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he first bile acid, cholic acid,

was discovered in 1848 from
ox gallbladder, and the bile acid
structure solved by Otto Wieland was
recognized with the 1927 Nobel Prize
in Chemistry." Primary bile acids are
synthesized in the liver from choles-
terol and conjugated to taurine or
glycine for biliary secretion. Bile acid
synthesis is catalyzed by approxi-
mately 17 enzymes via the classic or
alternative pathways. The classic bile
acid synthesis pathway is initiated by
cholesterol 7a-hydroxylase (CYP7A1),
followed by sterol 12a-hydroxylase
(CYP8B1). On the other hand, the
alternative pathway initiates with ste-
rol 27-hydroxylase (CYP27A1), fol-
lowed by oxysterol 7a-hydroxylase
(CYP7B1). Upon secretion into the gut,
microbiota deconjugate the taurine or
glycine conjugated bile acids via the
activity of 7a-dehydroxylase, thus
generating secondary bile acids."® The
positioning of the hydroxyl groups on
the 24-carbon steroid core renders the
bile acid either hydrophilic or hydro-
phobic."® Bile acids with a high hy-
drophobic index, such as lithocholic
acid, deoxycholic acid, and cheno-
deoxycholic acid, are toxic and cause
liver injury. In contrast, hydrophilic
bile acid, such as ursodeoxycholic acid,
stimulates biliary excretion of toxic
bile acids and is protective against
oxidative stress and cell death."™*

In addition to being essential for fat
digestion and absorption, bile acids
also are multifaceted signaling mole-
cules that can activate the following:
(9] calcium/calmodulin-dependent
protein kinase (Ca2+/CaM-PK); (2)

cyclic adenosine monophosphate/pro-
tein kinase A (PKA); (3) Protein Kinase
C (PKC); (4) nuclear receptors, such as
Farnesoid X receptor (FXR) and
vitamin D receptor; or (5) G-pro-
tein-coupled  receptors, including
Takeda G-protein-coupled receptor 5,
sphingosine-1-phosphate receptor 2,
and muscarinic receptors to regulate
many cellular processes.”® In this
article, we cite examples of the harmful
effects triggered by pathogenic activa-
tion of these signaling pathways
(Figure 1).

Many liver diseases result in
cholestasis, which is defined as the
accumulation of bile acids within the
liver. The etiology of cholestasis ranges
from genetic disorders, hormonal im-
balances, immune-mediated destruc-
tion of bile ducts, drug-induced or
virus-based injuries, and biliary
obstruction, such as can be caused by
gallstones or tumors.”* Biliary atresia
destroys the biliary tree in neonates,’
while progressive familial intrahepatic
cholestasis is the result of genetic de-
fects in the bile acid transporter (bile
salt export pump), the bile acid re-
ceptor FXR, phospholipid transporters
(multidrug resistance protein 3), tight
junction protein 2, or Myosin 5B.” In
contrast, autoimmune destruction of
bile ducts occurs in primary biliary
cholangitis, whereas inflammation and
fibrosis in bile ducts result in primary
sclerosing cholangitis. Finally, intra-
hepatic cholestasis of pregnancy in-
volves hormonal, environmental, and
genetic factors. Chronic cholestasis
causes accumulation of bile acids in
hepatocytes and the biliary system,
with possible extracellular extravasa-
tion, which can lead to hepatic fibrosis,
cirrhosis, hepatocellular carcinoma,
and, ultimately, liver failure. Indeed, it
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is becoming increasingly evident that
increased levels of cytotoxic hydro-
phobic bile acids are a driving factor
for hepatocyte injury and cell death.

Bile acid-mediated cellular injury is
not limited to hepatocytes. Increased
serum bile acids in pregnant patients
with cholestasis has been linked to
fetal cardiac dysfunctions.'® Similarly,
altered levels of free nonmicellar bile
acids resulting from altered biliary
phospholipid secretion, such as can
occur with ABCB4 mutation, has been
linked to cholangiocyte injury in pa-
tients with progressive intrahepatic
cholestasis-3 and animal models of
progressive sclerosing cholangitis.''*?
Indeed, as a result of constant bile
exposure, cholangiocytes are uniquely
susceptible to bile acid-mediated
injury and this has been proposed as
a potential injury mechanism in pri-
mary biliary cholangitis and extrahe-
patic biliary atresia, in combination
with exposure to environmental
agents.”'14

Bile acids induce inflammation by
cell-type-specific mechanisms within
the liver.'” For example, bile acids
induce the expression and release of
proinflammatory cytokines via early
growth response protein 1 or Toll-like
receptor 9 in hepatocytes. In contrast,
bile acids increase the expression and
secretion of osteopontin from chol-
angiocytes, which indirectly recruits
immune cells, thus playing a role in
their activation. Bile acids also activate
neutrophils to increase  proin-
flammatory cytokine interleukin 17
through T helper 17 cells, and they can
inhibit inflammation via effects on
natural Killer cells. Liver macrophages
produce both proinflammatory and
anti-inflammatory cytokines in
response to bile acid signaling via
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Figure 1. Different
mechanisms by which
bile acids can cause
cellular injury and death.
ER, endoplasmic reticu-
lum; Fas, Fas cell surface
death receptor; NK, natu-
ral killer; TRAIL-R, tumor
necrosis factor-related
apoptosis-inducing ligand
receptor.

Ca2+/CaM-PK"'® and vitamin D recep-
tor. For example, activation of vitamin
D receptor in liver macrophages ame-
liorates liver inflammation. Thus, bile
acids modulate inflammation within
the liver through multiple mechanisms.

High concentrations of hydropho-
bic bile acids can increase plasma
membrane fluidity and make them
leaky by solubilizing membrane lipid
components such as phospholipids
and/or cholesterol.'” Previous studies
with unilamellar vesicles have shown
that, when present at low concentra-
tions, bile acids and lipid aggregate in
the outer membrane monolayer,
whereas they cause the formation of
transient membrane holes when pre-
sent at high concentrations. Studies
with synthetic liposomes and isolated
plasma membranes have confirmed
that bile acids can disrupt plasma
membrane domains, and the hydro-
phobic index of the bile acid concen-
tration determines the extent of
membrane damage.

Increased extracellular levels of bile
acid can induce hepatocyte apoptosis
through the activation of cell surface
death receptors, including Fas cell
surface death receptor and tumor ne-
crosis factor-related apoptosis-
inducing ligand receptor. Bile acids
have been shown to up-regulate tumor
necrosis factor-related apoptosis-
inducing ligand receptor expression
and oligomerization, and initiate
ligand-dependent and independent
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activation of Fas. Mechanistically, cy-
clic adenosine monophosphate/PKA,
PKC, FXR, Takeda G-protein-coupled
receptor 5, and sphingosine-1-
phosphate receptor 2 signaling all

have been implicated in bile
acid-mediated apoptosis in
hepatocytes.

Cytotoxic bile acids can be incor-
porated into the mitochondrial mem-
brane, causing mitochondrial
dysfunction. Bile acid signaling via
Ca2+/CaM-PK also has been shown to
mediate  oxidative  stress-induced
mitochondrial defects in hepatocytes.®
Excess intracellular bile acids can
stimulate the generation of reactive
oxygen species (ROS) and trigger al-
terations in mitochondrial perme-
ability. This can lead to the collapse of
the mitochondrial membrane potential,
reduced adenosine triphosphate syn-
thesis, and further ROS generation,
thus activating a feed-forward injury
cycle that causes cytochrome c release
and, eventually, cell death.

Excess hydrophobic bile acids
within hepatocytes also can trigger the
release of calcium ions from the
endoplasmic reticulum (ER) and stim-
ulate ER stress. In addition, bile
acid-mediated release of ROS from
mitochondria can promote ER stress in
a positive feed-forward loop that is
initiated by concomitant mitochondrial
calcium release. Finally, FXR-
dependent and independent mecha-
nisms have been shown to inhibit
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autophagosomal-lysosomal  fusion."®
Thus, bile acids can induce hepato-
cyte ER stress and regulate their
clearance of cellular debris and recy-
cling efforts. However, it is interesting
to note that bile acid-mediated acti-
vation of the FXR nuclear hormone
receptor also has been shown to alle-
viate ER stress-induced hepatocyte
death,” and bile acid-mediated activa-
tion of the vitamin D receptor in liver
macrophages mitigates hepatic ER
stress and subsequent liver injury.’

In summary, both the concentration
and the composition of bile acids are
central to their biology. In this discus-
sion, we have presented evidence
showing that bile acids must be tightly
regulated to avoid detrimental cellular
effects, ranging from activation of
inflammation, to membrane disruption,
to multi-organelle stress. Because of
this, one may consider bile acids to be
intrinsically harmful molecules. How-
ever, given their fundamental role in
digestive physiology, when discussing
bile acids it may be best to paraphrase
Lanoree Brock (of Star Wars fame):
their (bile acid) force is neither light
nor dark, master nor slave, but a bal-
ance between extremes.
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