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Abstract: The present review focused on the strategies aimed to possibly solve toxicity problems of distamycins. 

Distamycins are compounds characterized by an oligopeptidic pyrrolocarbamoyl frame ending with an amidino moiety. 

This class of compounds displays antiviral and antibiotic activity and shows interesting antiprotozoal activity related to 

the ability to reversibly bind to the minor groove of DNA with a high selectivity for TA-rich sequences. In consideration 

of their potential therapeutic properties, the synthesis of new distamycin derivatives and especially the development of 

controlled delivery strategies, could lead to important advantages in the clinical use of these molecules, possibly 

overcoming or mitigating the low solubility, specificity and toxicity problems associated with their use. 

To these aims an ensemble of the main synthetic distamycin derived compounds and of the potential drug delivery 

systems for distamycins described in literature is reviewed. 
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DISTAMYCIN A AND RELATED COMPOUNDS: 

ADVANTAGES AND DISADVANTAGES 

 Distamycin A (Fig. 1A) is a naturally occurring antibiotic 
agent isolated in 1962 from the cultures of Streptomyces 
distallicus [1], then obtained by synthesis in solution [2] and 
on solid phase [3], characterized by interesting antibacterial 
and antiviral activities. The most important antiviral effects 
are directed against DNA-containing viruses, such as herpes 
simplex, herpes zoster and vaccine virus, while no activity is 
evident toward RNA viruses [4]. In addition, distamycin A 
was found to show antiprotozoal activity against Plasmo-
dium falciparum

 
[5]. 

 The oligopeptidic pyrrolecarbamoyl frame ending with 
an amidino moiety of distamycin A allows the reversibly 
bind to DNA minor groove via hydrogen bonds, Van der 
Waals and electrostatic interactions. Hydrogen bonding 
between the groove floor base pairs and the linking amides, 
together with the electrostatic stabilizing interactions to the 
protonated amines, are primary contributors to the overall 
ligand/DNA stability. Particularly, a strong preference of 
DNA minor groove with adenine-thymine (AT) rich 
sequences occurs [6-8] probably because the absence of the 
protruding 2-amino group of guanine (G) and the deeper and 
narrower AT minor-groove is optimal for accommodating 
the shape of the compound and for maximizing van der 
Waals contacts. 

 As a result of DNA minor groove occupation, distamycin 
A is a potent inhibitor of Werner and Bloom syndrome 
helicases [9], of the catalytic activity of topoisomerases I and  
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II [10-12] and the transcription of RNA polymerase II [13-
15]. Distamycin A has also been used to study human fragile 
sites, linked to the incidence of cancers and other severe 
disorders.  

 The stoichiometric ratio between distamycin and DNA 
can be 1:1 or 2:1 depending on the DNA sequence. Particu-
larly, distamycin will bind 1:1 minor groove binding within 
DNA sequences with four to five successive AT base pairs. 
On the other hand, the sites having five successive AT or one 
guanine-cytosine (GC) and four AT base pairs can accom-
modate two distamycin molecules stacked head to tail with 
charged groups located at opposite ends.  

 Much of what is known about the way in which minor 
groove binding compounds interact with DNA is based on 
the studies of the distamycin A and netropsin (Fig. 1B) [16]. 
Distamycin A and netropsin have served as the basis for the 
development of “synthetic programmable oligomers”, that 
are molecules made up of functional groups able to read 
individual Watson–Crick base pairs in the order by which 
these functional groups are joined together [17-18]. The 
resulting DNA binding polyamides have allowed the very 
specific targeting of defined sequences within the genome, 
such as transcription factor binding sites. These compounds 
are being exploited for many reasons, including their ability 
to interfere with normal DNA/protein interactions, the 
identification of particular DNA sites within cells, such as 
sequence polymorphisms, and their ability to direct DNA 
binding of artificial transcription factors. 

 Distamycin A and netropsin were also used as DNA 
minor groove sequence-selective vectors of alkylating 
functions. A number of X-ray crystallographic and NMR 
studies have shown that these molecules bind into the minor 
groove of B-type DNA duplexes with high selectivity for 
AT-rich sequences. Van der Waals forces and hydrogen 
bonding play the key role for the DNA binding, whereas 
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hydrophobic interactions and electrostatic binding com-
ponent from the cationic end stabilize the complex [19-21].  

 As reported by literature, distamycins display very 
interesting possibilities to be employed as anticancer drugs 
[7,9-13,16,22]. In addition, distamycin A has driven 
researcher's attention not only for the biological activity, but 
also for its non-intercalative binding to the minor groove of 
double-stranded B-DNA. The pyrrole-amide skeleton of 
distamycin A has been also used as DNA sequence selective 
vehicles for the delivery of alkylating functions to DNA 
targets, leading to a sharp increase of its cytotoxicity. In the 
last years, several hybrid compounds, in which some 
antitumor derivatives or active moieties of known antitumor 
agents have been tethered to distamycin frames, have been 
designed, synthesized and tested [7]. Several efforts have 
been made to modify DNA sequence selectivity and stability 
of the distamycin A based on structural modifications, such 
as the replacement of pyrrole by other heterocycles and/or 
benzoheterocycles, obtaining a novel class of minor groove 
binding molecules called “lexitropsins” (Fig. 1C). The role 
of the amidino moiety, by means of the substitution with 
various groups, which includes ionizable, acid or basic, and 
non-ionizable groups, has been also studied. Other structural 
variant of distamycin A made up of a polyamide chain and 
an alkylating group are called “combilexins” [23].  

 Moreover, in consideration of their potential therapeutic 
properties, the synthesis of new distamycins and especially 
the development of controlled delivery strategies, could lead 
to important advantages in the clinical use of these molecules 
possibly overcoming or mitigating the solubility, specificity 
and toxicity problems associated with their use [24-25]. 

 In this review will be considered several classes of 
distamycins reported in the published literature. In addition, 
some delivery systems for possible distamycins’ adminis-
tration will be here described. These delivery systems are 
proposed since it is known that they (a) can enhance drug 
cellular internalization, (b) can generally decrease unwanted 
systemic toxic effects and (c) may increase drug solubility in 
biological fluids, modulating at the same time the drug 
release profile. Furthermore, in some cases, the use of 
phospholipid vesicles may have the further advantage of 
leading to specific release by passive or active targeting 
strategies [26]. 

TRYING TO SOLVE THE PROBLEMS 

1. Synthesis of New Derivatives 

 It is well known that distamycin A is a good antibiotic 
agent active against some viruses, Gram-positive bacteria 
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Fig. (1). Chemical structure of distamycin A (A), netropsin (B), lexitropsins (C). 
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and protozoa, even if it is quite inactive as antitumor agent 
[1]. During the past few years, studies have indicated that the 
antitumor activity of DNA-binding drugs is not due to an 
interaction with DNA but can be attributed to the inhibition 
of enzymes that regulate DNA topology. However, in order 
to increase the antitumor activity and at the mean time the 
DNA binding affinity of distamycins, a number of natural 
and synthetic molecules have been proposed [21-22,24]. The 
synthesis of new distamycin derivatives could lead to 
important advantages in the clinical use of these molecules 
possibly overcoming many problems associated with their 
use, such as solubility, specificity and toxicity [24-25]. 

 Studies on structure-activity relationship (SAR) demons-
trated that the sequence specificity and high affinity of 
distamycins derives from a combination of many interac-
tions, such as van der Waals contacts, hydrogen bonding and 
electrostatic interactions of the cationic amidine side chain 
with the phosphate backbone of DNA [6]. 

 The structural modifications considered in the present 
review to possibly improve the biological activity of 
distamycins are generally schematized in Fig. (2).  
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Fig. (2). General scheme of structural modifications of distamycin 

A considered in the present review. 

 

 Particularly, the number of pyrrole units, the presence of 
more than one heteroatom within the pyrrole unity, the 
saturation of the eterocycles and the presence of different 
acyl chain residues both at the N- and C-terminus have been 
investigated [16-25,27-75, 115]. 

 To deeper understand structure-activity relationships of 
the distamycin analogues, Khedkar et al. performed a 3D-
QSAR analysis using comparative molecular field analysis 
(CoMFA) to map the structural features contributing to the 
inhibitory activity of these molecules [27]. Three CoMFA 
models, each using activity data against drug-resistant 
bacterial strains, namely methicillin-resistant Staphilococcus 
aureus (MRSA), penicillin-resistant Streptococcus pneu-
moniae (PRSP) and vancomycin-susceptible Enterococcus 
faecalis (VSEF), were considered showing a good correla-
tion and predictive power. It was found that molecules with 
an electropositive substituent on the concave surface facing 
DNA upon binding, and an electronegative substituent on the 
opposite side (the convex surface) at the R1 substitution of 
the distamycin skeleton would exhibit good inhibitory 
activity and also contribute to their broad-spectrum activity. 

 The synthesis of different analogues of distamycin A 
allows the establishment of some important molecular 
requirements for bioactivity. For instance, it was observed 
that the saturation of distamycin pyrrole rings determines a 
high reduction of the DNA binding affinity, thus the new 

derivative structure must maintain the unsaturated N-methyl 
pyrrole rings [28]. 

 Many studies demonstrated that it is possible to achieve 
high affinity and selectivity of DNA binding by the 
distamycin A analogue containing an isopropyl-substituted 
thiazole in place of one of the N-methylpyrroles. This 
derivative is selective for the sequence 5 -ACTAGT-3  to 
which it binds with high affinity [24]. Moreover, it was 
found that a tris-pyrrole analogue of distamycin A lacking 
the N-terminus formamide unit does not affect the ability of 
DNA to bind to AT-rich sequences [29-30]. The synthesis of 
this compound has suggested that this function can be 
dispensed without affecting the DNA-binding properties to 
AT-rich sequences. However, in the absence of H-bond 
donor or acceptor at the N-terminus, a minimum of three 
pyrrole carboxamide units is necessary for the onset of DNA 
binding. On the other hand, the tetra-pyrrole distamycin A 
derivative (Fig. 3A) is characterized by a very low cytotoxic 
effect on L1210 leukemia cell line but it demonstrated an 
approximately 20-fold higher activity with respect to 
distamycin A [16]. Thus, the higher the number of pyrrole 
units in the oligopeptidic frame, the higher the sequence 
specificity for longer tracts of AT-rich DNA, as a result of 
the greater availability of hydrogen bonding and van der 
Waals surface. [31].  

 Tetra-amide derivatives presenting lipophilic alkyl subs-
tituents on the pyrroles, displayed strong antibacterial 
activity against antibiotic resistant strains of Staphylococcus 
aureus and Enterococci [32]. Among the evaluated N-
substituents, it was found that isoamyl and cyclopropyl-
methyl groups led to the most active compounds with 
minimum inhibitory concentrations in the submicromolar 
range. Tetra-amides carrying a methyl-pyrrole did not show 
antibacterial activity [33]. The five-pyrrole distamycin A 
derivative acts as a telomerase inhibitor. Exposure of human 
melanoma cell extracts to this compound induced a dose-
dependent inhibition of telomerase activity. The increase of 
the number of pyrrolic rings over six units produced 
molecules being out of phase with DNA. 

 Moreover, several bis-distamycin derivatives (obtained 
by linking two symmetrical deformyldistamycin residues to a 
dicarboxylic acid derivative) demonstrated higher antiretro-
viral activity, especially against Human Immunodeficiency 
Virus (HIV), with respect to that shown by distamycin A 
[34-35]. For instance, NSC 651016 (Fig. 3B) is able to 
selectively inhibit chemokine receptors involved in the 
entrance of HIV-1 into human cells. In this view, NSC 
651016 could be an attractive candidate as chemotherapeutic 
treatment as well as to prevent HIV-1 sexual transmission 
[36].  

 Other compounds characterized by the presence of one to 
four thiazole units and dimethylaminopropyl or EDTA 
moieties on the C-terminus (see general formula on Fig. 3C) 
showed an higher activity with respect to distamycin A in 
inhibiting HIV-1 reverse transcriptase [37]. 

 In addition, the three N-methyl pyrrole carboxamide units 
of distamycin A linked at the N-terminal position to an 
isothiazole ring lead to the production of various compounds 
(see general formula in Fig. 3D) showing excellent activity 
against a broad spectrum of Gram-positive bacteria [38]. 
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A. Benzoic Acid Mustard Distamycins  

 The groups of Arcamone and D’Alessio [39-40] 
synthesized distamycins substantially more cytotoxic than 
distamycin A, in which the formyl group has been 
substituted by benzoyl nitrogen mustard (BAM), nitrogen 
mustard, halogenoacryloyl and epoxy carbonyl moieties. 
Halogenoacrylic derivatives are peculiar compounds being 
characterized by a moiety (i.e. -bromoacrylic acid) not per 
se cytotoxic but able to interact with biological nucleophiles. 
It has to be underlined that also for BAM derivatives, the 
hig\her the number of pyrrole rings, the higher are both the 
in vitro cytotoxicity and the in vivo potency on L1210 
murine leukemia cells. Particularly, PNU151807 (Fig. 4A) is 
the most active compound being approximately 1000-fold 
more potent than distamycin A [41-42]. Preclinical studies 

revealed that PNU 151807 possesses a broad spectrum of 
activity. 

 The structure–activity relationship of distamycins 
characterized by the presence of different halogenoacrylic 
moieties and modified have been investigated by Cozzi et al. 
[43] 

 It was found that both -bromine and chlorine-acrylic 
derivatives display a high cytotoxicity whereas -
fluoroacylic and acrylic derivatives are characterized by a 
low activity.  

 The acryloyl-substituted distamycins, such as brostallicin 
(Fig. 4B) and PNU-151807 are typified by the presence of 
ionizable or non-ionizable groups instead of the typical 
amidino moiety. For the -bromoacrylamido derivatives, the 
presence of non-basic groups, such as amidoxime or 
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Fig. (3). Chemical structure of tetrapyrrole distamycin (A), NSC651016 (B), general formula of distamycin thiazole derivatives (C) and 

general formula of N-terminal isothiazole compounds (D). 
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cyanoamidine, led to compounds able to maintain or even 
increase the cytotoxicity of the parent amidino derivative 
[44]. 
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Fig. (4). Chemical structure of BAM distamycins: PNU151807 (A), 

brostallicin (B) and tallimustine (C). 

 In this series, the most important compounds are repre-
sented by the -halogenoacrylic derivatives. Particularly, the 

-bromoacrylamido derivative brostallicin was found active 
in vitro and in vivo against a broad spectrum of tumor cell 
lines and tumor xenografts with an improved therapeutic 
window over other alkylating agents, such as bizelesin, 
adozelesin and tallimustine [45]. Based on these results, 
brostallicin has been selected for the phase I clinical 
development. 

 As previously stated, analogues of distamycin A con-
taining many pyrrole units have greater specificity for longer 
AT tracts due to an increase in hydrogen bonding and van 
der Waals surface contacts [6-15]. Distamycin A and its 
four-pyrrole homologue have been used as the DNA 
sequence selective targeting agents to create many synthetic 
compounds containing an alkylating group [42]. Particularly, 
the formyl group of distamycin was changed with benzoyl 
nitrogen mustard or chlorambucil and epoxycarbonyl moie-
ties [16] obtaining compounds considerably more cytotoxic 
than the two components [8, 16].  

 The BAM derivative of distamycin A, tallimustine (Fig. 
4C) was selected as an antineoplastic drug candidate in view 
of its high activity against a wide variety of murine tumors 
and human xenografts and expressed a promising antitumor 
activity both in vitro and in vivo [46]. The cytotoxicity of 
tallimustine is related to the ability to form interstrand cross-
links in DNA that allows the inhibition of DNA replication 

and transcription. On the other hand the antitumor activity of 
tallimustine may be due to the hindrance of the binding of 
some transcription factors to their DNA consensus seq-
uences. Unfortunately, tallimustine showed a severe myelo-
toxicity that probably impaired the achievement of effective 
therapeutic doses and its phase II clinical development was 
discontinued [47-50]. 

 It is remarkable that cytotoxicity can be improved by 
increasing the number of pyrrole residues from three to four 
[39-40]. Moreover, the substitution of the BAM with the 
chlorambucil moiety gave the derivative MEN-10710 (Fig. 
5A), endowed with greater cytotoxicity, in vivo higher 
potency and reduced myelotoxicity with respect to tallimus-
tine. MEN-10710, differently from tallimustine, is able to 
form DNA double-strand cross-links and to induce DNA 
breaks in the same way of classical nitrogen mustard [51]. 
The carbocyclic analogue of MEN-10710, in which pyrroles 
were substituted with phenyl rings, showed very low 
antiproliferative activity (90–100 μM) against MCF-7 
mammalian tumor cells, with an increased affinity toward 
GC sequences [52]. 

 Bielawsky and Bielawska synthesized and studied the 
structure-activity relationship of carbocyclic analogues of 
netropsin and distamycin A [47]. It is worth noting that the 
carbocyclic analogues of netropsin and distamycin are 
readily available, easily modifiable and stable under most 
experimental conditions. It was found that the obtained com-
pounds bind to AT sequences more weakly than netropsin 
and distamycin. However, these compounds showed seq-
uence selectivity and cytotoxic effects in cultured breast 
cancer MCF-7 cells, but did not show significant advantages 
in terms of activity compared to chlorambucil [47]. 

 In a study on chemical and biological activities of 
alkylating agents, Bardos [53] has shown that in aromatic 
mustards, the reactivity is largely controlled by the leaving 
group ability of the halogen and that the replacement of 
chlorine with bromine greatly increased the antitumor acti-
vity in vivo against Walker carcinosarcoma 256 [54]. In this 
view, the effects of the replacement of the bis(2-chloroethyl) 
aniline on tallimustine with bis(2-haloethyl) aniline groups 
was studied, obtaining distamycins with general formula 
reported in Fig. (5B). 

 Comparing the activity of tallimustine both in vivo and in 
vitro on L1210 cell line with that reported for its ortho-
methyl and diortho-methyl analogues, it was confirmed that 
in vivo antileukemic activity is poorly correlated with 
cytotoxicity. Indeed ortho-methyl and diortho-methyl ana-
logues of tallimustine showed very good antileukemic 
activity (higher than that reported for tallimustine), but 
almost 4- and 70-fold lower cytotoxicity, respectively [55]. 

 In order to obtain the increase of both the mustard 
reactivity and the distance between the alkylating moiety and 
the DNA-binding distamycin frame, a new class of dis-
tamycin derivatives, of general formula reported in Fig. 
(5C), was investigated. Particularly, in this class of com-
pounds the distamycin’s formyl group was substituted by an 
alkyl and/or alkoxy substituted cinnamoyl moiety bearing as 
alkylating group an N-(halo) alkyl-N-haloethyl-amino group 
in which the amidino moiety has been replaced by moieties 
of different physico-chemical features [56]. 
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 Among these derivatives, the cinnamic nitrogen mustard 
PNU-157911 (Fig. 6A), due  to  its  increased chemical reac- 
tivity, is considerably more potent both in vivo and in vitro 
against L1210 leukemia than tallimustine itself [55-56]. On 
the other hand, the ethyl-chloroethyl half-mustard PNU-
160366 (Fig. 6B) showed cytotoxicity substantially equi-
valent PNU-157911, although it was less potent in vivo. 
PNU-157911 and PNU-160366 show a cytoxicity/myelo-
toxicity ratio significantly improved as compared to tallimus-
tine, and for this reason they have been selected for further 
extensive evaluation on murine solid tumors and human 
xenografts [55]. 

 The potentiality of one-arm mustard derivatives of 
distamycin A as cytotoxic agents has been confirmed by the 
synthesis of sulphur mustard derivatives of distamycin. 
Indeed, the cinnamoyl sulphur mustard derivative PNU-
193821 (Fig. 6C) is characterized by a potent cytotoxic 

activity against L1210 leukemia cells, being one order of 
magnitude more potent than PNU-157911 and more than 60-
fold more potent than tallimustine [57]. 

 Tallimustine and PNU-157911 were modified in the 
amidino moieties obtaining a series of compounds with 
successful improvement of the biological activities. Parti-
cularly, the BAM derivatives cyanoamidine and N-methyl-
amidine, containing respectively a weak and a strongly basic 
amidine-like moiety, maintains cytotoxic activity both in 
vitro and in vivo comparable to that of tallimustine. On the 
other hand, the low cytotoxicity of amidrazone indicates that 
the presence of an amidino-like structure does not guarantee 
significant activity [58]. Among non-amidine-like deriva-
tives, it has to be underlined the low cytotoxicity and in vivo 
activity against L1210 cells of the tallimustine derivative in 
which the propion-amino moiety has been replaced by a 
dimethyl-aminopropyl group [59]. Otherwise, tallimustine 
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and this last derivative showed the same cytotoxicity when 
tested against human erythroleukemic K562 cells [60]. 

 Taken together these results suggested that the presence 
of a basic moiety is not an absolute requirement for in vitro 
and in vivo activity of distamycin mustard derivatives, thus 
contrasting with the opinion that an electrostatic interaction 
between the cationic moiety of the compound and the 
negatively charged phosphate residues of DNA is one of the 
main contributions to molecular recognition of distamycins. 

B. Heterocyclic Analogues of Tallimustine  

 As a consequence of what above reported, many 
researchers performed the synthesis of distamycins carrying 
other types of heterocyclic rings instead of pyrroles [61-63]. 
Particularly, the synthesis and antitumor activity of tallimus-
tine analogue bearing all the possible pyrrole–pyrazole 
combinations have been investigated in order to find a 
possible relationship between the number of pyrazoles, their 
position and the cytotoxic activity [64-65]. 

 The increased number of pyrrole units in the oligopep-
tidic frame led to an increase of cytotoxicity. Nevertheless, 
the increase of pyrrole units led to an increase of the in vivo 
potency, although failed to improve antileukemic activity. 
On the contrary, the pyrazole homologue showed a 3-fold 
less potent antiproliferative effect as compared to that of the 
parent compound [61-62]. The tripyrazole derivative showed 
a cytotoxic activity in vitro almost 20-fold lower with respect 

to the tripyrrole counterpart tallimustine and substantially 
devoid of antileukemic activity in vivo. 

 Among the synthesized hybrids pyrrole–pyrazole, the 
two isosters of tallimustine carrying pyrazole rings instead of 
the pyrrole near the amidine terminus and the central pyrrole, 
showed cytotoxicity towards L1210 cells comparable to that 
of tallimustine [6,63-65]. The compounds displaying pyra-
zole rings instead of one or two pyrrole units near the BAM 
moiety did not show activity [65]. 

 The antileukemic activity of these pyrrole–pyrazole ana-
logues of tallimustine strictly depends on the positions of 
pyrazole and pyrrole ring. Particularly, the antileukemic 
effect appeared lower when pyrazole was close to alkylating 
moiety. On the other hand, the presence of a pyrrole ring 
nearby BAM moiety was essential to obtain both in vitro and 
in vivo activities. 

 The crucial role of pyrrole ring close to the BAM has 
been also confirmed by the synthesis of two tallimustine 
analogues in which this heterocycle was replaced by 
imidazole [66-67] or thiazole [63]. This replacement trans-
forms the steric interference between the compound and 
DNA into an energetically favorable hydrogen bond. For this 
reason, a novel class of minor groove binding molecules, 
called ‘‘lexitropsin’’ (Fig. 1C), has yielded ligands with an 
increased tolerance for GC base pairs at their binding sites. 
Otherwise, among the derivatives bearing the pyrazole in the 
same position, the thiazole and imidazole tallimustine 
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Fig. (6). Chemical structure of PNU157911 (A), PNU160366 (B) and PNU193821 (C). 
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derivatives were devoid of cytotoxicity being in vitro 700-, 
30-, 40-fold less active than tallimustine, respectively [67-
68].  

 With the aim to obtain new oligopeptides structurally 
related to distamycin but bearing both mixed heterocyclic 
moieties and a nitrogen mustard moiety as alkylating agent, 
the synthesis of a series of hybrid pyrrole–imidazole dista-
mycin analogues, has been reported [69]. It was found that 
the lexitropsin mustards are characterized by a lower 
cytostatic activity (around 10–30-fold) with respect to the 
mustard derivative obtained from distamycin against the KB 
cancer cell line [70]. 

 As previously reported, the type of alkylating moiety 
heavily influences the cytotoxicity of compounds carrying 
the same oligopeptidic chain [68]. In vivo and in vitro studies 
on L1210 murine tumor showed that the di-bromine nitrogen 
mustard PNU 157977 (Fig. 7A) is approximately 40-fold 
more cytotoxic than the di-chlorine counterpart [69]. The 
same compound with a single dose of 1.56 mg/kg caused an 
increased survival time, higher 5- and 3-fold with respect to 
that of tallimustine and bis(2-chloroethyl) aniline derivative, 
respectively.  

 The group of Baraldi has described the synthesis and the 
structure–activity relationship of a series of benzoyl and 
cinnamoyl nitrogen mustards tethered to different benzo-
heterocycles and to two N-methylpyrrole carboxamide units 
terminating with an amidine [25]. The obtained derivatives 
demonstrated a cytotoxic activity 2–50-fold lower as com-
pared to that of tallimustine against human K562 leukemia 
cells. Particularly, the tallimustine isosters bearing an indole 
or a benzothiophene ring showed a 4-fold less cytotoxic 
effect than tallimustine; on the other hand the compounds 

with an N-methyl indole or benzofuran showed a reduction 
in cytotoxicity of 7- and 14-fold, respectively. The obtained 
results may suggest that these derivatives possibly prefer to 
bind to AT-rich sequences with a selectivity comparable to 
that of tallimustine [73]. 

C. Heterocyclic Distamycins 

 Taken in mind that distamycins with a pyrrole 2-carbonyl 
moiety bearing alkylating groups, such as a BAM or an -
bromo acryloyl moieties, are characterized by high cyto-
toxicity on several tumor cell lines and in vivo antitumor 
activity; new potential minor groove binders as novel 
carriers to deliver DNA-reacting groups were proposed by 
Baraldi et al. [25]. 

 The obtained compounds showed in general a cytotoxic 
activity much greater than that of the parent distamycin A 
[25]. It has to be underlined that the type of alkylating group 
had a great effect on the cytotoxicity of compounds showing 
the same oligopeptidic frame, indeed the compounds bearing 
an -bromoacryloyl moiety were at least 60-fold more potent 
than the benzoyl mustard counterpart. In general, for tetra-
oligopeptides owing the same alkylating moiety and a 
different N-terminal heterocycle, it was found that the 
pyrrole nucleus conferred an antiproliferative activity higher 
with respect to compound presenting the pyrazole and 
imidazole rings [74]. 

 In order to obtain potentially more stable minor groove 
binders, aimed to improve the relative instability of the 
polypyrrolic skeleton, Baraldi et al. have reported the design, 
synthesis, in vivo and in vitro antileukemic activity of a 
series of distamycins with general formula reported in Fig. 
(7B). These derivatives are characterized by the presence of 
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Fig. (7). Chemical structure of PNU157977 (A) and general formula of benzo-heterocyclic distamycins (B). 
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different benzoheterocyclic rings (i.e. indole, N-methyl 
indole, benzoimidazole, benzofuran) bearing a nitrogen mus-
tard, or a benzoyl nitrogen mustard or an -bromoacryloyl 
group as alkylating moieties, tethered to the distamycin 
frame. It was found that, the activities of derivatives bearing 
the same alkylating moiety are slightly affected by the type 
of the heteroatom within the benzoheterocyclic ring [74]. 

 The obtained compounds showed in general an in vitro 
activity against L1210 murine leukemia cell line comparable 
to that of tallimustine. Moreover, the compounds having the 
nitrogen mustard and the -bromoacryloyl moieties directly 
linked to benzoheterocyclic ring, displayed higher cytotoxic 
activities with respect to benzoyl nitrogen mustard deriva-
tives of benzoheterocycles.  

 Among these compounds, the 5-nitrogen mustard N-
methylindole derivative of distamycin showed the best 
antileukemic activity in vivo and was selected for further 
extensive evaluation.  

 The positive role of some modifications of the amidino 
moiety is also corroborated considering the -bromoacryloyl 
pyrazole, imidazole, and benzoheterocyclic derivatives of 
distamycin A. In fact, some of these derivatives maintain or 
improve the antiproliferative activity of the parent 
compounds against mouse leukemia L1210 cells; whereas 
the imidazolic amidine derivatives showed a decreased 
activity in comparison to the parent compound, probably 
related to the different ability of the obtained molecule to 
enter the cell [75]. 

2. Use of Macromolecular Carriers  

 The relatively low therapeutic index of the clinically used 
alkylating agents is probably related to the unspecific DNA 
damage involving G-C rich stretches of DNA, thus inducing 
unselective growth inhibition and death both in neoplastic 
and in normal tissues. 

 A variety of approaches have been pursued to overcome 
these limitations, including (as previously reported) the 
synthesis of distamycin analogues and the use of specialized 
delivery systems. The use of delivery systems could be 
indeed useful as method to efficiently and selectively target 
antitumor agents to the tumor site, thus leading advantages in 
the clinical use of these potent drugs [76-78]. 

 Concerning distamycins, only few papers are present in 
the literature proposing the use of delivery systems [79-81]. 
Particularly, among the known delivery systems, liposomes, 
ethosomes and micelles (Fig. 8) have been considered as 
macromolecular carriers for distamycins [79-81]. 

 Liposomes and ethosomes are known to enhance drug 
cellular internalization, to generally decrease unwanted sys-
temic toxic effects, and increase the solubility of lipophilic 
drugs in biological fluids, while at the same time modulating 
the drug-release profile [82,83]. 

 Furthermore, different studies have demonstrated that 
engineered phospholipid vesicles could achieve specific drug 
release to target cells by mean of passive or active targeting 
strategies [84-90]. 

 

Fig. (8). Schematic representation of liposomes (A), ethosomes (B) and micellar systems (C). 
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 In addition to liposomes, other formulations based on 
association colloids, such as micellar systems, have been 
proposed as efficient strategies for the administration of 
drugs with limited solubility in biological fluids [91-92].  

 With respect to micellar systems, the advantages offered 
can be outlined as (a) the increase of solubilization capacity 
of lipophilic compounds, (b) the modulation of both the 
pharmacokinetic and the bioavailability of the drug and (c) 
the stability and simplicity of preparation of micelles [86-
89].  

 Moreover, the amphiphilic properties of the surfactants 
used to prepare micellar systems should potentially increase 
the permeability of the drug through biological membranes, 
which generally results in an enhanced intracellular drug 
concentration [93]. In this view, micellar systems could 
possibly contribute to an increase in the gastrointestinal 
absorption of distamycins, thus facilitating their oral 
administration [94]. 

A. Liposomes 

 Liposomes (Fig. 8A) are simple microscopic vesicles in 
which lipid bilayer structures are present with an aqueous 
volume entirely enclosed by a lipid membrane with phos-
pholipid and cholesterol being the main ingredients. Phos-
pholipids include phosphoglycerides and sphingolipids 
together with their hydrolysis products [95]. Cholesterol may 
be included to improve bilayers characteristics of liposomes 
[96]; increasing microviscosity of the bilayers, reducing 
permeability of the membrane to water soluble molecules, 
stabilizing the membrane and increasing rigidity of the 
vesicles. 

 Many methods for preparation of liposomes are described 
in the literature [96-98]. Most commonly, the film hydration 
method is used [99-100]. 

 Liposomal drug delivery system is advantageous in the 
fulfillment of the aspects related to protection of the drug, 
controlled release of the active moiety along with the 
targeted delivery, and cellular uptake via endocytosis [101-
104]. Besides the merits, liposomes also pose certain 
problems associated with degradation by hydrolysis [105], 
oxidation [106], sedimentation, drug leaching, aggregation or 
fusion [107]

 

during storage. Approaches that can be used to 
increase liposome stability involve efficient formulation and 
freeze-drying. 

 As above reported, only few papers concerning liposome 
encapsulation of distamycins have been published. In parti-
cular, our group in 2004 studied the production and 
characterization of liposomes containing distamycin A and 
one of its alkyl derivatives (C16-Dist) [77].

 

Egg-phospha-
tidylcholine/cholesterol liposomes (4:1 mol/mol), prepared 
by reverse phase evaporation technique and extrusion, lead 
to the obtaining of vesicles with an encapsulation efficiency 
around 19.0% for distamycin A and almost complete for 
C16-Dist (99.8%). The in vitro antiproliferative activity of 
the distamycins-containing liposomes, determined on human 
leukaemic K562 cells, showed an increase of 11-fold and 8-
fold for distamycin A and its alkyl derivative, respectively, 
as compared to that of the corresponding free drug. Taken 
together these results suggested that liposomal formulations 

could increase the activity and specificity of distamycins in 
experimental in vitro antitumor therapy. 

 Another paper of Cortesi et al. [79] studied the com-
parison of liposomes and micellar systems for the delivery 
and possible administration of distamycins. 

 It is well known that micellar solutions are able to 
influence the solubility and stability of lipophilic compounds 
in water. For example, lipophilic drugs can be solubilized by 
the hydrophobic environment within the micelles (direct 
micelles), allowing for improvements in the level of 
bioavailability [108].

 

 

 Particularly, in the mentioned paper all the formulations 
were designed in order to increase the solubility of dis-
tamycins in aqueous environment and to reduce the possible 
toxicity problems related to the administration of these 
drugs. For instance, liposomes were prepared by reverse 
phase evaporation technique and extrusion, then charac-
terized in term of dimensions, morphology and encapsulation 
efficacy. The analysis of their in vitro antiproliferative 
activity on cultured human and mouse leukemic cells dem-
onstrated that liposomes and micellar solutions containing 
distamycins exert quite different effects as compared to that 
shown by the free drug depending on the type of drug and 
also of the cell line used. Our paper considered the influence 
of the delivery system on the activity of a wide number of 
distamycins characterized by different physico-chemical 
properties (e.g. molecular weight, solubility, interaction with 
phospholipid, presence of charged groups, hydrophilic/ 
lipophilic balance…) [79-81]. These chemical modifications 
were introduced in the attempt to obtain more stable 
compounds, possibly increasing the binding to DNA and 
selectivity of alkylation with a concomitant reduction of the 
adverse effects characterizing the pharmacological profile of 
distamycin A [21].

 

 

 In particular, the activity of the natural distamycin A 
(reference compound) and several semi-synthetic analogues, 
that more or less strictly resemble the molecular shape of the 
reference compound, were considered [21].

 

 

 It was demonstrated that, the activity of distamycins 
released by specialized delivery systems is in many cases 
higher with respect to the correspondent drug tested in the 
free form. It should be underlined that as control, the 
antiproliferative effects of the empty delivery systems on 
both cell lines were evaluated. The obtained results 
demonstrated that vehicles do not cause any inhibition of cell 
growth, thus suggesting that the enhanced effect of 
distamycins (where it happens) could be reasonably due to 
the increased solubility and/or bioavailability of the 
encapsulated compounds [80]. 

B. Ethosomes 

 Ethosomes (Fig. 8B) are lipid carriers developed in this 
decade by Touitou et al. [83,109-110]. The ethosomal 
system is composed of phospholipid, ethanol and water 
[110].

 

Ethosomes are most commonly prepared as follows. 
The lipids and the drug are dissolved in ethanol; then the 
aqueous solution is slowly added in a fine stream at constant 
rate in a well-sealed container with constant mixing. Several 
studies investigated the effect of ethanol on physicochemical 
characteristics of the ethosomal vesicles [109-114].

 

One 
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reported characteristic of ethosomes is their small size 
relative to liposomes, due to the incorporation of ethanol 
[110-112].

 

Precisely, the higher the concentration (in the 
range of 20–45%), the lower the size of ethosomal vesicles 
[109]. Ethosomes exhibit high encapsulation efficiency for a 
wide range of molecules including lipophilic drugs. This 
could be explained by multilamellarity of ethosomal vesicles 
[109] as well as by the presence of ethanol in ethosomes, 
which allows for better solubility of many drugs.  

 In a recent study of Cortesi et al. [81], a comparative 
study of the performances of liposomes and ethosomes as 
specialized delivery systems for distamycin A and two its 
benzo-heterocyclic derivatives was described. Liposomes 
and ethosomes were prepared by classical methods extruded 
through polycarbonate filters and then characterized in term 
of size, morphology and encapsulation efficiency. The 
percentage of association of distamycin A was the same both 
in liposomes and in ethosomes (around 16.0%), while the 
two distamycin derivatives showed different results depen-
ding on the types of vesicles. Particularly, the association 
yield was around 80% in liposomes and around 50% in 
ethosomes. This difference was probably due to the presence 
of embedded ethanol within ethosomes that influence the 
hydrophobic environment of the vesicle bilayer. In fact, it 
was supposed that due to their lipophilic characteristics, 
distamycins are reasonably expected to be associated (inter-
calated) within the vesicle phospholipid bilayer. However, 
from the analysis of the freeze-fracture photographs, no 
appreciable alteration of the bilayer structure, due to a 
possible interaction with the drug, was evident. The analysis 
of the in vitro antiproliferative activity of distamycin A and 
its benzoheterocyclic derivatives on cultured human K562 
and mouse leukemic L1210 cells demonstrated that the drugs 
administrated within vesicles are more effective than the 
corresponding free form used in the same conditions. 

CONCLUSIONS 

 This review reported the main advances of the knowledge 
concerning distamycins. Particularly these compounds sho-
wed interesting cytotoxicity both in vitro and in vivo as 
anticancer molecules representing a possible promise of 
clinical efficacy.  

 With the objective to identify promising candidates, 
distamycins have been used as DNA minor groove sequence-
selective vector of alkylating moieties, in which the formyl 
group has been substituted by benzoyl nitrogen mustard 
(BAM), para-phenylbutanoic nitrogen mustard (chloram-
bucil, CHL), cinnamoyl nitrogen mustard, halogenoacryloyl, 
O-methyl sulfonate ester, and epoxycarbonyl moieties, 
disclosing the possibility of obtaining compounds endowed 
with relevant cytotoxic and antitumor activity than dista-
mycin A [43-44]. 

 Hybrid compounds, in which known antitumor com-
pounds or simple active moieties of known antitumor agents 
have been tethered to distamycin frame, have been exten-
sively reviewed in the recent past [115]. The nature of 
antitumor agents and therefore also the rationale that led to 
these compounds were different. The strategy is represented 
by hybrid molecules, combining derivatives of naturally 
occurring alkylating agent or moiety, with a distamycin-like 

minor groove binder, with the aim of combining high DNA 
affinity and sequence selectivity with chemically reactive 
functions. In general the interaction with DNA tends to be 
dominated by the minor groove-binding moiety, that is, the 
conjugates bind to the minor groove with preferential 
interaction with AT-rich sequences.  

 In consideration of their potential therapeutic properties, 
the synthesis of new distamycin derivatives and the deve-
lopment of controlled delivery strategies, could lead to 
significant advantage in the clinical use of these molecules 
possibly overcoming or mitigating the low solubility, 
specificity and toxicity problems associated with their use. 
The development of an efficient drug entrapment protocol 
and studies on in vitro activity are, in fact, essential prere-
quisites to any reproducible clinical trials. The encouraging 
results reported in the recent literature suggest that the 
enhancement of drug activity expressed by delivery systems-
associated distamycins could be interesting in order to obtain 
an efficient therapeutic effect aimed to reduce or minimize 
the toxicity occurring with high dosage of distamycins. 

 Based on these results, the overview here reported could 
be an interesting starting point for future experimental 
therapy of distamycins. 
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