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Introduction

We are entering an exciting time in the development
of novel therapeutic drugs for treating cancer. As a result
of our ever-increasing understanding of the molecular
biology of malignancy, potential new targets for drug dis-
covery are emerging and it is hoped that rational drug
design will closely follow the advance in molecular biolo-
gy and translate into therapeutic benefit for cancer
patients. In fact some rationally designed agents have
already entered clinical study with some success and we
await the outcome of existing and forthcoming trials with
interest. Of course these advances, although very wel-
come, do not preclude the development of new agents
that interact with older, well-known targets that have
already proved to be clinically useful. One such cellular
target is the microtubule. The tubulin-binding agents are
one of the most effective classes of drugs in clinical use.
Microtubules are vital components of the cell. They form
the mitotic apparatus and are critical for cell movement,
attachment and intracellular transport. Tubulin-binding
agents generally exert their effects by microtubule
depolymerization or stabilization. The vinca alkaloids,
particularly vincristine and vinblastine, have been in clini-
cal use for many years and more recently vinorelbine has
found a niche in the treatment of breast cancer (1, 2). The
most recent vinca alkaloid to enter clinical development is
vinflunine (3). The vinca alkaloids are antimitotic agents
known to inhibit mitotic assembly (4). On the other hand,
the clinically active drug paclitaxel is known to form stable
nonfunctional microtubules (5) so it is clear that interfer-
ing with tubulin by drugs with completely different mecha-
nisms of action can be equally useful in treating cancer
patients.

These existing agents, although clinically useful, lack
the specificity needed to produce cures in patients with

advanced cancers without compromising normal tissues
so the search for better agents continues. One group of
compounds that has received a great deal of attention in
the last few years is the combretastatins. These are a
family of compounds derived from the African bush
willow, Combretum caffrum (6, 7) and to date the agent
that has progressed furthest in clinical development is the
prodrug of combretastatin A4.

Combretastatin A4

Combretastatin A4 [cis-1-(3,4,5-trimethoxyphenyl)-2-
(3’-hydroxy-4’-methoxyphenyl)ethene] (Fig. 1) is a rela-
tively simple stilbene that has been shown to compete
with colchicine for binding sites on tubulin (8, 9). These
studies showed combretastatin to be a member of the
colchicine-like inhibitors of microtubule assembly rather
than the vinca alkaloid type. Alterations in the trimethoxy-
benzene moiety or in the methoxy and oxy groups of
colchicine have been shown to influence antimicrotubule
activity (10), and McGown and Fox (9) suggested that the
trimethoxybenzene moiety observed in colchicine,
podophyllotoxins and combretastatin probably represent-
ed a favored binding structure for tubulin. Further studies
investigated the structure-activity relationships and indi-
cated the relative importance of the cis-configuration
over the trans-configuration for tubulin activity (11).
Combretastatin A4 is only poorly water-soluble but sub-
sequently a water-soluble disodium phosphate prodrug
(Fig. 2) was developed (12) allowing much easier in vivo
administration. The suggestion was that the phosphate
group would be cleaved in the plasma releasing the com-
bretastatin A4.
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Fig. 1. Structural formula of combretastatin A4.
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Fig. 2. Structural formula of combretastatin A4 disodium phos-
phate.

Preclinical efficacy

There is now a wealth of literature demonstrating that
combretastatin A4 is active against preclinical experi-
mental models of cancer. Investigation of the in vivo effi-
cacy took on a new dimension through the work of
Chaplin and colleagues who demonstrated vascular
effects in transplantable tumors in mice (13). Various
approaches had already been taken to exploit the vascu-
lature of tumors in experimental models. In fact,
colchicine had been demonstrated back in the 1930s to
possess antivascular activity but the margin between effi-
cacy and toxicity was very small (14). The Chaplin group
went on to show that the prodrug of combretastatin A4
induced vascular shutdown in subcutaneously transplant-
ed experimental tumors at a dose less than one-tenth of
the maximum tolerated dose (15). The same study
demonstrated that the compound was cytotoxic to rapidly
proliferating endothelial cells. It is clear from many stud-
ies now that the vascular shutdown caused by combre-
tastatin A4 results in massive hemorrhagic necrosis of
subcutaneous tumors (Fig. 3) and although measurable
effects on tumor volume have been demonstrated in
some studies this is not always the case (15, 16). A viable
rim of tumor remains, and this will continue to grow,

Fig. 3. Hemorrhagic necrosis in HT29 human colon tumor
xenograft growing in the cecum of a nude mouse 24 h after treat-
ment with 150 mg/kg combretastatin prodrug (hematoxylin and
eosin).
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potentially masking the dramatic effects of the drug. As a
result of these observations, a number of studies has
addressed the potential for combination therapies with
the intention of attacking the viable rim with the second
strategy. Investigations from numerous laboratories have
demonstrated that combretastatin A4 can significantly
enhance experimental tumor response to standard
chemotherapeutic agents such as cisplatin, 5-fluorouracil
and doxorubicin and to radiation therapy (16-18). More
recently, studies have demonstrated enhancement of the
antitumor effect of hyperthermia (19) and potentiation of
the effects of combretastatin A4 by combination with
investigational agents has also been studied, a particu-
larly interesting approach being to combine radioim-
munotherapy by the use of ['3'l]-labeled anticarcinoem-
bryonic antigen (CEA) IgG with combretastatin A4. This
latter combination produced cures in CEA expressing
human tumor xenografts in nude mice (20).

As tubulin is a universal target, it is likely that com-
bretastatin A4 will be effective to varying degrees in all
cells, although it is likely that the influence on endothelial
cells in the blood vessels of tumors gives it the impressive
preclinical activity. It is very clear that tumor vasculariza-
tion is important for activity against tumors in a subcuta-
neous model as it has been shown that tumor cells in the
same site treated prior to vascularization do not respond
(21). Noninvasive monitoring of blood flow has demon-
strated changes in blood perfusion associated with treat-
ment (22). Endothelial cells exposed to combretastatin A4
or the prodrug in vitro show rapid and dramatic effects on
their microtubules (Fig. 4). Although apoptosis has been
demonstrated in endothelial cells (23), the observed
effects do not occur quickly enough for this to be respon-
sible for the rapid in vivo effects on tumor blood flow seen
in numerous studies (13, 15, 21, 24). It is possible that the
rapid shape change induced in endothelial cells is the
primary event in the vascular shutdown demonstrated
in vivo. Studies from this laboratory showed that the com-
bretastatin A4 prodrug not only caused a rapid effect on
microtubules and the actin cytoskeleton in human umbili-
cal vein endothelial cells (HUVEC) but there was also
inhibition of HUVEC network formation and inhibition of
HUVEC migration through type | collagen (21). In any
event, there can be little doubt that the vascular effects
caused by combretastatin A4 are significant for its anti-
tumor properties but there is also evidence that the
effects are not restricted to tumors but can also occur in
neovasculature in nonneoplastic tissue (25). These latter
authors described vascular damage in the hyperplastic
thyroid.

The maijority of the literature referred to in this article
thus far relates to in vitro observations or investigations in
subcutaneously transplanted tumors in rodents. These
systems are clearly far from the real target for drug inter-
vention in patients. There are several studies described in
the literature (26-28) indicating that, even in experimental
studies, tumor site can have an influence on response to
therapy as local biochemical and physiological properties
will play their part. In the case of combretastatin, attempts
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Fig. 4. Confocal microscope appearance of microtubules in
human umbilical vein endothelial cells (HUVECSs). A) untreated
cell, B) disruption of microtubules 30 min after exposure to 0.5
UM combretastatin A4 prodrug (immunostained for a-tubulin).

have been made to tackle this problem experimentally by
the use of orthotopically transplanted tumors or metasta-
tic models. These systems were utilized with the view that
these clinically relevant sites might be more predictive of
effects in patients. The study by Grosios et al. (21) was
the first to demonstrate activity of combretastatin A4
against orthotopically transplanted colon tumors and their
metastases but activity has since been confirmed for
metastatic deposits of the Lewis lung carcinoma (29) and
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a murine model of liver metastasis in colorectal cancer
(30).

In addition to studies on solid cancers, there is also
preclinical evidence of activity in lymphoma (31), although
in vivo studies still suggest a vascular component in the
mechanism of action (32).

Clinical studies

As a result of the exciting preclinical activity of com-
bretastatin A4, the compound was selected for clinical
evaluation in both the U.K. and the U.S. Although the
phase | studies are not published in detail yet, a small
number of meeting abstracts has described the clinical
pharmacokinetics and patient tolerance and, importantly,
there is evidence of effects on tumor vasculature in
patients (33-36). These data provide proof of principle
and indicate that combination studies with other therapies
such as standard cytotoxic drugs or radiation may be use-
ful but they also suggest that more active molecules with
antivascular activity should be sought.

Other analogues

A large number of analogues of combretastatin are
now available but to date few of these have gone on to
detailed in vivo evaluation, so an extensive list has not
been included here. That is not to say that from the
molecules being synthesized and evaluated at present
there may be agents with better pharmacological proper-
ties than the lead agent combretastatin A4 prodrug.

AC-7700 (Fig. 5) is another combretastatin derivative
that has been demonstrated to have preclinical in vivo
activity. This is a water-soluble compound synthesized in
Japan (37-39). It has been suggested that this compound
has stronger antitumor affects against C26 than combre-
tastatin A4 prodrug (40) and tumor vascular shutdown
has been demonstrated (41). Other studies have indicat-
ed that this compound is also active against methyl-
cholanthrene-induced autochthonous primary tumors
(42) and orthotopically transplanted tumors (43).

One analogue that we have evaluated in our labora-
tory is combretastatin A1 prodrug (Fig. 6) (44). This is a
water-soluble phosphate that is highly active in vivo.
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Fig. 5. Structural formula of AC-7700.
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Fig. 6. Structural formula of combretastatin A1 phosphate.

Although combretastatin A1 had been isolated earlier (6),
its development as a potential anticancer agent was ham-
pered owing to the instability (oxidation to the 1,2-
quinone) of the 2,3-dihydroxy unit (45, 46). In a recent
head-to-head comparison in a murine colon tumor model,
antitumor activity was shown to be superior to combre-
tastatin A4 prodrug (47). Further studies are ongoing to
confirm these observations and to identify the reasons for
the seemingly superior activity.

Potent orally active heterocycle-based combretastatin
A4 analogues have recently been described in a prelimi-
nary communication from Abbott Laboratories (48). 3-
Amino-4-methoxyphenyl and 5-N-methylindole were sug-
gested as the best replacements for the 3-hydroxy-4-
methoxyphenyl in combretastatin A4. 4,5-Disubstituted
imidazole was found to be the best replacement for the
Z-double bond in combretastatin A4. Activity has been
demonstrated in the M5046 tumor in mice, although
mechanistic details have not been published.

Conclusions

There are numerous ongoing approaches to develop
molecules that will target the blood supply to human
tumors. Many of these strategies are attempting to target
the process of angiogenesis itself with a view to interrupt-
ing or slowing down the process, thus producing dorman-
cy or cytostasis in the tumor. It is likely that chronic treat-
ment strategies will be necessary for these approaches
as specific inhibitors of steps in the pathways of the
angiogenic cascade are identified. On the other hand, if
an antivascular strategy is employed, i.e., targeting the
existing vasculature supplying the tumor, the treatment is
likely to be more analogous to conventional chemothera-
py and rapid effects on the tumor should occur. The data
that are accruing on the combretastatins indicate that
they fall into the category of antivascular agents. Some
existing clinically useful tubulin-interactive agents pos-
sess a vascular component in their mechanism of action
against murine solid cancer models (49, 50) but the rele-
vance of these observations to clinical responses needs
to be determined. In preclinical terms, the combretas-
tatins seem to have advantages over many existing tubu-
lin agents because the observed effects on tumor vascu-
lature occur well below the maximum tolerated dose.

Combretastatin anticancer drugs

Publication in detail of clinical studies is awaited with
interest, but preliminary data suggest that this is an
extremely interesting group of compounds that is worthy
of further investigation. Very interesting preclinical results
also indicate that molecules other than the combretas-
tatins that bind tubulin at the colchicine binding site may
be useful anticancer agents. The AstraZeneca investiga-
tional prodrug ZD-6126 (N-acetylcolchicinol-O-phos-
phate) has been shown to be active in vivo (51) and to
cause vascular damage in experimental tumors (52).
Much of the experimental work on this compound is avail-
able in abstract form only but the compound has pro-
gressed to phase | clinical study (53).

Studies to date with combretastatins and similar mol-
ecules demonstrate that tubulin still represents a useful
target for drug development for the treatment of cancer,
and well-tolerated molecules that bind at or near to the
colchicine binding site should still be sought.
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