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Abstract: Background: The “hepatic factor,” a molecule or group of molecules present in the he-
patic venous blood, essential for the prevention of the development of pulmonary arteriovenous mal-
formations (PAVMs) and right-to-left shunting has been a conceptual enigma in the understanding of 
many related conditions.  
Methods: Patients with various forms of liver diseases including acute hepatic failure, and others 
with normal hepatic function like hereditary hemorrhagic telangiectasia (HHT), inflammatory and 
parasitic disorders, cardiogenic hepatopulmonary syndrome (cHPS) and skin disorders like Dyskera-
tosis congenita are all known to cause PAVMs. Over a period of the last two decades our understand-
ing of the pathogenesis of PAVMs has changed, but the mechanisms are still not clearly understood. 
The presence of PAVMs once considered a contraindication for liver transplantation is now a cure 
for PAVMs in patients with HPS.  
Results: In this article the molecular mechanisms and the underlying pathogenesis of PAVMs are 
discussed and the role of microRNA (miRNA) in its pathogenesis is favorably argued. Identifying 
and preventing or treating the underlying mechanisms will significantly influence the management of 
a large group of patients who at present cannot be effectively treated with a very poor prognosis. 
Progressive polycythemia, desaturation, stroke, and infection are serious complications of PAVMs.  
Conclusion: The clinical data and current understanding leads to the possible role of miRNA, which 
inhibits Vascular Endothelial Growth Factor (VEGF) synthesis as a pathogenic mechanism for the 
development of PAVMs. 

Keywords: Endoglin, hepatic factor, hepatopulmonary syndrome, hereditary hemorrhagic telangiectasia, miRNA, pulmonary 
arteriovenous malformations, vascular endothelial growth factor. 

1. INTRODUCTION 

 The hypothesis for the presence of a “hepatic factor” in 
the human circulation was first raised in 1995 as an explana-
tion for desaturation associated with pulmonary arte-
riovenous malformations (PAVMs) in children with complex 
single ventricle palliation [1]. In this condition, one of the 
ventricles is too small to support the circulation, and the de-
veloped ventricle is used to pump blood into the aorta; the 
systemic veins are connected directly in to the pulmonary 
arteries (PAs). The palliation is done in stages to prepare the 
lung vasculature for a low pressure circulation so the veins 
can flow directly into the PAs. Often the superior vena cava 
(SVC) is connected in the first stage of surgery to the PAs 
followed by the inferior vena cava (IVC), resulting in a pal-
liated state known as the Fontan circulation. The initial con-
nection of the SVC to the PA is known as the superior ca-
vopulmonary anastomosis (SCPA) or the Glenn procedure 
(Fig. 1). 
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 In some patients with atrial isomerism, the IVC ascends 
above the diaphragm and connects into the SVC; the hepatic 
veins drain directly into the atria. When the SVC is con-
nected to the PA, all of the venous flow except the hepatic 
vein is connected to the lungs. This repair is known as the 
Kawashima operation. 
 Patients with SCPA and Kawashima procedure develop 
progressive desaturation. This was attributed to a combina-
tion of factors including 

1. Relative decrease in venous return due to the propor-
tionate growth and relative decrease of the venous re-
turn from the upper part of the body; 

2. Non pulsatile nature of the blood flow through the 
PAs due to the absence of the pumping action of the 
ventricle; 

3. The disparity in differential flow (too much flow to 
the dependent areas of the lungs), and 

4. The absence of hepatic venous effluent in the pulmo-
nary circulation, which may contain the factor(s) nec-
essary to maintain the integrity of the pulmonary vas-
culature. 
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 It was postulated that the absence of hepatic venous ef-
fluent from the pulmonary circulation is the probable cause 
of intrapulmonary shunting and the development of PAVMs 
observed in these patients [2]. For patients with anatomic 
anomalies, restoration of the normal hepato-pulmonary ve-
nous relationship results in resolution of the AVMs [3]. 
However, children undergoing SCPA [4] to palliate single 
ventricle heart defects cannot have the normal hepato-
pulmonary circulation restored until they are old enough to 
undergo the Fontan procedure. In the meantime, AVMs may 
cause significant morbidity in these patients. In fact, we have 
shown that all patients with the Glenn anatomy have pulmo-
nary AV shunts demonstrable by radionucleotide scan even 
in the absence of angiographically apparent AVMs [5, 6]. A 
landmark paper by Knight and Mee [7] showing the resolu-
tion of PAVMs after reconnection of the hepatic veins into 
the pulmonary circulation in Kawashima patients led to fur-
ther studies in the field. Their scientific contribution forms 
the basis of the concept of a factor in the hepatic venous 
blood that is essential to preserve the normal integrity of the 
pulmonary vasculature: the Hepatic Factor. 

2. CURRENT UNDERSTANDING OF PAVMS 

 Patients with various forms of liver disease also develop 
intrapulmonary shunting and hypoxemia associated with 
PAVMs, a condition known as hepatopulmonary syndrome 
(HPS). The association of intrapulmonary shunting and hy-
poxemia in patients with liver disease was first described  
in 1884 [8], but the term HPS was first coined in 1977  
[9]. Over a period of time our understanding and thus the 
definition of HPS has changed. This has led to liver trans-
plantation as a cure for HPS, which was once a contraindica-
tion [10]. 
 HPS is associated with fulminant hepatic failure, cirrho-
sis, portal hypertension, and rejection of allograft liver trans-
plant. The histopathology studies of HPS shows diffuse or 
localized pre- & post capillary vasodilatation, pleural AVMs 
and porto-pulmonary collaterals [11]. There have been vari-

ous mechanisms postulated to explain the pathogenesis of 
HPS, which includes the failure of the damaged liver to clear 
circulating vasodilators, production of vasodilators by the 
damaged liver, inhibition of vasoconstrictors by the damaged 
liver and blunted hypoxic pulmonary vasoconstriction. There 
was also postulation of a factor present in the portal venous 
blood that causes PAVMs called a Portal venous Factor or 
Fistulin [5, 6]. 
 The occurrence of HPS in the presence of normal liver 
function has led to the concept that the factors present in the 
portal venous blood are responsible for the pathogenesis of 
PAVMs and the role of the liver is to inhibit these factors 
before they reach the lungs. However, if the portal blood is 
already processed by the liver as in patients with SCPA, then 
diversion of hepatic blood flow should not cause AVMS. 
Thus, the final substrate for the development of PAVMs 
reaches the lungs from the systemic veins and the role of the 
liver is to inhibit those factors present in the venous blood. In 
other words, the liver silences the vasodilatory influences 
present in the systemic venous blood, which is perhaps more 
abundant in the portal venous blood. 
 About 25% of the systemic venous return is from the 
hepato-portal system of which 75% is from the portal vein. 
Accessing portal venous blood to learn about its constituents 
and metabolites is difficult and once it traverses the liver 
parenchyma, the constituents are altered after metabolism in 
the liver. The hepatic venous effluents are significantly dif-
ferent from venous blood coming from other veins due to 
synthetic function of the liver and any foreign material enter-
ing through the gastrointestinal system including the endo-
toxins are processed by the liver. Hence looking in the he-
patic venous effluent for a hepatic factor is extremely diffi-
cult. Hepatic Kupffer cells and macrophages act as scaven-
gers of bacterial products and in the presence of severe liver 
disease or diversion of portal blood as in portal hypertension, 
these products can enter the circulation causing systemic 
vasodilatation through the inducible NO pathway. 

 
Fig. (1). Angiogram of a patient with SCPA showing injection of contrast into the SVC flowing directly into the pulmonary arteries. 
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 Luo and Fallon have done extensive studies on a rat 
model of HPS for decades [12, 13]. Their common bile duct 
ligation model of HPS has led to various hypotheses to ex-
plain the pathogenesis of HPS. This includes over expression 
of endothelin-1 (ET-1), tumor necrosis factor alpha (TNF-α), 
heme oxygenase-1, nitric oxide (NO), and endothelin recep-
tor type B (ETB). Although portal vein ligation alone does 
not cause elevation of ET-1 or TNF-α, administering ET-1 in 
them leads to HPS. This led to the belief that ET-1, a vaso-
constrictor, is the cause for HPS. However, other causes of 
liver damage by Thioacetamide did not cause HPS. These 
rats showed evidence of over expression of TNF-α and ETB. 
One of the most significant findings from the study is that 
TNF-α inhibition with pentoxifylline prevents the develop-
ment of HPS [14]. 

The term Cardiogenic HPS (cHPS) was coined to dis-
tinguish the intrapulmonary shunting resulting from SCPA 
or Kawashima procedure from other causes of HPS [6]. The 
diagnostic features of cHPS are:  

1. Rapid transit of blood through pulmonary circulation,  
2. Reticular appearance on angiogram,  
3. Presence of positive bubble contrast study, which 

could also be due to veno-venous collaterals and  
4. Desaturation at rest in the absence of lung disease. 

 If the absence of hepatic venous effluent in the pulmo-
nary circulation as in cHPS is the cause for intrapulmonary 
shunting and development of PAVMs, then there may be a 
unifying pathologic mechanism to explain HPS in both liver 
disease and CHD. If we consider that the absence of hepatic 
venous effluent in the pulmonary circulation is the cause for 
cHPS, then one has to agree that the HPS and PAVMs asso-
ciated with liver disease have a common pathogenesis. 
 Although the problem of PAVMs was described in 1897 
[15], the question of the influence of hepatic venous blood in 
maintaining normal pulmonary vascularity and its contribu-
tion in development of PAVMs was only postulated in 1995 
[1]. 
 In a study by Srivastava looking at patients with SCPA 
from 1970-1993, it was found that exclusion of hepatic veins 
from the pulmonary circulation was the one and only cause 
for PAVM associated with SCPA [1]. However, PAVMs 
occur in only 21% of Kawashima patients with a 28% occur-
rence rate within the first 5 years [1]. 
 Those palliated with SCPA developed varying degrees of 
arteriovenous shunting before manifesting macroscopic 
AVMs. This was postulated to be due to the sustained and 
inappropriate vasodilatation and may lead to gross structural 
alterations in vulnerable areas, which manifest as macro-
scopic AVMs. Possible hepatic factor from the competitive 
flow was shown to reduce the intra pulmonary shunting [5, 6]. 
 There is now clinical evidence confirming that in those 
hypoxemic patients with single ventricle circulation palliated 
with SCPA and exclusion of hepatic venous blood from the 
pulmonary circulation have a fistula promoting factor(s) in 
the systemic venous blood which is inhibited by the “hepatic 
factor” from the liver effluent. By redirecting the hepatic 
flow to the PAs in Kawashima patients, the PAVMs resolve 

and prevent further development and progression similar to 
those after liver transplantation or resolution of the hepatic 
injury in HPS. 
 Our understanding from HPS and cHPS defines HF as “a 
factor produced or modified by the liver and removed by the 
circulation on first pass and is essential for maintaining the 
integrity of the pulmonary micro circulation” [5, 6]. 
 There are other known associations with PAVMs with 
normal liver function. These include: Hereditary Hemor-
rhagic Telangiectasia (HHT) a hereditary form of diffuse 
AVMs [16], parasitic infections, skin disorders like Dyskera-
tosis congenita [17], immunogenic causes and rare anomalies 
like isolated abnormal drainage of the hepatic veins into the 
left atrium [18]. Research into their etiology will help in un-
derstanding the pathogenesis of this complex condition. In 
the setting of cHPS, there have been multiple animal studies 
performed to delineate the causative factor(s). Table 1 pro-
vides a summary of these and gives some insights into the 
pathogenesis of PAVMs from all animal studies conducted 
from 2000 to 2013 [19-30]. 

3. PAVMs AND HHT 

 There are 3 different types of HHTs known. Type 1 is 
related to mutation of Endoglin (ENG) which has the highest 
incidence of PAVMs. Type 2 is related to Activin-like recep-
tor kinase (ACVRL1); PAVMs are the most common cause 
of hemorrhagic stroke in young adults. Both ENG and 
ACVRL1 are involved in the vascular development. Muta-
tions of ENG and ACVRL1gene are known to be associated 
with PAVMs. These are auxiliary receptors for the TGF fam-
ily of ligands which are expressed in vascular endothelial 
cells and are involved in vascular development (Table 2). 
Mouse models with conditional mutation of ENG gene on 
angiogenic stimulation developed delayed remodeling of the 
capillary plexus and increased proliferation of endothelial 
cells with localized AVMs in the retina. Muscularization of 
the blood vessels occurred due to increased blood flow. Most 
conditions associated with PAVMs have generalized AMVs 
in their skin, brain, liver and other organs. In these mouse 
models ENG loss and angiogenesis (VEGF) lead to AVMs. 
 It has been shown that TNF-α causes local ENG deple-
tion leading to transient ENG null phenotype. The inflamma-
tory loss of ENG combined with angiogenic stimuli medi-
ated through VEGF leads to local AVM formation. Persis-
tent hypoxemia in cHPS is a potent angiogenic stimuli medi-
ated through VEGF. Our studies (unpublished data) have 
shown that VEGF levels are significantly increased in pa-
tients with cHPS with macroscopic PAVMs. Increase in 
TNF-α occurs in cHPS, liver diseases, DKC and other 
known causes of PAVMs. These correspond to spider nevi or 
capillary dilations in hepatopulmonary syndrome. PAVMS, 
without evidence of hemangiomas elsewhere, is unique for 
cHPS [31]. 

4. THE HYPOTHESIS: ROLE OF miRNA IN THE 
PATHOGENESIS OF HPS 

 The discovery of miRNA and further delineation of its 
role in post transcriptional gene regulation have revolution-
ized our understanding of gene expression in humans. miR
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Table 1. Summary of all the animal studies in to the pathogenesis of PAVMs from 2000 to 2013. 

Study 
Animal 
model 

SVC 
blood 

IVC blood Analysis 
Candidate 
molecule 

Results 
Mechanism of 

PAVM 

Malhotra 2001 Lamb 

N=24 

Tissue mRNA ex-
pression 

Blood from RPA 

ACE 

Angiotensin II 

Reversible decreased ACE 
activity in lung 

Enzyme in-
volved in 

angiogenesis 
inhibition 

Malhotra 2002 Sheep Tissue Angiotensin 
receptors 

Increased type 1, 2 angio-
tensin receptors 

Pathological 
vascular re-
modeling 

Malhotra 2002 Lamb 

N=6 

   HIF Upregulation of HO1, 
GLUT1 

Oxidative 
stress 

Starnes 2002 Rat 

N=8 

RA-RV-LPA 

Tissue microscopy 

Immunohistochem-
istry 

 Nil Time dependent increase in 
micro-vessel density in the 

shunted lung 

Angiogenesis 

Ikai 2004 Lamb 

N=6 

RA-RV-LPA 

LPA band 

Tissue-lung 

Western blot, 

Immunostaining 

HGF 

Cmet 

Bcl2 

C-met expression increased 
in lung 

Growth factor 
in angiogene-

sis  

anti-apoptotic 

Ikai 2004 Rabbit RA-RV-LPA Tissue HIF1α Lack of hypoxic  pulmo-
nary vasoconstriction 

Oxidative 
stress 

Mumtaz 2004 Rat 

N-=3 

RPA 

RA-RV-LPA Tissue mRNA ex-
pression 

  

VEGF Progressive increase in 
VEGF mRNA 

Final pathway 
VEGF 

Ikai 2005 Rabbit RPA/ PA 
band 

RA-RV-LPA Tissue Nil Even partial maintenance 
of right lung blood supply 
(from hepatic vein) main-
tains hypoxic pulmonary 

vasoconstriction 

  

Oxidative 
stress 

  

McMullan 2008 Lamb 

N=23 

RPA RA-RV-LPA Tissue morphology Nil Morphology of PAVMs 

  

  

Kavarana 2013 Porcine 

N=5 

RPA 

  

RA-RV-LPA Tissue gene expres-
sion 

Angiopoietin1 

TIE2 

(Angiopoietin 
receptor) 

Angiostatin 

  

Conversion of PAEC to a 
proangiogenic phenotype 

Increased proliferation and 
tubule formation 

  

Angiogenesis 

HIF Gene 
expression not 

different 

  

Henaine 2013 Porcine 

N=10 

RPA/PA 
band 

RA-RV-LPA Tissue Pulsatile flow PAVMs, Increased PAP, 
PVR in non-pulsatile > 

micro-pulsatile > pulsatile 

  

Antegrade 
pulsatile flow 

prevents 
PAVMs  

  

Note. 11 studies using Rabbit, Lamb, pigs and rats. SVC blood connected to RPA and IVC blood from IVC to RA to LPA after banding or disconnecting the RPA. Looked for blood 
or tissue for ACE, Angiotensin, HGF, HIF, VEGF, Angiopoietin, angiopoietin receptor or angiostatin or to define the pulsatility of pulmonary blood flow. There is evidence of angio-
genesis in the lungs, ACE is involved in inhibition of angiogenesis, and the final pathway for PAVMs is through VEGF evidenced by progressive increase in VEGF mRNA [19-
30]. 
 
 
 



248    Current Cardiology Reviews, 2017, Vol. 13, No. 3 Joseph J. Vettukattil 

Table 2. TGF beta family of ligands, identified receptors and inhibitors. 

TGF Beta Superfamily 
Ligand 

Type II Recep-
tor 

Type I Receptor R-SMADs coSMAD 
Ligand Inhibi-

tors 

Activin A ACVR2A ACVR1B (ALK4) SMAD2, SMAD3 SMAD4 Follistatin 

GDF1 ACVR2A ACVR1B (ALK4) SMAD2, SMAD3 SMAD4  

GDF11 ACVR2B 
ACVR1B (ALK4),  
TGFβRI (ALK5) 

SMAD2, SMAD3 SMAD4  

Bone morphogenetic proteins BMPR2 
BMPR1A (ALK3), 

BMPR1B (ALK6) 

SMAD1 SMAD5, 

SMAD8 
SMAD4 

Noggin,  
Chordin, DAN 

Nodal ACVR2B 
ACVR1B (ALK4),  
ACVR1C (ALK7) 

SMAD2, SMAD3 SMAD4 Lefty 

TGFβs TGFβRII TGFβRI (ALK5) SMAD2, SMAD3 SMAD4 
LTBP1, THBS, 

Decorin 

 
NAs are small non-coding RNA molecules (containing about 
22 nucleotides) that function predominantly by silencing 
translation of messenger RNA (mRNA) and targeting 
mRNA for degradation [32]. Thus far, more than 1400 
miRNA sequences have been identified [33]. Due to the in-
hibitory nature of the miRNA and our current understanding 
of hepatic factor as an inhibitor of the formation of PAVMs, 
we hypothesize that the liver may secrete miRNAs into cir-
culation that play a key regulatory role in vascular homeo-
stasis in the lungs. A recently proposed molecular pathway 
suggests that secretion of TGF-β by endothelial cells stimu-
lates the transfer of miRNA 143/145 from vascular smooth 
muscle to endothelial cells. miRNA 155 is also implicated in 
vascular neogenesis [34]. 
 Currently, a prospective study is underway to define and 
characterize the miRNA in the hepatic veins in comparison 
to systemic and pulmonary venous circulation. 

5. PATHOGENESIS OF PAVMS 

 There has been extensive research into the pathogenesis 
of PAVMs and associated disorders. HPS and PAVMs asso-
ciated with liver disorders were initially thought to be the 
result of acute hepatic decompensation. Subsequently vari-
ous liver disorders including acute and chronic liver disease 
have been shown to cause hepatopulmonary syndrome and 
PAVMs. The association of various other conditions with 
normal liver function discussed in this review points to a 
common pathogenic mechanism for the development of 
PAVMs. Thus a unifying hypothesis of an inhibitory fac-
tor(s) produced from the liver that silences the vasodilatory 
and vasoneogenic influences in the venous blood has 
emerged. Recent studies into the pathogenesis of PAVMs 
points to the role of VEGF and conditional loss of ENGs 
which modulates the effect of HHT and TNF on TGF beta 
family of ligands. This is further supported by the signifi-
cantly high expressions of VEGF mRNA in the liver, spleen 
and intestine in post-partial hepatectomised rats compared 
with pre-hepatectomised rats [35] signifying the elevated 
levels of VEGF in the portal system and the role of the liver 
in its regulation. It is also now established that blocking 

VEGF activity reverses the hyperdynamic circulation and 
vascular neogenesis induced by portal hypertension [36]. 
 If one takes into consideration all the known causes and 
association of PAVMs and assuming that the pathogenesis is 
interrelated, then the following facts emerge (Fig. 2): 

1. There is a unique role of hepatic venous effluent in 
the development of PAVMs. This is closely associ-
ated with interrupted inferior vena cava and hepatic 
venous diversion from the pulmonary circulation as in 
cHPS.  

2. Molecular mechanism of hepatopulmonary syndrome 
includes TGF-β signaling pathway with significant 
contribution from the ligands of molecules that influ-
ence these receptors (like ENG, ACVRL1 as in 
HHT). 

3. Mediators of inflammation especially tumor necrosis 
factor (TNFα), may have a role in the development of 
PAVMs by causing conditional loss of ENG in the 
pathogenesis of PAVMs in infections and inflamma-
tion. 

4. High levels of VEGF in the portal venous blood and 
hepatic vein as in liver disease or partial hepatec-
tomised animals and high levels of VEGF in patients 
with PAVMs suggest its causative role in the patho-
genesis of PAVMs. 

5. The primary inhibitory role of miRNA in the post 
transcriptional gene regulation and recent studies in-
dicating significantly elevated levels of VEGF in the 
hepatic venous blood points to the role of miRNA 
which inhibits VEGF synthesis as the possible patho-
genic mechanism. 

CONCLUSION 

 Understanding the molecular mechanism and defining the 
hepatic factor(s) involved in the pathogenesis of PAVMs will 
significantly influence the management of a large group of pa-
tients who at present cannot be effectively treated for a condi-
tion with very poor prognosis. Progressive polycythemia, de-
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saturation, stroke, and infection are serious complications of 
PAVMs. 
 Identification of miRNA which inhibits VEGF synthesis 
with its presumed role in the pathogenesis of PAVMs may 
lead to further studies aimed at delineating the mechanisms 
and prevention of PAVMs. Currently, a study is underway to 
characterize these miRNAs in human circulation.  

LIST OF ABBREVIATIONS 

AVM = Arteriovenous malformation 
cHPS = Cardiogenic hepatopulmonary syndrome 
ENG = Endoglin 
ET-1 = Endothelin-1 
ETB = Endothelin receptor type B 
HHT = Hereditary hemorrhagic telangiectasia 
HPS = Hepatopulmonary syndrome 
IVC = Inferior vena cava 
NO = Nitric oxide 
PA = Pulmonary artery 
PAVM = Pulmonary arteriovenous malformation 
SCPA = Superior cavopulmonary anastomosis 
SVC = Superior vena cava 
TNF-α = Tumor necrosis factor alpha 
VEGF = Vascular endothelial growth factor 
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