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Hepatopulmonary syndrome (HPS) is a severe complication seen in advance liver disease. Its prevalence 
among cirrhotic patients varies from 4 to 47 percent.  HPS exact pathogenesis remains unknown.  In this 
review we summarized existing knowledge on the possible mechanisms and causes of the HPS. Pulmonary 
microvascular dilation and angiogenesis are two central pathogenic features that drive abnormal pulmonary 
gas exchange in experimental HPS, and thus might underlie HPS in humans. Despite these insights into 
the pathogenesis of experimental HPS, there is no established medical therapy, and liver transplantation 
remains the main treatment.
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DEFINITION, PREVALENCE AND 
CLASSIFICATION

The occurrence of combined liver and lungs pa-
thology was initially described by M. Fluckiger 
(Austria) in 1884 when he observed cyanosis and 
clubbed fingers in young woman with liver cir-
rhosis due to the presence of syphilis [1]. Today 
the term “hepatopulmonary syndrome” (HPS) 
describes deficiency of arterial oxygenation 
caused by dilatation of intrapulmonary vessels 
associated with liver disease [2-5]. A classifica-
tion of the severity of HPS based on oxygenation 
abnormalities has been proposed [4] (table 1).

Non–specific clinical criteria combined with 
the lack of standartization of HPS diagnostic 
criteria can lead to diagnostic errors [6]. It 
also explains the wide range of HPS frequency 
reported by authors. HPS is diagnosed in 4 to 
47% of patients with cirrhosis and 15 to 20% 
of candidates for liver transplant [7-9]. Studies 

in children have shown that HPS occurs in 9 to 
29% of children with chronic liver disease [10].

PROGNOSIS AND TREATMENT 
OPTIONS

Since pathogenesis of HPS is not fully clarified, 
there is no effective pharmacological therapy and 
orthotopic liver transplant is the only success-
ful treatment method [11, 12]. Without a liver 
transplant the prognosis of HPS is poor. If HPS 
develops, the risk of death in the next year is 41%. 
This syndrome can be considered as a separate 
indication for a liver transplant [13-16], but at the 
same time the severe hypoxia in the case of HPS 
is associated with a high risk of liver transplant 
complications (30% during the first 90 days) and 
increased gap between the transplant surgery and 
improvement in arterial oxygenation [17]. This 
complication is seen in 6–21% of the patients and 
carries a 45% chance of mortality [18].
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Table 1. Grading of severity of hepatopulmonary syndrome

Mild HPS AaDО2 ≥ 15 mmHg, PaО2 ≥ 80 mmHg

Moderate HPS AaDО2 ≥ 15 mmHg, PaО2 ≥ 60 – < 80 mmHg

Severe форма HPS AaDО2 ≥ 15 mmHg, PaО2 ≥ 50 – < 60 mmHg

Very severe HPS AaDО2 ≥ 15 mmHg, PaО2< 50 mmHg
*AaDО2 denotes alveolar–arterial oxygen tension difference; PaО2 denotes arterial oxygen tension.
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PATHOPHYSIOLOGY

Since the basis of HPS pathogenesis is the dila-
tion of inner lung capillaries, researches suggest 
that HPS is caused by the prolonged action of 
biologically active compounds on the blood 
vessels of pulmonary circuit. Possible role in 
emergence of resistant vasodilation have been 
suggested for many substances synthesized in 
the body. Potential mediators of HPS include: 
nitrogen (II) oxide, endothelin B and endothe-
lin–1, prostaglandins E1 and I2, tumor necrosis 
factor–α, vasoactive intestinal polypeptide, 
substance P, calcitonin, glucagon, platelets ac-
tivating factor, and others [19].

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 circulation in liver cirrhosis, but also 
for HPS [20]. NO is a highly reactive molecule 
with a half–life of 2 to 30 seconds, formed 
by the enzymatic oxidation of L–arginine 
under the influence of cytochrome P450–like 
hemoproteins, NO–synthases (NOS). There are 
three isoforms of this enzyme: endothelial (eNOS), 
neuronal (nNOS) and inducible (iNOS) or 
macrophagal [21, 22]. As a lipophilic molecule, 
NO easily diffuses through cell membranes into 
the neighbouring cells (e.g. from endothelial to 
myocytes of vessels) where cyclic guanosine 
monophosphate decreases concentration of free 
calcium and activates myosin light chain kinase 
causing vessel dilatation [23]. 

A series of experimental studies investigated 
NO quantities in the context of liver cirrhosis 
and HPS. Fallon et al. have emphasised the role 
of NO in experimental models of liver cirrhosis, 
where overexpression of eNOS by pulmonary 
vessels causes the increased production of en-
dothelin–1 (ET–1) by cholangiocytes, resulting 
in increased expression of endothelin receptor 

type B to ET–1 at the level of pulmonary ves-
sels, and increases synthesis of nitrogen (II) 
oxide [24].

The level of NO in exhaled air was elevated 
in patients with HPS, returning to normal 3 to 
12 months after the liver transplant [25, 26]. 
In a similar study, Degano et al. found that 
concentration of NO in exhaled air of patients 
with cirrhosis was three times higher than that 
in healthy persons [27]. Using flow cytometry, 
which allowed to differentiate alveolar and 
bronchial origin of NO, it was determined that 
the increased formation of NO mainly took 
place in the alveoli [28]. Notably, the produc-
tion of nitrogen (II) oxide by alveoli can play an 
important role in haemodynamic disturbances 
and changes in gas exchange in patients with 
cirrhosis. Thus, a direct corellation between the 
alveolar production of NO and hyperdynamic 
type of circulation was established [27]. Moreo-
ver, overexpression of both inducible and con-
stitutional isoforms of NO–synthase in alveolar 
macrophages and pulmonary endothelial cells 
was observed in rats with experimental liver 
cirrhosis [29, 30]. While this pulmonary over-
expression has not yet been found in patients 
with HPS, it probably occurs in most cases of 
HPS, at least in patients who have been suc-
cessfully treated using inhibitors of nitrogen 
(II) oxide synthesis or its targets, so–called 
secondary messengers of cyclic guanosine 
monophosphate. 

Several studies have successfully used the 
following therapeutic approaches in patients 
with HPS: either intravenous introduction 
of methylene blue, which is the main inhibi-
tor of NO molecular target, cyclic guanosine 
monophosphate or spraying with NO synthase 
inhibitor (N–nitro–L–arginine methyl ester) 
[31-33]. However, further studies showed, that 
NO concentration does not affect hyperdynamic 
circulation and the severity of liver damage in 
cirrhosis patients. Thus, methylene blue has 
improved arterial oxygenation, but only tem-
porarily, while L–NAME had no effect on gas 
exchange in many patients with HPS [34].
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TUMOR NECROSIS FACTOR–a

There is evidence that in liver cirrhosis patients 
the level of tumor necrosis factor–α increases, 
playing an important role in the accumulation of 
macrophages in the lumen of the pulmonary ves-
sels. In turn, these macrophages encourage other 
NO–producing enzyme, inducible NO–synthase, 
thus likely causing pulmonary vasodilation [24]. 
However, other studies have found that while 
the level of circulating TNF–α was significantly 
increased in thioacetamide–induced liver cir-
rhosis, the accumulation of macrophages in 
the lumen of pulmonary vessels was minimal 
and HPS didnot develop [35]. Studies suggest, 
that neutralization of tumor necrosis factor–α 
improve the course of experimental HPS [36].

TNF–α (cachectin) is a polypeptide cytokine, 
a major initiator of many pathophysiological 
responses of the body. Structurally it is a homo-
trymer, exhibiting biological activity after bind-
ing to specific membrane receptors, TNFαR1 
(gp 55, CD 120a) and TNFα–R2 (gp 75, CD 
120b), which differ in their expression pattern, 
downstream signal–transduction cascades, and 
binding affinity for TNF–α [37]. Interaction 
of TNF–α with receptors leads to activation of 
transcription factors, which regulate genes of 
a wide range of mediators, such as IL–1, IL–6, 
IL–8, prostaglandins, platelet– activating factor, 
platelet–derived growth factor, and hormones 
(epinephrine).

The cytoplasmic tail of TNFR1 contains a 
death domain; however, this motif is missing 
in TNFR2. Although it was initially thought 
that TNFR1 activation was involved in the cy-
totoxic and apoptotic effects of TNF–α, while 
those related to cell survival and proliferation 
involved TNFR2 activation, now it is becoming 
clear that TNFR2 can also induce cell death. 
Inside the cell, signal is transmitted through a 
complex system of proteins to the factors that 
control transcription: nuclear factor kB (NF–kB) 
and c–Jun [37]. 

The main producers of TNF–α are mono-
cytes and macrophages, but there are also oth-

ers: blood lymphocytes, natural killer cells, 
granulocytes, and T lymphocytes. The princi-
pal inducers of TNF–α synthesis are bacterial 
lipopolysaccharides and other components of 
microorganisms [38]. TNF–α induces cyto-
toxic effects on endothelial cells, enhances the 
adhesion of neutrophils to them by increasing 
the production of chemokines and adhesion 
molecules, increases vascular permeability di-
rectly through the activation of neutrophils, and 
enhances angiogenesis [39]. With its ability to 
activate apoptosis, TNF–α also causes activation 
of reactive oxygen species and NO in the cell 
membrane. In the study of animals with HPS, 
Sztrymf et al. achieved reduction of TNF–α in 
the blood using 10 mg/kg of pentoxifylline. Pen-
toxifylline prevented NO synthase activation in 
the aorta and pulmonary artery [40]. 

CARBON MONOXIDE AND HYDROGEN 
SULFIDE MEDIATED VASODILATION

In addition, other molecular mechanisms of nitric 
oxide–independent vasodilation are discussed in 
the literature, such as enzymatic formation of CO 
by increased expression of heam oxygenase–1 
enzymatic formation of H2S, and stimulation 
of calcium–activated potassium channels by 
endothelium–derived hyperpolarization factor 
[38, 41]. CO is a gaseous molecule that can be 
synthesised in at least two distinct pathways. The 
main pathway is catalized by haem oxygenase 
degradation of haem. The secondary 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. Activating 
soluble guanylate cyclase, CO promotes the 
production of cyclic guanosine monophosphate, 
which causes relaxation of smooth muscle cells 
of blood vessels.

There are three isoforms of haem oxyganase: 
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 
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and bone marrow. Its activity is stimulated by 
cellular stress [41]. 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, liver, 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 with 
increased CO production [42]. Existing reverse 
relationship between partial pressure of oxygen 
and carboxyhaemglobin concentration in patients 
with HPS point to a potential impact of increased 
CO formation on abnormal gas exchange. In 
addition, Van Landeghem et al. have observed 
that zinc protoporphyrin, an HO–1 inhibitor 
causes normalization of carboxy haemglobin 
levels in arterial blood, decrease of pulmonary 
vasodilation and improvement of HPS symptoms 
[42]. These studies support the hypothesis that 
HO–1/CO system plays an important role in the 
pathogenesis of HPS.

Hydrogen sulfide (H2S) is produced in 
all tissues, particularly in vascular endothe-
lium [43]. H2S synthesis from homocysteine is 
catalyzed solely by cystationine–β–synthase, 
whereas its synthesis from cysteine is catalyzed 
by several enzymes: cysteine aminotransferase, 
cystationine–γ–lyase and cystationine–β–syn-
thase. Hydrogen sulfide can also be synthesized 
by the reduction of thiosulfate by thiosulfate di-
sulfide transferase. H2S is involved in nume rous 
reactions, including binding with SH–groups 
of proteins and low molecular weight thiols, 
modifying their activity, interacting with sulfite 
anion, and forming thiosulfate. It can also be 
methylated by thiol methyltransferase, pro-
ducing methane thiol. Additionally, hydrogen 
sulfide can produce nitrozotiols and nonenzy-
matically oxidate to sulfites and sulfates [44-46]. 
It is recognized that H2S plays a significant 
role in the regulation of vascular tone, inducing 
vazodilation, as well as in platelet aggregation, 
myocardial contractility, neurotransmission, and 
secretion of insulin [41, 47, 48].

Vascular tone is also regulated by ATP–sen-

sitive K+ channels (KATP channels). They open 
in vascular smooth muscle cells, causing hyper-
polarization and subsequent vasorelaxation [41]. 
The experiments with KATP channel modulators 
in mesentery of rats with simulated secondary 
biliary cirrhosis have demonstrated that the 
channels are mostly open in dilated vessels [49]. 
In addition, KATP channels are the targets for 
H2S. The chemical identity of hyperpolarization 
factor have 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 hyperpolarization factor is the most 
prominent in small arteries and arterioles [41]. 

Simultanoeus to the increased production 
in endothelium of locally acting vasodilators, 
endothelium–independent hyposensitivity to 
circulating endogenous vasoconstrictors also 
causes the decrease of vascular tone [41]. A large 
number of studies on isolated perfusated mesen-
teric arteries and aorta of rats with various mod-
els of portal hypertension showed that decreased 
vasoconstrictor response to α1–adrenoceptors 
agonists (phenylephrine, metoksamin, norepi-
nephrine), angiotensin II and vasopressin which 
persisted even after the removal of endothelium 
or pharmacological inhibition of endogenous 
NO production [50]. This hypocontractility can 
be due to malfunctioning vascular RhoA/Rho 
kinase signalling or disrupted response to angio-
tensin II as a result of increased expression of 
the receptor to G protein–bound protein kinase 
2 and protein β–arestyne 2 bound to angiotensin 
II receptor type 1 [51, 52].

Another hypothesis stipulates that angioten-
sin II is major etiological factor in HPS patho-
genesis [19]. According to this theory, HPS 
symptoms develop as a result vascular dilatation 
associated with abnormal reactivity to angioten-
sin II (reduction of vasoconstrictor effect) and 
with simultaneous increase of NO concentration, 
a potent vasodilator. In experiments on rats Cas-
tro et al. showed that the vasoconstrictor effect 
of angiotensin may be restored by inhibiting of 
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NO [53]. Chang et al. observed in animal models 
that intravenous infusion of angiotensin II can 
partially restore disrupted constrictor ability of 
pulmonary vessels [54]. However, the current 
state of knowledge about the role of these fac-
tors is not sufficiently conclusive and requires 
further research.

Vasodilation is not the only mechanism re-
sponsible 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 improved [34, 55]. Gomez et al. argue 
that arterial hypoxemia in patients with HPS is 
not strictly related to the existing vasodilator ef-
fect of NO [56]. 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 ENDOTHELIN 
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 [24, 
57]. Endothelium is a monolayer of epithelial 
cells lining the inner surface of blood vessels. 
It produces a large number of biologically ac-
tive substances, serving as a paracrine organ. 
The main role of the endothelium is to maintain 
homeostasis by regulating the balance of oppo-
site processes: vascular tone (vasoconstriction/
vasodilatation), structural building of blood 
vessels (synthesis/inhibition of proliferation 
factors), hemostasis (synthesis/inhibition of 
fibrinolysis factors and platelets aggregation), 
and local inflammation (production of pro– and 
anti–inflammatory factors) [43].

Moreover, endothelium synthesises a group 
of polypeptides, so called endothelins, discov-
ered in 1988 by M. Janagisawa. There are 3 
isoforms of endothelin: ET–1, ET–2 and ET–3, 
differing in the amino acid sequence. Endothelin 
is synthesised from proendotelin (endothelin 

B) under the influence of endotelin converting 
enzyme. The synthesis of endothelin is increased 
by thrombin. The action of endothelin is complex 
and is determined by a number of factors. The 
most active isomer is ET–1, consisting of 21 
amino acids. Its half–life is 10–20 minutes, and 
in plasma 4–7 minutes. ET–1 acts by binding to 
receptors ЕТА, ЕТВ1 and ЕТВ2. ЕТА and ЕТВ2 re-
ceptors are localized in vascular smooth muscle. 
ЕТВ1 receptors are localized in endothelium [58]. 

It may seem improbable that ET–1, a rec-
ognized vasoconstrictor, can cause vasodila-
tion of the pulmonary microvascular bed. The 
local production of ET–1 in response to various 
stimuli is mostly abluminal and is associated 
with ЕТА receptors on vascular smooth muscle 
cells, causing contraction and vasoconstriction. 
Smaller amount of local peptide is released lumi-
nally (into the lumen of blood vessels) causing 
vasodilation due to increased eNOS activity and 
NO production by binding to ЕТВ receptors [59].

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 increase in the expression and 
activity of eNOS, and vasodilation [60]. In ad-
dition, there is evidence that the introduction 
of ЕТВ receptor selective antagonist to animals 
after ligation of the common bile duct causes a 
reduction in pulmonary endothelial eNOS and 
improvement of HPS symptoms [61].

At the same time, modelling of experimental 
HPS in ЕТВ receptor–deficient rats showed that 
level of ET–1 in plasma has not increased and 
HPS did not develop compared to the control 
group [62]. M. 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 correlated with 
increase in pulmonary eNOS, magnitude of 
intrapulmonary vasodilation and gas exchange 
indicators [24]. The levels of NO and ET–1 were 
significantly elevated in plasma, liver and lung 
homogenate of rats with experimental models 
of HPS [63].
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The increased hepatic production and con-
centration in circulatory system of ET–1 were 
also detected in other experimental and human 
liver disorders. 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 ascites [64, 65].

ANGIOGENESIS

Recent studies showed that angiogenesis is 
also an important factor in the pathogenesis of 
experimental HPS [66, 67]. Physiological angio-
genesis is a tissue response to hormonal stimula-
tion or to external changes. Hypoxia is a major 
stimulus for angiogenesis, affecting metabolic 
pathways that are regulated by proteins such as 
hypoxia inducible factor 1. This leads to over-
expression of proangiogenic factors, including 
vascular endothelial growth factor (VEGF) and 
fibroblasts growth factors.

VEGF family consists of six growth fac-
tors: VEGF–A, VEGF–B, VEGF–C, VEGF–D, 
VEGF–E, and placental growth factor; VEGF–А 
being the most exensively studied among 
them. In human, there 4 isoforms of VEGF–
A: VEGF–A121, VEGF–A165, VEGF–A189, 
VEGF–A206, arising from alternative splicing 
of mRNA. Isoforms have similar biological 
activity, but significantlyvary in bioavailability, 
which is determined by the size of molecules 
and is regulated at genetic level.

VEGF–A acts by binding to appropriate ty-
rosine kinase receptors VEGFR1 and VEGFR2 
and initiating phosphorylation processes. Hy-
poxia, in turn, increases the expression of both 
VEGFR1 and VEGFR2 receptors. As the action 
of proangiogenic factors dominates the action of 
antiangiogenic (trombospondin–1), endothelial 
cells transform from the usual “sleeping” to 
the active state. This tipping point is called tthe 
iniciation of angiogenesis.” There are 4 main 
stages of angiogenesis [68]: 

1. Proteolytic destruction of the vascular 

basement membrane and intercellular matrix.
2. Migration of endothelial cells and their 

colonization of the extravascular space.
3. Proliferation of endothelial cells.
4. Formation of tubular structures, and of 

the new capillary net.
Urinary activator of plasminogen or uroki-

nase is the main regulator of extracellular prote-
olysis, triggering the cascade of proteolytic reac-
tions on cell surface which encourages formation 
and growth of blood vessels. Binding to specific 
receptors on the cell membrane, urokinase acti-
vates plasmin in specific areas on cell surface, 
which in turn activates matrix metalloproteases, 
destroying key proteins of extracellular matrix 
and opening space for cell movement. In addi-
tion, proteases activate and release from the ma-
trix the majority of angiogenic factors required 
for proliferation, migration and invasion of cells. 
Finally, urokinase, interacting with its receptor 
and other proteins on the cell surface, modulates 
intracellular signaling, which ensures directional 
movement of the cells [69].

Thus, angiogenesis is induced when meta-
bolic requirements exceed the existing capac-
ity of vascular perfusion. This is an adaptive 
response to the relative lack of oxygen which 
increases angiogenic stimuli [68]. Thus, the 
increase in the number of lung capillaries, in-
creased pulmonary accumulation and activation 
of monocytes, Akt and eNos are all signalling 
pathways associated with angiogenesis. Intro-
duction of pentoxifylline reduces capillary net 
and pulmonary accumulation of monocytes, 
thus regulating pulmonary angiogenic factors 
and improving the course of HPS [56, 67, 70].

Elevated levels of vascular endothelial growth 
factor A were found in alveolar macrophages and 
endothelial cells of blood vessels. In non–biliary 
cirrhosis induced by tioacetamide, angiogenesis 
have not been detected, the accumulation of 
monocytes in the lungs was significantly lower, 
and Akt, eNos, and vascular endothelial growth 
factor A were not activated [70].

Liver angiogenesis occurs through VEGF–
dependent pathways [71]. The expression of 
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VEGF–A165, subtype of VEGF–A was con-
firmed in pathological states, on experimental 
models of liver cirrhosis. Pulmonary intra-
vascular accumulation of monocytes was low 
and VEGF–A expression was not significantly 
increased in cases of non–biliary cirrhosis in-
duced by tioacetamide. This is in contrast to the 
effects of the common bile duct ligation in rats, 
where significant accumulation of monocytes, 
and overexpression of VEGF–A were observed. 
These effects decreased after the introduction 
of pentoxifylline, which is known to inhibit the 
adhesion of mononuclear cells to endothelial. 
It is argued that monocyte accumulation in the 
pulmonary microvascular bed can be explained 
by bacterial translocation and increased produc-
tion of circulating TNF–α. The positive impact 
of pentoxifylline may be due to its inhibition of 
TNF–α [62]. However, other studies, found that 
while the level of circulating TNF–α in liver cir-
rhosis induced by tioacetamide was significantly 
elevated, the accumulation of monocytes was 
minimal and HPS did not develop [35].

Together, these results suggest that other 
mechanisms are involved in the accumulation 
of monocytes in the experimental HPS, and this 
topic requires further investigation.

INTESTINAL ENDOTOXEMIA

Several authors examined a significant role of 
intestinal endotoxemia and bacterial transloca-
tion in the pathogenesis of HPS [72-75]. Endo-
toxins are lipopolysaccharides and components 
of inner monolayer of Gram–negative bacterial 
membrane [76]. Endotoxin induced activation 
of monocyte/macrophagal system in vivo in-
volves Kupffer cells, macrophages of spleen, 
pulmonary intravascular macrophages and blood 
mononuclear cells [56].

As neutrophils phagocyte bacteria in blood 
plasma and intercellular space, passing through 
theepithelial monolayer and endothelium in a 
process called leukocyte extravasationthey carry 
with them bacteria. Neutrophils isolate and in-
activate bacteria using reactive oxygen species 

and myeloperoxidase, but is not clear whether 
they managege to to kill the bacteria. Endo-
some cells do not posess proteolytic enzymes 
and cannot lyse bacteria. Thus, neutrophils are 
involved the emergence of bacterial transloca-
tion syndrome [76].

There are three main mechanisms causing 
bacterial translocation in liver cirrhosis: 
disruption immune response, change of the 
bacterial flora in the small intestine and 
increased intestinal permeability. Currently, the 
causes of local immunological deficits in the 
intestinal wall are not completely understood. 
The increased number of intraepithelial lym-
phocytes exhibiting significant reduction in 
their proliferative activity and in g–interferon 
production in sone such potential cause. The 
others can be due to insufficient opsonization 
(casused by insufficient complement synthesis by 
the affected liver), dysfunction of macrophagal 
Fcγ receptors and reduced phagocytic properties 
of the neutrophils. 

Reduction of motor activity of the small 
intestine, typical for the cirrhosis patients, 
promotes excessive bacterial growth syndrome 
when the total increase of bacteria strains is ac-
companied by the increase of gram–negative and 
anaerobic strains. Moreover, intestinal mucosa 
is damaged by oxidative stress in course of liver 
cirrhosis, which is manifested as redness, swell-
ing, presence of granulomas, vascular disorders 
and increases its permeability [77].

Vallance P. and Moncada S. proposed that 
endotoxemia 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 production of NO 
[78]. Surface membrane of macrophages lo-
cated in the lymph nodes of mesentery contains 
numerous receptors for cytokines, hormones, 
complement components and Fc–fragments of 
IgG, as well as a large number of antigens, the 
most characteristic of which is antigen CD14. It 
functions as a receptor for lipopolysaccharides 
of Gram–negative bacteria cell wall. Bacterial 
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lipopolysaccharides complex binding to the 
CD14 antigen b initiates immediate activation 
of macrophages and starts proinflammatory 
cytokines synthesis (interleukin1, interleukin 
6, and tumor necrosis factor–α) [79].

In the lumen of the intestine in physiological 
conditions Gram–negative bacteria constantly 
release endotoxins. However, their pathogenic 
effects are not immediately apparent, since only 
a small portion of endotoxins from the intestine 
are absorbed and enter portal circuit to the liver, 
where they are quickly neutralized by Kupffer 
cells [77, 80].

In liver diseases, especially in hepatic fail-
ure, intestinal endotoxemia develops as a sub-
stantial amount of endotoxins from the intestine 
reaches the portal circuit blood or goes directly 
into the systemic circulation. Thus, Kupffer cells 
of the liver remove pathogens and their toxins 
from the portal circulation. As liver cirrhosis 
develops, blood stasis, swelling of the mucosa, 
weakened intestinal peristalsis and reduced 
secretion of bile, lead to bacterial overgrowth 
in the lumen of the intestine, especially of the 
Gram–negative bacteria and to overproduc-
tion of endotoxins. At the same time, disrupted 
mucosal barrier and dysfunction in hepatocytes 
and Kupffer cells cause migration of intestinal 
organisms and endotoxins into the blood, caus-
ing bacteremia and intestinal endotoxemia. 
Endotoxins destroy mitochondria and lysosomes 
of intestinal epithelial cells, triggering cell au-
tolysis. Ultimately, a vicious circle of intestinal 
endotoxemia and increased permeability of 
intestinal mucosa is created.

Zhang et al. showed significant increase of 
endotoxin and TNF–α levels in plasma and in-
creased number of Gram–negative microorgan-
ism colonies in rats with HPS, which suggests 
that intestinal endotoxemia is indeed implicated 
in the pathogenesis of experimental HPS [75]. 
The conclusions of this study are consistent with 
previous findings that infections aggravate the 
condition of patients with chronic liver disease 
[81]. Increased production of TNF–α can also 
result from hypoxemia. TNF–α plays a role in 

the damage of the intestinal barrier that results 
in intestinal endotoxemia and bacteremia. Sub-
sequently, intestinal endotoxemia can cause 
intrapulmonary vasodilation and hypoxia. 
Hypoxemia can exacerbate intestinal barrier 
damage due to release of a number of cytokines 
(including TNF–α). Thus, a «vicious circle» 
develops in which hypoxemia and impaired bar-
rier function of the intestinal mucosa intensifies 
each other [75].

Bile acids have bacteriostatic effect on the 
intestinal flora. In liver cirrhosis their secretion 
is reduced, causing excessive bacterial growth. 
As a result of microorganism activity in small 
intestine, the concentration of unconjugated bile 
acids increases. It damages mucosa epithelium 
causing inactivation of glycoproteins in api-
cal membrane of brush border microvilliand 
increase mucosa epithelium permeability [77].

Patients with liver cirrhosis present high 
concentrations of nitrites and nitrates in plasma, 
urine and ascitic fluid. Excessive production of 
NO reduces activity of protein kinase and RhoA 
kinase, disrupting actin polymerization and my-
osin phosphorylization. This reduces sensitivity 
of vascular smooth muscle to vasoconstrictors 
in the bloodstream [77].

The summary of molecular alterations in 
the pulmonary microcirculation in experimen-
tal hepatopulmonary syndrome is shown below 
(fig.1):

GENETIC RISK FACTORS

Determining genetic risk factors can point to 
new HPS pathogenetic links and therapeutic 
approaches. Roberts et al. selected 94 genes that 
affect vascular function and genotyped 1086 sin-
gle nucleotide polymorphisms (SNP). Their re-
sults showed that 42 SNPs were associated with 
HPS. 32 of them were grouped in eight genes: 
caveolin 3 (CAV3), endoglin (ENG), NADPH 
oxidase (NOX4), estrogen receptor 2 (ESR2), 
von Willebrand factor (VWF), short–bound 
transcription factor 1 (RUNX1), collagen type 
XVIII, α1 (COL18A1), and tyrosine (TIE1). 
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Molecular alterations in the pulmonary microcirculation in experimental hepatopulmonary syndrome

This is consistent with experimental data, dem-
onstrating the important role of pulmonary an-
giogenesis in the pathogenesis of HPS [82, 83].

In contrast, no connection was found be-
tween HPS and vasoregulator genes, such as 
nitrogen (II) oxide, endothelin B receptor, 
heme–oxygenase, which were initially sugges-
ted to be linked to the development of the HPS. 
In addition, a number of genetic risk factors 
regulating angiogenesis were identified for 
HPS, including. endostatyn, proteolytic frag-
ment of COL18A1 C–terminus, which inhibits 
angiogenesis [84].

Endoglin is a transmembrane receptor for 
transforming growth factor beta (TGF–β), 
which is mainly expressed on proliferating 
endothelial cells. Mutations in endoglin and 

TGF–β are linked with hereditary hemorrhagic 
telangiectasia, an autosomal dominant vascular 
dysplasia, characterized by telangiectasia and 
arteriovenous connections [85]. Notably, among 
the patients with hereditary hemorrhagic telan-
giectasia, pulmonary arteriovenous connections 
are more common in those individuals that have 
endoglin mutations [86].

Hypoxemia is a powerful stimulator of vas-
cular growth and remodeling, and in pulmonary 
vessels, oxygen level is crucial for mantaining 
normal gas exchange through the corrections 
of vascular tone. Four genes, HIFA1, SAT2, 
RUNX1, and NOX4, play a central role in 
oxygen–dependent vascular phenotypes. HIF1A 
stimulates angiogenesis of endothelial cells in 
hypoxia through the activation of the numerous 
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growth factors transcription and is regulated 
by SAT2 [87]. Variations in both genes are as-
sociated with HPS. RUNX1 is a hematopoietic 
transcription factor that promotes angiogenic 
phenotype through the interaction with other 
transcription factors, such as HIF1A and insulin 
growth factor binding protein 3 [57]. NOX4 is 
one of the enzymes responsible for the genera-
tion of reactive oxygen species in endothelial 
cells, which model angiogenesis and are in-
volved in hypoxic–induced proliferation [88]. 
These results show changes in specific genes 
that may contribute to susceptibility to HPS.

In summary, hepatopulmonary syndrome is 
a severe pulmonary vascular complication of 
liver disease. It remains a captivating topic of re-
search, since the syndrome significantly affects 
both quality of life and survival in the patients 
with chronic liver disease with or without un-
derlying portal hypertension. Currently, patho-
genesis of HPS is not completely explained, and 
there is no effective pharmacological treatment 
with orthotopic liver transplantation being the 
only successful treatment method. While our un-
derstanding of the mechanisms of the pulmonary 
vasodilation that underlies the condition contin-
ues to improve, it has yet to translate in the de-
velopment of effective pharmacological therapy. 
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. 

И.Я. Криницкая, M.И. Марущак, И.Н. Клищ, 
И.В. Бирченко  

МОЛЕКУЛЯРНЫЕ МЕХАНИЗМЫ  
РАЗВИТИЯ ГЕПАТОПУЛЬМОНАЛЬНОГО 
СИНДРОМА

Гепатопульмональный синдром (ГПС) является серьезным 
осложнением хронических заболеваний печени. Его рас-
пространенность среди пациентов с циррозом колеблется 
от 4 до 47 %. Патогенетические звенья ГПС остаются 
неизвестными. В этом обзоре мы кратко суммировали су-
ществующие знания о возможных механизмах и причинах 
ГПС. Легочная микрососудистая дилатация и ангиогенез 
являются двумя центральными звеньями, которые опреде-

ляют патологический газообмен при экспериментальном 
ГПС, и, таким образом, могут быть основой ГПС в орга-
низме человека. Несмотря на эти достижения в патогенезе 
экспериментального ГПС, его медикаментозной терапии 
не существует, и трансплантация печени остается основ-
ным методом лечения.
Ключевые слова: гепатопульмональный синдром; моле-
кулярные механизмы.
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Гепатопульмональний синдром (ГПС) є серйозним усклад-
ненням хронічних захворювань печінки. Його поширеність 
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і ангіогенез є двома центральними ланками, які визначають 
патологічний газообмін при експериментальному ГПС, 
і, таким чином, можуть бути основою ГПС в організмі 
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периментального ГПС, його медикаментозної терапії не 
існує, і трансплантація печінки залишається основним 
методом лікування.
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