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Abstract

Bile acids are synthesized in the liver and are the major component in bile. Impaired bile flow 

leads to cholestasis that is characterized by elevated levels of bile acid in the liver and serum, 

followed by hepatocyte and biliary injury. Although the causes of cholestasis have been 

extensively studied, the molecular mechanisms as to how bile acids initiate liver injury remain 

controversial. In this chapter, we summarize recent advances in the pathogenesis of bile acid 

induced liver injury. These include bile acid signaling pathways in hepatocytes as well as the 

response of cholangiocytes and innate immune cells in the liver in both patients with cholestasis 

and cholestatic animal models. We focus on how bile acids trigger the production of molecular 

mediators of neutrophil recruitment and the role of the inflammatory response in this pathological 

process. These advances point to a number of novel targets where drugs might be judged to be 

effective therapies for cholestatic liver injury.
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1. Introduction

Bile acids are amphipathic molecules synthesized from cholesterol in the liver and are the 

major component in bile. Secretion of bile acids and other choleretic compounds by 

hepatocytes generates bile flow and facilitates elimination of endogenous compounds and 

metabolites such as bilirubin and hormones, as well as xenobiotics including drugs (1). In 

humans, most primary bile acids are conjugated with glycine or taurine and form mixed 

micelles with phospholipids and cholesterol in the bile before they reach the small intestine, 

where they facilitate digestion and absorption of lipophilic nutrients such as cholesterol, fat 

and fat-soluble vitamins. At the terminal ileum, approximately 95% of bile acids are 

reclaimed and transported back to the liver via the portal circulation. The remaining fraction 

are transformed into secondary bile acids by gut microbiota where they either passively 

diffuse across the colon or are excreted in the feces.
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Bile acid excretion is impaired in cholestatic liver injury either by direct inhibition or genetic 

deficiencies of canalicular bile acid transporters in hepatocytes or by mechanical or immune 

mediated obstruction of the biliary ducts. Whatever the cause, bile acid levels increase in the 

liver and serum, followed by hepatocyte injury and bile duct proliferation. If left untreated, 

cholestatic liver injury often progresses to liver fibrosis, cirrhosis and eventually liver failure. 

While the causes of cholestasis have been extensively studied, the molecular mechanisms as 

to how bile acids initiate liver injury are not well understood. Part of the reason may be due 

to the diverse physical properties of bile acids. Although all bile acids are metabolites of 

cholesterol, their structural variation determines their physical properties and physiological 

function (2). For example: 1) The hydrophilicity or water solubility of bile acids increases 

with the number of hydroxylation sites located either the nuclear ring or side chain, and is 

also affected by the carboxyl group conjugation; 2) Bile acids with lower water solubility are 

more cytotoxic; 3) While unconjugated bile acids freely diffuse across cell membranes, 

conjugated bile acids (which make up the majority in the bile acid pool) require specific 

protein transporters; 4) Different cell types may respond quite differently to the same bile 

acid.

Early work suggested that bile acids injured the liver directly through their detergent 

cytolytic effects, as submillimolar levels of toxic bile acids directly killed hepatocytes when 

added to these cells in vitro (3–5). However, the serum and tissue levels of toxic bile acids 

rarely reach these submillimolar levels in pathophysiological conditions, suggesting that 

their cytolytic properties may not be the cause of liver cell death Subsequently, it was 

proposed that bile acids induced apoptosis in hepatocytes. This hypothesis is supported by 

the observation that apoptosis was detected in rat hepatocyte cultures when they were treated 

with >50 μM glycochenodeoxycholic acid (GCDCA) (6, 7), as reviewed by Malhi et al (8)). 

However, 1) GCDCA is not a major bile acid in rats as the serum concentration of total 

chenodeoxycholic acid is only ~ 5 μM even in rats with complete bile duct obstruction (9); 

2) In contrast, taurocholic acid (TCA), the major endogenous bile acid in rats does not 

induce apoptosis in rat hepatocytes (7).

Also, taurine conjugation is the major form of conjugates in rodents in contrast to glycine 

which is dominant in humans; 3) Normally, apoptotic cell death does not elicit an immune 

response; 4) Most importantly, apoptosis of hepatocytes has not been detected in vivo in the 

liver of bile duct ligated (BDL) mice or in vitro in bile acid treated human hepatocytes (10–

13);Cai, 2017 1/id}; 5) Finally, depletion of macrophages in mice did not reduce liver injury 

after BDL (14, 15), indicating that inflammatory mediators from macrophages do not play a 

significant role, at least in the initiating stages. Rather, it is the infiltration of neutrophils that 

best correlates with liver injury in cholestasis (16–18). Altogether, these concerns suggest 

that under pathophysiological conditions, bile acids must injure the liver by alternative 

mechanisms rather than by their intrinsic toxicity. This review summarizes recent advances 

in the molecular mechanism of bile acid induced liver injury focusing on early events and 

the role of the inflammatory response in this pathological process (Table 1).
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2. Cholestatic hepatocytes initiate inflammatory response by releasing 

cytokines

More recently, Allen et al proposed that bile acid may induce liver injury via a hepatocyte 

initiated inflammatory response (10, 11). In these studies, exposure of cultured mouse 

hepatocytes to 200 μM of TCA, a major endogenous bile acid in this species significantly 

stimulated the expression (mRNA) of a series of cytokines and adhesion molecules, at 

pathophysiologically relevant concentrations, including MCP1 (Ccl2), MIP-2 (Cxcl2) and 

ICAM-1. Remarkably, bile acid treatment did not increase caspase 3 activity in these mouse 

hepatocytes or release alanine transaminase (ALT) activity in the culture medium, 

suggesting that neither apoptosis nor necrosis had occurred in these cells (10, 11). 

Interestingly, increased expression (mRNA) of the early growth response protein 1 (Egr1) 

was also detected in these bile acids treated cells. Egr1 is a transcription factor that plays an 

important role in regulating the expression of many genes, including inflammatory 

cytokines. Furthermore, the authors demonstrated that bile acid induced up-regulation of 

these inflammatory cytokines in mouse hepatocytes was partially Egr1-dependent but 

independent of farnesoid X receptor (Fxr/Nr1h4), the bile acid activated nuclear receptor, 

because these inflammatory genes were not reduced in bile duct ligated Fxr knockout mice. 

In contrast, Egr1-deficiency reduced bile acid induction of some of these cytokines and 

adhesion molecules in vitro in mouse hepatocyte cultures and in vivo in the liver of BDL 

mice, where reduced liver injury was also detected (10, 19). To explain how elevated levels 

of bile acid cause Egr1 activation, the authors proposed that MAP kinases may mediate this 

transactivation, speculating that there are cell surface receptors involved in this signaling 

pathway.

To further elucidate the role of inflammatory cytokines in cholestatic liver injury and also to 

gain insights into the mechanism of bile acid induction of cytokines expression, we recently 

examined this hypothesis in vitro using isolated mouse liver cells and human hepatocytes, 

and in vivo in cholestatic murine models. First, we confirmed that a 24-hour exposure to 

TCA stimulated inflammatory cytokines expression in a collagen sandwich culture of mouse 

hepatocyte, a system closely resembling cholestatic liver conditions. In addition, we found 

that at pathophysiological concentrations (25 – 200 μM) only hepatocytes, but not isolated 

liver non-parenchymal cells or cholangiocytes, responded to bile acid stimulation with 

increased cytokine expression. Furthermore, the cytokines released into the medium of the 

bile acid treated hepatocyte cultures significantly enhanced neutrophil chemotaxis in a 

transwell experiment, emphasizing the functional importance of these hepatocyte specific 

cytokines in initiating the inflammatory response. Knockout of chemokine Ccl2 significantly 

reduced hepatic neutrophils infiltration in two cholestatic mouse models, i.e. 1% cholic acid 

feeding and 7-day BDL, where less liver injury was also detected.

To understand why hepatocytes are uniquely susceptible to bile acids, we demonstrated that 

the hepatocyte-specific basolateral bile acid transporter NTCP/SLC10A1 is required for this 

event because knocking down NTCP or inhibiting the bile acid uptake transporters reduced 

bile acid induction of chemokines. This is consistent with recent reports in an NTCP-

deficient patient and in Ntcp knockout mice. Both the patient and the mice were completely 
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protected from cholestatic liver injury, despite extremely high levels of bile acid in the blood 

(20, 21). These findings also indicate that bile acids must first enter and accumulate in 

hepatocytes in order to stimulate cytokine expression, rather than the effect being mediated 

by a specific cell membrane receptor as proposed by others (10, 22). Once accumulated in 

the cell, bile acid caused ER stress and mitochondrial damage, as has been previously 

reported (23–27). However, there was no evidence of caspase 3 cleavage in these cells, in 

agreement with the findings of others that apoptosis is not playing a role (10–12, 18).

Because mitochondria damage was detected in bile acid treated hepatocytes, we 

hypothesized that the injured mitochondria may release “damage-associated molecular 

patterns” (DAMPs) that could activate toll-like receptors (Tlr). Tlr9 is one of them and is an 

intracellular DNA sensor. Previous studies have demonstrated that mitochondrial DNA can 

activate Tlr9 and stimulate inflammatory cytokines expression (28). To examine whether 

Tlr9 plays a role in bile acid induced liver injury, we treated Tlr9 −/− mouse hepatocytes with 

bile acid and found reduced induction of Cxcl2 in these cells. The involvement of Tlr9 is 

further supported by the observations that Cxcl2 induction was also significantly reduced in 

MyD88/Trif double knock out mouse hepatocytes. Of note, MyD88 and Trif are downstream 

molecules in Tlr9 signaling pathway. Reduced liver injury was also found in Tlr9−/− mouse 

liver after BDL (18, 29). However, Tlr9 normally resides on the endoplasmic reticulum and 

endosomes so that the mechanism of activation remains unclear. One possibility is that 

injured mitochondria undergo autophagy/mitophagy and present mitochondrial DNA to Tlr9 

(30) Bile acid induction of cytokines are reduced in mouse hepatocytes when mitochondria 

are protected by cyclosporine A or norursodeoxycholic acid, (18). Norursodeoxycholic acid 

also improves liver function in several cholestatic rodent models and in patients with 

sclerosing cholanagitis in a recent phase II trial (31–33). Together, these findings support a 

role for mitochondrial damage in the pathogenesis of the cholestatic liver and suggests that 

bile acids activate the innate immune system.

Similarly, the major human bile acid, GCDCA, also stimulated cytokine expression when 

applied to human hepatocyte cultures at pathophysiological levels (≥50 μM), including 

CCL2, CCL15, CCL20, CXCL1 and IL-8, where mitochondrial damage was also 

detected(18). Periportal neutrophil infiltration in cholestatic patient livers also correlated 

with levels of serum ALT in these patients, consistent with a role for neutrophils in the 

pathogenesis of liver injury in human cholestatic disorders(18). Together, these findings in 

both humans and mice support the hypothesis that when bile acids accumulate in 

hepatocytes, they initiate liver injury by triggering an inflammatory response.

Is this hypothesis also correct in patients with obstructive cholestasis where high 

concentrations of bile acids regurgitate from bile into the hepatic parenchyma? In a recent 

report, Woolbright et al (13) found that human hepatocytes were much more resistant to bile 

acid treatment than rodent hepatocytes as only a minimal increase of IL-8 mRNA expression 

was detected when they were exposed to 5 mM TCA. However, in this study, the cells were 

cultured in Williams’ Medium E (Life Technologies, Grand Island, NY) shortly after cell 

preparation, rather than maintained in Hepatocyte Maintenance Medium (Lonza, 

Walkersville, MD) with matrigel sandwich culture configuration, a condition that better 
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maintains the expression of NTCP and cell polarity, which is needed for bile acids to enter 

hepatocytes. Further studies will be needed to resolve this discrepancy.

Once inflammation is initiated in hepatocytes, they will either undergo irreversible injury 

and cell death or hepatoprotective mechanisms will attempt to restore tissue homeostasis. 

Details of these signaling pathways are described in recent reviews (34–36). For example, in 

response to cholestasis, hepatocytes minimize bile acid accumulation in hepatocytes by 

down regulating NTCP and OATPs as well as altering the metabolism of bile acids in order 

to increase their hydroxylation sites which decreases their hydrophobicity. At the same time, 

Up-regulation of the export transporters MRP3 and MRP4 and OSTα/β also occurs. See 

(37).

3. The response of cholangiocytes to cholestasis

Cholangiocytes are epithelial cells that line the lumen of the bile ducts and are responsible 

for secretion of an aqueous fluid rich in bicarbonate in response to meal induced excretion of 

the hormones secretin, vasoactive intestinal peptide and bombesin (37). Cholangiocytes also 

express bile acid transporters (i.e. ASBT/SLC10A2 and OSTα/SLC51A-OSTβ/SLC51B on 

the apical and basolateral membranes, respectively) that facilitate the cholehepatic 

circulation of bile acids. In contrast to hepatocytes, cholangiocytes are continuously exposed 

to much higher concentrations of bile acids in the millimolar range, yet these cells normally 

do not show signs of injury. It is possible that the concentrations of bile acids do not reach 

levels in these cells that would activate an inflammatory cascade as seen in hepatocytes, 

since Ostα-Ostβ, which transport bile acids by facilitated diffusion, should prevent an 

intracellular concentration gradient of bile acids from accumulating. In addition, other 

protective mechanisms include the secretion of a layer of mucous that is rich in bicarbonate. 

This “biliary HCO3
− umbrella” maintains an alkaline environment on the surface of the 

luminal apical membrane of cholangiocytes, which should prevent the protonation of 

glycine-conjugated bile salts like GCDCA, a major conjugated bile acid in human bile. The 

pKa of glycine bile acid conjugates are ~ 4, so that an alkaline bile will maintain these bile 

acids in a charged non-protonated state, thus preventing their diffusion across the apical lipid 

membranes into the cholangiocytes (38). This hypothesis has been supported by the 

identification of a 20- to 40-nm-thick extracellular, juxta membranous layer of glycocalyx 

on the apical membrane of human and mouse biliary epithelium, as well as by studies 

showing that bile acid uptake and toxicity were dependent on pH and the key HCO3
− 

exporter, anion exchanger 2 (AE2) in immortalized human cholangiocytes (39, 40). The 

potential role of the biliary HCO3
− umbrella has also been implicated in the pathogenesis of 

primary biliary cholangitis (PBC), a cholestatic, chronic inflammatory autoimmune liver 

disease, as reduced expression of AE2 has been found in liver biopsies from patients with 

PBC (41–44). Interestingly, Ae2a, b-deficient mice exhibit features resembling PBC, 

including portal inflammation with CD8(+) and CD4(+) T lymphocytes surrounding 

damaged bile ducts and altered gene expression profiles in isolated cholangiocytes (45).

Cholangiocytes express and secrete osteopontin (OPN), a multifunctional 

glycophosphoprotein that can bind to integrin receptors expressed on inflammatory cells and 

function as a chemoattractant to neutrophils, macrophages and natural killer T cells in the 

Li et al. Page 5

Mol Aspects Med. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



liver (46, 47). Both the expression of osteopontin in biliary epithelial cells and its cleaved 

form in bile are significantly increased after BDL in mice, presumably caused by the stress 

on bile epithelial cells that results from the pressure in the biliary systems after obstruction 

of the bile duct. OPN−/− mice showed a delayed inflammatory response after BDL, as 

neutrophil infiltration was dramatically reduced and bile infarcts were nearly absent at one 

but not three days after BDL, suggesting that osteopontin plays a role in attracting 

neutrophils only at the very early stages of liver injury in this model (48).

TGR5 is a newly discovered G-protein coupled receptor that is activated in response to 

unconjugated > conjugated bile acids. TGR5 activation leads to an increase in cAMP and 

PKA activation and has been shown to modulate bile acid homeostasis and inflammation 

(49–51). TGR5 has been detected in cholangiocytes, Kupffer cells, and sinusoidal 

endothelial cells but not hepatocytes (52). Recent studies suggest that TGR5 is required for 

bile acid induced cholangiocyte proliferation and activation of TGR5 protects 

cholangiocytes from death-receptor mediated apoptosis (53, 54). In addition, TGR5 has also 

been shown to enhance bile flow and HCO3
− secretion in mice after partial hepatectomy and 

in Mdr2−/− (Abcb4−/−) mice with sclerosing cholangitis like bile duct injury (55–57).

Although cholangiocytes respond to “pathogen associated molecular patterns” (PAMPs) and 

activators such as LPS with secretion of a number of cytokines including IL-1, IL-6, IL-8, 

and IFN-γ (58), there is little evidence to support the notion that bile acids directly elicit a 

cytokine response in normal cells. This is demonstrated by our recent studies, where 

exposure of isolated mouse cholangiocytes to pathophysiological concentrations (25 – 200 

μM) of bile acids did not stimulate cytokine production (18). Lamireau et al used an 

immortalized BEC line in culture for 6 days and then exposed them to a range of bile acids 

from 20–500 μM for 72 hours. Only taurocholate (TC) stimulated release of cytokines 

MCP-1(Ccl2) and IL-6 in this somewhat artificial system at all concentrations and without a 

dose effect (59). Recently, Hisamoto et al pre-treated primary human biliary epithelial cells 

with 200 μM GCDCA for 3 days followed by LPS or poly (I:C) stimulation for 24 hours and 

found increased production of IL-6, IL-8 and CXCL10 in these cells. However, the authors 

did not elucidate any direct effect of GCDCA treatment on the cytokine production without 

LPS or poly (I:C) stimulation in these isolated cholangiocytes (60). Wang et al recently 

present evidence that conjugated bile acids can activate the sphiinogsine-1-Receptor 2 in 

mouse cholangiocyte plasma membranes which initiates an AKT and ERK1/2 signaling 

pathway that elicits an inflammatory and fibrotic response. Total serum bile acid levels, ALP 

and liver fibrosis were greatly diminished in bile duct ligated mice where this receptor was 

deleted, although little evidence was provided for an attenuated inflammatory response in 

these mice other than an absence of COX-2 induction in isolated cholangiocytes (61).

Patients with primary sclerosing cholangitis (PSC) have high levels of IL-8 in their bile 

compared to other non-PSC patients. Immunostaining revealed increasing expression of IL-8 

protein as well as IL-8 receptors (CXCR1 and CXCR2) and CXCL5 as the disease 

advanced. IL-8 also caused cell proliferation when added to primary human cholangiocytes 

cultures and stimulated production of profibrotic genes suggesting that IL-8 may be involved 

in the pathogenesis of PSC (62). It remains unclear what role if any bile acids play in this 

process.
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4. The role of neutrophils in cholestatic liver injury

The liver is constantly exposed to bacterial and viral components from the blood system as 

well as toxins and food-derived antigens. As such, it plays a key role in the innate immune 

defense response. The innate immune system in the liver is composed of a multiple 

population of immune cells, such as neutrophils, natural killer cells, natural killer T cells and 

dendritic cells (63, 64). Normally, neutrophils that circulate in the blood act as the first-

responders of inflammatory cells and migrate towards the site of inflammation following 

chemical signals in a process known as chemotaxis. Due to their high abundance and 

mobility as well as potent cytotoxicity, neutrophils play a critical role in immediate response 

to pathogens as well as in sterile inflammation, where they respond to DAMPs released from 

stressed or damaged cells in the absence of pathogens. These molecules, such as high-

mobility group box-1 (HMGB1) protein, heat shock proteins, ATP, nuclear and 

mitochondrial DNA, are recognized by toll-like receptors expressed in liver cells, including 

hepatocytes. This in turn activates the transcription of pro-inflammatory genes and initiates 

the recruitment of cytotoxic cells to the site of inflammation (65). In the liver, as in other 

organs, an excessive activation of neutrophils induces additional tissue damage as 

demonstrated during hepatic ischemia-reperfusion, as well as in viral hepatitis, non-

alcoholic fatty liver disease, alcoholic liver disease, liver fibrosis/cirrhosis and other causes 

of liver failure (66–68).

Neutrophils execute their cytotoxicity through production of reactive oxygen species (ROS) 

and hypochlorous acid, a potent oxidant generated via myeloperoxidase. Increased 

myeloperoxidase activity, which reflects the number of neutrophils, has been found in the 

liver of bile duct ligated rats (69). The adhesion and locomotion of neutrophils during their 

extravasation across the endothelial barrier and recruitment to the site of inflammation is 

mediated through the interaction of intercellular adhesion molecule-1 (ICAM-1) on the 

endothelium and β2 integrins on the neutrophil cell surface(70, 71). A growing body of 

evidence suggests that the expression levels of these adhesion molecules as well as the 

hepatic accumulation of neutrophils directly correlate with the degree of cholestatic injury in 

both humans and in animal models. Normally in humans ICAM-1 is only detected at low 

levels in the endothelium of some portal vessels and sinusoidal lining cells, and is not found 

in hepatocytes. However, in patients with cholestasis due to extrahepatic obstruction, ICAM- 

1 expression increases on sinusoidal endothelial and Kupffer cells. In addition, de novo 

ICAM-l expression is now observed on the sinusoidal membrane of hepatocytes in areas of 

parenchymal cell injury (72). An increase in ICAM-1 expression was also found on the 

endothelium of microvessels in chronic cholangitis patients with complete bile duct 

obstruction (73). In mice deficient of ICAM-1 or β2 integrin CD18, liver necrosis is 

dramatically reduced after BDL, accompanied by decreased hepatic neutrophil 

accumulation, compared with the wild-type control (16, 17).

The cytoskeletal proteins ezrin-radixin-moesin (ERM) and Na+/H+ exchanger regulatory 

factor-1 (NHERF-1, also known as ERM-binding phosphoprotein 50 (EBP50)), also play a 

role in neutrophil mediated liver injury in BDL mice (74). ERM proteins and NHERF-1 are 

located beneath plasma membranes of hepatocytes and biliary epithelial cells (75–77). They 

function as scaffolding proteins that tether membrane proteins to underlying F-actin network 
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in microvilli-like membrane projections. These “docking” structures anchor and partially 

embrace leukocytes, including neutrophils, to promote firm adhesion and initiate leukocyte 

transmigration across endothelial and epithelial cells such as hepatocytes (78, 79). Our 

results show that NHERF-1 assembles ERM proteins, ICAM-1 and F-actin into a 

macromolecule complex that is increased in mouse liver at the plasma membranes after BDL 

and participates in transendothelial and -hepatocyte migratory uptake of neutrophils induced 

by BDL. In contrast, mice deficient in NHERF-1 exhibit lower levels of activated ERM and 

ICAM-1 protein in the liver and hepatocytes. Compared with wild-type controls, Nherf-1−/− 

mice have significantly reduced hepatic neutrophil infiltration as well as attenuated liver 

injury after BDL. These findings suggest that NHERF-1 plays a key role in the formation of 

ICAM-1/ERM/NHERF-1 macromolecule complexes that are important in the neutrophil 

mediated inflammatory response in cholestatic liver injury.

After bile duct ligation in mice, neutrophils are the predominant infiltrating immune cells 

during the acute phase of liver injury. They can be detected within 8 hours after BDL and 

reach maximum levels around 2 to 3 days, mainly in areas of injured hepatocytes and in 

surrounding sinusoids (16, 80). In a model of intrahepatic cholestasis caused by α-

naphthylisothiovyanate (ANIT), neutrophil depleted-mice exhibited much less hepatocyte 

injury (81). In Mdr2−/− mice, neutrophils accumulate in response to elevated cytokines prior 

to histologic and biochemical evidence of liver cell injury (82). Together these data strongly 

support the hypothesis that neutrophils are the principal cause of hepatocyte toxicity in the 

early stages of cholestatic liver injury. In summary, neutrophils are activated and recruited to 

the liver by the pro-inflammatory mediators induced by high levels of bile acids, as 

discussed above, where they target and kill stressed or injured hepatocytes.

5. The role of other immune cells in cholestatic liver injury

In addition to neutrophils, other immune cells in the liver also participate in cholestatic liver 

injury. Hepatic macrophages consist of Kupffer cells, the tissue-resident macrophages in the 

liver, and infiltrated bone marrow-derived monocytes/macrophages that are recruited to the 

liver during injury. Traditionally, macrophages have been classified as “M1” or “M2” 

subsets. One functional subset, M1 macrophages, can be classically activated by interferon 

gamma (IFNγ) or toxins such as bacterial lipopolysaccharide (LPS). Activated M1 

macrophages produce pro-inflammatory mediators including cytokines such as tumor 

necrosis factor (TNF)-α, IL-1β, and reactive oxygen species (ROS), which contribute to 

liver inflammation and injury as the disease progresses. The other subset, M2 macrophages, 

which are alternatively activated by IL-4 and IL-13, release IL-4, IL-10 and IL-13, have an 

anti-inflammatory phenotype. However, increasing evidence shows that during liver injury, 

macrophages are highly plastic as “mixed” macrophage phenotypes are also observed and 

they can rapidly change from a pro- inflammatory to an anti-inflammatory phenotype in 

response to changes in the hepatic microenvironment(83, 84). The various populations of 

hepatic macrophages display different forms of activation and exert diverse functional 

properties in liver inflammation, including phagocytosis of apoptotic cells and cell debris, 

initiation of an immune response in other liver cells such as hepatocytes, antigen 

presentation and immune cell recruiting (85, 86).
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During cholestasis, various functional alterations of macrophages have been reported, such 

as delayed clearance of bacteria in BDL mice and higher levels of IL-10 and reciprocally 

lower levels of IL-12 production in response to LPS stimulation in Kupffer cells isolated 

from these mice (87). Monocytes and macrophages express TGR5, the G-protein coupled 

bile acid receptor, that can be activated by both conjugated and unconjugated bile acids, with 

lithocholic acid(LCA), deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), and 

cholic acid (CA) being the most potent activators in descending order (50). Activation of 

TGR5 in macrophages reduces pro-inflammatory cytokines while maintaining anti-

inflammatory cytokine expression thus promoting the development of an anti-inflammatory 

macrophage phenotype (88). In primary human macrophages, bile acids inhibit the LPS-

induced expression of proinflammatory cytokines without affecting the expression of the 

anti-inflammatory cytokine IL-10, resulting in a macrophage phenotype with an increased 

IL-10/IL-12 ratio as well as a suppressed basal phagocytic activity (89). In the liver, TGR5 

has been identified in Kupffer cells and is upregulated in rats after BDL (90). Compared 

with wild-type mice, TGR5-deficient mice have higher AST levels after cholic acid feeding, 

as well as increased necrotic areas on liver sections 2 or 3 days after BDL, accompanied 

with significantly higher levels of serum CCL2 (MCP-1), further demonstrating a role for 

TGR5 in the protection of cholestatic liver injury (54, 56). The anti-inflammatory effect of 

TGR5 in macrophages is mediated by inhibiting of NF-kB and JNK signaling pathways (50, 

91, 92), as well as through inhibition of NLRP3 inflammasome activation as discussed in 

detail below in Section 6.

Recent studies show that Kupffer cells can be regulated by IL-17 during cholestasis. In BDL 

mice, IL-17 is released from T helper cells and neutrophils, and its upregulation starts on 

day 5, peaks on day 7, and remains elevated at 14 days after surgery (93, 94). Induction of 

IL-17 and its receptors, as well as IL-1β, TGF-β1, IL-6, and TNF-α were observed in 

isolated mouse Kupffer cells in response to IL-17 stimulation. Decreased expression of 

TGF-β1, IL-6, IL-1β, and TNF-α mRNA was also detected in IL-17A receptor deficient 

Kupffer cells (95). Neutralization of IL-17 with anti-IL17-A antibody significantly reduced 

BDL-induced hepatocellular necrosis, pro-inflammatory cytokine production and neutrophil 

infiltration in mice after 9 or 14 days of bile duct obstruction, although there are conflicting 

results as to whether of the accumulation of macrophages in the liver was reduced in these 

IL-17 blocked mice (93, 94). These findings indicate that Kupffer cells may be orchestrated 

with other liver cells and contribute to cholestatic liver injury.

Nevertheless, the role of Kupffer cells in cholestatic liver injury remains controversial. One 

study in BDL rats showed that administration of gadolinium chloride, a Kupffer cell 

inhibitor, attenuated liver injury and fibrosis, indicating that Kupffer cells promote BDL-

induced liver injury (96). However, other studies using liposome-encapsulated 

dichloromethylene diphosphonate or alendronate for Kupffer cell depletion demonstrated 

that Kupffer cell-depleted mice have increased liver injury, as well as decreased hepatocyte 

regeneration and liver fibrosis than control mice, 7 or 10 days after BDL, suggesting that 

Kupffer cells have a protective role for hepatocyte injury and promote cell survival, 

regeneration and fibrosis in cholestasis (14, 15). In addition, these studies showed that 

Kupffer cells from BDL mice at 6 hours but not at 24 hours after surgery produced more 

IL-6 that suppressed liver injury, whereas no significant differences in liver histology and 
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ALT levels were found 24 hours after common BDL. These studies indicate that Kupffer 

cells may play different roles at different stages of liver injury induced by BDL. Further 

investigation is needed to clarify whether and how Kupffer cells promote or protect from 

liver injury in cholestasis.

Other innate immune cells in the liver also participate in cholestatic liver injury. TH 17 cells 

are the major source of the pro-inflammatory and fibrogenic cytokine IL-17. Increased 

numbers of TH 17 cells as well as upregulation of IL-17 were observed in the livers of BDL 

mice (93, 97). In contrast, hepatic natural killer cells and invariant natural killer T cells have 

been shown to suppress cholestatic liver injury by stimulating anti-inflammatory or 

suppressing pro-inflammatory cytokines produced in Kupffer cells (98, 99).

6. The role of the inflammasome in cholestatic liver injury

Inflammsomes are multiprotein complexes that detect signals from injured cells and 

pathogens known as DAMPs and PAMPs respectively. These complexes assemble to activate 

caspase-1 which then proteolytically activates cytokine IL-1β and IL-18. IL-1β which 

amplifies the inflammatory response by further stimulating production of inflammatory 

cytokines. Activation of inflammasomes has been seen primarily in alcoholic hepatitis, 

NASH, chronic HCV, ischemia-reperfusion injury and acetaminophen toxicity (100). The 

role of inflammasomes in cholestatic liver injury is less clear. Inflammasomes consist of 

multiprotein complexes that sense DAMPs and PAMPs via nucleotide-binding 

oligomerization domain receptors known as NOD-like receptors (NLRs). In liver, these 

proteins consist primarily of NLRP3, NLRP1 and AIM2 (absent in melanoma protein, also 

known as interferon-inducible protein). These assemblies recruit apoptosis associate speck-

like protein (ASC) and caspase–1 which subsequently leads to activation of caspase-1 and 

cleavage of pro-IL-1β. These proteins are prominently expressed in Kupffer cells and in liver 

sinusoidal endothelial cells and normally are essentially absent from hepatocytes. LPS is a 

major activator of the inflammasome in Kupffer cells. Recently pathophysiologic levels of 

bile acids have been shown to inhibit NLRP3 inflammasome activation in isolated 

macrophages via the TGR5-cAMP-PKA axis and phosphorylation of NLRP3 on Ser 291. 

TLCA or INT-777 treatment of mice subjected to LPS-induced sepsis or alum induced 

peritoneal inflammation significantly reduced IL-1β and IL-18 in Nlrp3 wild type mice but 

had no effect in Nlrp3 −/− mice. These findings suggest that bile acids place significant 

constraints on NLRP3 inflammasome -related inflammation (101), a finding supported by 

several earlier studies (90, 102). Opposite effects have been reported with chenodeoxycholic 

acid, which has been shown to activate the NLRP3 inflammasome in isolated macrophages 

as well as Kupffer cells initially sensitized to LPS(103). However non-pathophysiologic 

concentrations of this unconjugated bile acid, which are never seen in cholestatic serum or 

liver were used in these in vitro assays in this study. Interestingly, taurocholic acid did not 

produce these effects in macrophages as we have recently confirmed in the non-parenchymal 

cell fraction of mouse livers (18). This study also showed that a caspase-1 inhibitor 

improved inflammation, AST and ALT levels and fibrosis after bile duct ligation in mice for 

21 days (103), effects most likely related to inflammasome activation in non-parenchymal 

cells as liver injury progressed in time.

Li et al. Page 10

Mol Aspects Med. Author manuscript; available in PMC 2018 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Little is known about the role of inflammsomes in human cholestatic liver disease. NLRP3 

and the adaptor protein ASC and the downstream activation of caspasae-1 and IL-1β were 

up-regulated in liver tissue from patients with primary biliary cholangitis. In addition, 

Galectin-3 (Gal3), a macrophage produced lectin that was thought to be mediating activation 

of the inflammasome, was also increased on both the mRNA and the protein levels in these 

patients. Immunostaining of Gal-3 and NLFP3 were increased in liver sections but whether 

they were in macrophages or stellate cells was not clear (104). Thus, the role of 

inflammasomes in cholestatic liver injury remains elusive both in cholestataic animal models 

and in man and needs much further study.

7. Bile acids as therapeutics for liver diseases

In addition to TGR5, bile acids activate ligand-activated nuclear receptors, such as Fxr/

Nr1h4, to regulate their synthesis, transport, metabolism and immunity. Therefore, bile acids 

have emerged as attractive therapeutic agents in treating metabolic and inflammatory 

diseases. Ursodeoxycholic acid (UDCA), a major component of the bile of black bears, has 

been used as a remedy for cholestasis in Chinese traditional medicine for more than a 

thousand years. Currently UDCA is used as the primary treatment of PBC. UDCA has been 

shown to improve serum liver tests and slow the progression to cirrhosis and prolong the 

time needed for liver transplantation. UDCA exerts multiple benefits including increase of 

bile flow, induction of the “biliary HCO3
− umbrella” and immunosuppressive effects (105, 

106). A derivate of UDCA, norUDCA, cannot be conjugated and is reabsorbed by 

cholangiocytes from bile and returned to the sinusoids via the periductular capillary plexus 

of the liver, which results in increased bicarbonate secretion and hyperchloresis, as well as 

“ductular targeting” anti-inflammatory and anti-proliferative effects to injured bile ducts 

(107). In Mdr2−/− (Abcb4−/−) mice, norUDCA reverse injury in this model of sclerosing 

cholangitis. Recently another BA analogue, obeticholic acid (also known as INT-747), was 

approved by the FDA for the treatment of PBC in combination with UDCA in patients with 

an inadequate response to UDCA. Treatment with obeticholic acid results in decreases in 

alkaline phosphatase, γ-glutamyl transpeptidase and alanine aminotransferase in PBC 

patients (108, 109). The anti-inflammtory effects of obeticholic acid in PBC patients are 

likely related to FXR mediated inhibition of cholesterol 7α-hydroxylase (CYP7A1) and a 

reduction in the bile acid pool (110).

8. Future perspectives

As the molecular basis for bile acid homeostasis in the enterohepatic circulation has 

progressed, a number of therapeutic targets have emerged that are leading to pharmacologic 

trials (Table 2) (111). A key target is CYP7A1 since it regulates the synthesis of bile acids 

from cholesterol and its inhibition results in a diminution of the bile acid pool size. This is a 

major mechanism that Fxr agonists like obeticholic acid exploit. Reductions in the bile acid 

pool size limit the intracellular concentration of bile acids and lessen their ability to 

aggravate an inflammatory response. The modified form of FGF19 as well as all-trans 

retinoic acid appear to also act by inhibiting CYP7A1. Other potential targets at the level of 

the hepatocyte include the PPARs. Bezafibrate and Fenofibrate that act as pan PPAR and 

PPARα isoform agonists respectively, improve liver function in primary biliary cholangitis 
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and in a few patients with PSC by inhibiting bile acid synthesis and also by stimulating 

phospholipid excretion (112). The terminal ileum is another site that regulates bile acid 

metabolism and several inhibitors of the apical sodium dependent bile salt transporter 

(ABST) are under clinical trial and increase fecal excretion of bile acids. Inhibition of ABST 

in the proximal tubule of the kidney also increases bile acid excretion in the urine.

Over the past two decades, mounting studies suggest that in addition to their role in lipid 

digestion and absorption, bile acids have emerged as signaling molecules that participate in 

the inflammatory response associated with cholestatic liver injury. These studies that are 

examining the molecular mechanism by which bile acids injure the liver, as summarized in 

this review, point to a number of novel sites that might be exploited to minimize liver injury. 

These include inhibiting the uptake of bile acids into hepatocytes by blocking NTCP, 

protecting the hepatocyte from bile acid induced ER stress and or mitochondrial injury and 

developing cytokine receptor blockers that prevent neutrophil chemotaxis as recently 

described (18). Figure 1 illustrates the various sites where drugs might be judged to be 

effective therapies for cholestatic liver injury.
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Figure 1. 
A hypothetic model of bile acid induced liver injury and potential therapeutic targets for 

treating cholestatic disorders. The intervention sites are listed as ① repress bile acid 

synthesis in hepatocytes; ② block bile acid reabsorption in intestine and kidney; ③ block 

hepatic uptake of bile acid; ④ reduce bile acid caused mitochondrial damage and ER stress 

in hepatocytes; ⑤ inhibit inflammatory chemokine production; ⑥ prevent inflammatory 

response by antagonize cytokine receptors in immune cells; ⑦ prevent neutrophils and 

immune cells from attacking injured hepatocytes. An agent targeting a specific site or the 

combination of agents targeting multiple sites are predicted to be beneficial for patients with 

cholestasis.
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Table 1

The effects of bile acids on inflammatory mediators in cholestatic liver injury depends upon cell type

Cell type Bile acid species Response Mediator/pathway References

Mouse hepatocytes TCA, DCA. CDCA, 
Bile

Induction of inflammatory 
cytokines

MAPKs/Egr1 10, 11

Mouse and human 
hepatocytes

Major endogenous 
bile acids

Induction of inflammatory 
cytokines, neutrophil 
chemotaxis

ER stress, Mitochondrial damage, Tlr9 
activation.

18

Mouse cholangiocytes BDL model Secretion and cleavage of 
osteopontin for immune cell 
recruitment Cell proliferation

Excessive pressure in the biliary 
system/MMPs TGR5/cSrc-EGFR-
MEK-ERK1/2

48, 54, 61

TLCA, TCA Activation of COX-2 S1PR2/ERK1/2/NF-kB

Mouse and human 
neutrophils

BDL model Activation, chemotaxis and 
cytotoxicity

DAMPs CXC/CCL chemokines 
Adhesion molecules Cytoskeletal 
proteins

16–18, 72–74, 
80, 82

Mouse and human 
monocytes/macrophages

BDL model TC, 
TCDC, GCDC, 
TLCA, CDCA

Production of pro-or/and anti-
inflammatory cytokines

TGR5/NF-kB/JNK/Inflammasome 50, 56, 87–92, 
103

Mouse TH cells BDL model Production of pro- 
inflammatory and fibrotic 
cytokine IL-17

93, 97

Mouse NK and invariant 
NK T cells

BDL model Stimulation of anti- or 
suppression of pro- 
inflammatory cytokines 
produced in Kupffer cells

98, 99
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Table 2

Targets for Therapeutic Interventions in cholestatic liver injury (Current and Projected)

Current Targets Mechanisms of Action (Drugs)

FXR/NR1H4 Alter bile acid homeostasis by repressing CYP7A1 Obetacholic acid, Fibrates, All-trans 

retinoic acid*, FGF19*)

MDR3/ABCB4 Inducers enhances phosphatidyl choline synthesis and excretion Fenofibrate, Benzafibrate

BSEP and MRP2 Increase bile acid excretion and bile flow UDCA and FXR agonists

ASBT Inhibitors of bile acid uptake in ileum increases bile acid fecal and 
urinary exception

A4250*; LLuM001*

AE2 Stimulates Cholangiocyte HC03
− excretion norURSO*

Potential Targets: (Suggested by basic mechanistic studies of the pathogenesis of cholestasis)

NTCP/SLC10A1 block hepatic bile acid uptake Myrcludex B & others in development*

OSTα/β (SLC51A/B) block enterohepatic bile acid circulation and decreases bile acid pool 
size

??

Endoplasmic reticulum Reducers of ER stress and reactive oxygen species UDCA

Mitochondria Stabilize ATPases & MMP Cyclosporins, others?

Cytokine Receptors Repress inflammatory response CVC

*
Undergoing clinical trials. See (111) for more details.
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