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REVIEW

The Unexpected Uses of Urso- and Tauroursodeoxycholic
Acid in the Treatment of Non-liver Diseases

Sheila Vang, United States; Katie Longley, United States; Clifford J. Steer, MD, United States; Walter C. Low, PhD, United States

ABSTRACT

Tauroursodeoxycholic acid (TUDCA) is the taurine conjugate of ursodeoxycholic acid (UDCA), a US Food and Drug
Administration—approved hydrophilic bile acid for the treatment of certain cholestatic liver diseases. There is a
growing body of research on the mechanism(s) of TUDCA and its potential therapeutic effect on a wide variety of
non-liver diseases. Both UDCA and TUDCA are potent inhibitors of apoptosis, in part by interfering with the
upstream mitochondrial pathway of cell death, inhibiting oxygen-radical production, reducing endoplasmic reticu-
lum (ER) stress, and stabilizing the unfolded protein response (UPR). Several studies have demonstrated that
TUDCA serves as an anti-apoptotic agent for a number of neurodegenerative diseases, including amyotrophic lat-
eral sclerosis, Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. In addition, TUDCA plays an
important role in protecting against cell death in certain retinal disorders, such as retinitis pigmentosa. It has been
shown to reduce ER stress associated with elevated glucose levels in diabetes by inhibiting caspase activation, up-
regulating the UPR, and inhibiting reactive oxygen species. Obesity, stroke, acute myocardial infarction, spinal cord
injury, and a long list of acute and chronic non-liver diseases associated with apoptosis are all potential therapeutic
targets for T/UDCA. A growing number of pre-clinical and clinical studies underscore the potential benefit of this
simple, naturally occurring bile acid, which has been used in Chinese medicine for more than 3000 years.

INTRODUCTION

Tauroursodeoxycholic acid (TUDCA) is the taurine
conjugate of ursodeoxycholic acid (UDCA), a secondary
bile acid produced only by intestinal bacteria. T/UDCA
has been studied for its ameliorating effects on inflam-
matory metabolic diseases, including atherosclerosis,
diabetes, and renal disease.® UDCA was originally US
Food and Drug Administration (FDA)-approved for the
treatment of certain cholestatic liver diseases based on
its choleretic effects and ability to protect hepatocytes
from hydrophobic bile acids. Studies examining the
mechanisms of TUDCA and UDCA action have shown
that these compounds act as potent inhibitors of apop-
tosis by interfering with the mitochondrial pathway of
cell death, inhibiting oxygen-radical production, and
reducing endoplasmic reticulum stress and caspase acti-
vation (Figure 1).> Normally, the endoplasmic reticu-
lum synthesizes proteins and folds them properly with
the help of endoplasmic reticulum (ER) chaperones.
Too many unfolded proteins signal an ER stress response
associated with reduced protein synthesis and increased
expression of chaperones, malfunction of the unfolded
protein response (UPR) and ultimately cell death.3

Recent studies have shown that T/UDCA can pre-
vent UPR dysfunction and ameliorate ER stress. It does
so in part by improving protein folding capacity via the
activation of transcription factor 6 and by assisting in
the transfer of mutant proteins.* TUDCA is a co-trans-
porter of Na+/taurocholate and activates asf1 protein
into its active conformation by transferring the Pr
unit.> It also inhibits the phosphorylation of initiation
factor 20(eIF2ar), which is normally activated by pro-

tein kinase RNA-like ER kinase (PERK).4

Cisplatin is an effective anti-cancer chemothera-
peutic drug that is known to cause sensory neuropathy
in patients who receive the drug. N18D3 hybrid neurons
exposed to cisplatin treatment showed morphological
changes such as cell shrinkage and cytoplasmic bleb-
bing, as well as condensed and fragmented nuclear
morphology, which are characteristics of apoptotic cell
death. A clear 180- to 200-base pair internucleosomal
DNA cleavage was induced by cisplatin treatment.
Cisplatin treatment not only induced cytotoxicity in
N18D3 hybrid neurons but also induced a substantial
accumulation of p53 protein. P53 has been reported to
play a major role in cisplatin-induced apoptotic cell
death. Pre-incubation with UDCA was found to be effec-
tive in reducing cisplatin neurotoxicity and completely
blocked cell death in N18D3 neurons, in part by sup-
pressing pro-apoptotic p53 protein.® P53 isalso a known
tumor suppressor protein as it promotes growth arrest
and apoptosis and is dysfunctional in certain cancers.
TUDCA has recently been seen to modulate the control
of p53 via Mdm-2. Mdm-2 is the direct repressor of p53
and the modulation of Mdm-2 and ps53 appears to be a
key target of TUDCA.? The inhibition of ps53 action is
also a potential treatment for diseases that are associat-
ed with increased activation of p53 activity.?

TUDCA improves apolipoprotein E4 (APOE4) mac-
rophage survival and function. APOE4 and APOE3 have
important functions in binding to LDL receptors. APOE
is a protein associated with several classes of plasma
lipoproteins expressed in the liver and other tissues,
including those of the central nervous system, vascular

Volume 3, Number 3 ¢ May 2014 ¢ www.gahmj.com

Review


http://crossmark.crossref.org/dialog/?doi=10.7453%2Fgahmj.2014.017&domain=pdf&date_stamp=2014-05-01

URSO- AND TAUROURSODEOXYCHOLIC ACID IN THE TREATMENT OF NON-LIVER DISEASES

Fast CQ) Sfress

Fas &

Caspase-3

T GspQO
4

TUDCA N UDCA_' NSR
o N
Stress l Caspase-12 l
Ca Calpain — Y \\l‘\lSR
Ca?* - _,, C et ,
Ca 3™ Procaspase-12 UDCA

ER

NSR

Nucleus

,  APOPTOSIS

o
° 4 Cytochrome ¢

D
v v AR
v V<
")
Apaf-1, { Proteasome
( th
hsp90 others degradation

Figure 1 Proposed mechanisms of T/UDCA inhibition of apoptosis. T/UDCA negatively modulates the mitochondrial pathway by
inhibiting Bax translocation, ROS formation, cytochrome c release, and caspase-3 activation. T/UDCA protects against mitochondrial
membrane permeabilization and decreased AWm, which reduces ROS production and apoptosis. T/UDCA can also interfere with the
death receptor pathway, inhibiting caspase-3 activation. Moreover, T/UDCA inhibits apoptosis associated with ER stress by modulat-
ing intracellular calcium levels and inhibiting calpain and caspase-12 activation. Importantly, T/UDCA interacts with NSR, leading to
NSR/hsp90 dissociation and nuclear translocation of the T/JUDCA/NSR complex. Once in the nucleus, T/UDCA reduces apoptosis by
modulating the E2F-1/p53/Bax pathway, inhibiting MDM2/p53 association, decreasing BAX, PUMA and NOXA expression, reducing
p53 transactivation and DNA binding activity, and increasing p53 degradation. Finally, T/UDCA downregulates cyclin D1 and Apaf-1,

further inhibiting the mitochondrial apoptotic cascade.

Abbreviations: Cyt ¢, cytochrome ¢; Hsp90, heat shock protein 90; T/UDCA, tauroursodeoxycholic/ursodeoxycholic acid.

Reprinted with permission from Amaral et al, 2009.2

smooth muscle cells, adrenals, macrophages, and adipo-
cytes. It contributes to cholesterol transport and modu-
lates metabolic disease progression via lipid transport-
independent mechanisms. APOE3 and APOE4 are iso-
forms of the polymorphic APOE that bind to LDL
receptors and other LDL receptor family proteins with
similar affinity. However, APOE3 appears to protect
against metabolic disorders while APOE4 is a major
genetic risk factor of inflammatory metabolic diseases,
including atherosclerosis, diabetes, and Alzheimer’s
disease (AD). Increased cell death was observed in
APOE4 macrophages when stimulated with LPS or oxi-
dized LDL and was due mainly to potentiation of ER
stress signaling and JNK phosphorylation.! TUDCA
attenuated LPS- and oxLDL-induced apoptosis of APOE4
macrophages to levels observed in APOE3 macrophages.

TUDCA acts as a mitochondrial stabilizer and anti-
apoptotic agent in several models of neurodegenerative
diseases, including AD, Parkinson’s diseases (PD), and

Huntington’s diseases (HD). Based on mechanistic stud-
ies conducted primarily in rodent models, TUDCA may
provide a novel and effective treatment in neurological
disorders with its neuroprotective activities. TUDCA
shows cytoprotective properties through the inhibition
of apoptosis,*® and it has been convincingly demon-
strated that T/UDCA crosses the blood brain barrier in
humans.” That said, not everyone is convinced, and
there is at least one report recommending that the use
of T/UDCA beyond PBC is unjustified.**

ALZHEIMER’S DISEASE

Alzheimer’s disease is a progressive and untreat-
able neurodegenerative disease that affects specific
areas of the brain, including the hippocampus and
frontal cortex. Deficits in memory and other cognitive
skills compromise independent living in AD patients.
The mechanisms of neuronal dysfunction and cell
death in AD are not entirely understood, but there is
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growing evidence to suggest that apoptosis plays a key
role in the loss of cell number. AD is characterized by
extracellular accumulation of amyloid f-peptide (AB)
plaques and intracellular neurofibrillary tangles (NFT)
containing hyperphosphorylated tau-proteins. Ap, a
protein derived from the cleavage of the amyloid-pre-
cursor protein (APP) in high quantities aggregates to
toxic amyloid plaques, affecting physiological mecha-
nisms of the cell and induces neuronal death.

In AD brains, the primary modification of tau has
been proposed as the abnormal phosphorylation.
Caspase-3 cleavage of tau in the C-terminal region has
also been detected in AD brains and promotes tau
assembly.”? The rTg4510 mouse model is a taupathy
model with massive neurodegeneration in specific cor-
tical and limbic structures. Results from a study of the
rTg4510 mouse model suggested that apoptosis is an
early event associated with tau cleavage in the hippo-
campus and the frontal cortex, occurring prior to NFT
formation and massive neuronal death. Caspase-3—
cleaved intermediate tau species appear to represent a
toxic form of the molecule in rTg4510 brains, resulting
in protein aggregation in NFT and neuronal dysfunc-
tion. Apoptosis and caspase-3 cleavage of tau induced
fibrillar AP were inhibited significantly by TUDCA."3

Apoptosis, a type of programmed cell death, is an
energy-dependent process. There are a series of bio-
chemical and morphological modifications, which
include condensation of chromatin, shrinkage of cyto-
plasm, and the formation of apoptotic bodies. Apoptosis
occurs primarily via extrinsic death-receptor and/or
intrinsic mitochondrial pathways. Oxidative stress,
DNA damage, or protein misfolding leads to mitochon-
drial membrane permeability, release of apoptogenic
factors into the cytoplasm, and disruption of the mito-
chondrial membrane potential, ultimately resulting in
cell death. Currently, there is no effective treatment for
patients with AD. Approved drugs can enhance trans-
mitter levels but do not slow disease progression.
TUDCA has established itself as a potent inhibitor of
apoptosis and may be a possible therapeutic interven-
tion for neurodegenerative diseases such as AD.

Phosphatidylinositide 3-OH kinase (PI3K) pro-
motes survival downstream of apoptosis-inducing
stimuli. A growing number of cellular intermediates
are activated by PI3K, including the serine/threonine
protein kinase Akt, which are capable of suppressing
apoptosis. Ap peptide is a strong inducer of the Bax pro-
apoptotic mitochondrial pathway and a weak activator
of Akt phosphorylation." There is significant dysregu-
lation of anti-apoptotic Bcl-2 and proapoptotic Bax
proteins in human AD tissues.*>*3 TUDCA modulates
Ap-induced apoptosis by activating a PI3K survival
pathway and thereby suppressing Bax translocation.
Rat cortical neuron response to incubation with AP
show that cytochrome c is significantly depleted from
mitochondria. Release of cytochrome ¢ was accompa-
nied by caspase-3 activation, DNA degradation, and
nuclear fragmentation. Bax protein levels increased in

mitochondria during Af-induced apoptosis, and this
was associated with increased release of cytochrome c.
Rat cortical neurons exposed to AP peptide with
TUDCA treatment showed significant reduction of Bax
translocation, thus inhibited cytochrome c release, cas-
pase activation, and DNA and nuclear fragmentation.
In addition, TUDCA activated the PI3K-dependent sur-
vival pathway. Most notably, PI3K/Akt activation by
TUDCA was sufficient to retain Bax in the cytoplasm
after AP treatment.™

TUDCA also modulates phosphorylation and trans-
location of Bad via PI3K in glutamate-induced apoptosis
of rat cortical neurons. Glutamate is an excitatory neu-
rotransmitter in the CNS that regulates neuronal plas-
ticity and induction of cell death. Cell death induced by
glutamate may be involved in chronic neurodegenera-
tive disorders, such as AD. Rat cortical neurons exposed
to glutamate induced cytochrome c release, caspase
activation, and morphologic changes of apoptosis.
Significant reduction of glutamate-induced apoptosis of
rat cortical neurons was observed in pretreatment with
TUDCA. The Bcl-2 family of proteins controls the regu-
lation of mitochondrial membrane function. Glutamate
modulates the expression of Bcl-2 family proteins and
induces cytochrome c release, caspase activation, and
nuclear fragmentation. Incubation with TUDCA pro-
moted phosphorylation and translocation of pro-apop-
totic Bad from mitochondria to the cytosol, thereby
inhibiting apoptosis and suggesting an important target
for the anti-apoptotic function of TUDCA. The phos-
phorylation of Bad by TUDCA was also found to occur
through a PI3K-dependent mechanism.*>

One of the earliest sites of AD pathology is associ-
ated with reduced synapse density, and synaptic loss
is highly correlated with cognitive impairment.
TUDCA modulates synaptic deficits induced by amy-
loid and reduced the down-regulation of the postsyn-
aptic density-95 protein (PSD-95) in an AD mouse
model. TUDCA also prevented the reduction in den-
dritic spine number and decrease spontaneous minia-
ture excitatory synaptic activity.'®

The mitochondrial membrane is an important tar-
get in AP-induced cytotoxicity. An electron paramag-
netic resonance (EPR) spectroscopy analysis showed
that AP disrupted the mitochondrial membrane lipid
and protein structure, inducing oxidative injury, which
increases membrane permeability and release of cas-
pase-activating factors. Lipid polarity and protein mobil-
ity were disrupted by Af and increased cytochrome c
release. AP induced distress of mitochondrial function
and structure were diminished by pretreatment of
TUDCA.*7 TUDCA was evaluated in several studies and
has been shown to reduce A toxicity by interfering
with its production and accumulation. It inhibited
AB-induced apoptosis by promoting mitochondrial
membrane stability and reducing the release of cyto-
chrome c and downstream activation of caspases.

In addition to mitochondria playing a central
role in the apoptotic process, ER is also a critical
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organelle in AD. ER stress as discussed earlier leads to
accumulation of unfolded or misfolded proteins like
AP peptide. UPR is triggered by ER stress, and severe
or prolonged activation of UPR results in apoptotic
cell death. ER stress also leads to activation of several
kinases that have functional effects on neuronal
homeostasis, including apoptosis signal-regulating
kinase 1 (ASK1), which triggers c-Jun N-terminal
kinase (JNK) signaling. ASK1-mediated JNK activa-
tion has the potential to stimulate AD pathogenesis.
Caspase-2 activation is a requirement of Af-induced
cell death, and TUDCA prevented its activation.
TUDCA also revoked AP-induced JNK/caspase-2 sig-
naling and modulated AB-induced caspase-12-mediat-
ed apoptosis triggered by ER subcellular compart-
ment. ER stress markers down-regulated by Af were
partially restored by TUDCA.*8

Accumulation of A in the brain is associated with
mutations in amyloid precursor protein (APP) and pre-
senilin 1 (PS1) genes. TUDCA treatment in APP/PS1
mice decreased AP production and inhibited accumula-
tion of AP deposits in the brain. Decreased A levels
were observed in both hippocampus and frontal cortex
of TUDCA-treated APP/PSI mice. These findings sug-
gested that TUDCA interferes with AP production, pos-
sibly by regulation of lipid metabolism mediators.
Activation of astrocytes and microglia in areas of Ap
plaques contributes to an inflammatory process that
develops around the injury in the brain. Activated
astrocytes and microglia were visualized by GFAP
immunoreactivity and Iba-I immunoreactivity, respec-
tively, and observed in APP/PSI mice. Significantly less
GFAP immunoreactivity and Iba-l immunoreactivity
were observed in TUDCA-treated APP/PSI mice, sug-
gesting that TUDCA inhibits activation of astrocytes
and microglia. Marked improvement in the integrity of
MAP2-positive neuronal fibers was observed around
the amyloid plaques in the brains of TUDCA-treated
APP/PSI. It was suggested that the rates of neuronal
degeneration in APP/PSI mice treated with TUDCA
were significantly decreased.”

Memory loss and cognitive decline are major hall-
marks observed in AD patients. Learning and working-
memory tasks rely predominantly on hippocampal
function. TUDCA prevented downstream abnormal
conformations of tau, which may have beneficial con-
sequences in slowing cognitive decline.’® Based on the
contextual fear-conditioning test, it was suggested that
TUDCA may prevent memory deficits in APP/PS1 mice
via attenuation of Af-associated neurodegeneration.™
Findings from another study in APP/PSI mice suggested
that dietary TUDCA supplementation improved the
use of spatial search strategies during a maze in APP/
PS1 mice. It also showed improvement in social memo-
ry and passive avoidance learning in APP/PSI mice.?®

Cerebral amyloid angiopathy (CAA) is common
feature of AD. This age-associated condition is charac-
terized by the deposition of amyloid peptides in cortical
and leptomeningeal vessels that cause capillary disrup-

tion and endothelial dysfunction. CAA plays a signifi-
cant role in intracerebral hemorrhage. There is limited
information regarding the effect of amyloid peptides
on endothelial vessel wall cells that are in contact with
vascular amyloid deposits in CAA. E22Q is a glutamine
to glutamic acid substitution at residue 22 and is associ-
ated with hereditary cerebral hemorrhage with amyloi-
dosis Dutch type. TUDCA protected brain microvascu-
lar endothelial cells from apoptotic insult triggered by
the potent vasculotropic E22Q peptide. TUDCA also
prevented ABE22Q-induced mitochondrial Bax translo-
cation, cytochrome c release and subsequent cell
death.?* Such studies provide new perspectives in mod-
ulating amyloid-induced toxicity in CAA and suggest
TUDCA as a potential therapeutic intervention for AD.

PARKINSON'S DISEASE

Parkinson’s disease is a progressive neurodegenera-
tive disease characterized by cardinal symptoms such as
resting tremor, rigidity, postural instability, and brady-
kinesia. It is caused by relentless loss of nigrostriatal
dopaminergic neurons in the substantia nigra of the
brain. There are many pathogenic mechanisms in PD,
but one of the most common is a vicious cycle of oxida-
tive damage and decrease in anti-oxidative glutathione
in PD brain tissue.?? Signs of apoptosis include mito-
chondrial dysfunction, chromatin condensation, and
caspase activation in dying cells. Mitochondrial dys-
function leads to downstream increase in reactive oxy-
gen species (ROS), inflammatory responses, and activa-
tion of cell death pathways. Syndromes related to PD are
caused by ingestion of complex I inhibitors. The com-
plex I inhibitor 1-methyl-4-phenyl-1,2,3,6-tetrahydro-
pyridine (MPTP) causes degeneration of nigrostriatal
dopaminergic neurons and characterizes a toxin para-
digm for PD.?3 Rotenone is another complex I inhibitor
that causes multiple changes in the mitochondria rele-
vant to PD. It is known to induce free radical generation,
inhibition of complex I, and apoptosis.?4 In the patho-
genesis of PD, the JNK pathway constitutes a central
stress activated response, and increased levels are found
in PD brains.?3 UDCA and TUDCA have been studied
and found to play a role as a neuroprotectant in PD by
protecting against apoptosis and regulating JNK activity
and cellular redox thresholds.

A number of genes have been associated with
familial cases of PD. Genetic modulation of a-synuclein,
parkin, and DJ-1 all disrupt mitochondrial function in
Caenorhabditis elegans. TUDCA treatment yielded pro-
tection against rotenone-induced toxicity. Non-tg lines
were fully protected by TUDCA, and Ko8E3.7 and
a-synuclein-expressing strains showed increased sur-
vival with TUDCA treatment. A gene associated with
cell death that takes place during the development of
the nematode C elegans is ced-3. TUDCA does not pro-
tect C elegans lacking ced-3, suggesting that TUDCA acts
in part by inhibiting apoptosis.?4

UDCA and its highly water-soluble formula,
Yoo’s solution (YS) were shown to protect the human
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dopaminergic neuronal cell line SH-SY5Y against
sodium nitroprusside (SNP)-induced cytotoxicity.?3
SNP was used as a neurotoxicant due to its strong
NO-generating characteristics and cytotoxicity in
dopaminergic cells. UDCA significantly attenuated
programmed cell death processes such as nuclear frag-
mentation, caspase activation, MMP decrease, and
cytochrome c release. ROS such as superoxide, hydro-
gen peroxide, hydroxyl radical, and RNS including NO
directly contribute to oxidative damage of dopaminer-
gic cells. UDCA decreased the generation of total ROS
and NO. Glutathione (GSH), an endogenous tripeptide
anti-oxidant, exerts critical protective effects as a rep-
resentative intracellular anti-oxidant. Under normal
conditions, GSH is properly maintained in most cells
and suppresses the spontaneous oxidative damage
induced by PD-related toxicants. UDCA maintained
the GSH level under oxidative stress caused by SNP.?3

The neuroprotective role of TUDCA against
MPTP toxicity was observed in a study with mice lack-
ing glutathione S-transferase pi (GSTP), an endoge-
nous JNK inhibitor. Pre-treatment with TUDCA sig-
nificantly reduced the depletion of DA neurons and
dopaminergic fiber loss caused by MPTP. TUDCA
protected against MPTP-induced neurodegeneration
by delaying and decreasing dopaminergic cell loss.
Pre-treatment with TUDCA modified the cellular
environment and attenuated the deleterious events of
MPTP by blocking ROS production and JNK activation
in GSTP null mice.3

TUDCA administration is also neuroprotective
for nigral dopamine neurons transplanted into rodent
models of PD. Numerous studies have demonstrated
that the transplantation of fetal nigral dopamine neu-
rons results in a 90% to 95% loss of transplanted neu-
rons because of apoptosis. Parkinsonian rats were
transplanted with nigral dopamine neurons from
fetal rats incubated in 50 uM TUDCA or saline. Rats
treated with dopamine neurons incubated in TUDCA
exhibited a significant reduction in rotational asym-
metry compared to rats transplanted with dopamine
neurons alone.?> Histological analysis of the trans-
planted cells revealed a significantly greater number
of tyrosine-positive cells that survived transplanta-
tion in the TUDCA-treated cells vs the saline-treated
cells. Incubation of isolated dopamine neurons with
TUDCA resulted in significantly fewer TUNEL-
positive neurons in comparison with vehicle controls.
Together, these results suggested that TUDCA can
enhance survival of transplanted dopamine neurons
via reduction of apoptosis. Interestingly, a recent
study that screened more than 2000 compounds iden-
tified ursocholanic acid and its chemically-related
compound UDCA as highly promising drug therapies
for future neuroprotective trials in PD.2

HUNTINGTON'S DISEASE
Huntington’s disease is a progressive, fatal, auto-
somal dominant neurodegenerative disorder caused

by abnormal expansion of the trinucleotide (CAG)
repeat sequence in exon 1 of the gene encoding the
huntingtin protein. HD is characterized by selective
neuronal loss and dysfunction in the striatum and
cortex with corresponding motor and cognitive
impairment. The expansion results in selective death
of neurons by interfering with mitochondrial homeo-
stasis. Mitochondria compromise in HD is demon-
strated by abnormal energy metabolite concentra-
tions and utilizations, stress-induced mitochondrial
depolarization, free radical production, and associat-
ed oxidative damage.?” Mitochondrial perturbation
produces reactive oxygen species and opens the mito-
chondrial permeability transition (MPT) pore, releas-
ing cytochrome c that initiates a caspase-mediated
apoptotic cascade. 3-Nitropropionic acid (3-NP), an
irreversible inhibitor of succine dehydrogenase,
appears to be associated with metabolic compromise
and oxidative stress causing apoptotic neuronal cell
death in the striatum and hippocampus of HD
patients.?® There is currently no effective treatment
for HD, but TUDCA may offer potential therapeutic
benefit by stabilizing the mitochondrial membrane,
inhibiting the mitochondrial permeability transition,
decreasing free radical formation, and derailing the
apoptotic process.?’

The effects of TUDCA were studied in both 3-NP
and transgenic mouse models of HD. Rat neuronal
RN33B cellsincubated with 3-NP showed the character-
istic signs of apoptosis including condensed chromatin
and nuclear fragmentation with formation of apoptotic
bodies. 3-NP triggers mitochondrial cytochrome c
release, which is independent of MPT pore opening,
and this results in the activation of cytosolic caspase-3
and cleavage of the nuclear enzyme PARP.?® The R6/2
mouse model of HD reflects more accurately the true
pathophysiology of HD associated with the trinucleo-
tide CAG expansion.?9 Mice in the study exhibited
severe neuropathophysiology and associated neurode-
generation with sensorimotor deficits. Striatal atrophy
and formation of neuronal intranuclear inclusions
were also prominent.

3-NP cultures treated with TUDCA significantly
increased neuronal survival by inhibiting swelling and
release of cytochrome c in isolated mitochondria, DNA
fragmentation, caspase activation, and apoptosis in
RN33B cells.?”28 In vivo, TUDCA preserved striatal
mitochondria structure and significantly prevented
apoptosis in the brain (Figure 2). 3-NP treatment
resulted in swollen striatal mitochondria that exhibit-
ed abnormal membrane structure and terminal deoxy-
nucelotidyltransferase-mediated dUTP nick end label-
ing (TUNEL)-labeling of striatal cells, and these were
significantly reduced with administration of TUDCA.?7
TUDCA inhibited apoptotic events, in part by prevent-
ing Bax translocation, depolarizing the mitochondrial
membrane, and producing ROS.?® Striatal sections
from TUDCA-treated Tg mice contained fewer TUNEL-
positive cells compared to mice that received vehicle
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Figure 2 TUDCA protects striatal mitochondria exposed to 3-NP in vivo. Top left: TUDCA rats exhibit normal striatal mitochondrial size
and shape, with intact membrane structure. Bottom left: Enlarged view of TUDCA inset. Top center: Chronic (28 day) 3-NP administration
results in abnormal mitochondria. Framed mitochondrion at the same magnification shows dramatic swelling, structural alterations, and
loss of membrane integrity. Bottom center: Enlarged view of 3-NP inset. Top right: TUDCA protects mitochondria chronically exposed to
3-NP, as evidenced by normal mitochondrial size, shape, and structure. Bottom right: Enlarged view of 3-NP + TUDCA inset. Magnification

is the same for all images. Scale bar, 1 um.

Reprinted with permission from Keene et al, 2001.27

alone.3° Both studies of 3-NP and R6/2 Tg mouse model
of HD showed reduced striatal lesion volumes when
treated with TUDCA. A common pathological hall-
mark of HD is the formation of intracellular inclusions
composed primarily of misfolded huntingtin protein
and ubiquitin. Striatal inclusions in TUDCA-treated
mice were both smaller in size and reduced in number
compared to untreated Tg HD mice, improving the
hallmark of HD pathology.

In addition to these results, TUDCA also amelio-
rated locomotor and sensorimotor deficits in both HD
systems. Open field task was used to measure R6/2
mouse hypoactivity, and TUDCA-treated R6/2 mice
were significantly more active compared with vehicle
controls.3° 3-NP rats treated with TUDCA resulted in
little or no loss of ability to habituate to a stimulus,
meaning there was little observation of reduced over-
all activity. Rota-Rod tests were used to evaluate senso-
rimotor abilities longitudinally. Four rotational veloci-
ties were used to identify differences in performance
on simple, intermediate, and difficult tasks. TUDCA-
treated R6/2 mice performed markedly better than
control Tg mice, suggesting that TUDCA plays a role in
improving sensorimotor deficits in HD mice.

OCULAR DISORDERS

TUDCA has been shown to ameliorate a number of
retinal disorders. Retinitis pigmentosa (RP) is a genetic
disease in which a single point mutation in the rhodop-
sin-encoding gene (RHO) leads to loss of rod photore-
ceptor cells via protein misfolding and endoplasmic
reticulum stress. The majority of cells in the outer reti-
na are made up of rods, which are metabolically active
cells that consume the majority of oxygen delivered to
that region of the retina. Once rods die, oxygen con-
sumption is greatly reduced, resulting in a large
increase in oxygen in the outer retina. Progressive oxi-
dative damage and death of cones result primarily from
the increase of NADPH oxidase and generation of
ROS3' Other causes of blindness include bright light
exposure, retinal detachment, age-related macular
degeneration and diabetic retinopathy. Many studies
have shown that TUDCA exhibit anti-apoptotic proper-
ties in neurodegenerative diseases affecting the retina
by reducing photoreceptor apoptosis.

TUDCA prevented apoptosis and preserved func-
tion and morphology of photoreceptor cells in both
genetic and environmental mouse models of human
retinal degeneration. These included the Pde6b

rdro
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(rdro) mouse, a genetic model of retinitis pigmentosa,
and the environmental model of blindness in the light-
induced retinal degeneration (LIRD) mouse.
Electroretinograms (ERGs) were recorded as an out-
come measure of retinal function. The results showed
that ERG a-wave and b-wave amplitudes were greater in
mice treated with TUDCA compared to those treated
with vehicle.3? Retinas of TUDCA-treated mice pos-
sessed thicker outer nuclear layers, more photoreceptor
cells, and more fully developed photoreceptor outer
segments in both mouse models (Figure 3). Overall,
signs of apoptosis in rdro and LIRD mouse models of
retinal degeneration were dramatically suppressed
with TUDCA treatment.333

The action of TUDCA in a separate P23H mouse
model of RP was shown to preserve cone and rod struc-
ture and function, in addition to contacts with their
postsynaptic neurons. The number of photoreceptor
rows present in the outer nuclear layer (ONL) was
observed postnatally to assess the protective action of
TUDCA. TUNEL labeling was performed to quantify
the degree of photoreceptor cell apoptosis, and the
number of TUNEL-positive cells per retinal section was
found to be significantly higher in control P23H mice
compared to TUDCA-treated mice. TUDCA also pre-
vented the loss of cell dendrites of the retina that estab-
lish connections with both rod and cone photorecep-
tors, including horizontal and bipolar cells. Results
from the study also indicated that TUDCA slowed the
loss of mitochondria in photoreceptors.34 In addition to
these and other models of retinal disease,353¢ TUDCA
administration also preserved photoreceptor function
after retinal detachment by reducing oxidative stress
and caspase activity.3?

A leading cause of vision loss in people over the
age of 50 years is age-related macular degeneration
(AMD). AMD can be characterized by the development
of chorodial neovascularization (CNV), resulting in
inflammation, angiogenesis, and apoptosis. A recent
study used a laser-induced CNV model to demonstrate
the suppressing effects of TUDCA on CNV and vascular
endothelial growth factor (VEGF) expression. VEGF is
known to be a mediator of CNV in exudative AMD in
humans, and anti-VEGF agents suppress CNV and
improve vision. Rats treated with systemic TUDCA
before and after CNV induction showed less fluorescein
leakage from CNV and reduced CNV lesion sizes. VEGF
levels of retina in the TUDCA group were significantly
lower than in the control group, suggesting that sys-
temic administration of TUDCA was associated with
suppression of early VEGF elevation in the retina after
laser injury. It also suggested that the inhibition of
VEGF up-regulation was associated with the observed
reduction in CNV size and vascularity.38

The development of retinal problems resulting
from diabetes is a consequence of endothelial cell
(EC) injury due to toxic levels of glucose. In the work-
ing-age population, diabetic retinopathy is the most
common cause of blindness. Damaged endothelial

tight junctions or impaired inner blood-retinal barri-
er (BRB) result in vascular leakage and retinal barrier.
As the disease progresses, ECs undergo apoptosis lead-
ing to consequent neovascularization. Activating
transcription factor 4 (ATF4), an ER stress-inducible
transcription factor, is a key regulator of endothelial
inflammation in diabetic retinopathy. High glucose
levels, demonstrated through activation of signal
transducer and activator of transcription 3 (STAT3)
induce ER stress and activate ETF4 in retinal ECs. This
results in the increased production of inflammatory
factors and retinal vascular leakage commonly seen
in diabetic retinopathy.39 C/EBP homologous protein
(CHOP) is a target gene of ATF4, and intermittent
exposure to high glucose causes an increase in ATF4
and CHOP expression and inflammatory cytokine
expression. Human retinal pericytes (HRP) pretreated
with TUDCA followed by incubation with intermit-
tent high glucose showed that VEGF expression was
largely abolished. TUDCA also effectively suppressed
the induction of CHOP expression by intermittent
high glucose.#® In cultured retinal neural cells
induced by exposure to elevated glucose concentra-
tion, TUDCA markedly reduced cell death.4* The
release of apoptosis-inducing factor (AIF) from the
mitochondria and the accumulation of AIF in the
nucleus were partially prevented by TUDCA. After
cells exposed to elevated glucose concentration were
exposed to TUDCA treatment, decreased levels of bio-
markers of oxidative stress such as protein carbonyl
groups and ROS production were observed. Retinal
neural cell cultures were protected from cell death
induced by elevated glucose concentration with
TUDCA treatment through decreasing mito-nuclear
translocation of AIF. Together, these studies demon-
strated that TUDCA can ameliorate cellular damage
in a variety of retinal disorders.+?

STROKE

TUDCA has been shown to exert neuroprotective
effects in a rodent model of ischemic brain injury.*3
Rats were subjected to transient cerebral ischemia by a
temporary occlusion of the middle cerebral artery for
60 minutes by the insertion of a filament. TUDCA was
administered one hour after the removal of the occlud-
ing filament. Assessment of infarct volume 7 days after
ischemic injury revealed that animals treated with
TUDCA had a 50% reduction in infarct volume and an
80% reduction in TUNEL-positive apoptotic cells.
Reductions in mitochondrial swelling and in apoptotic
caspase-3 protein levels were also observed. These
results suggest that TUDCA was cytoprotective in isch-
emic brain injury and exerted its actions, in part by
inhibiting apoptosis.

The loss of cells in the brain from intracerebral
hemorrhage (ICH) involves both necrotic and apoptot-
ic cell death. TUDCA was investigated as a treatment
regimen following ICH in rats for reducing the loss of
brain cells from apoptosis.#* ICH was induced by injec-
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Figure 3 Effect of TUDCA on rd70 mouse retinal morphology. Representative micrographs stained with toluidine blue showing significant pres-
ervation of photoreceptor nuclei in the outer nuclear layer (ONL) in TUDCA-treated eyes (top panel, right) compared with vehicle-treated eyes
(top panel, left). Counts of photoreceptor nuclei were significantly greater in eyes with TUDCA treatment compared to vehicle only. Combined
inner segment (IS) and outer segment (OS) length was similarly preserved, with no change in thickness of inner nuclear layer (INL) or ganglion
cell layer (GCL). Fluorescence microscopy using a B-2A long pass emission fluorescence filter allows further observation of the preservation of
photoreceptor IS and OS present in TUDCA-treated (bottom panel, right) vs vehicle-treated (bottom panel, left) retinal sections. TUNEL-positive
nuclei (green/yellow signal) are seen to be abundant in vehicle-treated sections, but are rare in TUDCA-treated sections. TUDCA treatment
provided significant preservation of photoreceptor nuclei number in the ONL. Treatment had no discernable effect on the INL or GCL.

Reprinted with permission from Boatright et al, 2006.32

tion of collagenase into the striatum, causing vascular
leakage into the parenchyma. Animals treated with
TUDCA exhibited a 50% reduction in infarct volume,
and apoptosis was also reduced by 50% in the areas
adjacent to the site of hemorrhage as revealed by
TUNEL staining. Animals treated with TUDCA exhib-
ited elevated levels of anti-apoptotic Bcl-2 in the isch-
emic hemisphere. Moreover, downstream caspase
activity was reduced 40% to 60% in the ischemic hemi-
sphere in animals treated with TUDCA. In addition to
reducing levels of apoptosis, TUDCA treatment was
associated with significant improvements in limb
placement, stepping ability and amelioration of loco-
motor asymmetry.

DIABETES

Type I diabetes is associated with the loss of
insulin-producing islet cells of the pancreas, primarily
via targeting and destruction by the immune system.
Type II diabetes is typically characterized by normal
insulin production by pancreatic islet cells but an
increase in insulin resistance resulting in elevated
blood glucose levels. Several reports confirm the abil-
ity of TUDCA to improve the hyperglycemia associat-
ed with both types of diabetes. It has been shown that
high glucose levels cause ER stress and defective
autophagy, which facilitate podocyte injury in the
glomerulus.#> TUDCA inhibited the defective autoph-
agy and prevented podocyte injury.4® Adipocyte
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autophagy was suppressed in an insulin-resistant
mouse model, and this resulted in both increased
inflammation and ER stress. Treatment with TUDCA
reduced the ER stress and inflammation, but the sup-
pression of autophagy was not entirely reversed.+

Acinar cells are another important factor in dia-
betes and pancreatitis. Acinar cells in the pancreas are
exocrine glands that are signaled to secrete their hor-
mones and substances by cholecystokinin (CCK) sig-
naling. When rat acinar cells were stimulated with
CCK-8 and TUDCA, there was increased amylase
secretion and 50% reduction in activation of trypsin,
a molecule that hydrolyzes proteins.4® TUDCA treat-
ment resulted in increased chaperone binding,
reduced ER stress, and stabilization of the UPR in a
model of acute pancreatitis.+?

The incubation of free fatty acids with § cells has
been shown to initiate type II diabetes. Reduction of ER
stress by administration of TUDCA significantly
reduced the effects of the free fatty acids on the f
cells.>>5* Type I diabetes is characterized by the death
and dysfunction of pancreatic f3-cells, and deficits in the
expression of UPR mediators activating transcription
factor 6 (ATF6) and X-box binding protein 1 (XBP1).5?
Mice with type I diabetes and exhibiting deficits in
ATF6 and XBP1 expression were treated with TUDCA
in the pre-diabetic stage. With treatment, they exhibit-
ed restored expression of ATF6 and XBP1, reduced infil-
tration of immune cells in the pancreas, decreased
[-cell apoptosis, and preserved insulin secretion.5?

ER stress also contributes to insulin insensitivi-
ty.>3:54 In vivo tissues were tested with TUDCA and
insulin sensitivity increased 30%.5> TUDCA also
restored impaired islets and insulin secretion by reduc-
ing ER stress. TUDCA in pig islets also increased ATP
content, which is beneficial for islet protection after
transplantation.5® ER stress also activates protein tyro-
sine phosphatase 1B (PTP1B), which lowers insulin sig-
naling, and TUDCA administration was found to lower
expression of PTP1B.57 Together, these studies demon-
strate the pleiotropic effects of TUDCA on correcting
deficits associated with type I and II diabetes.559

OBESITY

Adipose tissue is important in maintaining meta-
bolic homeostasis, and its dysfunction can lead to obe-
sity and type II diabetes. Increased adipose tissue can
result in elevated ER stress induced by free fatty acid
(FFA)-mediated reactive oxygen species (ROS) genera-
tion and up-regulation of inflammatory cytokines.®
Several studies now report the improved function of
adipose tissue with exposure to TUDCA, in part by
reducing ER stress, maintaining adipocyte autophagy,
stabilizing the UPR and inhibiting adipogenesis.®*
Obesity can also lead to deficits in myocardial function.
In one study, ob/ob obese mice were found to exhibit
cardiac hypertrophy, compromised contraction of car-
diomyocytes, and hypertension in comparison to nor-
mal controls. Treatment of ob/ob mice with TUDCA led

to a decrease in cardiac hypertrophy, decreased hyper-
tension, and a normalization of cardiac contractility.
Moreover, TUDCA-treated ob/ob mice exhibited nor-
malization of sarco(endo)plasmic reticulum Ca(2+)-
ATPase (SERCA) expression and activity.®

CARDIOVASCULAR DISEASE

Hypertension is a major risk factor for cardiovas-
cular disease. ER stress has been shown to increase
production of endothelium-derived contractile factors
(EDCFs), such as vasoconstrictor prostanoids that
increase resistance, resulting in hypertension.®3-64
TUDCA treatment in rats for 1 week showed decreased
signs of ER stress such as expression of COX-1 and
kinase phosphorylation and decreased levels of pros-
tanoids and blood pressure. TUDCA also decreased
activation of transcription factor 6 and ameliorated the
decrease in mitochondrial calcium in rats with hyper-
tension. It also suppressed proliferation in pulmonary
artery smooth muscle cells and reduced the elevated
blood pressure.®s TUDCA injections into the lateral
cerebroventricles of mice reduced ER stress in the brain
and its associated Ang II-dependent hypertension.®®

Contractile function is critical to the function of
the heart.®” Up-regulation of the SERCA2a protein
increased LV diastolic dysfunction in rats, and this was
almost entirely reversed with TUDCA treatment in
diabetic rats.®® ER stress induces cardiomyoctye con-
tractile dysfunction and is associated with intracellular
Ca?* defects, which improved upon treatment with
TUDCA. One study also showed TUDCA can promote
cardioprotection through the prevention of ER stress,
which inhibits erythropoietin-induced suppression of
mitochondrial permeability transition pore opening.7°
In additional cardiac studies, TUDCA was able to oxi-
dize low-density lipoprotein deposition and reduce AV
calcification”?, inhibit neointimal hyperplasia and the
proliferation of vascular smooth muscle cells (VSMCs)
72, and significantly reduce the injury from myocardial
infarction.’374 These improvements result from the
myriad of mechanisms described above, including
mitochondrial protection and reduction in ER stress.

GASTROINTESTINAL DISORDERS

TUDCA has been used to treat experimental gas-
trointestinal disorders.”> Inflammatory bowel diseases
(IBDs) are immune-mediated disorders of the gastroin-
testinal tract that are chronically relapsing. ER stress
mechanisms have been implicated in the pathogenesis
of both acute and chronic conditions of intestinal
inflammation. Chemical chaperones exhibit beneficial
effects associated with ER stress mechanisms in the GI
system by inhibiting the UPR. ER chaperone glucose
regulated protein (GRP)78 releases three ER transmem-
brane proteins when unfolded proteins accumulate.
This initiates the three branches of the UPR signaling
cascade. Research focusing on the regulation of classi-
cal UPR dependent genes like GRP78 and CHOP sug-
gested that TUDCA could reduce ER stress and stabilize
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the UPR in intestinal epithelial cells. TUDCA was able
to inhibit the activation of the early signaling steps in
the three branches of UPR, preventing the formation
and binding of activated transcription factors to the
ERSE and UPRE elements of the GRP78 promoter for
transcriptional activation. In this particular case,
TUDCA acted as a potent chemical chaperone in the
treatment of ER stress-associated diseases like IBD.7

In another study, researchers found that TUDCA
reduced the damaging effects of taurodeoxycholic acid
(TDCA) on fundus gastric mucosa. Bile acids, particu-
larly deoxycholic acid, have been indicated to directly
cause injury to the gastric mucosa. TDCA was studied
in an amphibian model of gastric mucosa to assess the
effects it has on inducing tissue damage, effects on elec-
trical transepithelial parameters, acid secretion, and
histology in absence or presence of TUDCA. TDCA
caused a reduction in transepithelial potential differ-
ence and transepithelial resistance and a decrease in
acid secretion from mucosal exposure. Neck cells were
also affected by TDCA. TUDCA did not cause a signifi-
cant change in electrical parameters and affected only
oxyntic cells. A reduction in short circuit current and
transepithelial resistance was observed with mucosal
exposure to the combination of TUDCA and TDCA.
The results suggested that TUDCA protected the gastric
mucosa from the damaging effects of TDCA and that
TUDCA may play a role in treating gastritis associated
with bile reflux.”’

RENAL INJURY

Acute kidney injury (AKI) is associated with cell
death by apoptosis.’® In one study that assessed the
efficacy of TUDCA in AKI, it was found that GRP78 and
CHOP expression was blocked, which reduced caspase
12 activation and apoptosis in nephrons of the kid-
ney.”9 Treated rats were found to exhibit nephroprotec-
tion after ischemia/reperfusion induced AKIL TUDCA
also inhibited the mitochondrial pathway of apoptosis
and up-regulated survival pathways.8° Dysfunction of
the UPR in the proximal tubules can cause proteinuria-
induced tubulointerstitial lesions that result in tubular
damage and dysfunction.” In these conditions, TUDCA
has been shown to stabilize the UPR and its associated
pathways and prevent apoptosis.

CONCLUSIONS

With the exception of greater solubility, and some-
what different pharmacokinetics, TUDCA and UDCA,
are essentially identical molecules that both have the
unique ability to increase cell survival and inhibit pro-
grammed cell death, or apoptosis. The protective mech-
anisms of T/UDCA have been studied in a wide range of
cell types and animal models of human disease. T/
UDCA is a strong inhibitor of apoptosis by interfering
early on with the mitochondrial pathway of cell death
and associated processes such as ROS and reducing
endoplasmic reticulum stress. T/UDCA serves as a neu-
roprotectant against acute injuries such as stroke, as

well as chronic neurodegenerative diseases including
AD, PD, and HD. It protects against cell death in trans-
genic mouse models of retinitis pigmentosa, amelio-
rates the insulin resistance associated with obesity,
inhibits ER stress associated with type II diabetes, and is
approved in South Korea for the treatment of patients
with amyotrophic lateral sclerosis.®? It has been report-
ed to be effective in a phase II clinical study for the treat-
ment of transthyretin amyloidosis in combination with
doxycycline.83 T/UDCA has been shown to be effective
in animal models of spinal cord injury,3* head trauma,
glaucoma, acute renal failure, pancreatitis, metabolic
syndrome, psoriasis,®>%® myocardial infarction, neuro-
pathic pain,®” ischemia reperfusion syndromes, GI dis-
orders, and diabetic retinopathy in addition to the obvi-
ous liver-related disorders. Obese patients seem to ben-
efit from T/UDCA via the inhibition of ER stress and
UPR dysfunction. Patients with macular degeneration,
hair loss and early onset of aging may benefit from the
remarkable properties of T/UDCA.

The mechanism(s) by which TUDCA and UDCA
exhibit anti-apoptotic properties involve numerous tar-
gets including reduced Bax translocation to mitochon-
drial membrane, cytochrome c release, caspase activa-
tion, DNA and nuclear fragmentation, reduced ROS,
stabilization of the UPR, inhibition of p53 transactiva-
tion—and the list goes on and on. Simply stated, T/
UDCA is a pleiotropic agent with multiple cellular tar-
gets that not only inhibit apoptosis but also upregulate
survival pathways. It is well established that the UPR,
endoplasmic reticulum stress, and apoptosis are all
important factors in underlying causes of many diseases
and that the inhibition of these events can dramatically
change the course or onset of disease. It is not surprising,
therefore, that the Chinese have used bear bile for 3000
years for the treatment of numerous health prob-
lems.?89° After all, T/UDCA makes up more than 50% of
the bile acid pool in bear bile compared to 2% in
humans! Nature, through this circulating factor, may
have given black bears the ability to hibernate for long
periods of time without untoward effects. Perhaps the
next millennium will witness the use of this ancient
remedy for a wide-ranging number of clinical disorders;
and while humans do not hibernate, they do plan on
taking long trips through space in route to Mars.
Already, novel and more active analogues of these mol-
ecules are being synthesized.9
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