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Abstract

bile acid induced necroptosis.

Bile acids were confirmed as important signal molecule in a lot of physiological processes. Recent studies
have demonstrated their roles in regulating cell death pathway. New concept of programmed cell death includes
autophagy and necroptosis, two independent pathway of programmed cell death beside apoptosis. The molecular
pathway of bile acid induced apoptosis and autophagy were reported by recent studies. However, bile acid induced
necroptosis was only noticed by some clinical reports, the molecular pathway is waiting to be discovered. This review
aims to summarize the pathway of bile acid induced apoptosis and autophagy and analyze the possible pathway of
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Introduction

Necroptosis is a relatively new conception in cell death. Cell
death is one of the basic cell properties, as important as cell growth,
cell proliferation and cell differentiation. Programmed Cell Death
(PCD) is a critical procedure for the development and homeostasis of
multicellular organisms [1]. Three types of pathway involved in PCD
have been identified [2] from basic studies: (1) Apoptotic cell death is
defined by an ensemble of morphological features, including cellular
shrinkage, plasma membrane blebbing, chromatin condensation,
nuclear fragmentation, and the formation of apoptotic bodies [3]; (2)
Autophagic cell death is associated with the formation of autophagic
vacuoles inside the dying cell, following with autophagic protein
induced lysosomal rupture [4]; (3) Necrotic cell death was once
recognized as a passive procedure, characterized by cellular swelling,
plasma-membrane rupture and the subsequent loss of the intracellular
contents. Classical necrosis is passive chemical cell death after cellular
damage, that is to say, its progress is inevitable. However, new evidence
showed that necrosis could also be initiated and develops in a certain
pathway. This programmed cell necrosis procedure was termed
“necroptosis” by Degterev Alexei, et al. [5-7].

As a group of signal molecules in the body, bile acids act as
important inducer of cell death. Classical role of bile acids was
presented in the lipid digestion and absorption process. First evidence
of bile acids induced cell death was found from the study of cirrhosis.
Further study showed bile acids could activate cell death receptor
Fas and TRAIL-R2, and start caspase dependent apoptosis. After
autophagy was discovered, studies also discover the effect of bile acids
to autophagic pathway. Apoptosis and necrosis are two common forms
of cell death that play significant roles in developmental and steady
homeostasis. Because of the formation of apoptotic bodies, apoptosis
has small effect on systemic inflammation activation. Necrosis is
morphologically identified by the swelling of organelles, increasing cell
volume, disruption of the plasma membrane, and loss of intracellular
contents. Because of cell debris increase, it has significant inflammatory
effect and could induce Systemic Inflammatory Response Syndrome
(SIRS), which could lead to refractory Acute Respiratory Distress
Syndrome (ARDS) and Multiple Organ Failure (MOF) [8]. Since cell
necroptosis could also be initiated by death receptors and regulated by
intracellular signaling molecules [9], it will be interesting to study the
role of bile acid in inducing necroptosis.

With the progress in cell necroptosis study, a lot of studies showed

necroptosis plays an important role in severe pathological process,
such as inflammatory response syndrome (SIRS) and Multiple Organ
Failure (MOF). Bile acid induced pneumonia and Acute Respiratory
Distress Syndrome (ARDS) were found in clinical cases with unknown
pathological pathway. The connection between bile acids induced
necroptosis and SIRS could be the molecular mechanism of these
diseases.

Cell Death and Necroptosis

As a basic biological procedure of the cell metabolism, cell death
is not only the end of the cells’ lives, but also change the structure
and function of the organs. Cell death is regulatable as well as cell
growth, cell proliferation and differentiation. The classical pathway of
programmed cell death is caspase cascade, with or without involvement
of mitochondria [3,10]. In contrast to apoptosis, necrosis has been
commonly viewed as an accidental and unregulated event [9]. However,
increasing evidences indicated that necrosis can also be executed by
regulated mechanisms, which is termed as necroptosis. Necroptosis
is an alternative receptor-induced form of PCD that is regulated and
caspase-independent, with morphological resemblance. This type of
cell death is typically seen by the engagement of certain members of
the subset of ‘death receptors, the TNF superfamily and particularly
of the TNF receptor itself, in case of caspase pathway is blocked [11].
Necroptosis exhibits a unique signaling pathway that requires the
involvement of the receptor interaction protein kinase 1 and receptor
interaction protein kinase 3 (RIPK1 and RIPK3) and that can be
specifically inhibited by necrostatins. Necroptosis has been found to
contribute to the regulation of immune system, cancer development as
well as cellular responses to multiple stresses [12].

RIPK1 and RIPK3 could form a complex and start the signaling
pathways [13]. Phosphorylation of RIPK1 and RIPK3 is critical for
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assembly of the necrosome, an amyloid-like complex that initiates
transmission of the pro-necrotic signal. Moreover, they are central
players in TNF-induced programmed necrosis: the RIPK1 determines
whether cell goes survival or death, and RIPK3 determines the type of
cell death apoptosis or necroptosis [14].

Recent studies demonstrated that RIPK3 is critical in necroptosis
and RIPK3 knockdown leads to a notable inhibition of necroptosis
in HT-29 cells [15]. RIPK3 is also a molecular switch between dead
receptor signaling-induced apoptosis and necroptosis. Cells with a low
RIPK3 expression level are resistant to necroptosis, and transfection
of these cells with the RIPK3 gene initiates the necroptosis progress,
while the apoptotic pathway is blocked [16]. High level of RIPK3
expression cells will initiates necrosis pathway; low level of RIPK3
expression initiates apoptosis pathway [15]. The pseudokinase Mixed
Lineage Kinase domain Like protein (MLKL) is a component of the
“necrosome;” which triggers Tumor Necrosis Factor (TNF)-induced
cell death by necroptosis. It functions as a substrate of RIPK3 to
mediate downstream signaling of necroptosis [17]. However, the role
of MLKL in this process remains unclear. In addition, RIPK3 can also
induce apoptosis and directly promote pro-inflammatory cytokine
production [18]. Therefore it will be important to determine whether
non-necroptotic RIPK3 signal pathway influences RIPK3-dependent
pathologies.

Bile Acids and Cell Death

Bile acids are important physiological agents for intestinal nutrient
absorption and biliary secretions, toxic metabolites. Bile acids also are
signaling molecule and metabolic regulator through nuclear receptors
and G Protein-Coupled Receptor (GPCR), which could regulate
hepatic lipid, glucose, and energy homeostasis. Moreover, toxic bile
acids may cause inflammation, apoptosis, and cell death [19]. Studies
have shown that the accumulation of bile acids in the hepatocyte can
induce cytotoxicity through two mechanisms: apoptosis [20] and
necrosis [21]. Bile acids have the potential to induce cell death both
through nonspecific detergent effects and through receptor-mediated
effects. Enterohepatic circulation of bile acids plays a vital role in
nutrient absorption and distribution, and metabolic homeostasis.
These physiological processes are regulated by a complex membrane
transport system in the liver and intestine, which is regulated by nuclear
receptors [19] . Bile acids are considered regulatory molecules: they
can act as hormones that interact with nuclear receptors, triggering
membrane perturbations which could activate pathways involving
membrane-associated proteins [22].

Previous studies showed that, Bile acids induced cell death by
activating death receptors Fas and TRAIL-R2 [23]. Although Bile acids
can’t directly combine with the death receptors, they can release Fas
proteins stored in the Golgi apparatus and increasing the TRAIL-R2
transcription, thereby increasing the number of death receptors on
cell membrane and oligomerization of receptors, which is described
in Figure 1 [23]. Oligomerization of death receptors can activate the
formation of Death-Inducing Signal Complex (DISC), which induces
the transmission of downstream signaling molecules of PCD.

Interestingly, necroptosis and apoptosis both can be activated
by death receptors. However, with the combination of death signal
molecule and death receptor, only one way of cell death could be
activated, apoptosis or necrosis. Although death receptors could
initiate programmed cell death, they do not determine the intracellular
pathway. DISC has been found as a key compound in the transforming
of intracellular cell death pathway. Each component of DISC, caspase-8
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1) Bile acids promote both Fas and TRAIL-R2/DRS5 oligomerization by distinct
mechanisms. Bile acids enhance TRAIL-R2/DR5 mRNA transcription and
protein expression. In contrast, cellular Fas expression level is not altered by
bile acids; however, bile acids stimulate Golgi-associated and microtubule-
dependent Fas ftrafficking to the plasma membrane by JNK- and PKC-
dependent processes, resulting in an increased density of cell surface Fas.
The increased cell surface density of these death receptors likely promotes
death receptor oligomerization, initiating a DISC formation.

2) Toxic bile acids promote death receptor-mediated cell death signaling.
Toxic bile acids induce oligomerization of cell surface death receptors.
FADD promotes recruitment of procaspase-8/10 to the death-inducing
signaling complex (DISC), results in spontaneous activation of caspases
via autoproteolytic cleavage, and induce mitochondrial dysfunction including
cytochrome c release. Cytosolic cytochrome c¢ then binds to apoptosis-
activating factor-1 (Apaf-1), resulting in activation of caspase-9. Caspase-9
can activate effector caspases such as caspases-3, -6, and -7 via a caspase
cascade, As a result of excess production, oxidative stress may exaggerate
cell death, either enhancing apoptosis or inducing necrosis.

Figure 1: Interaction between bile acids and death receptors (left) and bile
acid induced cell apoptosis (right).

and Fas Associated Death Domain (FADD) are essential to promoting
apoptosis [24]. When bile acid activated death receptor, the downstream
of the death pathway is not found yet.

Bile Acids Receptors

Bile acid receptors are membrane or nuclear receptors which could
be activated by bile acids and initiate different pathways. In addition,
bile acids can regulate gene expression in the liver and small intestine via
activating the nuclear receptors: farnesoid X receptor (FXR; NR1H4),
pregnane X receptor (PXR; NR112), vitamin D receptor (VDR;NR1I1), G
protein coupled receptor TGR5, and some other cell signaling pathways
(JNK1/2, AKT and ERK1/2). These nuclear receptors are transcription
factors crucially involved in the regulation of bile acids metabolism and
detoxification. Among these nuclear receptors, FXR is known to be a
major bile acids-responsive ligand-activated transcription factor and a
crucial control element for maintaining bile acids homeostasis [25]. It is
also well documented that bile acids induce membrane perturbations,
which activate different signaling pathways involving PKC and EGFR
[26]. To accomplish this regulatory function, bile acids may induce
programmed cell death fostering the renewal of the epithelium [27].
Besides Farnesoid X Receptor (FXR) is the crucial nuclear receptor and
transcription factors in in the nucleus, it can regulate the metabolism of
bile acids, cell death and a series of gene transcription [28]. Moreover,
FXR has a high affinity for several major endogenous bile acids: notably
cholic acid, deoxycholic acid, chenodeoxycholic acid, and lithocholic
acid. Recent evidence suggests that the interaction between bile acids
and FXR is involved in the pathophysiology of a wide range of diseases
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of the liver, biliary and gastrointestinal tract, such as cholestasis, liver
inflammatory diseases, hepatocellular carcinoma, bowel inflammatory
disease and inflammation-associated cancer of the colon and esophagus.

As a transcription factor, FXR binds to DNA either as a monomer
or as a heterodimer with retinoid X receptor (RXR, NR2B1) to regulate
the expression of various FXR target genes. Furthermore, FXR is highly
expressed in the liver, intestine, kidney and adrenals, but with much
lower expression in the adipose tissues and heart [29,30]. There are four
isoforms of FXR identified by either differential use of two promoters
or alternative splicing [31,32]. In a number of cells farnesol-induced
apoptosis was found to be linked to activation of the apoptosome. We
can consider that FXR has very close effect on cell death [33]. Lots
of evidence suggests a key role of FXR in both hepatic and intestinal
tumorigenesis. Given the crucial role of FXR in maintaining bile acids
concentrations within a physiological range, preventing bile acids-
induced cytotoxicity, the loss of FXR would be expected to be associated
with a protumorigenic phenotype. FXR activation inducing cell death is
varied in the tumor cells [34]. More importantly, FXR could induce cell
death in a variety of tumors [28].

Molecular Pathway of Bile Acids Induced Necroptosis

Expression levels of caspase-8, RIPK3, FLIP, and FADD have
been shown as critical regulators of both the apoptotic and necrotic
pathways of cell death. When FLIP, FADD or caspase-8 is absent,
RIPK3 activation can initiate necrotic cell death. If RIPK3 is absent,
limited FLIP can be permissive for apoptotic activation. It is adequate
for caspase-8-dependent apoptosis [35]. Therefore, inhibition of RIPK3
mediated necrosis is possible to treat acute or chronic inflammation-
related diseases such as pancreatitis. Apoptosis and necroptosis show
the constrained relationship. Apoptosis-inducing cytokines also cause
necrosis in certain cell lines, especially when caspases are inhibited
or cannot be activated efficiently. When caspases are inhibited by
pharmacological inhibitors or under certain physiological conditions
such as viral infections, RIPK1 and RIPK3 form the necrosome to
initiate a third pathway known as programmed necrosis or necroptosis
[36]. And when the Caspase-8 or FADD is expressed, RIPK3 induced
programmed necrosis is obvious inhibition [37,38]. In contrast,
programmed necrosis and necroptosis, which occur only when
apoptosis and caspase activity are inhibited, provide an important
defense against intracellular pathogens which can suppress classical
apoptotic cell death [39,40].

As to bile acids induced cell death, an interesting experiment
shows: low concentration of bile acids induce apoptosis, high
concentration bile acids induces necroptosis [41]. Because of the type
of cell death is not determined by the death receptors, so bile acids if
only activate death receptors, it cannot explain this phenomenon has
been presented. Bile acids maybe have a direct effect on DISC, another
pathway of necroptosis beyond the classical death receptor signaling
pathways. After bile acids treatment of The Alveolar Epithelial Cell
(AEC), RIPK3 mRNA increased, suggesting bile acids may affect
RIPK3 expression. The high concentration of bile acids will not only
activate FXR but also significantly increase FXR level in the nucleus
[42]. Furthermore, bioinformatics analysis study found that FXR play a
vital role in the transcriptional regulation of PIPK3, by the high level of
complementarity between the FXR and the regulatory sequences region
of RIPK3 gene. In conclusion, bile acids not only can induce cell death
that the cell membrane receptor Fas and TRAIL-R?2 initiate, but also
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Bile acids could interact with DISC via 2 independent pathway, 1) Activate
death receptors Fas and TRAIL-R2, death receptor oligomerization activate
caspase 8 and FADD, this via the way to apoptosis. 2) Activate RIPK3 via FXR,
this is the way to necroptosis. The caspase 8, FADD, RIPK1-RIPK3 compound
determine the downstream of cell death. RIPK3 over expression will lead to cell
neroptosis directly via MLKL phosphoration

Figure 2: Pathway of bile acids induced necroptosis.

can up-regulate key signaling molecule RIPK3 of necroptosis by FXR,
thus bile acids change the way of cell death. The possible pathway of bile
acids induced cell necroptosis could be described as Figure 2.

Conclusion

In the past few years, necroptosis has been proven to play important
roles in the regulation of immune system, tissue injury, and cancer
progression. The necrostatin family may serve as potential therapeutic
targets for diseases such asischemic/reperfusion of brain and myocardial
infarction. Further insights into the signaling networks involved in the
regulation of necroptosis will probably have important implications for
the exploitation of necroptosis about the diagnosis or treatment of many
diseases. Bile acids induced cell death also play important roles in the
development of many diseases. Although there is no study indicating a
direct relationship between bile acids and necroptosis, the assumption
of this pathway should be considered carefully.
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