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Abstract

Résumé

Hepatopulmonary syndrome (HPS) is a severe compli‑
cation seen in the advanced liver disease. It is charac‑
terized by the triad of abnormal arterial oxygenation
caused by intrapulmonary vascular dilatations (IPVD)
in the setting of advanced liver disease, portal hyper‑
tension, or congenital portosystemic shunts. Liver
transplantation is the only curative option for HPS.
Pulmonary vascular dilation and angiogenesis are
two central pathogenic features that cause abnormal
pulmonary gas exchange in experimental HPS, and
thus might underlie HPS in humans. The vascular
component includes diffuse or local dilation of the
pulmonary capillaries, and less commonly includes
pulmonary arteriovenous shunts. The mechanisms
responsible for the vascular changes in HPS remain
incompletely understood. Research into the underly‑
ing molecular mechanisms has mainly focused on the
roles of nitric oxide (NO), carbon monoxide (CO), hy‑
drogen sulfide (H2S), ATP‑sensitive K+ channels (K ATP
channels), endothelin‑1 (ET‑1), tumor necrosis factor‑al‑
pha (TNF‑α), etc. and is summarised below.

Le syndrome hépato‑pulmonaire: médiateurs poten‑
tiels de la vasodilatation pulmonaire
Le syndrome hépato‑pulmonaire (SPH) est une compli‑
cation grave observée au préalable dans les cas de ma‑
ladie du foie. Elle se caractérise par une triade d’oxy‑
génation artérielle anormale causée par des dilatations
vasculaires intrapulmonaires (IPVD) dans le cadre
d’une maladie hépatique avancée, d’une hypertension
portale ou de shunts porto‑systémiques congénitaux.
La transplantation hépatique est la seule option cura‑
tive pour le SPH. La dilatation vasculaire pulmonaire
et l’angiogenèse sont deux caractéristiques pathogènes
centrales qui provoquent des échanges anormaux de
gaz pulmonaire dans le SPH expérimental et pour‑
raient donc être à la base du SHP chez l’homme.
La composante vasculaire comprend une dilatation
diffuse ou locale des capillaires pulmonaires et com‑
prend moins fréquemment des shunts artérioveineux
pulmonaires. Les mécanismes responsables des modi‑
fications vasculaires du SPH restent incomplètement
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compris. Les recherches sur les mécanismes molé‑
culaires sous‑jacents ont principalement porté sur
les rôles de l’oxyde nitrique (NO), du monoxyde de
carbone (CO), du sulfure d’hydrogène (H2S), des ca‑
naux K + sensibles à l’ATP (canaux KATP), de l’endo‑
théline‑1 (ET‑1), le facteur de nécrose tumorale alpha
(TNF‑α), etc. et sont resumees ci‑dessous.
Mots‑clés: syndrome hépato‑pulmonaire, vasodilata‑
tion, médiateurs.

Introduction
Hepatopulmonary syndrome (HPS) is a severe
complication seen in the advanced liver disease.
HPS is characterized by the triad of abnormal arte‑
rial oxygenation caused by intrapulmonary vascular
dilatations (IPVD) in the setting of advanced liver
disease, portal hypertension, or congenital porto‑
systemic shunts1. The occurrence of combined liver
and lungs pathology was initially described by M.
Fluckiger (Austria) in 1884 when he observed cya‑
nosis and clubbed fingers in the young woman with
liver cirrhosis due to the presence of syphilis2. Today
the term „hepatopulmonary syndrome“ (HPS) de‑
scribes deficiency of arterial oxygenation caused by
dilatation of intrapulmonary vessels associated with
liver disease3‑5.
Non‑specific clinical criteria combined with the
lack of standardization of HPS diagnostic criteria can
lead to diagnostic errors. It also explains the wide
range of HPS frequency reported by authors. The
occurrence of HPS in patients with cirrhosis ranges
from 4 to 47% and in candidates for a liver transplant
is from 15 to 20%6. Moreover, researches have shown
that in children with chronic liver disease HPS was
diagnosed in 9 to 29% of cases7.
Since the pathogenesis of HPS is not fully clari‑
fied, there is no effective pharmacological therapy
and orthotopic liver transplant is the only successful
treatment method8.
Considering that splanchnic and systemic arte‑
rial vasodilatation is a hallmark of the progression of
portal hypertension in patients with cirrhosis9 and
the basis of HPS pathogenesis is the dilation of in‑
ner lung capillaries1, researches suggest that HPS is
caused by the prolonged action of biologically active
compounds on the blood vessels of the pulmonary
circuit. A possible role in the emergence of resistant
vasodilation has been suggested for many substances
synthesized in the body. Potential mediators of HPS
include nitrogen (II) oxide, endothelin B and en‑
dothelin‑1, prostaglandins E1 and I2, tumor necrosis
factor‑α, vasoactive intestinal polypeptide, substance
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P, calcitonin, glucagon, platelets activating factor, and
others1.
Nitric oxide‑mediated vasodilation

Since nitrogen (II) oxide (NO) is recognized as
one of the most powerful endogenous pulmonary
vasodilators, it has been suggested as the most likely
candidate not only for the hyperdynamic type of cir‑
culation in liver cirrhosis but also for HPS10. As a
lipophilic molecule, NO easily diffuses through cell
membranes into the neighbouring cells (e.g. from en‑
dothelial to myocytes of vessels) where cyclic guano‑
sine monophosphate decreases the concentration of
free calcium and activates myosin light chain kinase
causing vessel dilatation11.
A series of experimental studies investigated
NO quantities in the context of liver cirrhosis and
HPS. Fallon et al. have emphasized the role of NO
in experimental models of liver cirrhosis, where over‑
expression of eNOS by pulmonary vessels causes
the increased production of endothelin‑1 (ET‑1) by
cholangiocytes, resulting in increased expression of
endothelin receptor type B to ET‑1 at the level of pul‑
monary vessels, and increases synthesis of nitrogen
(II) oxide12.
The level of NO in exhaled air was elevated in
patients with HPS, and it returned to normal in 3
to 12 months after the liver transplant13. In a simi‑
lar study, Degano et al. found that concentration of
NO in exhaled air of patients with cirrhosis was three
times higher than that in healthy persons14. Krynytska
and Marushchak found a significant increase in total
NOS activity and concentration of NO2–+ NO3– in
lung tissue of rats with HPS15. Using flow cytome‑
try, which allowed to differentiate the alveolar and
bronchial origin of NO, it was determined that the
increased formation of NO mainly took place in the
alveoli16. Notably, the production of nitrogen (II) ox‑
ide by alveoli can play an important role in haemo‑
dynamic disturbances and changes in gas exchange
in patients with cirrhosis. Thus, a direct correlation
between the alveolar production of NO and hyperdy‑
namic type of circulation was established14. Moreover,
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overexpression of both inducible and constitutional
isoforms of NO‑synthase in alveolar macrophages
and pulmonary endothelial cells was observed in
rats with experimental liver cirrhosis17. While this
pulmonary overexpression has not yet been found in
patients with HPS, it probably occurs in most cases of
HPS, at least in patients who have been successfully
treated using inhibitors of nitrogen (II) oxide synthe‑
sis or its targets, so‑called secondary messengers of
cyclic guanosine monophosphate.
Several studies have successfully used the follow‑
ing therapeutic approaches in patients with HPS: ei‑
ther the intravenous introduction of methylene blue,
which is the main inhibitor of NO molecular target,
cyclic guanosine monophosphate or spraying with
NO synthase inhibitor (N‑nitro‑L‑arginine methyl
ester)18‑19.
However, further studies showed, that NO con‑
centration does not affect hyperdynamic circulation
and the severity of liver damage in cirrhosis patients.
Thus, methylene blue has improved arterial oxygena‑
tion, but only temporarily, while L‑NAME had no
effect on gas exchange in many patients with HPS20.
Carbon monoxide and hydrogen sulfide

In addition, other molecular mechanisms
of nitric oxide‑independent vasodilation are dis‑
cussed in the literature, such as the enzymatic
formation of carbon monoxide (CO) by increased
expression of heam oxygenase‑1 enzymatic forma‑
tion of hydrogen sulfide (H2S), and stimulation of
calcium‑activated potassium channels by endothe‑
lium‑derived hyperpolarization factor 21.
CO is a gaseous molecule that is synthesised in
at least two distinct pathways. The first reaction is
catalyzed by enzyme haem oxygenase. The second‑
ary mechanism involves chemical reactions such as
oxidation of certain organic molecules, including
salts, alkyl radicals as well as autoxidation, and lipid
peroxidation of cell membranes. The synthesis of cy‑
clic guanosine monophosphate, which is induced by
CO through activation of soluble guanylate cyclase,
leads to blood vessels smooth muscle cells relaxation.
There are three isoforms of haem oxygenase: HO‑1,
HO‑2, and HO‑3. HO‑1 is inducible, while HO‑2 and
HO‑3 are stable in cells. HO‑1, also known as heat
shock protein, is mainly located in the liver, spleen,
reticuloendothelial system and bone marrow21. HO‑2
and HO‑3 can be found in various parts of the body;
however, HO‑2 is mainly detected in the brain, and
blood vessels, while HO‑3 is found in the spleen, liv‑
er, heart, kidneys, and brain. Reports indicate that
in liver cirrhosis patients with HPS due to, the level
of HO‑1 in pulmonary intravascular macrophages
is increased and this is complemented by increased

CO production22. The existing reverse relationship
between partial pressure of oxygen and carboxyhae‑
moglobin concentration in patients with HPS point
to a potential impact of increased CO formation
on the abnormal gas exchange. In addition, Van
Landeghem et al have observed that zinc protopor‑
phyrin, an HO‑1 inhibitor, causes normalization of
carboxyhaemoglobin levels in arterial blood, the de‑
crease of pulmonary vasodilation and improvement
of HPS symptoms23. These studies support the hy‑
pothesis that HO‑1/CO system plays an important
role in the pathogenesis of HPS.
Hydrogen sulfide (H2S) is produced in all tis‑
sues, particularly in vascular endothelium 24. H2 S
synthesis from homocysteine is catalyzed only
by cystathionine‑β‑synthase, whereas its synthe‑
sis from cysteine is catalyzed by several enzymes:
cysteine aminotransferase, cystathionine‑γ‑lyase and
cystathionine‑β‑synthase. Hydrogen sulfide can also
be synthesized by the reduction of thiosulfate by thio‑
sulfate disulfide transferase. H2S is involved in nu‑
merous reactions, including binding with SH‑groups
of proteins and low molecular weight thiols, modi‑
fying their activity, interacting with sulfite anion,
and forming thiosulfate. It can also be methylated
by thiol methyltransferase, producing methanethiol.
Additionally, hydrogen sulfide can produce nitroso‑
thiols and nonenzymatically oxidate to sulfites and
sulfates.
ATP‑sensitive K+ channels

Vascular tone is also regulated by ATP‑sensitive
K+ channels (K ATP channels). They open in vascular
smooth muscle cells, causing hyperpolarization and
subsequent vasorelaxation22. The experiments with
K ATP channel modulators in mesentery of rats with
simulated secondary biliary cirrhosis have demon‑
strated that the channels are mostly open in dilated
vessels25. In addition, K ATP channels are the targets
for H2S. The chemical identity of hyperpolarization
factor has not yet been determined, however, some
candidate compounds for its induced vasodilation
action are proposed, including monovalent cations
of potassium, metabolites of arachidonic acid, and
hydrogen peroxide. The action of the hyperpolariza‑
tion factor is the most prominent in small arteries
and arterioles21.
A large number of studies on isolated perfused
mesenteric arteries and aorta of rats with various
models of portal hypertension showed that decreased
vasoconstrictor response to α1‑adrenoceptors agonists
(phenylephrine, metoksamin, norepinephrine), angio‑
tensin II and vasopressin persisted even after the re‑
moval of endothelium or pharmacological inhibition
of endogenous NO production26.
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This hypocontractility can be due to malfunc‑
tioning vascular RhoA/Rho kinase signaling or dis‑
rupted response to angiotensin II as a result of in‑
creased expression of the receptor to G protein‑bound
protein kinase 2 and protein β‑arrestin 2 bound to
angiotensin II receptor type 127.
Angiotensin II

Another hypothesis stipulates that angiotensin
II is a major etiological factor in HPS pathogenesis.
According to this theory, HPS symptoms develop as a
result of vascular dilatation associated with abnormal
reactivity to angiotensin II (reduction of vasoconstric‑
tor effect) and with simultaneous increase of NO con‑
centration, a potent vasodilator.
In experiments on rats Castro et al. showed that
the vasoconstrictor effect of angiotensin may be re‑
stored by inhibiting of NO28. Chang et al. observed in
animal models that intravenous infusion of angioten‑
sin II can partially restore disrupted constrictor abil‑
ity of pulmonary vessels29. However, the current state
of knowledge about the role of these factors is not
sufficiently conclusive and requires further research.
Vasodilation is not the only mechanism respon‑
sible for the pathological process in HPS patients. In
recent studies, inhalation treatment with L‑NAME in
patients with HPS resulted in a significant decrease
of systemic and pulmonary vasodilation, however,
their arterial hypoxemia has not improved30. Gomez
et al. argue that arterial hypoxemia in patients with
HPS is not strictly related to the existing vasodila‑
tor effect of NO20. It is likely, that vasodilation by
itself does not cause more than 10‑fold increase in
the diameter of capillaries with little smooth muscle
in HPS patients.
Endothelin –1 and its receptors

A lot of attention in the investigation of HPS
pathogenic mechanisms is paid to endothelin‑1 (ET‑1),
which is formed in the endothelium. It produces a
large number of biologically active substances, serving
as a paracrine organ. The main role of the endothe‑
lium is to maintain homeostasis by regulating the bal‑
ance of opposite processes: vascular tone (vasocon‑
striction/vasodilatation), structural building of blood
vessels (synthesis/inhibition of proliferation factors),
haemostasis (synthesis/inhibition of fibrinolysis fac‑
tors and platelets aggregation), and local inflamma‑
tion (production of pro‑ and anti‑inflammatory fac‑
tors)31. ET‑1 acts by binding to receptors ETA, ET B1
and ET B2. ETA and ET B2 receptors are localized in
vascular smooth muscle. ET B1 receptors are localized
in endothelium32.
It may seem improbable that ET‑1, a recog‑
nized vasoconstrictor, can cause vasodilation of the
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pulmonary microvascular bed. The local production
of ET‑1 in response to various stimuli is mostly ablu‑
minal and is associated with ETA receptors on vas‑
cular smooth muscle cells, causing contraction and
vasoconstriction. A smaller amount of local peptide
is released luminally (into the lumen of blood vessels)
causing vasodilation due to increased eNOS activity
and NO production by binding to ET B receptors33.
Hyperproduction of ET‑1 occurs in the liver of
patients with HPS. Through the tight contact, ET‑1
enters the circulatory system, binds to ET‑receptors
in the endothelial cells of the lung vessels, causing an
increase in the expression and activity of eNOS, and
vasodilation34. In addition, there is evidence that the
introduction of ET B receptor selective antagonist to
animals after ligation of the common bile duct causes
a reduction in pulmonary endothelial eNOS and im‑
provement of HPS symptoms35.
At the same time, modeling of experimental
HPS in ET B receptor‑deficient rats showed that level
of ET‑1 in plasma has not increased and HPS did not
develop compared to the control group36.
Fallon described the increase in plasma levels
of ET‑1 within 2 weeks after ligation of the common
bile duct in rats. This increase of ET‑1 in plasma cor‑
related with an increase in pulmonary eNOS, the
magnitude of intrapulmonary vasodilation and gas
exchange indicators12. The levels of NO and ET‑1
were significantly elevated in plasma, liver and lung
homogenate of rats with experimental models of
HPS37.
The increased hepatic production and concen‑
tration in the circulatory system of ET‑1 were also
detected in other experimental and human liver dis‑
orders. However, these concentrations were much
lower compared to the outcomes of common bile
duct ligation and they were detected only at advanced
stages of the disease in the presence of significant
hyperdynamic changes and ascites38.
Angiogenesis

Recent studies showed that angiogenesis is
also an important factor in the pathogenesis of
experimental HPS39. Physiological angiogenesis is
a tissue response to hormonal stimulation or to
external changes. Hypoxia is a major stimulus for
angiogenesis, affecting metabolic pathways that are
regulated by proteins such as hypoxia‑inducible fac‑
tor 1. This leads to overexpression of proangiogen‑
ic factors, including vascular endothelial growth
factor family (VEGF) and fibroblasts growth fac‑
tors.
VEGF‑A is the most known among the vascu‑
lar endothelial growth factors. In human, there are
4 isoforms of VEGF‑A: VEGF‑A121, VEGF‑A165,
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VEGF‑A189, VEGF‑A206, arising from alternative
splicing of mRNA. Isoforms have similar biological
activity but significantly vary in bioavailability, which
is determined by the size of molecules and is regu‑
lated at the genetic level.
VEGF‑A acts by binding to appropriate tyros‑
ine kinase receptors VEGFR1 and VEGFR2 and
initiating phosphorylation processes. Hypoxia, in
turn, increases the expression of both VEGFR1
and VEGFR2 receptors. As the action of proangio‑
genic factors dominates the action of antiangiogenic
(thrombospondin‑1), endothelial cells transform from
the usual „sleeping“ to the active state. This tipping
point is called the initiation of angiogenesis.“ There
are 4 main stages of angiogenesis40:
1. Proteolytic destruction of the vascular base‑
ment membrane and intercellular matrix.
2. Migration of endothelial cells and their colo‑
nization of the extravascular space.
3. The proliferation of endothelial cells.
4. Formation of tubular structures, and of the
new capillary net.
Urinary activator of plasminogen or urokinase
is the main regulator of extracellular proteolysis,
triggering the cascade of proteolytic reactions on
the cell surface, which encourages formation and
growth of blood vessels. In addition, proteases ac‑
tivate and release from the matrix the majority of
angiogenic factors required for proliferation, mi‑
gration, and invasion of cells. Finally, urokinase,
interacting with its receptor and other proteins on
the cell surface, modulates intracellular signaling,
which ensures the directional movement of the
cells41.
Thus, angiogenesis is induced when metabolic
requirements exceed the existing capacity of vascu‑
lar perfusion. This is an adaptive response to the
relative lack of oxygen which increases angiogenic
stimuli40. Thus, the increase in the number of lung
capillaries, increased pulmonary accumulation
and activation of monocytes, Akt and eNos are all
signaling pathways associated with angiogenesis.
Introduction of pentoxifylline reduces capillary
net and pulmonary accumulation of monocytes,
thus regulating pulmonary angiogenic factors and
improving the course of HPS39‑40.
There was no observation of angiogenesis
in thioacetamide induced non‑biliary cirrhosis.
In addition, monocytes accumulation was lower
considerably and activation of Akt, eNos, and vascu‑
lar endothelial growth factor A were not detected42.
Liver angiogenesis occurs through VEGFdependent pathways 43 . The expression of
VEGF-A165, the subtype of VEGF‑A was con‑
firmed in pathological states, on experimental

models of liver cirrhosis. Pulmonary intravascular
accumulation of monocytes was low and VEGF‑A
expression was not significantly increased in cases
of non‑biliary cirrhosis induced by thioacetamide.
This is in contrast to the effects of the common bile
duct ligation in rats, where a significant accumula‑
tion of monocytes and overexpression of VEGF‑A
were observed. These effects decreased after the in‑
troduction of pentoxifylline, which is known to in‑
hibit the adhesion of mononuclear cells to endothe‑
lial. It is argued that monocyte accumulation in the
pulmonary microvascular bed can be explained by
bacterial translocation and increased production of
circulating TNF‑α. The positive impact of pentoxi‑
fylline may be due to its inhibition of TNF‑α 36.
However, other studies found that while the
level of circulating TNF‑α in liver cirrhosis in‑
duced by thioacetamide was significantly elevated,
the accumulation of monocytes was minimal and
HPS did not develop44.
Intestinal endotoxemia

Several authors examined a significant role of
intestinal endotoxemia and bacterial translocation
in the pathogenesis of HPS45‑46. Liver damage makes
it more difficult for the organ to filter blood from
the portal vein, which leads to the appearance of
portosystemic shunts and a decrease in the hepatic
phagocytic capacity. As a result, the lung filtrates sys‑
temic blood to compensate for the decrease in hepatic
phagocytosis, and the increase in the lung phagocytic
activity results in macrophage accumulation in the
pulmonary endothelium and increases cytokine and
NO levels in the extracellular environment47.
Phagocytes also produce the superoxide anion
radical, which oxides the plasmatic membrane and
produces a substantial amount of reactive oxygen spe‑
cies (ROS)48‑49. Many physiological functions are con‑
trolled by these molecules, including vascular tonus
regulation. Tieppo et al. assessed the lipoperoxidation
of pulmonary tissue following the experimental model
of common bile duct ligation; using the techniques of
thiobarbituric acid reactive substances and chemilumi‑
nescence, the authors identified a significant increase
in the lipid peroxidation, which may be explained by
the action of phagocytic cells when fighting against
the process of bacterial translocation50.
Vallance and Moncada proposed that endotox‑
emia in liver cirrhosis is caused either directly by the
movement of bacteria through the intestinal mucosa
or indirectly through the cytokine cascade stimulates
vascular endothelial iNOS, which increases the pro‑
duction of NO51.
There is evidence that in patients with liver cir‑
rhosis the level of tumor necrosis factor‑α increases,
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playing an important role in the accumulation of
macrophages in the lumen of the pulmonary ves‑
sels. In turn, these macrophages encourage another
NO‑producing enzyme, inducible NO‑synthase, thus
likely causing pulmonary vasodilation12. However,
other studies have found that while the level of cir‑
culating TNF‑α was significantly increased in thio‑
acetamide‑induced liver cirrhosis, the accumulation
of macrophages in the lumen of pulmonary vessels
was minimal and HPS did not develop44. Studies sug‑
gest that neutralization of tumour necrosis factor‑α
improves the course of experimental HPS52.
Zhang et al showed a significant increase of endo‑
toxin and TNF‑α levels in plasma and increased num‑
ber of Gram‑negative microorganism colonies in rats
with HPS, which suggests that intestinal endotoxemia
is indeed implicated in the pathogenesis of experimen‑
tal HPS46. TNF‑α plays a role in the damage of the in‑
testinal barrier that results in intestinal endotoxemia
and bacteremia. Subsequently, intestinal endotoxemia
can cause intrapulmonary vasodilation and hypoxia.
Hypoxemia can exacerbate intestinal barrier damage
due to the release of a number of cytokines (includ‑
ing TNF‑α). Thus, a «vicious circle» develops in which
hypoxemia and impaired barrier function of the intes‑
tinal mucosa intensifiy each other46.
Therewith bile acids have a bacteriostatic effect
on the intestinal flora. In liver cirrhosis their secre‑
tion is reduced, causing excessive bacterial growth.
As a result of microorganism activity in the small
intestine, the concentration of unconjugated bile ac‑
ids increases. It damages mucosa epithelium causing
inactivation of glycoproteins in the apical membrane
of brush border microvilli and increases mucosa epi‑
thelium permeability53.

Conclusions
HPS is a severe complication seen in advanced
liver disease. It is characterized by the triad of abnor‑
mal arterial oxygenation caused by intrapulmonary
vascular dilatations in the setting of advanced liver
disease, portal hypertension, or congenital portosys‑
temic shunts. Pulmonary vascular dilation and an‑
giogenesis are two central pathogenic features that
cause abnormal pulmonary gas exchange in experi‑
mental HPS, and thus might underlie HPS in hu‑
mans. The vascular component includes diffuse or
local dilation of the pulmonary capillaries, and less
commonly includes pulmonary arteriovenous shunts.
The mechanisms responsible for the vascular changes
in HPS remain incompletely understood, thus, liver
transplantation seems to be the only effective treat‑
ment for HPS.
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Future research should address the genetic poly‑
morphisms associated with the hepatopulmonary
syndrome, circulating factors emanating from the
hepatic veins that may affect the pulmonary vascular
tone and angiogenic factors.
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