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Abstract

Sepsis-induced cholestasis is a complication of infection. Infections cause systemic and
intrahepatic increase in proinflammatory cytokines which result in impaired bile flow ie.
cholestasis. Several other mediators of impairment in bile flow have been identified under
conditions of sepsis such as increased nitric oxide production and decreased aquaporin channels.
The development of cholestasis may also further worsen inflammation. The molecular basis of
normal bile flow and mechanisms of impairment in sepsis are discussed.
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2. INTRODUCTION

The production of bile is one of the most important functions of the liver. Bile removes
excess cholesterol, other endogenous toxic compounds e.g. bilirubin and the metabolic
byproducts of a variety of xenobiotics from the body. It also delivers bile salts to the small
intestine where they play a key role in the digestion and absorption of ingested lipids. In
recent years, it has also been recognized that bile salts act as metabolic sensors and help
regulate the homeostatic responses to caloric intake and the availability of specific nutrients
(1). In addition, bile salts affect the incretin response to various stimuli and are likely to play
a role in maintaining the integrity of the gut and pancreatic beta cell mass (2). There is also a
complex interplay between the intestinal microbiome and the specific bile salts that are
present in the intestinal lumen that maintains a symbiotic balance between the host and their
intestinal flora (3). It is therefore not surprising that cholestasis i.e. a failure of bile flow has
important consequences for the afflicted individual. In this review, we will focus on the
molecular events underlying the cholestatic response to sepsis.
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3. PLACING SEPSIS AND CHOLESTASIS IN CLINICAL PERSPECTIVE

Bacterial infections and sepsis may lead to cholestasis. In infants, this is a common cause of
cholestasis, with urinary tract infections as a common precipitant (4). In hospitalized adult
patients with jaundice, approximately 20% of cases were attributed to infection in one case
series (5). Bilirubin can increase prior to documented infection (6). Both gram-negative and
gram-positive bacterial infections have been reported to cause jaundice (6-8). In most
instances of sepsis-induced jaundice, the infection is intra-abdominal and may include
biliary infection, urinary tract infections or intra-abdominal abscesses (8). However, jaundice
has also been reported to be associated with pneumonia, meningitis and bacterial
endocarditis (9, 10).

Jaundice may result either directly from bacterial products or as a consequence of the host
response to infection. Frequently, both factors contribute to the development of jaundice. In
addition, specific infections that target the liver may cause jaundice due to the liver injury
associated with hepatic infection. While jaundice may be an isolated abnormality, it is often
associated with features of cholestasis. In critically ill patients, the development of jaundice
and/or cholestasis complicates the clinical picture and poses a clinical challenge both in
terms of diagnostic evaluation as well as management. The differential diagnosis often
includes the infection itself, presence of pylephlebitis, biliary obstruction by gallstones or
tumor, development of hepatic abscesses and drug-induced liver injury. Table 1 outlines the
differential diagnosis of jaundice in critically ill patients (11). A clear understanding of the
mechanisms contributing to this cholestatic response to infections and their consequences is
thus important for the optimal management of a given patient.

4. THE MOLECULAR PHYSIOLOGY OF BILE FLOW

The development of cholestasis in sepsis should be considered in the context of normal
physiology of bile production and flow. Bile is produced by the secretion of osmotically
active substances in to the biliary canaliculus and the paracellular transport of water in to the
canaliculi. Bile salts are the principal solutes secreted in to the canaliculi and are the primary
drivers of bile formation and flow. Bile salts can be synthesized de novo in the hepatocytes
or taken up from sinusoidal blood. They are transported and then secreted in to biliary
canaliculi from where bile flow carries them to the gallbladder and, in the post-prandial
state, to the intestine. They are actively reabsorbed from the terminal ileum and are taken up
from the portal blood in the hepatic sinusoids at the basolateral membranes of hepatocytes
only to be secreted in to the canaliculus again. Thus bile salts undergo entero-hepatic
circulation approximately 4-5 times daily. Defects at virtually any of these steps can
interrupt this enterohepatic recycling of bile salts and slow down the flow of bile.

The transport of bile acids across the hepatocytes has been studied. (Figure 1) outlines the
key transporters involved in bile acid transport in the hepatobilliary system. At the
basolateral (sinusoidal) membrane, conjugated bile acids are transported from the portal
blood supply into hepatocytes by the Sodium Taurocholate Co-transporting Polypeptide,
NTCP (SLC10A1, human) (12). This process is aided by the basolateral Na/K/ATPase pump
which creates an electrochemical gradient to draw in sodium and bile salt (13).
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Unconjugated bile acids are transported across the basolateral membrane by members of the
Organic Anion Transport Proteins, OATP's (SLC21A6, human) (14). The basolateral
membrane also has efflux systems for bile acids, including the Multidrug Resistance
Proteins (MRP) and OSTalpha/OSTheta which transport bile acids back into the circulation
(13, 15). The rate limiting step in bile formation is the transport of bile acids into the biliary
canaliculus (13). At the canalicular membrane, monovalent bile acids are exported by the
Bile Salt Export Pump, BSEP (ABCB11, human) and divalent bile acids are exported by the
Multi-Drug-Resistance-associated Protein 2, MRP2 (ABCC2, human) (16, 17) At the
canalicular membrane of hepatocytes, transport of other substances is carried out by specific
transporters. The Multi Drug Resistance Protein 3, MDR3, (ABCB4, human) transports
phospholipids, ABCG5 and ABCGS8 transports cholesterol and bilirubin is transported
across the apical membrane by MRP1 and MRP2 (mouse) (18-20). The chloride-bicarbonate
Anion Exchange Isoform 2, AE2, (SLC4A2, human) secretes bicarbonate (21). Water enters
bile though diffusion across the tight junctions (22).

Once bile enters the bile duct, it travels to the gallbladder and then is released and enters the
small intestine. In the bile duct, the cystic fibrosis transmembrane regulator channel
transports chloride and theAE2 channel is responsible for secretion of bicarbonate into bile
to maintain pH and fluidity of bile (21). Bile acid reabsorption primarily occurs in the
terminal ileum by the transporter ASBT (SLC10a2, human) into the enterocyte, where the
ileal bile acid binding protein, 1-Babp, binds the bile acids and plays a role in transcellular
bile acid transport, and at the basolateral membrane, the OSTalpha/OSThbeta transporter
exports bile acids into the portal circulation and back to the liver (23-26). Bile acids are also
reabsorbed at the level of the bile duct, where apical sodium-dependent bile acid transporter
ASBT transports bile acids into cholangiocytes and they are effluxed by OSTalpha/OSThbeta
(27, 28)

Bile acids are returned to the liver for first pass clearance via uptake by the NTCP
transporter at the basolateral membrane of hepatocytes. Some bile acids escape this and they
are reabsorbed at the level of the kidney. Bile acids are reabsorbed in the proximal renal
tubular cells by the apical transporter ASBT (human) and then enter the systemic circulation
via the basolateral membrane transporter OSTalpha/OSThbeta (27, 29, 30).

Bilirubin is an end product of heme metabolism and is the predominant bile pigment.
Unconjugated bilirubin is primarily bound to albumin, and a small amount is bound to HDL
(31). Unconjugated bilirubin at hepatocyte basolateral membrane dissociates from albumin,
and is transported in the hepatocyte by OATP-2 (human) (32). Within the hepatocytes,
bilirubin is bound to cytosolic glutathione-S-transferases, to prevent efflux. Unconjugated
bilirubin is conjugated by UGT1A1. The now hydrophilic molecules of conjugated bilirubin
are transported across the canalicular membrane into bile by the apical export pump, MRP2
(human) (33). (Figure 2) illustrates bilirubin metabolism and transport in the hepatocyte
(70).
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5. THE HEPATIC RESPONSE TO SEPSIS

The liver can be involved in several ways during sepsis. It may be a site of bacterial seeding
and a primary focus of infection e.g. a hepatic abscess and biliary sepsis. The release of
cytokines due to focal infection in the liver or due to the systemic release of cytokines also
induces complex changes that activate inflammatory responses within the liver. Hepatic
inflammation involves activation of sinusoidal endothelial cells, margination and migration
of leukocytes in to the liver. Activation of resident macrophages is yet another source of
cytokines that activate proinflammatory signaling within the liver. These have profound
effects on the function of the liver and bile flow. Clinically this often manifests as
cholestasis. The molecular basis for this is discussed below:

5.1. Hepatocellular and ductal mechanism of cholestasis

Cholestasis in sepsis can result from a defect in bile formation at the hepatocyte due to
reduced transporter protein expression or impaired bile flow at the bile duct level. The
molecular mechanisms of cholestasis in sepsis have been studied in animal models.

Lipopolysaccharide (LPS) induces Kupffer cells to release pro-inflammatory cytokines
which lead to downregulation of transporters involved in bile flow, coordinated by nuclear
receptors and transcription factors (34). The key transporters that are downregulated in
sepsis include NTCP (mouse), and the cannalicular transporters, MRP2 (human) and bile
salt export pump BSEP (human), as illustrated in (Figure 3) (35, 36).

Endotoxin leads the production of inflammatory cytokines including TNFalpha and
IL-1beta, which lead to a reduction in the activation of the NTCP (rat) promoter (36). NTCP
(rat) expression is downregulated by decreased binding of the transcription factor Hnflalpha
and the RXRalpha:RARalpha heterodimer to the NTCP promoter (37). Endotoxin treatment
also decreased Na-K-ATPase activity at the hepatocyte, which is important in the transport
of bile acids across the sinusoidal membrane via the NTCP (rat/mouse) (36). There is also a
reduction in basolateral OATP (rat) transporter expression (38). Canalicular transport
proteins are also reduced in sepsis models. BSEP (rat) and MRP2 (rat) are reduced with LPS
exposure (38). IL-1B has been demonstrated to downregulate the RXRalpha-RARalpha
transactivators of the promoters for NTCP and MRP2 (in cell culture) (39). In addition to
transcriptional modifications, transporter changes can occur due to change in transporter
localization, as demonstrated by LPS induced MRP-2 retrieval from the canalicular
membrane. Post transcriptional change has also been demonstrated as a mechanism to
decrease MRP2 and BSEP in LPS exposure to human and rat liver specimens (35, 40).

In addition to the bile acid transporters, aquaporins, membrane water channels, also play a
role in cholestasis. 95% of bile is water and thus aquaporins play an important role in bile
production (41). In a rodent model, LPS reduced expression of hepatocyte canalicular
AQPS8. This was mediated by TNFalpha, and was a result of posttranscriptional
downregulation of AQP8 expression (42). In addition to this, it has been demonstrated in a
mouse model that leukocyte infiltration, mediated by p-selectin, plays a role in reduction of
bile flow and hepatocellular apoptosis and necrosis in sepsis-associated cholestasis (43).
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5.2. The role of nitric oxide in cholestasis-associated sepsis

Nitric oxide has also been implicated in playing a role in cholestasis in sepsis. High levels of
nitric oxide may be harmful by promoting hypotension and decreased liver circulation. LPS
exposure increases inducible nitric oxide synthase, iNOS, in Kupffer and endothelial cells
(44). It has been demonstrated in cell culture that nitric oxide inhibits CAMP production by
adenylyl cyclase which plays a key role in chloride and bicarbonate secretion by the CFTR
and AE-2 transporters in the bile duct to maintain bile fluidity (45). Nitric oxide secretion
also increases tight junction permeability in hepatocytes by decreasing zona occludens, key
proteins to maintain tight junctions (46). Tight junctions are important in maintaining the
osmotic gradient for bile production. Nitric oxide has also been demonstrated to impair bile
canalicular contraction, which can lead to cholestasis (46, 47). Nitric oxide is a key player in
sepsis associated cholestasis.

5.3. Secondary changes that promote sepsis and cholestasis

The accumulation of bile acids within hepatocytes may themselves contribute to cholestasis.
Hydrophobic bile acids such as taurolithocholic acid induce cholestasis at least in part by
inducing retraction of the NTCP (rodent) and MRP2 (rat) from the plasma membrane in to
the cytosol (48, 49). These functions are mediated by activation of protein kinase ¢ epsilon
(48). This system is counterbalanced by the effects of cAMP and phosphoinositol 3 kinase
mediated activation of protein kinase ¢ delta which promotes translocation of these
transporters to the plasma membrane (50). As cholestasis develops, the accumulation of bile
acids may further worsen cholestasis by tilting this balance towards cytosolic retraction of
these transporters.

In the intestine, the binding of bile acids to FXR has been found to have an anti-
inflammatory effect (51). In experimental models, decreased FXR activation has been found
to be associated with increased inflammation (51, 52). Under conditions of cholestasis, the
intestinal bile acid concentrations decrease. Consequently, one could assume that there
would be decreased FXR activation which would promote intestinal inflammation; if so, the
intestinally-derived cytokines would be expected to activate the innate and adaptive immune
systems and also promote a systemic pro-inflammatory reaction. This however remains to be
experimentally verified.

5.4. Bacterial translocation in cholestasis

Bacterial translocation has been demonstrated in animal models of cholestasis (53, 54). In an
animal model, cholestasis leads to structural changes in the enterocytes and increased space
between enterocytes, which was associated with bacterial translocation (55). Similarly,
increased intestinal permeability has been demonstrated in patients with cholestasis (56).
Furthermore, bacterial translocation has been implicated as a precipitant of sepsis (57).
Cholestasis may lead to bacterial translocation, which may cause sepsis and then
inflammatory cytokines which lead to changes in bile acid formation and perpetuate the
cycle of cholestasis. Cholestasis in sepsis is reversible once the infection has been treated.
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5.5. Bilirubinostasis associated with cholestasis of sepsis

A common clinical manifestation of cholestasis is hyperbilirubinemia. This is typically due
to increased levels of conjugated bilirubin. The rate-limiting step in bilirubin transport i.e.
the canalicular secretion of conjugated bilirubin is mediated by the MRP2 transporter. The
expression of MRP2 (human) is decreased by several pro-inflammatory cytokines such as
IL-6 (58). Inflammation induced oxidative stress also alters the protein kinase A to protein
kinase C activity. In turn, these cause retraction of MRP2 (rat) from the canalicular
membrane to the cytosol thereby further decreasing the ability of the hepatocyte to transport
bilirubin (59). Importantly, correction of this intrahepatic oxidative stress allows reversal of
this process via both a microtubule-independent and a microtubule-dependent pathway
regulated by protein kinases A and C (59).

6. ADAPTIVE MECHANISMS THAT LIMIT CHOLESTASIS AND
INFLAMMATION IN THE LIVER

Cholestasis leads to adaptive protective responses in the hepatobiliary system. The adaptive
responses have primarily been investigated in obstructive cholestasis, and include decreased
bile acid production in the liver, increasing efflux of bile acids from hepatocytes with
subsequent renal excretion and decreased bile acid reabsorption.

6.1. Bile acid synthesis

Bile acids are synthesized by two pathways from cholesterol. The classic pathway produces
cholic acid (CA) and chenodeoxycholic acid (CDCA) and the rate limiting step in this
cascade is cholesterol 7alpha-hydroxylase (CYP7A1). In the alternative pathway, the
enzyme sterol 27-hydrozylase (CYP27A1) is the first enzyme responsible for the synthesis
of CDCA. These key enzymes in bile acid synthesis are downregulated in cholestasis (60,
61). FXR, a nuclear bile acid receptor, plays a key role in the regulation of bile acid
synthesis. It has been demonstrated that FXR induces FGF19, a protein that represses
CYP7AL1 (62). FGF19 is up-regulated in cholestasis, and this may be a player in adaptive
responses to cholestasis to limit bile acid synthesis (63)

6.2. Hepatocellular bile acid transport

Basolateral bile acid uptake is reduced in sepsis, as evidenced by a reduction in the
expression of NTCP and OATPs due to inflammatory cytokines. In addition, in cholestasis,
basolateral bile acid efflux proteins are upregulated in cholestasis to prevent bile acid
accumulation in hepatocytes. MRP3 (rat) and MRP4 (rat) are upregulated and efflux
conjugated bile acids into the portal blood which can then be filtered and excreted by the
kidneys (64, 65).

6.3. Bile acid hydroxylation and conjugation

In hepatocytes, unconjugated bile acids are hydroxylated by CYP3A4 and then conjugated
with sulfate or glucuronidate by UDP-glucuronosyltransferases and
dehydroepiandrosterone-sulfotransferase. In a rodent model of cholestasis, CYP3all (the
rodent homologue of CYP3A4) is upregulated (66). Similarly, in cholestasis, an increase in
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the UDP-glucuronosyltransferases has been demonstrated (67). Through increased activity
of hydroxylation and conjugation of bile acids, bile acids become less toxic and are able to
be excreted into urine. The upregulation of the enzymes involved in detoxification of bile
acids may be protective in cholestasis.

6.4. Bile acid reabsorption and excretion

In cholestasis, the small intestine and kidneys also play roles in eliminating bile acids. Both
the terminal ileum and renal proximal tubule have the bile acid transporter ASBT (human,
rat) and in cholestasis this transporter is downregulated in the small intestine and
upregulated in the kidney, promoting bile acid excretion (29, 68). In addition, active renal
tubular secretion via MRP2 (rat) and MRP4 (human) may also eliminate bile acids into the
urine (69-71).

6.5. Adaptive mechanisms that reduce bilirubinostasis

Several nuclear hormone receptors have been shown to have important effects on the
transport functions of the hepatocyte and integrate the metabolic functions of the liver with
its transport functions. Two key receptors are the pregnane-X-receptor (PXR) and the
constitutive androstane receptor (CAR). The PXR-CAR system can be activated by FXR
which is activated by retained bile acids. The key targets of PXR-CAR include transporters
for bilirubin such as MRP2, and PXR and CAR can stimulate bile acid hydroxylation
enzymes Cyp3all and Cyp2b10 which make bile acids less toxic (72). Activation of PXR-
CAR also allow a greater capacity for the liver to handle xenobiotics under conditions of
stress via induction of cytochrome p450 3A (Cyp3A) (72). PXR can also be directly
activated by lithocholic acid (73).

7. SUMMARY

In summary, sepsis induces a profound alteration in the hepatic ability to transport bile acids
and bilirubin in to the hepatic canaliculi thereby causing cholestasis. The cholestatic
response can itself trigger inflammatory responses within the liver to further exaggerate the
cholestatic response. On the other hand, there are also adaptive mechanisms that come in to
play that can ameliorate the cholestatic response. Better understanding of the balance
between the cholestatic and adaptive mechanisms are likely to provide insights that will
allow development of targeted therapy for sepsis induced cholestasis.
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Figure 1.

Bile acid transporters in the hepatobilliary system, intestine and kidney (74). Bile acids are
transported from portal blood into hepatocytes by NTCP and OATP. They are effluxed at the
canalicular membrane by BSEP and MRP2. MRP3, MRP4 and OSTalpha/beta efflux bile
acids at the basolateral membrane back to the systemic circulation. MDR3 transports
phospholipids and MDR1 transports cations including drugs across the apical membrane.
Bile acid reabsorption can occur at the level of the cholangiocyte, via ASBT, the terminal
ileum via ASBT and within the enterocyte, bile acids are effluxed by OSTalpha/beta. Bile
acids can also be reabsorbed in the proximal renal tubule via ASBT. Bile acids may be
excreted into urine via MRP2 and MRP4. Reproduced with permission from (74).
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Bilirubin metabolism and transport in the hepatocyte. At the hepatocyte basolateral
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membrane, unconjugated bilirubin (UCB) dissociates from albumin and is transported into
the hepatocyte by OATP. Within the hepatocyte, UCB binds to glutathione-S-transferase and
is conjugated by UGT1AL. The unconjugated bilirubin is transported across the canalicular

membrane by the apical export pump, MRP2. Reproduced with permission from (75).
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Molecular mechanisms of cholestasis in sepsis. In the setting of sepsis, bile flow is mainly
impaired due to changes in bile acid transport. There is a downregulation of the basolateral
bile acid transporters, NTCP and OATP and canalicular bile acid transporters, BSEP and

MRP2. In addition, localization of transporters to the cell membrane may be disrupted due

to changes in microtubules. Reproduced with permission from (75).

Front Biosci (Elite Ed). Author manuscript; available in PMC 2016 July 14.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Bhogal and Sanyal

Differential diagnosis of jaundice in critical illness

Biliary Tract Disease

 Cholecystitis

« Cholangitis

« Biliary tract obstruction

Liver Disease

« Hepatitis

* Hepatic ischemia

« Liver abscess

Systemic Infection

Hemolysis

« Infections

« Drugs

« Blood transfusions

Hepatotoxic drugs/toxins

« Antibiotics

« Tylenol

« Total Parenteral Nutrition

Front Biosci (Elite Ed). Author manuscript; available in PMC 2016 July 14.

Table 1

Page 15



	Abstract
	2. INTRODUCTION
	3. PLACING SEPSIS AND CHOLESTASIS IN CLINICAL PERSPECTIVE
	4. THE MOLECULAR PHYSIOLOGY OF BILE FLOW
	5. THE HEPATIC RESPONSE TO SEPSIS
	5.1. Hepatocellular and ductal mechanism of cholestasis
	5.2. The role of nitric oxide in cholestasis-associated sepsis
	5.3. Secondary changes that promote sepsis and cholestasis
	5.4. Bacterial translocation in cholestasis
	5.5. Bilirubinostasis associated with cholestasis of sepsis

	6. ADAPTIVE MECHANISMS THAT LIMIT CHOLESTASIS AND INFLAMMATION IN THE LIVER
	6.1. Bile acid synthesis
	6.2. Hepatocellular bile acid transport
	6.3. Bile acid hydroxylation and conjugation
	6.4. Bile acid reabsorption and excretion
	6.5. Adaptive mechanisms that reduce bilirubinostasis

	7. SUMMARY
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

