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Abstract

Endothelin-1 is known to be implicated in the pathogenesis of hepatobiliary diseases such as cirrhosis, especially in portal hypertension.
This study aimed to investigate the effects of ursodeoxycholic acid on endothelin-1 production in human endothelial cells. The effects of
ursodeoxycholic acid and its conjugates (tauroursodeoxycholic and glycoursodeoxycholic acids) on endothelin-1 production as well as nitric
oxide (NO) in human umbilical vein endothelial cells (HUVECs) were examined. The production of endothelin-1 and nitric oxide in culture
medium was measured using enzyme-linked immunosorbent assay (ELISA) and the Griess method, respectively. Endothelin-1 and endothelial
nitric oxide synthase (eNOS) mRNA expression were investigated by real-time quantitative reverse transcriptase/polymerase chain reaction
(RT-PCR). Ursodeoxycholic acid (30—1000 uM) inhibited endothelin-1 production in a concentration-dependent manner, and ursodeoxycholic
acid at concentrations higher than 300 uM increased nitric oxide production in culture medium. The conjugates of ursodeoxycholic acid also
increased nitric oxide production and decreased endothelin-1 production, which was less effective than ursodeoxycholic acid. N-nitro-L-
arginine-mythel-ester (L-NAME), a nitric oxide synthase (NOS) inhibitor, suppressed the ursodeoxycholic acid-induced nitric oxide
production, but it did not antagonize the inhibitory effects of ursodeoxycholic acid on endothelin-1 production. Ursodeoxycholic acid also
induced a concentration-dependent decrease in endothelin-1 mRNA expression without significant changes in eNOS mRNA expression. These
results provide novel evidence that ursodeoxycholic acid inhibits endothelin-1 production in human endothelial cells, but nitric oxide is not
responsible for the inhibitory effect of ursodeoxycholic acid on endothelin-1. Thus, ursodeoxycholic acid therapy may prevent the development
of several pathogenesis such as portal hypertension observed in patients with cirrhosis due to the improvement of endothelial function.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Endothelin-1, a 21-amino-acid peptide (Yanagisawa et al.,
1988), is synthesized by various cells including hepatic and
endothelial cells. It has been known to be a potent vaso-
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constrictor and mitogen for vascular smooth muscle cells in
the liver (Gandhi et al., 1990; Serradeil-Le Gal et al., 1991),
which is implicated in the pathogenesis of a variety of
diseases such as hepatobiliary diseases (Tsai et al., 1995;
Alam et al., 2000; Shah, 2001). Endothelin-1 is overex-
pressed in cirrhotic tissues (Pinzani et al., 1996; Kuddus et al.,
2000; Tieche et al., 2001), and endothelin-1 level is elevated
in patients or animal models with cirrhosis, especially in
portal hypertension (Moller et al., 1995; Bernardi et al., 1996;
Bruno et al., 2000). The increased expression of endothelin-1
mRNA and the subsequent increase in production has been
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also reported in the experimental models of liver injury and
cirrhotic rats (Leivas et al., 1995; Rockey et al., 1998).

On the other hand, nitric oxide (NO), derived from
endothelium or other cells, also plays a vital role in
regulating vascular tone (Moncada et al., 1991; Nathan,
1992), and it is another important physiological and
pathophysiological mediator in hepatobiliary diseases.
Nitric oxide is synthesized from L-arginine by isoforms of
nitric oxide synthase (NOS). Nitric oxide released from
endothelial nitric oxide synthase (eNOS) is a physiologi-
cally potent vasodilator and an inhibitor of vascular smooth
muscle cell proliferation, which is considered to have a
beneficial role. In fact, diminution in eNOS-derived nitric
oxide production in liver has been reported to be involved in
development of portal hypertension by increasing intra-
hepatic resistance (Shah, 2001). And 2-(acetyloxy)benzoic
acid 3-(nitrooxymethyl)phenyl ester (NCX-1000), a nitric
oxide-releasing derivative of ursodeoxycholic acid, selec-
tively divers nitric oxide to the liver and protects against
development of portal hypertension (Fiorucci et al., 2001).

Ursodeoxycholic acid, a hydrophilic tertiary bile acid, has
been wildly used to treat patients with chronic cholestatic liver
diseases (Luketic and Sanyal, 1994) and has benefits for the
treatment in patients with various liver diseases such as
primary biliary cirrhosis and chronic viral hepatitis (Cirillo
and Zwas, 1994; Makino and Tanaka, 1998). Ursodeoxycho-
lic acid also inhibits progression of chronic hepatic disorders
with special reference to increases in blood flow and limits the
development of portal hypertension induced by bile duct
ligation (Poo et al., 1992; Poo et al., 1995). The basic
mechanism has not yet been identified, but a wide range of
cellular actions of ursodeoxycholic acid, i.e., anti-inflamma-
tory and immunomodulating effects (Makino and Tanaka,
1998; Ma et al., 2003), has been proposed. It also protects
hepatocytes against oxidant injury via induction of antiox-
idants (Mitsuyoshi et al., 1999). In human vascular endothelial
cells, we have reported that bile acids such as chenodeox-
ycholic acids increase nitric oxide production by increasing
intracellular Ca®" concentration [Ca®]; (Nakajima et al.,
2000; Chisaki et al., 2001), but the effects of ursodeoxycholic
acid on endothelin-1 production have not been investigated.

In the present study, the effects of ursodeoxycholic acid
on endothelin-1 production as well as nitric oxide in human
endothelial cells were investigated. Here, we provided novel
evidence that ursodeoxycholic acid inhibits endothelin-1
production in human umbilical vein endothelial cells
(HUVEGC:S), but nitric oxide is not responsible for ursodeox-
ycholic acid effects on endothelin-1.

2. Materials and methods

2.1. Materials

HUVECs were purchased from BioWhittaker and
cultured in endothelial growth medium (EGM) supple-

mented with 0.1% human epithelial growth factor, 0.1%
hydrocortisone, 0.1% Gentamicin sulfate Amphotericin
(GA1000), 0.4% bovine brain extract, 2.0% fetal bovine
serum in an atmosphere of 5% CO,, and 95% air at 37 °C in
25-cm? flasks. At confluence, cells were split 1:3 after they
were detached using 0.25% trypsin in 0.02% EDTA. Media
were changed twice weekly. The confluent cells were used
within 3 weeks of establishing primary cultures and at the
third to fifth passage.

Ursodeoxycholic acid (Na salt), tauroursodeoxycholic
acid (Na salt), and glycoursodeoxycholic acid (Na salt) were
kindly provided by Mitsubishi Pharma (Osaka, Japan). N-
nitro-L-arginine-mythel-ester (L-NAME) was purchased
from Sigma (St. Louis, MO).

2.2. Determination of nitric oxide

Nitric oxide released from HUVECs was determined by
measuring the concentration of NO, , a stable metabolite of
nitric oxide, in culture medium, using the Griess method, as
described previously (Nakajima et al., 2000; Ma et al.,
2003). Confluent monolayers cultured in 35-mm dishes
were washed twice with phosphate buffered saline (pH 7.4),
and then, 2 ml of the EGM supplemented with or without
various concentrations of ursodeoxycholic acid or the
conjugated bile acids (tauroursodeoxycholic and glycourso-
deoxycholic acids) were added. Two hours later, 1.5-ml
aliquots of cultured medium were collected and centrifuged
for 2 min at 12,000 Xg. One milliliter of Griess reagent
(0.5% naphthylethylenediamine dihydrochloride and 5%
sulphanilamide in 25% H3PO,) was added to 1 ml super-
natant, and the mixture was incubated at room temperature
for 10 min. The absorbance at 540 nm was measured in a
Beckman DU-70 spectrophotometer (Fullerton, CA). The
concentration of NO, was calculated by comparison with
the absorbance at 540 nm of standard solutions of 0—150 uM
NaNO, prepared in the EGM.

2.3. Measurement of endothelin-1 concentration

The amount of endothelin-1 produced by HUVECs was
determined by measuring the concentration of endothelin-1
in cultured medium, using enzyme-linked immunosorbent
assay (ELISA) Kit (TECHNE, Minneapolis, MN). Diluted
conjugate (100 pl; antibody to endothelin-1 conjugated to
horseradish peroxidase) was added to each endothelin-1
antibody-precoated well. Then 100 pl supernatant (above-
mentioned in nitric oxide determination) or standard
solution was added to each well with sufficient force to
ensure mixing and was incubated at room temperature for
30 min. Afterwards, the content from each well was
aspirated and washed with wash buffer (buffered surfactant).
Substrate (100 pl; tetramethylbenzidine) was added to each
well and was incubated at room temperature for 30 min.
Then, 100 pl stop solution (acid solution) was added to each
well. The optical density of each well was determined using
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a biolumin 960 microplate reader (Molecular Dynamics
Japan, Tokyo) set at 450 nm, with the correction wavelength
set at 620 nm. The concentration of endothelin-1 was
calculated by comparison with standard solutions containing
0-150 pg/ml endothelin-1 prepared in the EGM.

2.4. Protein assay

After HUVECs proliferated to confluence in 35-mm
dishes, the cells were washed three times in a HEPES
buffered saline solution and then lysed in 0.5 M NaOH. The
protein content of the cytolysate of the total cells was
measured by the Bradford protein assay.

2.5. RNA extraction and real-time quantitative reverse
transcriptase/polymerase chain reaction (RT-PCR)

Total RNAs were isolated as described above (Jo et al.,
2004) and then treated with DNase I. They were then
converted to cDNAs, using a Super Script first-strand
synthesis system (Invitrogen). Quantitative RT-PCR was
performed with the use of real-time Tag-Man technology
and a sequence detector (model 7700, Applied Biosystems,
Foster City, CA). Gene-specific primers and Tag-Man
probes (endothelin-1, accession no. NM 001955; eNOS,
accession no. NM 000603) were used to analyze the
transcript abundance. The 18 S ribosomal RNA was
analyzed as an internal control and was used to normalize
the values for the transcript abundance.

2.6. Statistical analysis

Statistical comparison was carried out with three or more
groups using one-way analysis of variance and Dunnett’s
test. Data are expressed as the mean+S.E.M., and values of
p<0.05 were considered statistically significant.

3. Results

3.1. Effects of ursodeoxycholic acid on endothelin-1 and
nitric oxide production

Fig. 1 shows the effects of ursodeoxycholic acid on the
production of endothelin-1. The amount of endothelin-1 (pg/
ml) released from HUVECs for 2 h in the culture medium
under the control medium and in the presence of various
concentrations of ursodeoxycholic acid (30-1000 puM) is
shown in Fig. 1. Compared with the control solution,
ursodeoxycholic acid decreased the production of endothe-
lin-1 in the culture medium in a concentration-dependent
manner. Significant inhibitory effects of ursodeoxycholic
acid were observed at concentrations above 30 uM. The
basal endothelin-1 release for 2 h was 52+4 (n=6) and
245424 pg/mg (n=6). The addition of ursodeoxycholic acid
in the culture medium decreased the endothelin-1 produc-
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Fig. 1. Effects of ursodeoxycholic acid on the production of endothelin-1 in
human umbilical vein endothelial cells (HUVECs). The cells were treated
with or without various concentrations of ursodeoxycholic acid (UDC) for 2
h. The amount of endothelin-1 (pg/ml) in the culture medium released from
HUVECs was measured and plotted against each concentration of UDC
(30-1000 pM). Note that UDC inhibits endothelin-1 production in a
concentration-dependent manner. The data represent mean+S.E.M of six
different experiments. *p<0.05, **p<0.01 vs. control.

Up

tion (462 and 214420 pg/mg (p<0.05, n=06) at 100 puM;
and 4143 and 19611 pg/mg (p<0.01, n=6) at 300 pM;
and 35+4.7 and 181416 pg/mg (p<0.01, n=6) at 500 uM).

Fig. 2 illustrates the effects of ursodeoxycholic acid for 2
h on nitric oxide production. The concentration of NO, in
the culture medium was measured in the control and the
presence of various concentrations of ursodeoxycholic acid
(30-1000 uM). Ursodeoxycholic acid at concentrations more
than 300 uM significantly increased nitric oxide production.
The production of NO, under the control medium for 2 h
was 0.554+0.06 uM (n=6) and 2.5+0.3 uM/mg (n=6). The
addition of ursodeoxycholic acid in the culture medium
increased the NO, production (0.67+0.03 uM, 3.23+0.2
uM/mg (p<0.05, n=6) at 300 pM, and 0.82+0.05 pM,
4.01£0.4 uM/mg (n=6, p<0.01) at 500 pM).

Figs. 3 and 4 compared the effects of ursodeoxycholic
acid and the conjugated bile acids on endothelin-1 (Fig. 3)
and nitric oxide (Fig. 4) production. Tauroursodeoxycholic
and glycoursodeoxycholic acids as well as ursodeoxycholic
acid (500 and 750 uM) increased nitric oxide production in
a similar manner (Fig. 4), but they inhibited endothelin-1
production less than ursodeoxycholic acid (Fig. 3).

3.2. Effects of ursodeoxycholic acid on endothelin-1 and
eNOS mRNA expression

Fig. 5 shows the effects of ursodeoxycholic acid on
endothelin-1 (Fig. 5A) and eNOS (Fig. 5B) mRNA



70 J. Ma et al. / European Journal of Pharmacology 505 (2004) 67-74

UM
1.2 9
0.8 -
0.4
0 L 1
£ 3
S S
S
S

Fig. 2. Effects of ursodeoxycholic acid on the production of nitric oxide in
HUVECs. The cells were treated with or without various concentrations of
ursodeoxycholic acid (UDC) for 2 h. The concentration of NO, (uM) in the
culture medium released from HUVECs was plotted against each
concentration of UDC (30-1000 uM). Note that UDC at concentrations
higher than 300 uM increases the nitric oxide production. Each column
represents the mean+S.E.M of six different experiments. *p<0.05,
**p<0.01 vs. control.
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Fig. 3. Effects of ursodeoxycholic acid and the conjugated bile acids on
endothelin-1 production. The cells were treated with ursodeoxycholic acid
(UDC) or the conjugated bile acids [tauroursodeoxycholic acid (TUDC)
and glycoursodeoxycholic acid (GUDC)] for 2 h, and the amount of
endothelin-1 released from the cells (pg/mg) was measured and plotted
against each concentration of these agents. Each column represents the
mean+S.E.M of six different experiments. *p<0.05, **p<0.01 vs. control.
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Fig. 4. Effects of ursodeoxycholic acid and the conjugated bile acids on
nitric oxide production. The cells were treated with ursodeoxycholic acid
(UDC) or the conjugated bile acids [tauroursodeoxycholic acid (TUDC)
and glycoursodeoxycholic acid (GUDC)] for 2 h, and the amount of nitric
oxide production under these conditions is plotted against each concen-
tration of these drugs. Each column represents the mean+S.E.M of six
different experiments. *p<0.05, **p<0.01 vs. control.

expression. The expression of mRNA was compared in cells
treated with or without ursodeoxycholic acid (100-750 pM)
for 4 h. Ursodeoxycholic acid induced a significant decrease
in endothelin-1 mRNA expression. The mean % decrease
was 32% of the control at 100 pM, 53% at 300 uM, 91% at
500 puM, and 91% at 750 pM, respectively. On the other
hand, ursodeoxycholic acid (100—750 pM) did not modify
the iNOS mRNA expression significantly. Similarly, treat-
ment of cells with 500 uM ursodeoxycholic acid for 2 h
decreased endothelin-1 mRNA expression to approximately
20% of the control.

3.3. Effects of N-nitro-L-arginine-mythel-ester (L-NAME)
on the inhibitory effects of ursodeoxycholic acid on
endothelin-1 production

Fig. 6A shows the effects of L-NAME, an inhibitor of
nitric oxide synthase, on endothelin-1. The endothelin-1
production was 318+61 pg/mg (n=6) in control, and it was
158+44.7 pg/mg (n=6, p<0.01) at ursodeoxycholic acid
(500 uM). The inhibitory effect of ursodeoxycholic acid on
endothelin-1 production was not blocked by L-NAME
(Fig. 6A, 1 and 2 mM, n=6). The statistical significance
was not observed in between ursodeoxycholic acid in the
absence of L-NAME and ursodeoxycholic acid in the
presence of L-NAME (1 and 2 mM, n=6).

Fig. 6B shows the effects of L-NAME on nitric oxide
production. Under the control medium, L-NAME
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Fig. 5. Effects of ursodeoxycholic acid on endothelin-1 and eNOS mRNA expression. The cells were treated with various concentrations of ursodeoxycholic
acid (UDC) for 4 h, and the total RNA was isolated from cells. The expression levels of endothelin-1 (A) and eNOS (B) mRNA were normalized to those of the
18 S ribosomal RNA levels. Data are means+S.E.M from six different samples. **p<0.01 vs. control.

2 mM L-NAME. L-NAME also significantly inhibited the

decreased nitric oxide production from 3.06+0.5 uM/mg
production of NO, induced by ursodeoxycholic acid

(n=6) in the control to 1.90£0.26 pM/mg (n=6, p<0.01) at
1 mM L-NAME, and 2.24+0.17 pM/mg (n=6, p<0.01) at (Fig. 6B).
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Fig. 6. Effects of L-NAME on the inhibitory effects of ursodeoxycholic acid on endothelin-1 production and the stimulatory effects of ursodeoxycholic acid on
nitric oxide production. The cells were treated with or without ursodeoxycholic acid (UDC, 500 uM) in the absence or presence of L-NAME (1 and 2 mM). The

amount of endothelin-1 released from the cells for 2 h (pg/mg) were measured and plotted in panel (A). In panel (B), the amount of nitric oxide production
under these conditions is plotted. Note that L-NAME inhibits nitric oxide production induced by UDC, but it fails to suppress the inhibitory effects of UDC on

endothelin-1 production. Each column represents the mean+S.E.M of six different experiments. **p<0.01 vs. UDC in the absence of -NAME.
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4. Discussion

The present study showed novel evidence that ursodeox-
ycholic acid significantly decreased endothelin-I mRNA
expression and endothelin-1 production in human endothe-
lial cells. Ursodeoxycholic acid at concentrations higher
than 300 uM increased nitric oxide production, but the
inhibitory effects of ursodeoxycholic acid on endothelin-1
production was not inhibited by a nitric oxide synthase
inhibitor, L-NAME. These results suggest that ursodeox-
ycholic acid inhibits endothelin-1 production in human
endothelial cells, but nitric oxide is not responsible for the
inhibitory effect of ursodeoxycholic acid on endothelin-1
production.

Several mechanisms may be proposed in the inhibitory
effects of ursodeoxycholic acid on endothelin-1 production.
The bile acids are known to induce cell damage because of
their detergent property. However, as reported previously in
human endothelial cells (Garner et al., 1991), the concen-
tration of ursodeoxycholic acid used in the present study did
not affect the morphology of HUVECs, and the viability
measured by trypan blue excursion was not different in
between control cells and cells treated with ursodeoxycholic
acid. Thus, it is unlikely that the detergent effects are
involved in ursodeoxycholic acid effects on endothelin-1. In
addition, we have reported that bile acids such as
chenodeoxycholic acid increase intracellular Ca** concen-
trations ([Ca®'];; Nakajima et al., 2000). But, ursodeox-
ycholic acid at concentrations below 300 pM did not
significantly increase [Ca®"]; (Chisaki et al., 2001). There-
fore, it also seems unlikely that [Ca®']; is involved in the
inhibitory effects of ursodeoxycholic acid on endothelin-1
production.

It has been reported that nitric oxide reduces endothelin-1
production in endothelial cells mediated by cGMP-depend-
ent pathway (Cao et al., 1994; Mitsutomi et al., 1999). Bile
acids such as chenodeoxycholic acid increase nitric oxide
production in HUVECs by increasing [Ca”"]; (Nakajima et
al., 2000). In the present study, ursodeoxycholic acid at
concentrations higher than 300 pM increased nitric oxide
production without significant changes in eNOS mRNA
expression (Fig. 4). High concentrations of ursodeoxycholic
acid increase [Ca®']; (Chisaki et al., 2001), which may be
involved in ursodeoxycholic acid-induced nitric oxide
increase. But the inhibitory effects of ursodeoxycholic acid
on endothelin-1 were observed at the lower concentration,
suggesting that the basic mechanism underlying these
effects is different. In addition, tauroursodeoxycholic and
glycoursodeoxycholic acids as well as ursodeoxycholic acid
increased nitric oxide production in a similar manner, while
the effects of these conjugates on endothelin-1 were less
potent than those of ursodeoxycholic acid. Furthermore, to
investigate the role of nitric oxide on ursodeoxycholic acid
actions, the effects of L-NAME were investigated. L-NAME
significantly inhibited the production of nitric oxide but
failed to suppress the inhibitory effects of ursodeoxycholic

acid on endothelin-1 production. These findings suggest that
ursodeoxycholic acid inhibits endothelin-1 production in
HUVEC:s via nitric oxide-independent mechanism.

In endothelial cells and aortic smooth muscle cells, the
half-life of endothelin-1 mRNA is very short (approximately
20 min; Horie et al., 1991; Marsden and Brenner, 1992; Hu
et al., 1992). This short lifespan of mRNA has been
attributed to the presence of three AUUA sequence in the
3’ -untransated region that is thought to mediate selective
mRNA (Inoue et al., 1989). Endothelin-1 mRNA is short
lived and endothelin-1 is not stored in secretary granule,
suggesting that endothelin-1 biosynthesis is mainly regu-
lated at the levels of transcription (Rubanyi and Polokoff,
1994). Therefore, it is likely that the inhibitory effects of
ursodeoxycholic acid on endothelin-1 production are due to
the inhibition of the transcriptional level. In fact, the present
study clearly showed that ursodeoxycholic acid significantly
inhibited endothelin-1 mRNA expression.

The inhibitory effects of ursodeoxycholic acid on
endothelin-1 production were observed at concentrations
above 30 uM in the present study, and the significant
inhibition was evident at 100 uM. The serum ursodeox-
ycholic acid concentration in patients with primary biliary
cirrhosis receiving ursodeoxycholic acid therapy has been
reported to vary between 10 and 100 pM (Stichl et al., 1990;
Kita et al., 1999), and it reached to approximately 50—100
uM in patients with liver cirrhosis, receiving ursodeox-
ycholic acid therapy (Chisaki et al., 2001), suggesting that
physiological concentrations of ursodeoxycholic acid inhibit
endothelin-1 production in human endothelial cells.

Endothelin-1 has been proposed to be involved in
augmenting intrahepatic vascular resistance and subse-
quently contributing to portal hypertension in patients with
hepatobiliary diseases (Rockey and Weisiger, 1996; Sogni
et al., 1998; Reichen et al., 1998; Shah, 2001). Taken into
account that hepatic endothelin-1 is derived from sinusoidal
endothelial and stellate cells and modulates an intrahepatic
vascular resistance in a paracrine or autocrine manner,
endothelin-1 overproduction in the injured liver may
increase portal pressure. Actually, endogenous endothelin-1
increases portal pressure in vivo as well as isolated perfused
liver (Isales et al., 1993). A number of studies showed that
plasma and hepatic endothelin-1 concentration were elevated
in human and experimental liver cirrhosis and obstructive
jaundice (Moller et al., 1995; Bernardi et al., 1996; Bruno
et al., 2000). Thus, it is very likely that endothelin-1 may
play a key role in various pathophysiological conditions such
as cirrhotic portal hypertension. It has been reported that
endothelin-1 receptor antagonists decrease portal pressure in
the experimental cirrhotic rat (Rockey and Weisiger, 1996;
Sogni et al., 1998; Reichen et al.,, 1998). Our findings
showing that ursodeoxycholic acid inhibits production of
endothelin-1 in human endothelial cells suggest that urso-
deoxycholic acid therapy may prevent the development of
several pathogenesis such as portal hypertension observed in
patients with cirrhosis. In fact, ursodeoxycholic acid has
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been reported to limit liver histological and portal hyper-
tension induced by bile duct ligation in the rat (Poo et al.,
1992). In addition, the increased circulating plasma endo-
thelin-1 also contributes in part to renal dysfunction in
patients with cirrhosis (Tsai et al., 1995), suggesting that
ursodeoxycholic acid may provide the additional protective
effects by inhibiting endothelin-1 production.

In conclusion, the present study provides novel evidence
that ursodeoxycholic acid inhibits endothelin-1 production
in human endothelial cells, but nitric oxide is not
responsible for ursodeoxycholic acid effects on endothe-
lin-1. Ursodeoxycholic acid therapy may prevent the
development of several pathogenesis such as portal hyper-
tension observed in patients with cirrhosis due to the
improvement of endothelial function.

References

Alam, 1., Bass, N.M., Bacchetti, P., Gee, L., Rockey, D.C., 2000. Hepatic
tissue endothelin-1 levels in chronic liver disease correlate with disease
severity and ascites. Am. J. Gastroenterol. 95, 199—203.

Bernardi, M., Gulberg, V., Colantoni, A., Trevisani, F., Gasbarrini, A.,
Gerbes, A.L., 1996. Plasma endothelin-1 and -3 in cirrhosis: relation-
ship with systemic hemodynamics, renal function and neurohumoral
systems. J. Hepatol. 24, 161-168.

Bruno, C.M., Neri, S., Sciacca, C., Caruso, L., 2000. Plasma endothelin-1
levels in liver cirrhosis. Int. J. Clin. Lab. Res. 30, 169—172.

Cao, W.B., Zeng, Z.P., Zhu, Y.J., Luo, W.C., Cai, B.Q., 1994. Inhibition of
nitric oxide synthesis increases the secretion of endothelin-1 in vivo and
in cultured endothelial cells. Chin. Med. J. (Engl.) 107, 822—826.

Chisaki, K., Nakajima, T., Iwasawa, K., lida, H., Matsumoto, A., Tada, M.,
Komatsu, Y., Hirose, K., Miyamoto, K., Okuda, Y., Shiratori, Y., Goto,
A., Hirata, Y., Nagai, R., Omata, M., 2001. Enhancement of endothelial
nitric oxide production by chenodeoxycholic acids in patients with
hepatobiliary diseases. Jpn. Heart J. 42, 339-353.

Cirillo, N.W., Zwas, R.F., 1994. Ursodeoxycholic acid in the treatment of
chronic liver disease. Am. J. Gastroenterol. 89, 1447—1452.

Fiorucci, S., Antonelli, E., Morelli, O., Mencarelli, A., Casini, A., Mello, T.,
Palazzetti, B., Tallet, D., del Soldato, P., Morelli, A., 2001. NCX-1000,
a NO-releasing derivative of ursodeoxycholic acid, selectively delivers
NO to the liver and protects against development of portal hypertension.
Proc. Natl. Acad. Sci. U. S. A. 98, 8897—-8902.

Gandhi, C.R., Stephenson, K., Olson, M.S., 1990. Endothelin, a potent
peptide agonist in the liver. J. Biol. Chem. 265, 17432—17435.

Garner, C.M., Mills, C.O., Elias, E., Neuberger, J.M., 1991. The effect of
bile salts on human vascular endothelial cells. Biochim. Biophys. Acta
1091, 41-45.

Horie, M., Uchida, S., Yanagisawa, M., Matsushita, Y., Kurokawa, K.,
Ogata, E., 1991. Mechanisms of endothelin-l mRNA and peptides
induction by TGF-beta and TPA in MDCK cells. J. Cardiovasc.
Pharmacol. 17 (Suppl. 7), S222-S225.

Hu, RM., Levin, E.R., Pedram, A., Frank, H.J., 1992. Atrial natriuretic
peptide inhibits the production and secretion of endothelin from
cultured endothelial cells. Mediation through the C-receptor. J. Biol.
Chem. 267, 17384—17389.

Inoue, A., Yanagisawa, M., Takuwa, Y., Mitsui, Y., Kobayashi, M.,
Masaki, T., 1989. The human preproendothelin-1 gene. Complete
nucleotide sequence and regulation of expression. J. Biol. Chem. 264,
14954—14959.

Isales, C.M., Nathanson, M.H., Bruck, R., 1993. Endothelin-1 induces
cholestasis which is mediated by an increase in portal pressure.
Biochem. Biophys. Res. Commun. 191, 1244—-1251.

Jo, T., Nagata, T., lida, H., Imuta, H., Iwasawa, K., Ma, J., Hara, K., Omata,
M., Nagai, R., Takizawa, H., Nagase, T., Nakajima, T., 2004. Voltage-
gated sodium channel expressed in cultured human smooth muscle
cells: involvement of SCN9A. FEBS Lett. 567, 339—-343.

Kita, Y., Sakakura, H., Hirata, M., Harihara, Y., Tanaka, H., Ito, M.,
Yoshino, H., Takayama, T., Kubota, K., Hashizume, K., Makuuchi,
M., 1999. Ursodeoxycholic acid in serum and liver tissue in
patients with end-stage cholestatic liver cirrhosis. Transplant. Proc.
31, 2897-2898.

Kuddus, R.H., Nalesnik, M.A., Subbotin, V.M., Rao, A.S., Gandhi, G.R.,
2000. Enhanced synthesis and reduced metabolism of endothelin-1
(ET-1) by hepatocytes—an important mechanism of increased endog-
enous levels of ET-1 in liver cirrhosis. J. Hepatol. 33, 725—-732.

Leivas, A., Jimenez, W., Lamas, S., Bosch-Marce, M., Oriola, J., Claria, J.,
Arroyo, V., Rivera, F., Rodes, J., 1995. Endothelin-1 does not play a
major role in the homeostasis of arterial pressure in cirrhotic rats with
ascites. Gastroenterology 108, 1842—1848.

Luketic, V.A., Sanyal, A.J., 1994. The current status of ursodeoxycholate in
the treatment of chronic cholestatic liver disease. Gastroenterologist 2,
74-179.

Ma, J., Nakajima, T., lida, H., Iwasawa, K., Terasawa, K., Oonuma, H., Jo,
T., Morita, T., Imuta, H., Suzuki, J., Hirose, K., Okuda, Y., Yamada, N.,
Nagai, R., Omata, M., 2003. Inhibitory effects of ursodeoxycholic acid
on the induction of nitric oxide synthase in vascular smooth muscle
cells. Eur. J. Pharmacol. 464, 79—-86.

Makino, I., Tanaka, H., 1998. From a choleretic to an immunomodulator:
historical review of ursodeoxycholic acid as a medicament. J. Gastro-
enterol. Hepatol. 13, 659—-664.

Marsden, P.A., Brenner, B.M., 1992. Transcriptional regulation of the
endothelin-1 gene by TNF-a. Am. J. Physiol. 262, C854—-C861.

Mitsutomi, N., Akashi, C., Odagiri, J., Matsumura, Y., 1999. Effects of
endogeneous and exogeneous nitric oxide on endothelin-1 production in
cultured vascular endothelial cells. Eur. J. Pharmacol. 364, 65—73.

Mitsuyoshi, H., Nakasima, T., Sumida, Y., Yoh, T., Nakajima, Y., Ishikawa,
H., Inaba, K., Sakamoto, Y., Okanoue, T., Kashima, K., 1999.
Ursodeoxycholic acid protects hepatopcytes against oxidative injury
via induction of antioxidants. Biochem. Biophys. Res. Commun. 24,
537-542.

Moller, S., Gulberg, V., Henriksen, J.H., Gerbes, A.L., 1995. Endothelin-1
and endothelin-3 in cirrhosis: relations to systemic and splanchnic
haemodynamics. J. Hepatol. 23, 135—144.

Moncada, S., Palmer, R.M., Higgs, E.A., 1991. Nitric oxide: physiology,
pathophysiology, and pharmacology. Pharmacol. Rev. 43, 109—142.
Nakajima, T., Okuda, Y., Chisaki, K., Shin, W.S., Iwasawa, K., Morita, T.,
Matsumoto, A., Suzuki, J.I., Suzuki, S., Yamada, N., Toyo-oka, T.,
Nagai, R., Omata, M., 2000. Bile acids increase intracellular Ca?"
concentration and nitric oxide production in vascular endothelial cells.

Br. J. Pharmacol. 130, 1457-1467.

Nathan, C., 1992. Nitric oxide as a secretory product of mammalian cells.
FASEB 1. 6, 3051-3064.

Pinzani, M., Milani, S., De Franco, R., Grappone, C., Caligiuri, A.,
Gentilini, A., Tosti-Guerra, C., Maggi, M., Failli, P., Ruocco, C.,
Gentilini, P., 1996. Endothelin-1 is overexpressed in human cirrhotic
liver and exerts multiple effects on activated hepatic stellate cells.
Gastroenterology 110, 534—548.

Poo, J.L., Feldmann, G., Erlinger, S., Braillon, A., Gaudin, C., Dumont, M.,
Lebrec, D., 1992. Ursodeoxycholic acid limits liver histologic
alterations and portal hypertension induced by bile duct ligation in
the rat. Gastroenterology 102, 1752—1759.

Poo, J.L., Estanes, A., Pedraza-Chaverri, J., Cruz, C., Uribe, M., 1995.
Effects of ursodeoxycholic acid on hemodynamic and renal function
abnormalities induced by obstructive jaundice in rats. Ren. Fail. 17,
13-20.

Reichen, J., Gerbes, A.L., Steiner, M.J., Sagesser, H., Clozel, M., 1998.
The effect of endothelin and its antagonist Bosentan on hemodynamics
and microvascular exchange in cirrhotic rat liver. J. Hepatol. 28,
1020-1030.



74 J. Ma et al. / European Journal of Pharmacology 505 (2004) 67-74

Rockey, D.C., Weisiger, R.A., 1996. Endothelin induced contractility of
stellate cells from normal and cirrhotic rat liver: implications for
regulation of portal pressure and resistance. Hepatology 24, 233—-240.

Rockey, D.C., Fouassier, L., Chung, J.J., Carayon, A., Vallee, P., Rey, C.,
Housset, C., 1998. Cellular localization of endothelin-1 and increased
production in liver injury in the rat: potential for autocrine and paracrine
effects on stellate cells. Hepatology 27, 472—480.

Rubanyi, G.M., Polokoff, M.A., 1994. Endothelins: molecular biology,
biochemistry, pharmacology, physiology, and pathophysiology. Phar-
macol. Rev. 46, 325-415.

Serradeil-Le Gal, C., Jouneaux, C., Sanchez-Bueno, A., Raufaste, D.,
Roche, B., Preaux, A.M., Maffrand, J.P., Cobbold, P.H., Hanoune, J.,
Lotersztajin, S., 1991. Endothelin action in rat liver. Receptors, free
Ca®" oscillation, and activation of glycogenolysis. J. Clin. Invest. 87,
133-138.

Shah, V., 2001. Cellular and molecular basis of portal hypertension. Clin.
Liver Dis. 5, 629—-644.

Sogni, P., Moreau, R., Gomola, A., Cadano, A., Cailmail, S., Calmus, Y.,
Clozel, M., Lebrec, D., 1998. Beneficial hemodynamic effects of

bosentan, a mixed ETA and ETB receptor antagonist, in portal
hypertensive rats. Hepatology 28, 655—659.

Stiehl, A., Rudolph, G., Raedsch, R., Moller, B., Hopf, U., Lotterer, E.,
Bircher, J., Folsch, U., Klaus, J., Endele, R., 1990. Ursodeoxycholic
acid-induced changes of plasma and urinary bile acids in patients with
primary biliary cirrhosis. Hepatology 12, 492—497.

Tieche, S., De Gottardi, A., Kappeler, A., Shaw, S., Sagesser, H.,
Zimmermann, A., Reichen, J., 2001. Overexpression of endothelin-1
in bile duct ligated rats: correlation with activation of hepatic stellate
cells and portal pressure. J. Hepatol. 34, 38—45.

Tsai, Y.T., Lin, H.C., Yang, M.C., Lee, F.Y., Hou, M.C., Chen, L.S., Lee,
S.D., 1995. Plasma endothelin levels in patients with cirrhosis and their
relationships to the severity of cirrhosis and renal function. J. Hepatol.
23, 681—-688.

Yanagisawa, M., Kurihara, H., Kimura, S., Tomobe, Y., Kobayashi, M.,
Mitsui, Y., Yazaki, Y., Goto, K., Masaki, T., 1988. A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature
332, 411-415.



	Ursodeoxycholic acid inhibits endothelin-1 production in human vascular endothelial cells
	Introduction
	Materials and methods
	Materials
	Determination of nitric oxide
	Measurement of endothelin-1 concentration
	Protein assay
	RNA extraction and real-time quantitative reverse transcriptase/polymerase chain reaction (RT-PCR)
	Statistical analysis

	Results
	Effects of ursodeoxycholic acid on endothelin-1 and nitric oxide production
	Effects of ursodeoxycholic acid on endothelin-1 and eNOS mRNA expression
	Effects of N-nitro-l-arginine-mythel-ester (l-NAME) on the inhibitory effects of ursodeoxycholic acid on endothelin-1 production

	Discussion
	References


