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Abstract: Clinical disorders that impair bile flow result in retention of bile acids and cholestatic liver injury, 
characterized by parenchymal cell death, bile duct proliferation, liver inflammation and fibrosis. However, the 
pathogenic role of bile acids in the development of cholestatic liver injury remains incompletely understood. 
In this review, we summarize the current understanding of this process focusing on the experimental and 
clinical evidence for direct effects of bile acids on each major cellular component of the liver: hepatocytes, 
cholangiocytes, stellate cells and immune cells. During cholestasis bile acids accumulated in the liver, causing 
oxidative stress and mitochondrial injury in hepatocytes. The stressed hepatocytes respond by releasing 
inflammatory cytokines through activation of specific signaling pathways and transcription factors. The 
recruited neutrophils and other immune cells then cause parenchymal cell death. In addition, bile acids also 
stimulate the proliferation of cholangiocytes and stellate cells that are responsible for bile duct proliferation 
and liver fibrosis. This review explores the evidence for bile acid involvement in these phenomena. The role 
of bile acid receptors, TGR5, FXR and the sphingosine-1-phosphate receptor 2 and the inflammasome are 
also examined. We hope that better understanding of these pathologic effects will facilitate new strategies for 
treating cholestatic liver injury.
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Introduction

Bile acids are metabolites of cholesterol and are the major 
constituents of bile. Primary bile acids are made in the 
liver and are mostly conjugated with glycine or taurine 
in humans and rodents, whereas secondary bile acids 
are formed by gut microbes (1). Thus, the bile acid pool 
consists of multiple species of bile acids which differ in 
the position and configuration of hydroxyl groups on their 
sterol rings, and side chain conjugates. Although all these 
species are considered amphipathic molecules, some are 
more hydrophobic than others, a physiochemical property 
that accounts for their functional differences (2). A primary 
function of bile acids is digestive. After a meal, bile is 

secreted into the gut where bile acids emulsify dietary 
lipids and facilitate their intestinal absorption. Enteric bile 
acids can also repress the growth of microbes and so are 
a component of innate immunity (3,4). In the ileum, bile 
acids are reabsorbed by enterocytes and return to the liver 
via the portal circulation. The intestinal and hepatic uptake 
of conjugated bile acids are mediated by specific membrane 
transporters that function to retain the majority of the bile 
acid within the enterohepatic system, with only ~5% daily 
loss in the stool. In contrast, unconjugated bile acids can 
diffuse across cell membranes in their protonated form (5). 

In addition, bile acids are also signaling molecules. 
They regulate gene expression either by directly activating 
transcription factors via specific nuclear receptors (e.g., 
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FXR/NR1H4, PXR/NR1I2, and VDR/NR1I1) or through 
signal transduction pathways by binding to membrane 
receptors, e.g., TGR5, and the sphingosine-1-phosphate 
receptor (S1PR2) (6-8). The bile acid pool size is highly 
regulated and the ability to maintain bile acid homeostasis is 
critical for health (9). In contrast, many diseases have been 
associated with dysregulation in bile acid homeostasis (10).  

In this review, we will focus on the effects of bile acids on 
specific cells in the liver that cause this dysregulation in 
cholestatic liver injury (Table 1).

Cholestasis is a syndrome caused by multiple disorders 
that share in common the impairment of bile formation 
that then results in the accumulation of bile acids in the 
liver and systemic circulation. Cholestasis can be caused by 

Table 1 Proposed mechanisms of bile acid (BA) induced liver injury

Cell type Gene: mechanistic actions Identification/verification systems References

Hepatocytes NTCP (SLC10A1): Na+-driven BA entry into cells, deficiency or 
inhibition results in hypercholemia without cholestatic injury

Human and rodent cell cultures, 
animal models, and human 
subjects

(11-13)

BSEP (ABCB11): ATP-dependent BA excretion against 
concentration gradient, deficiency leads to parenchymal cell 
death

Animal models and human 
subjects

(14,15)

FXR (NR1H4): BA nuclear receptor, activation may reduce 
NFκB mediated hepatic inflammation

Human and rodent cell cultures, 
animal models

(16-18)

EGR1: a transcription factor stimulates the expression of 
inflammatory genes, KO in mice reduces cholestatic liver injury 

Mouse cell cultures, BDL mouse 
model

(19,20)

TLR9: cell signaling responds to mitochondrial damage and 
ER-stress, triggers inflammatory response by stimulating 
chemokine expression

Mouse cell cultures, BDL mouse 
model

(13,21)

NFAT: cell signaling responds to Ca2+ dys-regulation, triggers 
inflammatory response by stimulating the expression of 
inflammatory genes

Mouse and human cell cultures, 
cholestatic mouse models, 
patients with PBC or PSC

(22)

Acute bile duct obstruction causes bile lumen rupture, bile leak 
and results in cytolytic toxic injury

Animal models and human 
subjects

(23)

RIPKs and MLKL: mediated via TNFa, activated by DAMPs 
release from necrotic and necroptotic cell death

Animal models and human 
subjects

(24,25)

Cholangiocytes OSTα-OSTβ: efflux of intracellular BA to blood, protect bile 
duct from BA overload, deficiency in humans developed bile 
duct injury and fibrosis

Human subjects. (26,27)

TGR5: BA membrane receptor, activation of cAMP signaling, 
leading to cell proliferation, deficiency aggravate cholestatic 
injury

Animal models and patients with 
PBC or PSC

(28,29)

S1PR2: activated by TCA, release of exosomal H19 to mediate 
inflammation, stimulates bile duct proliferation

Cell cultures, animal models, and 
patients with PBC or PSC

(30-32)

Stellate cells TGR5: BA membrane receptor, activation leads to cell 
proliferation

Rat stellate cell cultures and 
human LX-2 cells

(33,34)

Kupffer cells TGR5: BA membrane receptor, activation represses LPS 
stimulated cytokine expression; inflammasomes: exacerbates 
cholestatic liver injury but bile acids do not directly activate the 
inflammasome

Mouse cell cultures, BDL mouse 
model, patient with PBC or PSC

(35,36)

NKT cells FXR: activation represses the production of osteopontin, a 
proinflammatory mediator

Mouse cell cultures, and mouse 
hepatitis model

(37)
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genetic and developmental defects (such as biliary atresia), 
as well as acquired diseases including the effects of drugs, 
viral hepatitis, alcoholic liver disease, primary biliary 
cholangitis (PBC), primary sclerosing cholangitis (PSC), 
metabolic syndrome, and biliary blockage by gallstones 
or tumors (38-40). However, regardless of the etiology, 
elevated levels of bile acids in the blood and liver are a 
common characteristic of all forms of cholestasis. When 
bile acids accumulate in the liver, they cause oxidative stress 
and mitochondrial damage that results in the release of 
proinflammatory cytokines which triggers an inflammatory 
response. Recruited neutrophils and other immune cells 
then injure the hepatic parenchymal cells, leading to liver 
fibrosis, cirrhosis and eventually liver failure. Despite this 
sequence of pathological events, the mechanistic details as 
to the role that bile acids play in this injury remain elusive 
and still somewhat controversial which has limited the 
development of effective therapies. Here we review recent 
advances in our understanding of the role that bile acids 
play in cholestatic liver injury.

Cholestatic levels of bile acids injure hepatocytes

Liver parenchymal cells (hepatocytes) compose 90% of 
the tissue mass. They are the primary determinant of bile 
formation and the initial driver of bile flow (5). Hepatocytes 
synthesize bile acids from cholesterol and take up bile acids 
from blood and excrete them into the bile duct lumen (41). 
In humans, the major bile acids in the liver are glycine 
or taurine conjugated cholic acid and chenodeoxycholic 
acid. The more toxic unconjugated secondary bile acids, 
deoxycholic acid and lithocholic acid are formed in the 
intestine by bacterial dehydroxylases and are mostly excreted 
in the stool and do not rise to cholestatic levels in the blood. 
Thus hepatic uptake of bile acids from portal blood, are 
mainly conjugated and, are carried out by the high affinity 
sodium-dependent taurocholate cotransporting polypeptide 
(NTCP/SLC10A1, Km=5 μM for taurocholic acid), located 
on the basolateral sinusoidal membrane (42). Members of 
organic anion transporting polypeptides (OATPs/SLCOs) 
can also facilitate the entry of unconjugated bile acids. 
Because NTCP has a high affinity for conjugated bile acids 
and also because sodium concentrations in the blood are 
about 20 times higher than inside of the cell, NTCP can 
effectively transport bile acids from blood, maintaining 
low serum bile acid concentrations (≤10 μM) under normal 
physiologic conditions (43). Once in the hepatocytes, bile 
acids diffuse rapidly to the canalicular membrane where 

they are excreted into the bile duct lumen against a large 
concentration gradient by the bile salt export pump (BSEP/
ABCB11). This is an energy-dependent process that 
requires the hydrolysis of ATP (44). Although estimates of 
hepatic bile acid concentrations are few, studies by Setchell 
et al. estimated that liver tissue concentrations of sham-
operated rats were 21.3 nmol/g, which represented 2–4% 
of the bile acid pool; with cholic acid and D22-β-muricholic 
acids as the major bile acids identified. Concentrations of 
bile acids in bile duct ligated rats increased 7–8 fold and 
consisted mainly of chenodeoxycholic and cholic acids (45). 
It is estimated that the bile acid concentration gradient 
between bile and blood is ~1,000-fold. It is known that bile 
acids concentration in the bile duct lumen range from 10–
200 mM depending on species. Because of their importance 
in hepatic bile acid transport, impairment of NTCP 
and BSEP are critically involved in the development of 
cholestatic liver injury. When NTCP is genetically absent in 
humans and mice, bile acids rise dramatically in serum and 
enter the hepatocyte only through facilitated transporters, 
including the OATPs and the Organic Solute Transporter 
alpha and beta, OSTα-OSTβ (SLC51A/SLC51B). In this 
case, bile acids are not effectively enriched in hepatocytes, 
even though their concentration in the blood reaches 
cholestatic levels as high as 1,500 μM yet there is no 
evidence of liver injury (11,12). These findings illustrate 
that bile acids must enter and accumulate in the cell for 
cholestatic hepatic injury to occur. In contrast, when BSEP 
is genetically deficient, bile acids accumulate in the cell 
since they can’t be excreted and hepatic injury occurs (14,15). 
Thus, it is clear that the induction of cholestatic liver injury 
starts from accumulation of bile acids in hepatocytes. How 
does this occur?

It was first proposed that bile acids kill hepatocytes 
through their direct cytolytic/detergent effects in 
cholestasis (46). Bile acid-induced hepatocyte apoptosis 
had also been speculated as a mechanism of cholestatic 
liver injury (47). Despite these “classic” concepts, recent 
studies favor the hypothesis that cholestatic hepatic injury 
is due in large part to an inflammatory response (48,49). 
This is due in part because prior studies often used non-
pathophysiologic concentrations of bile acids or bile acids 
that were not appropriate for the species being studied. 
The current hypothesis was first proposed by Allen and 
colleagues (19), and is supported by evidence obtained 
from subsequent studies both in vitro and in vivo (13,50). 
First, at pathophysiological relevant concentrations, the 
major endogenous bile acids stimulated the expression 
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of proinflammatory chemokines in primary hepatocyte 
cultures, including cells from humans and mice. Blocking 
the entry of bile acids with competitive inhibitors of NTCP 
reduces the production of these chemokines, indicating 
that it is the intracellular bile acids that specifically induce 
this production and lead to the liver injury (13). Second, 
mitigating the inflammatory response, either by knocking 
out genes (e.g., Icam1, Egr1, Ccl2) or blocking the signaling 
pathways [e.g., administration of antibody against IL-
17A, or drug Cenicriviroc (a CCR2/CCR5 antagonist)] 
attenuates this response, and reduces hepatic injury in vivo 
in cholestatic rodent models (13,20,50-52).

The direct role of the bile acid nuclear receptor, FXR 
(NR1H4) in bile acid induction of inflammatory genes 
remains debatable. Qin et al. reported that activation of 
FXR in primary human hepatocytes and HepG2 cells using 
CDCA and GW4064 (a FXR agonist) increased ICAM-1 
mRNA expression by 3-fold (53), suggesting that FXR plays a 
positive role in hepatic inflammation. However, when mouse 
hepatocytes were treated with GW4064, the expression 
of chemokines was not changed, including Cxcl2 (13).  
In contrast, a few studies indicate that activation of FXR 
mitigates hepatic inflammation by inhibiting NFkB 
signaling pathway (16-18). This is further supported by 
an abstract presented at the 2020 EASL meeting that 
showed that a potent FXR agonist EDP-297 (ENANTA 
Pharmaceuticals) decreased plasma ALT and the expression 
of tumor necrosis factor (TNF) α as well as Ccl2, Cxcl1 in 
a dose dependent manner when administered for 5 days 
to 2-day bile duct ligated rats (EASL 2020 poster SAT-
042). Most importantly, several studies demonstrated 
that cholestatic liver injury was not significantly changed 
after BDL or cholic acid fed when comparing wild-type 
and FXR knockout mice (19,54,55), in which the hepatic 
neutrophil numbers and the expression of inflammatory 
genes were not significantly altered either. In contrast, the 
transcription factor Egr1 is involved because knockout of 
Egr1 significantly reduced bile acid induction of several 
inflammatory genes in mouse hepatocyte cultures, including 
Ccl2, Ccl20, Cxcl1, and Vcam-1 (19). Decreased liver injury 
was also found in Egr1 knockout mice after BDL (20).

Toll-like receptors may also be involved in the bile acid 
induced inflammatory response. However, Toll-like receptor 
(TLR) 4 which responds to lipopolysaccrides with release of 
IL-1β and other cytokines does not appear to be involved in 
cholestatic inflammation as C3H/HeJ mice, that contain an 
inactivating mutation in the TLR4 gene had plasma ALT 
activity and % areas of liver necrosis that were unaffected 

when subjected to bile duct ligation. Similarly, accumulation 
of neutrophils was also unaffected in these TLR4 mutant 
mice (49). However, TLR9 does seem to be involved (21). 
As mentioned previously, BA cause endoplasmic reticulum 
(ER) stress and mitochondrial damage in hepatocytes. 
These injured mitochondria release DNA that then 
activates the TLR9 signaling pathway that results in the up-
regulation of inflammatory cytokine expression including 
Cxcl2 and Cxcl10. In Tlr9 deficient mouse hepatocyte 
cultures, induction of these chemokines were deceased after 
taurocholic acid (TCA) treatment (13). Also inflammation 
was reduced in Tlr9 liver-specific knockout mice albeit not 
eliminated, indicating that signaling pathways independent 
of Tlr9 must also play a role in the pathogenesis (13). While 
it is clear that damaged mitochondrial DNA can activate 
TLR9 (56), how intracellular TLR9 is activated by DNA 
remains to be elucidated. 

Other studies (22) indicate that the transcription factor, 
Nuclear factor of activated T-cells (NFAT) also plays 
an important role in the induction of an inflammatory 
phenotype. NFAT is a family of transcription factors that 
consists of five members, i.e., NFATc1 through c4, and 
NFAT5. NFATc members are regulated by Ca2+ signaling 
(57,58). When activated, they translocate from cytosol 
to the nucleus to regulate gene expression. Their targets 
include cytokines. NFATc1 and NFATc3 are expressed in 
hepatocytes. Blocking their activation using inhibitors or 
knockdown of Nfatc3 in mouse hepatocytes greatly reduced 
bile acid induction of chemokine Ccl2, Cxcl1, Cxcl2 and 
Cxcl10. Since bile acids cause ER-stress and mitochondrial 
damage and both ER and mitochondria are the key players 
in Ca2+ signaling, it is very likely that dysregulated Ca2+ 
signaling activates NFAT in cholestatic hepatocytes and 
leads to the upregulation and synthesis of chemokines that 
are released into the systemic circulation. Altogether these 
studies provide a mechanistic framework for understanding 
how bile acids induce chemokines in hepatocytes. 
However, further studies are still needed to understand this 
phenomenon in greater detail.

Although it remains controversial if bile acids kill 
hepatocytes under cholestatic pathophysiologic conditions 
by their direct cytolytic effects, this may happen acutely 
after bile duct ligation (BDL) in mouse liver as recently 
described by Ghallab et al. (23). These authors used 
intravital two-photon microscopy to image live events in 
the liver by tracing the movement of fluorescent labeled 
bile acids and other cellular markers. During the first 3 days 
after BDL hepatic bile acid levels increased, resulting in loss 
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of the mitochondrial membrane potential, followed by the 
rupture of the apical canalicular membrane in focal areas 
of the parenchyma. Thereafter, bile regurgitated initially 
into single cells and then spread to adjacent cells, resulting 
in more extensive sinusoidal membrane leakage and 
hepatocyte death and the formation of bile infarcts. While 
this bile leakage occurred in the early stage of obstructive 
cholestasis, these events were not seen in the livers 21 days 
after BDL in mice, nor in another cholestatic model, the 
Mdr2−/− mice. Because focal areas of hepatocyte necrosis 
were still detected in these 21-day BDL mouse livers, 
alternative mechanisms for necrotic hepatocyte death must 
also exist such as described earlier.

Necroptosis is a form of regulated necrotic cell death 
(59,60). However, it differs from apoptosis as the latter 
does not cause an inflammatory response. In contrast, 
necroptotic cell death can trigger inflammation by releasing 
Damage Associated Molecular Patterns (DAMPs) into the 
extracellular space. This process is mediated through TNFα 
signaling pathways where phosphorylation of receptor-
interacting protein kinase (RIPK) 1, RIPK3 and mixed 
lineage kinase domain-like (MLKL) are the hallmarks. 
These hallmarks have been found in the livers of patients 
with PBC and BDL mice (24,25) and knockout of RIPK3 
in mice reduced cholestatic liver injury after 3-day BDL. 
However, the liver injury was not altered in these mice after 
14-day BDL, indicating that necroptosis is an early event in 
these BDL mice. To determine whether bile acids directly 
induce necroptotic cell death in hepatocytes, they treated 
primary hepatocytes from both wild-type and Ripk3−/− 
mice with 50 μM glycochenodeoxycholic acid (GCDCA). 
Of note, GCDCA is not a major bile acid in mouse so the 
results may not reflect the human condition. Although 
increased cell death was observed, no difference was found 
between the WT and Ripk3−/−, indicating that bile acids do 
not directly cause hepatic necroptosis. In support of this 
conclusion, Necrostatin-1 (a necroptosis inhibitor) did not 
reduce GCDCA-induced cell death in these cultures, and 
phosphorylation of Ripk3 and MLKL was not detected in 
these cells. We also did not see phosphorylation of these 
proteins when mouse hepatocyte cultures when treated with 
TCA (unpublished observation). Neither Necrostatin-1 nor 
Necrosulfonamide (another necroptosis inhibitor) blocked 
TCA induction of chemokines in our mouse hepatocyte 
cultures (13), consistent with the above findings.

Ferroptosis is a recently coined form of cell death that 
is defined by iron-dependence and accumulation of lipid 
peroxidation, resulting in plasma membrane rupture (61,62). 

This lethal process can be triggered by small molecules 
or conditions that inhibit glutathione biosynthesis or the 
glutathione-dependent antioxidant enzyme glutathione 
peroxidase 4 (GPX4). A second parallel protective pathway 
also exist, which involves the oxidoreductase FSP1/AIFM2 
by generating a potent lipophilic antioxidant to suppresses 
the propagation of lipid peroxides (63,64). Hepatic 
ferroptosis has been found in the liver of animal models of 
alcoholic liver disease (ALD), nonalcoholic steatohepatitis, 
acetaminophen induced hepatotoxicity, and viral hepatitis 
(65-68). However, it remains to be determined whether 
bile acids cause hepatocyte ferroptosis during cholestasis. 
However, given that bile acids injure hepatocytes by 
causing ER-stress and mitochondrial damage, it would be 
reasonable to speculate that ferroptotic hepatocyte death 
occurs in cholestatic livers. 

Bile acids induce cholangiocyte proliferation 
and inflammation

Cholangiocytes are the cells that form the bile duct 
epithelium which drains bile from hepatocytes and the 
gallbladder into the intestine. Cholangiocytes modify the 
bile by absorbing water and secreting bicarbonate via the 
anion exchange protein AE2 (5) driven by the chloride 
gradient via CFTR (5), and reabsorb bile acids via the 
apical sodium dependent bile acid transporter (ASBT) 
(69,70). Cholangiopathies are the direct pathologic cause 
of many cholestatic liver diseases, including biliary atresia, 
PBC and PSC (71-73). However, the role of bile acids in 
cholangiocyte injury in cholestasis remains debatable despite 
the presence of FXR, and bile acid transporters including 
ASBT and the heteromeric organic solute transporter 
alpha and beta (OSTα/OSTβ, SLC51A/SLC51B). While 
hepatocytes release inflammatory chemokines when exposed 
to cholestatic levels of bile acids, cholangiocytes do not do 
so under the same conditions (13). This difference is likely 
due to the relatively high expression of OSTα-OSTβ, at the 
basolateral membrane of cholangiocytes. OSTα-OSTβ is 
a facilitated bidirectional transporter system that functions 
to efflux intracellular bile acids when their concentration 
becomes higher than in blood. Thus, the intracellular level 
of bile acids in cholangiocytes may not reach levels that 
stress the cell as in cholestatic hepatocytes, despite both 
cells being exposed to millimolar levels of bile acids at their 
apical membranes. Several patients have been described 
with Ostα as well as OSTβ deficiencies that develop bile duct 
injury (26,27), supporting this hypothesis that OSTα-Ostβ 
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protects the cholangiocyte from bile acid induced injury.
The expression of the Takeda G protein-coupled 

receptor 5 (TGR5, Gpbr-1, M-BAR) in cholangiocytes 
is another major difference compared to the hepatocyte 
(74,75). TGR5 is a plasma membrane receptor that is 
expressed on cholangiocytes and many other cells but not 
hepatocytes. It is localized in cilia of the apical membrane 
as well as basolateral membrane of cholangiocytes. TGR5 
is characterized as a bile acid receptor because it can be 
activated by many bile acids, including conjugated and 
unconjugated forms of lithocholic acid (LCA), deoxycholic 
acid (DCA), chenodeoxycholic acid (CDCA) and cholic 
acid, with LCA being the most potent agonist (76,77). 
TGR5 expression is reduced in cholangiocytes from patients 
with PBC and PSC (28). Tgr5−/− mice are more susceptible 
to cholestatic liver injury with the bile duct epithelium 
showing increased cell damage and inflammation while 
cholangiocyte proliferation is attenuated (29). Together, 
these findings indicate that TGR5 also plays a protective 
role in cholangiocyte pathophysiology. 

Recent reports indicate that TCA stimulates the 
expression of the long noncoding RNA (lncRNA) H19 in 
mouse cholangiocyte cultures. Release of the exosomal H19 
from cholangiocytes promotes macrophage activation and 
hepatic inflammation that aggravates cholestatic liver injury 
in mouse, while elevated expression of H19 was also found 
in the liver of patients with PBC and PSC (30). This effect 
is mediated through the sphingosine 1-phosphate receptor 
2 (S1PR2), also expressed on the apical membrane of 
cholangiocytes and activated by bile acids (31,32). Of note, 
TCA activation of S1PR2 also stimulates cholangiocyte 
proliferation in cholestatic mice (31). Interestingly, only 
TCA, but not GCA or DCA, stimulates H19 expression in 
these mouse cholangiocyte cultures. As TCA is the major 
endogenous bile acid in mouse, this pathway may play a 
role in the pathology of cholestatic murine models. Since 
GCDCA and GCA are the major bile acids in humans, it 
remains to be determined whether this mechanism can be 
extrapolated to human cholestatic liver injury. 

Bile acids trigger stellate cell activation and 
proliferation

Liver fibrosis is mainly due to the activation and 
proliferation of hepatic stellate cells that produce excessive 
deposition of extracellular matrix components in response 
to the injury of liver parenchyma (78,79). In cholestasis, 
elevated levels of bile acid cause liver parenchymal injury. 

The injured cells release cytokines and DAMPs that can 
activate stellate cells, in addition to other signals from 
responding immune cells (80). However, the role of bile 
acids in stellate cell activation and proliferation has not been 
fully explored. Svegliati-Baroni et al. demonstrated that both 
conjugated and unconjugated bile acids at cholestatic levels 
(≥25 μM) stimulated the proliferation of rat hepatic stellate 
cells in culture, where the expression of collagen I and 
TGFβ was not altered (33). This proliferation is mediated 
via activation of epidermal growth factor receptor (EGFR) 
in a ligand-independent fashion where protein kinase C 
and extracellular signal-regulated kinase are involved. 
They also showed that bile acids did not enter these 
cells. However, the details of this signaling remain to be 
determined. Similarly, two recent reports indicate that bile 
acids (CA, CDCA, LCA and TCA) stimulated activation 
and proliferation of LX-2 cells, a human hepatic stellate 
cell line, where the expression of α-smooth muscle actin 
(SMA) and procollagen-1 are also increased (34). However 
mechanistic details for these regulatory pathways are also 
lacking. Hepatic stellate cells express TGR5 (28), yet it 
is not known if TGR5 plays the same role in cholestatic 
hepatic stellate cell activation and proliferation as it does 
for cholangiocyte proliferation. If so, it will be interesting 
to know whether this signaling pathway cross-talks with the 
EGFR pathway mentioned above. Most importantly, in vivo 
animal studies are needed to verify the role of these signal 
pathways in cholestatic liver fibrosis. 

Role of immune cells and inflammasomes in 
cholestatic liver injury- the interaction of bile 
acids and innate immunity

It is well known that bile acids play a major role in the 
regulation of the immune system in the intestine and that 
these interactions predominately involve the bile acid 
receptors TGR5 and FXR. These interactions are well 
described in a recent review (3). However, much less is 
known about bile acid interactions with immune cells 
within the liver although resident macrophages express 
both TGR5 and FXR. Immune cells do play a very 
important role in cholestatic liver injury by responding to 
cytokines and DAMPs released from liver parenchymal 
cells (48,49,80,81). Although hepatocytes are protected 
from injury in cholestatic rodent models by various 
maneuvers that mitigate this inflammatory response, 
there is no evidence that bile acids at pathophysiologic 
concentrations directly activate immune cells. This is likely 
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because immune cells lack bile acid transporters for entry 
to these cells while unconjugated bile acids that can diffuse 
across cell membranes are very low in concentration (43). 
However, Kupffer cells do express TGR5 and activation of 
this receptor by bile acids may play a yet to be defined role 
in reducing cholestatic liver injury. Keitel et al. localized 
TGR5 to the plasma membrane of isolated Kupffer cells 
and noted that bile acids inhibited cytokine expression 
but only if pretreated with LPS (35). Further, TGR5-
immunoreactivity increased in Kupffer cells in rat liver 
after BDL (34). Similar findings are described for bile 
acid effects on human macrophages (36). Further studies 
from this group recently performed a pathway analysis 
of TLCA’s effect on human macrophage phenotype that 
revealed that TLCA suppressed the expression of genes that 
mediated pro-inflammatory effects, including phagocytosis, 
interactions with pathogens and autophagy, in addition 
to the recruitment of immune cells, such as NK cells, 
neutrophils and T cells (82). FXR is also expressed in 
liver NKT cells and when activated in-vivo inhibits their 
ability to produce osteopontin, a potent pro-inflammatory 
mediator, in an acute liver injury model induced by 
concanavalin A (37). These studies emphasize that FXR 
and TGR5 activation by bile acids may be a protective 
mechanism. However the role of Kupffer cells in cholestatic 
liver injury remains controversial and in need of further 
study before it can be concluded whether Kupffer cells are 
responsible for promotion or protection of liver damage and 

if depletion of Kupffer cells can be a therapeutic approach 
or only lead to exacerbation of the liver injury (81). 

The inflammasome is a cytosolic protein complex that 
senses intracellular danger stimuli, e.g., endogenous and 
exogenous pathogen-associated or danger-associated 
molecular patterns (PAMPs and DAMPs). When it is 
activated, a nod-like receptor (e.g., NLRP3) activates 
caspase-1 by cleaving pro-caspase-1 protein. Activated 
caspase-1 then is able to cleave pro-IL-1β and pro-IL-18, 
which releases these cytokines from the cell thereby 
amplifying the inflammatory response. Proteins that 
comprise the inflammasome are prominently expressed in 
macrophages or Kupffer cells but are less abundant in liver 
parenchymal cells (83). NLRP3 is the most prominent 
family member and is expressed in rodent and human 
liver and can be activated by both FXR and TGR5, where 
it plays a role in the inflammatory response in alcohol 
and metabolic liver disease (84). Recent studies have also 
examined the role of the inflammasome and bile acids in 
cholestatic liver diseases (85). Inflammasome genes NLRP1, 
NLPR3, caspase-1, and IL-1β (mRNA and or protein) were 
found to be increased in cholestatic patients with PBC or 
PSC and cholestatic mouse livers after BDL. Yet bile acids 
did not activate the inflammasome in mouse hepatocytes 
or macrophages. Furthermore, deficiency of caspase-1 
in mice promoted an increase of the M2 macrophage’s 
anti-inflammatory phenotype in the liver after BDL, 
thus presumably partially converting a proinflammatory 
phenotype to an anti-inflammatory state. Therefore, in the 
liver, the inflammasome exacerbates cholestatic liver injury 
but bile acids do not directly activate the inflammasome (85).

Conclusions 

Decades of research have provided insights into the role 
of bile acids in cholestatic liver injury. It is clear that 
different cells in the liver respond differently to bile acids 
due either to accumulation in the cell (hepatocytes) or 
through activation of bile acid membrane receptors on 
cholangiocytes, stellate cells, Kupffer cells, although many 
of the details are still not understood. As illustrated in 
Figure 1, during cholestasis bile acids cause hepatocyte 
stress and release of inflammatory signals and can even 
cause direct toxic damage in the acute phase of bile duct 
obstruction, while they also stimulate the proliferation of 
cholangiocyte and stellate cells that are responsible for bile 
duct proliferation and liver fibrosis respectively. Although 
responding immune cells attack the injured parenchyma, 

Figure 1 A schematic view of hepatic cells responding to bile acids 
in cholestatic liver.
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bile acid activation of TGR5 in these cells may also mitigate 
this response and attenuate liver injury. These issues 
and whether bile acids could have direct effects on other 
immune cells remains to be studied.
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