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Using Cytochalasins to Improve Current Chemotherapeutic Approaches
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Abstract: Although the amount of progress cancer therapy has made in recent years is commendable, considerable
limitations still remain. Most agents preferentially target rapidly proliferating cells, thereby destroying tumorigenic
growths. Unfortunately, there are many labile cells in the patient that are also rapidly dividing, ultimately perpetuating
significant side effects, including immunosuppression. Cytochalasins are microfilament-directed agents most
commonly known for their use in basic research to understand cytoskeletal mechanisms. However, such agents also
exhibit profound anticancer activity, as indicated by numerous in vitro and in vivo studies. Cytochalasins appear to
preferentially damage malignant cells, as shown by their minimal effects on normal epithelial and immune cells.
Further, cytochalasins influence the end stages of mitosis, suggesting that such agents could be combined with

microtubule-directed agents to elicit a profound synergistic effect on malignant cells. Therefore, it is likely that cytochalasins could be
used to supplement current chemotherapeutic measures to improve efficacy rates, as well as decrease the prevalence of drug resistance in

the clinical setting.
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INTRODUCTION

Chemotherapy is an ever persistent quandary in the clinical
setting. Although the diversity and versatility of current oncology
drugs have grown substantially in recent years, clinicians and
researchers face the all common issue of preferential damage.
Many agents used in therapeutic measures rely on a fundamental
characteristic of virtually all malignant cells; that of uncontrolled,
aberrant cell proliferation. From cisplatin to paclitaxel (taxol), such
agents preferentially target rapidly proliferating cells, thereby
destroying tumorigenic growths. Unfortunately, there are many
labile cells in the patient that are also rapidly dividing and hence,
are damaged by the cytotoxic effects of these agents. Not only do
many patients begin to lose their hair and have troubles with their
gastrointestinal tract as a consequence of such regimens, but
patients often experience immunosuppression [1]. Most chemo-
therapeutic regimens depress the immune system, often by
interfering with the bone marrow’s supply of hematopoietic stem
cells (HSCs). This subsequently perpetuates a substantial decrease
of erythrocytes (red blood cells), leukocytes (white blood cells)
and megakaryocytes (cells that give rise to platelets). As such,
immunosuppression is an unintended consequence of many
current chemotherapeutic options. Further, although often initially
successful, many known chemotherapeutic agents run into the issue
of drug resistance when a few unaffected cells end up repopulating
a tumor [2]. Increasing the efficacy of these proven cytotoxic drugs
would be a significant discovery in its own right and could
significantly increase the rate at which successful treatments are
attained.

By default, malignant cells have a perturbed cytoskeleton due to
the effects of dysplasia and subsequent anaplasia [1]. With so many
alterations present in malignant cells, the cytoskeleton provides an
ideal opportunity for preferential damage. Cytochalasins are
mycogenic toxins that bind filamentous (F)-actin, thereby blocking
polymerization. Consequently, microfilament formation is
considerably inhibited [4]. This in turn affects cellular morphology,
inhibits cellular processes such as cell division, and even induces
apoptosis [1-5]. Further, cytochalasins permeate cell membranes,
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prevent cellular translocation, and cause cells to enucleate [4]. In
effect, cytochalasins influence other aspects of biological processes
unrelated to actin polymerization, substantiating its already diverse
mechanisms of action [5]. More than 60 different cytochalasins
from several species of fungi have been classified into various
subgroups based on the “size of the macrocyclic ring and the
substituent of the perhydroisoindolyl-1-one residue at the C-3
position” [4]. Consequently, there are a substantial variety of
mycogenic agents to examine for efficacy in chemotherapy.

Although cytochalasins have been predominantly used for
understanding the importance of actin in various biological
processes, there have been considerable in vitro and in vivo data
that suggest such agents exhibit profound anticancer activity. In
particular, the efficacy of cytochalasin B has been widely
investigated, demonstrating promise in a variety of cell lines and
mouse models [6-10]. It has also been indicated that cytochalasins
have the potential to increase the efficacy of chemotherapeutic
agents currently used in the clinic through a synergistic effect
[2, 11]. Since cytochalasins have the ability to enlarge malignant
cells, such agents have also been investigated in physicochemical
treatment modalities, such as the experimental sonodynamic
therapy (SDT), an ultrasound therapy that preferentially damages
cells based on size [2, 12]. With their diverse mechanisms of action,
cytochalasins appear to be an ideal chemotherapeutic agent to
combat a diversity of neoplastic cell lines. This is particularly true
for drug resistant cell lines, as the phenomenon typically occurs
when the chemotherapeutic regimen has only a few methods in
which to preferentially damage the malignancy. Therefore, in this
review, cytochalasins will be examined in explicit detail to
determine whether they indeed have clinical potential. If these
congeners indeed hold promise, they may be applied in the clinical
setting in combination with current chemotherapeutic approaches to
increase the efficacy of applied treatments.

MOLECULAR STRUCTURE

Cytochalasins comprise a tremendous diversity of fungal
metabolites. As expected, the structures of these mechanistically-
related molecules vary considerably, resulting in a diverse range of
biological interactions. Cytochalasins are characterized by a highly
substituted perhydro-isoindolone structure that is typically attached
to a macrocyclic ring. This macrocycle can vary tremendously
between cytochalasins as carbocycles, lactones or even cyclic
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carbonates have been identified [13]. Congeners often contrast in
the amino acid incorporated into the polyketide carbon skeleton.
Consequently, the hydrogenated isoindolone can have a variety of
substituents: a benzyl group (cytochalasins), a p-methoxybenzyl
group, an (indol-3-yl)methyl group, a 2-methylpropyl group
(aspochalasins) or a methyl group (alachalasins) (Fig. 1) [13-15].
These variations in the size and the substitution pattern of this
macrocycle further increase the chemical diversity, and subsequent
biological functioning of cytochalasins.

Although cytochalasins are typically derived from fungal
metabolite extracts, there has been recent work to synthesize the
fundamental carbon skeleton found in such agents [16].
Heterologous expression of the cytochalasin polyketide synthase-
non-ribosomal peptide synthethase (PKS-NRPS) hybrid gene CcsA
and the trans-acting enoyl-CoA reductase gene CcsC in Aspergillus
oryzae (fungus known to produce cytochalasins) resulted in the
production of a novel metabolite possessing the cytochalasin
backbone needed for subsequent synthesis of more complex
derivatives. While the synthesis was notably complex, the results
established that CcsA is capable of constructing the octaketide
connected with phenylalanine in collaboration with CcsC, allowing
the CcsA R domain to catalyze reductive cleavage of the thio-
tethered PKS-NRPS product. The reduced product can then be
converted into putative intermediate analogs dihydro-1 and
pyrrolinone dihydro-2 via oxidation of a primary alcohol with a
subsequent Knoevenagel condensation. This ultimately suggests
that an intramolecular Diels-Alder reaction (IMDA) can be used in
the construction of the characteristic perhydro-isoindolone
macrocyclic system needed for cytochalasin biosynthesis. The
result of this study should not be understated for their importance as
it suggests cytochalasins may be synthesized under controlled
conditions rather than having to rely on fungal metabolite
extractions for sufficient quantities of cytochalasins. If such agents
do in fact exhibit profound anticancer activity, such a method opens
the opportunity for industrial synthesis.

Macrocycle Skeleton of
Cytochalasins

Chaetoglobosin K

Aspochalasin A
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MECHANISMS OF ACTION

Cytochalasins encapsulate a tremendous diversity of mycogenic
toxins that are unique in both structure and targets. As a result, the
mechanisms by which these pharmacological agents damage
malignant cells are immense. Cytoskeletal alterations and changes
in cellular morphology, motility, and adhesiveness are characteristic
features of malignant cells [17, 18]. As such, microfilaments have
become promising targets for chemotherapy. In contrast to
microtubules, which have been targeted successfully with
antineoplastic drug classes such as epothilones (ixabepilone)
taxanes (paclitaxel and docetaxel) and vinca alkaloids (vinblastine,
vincristine, vindesine, vinflunine and vinorelbine), no microfilament-
targeting drugs are currently being used in the clinical setting [17,
18]. Therefore, using cytochalasins to preferentially damage
malignant cells through actin disruption is a novel prospect.

All cytochalasins demonstrate the propensity to bind F-actin,
thereby blocking polymerization (Fig. 2). The two congeners used
most extensively in anticancer research are cytochalasins B and D
[4, 13]. Their mechanisms will be discussed at length, as these
agents have been shown to preferentially damage a considerable
variety of neoplasms. It is important to note that while
cytochalasins B and D have been the most investigated, there has
been a study examining the in vitro anticancer activity of eight
natural cytochalasins, and three hemisynthetic derivatives of
cytochalasin B on six cancer cell lines [4]. The study indicated that
most cytochalasins demonstrate the capacity to inhibit tumorigenic
growth, especially cancer cell lines displaying noticeable levels of
resistance to pro-apoptotic stimuli when compared to cancer cell
lines sensitive to these stimuli. This tentatively suggests that
cytochalasins may be useful against malignancies known to
circumvent apoptotic signaling, a method of drug resistance
observed in the clinic. Further research will be needed to determine
whether these other congeners exhibit the same propensity for
preferential damage as do cytochalasins B and D [6, 9, 12, 19, 20].

Alachalasin A

Fig. (1). Diversity of cytochalasins. Cytochalasins are characterized by a highly substituted perhydro-isoindolone structure that exhibits tremendous
heterogeneity due to the variety of macrocyclic rings that are fused to the carbon skeleton. The hydrogenated isoindolone bears a diversity of structures: A) the
numbering system of the macrocycle skeleton of cytochalasins, B) benzyl group, C) p-methoxybenzyl group, D) (indol-3-yl)methyl group, E) 2-methylpropyl
group, and F) methyl group. It is the variation of the size and the substitution pattern of this macrocycle that substantially increases the chemical diversity of

cytochalasins.
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Fig. (2). Mechanisms of cytochalasins B and D. It is known that cytochalasins bind the growing barbed (+) end of microfilaments, thereby inhibiting
polymerization. In addition, cytochalasin D stimulates ATP hydrolysis in formed G-actin dimers, preventing the formation of viable microfilaments. It is also
known that cytochalasin B promotes F-actin capping protein (CP) activity, considerably inhibiting the length of polymers.

Mechanisms of Cytochalasin B

Derived from the metabolic processes of Helminthosporium
dematioideum and other fungi [21], cytochalasin B has been the
most studied cytochalasin in terms of potential for chemotherapy.
As such, its mechanism of action has been characteristically
described. In terms of structure, cytochalasin B contains several
highly polar keto- and hydroxyl groups and a single peripheric
hydrophobic benzyl unit (Fig. 3). It has been proposed that
cytochalasin B inhibits actin polymerization by binding the fast-
growing (barbed) end of F-actin, as well as interacting with capping
proteins (CAPZA1 and others in the F-actin capping protein o
subunit family, Fig. 2) [21-24]. By doing so, cytochalasin B inhibits
subsequent processes following actin polymerization, such as
microfilament formation. This inhibition can disrupt all three major
steps of actin polymerization (nucleation, elongation and steady
state/annealing). Nucleation is essential for microfilament
formation, as this oligomerization is the rate-determining step of the
polymerization reaction. Once the processive reaction begins, it
continues until the physiological maximum of the polymerization
rate is attained [21]. As such, cytochalasin B can prevent nucleation
from ever occurring, thereby destroying any potential for
microfilament formation. Once the polymerization reaction has
begun, elongation is favored at the barbed end of the growing
filament [25]. The influence of cytochalasin B on elongation is
pronounced, as the agent acts preferentially towards the barbed

Cytochalasin B

Fig. (3). Structure of cytochalasin B. There are several highly polar keto-
and hydroxyl groups, and a single peripheric hydrophobic benzyl unit.
Common to virtually all cytochalasins, the characteristic rigid bicyclic
isoindolone core fused to a macrocyclic appendage is present.

end of the growing microfilament. Under appropriate conditions,
cytochalasin B can inhibit actin polymerization in excess of 90%
[26]. Annealing is the last step in polymerization, and while
cytochalasin B appears to be highly effective against nucleation and
elongation, its potency in this final stage is significantly reduced
[21, 23]. Therefore, cytochalasin B has its most influence on the
first two steps of actin polymerization.

As indicated by its molecular structure, cytochalasin B contains
a f-unsaturated ester which has a substantial propensity to undergo
Michael-type conjugations with nucleophiles [27]. As such, it is
likely the inhibitory potential of the pharmacological agent involves
the thiol groups of several molecules within the reaction site [28,
29]. Due to this pronounced reactivity, the thiol groups are no
longer available for disulfide bond formation, necessary for further
actin polymerization [29, 30]. Consequently, the barbed ends of
the filaments are blocked by nonreactive functional groups. An
analogous principle is used by capping proteins that provide a
natural limiting factor towards actin polymerization [22]. After
polymer initiation, the subsequent step in actin polymerization is
the deprotonation of the thiol group of monomeric globular (G)-
actin. This enables the sulfur atom to become charged, making it
available for actin polymerization. Sufficient concentrations of
cytochalasin B compete with thiol deprotonation, as the f-unsaturated
ester of cytochalasin B reacts with the actin thiol via a reaction with
the charged sulfur onto the f-carbon [21]. Such action reciprocates
n-bond dislocation on the left site of the B-carbon, causing resonant
structures to form. This eventually perpetuates dislocation of the
negative charge between the a-carbon and the oxygen, followed by
protonation to mitigate the negative charge (the hydronium ion
needed for reactivity is formed during sulfur activation) [21]. In
summary, actin polymerization becomes aberrantly influenced by
cytochalasin B reactivity, and is unable to sustain sufficient
polymerization reactions to produce viable microfilaments.

Taking a broader perspective in regards to its potential efficacy
in chemotherapy, cytochalasin B is a known cytokinesis inhibitor
that disrupts the actin cytoskeleton and interferes with formation of
the contractile ring, as well as the development of the cleavage
furrow. Consequently, the cell is unable to divide, permeating a
weakened cytoskeletal network. In addition, the cell continues to
form nuclei and becomes enlarged and multinucleated (Fig. 4).
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Fig. (4). DAPI nuclear staining of U937 monocytic leukemia and MCF7 breast carcinoma cells after treatment with cytochalasin B. 1A) Untreated U937 cells
are mononucleated. 1B) U937 cells 48 hours post-administration of 1.5 uM cytochalasin B are considerably enlarged and multinucleated. Photomicrographs
were taken under identical conditions of magnification (100X). 2A) Binucleated MCF7 cell. 2B) Tetranucleated MCF7 cell. C) Trinucleated MCF7 cell. All
MCF7 cells were exposed to 1.0 M cytochalasin B for 7 days. Photomicrographs were taken under identical conditions of magnification (400X). Nuclear
content was visualized with DAPI (4', 6-diamidino-2-phenylindole). Images are from the laboratory of the author.

Such cells have more DNA targets, increasing the likelihood of
apoptosis when combined with a nucleic acid-directed agent; it only
takes a single nucleus to undergo programmed cell death before a
chain reaction is triggered, potentiating cell death [1, 3]. This is in
accordance with O’Neill (1975) [10], as the study indicated
substantial drug synergy between cytochalasin B and the nucleoside
analog cytarabine. Further, the multinucleated cells have an
increased cell volume, making them more susceptible to physical
agitation, such as low frequency ultrasound [12]. Preferential
damage to malignant cells is facilitated by the fact that normal
cells exposed to cytochalasin B exit the cell cycle, and enter the
G resting state until sufficient actin levels are restored [3]. Therefore,
only malignant cells that have lost the ability to enter the rest phase
will become enlarged and multinucleated, providing an ideal target
for concomitant chemotherapy.

Mechanisms of Cytochalasin D

Although similar in structure to the more commonly used
cytochalasin B, there are noticeable differences in the functional
groups of cytochalasin D. The congener is an isomeric metabolite
of cytochalasin B, derived from Metarrhizium anisopliae and
Zygosporium mansonii [31]. Although it retains the characteristic
substituted perhydro-isoindolone attached to a macrocyclic ring,
cytochalasin D has differences in the positioning of an ester group
as well as the addition of a ketone group, and a contrast in the
placement of double bonds (Fig. 5). While these differences may
appear subtle, it has an enormous influence on efficacy, as
cytochalasin D is much more efficient at disrupting actin
polymerization [32]. It is so effective at disrupting microfilament
formation, there are concerns as to whether cytochalasin D could
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Cytochalasin B

Fig. (5). Structure of cytochalasin D. Although its carbon skeleton is very
similar to cytochalasin B, there are differences in positioning of an ester
group as well as the addition of a ketone group, and a contrast in the placement
of double bonds near the ester group. Due to these slight differences in
structure, cytochalasin D is much more potent than cytochalasin B in terms
of disrupting actin polymerization.

act as a chemotherapeutic agent. A pharmacological agent that does
not act specifically towards the intended target is not a therapeutic
drug; it is a poison. Nevertheless, several studies have demonstrated
the efficacy of cytochalasin D on a variety of neoplastic cell lines
[20, 33-35], warranting further consideration for use as a viable
chemotherapeutic agent.

The remarkably high propensity cytochalasin D has for disrupting
actin polymerization is enough by itself to warrant the understanding
of its mechanism. As with cytochalasin B, cytochalasin D perturbs
actin cytoskeleton dynamics by binding to the barbed end of
actin filaments [36, 37]. When exposed to G-actin monomers,
cytochalasin D induces G-actin dimer formation in the presence of
Mg?*, thereby eliminating the polymerization lag phase due to
accelerated nucleation by the dimers [38, 39]. ATP hydrolysis is
also stimulated by cytochalasin D (Fig. 2), a feature that ultimately
contributes to the efficacy of the agent, as perpetual ATP hydrolysis
prevents the formation of viable microfilaments [40, 41]. Therefore,
the mechanism can be summed up as follows: when cytochalasin D
is introduced into a cellular environment, it sequesters Mg>" which
is essential for the formation of cytochalasin D-induced dimers
[42]. In turn, the dimers act as nuclei to potentiate further dimer
formation. Binding of Mg®" to a low affinity site on the dimer
induces a conformational change that enables enhanced ATP
hydrolysis. Such action results in dissociation of the now numerous
dimers, causing the release of G-actin monomers containing ADP.
This considerably reduced rate of ATP exchange for bound ADP
results in the aggregation of ADP-containing monomers. As these
monomers have a high critical concentration, the final extent of
polymerization is reduced dramatically, thereby preventing sufficient
formation of microfilaments [42].

Besides its ability to substantially limit actin polymerization,
cytochalasin D is cell-permeable and has been shown to activate
p53-dependent pathways, causing arrest of the cell cycle at the G1-
S transition [43]. Activation of p53 is of monumental clinical
importance as this well-known tumor suppressor gene is critical for
inducing apoptosis in aberrant cells. While many cancers lose p53
activity through a series of mutations, there are other cancers that
have functioning p53 protein products, indicating that such cells
could be coerced into cell death via cytochalasin D treatment. Akin
to its isomeric relative cytochalasin B, cytochalsin D is also a
potent cytokinesis inhibitor, transforming cells into enlarged,
multinucleated cells that have a significantly perturbed cytoskeleton
and multiple targets for nucleic acid-directed agents. Taken together,
cytochalasin D is an effective disruptor of actin polymerization, but
has yet to be sufficiently examined to determine whether it will act
preferentially towards malignant cells.
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CYTOCHALASINS IN CHEMOTHERAPEUTIC STUDIES

Cytochalasins are potent actin inhibitors that can have a
substantial influence on cellular structure and physiology. However,
as to date, cytochalasins have typically been thought of as crucial
experimental agents for probing mechanisms of the cytoskeleton.
Few clinicians would likely delineate cytochalasins as valid
chemotherapeutic agents. In fact, there has yet to be a clinically
approved microfilament-directed agent used in cancer therapy; and
yet, there has been substantial evidence suggesting that cytochalasins
and other actin inhibitors may be vital anticancer agents. Using
chemotherapeutic agents to preferentially damage the cytoskeletons
of malignant cells is a tactic long exploited in the clinical setting.
Microtubule-directed agents such as taxanes and vinca alkaloids are
commonly used anticancer agents that primarily act as mitotic
poisons, thereby inducing cell cycle arrest, and eventual apoptosis.
Since microtubules are pivotal for successful mitosis, inhibiting
normal function of these polymers can be particularly devastating
for rapidly proliferating cells, henceforth ideal for disrupting
tumorigenic growths [44, 45]. Further, it has been shown that such
agents also induce an apoptotic response in various cancer cell lines
[46-48]. As has been shown and will now be further detailed,
cytochalasins are also potent mitotic inhibitors, but act during
cytokinesis at the end of the event. Therefore, it is likely the
concomitant use of microfilament and microtubule-directed agents
would have a profound synergist effect on disrupting cancer
proliferation. It is hoped that the evidence provided for the efficacy
of cytochalasins will inspire further research investigating the
potential of such agents in the clinical setting.

Experimental Evidence of Cytochalasin B

Most studies that have examined the anticancer activity of
cytochalasins concentrated their efforts on cytochalasin B as it
appears to be a safer alternative to the more potent cytochalasin D.
As such, there is considerable experimental evidence to suggest that
cytochalasin B is a viable chemotherapeutic agent. /n vitro evidence
of the efficacy of cytochalasin B has spanned the course of many
years. Steiner et al. (1978) [7] were one of the first groups to
experiment with the microfilament inhibitor on a malignant cell line
when they exposed BALB/c mouse mammary cells of various
tumorigenic potential to 1.0-3.0 pg/ml cytochalasin B. In response,
highly tumorigenic mammary tumor cell lines with hormonal
(ESD/BALB), viral (MTV-L/BALB), or chemical carcinogen
(DMBA-2/BALB) ctiologies were extensively multinucleated
(= 3 nuclei/cell) after exposure (Fig. 6). By contrast, normal mammary
gland epithelial cells derived from either pregnant or lactating mice
were predominantly unaffected under similar conditions. Such
results were later confirmed by Medina, Oborn, and Asch (1980)
[8] when they exposed BALB/c mice derived breast carcinoma cells
to 1 ug/ml cytochalasin B for 48 hours, as once again, neoplastic
cells were much more sensitive to the microfilament-directed agent
than normal epithelial cells.

While the in vitro results are intriguing, cytochalasin B has also
shown in vivo efficacy as well. When cytochalasin B was injected
subcutaneously (s.c.) at 10 or 100 mg/kg single doses 24 hours after
s.c. challenge of B6D2F; mice with trocar implants of B16F10
murine melanoma cells, the appearance of measurable tumor
nodules was delayed by 93 and 157% respectively and extended
host survival by 26 and 65% [6]. Tumorigenic growth was also
delayed when cytochalasin B treatment was given 1 day after the
appearance of notable tumor nodules in the mice. To supplement
these findings, the same study introduced Madison 109 murine lung
carcinoma cells into CD2F; mice challenged s.c. Cytochalasin B
was then injected s.c. at 100 or 150 mg/kg 24 hours after initial
tumor challenge. As a result, cytochalasin B-treated mice showed a
66% delay in the median day of tumor nodule appearance. When
administered under these conditions or at the time of nodule
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Fig. (6). Cytochalasin B preferentially multinucleates breast carcinoma cells.
A) ESD/BALB-clone 3 tumorigenic mammary cells; B) MTV-L/BALB
clone 2 tumorigenic mammary cells; C) DMBA 2/BALB clone 4 tumorigenic
mammary cells; D) primary cells from a tumor produced by the DMBA-
2/BALB clone 4 cells; E) normal mammary gland cells of pregnant animals;
F) normal mammary gland cells of lactating animals. Cells were incubated
in medium supplemented with cytochalasin B (1.5 pg/ml) for 5 days. When
the proportion of cells with > 3 nuclei/cell is compared for A to D versus E
and F, p < 0.005. While normal cells underwent slight binucleation, it was
significantly less severe than the multinucleation experienced by the
malignant cells. Graph courtesy of [7].

appearance, cytochalasin B markedly inhibited the progression of
tumor growth, substantially reduced tumor invasion at day 23,
extended life span by 23%, and significantly inhibited spontaneous
lung metastases measured 28 days after tumor challenge [6].
In a later study, the same laboratory also showed that immuno-
suppression induced by cytochalasin B can be mitigated through the
introduction of human recombinant interleukin-2 (rhIL-2) [9].

Since cytochalasin B is a microfilament-directed cytokinesis
inhibitor, it seems possible that using the agent in tandem with a
known microtubule-directed mitotic inhibitor would elicit a
profound synergistic effect. In theory, this provides malignant cells
very few opportunities to carry out a successful mitosis as the
microtubule-directed agents would prevent proper formation of a
spindle fiber, while any cells that managed to evade this mechanism
and replicate their nuclei would be unable to undergo cytokinesis.
Therefore, any malignant cells that manage to circumvent the
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microtubule-directed agents would likely be contained by the
microfilament-directed agents. Multinucleated cells not only have
compromised cytoskeletal integrity, but also are much more likely
to experience apoptosis, as it only takes a single nucleus to trigger a
chain reaction, culminating in the destruction of the cell [3].

As it turns out, there is evidence of a synergistic relationship
between microfilament and microtubule-directed agents. In an
effort to analyze the potential synergistic effects of cytochalasin B
and vincristine, cell lines EL4 (H2b T-cell lymphoma), P815 H2¢
mastacytoma), Z2B (human Epstein-Barr virus transformed), CH33
(H2%, B-cell lymphoma), and LS102.9 (H2° B-cell lymphoma)
were exposed to cytochalasin B-alone, vincristine-alone, and
cytochalsin B/vincristine treatments [11]. As the results indicated,
all cell lines showed the highest rate of DNA fragmentation with
the cytochalasin B/vincristine treatment. It was in fact greater than
the sum of DNA fragmentation caused by either agent alone,
warranting the basis of a synergistic relationship. In particular,
P815 cells treated with vincristine and cytochalasin B had substantial
rates of DNA fragmentation. Therefore, using microfilament-
directed agents in combination with microtubule-directed agents
may offer a novel chemotherapeutic approach.

Experimental Evidence of Cytochalasin D

Although there is some concern over the potency of
cytochalasin D, studies examining its potential for use as a
chemotherapeutic agent have found promising results. In an in vivo
study involving BALB/c mice successfully challenged with CT26
murine colorectal carcinoma cells, mice were injected intravenously
(i.v.) with various doses of cytochalasin D (12.5, 25, 50 and 100 mg/kg
in 200 uL DMSO) [33]. Subsequent results revealed the apparent
efficacy of cytochalasin D. The agent readily inhibited CT26 cell
proliferation in a time and dose dependent manner and induced
significant CT26 cell apoptosis. The level of apoptosis was so high
that it almost reached the level induced by the positive control
TACS nuclease. Further, cytochalasin D effectively inhibited tumor
angiogenesis, indicating that the agent can attack tumorigenic
growths through multiple mechanisms.

The fact that cytochalasin D has the potential to induce
apoptosis in malignant cells is very encouraging, as currently
approved chemotherapeutic agents often rely on this mechanism to
damage neoplasms. Apoptosis is a much more controlled event than
necrosis or lysis, both of which can potentiate inflammation and
other immunological complications. Inflammation is a very serious
issue in chemotherapy, as the immune response will invariably
elicit growth factors and cytokines that promote repair as well as
growth; the same cellular signals that proliferating tumors thrive
on [49, 50]. Therefore, chemotherapeutic agents that can cause
widespread apoptosis in tumors and metastases are of substantial
clinical utility.

However, there still remains concern regarding the safety of
cytochalasin D, as it is an extremely potent actin polymerization
inhibitor, and finding appropriate dosages may prove to be
problematic. Fortunately, there are a variety of drug vehicles
available that could potentially increase the safety and efficacy of
the agent. Specifically, cytochalasin D can be encapsulated in
polyethylene liposomes to prevent immunological recognition until
it reaches an intended tumor. Liposomes have been extensively
examined for their abilities to improve drug delivery and have been
used for a substantial variety of medicines, including cytotoxic
agents, antibiotics, and antifungal agents [51]. In regards to cancer
therapy, liposomes have been shown to reduce side effects and
promote targeted tumor damage. This is due in part to their ability
to substantially aggregate at tumor sites by leaking through pores
and defects in tumor capillary endothelium [52]. Perhaps even more
profound is the fact that polyethylene glycol (PEG) coated
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liposomes can remain unnoticed by opsonins that label foreign
substances for macrophage phagocytosis. This in turn delays the
subsequent clearance by immune cells, allowing sustained exposure
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more efficiently than natural cytochalasin D. Even the half-life of
liposomal cytochalasin D in the plasma (T;;,) was substantially
longer than that of natural cytochalasin D (4 hours vs. 10 min). All

to neoplastic cells, ultimately perpetuating increased efficacy [20, 53]. of these benefits were observed in liposomal cytochalasin D, while

still retaining the antitumor activity of the natural compound (Fig. 7).
It is important to note that no significant side effects were observed
in mice treated with liposomal cytochalasin D, suggesting that this
enhanced form of cytochalasin D may be a viable chemotherapeutic
agent.

In a comparative study between pegylated cytochalasin D and
its natural form, high-performance liquid chromatography (HPLC)
of the biodistribution of the agents in tumor-bearing mice showed
that pegylated cytochalasin D was readily dissolved in water for i.v.
injection, while natural cytochalasin D proved to be problematic.
Further, liposomal cytochalasin D accumulated in tumor tissues
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Fig. (7). Increased efficacy of cytochalasin D through liposome integration. 1) Inhibition of cell proliferation. A) B16 cells were treated with various doses of
PEG-modified liposomal CytD (CytD-PEGL), natural cytochalasin D (nCytD) or empty pegylated liposomes (PEGL) (the same dose as the CytD-PEGL
group) for 36 hours. B) B16 cells were treated with CytD PEGL (10 pg/ml, based on cytochalasin D containing PEGL about 30 pg/ml), nCytD (10 pg/ml), and
PEGL (30 pg/ml). Cell viability was detected by MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl tetrazolium bromide) assays for various time intervals. All
values are the mean values from three independent experiments; bars indicate SEM. *P < 0.05 or less. 2) Induction of cell apoptosis in vitro. Apoptosis
induced by CytD-PEGL and nCytD almost exceeded 2/3 the level induced by the nuclease as a positive control. The graph depicts results of a representative
experiment run in triplicate. Data are expressed as mean £ SEM. * P < 0.01. 3) Induction of antitumor activity in vivo. (A and D) B16, (B and E) CT26 and (C
and F) H22 model mice were randomly divided into four groups (n = 10) and injected i.v. with CytD-PEGL (50 mg/kg once every 3 days for 21 days), nCytD

(the same dose as CytD-PEGL), cisplatin (DDP) (5 mg/kg on days 1, 8, and 15 after initiation of CytD-PEGL treatment) and PBS, respectively. Graphs
courtesy of [20].
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CONCLUSION

Although there has yet to be a successfully developed
microfilament-directed agent approved for use in the clinical
setting, cytochalasins appear to show promise for improving current
chemotherapeutic approaches. Specifically, cytochalasins B and D
have demonstrated impressive in vitro and in vivo results in a
diversity of cancer cell lines. These agents are predominantly
known for their propensity to disrupt actin polymerization, but have
a substantial variety of other mechanisms to damage tumorigenic
growths. Perhaps the most provocative use of cytochalasins in
chemotherapy would be to combine the agents with currently
approved microtubule-directed agents such as epothilones, taxanes or
vinca alkaloids. It is likely that the concomitant use of microfilament-
and microtubule-directed agents would have a substantial synergist
effect on disrupting cancer proliferation, as both have a unique
target in the cell cycle. While microtubule-directed agents are most
effective during mitosis as they disrupt the formation or degradation
of spindle fibers, microfilament-directed agents exert a substantial
influence on actin fibers used in cytokinesis. Malignant cells that
managed to circumvent the microtubule-directed agents during mitosis
would therefore also have to be resilient towards microfilament
perturbation.

While the practical applications of cytochalasins have typically
been limited to understanding cytoskeletal mechanisms, the
microfilament-directed agents appear to have substantial promise as
chemotherapeutic agents. However, the efficacy of this broad
molecular family has been shown predominantly in only two
congeners (cytochalasins B and D), and more research is required to
determine if other cytochalasins have clinical potential. If
cytochalasins and other microfilament-directed agents do prove to
have clinical relevance, they could be used in combination with
currently approved chemotherapeutic agents to increase the efficacy
of established protocols. Before that, cytochalasins need further
preclinical in vivo evaluation to properly assess their clinical
potential. Only through such measures will enough data be acquired
to definitively determine whether cytochalasins are capable of
providing a novel avenue of chemotherapy.
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