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Abstract

Bile acids (BA) are important physiological molecules not only mediating nutrients absorption and metabolism

in peripheral tissues, but exerting neuromodulation effect in the central nerve system (CNS). The catabolism

of cholesterol to BA occurs predominantly in the liver by the classical and alternative pathways, or in the brain
initiated by the neuronal-specific enzyme CYP46A1 mediated pathway. Circulating BA could cross the blood

brain barrier (BBB) and reach the CNS through passive diffusion or BA transporters. Brain BA might trigger direct
signal through activating membrane and nucleus receptors or affecting activation of neurotransmitter receptors.
Peripheral BA may also provide the indirect signal to the CNS via farnesoid X receptor (FXR) dependent fibroblast
growth factor 15/19 (FGF15/19) pathway or takeda G protein coupled receptor 5 (TGR5) dependent glucagon-like
peptide-1 (GLP-1) pathway. Under pathological conditions, alterations in BA metabolites have been discovered

as potential pathogenic contributors in multiple neurological disorders. Attractively, hydrophilic ursodeoxycholic
acid (UDCA), especially tauroursodeoxycholic acid (TUDCA) can exert neuroprotective roles by attenuating
neuroinflammation, apoptosis, oxidative or endoplasmic reticulum stress, which provides promising therapeutic
effects for treatment of neurological diseases. This review summarizes recent findings highlighting the metabolism,
crosstalk between brain and periphery, and neurological functions of BA to elucidate the important role of BA
signaling in the brain under both physiological and pathological conditions.
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Introduction

Bile acids (BA), cholesterol-derived acidic steroids, are
synthesized from cholesterol mainly in liver, stored in
gallbladder and secreted into the gastrointestinal tract
to absorb nutrients postprandially, efficiently reabsorbed
from the intestine and finally returned to the liver. This
cyclical movement is termed as the enterohepatic circu-
lation helping to maintain BA homeostasis [1, 2]. BA not
only mediate nutrients absorption, but also function as
steroids hormones to regulate glucose, lipid and energy
metabolism by binding and activating various nuclear
receptors such as farnesoid X receptor (FXR) or mem-
brane receptors such as takeda G-protein-coupled bile
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acid receptor 5 (TGR5) [1]. Importantly, BA presence
in the brain under both physiological and pathological
conditions attracts increasingly attentions on explor-
ing the crosstalk of BA between periphery and central
nervous system (CNS), and its roles in regulating brain
function. Therefore, this review focuses on synthesis and
communication of BA between the periphery and brain,
physiological roles of BA in the CNS by direct or indirect
pathways, and pathogenic or protective functions in neu-
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BA metabolism in periphery and brain

The circulating BA pool composition consists of primary
BA synthesized in the liver, and secondary BA trans-
formed by specific gut microbiota. Additionally, the brain
derived BA synthesis also contributes to the BA pool.
There exists communication of circulating BA or the BA
metabolic intermediates between periphery and brain by
passive diffusion or BA transporters to cross the blood
brain barrier (BBB). The main synthesis and circulation

rological disorders. of BA in periphery and brain are summarized in Fig. 1.
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Fig. 1 Metabolism and circulation of bile acids in periphery and brain. The catabolism of cholesterol to primary bile acids (BA) in liver by two path-
ways, involving the critical enzymes cholesterol 7a-hydroxylase (CYP7A1) and sterol 12a-hydroxylase (CYP8B1) in the classical pathway to form cholic
acid (CA), and sterol 27-Hydroxylase (CYP27AT1) and oxysterol 7a-hydroxylase (CYP7B1) in the alternative pathway to synthesize chenodeoxy cholic acid
(CDCA). The neural cholesterol clearance pathway is initiated by CYP46A1 to form 24(S)-hydroxycholesterol (24-OHC) from cholesterol. 24-OHC subse-
quently crosses the BBB, and is metabolized by CYP39A1 in the liver to synthesize CDCA. The brain 27-OHC converted by CYP27A1 might also cross the
BBB and is metabolized by CYP7B1 in the liver. The primary BA are converted to conjugated forms with glycine or taurine. Then, primary BA are further
converted to the secondary BA metabolized by the gut microbes. After re-absorption through passive diffusion or bile acid transporters, about 95% of BA
are reabsorbed in the ileum and returns to enterohepatic circulation. A small amount of BA in the systemic circulation can be taken up into the brain by
passive diffusion or by active transport through the blood brain barrier (BBB).
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BA metabolism in liver and intestine

The catabolism of cholesterol to primary BA in periph-
ery occurs predominantly in the liver by the clas-
sical pathway and the alternative pathway [3]. The
classical pathway is initiated with the hydroxylation of
cholesterol at the 7th position by CYP7A1 to generate
7a-hydroxycholesterol (7a-OHC). After epimerization
of 7a-OHC via 3pB-hydroxysteroid dehydrogenase type 7
(HSD3B7), the generated 7a-hydroxy-4-cholesten-3-one
is either hydroxylated by CYP8B1 and then catalyzed
by aldo-keto reductase family 1 member D1 (AKR1D1)
and aldo-Keto reductase family 1 member C4 (AKR1C4)
to produce 5pB-cholestan-3a,7a,12a-triol, or catalyzed
by AKRID1 and AKRIC4 to generate 5B-cholestan-
3a,7a-diol in the absence of CYP8BI1. The steroid side
chains of 5B-cholestan-3a,7a,12a-triol and 53-cholestan-
3a,7a-diol are then oxidized by sterol 27-hydroxylase
(CYP27A1) to form cholic acid (CA) and chenodeoxycho-
lic acid (CDCA), respectively [3]. The alternative pathway
is initiated when cholesterol is hydroxylated at the 27th
position by CYP27A1 to generate 27-hydroxycholes-
terol (27-OHC). Next, 27-OHC is further metabolized
by CYP7B1 to generate 3f,7a-dihydroxy 5-cholestenoic
acid, and then converted to CDCA. CA and CDCA are
the two main primary BA. Especially, the majority of
CDCA is converted to a-muricholic acid (a-MCA) and
B-muricholic acid (B-MCA) in mice by cytochrome P450
2C70 (CYP2C70) [4]. By removing hydroxyl groups of
CA and CDCA catalyzed by gut microbiota, deoxycho-
lic acid (DCA) and lithocholic acid (LCA) are formed,
respectively [5]. In mice, LCA can be further converted
to ursodeoxycholic acid (UDCA) by 7a-hydroxylase, to
hyodeoxycholic acid (HDCA) by 6a-hydroxylase, or to
murideoxycholic acid (MDCA) by 6p-hydroxylase [6].
In humans, bacterial 7p-hydroxysteroid dehydrogenase
(7B-HSDH) function to catalyze small amounts of CDCA
to UDCA [6, 7]. Additionally, primary BA are converted
to conjugated forms with glycine (mainly in humans)
or taurine (mainly in mice) via bile acid-CoA synthase
(BACS) and bile acid CoA:amino acid N-acyltransfer-
ase (BAAT) [1]. The conjugated BA contain taurocholic
acid (TCA), glycocholic acid (GCA), taurochenodeoxy-
cholic acid (TCDCA) and glycochenodeoxycholic acid
(GCDCA). In mice, the generation of tauro-a-MCA
(TaMCA), tauro-p-MCA (TPMCA) and tauroursode-
oxycholic acid (TUDCA) also exists.

The conjugated BA could be transported by bile salt
export protein (BSEP) and multidrug resistance associ-
ated protein 2 (MRP2) from the hepatocytes into the
canaliculi, and subsequently the gallbladder to form the
bile. After feeding or food intake, the presence of nutri-
ents (especially fats and proteins) in the stomach trig-
gers gallbladder emptying, leading to BA release into
the duodenum. Then, BA are further converted to the
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major secondary BA metabolized by the gut microbes
[8, 9]. The major secondary BA include deoxycholic
acid (DCA), UDCA, lithocholic acid (LCA), hyocholic
acid (HCA), hyodeoxycholic acid (HDCA), murideoxy-
cholic acid (MDCA) and w-muricholic acid (o-MCA).
Those unconjugated and some glycine-conjugated BA
can be reabsorbed through passive diffusion in the jeju-
num and colon. And most of conjugated BA require
active reabsorption via the apical sodium dependent
bile acid transporter (ASBT) in the ileum. About 95%
of BA are reabsorbed in the ileum and returns to the
liver via sodium taurocholate co-transporting polypep-
tide (NTCP) and organic anion transport polypeptides
(OATPs) mediated BA reuptake from the portal venous
circulation [10-12]). About 5% of BA are excreted in
feces. Thus, enterohepatic circulation of BA can maintain
their own homeostasis by dynamical synthesis, trans-
porting and reabsorption processes.

BA synthesis initiated by CYP7A1l in liver con-
tributes to more than 70% of BA biosynthesis [13].
And, the alternative pathway initiated by CYP27Al1
accounts for approximately 25-30% of synthesized BA
in rodents but only about 5-10% BA pool in humans.
Recently, it has been reported that BA concentrations
in CYP7A17/~CYP27A1~/~ mice showed reductions in
plasma (45.9%), liver (60.2%), gallbladder (76.3%), small
intestine (88.7%), and colon (93.6%) compared with the
wide type mice [14]. And the female double knockout
mice seemingly exhibit a large extend reduction in BA
concentrations [15]. The reduction rather than com-
pletely abolished BA concentrations further provides the
ideas that BA synthesis existing in other tissues also con-
tributes to the BA homeostasis.

Brain derived BA synthesis

Brain is the most cholesterol abundant organ contain-
ing about 20% of total amount of cholesterol [16]. Cho-
lesterol is an essential component for cellular membrane,
myelin, synapse and dendrite formation, a precursor of
steroid hormones, and influence neuronal physiology in
the development and adult stage [17]. Brain cholesterol is
synthesized locally and independent of that in peripheral
tissues due to BBB efficiently protecting the exchange of
cholesterol with those in the circulation system. Note-
worthy, the neural cholesterol clearance pathways by
converting into BA provides the major excretion way in
brain to balance the excess cholesterol.

Brain derived BA synthesis pathway requires the
neuronal-specific and rate-limiting enzymes. Sterol
24-hydroxylase (CYP46A1), highly expressed in vari-
ous brain regions such as the cerebral cortex, hippo-
campus, frontal lobe, caudate nucleus and amygdala, is
located almost exclusively in the brain [18]. BA synthe-
sis occurred in brain is through oxidation of cholesterol
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to 24(S)-hydroxycholesterol (24 S-OHC) catalyzed by
CYP46A1. Unlike cholesterol, 24 S-OHC could pass
through the BBB and rapidly diffuse into the systemic cir-
culation for subsequent biotransformation by oxysterol
7a-hydroxylase II (CYP39A1) in the liver, leading to the
synthesis of CDCA [19-22]. Therefore, the brain derived
BA synthesis involves the initial stage of cholesterol
clearance in brain, transport of 24 S-OHC from the BBB
to the periphery and the final synthesis in liver.

Though the contribution of CYP46A1 mediated path-
way to the overall BA synthesis is minor, the conversion of
cholesterol into 24 S-OHC is the most important choles-
terol clearance pathway in the CNS. CYP46A1 deficiency
could impair 24 S-OHC synthesis in the CNS, leading to
the reduced brain and serum 24 S-OHC concentrations,
and deficits in the cognitive function including spatial,
associative, and motor learning [23, 24]. Another study
also has shown that knockdown of CYP46A1 expression
in the striatum reproduced the Huntington’s disease phe-
notype with spontaneous striatal neuron degeneration
and motor deficits [25]. However, knockout of CYP46A1
gene in mice caused about just 40% reduction in brain
cholesterol excretion, suggesting other routes of choles-
terol removal from the brain independent of CYP46A1
existing as well [24].

CYP27A1 expression exists in almost all cells in the
body. There is a constant flux of 27-OHC formed by
CYP27A1 and metabolites of this oxysterol from extra-
hepatic sources to the liver for further conversion into
BA. CYP27A1 and CYP7BI are also expressed in the
brain, might suggesting that the primary BA can also be
synthesized in brain [26-28]. By utilizing a mouse model
with over-expressed CYP27A1, the levels of 27-OHC
increased about 12-fold in the brain [28]. 27-OHC can
cross the BBB and is rapidly eliminated from the brain
and metabolized in the liver. Another study also found
a novel metabolic route for the elimination of 27-OHC
in the brain to be metabolized into a steroid acid,
7a-hydroxy-3-oxo-4-cholestenoic acid, which could fur-
ther cross the BBB and enter into the circulation [29].
The CYP27A1~’~ mice showed the reduced pool size of
BA, and increased cholestanol in both plasma and brain
[30, 31]. Accordingly, the expression of CYP27Al in
brain seems to function as another way to remove cho-
lesterol. Additionally, CYP7B1 in the brain is involved
in neurosteroid metabolism by catalyzing hydroxylation
of 27-OHC, dehydroepiandrosterone and pregneno-
lone [19, 32, 33]. Taken together, function of CYP27A1
and CYP8B1 in brain is likely to remove cholesterol, but
whether they contribute to BA synthesis in brain remain
to be further confirmed.
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The crosstalk of BA between CNS and periphery
The continuous flow of information between the brain
and peripheral tissues is important in maintaining physi-
ological functions. Especially, circulating BA metabolites
acting as a communication bridge between the gut and
the brain have been attracting increasingly attentions.
In the gut lumen, the dihydroxylation of primary BAs is
driven by a limited number of microbes belonging to the
firmicutes phylum, and subsequent de-conjugation of gly-
cine or taurine from the sterol core of conjugated BAs is
catalyzed by several microbial species including Lactoba-
cilli, Clostridium, Bifidobacteria and Bacteroides express-
ing functional enzymes bile salt hydrolases (BSHs) [34].
Additionally, some other BA transformations such as oxi-
dation/reduction reactions and hydroxyl groups epimer-
ization can also be catalyzed by gut microbiota including
Actinobacteria, Proteobacteria, Firmicutes, Bacteroide-
tes, Clostridium, Ruminococcus and Eubacterium spe-
cies [35, 36]. The microbiota-encoded transformations of
primary BA finally generate secondary BA, contributing
to the intestinal BA composition and total BA pool size
[37, 38]. With the emerging evidences of crucial connec-
tions between the gut microbiota and the brain function
or neurological disorders, the microbiota metabolites BA
are possible to function as an important communication
channel in the gut-brain axis [39, 40].

Recently, the presence of multiple primary and second-
ary BA metabolites is found in the brain under physiolog-
ical condition. Studies have proved that various bile acids
species including both conjugated and unconjugated BA
are found in brain metabolomic profiles of both humans
and rodents [41-44]. In an early study, three protein-
bound unconjugated BA including CA, CDCA and DCA
were identified in the rat brain cytoplasmic fraction [41].
Using high-sensitivity and high-resolution mass spec-
trometry, a panel of 20 bile acids has been identified in
the rat brain metabolome, most of which have not previ-
ously been documented [43]. By comparing BA composi-
tions and levels in the brain and plasma of both human
and mouse samples, different BA profiles have been
identified in brain tissues including the common BAs
(CA, LCA, TCA and DCA), human special BAs (CDCA,
GCA, GCDCA, GDCA, TCDCA, UDCA), and mouse
special BAs (TUDCA, B-MCA and Q-MCA) [44]. The
identified BA metabolites in brain contain both primary
BA synthesized in the liver and secondary BA converted
in intestinal by microbiota. Therefore, there should be
direct crosstalk or communication of BA between CNS
and periphery.

The brain BA pool can directly originate from the
systemic circulation. It has been suggested that uncon-
jugated BA could be transported across the BBB and
reach the brain at low concentrations by passive diffu-
sion depending on their hydrophobic properties [41,
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45, 46]). For example, UDCA showed the ability to pen-
etrate across experimental blood-brain barrier model
by using confluent monolayer of human brain micro-
vascular endothelial cells in a time-dependent manner
[47]. Brain levels of CA, CDCA and DCA positively cor-
related with serum levels, and intraperitoneally injected
deuterium-labeled CA and CDCA were well-detected in
rat brain [48]. For conjugated BA, the conjugation of BA
with glycine or taurine can increase the amphipathicity
and solubility, which makes them impermeable to cell
membranes. Various BA transporters have been gradu-
ally found to be expressed in the CNS including MRP2,
NTCP and BSEP in the choroid plexus [49], OATP in
brain capillary endothelial cells [50], ASBT in the hypo-
thalamus [51, 52], providing a mechanism for the neuro-
nal uptake of conjugated BA from the periphery into the
CNS by BA transporters. But, direct evidence of in vivo
BA transport to cross the BBB via their transporters is
still lacking. Recently, it is reported that several endog-
enous BA, mainly the tauro-conjugated species such as
TDCA, TCA, TCDCA, TaMCA and TPMCA, could rap-
idly reach the hypothalamus and transiently increase in
30 to 60 min after physiological feeding at the beginning
of the dark phase of mice [53]. Similarly, orally adminis-
trated BA mix containing the sodium salt of taurocholic,
glycocholic, deoxycholic and cholic acids also can rapidly
reach the hypothalamus [53]. Altogether, BA could be
transported across the BBB and reach the brain by pas-
sive diffusion or transporters uptake, which correlates
with their unconjugated or conjugated format.

The BBB integrity and permeability are sensitive to
BA concentration, which could be modified or even
damaged by increased concentration of BA exposure.
Abnormal high concentrations of sodium deoxycholate
and taurochenodeoxycholate acting as strong detergents
could damage the lipid layers of the BBB, while a slightly
increased concentrations may modify the BBB perme-
ability in a more subtle way [54]. Additionally, CDCA and
DCA could disrupt endothelial tight junctions by increas-
ing occludin phosphorylation in a racl-dependent man-
ner, and lead to increased permeability of the BBB [55].
Therefore, peripheral BA can more easily reach the brain
due to the increased BA compositions in circulation sys-
tem or disturbed BBB permeability under pathological
conditions, which is consistent with multiple reported
abnormal BA profiles in brain tissues or cerebrospinal
fluid (CSF) in neurological disorders [56].

The physiological functions of BA in CNS

It has been widely reported that BA act as signaling
molecules in non-nervous systems by activating vari-
ous nuclear or membrane receptors. FXR and TGR5 are
two of the most studied BA receptors. Besides, other
receptors are also activated by BA, such as pregnane X
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receptor (PXR), vitamin D receptor (VDR), liver X recep-
tor (LXR), glucocorticoid receptor (GR) and sphingosine-
1-phosphate receptor 2 receptor (S1PR2) [57]. Though
the above receptors are also found in the brain, whether
BA induce neurological functions directly through above
receptors in brain remains to be elucidated. Functional
FXR was recently found in mouse and human brains
[58, 59]. By using the FXR knockout mice, deficiency of
FXR signaling disturbed the balance of GABA to Glu in
the hippocampus and cerebellum, and impaired cogni-
tive function and motor coordination [60]. However, the
direct evidences to verify BA activated brain FXR signal-
ing in regulating brain function still need to be further
explored. Recently, another study has proved that post-
prandial BA can reach the brain and control satiety in
response to physiological feeding [53]. Peripheral or cen-
tral administration of a BA mix or a TGR5-specific BA
mimetic (INT-777) could exert an anorexigenic effect via
activating TGR5 in orexigenic agouti-related peptide/
neuropeptide Y (AGRP/NPY) neurons in the hypotha-
lamic arcuate nucleus [53].

Some studies also find that neurological functions of
BA are generated through affecting activity of the ligand-
gated ion channels. BA can regulate neural excitability,
proliferation, and differentiation by affecting the func-
tions of neurotransmitter receptors such as N-methyl-
D-aspartate (NMDA) receptor and y-aminobutyric acid
(GABA) type A (GABAA) receptor. The NMDA receptor,
an ionotropic glutamate receptor, plays important roles in
synaptic communication by causing Ca2* influx and acti-
vating calmodulin to trigger CaMKII, MAPK, CREB, and
PI3K pathways [61]. The GABAA receptor is a ligand-
gated chloride ion channel, whose activation causes an
influx of chloride ions and results in subsequent neu-
ron hyperpolarization and neurotransmission inhibition
[62]. Endogenous neurosteroids are potent modulators of
NMDA receptor and GABAA receptor [63, 64]. Similarly,
CDCA and CA were able to block GABAA and NMDA
receptors, and CDCA was more powerful to reduce the
firing of hypothalamic neurons and synchronize the net-
work activity by antagonizing the NMDA receptor and
GABAA receptor [65]. GABA functions to induce sleep
by binding GABAA receptor expressed in histaminergic
neurons and suppressing activation of the histaminer-
gic neurons in the tuberomammillary nucleus (TMN) of
the hypothalamus [66, 67]. UDCA could block GABAA
receptor on TMN neurons to mediate disinhibition of
the histaminergic system, functioning to promote wake-
fulness during the active period of the day in wild type
mice but not in histamine-deficient mice [68]. Moreover,
TUDCA was proved to enhance the proliferation, self-
renewal, and neuronal conversion of neural stem cells
(NSCs) [69]. Adult neurogenesis occurs in two specific
regions including the subgranular zone (SGZ) of the
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hippocampal dentate gyrus (DG) and the subventricu-
lar zone (SVZ) of the lateral ventricles. TUDCA could
impact on postnatal NSC fate by selectively inducing
SVZ-derived NSCs proliferation and neural differen-
tiation but not DG-derived NSCs [70]. And, intracere-
broventricular administration of TUDCA in adult rats
markedly enhanced both NSCs proliferation and early
differentiation in SVZ regions [70]. Thus, the above find-
ings support that BA exerts the neurological functions
by neurotransmitter receptors expressed in local brain
regions.

In addition to the direct effects triggered by BA in
brain, peripheral BA may also provide the indirect signal
to the CNS via FXR dependent fibroblast growth factor
(FGF)-15/19 pathway or TGR5 dependent glucagon-like
peptide-1 (GLP-1) pathway [71]. Mouse FGF-15 and
its human orthologue FGF19 are hormone-like entero-
kines mainly produced by the ileum under the transcrip-
tional control of BA-activated FXR. In the intestine, BA
absorbed by enterocytes can activate the nuclear recep-
tor FXR and lead to the production of FGF15/19 [72].
The enterocytes release FGF15/19 into the portal vein
to exert the roles in inhibiting BA synthesis or regulate
the metabolism of lipids and glucose [73]. Importantly,
FGF19 in the systemic circulation can cross the BBB
and is relatively stable in the brain [74]. The expression
of fibroblast growth factor receptor (FGFR) 4, the main
target receptors of FGF15/19, has been detected in the
hypothalamus and medial habenular nucleus [75, 76].
Interestingly, the orexigenic AGRP/NPY neurons in
the hypothalamic arcuate nucleus responds to FGF19
administration by both intraperitoneal and intracerebro-
ventricular injection in mice [77]. The central effects of
FGF19 reduces hypothalamic AGRP/NPY neuron activ-
ity and improves peripheral glucose homeostasis [75,
77]. Another study has proved that TCA gavage could
increase FGF15 transcriptional expression in the ileum
and improve oral glucose tolerance in obese mice. And,
the mice with FGFR1 deficiency specifically in AGRP/
NPY neurons lose the responsiveness to TCA, suggest-
ing that FGFR1 is necessary for mediating the beneficial
effects of TCA on glucose tolerance [78]. Taken together,
FGF15/19 signaling in the CNS is closely associated with
energy and glucose tolerance. However, the critical ques-
tion remains whether increase of circulating FGF15/19
induced by intestine BA is sufficient to elicit a substantial
effect in the CNS under normal physiological conditions.

In the intestine, TGR5 activation by BA in entero-
endocrine L-cells can result in the production and release
of the gut hormone GLP-1, which is capable of transmit-
ting BA signal from the intestine to other parts of the
body [79-81]. Intestinal GLP-1 may reach the brain via
the systemic circulation or through the vagal nerve [82—
85]. The GLP-1 receptor is expressed in various tissues
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including the CNS and vagal neurons [86, 87]. GLP-1
is capable of cross the BBB or transmit signal via vagal
nerve afferents from the gastrointestinal tract to the CNS
[88, 89]. Via the vagal-brainstem-hypothalamic pathway,
peripheral GLP-1 can affect many brain regions and con-
sequently exerts its inhibitory effect on food intake and
increased perception of satiety [85, 90-93]. Notewor-
thy, GLP-1 could be rapidly inactivated by the enzyme
dipeptidyl peptidase IV (DDP-4), which is expressed in
the endothelial membranes of the capillaries and pres-
ent in the plasma. Thus, it is more likely that intestine
BA may signal to the brain via GLP-1 pathway transmit-
ted through vagal nerve rather than cross the BBB via the
systemic circulation [94]. However, the exact implications
and contribution of BA for this signaling route remains to
be elucidated in future research.

In general, BA may exert neuromodulation effect in
the CNS via either activating membrane and nucleus
receptors, or affecting the functions of neurotransmit-
ter receptors. Periphery BA communicates with the CNS
via the systemic circulation directly reaching the brain or
indirect pathway mediated by FXR-FGF15/19 pathway
or TGR5-GLP-1 pathway. A summary of pathways of BA
signal to CNS can be seen in Fig. 2.

Functions of BA in neurological disorders

The cytotoxic property of BA critically corre-
lates with their hydrophobicity. The magnitude
of hydrophobicity of unconjugated BA would be
UDCA<CA<CDCA<DCA<LCA. By conjugating with
glycine or taurine, BA become more hydrophilic ami-
dated forms. The retention of hydrophobic BA can cause
injury of hepatocyte, which involves in disrupting cell
membranes, promoting reactive oxygen species (ROS)
production, causing mitochondrial dysfunction, inducing
endoplasmic reticulum stress, and leading to apoptosis
or necrosis [95]. Noteworthy, the hydrophilic BA, UDCA
and its taurine-conjugated derivative TUDCA, are widely
concerned for their low toxicity and the protective prop-
erties against cholestatic liver diseases by improving the
antioxidant activity and inhibiting apoptosis. Recently,
the variation of BA metabolites in the diseased brains
also illustrates that BA correlate with the pathogenesis of
various neurological diseases (Table 1), or act as neuro-
protective factors to improve symptoms in some neuro-
logical diseases (Table 2).

Altered BA metabolites in neurological diseases: the
potential pathogenic factors

Hepatic encephalopathy (HE), a serious complication
of both chronic liver disease and acute liver failure,
manifests brain dysfunction characterized with a wide
spectrum of neurological or psychiatric abnormali-
ties ranging from mild cognitive impairment to marked
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Fig. 2 Bile acids signal to the central nervous system (CNS). Bile acids (BA) in the intestinal lumen can signal to the CNS via the direct pathway or
indirect pathway. Bile acids in the intestine escape the enterohepatic circulation, reach the systemic circulation, and cross the blood-brain barrier (BBB)
to interact with receptors in the brain. BA in the CNS could exert an anorexigenic effect via activating TGR5 in the hypothalamic arcuate nucleus or block
GABAA receptor on tuberomammillary nucleus (TMN) of the hypothalamus to promote wakefulness. BA taken up by enterocytes can activate the nuclear
receptor FXR to promote FGF15/19 production. FGF15/19 is released by the enterocytes, enters the systemic circulation, and cross the BBB to interact
with FGF receptors in the brain. The central effects of FGF15/19 are involved in glucose metabolism and energy homeostasis. TGR5 activation by BA in
enteroendocrine L-cells triggers GLP-1 production. GLP-1 could interact with GLP-1 receptors expressed on afferent terminals of the vagal nerve present
in the lamina propria and portal vein. The vagal nerve projects to the brainstem, from where projections are further directed toward other brain regions.
GLP-1 is believed to exert its inhibitory effect on food intake and energy homeostasis via the vagal-brainstem-hypothalamic pathway

Table 1 The altered brain BA metabolites in neurological

diseases

Neurological BA metabolites in brain

diseases

HE Increased brain BA in CSF (GUDCA and GCA) of HE
patients, and total BA contents especially TCA and LCA
in HE models.

AD Lower brain TCA, higher primary BA (GCDCA or TMCA)

and secondary BA (DCA, LCA, GDCA, GLCA, GUDCA,
TDCA or TLCA), increased the ratios of secondary versus
primary BA in brain (DCA:CA, TDCA.CA, GDCA:CA,
GDCA:DCA, TLCA:CDCA or GLCA:CDCA) in AD patients.
Decreased brain CA, TCA, TMCA, 3-MCA, O-MCA, or
TUDCA in AD APP/PS1 mice model.

PD |dentified affected BA metabolites (increased DCA, MCA
and decreased TCA and GCDCA) in CSF of sporadic PD
or genetically predisposed (LRRK2) to PD patients.

HD Decreased brain CYP46A1 expression and reduced the
intermediates 24 S-OHC in HD patients or HD mice
models.

CTX Accumulated cholesterol and cholestenol (CDCA
precursor).

disorientation, confusion, and coma [96]. Serum BA are
known to increase in conditions where the liver is dam-
aged in acute and chronic liver disorders. Importantly,
altered BA profiles in brain or cerebrospinal fluid (CSF)
also have been verified in HE patients and experimental
models. The blood concentrations of total BA and espe-
cially the conjugated BA were substantially increased
in cirrhotic patients with HE compared to cirrhotic
patients without HE or the healthy controls [97]. BA lev-
els in CSF showed a great increase for GUDCA (93-fold)
and GCA (241-fold) in HE patients [98]. In the brains
of rats with HE induced by bile-duct ligation, the toxic
LCA was extremely higher concentration (87.4% of total
brain BA) while LCA was absent in controls [99]. By
using azoxymethane (AOM) injection induced HE mice
model, increased total BA content in brain tissue also
has been demonstrated [59]. And TCA was identified to
be specifically increased in cortex of AOM-induced HE
mice [100]. Furthermore, via the administration of BA
sequestrant cholestyramine to AOM-induced HE mice,
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Table 2 The neuroprotective role of UDCA/TUDCA in
neurological diseases

Protective roles Neuro-
logical
diseases

Inhibits neurotoxic (A1) polarization and activation of AD, PD,

astrocytes. MS

Inhibits microglial activation, decrease pro-inflammatory Acute

mediators (TNFa, IL-18, IL-6, HMGBT, IFN-y, IFN-B3, NO, iNOS, neuro-

COX-2) production, increase anti-inflammatory factors (IL-10,  inflam-

IL-4, TGF-B, ANXAT1) production. mation,
AD, PD,
HD, MS,
SCI, RP

Inhibit apoptosis of neurons via suppressing cytochrome c AD, PD,

release, decreasing caspases activation (caspases 2, 3,6,12),  HD, SCl,

inhibiting E2F-1/p53/Bax apoptotic pathway, triggering a ALS
PI3K dependent survival signaling pathway, or promoting MR
nuclear translocation and transactivation.

Prevent oxidative stress in neurons via modulating activation  PD
of AMPK, JNK and AKT, increasing the expression of antioxi-

dant factors (Nrf2, DJ-1, HO-1, GPx, parkin), preventing ATP

levels decrease and ROS production, improving mitochon-

drial stabilization and function.

Inhibits endoplasmic reticulum stress prevent tau hyper- AD,
phosphorylation via UPR inhibition, reduce aberrant confor-  Prion
mational conversion diseases

the circulatory and brain BA levels were decreased, and
neurological decline was delayed [59]. Conversely, CA
or DCA feeding worsened AOM-induced neurologi-
cal decline, suggesting that BA species contribute to the
neurological decline in HE [59]. Studies have revealed
that mechanisms by which BA triggering neurological
decline in HE involved in both FXR and S1PR2 signaling
[59, 100]. Specifically, they found that activation of cor-
tical S1IPR2 by increased TCA levels triggered microg-
lial activation and consequent neuroinflammation in the
AOM-treated mice [100]. Together, the findings suggest
the elevated BA pool size in the brain acts as a possible
systemic pathogenic contributor to brain dysfunction in
HE.

Alzheimer’s disease (AD), an aggressive degenera-
tive disease leading to dementia in old age, characterize
with neuropathological changes including aggregated
beta-amyloid (Abeta) plaques and neurofibrillary tangles,
astrogliosis, microglial activation and massive neuronal
demise [101]. Currently, the altered BA compositions
are increasingly concerned in both experimental models
and clinical mild cognitive impairment or AD patients.
In plasma of amnestic mild cognitive impairment
patients or AD patients, the levels of some BA includ-
ing DCA, LCA, GDCA or GUDCA have been reported
to be significantly increased when compared with the
age-matched control subjects [102—-104]. Another study
also reported the significantly lower concentration of
serum CA and brain TCA in AD patients compared to
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cognitively normal older adults [44]. In the APP/PS1
mice model of AD, the levels and compositions of brain
BA are also likely to be disturbed during the develop-
ment of AD pathology. Higher CA in serum, higher LCA
and lower TMCA in brain were detected in 6 months
old APP/PS1 mice. While, levels of brain CA, TMCA,
B-MCA, Q-MCA, TCA, and TUDCA were decreased
in 12 months old APP/PS1 mice [44]. Noteworthy, the
altered BA metabolites and the ratios of secondary BA
versus primary BA are furtherly found to be associated
with brain structural and functional impairment in AD.
Based on the brain transcriptomics and metabolomics
of postmortem AD samples, higher ratio of GCDCA/
CA and secondary BA (DCA, LCA, TDCA, and GDCA)
were identified in AD patients compared with cognitively
normal individuals [42]. Similarly, increased levels of sec-
ondary BA (DCA, GDCA, and TDCA) in serum, and an
increased DCA:CA ratio in serum and brain was found
to be closely associated with cognitive decline [105]. By
using targeted metabolomic profiling, the association of
serum-based BA metabolites with neurodegeneration
biomarkers and structural changes of AD were iden-
tified [106]. Higher GDCA:CA levels was associated
with greater amyloid deposition. Higher levels of pri-
mary GCDCA, secondary GLCA and TLCA was cor-
related with higher CSF p-tau values. Increased levels
of primary GCDCA, secondary BA (GLCA, TLCA) and
the ratios of secondary BA to primary BA (TDCA:CA,
GDCA:CA and GLCA:CDCA) were significantly associ-
ated with reduced cortical thickness and hippocampal
volume. Altogether, the findings provide a new perspec-
tive to show that increased levels of secondary cytotoxic
BAs and their ratios to primary BA are closely associated
with the pathogenesis of AD. The presence of secondary
BA in the brain also strongly indicates the important role
of gut-brain axis and gut microbiome in physiological
changes of AD. Collectively, the current findings support
the idea that circulating and brain BAs may function as a
contributor to AD pathogenesis.

Parkinson’s disease (PD), the second most common
neurodegenerative disease manifesting the progres-
sive motor deterioration, is characterized with death of
dopaminergic neurons and the accumulation of intra-
cytoplasmic a-synuclein-containing Lewy bodies in the
substantia nigra [107]. In studies of both clinical PD
patients and surgical rodent models of PD, alteration of
BA metabolism is observed. An observed elevation of
unconjugated BA (CA and DCA) as well as conjugated
BA (TDCA, GDCA) were found in plasma of PD patients
compared to health control, which also could be allevi-
ated by levodopa treatment [107]. BA analysis in PD
patients also revealed an increase in appendix (DCA and
LCA) and in ileum (LCA) relative to the controls [108].
By metabolic profiling of CSF from people suffering



Xing et al. Cell & Bioscience (2023) 13:106

sporadic PD and genetically predisposed (LRRK2) to PD,
BA metabolism was also identified as one of the major
affected biochemical pathways, especially the aberrant
concentration of GDCA, TCA and GCDCA [109]. Utiliz-
ing rodent PD model by stereotactic unilateral injection
of human a-synuclein fibrils, three BA including (MCA-
Q, TUDCA and UDCA) were found to be down-regu-
lated in serum of prodromal phase of PD mice compared
with the controls [110]. By using the concentration of
three BA combined with logistic regression, the prodro-
mal PD mice could be discriminated from control mice
with high accuracy following cross validation. The data
highlights the potential of BA as biomarkers of predicting
PD in the early stage and possibly reflecting the progres-
sion of PD.

Huntington’s disease (HD), an inherited autosomal-
dominant neurodegenerative disease, manifests the
motor, behavioral and cognitive dysfunctions in clinical
symptoms [111]. The expansion of the CAG repeats in
exon 1 of the huntingtin gene on chromosome four can
induce neuronal loss in the striatum and cause synap-
tic dysfunction. Currently, the clinical and rodent based
animal researches still lack direct evidences on study-
ing the association of BA profiles with HD pathogenesis.
However, recent findings suggest that altered cholesterol
homeostasis may contribute to the pathophysiology of
HD [112]. Although BA levels have not been described
in brain and circulation system of HD, the expression of
CYP46A1 and level of the metabolite 24 S-OHC have
been found to be reduced in the plasma of HD patients
[113, 114] as well as in the brain of several yeast artifi-
cial chromosome (YAC) mice (carrying progressively
increased CAG repeats) and knock-in mouse models
[113-115]. As was reported, CYP46A1 expression is
decreased in the putamen of HD patients, in the stria-
tum of R6/2 mice (a HD mouse model), and in striatal
Huntington’s disease cell lines (by transfection of mutant
huntingtin gene) [25]. CYP46A1 knockdown in the
mouse striatum induced a decrease of 24 S-OHC levels
and produced a spontaneous striatal neurodegeneration
associated to abnormal balance and motor coordination.
While, CYP46A1 restoration in the striatum of R6/2 mice
increased 24 S-OHC levels, decreased neuronal atrophy
and improved motor deficits. The study provides the evi-
dence that the neuroprotective role of CYP46A1 in Hun-
tington’s disease. Together, these data suggest that the
impaired brain derived BA synthesis may contribute to
HD pathology.

Cerebrotendinous xanthomatosis (CTX), a rare neu-
rodegenerative disorder caused by autosomal recessive
mutations in the CYP27A1 gene, exhibits infantile-onset
diarrhoea, juvenile-onset cataracts, young adult-onset
tendon xanthomas, progressive neurological dysfunc-
tion and so on [116, 117]. The neurological progression
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includes most common corticospinal tract abnormali-
ties (weakness, hyperreflexia, spasticity, ataxia, cognitive
decline, and gait difficulty) and less common abnormali-
ties (seizures, psychiatric and speech changes) [118].
Deficiency of CYP27A1 leads to impaired the ability to
convert cholesterol into CDCA, and causes the accumu-
lation of cholesterol and cholestenol (CDCA precursors)
in tendon, artery and brain [119]. Though BA metabo-
lites in brain of CTX is rarely concerned, BA replacement
therapy by CA and especially CDCA administration are
used to reduce the accumulated plasma cholestanol and
improve clinical symptoms in CTX [120, 121]. However,
to improve the neurological symptoms of CTX, the age at
diagnosis and initiation of CDCA treatment closely cor-
relates with the prognosis [122, 123]. Though the molec-
ular mechanisms underlying the effects of CDCA on the
neuropathological phenotypes in CTX patients remains
unclear, the impaired BA synthesis and reduced CDCA
largely contribute to CTX pathology and neurological
dysfunction.

Function of BA in treatment of neurological diseases: the
neuroprotective roles

UDCA and its taurine-conjugated derivative TUDCA
are regarded as the most hydrophilic BA [124]. Presently,
UDCA is the only drug approved by the US FDA for the
treatment of primary biliary cirrhosis [38, 39]. Attrac-
tively, the use of UDCA or TUDCA as an agent to treat
various neurological diseases is now a promising consid-
eration by triggering anti-neuroinflammatory response,
inhibiting the apoptosis, reducing oxidative stress, pro-
tecting mitochondria or might acting as a chaperone to
correct misfolded proteins.

The anti-neuroinflammation effects

Neuroinflammation occurs to harmful stimuli and inju-
ries during infections, traumatic injury, or neurological
diseases. It is characterized with activation and prolifera-
tion of microglia and astrocytes in the CNS, and followed
by morphological changes and release of proinflamma-
tory mediators [125, 126]. Increasing studies have pro-
vided the convincing evidences of neuroinflammation in
contributing to the pathogenesis of neurological disor-
ders [127].

UDCA can exert the anti-inflammation effects by sup-
pressing the microglial activation and pro-inflammatory
cytokines production. In an early study, UDCA effec-
tively inhibited the pro-inflammatory interleukin-1 beta
(IL-1P) and nitric oxide (NO) induced by beta-amyloid
42 (Abeta42) or lipopolysaccharide (LPS) in rat microg-
lial cells [128]. Further, UDCA were found to inhibit
the degradation of IkappaB to block expression of the
NF-kappaB dependent genes responsible for inflamma-
tion in Abeta4?2 treated BV-2 microglia cells [129]. Thus,
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UDCA functions to attenuate the production of pro-
inflammatory mediators via inactivation of NF-kappaB
in microglia to inhibit neuroinflammation. Additionally,
in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
induced mouse model of PD, UDCA treatment decreased
levels of tumor necrosis factor a (TNF-a), interleukin-6
(IL-6), IL-1p and interferon-y (IFN-y) and prevented
MPTP-induced degeneration of DA neurons, whose
mechanism correlates with the inhibition of phosphory-
lation of JNK and p38MAPK to against neuroinflamma-
tion [130].

The anti-inflammatory property of TUDCA also has
been verified in various pathological conditions. In
acute neuroinflammation mice model, TUDCA specifi-
cally reduced microglial activation in the hippocampus,
expressions of monocyte chemotactic protein-1 (MCP-
1) and vascular cell adhesion 1 (VCAM-1) required for
microglial migration and blood monocyte invasion to
the CNS inflammation site [131]. The reported molecu-
lar basis of TUDCA exerting the anti-inflammatory effect
was involved in reducing nitrite production by tran-
scriptional inhibition of inducible nitric oxide synthase
(iNOS), and inhibiting pro-inflammatory stimuli-induced
NF-kappaB activation in glial cells [131]. Furthermore,
TUDCA presented an additional anti-inflammatory
mechanism through activation of transforming growth
factor f (TGFP) pathway in mouse brain [132]. Another
study also proved that TUDCA biased the microglial
phenotype toward the anti-inflammatory both in vivo
and in vitro. By binding to the bile salt receptor GPBAR1/
TGR5, TUDCA caused an increase in intracellular cAMP
levels in microglia to induce anti-inflammatory mark-
ers, while reducing pro-inflammatory ones [133]. Simi-
larly, TUDCA treatment efficiently alleviated behavioral
impairments, reversed TGR5 down-regulation, attenu-
ated microglia activation, prevented neuroinflammation
via inhibiting NF-kB signaling to decrease pro-inflam-
matory cytokines (IL-1B, TNFa, IL-6) and increase anti-
inflammatory cytokine (IL-10) in the hippocampus [134].

TUDCA also showed promising efficiency in weaken-
ing the secondary neuroinflammatory caused by the pri-
mary trauma injury. Spinal cord injury (SCI), a type of
severe trauma or injury to the spinal cord, is character-
ized with complete or incomplete spinal motor and sen-
sory dysfunction [135]. Due to the irreversible process
of the primary injury caused by initial mechanical dam-
age, the subsequent secondary injury caused by ischemia
and edema needs to be greatly concerned and solved.
Resident microglia and hematogenous macrophages
are key inducers to provoke the deleterious inflam-
matory response after SCI. Recently, TUDCA based
anti-neuroinflammatory therapy also shows promising
efficiency in SCI treatment. TUDCA was able to decrease
inflammatory mediator including NO, TNF-a, IL-1(,
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cyclooxygenase-2 (COX-2), and iNOS in LPS-stimulated
BV2 microglial cells, RAW 264.7 macrophages and bone
marrow-derived macrophages (BMDMs) [136]. Simul-
taneously, in SCI rat model, TUDCA treatment sup-
ported the recovery of the injury site and contributed to
the polarization of macrophages/microglia toward M2
type to reduce inflammatory reaction by suppressing the
expression of inflammatory factors (iNOS, CD68 and
CD86) [136, 137]. TUDCA was also proved to attenuate
PKM2 pathway activation in proinflammatory microg-
lia and inhibited the expression of IL-6, IFN-f and high
mobility group protein 1 (HMGBL1) in lesion center [138].
The treatment of injectable hydrogel containing TUDCA
also significantly decreased inflammatory cytokine levels
(TNF-«, IL-1p, IL-6, IFN-y) and suppressed the phos-
phorylation of extracellular signal-regulated kinase (ERK)
and c-Jun N-terminal kinase (JNK) and p38 in the mito-
gen-activated protein kinase (MAPK) pathway in injured
spinal cord segments [139]. TUDCA was also proved to
promote the differentiation of BMDMs derived M2 mac-
rophages. And, transplantation of TUDCA-induced M2
macrophages in rat SCI model decreased pro-inflamma-
tory cytokines (IL-1B, TNF-«a and IL-6) and increased
the anti-inflammatory cytokine (IL-4), which correlates
with the inhibition of phosphorylation of the ERK, JNK
and p38 in the MAPK signal pathway [140]. However, a
recent study provided the evidences that TUDCA treat-
ment only reduced neuroinflammation and improved
recovery of autonomic and motor functions in the sub-
acute phase of SCI, but not support long term functional
recovery in the chronic phase [141]. Together, TUDCA
seemingly shows partial promising therapeutical value in
weakening the secondary neuroinflammatory caused by
the primary trauma injury.

TUDCA could alleviate the chronic neuroinflamma-
tion by inhibiting astrocytosis or microglia activation
in neurodegenerative diseases including AD, PD, mul-
tiple sclerosis (MS) and retinitis pigmentosa. In AD,
amyloid deposition leads to extensive microgliosis and
astrocytosis surrounding the affected areas. It has been
described that TUDCA supplementation could mitigate
the activation of glial cells in APP/PS1 mice [142]. Simi-
larly, another study also showed that TUDCA treatment
ameliorated astrocytosis and microgliosis in the hippo-
campus and frontal cortex in APP/PS1 mice, as well as
the production of proinflammatory cytokines especially
TNF-a [143]. In MPTP induced PD mice model, TUDCA
inhibited both astrocyte and microglia activation [144,
145]. And, TUDCA attenuated IL-1p expression and
increased the anti-inflammatory protein ANXA1 expres-
sion in the cortex [145]. In the chronic demyelinat-
ing MS, lower levels of circulating BA metabolites were
found in multiple cohorts of adult and pediatric patients
with MS compared with controls by using metabolomic



Xing et al. Cell & Bioscience (2023) 13:106

profiling [146, 147]. More importantly, TUDCA supple-
mentation blocked neurotoxic polarization of astrocytes
and proinflammatory polarization of microglia, reduced
innate immune cell infiltration and the severity of behav-
ioral and pathological changes in an animal experimen-
tal autoimmune encephalomyelitis model of MS, which
results in amelioration of neuroinflammation through the
effects of TUDCA on GPBARI1 [147]. In inherited neu-
rodegenerative retinitis pigmentosa model, the beneficial
effects of TUDCA resulted from its anti-inflammatory
activity by reducing numbers and activation of microg-
lial cells [148]. TUDCA was also capable to enhance
phagocytosis of photoreceptors outer segments by retinal
pigment epithelium cells via the activation of Mer tyro-
sine kinase (MerTK) receptor activation [149]. Taken
together, TUDCA treatment shows efficiency in allevi-
ating chronic neuroinflammation in neurodegenerative
disorders.

The anti-apoptotic effects
Studies on animal models and cell lines reveal that apop-
tosis seems to play a crucial role in the progression of
some neurological disorders [150]. The anti-apoptotic
effects of UDCA or TUDCA have been extensively stud-
ied and characterized in vitro studies on cultured neuro-
nal cells and in vivo studies on animal diseases models.
The hallmarks of AD pathological changes are involved
in amyloid plaque deposits and fibrillary tangles. The
protective effects of UDCA and TUDCA in inhibiting
apoptosis have been verified in vitro studies on amyloid-3
treated neuronal cells and in vivo studies on trans-
genic AD murine models. In vitro studies, the apopto-
sis induced by Abeta incubation in primary rat neurons
or differentiated rat neuronal-like PC12 cells could be
prevented by UDCA or TUDCA [151-153]. Similarly,
the anti-apoptotic effects of TUDCA were also seen in
vitro model of familial AD by expressing APP with the
Swedish mutation, or double-mutated human APP and
PS1 in mouse neuroblastoma cells [154]. Furtherly, the
perturbation of mitochondrial apoptotic pathway was
found to be a crucial event in UDCA or TUDCA medi-
ated inhibition of Abeta induced apoptosis. UDCA and,
more efficiently, TUDCA treatment abolished Abeta
induced mitochondrial membrane permeabilization and
subsequent cytochrome c release in isolated neuronal
mitochondria. And, Abeta exposure-driven perturbation
of mitochondria structural changes, including the mito-
chondrial membrane redox status, the lipid polarity and
disrupted protein mobility, could be almost completely
abolished by TUDCA treatment [155]. Importantly, the
anti-apoptotic property of TUDCA could be exerted by
interfering with upstream signal of mitochondria apop-
tosis. TUDCA could abrogate Abeta induced apopto-
sis through inhibiting c-Jun N-terminal kinase (JNK)
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nuclear localization and caspase-2 activation, interfering
an E2F-1/p53/Bax apoptotic pathway, reducing nuclear
fragmentation and the activity of caspases 2 and 6 and
modulating activity of p53, Bcl-2 and Bax, or triggering a
phosphatidylinositol 3-kinase (PI3K) dependent survival
signaling pathway [152-154, 156]). One study also iden-
tified that TUDCA promoted mineralocorticoid recep-
tor (MR) dissociation from its cytosolic chaperone hsp90
and subsequent MR nuclear translocation and transac-
tivation to prevent Abeta induced neuronal apoptosis
[157]. Besides, TUDCA has also been shown to alleviate
the toxic downstream effects of Abeta by inhibiting the
levels of apoptosis and caspase-3 activation, and abolish-
ing the caspase-3 cleavage of tau into a toxic species in
primary rat cortical neurons [158]. Considering studies
in vivo, TUDCA supplementation could attenuate amy-
loidogenic amyloid precursor protein (APP) processing,
reduce Abeta deposition in hippocampal and prefrontal,
and prevent the spatial, recognition and contextual mem-
ory defects in APP/PS1 mice [142, 159].

The main characteristic of PD is the progressive death
of dopaminergic neurons in substantia nigra region of the
brain. The application of TUDCA decreased the number
of apoptotic cells and facilitated the survival of DA neu-
rons in serum-free condition in vitro. Similarly, TUDCA
pretreatment could improve the survival and function of
nigral transplants in a rat model of PD [160].

In mouse models of HD, TUDCA has been shown to
suppress cytochrome c release, decrease caspases activa-
tion, inhibit DNA fragmentation and reduce the number
and volume of striatal lesions, resulting in enhanced neu-
ronal survival and improved sensorimotor and locomo-
tor deficits. In 3-nitropropionic acid (3-NP) induced HD
model, TUDCA significantly reduced 3-NP-mediated cell
death of cultured striatal neurons, as well as apoptosis
and lesion in 3-NP administrated rats [161]. In the R6/2
transgenic mouse model of HD, systemically administra-
tion of TUDCA led to reduced striatal atrophy, decreased
striatal apoptosis, fewer and smaller size ubiquiti-
nated neuronal intranuclear huntingtin inclusions, and
improved locomotor and sensorimotor ability [162].

In SCI, apoptosis is an important event of the second-
ary injury after initial trauma damage. TUDCA could
reduce the injury degree and suppress apoptosis via up-
regulating anti-apoptotic factor Bcl-2 or inhibiting the
expression of pro-apoptotic factors (Bax, caspase-3, cas-
pase-12) [163, 164]. The possible mechanisms of TUDCA
in suppressing apoptosis might involve in the activation
of autophagy by increasing expression of autophagic
related proteins (Beclin-1,LC3II/I) or inhibition of the
ER stress via decreasing ER stress-related factors (IRE1,
Chop, ATF6, Grp78 and Erdj4 ) [165-168].

Amyotrophic lateral sclerosis (ALS), the most com-
mon adult-onset motor neuron disease, is selectively
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progressive deterioration and loss of function of the
motor neurons in the brain and spinal cord [169]. Gene
mutations such as superoxide dismutase 1 (SOD1),
chromosome 9 open reading frame 72 (C9orf72) and
so on are associated with ALS pathogenesis. After well
absorbed, UDCA could cross the BBB and slow the rate
of progression in ALS patients [170, 171]. Similarly, a
slower progression in ALS patients and delayed muscle
denervation in an hSOD1%%4 mouse model of ALS were
also observed after TUDCA administration [172, 173].
But the efficiency and especially potential mechanism
of UDCA or TUDCA still needs substantial evidences
in future. Interestingly, GUDCA, glycine-conjugated
UDAC, also seemingly functioned to inhibit apoptosis in
a commonly used model of ALS in vitro using the motor
neuron-like NSC-34 cells carrying the hSOD1%%3* muta-
tion. GUDCA treatment prevented changes in mito-
chondria dynamic properties and apoptosis by reducing
caspase-9 levels, which indicating the promising anti-
apoptotic effects of GUDCA to slow disease onset and
progression of ALS [174].

The anti-oxidative effects
The mitochondrial dysfunction and oxidative stress are
strongly implicated in PD, and the anti-oxidative role
of TUDCA are mainly studied in PD. As was reported,
TUDCA treatment prevented MPTP-induced decrease
of dopaminergic fibers, ATP levels and mitochondrial
function [175]. And, TUDCA improved mitochondrial
number and function by preventing 1-methyl-4-phe-
nylpyridinium (MPP+)-induced ROS production and
ATP depletion in mouse cortical neurons. Moreover,
TUDCA could exert its neuroprotective role in a parkin-
dependent manner in contributing to mitochondrial sta-
bilization and modulation of mitophagy to protect from
mitochondrial dysfunction and oxidative stress [176].
These observations indicated that the clearance of dys-
functional mitochondria can be an important antioxidant
and pro-survival strategy of TUDCA in PD treatment.
Nuclear factor erythroid 2 related factor 2 (Nrf2), a
master regulator of cellular redox status, is responsible
for activating the transcription of antioxidant enzymes
glutathione peroxidase (GPx) and heme oxygenase-1
(HO-1). TUDCA could protect from both MPP+and
a-synuclein-induced oxidative stress by activating Nrf2
in human neuroblastoma SH-SY5Y cells. Additionally,
the anti-oxidative stress effect of TUDCA was further
evaluated in PD mice mode treated with MPTP In vivo.
TUDCA pre-treatment prevents the deleterious effects
of MPTP by preventing the decrease in ATP levels, pro-
moting AMPK activation, and sustaining increased lev-
els of antioxidant enzyme HO-1 and parkin [145]. It
was observed that TUDCA treatment increased the
expression of Nrf2, Nrf2 stabilizer DJ-1, and antioxidant
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enzymes HO-1 and GPx [177]. Particularly, TUDCA effi-
ciently protected against dopaminergic cell loss in the
nigrostriatal axis in MPTP-induced neurodegeneration
PD mouse model, which involves in the impairment of
ROS production, modulation of JNK activity and activa-
tion of the AKT pro-survival pathway [178].

The inhibition of endoplasmic reticulum stress

Endoplasmic reticulum (ER) stress is characterized with
the accumulation of unfolded or misfolded proteins in
the ER lumen, and the initiation of a cascade of signal
transduction called unfolded protein response (UPR).
TUDCA could act as a molecular chaperone to amelio-
rate ER stress and preventing UPR dysfunction in ER
stress related diseases such as hepatobiliary disorders,
diabetes and obesity [179]. Interestingly, UPR is also
activated in neurodegenerative tauopathies such as AD.
TUDCA has been shown to prevent tau hyperphosphor-
ylation via inhibition of the UPR in human neuroblas-
toma cell lines [180]. Moreover, TUDCA administration
to a transgenic mouse model of familial amyloidotic
polyneuropathy was able to reduce transthyretin toxic
aggregates, in turn decreasing apoptotic and oxidative
biomarkers that are usually associated with transthyre-
tin deposition [181]. The results support the inhibition of
UPR as a possible mechanism underlying the neuropro-
tective actions of TUDCA in AD.

Prion diseases, a class of rare and incurable neuro-
degenerative diseases, are characterized with aberrant
conformational conversion and aggregation of cellular
prion protein (PrP) into the disease-associated ‘scrapie’
isoform (PrP%°) [182]. UDCA/TUDCA treatment has
been used to target and delay protein aggregation plagu-
ing prion diseases, but the efficiency shows complex
consequences. One study have provided the evidences
for aggregation inhibitory effects and neuroprotective
roles of TUDCA and UDCA in prion disease [183]. For
example, TUDCA and UDCA substantially reduced
PrP conversion in chronically and acutely infected cell
cultures and decreased neuronal loss in prion-infected
cerebellar slice cultures. Low dose UDCA treatment in
early stage could prolong incubation periods, reduce
astrocytosis and increase survival time in prion-infected
male mice but not in female mice [183]. Similarly, low
dose TUDCA treatment in chow 7 days post inocula-
tion showed protective effects by increasing incubation
periods and significantly increased phosphorylated elF2a
levels. However, treatment with high-dose TUDCA or
UDCA provides no therapeutic benefit. The delayed
treatment with high-dose UDCA is ineffective and could
even worsen outcomes [184]. Currently, the overall mis-
folded protein-diminishing or ER stress-alleviating activ-
ity of UDCA/TUDCA is still unclear and lack of enough
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substantial evidences in prion diseases and other neuro-
pathological conditions.

Conclusions and remarks

This review summarizes recent findings to highlight
the crosstalk of BA between brain and periphery, and
neurological functions of BA under both physiological
and pathological conditions. Under physiological cir-
cumstances, the presence of BA metabolites, as well as
the receptors and transporters support the direct neu-
rological functions of BA in the brain. BA function as
important steroid hormones to exert neuromodulation
effect in the CNS through either activating membrane
and nucleus receptors or affecting the functions of neu-
rotransmitter receptors. The crosstalk of BA between
periphery and brain might communicate via the sys-
temic circulation directly reaching the brain or indi-
rect pathway mediated by FXR-FGF15/19 pathway or
TGR5-GLP-1 pathway. However, the substantial effects
directly triggered by BA in brain, especially postprandial
increase of circulating BA, remain to be explored. Con-
sidering the indirect pathway, BA contribute to the pro-
duction of FGF15/19 by activating FXR in enterocytes
or the production of GLP-1 through activating TGR5 in
enteroendocrine L-cells in the intestine. But more studies
are also required to confirm whether increase of plasma
FGF15/19 is sufficient to exert substantial effect through
the presence of FGFRs in the CNS. Due to the high level
of postprandial GLP-1 in the lamina propria of the intes-
tine, the TGR5-GLP-1 pathway is more likely to signal to
the CNS via the vagal nerve present in the lamina pro-
pria. However, the exact implications and contribution of
BA for this signaling route in CNS remains an interesting
subject for future research.

BA act as etiological factors or mediators linking the
pathogenesis of various neurological diseases, supporting
BA metabolites as potential risk biomarkers for progno-
sis of diseases. Due to the complex of BA metabolites in
compositions and biochemical properties, how to figure
out the exact function of specific BA metabolite or the
overall contribution of altered BA profiles to the patho-
genesis of neurological diseases remains to be solved in
the future. Attractively, the supplementation of hydro-
philic UDCA and TUDCA have been proved to display
therapeutic benefits by inhibiting the neuroinflammatory
response, apoptosis, oxidative stress, protecting mito-
chondria or even acting as a potential chaperone to cor-
rect misfolded proteins in various neurological diseases.
The neuroprotective role of UDCA, especially TUDCA
provides promising strategies for treatment of neurologi-
cal diseases. Currently, the prevalence of BA in neurolog-
ical research is a growing field. Better understanding of
BA signaling and its effects in the brain will provide novel
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discoveries and strategies for controlling these debilitat-
ing diseases in future.

Abbreviation

BA Bile acids

FXR Farnesoid X receptor

TGR5 Takeda G-protein-coupled bile acid receptor 5
CNS Central nervous system

CYP7A1 Cholesterol 7a-hydroxylase

CYP8B1 Sterol 12a-hydroxylase

CYP27A1 Sterol 27-Hydroxylase

CYP7B1 Oxysterol 7a-hydroxylase

HSD3B7 3(-hydroxysteroid dehydrogenase type 7

CA Cholic acid

CDCA Chenodeoxycholic acid

AKR1D1 Aldo-keto reductase family T member D1
27-0HC 27-Hydroxycholesterol

UDCA Ursodeoxycholic acid

a-MCA a-muricholic acid

3-MCA B-muricholic acid

CYP2C70 Cytochrome P450 2C70

BACS Bile acid-CoA synthase

BAAT Bile acid CoA:amino acid N-acyltransferase
TCA Taurocholic acid

GCA Glycocholic acid

TCDCA Taurochenodeoxycholic acid

GCDCA Glycochenodeoxycholic acid

TaMCA Tauro-o-MCA

TBMCA Tauro-B-MCA

TUDCA Tauroursodeoxycholic acid

BSEP Bile salt export protein

MRP2 Multidrug resistance associated protein 2
DCA Deoxycholic acid

LCA Lithocholic acid

HCA Hyocholic acid

HDCA Hyodeoxycholic acid

MDCA Murideoxycholic acid

w-MCA w-muricholic acid

ASBT Apical sodium dependent bile acid transporter
NTCP Sodium taurocholate co-transporting polypeptide
OATPs Organic anion transport polypeptides

BBB Blood brain barrier

CYP46A1 Sterol 24-hydroxylase

24S-OHC 24(S)-hydroxycholesterol
CYP39A1 Oxysterol 7a-hydroxylase Il

CSF Cerebrospinal fluid

PXR Pregnane X receptor

VDR Vitamin D receptor

LXR Liver X receptor

GR Glucocorticoid receptor

S1PR2 Sphingosine-1-phosphate receptor 2 receptor
NMDA N-methyl-D-aspartate

GABAA y-aminobutyric acid (GABA) type A (GABAA) receptor
TMN Tuberomammillary nucleus

NSCs Neural stem cells

SGZ Subgranular zone

DG Dentate gyrus

74 Subventricular zone

FGF-15/19  Fibroblast growth factor 15/19
GLP-1 Glucagon-like peptide-1

DDP-4 Dipeptidyl peptidase IV

ROS Reactive oxygen species

HE Hepatic encephalopathy

AD Alzheimer's disease

Abeta Beta-amyloid

PD Parkinson’s disease (PD)

HD Huntington's disease

MS Multiple sclerosis

CTX Cerebrotendinous xanthomatosis
I-1B Interleukin-1 beta

NO Nitric oxide
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TNF-a Tumor necrosis factora
IFN-y Interferon-y
IL-6 Interleukin-6

IL-10 Interleukin-10

MCP-1 Monocyte chemotactic protein-1
VCAM-1 Vascular cell adhesion 1

TGFR Transforming growth factor3

Scl Spinal cord injury

COX-2 Cyclooxygenase-2

iNOS Inducible nitric oxide synthase
BMDMs Bone marrow-derived macrophages
ERK Extracellular signal-regulated kinase
INK c-Jun N-terminal kinase

MAPK Mitogen-activated protein kinase
PI3K Phosphatidylinositol 3-kinase

MR Mineralcorticoid receptor (MR);

APP Amyloid precursor protein

3-NP 3-nitropropionic acid

SOD1 Superoxide dismutase-1

Nrf2 Nuclear factor erythroid 2 related factor 2

GPx Glutathione peroxidase

HO-1 Heme oxygenase-1
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
UPR Unfolded protein response
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