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Keywords:
Ursodeoxycholic acid (UDCA) is a secondary bile acid issued from the transformation of (cheno)deoxycholic acid
by intestinal bacteria, acting as a key regulator of the intestinal barrier integrity and essential for lipid metabo-
lism. UDCA is also a long-established drug, largely used for the dissolution of cholesterol gallstones, the treatment
of primary biliary cholangitis and other hepatobiliary disorders. The history of UDCA is briefly retraced here as
well as itsmultifactorialmechanism of action, based on its anti-inflammatory, antioxidant and cytoprotective ac-
tivities. The present review is centred around the anticancer properties of UDCA and synthetic antitumor deriv-
atives designed over the past 20 years. Paradoxically, depending on the conditions, UDCA exhibits both pro- and
anti-apoptotic properties toward different cell types. In particular, theUDCAdrug can protect epithelial cells from
damages and apoptosis while inducing inhibition of proliferation and apoptotic and/or autophagic death of can-
cer cells. The effects of UDCA on cancer cell migration, cancer stem cells and drug-induced dysbiosis are also
evoked. The drug has revealed modest activities against colon and gastric cancers but may be useful to improve
treatments of hepatocellular carcinoma, notably in combination with other drugs such as sorafenib. UDCA can
also protect from damages induced by cancer chemotherapeutic agents. The potential of UDCA in cancer, as a
chemo-protecting or chemotherapeutic agent, is highlighted here as well as the design of tumour-active deriva-
tives, including UDCA-drug conjugates. A repurposing of UDCA in oncology should be further considered.
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1. Bile acids

Bile acids form a class of molecules essential for lipid absorption and
cholesterol metabolism, playing a major role in glucose regulation and
epatocellular carcinoma; PBC,
energy homeostasis. The pool of bile acids includes the primary bile
acids cholic acid (CA) and chenodeoxycholic acid (CDCA) both
biosynthesized in the liver from cholesterol, and secondary bile acids
modified by intestinal bacteria such as deoxycholic acid (DCA),
lithocholic acid (LCA) and ursodeoxycholic acid (UDCA) (Fig. 1). The
pool also includes the glycine- or taurine-conjugated bile salts. The his-
tory of bile acids and their main chemical and biological properties have
been comprehensively reviewed (Fiorucci & Distrutti, 2019; Hegyi,
Maléth, Walters, Hofmann, & Keely, 2018; Hofmann & Hagey, 2014).
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Fig. 1. (a) Chemical structures of selected bile acids (BA). CDCA (Chenodiol®) andUDCA (Ursodiol®) are approved drugs. UDCA (3α,7ß-dihydroxy-5ß-cholan-24-oic; C24H40O4) is shown
in bold. (b) Simplified BA biosynthetic pathway, with the formation of CA and CDCA in the liver and of DCA, LCA and UDCA in the intestine, via the gut microbiota. Their tauro- and glyco-
conjugated forms are also biosynthesized. The pool of BA is largely reabsorbed via the enterohepatic circulation (++) to limit the fecal loss (−).
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Themost commonbile acidsDCA,UDCA and LCA are synthesized en-
dogenously by the intestinal microbial flora (Ridlon, Harris, Bhowmik,
Kang, & Hylemon, 2016). In Humans, UDCA accounts for up to 3–4% of
the bile acid pool; it is formed by epimerization of 7α-hydroxy-CDCA
in the gut by intestinal bacteria and represents the most hydrophilic
and the least toxic bile acid. The pool of biliary acids circulates in
human through the enterohepatic circulation, to reach the liver mainly,
the gallbladder for the storage of the bile and the small intestine to con-
tribute to digestion of fats and their excretion (Šarenac & Mikov, 2018).
UDCA is more easily reabsorbed back into the enterohepatic circulation
than LCA, the most hydrophobic unconjugated biliary acid. Very small
quantities of bile acids are normally present in the systemic circulation.
But the serum levels of DCA, UDCA and CDCA were found to be much
higher in patients with non-small cell lung cancer than in healthy peo-
ple (Liu et al., 2018). The different bile acids are considered as hormones
with a major role in glucose and lipid metabolism, cholesterol biosyn-
thesis and elimination, and to contribute to the functions of liver and
other organs. The mechanism of action of UDCA is multifactorial
(Fig. 2): it involves the displacement of endogenous toxic bile acids at
the intestinal and liver levels, an increase of the secretion of bile acids
from the liver (choleretic effect), a regulatory action on glucose metab-
olism, immune-modulatory and cytoprotective activities (Lazaridis,
Gores, & Lindor, 2001). UDCA positively impacts glucose homeostasis
by reducing fasting plasma glucose and insulin concentrations
(Sánchez-García, Sahebkar, Simental-Mendía, & Simental-Mendía,
2018). UDCA also accelerates the enterohepatic circulation of bile
acids (Zhang et al., 2019), exerts direct anti-secretory actions on colonic
epithelial cells (Kelly et al., 2013) and promotes epithelial wound
healing to protect the intestinal barrier (Mroz, Lajczak, Goggins, Keely,
& Keely, 2018). In this short review, we will focus on UDCA and its po-
tential applications for the prevention and treatment of cancers. The an-
ticancer potential of UDCA has received little attention thus far; it is
highlighted here.

2. A short history of UDCA

The discovery and applications of bile acids has been reviewed pre-
viously (Hofmann & Hagey, 2014). Only themain dates in the history of
UDCA are briefly evoked here, as illustrated in Fig. 3. At the very begin-
ning of the 20th century, after two expeditions to explore Greenland,
Olof Hammarsten (Uppsala, Sweden) isolated a new bile acid from a
polar bear (Thalarctos maritimus) and named it “ursocholeinsäure”.
More than twenty-five years later, Masato Shoda (Okayama, Japan)
was able to crystallize this new bile acid from a preparation of black
bear (Ursus americanus) bile and renamed the product
“Ursodesoxycholsäure” in 1927. Keeping the urso root-word for bear
(ursus in Latin); the history was enrooted. The chemical structure was
determined in 1936. The first total synthesis of UDCA was published
in 1954 and a few years later UDCA was identified as a minor constitu-
ent of human bile by Jan Sjövall in 1959 (Stockholm, Sweden). Since the
1950s, the pharmaceutical company Tokyo Tanabe hadmarketed UDCA
as a liver tonic, based on the legendary therapeutic effects of bear bile.
Testing in Humanwere initiated in the 1960s–70s and the first prospec-
tive therapeutic trials of gallstone dissolution with UDCA were



Fig. 2.Main biochemical characteristics of UDCA and its multiple clinical applications. Ongoing clinical trials with UDCAwere identified via the US-FDA website (www.clinicaltrials.gov).
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conducted around 1975 by Isao Makino (Makino, Shinozaki, Yoshino, &
Nakagawa, 1975), confirmed by several studies in the late 1970s-early
1980s (Erlinger, Le Go, Husson, & Fevery, 1984). The drug is approved
and marketed in France since 1980 and in the EU, as well as outside
the EU for gallstone dissolution. The process for the preparation of
UDCA was first patented in 1980 (Bonaldi & Molinari, 1983). In 1987,
Ulrich Leuschner (Frankfurt, Germany) noted that UDCA ingestion im-
proved biochemical parameters in patients with primary biliary cirrho-
sis (Leuschner & Kurtz, 1987) and the same year, Raoul Poupon (Paris,
France) published the results of a landmark clinical study on the long-
term use of UDCA for the treatment of patients with primary biliary cir-
rhosis (PBC, now designated primary biliary cholangitis) (Poupon et al.,
1987; Poupon, Poupon, & Balkau, 1994). Many clinical studies will then
confirm the medical benefit of UDCA and the US FDA approved the use
of the drug for the treatment of PBC in 1998. For almost two decades,
UDCA was the only approved treatment for PBC, until July 2016 when
the FDA granted accelerated approval to obeticholic acid (Ocaliva®, a
Fig. 3. History of UDCA discovery and development. Over a century of evolution of UDCA, to
potent agonist of the farnesoid X receptor (FXR)) for the treatment of
PBC, in combination with UDCA in adults with an inadequate response
to UDCA or as monotherapy in adults unable to tolerate UDCA. The
drug received a marketing authorization from the European Medical
Agency in December 2016. The anticancer potential of UDCA was
underlined in the late 1990s. The involvement of secondary bile acids,
including UDCA, in colorectal carcinogenesis was noted in 1995
(Pongracz, Clark, Neoptolemos, & Lord, 1995) and the design of antican-
cer UDCA analogues started in 1997 (Park et al., 1997). Over the past
20 years, many studies have highlighted the hepato-protective proper-
ties of UDCA and its capacity to inhibit tumour cell proliferation. These
studies are discussed below.

Ursidae (bears) are thus at the origin of the name of the UDCA bile
acid, but however it is worth to “bear” in mind that despite the high
level of UDCA in their bile, bears like other animals can suffer from can-
cer. Onemay recall the iconic polar bearGus (1985–2013) of the Central
Park Zoo inNewYork Citywhichwas euthanized after the discovery of a
retrace the key dates of its discovery, biochemical properties and clinical applications.

http://www.clinicaltrials.gov
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large, inoperable thyroid tumour (Shuman, 2014). Different types of
cancer have been observed in bears, including HCC (Matsuda et al.,
2010).

3. The drug UDCA

As an endogenous natural product, UDCA is a non-toxic hydrophilic
bile acid, which exhibits antioxidant, anti-inflammatory and
cytoprotective properties. As a drug, UDCA (Ursodiol®, Ursosan®,
Ursolvan®, Ursofalk® and many other brands) is commercially avail-
able as capsules and tablets, and a stable liquid dosage formhas been re-
cently described (Pramar et al., 2019). The drug is mainly used for the
treatment of biliary tract diseases, in particular PBC, which is an autoim-
mune chronic cholestatic liver disease characterized by biliary destruc-
tion and progressive intrahepatic cholestasis (Onofrio, Hirschfield, &
Gulamhusein, 2019). It is also approved for cholesterol gallstone disso-
lution (cholecystolithiasis) and is used (off label) in many other indica-
tions, such as for the treatment of enlarged polycystic liver disease,
intrahepatic cholestasis of pregnancy, primary sclerosing cholangitis
and other cholestatic hepatopathies, on the basis of its capacity to coun-
teract inflammation and bile acids-induced liver damages (Fig. 2). As a
protective agent, UDCA plays a role in themaintenance of intestinal bar-
rier function. The drug may be useful to limit mucosal inflammation in
patients with intestinal bowel disease (Mroz et al., 2018).

Other indications have been proposed (Fig. 2). UDCA may be used
for patients with hepatitis C virus infection to ameliorate elevated ala-
nine aminotransferase levels (Ikegami & Matsuzaki, 2008). UDCA is
also known to improve peripheral blood flow in patients with chronic
heart failure and to protect the heart against reperfusion injury
(Hanafi, Mohamed, Sheikh Abdul Kadir, & Othman, 2018). In addition,
the potential use of UDCA (and Tauro-UDCA) has been suggested for
the treatment of pathological conditions with deregulated levels of ap-
optosis, including neurological disorders, such as Alzheimer, Parkinson,
and Huntington diseases (Amaral, Viana, Ramalho, Steer, & Rodrigues,
2009; Vang, Longley, Steer, & Low, 2014). Recently, UDCA has been pro-
posed as a novel therapeutic agent for obesity (Chen, Liu, & Lee, 2019).

UDCA is generally well tolerated but long-term UDCA treatments
can lead to adverse reactions, such as fever, bronchopneumonia, phar-
yngitis, nephritis, skin rash, nausea or diarrhea. Other unwanted effects
have been reported (Kotb, 2012). The reflux of bile acid into the oesoph-
agus can lead to esophagitis, inflammation-stimulated hyperplasia,
metaplasia such as Barrett's oesophagus and ultimately oesophageal ad-
enocarcinoma. UDCA plays a role in the regulation of this oesophageal
inflammation-metaplasia-carcinoma sequence by decreasing the over-
all proportion of the toxic bile acids. The anticancer activities and antitu-
mor mechanisms of UDCA are discussed below.

4. UDCA and cancer prevention

UDCA - and its taurine-conjugated form TUDCA - exhibits
cytoprotective properties and as such it attenuates colon carcinogenesis
in Human. The chemopreventive effects of UDCA have been evidenced
in animal models and to some extent in Humans. Retrospective studies
have indicated that patients with PSC and ulcerative colitis treated with
UDCA have a reduced risk of developing colitis-associated cancer (Tung
et al., 2001). Later it was shown that UDCA significantly reduced risk for
advanced adenoma inmen, not women (Thompson et al., 2009). A spe-
cific modulation of the gut microbiome by UDCA in men may be impli-
cated (Pearson et al., 2019). Itwas shown that UDCA treatment prevents
progression of dysplasia in intestinal bowel disease patients and the risk
of recurrence of adenoma (Alberts et al., 2005; Serfaty et al., 2003). Pa-
tients with chronic liver diseases treatedwith UDCA have a reduced risk
of colorectal cancer (Huang et al., 2016). However, it should be noted
the chemo-preventive effect of UDCA has been challenged (Carey &
Lindor, 2012; Serfaty, 2012). The long-term use of high-dose UDCA
has been associated with an increased risk of colorectal cancer in
patients with ulcerative colitis and primary sclerosing cholangitis
(Eaton et al., 2011). At lowdoses, UDCAmay reduce the risk of advanced
colorectal cancer in those patients, but not at high doses (Singh, Khanna,
Pardi, Loftus Jr, & Talwalkar, 2013). Another study indicated that the use
of UDCAwas not associatedwith a risk of colorectal cancer in PSC or IBD
patients but the high or lowdose of UDCAwas a source of heterogeneity
across studies (Hansen et al., 2013). A supplementation with high dose
UDCA can result in favourable changes in gastric bile acid composition
without modulating the levels of cell proliferation and apoptosis in the
intestinal epithelium (Banerjee et al., 2016). Oral administration of
UDCA produces a specific bile acids profile with high-abundance
tauro-UDCA and glyco-UDCA (Zhang, Jiang, et al., 2019). The dose effect
is a matter of discussion; it may also be influenced by the microbiome
composition.

At the cellular level, UDCA functions as a potent inhibitor of apopto-
sis in different situations, although it can also promote apoptosis in
other environments (see below). UDCA was shown to protect from
the apoptotic effects of DCA in oesophageal cells (Abdel-Latif, Inoue, &
Reynolds, 2016), colon cancer cells (Im & Martinez, 2004; Yui, Saeki,
Kanamoto, & Iwami, 2005) and in differentiated hepatocytes derived
from bone marrow mesenchymal cells (Ji, Qu, Jin, Zhao, & He, 2009).
The effect is mediated, at least in part, by the modulation of the EGFR/
ERK signalling pathway by UDCA and degradation of c-Myc protein
thereby decreasing the expression of cell cycle regulators such as
CDK4 and CDK6 (Krishna-Subramanian et al., 2012; Peiró-Jordán et al.,
2012). The protective effect of UDCA implicates a number of effectors
(Fig. 4) such as the regulation of substrates of the metalloproteinase
ADAM17 (Buryova et al., 2013). In colon cancer cells, UDCA does not in-
duceDNAbinding of the transcription factorsNFκB andAP-1, in contrast
to DCA. Moreover, UDCA can block DCA-induced NFκB and AP-1 activa-
tion (Shah, Volkov, Arfin, Abdel-Latif, & Kelleher, 2006) and it inhibits
DCA-induced intracellular translocation from cytosol to plasma mem-
brane of protein kinase C (PKC) isoenzymes to its site of activity
(Shah, Looby, Volkov, Long, & Kelleher, 2005). The mechanism would
also implicate UDCA-mediated inhibition of the protein C/EBPβ, which
is a transcriptional regulator of cyclooxygenase-2 (Khare et al., 2003,
2008). In general, UDCA increases expression of antioxidants that pre-
vent toxic bile acids, such as DCA, from causing DNA damage and
NFκB activation (Peng et al., 2014). The inhibition of NFκB activation
and its nuclear translocation is coupled with a blockade of IκB degrada-
tion and inhibition of subsequent phosphorylation of proteins, such as
ERK1/2 (Abdel-Latif et al., 2016). Several studies have pointed out the
opposing cellular effects of DCA and UDCA (Fig. 4), and their capacity
to activate unique signalling pathways (Fimognari, Lenzi, Cantelli-
Forti, & Hrelia, 2009; Huo et al., 2011; Lim, Duong, Parajuli, & Han,
2012), although the two molecules have also overlapping signalling
routes, since themajority of cell lines resistant toUDCA-induced growth
arrest are also resistant to DCA-induced apoptosis (Powell et al., 2006).
The distinctive effects of DCA and UDCA on oncogenic signalling path-
waysmay explain, at least partially, the different effects of the twomol-
ecules on colon cancer progression (Fig. 4). DCA activates MAPK
signalling, leading to activation of protooncogenes (e.g. AP-1), markers
of inflammation and suppression of tumour suppressor genes (e.g.
p53). On the opposite UDCA tends to suppress MAPK signalling and ex-
erts globally negative regulatory effects on the EGFR-MAPK pathway
(Centuori & Martinez, 2014). These differences may explain the pro-
and anti-apoptotic effects of DCA and UDCA respectively and their op-
posite capacity to regulate epithelial wound healing (Mroz et al., 2018).

5. UDCA and cancer treatment

The anticancer potential of UDCA was suggested a few years ago,
based on several studies evidencing the capacity of the drug to limit tu-
mour cell growth and to modulate different molecular pathways impli-
cated in tumour cell growth and/or cell death, as illustrated in Fig. 5. The
mechanisms and drug effects are discussed below.



Fig. 4. UDCAwould restrain colon progression in patients after gastro-intestinal diseases, by attenuating the deleterious effects of DCA or via specific modulation of signalling molecules.

Fig. 5.Molecular pathways and signallingmolecules implicated in the anticancer effects of UDCA. Thedrug activates or represses a complex and dynamicmachinery,which varies fromone
cancer type to another. The main effectors, such as STAT3, NFκB, p53 and ERK are highlighted.
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5.1. Cell growth inhibition and induction of cancer cell death

Several studies demonstrated that UDCA could inhibit the prolifera-
tion of human cancer cell lines in vitro (Table 1). The mechanism evi-
denced with melanoma cells implicates a drug-induced cell cycle
arrest in the G2/M phase associated to a decrease of cyclin-dependent
kinase 1 and cyclin B1 protein levels, followed by an induction of apo-
ptosis through the ROS-triggered mitochondrial-associated pathway
(Yu et al., 2019). But themechanism is most likely cell-type dependent.
With human DU145 prostate cancer cells, it was shown that UDCA-
induced apoptosis is associated with extrinsic pathway, characterized
by an increased expression of TRAIL (tumour necrosis factor-related
apoptosis-inducing ligand) receptor and the death receptors 4 and 5
(DR4,DR5) (Lee et al., 2017). The implication of cell surface death recep-
tors in the mechanism of apoptosis induced by UDCA was also evi-
denced using a gastric cancer cell line. In this case, it was shown that
UDCA induces both apoptotic and autophagic cell death depending on
the intracellular signalling environment (Lim & Han, 2015). Interest-
ingly this study showed that UDCA is active against the cisplatin-
resistant SNU601 gastric cancer subline (SNU601/R), which is resistant
to other drugs like oxaliplatin, etoposide, and death ligand TRAIL (Lim &
Han, 2015). UDCA can induce apoptosis in a variety of cell lines
(Table 1).

Hepatocellular carcinoma (HCC) has a high prevalence in Asia,
representing one of the major leading causes for cancer-related death
and themedical need remains high for this type of tumour. UDCA selec-
tively inhibits proliferation and induces apoptosis of HCC cell lines
in vitro. The drug-induced apoptotic process is accompanied by cell
cycle perturbations andwas characterized by a down-regulation of pro-
teins Bcl-2 and Smac, and up-regulation of proteins Bax and Livin in HCC
cells (Liu et al., 2007; Zhu et al., 2014). The regulation of Bax to Bcl-2
ratio is considered to play a key role in tumour progression or inhibition
of intrinsic apoptotic pathway triggered by mitochondrial dysfunction.
UDCAdifferentially activates initiator and effector caspases but caspases
activation is not always translated into increased apoptosis (Tsagarakis,
Drygiannakis, Batistakis, Kolios, & Kouroumalis, 2010). UDCA was
shown to inhibit proliferation of BEL7402 HCC cells both in vitro and
in vivo. In the mice model, the drug dose-dependently reduced
BEL7402 cell growth and triggered apoptosis through a mitochondrial
pathway (Liu et al., 2015). However, in these experiments the adminis-
tration of UDCAwas initiated 1-day before tumour cells implantation in
nudemice; it therefore essentially represents a preventionmodel rather
than a therapeutic model. Nevertheless, the anticancer potential of
UDCAwas evidenced in HCC in vivo. Themolecular mechanism leading
to HCC tumour cell growth is not totally clear but it seems to implicate
an inhibition of the proteasomal degradation of the tumour suppressor
Table 1
UDCA-induced cancer cell death.

Tumour type Cancer cells UDCA effects and cell death mechanism and/or pathway

Melanoma M14, A375 ROS-triggered mitochondrial-associated pathway leadin
Gastric
carcinoma

SNU601
MKN-74

Apoptosis via downregulation of ATG5, preventing the a

Oral squamous
carcinoma

HSC-3 Apoptosis through caspase activation. Induction of TRAI

Hepatocellular
carcinoma

BEL7402
SNU761,

Tumour growth inhibition and apoptosis induction in v
protein proteasomal degradation

Ovarian
carcinoma

A2780 Reduces PKC activity, minimal cytotoxic effect

Prostate
carcinoma

DU145 Inhibition of cell growth. Apoptosis via extrinsic and int

Pancreatic
carcinoma

HPAC,
Capan-1

Reduces levels of intracellular ROS and Prx2. Reduced fo

Colon
carcinoma

HT29, HCT8,
HCT116

Regulation of intracellular ROS generation, activation of
formation. Suppresses expression of c-Myc, thereby dec
CDKs

Leukaemia Jurkat HL-60 Inhibition of T cell proliferation, cell cycle arrest, necros
leading to apoptosis.
protein DLC1 in an ubiquitin-independent manner (Chung et al., 2011).
An in vivo activity has also been evidenced in amice xenograft model of
gastric cancer and in this case, the induction of apoptosis by UDCA was
found to be mediated by an increased expression of DR5 (Lim et al.,
2011). The extrinsic apoptotic pathway is clearly implicated in the cell
death mechanism triggered by UDCA.
5.2. Effects on cancer cell migration/invasion and cancer stem cells

There is limited information on the antimetastatic potential of UDCA.
However, it has been reported that by perturbing the bile acids pool,
UDCA impedes tumour invasiveness of gastric cancer MKN-74 cells in-
duced by CDA, a process implicating PKC activation and COX-2 induc-
tion (Wu, Chiu, Hsueh, & Hsueh, 2018). DCA can promote non-small
cell lung cancer (NSCLC) cell migration and invasion through a mecha-
nism implicating themembrane bile acid receptor TGR5, which is aber-
rantly expressed in NSCLC and positively correlated with an advanced
clinical stage in NSCLC patients (Liu et al., 2018). TGR5 knockdown
prevented JAK2 and STAT3 phosphorylation and repressed the expres-
sion of STAT3 target genes, thus inhibiting cell proliferation, migration
and invasion in NSCLC. UDCA, which is able to decrease the phosphory-
lation of STAT3 (Chen et al., 2019; Kim, Cho, Kim, & Kim, 2017), could
also reduce cell migration and invasion. Its conjugated analogue tauro-
UDCA has been shown to reduce the invasion of metastatic breast can-
cer cells in vitro, via a process implicating a decreased expression ofma-
trix metalloproteases MMP-7 andMMP-13, which play important roles
in metastasis (Park, Han, Han, & Lee, 2016).

UDCA can activate hepatic stem cells, which contribute to the regen-
erative response of the liver. In cancer, UDCA was found to inhibit for-
mation of cancer stem-like cells. This was shown in colon and
pancreatic cancers. In both cases, the effects was accompanied by a
drug-induced reduction of the intracellular level of ROS, and modula-
tion of specific signalling pathways, such as activation of Erk1/2 in
colon cancer cells (Kim, Cho, et al., 2017) and inhibition of the phos-
phorylation of STAT3 and expression of peroxiredoxin II (Prx2) in pan-
creatic cancer cells. Prx2 is a redox regulatory protein that plays a key
role in maintaining ROS homeostasis in the tumour microenvironment.
The drug-induced reduction of STAT3 activation increases the expres-
sion of E-cadherin and decreases the expression of N-cadherin, thereby
affecting the formation of cancer stem-like cells generated by
tumorsphere culture (Kim, Cho, et al., 2017; Kim, Jeong, et al., 2017).
Thus, UDCA seems to inhibit cancer stemness. In sharp contrast, DCA
and LCA have been shown to induce cancer stemness (measured by
the drug-induced elevation of cancer stem cell markers such as
ALDHA1 and colonosphere formation) in colonic epithelial cells, a
s implicated References

g to apoptosis Yu et al., 2019
utophagic pathway Lim et al., 2011, 2012; Lim &

Han, 2015
L, DR4, DR5, and IκB-α expression. Pang et al., 2015

ivo. Regulation of Bax/Bcl-2 ratio. Inhibition of Dlc1 Chung et al., 2011; Liu et al.,
2015; Zhu et al., 2014
Horowitz et al., 2007

rinsic pathways. Choi et al., 2003; Lee et al.,
2017

rmation of pancreatic cancer stem cells Kim, Jeong, Kim, Kim, & Cho,
2017

Erk1/2, inhibition of colon cancer stem-like cells
reasing the expression of the cell cycle regulators

Peiró-Jordán et al., 2012;
Kim et al., 2018

is. Enhanced intracellular Ca2+ release in HL60 cells Baek et al., 1997; Fimognari
et al., 2009



7J.-F. Goossens, C. Bailly / Pharmacology & Therapeutics 203 (2019) 107396
mechanism possibly contributing to the promotion of colon cancer
(Farhana et al., 2016).

5.3. UDCA-induced dysbiosis and cancer

Another interesting and emerging aspect of themechanismof action
UDCA is its ability to influence the gut microbiome and the relationship
with cancer development. The microbiome changes induced by UDCA
may be associated with a reduced risk for the development of adenoma
in men (Pearson et al., 2019). Recently, changes of the microbiota pro-
files have been observed also after UDCA treatment in patients with pri-
mary biliary cholangitis (Chen, Liu, & Lee, 2019). Dysbiosis was
observed in the gut microbiome in PBC and partially relieved by UDCA
(Tang et al., 2018). It is also known that the microbial metabolism of
UDCA is necessary for the expression of its protective effects against co-
lonic inflammation (Ward et al., 2017). Considering the important role
of the intestinal microbiota in cancer chemotherapy, at least as for cer-
tain anticancer drugs such as methotrexate and 5-fluorouracil, it is con-
ceivable that UDCA-induced impacts on the intestinal bacterial flora
contribute to the efficacy of cancer chemotherapy or its tolerance. For
example, UDCA treatment was found to be associated with a decrease
in Fusobacterium in the patient population (Pearson et al., 2019) and a
high abundance of certain Fusobacterium species, notably Fusobacterium
nucleatum, has been correlated with chemoresistance in advanced colo-
rectal cancer patients (Zhang et al., 2019). Similarly, the long-term
UDCA treatment has been associated with an over-representation of
Faecalibacterium prausnitzii (Pearson et al., 2019), a bacterium known
to mitigate 5-fluorouracil-induced mucositis (Wang, Jatmiko, Bastian,
Mashtoub, & Howarth, 2017). Themicrobiota canmodulate the host re-
sponse to chemotherapy via numerous mechanisms, including
immunomodulation and xeno-metabolism,which is essential for biliary
acids. The gut microbiota may thus represent a bridge between UDCA
bioactivity and anticancer effects. UDCA effects on microbiota may
also contribute to reduce the gastrointestinal toxicities of chemothera-
peutic drugs. As mentioned above, UDCA can prevent methotrexate-
induced liver injury and can attenuate intestinal inflammation induced
by 5-fluorouracil. The gut microbiota is known to be implicated in the
mechanism of action of these two cytotoxic drugs (Alexander et al.,
2017).

5.4. Protection from damages induced by anticancer drugs

A few studies have underlined the potential use of UDCA to protect
from damages induced by anticancer drugs, usually conventional cyto-
toxic agents. Three different cases can be cited. First, UDCA has been
shown to attenuate gastro-intestinal mucositis induced by 5-
fluorouracil in a rat model (Kim et al., 2018). The effect can be linked,
at least in part, to the UDCA-induced decrease of inflammatory cytokine
levels. Through themodulation of intestinal barrier dysfunction and ox-
idative stress, UDCA exerts a local protective effect to attenuate intesti-
nal inflammation (Bernardes-Silva et al., 2004). Second, UDCA has a
neuroprotective effect on cisplatin-induced cell death of sensory neu-
rons via a down-regulation of the p53 signalling pathway (Park, Kim,
& Kim, 2008). Similarly, UDCA was shown to switch oxaliplatin-
induced necrosis to apoptosis via inhibition of ROS production and acti-
vation of the p53-caspase 8 pathway in HepG2 cells (Lim, Choi, Kang, &
Han, 2010). Third, UDCAmay be used to preventmethotrexate-induced
liver injury. In a rat model, it was shown that hepatocyte necrosis in-
duced by methotrexate could be prevented by UDCA treatment (Uraz
et al., 2008). In a paediatric population of children with acute lympho-
blastic leukaemia (ALL), the UDCA treatment was associated with a rel-
ative decrease of hepatic transaminases when concomitantly
administered with chemotherapy (Mohammed Saif, Farid, Khaleel,
Sabry, & El-Sayed, 2012). But a more recent study using UDCA did not
support hepatoprotective effects of UDCA in ALL paediatric patients
(Bordbar, Shakibazad, Fattahi, Haghpanah, & Honar, 2018). UDCA can
be useful to alleviate drug-induced liver injury but also damages poten-
tially caused by radiotherapy. The post-therapeutic application of UDCA
combinedwith pentoxifylline and low-dose lowmolecular weight hep-
arin was found to significantly reduce the extent and incidence of
radiation-induced liver injury (Seidensticker et al., 2014).

5.5. Combinations with anticancer drugs

A few studies indicated that UDCA could be advantageously com-
bined with known anticancer agents. For example, UDCA promotes
the apoptotic response induced by the topoisomerase I inhibitor SN38
(the active metabolite of the anticancer drug irinotecan) in different
cancer cell lines, by increasing SN38-induced DNA damages (Ikegami
et al., 2006). It was also observed that irinotecan-induced neutropenia
can be reduced when given in combination with oral alkalization drug
mixture of UDCA, magnesium oxide, and sodium hydrogen carbonate
(Hamano et al., 2019).

UDCA can also be combined with targeted anticancer drugs. The
combination of low dose UDCA and the COX-2 inhibitor celecoxib has
revealed growth inhibitory effects in colon cancer cells (van Heumen
et al., 2012) but high-dose UDCA co-treatment was found to counteract
the beneficial effects of celecoxib in patients with familial adenomatous
polyposis (van Heumen et al., 2013). A very interesting recent study
demonstrated a synergistic effect of UDCA on the antitumor activity of
the oral multi-kinase inhibitor sorafenib in hepatocellular carcinoma
cells. UDCA was found to increase the production of ROS by activating
the mitogen-activated protein kinase ERK and subsequently inhibiting
STAT3 phosphorylation (Fig. 5). As such, UDCA reinforces the down-
regulation of phospho-STAT3 by sorafenib, amplifying the tumour
growth inhibitory and antimetastatic effects in HCC (Lee et al., 2018).
It will be useful to determine if the synergy observed in vitro also occurs
in vivo because both UDCA and sorafenib undergo major enterohepatic
recycling. The drug transporter OATP1B1 plays a role in the elimination
of the sorafenib-β-D-glucuronide metabolite (Edginton, Zimmerman,
Vasilyeva, Baker, & Panetta, 2016) but UDCA inhibits the expression of
this transporter by repressing the hepatocyte nuclear factor 1α
(HNF1α) (Lee et al., 2014). UDCA plus sorafenib might represent a
new attractive combination for the treatment of HCC.

6. Design of anticancer UDCA derivatives

The potential use of UDCA in cancer has prompted the design of an-
alogues with superior anticancer activities. This field is still emerging
and a limited number of UDCA analogues have been designed thus far.
There are two categories: UDCA conjugates and synthetic derivatives
(Figs. 6 and 7).

The first approach consists in the coupling of UDCA to anticancer
agents, taking advantage of the pentanoic acid side chain in particular.
For example, the coupling of UDCA to cytarabine provided a conjugate
with a 2-fold increased oral bioavailability. This UDCA-cytarabine conju-
gate (Fig. 6) enhanced the in vitro stability and significantly prolonged
the in vivo half-life of cytarabine (Zhang, Li, Shang, He, & Sun, 2016).
Similarly, bile acid-tamoxifen conjugates can afford interesting antican-
cer agents, active against both oestrogen receptor positive and negative
breast cancer cell lines. In this case, the most interesting compounds
were obtained using cholic acid (UDCA was not tested) and one conju-
gate bearing three tamoxifen molecules was found to be potent in a tu-
mour model in vivo (Sreekanth et al., 2013). Bile acids-chlorambucil
conjugates were also designed to change the normal route of elimina-
tion of chlorambucil (kidney excretion) to a hepatobiliary one. A
chlorambucil-taurocholate conjugate was shown to maintain the phar-
macological activity of the parent DNA alkylating drug (Kullak-Ublick
et al., 1997). Very recently, bile acids were conjugated to
dihydroartemisinin (DHA) to afford a series of cytotoxic hybrid mole-
cules (Marchesi et al., 2019). The coupling of the DHA unit to the C-3
or C-24 positions of the bile acid core provided potent hybrid



Fig. 6. Chemical structures of selected anticancer UDCA-drug conjugates: UDCA-Cytarabine (Zhang et al., 2016), DCA-Camptothecin G2 (Xiao et al., 2019), UDC-DHA compound 2
(Marchesi et al., 2019) and an UDCA-nucleoside hybrid (Navacchia et al., 2017).

8 J.-F. Goossens, C. Bailly / Pharmacology & Therapeutics 203 (2019) 107396
compounds, 10 to 15 times more cytotoxic to HL60 leukaemia cells
compared to DHA alone. The UDC-DHA hybrid compound 2 (Fig. 6) trig-
gered the production of ROS and induced apoptosis in HL60 and HepG2
cells (Marchesi et al., 2019). The bile acid moiety can be used as a drug
Fig. 7. Chemical structures of selected anticancer UDCA analogues: HS-1030, HS-1183 and HS-1
LCA-PIP1 (Singh et al., 2015) and a TdP1 inhibitor (Salomatina et al., 2018). The structures of t
delivery vector. Couplingwith a bile acid entity to an anticancer agent is
an interesting approach for liver-targeted drug delivery, taking advan-
tage of bile acid receptors on hepatocytes. The deoxycholic acid-
camptothecin conjugate G2 was found to better target the liver that
200 (Choi et al., 2001; Park, Lee, et al., 2008), derivative U12 (Xu et al., 2014); compounds
he related natural products oleanic acid and betulinic acid are also shown.
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unconjugated camptothecin (Xiao, Yu, Yue, & Li, 2019). Other examples
of UDCA bioconjugates could be cited, including photosensitive deriva-
tives (Navacchia et al., 2016) and nucleoside-bile acid conjugates, such
as the UDC-nucleoside hybrid represented in Fig. 6 (Agarwal, Siva
Krishna, Sriram, Yogeeswari, & Sakhuja, 2018; Navacchia et al., 2017).

The second approach refers to modifications of the UDCA skeleton
with the aim to improve the pharmacological profiles of the drugs.
UDCA can be readily modified by substitution of the OH groups at posi-
tions 3 and 7, or via its acid side chain, to generate anti- or pro-apoptotic
derivatives (Dosa,Ward, Castro, Rodrigues, & Steer, 2013). Over the past
20 years, scientists at Pusan University (South Korea) have designed se-
ries of UDCA andCDCAderivatives endowedwith interesting anticancer
properties. They started with a glycinemethyl ester conjugate of UDCA,
designated HS-1030 (Fig. 7), which inhibited proliferation and induced
apoptosis of HepG2 cells (Park et al., 1997). This compound also re-
vealed anti-angiogenic activities in vitro (Suh et al., 1997). The
L-leucine methyl ester analogue, HS-1133, was found to significantly
reduce the DNA cleavage activity of topoisomerase I, which is a well-
established anticancer target (Kim et al., 1999). Many other UDCA and
CDCA derivatives were synthesized and tested. The most interesting
compounds are probably theUDCAderivative HS-1183 andCDCAderiv-
ative HS-1200 (Fig. 7) active against breast cancer cells, inducing
apoptosis via a p53-independent pathway (Im et al., 2001). Unsurpris-
ingly, CDCA derivatives are more cytotoxic than the UDCA analogues.
HS-1200 was found to completely inhibit the proliferation of cell prolif-
eration of human leukemic T cells in (Jurkat cell line) whereas HS-1183
showed aweak inhibitory activity and both UDCA and CDCA had no sig-
nificant effects (Choi et al., 2001). The mechanism of drug-induced cell
cycle perturbation and apoptosis implicated inhibition of pRB phos-
phorylation and suppression of Cdk/cyclin complex kinase activity,
coupled with a decreased expression of different cyclins and Cdk pro-
teins (Choi et al., 2003; Park et al., 2004). In human hepatoma cells,
HS-1200 decreased the levels of cyclooxygenase-2 mRNA and protein
expression and markedly induced the Egr-1 expression (Park et al.,
2008). The drugs also inhibited the proliferation of breast cancer cell
lines in vitro and induced apoptosis through a p53-independent path-
way (Im et al., 2001). They also inhibited the growth of cervical carci-
noma cells, inducing apoptosis through activation of both NFκB and c-
Jun N-terminal kinase (JNK) pathways (Im et al., 2005). Interestingly,
the CDCA derivative HS-1200 was found to inhibit tumour growth and
to increase life span of immunodeficient mice bearing U87MG glioblas-
toma tumours (Yee et al., 2005). The drug can also delay the growth of
TE671 medulloblastoma cells in vivo (Kim, Im, Yoo, & Choi, 2006).
HS-1200 induced apoptosis in a variety of tumour cell lines (Liu et al.,
2008; Moon, Kim, & Park, 2004; Park et al., 2004; Seo et al., 2003) and
the level of drug-induced apoptosis can be augmented when HS-1200
is combined with a proteasome inhibitor (Seo et al., 2003). This syn-
thetic bile acid derivative was also found to sensitize radiation-
induced apoptosis in MCF-7 human breast carcinoma cells (Yee et al.,
2007). Oral administration of HS-1200 suppressed tumorigenesis, at-
tenuated pathological changes in liver tissues, and decreased serum
levels of liver enzymes in a rat model of hepatocellular carcinoma (Xu
et al., 2017). HS-1200 might be an interesting anticancer candidate for
Human clinical trials. Other UDCA derivatives modified at the C-24 po-
sition have been reported. For example, a series of UDCA amide deriva-
tives designed to induce glucocorticoid receptor nuclear translocation
has been described (Sharma et al., 2011).

A thorough investigation of the anticancer activities of a series of 20
UDCA derivatives led to the identification of derivative U12 as a potent
antitumor compound (Fig. 7). This 7-acetyl-UDCA-methyl ester deriva-
tive has revealed potent activities against hepatocarcinoma cells trig-
gering apoptosis in vitro and inhibiting tumour growth in vivo (Xu
et al., 2014). Other examples can be cited, including anticancer deriva-
tives of lithocholic acid. Compound LCA-PIP1 bearing a piperidine head
groupwas found to be about 10 timesmore cytotoxic than its lithocholic
acid precursor against colon cancer cells, to induce apoptosis and to
inhibit tumour growth in vivo (Singh et al., 2015). It is reasonable to be-
lieve that it is now possible to create new drugs useful for cancer treat-
ment from bile acid derivatives as lead compounds.

A markedly distinct approach consists to use the bile acid scaffold
and virtual screening approaches to find novel anticancer agents
targeting specific enzymes or signalling pathways implicated in tumor-
igenesis. A recent example is the discovery of potent semi-synthetic de-
rivatives of bile acids as effective inhibitors of tyrosyl-DNA
phosphodiesterase 1 (Tdp1), a DNA repair enzyme considered as an im-
portant cancer target. Just to cite one example, the UDCA derivative 1a
in Fig. 7 was found tomarkedly inhibit Tdp1 but therewas nomajor dif-
ference in the UDCA, CDCA and DCA series (Salomatina et al., 2018).

7. Discussion

UDCA is increasingly used for the treatment of chronic cholestatic
liver diseases. The prevalence of cystic fibrosis liver disease is high, af-
fecting about 30,000 people in the US in 2015 and about 1000 new
cases are diagnosed every year. UDCA is the 1st-line (lifetime) treat-
ment for primary biliary cholangitis (PBC) which cost about $3000/
year, much less than the 2nd-line treatmentwith the farnesoid X recep-
tor agonist obeticholic acid (Ocaliva®, $70,000/year) for patients intol-
erant to UDCA or who do not respond to UDCA (Samur et al., 2017).
Gallstones is affecting 10–15% of the US population annually, corre-
sponding to about 25 million people. The global UDCA market repre-
sented about 350 million US$ in 2017 and is estimated to grow by
about 6–7% annually for the next 7 years. Another study cited a global
market size of US$ 530million in 2019 and an estimate of US$ N1 billion
by 2024. The annual production of cholic acid was estimated to about
1000 metric tons in 2014, the majority of which is used for the produc-
tion of UDCA (Hofmann & Hagey, 2014). It must be significantly higher
today, with the development of UDCA therapies. Of course, the market
could grow considerably if in the future UDCA is used to treat other pa-
thologies, in the field of CNS or cancer for example.

UDCA is usually obtained by hemi-synthesis from cholic acid, ex-
tracted from bovine bile. It can also be prepared starting from CDCA ex-
tracted from chicken, goose or bovine bile. It requires the use of specific
bacterial enzymes (7α- and 7β-hydroxysteroid dehydrogenases) to
achieve the conversion of the hydroxyl group at C-7 from α- into β-
position to generate UDCA (Tonin & Arends, 2018). An additional step,
the removal of the hydroxyl group at C-12, is required when starting
from cholic acid. The process is usually long and costly. The compound
may also be obtained from hyodeoxycholic acid, which is less expensive
and more easily obtained than CDCA from pig bile (Dou & Jiang, 2016).
More economical synthetic routes are being developed to facilitate the
large-scale production of UDCA (He, Wang, Gu, Xiao, & Qiu, 2018;
Tonin & Arends, 2018; Zheng, Chen, Li, Li, & Xu, 2018).

UDCA has revealed chemopreventive effects, in particular to reduce
the occurrence of colorectal cancer in patients with chronic liver dis-
eases (Huang et al., 2016). But it is difficult to envision the regular,
chronic use of UDCA in asymptomatic individuals, not only because
the tumour-preventive effect of UDCA is not definitively established,
but also because the drug is not devoid of any side effects, even if it is
globallywell tolerated. The development of drugs for the chemopreven-
tion of cancer remains a significant and costly challenge. Moreover, as
highlighted here, UDCAexhibits both anti- andpro-apoptotic properties
and inadequate long-term use of the drugmay lead to cell damages and
unwanted effects. UDCA is certainly more promising as a therapeutic
anticancer agent, in combination with other drugs. There is much ex-
perimental work confirming a beneficial role of UDCA in various types
of cancer. The drug may be useful to combat lung cancer cells migration
and invasion, or to inhibit proliferation of colon cancer cells, but the
most appropriate indication maybe liver cancer for several reasons.

The medical need remains high for the treatment of HCC, which is
one of the most common cancers, with a high mortality rate in some
countries, such as China for example. HCCs are heterogeneous tumours,
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comprising different molecular subtypes with distinct molecular scor-
ing (Nishida et al., 2018). There is a major need for new treatments in
particular for HCCwith a highmetastatic recurrence. UDCA has revealed
interesting anticancer effects in HCC models, mainly due to its anti-
inflammatory and anti-oxidant properties. HCCs are resistant to con-
ventional chemotherapy and the multi-kinases inhibitor sorafenib is
one of the few agents that has shown clinical efficacy. Sorafenib is a
standard of care for patients with advanced unresectable HCC since
2007. It is therefore interesting that UDCA synergizes the anticancer ac-
tivity of sorafenib in HCC cell lines. The synergy was found to implicate
drugs-induced apoptosis through ROS-dependent activation of ERK and
dephosphorylation of STAT3 (Lee et al., 2018).

The mode of action of UDCA in HCC cells is multifactorial but we can
underline different levels of activities (Fig. 5). First, UDCA functions as
an inhibitor of STAT3 phosphorylation; the inhibition may be driven
by different mechanisms, including an agonist effect of UDCA on the
bile acids membrane receptor TGR5 (also known as Gpbar1). In non-
small cell lung cancer, TGR5 drives cell growth andmigration via activa-
tion of the JAK2/STAT3 signalling pathway (Liu et al., 2018). TGR5 acti-
vation antagonizes NFκB and STAT3 signalling pathways through
suppressing phosphorylation of IκBα, translocation of p65 and phos-
phorylation of STAT3 (Su et al., 2017). It has been reported also that
TGR5 activation suppresses phosphorylation of STAT3 and this effect
contributes directly to the inhibition of gastric cancer cell proliferation
and migration (Guo et al., 2015). In other words, in HCC cells UDCA
may act as an agonist of TGR5, which then functions as a negative regu-
lator of STAT3 signalling. UDCA has been shown to be a potent agonist
for TGR5 in neonatal mouse ventricular cardiomyocytes (Ibrahim
et al., 2018) but not in CHO cells stably expressing hTGR5 (Sato et al.,
2008). TGR5 is expressed in advanced gastric cancers and its expression
correlates with markers of the epithelial-mesenchymal transition
(Carino et al., 2016). The effects of UDCA on TGR5 in HCC have not
been reported.

In this context, it is interesting to mention that the plant natural
product oleanic acid (triterpenoid extracted from Olea europaea leaves)
and betulinic acid (triterpenoid found in leaves of white birch), both
structurally close toUDCA are also potent TGR5 agonists and display sig-
nificant anticancer activities (Genet et al., 2010). These two pentacyclic
triterpenoids have been shown to synergize with sorafenib to induce
oxidative-induced cell death of cancer cells, notably HCC (Kutkowska,
Strzadala, & Rapak, 2018; Lange, Abhari, Hinrichs, Fulda, & Liese, 2016;
Liese, Hinrichs, Lange, & Fulda, 2019; Wang et al., 2019).

Another level of activity of UDCA in cancer cells concerns the activa-
tion of the extrinsic apoptotic pathway. In cancer cells, UDCA can up-
regulate the cell surface death receptors DR4 and DR5, leading to apo-
ptotic and/or autophagic cell death, depending on the intracellular sig-
nalling environment (Lim & Han, 2015; Lee et al., 2018). A third level
of UDCA activity refers to its anti-inflammatory properties. UDCA can
decrease the expression of pro-inflammatory cytokines (TNF-α and IL-
1β) and increase the level of anti-inflammatory cytokines such as IL-
10, in macrophages. This type of effect can be linked to the inhibition
of the expression of inflammatory transcription factor NFκB and associ-
ated inhibition of phosphorylation of IκBα, ERK, and p38 signals. Inhibi-
tion of nuclear NFκB activation by UDCA may explain the observed
down-regulation of Bcl2, Smac and up-regulation of Bax. A fourth level
of activity of UDCA concerns the inhibition of the degradation of specific
proteins, notably tumour suppressors. DLC1 (deleted in liver cancer 1) is
a tumour suppressor which contributes to the progression of HCC (Wu
et al., 2018) and the inhibition of the degradation of the protein DLC1 by
UDCA has been associated with inhibition of HCC growth (Chung et al.,
2011). Similarly, UDCA has been shown to protect cell from apoptosis
mediated by the tumour suppressor p53, by promoting its degradation
via the Mdm2-ubiquitin-proteasome pathway (Amaral, Castro, Solá,
Steer, & Rodrigues, 2010). UDCA also suppresses cell growth by
inhibiting the mitogenic activity the EGF receptor (Feldman &
Martinez, 2009).
The precise mechanism of action of UDCA in cancer cells is not well
defined. The five pathways cited above play a role but other molecular
signalling pathways are implicated with no doubt. For example, it is
likely that UDCA-mediated AMPK activation also plays a role in the an-
ticancer activity in HCC. AMPK activators offer interesting perspectives
for the treatment of HCC (Jiang et al., 2019) and UDCA is known to acti-
vate AMPK in rheumatoid arthritis model (Lee, Kwon, et al., 2017),
probably also in cancer. A more precise picture of themechanism of ac-
tion of UDCA in cancer is certainly needed to guide the selection of the
most adapted tumour indications and drug combination therapies. Nev-
ertheless, a rational for the testing of UDCA for the treatment of HCC is
emerging.

Note that there are also different Chinese publications about the an-
ticancer activity of “bear bile powder” that contains UDCA, including re-
ports of anti-HCC activities. But the farming of bears, practiced in the
1980s in China, to extract UDCA being extremely inhuman (hopefully
stopped today), we prefer not to refer extensively to these works
(Feng et al., 2009). Bear bile has been used in traditional Chinese medi-
cine (TCM) for thousands of years, but considering the imperative to
protect populations ofwild or farmed bears fromoverexploitation, prac-
titioners of TCM should recommend the use of anti-inflammatory and
hepatoprotective medicinal herbs as substitutes for bear bile (Appiah
et al., 2017).

A better knowledge of themechanism of action of UDCAwill also be
helpful to guide both the potential repositioning of UDCA in oncology
and the design of newandmore potent analogues active against tumour
growth. A few interesting drug candidates are emerging, such as com-
pounds U12 and HS-1200 cited here. Notably, the orally available ana-
logue HS-1200 has revealed interesting activities in various cell lines
and models, including HCC. U12 also showed a notable in vivo activity
in a HCC model, insufficient to warrant a clinical development but en-
couraging to design more potent analogues. The synthesis of anticancer
drugs derived from UDCA and the other bile acids should be encour-
aged. Bile acids are pleotropic signalling metabolites - and drugs for
CDCA and UDCA - that regulate several metabolic and inflammatory
pathways in different cell types and tissues. They should be further con-
sidered to propose novel anticancer treatments.

To conclude, UDCA is a well-established and well-tolerated drug
used for the treatment of cholestatic hepatopathies. The therapeutic
benefit of the drug may be further exploited in oncology, to improve
cancer treatment and/or prevention. The dual pro- and anti-apoptotic
activities of UDCA are not surprising; it is a characteristic trait of bile
acids. Cholesterol itself also displays opposing functions in hepatitis
and HCC, which define its paradoxical role in cell death as a pro- and
anti-apoptotic factor (García-Ruiz, Ribas, Baulies, & Fernández-Checa,
2017). With no doubt, UDCA merits further attention as a potential an-
ticancer agent and as a candidate for drug repurposing in oncology.

Declaration of Competing Interest

The authors declare no conflict of interest associated with this pub-
lication and there has been no significant financial support for this work
that could have influenced its outcome.

References

Abdel-Latif, M. M., Inoue, H., & Reynolds, J. V. (2016). Opposing effects of bile acids
deoxycholic acid and ursodeoxycholic acid on signal transduction pathways in oe-
sophageal cancer cells. European Journal of Cancer Prevention 25, 368–379.

Agarwal, D. S., Siva Krishna, V., Sriram, D., Yogeeswari, P., & Sakhuja, R. (2018). Clickable
conjugates of bile acids and nucleosides: Synthesis, characterization, in vitro antican-
cer and antituberculosis studies. Steroids 139, 35–44.

Alberts, D. S., Martínez, M. E., Hess, L. M., Einspahr, J. G., Green, S. B., Bhattacharyya, A. K., ...
Lance, P., ... Phoenix and Tucson Gastroenterologist Networks (2005). Phase III trial of
ursodeoxycholic acid to prevent colorectal adenoma recurrence. Journal of the
National Cancer Institute 97, 846–853.

Alexander, J. L., Wilson, I. D., Teare, J., Marchesi, J. R., Nicholson, J. K., & Kinross, J. M.
(2017). Gut microbiota modulation of chemotherapy efficacy and toxicity. Nature
Reviews. Gastroenterology & Hepatology 14, 356–365.

http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0005
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0005
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0005
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0010
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0010
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0010
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0015
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0015
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0015
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0020
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0020


11J.-F. Goossens, C. Bailly / Pharmacology & Therapeutics 203 (2019) 107396
Amaral, J. D., Castro, R. E., Solá, S., Steer, C. J., & Rodrigues, C. M. (2010). Ursodeoxycholic
acid modulates the ubiquitin-proteasome degradation pathway of p53. Biochemical
and Biophysical Research Communications 400, 649–654.

Amaral, J. D., Viana, R. J., Ramalho, R. M., Steer, C. J., & Rodrigues, C. M. (2009). Bile acids:
Regulation of apoptosis by ursodeoxycholic acid. Journal of Lipid Research 50,
1721–1734.

Appiah, S., Revitt, M., Jones, H., Vu, M., Simmonds, M., & Bell, C. (2017). Antiinflammatory
and hepatoprotective medicinal herbs as potential substitutes for bear bile.
International Review in Neurobiology 135, 149–180.

Baek, J. H., Lee, Y. S., Kang, C. M., Kim, J. A., Kwon, K. S., Son, H. C., & Kim, K. W. (1997). In-
tracellular Ca2+ release mediates ursolic acid-induced apoptosis in human leukemic
HL-60 cells. International Journal of Cancer 73, 725–728.

Banerjee, B., Shaheen, N. J., Martinez, J. A., Hsu, C. H., Trowers, E., ... Chow, H. H. (2016).
Clinical study of ursodeoxycholic acid in Barrett's esophagus patients. Cancer
Prevention Research 9, 528–533.

Bernardes-Silva, C. F., Damião, A. O., Sipahi, A.M., Laurindo, F. R., Iriya, K., ... Laudanna, A. A.
(2004). Ursodeoxycholic acid ameliorates experimental ileitis counteracting intesti-
nal barrier dysfunction and oxidative stress. Digestive Diseases and Sciences 49,
1569–1574.

Bonaldi, A., & Molinari, E. (1983). Process for preparing high purity ursodeoxycholic acid.
(U.S. Patent 4379093A).

Bordbar, M., Shakibazad, N., Fattahi, M., Haghpanah, S., & Honar, N. (2018). Effect of
ursodeoxycholic acid and vitamin E in the prevention of liver injury frommethotrex-
ate in pediatric leukemia. Turkish Journal of Gastroenterology 29, 203–209.

Buryova, H., Chalupsky, K., Zbodakova, O., Kanchev, I., Jirouskova, M., ... Sedlacek, R.
(2013). Liver protective effect of ursodeoxycholic acid includes regulation of
ADAM17 activity. BMC Gastroenterology 13, 155.

Carey, E. J., & Lindor, K. D. (2012). Chemoprevention of colorectal cancer with
ursodeoxycholic acid: Cons. Clinical Research in Hepatology and Gastroenterology 36,
S61–S64.

Carino, A., Graziosi, L., D'Amore, C., Cipriani, S., Marchianò, S., ... Fiorucci, S. (2016). The bile
acid receptor GPBAR1 (TGR5) is expressed in human gastric cancers and promotes
epithelial-mesenchymal transition in gastric cancer cell lines. Oncotarget 7,
61021–61035.

Centuori, S. M., & Martinez, J. D. (2014). Differential regulation of EGFR-MAPK signaling
by deoxycholic acid (DCA) and ursodeoxycholic acid (UDCA) in colon cancer.
Digestive Diseases and Sciences 59, 2367–2380.

Chen, W., Wei, Y., Xiong, A., Li, Y., Guan, H., Wang, Q., ... Ma, X. (2019 Mar 21). Compre-
hensive analysis of serum and fecal bile acid profiles and interaction with gut micro-
biota in primary biliary cholangitis. Clinical Review in Allergy and Immunology. https://
doi.org/10.1007/s12016-019-08731-2 ([Epub ahead of print]).

Chen, Y. S., Liu, H. M., & Lee, T. Y. (2019). Ursodeoxycholic acid regulates hepatic energy
homeostasis and white adipose tissue macrophages polarization in leptin-
deficiency obese mice. Cells 8, 253.

Choi, Y. H., Im, E. O., Suh, H., Jin, Y., Lee, W. H., Yoo, Y. H., ... Kim, N. D. (2001). Apoptotic
activity of novel bile acid derivatives in human leukemic T cells through the activa-
tion of caspases. International Journal of Oncology 18, 979–984.

Choi, Y. H., Im, E. O., Suh, H., Jin, Y., Yoo, Y. H., & Kim, N. D. (2003). Apoptosis and modu-
lation of cell cycle control by synthetic derivatives of ursodeoxycholic acid and
chenodeoxycholic acid in human prostate cancer cells. Cancer Letters 199, 157–167.

Chung, G. E., Yoon, J. H., Lee, J. H., Kim, H. Y., Myung, S. J., Yu, S. J., ... Lee, H. S. (2011).
Ursodeoxycholic acid-induced inhibition of DLC1 protein degradation leads to sup-
pression of hepatocellular carcinoma cell growth. Oncology Reports 25, 1739–1746.

Dosa, P. I., Ward, T., Castro, R. E., Rodrigues, C. M., & Steer, C. J. (2013). Synthesis and eval-
uation of water-soluble prodrugs of ursodeoxycholic acid (UDCA), an anti-apoptotic
bile acid. ChemMedChem 8, 1002–1011.

Dou, Q., & Jiang, Z. (2016). A facile route to ursodeoxycholic acid based on
stereocontrolled conversion and aggregation behavior research. Synthesis 48,
588–594.

Eaton, J. E., Silveira, M. G., Pardi, D. S., Sinakos, E., Kowdley, K. V., Luketic, V. A., ... Lindor, K.
D. (2011). High-dose ursodeoxycholic acid is associated with the development of co-
lorectal neoplasia in patients with ulcerative colitis and primary sclerosing
cholangitis. American Journal of Gastroenterology 106, 1638–1645.

Edginton, A. N., Zimmerman, E. I., Vasilyeva, A., Baker, S. D., & Panetta, J. C. (2016). Soraf-
enib metabolism, transport, and enterohepatic recycling: Physiologically based
modeling and simulation in mice. Cancer Chemotherapy and Pharmacology 77,
1039–1052.

Erlinger, S., Le Go, A., Husson, J. M., & Fevery, J. (1984). Franco-Belgian cooperative study
of ursodeoxycholic acid in the medical dissolution of gallstones: A double-blind, ran-
domized, dose-response study, and comparison with chenodeoxycholic acid.
Hepatology 4, 308–314.

Farhana, L., Nangia-Makker, P., Arbit, E., Shango, K., Sarkar, S., Hadden, T., ... Majumdar, A.
P. (2016). Bile acid: A potential inducer of colon cancer stem cells. Stem Cell Research
& Therapy 7, 181.

Feldman, R., & Martinez, J. D. (2009). Growth suppression by ursodeoxycholic acid in-
volves caveolin-1 enhanced degradation of EGFR. Biochimica et Biophysica Acta
1793, 1387–1394.

Feng, Y., Siu, K., Wang, N., Ng, K. M., Tsao, S. W., Nagamatsu, T., & Tong, Y. (2009). Bear
bile: Dilemma of traditional medicinal use and animal protection. Journal of
Ethnobiology and Ethnomedicine 5, 2.

Fimognari, C., Lenzi, M., Cantelli-Forti, G., & Hrelia, P. (2009). Apoptosis andmodulation of
cell cycle control by bile acids in human leukemia T cells. Annals of the New York
Academy of Sciences 1171, 264–269.

Fiorucci, S., & Distrutti, E. (2019). The pharmacology of bile acids and their receptors.
Handbook of Experimental Pharmacology. https://doi.org/10.1007/164_2019_238
([Epub ahead of print]).
García-Ruiz, C., Ribas, V., Baulies, A., & Fernández-Checa, J. C. (2017). Mitochondrial cho-
lesterol and the paradox in cell death. Handbook in Experimental Pharmacology. Vol.
240. (pp. 189–210).

Genet, C., Strehle, A., Schmidt, C., Boudjelal, G., Lobstein, A., Schoonjans, K., ... Wagner, A.
(2010). Structure-activity relationship study of betulinic acid, a novel and selective
TGR5 agonist, and its synthetic derivatives: Potential impact in diabetes. Journal of
Medicinal Chemistry 53, 178–190.

Guo, C., Su, J., Li, Z., Xiao, R., Wen, J., Li, Y., ... Wang, Y. D. (2015). The G-protein-coupled
bile acid receptor Gpbar1 (TGR5) suppresses gastric cancer cell proliferation and mi-
gration through antagonizing STAT3 signaling pathway. Oncotarget 6, 34402–34413.

Hamano, H., Mitsui, M., Zamami, Y., Takechi, K., Nimura, T., Okada, N., ... Ishizawa, K.
(2019). Irinotecan-induced neutropenia is reduced by oral alkalization drugs: Analy-
sis using retrospective chart reviews and the spontaneous reporting database.
Supportive Care in Cancer 27, 849–856.

Hanafi, N. I., Mohamed, A. S., Sheikh Abdul Kadir, S. H., & Othman, M. H. D. (2018). Over-
view of bile acids signaling and perspective on the signal of ursodeoxycholic acid, the
most hydrophilic bile acid, in the heart. Biomolecules 8, 159.

Hansen, J. D., Kumar, S., Lo,W. K., Poulsen, D.M., Halai, U. A., & Tater, K. C. (2013). Ursodiol
and colorectal cancer or dysplasia risk in primary sclerosing cholangitis and inflam-
matory bowel disease: A meta-analysis. Digestive Diseases and Sciences 58,
3079–3087.

He, X. L., Wang, L. T., Gu, X. Z., Xiao, J. X., & Qiu, W. W. (2018). A facile synthesis of
ursodeoxycholic acid and obeticholic acid from cholic acid. Steroids 140, 173–178.

Hegyi, P., Maléth, J., Walters, J. R., Hofmann, A. F., & Keely, S. J. (2018). Guts and gall: Bile
acids in regulation of intestinal epithelial function in health and disease. Physiological
Reviews 98, 1983–2023.

van Heumen, B.W., Roelofs, H. M., Te Morsche, R. H., Marian, B., Nagengast, F. M., & Peters,
W. H. (2012). Celecoxib and tauro-ursodeoxycholic acid co-treatment inhibits cell
growth in familial adenomatous polyposis derived LT97 colon adenoma cells.
Experimental Cell Research 318, 819–827.

van Heumen, B. W., Roelofs, H. M., Vink-Börger, M. E., Dekker, E., Mathus-Vliegen, E. M.,
Dees, J., ... Nagengast, F. M. (2013). Ursodeoxycholic acid counteracts celecoxib in re-
duction of duodenal polyps in patients with familial adenomatous polyposis: A
multicentre, randomized controlled trial. Orphanet Journal of Rare Diseases 8, 118.

Hofmann, A. F., & Hagey, L. R. (2014). Key discoveries in bile acid chemistry and biology
and their clinical applications: History of the last eight decades. Journal of Lipid
Research 55, 1553–1595.

Horowitz, N. S., Hua, J., Powell, M. A., Gibb, R. K., Mutch, D. G., & Herzog, T. J. (2007). Novel
cytotoxic agents from an unexpected source: Bile acids and ovarian tumor apoptosis.
Gynecologic Oncology 107, 344–349.

Huang,W. K., Hsu, H. C., Liu, J. R., Yang, T. S., Chen, J. S., Chang, J.W., ... See, L. C. (2016). The
association of ursodeoxycholic acid use with colorectal cancer risk: A nationwide co-
hort study. Medicine (Baltimore) 95, e2980.

Huo, X., Juergens, S., Zhang, X., Rezaei, D., Yu, C., Strauch, E. D., ... Souza, R. F. (2011).
Deoxycholic acid causes DNA damage while inducing apoptotic resistance through
NF-κB activation in benign Barrett's epithelial cells. American Journal of Physiology.
Gastrointestinal and Liver Physiology 301, G278–G286.

Ibrahim, E., Diakonov, I., Arunthavarajah, D., Swift, T., Goodwin, M., Mcllvrides, S., ...
Gorelik, J. (2018). Bile acids and their respective conjugates elicit different responses
in neonatal cardiomyocytes: Role of Gi protein, muscarinic receptors and TGR5.
Scientific Reports 8, 7110.

Ikegami, T., & Matsuzaki, Y. (2008). Ursodeoxycholic acid: Mechanism of action and novel
clinical applications. Hepatology Research 38, 123–131.

Ikegami, T., Matsuzaki, Y., Al Rashid, M., Ceryak, S., Zhang, Y., & Bouscarel, B. (2006). En-
hancement of DNA topoisomerase I inhibitor-induced apoptosis by ursodeoxycholic
acid. Molecular Cancer Therapy 5, 68–79.

Im, E., Choi, S. H., Suh, H., Choi, Y. H., Yoo, Y. H., & Kim, N. D. (2005). Synthetic bile acid
derivatives induce apoptosis through a c-Jun N-terminal kinase and NF-kappaB-
dependent process in human cervical carcinoma cells. Cancer Letters 229, 49–57.

Im, E., & Martinez, J. D. (2004). Ursodeoxycholic acid (UDCA) can inhibit deoxycholic acid
(DCA)-induced apoptosis via modulation of EGFR/Raf-1/ERK signaling in human
colon cancer cells. Journal of Nutrition 134, 483–486.

Im, E. O., Choi, Y. H., Paik, K. J., Suh, H., Jin, Y., Kim, K. W., ... Kim, N. D. (2001). Novel bile
acid derivatives induce apoptosis via a p53-independent pathway in human breast
carcinoma cells. Cancer Letters 163, 83–93.

Ji, W. J., Qu, Q., Jin, Y., Zhao, L., & He, X. D. (2009). Ursodeoxycholic acid inhibits
hepatocyte-like cell apoptosis by down-regulating the expressions of Bax and
Caspase-3. Zhonghua Yi Xue Za Zhi 89, 2997–3001.

Jiang, X., Tan, H. Y., Teng, S., Chan, Y. T., Wang, D., & Wang, N. (2019). The role of AMP-
activated protein kinase as a potential target of treatment of hepatocellular carci-
noma. Cancers (Basel) 11, 647.

Kelly, O. B., Mroz, M. S., Ward, J. B., Colliva, C., Scharl, M., Pellicciari, R., ... Keely, S. J. (2013).
Ursodeoxycholic acid attenuates colonic epithelial secretory function. Journal of
Physiology 591, 2307–2318.

Khare, S., Cerda, S., Wali, R. K., von Lintig, F. C., Tretiakova, M., Joseph, L., ... Bissonnette, M.
(2003). Ursodeoxycholic acid inhibits Ras mutations, wild-type Ras activation, and
cyclooxygenase-2 expression in colon cancer. Cancer Research 63, 3517–3523.

Khare, S., Mustafi, R., Cerda, S., Yuan, W., Jagadeeswaran, S., Dougherty, U., ... Bissonnette,
M. (2008). Ursodeoxycholic acid suppresses Cox-2 expression in colon cancer: Roles
of Ras, p38, and CCAAT/enhancer-binding protein. Nutrition and Cancer 60, 389–400.

Kim, D. K., Lee, J. R., Kim, A., Lee, S., Yoo, M. A., Kim, K. W., ... Kim, N. D., ... Suh, H. (1999).
Inhibition of initiation of simian virus 40 DNA replication in vitro by the
ursodeoxycholic acid and its derivatives. Cancer Letters 146, 147–153.

Kim, E. K., Cho, J. H., Kim, E., & Kim, Y. J. (2017). Ursodeoxycholic acid inhibits the prolif-
eration of colon cancer cells by regulating oxidative stress and cancer stem-like cell
growth. PLoS One 12, e0181183.

http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0025
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0025
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0025
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0030
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0030
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0030
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0035
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0035
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0035
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0040
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0040
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0040
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0045
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0045
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0050
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0050
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0050
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0055
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0055
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0060
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0060
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0060
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0065
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0065
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0070
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0070
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0070
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0075
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0075
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0075
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0075
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0080
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0080
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0080
https://doi.org/10.1007/s12016-019-08731-2
https://doi.org/10.1007/s12016-019-08731-2
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0090
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0090
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0090
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0095
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0095
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0095
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0100
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0100
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0100
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0105
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0105
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0110
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0110
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0110
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0115
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0115
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0115
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0120
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0120
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0120
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0125
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0125
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0125
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0125
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0130
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0130
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0130
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0130
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0135
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0135
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0140
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0140
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0140
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0145
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0145
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0145
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0150
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0150
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0150
https://doi.org/10.1007/164_2019_238
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0160
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0160
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0160
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0165
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0165
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0165
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0170
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0170
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0170
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0175
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0175
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0175
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0180
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0180
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0180
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0185
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0185
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0185
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0185
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0190
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0190
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0195
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0195
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0195
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0200
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0200
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0200
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0205
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0205
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0205
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0210
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0210
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0210
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0215
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0215
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0215
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0220
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0220
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0220
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0225
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0225
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0225
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0230
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0230
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0230
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0235
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0235
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0240
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0240
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0240
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0245
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0245
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0245
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0250
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0250
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0250
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0255
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0255
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0255
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0260
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0260
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0260
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0265
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0265
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0265
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0270
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0270
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0275
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0275
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0280
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0280
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0280
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0285
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0285
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0290
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0290
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0290


12 J.-F. Goossens, C. Bailly / Pharmacology & Therapeutics 203 (2019) 107396
Kim, N. D., Im, E., Yoo, Y. H., & Choi, Y. H. (2006). Modulation of the cell cycle and induc-
tion of apoptosis in human cancer cells by synthetic bile acids. Current Cancer Drug
Targets 6, 681–689.

Kim, S. H., Chun, H. J., Choi, H. S., Kim, E. S., Keum, B., Seo, Y. S., ... Kim, C. D. (2018).
Ursodeoxycholic acid attenuates 5-fluorouracil-induced mucositis in a rat model.
Oncology Letters 16, 2585–2590.

Kim, Y. J., Jeong, S. H., Kim, E. K., Kim, E. J., & Cho, J. H. (2017). Ursodeoxycholic acid sup-
presses epithelial-mesenchymal transition and cancer stem cell formation by reduc-
ing the levels of peroxiredoxin II and reactive oxygen species in pancreatic cancer
cells. Oncology Reports 38, 3632–3638.

Kotb, M. A. (2012). Molecular mechanisms of ursodeoxycholic acid toxicity & side effects:
Ursodeoxycholic acid freezes regeneration & induces hibernation mode. International
Journal of Molecular Sciences 13, 8882–8914.

Krishna-Subramanian, S., Hanski, M. L., Loddenkemper, C., Choudhary, B., Pagès, G., Zeitz,
M., & Hanski, C. (2012). UDCA slows down intestinal cell proliferation by inducing
high and sustained ERK phosphorylation. International Journal of Cancer 130,
2771–2782.

Kullak-Ublick, G. A., Glasa, J., Böker, C., Oswald, M., Grützner, U., Hagenbuch, B., ...
Paumgartner, G. (1997). Chlorambucil-taurocholate is transported by bile acid car-
riers expressed in human hepatocellular carcinomas. Gastroenterology 113,
1295–1305.

Kutkowska, J., Strzadala, L., & Rapak, A. (2018). Sorafenib in combination with betulinic
acid synergistically induces cell cycle arrest and inhibits clonogenic activity in pan-
creatic ductal adenocarcinoma cells. International Journal of Molecular Sciences 19,
3234.

Lange, M., Abhari, B. A., Hinrichs, T. M., Fulda, S., & Liese, J. (2016). Identification of a novel
oxidative stress induced cell death by sorafenib and oleanolic acid in human hepato-
cellular carcinoma cells. Biochemical Pharmacology 118, 9–17.

Lazaridis, K. N., Gores, G. J., & Lindor, K. D. (2001). Ursodeoxycholic acid mechanisms of
action and clinical use in hepatobiliary disorders. Journal of Hepatology 35, 134–146.

Lee, E. J., Kwon, J. E., Park, M. J., Jung, K. A., Kim, D. S., Kim, E. K., ... Cho, M. L. (2017).
Ursodeoxycholic acid attenuates experimental autoimmune arthritis by targeting
Th17 and inducing pAMPK and transcriptional corepressor SMILE. Immunology
Letters 188, 1–8.

Lee, H. I., Choi, C. I., Sa, J. H., Lee, Y. J., Bae, J. W., Jang, C. G., & Lee, S. Y. (2014).
Ursodeoxycholic acid, an inhibitor of hepatocyte nuclear factor 1α, did not increase
the systemic exposure of pitavastatin. International Journal of Clinical Pharmacology
and Therapeutics 52, 981–985.

Lee, S., Cho, Y. Y., Cho, E. J., Yu, S. J., Lee, J. H., Yoon, J. H., & Kim, Y. J. (2018). Synergistic
effect of ursodeoxycholic acid on the antitumor activity of sorafenib in hepatocellular
carcinoma cells via modulation of STAT3 and ERK. International Journal of Molecular
Medicine 42, 2551–2559.

Lee,W. S., Jung, J. H., Panchanathan, R., Yun, J.W., Kim, D. H., Kim, H. J., & Jung, J. M. (2017).
Ursodeoxycholic acid induces death receptor-mediated apoptosis in prostate cancer
cells. Journal of Cancer Prevention 22, 16–21.

Leuschner, U., & Kurtz, W. (1987). Treatment of primary biliary cirrhosis and cholestatic
disorders with ursodeoxycholic acid. Lancet 2, 508.

Liese, J., Hinrichs, T. M., Lange, M., & Fulda, S. (2019). Cotreatment with sorafenib and
oleanolic acid induces reactive oxygen species-dependent and mitochondrial-
mediated apoptotic cell death in hepatocellular carcinoma cells. Anti-Cancer Drugs
30, 209–217.

Lim, S. C., Choi, J. E., Kang, H. S., & Han, S. I. (2010). Ursodeoxycholic acid switches
oxaliplatin-induced necrosis to apoptosis by inhibiting reactive oxygen species pro-
duction and activating p53-caspase 8 pathway in HepG2 hepatocellular carcinoma.
International Journal of Cancer 126, 1582–1595.

Lim, S. C., Duong, H. Q., Choi, J. E., Lee, T. B., Kang, J. H., Oh, S. H., & Han, S. I. (2011). Lipid
raft-dependent death receptor 5 (DR5) expression and activation are critical for
ursodeoxycholic acid-induced apoptosis in gastric cancer cells. Carcinogenesis 32,
723–731.

Lim, S. C., Duong, H. Q., Parajuli, K. R., & Han, S. I. (2012). Pro-apoptotic role of the MEK/
ERK pathway in ursodeoxycholic acid-induced apoptosis in SNU601 gastric cancer
cells. Oncology Reports 28, 1429–1434.

Lim, S. C., & Han, S. I. (2015). Ursodeoxycholic acid effectively kills drug-resistant gastric
cancer cells through induction of autophagic death. Oncology Reports 34, 1261–1268.

Liu, H., Qin, C. K., Han, G. Q., Xu, H. W., Ren, W. H., & Qin, C. Y. (2008). Synthetic
chenodeoxycholic acid derivative, HS-1200, induces apoptosis of human hepatoma
cells via a mitochondrial pathway. Cancer Letters 270, 242–249.

Liu, H., Qin, C. Y., Han, G. Q., Xu, H. W., Meng, M., & Yang, Z. (2007). Mechanism of apopto-
tic effects induced selectively by ursodeoxycholic acid on human hepatoma cell lines.
World Journal of Gastroenterology 13, 1652–1658.

Liu, H., Xu, H. W., Zhang, Y. Z., Huang, Y., Han, G. Q., Liang, T. J., ... Qin, C. K. (2015).
Ursodeoxycholic acid induces apoptosis in hepatocellular carcinoma xenografts in
mice. World Journal of Gastroenterology 21, 10367–10374.

Liu, X., Chen, B., You,W., Xue, S., Qin, H., & Jiang, H. (2018). Themembrane bile acid recep-
tor TGR5 drives cell growth and migration via activation of the JAK2/STAT3 signaling
pathway in non-small cell lung cancer. Cancer Letters 412, 194–207.

Makino, I., Shinozaki, K., Yoshino, K., & Nakagawa, S. (1975). Dissolution of cholesterol
gallstones by long-term administration of ursodeoxycholic acid. Nihon Shokakibyo
Gakkai Zasshi 72, 690–702.

Marchesi, E., Chinaglia, N., Capobianco, M. L., Marchetti, P., Huang, T. E., Weng, H. C., ...
Navacchia, M. L. (2019). Dihydroartemisinin-bile acid hybridization as an effective
approach to enhance dihydroartemisinin anticancer activity. ChemMedChem 14,
779–787.

Matsuda, K., Qiu, Y., Kawamura, Y., Suzuki, H., Takita, Y., Sakamoto, H., ... Taniyama, H.
(2010). Hepatocellular carcinoma in a Hokkaido brown bear (Ursus arctos yesoensis).
The Journal of Veterinary Medical Science 72, 1213–1216.
Mohammed Saif, M., Farid, S. F., Khaleel, S. A., Sabry, N. A., & El-Sayed, M. H. (2012). He-
patoprotective efficacy of ursodeoxycholic acid in pediatrics acute lymphoblastic leu-
kemia. Pediatric Hematology and Oncology 29, 627–632.

Moon, B., Kim, M. C., & Park, J. S. (2004). Synthetic CDCA derivatives-induced apoptosis of
stomach cancer cell line SNU-1 cells. Cancer Research and Treatment 36, 132–139.

Mroz, M. S., Lajczak, N. K., Goggins, B. J., Keely, S., & Keely, S. J. (2018). The bile acids,
deoxycholic acid and ursodeoxycholic acid, regulate colonic epithelial wound healing.
American Journal of Physiology. Gastrointestinal and Liver Physiology 314, G378–G387.

Navacchia, M. L., Fraix, A., Chinaglia, N., Gallerani, E., Perrone, D., Cardile, V., ... Sortino, S.
(2016). NO photoreleaser-deoxyadenosine and -bile acid derivative bioconjugates
as novel potential photochemotherapeutics. ACS Medicinal Chemistry Letters 7,
939–943.

Navacchia, M. L., Marchesi, E., Mari, L., Chinaglia, N., Gallerani, E., Gavioli, R., ... Perrone, D.
(2017). Rational design of nucleoside-bile acid conjugates incorporating a triazole
moiety for anticancer evaluation and SAR exploration. Molecules 22, 1710.

Nishida, N., Nishimura, T., Kaido, T., Minaga, K., Yamao, K., Kamata, K., ... Kudo, M. (2018).
Molecular scoring of hepatocellular carcinoma for predicting metastatic recurrence
and requirements of systemic chemotherapy. Cancers (Basel) 10, 367.

Onofrio, F. Q., Hirschfield, G. M., & Gulamhusein, A. F. (2019). A practical review of pri-
mary biliary cholangitis for the gastroenterologist. Gastroenterology and Hepatology
(NY) 15, 145–154.

Pang, L., Zhao, X., Liu, W., Deng, J., Tan, X., & Qiu, L. (2015). Anticancer effect of
ursodeoxycholic acid in human oral squamous carcinoma HSC-3 cells through the
caspases. Nutrients 7, 3200–3218.

Park, G. Y., Han, Y. K., Han, J. Y., & Lee, C. G. (2016). Tauroursodeoxycholic acid reduces the
invasion of MDA-MB-231 cells by modulating matrix metalloproteinases 7 and 13.
Oncology Letters 12, 2227–2231.

Park, I. H., Kim, M. K., & Kim, S. U. (2008). Ursodeoxycholic acid prevents apoptosis of
mouse sensory neurons induced by cisplatin by reducing P53 accumulation.
Biochemical and Biophysical Research Communications 377, 1025–1030.

Park, S. E., Choi, H. J., Yee, S. B., Chung, H. Y., Suh, H., Choi, Y. H., Ahn, E. Y., ... Kim, N. D.
(2004). Synthetic bile acid derivatives inhibit cell proliferation and induce apoptosis
in HT-29 human colon cancer cells. International Journal of Oncology 25, 231–236.

Park, S. E., Lee, S. W., Hossain, M. A., Kim, M. Y., Kim, M. N., Ahn, E. Y., ... Kim, N. D. (2008).
A chenodeoxycholic derivative, HS-1200, induces apoptosis and cell cycle modulation
via Egr-1 gene expression control on human hepatoma cells. Cancer Letters 270,
77–86.

Park, Y. H., Kim, J. A., Baek, J. H., Jung, E. J., Kim, T. H., Suh, H., ... Kim, K. W. (1997). Induc-
tion of apoptosis in HepG2 human hepatocellular carcinoma cells by a novel deriva-
tive of ursodeoxycholic acid (UDCA). Archives of Pharmaceutical Research 20, 29–33.

Pearson, T., Caporaso, J. G., Yellowhair, M., Bokulich, N. A., Padi, M., Roe, D. J., ... Thompson,
P. A. (2019). Effects of ursodeoxycholic acid on the gut microbiome and colorectal ad-
enoma development. Cancer Medicine 8, 617–628.

Peiró-Jordán, R., Krishna-Subramanian, S., Hanski, M. L., Lüscher-Firzlaff, J., Zeitz, M., &
Hanski, C. (2012). The chemopreventive agent ursodeoxycholic acid inhibits prolifer-
ation of colon carcinoma cells by suppressing c-Myc expression. European Journal of
Cancer Prevention 21, 413–422.

Peng, S., Huo, X., Rezaei, D., Zhang, Q., Zhang, X., Yu, C., ... Spechler, S. J. (2014). In Barrett's
esophagus patients and Barrett's cell lines, ursodeoxycholic acid increases antioxi-
dant expression and prevents DNA damage by bile acids. American Journal of Physiol-
ogy. Gastrointestinal and Liver Physiology 307, G129–G139.

Pongracz, J., Clark, P., Neoptolemos, J. P., & Lord, J. M. (1995). Expression of protein kinase
C isoenzymes in colorectal cancer tissue and their differential activation by different
bile acids. International Journal of Cancer 61, 35–39.

Poupon, R., Chrétien, Y., Poupon, R. E., Ballet, F., Calmus, Y., & Darnis, F. (1987). Is
ursodeoxycholic acid an effective treatment for primary biliary cirrhosis? Lancet 1,
834–836.

Poupon, R. E., Poupon, R., & Balkau, B. (1994). Ursodiol for the long-term treatment of pri-
mary biliary cirrhosis. The UDCA-PBC study group. New England Journal of Medicine
330, 1342–1347.

Powell, A. A., Akare, S., Qi, W., Herzer, P., Jean-Louis, S., Feldman, R. A., & Martinez, J. D.
(2006). Resistance to ursodeoxycholic acid-induced growth arrest can also result in
resistance to deoxycholic acid-induced apoptosis and increased tumorgenicity. BMC
Cancer 6, 219.

Pramar, Y. V., Mandal, T. K., Bostanian, L. A., Nguyen, A. T., Miller, V., Morris, T. C., & Graves,
R. A. (2019). Stability of compounded Ursodiol suspensions in PCCA base, SuspendIt.
International Journal of Pharmaceutical Compounding 23, 70–76.

Ridlon, J. M., Harris, S. C., Bhowmik, S., Kang, D. J., & Hylemon, P. B. (2016). Consequences
of bile salt biotransformations by intestinal bacteria. Gut Microbes 7, 22–39.

Salomatina, O. V., Popadyuk, I. I., Zakharenko, A. L., Zakharova, O. D., Fadeev, D. S.,
Komarova, N. I., ... Lavrik, O. I. (2018). Novel semisynthetic derivatives of bile acids
as effective tyrosyl-DNA phosphodiesterase 1 inhibitors. Molecules 23, 679.

Samur, S., Klebanoff, M., Banken, R., Pratt, D. S., Chapman, R., Loos, A. M., ... Chhatwal, J.
(2017). Long-term clinical impact and cost-effectiveness of obeticholic acid for the
treatment of primary biliary cholangitis. Hepatology 65, 920–928.

Sánchez-García, A., Sahebkar, A., Simental-Mendía, M., & Simental-Mendía, L. E. (2018).
Effect of ursodeoxycholic acid on glycemic markers: A systematic review and meta-
analysis of clinical trials. Pharmacological Research 135, 144–149.

Šarenac, T. M., & Mikov, M. (2018). Bile acid synthesis: From nature to the chemical mod-
ification and synthesis and their applications as drugs and nutrients. Frontiers in
Pharmacology 9, 939.

Sato, H., Macchiarulo, A., Thomas, C., Gioiello, A., Une, M., Hofmann, A. F., ... Auwerx, J.
(2008). Novel potent and selective bile acid derivatives as TGR5 agonists: Biological
screening, structure-activity relationships, and molecular modeling studies. Journal
of Medicinal Chemistry 51, 1831–1841 (Erratum in: Journal of Medicinal Chemistry,
51, 4849).

http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0295
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0295
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0295
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0300
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0300
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0305
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0305
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0305
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0305
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0310
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0310
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0310
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0315
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0315
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0315
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0320
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0320
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0320
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0325
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0325
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0325
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0325
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0330
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0330
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0330
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0335
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0335
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0340
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0340
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0340
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0345
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0345
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0345
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0350
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0350
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0350
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0350
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0355
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0355
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0360
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0360
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0365
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0365
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0365
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0365
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0370
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0370
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0370
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0370
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0375
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0375
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0375
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0375
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0380
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0380
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0380
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0385
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0385
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0390
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0390
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0390
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0395
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0395
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0395
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0400
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0400
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0405
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0405
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0405
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0410
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0410
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0410
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0415
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0415
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0415
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0420
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0420
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0425
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0425
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0425
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0430
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0430
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0435
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0435
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0435
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0440
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0440
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0440
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0445
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0445
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0450
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0450
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0455
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0455
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0455
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0460
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0460
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0460
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0465
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0465
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0465
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0470
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0470
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0470
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0475
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0475
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0480
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0480
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0480
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0485
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0485
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0485
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0490
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0490
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0495
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0495
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0495
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0500
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0500
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0500
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0500
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0505
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0505
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0505
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0510
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0510
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0510
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0515
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0515
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0515
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0520
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0520
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0520
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0525
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0525
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0530
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0530
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0535
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0535
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0540
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0540
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0545
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0545
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0550
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0550
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0550
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0555
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0555
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0555
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0555


13J.-F. Goossens, C. Bailly / Pharmacology & Therapeutics 203 (2019) 107396
Seidensticker, M., Seidensticker, R., Damm, R., Mohnike, K., Pech, M., Sangro, B., ... Ricke, J.
(2014). Prospective randomized trial of enoxaparin, pentoxifylline and
ursodeoxycholic acid for prevention of radiation-induced liver toxicity. PLoS One 9,
e112731.

Seo, S. Y., Jun, E. J., Jung, S. M., Kim, K. H., Lim, Y. J., Park, B. S., ... Yoo, Y. H. (2003). Synthetic
chenodeoxycholic acid derivative HS-1200-induced apoptosis of p815 mastocytoma
cells is augmented by co-treatment with lactacystin. Anti-Cancer Drugs 14, 219–225.

Serfaty, L. (2012). Chemoprevention of colorectal cancer with ursodeoxycholic acid: Pro.
Clinical Research in Hepatology and Gastroenterology 36, S53–S60.

Serfaty, L., De Leusse, A., Rosmorduc, O., Desaint, B., Flejou, J. F., Chazouilleres, O., ...
Poupon, R. (2003). Ursodeoxycholic acid therapy and the risk of colorectal adenoma
in patients with primary biliary cirrhosis: An observational study. Hepatology 38,
203–209.

Shah, S. A., Looby, E., Volkov, Y., Long, A., & Kelleher, D. (2005). Ursodeoxycholic acid in-
hibits translocation of protein kinase C in human colonic cancer cell lines. European
Journal of Cancer 41, 2160–2169.

Shah, S. A., Volkov, Y., Arfin, Q., Abdel-Latif, M. M., & Kelleher, D. (2006). Ursodeoxycholic
acid inhibits interleukin 1 beta [corrected] and deoxycholic acid-induced activation of
NF-kappaB and AP-1 in human colon cancer cells. International Journal of Cancer 118,
532–539.

Sharma, R., Prichard, D., Majer, F., Byrne, A. M., Kelleher, D., Long, A., & Gilmer, J. F. (2011).
Ursodeoxycholic acid amides as novel glucocorticoid receptor modulators. Journal of
Medicinal Chemistry 54, 122–130.

Shuman, A. G. (2014). Learning from gus. Oncologist 19, 437.
Singh, M., Bansal, S., Kundu, S., Bhargava, P., Singh, A., Motiani, R. K., ... Bajaj, A. (2015).

Synthesis, structure-activity relationship, and mechanistic investigation of lithocholic
acid amphiphiles for colon cancer therapy. MedChemComm 6, 192–201.

Singh, S., Khanna, S., Pardi, D. S., Loftus, E. V., Jr., & Talwalkar, J. A. (2013). Effect of
ursodeoxycholic acid use on the risk of colorectal neoplasia in patients with primary
sclerosing cholangitis and inflammatory bowel disease: A systematic review and
meta-analysis. Inflammatory Bowel Diseases 19, 1631–1638.

Sreekanth, V., Bansal, S., Motiani, R. K., Kundu, S., Muppu, S. K., Majumdar, T. D., ... Bajaj, A.
(2013). Design, synthesis, and mechanistic investigations of bile acid-tamoxifen con-
jugates for breast cancer therapy. Bioconjugate Chemistry 24, 1468–1484.

Su, J., Zhang, Q., Qi, H., Wu, L., Li, Y., Yu, D., ... Wang, Y. D. (2017). The G-protein-coupled
bile acid receptor Gpbar1 (TGR5) protects against renal inflammation and renal can-
cer cell proliferation and migration through antagonizing NF-κB and STAT3 signaling
pathways. Oncotarget 8, 54378–54387.

Suh, H., Jung, E. J., Kim, T. H., Lee, H. Y., Park, Y. H., & Kim, K. W. (1997). Anti-angiogenic
activity of ursodeoxycholic acid and its derivatives. Cancer Letters 113, 117–122.

Tang, R., Wei, Y., Li, Y., Chen, W., Chen, H., Wang, Q., ... Ma, X. (2018). Gut microbial profile
is altered in primary biliary cholangitis and partially restored after UDCA therapy. Gut
67, 534–541.

Thompson, P. A., Wertheim, B. C., Roe, D. J., Ashbeck, E. L., Jacobs, E. T., Lance, P., ... Alberts,
D. S. (2009). Gender modifies the effect of ursodeoxycholic acid in a randomized con-
trolled trial in colorectal adenoma patients. Cancer Prevention Research (Phila) 2,
1023–1030.

Tonin, F., & Arends, I. W. C. E. (2018). Latest development in the synthesis of
ursodeoxycholic acid (UDCA): A critical review. Beilstein Journal of Organic
Chemistry 14, 470–483.

Tsagarakis, N. J., Drygiannakis, I., Batistakis, A. G., Kolios, G., & Kouroumalis, E. A. (2010). A
concentration-dependent effect of ursodeoxycholate on apoptosis and caspases ac-
tivities of HepG2 hepatocellular carcinoma cells. European Journal of Pharmacology
640, 1–7.

Tung, B. Y., Emond, M. J., Haggitt, R. C., Bronner, M. P., Kimmey, M. B., Kowdley, K. V., &
Brentnall, T. A. (2001). Ursodiol use is associated with lower prevalence of colonic
neoplasia in patients with ulcerative colitis and primary sclerosing cholangitis.
Annals of Internal Medicine 134, 89–95.
Uraz, S., Tahan, V., Aygun, C., Eren, F., Unluguzel, G., Yuksel, M., ... Tozun, N. (2008). Role of
ursodeoxycholic acid in prevention of methotrexate-induced liver toxicity. Digestive
Diseases and Sciences 53, 1071–1077.

Vang, S., Longley, K., Steer, C. J., & Low, W. C. (2014). The unexpected uses of urso- and
tauroursodeoxycholic acid in the treatment of non-liver diseases. Global Advances in
Health and Medicine 3, 58–69.

Wang, H., Jatmiko, Y. D., Bastian, S. E., Mashtoub, S., & Howarth, G. S. (2017). Effects of su-
pernatants from Escherichia coli Nissle 1917 and Faecalibacterium prausnitzii on in-
testinal epithelial cells and a rat model of 5-fluorouracil-induced mucositis. Nutrition
and Cancer 69, 307–318.

Wang, W., Wang, Y., Liu, M., Zhang, Y., Yang, T., Li, D., ... Shi, L. (2019). Betulinic acid in-
duces apoptosis and suppresses metastasis in hepatocellular carcinoma cell lines
in vitro and in vivo. Journal of Cellular and Molecular Medicine 23, 586–595.

Ward, J. B. J., Lajczak, N. K., Kelly, O. B., O'Dwyer, A. M., Giddam, A. K., Ní Gabhann, J., ...
Keely, S. J. (2017). Ursodeoxycholic acid and lithocholic acid exert anti-
inflammatory actions in the colon. American Journal of Physiology. Gastrointestinal
and Liver Physiology 312, G550–G558.

Wu, H. T., Xie, C. R., Lv, J., Qi, H. Q., Wang, F., Zhang, S., ... Yin, Z. Y. (2018). The tumor sup-
pressor DLC1 inhibits cancer progression and oncogenic autophagy in hepatocellular
carcinoma. Laboratory Investigation 8, 1014–1024.

Wu, Y. C., Chiu, C. F., Hsueh, C. T., & Hsueh, C. T. (2018). The role of bile acids in cellular
invasiveness of gastric cancer. Cancer Cell International 18, 75.

Xiao, L., Yu, E., Yue, H., & Li, Q. (2019). Enhanced liver targeting of camptothecin via con-
jugation with deoxycholic acid. Molecules 24, 1179.

Xu, M., Zhao, Q., Shao, D., Liu, H., Qi, J., & Qin, C. (2017). Chenodeoxycholic acid derivative
HS-1200 inhibits hepatocarcinogenesis and improves liver function in
diethylnitrosamine-exposed rats by downregulating MTH1. Biomedical Research
International 2017, 1465912.

Xu, Y., Luo, Q., Lin, T., Zeng, Z., Wang, G., Zeng, D., ... Chen, H. (2014). U12, a UDCA deriv-
ative, acts as an anti-hepatoma drug lead and inhibits themTOR/S6K1 and cyclin/CDK
complex pathways. PLoS One 9, e113479.

Yee, S. B., Song, Y. S., Jeong, S. H., Lee, H. S., Seo, S. Y., Kim, J. H., ... Yoo, Y. H. (2007). A novel
chenodeoxycholic derivative HS-1200 enhances radiation-induced apoptosis inMCF-
7 cells. Oncology Reports 17, 919–923.

Yee, S. B., Yeo,W. J., Park, B. S., Kim, J. Y., Baek, S. J., Kim, Y. C., ... Yoo, Y. H. (2005). Synthetic
chenodeoxycholic acid derivatives inhibit glioblastoma multiform tumor growth
in vitro and in vivo. International Journal of Oncology 27, 653–659.

Yu, H., Fu, Q. R., Huang, Z. J., Lin, J. Y., Chen, Q. X., Wang, Q., & Shen, D. Y. (2019). Apoptosis
induced by ursodeoxycholic acid in human melanoma cells through the mitochon-
drial pathway. Oncology Reports 41, 213–223.

Yui, S., Saeki, T., Kanamoto, R., & Iwami, K. (2005). Characteristics of apoptosis in HCT116
colon cancer cells induced by deoxycholic acid. Journal of Biochemistry 138, 151–157.

Zhang, D., Li, D., Shang, L., He, Z., & Sun, J. (2016). Transporter-targeted cholic acid-
cytarabine conjugates for improved oral absorption. International Journal of
Pharmaceutics 511, 161–169.

Zhang, S., Yang, Y., Weng, W., Guo, B., Cai, G., Ma, Y., & Cai, S. (2019). Fusobacterium
nucleatum promotes chemoresistance to 5-fluorouracil by upregulation of BIRC3 ex-
pression in colorectal cancer. Journal of Experimental & Clinical Cancer Research 38, 14.

Zhang, Y., Jiang, R., Zheng, X., Lei, S., Huang, F., Xie, G., ... Jia, W. (2019). Ursodeoxycholic
acid accelerates bile acid enterohepatic circulation. British Journal of Pharmacology
176, 2848–2863.

Zheng, M. M., Chen, F. F., Li, H., Li, C. X., & Xu, J. H. (2018). Continuous production of
Ursodeoxycholic acid by using two Cascade reactors with co-immobilized enzymes.
ChemBioChem 19, 347–353.

Zhu, L., Shan, L. J., Liu, Y. J., Chen, D., Xiao, X. G., & Li, Y. (2014). Ursodeoxycholic acid in-
duces apoptosis of hepatocellular carcinoma cells in vitro. Journal of Digestive
Diseases 15, 684–693.

http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0560
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0560
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0560
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0565
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0565
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0565
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0570
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0570
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0575
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0575
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0575
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0580
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0580
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0580
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0585
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0585
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0585
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0585
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0590
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0590
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0595
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0600
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0600
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0605
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0605
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0605
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0605
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0610
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0610
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0615
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0615
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0615
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0615
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0620
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0620
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0625
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0625
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0625
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0630
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0630
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0630
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0635
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0635
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0635
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0640
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0640
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0640
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0640
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0645
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0645
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0645
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0650
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0650
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0650
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0655
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0655
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0655
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0660
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0660
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0660
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0660
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0665
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0665
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0665
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0670
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0670
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0670
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0675
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0675
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0675
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0680
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0680
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0685
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0685
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0690
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0690
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0690
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0690
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0695
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0695
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0695
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0700
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0700
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0700
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0705
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0705
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0705
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0710
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0710
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0710
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0715
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0715
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0720
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0720
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0720
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0725
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0725
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0725
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0730
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0730
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0730
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0735
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0735
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0735
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0740
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0740
http://refhub.elsevier.com/S0163-7258(19)30139-1/rf0740

	Ursodeoxycholic acid and cancer: From chemoprevention to chemotherapy
	1. Bile acids
	2. A short history of UDCA
	3. The drug UDCA
	4. UDCA and cancer prevention
	5. UDCA and cancer treatment
	5.1. Cell growth inhibition and induction of cancer cell death
	5.2. Effects on cancer cell migration/invasion and cancer stem cells
	5.3. UDCA-induced dysbiosis and cancer
	5.4. Protection from damages induced by anticancer drugs
	5.5. Combinations with anticancer drugs

	6. Design of anticancer UDCA derivatives
	7. Discussion
	Declaration of Competing Interest
	References


