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Abstract

The expression of inducible nitric oxide synthase (iNOS) and the resultant increased nitric oxide production are associated with
endotoxemia and atherosclerotic lesions observed in transplant hearts or balloon-injured artery. Ursodeoxycholic acid has been shown to have
cardiovascular protective effects, such as inhibition of the development of transplant arteriosclerosis, but its mechanism remains unclear.
Here, we investigated the effects of ursodeoxycholic acid on nitric oxide production and the expression of iNOS in vascular smooth muscle
cells isolated from adult rat aorta and rabbit coronary artery. Nitrite released from cells in the culture medium was measured with the Griess
reaction. iNOS mRNA and protein were measured by Northern and Western blot analyses. Treatment with ursodeoxycholic acid (30—1000
puM) significantly inhibited lipopolysaccharide plus interferon-y-induced nitric oxide production in a concentration-dependent manner, but
ursodeoxycholic acid showed only small inhibitory effects on nitric oxide production that had already been induced by lipopolysaccharide
plus interferon-y. Ursodeoxycholic acid by itself did not affect basal nitric oxide production. Ursodeoxycholic acid also suppressed
lipopolysaccharide plus interferon-y-induced expression of iNOS mRNA and protein. Ursodeoxycholic acid had the most potent inhibitory
effect among various kinds of bile acids examined, i.e. chenodeoxycholic acid, deoxycholic acid, cholic acid and conjugated bile acids such
as tauroursodeoxycholic acid. These results suggest that ursodeoxycholic acid inhibits the induction of iNOS and then nitric oxide production
in aortic and coronary artery smooth muscle cells, suggesting a possible mechanism for the cardiovascular protective effect of
ursodeoxycholic acid under various pathophysiological conditions such as endotoxemia and atherosclerosis.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitric oxide, derived from the vascular endothelium or
other cells in the cardiovascular system, plays a vital role in
regulating vascular tone (Moncada et al., 1991; Nathan,
1992). In addition, it is an important physiological and
pathophysiological mediator in cardiovascular diseases.
Nitric oxide is synthesized from L-arginine by three iso-
forms of nitric oxide synthase (NOS) (Forstermann and
Kleinert, 1995). Two of the isoforms (neural NOS (nNOS)
and endothelial NOS (eNOS)) are constitutive, and eNOS is
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found predominantly in endothelial cells. The third isoform,
inducible NOS (iNOS), an inducible isoform, can be
expressed in macrophages, vascular smooth muscle cells,
and endothelial cells upon induction by cytokines and
bacterial lipopolysaccharide. eNOS is a physiologically
significant vasodilator and an inhibitor of vascular smooth
muscle cell proliferation and platelet aggregation, and is
generally considered to have cardiovascular protective and
antiatherosclerotic roles. The induced expression of iNOS is
believed to play a role in the pathogenesis of endotoxin
shock, which contributes to suppress vessel contractility
and subsequently induce severe hypotension (Thiemermann
and Vane, 1990; Nava et al., 1991). In addition, a large
amount of nitric oxide may induce apoptosis (Nathan and
Xie, 1994; Iwashina et al., 1998), and peroxynitrite pro-
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duced from iNOS induces cell necrosis and death (Beck-
man and Koppenol, 1996) and may be associated with
regression of advanced atheromatous plaques (White et al.,
1994; Fukuo et al., 1995; Isner et al., 1995; Buttery et al.,
1996). In fact, the expression of iNOS in endothelial cells
and vascular smooth muscle cells and the resultant
increased production of nitric oxide have been detected in
atherosclerosis, injured vessels and related coronary athero-
sclerotic lesions (Yan and Hansson, 1998; Depre et al.,
1999). It is also involved in the pathogenesis of severe
chronic inflammatory actions, including transplant athero-
sclerosis and balloon-injured artery (Hansson et al., 1994;
Akyurek et al., 1996; Lafond-Walker et al., 1997; Anderson
et al., 2000).

Ursodeoxycholic acid, a hydrophilic tertiary bile acid,
has been widely used to treat patients with chronic choles-
tatic liver diseases (Luketic and Sanyal, 1994). Recently, it
has been demonstrated to be beneficial in the treatment of
patients with liver diseases such as primary biliary cirrhosis
and chronic viral hepatitis (Cirillo and Zwas, 1994; Makino
and Tanaka, 1998). The basic mechanism has not yet been
identified, but it may be due to a wide range of cellular
actions of ursodeoxycholic acid, i.e. anti-inflammatory and
immunomodulating effects (Makino and Tanaka, 1998). As
a consequence, the potential of using ursodeoxycholic acid
for extrahepatic diseases has been investigated. Ursodeox-
ycholic acid has been shown to have chemoprotective
effects in an animal model of chemically induced colonic
carcinogenesis (Earnest et al., 1994) and to reduce inflam-
mation in experimental models of small bowel inflammatory
disease.

Ursodeoxycholic acid has been also reported to prevent
ischemia and reperfusion injury in isolated hearts (Lee et al.,
1999), and adjuvant treatment with ursodeoxycholic acid
has been shown to reduce the incidence of acute cardiac
allograft rejection (Friman et al., 1992; Bahrle et al., 1998).
The underlying mechanisms are not clearly understood, but
several reports show that ursodeoxycholic acid inhibits
iNOS and the resultant nitric oxide production induced by
bacterial lipopolysaccharide in a mouse macrophage cell
line and by cytokines (interleukin and interferon) in human
intestinal epithelial cells (Hattori et al., 1996; Invernizzi et
al., 1997). Thus, it is very likely that ursodeoxycholic acid
also has cardiovascular protective effects, by modulating
iNOS activity in cardiovascular systems.

In this study, we examined the effects of ursodeoxy-
cholic acid treatment on the induction of iNOS synthesis
and iNOS gene expression induced by lipopolysaccharide
plus interferon-y in rat aortic and rabbit coronary artery
smooth muscle cells. Here, we provide evidence that a
therapeutic concentration of ursodeoxycholic acid inhibits
the induction of iNOS in vascular smooth muscle cells,
thereby providing a possible mechanism for the cardiovas-
cular protective effect of ursodeoxycholic acid under vari-
ous pathophysiological conditions such as endotoxemia and
atherosclerosis.

2. Materials and methods
2.1. Materials

Ursodeoxycholic acid (Na salt), tauroursodeoxycholic
acid (Na salt) and glycoursodeoxycholic acid (Na salt) were
kindly provided by Mitsubishi Tokyo Pharmaceutical
(Tokyo, Japan). Deoxycholic acid (Na salt), chenodeoxy-
cholic acid (Na salt), cholic acid (Na salt), taurodeoxycholic
acid (Na salt), taurocholic acid (Na salt) and taurocheno-
deoxycholic acid (Na salt) were purchased from Sigma (St.
Louis, MO). Bacterial lipopolysaccharide and human inter-
feron-y were also obtained from Sigma.

2.2. Cell culture

Vascular smooth muscle cells were prepared by the
explant method from thoracic aorta of male Wistar rats
(6—8 weeks) or coronary artery of adult male Japanese
White rabbits (2.5—3.0 kg). Briefly, aortas of male Wistar
rats or rabbit coronary arteries (left anterior descending and
left circumflex coronary artery) were stripped of adventitia,
the endothelial cell layer of the intima was scraped off, and
the aorta or coronary artery was cut into small pieces. These
were placed in Dubecco’s modified Eagle’s Medium
(DMEM, Sigma) supplemented with 10% fetal bovine
serum (Sigma), 100 U/ml penicillin, 100 pg/ml gentamicin
and 0.25 pg/ml amphotericin B (GIBCO) in a humidified
atmosphere of 5% CO, and 95% air at 37 °C. They
exhibited a typical “hill and valley” growth pattern and
also exhibited positive fluorescence with antibodies against
p-actin. Medium was replaced twice a week. When the cells
became confluent, they were subcultured in the medium
using 0.5% trypsin in 0.02% EDTA. Confluent cells at
passage numbers 3—6 were used for the experiments.

2.3. Nitrite assay

The amount of nitric oxide released from rat aortic or
rabbit coronary artery smooth muscle cells was determined
by measuring the concentration of nitrite (NO3 ) in culture
medium in a well using the Griess test, as shown previously
(Nakajima et al., 2000; Chisaki et al., 2001). The accumu-
lation of NO,, a stable end product of nitric oxide
formation, in the cell culture supernatant was used as a
measure of nitric oxide production. One milliliter of cell-
free supernatant was incubated with 1 ml Griess reagent for
10 min at room temperature, and the absorbance at 540 nm
was measured in a Beckman DU-70 spectrophotometer
(CA, USA). The concentration of NO, (uM) was calcu-
lated by comparison with the absorbance at 540 nm of
standard solutions of 0—150 pM NaNO, prepared with
DMEM medium. Nitrite accumulation per well (uM/mg)
was normalized to the total volume of the incubation
medium and to the total protein content of the cells in a
well.
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2.4. Protein assay

After confluent smooth muscle cells in 35-mm plates
were exposed to various conditions, the cells in a plate were
washed three times in phosphate-buffered saline and then
lysed in 0.5 M NaOH. The amount of protein in the
cytolysate was measured with the Bradford protein assay.

2.5. Simultaneous isolation of total RNA and protein
preparation

The simultaneous isolation of total RNA and the protein
fraction for Northern blot analysis and Western blotting was
performed using ISOGEN (Nippon Gene, Tokyo) according
to the manufacturer’s protocol, as briefly described below.
Smooth muscle cells were lysed directly in the culture dish
by the addition of the reagent. The lysate was mixed with
chloroform and centrifuged, which yielded the top aqueous
phase, interphase, and the bottom organic phase. Total RNA
was precipitated from the aqueous phase by addition of
isopropanol, washed and dissolved in water. In addition,
mRNA was purified from total RNA using Gen elute mRNA
mini prep kit (Sigma). DNA was removed from the phenol—
ethanol phase of ISOGEN by the addition of isopropanol.
The protein pellet was washed and dissolved in 5% sodium
dodecyl sulfate.

2.6. Northern blot analysis

The mRNA was size-fractionated on 1.2% agarose gels
containing 0.67 M formaldehyde, blotted onto a Hybond-N"
(Amersham Bioscienses, Piscataway, NJ, USA) and fixed by
UV transillumination. Reverse transcriptase/polymerase
chain reactions (RT—PCR) for rat iNOS and the house-
keeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were performed. Specific primers for iNOS were
forward, 5~ AGGCCACCTCGGATATCTCT-3/, and reverse,
5'-CCATGATGGTCACATTCTGC-3'; and for GAPDH for-
ward, 5-ACATTGTTGCCATCAACGAC-3, and reverse,
5'-ATGTAGGCCATGAGGTCCAC-3'. The RT-PCR prod-
ucts were labeled using the AIKPhos direct labeling module
kit (Amersham Bioscienses). Hybridization was done
according to the AIKPhos direct protocol. The membrane
was analyzed with LAS-1000 image analyzer (Fuji-Film,
Tokyo, Japan).

2.7. Western blotting

For Western blotting, proteins were separated on 8%
polyacrylamide gels for 90 min at 25 mA. Proteins were
then transferred to Hybond-P (Amersham Biosciences) for 4
h at 60 V. Then, the membrane was blocked with 1% bovine
serum albumin in Tris-buffered saline (137 mM NaCl and
25 mM Tris—HCI, pH 7.4) with 0.1% Tween-20 (TBS-T)
for 1 h. The membrane was then probed with anti-iINOS
monoclonal antibody diluted to 1:1000 (BD Transduction

Laboratories, KY, USA) for 2 h at room temperature, and
washed three times in TBS-T for 10 min each wash. The
membrane was subsequently incubated with goat anti-rabbit
immunoglobulin G linked to peroxidase (Vector Laborato-
ries, Burlingame, CA) diluted to 1:5000 for 1 h at room
temperature. After three additional washes, bound antibod-
ies were detected with ECL-Plus (Amersham Pharmacia
Biotech) and analyzed with a LAS-1000 image analyzer
(Fuji-Film). The blot was stripped and reprobed with anti-3-
actin monoclonal antibody (Sigma) to normalize lanes for
the protein content.

2.8. Statistical analysis

Statistical comparison was carried out with three or more
groups using one-way analysis of variance and Dunnett’s
test. The data represent means = S.D., and values of
P<0.05 were statistically significant.

3. Results

3.1. Effects of ursodeoxycholic acid on nitric oxide
production in vascular smooth muscle cells

Fig. 1 shows the time-dependent effects of lipopolysac-
charide (10 pg/ml) plus interferon-y (100 U/ml) on NO5
production in supernatants of rat aortic and rabbit coronary
artery smooth muscle cells. Lipopolysaccharide plus inter-
feron-y increased NO, production in a time-dependent
manner (1-48 h) in both rat aortic and rabbit coronary
artery smooth muscle cells. A significant elevation of NO5
concentration, adjusted to the total protein content of the
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Fig. 1. Time-dependent effects of lipopolysaccharide (LPS) plus interferon-y
(IFN-y) on NO; production in rat aortic and rabbit coronary artery smooth
muscle cells. The concentration of NO; in cell culture medium and the total
protein content of cells in a well were measured in control and 1-48 h after
the application of LPS (10 pg/ml) plus INF-y (100 U/ml). The data represent
the concentration of NO; in the culture medium, divided by the total protein
content of the cells (WM/mg). *P <0.05, **P <0.01 vs. control (0 min). Each
column represents mean + S.D. value of six preparations.
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Fig. 2. Concentration-dependent inhibitory effects of ursodeoxycholic acid
(UDC) on lipopolysaccharide (LPS) plus interferon (INF)-y-enhanced NO,
production in rat aortic and rabbit coronary artery smooth muscle cells.
NO; production was measured 24 h after cells were stimulated with LPS
(10 pg/ml) plus INF-y (100 U/ml) in the absence and presence of various
concentrations of UDC (30—1000 uM). The concentration of NO; in the
culture medium (A) and that adjusted by the total protein content of the
cells in a well (B) were plotted for rat aortic (open bar) and rabbit coronary
artery smooth muscle cells (shaded bar), respectively. *P<0.05, **P<0.01
vs. LPS plus INF-y in the absence of UDC. Each column represents
mean + S.D. value of six preparations.

cells in a well (uUM/mg), was observed at 8 h after the
addition of lipopolysaccharide plus interferon-y in both
smooth muscle cells, followed by a progressive increase
in NO, production for 24—48 h. The basal NO, production
measured before the application of lipopolysaccharide plus
interferon-y was 7.27 £ 1.3 uM/mg (n=6) for rat aortic
smooth muscle cells and 6.99 = 0.96 pM/mg (n==6) for
rabbit coronary artery smooth muscle cells. The NO,

production measured at 24 and 48 h after the addition of
lipopolysaccharide plus interferon-y was 80.4 + 3.96 uM/
mg (n=6) and 168.6 £2.5 uM/mg (n=6) for rat aortic
smooth muscle cells as shown in Fig. 1. It was 67.3 + 4.8
uM/mg (n=6) and 175.5 £ 6.17 uM/mg (n=6) for rabbit
coronary artery smooth muscle cells, respectively.

Fig. 2 illustrates the effects of ursodeoxycholic acid on
lipopolysaccharide plus interferon-y-enhanced NO; pro-
duction in rat aortic and rabbit coronary artery smooth
muscle cells. Treatment with lipopolysaccharide (10 pg/
ml) plus interferon-y (100 U/ml) for 24 h markedly
increased NO, production in both smooth muscle cells.
Incubation with ursodeoxycholic acid (30—-1000 pM)
resulted in a significant reduction of NO, production
stimulated by lipopolysaccharide plus interferon-y in both
rat aortic and rabbit coronary artery smooth muscle cells. A
significant inhibitory effect of ursodeoxycholic acid on
lipopolysaccharide plus interferon-y-enhanced NO produc-
tion was observed at concentrations higher than 30 pM. The
mean half-maximal inhibitory effect of ursodeoxycholic
acid on lipopolysaccharide plus interferon-y-induced nitric
oxide production was 310 £ 50 uM (n=3) for rat aortic
smooth muscle cells and 330 £ 40 pM (n=3) for rabbit
coronary artery smooth muscle cells. Ursodeoxycholic acid
(300 pM) by itself did not inhibit basal nitric oxide
production by rat aortic smooth muscle cells, as shown in
Fig. 3.

Fig. 4 compares the effects of various kinds of bile acids
on lipopolysaccharide plus interferon-y-enhanced NO, pro-
duction in rabbit coronary artery (Fig. 4A) and rat aortic
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Fig. 3. Effects of various bile acids on NO, production in rat aortic smooth
muscle cells. The cells were treated with various bile acids (300 uM) for 24 h.
NO; production, adjusted to the total protein content of the cells (uM/mg),
was plotted. Note that UDC by itself did not affect basal nitric oxide
production. Ursodeoxycholic acid (UDC), chenodeoxycholic acid (CDC),
deoxycholic acid (DC), cholic acid (C), taurochenodeoxycholic acid (TCDC)
and taurodeoxycholic acid (TDC). Each column represents mean + S.D.
value of six preparations.
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Fig. 4. Comparative effects of various bile acids on lipopolysaccharide
(LPS) plus interferon (INF)-y-enhanced NO; production in rabbit coronary
artery (A) and rat aortic smooth muscle cells (B). NO, production was
measured 24 h after cells were stimulated with LPS plus INF-y in the
absence and presence of various bile acids (300 uM). NO; production,
adjusted to the total protein content of the cells, was plotted. Ursodeox-
ycholic acid (UDC), chenodeoxycholic acid (CDC), deoxycholic acid (DC),
cholic acid (C), tauroursodeoxycholic acid (TUDC), taurodeoxycholic acid
(TDC), taurocholic acid (TC), and glycoursodeoxycholic acid (GUDC).
*P<0.05, **P<0.01 vs. LPS plus INF-y in the absence of UDC. Each
column represents mean + S.D. value of six preparations.

smooth muscle cells (Fig. 4B). Ursodeoxycholic acid (300
uM, n=6, P<0.01), chenodeoxycholic acid (300 uM, n=6,
P<0.05) and deoxycholic acid (300 pM, n=6, P<0.05)
significantly suppressed the lipopolysaccharide plus inter-
feron-y-enhanced nitric oxide production (Fig. 4B). How-
ever, the conjugated bile acids of ursodeoxycholic acid
(tauroursodeoxycholic acid and glycoursodeoxycholic acid),
and other bile acids such as taurodeoxycholic acid, taur-
ochenodeoxycholic acid, and taurocholic acid and cholic
acid at concentrations of 300 puM failed to inhibit the
lipopolysaccharide plus interferon-y-enhanced nitric oxide
production in both smooth muscle cells. The bile acids by
themselves did not affect basal NO, production, as shown
in Fig. 3.

Fig. 5 shows the time-dependent inhibitory effects of
ursodeoxycholic acid on NO, production stimulated by
lipopolysaccharide plus interferon-y in rat aortic smooth
muscle cells. When ursodeoxycholic acid (300—750 uM)
and lipopolysaccharide (10 pg/ml) plus interferon-y (100 U/
ml) were applied to the cells at the same time, ursodeox-
ycholic acid concentration dependently inhibited the lip-
opolysaccharide plus interferon-y-enhanced nitric oxide
production at 24 and 48 h. Ursodeoxycholic acid (300
uM) inhibited lipopolysaccharide plus interferon-y-induced
nitric oxide production by 56 £ 12% at 24 h and 64 + 7% at
48 h, which was calculated from mean values in Fig. 5A,B.
Ursodeoxycholic acid (750 uM) inhibited it by 87 + 4% at
24 h and 91 % 2% at 48 h. When ursodeoxycholic acid was
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Fig. 5. Time-dependent effects of ursodeoxycholic acid (UDC) on
lipopolysaccharide (LPS) plus interferon (INF)-y-enhanced NO, produc-
tion. NO, production, adjusted to the total protein content of the cells (uM/
mg), was measured 24 (A) and 48 h (B) after they were stimulated with LPS
(10 pg/ml) plus INF-y (100 U/ml) and incubated for different periods with
UDC (300—-1000 pM). Note that the inhibitory effect of UDC was much
less under the conditions where UDC was added 24 h after the cells were
stimulated with LPS and INF-vy, as shown in B. *P<0.05, **P<0.01 vs.
LPS plus INF~y in the absence of UDC. Each column represents mean +
S.D. value of six preparations.
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added to the cells 24 h after lipopolysaccharide plus
interferon-y stimulation, inhibition of nitric oxide produc-
tion was only 19 + 13% at 300 pM ursodeoxycholic acid
and 7 + 11% at 750 uM ursodeoxycholic acid.

3.2. Effects of ursodeoxycholic acid on lipopolysaccharide
plus interferon-y-induced iNOS mRNA and protein

The effects of ursodeoxycholic acid on lipopolysacchar-
ide plus interferon-y-induced iNOS mRNA and protein
expression were investigated in rat aortic smooth muscle
cells, as shown in Fig. 6. Northern blot analyses performed
24 h after lipopolysaccharide (10 ug/ml) plus interferon-y
(100 U/ml) stimulation of iNOS showed an intense band
(Fig. 6A), which was not detected in cells without stimula-
tion. Incubation with ursodeoxycholic acid significantly
reduced the level of iNOS mRNA, adjusted to the internal
control (GAPDH), as compared with the lipopolysaccharide
plus interferon-y-stimulated cells in the absence of urso-
deoxycholic acid (0.56 £ 0.23 (n=3, P<0.01) at 100 pM
and 0.34+0.16 (n=3, P<0.01) at 300 pM, and
0.20+0.15 (n=3, P<0.01) at 500 puM). Fig. 6B shows
the effects of ursodeoxycholic acid on the expression of
iNOS protein stimulated by lipopolysaccharide plus inter-
feron-y by using Western blot analyses with a monoclonal
antibody raised against human iNOS. Incubation with
ursodeoxycholic acid (100—500 puM) significantly reduced
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Fig. 6. Inhibitory effects of ursodeoxycholic acid (UDC) on lipopolysac-
charide (LPS) plus interferon (INF)-y-induced iNOS mRNA and protein
expression in rat aortic smooth muscle cells. Typical Northern blot analysis
for iNOS mRNA expression (A) and Western blotting analysis for iNOS
protein (B) are shown in control cells (not stimulated with LPS plus INF-y),
cells stimulated with LPS (10 pg/ml) plus INF-y (100 U/ml) for 24 h
without or with different concentrations of UDC (100—500 uM). The
expression of iNOS mRNA was compared with that of GAPDH mRNA.
The expression of iNOS protein was compared with that of B-actin.

the expression of iNOS protein, adjusted to the internal
control (PB-actin), as compared with the lipopolysaccharide
plus interferon-y-stimulated cells in the absence of urso-
deoxycholic acid (0.64 + 0.23 (n=3, P<0.01) at 100 uM,
0.33+0.14 (n=3, P<0.01) at 300 uM, and 0.21 +0.18
(n=3, P<0.01) at 500 uM).

4. Discussion

The results of the present study indicate that ursodeox-
ycholic acid inhibits the induction of iNOS protein and the
resultant synthesis of nitric oxide induced by lipopolysac-
charide plus interferon-y in vascular smooth muscle cells.
The inhibitory effects of ursodeoxycholic acid on iNOS
have previously been reported in other cell types (Hattori et
al., 1996; Invernizzi et al., 1997), but this is the first study
showing an inhibitory effect in vascular smooth muscle
cells, both in aortic and rabbit coronary artery smooth
muscle cells. Lipopolysaccharide plus interferon-y induced
the expression of iNOS protein, as shown by Western blot
analysis, and the resultant production of nitric oxide in rat
aortic smooth muscle cells, as reported previously (Hong et
al., 2000). Similar findings were obtained for coronary
artery smooth muscle cells isolated from the rabbit. Urso-
deoxycholic acid at concentrations ranging from 30 to 1000
UM significantly decreased nitric oxide production induced
by lipopolysaccharide plus interferon-y. Ursodeoxycholic
acid showed small inhibitory effects on nitric oxide pro-
duction that had already been induced by lipopolysaccharide
plus interferon-y, which suggests that ursodeoxycholic acid
interferes with the induction of iNOS rather than with its
catalytic activity. Actually, ursodeoxycholic acid concentra-
tion dependently suppressed the expression of iNOS mRNA
and protein. Thus, it is likely that ursodeoxycholic acid
attenuated nitric oxide production by inhibiting the expres-
sion of the iNOS gene in vascular smooth muscle cells.

Several mechanisms may be proposed for the inhibitory
effects of ursodeoxycholic acid. Bile acids are known to
induce cell damage because of their detergent property. In
general, the cytotoxic effects induced by bile acids increase
with increasing hydrophobicity of the bile acid species
(chenodeoxycholic acid, deoxycholic acid>ursodeoxycholic
acid). However, in the present study, ursodeoxycholic acid
had the most potent inhibitory effects on nitric oxide
production in vascular smooth muscle cells, compared with
the hydrophobic bile acids such as chenodeoxycholic acid
and deoxycholic acid. Thus, it is unlikely that ursodeox-
ycholic acid inhibits iNOS via cytotoxic effects. Several bile
acids, such as taurochenodeoxycholic acid, have been
reported to inhibit the binding of cytokines, such as tumor
necrosis factor-a, at high concentrations of 0.5-1 mM
(Saitoh et al., 1998). However, the inhibitory effects of
ursodeoxycholic acid were observed at much lower concen-
trations, and taurochenodeoxycholic acid and taurourso-
deoxycholic acid failed to inhibit nitric oxide production
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induced by lipopolysaccharide plus interferon-y, suggesting
that inhibitory effects of bile acids on cytokine binding to
the cells are unlikely. We have reported that chenodeox-
ycholic acid and deoxycholic acid increased intracellular
Ca® " concentrations ([Ca®"];), resulting in an increase in
nitric oxide production in endothelial cells (Nakajima et al.,
2000; Chisaki et al., 2001). However, ursodeoxycholic acid
at concentrations of 100—-300 pM did not significantly
increase [Ca®*]; (Nakajima et al., 2000; Chisaki et al.,
2001). In addition, ursodeoxycholic acid was the most
potent inhibitor of iNOS among the bile acids tested,
suggesting that the cytosolic calcium ion does not play an
important role in the effects of ursodeoxycholic acid on
iNOS. Ursodeoxycholic acid and taurochenodeoxycholic
acid have been reported to inhibit cyclic AMP production
in hamster hepatocytes (Bouscarel et al., 1995). However, it
is also unlikely that the inhibitory effect of ursodeoxycholic
acid is mediated by cyclic AMP, since taurochenodeoxy-
cholic acid did not inhibit nitric oxide production. Alter-
natively, the induction of iNOS appears to be dependent on
the activation of nuclear factor kB, and steroid hormones
such as cortisol reportedly inhibit the activation of iNOS via
nuclear factor kB (Katsuyama et al., 1999). Recently,
ursodeoxycholic acid has been demonstrated to activate
the glucocorticoid receptor in a human hepatoma cell line
(Tanaka and Makino, 1992; Tanaka et al., 1996). Thus,
similar mechanisms may be involved in the effects of
ursodeoxycholic acid on iNOS, but further studies are
needed to clarify the basic mechanisms underlying the
effects of ursodeoxycholic acid on iNOS in vascular smooth
muscle cells.

The inhibitory effects of ursodeoxycholic acid were
observed at concentrations of 30—100 pM in the present
study. The serum ursodeoxycholic acid concentration in
patients with primary biliary cirrhosis receiving ursodeox-
ycholic acid therapy has been reported to vary between 10
and 100 pM (Stichl et al., 1990; Setchell et al., 1997; Kita et
al., 1999) and to reach approximately 50 uM in patients with
liver cirrhosis receiving ursodeoxycholic acid therapy (Chis-
aki et al., 2001), suggesting that therapeutic concentrations
of ursodeoxycholic acid can affect iNOS in vascular smooth
muscle cells. In addition, ursodeoxycholic acid inhibited the
expression of iNOS induced by cytokines and bacterial
lipopolysaccharide, but it had a small inhibitory effect on
already activated iNOS, suggesting that ursodeoxycholic
acid therapy may have a greater effect in preventing
inflammation than in inhibiting pre-existing inflammatory
conditions. However, further in vivo studies are needed to
clarify this possibility.

Induction of iNOS has been suggested to contribute to
the pathophysiological mechanism of a variety of cardio-
vascular diseases, such as endotoxin shock (Thiemermann
and Vane, 1990; Nava et al., 1991) and atherosclerosis,
including transplant atherosclerosis and balloon-injured
artery (Hansson et al., 1994; Akyurek et al., 1996; Buttery
et al., 1996; Lafond-Walker et al., 1997; Yan and Hansson,

1998; Depre et al., 1999; Anderson et al., 2000). Endotox-
emia in obstructive jaundice induces iNOS. The subsequent
overproduction of nitric oxide may lead to impairment of
autoregulation of the renal vascular bed, which may con-
tribute to renal failure in obstructive jaundice (Inan et al.,
1997). Also, when blood vessels are injured, as in athero-
sclerosis, balloon catheter injury, and cardiac allograft
(Hansson et al., 1994; Akyurek et al., 1996; Buttery et al.,
1996; Lafond-Walker et al., 1997; Yan and Hansson, 1998;
Depre et al., 1999; Anderson et al., 2000), cytokines and
other factors induce iNOS, which produces sustained high
levels of nitric oxide that induce apoptosis (Nathan and Xie,
1994; Twashina et al., 1998) and peroxynitrite is produced
from iNOS, leading to cell necrosis and death of cells such
as endothelial cells (Beckman and Koppenol, 1996). In
humans, atherosclerotic lesions and coronary plaque
strongly express iNOS (Hansson et al., 1994; Akyurek et
al., 1996; Buttery et al., 1996; Lafond-Walker et al., 1997;
Yan and Hansson, 1998; Depre et al., 1999; Anderson et al.,
2000), causing damage to the endothelium. Therefore,
inhibition of excessive nitric oxide production may provide
some therapeutic benefits under these pathophysiological
conditions. In fact, recent papers showed that adjuvant
ursodeoxycholic acid treatment reduced the incidence of
acute cardiac allograft rejection in humans (Bahrle et al.,
1998). Furthermore, in an experimental transplantation
model with cardiac allograft rats, prolonged graft survival
under ursodeoxycholic acid treatment was demonstrated
(Friman et al., 1992). Thus, the unique properties of
ursodeoxycholic acid may make it a candidate for prevent-
ing the stimulation of iNOS activity in pathological con-
ditions associated with excessive nitric oxide production,
such as various cardiovascular diseases.

In conclusion, the present data show that a therapeutic
concentration of ursodeoxycholic acid inhibits iNOS expres-
sion and the resultant nitric oxide production in rat aortic
and rabbit coronary artery smooth muscle cells, thereby
providing a possible mechanism for the cardiovascular
protective effect of ursodeoxycholic acid under various
pathophysiological conditions such as endotoxemia and
atherosclerosis.
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