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a b s t r a c t

5-(1-Methyl-4-phenyl-imidazol-5-yl)indoles 5 were prepared and tested as analogs of the natural
vascular-disrupting agent combretastatin A-4 (CA-4). The 3-bromo-4,5-dimethoxyphenyl derivative 5c
was far more active than CA-4 with low nanomolar IC50 concentrations against multidrug-resistant KB-
V1/Vbl cervix and MCF-7/Topo mamma carcinoma cells, and also against CA-4-resistant HT-29 colon
carcinoma cells. While not interfering markedly with the polymerization of tubulin in vitro, indole 5c
completely disrupted the microtubule cytoskeleton of cancer cells at low concentrations. It also
destroyed real blood vessels, both in the chorioallantoic membrane (CAM) of fertilized chicken eggs and
within tumor xenografts in mice, without harming embryo or mouse, respectively. Indole 5c was less
toxic than CA-4 to endothelial cells, fibroblasts, and cardiomyocytes. In highly vascularized xenograft
tumors 5c induced distinct discolorations and histological features typical of vascular-disrupting agents,
such as disrupted vessel structures, hemorrhages, and extensive necrosis. In a first preliminary therapy
trial, indole 5c retarded the growth of resistant xenograft tumors in mice. © 2016 Elsevier Science Ltd. All
rights reserved.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

The natural tubulin binding agent combretastatin A-4 (CA-4,
Fig. 1) was isolated from the bark of the South African Cape Bush-
willow (Combretum caffrum). Its water soluble phosphate prodrug
Zybrestat™ (fosbretabulin) has entered advanced clinical trials that
revealed its tumor-selective angiotoxicity, even in multidrug-
resistant tumors [1,2]. However, due to its insufficient in vivo
cytotoxicity it had to be applied in combination with other drugs
such as carboplatin, paclitaxel or the anti-angiogenic agent bev-
acizumab [3,4]. The related combretastatin A-1 and its bisphos-
phate prodrug OXi4503 also proved efficacious against certain
tumor cells in in vivo models for which their redox-active catechol
moiety was believed to be responsible [5,6]. A drawback of com-
bretastatins is the tendency of their Z-alkene to isomerize to a

biologically inactive E-isomer in protic solvents. So far, the search
for chemically more stable derivatives has led to compounds with
the alkene adopting a fixed Z-configuration, e.g., by being part of a
heterocycle [7]. Some 4,5-diaryloxazoles, -imidazoles, and -1,2,3-
triazoles of this type actually retained the cytotoxicity and
tubulin affinity of the parent combretastatins [8,9]. Among these
were orally applicable, water soluble derivatives with advanta-
geous pharmacokinetics and distinct in vivo activity such as the
imidazole 1 [8]. In another study 3-halo- and 3-aminostilbenes 2,
structurally reminiscent of combretastatin A-3, showed increased
affinity for tubulin and a more selective activity profile against
tumor cells with potential to overcome drug resistance [10]. Yet,
both structure variants have their shortcomings. Derivative 1 is
inferior to combretastatin A-4 with respect to cytotoxicity while
the analogous oxazoles are hampered with unsatisfactory phar-
macological properties [8]. The halo combretastatins 2 prepared by
Pettit et al. were quite active yet chemically unstable and required
formulations as phosphate prodrugs in order to reach sufficient
water solubility and uptake rates [10].
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CA-4 fragments were also covalently combined with other
tubulin modifier motifs such as indoles. For instance, Dalton et al.
disclosed the antitumoral 2-(trimethoxybenzoylphenyl)
substituted indole I-387 [11]. Romagnoli et al. reported a 2-aroyl-3-
amino derivative which inhibited the growth of breast cancer cells
[12]. Simoni et al. prepared an (N-methylindol-5-yl)stilbene which
caused growth inhibition of triple-negative MDA-MB-231 breast
cancer cells [13]. Welsh et al. reported a triazole-bridged indole
analog of CA-4 with high tubulin affinity and anticancer activity
[14,15]. Pinney et al. developed and optimized 2-aryl-3-
aroylindoles such as OXi8006, a highly cytotoxic vascular-
disrupting agent [16]. Zhang et al. reported 3-(trimethox-
yphenylseleninyl)-1H-indoles that bind to tubulin in a similar
orientation as CA-4 [17]. Based on thework ofWang et al. our group
developed a water-soluble hydrochloride of an N-methyl-(3-
chloroindol-5-yl)imidazole analog of combretastatin A-4 which
was far more cytotoxic against topotecan-resistant (BCRP-positive)
MCF-7 breast cancer cells than CA-4 [8,18]. We also prepared CA-4
analogous imidazoles with meta-halo-substituted A-rings that had
an improved anticancer activity [18,19]. Herein, we continue this
work and report on new CA-4 analogous imidazoles with 5-indole
residues and their superior anticancer and antivascular properties
in vitro and in vivo when compared with the lead compound CA-4
and with previously published indole 5a that had been tested only
on two cancer cell lines before [8].

2. Results and discussion

2.1. Chemistry

The 5-formylindole derivatives 3a-d and the TosMIC reagents
4a-d were prepared according to literature procedures [8,18]. The
aldehydes 3a-d were treated with MeNH2 to give the respective
imines, which were reacted with the TosMIC reagents 4a-d under
basic conditions to give the corresponding new N-methyl imidaz-
oles 5b-i (Scheme 1). The known compound 5a was prepared
analogously [8]. All compounds 5 were finally converted with 3 M
HCl in dioxane to the corresponding hydrochlorides, which were
purified by recrystallization. 5-Formylindoles that lacked a 3-chloro
substituent gave no stable hydrochlorides but underwent a rapid
degradation with dark red discoloration.

2.2. Biological evaluation

2.2.1. Cytotoxicity
The growth inhibitory activity of the compounds 5a-i against a

panel of cancer cell lines was tested via MTT assays and compared
with that of CA-4 (Table 1). Though the lead compound CA-4 dis-
played the greatest cytotoxicity against highly proliferative 518A2
melanoma cells, it showed only moderate activity against the
multidrug-resistant cervix and breast carcinoma cell lines KB-V1/
Vbl and MCF-7/Topo. HT-29 colon carcinoma cells were resistant
to CA-4 by overexpression of the MRP-1 (multidrug-resistance
protein) type ABC (ATP-binding cassette) transporter which de-
toxifies cells from CA-4 [20]. In contrast, the indoles 5a-5h were
active against the resistant cell lines with nanomolar IC50 values.
The N-methyl indoles 5a-5d were particularly active at IC50 values
in the two-digit nanomolar range. Compounds 5a bearing the
original trimethoxy A-ring motif, and 5c featuring a 3-bromo-4,5-
dimethoxyphenyl A-ring, were slightly more active against the
resistant cancer cells than the chloro- and iodo-derivatives 5b and
5d. Within the triad of N-ethyl substituted indoles 5e-5g, only the
trimethoxyphenyl derivative 5e showed a comparable efficacy. Any
further substitution at the indole moiety resulted in an attenuated
growth inhibition. We hypothesize that the cell growth inhibiting
effect of the compounds 5a-i might be correlated to their ability to
bind to tubulin as reported for CA-4.

The best indole compounds 5a and 5c were additionally tested
against HCT-116 colon carcinoma cells with either a functional tu-
mor suppressor protein p53 (wildtype, wt) or a knocked-out p53
(HCT-116 p53�/�). While the IC50 values of CA-4 and 5c were
similar against both cell lines, the trimethoxyphenyl derivative 5a
was more cytotoxic against p53-wildtype cells (Table 2).

To assess the selectivity of the highly active derivatives 5a and
5c for cancer over non-malignant cells, we also determined their
IC50 values against primary fibroblasts (CHF) and cardiomyocytes
(CCM) that were explanted from chicken embryos (Table 3). All
values for CHF were in the micromolar range with compound 5c
being least cytotoxic. It also affected cardiomyocytes to a lesser
extent than CA-4 and derivative 5a. The distinct in vitro cytotoxicity
of the anticancer drug doxorubicin against cardiomyocytes is
correlated with its severe cardiotoxic side-effects in vivo [22]. We
therefore conclude that the bromo substituted indole 5c with the
best selectivity profile and the least toxic effects on chicken fibro-
blasts and cardiomyocytes will probably be the one with the lowest
general toxicity in subsequent in vivo experiments. It is worth
noting that the endothelial cell line included in our growth inhi-
bition tests (Table 1) was less affected by 5a and 5c than by CA-4
and that endothelial damage was also reported to be responsible
for cardiotoxic side-effects of some tubulin-binding agents [23].
However, Ea.hy926 is a hybrid cell line that does not fully reflect the
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Fig. 1. Combretastatins A-1, A-3, and A-4 and known analogs 1 and 2: potent inhibitors
of tubulin polymerization. Designation of A- and B-ring in the natural drugs com-
bretastatin A.

Scheme 1. Reagents and conditions: (i) TosMIC reagent 4, MeNH2, AcOH, EtOH, reflux,
2 h, then 3, K2CO3, EtOH, reflux, 3 h; (ii) 3 M HCl/dioxane, CH2Cl2, r.t., 15 min.
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