oxidative, nitrosative, osmotic,
hemodynamic, hyperthermic and endoplasmic reticulum stress
[5-7]. HO-1 has many beneficial effects, with anti-oxidant, anti-
apoptotic, and potent anti-inflammatory properties [1,8-10]. HO-
1 inhibits vascular smooth muscle cell growth in atherosclerotic le-
sions and hypertension [11,12]. The absence of HO-1 facilitates the
formation of atherosclerotic lesions and vascular remodeling [13].

Vascular diseases such as atherosclerosis and restenosis are the
leading causes of worldwide mortality [14]. Atherosclerosis in-
volves a multitude of pathophysiological processes including endo-
thelial dysfunction, inflammation, vascular smooth muscle cell
(VSMC) proliferation, and extracellular matrix alterations [15].
The abnormal accumulation of VSMC within the intima is one of
the characteristic histopathological changes noted in vessels as a
part of primary atheromatous plaque formation. Preventing VSMC
proliferation is an important therapeutic approach for such disor-
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ders [16]. Our group recently reported that NS-398 protected brain
cells from hypoxic injury by inducing HO-1 expression [17]. How-
ever, it is not known whether NS-398 induces HO-1 protein
expression in VSMC as well. Therefore, the aim of the present study
was to determine if NS-398 inhibits inflammatory cytokine-in-
duced VSMC proliferation through HO-1.

Materials and methods

Reagents. Cell culture reagents were purchased from Hyclone.
Acrylamide and western blot reagents were purchased from Bio-
Rad. The antibody against HO-1 was purchased from Stressgen
Bioreagents (Vitoria, BC). COX-2 antibody was purchased from
Cayman (Michigan, MA). PRO-PREP protein extract solution was
purchased from iNtRON Biotechnology (Sungnam, Korea). The
ECL western blotting detection kit was purchased from NEURO-
NEX. NS-398 and SnpplX were purchased from Calbiochem (La Jol-
la, CA). All other chemicals including Tricarbonyldichloro-
ruthenium dimmer ([Ru(CO);(Cl);],, CORM-2, hemoglobin (Hb)
and MTT were purchased from Sigma-Aldrich (St. Louis, MO).

Rats. Male Sprague-Dawley rats weighing 200-250g were
used in this study. All experimental animals received autoclaved
food and bedding to minimize exposure to viral or microbial
pathogens. The rats were cared for in accordance with the
Guide for the Care and Use of Experimental Animals of Yeung-
nam Medical Center.
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Cell culture. Male Sprague-Dawley rats weighing 200-250 g
were used in this study. Rats were anesthetized by pentobarbital
(50 mg/kg). VSMC were isolated from thoracic aorta and the con-
nective tissue was removed. VSMC were processed using a 1 mm
chop setting in a 10 cm culture dish, and cultured with DMEM con-
taining 50% FBS and 1% antibiotics, and incubated in a CO, incuba-
tor (95% CO, air, 37 °C) for 7 days. Cells from passage 4 to 10 were
used for the experiments.

[PH]thymidine incorporation assay. VSMC were plated into 24-
well plates at a concentration of 3-4 x 10* cells/ml, in complete
DMEM growth medium. After a 24 h serum-deprivation period,
VSMC were treated with a drug solution that containing 10%
FBS for 48 h. At the end of this time period, fresh DMEM con-
taining 1 puCi/ml [3H]thymidine was added for an additional 8 h
incubation period. Medium was then removed, and each well
was washed twice with 1 ml autoclaved 1x PBS and then trea-
ted with 0.1% SDS for 5 min, and transferred to vials containing
5ml cocktail solution. Each individual experimental treatment
was counted by a Liquid Scintillation Analyzer (Packard
Bioscience).

RT-PCR. Total RNA was extracted using TRIzol® reagent (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instructions.
RNA was reverse transcribed into single-stranded cDNA by incuba-
tion for 10 min at 30 °C, 30 min at 42 °C, and 5 min at 99 °C in a fi-
nal volume of 20 pul using a Maxime RT Premix kit (iNtRON
Biotechnology, Sungnam, Korea). One microliter of RT product
was transferred to an Accupower® PCR premixed tube using the
Accupower® PCR premix kit (Bioneer Inc., Alameda CA). PCR ampli-
fication was carried out on cDNA equivalent to 10 ng of starting
mRNA using specific oligonucleotide primers for HO-1 (forward,
5-ACTTTCAGAAGGGTCAGGTGTCC-3' and reverse, 5" TTGAGCAGG
AAGGCGGTCTTAG-3'), and B-actin (forward, 5'-TAGGCAGGCCTC
TTTTCTCA-3' and reverse 5'-AGAGGGGACCTGGGTTTAGA-3'). The
cDNA was heated for 5 min at 95 °C, then amplified for 27 cycles
for HO-1 (94 °C for 45 s, 55 °C for 1 min, 72 °C for 1 min), followed
by 5 min of extension at 72 °C. The PCR products were electropho-
resed on 1.2% ethidium bromide stained agarose gels.

Western blot analysis. Cells were lysed in PRO-PREP protein ex-
tract solution. The sample was centrifuged at 13,000g for 5 min
at 4 °C. Protein concentrations were determined by the Bradford
method. An equal volume of 2x sample buffer was added to ali-
quots of the supernatant fraction from the lysates and the mix
was boiled for 5 min. Thirty micrograms of protein were loaded
per lane, resolved by 10% SDS-PAGE for 1 h 30 min at 30 mA. The
separated proteins were transferred to PVDF membranes (Milli-
pore) for 1 h at 100 V with a SD Semi-dry Transfer Cell (Bio-Rad).
The membranes were blocked with 5% Skim milk in 1x PBS con-
taining 0.05% Tween 20 (PBS-T) for 1 h at room temperature. The
membranes were then incubated with antibodies against COX-2
(No. 160106 Cayman), HO-1 (No. SPA-895, Stressgen), or B-actin
(No. A5316, Sigma-Aldrich). Proteins were detected with a horse-
radish peroxidase-coupled secondary antibody by means of the
ECL system.

Prostaglandin E, enzyme immunoassay. Primary VSMC were
seeded into 24-well plates (1 x 10 cells/well) and cultured for
a day in DMEM containing 10% FBS. Cells were serum starved
for 24 h and then stimulated with or without reagents. After
different treatments, the concentrations of prostaglandin E,
(R&D systems, Minneapolis, MN, USA) in the culture superna-
tants were measured by ELISA according to the manufacturer’s
instructions. The optical density at 450 nm was measured with-
in 30 min.

Statistical analysis. Results are expressed as mean + SD from at
least three independent experiments. For comparison between
multiple groups, statistical significance was tested by Mann-Whit-
ney test using SPSS 12.0 version.

Results and discussion

NS-398 induces HO-1 without affecting COX-2 expression and inhibits
PGE, production in IL-1p-stimulated VSMC

Inflammation has emerged as a major driving force of athero-
sclerotic lesion development. It is now well established that from
early lesion to vulnerable plaque formation, numerous cellular
and molecular inflammatory components participate in the disease
process. To investigate the effect of NS-398 on marker protein of
inflammation, COX-2, VSMC cells were treated with IL-1B (10 ng/
ml) and NS-398 (25 uM) for 24 h. Western blot analysis showed
that IL-1B-induced COX-2 protein expression. However, strangely
enough, treatment with NS-398 did not weaken the IL-1B-induced
COX-2 protein expression (Fig. 1A), but reduced the production of
PGE; significantly, confirming that NS-398 has a COX-2 inhibitory
action. This is consistent with others in which they showed that
NS-398 reduced the production of PGE, with no effect on COX-2
expression in RAW 264.7 cells [18] and colon cancer cells [19].
On the other hand, our group recently reported that HO-1 induc-
tion caused by a synthetic compound, YS 49, significantly reduced
Ang II-induced VSMC proliferation [12] and NS-398-induced HO-1
induction in C6 glial cells under hypoxic conditions [17]. Thus, to
investigate whether NS-398 induces HO-1 in VSMC under IL-1B
stimulation, cells were treated with IL-18 and NS-398. We found
that NS-398 up-regulated HO-1 mRNA and protein expression, in
a concentration-dependent manner, in VSMC activated with IL-1B
(Fig. 2A and B). Next, we asked how HO-1 induction relates with
COX-2 protein expression, COX-2 activity and proliferation of
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Fig. 1. Effect of NS-398, SnPPIX and hemin on COX-2 expression and PGE,
production in IL-1p-stimulated VSMC. VSMC were pretreated with NS-398 (NS,
25 uM), h (He, 5 uM), SnPPIX (Sn, 1 pM) or NS-398 (NS, 25 uM) plus SnPPIX (Sn,
1 uM) for 1 h, then stimulated with 10 ng/ml of IL-1 for 24 h before measurement
of COX-2 protein expression (A and C) and PGE, accumulation (B). Data represent
means + SD of three independent experiments (P < 0.005, compared to control;
“P<0.01, compared to IL-1p; #P < 0.01, compared to NS-398).
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Fig. 2. Effect of NS-398 on HO-1 induction and proliferation by IL-1B-activated VSMC. VSMC were pretreated with NS-398 (10, 25 uM) and for 1 h, then stimulated with
10 ng/ml IL-1 at for 24 h before measurement of HO-1 protein (A) and mRNA (B). Cells were pretreated with NS-398 (NS, 25 uM), Hemin (He, 5 uM) or SnppIX (Sn, 1 pM) for
1 h, then stimulated with 10 ng/ml of IL-1p for 24 h before determination of cell proliferation by [*H] thymidine incorporation (C) and HO-1 protein expression (D). Results
are representative of three experiments. Data represent means + SD of three independent experiments (P < 0.05, compared to control; P < 0.01, 8P < 0.005, compared to IL-

1p; *P<0.01, compared to NS-398).

VSMC. Therefore, hemin, a well-known HO-1 inducer, was treated
in VSMC and examined COX-2 expression and activity. To our sur-
prise, hemin also did not reduce IL-1B-induced COX-2 protein
expression (Fig. 1A), however, it significantly inhibited IL-1B-in-
duced PGE, production (Fig. 1B), indicating that HO-1 induction
can modulate COX-2 activity in VSMC. To clarify this phenomenon
further, effect of SnppIX, HO-1 inhibitor, on PGE, production and
COX-2 expression was investigated in IL-1f stimulated VSMC. As
shown in figure, the reduced production of PGE, by NS-398 in IL-
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1B stimulated VSMC was significantly reversed by SnPPIX
(Fig. 1B), and interestingly SnPPIX itself increased COX-2 expres-
sion (Fig. 1C). However, SnPPIX significantly inhibited not only
expression of HO-1 but anti-proliferative effect by NS-398 in IL-
1B stimulated VSMC (Fig. 2C and D). These findings suggest that
HO-1 may modulate COX-2 activity somehow. Furthermore, this
implies that NS-398 functions as a COX-2 enzyme inhibitor but
not expression inhibitor. Actually, it is known that heme bound
to histidine residues of the peroxidase binding site of COX isoforms
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Fig. 3. Effects of CO and bilirubin on proliferation of IL-1B-activated VSMC. VSMC were pretreated with CORM-2 (50, 100, 200 uM) (A) or bilirubin (10, 50, 100 uM) (B) for 1 h,
and then stimulated with 10 ng/ml of IL-1p for 24 h before measurement of cell proliferation by [*H] thymidine incorporation. Cells were pretreated with HbO, (20, 40 uM),
CORM-2 (C), and NS-398 (D) for 1 h, then stimulated with 10 ng/ml IL-1B for 24 h before measurement of cell proliferation by [*H] thymidine incorporation. Results are
representative of three experiments. Data represent means + SD of three independent experiments (P < 0.005, compared to control; "P < 0.01, 8P < 0.005, compared to IL-1 B;

#P<0.01, compared to NS-398).
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is required for catalytic activity [20]. We thus speculate that induc-
tion of HO-1 by NS-398 (or any HO-1 inducers) may lead to reduc-
tion of cellular heme contents, which may limit the action of
catalytically active COX due to suboptimal level of cellular heme
(Fig. 4). In this regard, it has been recently reported that HO-1
may participate in the anti-inflammatory effects of taurine possi-
bly by inhibiting COX-2 activity and decreasing PGE, production
in J774.2 macrophages [21]. Therefore, SnPPIX may antagonize ef-
fect of NS-398 on COX-2 inhibition by inhibition of HO-1, so it in-
creases PGE, production again that was suppressed by NS-398 in
IL-1B-activated VSMC. However, the mechanism by which NS-
398 do not reduce COX-2 protein expression is still not known.
Present study also shows that hemin, a HO-1 inducer, reduced
PGE, secretion in IL-1p-activated VSMC.

HO-1-derived CO inhibits IL-1p-induced VSMC proliferation

HO-1 products, such as CO or bilirubin are known to protect
many cells by anti-oxidant, anti-apoptotic, and anti-inflammatory
functions [1,8,10]. Therefore, the induction of the HO-1 protein
may be significant for general endogenous cellular protection dur-
ing inflammation [22]. Fig. 3A shows that the increased VSMC pro-
liferation caused by IL-1B was significantly reversed by the CO-
releasing molecule, CORM-2. Depending on the concentration of
the CO donor, cell proliferation was reduced relative to control lev-
els (IL-1B treatment). In contrast, bilirubin (up to 100 uM) did not
affect cell proliferation (Fig. 3B). Fig. 3C demonstrates that reduced
cell proliferation caused by a CO donor was significantly antago-
nized by HbO,. Likewise, the effect of NS-398 was reversed by
the presence of HbO, (Fig. 3D). Here, we found that NS-398 signif-
icantly reduced IL-1B-induced VSMC proliferation. This inhibition
was reversed by SnPPIX, a HO-1 inhibitor, and oxyhemoglobin
(HbO,), a CO scavenger. Consistent with these findings, a recent
study observed that HO-1-derived CO is an autocrine inhibitor of
VSMC growth [23]. These findings suggest that HO-1 expression
and subsequent release of its product, CO, may play a major role
in the inhibitory effect of NS-398 on IL-1B-induced VSMC prolifer-
ation. Of course, the possibility for the contribution of the COX-2
inhibitory effect of NS-398 on proliferation cannot be dismissed
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Fig. 4. Proposed effect of NS-398 against inflammation and proliferation in IL-1pB-
stimulated VSMC. Inflammatory cytokine, such as IL-1p activates VSMC resulting in
induction of COX-2. NS-398, a selective COX-2 inhibitor, reduces the production of
PGE, by inhibitory action of COX-2. It should be noted that NS-398 did not affect on
COX-2 protein expression although the mechanism of action is still elusive. At the
same time, NS-398 requires IL-1 for the induction of HO-1. The produced HO-1 by
either NS-398 or hemin may inhibit COX-2 activity by depletion of available heme
molecules, which limits heme binding to catalytic site of the enzyme. SnPPIX, a HO-
1 inhibitor, reverses effect of hemin or NS-398. Thus, NS-398 reduces not only
inflammation but also proliferation by dual mechanism in IL-1p-stimulated VSMC.

[19]. Finally, we reported that phosphorylation of Akt is one of
the important signals in the induction of HO-1 by NS-398 in C6
cells [17]. Thus, this possibility is still open and needs further
study. Since we showed the effect of NS-398 on HO-1 induction
is strictly depended on IL-1B-stimulated VSMC, whether this effect
is applied to all vascular inflammatory situations is not known.
However, induction of the HO-1 gene in IL-1B-activated VSMC by
NS-398, a selective COX-2 inhibitor, is of physiological and phar-
macological significance for several reasons. COX inhibitors are
widely and effectively used in clinical practices, in particularly,
for the treatment of inflammatory disorders. Because the function
of HO-1 is related to its cytoprotective role, it is highly conceivable
that COX inhibitors can facilitate the healing process of damaged
cells by inducing HO-1 protein expression. In conclusion, NS-398
increases HO-1 protein expression by VSMC after inflammatory
cytokine stimulation. This action, in conjuction with COX-2 inhibi-
tion, may be beneficial in treating vascular inflammatory disorders
such as atherosclerosis.

Acknowledgments

This research was supported by a grant of Yeungnam University
Medical Center (2006) and Korea Science and Engineering Founda-
tion (KOSEF; R13-2005-005-01003-0).

References

[1] SW. Ryter, LE. Otterbein, D. Morse, A.M. Choi, Heme oxygenase/carbon
monoxide signaling pathways: regulation and functional significance, Mol.
Cell. Biochem. (2002) 234-235 (249-263).

[2] S. Shibahara, RM. Miiller, H. Taguchi, Transcriptional control of rat heme
oxygenase by heat shock, J. Biol. Chem. 262 (1987) 12889-12892.

[3] N.G. Abraham, J.L. da Silva, Y. Lavrovsky, R.A. Stoltz, A. Kappas, M.W. Dunn, M.L.
Schwartzman, Adenovirus-mediated heme oxygenase-1 gene transfer into
rabbit ocular tissues, Invest. Ophthalmol. Vis. Sci. 36 (1995) 2202-2210.

[4] W.K. McCoubrey Jr., T.J. Huang, M.D. Maines, Isolation and characterization of a
cDNA from the rat brain that encodes hemoprotein heme oxygenase-3, Eur. J.
Biochem. 247 (1997) 725-732.

[5] W. Durante, M.H. Kroll, N. Christodoulides, K.J. Peyton, A.l. Schafer, Nitric oxide
induces heme oxygenase-1 gene expression and carbon monoxide production
in vascular smooth muscle cells, Circ. Res. 80 (1997) 557-564.

[6] W. Tian, H.L. Bonkovsky, S. Shibahara, D.M. Cohen, Urea and hypertonicity
increase expression of heme oxygenase-1 in murine renal medullary cells, Am.
J. Physiol. Renal Physiol. 28 (2001) F983-F991.

[7] X.M. Liu, KJ. Peyton, D. Ensenat, H. Wang, A.l. Schafer, ]. Alam, Endoplasmic
reticulum stress stimulates heme oxygenase-1 gene expression in vascular
smooth muscle, J. Biol. Chem. 280 (2005) 872-877.

[8] M.D. Maines, Heme oxygenase: function, multiplicity, regulatory mechanisms,
and clinical applications, FASEB J. 2 (1988) 2557-2568.

[9] LE. Otterbein, A.M.K. Choi, Heme oxygenase: colors of defense against cellular
stress, Am. J. Physiol. Lung Cell. Mol. Physiol. 279 (2000) L1029-L1037.

[10] K. Ishikawa, Y. Maruyama, Heme oxygenase as an intrinsic defense system in
vascular wall: implication against atherogenesis, ]J. Atheroscler. Thromb. 8
(2001) 63-70.

[11] S.H. Juan, T.S. Lee, KW. Tseng, ].Y. Liou, S.K. Shyue, KK. Wu, Adenovirus-
mediated heme oxygenase-1 gene transfer inhibits the development of
atherosclerosis in apolipoprotein E-deficient mice, Circulation 104 (2001)
1519-1525.

[12] JJ. Sun, H.J. Kim, H.G. Seo, ]J.H. Lee, H.S. Yun-Choi, K.C. Chang, YS 49, 1-(alpha-
naphtylmethyl)-6,7-dihydroxy-1,2,3,4-tetrahydroisoquinoline, regulates
angiotensin II-stimulated ROS production, JNK phosphorylation and vascular
smooth muscle cell proliferation via the induction of heme oxygenase-1, Life
Sci. 82 (2008) 600-607.

[13] S.F. Yet, M.D. Layne, X. Liu, Y.H. Chen, B. Ith, N.E. Sibinga, Absence of heme
oxygenase-1 exacerbates atherosclerotic lesion formation and vascular
remodelling, FASEB ]. 17 (2003) 1759-1761.

[14] World Health Organization, The World Health Report 2003: Shaping the
Future, World Health Organization, Geneva, Switzerland, 2003, pp. 154-159.

[15] A. Rudijanto, The role of vascular smooth muscle cells on the pathogenesis of
atherosclerosis, Acta Med. Indones. 39 (2007) 86-93.

[16] R.C. Braun-Dullaeus, M.J. Mann, V.. Dzau, Cell cycle progression: new
therapeutic target for vascular proliferative disease, Circulation 98 (1998)
82-89.

[17] M.K. Park, C.H. Kim, Y.M. Kim, Y,J. Kang, HJ. Kim, HJ. Kim, H.G. Seo, J.H. Lee,
K.C. Chang, Akt-dependent heme oxygenase-1 induction by NS-398 in C6 glial
cells: a potential role for CO in prevention of oxidative damage from hypoxia,
Neuropharmacology 53 (2007) 542-551.



(18]

(19]

(20]

H.C. Choi et al./Biochemical and Biophysical Research Communications 376 (2008) 753-757 757

AM. Vicente, M.I. Guillén, M.J. Alcaraz, Modulation of haem oxygenase-1
expression by nitric oxide and leukotrienes in zymosan-activated
macrophages, Br. ]. Pharmacol. 133 (6) (2001) 920-926.

N. Banu, A. Buda, S. Chell, D. Elder, M. Moorghen, C. Paraskeva, D.
Qualtrough, M. Pignatelli, Inhibition of COX-2 with NS-398 decreases
colon cancer cell motility through blocking epidermal growth factor
receptor transactivation: possibilities for combination therapy, Cell Prolif.
40 (2007) 768-779.

W.L. Smith, RM. Garavito, D.L. DeWitt, Prostaglandin endoperoxide H
synthases (cyclooxygenases)-1 and -2, J. Biol. Chem. 271 (52) (1996) 33157~
33160.

[21] R. Olszanecki, M. Kurnyta, R. Biedron, P. Chorobik, M. Bereta, ]. Marcinkiewicz,

[22]

[23]

The role of heme oxygenase-1 in down regulation of PGE(2) production by
taurine chloramine and taurine bromamine in J774.2 macrophages, Amino
Acids 35 (2008) 359-364.

D. Willis, A.R. Moore, R. Frederick, D.A. Willoughby, Heme oxygenase: a novel
target for the modulation of the inflammatory response, Nat. Med. 2 (1996)
87-90.

KJ. Peyton, S.V. Reyna, G.B. Chapman, D. Ensenat, X.M. Liu, H. Wang, Al
Schafer, W. Durante, Heme oxygenase-1-derived carbon monoxide is an
autocrine inhibitor of vascular smooth muscle cell growth, Blood 99 (2002)
4443-4448.



	NS-398, a selective COX-2 inhibitor, inhibits pr
	Materials and methods
	Results and discussion
	NS-398 induces HO-1 without affecting COX-2 expr
	HO-1-derived CO inhibits IL-1β-induced VSMC prol

	Acknowledgments
	References


