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In cirrhosis, in splanchnic arteries, endothelium-depen-
dent relaxation may persist even if overactive nitric oxide
synthase (NOS) and cyclooxygenase (COX) are inhibited. In
normal arteries, a significant endothelium-dependent relax-
ation to acetylcholine persists after NOS/COX inhibition.
This relaxation is caused by smooth muscle cell (SMC)
membrane hyperpolarization, which is sensitive to a combi-
nation of the potassium channel blockers apamin and
charybdotoxin, and is mediated by an endothelium-derived
hyperpolarizing factor (EDHF). The aim of this study was to
detect EDHF and evaluate its pathophysiologic role in iso-
lated superior mesenteric arteries from cirrhotic rats. Arte-
rial rings were obtained and exposed to Nw-nitro-L-arginine
(L-NNA, a NOS inhibitor) and indomethacin (a COX inhib-
itor). Acetylcholine-induced membrane potential responses
and concentration-response curves to the relaxant of acetyl-
choline were obtained with and without apamin plus
charybdotoxin. Acetylcholine-induced responses were mea-
sured in certain rings from endothelium-denuded arteries.
Contractions caused by the a1-adrenoceptor agonist phen-
ylephrine were obtained in cirrhotic and normal rings with
and without apamin and charybdotoxin. Significant acetyl-
choline-induced, endothelium-dependent, apamin- and
charybdotoxin-sensitive, SMC membrane hyperpolarization
and relaxation were found. An apamin- and charybdotoxin-
sensitive hyporesponsiveness to the contractile action of
phenylephrine was found in cirrhotic rings. In conclusion,
in cirrhotic rats, in the superior mesenteric artery exposed
to NOS/COX-inhibitors, an EDHF exists that may replace
NOS/COX products to induce endothelium-dependent arte-
rial relaxation. (HEPATOLOGY 2000;32:935-941.)

In portal hypertension, in splanchnic and systemic arteries,
certain mechanisms induce endothelium-dependent smooth
muscle cell (SMC) relaxation and hyporeactivity to vasocon-

strictors by activating endothelial nitric oxide synthase (NOS)
and cyclooxygenase (COX) to produce nitric oxide (NO) and
prostacyclin (PGI2).1-12 However, it has been shown that, in
portal hypertensive rats, NOS inhibition, alone or combined
with COX inhibition, did not suppress arterial SMC relaxation
and hyporeactivity to vasoconstrictors.3,4,6,8 These findings
show that a NOS/COX-inhibitor–insensitive SMC relaxation
may be involved in arterial alterations associated with portal
hypertension. It should be kept in mind that, in normal arter-
ies, a significant endothelium-dependent arterial SMC relax-
ation (caused by shear stress or acetylcholine) persists even
after NOS/COX inhibition.13-17 This NOS/COX-inhibitor–in-
sensitive relaxation is caused by SMC membrane hyperpolar-
ization caused by endothelium-derived hyperpolarizing fac-
tors (EDHFs).15,17-20 In normal splanchnic arteries, a
combination of the K1 channel blockers, apamin and charyb-
dotoxin,21 is known to inhibit EDHF-induced SMC hyperpo-
larization and relaxation.22-26 In addition, a combination of
barium (a K1 channel blocker)27 and ouabain (an inhibitor of
the sodium-potassium-adenosine triphosphatase (Na1/K1

ATPase)28 is also known to inhibit EDHF-induced responses
in normal mesenteric arteries.24 In fact, it has been shown in
normal small splanchnic arteries, EDHF is K1 that effluxes
through apamin- and charybdotoxin-K1 channels located in
endothelial cells.24 The resulting increase in myoendothelial
K1 concentrations hyperpolarizes and relaxes underlying
SMCs by activating barium-sensitive K1 channels and the
Na1/K1 ATPase (Fig. 1).24 Taken together, the findings ob-
tained in normal arteries suggest that EDHF may explain the
earlier-mentioned NOS/COX-inhibitor–insensitive SMC re-
laxation in arteries from portal hypertensive animals. Thus,
the first aim of the present study was to detect EDHF in
splanchnic and systemic arteries from cirrhotic rats by inves-
tigating acetylcholine-induced relaxation in isolated arteries
exposed to NOS/COX inhibitors. The second aim was to de-
termine the effects of a combination of apamin and charybdo-
toxin, on one hand, and barium plus ouabain, on the other, on
EDHF-induced relaxation in cirrhotic arteries. In addition,
the effects of these different pharmacologic combinations on
EDHF-mediated relaxation were compared between cirrhotic
and normal arteries. Finally, the role of EDHF in cirrhosis-
induced arterial hyporeactivity to vasoconstrictors was exam-
ined.

MATERIALS AND METHODS

Animals. Male Sprague Dawley rats (Charles River Laboratoires,
Saint-Aubin-Lès-Elbeuf, France) were divided into 2 groups. One
group included normal rats (n 5 54). A second group (n 5 56) had
secondary biliary cirrhosis with portal hypertension as a result of bile
duct ligation as previously described.29 Under pentobarbital anesthe-
sia, the common bile duct was exposed by median laparotomy and
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occluded by double ligature with a nonresorbable suture (7-0 silk).
The first tie was made below the junction of the hepatic ducts, and
the second was made above the entrance to the pancreatic ducts. The
common bile duct was then resected between the 2 ligatures and the
abdominal incision was closed. Studies were performed 4 to 5 weeks
after bile duct ligation in rats weighing from 210 to 340 g. This delay
is necessary for the development of secondary biliary cirrhosis.30

Studies were performed in normal rats weighing from 300 to 380 g.
All rats were allowed free access to food and water for up to 14 to 16
hours before the study, when food was withdrawn. Protocols per-
formed in this laboratory were approved by the French Agriculture
Office in accordance with European legislation for research involv-
ing animals.

Tension Measurements. Cirrhotic and normal rats were killed with
an overdose of pentobarbital. The thoracic aorta and the main branch
of the superior mesenteric artery were removed and placed in a petri
dish containing refrigerated (4°C) modified Krebs-Henseleit salt so-
lution containing: 118.3 mmol/L NaCl, 4.7 mmol/L KCl, 2.5 mmol/L
CaCl2, 1.17 mmol/L MgSO4, 1.18 mmol/L KH2PO2, 25 mmol/L
NaHCO3, 0.026 mmol/L ethylenediaminetetraacetic acid, and 11.1
mmol/L glucose.8,11,31 Arteries were cleaned of loose connective tis-
sue. In most experiments, great care was taken not to injure the
endothelium; in some experiments, the endothelium was removed
mechanically by inserting the tip of a pair of small forceps into the
lumen and rolling the tissue back and for several times on a paper
towel wet with modified Krebs-Henseleit salt solution. Studies were
performed in freshly isolated arteries. Arteries were cut into 3-mm
rings that were then suspended horizontally between 2 stainless steel
stirrups in individual organ chambers filled with 10 mL of modified
Krebs-Henseleit solution. The solution was continuously bubbled
with a mixture of 95% O2/5% CO2 and maintained at 37°C with an
outer water jacket and a circulating heat pump. One of the stirrups
was anchored to the organ chamber and the other was connected to
a strain gauge to record isometric tension (60-2997, Harvard Appa-
ratus, So. Natick, MA). Contractions and relaxations were recorded

with a multichannel polygraph (1302-06, Gould Electronics, Balain-
villiers, France) and expressed as absolute values (grams). For the
superior mesenteric artery, a baseline force of 1g was applied by
changing the position of the transducer. For the aorta a baseline force
of 1.5g was applied. These tensions were identified in preliminary
studies to provide optimum vasoactive responses. After 45 minutes
of equilibration, the presence of a functional endothelium was con-
firmed on the basis of relaxation evoked by the endothelium-depen-
dent dilator acetylcholine (1026 mol/L) in arterial rings precon-
tracted with phenylephrine (1027 mol/L, an a1-adrenoceptor
agonist). Rings with less than 60% relaxation of phenylephrine-in-
duced contractions were discarded. Then, the organ chambers were
rinsed 3 times with warm, modified Krebs-Henseleit salt solution and
the following studies were performed.

Relaxations to increasing acetylcholine concentrations (from 1029

mol/L to 1025 mol/L) were investigated in arteries that were precon-
stricted with phenylephrine (1027 mol/L) and pretreated (for 30
minutes) or not with a combination of Nw-nitro-L-arginine (L-NNA,
1024 mol/L, a NOS inhibitor) plus indomethacin (1025 mol/L, a COX
inhibitor). Preliminary results have shown that, in the superior mes-
enteric artery, 1024 mol/L L-NNA decreased total NOS activity from
5.16 6 0.08 to 0.09 6 0.01 pmol/hr.mg of proteins, in cirrhotic rats
(n 5 3), and from 1.97 6 0.28 to 0.07 6 0.01 pmol/hr.mg of pro-
teins, in normal rats (n 5 3). In the aorta, 1024 mol/L L-NNA de-
creased total NOS activity from 5.80 6 0.54 to 0.08 6 0.01 pmol/
hr.mg of proteins, in cirrhotic rats (n 5 3), and from 2.23 6 0.30 to
0.06 6 0.01 pmol/hr.mg of proteins, in normal rats (n 5 3).

Two sets of experiments were performed in arterial rings from
cirrhotic and normal rats. The first set of experiments was performed
in rings from superior mesenteric arteries and aortae. In a first subset
of experiments, acetylcholine-induced relaxations were measured in
rings exposed or not to L-NNA plus indomethacin. In a second sub-
set, acetylcholine-induced relaxations were measured in endothe-
lium-denuded rings. The second set of experiments was performed
in superior mesenteric arterial rings only, exposed to a combination
of L-NNA and indomethacin. In a first subset of experiments, acetyl-
choline-induced relaxations were measured in rings exposed to
apamin (1027 mol/L) plus charybdotoxin (1027 mol/L). In a second
subset, acetylcholine-induced relaxations were measured in rings
exposed to apamin plus iberiotoxin (1027 mol/L, a K1 channel
blocker).27 In a third subset, acetylcholine-induced relaxations were
measured in rings exposed to barium alone (3 3 1025 mol/L). In a
last subset of experiments, acetylcholine-induced relaxations were
measured in rings exposed to barium plus ouabain (1023 mol/L).

Electrophysiologic Studies. As described earlier, rings were obtained
in the main branch of cirrhotic superior mesenteric arteries. Rings
were placed in a physiologic saline solution containing: 120 mmol/L
NaCl, 11 mmol/L D-glucose, 4.7 mmol/L KCl, 2.4 mmol/L MgSO4,
1.2 mmol/L KH2PO4, 1.8 mmol/L CaCl2, 10 mmol/L HEPES (pH 7.4
with NaOH). Studies were performed in freshly isolated arteries as
previously described.28,32

Microelectrode preparation. Microelectrodes used for electrophysi-
ologic studies were obtained from borosilicate capillary glass (Clark
GC 150F; Clark Electromedical, Pangbourne Reading, United King-
dom) pulled with a Narishige PA81 microelectrode puller (Narishige
Scientific Instrument Laboratory, Tokyo, Japan). Tip diameters were
about 0.5 mm and tip resistances between 50 to 100 mol/LV. Micro-
electrodes were filled with 600 mmol/L KCl.

Membrane potential measurements. Electrophysiologic studies were
performed in a Faraday cage, immediately after the superior mesen-
teric artery had been removed from cirrhotic rats. A ring was placed
in a continuous-flow chamber (200 mL) percolated by gravity with
solutions (flow rate: 17 mL/s). Under microscopic control, SMCs in
the superior mesenteric artery were impaled with a microelectrode.
Impalement was performed by using a micromanipulator (Narishige
WR91; Narishige Scientific Instrument Laboratory). The microelec-
trode was used to measure the membrane potential. The membrane
potential was recorded on an electrometer (Axoclamp 2A; Axon In-
struments, Foster City, CA). Potential was displayed on a dual-input

FIG. 1. K1 is an acetylcholine-induced endothelium-derived hyperpolar-
izing factor in the rat small superior mesenteric artery exposed to inhibitors of
NOS and COX. In the endothelial cell, binding of acetylcholine to its surface
receptor leads to activation of apamin- and charybdotoxin-sensitive K1 chan-
nels located in the plasma membrane. The resulting efflux of K1 outside the
cell increases myoendothelial K1 concentration, which activates barium-sen-
sitive K1 channels and the ouabain-sensitive sodium-potassium-adenosine
triphosphatase (Na1/K1 ATPase) located in the plasma membrane of under-
lying SMCs. Activation of barium-sensitive K1 channels and Na1/K1 ATPase
leads to plasma membrane hyperpolarization and SMC relaxation.
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oscilloscope (Gould 1425, Gould Instruments Ltd., Hainault, United
Kingdom) and was continuously recorded throughout the experi-
ment by using a pen-recorder (BD 41; Kipp and Zonen, Delft, The
Netherlands). Criteria for successful impalement were as fol-
lows28,32: (1) an abrupt drop in voltage as the electrode entered the
cell, (2) a stable membrane potential for at least 2 minutes, (3) at the
end of impalement, a sharp return to 0 mV, with resistance of the
microelectrode tip unchanged, and (4) a tip potential less than 2 mV.
Experiments were performed at 36°C.

Membrane potentials were measured before and during exposure
to acetylcholine (1026 mol/L) in rings pretreated for 30 minutes with
a combination of L-NNA (1024 mol/L) and indomethacin (1025 mol/
L). Membrane potential responses to acetylcholine were also mea-
sured in certain rings pretreated with L-NNA and indomethacin and
exposed to a combination of apamin and charybdotoxin (1027 mol/L,
each). Preliminary results obtained in the superior mesenteric artery
have shown that, in the absence of L-NNA and indomethacin, the
SMC resting membrane potential was significantly more positive in
cirrhotic (221 6 1 mV, n 5 15) than in normal rats (248 6 2 mV,
n 5 16).33 In other words, in the superior mesenteric artery at rest,
the SMC membrane was significantly more depolarized in cirrhotic
rats than in normal rats. Cirrhosis-induced SMC membrane depolar-
ization may be caused by alteration of intracellular ionic concentra-
tions (e.g., a decrease in cytosolic K1 concentrations).28

Substances. All substances were purchased from Sigma Chemical
Co. (St Louis, MO).

Statistical Analysis. Values are mean 6 SEM. The effects of the
group (cirrhotic or normal), treatment (with or without L-NNA plus
indomethacin), the type of artery (superior mesenteric artery or
aorta), and the level of phenylephrine-induced preconstriction on
concentration-dependent relaxation to acetylcholine were deter-
mined by multivariate ANOVA with repeated measures (SAS-STAT
[SAS Institutes], procedure GLM). In the superior mesenteric artery
exposed to L-NNA plus indomethacin, the effects of inhibitors (i.e.,
apamin plus charybdotoxin; apamin plus iberiotoxin; barium alone
or combined to ouabain) and the effect of the level of phenylephrine-
induced preconstriction on concentration-dependent relaxation to
acetylcholine were determined by multivariate ANOVA with re-
peated measures. In superior mesenteric arteries exposed to L-NNA
and indomethacin, 2-way ANOVA was used to compare baseline
phenylephrine-induced contraction with phenylephrine-induced
contraction obtained in the presence of either apamin plus charyb-

dotoxin or barium plus ouabain. A Student’s t-test for paired data was
used to compare membrane potentials before and during exposure to
acetylcholine. A P value of .05 or less was considered significant.

RESULTS

Relaxation to Acetylcholine in Arteries With and Without L-NNA
Plus Indomethacin. A significant concentration-dependent re-
laxant response to acetylcholine was found (P 5 .001) that
was decreased by L-NNA plus indomethacin (P 5 .001). The
L-NNA/indomethacin-induced decrease in concentration-de-
pendent relaxation to acetylcholine did not differ between
cirrhotic and normal rats (interaction term, P 5 .63). The
L-NNA/indomethacin-induced decrease in concentration-de-
pendent relaxation to acetylcholine was less marked in the
superior mesenteric artery than the aorta (interaction term,
P 5 .004).

None of these results were changed when the level of phen-
ylephrine-induced preconstriction was taken into account in
multivariate analysis. The concentration-dependent relax-
ation to acetylcholine in the superior mesenteric artery and
the aorta, with and without L-NNA and indomethacin, are
shown in Figure 2 (cirrhotic rats) and Figure 3 (normal rats).

Figure 4 shows representative acetylcholine-induced relax-
ations obtained in individual endothelium-denuded mesen-
teric artery from a cirrhotic rat and a normal rat. In both
groups of rats, in the superior mesenteric artery (n 5 3, in
each group) and the aorta (n 5 3, each group), the concen-
tration-dependent relaxant response to acetylcholine was
abolished by endothelium removal.

Membrane Potential Responses to Acetylcholine in SMCs in Cir-
rhotic Superior Mesenteric Arteries Exposed to L-NNA and Indo-
methacin. In 5 SMCs, the membrane potentials were signifi-
cantly less negative under baseline conditions than during
exposure to acetylcholine (218 6 2 mV and 224 6 2 mV,
respectively, P 5 .001). Endothelium removal suppressed
acetylcholine-induced alterations in the membrane potential
(227 6 1 mV and 226 6 1 mV, before and during exposure
to acetylcholine, respectively, P 5 .90).

FIG. 2. Effect of inhibition of NOS and COX on concentration-dependent relaxation to acetylcholine in cirrhotic superior mesenteric arteries and aortae.
Arteries were preconstricted with phenylephrine (1027 mol/L). Curves were obtained in arterial rings in the absence (E) or presence (F) of a combination of
L-NNA plus indomethacin. Results are expressed as the mean 6 SEM of 6 to 11 experiments. A multivariate ANOVA with repeated measures was used. L-NNA
plus indomethacin induced a decrease in concentration-dependent relaxation to acetylcholine in mesenteric arteries (P 5 .0008) and aortae (P 5 .0001). The
L-NNA/indomethacin-induced decrease in concentration-dependent relaxation to acetylcholine was more marked in aortae than superior mesenteric arteries
(interaction term, P 5 .04). *P 5 .001 versus the corresponding acetylcholine concentration in arteries without L-NNA plus indomethacin.
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In 5 SMCs, in arteries exposed to a combination of apamin
and charybdotoxin, membrane potentials were not different
before and during application of acetylcholine (214 6 2 mV
and 214 6 1 mV, respectively, P 5 .70).

Effects of Apamin Combined to Either Charybdotoxin or Iberio-
toxin on Acetylcholine-Induced Relaxations in Superior Mesenteric
Arteries Exposed to L-NNA and Indomethacin. The concentration-
dependent relaxation to acetylcholine was lower in the pres-

FIG. 3. Effect of inhibition of NOS and COX on concentration-dependent relaxation to acetylcholine in normal superior mesenteric arteries and aortae
preconstricted with phenylephrine. Curves were obtained in arterial rings in the absence (E) or presence (F) of L-NNA and indomethacin. Results are
expressed as the mean 6 SEM of 6 to 8 experiments. A multivariate ANOVA with repeated measures was used. L-NNA plus indomethacin induced a decrease
in concentration-dependent relaxation to acetylcholine in mesenteric arteries (P 5 .002) and aortae (P 5 .0001). The L-NNA/indomethacin-induced decrease
in concentration-dependent relaxation to acetylcholine was more marked in aortae than superior mesenteric arteries (interaction term, P 5 .04). *P 5 .001
versus the corresponding acetylcholine concentration in arteries without L-NNA plus indomethacin.

FIG. 4. Representative record-
ings of concentration-dependent re-
laxation to acetylcholine in superior
mesenteric arteries. Arteries were
preconstricted with phenylephrine
(*). Endothelium-denuded (A, B) or
intact (C, D, E, F, G, and H) arteries
were used. Intact vessels were ex-
posed to L-NNA plus indomethacin
alone (C, D) or combined to either
apamin plus charybdotoxin (E, F) or
barium plus ouabain (G, H).
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ence of apamin plus charybdotoxin than under control con-
ditions (P 5 .001). The apamin/charybdotoxin-elicited
decrease in acetylcholine-induced relaxation did not differ
between cirrhotic and normal rats (interaction term, P 5 .60).

The concentration-dependent relaxation to acetylcholine
did not differ under control conditions and in the presence of
apamin plus iberiotoxin (P 5 .76). All the earlier-described
results were similar when the level of phenylephrine-induced
preconstriction was taken into account in multivariate analy-
sis.

Figure 4 shows representative acetylcholine-induced relax-
ations under control conditions or during exposure to apamin
plus charybdotoxin in cirrhotic and normal rats. Figure 5
shows the effect of each pharmacologic combination on the
concentration-dependent relaxation to acetylcholine in cir-
rhotic and normal rats.

Effects of Barium Alone or Combined to Ouabain on Acetylcholine-
Induced Relaxations in Superior Mesenteric Arteries Exposed to L-
NNA and Indomethacin. The concentration-dependent relax-
ation to acetylcholine was lower in the presence of barium
alone than under control conditions (P 5 .002). The barium-
alone–elicited decrease in concentration-dependent relaxant
responses to acetylcholine was similar in cirrhotic than nor-
mal rats (interaction term, P 5 .48).

The concentration-dependent relaxation to acetylcholine
was lower in the presence of either barium plus ouabain than
under control conditions (P 5 .0001). The barium/ouabain-
elicited decrease in concentration-dependent relaxant re-
sponses to acetylcholine was less marked in cirrhotic than
normal rats (interaction term, P 5 .05).

All the earlier-described results were similar when the level
of phenylephrine-induced preconstriction was taken into ac-
count in multivariate analysis.

Figure 4 shows representative acetylcholine-induced relax-
ations in individual cirrhotic and normal arteries exposed to

barium plus ouabain. Figure 6 shows the effect of barium
alone and barium plus ouabain on the concentration-depen-
dent relaxation to acetylcholine in cirrhotic and normal rats.

Reactivity to Phenylephrine in Superior Mesenteric Arteries Ex-
posed to L-NNA and Indomethacin. Contractions caused by 1027

mol/L phenylephrine were lower in cirrhotic than in normal
arterial rings (0.84 6 0.10 g (n 5 11) vs. 1.40 6 0.13 g (n 5
8), respectively, P 5 .004). In the presence of apamin and
charybdotoxin, phenylephrine-induced contractions did not
differ between cirrhotic and normal rats (2.02 6 0.20 g (n 5
4) vs. 1.85 6 0.57 g (n 5 5), respectively, P 5 .81). In the
presence of barium plus ouabain, phenylephrine-induced
contractions did not differ between cirrhotic and normal rats
(1.40 6 0.11 g (n 5 4) vs. 1.30 6 0.23 g (n 5 5), respectively,
P 5.72).

DISCUSSION

This study shows that in arteries without NOS/COX-inhib-
itors, acetylcholine induced endothelium-dependent relax-
ation in the superior mesenteric artery (main branch) and in
the aorta from cirrhotic rats. In arteries exposed to NOS/COX-
inhibitors, relaxation to acetylcholine was decreased in the
superior mesenteric artery but abolished in the aorta. Thus, a
NO/PGI2-independent relaxant response to acetylcholine was
present in the superior mesenteric artery but not the aorta.
The present study focused on acetylcholine-induced, NOS/
COX-inhibitors–insensitive relaxation in the superior mesen-
teric artery.

In cirrhotic mesenteric arteries exposed to NOS/COX-in-
hibitors, acetylcholine induced endothelium-dependent SMC
membrane hyperpolarization. Thus, acetylcholine induced
the release of endothelial, NO/PGI2-independent, hyperpolar-
izing factors (i.e., EDHFs).15 Because SMC membrane hyper-
polarization is a signal for smooth muscle relaxation,27 EDHF

FIG. 5. Effects of apamin combined to either charybdotoxin or iberiotoxin on acetylcholine-induced, EDHF-mediated relaxation in superior mesenteric
arteries from cirrhotic and normal rats. Concentration response curves to the relaxant effect of acetylcholine were all obtained in arteries exposed to L-NNA
plus indomethacin. Concentration response curves were obtained under control conditions (F, n 5 11 in cirrhotic rats and n 5 8 in normal rats); in the
presence of a combination of K1 channel inhibitors, apamin plus charybdotoxin (1027 mol/L each, E, n 5 4 in cirrhotic rats and n 5 5 in normal rats); in the
presence of a combination of K1 channel inhibitors, apamin plus iberiotoxin (1027 mol/L each, Œ, n 5 4 in cirrhotic rats and n 5 4 in normal rats). A
multivariate ANOVA with repeated measures was used. Apamin and charybdotoxin decreased the concentration-dependent relaxation to acetylcholine in
cirrhotic (P 5 .0001) and normal rats (P 5 .0001). The apamin/charybdotoxin-induced reduction in relaxant responses to acetylcholine was similar in both
groups. Apamin plus iberiotoxin did not significantly change the concentration-dependent relaxation to acetylcholine in cirrhotic and normal rats. *P 5 .0001
versus the corresponding acetylcholine concentration in the control and apamin/iberiotoxin groups.
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was involved in acetylcholine-induced relaxation in the
present study.

In this study, overall NOS/COX-inhibitors–-insensitive re-
laxation to acetylcholine did not significantly differ between
cirrhotic and normal rats. Thus, the degree of acetylcholine-
induced, EDHF-mediated relaxation was similar in cirrhotic
and normal mesenteric arteries.

In cirrhotic and normal mesenteric arteries exposed to
NOS/COX-inhibitors, a combination of the K1 channel block-
ers apamin and charybdotoxin suppressed acetylcholine-in-
duced SMC membrane hyperpolarization and relaxation.
Therefore, activation of apamin- and charybdotoxin-sensitive
K1 channels was involved in EDHF-induced hyperpolariza-
tion and relaxation. Moreover, our findings indicate that cir-
rhosis did not alter the effect of apamin plus charybdotoxin on
EDHF-induced relaxation.

In this study, in cirrhotic mesenteric arteries exposed to
NOS/COX-inhibitors, barium (a K1 channel blocker) alone or
combined with ouabain (Na1/K1 ATPase inhibitor) signifi-
cantly decreased acetylcholine-induced relaxation. Thus, bar-
ium-sensitive K1 channels and Na1/K1 ATPase were involved
in EDHF-induced relaxation. On the other hand, barium plus
ouabain suppressed (and not decreased only) acetylcholine-
induced relaxation in normal mesenteric arteries. Thus, cir-
rhosis altered the effects of barium plus ouabain on EDHF-
induced relaxation.

In small resistance mesenteric arteries, acetylcholine-in-
duced EDHF has been shown to be K1 that effluxes through
endothelial apamin- and charybdotoxin-sensitive K1 chan-
nels and then stimulates barium-sensitive K1 channels and
Na1/K1 ATPase located in the SMC plasma membrane (Fig.
1).24 Therefore, the results of the present study suggest that
K1 may be an acetylcholine-induced EDHF in large mesen-
teric arteries.

In this study, an important finding in arteries exposed to
NOS/COX-inhibitors was a less-marked contraction to the
a1-adrenoceptor agonist phenylephrine in cirrhotic than in
normal rats. This indicates an NO/PGI2-independent hypore-
activity to the contractile action of phenylephrine in the cir-
rhotic rat superior mesenteric artery. Moreover, this hypore-
activity to phenylephrine was suppressed by apamin plus
charybdotoxin or barium plus ouabain. Because apamin plus
charybdotoxin or barium plus ouabain inhibit EDHF-induced
relaxation (see earlier), the results of the present study indi-
cate that an EDHF-induced relaxation was the cause of NO/
PGI2-independent hyporeactivity to phenylephrine in cir-
rhotic arteries.

In the absence of NOS/COX-inhibitors, superior mesen-
teric arteries from cirrhotic rats are hyporeactive to a1-adre-
noceptor agonists. This hyporeactivity is not caused by a1-
adrenoceptor down-regulation34,35 but by endothelial NO
overproduction.3,5,7,9,10,12,31,35,36 In this study, however, hy-
poreactivity to phenylephrine in superior mesenteric arteries
during NO inhibition was caused by baseline EDHF-induced
relaxation. Thus, EDHF replaced NO and induced arterial
hyporeactivity to vasoconstrictors in cirrhotic rat superior
mesenteric artery. Because NO is known to induce tonic inhi-
bition of EDHF release in different arteries,37 EDHF-mediated
hyporeactivity to phenylephrine in cirrhotic arteries exposed
to NOS inhibitors may be caused by increased EDHF release
in response to inhibition of baseline NO overproduction.

Diabetes mellitus (which is common in cirrhosis) is known
to be associated with decreased arterial NOS activity.38 In
portal hypertensive animals, long-term administration of a
nonselective b-blocker has been shown to decrease arterial
NO overproduction by inhibiting NOS expression and activ-
ity.39 When arterial NOS activity is decreased, EDHF replaces
NO to relax cirrhotic mesenteric arteries (see earlier). There-

FIG. 6. Effects of barium alone or combined to ouabain on acetylcholine-induced, EDHF-mediated relaxation in superior mesenteric arteries from cirrhotic
and normal rats. Concentration response curves to the relaxant effect of acetylcholine were all obtained in arteries exposed to L-NNA plus indomethacin.
Concentration response curves were obtained under control conditions (F); in the presence of a K1 channel inhibitor barium (3 3 10-5 mol/L) alone (‚, n 5
8 in cirrhotic rats and n 5 4 in normal rats); in the presence of barium combined to the Na1/K1 ATPase inhibitor ouabain (1023 mmol/L, h, n 5 4 in cirrhotic
rats and n 5 5 in normal rats). A multivariate ANOVA with repeated measures was used. Barium decreased the concentration-dependent relaxation to
acetylcholine in cirrhotic (P 5 .004) and normal rats (P 5 .05). The barium-alone–induced decrease in relaxant responses to acetylcholine was similar in both
groups. Barium plus ouabain decreased the concentration-dependent relaxation to acetylcholine in cirrhotic (P 5 .01) and normal rats (P 5 .0001). The
barium/ouabain-induced decrease in the concentration-dependent relaxation to acetylcholine was significantly less marked in cirrhotic than in normal rats
(interaction term, P 5 .05). *P 5 .001 versus the corresponding acetylcholine concentration in the barium-alone and barium-plus-ouabain groups. **P 5 .05
versus the corresponding acetylcholine concentration in the control group. †P 5 .0001 versus the corresponding acetylcholine concentration in the control
and barium-alone groups.
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fore, in cirrhotic patients with diabetes or in those receiving a
nonselective b-blocker, EDHF may substitute for NO to de-
crease splanchnic vascular tone and, thus, play a role in the
maintenance of portal hypertension.

In conclusion, in cirrhotic and normal rats, acetylcholine-
induced, EDHF-mediated relaxation occurs in the superior
mesenteric artery but not in the aorta. EDHF-induced relax-
ation involves the activation of apamin- and charybdotoxin-
sensitive K1 channels, barium-sensitive K1 channels, and
Na1/K1 ATPase. Finally, this study shows that, in cirrhotic
rats, in the superior mesenteric artery exposed to NOS/COX
inhibitors, EDHF may act in place of NO and PGI2 to induce
hyporeactivity to a1-adrenoceptor agonist-mediated contrac-
tion.
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