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Abstract: The advantages of a treatment modality that combines two or more therapeutic agents in
cancer therapy encourages the study of hybrid functional compounds for pharmacological applications.
In light of this, we reviewed recent works on hybrid molecules based on bile acids. Due to their biological
properties, as well as their different chemical/biochemical reactive moieties, bile acids can be considered
very interesting starting molecules for conjugation with natural or synthetic bioactive molecules.

Keywords: bile acids conjugates; natural product hybrids; anticancer agents; pharmacological
activity; bioconjugation; drug design

1. Introduction

Cancer is a multifactorial disease including interactions of complex genetic and en-
vironmental factors. More access to high-quality health care has led to increased cancer
survival; furthermore, prevention has reduced deaths for some cancers (i.e., colorectal,
female breast and prostate cancer) in the last decade. Nevertheless, cancer is the second
leading cause of death globally and the WHO estimated that 9.6 million people worldwide
died from cancer in 2018.

Conventional anticancer chemotherapies are frequently associated with significant lev-
els of toxicity and/or multidrug resistance; additionally, many advanced and metastasized
cancers remain untreatable. Therefore, there is a strong need to discover more effective and
selective novel anticancer drugs. Countless natural products isolated from living organisms
(i.e., microbes and plants) have been shown to possess pharmacological activities such as
antimicrobial, anti-inflammatory, antiviral and anticancer. Despite the fact that the develop-
ment of drugs based on bioactive natural products remains challenging, mainly because of
difficulties associate with isolation, synthesis, mechanistic understanding and so on, several
cytotoxic natural products have been developed as clinical drugs. For instance, taxanes,
originally derived from Taxus brevifoglia [1], and vinca alkaloids from Catharanthus roseus [2],
have been used to treat many types of advanced and/or metastatic cancers. Thus, synthetic
efforts to novel compounds based on natural products have been primarly addressed to
improve pharmacological features in the same biological space. Nevertheless, natural
products have become one of the major sources of components in hybrid molecules due to
their high potential, variety and pronounced biological activities. Among the extremely
numerous bioactive natural products, there are classes of compounds containing potential
reactive centers that enable the formation of covalent bonds, for instance, with amino acid
hotspots on proteins or with other biological molecules, to modulate their biological action
or with chemical species to yield hybrid drugs. The latter category represents an interesting
avenue for the development of new, natural hybrid drugs. In 2003 Tietze, et al. [3] reviewed
natural product hybrids in drug discovery, arriving at the conclusion that bioconjugation
was a promising approach for the development of new lead compounds for medicine.
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Nowadays, the design and synthesis of natural-based hybrid compounds as multitargeted
anticancer agents is a research field in great expansion. Hybrid drugs can provide combi-
nation therapies in a single multifunctional agent, resulting more specific and powerful
treatments than conventional classic therapies which might also reduce side effects and the
development of drug-resistance. With respect to combinatorial chemistry, the development
of natural hybrid drugs offers the advantage of high structural diversity and biodiversity,
and the intrinsic biological activity of the natural components of hybrids. The design of
hybrid molecules represents an interesting approach to enhance biological activity with
respect to both activity and selectivity, and to reduce potential drawbacks with respect to
the hybrid components alone. Hybrids can be more than the sum of their components; they
can also act synergistically and improve upon their simple drug combinations [4].

This review focuses on the design and synthesis of hybrid products incorporating
two distinct entities in one molecule where at least one moiety, the bile acid, is a bioac-
tive natural product. Over the years, our research group has paid particular attention to
bile acid (BA), i.e., endogenous natural molecules which are considered very interesting
scaffolds due to their different chemical/biochemical reactive moieties. Research devoted
to the chemistry and physiology of BAs dates back to the beginning of the 20th century.
Since then, it remains relevant to medicine and pharmacology thanks to the potential
of several BAs as therapeutic agents. Primary and secondary BAs are the major compo-
nents of bile; the former is sourced from cholesterol catabolism in the liver, while the
latter is derived from the biotransformation of primary BAs by the action of intestinal
microbiota [5,6]. BAs play various and complex key roles in health and disease, ensuring
the intestinal solubilization and absorption of lipids, cholesterol, fat-soluble vitamins and
hydrophobic drugs [7–9]. Apart from their conventional role as bio-surfactants, BAs are
also considered hormones acting as signaling molecules, notably interacting with two
receptors: the G-protein-coupled bile acid receptor-1 (GPBAR-1, also known as TGR5),
and farnesoid X nuclear receptors (FXR) [7,10]. In this way, BAs regulate many physiologi-
cal functions including lipid, glucose and energy metabolism, modulation of inflammatory
and immunomodulatory processes [11–14]. As is well known, the biological functions
of BAs are related to the physical-chemical properties mainly arising from the chemical
structures of their amphiphilic molecules, i.e., with a concave hydrophilic α-face and a
convex hydrophobic β-face (Figure 1A). The general hydrophobicity scale of BAs is as
follows: ursodeoxycholic acid (UDCA) < cholic acid (CA) < chenodeoxycholic acid (CDCA)
< deoxycholic acid (DCA) < lithocholic acid (LCA) (Figure 1B). Certain hydrophobic BAs
have been shown to be cytotoxic and have been associated with cancer in several gastroin-
testinal organs including esophagus, stomach, small intestine, liver, biliary tract, pancreas
and colon/rectum [15]. Thus, a complex series of molecular mechanisms related to the pro-
motion of cancerogenesis by BAs, including oxidative stress with DNA damage, apoptosis,
epigenetic factors regulating gene expression, activation or inactivation of nuclear recep-
tors, alteration of gut microbiota, has been identified in recent decades [16]. On the other
hand, recent studies have suggested that some hydrophilic BAs exhibit beneficial effects
as anticancer agents as well, while modulating the same pathways which induce toxicity.
In particular, UDCA and TUDCA (that is, the taurine conjugated of UDCA, Figure 1C))
show cytoprotective and chemopreventive effects, and UDCA exhibits weak to moderate
anticancer activity in vitro when used at high concentrations [17].

Due to their peculiar physical-chemical and biological properties, together with the ease
of carrying out chemical modification of hydroxyl and carboxyl groups, BAs have gained sig-
nificant attention with respect to their use for the molecular hybridization of natural/synthetic
and drug/nondrug scaffolds to design new compounds to improve the bioavailability [18],
metabolic stability and intestinal absorption of parent compounds [19,20]. Moreover, the well-
established ability of bile acids to regulate the activation or inhibition of several nuclear
and transmembrane receptors (P-glycoprotein) has led to the development of novel bile
acid conjugates to target these receptors that play a significant role in carcinogenesis and
inflammation [21,22].
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In this short review, we focus on BA hybrids with potential anticancer activity reported in
literature in the last ten years, and we share some unpublished results from our research group.
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2. Synthetic Pathways to Bile Acid Hybrid Molecules

The combination of two or more compounds into one covalently linked compound
represents one option for the development of hybrid drugs. Such a connection can be
accomplished through cleavable or no cleavable linkages, and the molecular entities can
be linked directly or via a linking arm (Figure 2). The click reaction (the copper-catalyzed
azide-alkyne cycloaddition Cu-AAC) is a very appealing approach to connect two dif-
ferent molecules using a no cleavable linkage [23]. The click is a highly specific and
high yield reaction, and the resulting 1,2,3-triazole moiety can improve the pharmacologi-
cal, pharmacokinetic and physiochemical profiles of bioactive compounds [24]. Indeed,
the 1,2,3-triazole scaffold is frequently used in medicinal chemistry to replace amide and
ester bonds because of its in vivo stability to both enzymatic and chemical degradation,
and its ability to effect hydrogen bonding [25]. All these properties have resulted in a
widespread occurrence of 1,2,3-triazole derivatives in different pharmacological active
compounds such as fungicidal, antibacterial, anti-inflammatory, analgesic, antiviral, antitu-
moral, immunomodulatory, antimalarial, etc. Broad and efficacious activity has established
triazoles and their derivatives as pharmacologically significant scaffolds [26,27]. On the
other hand, the approach using cleavable bonds is based on the release of two molecular
entities under enzymatic or physiological conditions. Condensation reactions are a simple
and efficient method to achieve BA conjugates under basic or acidic conditions. For in-
stance, bile acid C-24 position can be easily reacted with amino or alcohol moieties, yielding
amide or ester derivatives. Amide and ester linkages are the most prevalent cleavable
chemical bonds used to design and synthetize hybrid compounds. In fact, amide and ester
bonds exist widely in many organic molecules and biomolecules because of their good
stability (amide bonds in particular) under various conditions. Nevertheless, they can be
hydrolyzed in the presence of amidases or esterases to release molecular entities.
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3. Bile Acid Hybrid Molecules Based on Natural Bioactive Molecules

In the following section, we report selected examples of BAs conjugated with nat-
ural product derivatives including endogenous nucleosides and natural products first
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isolated form plants such as Dihydroartemisinin (DHA) and Camptothecin (CPT) which
themselves demonstrate anticancer activity. Table 1 briefly summarizes BA hybrids based
on natural pharmacophores, as well as improvements in biological activities achieved
through conjugations.

Table 1. Summary of BA hybrids.

Hybrid Conjugation Type Cancer Cell Line Mechanism/Event Ref.

BA-nucleosides Click K562, Jurkat, HCT-116,
MCF-7, IMR-32.

Induce apoptosis, better
selectivity than Cisplatin. [28–30]

BA-DHA

Click/Condensation
K562, RAJI, U-2932,
SUDHL-4, KARPAS-422,
BL-2, HL-60, HepG2, Huh-7.

Improved cytotoxicity,
induce apoptosis and G0/G1
arrest, ROS.

[31–33]

Condensation CCRF-CEM, CEM/ADR5000.

Improved cytotoxicity,
comparable/better
cytotoxicity than
Doxorubicin.

[34]

BA-CPT Condensation MCF-7, HCT-116,
SMMC-7721.

Better inhibition, enhanced
stability. [35,36]

The anticancer profiles of bile acid-nucleoside hybrids were reported in the last decade.
The 1,2,3-triazole scaffold was chosen to connect bile acids to deoxyadenosine-nucleoside
analogues via click chemistry and the corresponding hybrids were evaluated for their
cytotoxicity against a panel of four different human cancer cell lines and normal fibroblast
cells (Scheme 1) [28].
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A series of deoxyadenosines with three different alkynylic substituents on the C-8
position and the 3α-azido derivatives of cholic (C-N3), chenodeoxycholic (CDC-N3) and
ursodeoxycholic acid (UDC-N3) were selected for the click conjugation (Scheme 1). Isolated
yields of hybrid compounds were in the range 68–85% after chromatographic purification.
The cytotoxic activity of conjugated compounds 1–7 (Figure 3) was evaluated against
human cells of different histopathological origin: two leukemic cell lines (Jurkat and K562),
a colon cancer cell line (HCT 116) an ovarian cancer cell line (A2780) and finally, normal
human skin fibroblast cells as a control. Several conjugates incorporating the CDCA
scaffold exhibited good concentration-dependent antiproliferative activity against both
leukemia cell lines. In particular, compound 6 (CDC-deoxyadenosine derivative), the most
potent, demonstrated cytotoxicity comparable to that of the positive control, Cisplatin,
towards K562 and Jurkat cells with IC50 values of 8.51 and 10.47 respectively, whereas
6 did not affect normal fibroblast cell viability. UDC-based hybrids were less cytotoxic
in general compared to CDC-based compounds, and cytotoxicity dramatically decreased
with CA-based hybrids. No hybrid compounds showed cytotoxicity against HCT116,
A2780 cell lines up to 200 µM concentration. Finally, C-8 alkynylated deoxyadenosine
moieties seemed to play a crucial role in the selectivity of the cytotoxic process. Indeed,
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bile acid-1,2,3-triazole derivatives lacking deoxyadenosine scaffolds caused cell death in
quite similar concentrations in all cell lines tested, including normal fibroblast cells.
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More recently, a study on the synthesis and biological evaluation of a library of BA-
nucleoside hybrids was reported (Figure 3, compounds 8–15) [29]. All hybrid compounds
were prepared via click chemistry under the optimized conditions previously reported
(Scheme 1). All BA-based hybrids were evaluated in vitro for their cytotoxic activity
against leukemic K562 cells and the colon cancer HCT116 cell line, as well as on normal
human skin fibroblast. The results revealed that some compounds displayed interesting
antiproliferative activity, with IC50 values ≤ 25 µM. Among them, CDC derivative 9 was
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the most active BA-based hybrid against both K562 and HCT116 cell lines, with IC50 values
of 16.2 and 17.0 respectively. Moreover, it showed a high IC50 value (around 100 µM)
toward normal fibroblast cells and induced apoptosis of leukemic K562 cells. The reported
in vitro screening highlighted that: (i) CDC-scaffolds displayed a fair degree of cytotoxic
activity and cytoselectivity when conjugated with adenosine/deoxyadenosine nucleoside
derivatives; (ii) UDC-scaffolds displayed a moderate degree of cytotoxicity only when
coupled with a pyrimidine nucleoside derivative (2′-deoxyuridine); (iii) in the case of
TUDCA-based hybrids, as expected, no cytotoxic activity was observed. The overall data
suggest that cytoselectivity is mainly driven by the nature of BA and can be tuned by the
nature of the nucleoside derivative.

Another study reported the synthesis of a series of bile acid-nucleoside conjugates
linked via a triazolium ring [30]. Two different types of bile acid ‘clicked’ nucleosides
were prepared either linked directly or by amino acids (Scheme 2). To prepare directly
clicked bile acid-nucleoside hybrids, CA and deoxycholic acid (DCA) were derivatized as
propargyl esters. Meanwhile, to prepare amino acid-linked clicked bile acid-nucleosides,
BAs were previously coupled with the selected amino acid propargyl ester. The 1,3-dipolar
cycle addition of propargyl ester with 5′-N3-nucleosides was carried out using copper
catalyzed conditions in DMF/water, affording conjugated compounds with excellent yields
(85–92%).

The synthesized conjugates were screened against a panel of three cancer cell lines:
PC-3 (human prostate cancer cell line), MCF-7 (human breast adenocarcinoma cell line),
IMR-32 (human neuroblastoma cell line) and healthy HEK 293T (Human Embryonic
Kidney) (Table 2).

Research on BA-nucleosides conjugates is limited to in vitro activity against a variety
of cancer cells. Unless the conjugate molecules herein reviewed displayed cytotoxic activity
in the micromolar range and some cytoselectivity, no advanced studies on their biological
mechanisms or ex/in vivo experiments have been reported yet.

Molecules 2021, 26, x FOR PEER REVIEW 7 of 20 
 

 

The synthesized conjugates were screened against a panel of three cancer cell lines: 
PC-3 (human prostate cancer cell line), MCF-7 (human breast adenocarcinoma cell line), 
IMR-32 (human neuroblastoma cell line) and healthy HEK 293T (Human Embryonic Kid-
ney) (Table 2). 

 
Scheme 2. Synthesis of BA-nucleoside conjugates linked via triazolium ring. Reaction conditions: 
(a) CuSO4.5H2O, Na-ascorbate, DMF/H2O, rt, 1–6 h, 85–92% yield. 

Table 2. In vitro anticancer activity evaluation of 16–31 by MTT assay. 

Compound      IC50 [µM]  
  PC-3 MCF-7 IMR-32 

16 R1 = OH, B = A 16.35 17.06 17.45 
17 R1 = H, B = A 13.50 16.76 16.06 
18 R1 = OH, B = U 17.89 8.08 16.8 
19 R1 = H, B = U 16.69 >100 16.68 
20 R1 = OH, B = A, R = CH3 31.47 18.15 82.93 
21 R1 = H, B = A, R = CH3 16.12 >100 16.01 
22 R1 = OH, B = A, R = CH(CH3)CH2CH3 16.41 13.76 17.12 
23 R1 = H, B = A, R = CH(CH3)CH2CH3 17.06 16.39 41.04 
24 R1 = OH, B = A, R = CH2Ph 14.23 14.96 19.53 
25 R1 = H, B = A, R = CH2Ph 17.63 20.09 14.42 
26 R1 = OH, B = U, R = CH3 17.16 14.30 14.30 
27 R1 = H, B = U, R = CH3 16.38 >100 31.69 
28 R1 = OH, B = U, R = CH(CH3)CH2CH3 18.01 >100 18.23 
29 R1 = H, B = U, R = CH(CH3)CH2CH3 >100 17.33 15.38 
30 R1 = OH, B = U, R = CH2Ph 16.24 >100 8.71 
31 R1 = H, B = U, R = CH2Ph 16.17 >100 18.59 

Research on BA-nucleosides conjugates is limited to in vitro activity against a variety 
of cancer cells. Unless the conjugate molecules herein reviewed displayed cytotoxic activ-
ity in the micromolar range and some cytoselectivity, no advanced studies on their bio-
logical mechanisms or ex/in vivo experiments have been reported yet. 

In recent decades, many studies have proven the potential anticancer activity of Ar-
temisinin (ART), a secondary metabolite of Artemisia annua, a plant of the Asteraceae family 
of Chinese origin, with excellent properties against the Plasmodium parasites responsible 

Scheme 2. Synthesis of BA-nucleoside conjugates linked via triazolium ring. Reaction conditions: (a) CuSO4·5H2O,
Na-ascorbate, DMF/H2O, rt, 1–6 h, 85–92% yield.



Molecules 2021, 26, 25 7 of 19

Table 2. In vitro anticancer activity evaluation of 16–31 by MTT assay.

Compound IC50 [µM]

PC-3 MCF-7 IMR-32

16 R1 = OH, B = A 16.35 17.06 17.45
17 R1 = H, B = A 13.50 16.76 16.06
18 R1 = OH, B = U 17.89 8.08 16.8
19 R1 = H, B = U 16.69 >100 16.68
20 R1 = OH, B = A, R = CH3 31.47 18.15 82.93
21 R1 = H, B = A, R = CH3 16.12 >100 16.01

22 R1 = OH, B = A, R =
CH(CH3)CH2CH3

16.41 13.76 17.12

23 R1 = H, B = A, R =
CH(CH3)CH2CH3

17.06 16.39 41.04

24 R1 = OH, B = A, R = CH2Ph 14.23 14.96 19.53
25 R1 = H, B = A, R = CH2Ph 17.63 20.09 14.42
26 R1 = OH, B = U, R = CH3 17.16 14.30 14.30
27 R1 = H, B = U, R = CH3 16.38 >100 31.69

28 R1 = OH, B = U, R =
CH(CH3)CH2CH3

18.01 >100 18.23

29 R1 = H, B = U, R =
CH(CH3)CH2CH3

>100 17.33 15.38

30 R1 = OH, B = U, R = CH2Ph 16.24 >100 8.71
31 R1 = H, B = U, R = CH2Ph 16.17 >100 18.59

In recent decades, many studies have proven the potential anticancer activity of
Artemisinin (ART), a secondary metabolite of Artemisia annua, a plant of the Asteraceae
family of Chinese origin, with excellent properties against the Plasmodium parasites respon-
sible for malaria, and its metabolites [37]. ART and ART derivatives are the gold standard
for malaria treatment; however, their poor solubility and stability prevent their clinical
use in chemotherapy despite their promising anticancer activity. Among ART metabolites,
Dihydroartemisinin (DHA), the reduction product of ART, is characterized by a hemiacetal
moiety at the C-10 position that improves water solubility with respect to the parent ART
and offers the chance to undertake further chemical modifications.

Recently, our research group explored convergent synthetic approaches to BA-DHA
hybrids through both condensation reactions and click chemistry (Scheme 3) [31]. A simple
condensation reaction mediated by EDCI between the appropriate bile acid (CDCA, UDCA,
HDCA and LCA) and DHA revealed a successful synthetic strategy, yielding the corre-
sponding BA-DHA hybrids in a satisfactory manner. The present synthetic strategy, being a
one pot reaction, is very attractive, since all starting materials are commercially available.
Following the same procedure, N3CDC-DHA and N3UDC-DHA hybrids starting from the
corresponding 3-azido derivatives of CDCA and UDCA were also prepared (Scheme 3A).
BA-DHA hybrids obtained by condensation reaction (Scheme 3B) are linked through a
biologically labile ester bond; therefore, they are expected to act as prodrugs. To obtain
BA-DHA hybrids that are more stable under physiological conditions, in the case of UDCA,
click chemistry was explored (Scheme 3B). Propargyl-DHA 40 [38] was reacted in a 1:1 ratio
with N3UDCMe [39] in the presence of CuI in acetonitrile at room temperature (Scheme 3B).

Hybrid 32 (CDC based) was preliminarily tested in vitro against a selection of Diffuse
Large B Cell Lymphoma (DLBCL) such as RAJI, U2932, SUDHL-4, KARPAS-422 and BL-2.
Lymphoma is the most common blood cancer that can affect both T lymphocytes (T-cells)
and B lymphocytes (B-cells). T-cell non-Hodgkin lymphomas are relatively uncommon,
accounting for around 15% of all lymphomas, but are associated with a poor clinical
outcome [40]. DLBCL is one of the most common types of aggressive B-cell non-Hodgkin
lymphoma that can grow in lymph nodes as well as outside of the lymphatic system,
infiltrating tissues and obstructing organs. The large number of patients who are refractory
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to treatments or relapse afterwards strongly encourages the development of new anticancer
drugs [41].

Cell growth inhibition was evaluated at concentrations of 10, 4 and 2 µM after 72 h
incubation time. Hybrid 32 showed a significant concentration-dependent antiproliferative
effect against all the tested DLBCL. Apart from the RAJI cell line, for which an IC50 value
of around 20 µM was extrapolated, single digit IC50 values in the low micromolar range
were found (Figure 4) [32].
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Scheme 3. (A) Synthesis of BA-DHA hybrids trough condensation reaction. Reaction conditions: (a) EDCI, DMAP, DMF,
25 ◦C, 18 h, 25–60% yield; (B) Synthesis of UDC-DHA hybrid 41 via click chemistry. Reaction conditions: (b) propargyl-
DHA/N3UDCMe ratio: 1/1, CuI 0.1 eq, room temperature, 18 h, 28% yield.

Furthermore, the mechanism of cell death was investigated in order to evaluate the
proapoptotic effect of 32 in the most sensitive SUDHL-4, KARPAS-422 and BL-2 cancer
cell lines. The selected DLBCL cells were treated with 32 (2, 4 and 10 µM) for 24 and 48 h,
and then assayed by flow cytometry analysis with Annexin V-FITC staining. As depicted
in Figure 5, a highly predominant dose-/time-dependent apoptotic mechanism of antipro-
liferative activity with high early apoptosis percentage was found in SUDHL-4. Similar
results were obtained in the KARPAS-422 and BL-2 cells [32].
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Figure 4. Antiproliferative activity of hybrid 32 against a selection of B-lymphoma cells at 10, 4, 2 µM
concentration at 72 h incubation time. IC50 values are expressed as the mean of three independent
experiments ± SD.

Molecules 2021, 26, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 5. (A) Hybrid 32 induced apoptosis in SUDHL-4 cells after 48 h treatment: (a) control: un-
treated cells; (b) 32, 2 µM; (c) 32, 4 µM; (d) 32, 10 µM. (B) % early apoptosis in function of 32 con-
centrations at different treatment times. 

Artemether (C10-OCH3 dihydroartemisinin derivative) has been shown to inhibit 
proliferation in SUDHL-4, leading to 70% growth inhibition at 100 µM concentration after 
72 h incubation time [42]. In the case of hybrid 32, we found a similar percentage of growth 
inhibition at 10 times lower concentration (ca. 10 µM) (Figure 5), thereby confirming that 
hybridization can significantly improve the cytotoxic activity in cancer cells. 

The remarkable anticancer activity of DHA towards leukemia and hepatocellular car-
cinoma (HCC) was recently revealed. HCC is the fourth most common cause of cancer-
related death worldwide. Surgery and transplantation can be effective treatments in early-
stage HCC, whereas drug therapy can improve the prognosis by slowing the progression 
of the disease in people with advanced liver cancers. DHA is known to significantly in-
hibit HCC cell growth in vitro and in vivo, but its poor stability limits its utilization [43–
46]. Therefore, DHA conjugation with BA which is able to target hepatocyte transporters 
may be desirable. The BA-DHA hybrids reported in Scheme 3 were tested against HCC 
HepG2 [31] and Huh-7 [33], as well as epithelial healthy cells [31]. Cytotoxicity was eval-
uated using a MTT assay. A negligible cytotoxic effect was found toward epithelial normal 
cells with IC50 values > 100 µM in all cases. In turn, the results summarized in Table 3 
show enhanced cytotoxic activity for all hybrids (except for compound 36 N3-CDC based) 
with respect to DHA alone toward both HepG2 and Huh-7 cancer cells. Remarkable im-
provement was found in the cases of 33, 34, 37 and click hybrid 41 (UDC based), for which 
conjugation improved HepG2 growth inhibition ≥ 10 fold. Huh-7 cells were found to be 
less sensitive than HepG2 with respect to DHA with IC50 of 39.96 µM compared to 21.3 
µM in HepG2. However, in the case of hybrid 33, comparable cytotoxic activity was found 
in both the HCC HepG2 and Huh-7 lines with IC50 of 2.16 µM and 1.75 µM respectively. 
The building blocks were also tested in both HepG2 and Huh-7 cells, but the cytotoxicity 
was very low, with IC50 values > 100 µM. In the case of leukemia HL-60, all hybrids 
showed enhanced cytotoxicity with respect to DHA alone; in particular, hybrids 33 and 
37 showed 10.5- and 8.3-fold increases in growth inhibition, respectively (Table 3). The 
effectiveness of conjugation on the stability of DHA compared to DHA alone was revealed 
by a HPLC/MS stability study in a cell culture medium of DHA, and the most promising 
hybrid, 33, was found to be 100% stable after 24 h, whereas a t ½ of ca. 4 h was found for 
DHA [33]. 

Table 3. IC50 values were determined from the dose-response curves using MTT assay after 72 h incubation time. Results are ex-
pressed as the mean of three independent experiments ± SD. DHA/Hybrid ratio meant the ratio of the corresponding IC50 values. 

          HepG2 [31] Huh-7 [33]        HL-60 [31] 

Figure 5. (A) Hybrid 32 induced apoptosis in SUDHL-4 cells after 48 h treatment: (a) control: untreated cells; (b) 32, 2 µM;
(c) 32, 4 µM; (d) 32, 10 µM. (B) % early apoptosis in function of 32 concentrations at different treatment times.

Artemether (C10-OCH3 dihydroartemisinin derivative) has been shown to inhibit
proliferation in SUDHL-4, leading to 70% growth inhibition at 100 µM concentration after
72 h incubation time [42]. In the case of hybrid 32, we found a similar percentage of growth
inhibition at 10 times lower concentration (ca. 10 µM) (Figure 5), thereby confirming that
hybridization can significantly improve the cytotoxic activity in cancer cells.

The remarkable anticancer activity of DHA towards leukemia and hepatocellular
carcinoma (HCC) was recently revealed. HCC is the fourth most common cause of cancer-
related death worldwide. Surgery and transplantation can be effective treatments in early-
stage HCC, whereas drug therapy can improve the prognosis by slowing the progression
of the disease in people with advanced liver cancers. DHA is known to significantly inhibit
HCC cell growth in vitro and in vivo, but its poor stability limits its utilization [43–46].
Therefore, DHA conjugation with BA which is able to target hepatocyte transporters may be
desirable. The BA-DHA hybrids reported in Scheme 3 were tested against HCC HepG2 [31]
and Huh-7 [33], as well as epithelial healthy cells [31]. Cytotoxicity was evaluated using a
MTT assay. A negligible cytotoxic effect was found toward epithelial normal cells with IC50
values > 100 µM in all cases. In turn, the results summarized in Table 3 show enhanced
cytotoxic activity for all hybrids (except for compound 36 N3-CDC based) with respect to
DHA alone toward both HepG2 and Huh-7 cancer cells. Remarkable improvement was
found in the cases of 33, 34, 37 and click hybrid 41 (UDC based), for which conjugation
improved HepG2 growth inhibition ≥ 10 fold. Huh-7 cells were found to be less sensitive
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than HepG2 with respect to DHA with IC50 of 39.96 µM compared to 21.3 µM in HepG2.
However, in the case of hybrid 33, comparable cytotoxic activity was found in both the
HCC HepG2 and Huh-7 lines with IC50 of 2.16 µM and 1.75 µM respectively. The building
blocks were also tested in both HepG2 and Huh-7 cells, but the cytotoxicity was very low,
with IC50 values > 100 µM. In the case of leukemia HL-60, all hybrids showed enhanced
cytotoxicity with respect to DHA alone; in particular, hybrids 33 and 37 showed 10.5-
and 8.3-fold increases in growth inhibition, respectively (Table 3). The effectiveness of
conjugation on the stability of DHA compared to DHA alone was revealed by a HPLC/MS
stability study in a cell culture medium of DHA, and the most promising hybrid, 33, was
found to be 100% stable after 24 h, whereas at 1

2 of ca. 4 h was found for DHA [33].

Table 3. IC50 values were determined from the dose-response curves using MTT assay after 72 h incubation time. Results
are expressed as the mean of three independent experiments ± SD. DHA/Hybrid ratio meant the ratio of the corresponding
IC50 values.

HepG2 [31] Huh-7 [33] HL-60 [31]

IC50 µM DHA/Hybrid IC50 µM DHA/Hybrid IC50 µM DHA/Hybrid

DHA 21 ± 2 - 39.96 ± 1.31 - 2.0 ± 0.4 -
32 3.8 ± 0.4 5.5 14.41 ± 2.18 2.8 0.5 ± 0.06 5.5
33 1.8 ± 0.2 11.7 2.16 ± 0.39 18.5 0.19 ± 0.03 10.5
34 2.0 ± 0.2 10.5 6.03 ± 0.68 6.62 0.35 ± 0.06 5.7
35 5.7 ± 0.7 3.7 5.97 ± 0.74 6.69 0.41 ± 0.05 4.9
36 20 ± 2 1.1 50.30 ± 2.45 0.78 0.68 ± 0.01 2.9
37 2.2 ± 0.4 9.5 4.13 ± 0.84 9.68 0.24 ± 0.02 8.3
38 14.2 ± 0.7 1.5 15.92 ± 1.28 2.72 1.7 ± 0.2 1.2
39 4.7 ± 0.4 4.7 5.08 ± 0.44 8.18 0.35 ± 0.04 5.7
41 1.7 ± 0.2 12.4 - - 0.328 ± 0.002 6.1

C-10 substituted dihydroartemisinin derivatives such as the artesunic acid, as well
as deoxoartemisinin carboxylic acid and alcohol derivatives, were conjugated with cholic
acid (CA) derivatives through condensation reactions mediated by EDCI [34]. Scheme 4
reports the synthesis of the most active hybrid as an example. The novel hybrids were
tested on sensitive CCRF-CEM and multidrug-resistant CEM/ADR5000 leukemia cells.
All hybrids showed improved cytotoxic activities against the selected leukemia cancer cell
lines compared to the ART unit alone. Moreover, the combination of several semisynthetic
DHA derivatives with several CA derivatives provided insights into the structure–activity
relationships. In particular, hybrid 44 was found to be the most potent compound against
both CCRF-CEM and CEM/ADR5000 cells, with IC50 values of 0.019 µM and 0.345 µM,
respectively. In the case of CEM/ADR5000 multidrug-resistant cancer cells, hybrid 44
showed better cytotoxicity than Doxorubicin (IC50 = 1.61 µM).

This work demonstrated that the hybridization of semisynthetic artemisinins deriva-
tives with appropriate CA derivatives can lead to novel hybrids with improved biological
activities respect the parent ART. The structure–activity relationship study also highlighted
some key points that, together, enhance the cytotoxic activity of target hybrid 44: the
α-orientation at C-3 position of the cholic acid moiety, the incorporation of a C-10 nonacetal
artemisinin unit (deoxoartemisinin) and the linkage between them via a two-carbon chain.
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Research on bile acid-artemisinins conjugates is very recent; all results herein reported
were published in or after 2017, and no in vivo studies have been reported yet. However,
many studies have been published on the use of artemisinins as anticancer agents in
combination with chemotherapeutics (i.e Cytarabine, Cisplatin, Gemcitabine etc.) or
phytochemicals, indicating that that the combination approach involving artemisinins
can improve anticancer activity and lead to new drug partners for clinical application.
Some clinical trials involving the treatment of advanced or metastasized solid tumors
with artemisinins have been also reported, encouraging further study of artemisinins
conjugates [37].

Camptothecin (CPT), a natural alkaloid first isolated form the Chinese tree Camptotheca
acuminata, presents potent anticancer activity through the inhibition of topoisomerase I
against leukemia and several solid tumors including colon and hepatic cancer. The negligi-
ble water solubility and poor stability at the lactone ring of CPT limit its clinical use and
strongly support a prodrug strategy [47].

Recently, the synthesis was reported of a series of BA-CPT hybrids obtained by conden-
sation reaction of CPT, modified with a suitable linker, and CA, DCA, UDCA and CDCA or
their succinimide C-24 derivative (Scheme 5) [35]. All BA-CPT hybrids were tested against
a selection of solid tumors such as MCF-7 breast, HCT-116 colon and SMMC-7721 liver
cancer. The best cytotoxic activity was found against the SMMC-7721 hepatoma cell line.
In particular, hybrids 45 and 46 showed better inhibition than CPT alone (IC50 = 0.37, 0.14
and 0.56 µM respectively). Stability studies in blood rat serum of hybrid 45 showed that
conjugation actually stabilizes CPT, resulting in an increase of hybrid half-life to up to 24 h,
compared to a 2.3-h half-life of CPT alone. More recently, the same authors demonstrated
in vitro and in vivo that DC-CPT hybrid 46 was more stable than CTP alone, and that its
potential to target liver was remarkably enhanced by deoxycholic bile acid conjugation [36].
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4. Bile Acid Hybrid Molecules Based on Synthetic Bioactive Molecules

In the following section, we report selected examples of BA conjugated with synthetic
drugs such as Tamoxifen (TAM) and Cytarabine (Ara-C), as well as functional group or
aromatic bioactive synthetic units. Table 4 briefly summarizes BA hybrids based on synthetic
pharmacophores and improvements in biological activities achieved through conjugation.

Table 4. Summary of BA hybrids.

Hybrid Conjugation Type Cancer Cell Line Mechanism/Event Ref.

BA-NOdonor Click K562, HTC116. Improved cytotoxicity and
cytoselectivity. [48]

BA-TAM Condensation 4T1, MCF-7, T47D. Better inhibition. [49]

BA-Ara-C Condensation HepG2 Increased bioavailability via
AOTP-mediated transport. [50]

BA-α-Cyanostilbene Condensation HOS Induce apoptosis and G1 arrest. [51]

BA-Aryl/heteroaryl Condensation MDA-MB-231, U87. Comparable/better cytotoxicity
than Cisplatin and Doxorubicin [52]

Upon irradiation with visible light, 1-nitro-2-(trifluoromethyl)aniline alkyne, a nitic
oxide (NO) photodonor molecule, is able to generate NO radicals [48]. NO can be used
as an anticancer agent or as a chemosensitizer to enhance the effect of traditional cancer
therapies [53,54]. Bile acid UDCA and CDCA 3-azido derivatives were conjugated with 1-
nitro-2-(trifluoromethyl)aniline alkyne 47 by click chemistry (Scheme 6) [48]. This original
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feature provides the opportunity to combine the intrinsic characteristics of biological
components with those of NO radicals, yielding interesting tools for cancer therapy and
representing, in principle, a relevant example of hybrids with a dual mode of action.
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Both hybrids showed a significant concentration-dependent antiproliferative effect
towards both K562 and HCT116 cancer cells lines. Hybrid 49 (UDC based) displayed
greater cytoselectivity than 48 (CDC based), with the latter exhibiting comparable cytotoxity
toward cancer and normal cells. (Table 5).

Table 5. IC50 values were determined from the dose−response curves using MTT assay after 72 h
incubation time in the dark. Results are expressed as the mean of three independent experiments± SD.
Cisplatin was used as a reference compound.

IC50 µM
Compound K562 HTC116 Fibroblast

48 24.0 ± 1.2 21.0 ± 0.8 32.0 ± 1.0
49 31.6 ± 1.6 14.0 ± 1.0 >>100

Cisplatin 5.40 ± 1.0 8.5 ± 1.2 25.4 ± 3.5

The effective release of NO from photoactive conjugates 49 was assessed by irradiation
with visible light of the conjugate in solution. NO release was measured by means of an
ultrasensitive NO electrode by an amperometric technique. This experiment demonstrated
the preservation of the photobehavior of the photoactive center after its covalent linkage
with bile acid UDC. The success of photochemical studies on the effective release of NO
have led hybrid 49 to be considered as a progenitor of a large variety of new bioconjugates
combining the intrinsic characteristics of biological components with those of NO, giving
rise to potentially powerful tools in cancer therapy.

Tamoxifen (TAM) belongs to the family of nonsteroidal triphenylethylene derivatives,
and is a selective estrogen receptor modulator. Tamoxifen has been widely used as a
treatment for breast cancer since the 1970s. Despite its widespread use, several drawbacks,
such as high hepatic and intestinal first pass metabolism, hepatotoxicity, together with poor
oral bioavailability, have prompted the search for drug conjugates that can help cellular
penetration, leading to enhanced therapeutic activity and lower toxicity. In this regard,
the synthesis of a series of BA-TAM hybrids bearing acid and amine heads, and their
anticancer activities and mechanisms of action in ER +ve and ER −ve breast cancer cells
were recently reported [49].

Bile Acid−TAM conjugate 52 (cholic acid and three unit of TAM), prepared by conden-
sation reaction between TAM derivative 50 and cholic bile acid derivative 51 (Scheme 7),
was found to be the most active hybrid compared to TAM alone in three out of four cancer
cell lines, with at least a two-fold increase in activity (Table 6).
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Table 6. IC50 (µM) Values of TAM and CA-TAM conjugate 52 with respect to TAM equivalent
concentrations in different ER +ve and ER −ve cancer cell lines.

IC50 µM
Compound 4T1 MCF-7 T47D MDA-MB 231

TAM 12.25 ± 1.92 18.25 ± 4.19 22.41 ± 2.15 19.41 ± 4.47
52 5.28 ± 4.32 8.1 ± 3.82 9.42 ± 4.21 17.55 ± 5.85

Hybrid 52 was tested in vivo for anticancer activity in the murine 4T1 breast cancer
model in Balb/c mice. Also, in vivo hybrid 52 was found to be more potent compared
to TAM alone, causing a ∼50% reduction in tumor volume with a single dose, whereas a
single dose of TAM was not effective at all.

Cytarabine (Ara-C), a deoxycytidine analogue, is one of the most effective drugs for the
treatment of acute myeloid leukemia. It is also used to treat Hodgkin’s lymphoma, as well
as meningeal leukemia and other types of lymphoma [55]. On the other hand, the use of
cytarabine in the treatment of solid tumors is limited. Ara-C itself is quite a powerful drug,
but there are some shortcomings limiting its use and efficiency, such as low lipophilicity
and low stability leading to rapid enzymatic deamination. Therefore, the conjugation
of Ara-C is an interesting approach to enhance lipophilicity and stability, as well as to
expand its biological space. The choice of BA as conjugation partners could accomplish
many goals: a simple condensation reaction between the 4-amino group of cytarabine
(4-NH2) and the carboxylic group of BA at C-24 position (Figure 1) yields a stable amide;
BA covalently bound to Ara-C improves lipophilicity; BA expresses specific transporters
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in enterocytes and hepatocytes, and therefore, BA conjugation can expand the range of
biological activity of Ara-C toward solid tumors such as hepatocarcinoma. Sun et al. [50]
reported the synthesis, through condensation reaction, and a biological evaluation of four
conjugates of Ara-C with CA, CDCA, HDCA and UDCA (53–56) (Scheme 8).
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All conjugates tested on HepG2 cancer cells showed increased antiproliferative activity
as a result of the increased drug bioavailability via AOTP-mediated transport. Moreover,
a pharmacokinetic study in rats showed that Ara-C conjugated with UDCA increased the
oral availability of Ara-C by two fold. The overall data indicated that Ara-C conjugation
with a bile acid may be a successful strategy to improve the stability and oral absorption of
Ara-C.

Cholic and deoxycholic acid amides were conjugated with a series of amino-substituted
α-cyanostilbene derivatives, and their anticancer activity was evaluated against the human
osteosarcoma (HOS) cancer cell line [51]. α-Cyanostilbenes are usually considered as resver-
atrol analogs, displaying good anticancer activity against a range of cancer cell line [56].
For the synthesis of hybrid compounds, α-cyanostilbenes were prepared with 80–85%
overall yields by Knoevenagel condensation between 2-(4-nitrophenyl) acetonitrile and
various aldehydes with catalityc amounts of piperidine, followed by reduction of the nitro
group (Scheme 9). The coupling of CA (or DCA) with amine-substituted α-cyanostilbenes
57 was carried out with using EDC·HCl/HOBt/NEt3 in DMF, yielding cholic acid (or de-
oxycholic acid) amides of α-cyanostilbenes 58–66 in 52–88% yields (Scheme 9). All the
synthesized cholic acid-based hybrids displayed IC50 values in the scale of 2–13 µM against
HOS; 64 was the most active compound (IC50 = 2 µM). In the case of deoxycholic-based
α-cyanostilbene derivatives, only two hybrids (59 e 65) were found to be active. More-
over, an in vitro test showed that cholic acid α-cyanostilbene conjugates having one or
more strong electron-donating group such as OH or OCH3 were more active than their
corresponding α-cyanostilbene derivatives. An in vitro cell cycle analysis of compound 64
indicated that it arrests cell growth in the G1 phase and induces apoptosis.

Another study reported on the cytotoxicity of BA-based aryl/heteroaryl hybrids linked
through α-amino acids [52]. The synthetic strategy involved the coupling of L-aminoacyl
aromatic and heteroaromatic amides with CA and DCA using EDC·HCl/HOBt in DMF at
room temperature (Scheme 10). All conjugated compounds were evaluated to investigate
their antiproliferative activity against three different human cancer lines, i.e., colon, breast
and glioblastoma cancers (HT-29, MDA-MB-231 and U87), and cytotoxicity on a normal
cell line (HEK293T). Several cholic acid derivatives (67, 68 and 71) showed good activity
against the breast cancer cell line (GI50 = 1.35, 1.41 and 4.52 µM respectively) compared
to Cisplatin (7.21 µM) and activity comparable to Doxorubicin (1 µM), while 69, 70 and
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71, showed better activity against the glioblastoma cancer cell line (GI50 = 2.49, 2.46 and
1.62 µM respectively) compared to both Cisplatin (3.78 µM) and Doxorubicin (2.60 µM),
drugs which are routinely used in the treatment of this form of cancer. More than 65% of
the compounds were found to be safe on a human normal cell line. Based on literature
reports, a plausible mode of mechanism has been inferred for cytotoxic conjugates.
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5. Conclusions

Combination therapy approaches can help to overcome drug resistance as well as to
reduce toxicity. While there is considerable literature on the use of pharmacophores in
combination with chemotherapeutics or phytochemicals, pharmacophore hybridization,
that involves the conjugation of at least one bioactive molecule through a covalent bond, is a
more recent approach. The current review reported recent developments in the chemistry
and biology of a particular group bioconjugates based on bile acid derivatives in the hope
of motivating the further development of this family of molecules. Some of the new bile



Molecules 2021, 26, 25 17 of 19

acid-based hybrids herein described include widely used anticancer drugs, for instance
Cytarabine and Tamoxifen, that require conjugation to improve their properties and expand
their biological space. Regarding natural artemisinin derivatives, conjugation is necessary
for the development of novel anticancer drugs, since the poor solubility, poor stability
and toxicity of artemisinins prevent their clinical use in chemotherapy despite their well
assessed anticancer activity.

It is well known that BA can enhance the bioavailability, oral adsorption, cellular
selectivity and site-specific delivery of conjugated compounds, thanks to their amphiphilic
properties, stability to dynamic pH variations, as well as their ability to target specific
receptors. However, additional efforts are required to better understand the molecular
mechanisms of bile acid-based drugs in biological systems in order to potentially implement
them in clinical settings and design new and more potent derivatives with activity against
tumor growth.

Finally, in recent years, BA have drawn attention in the field of drug delivery also for
their ability to act as drug carrier systems in the form of mixed micelles and bilosomes.
The peculiar characteristics of BA acid to form liposomes encourages BA drug hybrids for
in vivo studies through oral or intravenous delivery.

Author Contributions: M.L.N. and D.P. conceived the project and wrote the manuscript. E.M. helped
in editing and revised the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Croteau, R.; Ketchum, R.E.B.; Long, R.M.; Kaspera, R.; Wildung, M.R. Taxol biosynthesis and molecular genetics. Phytochem. Rev.

2006, 5, 75–97. [CrossRef] [PubMed]
2. Moudi, M.; Go, R.; Yien, C.Y.; Nazre, M. Vinca alkaloids. Int. J. Prev. Med. 2013, 11, 1231–1235.
3. Lutz, F.; Tietze, L.F.; Bell, H.P.; Chandrasekhar, S. Natural product hybrids as new leads for drug discovery. Angew. Chem. Int. Ed.

2003, 42, 3996–4028.
4. Zimmermann, G.R.; Lehar, J.; Keith, C.T. Multi-target therapeutics: When the whole is greater than the sum of the parts. Drug

Discov. Today 2007, 12, 34–42. [CrossRef] [PubMed]
5. Ridlon, J.M.; Kang, D.J.; Hylemon, P.B. Bile salt biotransformations by human intestinal bacteria. J. Lipid Res. 2006, 47, 241–259.

[CrossRef] [PubMed]
6. Hofmann, A.F.; Hagey, L.R. Key discovery in bile acid chemistry and biology and their clinical applications: History of the last

eight decades. J. Lipid Res. 2014, 55, 1553–1595. [CrossRef] [PubMed]
7. Fiorucci, S.; Distrutti, E. The pharmacology of bile acids and their receptors. In Handbook of Experimental Pharmacology; Springer:

Cham, Switzerland, 2019; Volume 256, pp. 3–18.
8. Hegyi, P.; Maléth, J.; Walters, J.R.; Hofmann, A.F.; Keely, S.J. Guts and gall: Bile acids in regulation of intestinal epithelial function

in health and disease. Physiol. Rev. 2018, 98, 1983–2023. [CrossRef] [PubMed]
9. Li, T.; Chiang, J.Y.L. Bile acid signaling in metabolic disease and drug therapy. Pharmacol. Rev. 2014, 66, 948–983. [CrossRef]
10. Fiorucci, S.; Baldoni, M.; Ricci, P.; Zampella, A.; Distrutti, E.; Biagioli, M. Bile acid-activated receptors and the regulation of

macrophages function in metabolic disorders. Curr. Opin. Pharmacol. 2020, 53, 45–54. [CrossRef]
11. Zhou, H.; Hylemon, P.B. Bile acids are nutrient signaling hormones. Steroids 2014, 86, 62–68. [CrossRef]
12. Chavez-Talavera, O.; Tailleux, A.; Lefebvre, P.; Staels, B. bile acid control of metabolism and inflammation in obesity, type 2

diabetes, dyslipidemia, and nonalcoholic fatty liver disease. Gastroenterology 2017, 152, 1679–1694. [CrossRef] [PubMed]
13. Vitek, L.; Haluzik, M. The role of bile acids in metabolic regulation. J. Endocrinol. 2016, 228, R85–R96. [CrossRef] [PubMed]
14. Sánchez-García, A.; Sahebkar, A.; Simental-Mendía, M.; Simental-Mendía, L.E. Effect of ursodeoxycholic acid on glycemic

markers: A systematic review and metanalysis of clinical trials. Pharmacol. Res. 2018, 135, 144–149. [CrossRef] [PubMed]
15. Bernstein, H.; Bernstein, C.; Payne, C.M.; Dvorak, K. Bile acids as endogenous etiologic agents in gastrointestinal cancer. World J.

Gastroenterol. 2009, 15, 3329–3340. [CrossRef] [PubMed]
16. di Ciaula, A.; Wang, Q.-H.; Molina-Molina, E.; Baccetto, R.L.; Calamita, G.; Palmieri, V.O.; Portincasa, P. Bile acid and cancer:

Direct and environmental-dependent effects. Ann. Hepatol. 2017, 16, s87–s105. [CrossRef] [PubMed]
17. Goossens, J.-F.; Bailly, C. Ursodeoxycholic acid and cancer: From chemoprevention to chemotherapy. Pharmacol. Ther. 2019, 203,

107396. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s11101-005-3748-2
http://www.ncbi.nlm.nih.gov/pubmed/20622989
http://dx.doi.org/10.1016/j.drudis.2006.11.008
http://www.ncbi.nlm.nih.gov/pubmed/17198971
http://dx.doi.org/10.1194/jlr.R500013-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/16299351
http://dx.doi.org/10.1194/jlr.R049437
http://www.ncbi.nlm.nih.gov/pubmed/24838141
http://dx.doi.org/10.1152/physrev.00054.2017
http://www.ncbi.nlm.nih.gov/pubmed/30067158
http://dx.doi.org/10.1124/pr.113.008201
http://dx.doi.org/10.1016/j.coph.2020.04.008
http://dx.doi.org/10.1016/j.steroids.2014.04.016
http://dx.doi.org/10.1053/j.gastro.2017.01.055
http://www.ncbi.nlm.nih.gov/pubmed/28214524
http://dx.doi.org/10.1530/JOE-15-0469
http://www.ncbi.nlm.nih.gov/pubmed/26733603
http://dx.doi.org/10.1016/j.phrs.2018.08.008
http://www.ncbi.nlm.nih.gov/pubmed/30099154
http://dx.doi.org/10.3748/wjg.15.3329
http://www.ncbi.nlm.nih.gov/pubmed/19610133
http://dx.doi.org/10.5604/01.3001.0010.5501
http://www.ncbi.nlm.nih.gov/pubmed/31196640
http://dx.doi.org/10.1016/j.pharmthera.2019.107396
http://www.ncbi.nlm.nih.gov/pubmed/31356908


Molecules 2021, 26, 25 18 of 19

18. Dalpiaz, A.; Paganetto, G.; Pavan, B.; Fogagnolo, M.; Medici, A.; Beggiato, S.; Perrone, D. Zidovudine and ursodeoxycholic acid
conjugation: Design of a new prodrug potentially able to bypass the active efflux transport systems of the central nervous system.
Mol. Pharm. 2012, 9, 957–968. [CrossRef]

19. Faustino, C.; Serafim, C.; Rijo, P.; Reis, C.P. Bile acids and bile acid derivatives: Use in drug delivery systems and as therapeutic
agents. Expert Opin. Drug Deliv. 2016, 13, 1133–1148. [CrossRef]

20. Sievänen, E. Exploitation of bile acid transport systems in prodrug design. Molecules 2007, 12, 1859–1889. [CrossRef]
21. Obaidat, A.; Roth, M.; Hagenbuch, B. The expression and function of organic anion transporting polypeptides in normal tissues

and in cancer. Annu. Rev. Pharmacol. Toxicol. 2012, 52, 135–151. [CrossRef]
22. Komori, Y.; Arisawa, S.; Takai, M.; Yokoyama, K.; Honda, M.; Hayashi, K.; Ishigami, M.; Katano, Y.; Goto, H.; Ueyama, J.; et al.

Ursodeoxycholic acid inhibits overexpression of P-glycoprotein induced by doxorubicin in HepG2 cells. Eur. J. Pharmacol. 2014,
724, 161–167. [CrossRef] [PubMed]

23. Rostovtsev, V.V.; Green, L.G.; Fokin, V.V.; Sharpless, K.B. A stepwise huisgen cycloaddition process: Copper(I)-catalyzed
regioselective “Ligation” of azides and terminal alkynes. Angew. Chem. Int. Ed. 2002, 41, 2596–2599. [CrossRef]

24. Xu, Z.; Zhao, S.-J.; Liu, Y. 1,2,3-Triazole-containing hybrids as potential anticancer agents: Current developments, action
mechanisms and structure-activity relationships. Eur. J. Med. Chem. 2019, 183, 111700. [CrossRef] [PubMed]

25. Bonandi, E.; Christodoulou, M.S.; Fumagalli, G.; Perdicchia, D.; Rastelli, G.; Passarella, D. The 1,2,3-triazole ring as a bioisostere
in medicinal chemistry. Drug Discov. Today 2017, 22, 1572–1581. [CrossRef] [PubMed]

26. Kharb, R.; Sharma, P.C.; Yar, M.S. Pharmacological significance of triazole scaffold. J. Enzym. Inhib. Med. Chem. 2011, 26, 1–21.
[CrossRef] [PubMed]

27. Sztanke, K.; Tuzimski, T.; Rzymowska, J.; Pasternak, K.; Szerszen, M.K. Synthesis, structure elucidation and identification of
antitumoural properties of novel fused 1,2,4-triazine aryl derivatives. Eur. J. Med. Chem. 2008, 43, 1085–1094. [CrossRef] [PubMed]

28. Perrone, D.; Bortolini, O.; Fogagnolo, M.; Marchesi, E.; Mari, L.; Massarenti, C.; Navacchia, M.L.; Sforza, F.; Varani, K.; Capobianco,
M.L. Synthesis and in vitro cytotoxicity of deoxyadenosine–bile acid conjugates linked with 1,2,3-triazole. New J. Chem. 2013, 37,
3559–3567. [CrossRef]

29. Navacchia, M.L.; Marchesi, E.; Mari, L.; Chinaglia, N.; Gallerani, E.; Gavioli, R.; Capobianco, M.L.; Perrone, D. Rational design of
nucleoside–bile acid conjugates incorporating a triazole moiety for anticancer evaluation and SAR exploration. Molecules 2017,
22, 1710. [CrossRef]

30. Agarwal, D.S.; Krishna, V.S.; Sriram, D.; Yogeeswari, P.; Sakhuja, R. Clickable conjugates of bile acids and nucleosides: Synthesis,
characterization, in vitro anticancer and antituberculosis studies. Steroids 2018, 139, 35–44. [CrossRef]

31. Marchesi, E.; Chinaglia, N.; Capobianco, M.L.; Marchetti, P.; Huang, T.-E.; Weng, H.-C.; Guh, J.-H.; Hsu, L.-C.; Perrone, D.;
Navacchia, M.L. Dihydroartemisinin–bile acid hybridization as an effective approach to enhance dihydroartemisinin anticancer
activity. ChemMedChem 2019, 14, 779–787. [CrossRef]

32. Perrone, D.; Navacchia, M.L.; University of Ferrara, Ferrara, Italy. Unpublished Personal Data. 2020.
33. Huang, T.-E.; Deng, Y.-N.; Hsu, J.-L.; Leu, W.-J.; Marchesi, E.; Capobianco, M.L.; Marchetti, P.; Navacchia, M.L.; Guh, J.-H.; Perrone,

D.; et al. Evaluation of the anticancer activity of a bile acid-dihydroartemisinin hybrid ursodeoxycholic-dihydroartemisinin in
hepatocellular carcinoma cells. Front. Pharmacol. 2020, 11, 599067. [CrossRef] [PubMed]

34. Letis, A.S.; Seo, E.-J.; Nikolaropoulos, S.S.; Efferth, T.; Giannis, A.; Fousteris, M.A. Synthesis and cytotoxic activity of new
artemisinin hybrid moleculesagainst human leukemia cells. Biorg. Med. Chem. 2017, 25, 3357–3367. [CrossRef] [PubMed]

35. Li, X.; Zhao, T.; Cheng, D.; Chu, C.; Tong, S.; Yan, J.; Li, Q.-Y. Synthesis and biological activity of some bile acid-based camptothecin
analogues. Molecules 2014, 19, 3761–3776. [CrossRef]

36. Xiao, L.; Yu, E.; Yue, H.; Li, Q. Enhanced liver targeting of camptothecin via conjugation with deoxycholic acid. Molecules 2019,
24, 1179. [CrossRef]

37. Xu, C.; Zhang, H.; Mu, L.; Yang, X. Artemisinins as anticancer drugs: Novel therapeutic approaches, molecular mechanisms,
and clinical trials. Front. Pharmacol. 2020, 11, 529881. [CrossRef]

38. Aminake, M.N.; Mahajan, A.; Kumar, V.; Hans, R.; Wiesner, L.; Taylor, D.; de Kock, C.; Grobler, A.; Smith, P.J.; Kirschner, M.; et al.
Synthesis and evaluation of hybrid drugs for a potential HIV/AIDS-malaria combination therapy. Bioorg. Med. Chem. 2012, 20,
5277–5289. [CrossRef]

39. Majer, F.; Sharma, R.; Mullins, C.; Keogh, L.; Phipps, S.; Duggan, S.; Kelleher, D.; Keely, S.; Long, A.; Radics, G.; et al. New highly
toxic bile acids derived from deoxycholic acid, chenodeoxycholic acid and lithocholic acid. Bioorg. Med. Chem. 2014, 22, 256–268.
[CrossRef]

40. Mujahid, A.R.; Evens, A.M.; Tallman, M.S.; Nelson, B.P.; Rosen, S.T. T-cell non-Hodgkin lymphoma. T-cell non-Hodgkin
lymphoma. Blood 2006, 107, 1255–1264.

41. Chao, C.N.; Huang, Y.L.; Lin, M.C.; Fang, C.Y.; Shen, C.H.; Chen, P.L.; Wang, M.; Chang, D.; Tseng, C.E. Inhibition of human
diffuse large B-cell lymphoma growth by JC polyomavirus-like particles delivering a suicide gene. J. Transl. Med. 2015, 13, 1–9.
[CrossRef]

42. Zhao, X.; Guo, X.; Yue, W.; Wang, J.; Yang, J.; Chen, J. Artemether suppresses cell proliferation and induces apoptosis in diffuse
large B cell lymphoma cells. Exp. Ther. Med. 2017, 14, 4083–4090.

43. Breuer, E.; Efferth, T. Treatment of iron-loaded veterinary sarcoma by Artemisia annua. Biochem. Pharmacol. 2012, 83, 1278–1289.
[CrossRef]

http://dx.doi.org/10.1021/mp200565g
http://dx.doi.org/10.1080/17425247.2016.1178233
http://dx.doi.org/10.3390/12081859
http://dx.doi.org/10.1146/annurev-pharmtox-010510-100556
http://dx.doi.org/10.1016/j.ejphar.2013.12.023
http://www.ncbi.nlm.nih.gov/pubmed/24370495
http://dx.doi.org/10.1002/1521-3773(20020715)41:14&lt;2596::AID-ANIE2596&gt;3.0.CO;2-4
http://dx.doi.org/10.1016/j.ejmech.2019.111700
http://www.ncbi.nlm.nih.gov/pubmed/31546197
http://dx.doi.org/10.1016/j.drudis.2017.05.014
http://www.ncbi.nlm.nih.gov/pubmed/28676407
http://dx.doi.org/10.3109/14756360903524304
http://www.ncbi.nlm.nih.gov/pubmed/20583859
http://dx.doi.org/10.1016/j.ejmech.2007.07.009
http://www.ncbi.nlm.nih.gov/pubmed/17868955
http://dx.doi.org/10.1039/c3nj00513e
http://dx.doi.org/10.3390/molecules22101710
http://dx.doi.org/10.1016/j.steroids.2018.09.006
http://dx.doi.org/10.1002/cmdc.201800756
http://dx.doi.org/10.3389/fphar.2020.599067
http://www.ncbi.nlm.nih.gov/pubmed/33343369
http://dx.doi.org/10.1016/j.bmc.2017.04.021
http://www.ncbi.nlm.nih.gov/pubmed/28456567
http://dx.doi.org/10.3390/molecules19033761
http://dx.doi.org/10.3390/molecules24061179
http://dx.doi.org/10.3389/fphar.2020.529881
http://dx.doi.org/10.1016/j.bmc.2012.06.038
http://dx.doi.org/10.1016/j.bmc.2013.11.029
http://dx.doi.org/10.1186/s12967-015-0389-0
http://dx.doi.org/10.1007/s13659-014-0013-7


Molecules 2021, 26, 25 19 of 19

44. Gao, X.; Luo, Z.; Xiang, T.; Wang, K.; Li, J.; Wang, P. Dihydroartemisinin induces endoplasmic reticulum stress- mediated
apoptosis in HepG2 human hepatoma cells. Tumori 2011, 97, 771–780. [CrossRef] [PubMed]

45. Im, E.; Yeo, C.; Lee, H.J.; Lee, E.O. Dihydroartemisinin induced caspase-dependent apoptosis through inhibiting the specificity
protein 1 pathway in hepatocellular carcinoma SK-Hep-1 cells. Life Sci. 2018, 192, 286–292. [CrossRef] [PubMed]

46. Qin, G.; Zhao, C.; Zhang, L.; Hongyu, L.; Yingyao, Q.; Liuying, C.; Shengnan, W.; Xiaoping, W.; Tongsheng, C. Dihydroartemisinin
induces apoptosis preferentially via a Bim-mediated intrinsic pathway in hepatocarcinoma cells. Apoptosis 2015, 20, 1072–1086.
[CrossRef] [PubMed]

47. Liu, Y.-Q.; Li, W.-Q.; Morris-Natschke, S.L.; Qian, K.; Yang, L.; Zhu, G.-X.; Wu, X.-B.; Chen, A.-L.; Zhang, S.Y.; Song, Z.L.; et al.
Perspectives on biologically active camptothecin derivatives. Med. Res. Rev. 2015, 35, 753–789. [CrossRef]

48. Navacchia, M.L.; Fraix, A.; Chinaglia, N.; Gallerani, E.; Perrone, D.; Cardile, V.; Graziano, A.C.E.; Capobianco, M.L.; Sortino, S.
NO Photoreleaser-deoxyadenosine and -bile acid derivative bioconjugates as novel potential photochemotherapeutics. ACS Med.
Chem. Lett. 2016, 7, 939–943. [CrossRef]

49. Sreekanth, V.; Bansal, S.; Motiani, R.K.; Kundu, S.; Muppu, S.K.; Majumdar, T.D.; Panjamurthy, K.; Sengupta, S.; Bajaj, A. Design,
synthesis, and mechanistic investigations of bile acid−tamoxifen conjugates for breast cancer therapy. Bioconjugate Chem. 2013,
24, 1468–1484. [CrossRef]

50. Zhang, D.; Li, D.; Shang, L.; Hea, Z.; Suna, J. Transporter-targeted cholic acid-cytarabine conjugates for improved oral absorption.
Int. J. Pharm. 2016, 511, 161–169.

51. Agarwal, D.S.; Singh, R.P.; Lohitesh, K.; Jha, P.N.; Chowdhury, R.; Sakhuja, R. Synthesis and evaluation of bile acid amides of
α-cyanostilbenes as anticancer agents. Mol. Divers. 2018, 22, 305–321. [CrossRef]

52. Agarwal, D.S.; Anantaraju, H.S.; Sriram, D.; Yogeeswari, P.; Nanjegowda, S.H.; Mallu, P.; Sakhuja, R. Synthesis, characterization
and biological evaluation of bile acidaromatic/heteroaromatic amides linked via amino acids as anti-cancer agents. Steroids 2016,
107, 87–97. [CrossRef] [PubMed]

53. Carpenter, A.W.; Schoenfisch, M.H. Nitric oxide release: Part II. therapeutic applications. Chem. Soc. Rev. 2012, 41, 3742–3752.
[CrossRef] [PubMed]

54. Yasuda, H. Solid tumor physiology and hypoxia-induced chemo/adio-resistance: Novel strategy for cancer therapy: Nitric oxide
donor as a therapeutic enhancer. Nitric Oxide 2008, 19, 205–216. [CrossRef] [PubMed]

55. Pallavicini, M.G. Cytosine arabinoside: Molecular, pharmacokinetic and cytokinetic considerations. Pharmacol. Ther. 1984, 25,
207–238. [CrossRef]

56. Liu, Y.; Liu, Y.; Chen, H.; Yao, X.; Xiao, Y.; Zeng, X.; Zheng, Q.; Wei, Y.; Song, C.; Zhang, Y. Synthetic resveratrol derivatives and
their biological activities: A review. Open J. Med. Chem. 2015, 5, 97–105. [CrossRef]

http://dx.doi.org/10.1177/030089161109700615
http://www.ncbi.nlm.nih.gov/pubmed/22322845
http://dx.doi.org/10.1016/j.lfs.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29128513
http://dx.doi.org/10.1007/s10495-015-1132-2
http://www.ncbi.nlm.nih.gov/pubmed/25935454
http://dx.doi.org/10.1002/med.21342
http://dx.doi.org/10.1021/acsmedchemlett.6b00257
http://dx.doi.org/10.1021/bc300664k
http://dx.doi.org/10.1007/s11030-017-9797-9
http://dx.doi.org/10.1016/j.steroids.2015.12.022
http://www.ncbi.nlm.nih.gov/pubmed/26748355
http://dx.doi.org/10.1039/c2cs15273h
http://www.ncbi.nlm.nih.gov/pubmed/22362384
http://dx.doi.org/10.1016/j.niox.2008.04.026
http://www.ncbi.nlm.nih.gov/pubmed/18503779
http://dx.doi.org/10.1016/0163-7258(84)90044-5
http://dx.doi.org/10.4236/ojmc.2015.54006

	Introduction 
	Synthetic Pathways to Bile Acid Hybrid Molecules 
	Bile Acid Hybrid Molecules Based on Natural Bioactive Molecules 
	Bile Acid Hybrid Molecules Based on Synthetic Bioactive Molecules 
	Conclusions 
	References

