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ABSTRACT:  The aim of this study was to see whether increased activity of nitric
oxide (NO) might account for decreased pulmonary vascular tone seen in the hyper-
dynamic circulation of cirrhosis.  We compared the pulmonary vascular reactivity
of isolated pulmonary arteries (PA) from control rats (n=10), and rats with biliary
cirrhosis (n=10) induced by chronic bile duct ligation (4 weeks).

The responses of PA rings to cumulative concentrations of phenylephrine, acetyl-
choline and sodium nitroprusside were studied, and also the effects of inhibition of
synthesis of NO by the L-arginine analogue, Nω-nitro-L-arginine (L-NOARG) in PA
rings challenged with cumulative concentrations of phenylephrine and acetylcholine.

The contractile response to phenylephrine was significantly reduced in cirrhotic
PA rings as compared with controls. Pretreatment with L-NOARG (10-4 M)
significantly increased the contractile response to phenylephrine in PA rings from
cirrhotic rats but not in control PA rings.  Furthermore, L-NOARG restored the
response to phenylephrine in cirrhotic PA rings back to normal.  There was no dif-
ference in the relaxation of PA rings from both groups in response to acetylcholine
and sodium nitroprusside. 

We conclude that in vitro pulmonary artery ring hyporeactivity to phenylephrine
results from increased nitric oxide production in the pulmonary circulation of cir-
rhotic rats and might account for the hepatopulmonary syndrome.
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Pulmonary vascular reactivity is often altered in cir-
rhosis resulting in the hepatopulmonary syndrome or,
less frequently, pulmonary hypertension. The mecha-
nisms underlying pulmonary hypertension in cirrhosis
are still unknown [1].  However, it seems likely that they
are different from those of the hepatopulmonary syn-
drome [2]. The latter is characterized by pulmonary gas
exchange abnormalities with impaired hypoxic pulmo-
nary vasoconstriction, intrapulmonary microvascular dila-
tation, high cardiac output and low pulmonary vascular
resistance [2].

A recent hypothesis by VALLANCE and MONCADA [3]
related the hyperdynamic circulation in cirrhosis to in-
creased synthesis and/or release of nitric oxide (NO).  NO
modulates pulmonary vascular tone in man both in health
and disease [4, 5].  However, some uncertainties still
exist as to the role of NO in the modulation of pulmonary
vascular tone in rats [6–12].

Until the present time, only a few studies have looked
at the putative role of NO in the hepatopulmonary syn-
drome.  MAYORAL et al. [13] found increased NO in the
exhaled breath of patients with the hepatopulmonary syn-
drome, probably as a result of overproduction of NO in
the lungs.  However, there is so far no direct evidence
supporting the hypothesis that NO production might be

increased in the pulmonary circulation of patients with
cirrhosis.  Such evidence is difficult to obtain in humans.
Therefore, we used an animal model of hepatopulmonary
syndrome [14] to assess the reactivity of isolated pul-
monary arteries from rats with biliary cirrhosis.

Methods

Surgical techniques

Male Sprague-Dawley rats weighing 150–175 g were
purchased (Centre d'Elevage Janvier, Le Genest-Saint-
Isle, France) and given food and water ad libitum.  They
were divided into two groups. One group (cirrhosis
group) had the common bile duct ligated, as described
previously [14, 15].  Briefly, under light ether anaesthe-
sia, the abdomen was opened through a midline incision
and the common bile duct was dissected and resected
between 4.0 silk ligatures. The abdomen was closed with
sutures and the rats were allowed to recover.  The total
mortality rate was approximately 20%, with the majo-
rity of deaths in the first 2 weeks.  This procedure is
known to lead to biliary cirrhosis within 4 weeks with



haemodynamic features of portal hypertension and hyper-
kinetic circulation with high cardiac output and decreased
systemic vascular resistance [14, 15].  

Histological features of liver cirrhosis were sought and
documented in the first rats that underwent common bile
duct ligation. In the control group, rats were anaestheti-
zed and their abdomen was opened without bile duct lig-
ature.  Four weeks after the first operation, the heart-lung
block was removed under ether anaesthesia for pharma-
cological study.

Tissue preparation

Segments of pulmonary artery were obtained from 20
rats (10 control and 10 with cirrhosis).  Immediately after
excision of the heart-lung block, tissues were placed in
cold (4°C), pregassed Krebs-Ringer bicarbonate (KR)
solution and transported to the laboratory for dissection.
The composition of the KR solution was as follows (in
mmol·L-1): NaCl 118; NaHCO3 25.5; KCl 5.9; NaHPO4
1.2; MgSO4 1.2; CaCl2 2.5; glucose 5.6.  Vascular seg-
ments were obtained from proximal pulmonary arteries
which had been carefully dissected, cleaned of excessive
connective tissue and cut into rings (3–5 mm in length
and 1–2 mm outer diameter).  The endothelium was care-
fully preserved in all specimens.

Due to the relatively small size of the pulmonary cir-
culation of the rat, the tissue obtained from each animal
could only be divided into 2–4 different vascular seg-
ments, each segment being tested only once. Because
this study involved the testing of various pharmacologi-
cal compounds (see next paragraph), the number of rats
used for a given subset of pharmacological study was
always less than 10, which represented the total number
of rats in the control and the disease groups, respectively.

Pharmacological studies

Dose-contraction studies. Rings were mounted over fine
rigid wires, in organ chambers filled with 13 mL of KR
buffer, which was freshly prepared. The solution was
bubbled with 95% O2 and 5% CO2, maintained at 37°C
by an outer bath warmed by a recirculating heater (Polystat
22, Biobkock, Illkirch, France).  Each ring was preset at
its optimal length for tension development, and changes
in isometric tension were recorded by a force transducer
(Amplifier 6112, Palmer Bioscience, Sheerness, UK) con-
nected to a chart drive recorder (L 6514, Linseis, Bioblock,
Illkirch, France).  After precontraction with potassium
chloride (KCl, 60 mM), the rings were carefully washed,
and were allowed to equilibrate in the bath with the ten-
sion returning to baseline, at least 60 min during which
the fluid in the bath, was changed every 15 min.  After
equilibration, all rings were preincubated for 30 min with
indomethacin (10-5 M), which remained in the bath
throughout the studies.  Thereafter, contraction to cumu-
lative doses of L-phenylephrine dichloride (10-8 to 10-5

M) was assessed.  To assess the influence of NO on the
vasocontractile response to phenylephrine, some of the

rings were pretreated with a competitive inhibitor of NO
synthesis, the L-arginine analogue, Nω-nitro-L-arginine
(L-NOARG, 10-4 M).

Dose-relaxation studies. After submaximal precontrac-
tion with phenylephrine to obtain a stable plateau of
increased tension, cumulative concentrations of acetyl-
choline chloride (l0-8 to 10-5 M) and sodium nitroprus-
side (l0-8 to 10-4 M) were added to the baths to assess
endothelium-dependent and -independent vasodilatation,
respectively, in PA rings from both groups.

Drugs

All the drugs were purchased from Sigma Chemical
(Saint-Quentin Fallavier, France) and diluted in distilled
water, except for indomethacin, which was dissolved in
50% ethanol.  The final concentration of ethanol in the
organ bath did not exceed 0.001%, which, in itself, did
not have any effect on the tissue.  All solutions were
freshly prepared before use.

Statistical analysis

All data were expressed as mean±SEM.  Contraction in
response to phenylephrine was expressed as the percen-
tage of contraction in response to KCl (60 mM).  Relaxa-
tion in response to acetylcholine and sodium nitroprusside
was expressed as the percentage of precontraction.  Non-
parametric Wilcoxon test for unpaired values [16] was
used to compare reactivity (i.e. maximal contraction and
maximal relaxation) of PA rings from cirrhotic rats and
controls in response to phenylephrine, acetylcholine and
sodium nitroprusside.  Response of PA rings pretreated
with L-NOARG was compared with those of untreated
PA rings from both the control and the cirrhotic groups
by the nonparametric Wilcoxon test for paired values
[16].  A p-value of less than 0.05 was considered to indi-
cate statistical significance.

Results

All rats were studied 28 days after bile duct ligation
or sham-operation. Histologically, livers of rats with
chronic bile duct ligation showed evidence of micro-
nodular cirrhosis with severe fibrosis.

PA rings from rats with cirrhosis developed a lesser
vasocontractile response to phenylephrine as compared
with controls (maximal contraction=123±9% in control
rats versus 93±11% in rats with cirrhosis; p<0.01) (fig. 1).
Pretreatment with L-NOARG restored the vasocontrac-
tile response to phenylephrine in PA rings of cirrhotic rats
(increasing maximal contraction from 93±11 to 127±
15%; p<0.005) (fig. 2).  L-NOARG did not significantly
change the vasocontractile response to phenylephrine in
PA rings of control rats (maximal contraction=128±25 ver-
sus 123±9% in PA rings pretreated and untreated with L-
NOARG, respectively) (fig. 2). There was no significant
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difference between the rings of cirrhotic rats after addi-
tion of L-NOARG compared to those of control rats after
addition of L-NOARG (fig. 2).

Acetylcholine induced a similar relaxation in both
groups (fig. 3). Pretreatment with L-NOARG signifi-
cantly inhibited endothelium-dependent relaxation to
acetylcholine (p<0.0001) in pulmonary artery rings from
rats of both groups (fig. 3).  There was no significant dif-
ference between the groups in the concentration-depen-
dent relaxation to sodium nitroprusside (fig. 4).

Discussion

The main results of this study indicate that pulmonary
artery rings from cirrhotic rats developed less vasocon-
tractile response to phenylephrine than controls.  Such
pulmonary vascular hyporeactivity probably results from
NO overproduction, as it was abolished by inhibition of
NO synthesis by the L-arginine analogue, L-NOARG.

Ligation and excision of the common bile duct in rats
induce an extrahepatic cholestasis with histologic features
of biliary cirrhosis 4 weeks later [14], as was confirmed
in our study.  We did not perform cardiorespiratory mea-
surements to characterize the pulmonary and systemic
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Fig. 1.  –  Tension developed in response to phenylephrine in pul-
monary arterial rings from control rats (n=7) (___

❍
___) and cirrhotic

rats (n=5) (___
●

___) expressed as % of tension developed to KCI.
Results are expressed as mean±SEM.  Each ring was obtained from a
different animal.  BL: baseline.
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Fig. 2.  –  Maximal contraction developed in response to phenyle-
phrine in rings from control (n=7) and cirrhotic rats (n=5). The rings
are divided into two groups as follows: untreated (        ), treated with
Nω-nitro-L-arginine (        ).  Results are expressed as mean±SEM.  NS:
nonsignificant.
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Fig. 3.  –  Endothelium-dependent relaxation to cumulative doses of
acetylcholine in pulmonary arterial rings from control (open symbols)
and cirrhotic (closed symbols) rats. The rings are divided into two
groups as follows: untreated (circles), treated with Nω-nitro-L-arginine
(squares).  The reduced tension is expressed as % of submaximal pre-
contraction to phenylephrine (PE).  Results are expressed as mean±SEM.
For all groups n=8.  
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Fig. 4.  –  Endothelium-independent relaxation to cumulative doses of
sodium nitroprusside in pulmonary arterial rings from control (open
symbols) and cirrhotic (closed symbols) rats.  The reduced tension is
expressed as % of submaximal precontraction to phenylephrine.   Results
are expressed as mean±SEM.  Each ring was obtained from a different
animal.  For both groups n=7.
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haemodynamic state of these animals because it has been
established that awake rats with chronic bile duct liga-
tion develop many features of human cirrhosis, including
hyperdynamic circulation, low pulmonary vascular resis-
tance, impaired pulmonary gas exchange and depressed
hypoxic pulmonary vasoconstriction [14, 15]. Rats with
chronic bile duct ligation, therefore, present with the hall-
marks of the hepatopulmonary syndrome [14, 15].  They
can be reasonably considered as a fair model for the stu-
dy of pulmonary circulatory changes in human cirrho-
sis.

Results of other studies investigating the effects of
acute alveolar hypoxia are conflicting.  In humans with
cirrhosis, loss of hypoxic pulmonary vasoconstriction was
observed by some investigators [17]. However, others
have found that the hypoxic pulmonary vasoconstriction
was at least partially preserved [18, 19]. In rats with cir-
rhosis, CHANG and OHARA [14] observed a marked reduc-
tion of the vasopressor response to hypoxia, whereas
pulmonary vasoconstrictor response to angiotensin II
was preserved.

The underlying mechanisms of the hepatopulmonary
syndrome are not well understood. One of the current
hypotheses favours an abnormal sensitivity of the pulmo-
nary vascular bed to a substance which is normally pre-
sent in the pulmonary circulation. Alternatively, failure
of inactivation, or production, of circulating vasoactive
substances by the liver, leading to altered pulmonary
vasoreactivity are also likely to account for the hepato-
pulmonary syndrome [2].

Among vasodilator substances, NO is likely to play an
important role [3]. L-arginine analogues, such as NG-
monomethyl-L-arginine (L-NMMA) and L-NOARG, are
useful pharmacological tools in the study of the L-argi-
nine-NO pathway [20].  Recent studies suggest that other
NO synthase inhibitors could be more specific for either
the constitutive [21, 22] or inducible [23, 24] isoforms.
However, at the time of the present study, L-NOARG
was chosen because it was known to be more potent than
L-NMMA in inhibiting NO synthesis [25].  L-NOARG
restored the vasocontractile response to phenylephrine in
pulmonary artery rings from cirrhotic rats.  These results
suggest that overproduction of NO is, at least in part,
responsible for decreased response to vasoconstrictor
stimuli of the pulmonary vascular bed in cirrhosis.  This,
in turn, could favour excessive pulmonary vasodilatation
or impaired hypoxic pulmonary vasoconstriction as seen
in the hepatopulmonary syndrome. 

Consistent with our in vitro results, are the recent find-
ings by MAYORAL et al. [13], who measured NO in the
exhaled gas of patients with hepatopulmonary syndrome.
Compared with normoxaemic cirrhotics and healthy vol-
unteers, exhaled NO was increased in these patients.
Furthermore, methylene blue, which blocks NO acti-
vity, has been reported to decrease pulmonary shunting
in one patient [26].  Our observations in isolated pulmo-
nary artery, together with these recent reports [13, 26]
are consistent with the hypothesis that increased NO
production may account for the pulmonary haemody-
namic changes in the hepatopulmonary syndrome.  Ex-
perimental results obtained in the systemic and splanchnic

circulation are also consistent with the hypothesis of in-
creased NO production as the cause of arterial hypoten-
sion and splanchnic vasodilatation of rats with cirrhosis
or portal hypertension [27–31].

There was no difference in the vasodilator response to
acetylcholine and sodium nitroprusside in pulmonary
artery rings of cirrhotic rats as compared with controls.
The endothelium-dependent vasodilator, acetylcholine,
induces the release of NO, by stimulating the constitutive
form of the NO synthase through activation of endothe-
lial muscarinic receptors [20].  However, acetylcholine
also causes the release of the so-called endothelium-
derived hyperpolarizing factor, which might differ from
NO [32].  Due to the coexistence of these different path-
ways through which acetylcholine causes vasorelaxa-
tion, it seems difficult to draw any firm conclusion from
the present data.  Nevertheless, the lack of difference in
acetylcholine-induced vasodilatation does not favour the
hypothesis of increased activity of the constitutive NO
synthase in cirrhosis.  Therefore, NO overproduction in
the lung of cirrhotic rats is probably the result of increased
activity of the inducible NO synthase, as suggested by
VALLANCE and MONCADA [3].

The endothelium-independent vasodilator sodium nitro-
prusside relaxes smooth muscle by activating the soluble
form of the enzyme guanylate cyclase which, in turn, gives
rise to the second messenger cyclic guanosine mono-
phosphate (cGMP) [33]. In contrast to acetylcholine,
sodium nitroprusside induces vasorelaxation after its con-
version to NO without requiring the presence of endothe-
lium. The lack of difference in response to sodium
nitroprusside between cirrhotic and control rats suggest
that the soluble guanylate cyclase-cGMP pathway is not
altered in pulmonary vascular smooth muscle in cirrhosis.

The importance of NO as a modulator of vascular tone
in the pulmonary vascular bed of normal rats is still
debated. Various inhibitors of NO synthesis or activity
have been shown to increase normoxic and hypoxic pul-
monary vasomotor tone in some but not all experiments
[6–12].  In this study, pretreatment by L-NOARG did not
significantly increase the vasocontractile response to
phenylephrine in pulmonary artery rings from control
rats. Our results suggest that background production of
NO is not important in the modulation of increased tone
to phenylephrine in the conduit pulmonary artery of nor-
mal rats. This is supported by the recent study of
ISAACSON et al. [12], who found a low concentration of
NO oxidation products in the effluent of isolated rat
lung.

In summary, this study demonstrates that pulmonary
artery rings of cirrhotic rats developed hyporeactivity in
response to phenylephrine in vitro as a result of an
increased production of NO in the pulmonary circula-
tion.
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