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Progressive Familial Intrahepatic Cholestasis (PFIC) is a condition that results in the cirrhosis of the liver and eventually liver failure due to impaired bile flow. If left untreated and even
if treated, PFIC will result usually in an early death. While the causes of this disease vary, all
types present with a similar symptoms and eventual prognosis. There are four main proposed
subtypes of intrahepatic cholestasis: disorders of membrane transport and secretion, disorders
of bile acid biosynthesis and conjugation, disorders of embryogenesis and lastly, an unclassified
group. The careful maintenance of bile salt homeostasis is crucial to the metabolism of fats and
normal liver function. These genes are involved with the regulation and transport of bile from
hepatocytes into the gallbladder and eventually to the ileum of the small intestines. Because
maintenance of symptoms can be regulated to improve longevity and quality of life, it is important to further elucidate the mechanisms that lead to cholestasis. By understanding these mechanisms we can hope to develop treatments that target specifically the precursors and downstream
effectors in the previously indicated genes. With early detection of PFIC, there is an opportunity
for therapy, however the current pharmacologic opportunities are few and have a low efficacy.
Therefore there is much need for a stronger and more selective treatment that can be directed
to the cause of PFIC instead of its symptoms. I postulate that FXR is a good target because of its
advantageous position as a transcription factor.
Progressive Familial Intrahepatic Cholestasis (PFIC) is a condition that results in the cirrhosis
of the liver and eventually liver failure due to impaired bile flow. If left untreated and even if treated,
PFIC will result usually in an early death. While
the causes of this disease vary, all types present with
similar symptoms and eventual prognosis. There are
four main proposed subtypes of intrahepatic cholestasis: disorders of membrane transport and secretion,
disorders of bile acid biosynthesis and conjugation,
disorders of embryogenesis and lastly, an unclassified
group.1 The careful maintenance of bile salt homeostasis, shown in Fig.1, is crucial to the metabolism
of fats and normal liver function.4 The basis of the
three different classified types is mutation in the gene
within the homestasis pathway. These genes are involved with the regulation and transport of bile from
hepatocytes into the gallbladder and eventually to the
ileum of the small intestines. It also has been shown
that type 1, 2, and 3 of PFIC are autosomal recessive
hereditary diseases. The genes that are indicated as
the primary cause of these disorders are, respectively,
FIC1, BSEP, and MDR3.2 However, recent evidence
suggests most forms of PFIC have a multifactorial
genetic basis.3
Because maintenance of symptoms can be
regulated to improve longevity and quality of life, it

Fig. 1 shows a schematic of enterohepatic circulation of bile salts by van Mil S W C et al.4
is important to further elucidate the mechanisms that
lead to cholestasis. By understanding these mecha-
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nisms we can hope to develop treatments that target specifically the precursors and downstream effectors in the
previously indicated genes. With early detection of PFIC,
there is an opportunity for therapy, however the current
pharmacologic opportunities are few and have a low efficacy. Ursodeoxycholic acid (UDCA) is a current treatment. Ursodiol is a secondary biliary acid analog that
reduces cholesterol uptake and therefore slows cirrhosis
of the liver due to cholestasis.5 However, few patients respond to such treatment and those who do respond have a
mild cessation of cirrhosis. Therefore there is much need
for a stronger and more selective treatment that can be
directed to the cause of PFIC instead of its symptoms. I
postulate that FXR is a good target because of its advantageous position as a transcription factor.
Nuclear Receptors (NRs) are crucial to transcriptional regulation in the cell. In Homo Sapiens there are
48 different members of this family that help to control
numerous cell processes.6 In 1995, Wineberger et al.
found the ligand of an orphan receptor to be farnesol
metabolites. This was the discovery of Farnesoid XReceptor. Farnesol metabolites are generated by the cell
in order to metabolize different steroid hormones, which
eventually are metabolized into bile salts.8, 16 FXR is a
NR that dimerizes with its partner Retinoid X-Receptor
(RXR) to activate their primary target genes (see Table 1).
The overall downstream effect is a strong and fine-tuned

regulation of bile homeostasis. Due to this activity it is
understandable that FXR is overexpressed in the liver,
intestine, kidney and adrenal glands, places where steroid
synthesis and metabolism is crucial (see Fig. 2).7
While FXR’s role seems to be simple, the slightest dysregulation can lead to drastic consequences in bile
salt homeostasis. Recently it was shown that FXR is crucial to liver regeneration after a partial hepatectomy and
lack of its full activity can lead to the serious condition
of carcinogenesis.7 Since any disruption of FXR activity
leads to a subsequent disruption in the lipid and glucose
levels due to a dysregulation of the genes that usually
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Fig. 2 gives a graphic display of the importance of
FXR in metabolism bile salts and maintaining both
glucose, lipid and energy homeostasis.31
metabolize these materials, FXR transcriptional activity
recently has been closely linked with metabolic diseases,
such as abdominal obesity and Type II diabetes.9, 11 While
these specific conditions are due to an acquired condition, FXR has also been implicated in inherent disorders.
This past October, Huang et al. found a strong correlation
between the down regulation of FXR and the development of human hepatocellular carcinoma. In a murine
model they found that the overexpression of FXR lead to
a strong reduction in the size of these tumors.10
While there are burgeoning treatments for such
diseases that I have mentioned such as modifications to
diet and lifestyle to have a healthier life, there are some
disorders that are purely genetic. Progressive Familial
Intrahepatic Cholestasis is one of these. As mentioned
earlier, PFIC leads to the eventual cirrhosis of the liver
due to an over presence of bile in the liver because it
is not metabolized. While FXR has not been directly
implicated in the reasoning behind PFIC, it is logical to
examine other trials that have explored the implications
of each categorized type of PFIC and see that FXR plays
an integral role in the dysfunction of bile salt metabolism
in each of these disorders.
Type I PFIC, also known as Byler’s Disease, is
characterized by hypercholesteremia, low serum and low
gamma-glutamyltranspeptidase levels. These symptoms
are all thought to be due to a dysregulation of cholesterol
and lipid metabolism.32 Lapunzina et al. has shown a
strong correlation in murine models as well as limited
clinical models that PFIC type I is due to a mutation in
ATP8B1, a gene that codes for FIC1, a putative aminophospholipid translocase.12 These P4-ATPases, also
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known as flippases, select phospholipids and translocate them from the outer leaflet of the plasma membrane to the inner. They have specific substrates and
this leads to the asymmetry of the membrane, which
is essential for normal cell function and viability. The
lack of this asymmetry leads to a ‘leaky’ cell since it
cannot yield a strong seal on the membrane.13 While
the relationship between FIC1 dysfunction and PFIC is
not fully understood, the connection between FXR and
transcription of ATP8B1 is. FXR is upregulated in the
presence of bile acids in the enterohepatic system in
order to aid in their metabolism, however mutations in
FIC1 (gene product of ATP8B1) have shown that these
bile acids cannot be taken into the hepatocytes and
therefore not detected by FXR, their nuclear receptor.15
This leads to a buildup of bile acids in ducts within
liver and therefore cholestasis. The coexpression of
FIC1 and FXR is strongly linked not only in the liver
and the intestinal track but in numerous homologs
throughout other tissues, which implies that FXR is the
primary regulator of FIC1 expression.12,14
Similar to PFICI, type II PFIC is characterized
by hypercholesteremia as well as low serum and low
gamma-glutamyltranspeptidase levels. However, the
etiology of type II is rooted in a malfunction in the lipid and cholesterol transfer through a different protein.
ABCB11 is also an aminophospholipid translocater,
however its mechanism of action varies slightly. This
pumps is also referred to the bile-salt excretory pump
(BSEP). Unlike FIC1 and other P4-ATPases, these
ABC transporters (adenosine triphosphate binding cassette) translocate their substrates in a dimer form rather
than a pump form, which is reminiscent of the Na+/K+
ATPase. In type II PFIC, the dysfunction of the pump
leads to impaired secretion of bile salts into canaliculi,
the bile duct. This leads to a state of cholestasis, similar to type I.17 Work by both Muller et al. and Suchy
et al. has shown that FXR stimulation of bile salts is
required for transcriptional control of the ABCB11.18
This feedback mechanism of BSEP pumping bile salts
activates FXR, which in turn transcribes more BSEP
is crucial and also allows for easy manipulation of the
pathway. These disruptions lead to a dysregulation of
lipid uptake into hepatocytes and eventually metabolism.
Type III PFIC is characterized by deficiencies
in the activity of MDR3, another ABC transporter.32
Unlike BSEP, MDR3 translocates phosphatidylcholine
across the membrane. This is important to the maintenance of the liver because it helps form micelles in

the caniculi that encapsulate bile acids. Until recently,
MDR3 was not recognized as a downstream effector
of FXR, but work done by Cui et al. has shown that
MDR3 expression in hepatocytes is highly inducible
by exogenously activated FXR, indicating that they
are intricately linked. This work was further validated
since there is a binding site within the MDR3 promoter
that binds specifically to the FXR/RXR heterodimer
to induce transcription. Without this binding event,
transcription of MDR3 gene was shown to not occur.19
The relationship between these three types of
progressive familial intrahepatic cholestasis seems
almost redundant, however regulating the export of
steroid derivatives, bile salts, and phospholipids in a
coordinated fashion results in the appropriate physiological ratio of these molecules in the bile.19 It is therefore logical to understand why they are activated by
the same heterodimers of transcription factors, FXR/
RXR. Unfortunately the treatments for intrahepatic
cholestasis are not very well defined because there are
many causes that fall in to type IV PFIC, or those with
unknown etiology. Such diseases with no specified
cause include intrahepatic cholestasis of pregnancy,
ARC syndrome, lymphedema-cholestasis syndrome
and North American Indian childhood cirrhosis.20
However, there are possible treatments for type I, II
and III due to its solely genetic nature.

Fig. 3 displays the major roles of FXR in glucose,
lipid and energy metabolism. Most of the pathways
it is involved in are focused solely on this homestasis, reducing the concern for cross-reactivity.
In my research I have shown the strong and
well-founded connection between the transcription
of the three key elements for type I, II and III (FIC1,
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BSEP, and MDR3) and FXR as part of the dimer that
promotes their transcription. This element makes FXR a
good target for drug therapies in treatment of only type I,
II, and III. It is important to recognize that it is only an
appropriate candidate for those who have the common and
specific mutations that generate these diseases. FXR is
highly expressed in the liver and intestines and therefore
as a drug target it is valid because its primary responses
would only be shown in these organs.24 However, the
nuclear receptor it dimerizes with to elicit a response,
retinoid X receptor, has a leveled expression throughout
many tissues, including the brain.25 Therefore, FXR is
considered a good target because of its differential expressivity within the body. Recently, further work has
been done to elucidate the function of FXR in the rest of
the body. Thus far, it has been shown that in other tissues FXR has a different isoform that does not respond to
the same agonists, but much more work must be done to
validate these claims.27 To further fine tune the response
of this target, consider type II and III PFIC. It has been
shown that BSEP and MDR3, mutants in type II and III
respectively, are expressed exclusively in the membranes
of hepatocytes. Therefore there would be limited side effects in other tissue types with the upregulation of FXR to
induce the production of BSEP and MDR3.21 To further
reduce the possibility of cross-reactivity it is important to
recognize that FXR has an extremely low binding affinity for bile acids and steroids.22 Therefore for activation it
requires a high concentrations of these ligands; concentrations of this size which are located solely in the enterohepatic system (Fig. 3).23
Fig. 5
Fig 4

Fig. 4 and 5 both show the crystallized structure of
FXR. Fig.4 depicts the arrangement of the helices in
the activated and inactivated forms. Fig. 5 points out
the important residues of FXR.27
Farnesoid X Receptor is the central regulator for
bile acid homeostasis, as evident in Fig. 2 and 3. Therefore the majority of its downstream effectors are directly
involved in the regulation of bile acid secretion and me-
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tabolism.27 This makes it a strong target to combat PFIC
because its involvement in other pathways is small due to
the localized expression of its downstream effectors and
inducible expression pattern via high concentration of bile
salts. Another reason that FXR is a strong drug target is
that much is known about the structure and the intricate
mechanism of this NR. Fig. 4 and 5 show the intricate
details that we have of the structure and binding pattern of
FXR.
Fig. 6 is the molecular structure for
CDCA, the ligand
for FXR. This depiction was generated
using Reaxys.
It has been shown that the stability and therefore
functionality of this nuclear receptor is dependent on the
conformation of helix 12 (indicated in the ‘active disposition’ as red and ‘inactive disposition’ as green in Fig. 4).27
The primary ligand of FXR was identified in 1999 by
multiple groups as they indicated that Chenodeoxyholic
acid (CDCA; see Fig. 6) was the primary ligand to the
orphan receptor, FXR.16, 28, 29 Very fledgling work has been
done to investigate CDCA as a lead compound, however
it is logical to assume that more work will be done. Now
that the entire binding site has been classified by Rastinejad et al. it can safely be assumed that more studies will be
done into optimizing the downstream responses of FXR
through its overexpression and activation.
To conclude, the connection between FXR and genetically
linked progressive familial intrahepatic cholestasis has
clearly been shown by many different sources. It is also
advantageous that FXR is the primary TF for all of these
proteins because it lends the possibility that one treatment
could aid in alleviation of symptoms for Type I, II and III.
FXR is a strong candidate for interference in this pathway
for the reason that it is so closely linked to the expression
of these proteins without other molecules downstream that
could give potentially hazardous side effects.
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