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The multiple facets of ABCB4 (MDR3) deficiency
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Opinion Statement

ABCB4 (MDR3) is a lipid translocator that moves phosphatidylcholine from the inner to outer
leaflet of the canalicular membrane for extraction into the lumen by bile salts. Genetic mutations
of ABCB4 lead to 3 distinct but related hepatobiliary diseases. Progressive familial intrahepatic
cholestasis (PFIC) type 3 is a chronic cholestatic syndrome characterized by a markedly elevated
GGTP. Patients present later in life than other types of PFIC with jaundice, pruritis and
hepatosplenomegaly. Peri-portal inflammation progresses to biliary cirrhosis and eventually
causes portal hypertension. Ursodeoxycholic acid (UDCA), which alters biliary bile composition,
normalizes liver function tests in approximately half of treated PFIC type 3 patients. Partial or
non-responders will eventually require liver transplantation. Gallstone patients with ABCB4
mutations may have Low Phospholipid Associated Cholelithiasis Syndrome. This is characterized
by cholesterol gallstones and intrahepatic microlithiasis, along with recurrent biliary symptoms,
despite cholecystectomy. A distinct group of patients with ABCB4 mutations may also develop
intrahepatic brown pigment stones. The current treatment for these two diseases is UDCA, which
may improve biliary symptoms even before the dissolution of stones occurs. Additional therapies
such as Farnesoid X receptor ligands/agonists and benzfibrates show promise as future therapeutic
modalities. Intrahepatic cholestasis of pregnancy affects pregnant women with abnormal ABCB4
variants. These women suffer from disabling pruritis and may experience steatorrhea as well.
Their fetuses are at high risk for prematurity and still births. The definitive treatment for this
condition is delivery of the baby. In the interim, limited fat intake, fat soluble vitamin
supplementation and UDCA, with or without S-adenosylmethionine can provide symptomatic
relief. In the future, additional hepatobiliary diseases related to ABCB4 mutations are likely to be
identified. It is likely that this will result in the discovery of additional therapies for PFIC Type 3,
gallstones and intrahepatic cholestasis of pregnancy.

Introduction

Defects in ATP binding cassette (ABC) transporters have been linked to several inherited
cholestatic disorders. ABCB4 is exclusively expressed in the cannalicular membrane of the
hepatocyte - 2. It is a lipid translocator (or flippase) that moves the phospholipid
phosphatidylcholine (PC) from the inner leaflet to the outer leaflet of the membrane, where
it is then available for extraction by bile salts into the canalicular lumen. The exact
mechanism by which bile salts extract PC is not clearly understood. In the canalicular
lumen, PC is incorporated into mixed micelles, thereby reducing bile salt detergent activity,
which could result in toxicity to bile duct epithelial cells 3.
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The nomenclature for ABCB4 has undergone multiple changes while its function was being
elucidated. This lipid translocator was originally studied in rodent models and called Multi-
Drug Resistance 2 (MDR-2) P glycoprotein, with the analogous human counterpart named

MDR-3 P-glycoprotein. Current nomenclature now designates this PC translocator abcb4 in
animals and ABCB4 in humans. The ABCB4 gene has been localized to chromosome 7g21.

Physiology and Regulation

An understanding of the function ABCB4 has come from studies conducted in abcb4
knockout mice. Abcbh4 knockout mice develop liver disease very early in life, with evidence
of hepatocyte necrosis, dilated canaliculi, significant portal tract inflammation and severe
bile ductular proliferation. It has been speculated that the lack of abch4 leads to hepatic
accumulation of potential carcinogens. By 4-6 months of age, these mice form nodules that
later develop hepatocellular carcinoma 4. In abcb4 knockout mice, PC is not excreted
normally into bile, whereas wild type mice on the same genetic background excrete PC into
bile normally > 87, The inability to excrete PC into bile can be overcome by the transgenic
over expression of human ABCB4 1.3,

ABCBA4 is a specific translocase for phosphatidylcholine. Transfecting polarized cells with
ABCB4 increases the rate of transport of fluorescent labeled PC, but not other
phospholipids, such as phosphatidylethanolamine 2 8 9. The histologic pattern of PFIC type
3 is very similar to the MDR 2 knockout mouse ’. Interestingly, abcb4 knockout mice also
demonstrate decreased cholesterol excretion, proof that PC in mixed micelles is necessary to
allow adequate biliary excretion of cholesterol. Bile salt micelles have a limited ability to
solubilize cholesterol without the presence of PC 10. PC and cholesterol excretion are,
however, independent. This has been shown by infusion of hydrophobic bile salts like
taurodeoxycholate into abcb4 knockout mice, which allows them to excrete cholesterol 19,

The expression of abcb4 can be induced by bile salts in rodents through the regulation of
nuclear hormone receptor Farnesoid X Receptor (FXR) 1112, Induction of abcb4 occurs with
cholate feedings, but not ursodeoxycholic acid feeding. Cholate is a weak ligand and
chenodeoxycholate is a strong ligand for FXR, while ursodeoxycholic acid is not an FXR
ligand 8. The human ABCB4 gene also has a functional FXR response element 13,

Mediated by PPAR-alpha (peroxisome proliferator activated receptor alpha), fibrates can
also induce abcb4 in mice 14 15, Human PPAR-alpha activation patterns differ from mice, so
that benzfibrates do not induce ABCB4 expression in man 8. In the human HepG2 cell line
(hepatoblastoma cells), benzfibrates induce redistribution of ABCB4 into pseudocanaliculi,
which is attenuated by suppression of PPAR-alpha expression 17.

Genetic mutations of ABCB4 leads to 3 distinct but related hepatobiliary diseases:
progressive familial intrahepatic cholestasis type 3 (PFIC Type 3), gallstones and
intrahepatic cholestasis of pregnancy.

PFIC Type 3

Clinical Presentation

e PFIC Type 3 is an autosomal recessive chronic cholestatic syndrome, with a 25 %
recurrence rate in affected families.

»  PFIC Type 3 is characterized by a markedly elevated serum GGTP, in contrast to
the low GGTP seen in PFIC Types 1 and 2. Patients present with a constellation of
symptoms including jaundice, a mild and variable pruritis, discolored stools,
hepatomegaly and splenomegaly.

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2014 January 10.
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In contrast to other types of PFIC, children with PFIC Type 3 on average present
symptomatically at a later age (mean of 39 months, range: 1 month to 20.5

years) 18, However, patients with truncated proteins secondary to homozygous non-
sense mutations manifest symptoms at a mean of 8 months of age, while patients
with homozygous or heterozygote missense mutations present with symptoms later,
mean at 3.5 years.

PFIC type 3 patients develop progressive peri-portal inflammation and biliary
cirrhosis leading to portal hypertension. Compared to PFIC types 1 and 2, the
progression of disease is slower, with liver failure developing at a later age in PFIC
Types 3418,

Laboratory Evaluation

Treatment

Laboratory evaluation typically shows an increased mean ALT (5x the upper limit
of normal [ULN]), conjugated bilirubin (2x ULN), alkaline phosphatase (2x ULN)
and GGTP (13x ULN), but with normal cholesterol levels 1819, These patients
have increased serum concentrations of primary bile acids, but normal
concentrations of biliary bile acids.

They have low or absent ABCB4 expression on liver biopsy and low biliary
concentrations of phospholipids 19,

Liver histology shows portal fibrosis, significant ductular proliferation and a mixed
inflammatory infiltrate. In more advanced disease, significant portal fibrosis and
biliary cirrhosis are seen 418,19,

Ursodeoxycholic acid (UDCA) is the primary treatment for PFIC Type 3 and may
improve both clinical symptoms and liver function tests 20. In PFIC 3, UDCA may
alter biliary bile acid composition in favor of hydrophilic bile acids, which are less
toxic to the bile duct epithelium 7- 21, Jacquemin et al. found that 46% of patients
with PFIC type 3 responded completely to UDCA (20-30 mg/kg/day divided BID),
with normalization of liver function tests. An additional 31% had a partial response
to therapy with an improvement but not normalization of their liver function tests.

Non-responders may have complete defects of ABCB4 (non-sense mutation) and
lack any PC secretion into bile. Supplementation with UDCA, therefore, may not
be enough to reduce the toxicity of the bile salts in all patients.

Responders to UDCA likely have missense mutations, with a partial defect
allowing for some residual phospholipids secretion into bile 22 23, Supplementation
with UDCA may be enough to decrease bile toxicity beneath a critical threshold
level in this subset of patients 23.

Partial biliary diversion, a proven therapy for PFIC types 1 and 2, is not
recommended for PFIC type 3.

Liver transplantation provides the best therapeutic option for patients who do not
respond to UDCA or progress despite initial response. In addition to cadaveric liver
transplant, living related donor transplant should be considered for PFIC type 3
patients. The heterozygote ABCBA4 state in donors has no adverse effect on the
outcome of transplanted patients 24.

Hepatocyte transplantation/regeneration in abcb4 knockout mice also shows
promise 25, Although hepatocyte transplantation for this particular disease has not
been studied in humans, it may provide a therapeutic option in the future.

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2014 January 10.
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Jung et al recently reported using prenatal mutation analysis in already affected
kinships to identify fetuses with PFIC, including type 3. As the morbidity and
mortality of PFIC type 3 is high, prenatal testing may allow families to make
decisions about completion of affected pregnancies 2.

Ethnic and familial clustering of gallstones led to the hypothesis that genetic
susceptibility may predispose certain patients to gallstone formation. As discussed
above, abcbh4 knockout mice are unable to secrete PC into bile. These mice develop
spontaneous gallstones after just 15 weeks on a chow diet. 27. Biliary cholesterol
solubilization depends on not only the concentration of cholesterol, but also bile
salt and phospholipids concentrations. These substances form mixed micelles, and
allow for maximal cholesterol solubilization. Decreased phospholipid
concentrations in bile cause micellar destabilization and increased bile
lithogenicity, therefore promoting cholesterol crystallization 2.

In patients with ABCB4 defects, decreased biliary phospholipids, with relatively
high cholesterol concentrations (i.e., a high cholesterol to PC ratio) results in a high
cholesterol saturation index, promoting cholesterol crystallization and stone
formation 8.

Clinical Presentation

Several investigators have studied the genetic basis of gallstones. Rosmorduc et al.
found ABCB4 mutations in a conserved amino acid region in a small group of
patients with cholesterol gallstones and low concentrations of biliary
phospholipids. Each patient had symptom onset prior to age 40, cholesterol
gallstones and intrahepatic sludge/microlithiasis (as seen by hyperechoic foci on
radiologic exams) and recurrent biliary symptoms even after cholecystectomy. The
term “LPAC (Low Phospholipid Associated Cholelithiasis) Syndrome” was
derived from this study 28. Post-cholecystectomy biliary symptoms may be due to
intrahepatic cholesterol deposits and bile duct inflammation, rather than detectable
stones 29. Homozygous and heterozygous mutations of ABCB4 were found in 56%
of LPAC syndrome patients. No mutations were detected in asymptomatic patients
or those with classic gallstones 2°.

Further support for the genetic basis of gallstones is implied by the occurrence of
gallstones or intrahepatic cholestasis of pregnancy in individuals with a family
history of PFIC type 3 1830,

A single patient has also been described who initially developed cholesterol
cholelithiasis, followed by 2 episodes of intrahepatic cholestasis of pregnancy and
then biliary cirrhosis later in life. This patient was confirmed by mutational analysis
to have a heterozygote missense mutation of ABCB4 31,

Patients with intrahepatic brown pigment stones, distinct from the typical
cholesterol stones, have also been found to harbor mutations in ABCB4 32. 33,
These stones, prevalent in Japan, but uncommon in western countries, contain more
cholesterol and less calcium bilirubinate and bile acids than the brown pigment
stones that develop in extra hepatic bile ducts. Patients with these intrahepatic
stones have decreased ABCB4 mRNA expression and PC transfer protein, reduced
immunohistochemical staining for ABCB4 in liver tissue and decreased
phospholipid content in bile 33, Low phospholipid concentrations are detected in
bile from hepatic ducts that contain stones as well as ducts that are unaffected 34.

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2014 January 10.
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These patients may experience long standing and often intractable cholangitis
related to repeated intrahepatic lithiasis 34,

In LPAC syndrome, ursodeoxycholic acid (UDCA) may improve biliary symptoms
even before intrahepatic stones resolve 28: 35,

In animal models, abcb4 activity and expression can be induced by a variety of
drugs. These include ligands for the bile salt receptor FXR, such as 6 alpha-
hydroxylated bile salts and 6-alpha alkyl-substituted bile salts and synthetic
agonists like GW4064. Cholesterol biosynthesis inhibitors like HMG- CoA
reductase inhibitors, sqalene epoxidase inhibitors (Tu 2208) and oxidosqualene
lanosterol cyclase inhibitors (Ro 48-8071) may also be beneficial 36.

Fibrates are anti-hyperlipidemic agents that up regulate ABCB4 gene transcription
via PPAR-alpha, with the potential to increase biliary phospholipids

secretion % 1417 Data using benzfibrates in primary biliary cirrhosis suggests that
the function of ABCB4 can be augmented to increase PC secretion 37. This
therapeutic approach has not yet been formally studied in ABCB4 related stone
disease, but holds promise.

Intrahepatic Cholestasis of Pregnancy

Pathogenesis

Intrahepatic cholestasis of pregnancy (ICP) is a rare condition, seen in les than 1%
of pregnancies in Europe and North America. In striking contrast, certain areas of
Chile and Bolivia have rates as high as 16% 38.

Approximately 30% of ICP cases have high GGTP levels, similar to patients with
PFIC Type 3. Jacquemin et al. first implicated ABCB4 in the pathogenesis of ICP,
reporting the coexistence of cases of PFIC type 3 and ICP in a large
consanguineous family, which included individuals with a large frame shift
mutation in ABCB4 39, Women who were heterozygous for this mutation
developed ICP.

Several other groups have reported additional mutations in ABCB4 associated with
ICP 31, 40-43.

Particular variants of ABCB4 may predispose women to particularly severe ICP 40,

The heterozygote state for ABCB4 may represent a genetic predisposition which
under the stress of pregnancy provides inadequate ABCB4 activity. Thus, women
who have adequate ABCB4 under normal conditions, become symptomatic with
addition of endogenous and exogenous alterations that occur during pregnancy 4 °.

Environmental factors are one such trigger that has been implicated in the
pathophysiology of ICP. This is inferred by declining rates of ICP in Chile over the
past decade, as well seasonal variation, with a higher incidence in the winter than
summer 30:44. 45 Seasonal variations in ICP may be due to seasonal differences in
selenium and copper contents of diets.

Hormonal factors, both estrogen and progesterone, may also have an effect on the
symptomatic presentation of ICP. ICP develops late in gestation, when hormone
levels are at their highest, and resolves after delivery as hormone levels return to
baseline values. Moreover, ICP occurs more frequently in twin pregnancies, in
which hormone levels are higher 30: 44, Estrogens are known to induce cholestasis

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2014 January 10.
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in experimental models of cholestasis 46. Estrogens decrease uptake of bile acids at
the hepatocyte basolateral membrane and inhibit expression of the canalicular bile
salt export pump 47. Increased sulfated progesterone metabolite levels are evident
in patients with ICP 46, These sulfated progesterones may saturate appropriate
hepatic transporters in genetically predisposed individuals 48.

Clinical Presentation

The primary presentation of ICP is pruritis, typically occurring in the third
trimester. It is often most severe at night, with palms and soles most affected 38.

Symptoms typically resolve with delivery and always by 2 weeks after delivery. If
they do not, an alternative diagnosis should be considered.

Jaundice is present in less than 10% of affected patients and occurs concurrent with
pruritis.

Some patients experience steatorrhea, which may be sub-clinical or result in fat
soluble vitamin deficiency and weight loss. Replacing long chain triglycerides with
medium chain triglycerides in those experiencing weight loss, as well as decreasing
fat intake may help symptoms.

Pregnant women with ICP with onset more than 3 weeks prior to delivery may
require vitamin K to prevent post-partum hemorrhage 4°.

Laboratory Evaluation

Fetal Outcomes

ICP is a clinical diagnosis, based on symptoms and laboratory values. Although
there are no specific radiologic findings, these women are more likely to have
gallstones.

Raised serum bile acid levels are the most sensitive indicator of ICP 3048, AST and
ALT may be increased 2-10x ULN, although serum bilirubin elevations are

rare 30: 38, Serum alkaline phosphatase levels are not reliable indicators of
cholestasis in pregnancy because they are increased in normal pregnancies, caused
by increased production by the placenta and bone. A serum GGTP level is useful,
however, and may be normal or increased. If the GGTP levels are high, the patient
likely has an ABCB4 mutation as an underlying cause of the ICP.

Liver biopsy is rarely indicated, unless diagnostic confusion occurs.

ICP recurs in 60-70% of subsequent pregnancies. ICP is generally considered a
benign disorder for the mother.

The fetus experiences the most significant consequences of ICP, with high rates of
prematurity (19-60% of pregnancies), fetal distress and still births. Stillbirths occur
1-2% of pregnancies affected by ICP, usually after 35 weeks gestational age 38%0,
Fetal complications rates have been correlated with maternal serum bile acid levels,
especially if they are >40 umol/I 31, Unfortunately, studies have shown that
heightened surveillance of pregnancies complicated by ICP (using methods such as
stress testing) does not decrease this risk.

It has been suggested that affected pregnancies should be delivered by 38 weeks,
and 36 weeks if the effect of ICP is severe. One must, however, carefully weigh the
balance between premature delivery and the heightened risk of fetal complications
seen with ICP.

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2014 January 10.
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The definitive treatment of ICP is delivery of the baby, after which symptoms
resolve within two weeks.

Prior to delivery, several therapies have been used to reduce the disabling pruritis.
UDCA, a hydrophobic bile acid, is postulated to work by stimulating hepatobiliary
secretion, protecting cholangiocytes against hydrophobic bile acids that are
cytotoxic and protecting hepatocytes against bile acid induced apoptosis 2. UDCA
improves pruritis and biochemical cholestasis, without adverse effects on either or
the mother or fetus 23 9455, Additionally, UDCA treatment may allow for longer in
utero gestation (by 4 weeks), although other complications of ICP for the fetus are
not reduced 23 %4, Typically UDCA is dosed at 12-15 mg/kg/day although a single
study has suggested that much higher doses (1.5-2 grams per day) are more
effective 9644,

S-adenosylmethionine (SAM) is involved in phosphatidylcholine synthesis in the
liver and is protective against hormone associated cholestasis in animal models.
Clinical trials have yielded conflicting results. A few randomized control trials
found that SAM was more effective than placebo in treating ICP >7: %8, Another
randomized control trial of SAM versus placebo, however, failed to show a
therapeutic benefit. SAM may be less effective in treating moderate to severe ICP,
but acceptable for mild ICP associated pruritis 9.

UDCA is more effective than either placebo or SAM in reducing pruritis and
improving biochemical parameters of ICP 93 54, 59,60 A combination of UDCA
and SAM may provide the greatest improvement in pruritis, as well as biochemical
parameters 7. Roncaglia et al., in a single study, found that UDCA and SAM were
equivalent in treating ICP associated pruritis, but that UDCA improved
biochemical parameters more than SAM 61, Binder et al. also compared UDCA,
SAM and a combination of UDCA and SAM. They found that UDCA alone or a
combination of UDCA and SAM resulted in the greatest improvement of clinical
symptoms and biochemical parameters 22, Thus, UDCA is generally used as a
single agent, with the benefits of a combination of UDCA and SAM still not proven
conclusively.

Dexamethasone has also been used for treating ICP associated pruritis 2. A recent
randomized controlled trial comparing Dexamethasone to UDCA and placebo,
however, found that dexamethasone was not effective in improving pruritis or
ALT, and less effective than UDCA in decreasing bilirubin or bile acids levels 1,

Cholestyramine and cholestipol, both bile acid binding resins, interrupt
enterohepatic circulation and increase fecal excretion of these potential pruritogens.
These medications provide minimal relief of pruritis and certainly less than

UDCA 63, Additionally, these drugs have fallen out of favor because they interfere
with the absorption of fat soluble vitamins and put patients at risk for post-partum
hemorrhage 4.

As in many other cholestatic conditions, both phenobarbital and rifampin have been
used to treat ICP associated pruritis. However, in ICP these drugs had minimal
effect on pruritis and no effect on liver tests 44,

Anti-histamines can be used as adjunctive therapy, primarily because of their
sedating effects.

Curr Treat Options Gastroenterol. Author manuscript; available in PMC 2014 January 10.
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» The ABCB4 molecule has now been associated with at least 3 disease variants. It is
likely that additional hepatobiliary diseases related to abnormal ABCB4 will
continue to be identified. In addition, ABCB4 is a likely modifier gene in a variety
of hepatobiliary disorders.
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Disease variants associated with the ABCB4 molecule.
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Disease

Phenotype

Treatment

Progressive Familial
Intrahepatic
Cholestasis (PFIC)
Type 3

Progressive cholestasis with high GGTP.

Late development of hepatic inflammation and biliary cirrhosis leading to
portal hypertension. Increased AST/ALT and serum bile acids with normal
cholesterol and biliary bile acids.

UDCA
Liver Transplantation

Cholelithiasis

LPAC Syndrome: onset of cholesterol gallstones and intrahepatic
microlithiasis and recurrent biliary symptoms despite cholecystectomy at
age < 40 years.

Intrahepatic brown pigment stones with difficult to treat cholangitis.

UDCA

Future therapies may include FXR
ligands and agonists and
benzfibrates.

Intrahepatic
Cholestasis of
Pregnancy

Third trimester pruritis.

Jaundice is rare.

+/- Steatorrhea.

Raised serum bile acids. Increased risk of fetal prematurity and stillbirths.
Symptom resolution after delivery.

Delivery of baby.
UDCA
+/- UDCA with SAM

Abbreviations: UDCA, Ursodeoxycholic Acid; FXR, Farnesoid X Receptor; SAM, S-adenosylmethionine
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