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Genetic Cholestatic Disorders

Emanuele Nicastro and Lorenzo D’Antiga

13.1	 �Introduction

Neonatal and infantile cholestatic liver diseases are a group 
of diverse hepatobiliary disorders characterised by the 
retention of bile components into hepatocytes and/or bile 
ducts, ultimately flowing back to the bloodstream. 
Excluding the extrahepatic causes, represented by biliary 
atresia or other biliary obstructive diseases, the knowledge 
about the underlying aetiology of the so-called “intrahe-
patic” cholestasis has been rapidly expanding in the last 
four decades. The great advances in molecular genetics 
have clarified that the vast majority of these conditions are 
monogenic liver disorders. Here the different genetic causes 
of cholestasis will be described and classified on the basis 
of the pathogenesis and of the clinical context in which 
they occur.
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Key Points
•	 A large proportion of cholestatic disorders are 

caused by monogenic defects affecting the hepato-
cellular or biliary functions responsible for bile 
formation.

•	 Several genetic diseases can cause transient or per-
manent cholestasis, including canalicular transport 
and tight junction defects, bile acid synthesis 
defects, biliary developmental defects and meta-
bolic disorders.

•	 In an infant with conjugated jaundice, once biliary 
atresia is ruled out, the most likely aetiology is a 
monogenic defect, nowadays recognisable by next-
generation sequencing.

•	 In the last decade, several new defects causing 
intrahepatic cholestasis have been discovered, such 
as TJP2 deficiency, FXR deficiency and MYO5B 
deficiency.

•	 Although the diagnostic yield in this scenario is 
remarkably improved, no effective treatment is 
available for most genetic cholestatic disorders, 
making them candidates to some 20% of all liver 
transplants performed in children.

Research Needed in the Field
•	 To improve the diagnostic yield of genetic testing 

for cholestatic diseases through widely adopted 
next-generation sequencing panels and protocols

•	 To develop strategies able to modify the phenotype 
of these disorders, by gene therapy/editing, cell 
therapy, RNA interference, chaperones, etc., to 
avoid the progression to end-stage liver disease

•	 To test different forms of medical and surgical bili-
ary diversion, especially in conditions that are only 
partially corrected by liver transplantation, such as 
PFIC1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-96400-3_13&domain=pdf
https://doi.org/10.1007/978-3-319-96400-3_13
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13.2	 �Genetic Cholestatic Disorders

13.2.1	 �Defects of the Biliary Canalicular 
Transport

Progressive familial intrahepatic cholestasis (PFIC) is a group 
of heterogeneous autosomal recessive disorders causing hepa-
tocellular cholestasis often presenting in the neonatal age or in 
the first year of life [1, 2]. With an incidence roughly com-
prised between 1:50,000 and 1:100,000, they represent about 
9–12% of the causes of infantile cholestasis and a major indi-
cation for LT in children [3, 4]. Beyond the classically recog-
nised PFIC1 (Byler disease), PFIC2 [Bile Salt Export Pump 
(BSEP) deficiency] and PFIC3 (MDR3 deficiency), high-
throughput sequencing studies have recently identified new 
gene mutations associated with previously unexplained cases, 
thus expanding the disease spectrum to the so-called PFIC4 
(TJP2 deficiency), PFIC5 (related to NR1H4) and MYO5B-
associated cholestasis [5–7]. The different proteins and their 
role in canalicular transport are illustrated in Fig. 13.1.

13.2.1.1	 �Clinical Presentation
All these disorders usually present in the first months of life, 
with recurrent episodes of cholestatic jaundice that eventually 
become permanent [8–11]. Pruritus is common, often intrac-
table, representing one of the indications to LT in later child-
hood. It has been reported that 15% of patients with PFIC1 
and 44% of those affected by PFIC2 present by the first month 
of age [8]. All these entities invariably show progression to 
fibrosis and cirrhosis, but in the case of PFIC2, cholestasis is 
more severe, and the course of the disease appears to be more 
aggressive. Another feature of PFIC2 is the possible occur-
rence of early (in the first year of age) hepatocellular carci-
noma (HCC) and, less commonly, cholangiocarcinoma.

Unlike the other forms, PFIC3 is usually diagnosed later 
in infancy and can also be identified during childhood or 
even in young adult age. In PFIC3 the main clinical feature 
is portal hypertension. Remarkably, since commonly these 
patients are not jaundiced and have milder pruritus, cirrhosis 
and its complications may not be overlooked until the age of 
3 [9, 12].

In addition to cholestasis, PFIC1 is associated with other 
organ involvement, such as enteropathy, pancreatitis, ele-
vated sweat electrolyte concentration, short stature and sen-
sorineural deafness, underscoring the importance of 
evaluating the expression of FIC1 protein outside the liver, 
especially when it comes to listing to LT [13, 14].

Interestingly, milder mutations in PFIC1-PFIC2 genes 
(ATP8B1 and ABCB11) have been also associated with 
relapsing episodes of jaundice or pruritus called benign 
recurrent intrahepatic cholestasis (BRIC1-BRIC2) or with 
cholestasis of pregnancy [15].

13.2.1.2	 �Laboratory and Histological Findings
Typically, many PFICs show cholestasis with very high 
serum bile acids but normal GGT activity, while serum cho-
lesterol is usually normal. PFIC2 is characterised by higher 
serum transaminases and alpha-fetoprotein. On the other 
hand, the biochemical features of the patients with PFIC3 are 

Claudins
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MDR3
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FXR
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Myo 5b
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Fig. 13.1  Simplified view of the most important transporters of the 
biliary canaliculus. BSEP (encoded by ABCB11) provides high concen-
tration of bile acids against gradient across the biliary pole plasma 
membrane; FIC1 (encoded by ATP8B1) is a flippase responsible for the 
aminophospholipid enrichment of the outer leaflet, protecting hepato-
cyte from the detergent action of bile acids; MDR3 (encoded by 
ABCB4) is the major phospholipid transporter, essential for bile micel-
lar balance; TJP2 represent a connection between transmembrane clau-
dins and actin cytoskeleton; MRP2 is a transporter for the organic 
anions, including conjugated bilirubin; FXR is a bile acid-sensitive 
nuclear receptor that enhances the expression of multiple genes includ-
ing ABCB11; Myosin 5b is a cytoskeletal component directly involved 
in recycling BSEP-containing endosomes to the membrane maintaining 
polarity. Myo 5b myosin 5b, AL aminophospholipids, PC phosphatidyl-
choline, OA organic anions, BA bile acids. Courtesy of Mattia D’Antiga
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quite different: GGT is invariably elevated, and serum bile 
acids are moderately increased [16].

Liver biopsies from PFIC patients show almost invariably 
canalicular cholestasis and giant cell transformation, while 
ductular proliferation is generally absent or mild. Focal bili-
ary metaplasia of the hepatocytes can be seen in periportal 
areas (Fig. 13.2a–c). Steatosis is occasionally noted in PFIC1 
patients. Noteworthy, in PFIC2, the pronounced abnormali-
ties of liver function tests are reflected by a more disrupted 
parenchymal structure, with lobular inflammation and early 
portal fibrosis. Also from the histologic point of view, PFIC3 
behaves quite differently from the other familial cholestasis: 
ductular proliferation is seen at onset, and portal fibrosis is a 
feature, while giant cell transformation is mild. Other specific 
features of the different aetiologies are shown in Table 13.1.

13.2.2	 �Aetiology and Specific Features

13.2.2.1	 �PFIC1
PFIC1, also referred to as “Byler disease”, is caused by muta-
tions in ATP8B1, encoding FIC1, a P-type ATPase acting as a 
“flippase”, responsible for the maintenance of the phosphati-
dylserine and phosphatidylethanolamine abundance of the 
inner leaflet of the plasma membrane. Such composition is 
crucial for the integrity of the canalicular membranes in pres-
ence of concentrated bile acids [17]. However, the definite 
pathogenesis of cholestasis in PFIC1 is unclear, and several 
mechanisms have been advocated. The abnormal plasma 
membrane structure is thought to indirectly determine an 
impairment in bile acids excretion, as witnessed by the very 
low primary bile acids that can be measured in the duodenal 

a b

c d

Fig. 13.2  Histological features of PFIC2. (a) Cirrhotic architecture 
with canalicular cholestasis (c) and focal giant cell transformation 
(arrows); (b) higher magnification showing pseudo-glandular arrange-
ment or rosetting (*); (c) immunohistochemistry for cytokeratin 7 iden-

tifying biliary metaplasia of the hepatocytes; (d) nodule of hepatocellular 
carcinoma on cirrhosis in a PFIC2 patient at hepatectomy invading a 
blood vessel (arrowheads). Courtesy of Aurelio Sonzogni
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fluid after duodenal aspiration. This can be due to a different 
degree of downregulation of the farnesoid X receptor (FXR), 
which in turn is responsible for a reduced expression of BSEP 
and for a steady upregulation of the intestinal apical sodium 
bile salt transporter (ASBT) [18, 19]. Intriguingly, ATB8B1-
deficient cells have an impaired apical localisation of the cys-
tic fibrosis transmembrane conductance regulator (CFTR) that 
could contribute to the bile components retention and also 
account for some cystic fibrosis-like features of PFIC1. In fact, 
some extrahepatic manifestations include pancreatitis, abnor-
mal chloride sweat content and even lung infections [1, 20]. 
ATP8B1 is widely expressed in the liver, pancreas, kidney and 
small intestine, where it can cause chronic diarrhoea through 
the alteration of the enterohepatic cycling of bile acids and 
where it may play a central role in the post-transplant PFIC1 
allograft steatohepatitis and related metabolic complications 
[13]. Other extrahepatic features of the disease are short stat-
ure and sensorineural deafness [1, 21].

13.2.2.2	 �PFIC2
BSEP, encoded by the gene ABCB11, is the most important 
canalicular transporter, able to concentrate bile acids against 
extreme gradients. Its absence or reduced function can lead to 
bile acids retention and hepatocellular cholestasis [22]. BSEP 
disease spectrum is variable from BRIC to severe cholestasis 
with rapidly progressing chronic liver disease and possible risk 
of HCC (Fig. 13.2d). A genotype-phenotype correlation exists 
and explains part of the disease variability [23]. For instance, the 
two most common PFIC2-causing missense mutations of BSEP 
(D482G and E297G) exhibit a higher degree of impairment of 
the enzymatic activity and of the protein trafficking compared to 
those associated with a BRIC phenotype (such as A570T and 
R1050C). Alternatively, PFIC2-causing mutations may lead to 
milder, late-onset diseases if carried in compound heterozygos-
ity with polymorphisms such as V444A.  On the other hand, 
frameshift or protein-truncating mutations severely disrupt 
BSEP transport function and lead to the poorest membrane 
expression, and, consistently, they are associated with a poorer 
outcome and the highest risk of HCC [24, 25]. However, if 
protein-truncating mutations are likely to cause negative BSEP 
staining at liver biopsy, detectable BSEP expression does not 
preclude functional BSEP deficiency, whereas undetectable 
BSEP is seen also in other non-BSEP familial cholestasis, so 
that genetics has largely replaced immunohistochemistry for 
both diagnostic and prognostic purposes.

13.2.2.3	 �PFIC3
At the concentrations occurring in intrahepatic bile, bile acids 
could theoretically damage the apical membrane of the hepa-
tocytes, but this is effectively counteracted by an enhanced 
cholesterol and phospholipid transport in the canalicular 
lumen [26]. The class III multidrug resistance of P-glycoprotein 
(MDR3, encoded by ABCB4) is the major phospholipid trans-
locator enriching bile in phosphatidylcholine at the canalicular 

membrane. Loss of function of MDR3 results in inadequate 
phospholipid content with subsequent extracellular (canalicu-
lar) bile acid toxic effect. In addition, the imbalanced phospha-
tidylcholine content leads to unstable mixed micelles, 
favouring the cholesterol nucleation and the formation of gall-
stones. The result of these two phenomena is a cholangitis that 
represents the mechanism of liver damage in the PFIC3 [2]. 
PFIC3 could present with very different pictures, from neona-
tal cholestasis to cirrhosis in young adults. Histologically, it 
can mimic sclerosing cholangitis, since signs of biliary 
obstruction can be seen at liver biopsy and cholangiography 
may show abnormalities of the biliary tree [16].

13.2.2.4	 �FXR Deficiency (NR1H4-Associated 
Cholestasis, PFIC5)

The farnesoid X receptor (FXR, encoded by NR1H4) is a 
hepatocyte bile acid-sensitive nuclear receptor, involved in 
several hepatocyte metabolic pathways, especially biliary 
homeostasis. In response to high bile acids concentration, 
FXR suppresses bile acids biosynthesis and uptake and 
increases their export [27, 28]. Homozygous mutations in 
NR1H4 causing loss of functions of FXR have been described 
in a few patients presenting with low-GGT cholestasis very 
early in life, usually in the first month after birth or at birth 
with ascites, pleural effusion and coagulopathy, very high 
alpha-fetoprotein (trending down with time) and rapid pro-
gression to liver failure [6]. The hallmark of FXR deficiency 
is coagulopathy that is invariably present and is dispropor-
tionate to the liver injury. This can be explained by the fact 
that FXR directly regulates coagulation and complement fac-
tors. Since also BSEP expression is regulated by FXR, it is 
not surprising that BSEP staining was negative in all the 
described patients. Interestingly, some patients displayed 
post-transplant graft dysfunction and steatosis that could be 
related to the decreased production of FGF19, an intestinal 
growth factor that in normal conditions sends a negative 
feedback to the bile acid synthesis in the liver.

13.2.2.5	 �MYO5B-Associated Cholestasis
Myosin 5b (encoded by MYO5B) is a protein involved in 
plasma membrane recycling and transcytosis through its 
protein-to-protein interaction with Rab8a and Rab11a, 
essential for the polarisation of different epithelial cells and 
for the targeting of some transmembrane transporters, 
including CFTR and BSEP [29–32]. Until recently, the 
genetic defect in human pathology was known for its role as 
the cause of an enterocyte structural defect causing microvil-
lous inclusion disease, an autosomal recessive disorder char-
acterised by congenital diarrhoea often leading to intestinal 
failure and need for long-term parenteral nutrition. These 
children tend to develop cholestasis with unexpectedly low 
GGT and intractable pruritus, occurring before or even after 
intestinal transplantation, with negative BSEP staining at 
histology [33]. Recently, it has been clarified that mutations 
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in MYO5B can cause isolated cholestasis, accounting for up 
to 20% of the neonatal cholestasis of previously indetermi-
nate aetiology. Although the disease seems to invariably 
present in the first year of age, cholestasis can be transient, 
recurrent or persistent and progressive. Clinical features are 
similar to other low-GGT PFICs, with elevated serum bile 
acids, mild to moderate transaminases elevation and very 
low primary bile acids in duodenal aspiration, while BSEP 
and MDR staining can be absent or displaced to cytoplasm 
[7, 34]. These features overlap with those of PFIC2, but 
alpha-fetoprotein has been described as normal in these 
patients. MYO5B mutations causing isolated cholestasis are 
usually single nucleotide variants causing a single amino 
acid change, whereas those causing microvillous inclusion 
disease are commonly protein-truncating or disrupting the 
binding with Rab11a [7].

13.2.3	 �Tight Junction Defects

Tight junctions are the most apical cell junction complexes 
that determine cell polarity and create a barrier preventing 
and regulating the paracellular diffusion of water or small 
proteins. These complexes are made of transmembrane com-
ponents (claudins, occludins and junction adhesion mole-
cules) and cytosolic components such as tight junction 
proteins that act binding transmembrane proteins to the actin 
cytoskeleton [35] (Fig. 13.1). Since the tight junction system 
is redundant in humans, the loss of function of one of its 
components is critical only in unusually hostile environment, 
such as the canalicular membranes, which face high concen-
trations of detergent bile acids [36].

13.2.3.1	 �TJP2 Deficiency (PFIC4)
Homozygous mutations in TJP2 abolishing protein translation 
cause isolated, low-GGT, intrahepatic cholestasis that is indis-
tinguishable from the classical PFICs on clinical ground [5]. 
The patients affected by this new entity present with choles-
tatic jaundice by the third month of life and almost invariably 
progress to cirrhosis needing LT; only a few of those described 
so far remained with stable cholestatic liver disease. Histology 
is similar to other forms of intrahepatic cholestasis, BSEP 
staining is maintained, while Claudin-1 (the major transmem-
brane protein binding TJP2) fails to localise at the canalicular 
membrane, although its expression is normal. Abnormal tight 
junctions can be observed at electron microscopy. Interestingly, 
missense TJP2 mutations were previously known to be associ-
ated with familial Amish hypercholanemia (a disorder charac-
terised by pruritus and fat-soluble vitamins malabsorption) in 
a supposed oligogenic inheritance with coexistent homozy-
gous BAAT missense mutations [37] and with autosomal 
dominant non-syndromic hearing loss in Korean families [38].

13.2.3.2	 �NISCH Syndrome
Neonatal sclerosing cholangitis is a severe cholangiopathy 
that presents early in life with a picture mimicking biliary 
atresia but with patent, although abnormal, bile ducts. In the 
very few cases described, this picture results from a rare auto-
somal recessive condition associated with neonatal ichthyosis 
(neonatal ichthyosis and sclerosing cholangitis, (NISCH)), 
caused by mutations in CLDN1 encoding Claudin-1. The 
majority of the families described are of Moroccan origin. 
Cholestasis usually presents in the first months of life with 
increased GGT, and dermatologic features are better appreci-
ated later in life (Fig.  13.3a, b). Disproportionate pruritus, 

a

b

c

Fig. 13.3  (a) Alopecia and 
(b) ichthyosis in a 6-month-
old NISCH patient; (c) liver 
histology with interlobular 
septa, moderate inflammatory 
infiltrate and absence of 
interlobular bile ducts. NISCH 
neonatal ichthyosis sclerosing 
cholangitis. Courtesy of 
Massimiliano Paganelli
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alopecia/hypotrichosis and ichthyosis are almost invariably 
present, and enamel abnormalities and hypodontia can be 
adjunctive features. Hepatocellular and canalicular cholesta-
sis can be accompanied by a variable degree of portal fibrosis 
and ductular proliferation at liver biopsy (Fig.  13.3c). 
Cholangiography shows patent but abnormal biliary tree [39].

13.2.4	 �Bile Acid Synthesis Defects (BASD)

Synthesis of bile acids from cholesterol involves at least 14 
enzymatic reactions. The mechanism of disease consists not 
only in a reduced bile flow but also in the lack of negative 
feedback operated by cholic and chenodeoxycholic acid on 
the FXR, so that hepatocytes continue to metabolise choles-
terol leading to the accumulation of abnormal and toxic 
intermediates, ultimately determining cholestasis, fat-soluble 

vitamin malabsorption and, in some subtypes, neurological 
impairment. BASDs account for only 1–2% of all paediatric 
liver diseases, with a prevalence in Europe of 1–9/1,000,000, 
but their identification is compelling due to the availability of 
medical treatment [40, 41].

Of note, when BASDs present in infancy, generally with 
low-GGT cholestasis, pruritus is nearly absent, since there 
are no circulating primary bile acids. However these disor-
ders can be diagnosed in older children or young adults pre-
senting with neurological symptoms due to fat-soluble 
vitamin malabsorption. Their biochemical hallmark is the 
cholestasis with low serum bile acids, since standard assays 
detect primary bile acids (cholic and chenodeoxycholic acid) 
but not bile acids precursors and sterols. The detection of 
metabolites characterising BASDs relies on mass spectrom-
etry. The metabolic pathway leading to endogenous primary 
bile acid synthesis is illustrated in Fig. 13.4.
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peroxisomal integrity. CA cholic acid, CDCA chenodeoxycholic acid, 
THCA 3α,7α,12α-trihydroxy-5β-cholestanoic acid

E. Nicastro and L. D’Antiga



235

13.2.5	 �Aetiology and Specific Features

13.2.5.1	 �3β-Hydroxysteroid-C27-Steroid 
Oxidoreductase Deficiency (3β-HSD 
Deficiency)

This is the most frequent BASD, caused by the impairment 
of the conversion of 7α-hydroxycholesterol to 7α-hydroxy-
4-cholesten-3-one. The onset is in neonatal age with low-
GGT cholestasis, hypertransaminasemia, hepatomegaly 
with or without splenomegaly and fat-soluble vitamin mal-
absorption [42]. Liver biopsy is characterised by hepato-
cellular cholestasis and giant cell transformation. The 
phenotype is very heterogeneous: while the majority of the 
affected infants show progression to cirrhosis in absence 
of treatment, some of the patients transiently resolve their 
jaundice to present later on with a more severe derange-
ment. Nowadays, some cases are identified investigating 
chronic cholestasis or cirrhosis of indeterminate 
aetiology.

The signature of the defect is the presence of sulphate and 
glycosulfate conjugates of the 3β-hydroxy-Δ5 bile acids at 

urine or blood mass spectrometry, while genetic testing can 
find mutations in the HSD3B7 gene (Fig. 13.5).

13.2.5.2	 �Δ4-3-Oxosteroid 5β-Reductase 
Deficiency

This enzymatic defect causes the loss of conversion of the 
intermediates 7α-hydroxy-4-cholesten-3-one and 7α,12α 
dihydroxy-4-cholesten-3-one to the corresponding 3-oxo-
5β(H) intermediates. Clinically it is very similar to 3β-HSD 
deficiency, but it presents at a younger age and is character-
ised by a more severe course [Clayton 1988]. Of note, GGT 
is elevated, while cytolysis and jaundice are remarkable. 
Coagulopathy is often a feature, in some cases resembling 
neonatal hemochromatosis [43]. Histology reveals a substan-
tial parenchymal disturbance, with giant cell transformation, 
hepatocellular cholestasis and, uniquely, absent or slit-like 
biliary canaliculi [44]. The latter feature is thought to be a 
consequence of the toxicity of the relatively insoluble Δ4-3-
oxo bile acids that represent the main pointer to the diagnosis 
when detected by urine mass spectrometry. The diagnosis can 
be genetically confirmed by sequencing of AKR1D1.
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Fig. 13.5  Liquid chromatography-tandem mass spectrometry spectra 
of full scan obtained from a patient with bile acid synthesis defect at the 
time of diagnosis, compared with spectra obtained from the urine of a 

normal control. Peaks A–D correspond to metabolites diagnostic for 
3β-HSD deficiency. Adapted from [91]
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13.2.5.3	 �Cerebrotendinous Xanthomatosis 
(27-Hydroxylase Deficiency)

The name of this condition immediately evokes the presenta-
tion in adulthood, characterised by xanthomas of the brain 
and the tendons and by cognitive deterioration, with ataxia 
and, sometimes, cataracts. With the refinement of the diag-
nostic techniques, it has been clarified that this condition, 
caused by the loss of 27-sterol-hydroxylase activity (i.e. the 
entry step of the classical bile acid synthetic pathway), can 
present with a picture of neonatal cholestasis that can 
progress to liver failure or alternatively resolve, even 
spontaneously [45–48]. Since primary bile acids, especially 
cholic acid, can be synthesised via the alternative 25-hydrox-
ylase pathway, total serum bile acids can be quite elevated 
and GGT not as low as in other BASDs. As a result of the 
enzymatic defect and of the increased cholesterol biosynthe-
sis in presence of an impairment of the side chain oxidation, 
several bile acid glucuronides and 5α-cholestan-3β-ol (cho-
lestanol) accumulate and can be detected by mass 
spectrometry.

13.2.5.4	 �Bile Acid Amidation Defects (BACL 
and BAAT Deficiency)

Two defects are responsible for the lack of bile acid conjuga-
tion with the amino acids glycine and taurine: bile acid-CoA 
ligase (BACL) deficiency and bile acid-CoA:amino acid 
N-acyltransferase (BAAT) deficiency. Both defects can pres-
ent with low-GGT and mild cholestasis of neonatal onset 
[49] and almost invariably show marked fat-soluble vitamin 
malabsorption, but patients with BAAT deficiency have been 
also described to present with marked coagulopathy and no 
jaundice. The detected spectrum on urine mass spectrometry 
invariably shows the lack of conjugated primary bile acids. 
Recently, the treatment with glycocholic acid has been 
reported as safe and effective to control cholestasis and 
improve malabsorption of amidation defects [50].

13.2.5.5	 �2-Methylacil-CoA Racemase Deficiency
Only few patients have been described with this defect that 
allows the critical step of formation of the 25S-enantiomer 
of the 13α,7α,12α-trihydroxy-5β-cholestanoic acid (THCA). 
Such patients have been identified in adult age because of 
fat-soluble vitamin malabsorption or in infancy for choles-
tatic liver disease. The hallmark metabolites are the choles-
tanoic acids that cannot enter the peroxisomal oxidation.

13.2.5.6	 �Oxisterol-7α-Hydroxylase Deficiency
This defect has been described in only two children [51, 52]. 
The enzyme belongs to the alternative acidic bile acid syn-
thesis pathway that seems to be important early in life. Of 
note, liver biopsy, in addition to the features commonly 
observed in BASDs, shows portal fibrosis and ductular pro-

liferation. Typically, 3β-monohydroxy-Δ5 bile acids are 
observed in urine and blood by mass spectrometry.

13.2.5.7	 �Secondary BASDs
In peroxisomal disorders—classically presenting at dif-
ferent ages with dysmorphic feature, neurological abnor-
malities and other organ involvement—the phenotype 
includes also a variable degree of liver disease due to the 
disruption of the organelle environment in which the 
transformation of the THCA into cholic acid takes place. 
Zellweger syndrome, infantile Refsum disease and neona-
tal adrenoleukodystrophy show substantial trihydroxyco-
prostanoic and dihydroxycoprostanoic acid amounts in 
urine [53–55].

Another disorder which typically presents in neonatal age 
with cholestasis due to impaired bile acid biosynthesis is 
Smith-Lemli-Opitz syndrome (SLOS) [56]. Due to the loss 
of function of 7-dehydrocholesterol Δ7-reductase catalysing 
the last step of cholesterol synthesis, SLOS patients lack the 
substrate for bile acid formation, since Δ7-sterols are poorly 
7α-hydroxylated. The consequent cholestasis complicates a 
multi-organ picture with a poor prognosis characterised by 
dysmorphisms; microcephaly; failure to thrive; limb, car-
diac, renal and endocrine abnormalities; cataracts; and men-
tal retardation.

13.2.6	 �Trafficking and Canalicular Targeting 
Defects

13.2.6.1	 �Arthrogryposis-Renal Dysfunction-
Cholestasis (ARC) Syndrome

ARC syndrome is a rare autosomal recessive multisystem 
disorder, characterised by the presence of arthrogryposis, 
renal tubular acidosis and neonatal cholestatic jaundice [1]. 
Other possible accompanying features can be ichthyosis 
(~50%), platelet anomalies (~25%), agenesis of the corpus 
callosum (>20%), congenital cardiovascular anomalies 
(~10%), deafness and recurrent infections [57]. Two genes 
are involved in its pathogenesis, VPS33B and the one 
encoding its interacting protein VIPAR [58]. VPS33B pro-
tein is involved in vacuolar sorting and in the intracellular 
vesicular trafficking pathways, including vesicular exocy-
tosis, synaptic transmission and general secretion. Its loss 
of function causes abnormal localisation or accumulation 
of plasma proteins in polarised cells [59]. VIPAR interacts 
with VPS33B and is essential to maintain polarity and api-
cal membrane protein restriction [60]. In these newborns, 
cholestasis is characterised by low GGT and slightly 
increased transaminases, but jaundice and pruritus are 
marked. Treatment is supportive and the prognosis is gen-
erally poor.
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13.2.7	 �Biliary Developmental Defects

13.2.7.1	 �Alagille Syndrome
Alagille syndrome (AS) is the most common monogenic cause 
of neonatal cholestasis, with an estimated incidence of 
1:30,000. AS is an autosomal dominant multisystem disorder 
caused by the loss of Notch2 signalling that is crucial for devel-
opmental processes of many organs and tissues, specifically 
caused by mutations in JAG1 or NOTCH2 (~94% and ~2% of 
the cases, respectively) [61]. The syndrome is defined by a pau-
city of intrahepatic bile ducts associated with at least three of 
the following: cholestasis, cardiac disease (most commonly 
peripheral pulmonary artery stenosis), skeletal abnormalities 
(“butterfly vertebras”), ocular abnormalities (embriotoxon) and 
peculiar facial features (triangular face, pointed chin, promi-
nent forehead, hypertelorism) [62]. Beyond these diagnostic 
criteria, affected children usually have short stature [63] and 
may present brain vascular anomalies at risk of bleeding or 
stroke (including “moyamoya” disease) [64], as well as renal 
dysfunction in up to 40% (Fig. 13.6) [65]. Cholestasis arises 
from bile duct paucity. Whatever the gene involved, the patho-
genesis of ductopenia has been eminently reviewed in a recent 
article [66]: Jag1 protein expression in the embryo portal vein 
mesenchyme initiates the bile duct development, interacting 

with Notch2 to induce the expression of Hes1, HNF1β and 
Sox9, which in turn promote and regulate ductal plate and 
intrahepatic bile duct morphogenesis [67–69]. Interestingly, 
Notch2 is essential for prenatal but not for secondary bile duct 
formation, which could explain the partial recovery of cho-
lestasis during infancy of some patients [70, 71]. Hepatic mani-
festations are conjugated hyperbilirubinemia with high GGT, 
increased serum bile acids and striking elevation in serum cho-
lesterol and triglycerides, with early development of xantho-
mas. Additional features are failure to thrive and malabsorption. 
Cholestatic pruritus is often the main problem in children with 
AS, and, if intractable, it may represent an indication for 
LT. Histology classically shows intrahepatic bile duct paucity, 
but in biopsies taken in the first few months of life, ductal pro-
liferation may be the dominant feature, leading to a possible 
misdiagnosis of biliary atresia. The diagnosis of AS is clinical 
and histological and nowadays requires genetic confirmation. 
Genetic testing has an important role in incomplete phenotypes 
that are very common in this condition and easily overlooked. 
Cholestasis is unremitting and progresses to cirrhosis and liver 
insufficiency in about 15–20% of infants, who then require LT 
early in life. A multi-organ evaluation is needed before listing 
these patients for LT, in order to assess the risk related to car-
diac, renal and vascular abnormalities [72].
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Fig. 13.6  (a) Facial and (b) body features of Alagille syndrome. PS pulmonary stenosis, CoAo aortic coarctation
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13.2.7.2	 �Neonatal Sclerosing Cholangitis 
Related to DCDC2

In 2016 DCDC2 (encoding the Doublecortin domain-
containing protein 2) was found to cause a proportion of 
cases of neonatal sclerosing cholangitis that had no muta-
tions in CLDN1 [73, 74]. The encoded protein is highly 
expressed as a component of cholangiocyte primary cilia, 
which, in affected children, fails to localise in this structure 
but is found in the cytoplasm. This change is supposed to 
cause liver disease by modifying the bile composition and/or 
reducing the protection of the epithelium against the bile and 
by disrupting the microtubular structure of the biliocyte. 
From the point of view of the pathogenesis, this entity should 
be classified as a ciliopathy, but, due to the peculiar presenta-
tion, DCDC2 disease should be considered a monogenic 
cholestatic disorder rather than a type of fibrocystic disease 
of the liver. Affected children present with cholestatic jaun-
dice and pale stools, hepatomegaly and high GGT. The liver 
biopsy shows features consistent with biliary atresia such as 
ductular reaction and portal fibrosis, but cholangiography 
reveals an irregular but patent biliary tract. No specific treat-
ment exists for these children, and LT is the only option.

13.2.8	 �Metabolic Diseases Secondarily 
Causing Cholestasis

13.2.8.1	 �Carbohydrate Metabolism Defects
Some defects of the carbohydrate metabolism can affect the 
liver early in life and are briefly treated in this chapter 
because, even if they do not directly impair bile components 
production and transport, they can present in neonatal or 
infantile period with cholestasis. Most of them are addressed 
in the chapter addressing the “practical approach to the jaun-
diced infant”.

Galactosemia nowadays is often diagnosed in asymptom-
atic children, in countries that implemented the universal 
newborn metabolic screening. The undiagnosed patient with 
a classical phenotype (related to GALT mutations that almost 
completely abolish the GALT enzyme activity) presents after 
the introduction of galactose in the diet with signs of hepato-
cellular damage, raised transaminases, jaundice (70%), hep-
atomegaly (40%) and coagulopathy, accompanied by 
vomiting, failure to thrive and frequent bacterial infections, 
typically Escherichia coli sepsis. If a galactose-free diet is 
not rapidly established, liver failure rapidly ensues.

Transaldolase deficiency (TALDO) is a rare disorder of 
the pentose phosphate pathway identified in 2001, caused by 
mutations in TALDO1 [75]. The lack of enzymatic activity 
leads to the accumulation of sugar phosphates and abnormal 
polyols (erythritol, d-arabitol and ribitol) in several tissues. 
The sugar phosphates are thought to be responsible for liver 
injury that can present in newborns but also with unexplained 

cirrhosis by 3 years of age. Hepatomegaly is almost invari-
ably present, sometimes accompanied by splenomegaly, 
while liver function tests show elevated transaminases and 
hyperbilirubinemia in about 60% and 36% of the patients, 
respectively. At diagnosis, a synthetic derangement can be 
present in about a half of the children, and progression to 
cirrhosis and HCC or liver failure has been described. The 
systemic nature of the disease is revealed by the presence of 
other symptoms: dysmorphism (cutis laxa, triangular face, 
low-set ears, thin lips), congenital cardiac defects (aortic 
coarctation, bicuspid aortic valve, ventricular or atrial sep-
tum defects), renal tubular dysfunction and hematologic 
abnormalities such as thrombocytopenia, developmental 
delay and gonadal dysfunction. Treatment is supportive, 
while N-acetylcysteine has been used to counteract the 
depletion of NADP. LT is an option in advanced disease or 
HCC.

Congenital disorders of glycosylation (CDGs) are a group 
of metabolic diseases caused by abnormal protein or lipid 
glycosylation. Over the last 10 years, the number of CGDs 
has increased from about 40 to over 125 different entities, 
following the advent of next-generation DNA sequencing 
and especially with the use of whole exome sequencing [76]. 
CDGs are of difficult identification, since they have varied 
multisystem involvement. Liver involvement in CDGs occurs 
in approximately 20% of the known defects, and its severity 
is very variable. For the purposes of this chapter, only the 
forms with isolated or predominant liver involvement will be 
mentioned. MPI-CDG is caused by the lack of function of 
mannose phosphate isomerase, a cytosolic enzyme that 
catalyses the isomerisation of fructose-6-phosphate to 
mannose-6-phosphate as first step of the N-glycosylation 
[77]. Affected children present often in the postneonatal age 
with signs of liver dysfunction commonly associated with 
enteropathy, vomiting and failure to thrive. However, the pic-
ture is dominated by hepatomegaly and elevated transami-
nases rather than cholestasis, and liver fibrosis develops early 
and progressively unless mannose treatment is started 
promptly. Some cases present developmental abnormalities 
of the ductal plate, with a picture overlapping that of con-
genital hepatic fibrosis. CCDC115-CDG can present in the 
first months of life with cholestatic jaundice and hepatomeg-
aly, failure to thrive, redundant skin, developmental delay 
and epilepsy. Transaminases are increased, GGT is not as 
elevated as alkaline phosphatase, ceruloplasmin is low when 
tested, and patients exhibit a type 2 CDG transferrin isoelec-
trofocusing profile [78]. The X-linked ATP6AP1 deficiency 
can present with neonatal jaundice, hepatomegaly and immu-
nodeficiency with hypogammaglobulinemia, epilepsy, mild 
developmental delay and sensorineural deafness. In PMM2-
CDG several dysmorphisms can be observed, including the 
hint of inverted nipples, and liver involvement is variable, 
ranging from mild hepatomegaly and hypertransaminasemia 
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to severe disease leading to cirrhosis by the fourth month of 
age. COG-CDGs also can present with unremitting cholesta-
sis and diverse degree of liver disease, with variably severe 
neurological involvement, as well as other organ involve-
ment, and growth retardation of intrauterine onset.

13.2.8.2	 �Amino Acid Metabolism Defects
These diseases are more extensively treated in the Chap. 16. 
Here the conditions presenting predominantly with cholesta-
sis will be briefly addressed.

Tyrosinemia type 1 (incidence 1:100,000) is caused by an 
impairment of the aromatic amino acid tyrosine (that is 
metabolised only in hepatocytes and proximal renal tubular 
cells) due to loss of the fumarylacetoacetate hydrolase activ-
ity (encoded by the FAH gene) [79]. The tissue damage is 
caused by the accumulation of the toxic intermediates 
fumarylacetoacetate (that is highly mutagenic) and succinyl-
acetone (mitochondrial toxicity, hepatotoxicity), the latter 
being the major toxic and also a biochemical hallmark of the 
disease, easily found in the urine of the affected patients 
[80]. The disease course varies from acute to subacute and 
chronic forms, with jaundice, cytolysis, hepatomegaly and 
synthetic derangement, features predominantly characteris-
ing the neonatal presentation. Renal tubular dysfunction can 
be present. In the absence of treatment, the disease leads to 
cirrhosis and HCC.  The diagnosis is easily made, if sus-
pected, by the serum amino acid profile showing elevated 
tyrosine and methionine and by the urinary organic acid pro-
file revealing high succinylacetone excretion. Low phenyl-
alanine end tyrosine restriction diet is insufficient to prevent 
liver disease progression, while nitisinone, a compound 
inhibiting the upward step by the hydroxyphenylpyruvate 
dioxygenase, dramatically reduces, even though not com-
pletely, the metabolite toxicity and the oncogenic risk, espe-
cially if introduced before the sixth month of life. LT, 
required if HCC arises, is curative.

Neonatal intrahepatic cholestasis caused by citrin defi-
ciency (NICCD) is the neonatal phenotype caused by the loss 
of function of the gene SLC25A13 encoding citrin, a mito-
chondrial aspartate glutamate carrier important for aerobic 
glycolysis and gluconeogenesis. The disease is more com-
mon in Eastern Asia. The picture is typically characterised 
by cholestasis (generally transient), aminoacidaemia (nota-
bly increased citrulline but also tyrosine, threonine, arginine 
and methionine) and galactosuria [81]. Hypoglycemia and 
failure to thrive coexist in most of the cases described, and 
evidence of clotting derangement can be present. This rare 
entity generally improves and completely resolves even 
spontaneously, but these patients may present later in young 
adulthood with neurological deterioration due to the second-
ary urea cycle defect or suddenly with hyperammonemic 
coma or hypoglycaemia. In these cases chronic liver dys-
function with steatosis may become evident [82]. A prompt 

diagnosis allows the initiation of a low-carbohydrate diet and 
helps in preventing the delayed complications.

13.2.9	 �Defects of the Cellular Energy 
Production

Mitochondrial disorders (MDSs) are mainly related to muta-
tions in genes involved in the respiratory chain and have het-
erogeneous phenotypes, most commonly characterised by a 
defect of cellular energy production. Those presenting with 
predominant liver involvement are related to nuclear gene 
products (inherited with autosomal recessive pattern in 90% 
and autosomal dominant and X-linked pattern in 10%), 
responsible for mitochondrial DNA replication (POLG1), 
maintenance of deoxyribonucleoside triphosphate (dNTP) 
pools (DGUOK) and membrane mitochondrial integrity 
(MPV17) [83, 84]. Mutations in these genes cause mitochon-
drial DNA depletion syndromes, characterised by hepato-
cerebral phenotypes, unlike those of maternal inheritance 
characterised by predominant neurological involvement. In 
addition to liver dysfunction, these children present variable 
degrees of hypotonia, severe developmental delay and failure 
to thrive; myoclonus and nystagmus are often present. 
Hypoglycemia, lactic acidosis and plasma amino acid profile 
consistent with a blocked energy production metabolism are 
clues to the diagnosis. In Alpers syndrome (due to mutations 
in POLG1) sodium valproate administered because of intrac-
table seizures often triggers acute liver decompensation and 
death. The histological changes on liver biopsy include fatty 
degeneration, bile duct proliferation, fibrosis and lobular col-
lapse. LT is contraindicated because of the irreversible neu-
rological involvement [85].

13.2.10	 �Storage Diseases

The hepatic phenotype of alpha-1 antitrypsin (A1AT) defi-
ciency is caused by homozygous mutations in the SERPINA1 
gene, modifying the aggregation properties of the protein, 
so that loop-sheet polymers accumulate in the hepatocytes 
causing fibrosis and cirrhosis. Some affected children can 
present early in life with completely acholic stools and his-
tological features mimicking biliary atresia. In most patients, 
a borderline or frankly low serum A1AT level is a good 
pointer to the diagnosis, although, since A1AT is an acute 
phase reactant, during inflammation its serum level can be 
found in the normal range, and the condition may be over-
looked. At liver biopsy, characteristic PAS-positive, dia-
stase-resistant hepatocyte inclusions suggest the aetiology, 
although these vacuoles tend to develop beyond the first few 
months of life, resulting an unreliable marker for an early 
diagnosis.
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Lysosomal storage diseases (such as Niemann-Pick type 
C, Gaucher and Wolman disease) can present with neonatal 
cholestasis diseases, but hepatosplenomegaly is predominant. 
In particular, in neonatal/infantile cholestasis, the very early 
development of splenomegaly (when portal hypertension is 
very unlikely to be already established) should raise the sus-
picion of a lysosomal storage disease [86].

13.3	 �Diagnosis

In a child with neonatal/infantile cholestasis, the surgical 
causes (biliary atresia, choledochal cyst) should be sought 
first. If biliary atresia is ruled out, the picture is most likely 
related to a monogenic liver disease.

Careful physical examination may point out valuable fea-
tures and symptoms, which might not be obvious in very 
young patients. Dysmorphisms are quite evident in ARC syn-
drome and in Zellweger disease spectrum. Triangular-shaped 
face, prominent forehead, pointed chin and thin hair suggest 
Alagille syndrome. Transaldolase deficiency, although rare, 
could be easily recognised by low hair implantation, hirsut-
ism, cutis laxa, low-set ears and clitoridomegaly.

The serum GGT activity is a good discriminant to guide 
initial evaluation, unravelling at least part of the diagnostic 

conundrum. In a child with low or normal GGT for age, 
serum bile acids can point to a diagnosis of PFIC (when 
elevated) or to a much rarer BASD (if low). In case of a 
low-GGT PFICs (PFIC1, PFIC2, PFIC4 or TJP2 defi-
ciency, PFIC5 or FXR deficiency, MYO5B deficiency) 
genetic testing is needed to reach a definite diagnosis. If a 
BASD is suspected, a screening procedure through urine 
tandem gas chromatography-mass spectrometry is pre-
ferred to characterise the type of defect, and a trio genetic 
testing can be used for confirmation and for counselling 
purposes.

In all the other cases, in which GGT is high, the differen-
tial diagnosis is rather wide. Serum A1AT is a useful screen-
ing for A1AT deficiency, and the diagnosis is confirmed 
looking for the SERPINA1 Z-allele mutations. A metabolic 
screening with urinary galactose, plasma amino acid profile, 
urinary succinylacetone and organic acids, lactic acid and 
blood gas analysis can rule out the most common metabolic 
causes.

When there are no clear pointers to a metabolic and genetic 
defect, or to confirm a suspected diagnosis, physical or virtual 
gene panels by next-generation sequencing are the best 
method to achieve a definite diagnosis in this setting [87].

In Fig. 13.7 we report a diagnostic algorithm that imple-
ments the use of genetic testing in such scenario.

Neonate/infant with
cholestasis

Hypocholic
stools?

NoYes

High

High serum bile acid Normal serum bile acid

Low

GGT level
Rule out A1ATD*

and CF

Liver biopsy

Fibrosis
ductular

proliferation

Giant cell
hepatitis

High ggt Low ggt

Cholangiography NGS panel Urine mass
spectrometry

Alagille, A1ATD, CF
NICCD, PFIC3
NP-C, Gaucher

PFIC1, 2 and 4
Bile acid defects

ARC, TALDO

Biliary atresia
Choledocal cyst
Neon sclerosing

cholangitis

Bile acid defects

Fig. 13.7  Proposed 
algorithm for the diagnostic 
workup of cholestatic infants. 
A1ATD alpha-1 antitrypsin 
deficiency, CF cystic fibrosis, 
GGT gamma-glutamyl 
transpeptidase, NICCD 
neonatal idiopathic 
cholestasis due to citrin 
deficiency, PFIC progressive 
familial intrahepatic 
cholestasis, NP-C Niemann-
Pick type C disease, ARC 
arthrogryposis renal 
dysfunction and cholestasis 
syndrome, TALDO 
transaldolase deficiency, *In 
infants with acholic stools, 
A1AT should be tested in 
serum before Kasai 
portoenterostomy, whereas its 
genetic testing is included in 
the NGS panel we use in 
children with cholic stools
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13.4	 �Treatment

The primary goal for the treatment of familial/genetic chole-
static diseases is the control of pruritus and possibly of the 
cholestasis itself. The currently available standard medical 
treatment is based on UDCA, which replaces the more toxic 
endogenous bile acids and has choleretic properties increas-
ing the bile flow. Treatment of pruritus is based on symptom-
atic drugs, such as rifampicin, naloxone/naltrexone and 
cholestyramine, and antihistaminic drugs. Nutritional sup-
port includes fat-soluble vitamin and MCT 
supplementation.

In case of medical treatment failure, in patients with pre-
served liver synthetic function and without substantial fibro-
sis, surgical biliary diversion becomes the first choice. 
Biliary diversion can be total or partial, external (cholecysto-
jejunostomy, button cholecystostomy, less frequently 
cholecysto-appendicostomy) and internal (generally isoperi-
staltic jejunal loop connecting the gallbladder and colon; 
ileal bypass). Whatever the type of surgery, the mechanism 
of action is based on the reduction of circulating bile acid 
pool. The overall success rate of these interventions mainly 
depends on the patients’ selection. Patients with PFIC1 have 
the greatest benefit, while those with PFIC2 should be strati-
fied according to the genotype: patients with at least one 
mild mutation (p.D482G and p.E297G) are most likely to 
respond and bear less risk to develop hepatocellular carci-
noma. With these cautions, the event-free survival of PFIC 
patients under biliary diversion increases from 40% to more 
than 80% [10, 88, 89].

Patients with Alagille syndrome have also been treated 
with biliary diversion, but the benefit has been much lower 
than in PFICs, since the progression of fibrosis in presence of 
uncontrolled cholestasis is the rule [90].

Coming to the new drugs, two bile acid reuptake inhibi-
tors are in the pipeline. Both products (inhibiting the ileal 

bile acid transporter and the apical sodium-dependent bile 
acid transporter, respectively) are being tested in phase 3 
studies in PFIC1-PFIC2 patients, with the rationale of realis-
ing a “medical biliary diversion”, depleting the bile acid cir-
culating pool.

Patients with BASDs usually benefit from the adminis-
tration of primary bile acids, and the specific treatment is 
described in Table  13.1. Of note, administered primary 
bile acids bear potential toxic effects; therefore they should 
be given at the minimum dose sufficient to produce a nega-
tive feedback to bile acid synthesis. The required dose of 
primary bile acid (usually much lower than that used in 
other cholestatic disorders) can be titrated monitoring the 
abnormal intermediates in the urine by mass spectrometry 
[91] (Fig. 13.8).

13.5	 �Implications for Liver Transplantation

The following situations represent an indication to list the 
patients affected by genetic cholestatic disorders to LT: the 
uncontrolled cholestasis in presence of severe fibrosis and cir-
rhosis, the suspected or confirmed hepatocellular carcinoma 
and the failure of previous surgical biliary diversion. Overall, 
PFICs and Alagille syndrome account for some 20% of pae-
diatric LT (http://www.eltr.org/Pediatric-transplantation.
html), with overall excellent outcomes. However, specific 
transplant-related issues must be addressed.

In patients transplanted for PFIC1, the liver allograft 
can become affected by severe steatosis possibly pro-
gressing to steatohepatitis and cirrhosis with graft failure 
[92, 93]. Since this happens almost invariably in corre-
spondence of exacerbation of diarrhoea, it is very likely 
that the allograft disease be the result of the interaction 
between the native bowel and the liver graft by diverse 
mechanisms. In fact, biliary diversion has been success-
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acid. Adapted from [91]
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fully used to treat diarrhoea in these patients, permanently 
improving graft steatofibrosis and function [94] 
(Fig.  13.9). The severity of post-LT steatohepatitis is a 
further reason to consider these patients for a primary 
biliary diversion before listing them for LT or at the time 
of LT.

A recurrent post-LT BSEP deficiency, due to the develop-
ment of anti-BSEP antibodies, has been well described in 
PFIC2 patients [95]. Such condition has been proved to be 
complement-mediated, associated with C4d deposition 
detectable at liver histology, and to improve under rituximab 
treatment [96].

In Alagille syndrome patients, the pre-LT checklist should 
routinely encompass a careful cardiological evaluation and a 
brain angio-MR. In fact, pulmonary obstruction due to steno-
sis and possible right ventricular dysfunction, as well as the 
described brain vascular abnormalities, accounts for not neg-
ligible transplant morbidity and mortality.
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