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Drug targeting may contribute to overcoming resistance to chemotherapy and to reducing
side effects. Here, by conjugating a nitrogenated base (NB) to the side chain of a bile acid (BA)
moiety, we have synthesized and evaluated six novel compounds, designated BANB-1 to -6,
with potential cytostatic activity and vectoriality toward enterohepatic tumors. These
compounds were purified by liquid chromatography and their purity was checked by
TLC and HPLC before being chemically characterized using IR, *H/**C NMR and FAB-MS.
Using several cell lines - HepG2 (human hepatoblastoma), LS 174T and Caco-2 (human colon
adenocarcinoma), Hepa 1-6 (mouse hepatoma), McA-RH7777 (rat hepatoma), CCRF S-180 II
(mouse sarcoma) and CHO (Chinese hamster ovary) — their effect on cell viability was
measured with the formazan test after drug exposure for 6 h (cytotoxic effect) or 72 h
(cytostatic effect). A weak cytostatic effect of BANB-1, BANB-2 and BANB-3 was detected
even in CHO cells stably transfected with rat bile acid transporters (Ntcp and Oatp1/1al). In
contrast, BANB-4, BANB-5 and BANB-6, similarly to cisplatin, showed strong cytostatic
effects, together with mild non-specific toxicity. BANB-6 was effective even against Hepa
1-6/R cells, which were partly resistant to cisplatin. Treatment with BANB-6, but not
cisplatin, was able to prolong the life span of Nude mice bearing tumors formed by Hepa
1-6/R cells orthotopically implanted in the liver. In conclusion, our results support the
hypothesis that cytostatic bile acid derivatives such as BANB-6 may offer a useful pharma-
cological strategy for the treatment of tumors of the enterohepatic circuit.
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1. Introduction

In our effort to develop cytostatic drugs with organotropism
towards tumors of the enterohepatic circuit, in previous
studies we have reported the synthesis, chemical character-
ization and evaluation of the pharmacological activity at the
preclinical stage of cisplatin-bile acid derivatives named
“BAMETs” [1]. Among these compounds, cis-diamminechloro
cholylglycinate platinum(ll) (BAMET-R2) and cis-diammine
bis-ursodeoxycholate platinum(ll) (BAMET-UD2) were found
to be the two compounds with the most promising character-
istics because they can be efficiently taken up by transporters
for anionic, cationic and neutral organic compounds located in
liver and intestinal cells [2]. This probably accounts for their
ability to accumulate in liver tumor cells whereas they are
taken up and efficiently excreted by normal hepatocytes.
Thus, owing to their liver organotropism [3,4] their strong “in
vitro” cytostatic activity, and “in vivo” anti-tumoral effect [5],
BAMET-R2 and BAMET-UD2 have been suggested as poten-
tially useful drugs in the chemotherapy of liver tumors. More
recently, their beneficial cytostatic properties against intest-
inal tumors have been also proposed [6,7].

One of the factors that often reduce the clinical usefulness of
cisplatin-related cytostatic drugs is the development of
resistance to them [8], which can be due in part to an up-
regulation of export pumps. Although several agents able to
block the efflux of cytostatic drugs through these transporters
have been developed, the pharmacologically efficient doses of
currently available chemosensitizing agents are so high that
they cannot be used in clinical practice owing to their noxious
side effects [9]. An alternative to increasing intracellular
concentrations of the drug in tumor cells even in the presence
of functional export pumps, is to enhance drug vectoriality
toward these cells. At this respect, BAMET-UD2 has been shown
to be taken up by liver and colon cancer cells, even if these were
resistant to cisplatin. As a consequence, BAMET-UD?2 efficiently
induces apoptosis and overcomes resistance to chemotherapy
with cisplatin both “in vitro” and “in vivo” [6,10,11].

The above is consistent with the presence of bile acid
transporters in tumors of the enterohepatic circuit, i.e., the liver
[12-15] and the intestine [7], able to take up bile acid derivatives.
This, together with the diminishing popularity of regimens
including cytostatic drugs containing transition metals such as
platinum, owing to their non-specific toxicity [16], prompted us
to extend previous investigations in this field by searching for
novel cytostatic bile acid derivatives in which the active moiety
would be an organic one instead of a transition metal.

Cytotoxic nucleoside analogues and nucleobases were
among the first chemotherapeutic drugs to be developed for
the pharmacological treatment of both solid tumors and
malignant disorders of the blood. Since an analog of deox-
ycytidine, cytarabine (18-p-arabinofuranosylcytosine), was first
proposed as anticancer agent in the middle of the 1960s [17],
many other pyrimidine and purine nucleoside analogs have
been developed, and several of them are currently used
clinically as antimetabolite drugs [18]. These compounds
compete with endogenous nucleosides and interact with a
large number of intracellular targets, which accounts for their
cytostatic effect. However, their efficacy is often limited by the
pre-existence or development of resistance [19] and by the fact

that noxious side effects, such as myelosuppression and
cardiotoxicity, may accompany treatment with regimens
including these drugs [20]. Therefore, the development of
improved derivatives is needed. In the present study we carried
out the synthesis, chemical characterization and preliminary
evaluation of the “in vitro” and “in vivo” biological effects of six
compounds, designated BANB-1 to -6 because they share the
characteristic of having been obtained by conjugation to the
side chain of different bile acid (BA) species of a nitrogenated
base (NB) alone or forming part of a nucleoside moiety.

2. Materials and methods
2.1. Chemicals

Bile acids (BA) - cholic acid (CA), glycocholic acid (GCA), and
ursodeoxycholic acid (UDCA) - adenine, adenosine and met-
formin were purchased from Sigma-Aldrich (Madrid, Spain). All
other chemicals were from VWR International (Barcelona,
Spain), except lamivudine, which was kindly supplied by Glaxo
Wellcome Research and Development (Hertfordshire, UK). They
were of high purity and were used as purchased without any
further purification. Culture Medium (DMEM), gentamicin,
NaHCOs;, r-glutamine, polyethylene glycol (M;~ 8000) and
dimethylsulfoxide (DMSO) were from Sigma-Aldrich. Geneticin
G-418 was from Roche (Barcelona, Spain). Foetal calf serum
(FCS) was obtained from TDI (Madrid, Spain).

2.2.  Synthesis and purification

The nitrogenated BA derivatives were obtained usinga modified
method of a previously described technique for the synthesis of
amide derivatives of BAs [21,22]. In brief, BAs were activated
with 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ)
in an N, atmosphere and then reacted with the nitrogenated
base (NB), i.e., adenine, adenosine or metformin, to produce the
BANB derivative. TLC on silica gel plates (60 F254, Merck) and
the solvent systems described below were used to check the
synthesis and separation procedures.

2.2.1. Synthesis of BANB-1, BANB-2 and BANB-3

The BAs (CA or UDCA, 1.22mmol) in dimethylformamide
(DMF) were reacted with EEDQ (1.71 mmol; i.e., a molar ratio of
1.4) for 4h at 80°C under nitrogen atmosphere. After
activation, a suspension of the base (adenine or adenosine,
1.83 mmol; 1.50 mmol/mmol) in DMF and small amount of
triethylamine (265 pL) were added and the reaction mixture
was heated to 125 °C and maintained at this temperature for
10-30 h. Once cooled to room temperature, the crude reaction
product was obtained by precipitation with cold (4 °C) ethyl
ether (dry). The result was a complex mixture as revealed by
TLC chromatography. The final products were isolated by
column chromatography using silica gel and the eluent
mixture indicated in each case.

2.2.1.1. BANB-1 (30% yield). This was obtained from CA and
adenine. 'H NMR: Table 1. *C NMR: Table 2. HRMS (FAB+,
M + 1): calculated 525.3315; found 525.3299. Eluent system:
butyl acetate:methanol:water (70:30:2).
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2.2.2.1. BANB-4 (21% yield). This was obtained from CA
(1 mmol) and metformin (3 mmol). IR (v, cm™%): 3342, 1634,
1564, 1524, 1450, 1400, 1224, 1077 and 816. '"H NMR: Table 1. 3C
NMR: Table 2. HRMS (FAB+, M + 1): calculated 502.3757; found
502.3782.

2.2.2.2. BANB-5 (20% yield). This was obtained from GCA
(1 mmol) and metformin (2.3 mmol). IR (v, cm™?): 3480, 3240,
1659, 1634, 1570, 1530, 1463, 1403, 1336, 1270, 1223 and 1077. 'H
NMR: Table 1. *C NMR: Table 2. HRMS (FAB+, M + 1): calculated
559.3972; found 559.4021.

2.2.2.3. BANB-6 (24% yield). This was obtained from UDCA
(1 mmol) and metformin (5 mmol). IR (v, cm™'): 3346, 3191,
1560, 1521, 1457, 1397, 1221, 1010 and 815. *H NMR: Table 1. 13C
NMR: Table 2. HRMS (FAB+, M + 1): calculated 486.3808; found
486.3821.

2.3.  Analytical methods

Mass spectrometry studies were carried out on a VG-
Autospec, using L-SIMS ionization in the FAB* mode (Cs ion
emission) and m-NBA as matrix. *H (200 MHz) and 3C
(50.3MHz) NMR spectra were obtained in CD;OD and
DMSO-d6 solutions on a Bruker AC200 instrument. The
carbon resonances were distinguished by DEPT-90 and
DEPT-135 experiments. TMS was used as internal standard
for *H and **C NMR spectra.

2.4.  Evaluation of acute cytotoxic and cytostatic effects

The following cell lines obtained from the American Type
Culture Collection (Manassas, VA, USA) were used: HepG2
(human hepatoblastoma), LS 174T and Caco-2 (human colon
adenocarcinoma), Hepa 1-6 (mouse hepatoma), McA-RH7777
(rat hepatoma), CCRF S-180 II (mouse sarcoma). Wild-type
Chinese hamster ovary cells (CHO-K1) and two sublines stably
transfected with rat bile acid transporters Ntcp (CHO-9-6), and
Oatpl/lal (CHO-03) were kindly supplied by Drs. P. Meier, B.
Stieger and B. Hagenbuch (University of Zurich, Switzerland).
Cisplatin-resistant subline Hepa 1-6/R was selected by double
subcloning using the limiting dilution method from cultures
continuously exposed to increasing concentrations (from 1 to
10 pM) of cisplatin, as previously reported [10]. Cells were
cultured with appropriate media in a humidified CO,:air
(5:95%) atmosphere at 37 °C.

The test based on formazan formation from tetrazolium
salt by living cells (CellTiter98"™, Promega, Madison, WI) was
used to evaluate drug-induced non-specific acute toxicity by
measuring the reduction in cell viability after short-term (6 h)
exposure to the desired drug. The formazan test was also used
to determine the cytostatic effect as the reduction in amount
of living cells in the culture after long-term (72 h) exposure to
the drug. In both cases approximately 10* cells/100 pL/dish
seeded in 96-wells plates were used.

2.5.  Evaluation of antitumor activity

Male Nude (Ico: Swiss nu/nu) mice (Iffa Credo; Barcelona,
Spain) were housed in sterile micro-isolator cages and fed

with commercial mouse pelleted food from Panlab (Madrid,
Spain) and water ad libitum. Temperature (20 °C) and the
light/dark cycle (12 h/12 h) were controlled. All manipula-
tions were done under sterile conditions in a laminar flow
hood. Animals were handled in accordance with the
recommendations of the University of Salamanca Ethical
Committee for Laboratory Animals. Mouse hepatoma Hepa 1-
6/R cells (~107) were injected into the backs of Nude mice.
After 2 weeks, tumors growing subcutaneously (~2cm in
diameter) were removed and minced into cubic fragments of
~1mm?, which were implanted in the livers of different
animals [5]. Treatment, starting the next day, consisted of two
injections (i.p.) of 5 or 15 nmol/g b.w./week of cisplatin or
BANB-6 in a suspension of 0.5 mL of sterile 150 mM NacCl
Control animals received only vehicle. Animal survival was
monitored three times daily.

2.6. Statistical methods

The results are expressed as individual values or as
means + S.D. To calculate the statistical significance of the
differences between groups, the Student’s t-test or ANOVA
analysis followed by Dunnett’s Many-to-One multiple com-
parison test were used, as appropriate.

3. Results
3.1.  Chemistry

Syntheses of derivatives of BAs with nitrogenated bases were
carried out following adapted procedures for the formation of
amides using EEDQ as a coupling agent [23], as previously
described in the literature for the synthesis of BA amide
derivatives [21,22]. Using this method BANB-1, BANB-2 and
BANB-3 were synthesized. These had the expected structure,
derived from the reaction between the activated carboxyl
group and the more reactive nitrogen in each NB; namely, the
N-9in adenine and the NH,-6 in adenosine [24,25]. The 'H NMR
spectra (Table 1) of these products and their MS fully agree
with the depicted structures (Fig. 1).

Synthesis of the 1,3,5-triazine derivatives was carried out
following the same adapted procedure described above. After
different attempts to improve the yields and to obtain a less
complex reaction mixture, the best results were obtained
when ethanol was used as solvent and the reaction was
carried out in the presence of DBU in order to neutralize the
hydrochloride form of the biguanide. The isolated products,
designated BANB-4, BANB-5 and BANB-6, which do not have
the initially expected structure of the amides between BA and
metformin, were exhaustively characterized by spectro-
scopic procedures and identified as those depicted in Fig. 1,
whose H and **C NMR data are listed in Tables 1 and 2. The
formation of the 1,3,5-triazine moiety can be explained
through the initial formation of the amides I between the
corresponding BA and the N° of the metformin, which was
followed by reaction between N2 and the carbonyl at C-24 or
C-26in the BA residues to form the triazine ring (Fig. 1, inset).
Although the initial amides could be expected to be part of the
final products, whose H and *>C NMR spectra would be very
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Fig. 1 - Chemical structures of bile acid derivatives containing nitrogenated bases (BANBs). Bile acid moieties were cholic
acid (CA) in BANB-1, BANB-2 and BANB-4, glycocholic acid (GCA) in BANB-5 and ursodeoxycholic acid (UDCA) in BANB-3 and
BANB-6. Central inset represents the mechanism of nitrogenated ring formation reaction for BANB-4, BANB-5 and BANB-6.

similar, the molecularion obtained in the HRMS indicated the
loss of a water molecule in agreement with the proposed
structures. Further evidence for the cyclic system was that
the final products did not form the rose-red complex with
ammoniacal copper sulphate that was expected for the
biguanide form [26].

3.2 Cytostatic activity “in vitro”

The cytostatic effect of BANB-1, BANB-2 and BANB-3, which
contain either adenine or adenosine in their molecular
structure, was compared to that of lamivudine, an antiviral
nucleoside derivative that is not expected to have an
antiproliferative effect and was used here as a negative
control. Indeed, no significant change in the amount of cells in
the culture was observed when HepG2, LS 174T, Hepa 1-6 or
CCRF S-180-II cells were exposed to lamivudine for 3 days
(Fig. 2). BANB-1, BANB-2 and BANB-3 were able to reduce cell
culture growth only when assayed at a high concentration
(500 nM). This effect was stronger in the case of BANB-2.
Owing to the fact that these three compounds had only weak
activity, we decided to elucidate whether their cytostatic
activity could be enhanced by increasing their uptake by cells
transfected with Ntcp and Oatpl/lal. These transporters,
when expressed in Xenopus laevis oocytes have been found to

be able to transport BA derivatives also obtained by conjuga-
tion of their side chain with relatively bulky compounds, such
as fluorescein isothyocianate (data not shown). The effect of
BANBs was compared to that of lamivudine, which does not
have a bile acid moiety. Two cell lines derived from Chinese
hamster ovary cells (CHO-K1) stably transfected with the rat
ortologs of the bile acid transporters Oatp1l/lal (CHO-03) and
Ntcp (CHO-9-6) were assayed (Fig. 3). As expected, this
maneouver enhanced the cytostatic activity of these com-
pounds, whereas that of lamivudine was not changed.
Nevertheless, cytostatic activity was only observed at high
concentrations. This suggested that these compounds should
be classified as weak cytostatic drugs and that further
evaluation could be ruled out.

In contrast, BANB-4, BANB-5 and BANB-6 induced a
significant cytostatic (long-term) effect, which in preliminary
experiments was seen to be stronger for BANB-6. Thus,
BANB-6 was further assayed in several cell lines, including LS
174T, Caco-2, McA-RH7777 and Hepa 1-6 (Fig. 4). In all these
cases acute toxicity (short-term effect) was moderate and
similar to that caused by cisplatin (Fig. 4A, C, E and G).
Moreover the cytostatic (long-term) effect was strong and of
the same degree as thatinduced by cisplatin, which was used
here as a positive control (Fig. 4B, D, F and H). When assayed
in partially cisplatin-resistant Hepa 1-6/R cells, the cytostatic
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Fig. 2 - Cytostatic effect of BANB-1, BANB-2 and BANB-3 on the following cell lines: (A) HepG2 from human hepatoblastoma;
(B) LS 174T from human colon adenocarcinoma; (C) Hepa 1-6 from mouse hepatoma, and (D) CCRF S-180 II from mouse
sarcoma. The proportion of living cells as compared with non-treated dishes was determined with the formazan test after
the culture had been incubated with the desired concentration of drug for 72 h. Lamivudine, a nucleoside derivative with no
cytostatic effect, was used as a negative control. Values are means * S.D. from four different cultures carried out in
triplicate. ‘P < 0.05 on comparing with non-treated cells by Dunnett’s test.

(long-term) activity was lower than that of cisplatin for
BANB-4 and BANB-5 but higher than that of cisplatin for
BANB-6 (Fig. 5A). Investigation of drug-induced acute toxicity
(short-term effect) revealed that this was moderate and did
not match the cytostatic (long-term) effect. The strongest
compound regarding the inhibition of cell culture growth,
i.e.,, BANB-6, was less toxic (short-term effect) than BANB-4
and BANB-5 at low concentrations (Fig. 5B). The results
described above were consistent with the of ICsy values
calculated for these two compounds (Table 3). Both cisplatin
and BANB-6 had ICs, values in the same range, although
always higher for BANB-6, except for Hepa 1-6/R cells, in
which the opposite was found.

3.3.  Antitumor activity “in vivo”

To elucidate whether these promising results could be also
extrapolated to the “in vivo” situation, cisplatin and BANB-6
were used to treat mice receiving intrahepatic implantation of
a tumor previously formed with Hepa 1-6/R cells in the back of
a different donor mouse. At a low dose (5nmol/g b.w.), a
tendency towards protection by BANB-6, but not cisplatin, was
found (Fig. 6A). At a higher dose (15 nmol/g b.w.), the ability of
BANB-6 to prolong the life span of these animals was evident
(Fig. 6B). Thus, mean survival time was statistically (P < 0.05)

increased (+41%) in comparison with the Control and
cisplatin-treated animals according to the Dunnett’s test for
multiple comparisons. In contrast, the animals treated with
cisplatin had the same mean survival times as those receiving
vehicle (approximately 27 days).

4, Discussion

As indicated in Section 1, the rationale of the present study
was that novel agents - BANBs, which contain a BA moiety and
a nitrogenated base/nucleoside derivative moiety - could have
cytostatic ability, in particular as far as tumors of the
enterohepatic circuit are concerned. The results described
above suggest that this could be true for some of these
compounds and justify the interest in carrying out further
investigation to characterize their mechanisms of action and
actual drug uptake and, based on these data, to develop more
potent drugs of this family.

Why did we expect BANBs to have vectorial and anti-tumor
properties? One of the reasons for this was that the expression
of plasma membrane proteins able to mediate the uptake of
natural bile acids is restricted to only certain organs, including
the liver and the intestine [27]. This offers an excellent
opportunity to use BA derivatives for drug targeting to these
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Fig. 3 - Cytostatic effect of BANB-1, BANB-2 and BANB-3 on
Chinese hamster ovary (CHO) cells expressing bile acid
carriers. Wild-type cells (CHO-K1) (A) were compared with
cells stably transfected with the cDNA of rat Oatp1/1al
(CHO-03) (B) or Ntcp (CHO-9-6) (C). The proportion of living
cells as compared with non-treated dishes was determined
with the formazan test after the culture had been incubated
with the desired concentration of drug for 72 h. Lamivudine,
a nucleoside derivative with no cytostatic effect, was used
as a negative control. Values are means *+ S.D. from four
different cultures carried out in triplicate. ‘P < 0.05 on
comparing with non-treated cells by Dunnett’s test.

territories [28]. In this respect, since BAs were first proposed
for delivering different kinds of drugs to the liver [29], many
BA-drug conjugates have been synthesized [30-32]. In previous
studies we have reported the interest in several members of a
family of anti-tumor compounds obtained by binding cisplatin
to the side chain of BAs [1]. In agreement with those studies,
the present results also indicate that the expression in CHO
cells of carriers, such as the rat ortholog of Ntcp and Oatp1/
lal, able to recognize BA derivatives as substrates, enhances
the cytostatic activity of BANBs.

An additional reason to design BANBs was the hope that
nucleobase/nucleoside derivatives bound to the BA moiety in
these compounds could interact with the DNA replicative
machinery by competing with natural substrates, hence
inhibiting cell proliferation. This has been shown to be the
case for several previously developed nitrogenated base/
nucleoside analogs whose anticancer activity has been well
characterized [19]. Several mechanisms of action have been
suggested for these derivatives. These include: (i) incorpora-
tion into DNA and RNA macromolecules themselves inducing
alteration of their structure, (ii) interference with the activity
of various enzymes involved in the synthesis of nucleic acids,
and (ili) modification of the metabolism of endogenous
nucleosides [18]. These changes result in an inhibition of
DNA synthesis, an inhibition of DNA repair and accumulation
of DNA strand breaks, the induction of pro-apoptotic signals in
the mitochondrial pathway, and direct binding to apoptosome
or modulation of p53 expression, all leading to the activation
of apoptosis, which is the main end-point of the mechanism of
cytostatic action of nitrogenated base/nucleoside analogs.
Moreover, since agonists to A3 adenosine receptors have
recently been reported to inhibit cell growth and/or induce
apoptosis in different types of tumors [33], a similar effect for
other nitrogenated base/nucleoside analogs cannot be ruled
out.

Finally, it should be considered that, probably related to the
requirement of substrates for active DNA synthesis, the
abundance of nucleoside transporter proteins in normal
tissues and tumors depends in part on the pathways that
stimulate cell proliferation. Thus, in many tumor cell types an
up-regulation of nucleoside transporters occurs [19], which
could contribute to the vectorial properties of BANBs. These
phenomena could account for some of the results obtained in
the present study. Thus, when assayed in vitro BANB-6
showed a moderate non-specific toxicity similar to that of
cisplatin. However, when administered to tumor-bearing
mice, this compound prolonged the survival of these animals,
while treatment with cisplatin failed to do so. This suggested
that the mild toxicity of BANB-6 was probably mitigated by the
vectorial characteristics of the compound, which presumably
led to areduced exposure to the drug of tissues located outside
the enterohepatic circuit. Moreover, as already mentioned,
cisplatin (at low or high doses) was unable to prolong the
animals’ life span due to the resistance of the implanted tumor
cells, whereas BANB-6 was efficient in overcoming resistance
to the chemotherapy.

We have previously shown that resistance to cisplatin by
enterohepatic cells could be partly due to a reduction in the
active intracellular levels of the drug as a result of combined
lowered uptake (due to the down-regulation of uptake
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Fig. 4 - Short-term (6 h) toxic effect (A, C, E and G) and long-term (72 h) cytostatic effect (B, D, F and H) of BANB-6 on the
following cell lines: (A and B) LS 174T from human colon adenocarcinoma, (C and D) Caco-2 from human colon
adenocarcinoma, (E and F) McA-RH7777 from rat hepatoma, and (G and H) Hepa 1-6 cells from mouse hepatoma. Values of
cell viability, determined with the formazan test, were compared with those found in non-treated dishes. Cisplatin, a well-
known cytostatic agent, was used as a positive control. Values are means * S.D. from four different cultures carried out in
triplicate. ‘P < 0.05 on comparing with non-treated cells by Dunnett’s test.

carriers) and enhanced efflux (due to the up-regulation of
export pumps) [6]. In the present study, we did not address
the drug uptake/efflux balance, which would require the
synthesis of radiolabeled derivatives to be studied, however
one could speculate that it is probable that the mechanism
necessary for resistance to be overcome would be similar to
that of previously investigated cytostatic bile acid deriva-
tives. Thus, using atomic absorption spectrometry of

platinum to determine drug uptake, we have shown that
the ability of cisplatin-BA derivatives, such as BAMET-UD2,
to overcome the resistance to cisplatin is in part due to
enhanced uptake of these drugs by BA carriers and
transporters for organic anions (OATPs) and cations (OCTs)
[2], together with a lack of recognition as substrates
by export pumps, which results in the reduction of drug
efflux [6].
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Fig. 5 - Long-term (72 h) cytostatic effect (A) and short-term
(6 h) toxic effect (B) of BANB-4, BANB-5 and BANB-6 on
partially cisplatin-resistant Hepa 1-6/R cells from mouse
hepatoma. Values of cell viability, determined with the
formazan test, were compared with those found in non-
treated dishes. Cisplatin, a well-known cytostatic agent,
was used as a positive control. Values are means * S.D.
from four different cultures carried out in triplicate.

'P < 0.05 on comparing with non-treated cells by Dunnett’s
test.

In conclusion, our findings indicate that BANBs, in
particular BANB-6 and others that may be obtained in the
future based on the results of the present study, do not have
the drawback of including a transition metal atom in the
molecule, as was the case of BAMETs, but retain
the advantages of enterohepatic targeting enabled by the

Table 3 - Comparison of cytostatic activity of BANB-6 and

cisplatin on wild-type and cisplatin-resistant tumor cell
lines of different origins

Cell line ICso (M)

Cisplatin BANB-6
LS 174T 18.2+3.7 59.7 £4.72
Caco-2 23.7+5.1 74.6 £2.0°
McA-RH7777 35+12 20.5 £+ 4.5%
Hepa 1-6 50+04 28.6 +2.97
Hepa 1-6/R 68.3+5.9 30.3 +5.8%

ICso was defined as the drug concentration (in pM) required to
reduce the amount of living cells by 50%. Values are mean + S.D.
from four different cultures carried out in triplicate.

& P < 0.05 on comparing with cisplatin by the Student’s t-test.
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Fig. 6 — Kaplan-Meier curves for the survival of Nude mice
following orthotopic implantation in the liver of a
fragment of approximately 1 mm? of mouse hepatoma
tumor previously grown from the cisplatin-resistant sub-
line Hepa 1-6/R from mouse hepatoma. Treatment with

5 nmol/gb.w. (A) or 15 nmol/g b.w. (B) of cisplatin or BANB-
6, administered i.p. twice a week was started the day after
implantation of the tumor into the liver. Control groups
received only the vehicle, i.e., saline solution. Treatment
was maintained throughout the life span of the tumor-
bearing mice. Values are expressed as percentages of the
initial numbers of mice in each group (6-10).

presence of a BA moiety. This further supports the concept
that the use of BAs as shuttles might be a useful
pharmacological strategy to deliver cytostatic drugs to
tumors of the liver, the biliary system, and the intestine.
This is of great clinical relevance because a large proportion
of all cancers is constituted by those affecting tissues
included in the enterohepatic circuit [34-36] and these
tumors usually have a poor prognosis, which is further
aggravated by the lack of response to the available
chemotherapy.

Conflict of interest statement

In the period of research leading up to this publication we have
not received any financial support that may affect in any way
the conclusions of our article. Moreover, the authors have no
direct or indirect commercial interest in any company that
might be financially affected by the conclusions of the present
article.



BIOCHEMICAL PHARMACOLOGY 73 (2007) 1394-1404

1403

Acknowledgements

The authors thank Drs. P. Meier, B. Stieger and B. Hagenbuch
(University of Zurich, Switzerland) for their generous supply of
transfected cell lines. Thanks are also due to L. Mufoz, J.F.
Martin and J. Villoria for the care of the animals. Secretarial
help by M.I. Hernandez, technical help by E. Cruz and the
revision of the English spelling, grammar and style of the
manuscript by N. Skinner are also gratefully acknowledged.

Financial support: this study was supported in part by the
Junta de Castilla y Leon (Grants SAN/191/SA32/06, SA059A05,
SA086A06 and SA021B06), Spain; Ministerio de Ciencia y
Tecnologia, Plan Nacional de Investigacion Cientifica, Desar-
rollo e Innovacion Tecnologica (Grant BFI2003-03208), Spain;
Instituto de Salud Carlos I1I, FIS (Grant CP05/00135). Dr. Marta
R. Romero received a Research Fellowships from the “Miguel
Casado San Jose” Foundation, Salamanca, Spain. The group is
member of the Network for Cooperative Research on Mem-
brane Transport Proteins (REIT), co-funded by the Ministerio
de Educacion y Ciencia, Spain and the European Regional
Development Fund (ERDF) (Grant BFU2005-24983-E/BFI) and
belongs to the CIBER (Centro de Investigacion Biomedica en
Red) for Hepatology and Gastroenterology Research (CIBER-
HEPAD), Instituto de Salud Carlos III, Spain.

REFERENCES

[1] Marin JJG, Macias RIR, Monte MJ, El-Mir MY, Serrano MA.
Liver targeting of cisplatin-derived cytostatic drugs
(Bamets) by coupling to bile acids health. In: van Berge
Henegouwen GP, Keppler D, Leuschner U, Paumgartner G,
Stiehl A, editors. Biology of bile acids in health and disease.
Dordrecht: Kluwer Academic Publishers; 2001. p. 271-7.
Briz O, Serrano MA, Rebollo N, Hagenbuch B, Meier PJ,
Koepsell H, et al. Carriers involved in targeting the
cytostatic bile acid-cisplatin derivatives cis-diammine-
chloro-cholylglycinate-platinum(Il) and cis-diammine-
bisursodeoxycholate-platinum(II) toward liver cells. Mol
Pharmacol 2002;61:853-60.

Larena MG, Martinez-Diez MC, Monte MJ, Dominguez MF,
Pascual MJ, Marin JJG. Liver organotropism and
biotransformation of a novel platinum-ursodeoxycholate
derivative, Bamet-UD2, with enhanced antitumour activity.
J Drug Target 2001;9:185-200.

Macias RIR, Monte MJ, EI-Mir MY, Villanueva GR, Marin JJG.
Transport and biotransformation of the new cytostatic
complex cis-diammineplatinum(II)-chlorocholylglycinate
(Bamet-R2) by the rat liver. J Lipid Res 1998;39:

1792-8.

Dominguez MF, Macias RIR, Izco-Basurko I, de la Fuente A,
Pascual MJ, Criado JM, et al. Low in vivo toxicity of a novel
cisplatin-ursodeoxycholic derivative (Bamet-UD2) with
enhanced cytostatic activity versus liver tumors. J
Pharmacol Exp Ther 2001;297:1106-12.

Monte MJ, Ballestero MR, Briz O, Perez MJ, Marin JJG.
Proapoptotic effect on normal and tumor intestinal cells of
cytostatic drugs with enterohepatic organotropism. J
Pharmacol Exp Ther 2005;315:24-35.

Ballestero MR, Monte MJ, Briz O, Jimenez F, Gonzalez-San
Martin F, Marin JJG. Expression of transporters potentially
involved in the targeting of cytostatic bile acid derivatives
to colon cancer and polyps. Biochem Pharmacol
2006;72:729-38.

2

[3

[4

[5

6

[7

[8] Canon JL, Humblet Y, Symann M. Resistance to cisplatin.
How to deal with the problem? Eur ] Cancer 1990;26:1-3.

[9] Naito S, Koga H, Yokomizo A, Sakamoto N, Kotoh S,
Nakashima M, et al. Molecular analysis of mechanisms
regulating drug sensitivity and the development of new
chemotherapy strategies for genitourinary carcinomas.
World J Surg 2000;24:1183-6.

[10] Briz O, Serrano MA, Macias RIR, Marin JJG. Overcoming
cisplatin resistance in vitro by a free and liposome-
encapsulated bile acid derivative: BAMET-R2. Int ] Cancer
2000;88:287-92.

[11] Briz O, Macias RIR, Vallejo M, Silva A, Serrano MA, Marin
JJG. Usefulness of liposome-encapsulated cytostatic
bile acid derivatives to circumvent chemotherapy
resistance of enterohepatic tumors. Mol Pharmacol
2003;63:742-50.

[12] CuiY, Konig ], Nies AT, Pfannschmidt M, Hergt M, Franke
WW, et al. Detection of the human organic anion
transporters SLC21A6 (OATP2) and SLC21A8 (OATPS) in
liver and hepatocellular carcinoma. Lab Invest 2003;83:
527-38.

[13] Zollner G, Wagner M, Fickert P, Silbert D, Fuchsbichler A,
Zatloukal K, et al. Hepatobiliary transporter expression in
human hepatocellular carcinoma. Liver Int 2005;25:
367-79.

[14] Kullak-Ublick GA, Glasa J, Boker C, Oswald M, Griitzner U,
Hagenbuch B, et al. Chlorambucil-taurocholate is
transported by bile acid carriers expressed in human
hepatocellular carcinomas. Gastroenterology
1997;113:1295-305.

[15] Monte MJ, Dominguez S, Palomero MF, Macias RIR, Marin
JJG. Further evidence of the usefulness of bile acids as
molecules for shuttling cytostatic drugs toward liver
tumors. ] Hepatol 1999;31:521-8.

[16] Zhang ]G, Lindup WE. Cisplatin nephrotoxicity. Decreases
in mitochondrial protein, sulphydryl concentration and
calcium uptake by mitochondria from rat renal cortical
slices. Biochem Pharmacol 1994;47:1127-35.

[17] Ellison RR, Carey RW, Holland JF. Continuous infusions of
arabinosyl cytosine in patients with neoplastic disease.
Clin Pharmacol Ther 1967;8:800-9.

[18] Galmarini CM, Mackey JR, Dumontet C. Nucleoside
analogues and nucleobases in cancer treatment. Lancet
Oncol 2002;3:415-24.

[19] Damaraju VL, Damaraju S, Young JD, Baldwin SA, Mackey J,
Sawyer MB, et al. Nucleoside anticancer drugs: the role of
nucleoside transporters in resistance to cancer
chemotherapy. Oncogene 2003;22:7524-36.

[20] Alter P, Herzum M, Soufi M, Schaefer JR, Maisch B.
Cardiotoxicity of 5-fluorouracil. Cardiovasc Hematol Agents
Med Chem 2006;4:1-5.

[21] Tserng KY, Hachey DL, Klein PD. An improved procedure
for the synthesis of glycine and taurine conjugates of bile
acids. J Lipid Res 1977;18:404—7.

[22] Huijghebaert SM, Hofmann AF. Pancreatic
carboxypeptidase hydrolysis of bile acid-amino conjugates:
selective resistance of glycine and taurine amidates.
Gastroenterology 1986;90:306-15.

[23] Bellau B, Malek GA. New convenient reagent for peptide
synthesis. ] Am Chem Soc 1968;90:1651-2.

[24] Dyer E, Reitz JM, Farris Jr RE. Carbamates derived from
aminopurines. ] Med Chem 1963;55:289-91.

[25] Chheda GE, Hong CI. Synthesis of naturally occurring 6-
ureidopurines and their nucleosides. ] Med Chem
1971;14:748-53.

[26] Ray P. Complex compounds of biguanides and guanylureas
with metallic elements. Chem Rev 1961;61:313-59.

[27] Meier PJ, Stieger B. Bile salt transporters. Annu Rev Physiol
2002;64:635-61.



1404

BIOCHEMICAL PHARMACOLOGY 73 (2007) 1394-1404

(28]

[29]

(30]

(31]

(32]

Marin JJG, Romero MR, Vallejo M, Monte MJ. Targeting of
cytostatic bile acid derivatives toward tumours of the
enterohepatic circuit. Cancer Ther 2005;3:57-64.

Ho NFH. Utilizing bile acid carrier mechanisms to enhance
liver and small intestine absorption. Ann N Y Acad Sci
1987,507:315-29.

Kramer W, Wess G, Schubert G, Bickel M, Gribig F, Gutjahr
U, et al. Liver-specific drug targeting by coupling to bile
acids. ] Biol Chem 1992;267:18598-604.

Marin JJG, Herrera MC, Palomero MF, Macias RIR, Monte MJ,
El-Mir MY, et al. Rat liver transport and biotransformation
of a cytostatic complex of bis-cholylglycinate and
platinum(Il). ] Hepatol 1998;28:417-25.

Wess G, Kramer W, Han XB. Synthesis and biological
activity of bile acid-derived HMG-CoA reductase inhibitors.
The role of 21 methyl in recognition of HMG-CoA reductase
and the ileal bile acid transport system. ] Med Chem
1994;37:3240-6.

(33]

Chung H, Jung JY, Cho SD, Hong KA, Kim HJ, Shin DH, et al.
The antitumor effect of LJ-529, a novel agonist to A3
adenosine receptor, in both estrogen receptor-positive
and estrogen receptor-negative human breast

cancers. Mol Cancer Ther 2006;5:

685-92.

[34] Jarnagin WR, Ruo L, Little SA, Klimstra D, D’Angelica M,

(35]

(36]

DeMatteo RP, et al. Patterns of initial disease recurrence
after resection of gallbladder carcinoma and hilar
cholangiocarcinoma: implications for adjuvant therapeutic
strategies. Cancer 2003;98:1689-700.

O’Connell JB, Maggard MA, Liu JH, Etzioni DA, Livingston
EH, Ko CY. Rates of colon and rectal cancers are increasing
in young adults. Am Surg 2003;69:866-72.

Si MS, Amersi F, Golish SR, Ortiz JA, Zaky ], Finklestein D,
et al. Prevalence of metastases in hepatocellular
carcinoma: risk factors and impact on survival. Am Surg
2003;69:879-85.



	Novel bile acid derivatives (BANBs) with cytostatic �activity obtained by conjugation of their side chain �with nitrogenated bases
	Introduction
	Materials and methods
	Chemicals
	Synthesis and purification
	Synthesis of BANB-1, BANB-2 and BANB-3
	BANB-1 (30% yield)
	BANB-2 (20% yield)
	BANB-3 (6% yield)

	Synthesis of BANB-4, BANB-5 and BANB-6
	BANB-4 (21% yield)
	BANB-5 (20% yield)
	BANB-6 (24% yield)


	Analytical methods
	Evaluation of acute cytotoxic and cytostatic effects
	Evaluation of antitumor activity
	Statistical methods

	Results
	Chemistry
	Cytostatic activity ‘‘in vitro’’
	Antitumor activity ‘‘in vivo’’

	Discussion
	Conflict of interest statement
	Acknowledgements
	References


