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1 The e�ects of bile acids on intracellular Ca2+ concentration [Ca2+]i and nitric oxide production
were investigated in vascular endothelial cells.

2 Whole-cell patch clamp techniques and ¯uorescence measurements of [Ca2+]i were applied in
vascular endothelial cells obtained from human umbilical and calf aortic endothelial cells. Nitric
oxide released was determined by measuring the concentration of NO2

7.

3 Deoxycholic acid, chenodeoxycholic acid and the taurine conjugates increased [Ca2+]i
concentration-dependently, while cholic acid showed no signi®cant e�ect. These e�ects resulted
from the ®rst mobilization of Ca2+ from an inositol 1,4,5-triphosphate (IP3)-sensitive store, which
was released by ATP, then followed by Ca2+ in¯ux.

4 Both bile acids and ATP induced the activation of Ca2+-dependent K+ current. Oscillations of
[Ca2+]i were occasionally monitored with the Ca2+-dependent K+ current in voltage-clamped cells
and Ca2+ measurements of single cells.

5 The intracellular perfusion of heparin completely abolished the ATP e�ect, but failed to inhibit
the bile acid e�ect.

6 Deoxycholic acid and chenodeoxycholic acid enhanced NO2
7 production concentration-

dependently, while cholic acid did not enhance it.

7 The bile acids-induced nitric oxide production was suppressed by NG-nitro-L-arginine methyl
ester, exclusion of extracellular Ca2+ or N-(6-aminohexyl)-5-chloro-l-naphthalenesulphonamide
hydrochloride (W-7) and calmidazolium, calmodulin inhibitors.

8 These results provide novel evidence showing that bile acids increase [Ca2+]i and subsequently
nitric oxide production in vascular endothelial cells. The nitric oxide production induced by bile
acids may be involved in the pathogenesis of circulatory abnormalities in liver diseases including
cirrhosis.
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Introduction

Cirrhosis is associated with marked abnormalities in the
systemic circulation. The most common haemodynamic

changes in patients with cirrhosis are an increase in cardiac
output, a decrease in total systemic vascular resistance and a
decrease in arterial pressure (Bosch et al., 1988; Schrier et al.,
1988; Groszmann, 1994; Bernardi et al., 1995; Bernardi &

Trevisani, 1997; Moller et al., 1997). A reduced presser e�ect of
vasoconstrictor substrates is also a well-documented phenom-
enon in both humans and animals with cirrhosis (MacGilchrist

et al., 1991; Hartleb et al., 1994). Aortic rings from rats with
cirrhosis contracted less response to angiotensin II or
phenylephrine than aortic rings from normal rats (Castro et

al., 1993; Weigert et al., 1995). The basic mechanisms have not
yet been clearly elucidated, but, recently, studies in animals
and humans have provided evidence suggesting that nitric

oxide has an important role in the haemodynamic abnormal-

ities that characterize cirrhosis (Vallance & Moncada, 1991;
Niederberger et al., 1995a,b; Ros et al., 1995;Martin et al.,

1998). Patients with cirrhosis have higher plasma and exhaled
air concentration of nitric oxide than normal subjects
(Guarner et al., 1993; Matsumoto et al., 1995; Sogni et al.,
1995; Battista et al., 1997). The inhibition of nitric oxide

synthase such as NG-nitro-L-arginine methyl ester not only
restores vascular nitric oxide production but also systemic
haemodynamics to normal (Pizcueta et al., 1992; Claria et al.,

1992; Weigert et al., 1995; Niederberger et al., 1995a,b). The
vascular response to vasoconstrictors is also restored by
endothelial denudation (Weigert et al., 1995). Thus, these

observations implicated increased nitric oxide synthesis of
endothelial origin in the haemodynamic changes of cirrhosis.
However, the initial cause of overproduction of nitric oxide in

vascular endothelial cells has not yet been known.
Bile acids are actively secreted and extracted by the liver.

Plasma concentrations of bile acids are usually elevated in
patients with cirrhosis (Carey, 1958; Makino et al., 1969; 1975;*Author for correspondence; E-mail: nakajima-2im@h.u-tokyo.ac.jp
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LaRusso et al., 1975; Clain et al., 1977; Pennington et al.,
1977), and they have physiological vasoactive properties.
Studies on animals show that obstructive jaundice or isolated

cholaemia produced by choleductocaval anastomoses induces
arterial hypotension due to peripheral vasodilation (Alon et
al., 1982; Bomzon et al., 1984; Pak & Lee, 1993), and blunted
peripheral presser responses to contractile substrates (nora-

drenaline and angiotensin) (Finberg et al., 1981; 1982), which
are quite similar to haemodynamic changes observed in
cirrhosis. Thus, it is most likely that bile acids are implicated

as responsible for the haemodynamic changes in cirrhosis, and
may act on vascular endothelial cells, then enhancing nitric
oxide production. However, until now, the e�ects of bile acids

on vascular endothelial cells have not been investigated.
Therefore, the purpose of the present study was to clarify

the e�ects of bile acids on intracellular Ca2+ concentration and

nitric oxide production in vascular endothelial cells. Here, we
have provided novel evidence showing that bile acids increase
[Ca2+]i and then enhance nitric oxide production in vascular
endothelial cells.

Methods

Solutions and drugs

The composition of the standard Tyrode solution was as
follows (in mM): NaCl 136.5, KCl 5.4, CaCl2 1.8, MgCl2 0.53,
glucose 5.5, HEPES-NaOH bu�er 5 (pH 7.4). The Ca2+-free

bathing solution was the same as the normal Tyrode solution
except that CaCl2 was omitted and 0.1 mM EGTA was added
to the solution (pH 7.4). In whole-cell recordings, the patch

pipette contained (in mM): KCl 140, EGTA 0.01, MgCl2 2,
Na2ATP 3, guanosine-5'-triphosphate (GTP, sodium salt,
Sigma) 0.1 and HEPES-KOH bu�er 5 (pH 7.2). In some
experiments, EGTA (10 mM), inositol 1,4,5-triphosphate

(100 mM) or heparin (1 mg ml71, Sigma) was included in the
patch pipette. Deoxycholic acid (Na salt), chenodeoxycholic
acid (Na salt), cholic acid (Na salt), taurodeoxycholic acid (Na

salt), taurochenodeoxycholic acid (Na salt), taurocholic acid
(Na salt), ATP (Na salt) and calmidazolium, a calmodulin
inhibitor, were purchased from Sigma (St. Louis, MO,

U.S.A.). N-(6-aminohexyl)-5-chloro-l-naphthalenesulphona-
mide hydrochloride (W-7), a calmodulin inhibitor, was
obtained from Seikagaku Corporation (Tokyo, Japan), NG-

nitro-L-arginine methyl ester (L-NAME), and inositol 1,4,5-
triphosphate was purchased from Sigma.

Cell preparation

Endothelial cells were enzymatically isolated from bovine
aorta and from human umbilical veins obtained from

umbilical cords at delivery as previously described (Wang
et al., 1996; Okuda et al., 1997), and then cultured. Fresh
human umbilical cords were kindly supplied from the

Department of Obstetrics and Gynecology, Tsukuba Uni-
versity Hospital. The cells were identi®ed as endothelial cells
both morphologically and biochemically. The expression of

Figure 1 E�ects of deoxycholic acid (DC) on [Ca2+]i in human vascular endothelial cells. (A) E�ects of deoxycholic acid (750 mM)
on [Ca2+]i in the presence of extracellular Ca2+. (B) E�ects of deoxycholic acid on [Ca2+]i in the absence of extracellular Ca2+.
Note that the additional application of Ca2+ (1.8 mM) rapidly increased [Ca2+]i due to Ca2+ entry. (C) E�ects of high EGTA
(10 mM) on the DC-induced sustained rise in [Ca2+]i. (D) E�ects of Ni2+ (1 mM) on the DC-induced sustained rise in [Ca2+]i. The
drug protocols are illustrated in the upper part of each trace. The vertical line represents the ¯uorescence ratio (F340/F380). Each
result is representative of 6 ± 8 similar experiments.
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factor VIII antigen on the cell surface was con®rmed by
immunostaining with ¯uorescin-conjugated antibody and cell
production of prostacyclin was also examined by radio-

immunoassay. Cultured cells were maintained in MCDB-107
medium supplemented with 15% foetal calf serum, HEPES
(7.15 mg ml71), endothelial mitogen (50 mg ml71), heparin
(5 mg ml71), penicillin (50 units ml71) and streptomycin

(50 mg ml71) in an atmosphere of 5% CO2 and 95% air at
378C in 25-cm2 ¯asks. At con¯uence, cells were split 1 : 3
after they were detached using 0.25% trypsin in 0.02%

EDTA. Media were changed twice weekly. All cultures were
used within 3 weeks of establishing primary cultures and at
the third to ®fth passage. The cell viability determined by

trypan blue exclusion in control and 24 h after the
application of deoxycholic acid (300 and 750 mM) was
approximately 91% in control, 90% (300 mM) and 87%

(750 mM), respectively.

Determination of cytosolic free Ca2+ concentration from
the cell suspension

Cytosolic free Ca2+ concentration ([Ca2+]i) of cell
suspensions was determined using the ¯uorescence method

as described previously (Grynkiewcz et al., 1985; Asano et
al., 1998). Fura-2 acetoxymethyl ester (fura-2 AM) was
obtained from Dojin Chemicals (Japan). Endothelial cells

were trypsinized, washed twice in the standard solution,
adjusted to a cell density of 106 cells ml71 and loaded
with 1 mM fura-2 AM for 60 min in a 208C-shaking water

bath. After incubation, the medium containing fura-2 AM
was removed, and ¯uorescent cells in suspensions were

measured at 378C while stirred continuously in a cuvette
placed by a spectro¯uorometer (CAF-100, JASCO Co,
Ltd., Tokyo, Japan). The excitation wavelengths were 340

and 380 nm, and emission was 500 nm. In the evaluation
of Ca2+ responses, the amplitude of Ca2+ elevation in
response to each stimulant was calculated by using the
percentage of increase of F340/F380 with reference to the

value at the resting state.

Figure 2 Concentration-dependent e�ects of bile acids on [Ca2+]i in human endothelial cells. (A,B) E�ects of deoxycholic acid
(DC) (100 ± 750 mM) on [Ca2+]i. (C,D) E�ects of chenodeoxycholic acid (CDC) (100 ± 750 mM) on [Ca2+]i. (E,F) E�ects of cholic
acid (750 mM) on [Ca2+]i. Note that cholic acid failed to increase [Ca2+]i signi®cantly, while deoxycholic acid (E) and
chenodeoxycholic acid (F) dramatically increased [Ca2+]i. Results are representative of 5 ± 6 similar experiments.

Figure 3 Concentration-dependent e�ects of bile acids on [Ca2+]i in
human endothelial cells. A per cent increase of F340/F380 at the peak
level with reference to F340/F380 at the resting state was plotted
against each concentration of bile acids (deoxycholic acid, cheno-
deoxycholic acid and taurodeoxycholic acid). Each point of the curve
represents the mean+s.d. of 5 ± 6 preparations.
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Measurements of [Ca2+]i by two-dimensional image
analysis in individual cells

[Ca2+]i within individual cells was analysed as previously
described with modi®cation (Shin et al., 1992; Wang et al.,
1996). The fura-2-loaded cells in a glass dish were placed on an
inverted ¯uoromicroscope (Olympus, Japan) with a UV-¯uor

objective lens (620) for epi¯uorescence measurement and a
175-W xenon lamp. Cells were excited at 340 or 380 nm u.v.
wave using interference ®lters for 2 s and an emission spectrum

of fura-2 above 400 nm (by a dichroic mirror) was focused on
a CCD camera (FE 250, Olympus, Japan). The digitized fura-2
images were recorded and the 2-D ratio image (340/380 nm)

was reconstructed after background subtraction (Merlin1,
Olympus, Japan). Signi®cant leaking of fura-2 did not occur
during each experiment, evidenced by the increment of

auto¯uorescence in the incubation medium. All procedures
including the addition of drugs to the medium were performed
under dark conditions, and illumination time was minimized to
prevent the photobleaching of fura-2.

Determination of nitric oxide (NO)

NO released from endothelial cells was determined by
measuring the concentration of [NO2

7] in cultured medium
using the Griess test (Wood et al., 1990; Okuda et al., 1997).

Con¯uent monolayers cultured in 35 mm dishes were washed
twice with phosphate bu�ered saline (pH 7.4) and then, 2 ml

of the above mentioned MCDB-107 medium supplemented
with various kinds of bile acids (0 ± 750 mM). Zero-24 h after
the addition of chenodeoxycholic acid and 24 h after the

addition of bile acids, 90 ml aliquots of cultured medium were
collected, incubated for 30 min at 08C and then centrifuged for
20 min at 12,0006g. Ten ml of Griess reagent (0.5%
naphthylethylenediamine dihydrochloride and 5% sulphanila-

mide in 25% H3PO4) was added to the supernatants and the
mixture was incubated at 608C for 15 min. The absorbance at
540 nm was measured in a Beckman DU-70 spectrophot-

ometer (Fullerton, CA, U.S.A.). The concentration of [NO2
7]

was calculated by comparison with the absorbance at 540 nm
of standard solutions of 0 ± 150 M NaNO2 prepared in the

mentioned MCDB-107 medium.

Recording technique and data analysis

Membrane potentials and currents were recorded with
glass pipettes under whole-cell clamp conditions (Hamill et
al., 1981; Nakajima et al., 1992), using a patch-clamp

ampli®er (EPC-7, List Electronics, Darmstadt, Germany).
The heat-polished patch electrode, ®lled with the arti®cial
internal solution (for composition, see above), had the tip

resistance of 3 ± 5 MO. The series resistance was compen-
sated. Membrane potentials and currents were continuously
monitored with a high-gain storage oscilloscope (COS

5020-ST, Kikusui Electronic, Tokyo, Japan). The data
were stored on a video-tape using the PCM converter

Figure 4 Two-dimensional image of the [Ca2+]i responses in cultured bovine aortic endothelial cells (6200). Microscope images of
the fura-2-loaded cultured cells are shown in (A). The resting F340/F380 ratio image is shown in (B), and the image in the presence of
deoxycholic acid (DC, 750 mM) is shown in (D). The time courses of the changes in the F340/F380 ratio obtained from three di�erent
cells before and after the application of DC are shown in (B). The location of each cell is indicated in (A). Results are representative
of four similar experiments.
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system (RP-890, NF Electronic circuit design, Tokyo,
Japan).

Statistical analysis

The data were expressed as a mean+s.d. Statistical analysis
was performed using Duncan's multiple range test, and

P50.05 or less was considered signi®cant.

Results

Bile acids increase intracellular Ca2+ concentration
[Ca2+]i in vascular endothelial cells

The e�ects of bile acids on [Ca2+]i were investigated, by using

Ca2+-sensitive dye fura 2-AM in human vascular endothelial
cell suspensions. To avoid the detergent e�ects of high
concentrations of bile acids, we used the concentrations of bile
acids lower than 0.75 mM as previously reported (Dharm-

sathaphorn et al., 1989; Devor et al., 1993; Pak & Lee, 1993). In
the presence of extracellular Ca2+, deoxycholic acid (750 mM), a
secondary bile acid, induced a biphasic increase of [Ca2+]i
(Figure 1A). In a cell bathed into the Ca2+-free standard
solution for approximately 10 min, only a transient increase of
[Ca2+]i was observed, the additional application of Ca2+ into

the bath solution induced a rapid increase in [Ca2+]i (Figure
1B). Thus, the ®rst transient increase of [Ca2+]i elicited by

deoxycholic acid resulted mainly from Ca2+ release from
intracellular store sites, and the persistent elevation of [Ca2+]i
resulted from the entry of extracellular Ca2+. Figure 1C,D

show the e�ects of high EGTA and Ni2+ on deoxycholic acid-
induced sustained [Ca2+]i rise. After [Ca2+]i rise elicited by
deoxycholic acid reached the steady state (Figure 1C), the
exclusion of extracellular Ca2+ by EGTA (10 mM) inhibited the

sustained Ca2+ rise. Ni2+ (1 mM), an inorganic Ca2+ channel
blocker, also eliminated the sustained phase of [Ca2+]i (Figure
1D). Similarly, chenodeoxycholic acid (750 mM), a primary bile

acid, induced a biphasic increase of [Ca2+]i (Figure 2D). Figure
2 shows the concentration-dependent e�ects of deoxycholic
acid (Figure 2A,B) and chenodeoxycholic acid (Figure 2C,D)

on [Ca2+]i. These bile acids (30 ± 750 mM) signi®cantly increased
[Ca2+]i in a concentration-dependent manner. Concentration-
dependency of various kinds of bile acids was presented in

Figure 3. Deoxycholic acid and chenodeoxycholic acid at
concentrations above 30 mM increased [Ca2+]i in a concentra-
tion-dependent manner. The taurine conjugates of deoxycholic
acid (taurodeoxycholic acid) and chenodeoxycholic acid

(taurochenodeoxycholic acid, data not shown) also increased
[Ca2+]i. The potency of bile acids on elevating [Ca2+]i was
deoxycholic acid, chenodeoxycholic acid4 taurodeoxycholic

acid. On the other hand, cholic acid (750 mM), another primary
bile acid, did not signi®cantly a�ect [Ca2+]i (Figure 2E,F).
These results indicate that certain bile acids such as deoxycholic

acid and chenodeoxycholic acid increased [Ca2+]i in vascular
endothelial cells.

Figure 5 Oscillatory responses of [Ca2+]i induced by deoxycholic acid (DC) in cultured bovine endothelial cells. Two-dimensional
images of [Ca2+]i in individual cells are shown. Microscopic images of the fura-2-loaded cultured cells are shown in (A). The resting
F340/F380 ratio image is shown in (C), and the image in the presence of deoxycholic acid (DC, 300 mM) is shown in (D). The time
courses of the changes in the F340/F380 ratio obtained from ®ve di�erent cells before and after the application of DC are shown in
(B). The location of each cell is indicated in (A). Results are representative of four similar experiments.
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The e�ects of deoxycholic acid on [Ca2+]i were also
investigated in bovine aortic endothelial cells, by using two-
dimensional image analysis. When deoxycholic acid (750 mM)

was added to the bath solution, [Ca2+]i within the individual
cells was increased (Figure 4) as shown in human endothelial
cells suspensions. Deoxycholic acid (750 mM) induced a
biphasic increase of [Ca2+]i in almost all cells. On the other

hand, deoxycholic acid (300 mM) increased [Ca2+]i, but the
time of the onset of [Ca2+]i elevation varied from cells to
cells. The oscillatory responses of [Ca2+]i were occasionally

observed in individual cells as shown in Figure 5B. Similar
results were obtained in chenodeoxycholic acid (data not
shown).

Bile acids enhance nitric oxide production in vascular
endothelial cells

Figure 6 shows the e�ects of chenodeoxycholic acid (300 mM)
on nitric oxide production in human vascular endothelial cells.
In the absence of bile acids, the basal concentration of [NO2

7]

was not changed within 24 h. On the other hand, after the
application of the bile acid, the concentration of [NO2

7] in the
culture medium was increased and remained elevated within

24 h (Figure 6). Figure 7A compared the e�ects of various
kinds of bile acids (300 mM) on nitric oxide production for 24 h
in human vascular endothelial cells. Chenodeoxycholic acid,

deoxycholic acid, and the conjugates (taurochenodeoxycholic
acid and taurodeoxycholic acid) (300 mM) dramatically
enhanced [NO2

7] production. The taurine conjugates of bile

acids were less e�ective to enhance [NO2
7] production than the

taurine unconjugates. On the other hand, cholic acid and
taurocholic acid (300 mM) did not enhance [NO2

7] production
signi®cantly (Figure 7A). Figure 7B illustrates the e�ects of

NG-nitro-L-arginine methyl ester (L-NAME), a nitric oxide
synthase inhibitor, on bile acid-induced nitric oxide produc-
tion. Deoxycholic acid and chenodeoxycholic acid (300 mM)

enhanced nitric oxide production, but L-NAME (1 mM)
signi®cantly inhibited it even in the presence of L-arginine
(210.7 mg L71 in MCDB 107 medium). Figure 8 shows the

concentration-dependent e�ects of bile acids on nitric oxide
production. Deoxycholic acid (Figure 8A), chenodeoxycholic
acid (Figure 8B) and taurodeoxycholic acid (Figure 8C) (30 ±
750 mM) concentration-dependently increased [NO2

7] produc-

tion. However, taurocholic acid (Figure 8D) failed to increase
it signi®cantly.

Figure 9 shows the e�ects of calmodulin inhibitors, EGTA

and Ni2+ on the bile acid (chenodeoxycholic acid, CDC)-
induced nitric oxide production. W-7 and calmidazolium,
calmodulin inhibitors, signi®cantly inhibited the bile acid-
enhanced nitric oxide production. Similarly, decrease of

extracellular Ca2+ with EGTA (10 mM) or Ni2+ (1 mM)
decreased the bile acid-induced [NO2

7] production in vascular
endothelial cells.

Induction of Ca2+-activated K+ currents by bile acids in
vascular endothelial cells

Figure 10 showed the e�ects of bile acids on membrane
potentials in bovine endothelial cells. Under the current

clamp conditions, both ATP (1 mM) and deoxycholic acid
(750 mM) induced a signi®cant hyperpolarization of mem-
brane potential by approximately 780 mV, which was
nearly to the K+ equilibrium potential. Deoxycholic acid

(750 mM) induced the sustained hyperpolarization in all cells
tested (n=6) as shown in Figure 10A. On the other hand,
deoxycholic acid (300 mM) induced the oscillations of the

Figure 6 E�ects of bile acid (chenodeoxycholic acid, CDC) on
[NO2

7] production by cultured human endothelial cells. The
concentration of [NO2

7] (mM) was measured in control and
10 min ± 24 h after the application of CDC (300 mM). *P50.05 vs
control (0 min). Each column represents the mean+s.d. value of six
preparations.

Figure 7 E�ects of bile acids on [NO2
7] production by cultured

human endothelial cells. In this and the following ®gures, the cells
were treated with bile acids for 24 h. The concentrations of [NO2

7]
(mM) were measured, and divided by the weight of protein
(mM mg71). (A) E�ects of various kinds of bile acids on [NO2

7]
production. Cholic acid (C), chenodeoxycholic acid (CDC), deoxy-
cholic acid (DC), taurochenodeoxycholic acid (TCDC), taurodeoxy-
cholic acid (TDC). *P50.05 vs control experiments. (B) E�ects of
NG-nitro-L-arginine methyl ester (L-NAME) on the bile acids
(deoxycholic acid and chenodeoxycholic acid)-induced nitric oxide
production. The standard bathing solution (MCDB 107 medium)
contained L-arginine (210.7 mg l71). *P50.05 vs the experiments in
the presence of chenodeoxycholic acid (CDC) or deoxycholic acid
(DC). Each column represents the mean+s.d. of six preparations.
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membrane potential in ®ve of seven cells tested (Figure 10B).
Similarly, ATP (1 mM) occasionally induced rapidly hyper-
polarization, then followed by membrane oscillations (Figure

10C).
To investigate the ionic mechanisms of bile acid-induced

hyperpolarization, the e�ects of deoxycholic acid on mem-
brane currents were investigated as shown in Figure 11. The

cells were held at +0 mV, which was approximately equal to
the equilibrium potential of Cl7 ions. Under the conditions
with low EGTA in the patch pipette (0.01 mM), deoxycholic

acid (300, 750 mM) induced the outward current in a
concentration-dependent manner (Figure 11A). When EGTA
in the patch pipette was increased from 0.01 ± 10 mM, both

deoxycholic acid and ATP did not increase it at all (Figure
11B). In addition, when K+ in the patch pipette was totally
replaced by Cs+ to block K+ currents, deoxycholic acid

(750 mM) also did not signi®cantly activate it (data not shown).
These observations suggest that bile acids activated Ca2+-
dependent K+ currents, then hyperpolarizing the membrane.
Deoxycholic acid (300 mM, Figure 11Ca) and ATP (1 mM,

Figure 11Cb) frequently induced current oscillations as
observed in [Ca2+]i measurements by using two-dimensional
image analysis.

Even when deoxycholic acid or ATP was applied to the
bath solution in the absence of extracellular Ca2+, these
agents transiently activated Ca2+-dependent K+ current,

primarily by releasing intracellular Ca2+ from the Ca2+

storage sites (Figure 11Da,b). Intracellular application of IP3

(100 mM) also transiently activated Ca2+-dependent K+

current (Figure 11Dc). However, after deoxycholic acid
(750 mM, Figure 11Da), ATP (10 mM, Figure 11Db) or IP3

(100 mM, Figure 11Dc) activated the current in the absence
of extracellular Ca2+, the additional application of ATP

(Figure 11Da) or deoxycholic acid (Figure 11Db,c, 750 mM)
did not enhance it furthermore. These results suggest that
both bile acids and ATP activated Ca2+-dependent K+

currents by Ca2+ release from the same storage sites. Figure
11E shows the e�ects of heparin (1 mg ml71), an IP3

receptor antagonist (Kobayashi et al., 1989), on the ATP

and bile acid actions. When heparin was included in the
patch pipette, ATP (10 mM) failed to activate Ca2+-
dependent K+ currents, but deoxycholic acid (750 mM) still
activated it. The similar results were obtained in all ®ve

di�erent cells examined.

Figure 8 Concentration-dependent e�ects of bile acids on [NO2
7] production in human endothelial cells. (A,B) Concentration-

dependent e�ects of deoxycholic acid (DC), chenodeoxycholic acid (CDC), taurodeoxycholic acid (TDC) and taurocholic acid (TC).
Each column represents the mean+s.d. value of six preparations. *P50.05 vs controls.

Figure 9 E�ects of calmodulin inhibitors (W-7 and calmidazolium),
EGTA and Ni2+ on bile acid-induced [NO2

7] production in human
endothelial cells. [NO2

7] production was measured in control, in the
presence of chenodeoxycholic acid (CDC, 300 mM), CDC (300 mM)
plus calmodulin inhibitors (W-7 and calmidazolium (calmida)),
EGTA (10 mM) or Ni2+ (1 mM) for 24 h. Each column represents
the mean+s.d. value of six di�erent preparations.
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Discussion

This is the ®rst report to describe that (1) bile acids such as

deoxycholic acid, chenodeoxycholic acid and these taurine
conjugates concentration-dependently increased [Ca2+]i in
vascular endothelial cells, by releasing Ca2+ from an IP3-

sensitive site and subsequently Ca2+ in¯ux, while cholic acid
and taurocholic acid did not, (2) the bile acids dramatically
enhanced nitric oxide production in vascular endothelial cells.

Contractile agonists such as ATP have been known to
increase [Ca2+]i through a phosphatidylinositol response; it
induces the ®rst transient increase of [Ca2+]i by mainly

releasing Ca2+ from an IP3-sensitive store, subsequently
followed by Ca2+ in¯ux. The present study provided novel
evidence that bile acids concentration-dependently increased
[Ca2+]i in vascular endothelial cells. In the presence of

extracellular Ca2+, chenodeoxycholic acid (a primary bile
acid), deoxycholic acid (a secondary bile acid) and its taurine
conjugate (taurodeoxycholic acid and taurochenodeoxycholic

acid) increased [Ca2+]i in a biphasic manner. The initial
increase of [Ca2+]i induced by bile acids could mainly result
from the release of intracellular storage sites. On the other

hand, exclusion of extracellular Ca2+ or Ni2+, an inorganic
Ca2+ antagonist, inhibited the following persistent elevation of
[Ca2+]i, suggesting that it could result from the in¯ux of

extracellular Ca2+. The elevation of [Ca2+]i induced by bile
acids was also re¯ected by membrane hyperpolarization due to
activation of Ca2+-dependent K+ current as shown in Figure
10. Furthermore, we have observed that in individual cells

using two-dimensional image analysis, most of the cells
displayed an oscillatory behaviour after the application of
relatively low concentrations of deoxycholic acid (300 mM) as

in a case of ATP (1 mM, data not shown), while 750 mM

deoxycholic acid markedly induced sustained Ca2+ rise. The
onset and frequency of oscillations varied from cell to cell as
shown in Figure 5. The similar oscillatory membrane

potentials and currents, re¯ected by activation of Ca2+-
dependent K+ current, could be recorded under the whole-
cell clamp conditions. These oscillations may present a balance

between agonist-induced intracellular Ca2+ release and the
uptake and e�ux mechanisms to maintain low [Ca2+]i.

Under voltage clamp conditions, both bile acids and ATP
transiently activated Ca2+-dependent K+ current at a holding

Figure 10 E�ects of deoxycholic acid and ATP on membrane
potential in cultured bovine aortic endothelial cells. (A) E�ects of
ATP (1 mM) and deoxycholic acid (750 mM) on membrane potential.
The zero potential is indicated by dotted lines. (B) E�ects of
deoxycholic acid (300 mM) on membrane potential. Note that
deoxycholic acid (300 mM) induced the oscillatory responses of
membrane potential. (C) E�ects of ATP (1 mM) on membrane
potential. Each result is representative of 6 ± 7 similar experiments.

Figure 11 Induction of Ca2+-dependent K+ currents by deoxy-
cholic acid and ATP in bovine endothelial cells. The cells were held
at +0 mV. The patch pipette contained 0.01 mM EGTA in (A) and
(C,E). (A) Concentration-dependent e�ects of deoxycholic acid (DC)
on Ca2+-dependent K+ currents. (B) E�ects of high EGTA (10 mM)
in the patch pipette. The patch pipette contained 10 mM EGTA. (C)
Induction of the oscillatory K+ currents by deoxycholic acid (CD,
300 mM, a) and ATP (1 mM, b). (D) E�ects of deoxycholic acid, ATP
and IP3 on the Ca2+-dependent K+ currents in the absence of
extracellular Ca2+. In a and b, deoxycholic acid (750 mM) and ATP
(10 mM) were applied in the absence of extracellular Ca2+. In c, the
patch pipette contained IP3 (100 mM). Immediately after the rupture
of the membrane as shown by an arrow, the holding current
increased into the outward direction, when IP3 was inserted into the
cell through the patch pipette. Note that after deoxycholic acid
(750 mM, a), ATP (10 mM) and IP3 (100 mM, c) activated Ca2+-
dependent K+ current, the additional application of ATP or
deoxycholic acid failed to enhance it furthermore. (E) E�ects of
heparin on the activation of Ca2+-dependent K+ current induced by
ATP and deoxycholic acid (DC). The patch pipette contained heparin
(1 mg ml71). The zero current levels are shown by dotted lines. The
drug protocols are illustrated in the upper part of each trace, and
each result is representative of 5 ± 6 similar experiments. In the
experiments, [Ca2+]i measurements were not done in the same cell.
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potential of +0 mV, mainly by releasing Ca2+ from the
storage sites. Also, they activated Ca2+-dependent K+ current
in the absence of extracellular Ca2+. However, after ATP, bile

acids or IP3 maximally activated K+ current in the absence of
extracellular Ca2+, the additional application of ATP or bile
acids did not increase it any more. These results suggest that
bile acids released Ca2+ from an IP3-sensitive Ca2+ store. Bile

acids may induce inositol monophosphate (IP) accumulation,
re¯ecting production of IP3. Actually, bile acids may directly
activate phospholipase C, since they have been shown to

stimulate an increase in IP3 accumulation in isolated colonic
crypts of rats (Craven et al., 1987). In addition, it has been
reported that taurodeoxycholate activated K+ conductance via

an IP3-mediated release of Ca2+ from intracellular stores in a
colonic cell line (T84) (Devor et al., 1993), since heparin, an IP3

receptor antagonist (Kobayashi et al., 1989), antagonized this

e�ect. However, the involvement of IP3 on bile acids-induced
Ca2+ increase was unlikely in vascular endothelial cells.
Heparin completely blocked the activation of Ca2+-dependent
K+ current induced by ATP, while it failed to inhibit the

activation of Ca2+-dependent K+ current induced by bile acids
in vascular endothelial cells. Bile acids such as taurolithocholic
acid 3-sulphate as noradrenaline and angiotensin II have been

reported to induce Ca2+ release from the intracellular store
sites, then activating Ca2+-dependent K+ currents in guinea-
pig liver cells (Combettes et al., 1988; 1989; Capiod et al.,

1991). In these cells, the bile acid e�ect was not blocked by
intracellular application of heparin, while heparin blocked the
activation of Ca2+-dependent K+ currents induced by

noradrenaline and angiotensin II. Thus, the similar mechanism
may be involved in the bile acid e�ect on hepatocytes and
endothelial cells.

Bile acids are well known to be anionic detergents and are

used in puri®cation and reconstruction of membrane proteins.
However, there are several reasons why these detergent e�ects
were not unlikely to be involved in the bile acid e�ect observed

in the present study. First, cholic acid and taurocholic acid
(750 mM) are also anionic detergents, but they did not increase
[Ca2+]i and activate Ca2+-dependent K+ current in vascular

endothelial cells. Second, the cell viability determined by
trypan blue exclusion in control cells and cells treated with bile
acids (deoxycholic acid, 300 ± 750 mM) was not remarkably
di�erent as illustrated in Methods. Third, the LDH release

from cells in the culture medium was not signi®cantly di�erent
in control cells and cells treated with 300 ± 750 mM deoxycholic
acid (data not shown). Alternatively, it is likely that the Ca2+

release caused by bile acids results from a direct permeabilizing
action on the membrane of the sarcoplasmic reticulum (SR).
The application of ATP immediately increased [Ca2+]i,

primarily by releasing Ca2+ from the store sites, while the
time needed to elevate [Ca2+]i induced by bile acids was
di�erent among individual cells as shown in Figure 5. There

were no direct data on the binding of bile acids to the SR, but
it is proposed that bile acids participate into SR membranes,

and alter cation permeability by either introducing pores or
acting as mobile carriers.

There are three types of nitric oxide synthase (Forstermann

& Kleinert, 1995) and the one expressed by endothelial cells is
a constitutive enzyme that is Ca2+-calmodulin-dependent
(Palmer et al., 1988). The present study demonstrates that bile
acids rapidly enhanced nitric oxide production in endothelial

cells. The Ca2+-calmodulin might be involved in the bile acids-
induced nitric oxide production, since exclusion of extra-
cellular Ca2+ or W-7 and calmidazolium, calmodulin

inhibitors, inhibited the production of nitric oxide caused by
bile acids. In addition, deoxycholic acid and chenodeoxycholic
acid increased [Ca2+]i and rapidly enhanced nitric oxide

production (Figure 6), while cholic acid did not increase
[Ca2+]i and enhance nitric oxide production. Also, the potency
of bile acids to enhance nitric oxide production was

deoxycholic acid, chenodeoxycholic acid4 taurodeoxycholic
acid4 cholic acid, which was quite similar to that of bile acids
to increase [Ca2+]i in vascular endothelial cells.

Primary bile acids (cholic acid and chenodeoxycholic acid),

which are conjugated to either taurine or glycine, and then
formed conjugated bile acids such as taurocholic acid, are
transferred from hepatocytes to the lumen of the small

intestine. And, the primary bile acids are undergone dehydrox-
ylation by intestinal bacteria, to give rise to secondary bile
acids, such as deoxycholic acid. By virtue of the enterohepatic

circulation, the plasma concentration of all bile acids is very
low, less than 1 mg ml71, which is equivalent to about 2 ± 4 mM.
But, in patients with cirrhosis (LaRusso et al., 1975; Clain et al.,

1977) or bile duct obstruction (Bogin et al., 1983), plasma
concentration of bile acids is elevated, and occasionally reaches
beyond 100 mM (Makino et al., 1969; 1975; Pennington et al.,
1977; Song et al., 1983). Especially, plasma concentration of

chenodeoxycholic acid has been reported to be remarkably
increased in patients with liver cirrhosis or obstructive jaundice
(Takikawa et al., 1983). The present study provided novel

evidence that bile acids such as chenodeoxycholic acid
increased [Ca2+]i and then nitric oxide production in
endothelial cells at the physiological concentrations more than

30 mM. Cirrhosis, obstructive jaundice or isolated cholaemia
produced by choleductocaval anastomoses induces arterial
hypotension due to peripheral vasodilation, and also blunts
peripheral presser responses to contractile substrates (nora-

drenaline and angiotensin). Therefore, bile acid-induced nitric
oxide production may play an important role in the
haemodynamic abnormalities observed in liver diseases such

as obstructive jaundice and cirrhosis, but further studies are
needed to clarify this possibility.

This work was partly supported by grants from the Ministry of
Education and Science of Japan to T. Nakajima.
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