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Abstract
Several studies have characterized the cellular and 
molecular mechanisms of hepatocyte injury caused 
by the retention of hydrophobic bile acids (BAs) in 
cholestatic diseases. BAs may disrupt cell membranes 
through their detergent action on lipid components 
and can promote the generation of reactive oxygen 
species that, in turn, oxidatively modify lipids, 
proteins, and nucleic acids, and eventually cause 
hepatocyte necrosis and apoptosis. Several pathways 
are involved in triggering hepatocyte apoptosis. 
Toxic BAs can activate hepatocyte death receptors 
directly and induce oxidative damage, thereby causing 
mitochondrial dysfunction, and induce endoplasmic 
reticulum stress. When these compounds are taken 
up and accumulate inside biliary cells, they can also 
cause apoptosis. Regarding extrahepatic tissues, the 
accumulation of BAs in the systemic circulation may 
contribute to endothelial injury in the kidney and lungs. 
In gastrointestinal cells, BAs may behave as cancer 
promoters through an indirect mechanism involving 

oxidative stress and DNA damage, as well as acting 
as selection agents for apoptosis-resistant cells. The 
accumulation of BAs may have also deleterious effects 
on placental and fetal cells. However, other BAs, such 
as ursodeoxycholic acid, have been shown to modulate 
BA-induced injury in hepatocytes. The major beneficial 
effects of treatment with ursodeoxycholic acid are 
protection against cytotoxicity due to more toxic BAs; 
the stimulation of hepatobiliary secretion; antioxidant 
activity, due in part to an enhancement in glutathione 
levels; and the inhibition of liver cell apoptosis. Other 
natural BAs or their derivatives, such as cholyl-N-
methylglycine or cholylsarcosine, have also aroused 
pharmacological interest owing to their protective 
properties.
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INTRODUCTION
Bile acids (BAs) are the major organic solutes in bile, 
and are involved in several important functions in 
the liver and the intestine. However, the retention of  
hydrophobic BAs in pathophysiological conditions, such 
as cholestatic diseases, is believed to play an important 
role in liver injury by inducing apoptosis or necrosis of  
hepatocytes[1]. Primary BAs are directly synthesized from 
cholesterol by hepatocytes, by the addition of  hydroxyl 
groups and the oxidation of  its side chain to form a 
more water soluble end product. The hydroxylation 
is always on one side of  the molecule resulting in 
an amphipathic molecule. In humans, the most 
abundant BA species are the primary BAs cholic acid 
(CA) and chenodeoxycholic acid (CDCA) (Figure 1),  
and the secondary BAs deoxycholic acid (DCA) and 
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lithocholic acid (LCA) (Figure 1), generated in the 
intestine by bacterial biotransformation of  CA and 
CDCA, respectively. Small amounts of  other secondary 
BAs such as ursodeoxycholic acid (UDCA; Figure 1), 
currently used in the treatment of  cholestatic liver 
diseases, are also present in the human BA pool[2,3].

BA hydrophobicity is an important determinant 
of  the toxicity and protection of  BAs, two biological 
properties of  these compounds which will be reviewed 
in this manuscript. BA hydrophobicity depends on the 
number, position and orientation of  the hydroxyl groups, 
as well as amidation at the C-24 position. Regarding 
the magnitude of  hydrophobicity of  BAs the order 
would be UDCA < CA < CDCA < DCA < LCA[4]. 
Before being secreted into bile, most BA molecules 
are conjugated with glycine or taurine (Figure 1)  
within hepatocytes to more hydrophilic amidated 
forms. Under normal conditions, the amount of  BAs 
undergoing further biotransformations to dianionic 

glucuronidated or sulfated derivatives is negligible, 
although these may become important in cholestasis[5].

BILE-ACID-INDUCED HEPATOCYTE 
INJURY
The retention and accumulation of  hydrophobic BAs, 
such as CDCA and DCA, inside hepatocytes during 
cholestasis have long been implicated as a major cause 
of  liver damage in this disease[1]. Experimentally, 
hydrophobic BAs are known to induce injury to isolated 
hepatocytes[6], cultured hepatocytes[7], and whole 
liver[8], but the mechanisms involved in this toxicity are 
not fully understood. In animal models[9] and human 
cholestatic disorders[10], hepatocyte swelling and the 
intracellular accumulation of  bile pigments have been 
reported to occur. Moreover, swelling, pleomorphism 
and abnormal cristae have also been reported in 
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mitochondria from cholestatic hepatocytes[11]. This 
injury to parenchymal cells, which occurs early on in the 
course of  cholestasis, can be responsible for many of  
the subsequent inflammatory and fibrinogenic responses 
of  non-parenchymal cells. Thus, altered hepatocytes may 
release molecules, including growth factors, cytokines, 
chemokines and lipid peroxide products, able to amplify 
the inflammatory response, stimulate fibrogenesis by 
hepatic stellate cells, or directly injure other nearby 
cells[12].

Several mechanisms may account for the cytotoxicity 
associated with the most hydrophobic BAs in cholestatic 
liver diseases[1]. BAs could disrupt cell membranes 
through their detergent action on lipid components[13] 
and promote the generation of  reactive oxygen species 
(ROS) that, in turn, oxidatively modify lipids, proteins, 
and nucleic acids, and eventually cause hepatocyte 
apoptosis[14]. Additionally, they can activate Kupffer cells 
to generate ROS, which may further contribute to the 
liver cell insult[15].

BILE-ACID-INDUCED OXIDATIVE STRESS 
Several studies have suggested that oxidative stress may 
play an important role in the pathogenesis of  hepatic 
injury during cholestasis in rats[16] and humans[17]. Thus, 
the antioxidant α-tocopherol is able to reduce both 
hydrophobic BA-induced ROS generation and injury to 
hepatocytes in vitro[18] and in vivo[8]. Hepatic mitochondria 
have been proposed as a major source of  the oxidative 
stress induced by these BAs. In this respect, it has been 
demonstrated that hepatic mitochondria undergo lipid 
peroxidation during experimental cholestasis and BA 
toxicity in rats[8,16]. Hydrophobic BAs impair respiration 
and electron transport in hepatic mitochondria. These 
compounds decrease the activities of  several enzyme 
complexes involved in the electron transport chain, 
such as complexes Ⅰ, Ⅲ and Ⅳ, whereas complex 
Ⅱ is not affected in isolated rat liver mitochondria[19]. 
Moreover, toxic BAs decrease the mitochondrial 
membrane potential  developed upon succinate 
energization[20]. These compounds decrease state three 
and enhance state four respiration in mitochondria[20]. 
The decrease in state three respiration is probably 
related to an inhibitory action of  these compounds 
on the phosphorylation system, although by means 
of  a mechanism that has yet to be defined. The 
reported stimulation of  state four by hydrophobic 
BAs is associated with an enhanced permeability of  
mitochondria to protons[20]. The observed uncoupling 
may be the consequence of  several interactions of  
these compounds with the structure of  mitochondria. 
These BAs induced membrane permeability to protons, 
either by acting as protonophores or by disruption of  
the structural organization of  membrane components. 
Hydrophobic BAs can stimulate the generation of  ROS 
in rat hepatic mitochondria and hepatocytes[18,21] as 
well as in human hepatic mitochondria[22]. Intracellular 
ROS generation by mitochondria appears to be an 
early event in hydrophobic BA-induced hepatocyte 

toxicity[21]. As occurs in cholestatic rats, this can lead 
to a depletion of  antioxidant defences, including total 
hepatic and mitochondrial glutathione contents, and 
the concentrations of  substances involved in electron 
transport, such as ubiquinone-9 and ubiquinone-10[23].

Hydrophobic BAs can induce the mitochondrial 
per meabi l i ty  transi t ion (MPT) [22,24,25],  a  cr i t ica l 
intracellular event that triggers both the apoptotic and 
necrotic forms of  cell death in hepatocytes[26]. MPT 
involves a rapid increase in the permeability of  the 
mitochondrial membrane to low-molecular-weight 
solutes, caused by the opening of  a channel composed 
of  the adenine nucleotide translocator of  the inner 
membrane, the voltage-dependent anion channel of  the 
outer membrane, and mitochondrial cyclophilin D[26]. 
Induction of  MPT is associated with mitochondrial 
swelling, collapse of  the mitochondrial membrane 
potential, reduced oxidative phosphorylation, rupture 
of  the outer mitochondrial membrane, cytochrome c 
release, and generation of  ROS[26]. Hydrophobic BA-
induced MPT has been associated with mitochondrial 
ROS generation in rat hepatocytes[27] and in isolated 
mitochondria[14]. An elevation of  the cytosolic free 
calcium concentration induced by hydrophobic BAs[28] 
may also be an important permissive factor that allows 
oxidant stress to open the permeability pore.

BILE-ACID-INDUCED CELL DEATH 
PATHWAYS 
BA accumulation within the hepatocyte can result in cell 
injury and death through two mechanisms; lower BA 
concentrations induce hepatocellular apoptosis[25,29-31], 
whereas higher concentrations induce necrosis[7,21]. Both 
types of  cell death seem to play a role in cholestatic liver 
injury, although the contribution of  each is controversial. 
The role of  apoptosis in cholestatic injury has been 
demonstrated[32]. However, in certain models of  BA 
toxicity in the mouse, it has been reported that hepatocyte 
necrosis is the predominant form of  cell death[33].

Interestingly, at the level of  apoptosis induction, 
cytotoxicity of  BAs does not always correlate with 
their hydrophobicity, which is not the case in necrosis. 
Apoptosis induction is indeed dependent on the BA, its 
concentration, or its conjugation state[29].

Necrosis
In rat hepatocytes, cellular necrosis is characterized 
by cell swelling and disruption of  the intracellular and 
plasma membranes. BA-induced lethal hepatocellular 
injury has been attributed to direct membrane damage 
due to the detergent-like properties of  hydrophobic 
BAs[13], as well as to depletion of  ATP, ion dysregulation, 
mitochondrial and cellular swelling, plasma membrane 
failure, and cell lysis, releasing intracellular contents[6]. 
In the liver of  humans with cholestatic disorders, the 
histological features of  hepatocyte necrosis, such as 
massive swelling of  hepatocytes containing accumulated 
bile and elevated serum hepatocellular aminotransferase 
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enzymes, have been observed[10]. Antioxidants have 
been shown to prevent hepatocellular necrosis and 
reduce oxidant stress in isolated hepatocytes exposed 
to hydrophobic BAs[18,21] and to inhibit the dissipation 
of  mitochondrial membrane potential[14]. Thus, it has 
been proposed that MPT induction by ROS generated in 
hepatocyte mitochondria[27] is a critical event promoting 
BA-induced hepatocyte necrosis. In contrast to BA-
induced apoptosis, only high concentrations of  BAs are 
able to induce hepatocyte necrosis[7,21]. The generation 
of  ROS can result from a direct detergent effect of  BAs 
on membrane enzymes, such as phospholipase A2, which 
upon activation release arachidonic acid. Mitochondrial 
damage due to BAs can arise from several causes, 
including the endogenous generation of  arachidonic 
acid[34].

Apoptosis
The impairment of  apoptosis in hepatocytes and 
bile duct epithelial cells has been implicated in the 
pathogenesis of  many liver diseases[32]. It is well known 
that hydrophobic BAs can induce apoptosis by activating 
the death receptor or extrinsic pathway[35,36], and 
through the mitochondrial or intrinsic pathway[25,27,30] 

(Figure 2). More recently, it has been demonstrated 
that hydrophobic BAs can also induce apoptosis in 
hepatocytes by causing endoplasmic reticulum (ER) 
stress (Figure 2). In contrast to BA-induced cell necrosis, 
apoptosis is characterized by the maintenance of  cellular 
ATP content[29].

Extrinsic pathway of  apoptosis: BA-associated 
hepatocyte apoptosis has been shown to occur through the 
death receptors Fas[35] and TRAIL-R2. In contrast, BAs do 
not appear to enhance tumor necrosis factor (TNF)-α/
TNF-R1 cytotoxicity[36]. Toxic BAs cause cell death, partly 
due to the activation of  a protease cascade. The proximal 
signaling protease caspase 8 appears to be activated by 
toxic BAs in a Fas-receptor-dependent manner. After 
caspase 8 activation, cathepsin B activity also increases. 
Inhibition of  either protease attenuates apoptosis  
in vitro, suggesting that they both play a critical role in BA-
induced apoptosis[35]. Moreover, toxic BAs can induce Fas 
aggregation on the plasma membrane via a Fas-ligand-
independent mechanism[37]. These compounds appear to 
promote Fas activation by altering the cellular trafficking 
of  this death receptor. The shuttling of  Fas and the 
resulting apoptosis can be inhibited by Golgi-disrupting 
agents and microtubule poisons. By inference, a Golgi-
associated and microtubule-dependent pathway appears 
to be involved in the trafficking of  Fas to the cell surface 
during BA cytotoxicity[38].

Oxidative stress has been implicated in the 
stimulation of  Fas translocation induced by BAs. It 
has been demonstrated that BA-induced oxidative 
stress may trigger the activation of  c-Jun-N-terminal 
kinases (JNKs) and protein kinase C (PKC). These are 
responsible for activating the epidermal growth factor 
receptor (EGFR), which associates with Fas in a JNK-
dependent manner. The resulting phosphorylation of  
Fas induces its mobilization to the plasma membrane[39]. 
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Figure 2  Intracellular mechanisms of bile acid-induced hepatocyte apoptosis. In this schema, further transduction after activation of death receptors and forma-
tion of the DISC, direct mitochondrial toxicity and ER stress are implicated.
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The increased density of  Fas on the cell surface also 
sensitizes hepatocytes to cell death induced by Fas 
agonists[38]. Thus, toxic BAs also promote Fas-ligand-
dependent hepatocyte apoptosis.

After death receptor activation and death-inducing 
signaling complex (DISC) formation, caspase 8 is 
activated and the pro-apoptotic protein Bid is cleaved 
and translocated to the mitochondria, which results 
in opening of  the MPT pore, and the release of  
cytochrome c and other proapoptotic intermembrane 
space small molecules. Cytosolic cytochrome c leads 
to the binding of  apoptosis activating factor-1 (APAF 
1) with procaspase 9, resulting in the activation of  
caspase 9. A caspase cascade in then initiated and, 
finally, activation of  the effector caspases, which leads to 
irreversible hepatocyte death[40].

The death receptor TRAIL-R2 has been also suggested 
to be involved in the apoptosis induced by BA. Enhanced 
expression and oligomerization of  this death receptor has 
been described in glycochenodeoxycholic acid (GCDCA)-
induced apoptosis in Fas-deficient cell lines[36].

Intrinsic pathway of  apoptosis: BAs are able also 
to induce apoptosis through the mitochondrial or 
intrinsic pathway, in which intracellular stress causes 
mitochondrial dysfunction and the subsequent release 
of  proapoptotic factors[25,27,30]. As mentioned above, 
BAs can directly induce the generation of  ROS by 
mitochondria [18,21] and mitochondrial membrane 
potential depolarization[27,30,31] in rat hepatocytes. MPT 
induction in apoptosis induced by several BAs has 
also been demonstrated[24,25]. Antioxidants prevented 
GCDCA-induced apoptosis in rat hepatocytes through 
a mechanism involving the MPT[25]. It has also been 
demonstrated that DCA-triggered apoptosis, involved 
in decreased mitochondrial membrane potential and 
alterations in Bax subcellular distribution, exhibits 
increased mitochondrial-associated Bax protein levels[31]. 
These results suggest that BA-induced MPT is the initial 
event, and the initial cytochrome c release stimulates 
Bax translocation to the mitochondria, accomplishing 
further cytochrome c release[31]. In vivo studies show that 
3 d after bile-duct-ligation, Bax expression is increased 
but then decreases over time. Bax translocation to the 
mitochondria and cytochrome c release are also found in 
these conditions[41].

Mitochondrial dysfunction can also occur in death-
receptor-mediated apoptosis, especially the so called 
“type Ⅱ cells”, such as hepatocytes. Mitochondrial 
cytochrome c release is (Fas-associated death domain) 
FADD/caspase 8-dependent during the death receptor-
mediated apoptosis of  type Ⅱ cells[42].

ER stress-induced apoptosis: More recently, it has 
been demonstrated that hydrophobic BAs can also 
induce apoptosis in hepatocytes through another 
intracellular pathway of  cell death involving ER stress. 
Thus, GCDCA induces ER stress which, in turn, 
induces apoptotic signalling in a time-dependent manner 
in isolated rat hepatocytes. This BA caused Ca2+ release 

from ER, which in turn induced extracellular Ca2+ influx 
followed by the activation of  calpain and caspase-12. 
In this study it is suggested that ER stress induced by 
GCDCA may trigger the activation of  both ER mediated 
apoptosis and mitochondria-mediated apoptosis in 
isolated rat hepatocytes by cross-talk between ER and 
mitochondria using calcium ions as signal substances[43,44]. 
Recent studies have suggested that ER stress might be 
involved in hepatocyte cell death caused by cholestasis 
or BAs[45,46]. It has been demonstrated that cholestasis 
induces ER stress mediated by CHOP, a key component 
in ER stress mediated apoptosis, and triggers hepatocyte 
cell death. Moreover, CHOP deficiency attenuates this 
cell death and subsequent liver fibrosis. The results 
demonstrate an essential role of  CHOP in development 
of  liver fibrosis due to cholestatic liver damage[46].

BILE-ACID-INDUCED DAMAGE IN THE 
PLASMA MEMBRANE
In hepatocytes, high concentrations of  BAs can cause 
damage to the basolateral membrane, cell organelle 
membranes, and because they are more concentrated 
in bile, these compounds might be particularly harmful 
to the outside layer of  the canalicular membrane. 
Hydrophobic BA-induced structural and functional 
injury of  hepatocyte membranes plays an important 
role in the pathogenesis of  cholestatic liver diseases in 
humans[47]. Conjugated-BAs are more hydrophilic and 
not usually cytotoxic until their concentrations approach 
their critical micellar concentration[48]. The effect of  
BAs on cell membranes is induced by binding to the 
membrane components[49]. The authors carried out 
experiments using large unilamellar vesicles and showed 
that at very low BA concentrations, BA/lipid aggregates 
are formed in the outer membrane monolayer, with 
a size and BA-binding strength that depended on the 
species of  BA and lipids involved. As BA concentrations 
increased, binding to membranes also rose until a 
certain threshold was reached and the BA-membrane 
interaction then resulted in the formation of  transient 
membrane holes[49], which caused the disruption of  
plasma membrane integrity and subsequently lysis 
of  hepatocytes[1]. The efficiency of  BAs to solubilise 
membrane lipids, such as phospholipids, cholesterol 
or fatty acids, is generally enhanced with increasing 
BA hydrophobicity[1,13]. CDCA and DCA have critical 
micellar concentrations lower than that of  CA; therefore 
at any given concentration they are more cytotoxic[48]. In 
the hepatocyte, when the concentration of  hydrophobic 
BAs exceeds the binding capacity of  the cytosolic 
proteins, these compounds possibly damage organelle 
membranes, especially in the case of  mitochondria, 
which leads to mitochondrial damage and ultimately to 
apoptosis or necrosis[48].

The amount of  BAs present in bile as monomers 
depends  on  the i r  deg ree  of  assoc ia t ion  wi th 
phospholipids and cholesterol to form mixed micelles. 
Such mixed micelles are formed at concentration 
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values well below cytotoxic levels, which accounts for 
the lack of  BA-induced injury in the biliary system 
and small intestine under physiological circumstances. 
In Mdr2-knockout mice and patients lacking the 
canalicular phosphatidylcholine transporter MDR3 
(Mdr2 in rodents), phospholipid secretion is markedly 
impaired, leading to an increase in the concentration 
of  monomeric BAs, which causes damage to biliary 
epithelial cells[48].

BILE-ACID-INDUCED INJURY IN OTHER 
CELL TYPES
Biliary cells
In addition to the cytoprotective role of  biliary 
phospholipids against the detergent activity of  BAs, 
other mechanisms prevent cell damage, necrosis and 
apoptosis in the biliary epithelium even through this is 
exposed to high concentrations of  these compounds. 
In immortalized mouse cholangiocytes it has been 
demonstrated that hydrophobic BAs cause apoptosis 
when they are taken up and accumulate inside the 
cell. This is, in part, inhibited by the activity of  Mrp3, 
an export pump able to reduce intracellular BA 
concentrations[50]. However, when the accumulation 
of  hydrophobic BAs occurs in chronic or subchronic 
cholestasis, this triggers cholangiocyte proliferation[51]. 
This stimulation capacity has been observed both in 
normal cholangiocytes and in cholangiocarcinoma 
cells[52,53]. Hydrophobic BA-induced cholangiocellular 
proliferation occurs by transactivation of  EGFR[37,54], 
which stimulates a phosphatidylinositol 3-kinase-
dependent pathway[55].

Gastrointestinal cells 
In humans, an increased incidence of  cancer of  the 
laryngopharyngeal tract, esophagus, stomach, pancreas, 
small intestine and colon is associated with high levels 
of  hydrophobic BAs[34]. DCA has been proposed to 
be a cancer promoter in these organs[56]. These BAs 
cause DNA damage in several human colon cancer 
cell lines[57,58], probably through an indirect mechanism 
involving the induction of  oxidative stress and the 
production of  ROS. Repeated DNA damage is likely 
to increase the mutation rate in several genes, including 
those coding for tumour suppressor factors and 
oncogenes. Moreover, hydrophobic BAs may behave as 
selection agents for apoptosis-resistant cells. The sub-
population of  cells with a reduced apoptosis capability 
may be selected to survive and proliferate versus the 
more fragile normal cells. Indeed, long-term exposure 
of  a human colonic epithelial cell line to sublethal 
concentrations of  DCA has been reported to result in 
the selection of  a population of  cells partially resistant 
to DCA-induced apoptosis[59].

Kidney and lung cells
Regarding extrahepatic tissues, BA accumulation in 
the systemic circulation may contribute to endothelial 

injury in the kidney and lungs[60]. Hydrophobic BAs 
cause oxidative damage to tubular cell membranes by 
stimulating the generation of  ROS from mitochondria, 
as well as promoting their release from neutrophils 
and macrophages. Oxidative stress can promote the 
formation of  a variety of  vasoactive mediators including 
endothelin-1, cysteinyl leukotrienes, F2-isoprostanes 
and endogenous products of  lipid peroxidation. These 
mediators can affect renal function directly by causing 
renal vasoconstriction or by decreasing the coefficient 
of  glomerular capillary ultrafiltration, and thus reducing 
the glomerular filtration rate. Collectively, these factors 
contribute to the onset of  renal failure in patients with 
biliary obstruction[61]. Disturbances in the biochemical 
functions of  the kidney glomeruli and tubules have been 
reported in patients with intrahepatic cholestasis during 
pregnancy[62].

BAs may reach the lung accidentally by aspiration of  
gastrointestinal contents or by direct uptake from blood. 
Bile aspiration produces a severe chemical pneumonitis 
in a porcine lung model[63] and intratracheally injected 
BAs have been shown to produce severe pulmonary 
edema in rabbits[64]. When intratracheal instillation of  
taurocholic acid (TCA, Figure 1) in rabbits was studied, 
microscopic evidence of  widespread atelectasis, the 
pooling of  eosinophilic substances in the intra-alveolar 
spaces, and the formation of  hyaline membranes were 
found. The authors speculated that surfactant activity 
might be inhibited by BAs[65].

Placental and fetal cells
The accumulation of  BAs may also have deleterious 
effects on the fetal-placental unit. The excretion 
of  BAs produced by the fetus is performed by the 
placenta and the maternal liver, therefore impairment 
in biliary excretion may lead to the accumulation of  
BAs, in particular in the fetal liver-placenta-maternal 
liver trio[66]. An interesting issue that has recently been 
addressed is how this accumulation of  BAs can affect 
fetal and placental tissues. In cholestatic pregnant rats, 
hydrophobic BA accumulation induces impairment 
of  the placental antioxidant system and oxidative 
damage. These alterations are accompanied by enhanced 
activation of  the mitochondrial pathway of  apoptosis[67]. 
Moreover, the accumulation of  hydrophobic BAs in the 
fetal compartment also causes marked oxidative damage 
and apoptosis in the fetal liver[68]. This is evidenced by 
enhanced lipid peroxidation and protein carbonylation, 
a pro-apoptotic imbalance in the Bax-α/Bcl-2 ratio, 
caspase-3 act ivat ion, and DNA fragmentat ion. 
Different sensitivities to BAs have been reported in 
fetal and maternal hepatocytes in short-term primary 
culture[69]. Although the basal production of  ROS by 
fetal hepatocytes has been found to be higher than 
by maternal hepatocytes, ROS production is higher 
in maternal hepatocytes in response to exposure to 
relatively high concentrations of  GCDCA[69].

BA accumulation can cause other complications 
in extrahepatic fetal tissues. TCA (Figure 1) impairs 
neonatal rat cardiomyocyte function by altering calcium 
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dynamics and impairing the function of  gap junctions 
in these cells, resulting in dysrhythmia. This has 
been proposed as a mechanism for intrauterine fetal 
death in obstetric cholestasis[70]. Recently, it has been 
reported that BAs can induce lung injury in newborn 
infants because these compounds are detectable in the 
bronchoalveolar lavage fluid of  newborns from mothers 
with intrahepatic cholestasis during pregnancy affected 
by respiratory distress syndrome. Elevated serum BA 
levels in these infants can reach the lung after uptake 
from the circulation. These findings support the concept 
of  a role of  BA in the etiopathogenesis of  some types 
of  pneumonia[71].

BILE-ACID-INDUCED CELL PROTECTION
UDCA: protective effects and mechanisms of action
UDCA (Figure 1) and its taurine-conjugated derivative, 
tauroursodeoxycholic acid (TUDCA) are hydrophilic 
BAs that have become highly popular owing to their 
low toxicity and efficiency in the treatment of  several 
cholestatic liver diseases, such as cholelithiasis, primary 
biliary cirrhosis, primary sclerosing cholangitis, cystic 
fibrosis and intrahepatic cholestasis of  pregnancy[2,3]. 
These BAs may be also useful to protect organs other 
than the liver, such as the brain[72] or placenta[67,73-75].

UDCA is a major primary BA in some species of  
bears[76]. In fact, for centuries dried bear bile has been 
used in traditional Chinese medicine as a remedy for 
liver disorders[76]. In humans, UDCA is considered 
as a minor secondary BA because it is formed by 
7β-epimerization of  CDCA in the gut by intestinal 
bacteria. The abundance of  UDCA in the total BA pool 
is less than 3%[77]. Despite its clinical efficacy, the precise 
mechanism by which UDCA improves liver function 
during cholestasis is still under study. It is considered 
that the choleretic effect of  UDCA, together with its 
ability to cause a marked shift in the composition of  
the BA pool towards hydrophilicity, accounts for the 
beneficial properties of  UDCA in the treatment of  liver 
disorders[2,78]. Moreover, it has recently become evident 
that UDCA and TUDCA are capable of  exerting direct 
protective effects at the cellular and molecular level, 
including the stabilization of  hepatocyte membranes, the 
enhancement of  defences against oxidative stress and 
the inhibition of  apoptosis induced by several agents[2]. 
Other proposed mechanisms of  action for UDCA, 
such as the immunomodulation and stimulation of  bile 
secretion by hepatocytes and bile duct epithelial cells, 
may also contribute to the cytoprotective effects of  
this hydrophilic BA[78]. Nevertheless, the predominant 
mechanism of  action of  UDCA may vary, depending on 
the pathophysiology of  the underlying liver disease.

Protection against oxidative stress: UDCA has 
shown to play an important role in the prevention of  
the oxidative injury induced by several agents, either 
through a direct antioxidant effect or an increase in 
antioxidant defences. The enhancement of  glutathione 
levels, which has been demonstrated using isolated rat 

hepatocytes[79] and rats with bile-duct-ligation-induced 
secondary biliary cirrhosis[80], can be included among 
the beneficial effects of  UDCA treatment, and may be 
due to a higher expression of  the enzymes involved in 
glutathione synthesis. In this sense, an enhancement 
of  γ-glutamylcysteine synthetase at the transcriptional 
level has been found in isolated rat hepatocytes treated 
with UDCA, which allows these cells to be more 
resistant to cadmium- or hydrogen-peroxide-induced 
oxidative injury[79]. UDCA treatment of  chronic bile-
duct-ligated rats also leads to an up-regulation of  
γ-glutamylcysteine synthetase and prevents the marked 
increase in the production of  mitochondrial peroxide 
and of  hydroxynonenal-protein adducts observed 
during chronic cholestasis[80]. The activity of  methionine 
S-adenosyltransferase, another enzyme involved in 
glutathione (GSH) biosynthesis, has also been found to 
be increased by UDCA in rat livers[81].

Pre-treatment of  hepatocytes with UDCA also 
increases the amount of  thiol-containing proteins such 
as metallothioneins, which efficiently scavenge hydroxyl 
radicals (OH•), the most highly reactive ROS[79]. In 
human hepatoblastoma HepG2 cells, UDCA has been 
shown to be able to activate the metallothionein IIA 
promoter[82].

During rat development, there is an excessive 
mitochondrial response to pro-oxidant stimuli, together 
with less well developed antioxidant protection 
mechanisms. This may account for the particularly high 
sensitivity of  the foetal liver to lipid peroxidation[83]. In 
rats, obstructive cholestasis during pregnancy (OCP) 
increases the degree of  lipid peroxidation and protein 
carbonylation in placenta[67] and in foetal liver[68]. 
Treatment of  rats with UDCA during pregnancy 
prevents oxidative injury in the placenta[67] and foetal 
liver[68]. The drop in the activities of  the enzymes 
involved in the mechanisms of  resistance against 
oxidative stress, such as catalase, glutathione peroxidase 
and glutathione-S-transferase[67],  increases GSH 
content and the GSH/glutathione disulfide ratio. The 
impairment in liver structure and function in 4-wk-old 
pups born from rats with OCP is also partially prevented 
if  the mothers are treated with UDCA[75].

Hydrophobic BAs stimulate Kupffer cells, increasing 
their capacity to generate ROS, which in turn attack 
nucleic acids, thiol proteins or membrane lipids, causing 
lipid peroxidation. UDCA can block hydrophobic-BA-
induced cellular phenomena, therefore, it could also 
antagonise macrophage activation by hydrophobic BAs 
to blunt their capacity to generate ROS[15].

UDCA has direct antioxidant properties, which are 
evident at therapeutically relevant drug concentrations 
and are especially relevant against Fe3+- and OH•-induced 
oxidative damage[84]. The OH•-scavenging efficiency of  
UDCA appears remarkable, considering that its rate 
constant for reactions with this radical species is about 
10-fold higher than that of  the typical pharmacological 
scavenger (mannitol) and of  the physiological scavengers 
glucose and histidine[84]. Thus, together with the high 
therapeutic concentrations of  UDCA reached in 
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human bile, the drug could readily act as an effective 
OH• scavenger, especially in the biliary milieu[84]. It is 
therefore possible that UDCA could act not only as a 
site-specific OH• scavenger, but also as an antioxidant 
against iron (IV)-induced oxidative damage.

Inhibition of  apoptosis: UDCA and TUDCA have 
been shown to prevent in vitro apoptosis induced by 
several agents in both hepatic and non-hepatic cells[27]. 
In rats with OCP, UDCA also prevents apoptosis 
in the placenta[67] and fetal liver[68]. In patients with 
primary biliary cirrhosis treated with UDCA, this drug 
shows a potential effect in reducing nuclear DNA 
fragmentation in biliary epithelial cells[85]. It has been 
suggested that UDCA could function as a therapeutic 
agent in the treatment of  neurodegenerative disorders 
associated with increased levels of  apoptosis[72]. Indeed, 
UDCA is neuroprotective in pharmacological and 
transgenic animal models of  Huntington’s disease[86]; 
it inhibits unconjugated bilirubin-induced apoptosis in 
both glial and neuronal rat cells in culture[87], improves 
graft survival in Parkinsonian rats[86], and protects 
against neurological injury after acute ischemic and 
hemorrhagic stroke[86]. The ability of  UDCA to prevent 
apoptosis induced by a wide variety of  compounds, 
such as hydrophobic BAs, ethanol, transforming 
growth factor beta 1 (TGFβ1), Fas ligand, and okadaic 
acid, suggests a mechanism that is common to each 
of  the different apoptotic pathways[27]. A possible 
explanation for this ubiquitous antiapoptotic effect of  
UDCA seems to involve a blockage of  mitochondrial 
dysfunction, mitochondria having a role as integrators 
of  apoptosis signall ing pathways[24,30].  UDCA is 
involved in both short- and long-term mechanisms in 
the prevention of  the MPT responsible for hepatocyte 
cell death[24,30]. UDCA is able to reduce BA-induced 
disruption of  the mitochondrial membrane potential, 
ROS production, and Bax protein abundance in 
mitochondria[30]. UDCA treatment also prevents the 
marked decrease in cardiolipin levels, which modulate 
apoptotic processes by inhibit ing the MPT of  
damaged and primarily apoptotic hepatocytes during 
biliary cirrhosis induced by chronic cholestasis in 
rats[88]. Additionally, UDCA prevents the release of  
cytochrome c from mitochondria to the cytoplasm 
after mitochondrial injury and the subsequent cytosolic 
caspase activation and cleavage of  the nuclear enzyme 
poly(ADP-ribose) polymerase[31].

Nevertheless, the mechanisms by which UDCA 
prevents cell death involve molecular targets other than 
mitochondria, such as the ER. In an ER stress model in 
the liver-derived cell line Huh7, it has been shown that 
stress in this organelle activates caspase-12 and triggers 
apoptosis without the involvement of  mitochondria[89]. 
TUDCA is able to abolish the typical morphological 
changes of  ER stress preceding apoptosis, including 
activation of  caspase-3 and -7, DNA fragmentation, and 
cleavage of  poly(ADP-ribose) polymerase. TUDCA also 
blocks one of  the calcium-mediated apoptotic pathways 
by a reduction in calcium efflux and the inhibition of  

caspase-12 activation[89].
Apoptosis can be inhibited, not only by blocking 

pro-apoptotic pathways, but also by promoting survival 
signals, including the cAMP, Akt, nuclear factor kappaB 
(NF-kB), mitogen-activated protein kinases (MAPK), 
and phosphatidylinositol 3-kinase (PI3K) signalling 
pathways[90,91]. The antiapoptotic effect of  TUDCA 
against hydrophobic BA-induced apoptosis in rat 
hepatocytes is independent of  caspase-8 inhibition, 
but results from the activation of  the p38 MAPK, 
extracellular signal regulated-kinase (ERK) MAPK, 
and PI3K survival pathways[91]. UDCA stimulates 
the activation of  the intracellular MAPK pathway 
through the activation of  the epidermal growth factor 
receptor (EGFR)[90]. TGFβ1-induced hepatocyte 
apoptosis is associated with the activation of  E2F 
transcription factors and p53 stabilization through 
its inhibitor Mdm-2. UDCA interferes in the E2F-1 
transcriptional activation of  apoptosis, thus modulating 
p53 stabilization, NF-kB activation, and the expression 
of  Bcl-2 family members[92], through a mechanism 
that appears to involve nuclear glucocorticoid and 
mineralocorticoid receptors[93].

Stimulation of  bile f low and detoxification of  
cholephilic compounds: The impairment of  bile 
formation in cholestasis results in the accumulation of  
potentially toxic BAs and other biliary constituents in 
the liver, which can result in necrosis, apoptosis, fibrosis, 
and ultimately liver cirrhosis[94]. UDCA stimulates the 
biliary excretion of  BAs and other cholephilic organic 
anions, even in situations of  impaired bile secretion, 
such as primary biliary cirrhosis and primary sclerosing 
cholangitis, two disorders in which the effects of  UDCA 
have mostly been studied[3]. In patients with these 
diseases, UDCA treatment decreases the serum levels of  
bilirubin and the accumulation of  hydrophobic BAs[95], 
probably due to stimulation of  the expression of  the 
export pumps involved in the detoxification process of  
cholephilic organic compounds by hepatocytes[96], which 
are down-regulated in cholestatic liver diseases[94,96].

Transient latent cholestasis in young rats born 
from mothers with OCP has been reported[97]. UDCA 
treatment of  rats with OCP has long-term beneficial 
effects on their offspring by partially preventing the 
congenital impairment in hepatobiliary function of  the 
pups that affects their biliary lipid secretion[75]. UDCA 
also has a beneficial effect on BA transport mechanisms 
in placentas from patients with intrahepatic cholestasis 
of  pregnancy[73] and rats with OCP[74]. UDCA partially 
prevents OCP-induced impairment in the placenta-
maternal liver tandem excretory pathway, by preserving 
trophoblast structure and function[74].

In rodents fed for several  weeks with diets 
supplemented with CA, CDCA and LCA, a down-
regulation of  the expression of  xenobiotic-metabolizing 
enzymes, such as hepatic glutathione S-transferase in 
mice[98] and intestinal UDP-glucuronyltransferase in 
rats[99], has been found. The prevention by UDCA of  
the decrease in the activity of  phase-Ⅱ-metabolizing 
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enzymes by hydrophobic BAs helps to maintain 
detoxification processes of  cholephilic compounds[98,99].

The secretory capacity of  hepatocytes is mainly 
determined by the number and activity of  carrier 
proteins in the apical membrane. In mouse liver, UDCA 
stimulates the gene expression of  both the canalicular 
bile salt export pump (Bsep) and the canalicular 
multidrug resistance associated protein 2 (Mrp2)[100]. 
UDCA also stimulates the alternative basolateral ATP-
binding cassette proteins Mrp3[101] and Mrp4[102], which 
represent a compensatory overflow system under 
cholestatic conditions when the function of  canalicular 
export pumps is impaired. UDCA also stimulates murine 
renal (Mrp2 and Mrp4) and intestinal (Mrp2 and Mrp3) 
efflux transport proteins, resulting in an increased 
overall elimination capacity for potentially toxic biliary 
compounds[101,102].

Besides the long-term effects of  UDCA on the 
regulation of  gene transcription, post-transcriptional 
events such as increased targeting of  transport 
proteins to the canalicular membrane via stimulation 
of  vesicular exocytosis, can be accounted for by the 
increased expression of  hepatobiliary transporters under 
treatment with UDCA or its conjugated derivatives[78]. 
Calcium-[103], protein kinase C (PKC)-[104] and MAPK-
dependent mechanisms[105] mediate the enhancement 
of  the secretory capacity of  cholestatic hepatocytes 
by TUDCA. Indeed, TUDCA favors the insertion of  
rat Mrp2 into apical membranes via PKC-dependent 
mechanisms[104]. Furthermore, p38 MAPK signalling 
pathways are involved in the enhanced insertion of  both 
rat Bsep[105] and human BSEP[106] into the canalicular 
membrane of  hepatocytes by TUDCA. Since the 
Golgi apparatus may serve as a BSEP pool and since 
p38 MAPK regulates BSEP trafficking from the Golgi 
apparatus to the plasma membrane, the activation of  
p38 MAPK by TUDCA can recruit Golgi-associated 
BSEP and insert it into the canalicular membrane[106].

Besides the up-regulation of  synthesis, apical 
targeting and insertion, direct activation of  key 
canalicular transporters through modification of  
their phosphorylation status may contribute to the 
anticholestatic action of  UDCA. This has been shown 
for mouse Bsep, whose transport capacity is increased by 
TUDCA via PKCα-mediated phosphorylation[107].

Protection of  cholangiocytes against toxic effects 
of  hydrophobic BAs: The enrichment of  bile with 
UDCA contributes to the prevention of  toxic effects of  
more hydrophobic BAs, because this compound renders 
bile more hydrophilic, modifying the structure and 
composition of  mixed phospholipid-rich micelles[108]. In 
addition, UDCA and its conjugates exert a direct effect 
on membranes by stabilizing their structure. This effect 
appears to be due to the incorporation of  UDCA into 
the non-polar domain of  the lipid bilayer and of  its 
conjugates, into the interface[109].

An experimental model in which the in vivo effects 
of  UDCA on the protection of  cholangiocytes have 
been studied is the Mdr2-knockout mouse. These 

animals lack the ability to secrete phospholipids into 
bile and develop a chronic cholangitis resembling 
human chronic cholestatic liver disease[110]. The feeding 
of  mice with UDCA or TUDCA decreases the degree 
of  cholangiocellular injury, portal inflammation, and 
ductular proliferation[110]. 24-norursodeoxycholic 
acid seems be superior to UDCA in the treatment 
of  cholangitis in Mdr2-knockout mice[111]. Similar 
beneficial effects of  UDCA have been found in bile-
duct-ligated rats[112]. Likewise, in patients with primary 
cholestatic liver diseases under treatment with UDCA, 
the inflammatory reaction around bile ducts has been 
reported to be less severe[113].

In addition to stabilizing cell membranes, other 
molecular mechanisms responsible for the protective 
effects of  UDCA on cholangiocytes have been described 
recently. BAs are taken up by cholangiocytes mainly via 
the apical sodium-dependent BA transporter (ASBT). 
The accumulation of  BAs in chronic cholestasis triggers 
cholangiocyte proliferation and secretion through a 
PI3K-dependent pathway[55]. UDCA and TUDCA 
reduce ASBT expression in cholangiocytes isolated from 
bile-duct-ligated rats, and they inhibit cellular growth 
and secretion[114] through Ca2+- and PKCα-dependent 
mechanisms[115]. TUDCA also inhibits the growth of  
the cholangiocarcinoma cell line Mz-ChA-1 through a 
signal-transduction pathway involving MAPK p42/44 
and PKCα, which suggests that this compound may be a 
candidate for the treatment of  cholangiocarcinoma[116].

Immunomodulation: The immunomodulatory 
mechanism of  action of  UDCA accounts for the 
beneficial properties of  treatment with this BA against 
several autoimmune liver diseases, such as primary 
biliary cirrhosis and chronic viral hepatitis. Among the  
in vitro experimental evidence of  the immunomodulatory 
activity of  UDCA reported is its ability to decrease 
the secretion of  interleukins 2 and 4, TNF-α and 
interferon-γ from activated T lymphocytes, and 
immunoglobulin production from B lymphocytes[117]. 
The suppression of  cytokine and immunoglobulin 
production and T-cell-mediated cytotoxicity in mice 
by the treatment not only with UDCA[118] but also 
with CDCA[119] has been observed. In patients with 
primary biliary cirrhosis, the administration of  UDCA 
down-regulates the expression of  abnormal major 
histocompatibility complex (MHC) class Ⅰ molecules 
in periportal hepatocytes, whereas the expression of  
abnormal MHC class Ⅱ molecules in bile-duct epithelial 
cells does not change[120]. However, UDCA suppresses 
the interferon-γ-mediated induction of  MHC class Ⅱ 
gene expression via the glucocorticoid-receptor-mediated 
pathway[121].

Protective effects of other bile acids
Other natural BA molecules or their derivatives have 
also aroused pharmacological interest owing to their 
protective properties. Besides the efficiency of  CDCA in 
cholesterol cholecystolithiasis[122] and cerebrotendinous 
xanthomatosis[48,123], BA replacement therapy with a 
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mixture of  this BA together with CA is used in the 
treatment of  inborn errors of  BA biosynthesis involving 
the A ring[48]. This treatment suppresses the synthesis 
of  cytotoxic BA precursors and restores the input 
of  primary BAs into the enterohepatic circulation[48]. 
Cholyl-N-methylglycine or cholylsarcosine (Figure 1) is 
a synthetic BA analog that has been shown to prevent 
the severe fat malabsorption seen in patients with short-
bowel syndrome due to a BA deficiency, which leads 
to impaired micellar solubilization in the proximal 
intestine[124].

CONCLUSION
Rapid advances in the understanding of  the cellular 
and molecular pathophysiology of  BAs have led to a 
better knowledge of  hepatocyte injury caused by the 
retention of  hydrophobic BAs in cholestatic diseases. 
These BAs can damage cell membranes and promote the 
generation of  ROS, and eventually cause necrosis and 
apoptosis. Hydrophobic BAs can also trigger hepatocyte 
apoptosis by the activation of  death receptors, through 
the mitochondrial pathways, and by the induction of  
ER stress. The accumulation of  hydrophobic BAs in the 
systemic circulation may have also deleterious effects on 
extrahepatic tissues such as kidney, lung, placenta, and 
foetal cells.

UDCA is a hydrophilic BA useful for the treatment 
of  cholestatic liver diseases by its ability to modulate 
hydrophobic-BA-induced injury in hepatocytes. 
Underlying mechanisms of  their beneficial effects are 
only now being clarified, and include protection against 
cytotoxicity due to more toxic BAs, stimulation of  
bile secretion, immunomodulation, protection against 
oxidative stress, and the inhibition of  apoptosis. Other 
natural BAs or their derivatives, such as CA, CDCA 
and cholylsarcosine, have also aroused pharmacological 
interest owing to their protective properties in several 
diseases.
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