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Abstract
Hepatobiliary transport systems are essential for the uptake and excretion of a variety of
compounds including bile acids. Disruption and dysregulation of this excretory pathway results in
cholestasis, leading to the intrahepatic accumulation of bile acids and other toxic compounds with
progression of liver pathology. Cholestasis induced by inflammation is a common complication in
patients with extrahepatic infections or inflammatory processes, generally referred to as sepsis-
associated cholestasis. Microbial products, including endotoxin, induce signaling pathways within
hepatocytes either directly, or through activation of pro-inflammatory cytokines, leading to rapid
and profound reductions in bile flow. The expression and function of key hepatobiliary
transporters are suppressed in response to inflammatory signaling. These pro-inflammatory
signaling cascades lead to repressed expression and activity of a large number of nuclear
transcriptional regulators, many of which are essential for maintenance of hepatobiliary
transporter gene expression. Interestingly, recently discovered molecular crosstalk between bile
acid activated nuclear receptors and pro-inflammatory nuclear mediators may provide new means
of understanding adaptive processes within liver. All together, inflammation-induced cholestasis,
and the effects of retained molecules in cholestasis on inflammatory signals, are interwoven in the
liver, providing potential opportunities for research and therapeutics.
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Basic aspects of inflammation in cholestasis
Bile formation is normally mediated and maintained by the coordinated function of a set of
membrane transporters located within membranes of hepatocytes, cholangiocytes and
enterocytes. These transporters work together to import and secrete the various molecules
that comprise bile, also allowing for processing of some of these components via
intracellular enzymes and signaling molecules (see accompanying articles in this issue for
details on the transporters and nuclear receptors that regulate bile formation, as well as roles
in human disease 1–7). The flux of, bile acids, the main solute in bile, drives the majority of
bile formation, while impairments of bile acid dependent and bile acid independent fractions
of bile flow bring about cholestasis (see these recent reviews for details 8–16). In essence,
how well these hepatobiliary transporters function relates directly to the amount and
composition of bile. Function of these transporters is regulated at multiple levels, from
initiation of RNA transcription in the nucleus to microdomain localization in the membrane.
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In the nucleus, transcription is regulated by a host of factors that involves members of the
nuclear receptor superfamily, as well as other key regulators of the transcription
complex 17,18. After RNA synthesis and translation, the functioning and proper localization
of hepatobiliary transporter proteins depends upon intact intracellular transport pathways
and the cytoskeleton, as well as signaling regulators that posttranscriptionally modify
protein activity, localization, and stability. Given all the steps involved in maintaining the
expression of the proteins that drive this important process, as well as its role in maintaining
whole body homeostasis and liver health by handling potentially damaging and bioactive
small molecules at high concentration, it is not surprising that the cells involved in bile flow
adjust the expression and function of their key molecular components in response to injury
and stressors. Such an orchestrated response is evident where the liver rapidly reduces bile
formation in adaptation to infection and inflammation. Inflammation-induced cholestasis is
thus one of the central components of the liver’s broad, detailed and integrated response to
inflammatory signals as a component of the negative acute phase response 19–21.

Inflammation-induced cholestasis is commonly caused by Lipopolysaccharide (LPS) or
endotoxin released by Gram-negative bacteria, although Gram-positive and other microbial
infections can also lead to cholestasis. Circulating LPS is mainly cleared by the liver, whose
resident mononuclear cells (primarily Kupffer cells) produce high levels of pro-
inflammatory secreted substances (cytokines). These locally-produced cytokines, in turn,
activate membrane receptors of hepatocytes & cholangiocytes that transduce intracellular
signals leading to altered transporter expression and function 12,15,22. In hepatocytes,
downregulation of hepatic transport systems involved in bile acid uptake and excretion, as
well as downregulation of phase I and phase II detoxification systems, result in impairment
in bile formation, and accumulation of bile acids and toxins in liver and serum 8,23.

The pro-inflammatory LPS-induced cytokines of most interest in these pathways are those
involved in the hepatic acute phase response—Tumor Necrosis Factor alpha (TNFα),
Interleukin-1 beta (IL-1β) and Interleukin-6 (IL-6) 20,21. These and other secreted products
are released by LPS-activated Kupffer cells, sinusoidal endothelial cells as wells as
hepatocytes and cholangiocytes. Sepsis also induces the release of other small molecules
such as nitric oxide (NO), whose production is caused by increased activity of nitric oxide
synthases eNOS and iNOS in Kupffer cells and endothelial cells. NO has dual effects on the
liver: low levels are hepatoprotective (they vasodilate, maintain cardiac output, prevent
apoptosis, and stimulate bile flow) whereas high levels are damaging (they react with
superoxide to produce radicals and promote injury, severe hypotension, vascular collapse
and cholestasis). Prostaglandins are also induced by LPS in the Kupffer cells, but,
ProstaglandinEs particularly have a protective role by downregulating pro-inflammatory
cytokines.

Although Kupffer cells play a major role in the hepatic inflammatory reaction to LPS 24–26,
other cell types contribute as well. Hepatocytes can produce cytokines 27,28 and respond
with the production of acute phase proteins. Cholangiocytes produce the cytokine IL-8 and
chemokine MCP129,30 and LPS induces IL-12 and TNFα secretion 30–32. Altogether, the
responses of the resident mononuclear cells to LPS and other microbial products, as well as
the target cell’s capability to recognize these products and secreted proteins, determine the
degree of changes in transporter function and ultimately the degree and duration of
cholestasis.

Intracellular signaling
The effects of LPS on hepatic gene expression are mediated by several parallel and
intersecting intracellular signaling pathways. LPS in blood is bound to LPS Binding Protein,
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which forms a complex with CD14 and MD2 to bind to the Toll-Like Receptor 4 (TLR4),
expressed on multiple cell types in the liver 33. Many downstream intracellular pathways are
activated, including MAPK kinase and NFκB pathways, to regulate transporter gene
expression, activity and localization.

The main effect of LPS on Kupffer cells is to activate cytokine production, via activation of
NFκB and AP-1 in the nucleus of Kupffer cells. After the release of these cytokines, TNFα,
IL-1β, IL-6 bind to their respective receptors on hepatocytes. This general paradigm
(LPS→cytokines→activation of hepatocytic membrane cytokine receptors→ intracellular
signaling cascades→ altered nuclear transcription factors→reduced transporter gene RNA
expression) has been found in nearly every animal system studied, suggesting its overall
applicability as a stereotyped essential biological response to inflammation.

In hepatocytes, inflammatory signals (LPS directly or indirectly through effector cytokines)
reduce the expression levels of hepatocellular transporters at gene and protein levels. Studies
in rodents have shown that LPS and several cytokines reduced the expression of the
principal bile acid transporters Ntcp (Slc10a1) and Bsep (Abcb11), located at the basolateral
and canalicular membrane respectively 34–36. Reduced function and binding of nuclear
receptors that regulate these genes appear to play major roles in this reduction of gene
expression 12,18. This is especially so for class II nuclear receptors, (which heterodimerize
with RXRα) as well as for HNF1 and HNF4α. Most other transporters involved in bile
formation as mentioned above are reduced under inflammatory conditions, and are regulated
by these transcription factors as well. Species differences in regulation of these transporters
exist, although most data is derived from studies on Ntcp, Bsep and Mrp2 (Abcc2) in
rodents.

In rodents LPS treatment leads to a major reduction of both Ntcp mRNA and protein
expression 35–40, which is caused by decreased binding of the nuclear transcription factors
HNF1 and RXR:RAR to the rat Ntcp gene promoter 37,41,42 and of HNF1, but not
RXR:RAR (so far) to the mouse Ntcp promoter 34. Genome-wide screening for FXR
binding sites discovered a potential FXR/RXR site in the mouse Ntcp promoter 43. The
regulation of Ntcp by HNF1 is influenced by HNF4α, which is upstream of HNF1 44 and
inflammatory signals have been shown to reduce HNF4α protein levels in rat liver 45 and in
HepG2 cells46, though not in mouse liver 38, via a JNK-dependent mechanism 46.

Studies with intraperitoneal injections of the cytokines TNFα, IL-1β or Il-6 have shown
similar effects on Ntcp mRNA expression 34,36,38,47, whereas studies with anti-bodies
against IL-1β have suggested that IL-1B may be a major regulator of Ntcp expression in
vivo during inflammation 39. Similarly, in vitro treatment with TNFα and IL-1β
downregulated Ntcp promoter activity in the human cell line HepG2 41. In addition to Ntcp,
reduced expression of HNF1 and PXR and CAR during inflammation 45,48 result in down
regulation of a second set of basolateral transporters involved in bile acid uptake, the organic
anion transporters Oatp1, 2, and 4 (Oatp1a1, 1a4, 1b2),. 39,48–50. Reduced expression of
human NTCP and OATP2 (OATP1B1) was also observed in liver biopsies from patients
with inflammation-induced cholestasis 51 however the exact mechanism for transcriptional
regulation of human NTCP has not been resolved yet.

In addition to sinusoidal effects of inflammation (lower expression and function of Ntcp and
Oatp genes), reductions are also observed in the expression of Bsep and Mrp2, two major
canalicular transporters responsible for bile-acid dependent and independent bile
flow 37,52–54. The rapid and profound reductions in the expression of these membrane
transporter genes results in cholestasis. There is also regulation at the post-translational
level55, but the major durable effect appears to be reduced RNA transcription of these
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critical determinants of bile secretion. The coordinated reduction of expression of these
transporters appears to be linked to smaller nuclear quantities and altered functioning of key
regulatory transcription factors, most of which are members of the nuclear receptor
superfamily: HNF4α, FXR, RAR, PXR, CAR, and RXRα 18,41,56–60. Inflammatory
signaling cascades target these transcription factors, either with covalent modifications (e.g.
phosphorylation), or additions of new factors in the transcription complex (e.g., phospho-c-
jun, IRF3) 35,38,61–63.

Of the multiple intracellular signaling pathways activated by LPS and IL-1β, in hepatocytes
JNK-mediated phosphorylation (either JNK1 or JNK2) is responsible for mediating post-
translational modifications of RXRα that leads to reduction of nuclear RXRα. Since RXRα
is a necessary heterodimerization partner for FXR, RAR, PXR, CAR and other nuclear
receptors, its reduced function explains the rapid and coordinated suppression of hepatic
transporter gene expression during LPS-induced cholestasis 35,38,62,64.

In addition to reducing RXRα protein levels and binding, LPS, TNFα or IL-1β signaling
significantly decreases RNA levels of RXRα partners (FXR, CAR, PXR) and may also lead
to their post-translational modification 65–67,68,69. Similar to Ntcp, IL-1β appears to be the
major regulator of Mrp2 expression during LPS-mediated inflammation since anti-IL-1β
antibody pretreatment leads to preservation of Mrp2 RNA expression 39. Thus, multiple
nuclear regulators are targets for inflammation-initiated signaling all leading to coordinated
changes in key transporter gene expression.

During bile acid retention from obstruction or bile acid feeding, additional sinusoidal
basolateral transporters, such as Mrp3, Mrp4 and Ostα/β are expressed in order to export the
accumulated excess of bile acids 7,18 Interestingly, inflammation-induced changes may
dampen this increase, potentially attenuating the adaptive response and worsening bile acid
retention. These effects may be species-specific since Mrp3 mRNA was induced in LPS-
treated rats 70 and in HepG2 and Huh7 cells after cytokine treatment 71. A recent study in
rats suggests that Mrp4 expression is not changed by LPS treatment 72, while limited data
are available for Ostα/β in inflammation. All these transporters participate in bile acid
induced sinusoidal export, and if their expression is impaired by inflammation, they might
not be able to adequately respond to the retained bile acid load, and thus may worsen bile
acid-related hepatic injury.

New mechanisms for crosstalk between inflammation and nuclear
regulators

Recent findings that NFκB interacts with nuclear receptors, specifically FXR and PXR, has
expanded our knowledge but also added complexity to the regulation of transporters during
inflammatory conditions 73,74. The results of these studies suggest a reciprocal interaction
between NFκB and FXR when activated by inflammation or ligand, respectively: NFκB
activation by LPS antagonizes FXR activity and suggests an anti-inflammatory role for
FXR, where FXR activation inhibits NFκB. Indeed, LPS-induced cytokine expression was
markedly enhanced in FXR knockout mice.

Cholestatic inflammatory responses of the liver are not restricted to hepatocytes, as bile duct
inflammatory responses also occur. Il-1β induces proteasomal degradation of Asbt in
cholangiocytes 75 via JNK-dependent phosphorylation of Asbt. No data is available on
regulatory mechanisms, nor what happens to the transporters Ae2 and Cftr.
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Clinical manifestations and inter-relations between inflammation and
cholestasis

There are many, clinically relevant situations where inflammation either causes, or
contributes, to cholestatic liver diseases. Some of these are clearly linked (e.g. PSC, AIH or
sepsis) while others are most likely indirect effects (e.g., drugs, post-transplant rejection,
total parental nutrition (TPN), or systemic conditions such as rheumatoid arthritis). In
addition, recent studies have suggested that bile acids themselves may act as anti-
inflammatory agents via bile acid bound nuclear receptors, akin to glucocorticoids and
mediated by glucocorticoid receptors 73. Overall, given the liver’s central role in innate
immunity, front-line host defense against invaders and xenobiotics, it is not surprising that
the liver can elaborate a complex, interrelated response to inflammation. Part of this
responsiveness is the liver’s role in the Acute Phase Response, which is the body’s
combined “early warning system” and “rapid responder” to injury and infection where a
multitude of antimicrobial, anti-oxidant and restorative compounds and proteins are secreted
into the systemic circulation. Thus the clinical course and outcome for patients with liver
diseases may be dependent on the balance of the liver’s secreted, local, and intracellular
responses to inflammation and cholestasis.

Sepsis-associated cholestasis
It has been known for many years that patients with a wide variety of non-hepatic infections
can develop cholestasis (see 15,76 for excellent reviews). In 1901, in his classic textbook The
Principles and Practice of Medicine, Osler reports that pneumonia can lead to jaundice
(“toxaemic jaundice”) 77, and notes that:

In this form there is no obstruction in the bile-passages, but the jaundice is
associated with toxic states of the blood, dependent upon various poisons which
either act directly on the blood itself, or in some cases on the liver-cells as well.

It is not uncommon to find elevated conjugated bilirubin levels in patients with various
infections, with the common ones being gut-derived organisms (gram negative
predominantly but not exclusively), but also from viral infections. In infants, especially in
newborns, sepsis can present first with increasing jaundice 78,79. Sepsis-associated jaundice
is seen in adults with significant frequency. Fore example, patients presenting to an
Emergency Center for jaundice in South West Wales were due to malignancy, sepsis and
cirrhosis, in that order 80.

Several lines of evidence suggest that Osler’s “various poisons” that link infection to
cholestasis are either cytokines (mainly TNFα, IL-1β, IL-6) or microbial TLR2 or TLR4
agonists15,81. Liver targets primarily include hepatocytes, but also extend to cholangiocytes,
endothelial cells and stellate cells. There are no direct studies of bile flow in humans given
endotoxin, but there is sufficient indirect evidence to link endotoxin and endotoxin-induced
cytokines, to cholestasis 82,83. In frank sepsis, including septic shock, hyperbilirubinemia is
usually a central clinical finding, often out of proportion to typically mild elevations in
serum transaminase 84. Some humans who have been given long-term infusions of TNFα,
reportedly have experienced significant hyperbilirubinemia 85. In addition, single infusions
of recombinant human TNFα can lead to conjugated hyperbilirubinemia—further
supporting a link between cytokines and cholestasis 86.

Conjugated hyperbilirubinemia is the most typical clinical finding in sepsis because it is
always included in standard laboratory analyses. However serum bile acids are also elevated
in sepsis and perhaps and are most likely related to altered expression of bile acid
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transporters seen in animal models. A systematic exploration of bile acid flux in septic
humans has not been reported.

TPN associated cholestasis (TPNAC)
TPNAC is one of the most serious clinical scenarios where cholestasis occurs rapidly and is
highly linked with early death 87,88. Infants, who are usually premature and who have had
gut resections are dependent upon TPN for growth and frequently develop cholestasis that
rapidly progresses to fibrosis, cirrhosis and portal hypertension, usually before 6 months of
life. The degree of cholestasis and chance of survival in these infants have been linked to the
number of septic episodes, likely initiated by recurrent bacterial translocation across their
gut mucosa. Although there are also cholestatic effects from the intravenous formulation in
these infants, 89,90 septic mediators likely contribute the most to altered hepatic function 91.
Interestingly, a case report of a patient with Crohn Disease who developed cholestasis on
TPN, resolved after treatment with infliximab (anti-TNFα antibody) infusions. 92.

Infants
Upwards of 25–30% of septic newborn infants present with jaundice for reasons likely
related to immaturity of the immune system and liver function 78,79. In some instances, an
abrupt increase in visible jaundice develops when sepsis-associated conjugated
hyperbilirubinemia occurs on top of a pre-existing physiological unconjugated
hyperbilirubinemia of infancy, or breast milk-associated jaundice 93. Regardless of the
underlying precipitant, cholestasis is more likely to occur in this patient population in
response to sepsis. Few investigative studies have been directly performed in infants that
quantify the degree, and duration of the immaturity of their hepatobiliary excretory function.
Such “physiologic cholestasis” is mostly evident during the first few months of life and is
associated with elevated serum bile acid levels and lower bile acid pool sizes 94. Thus at this
age, infections are most likely to suppress bile flow further, thereby leading to a greater
incidence of sepsis-associated cholestasis.

Adult hepatic inflammatory diseases
A few studies have explored the regulation of transporter genes in inflammation-based
human cholestatic diseases, namely primary biliary cirrhosis (PBC) and primary sclerosing
cholangitis (PSC) 23. In inflammation induced cholestasis (mainly due to alcohol) Bsep,
Ntcp and Oatp2 gene expression were suppressed, while Mrp2 protein, but not Mrp2 RNA
levels, were reduced 51. Interestingly, as PBC progresses, several changes occur that appear
to help unload the liver of retained bile acids 95. Ntcp and Oatp2 RNA levels are reduced,
while the exporter, Mrp3, is increased. possibly influenced by ursodeoxycholic acid therapy
in these samples, an effect which could not be determined. Ostα and Ostβ RNA levels are
upregulated in later stage PBC, likely a result of retained bile acids and FXR-mediated
induction of transcription 96. Thus, ability of retained bile acids to drive Bsep expression
still seems to be preserved in later stage PBC. One study has been published reporting
transporter RNA levels in PSC, where reduced levels of Oatp2 and Mrp2 were noted in liver
samples97. Similar studies will need to be performed in the future to better define the pattern
of transporter responses to cholestasis in these inflammatory cholangiopathies.

Cholestasis altering the systemic inflammatory conditions
In addition to the role of sepsis in the pathogenesis of cholestasis, there are also intriguing,
and recently evolving, mechanistic linkages suggesting that cholestasis reduces
inflammation 73,98. Clinicians have noted for > 100 years that certain systemic inflammatory
conditions may temporarily subside during episodes of hepatitis 99. In 1897, Still noted that
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joint symptoms subsided during a bout of hepatitis in a patient with rheumatoid arthritis,
while Hench at the Mayo Clinic compiled a series of 19 cases, noting that the joint
improvement correlated most with increasing jaundice100,101. He and others considered that
there was an anti-inflammatory component of bile, perhaps bile acids, and tried to replicate
the phenomenon with infusions of bile acids or infected sera. None of these limited studies
were convincing although there were a few patients whose joint symptoms transiently
improved. Recent laboratory studies with human monocytes in culture demonstrated that
incubations with bile acids reduced cytokine expression 102. The degree to which bile acids
suppress inflammation in human liver diseases remains to be determined, but uncovering
these pathways in animal models and human cells, may at least lead to ways to modify the
effects of inflammation on the liver.

Therapeutic interventions and rational targets
Successful interventions with appropriate antimicrobials that counteract the cause of liver
injury in sepsis usually lead to resolution of the hepatobiliary impairments including
cholestasis. Resumption of full enteral feeding to infants with TPNAC typically leads to
normalization of serum conjugated bilirubin and bile acid levels within weeks. In subjects
whose cholestasis was the direct consequence of pro-inflammatory cytokine infusions, their
cholestasis subsided soon after the infusions ended. However, the problems associated with
chronic inflammatory conditions (e.g. PBC and PSC) continue, typically because of a lack
of effective medical therapy. It is in these conditions that new therapeutics, perhaps
involving nuclear receptors 17 may hold promise. For these two diseases, as well as biliary
atresia, standard anti-inflammatory agents (glucocorticoids) have been proven to be
ineffective. Thus, other targets and agents need to be explored in order to find effective
means to rationally intervene.

Abbreviations

LPS Lipopolysaccharide

TNFα Tumor Necrosis Factor alpha

IL-1β Interleukin-1 beta

IL-6 Interleukin-6

NO Nitric Oxide

NOS nitric oxide synthase

NFκB nuclear factor kappa B

Bsep/Abcb11 Bile salt export pump

Ntcp/Slc10a1 Sodium taurocholate co-transporting polypeptide

HNF Hepatocyte nuclear factor

RXR Retinoid X receptor

Mrp2-4/Abcc2-4 multidrug resistance-associated protein 2-4

RAR Retinoic acid receptor

JNK cJun N-terminal kinase

PXR Pregnane X receptor

CAR Constitutive androstane receptor
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FXR Farnesoid X receptor

OATP/SLCO Organic anion transport polypeptide

PBC Primary Biliary Cirrhosis

PSC Primary Sclerosing Cholangitis

TPN total parental nutrition

TLR Toll-like receptor

TPNAC TPN associated cholestasis
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