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The violet pigment violacein is an indole derivative,
isolated mainly from bacteria of the genus Chromobac-
terium, which exhibits important antitumoural, anti-
microbial and antiparasitary properties. Furthermore,
the formulation of violacein in different polymeric
carriers developed so far offers alternative approaches
to overcoming physiological barriers and undesirable
physicochemical properties in vivo, thus improving its
efficacy.

Introduction

Natural products have had a historical success as biologically
active structures and are candidates for therapy [1-8]. In
this context, the purple-coloured pigment violacein [3-
(1,2-dihydro-5-(5-hydroxy- | H-indol-3-yl)-2-oxo-3H-pyrrol-
3-ilydene)-1,3-dihydro-2H-indol-2-one] (Figure 1), produced
mainly by bacteria of the genus Chromobacterium, has
attracted increased interest owing to its important biological
activities and pharmacological potential. The biosynthesis of
this indole derivative has been extensively studied, and inter-
esting reviews illustrating its production and industrial per-
spectives, as well as the biological interest in violacein from
Chromobacterium violaceum, have been published [9-15].

Description

Violacein (molecular mass 343.3), a purplish-black needle
prism, is insoluble in water, slightly soluble in ethanol, moder-
ately soluble in dioxane and acetone, and soluble in DMSO,
methanol and ethyl acetate. Its melting point is >290°C
(decomposition). The UV-vis (UV and visible absorption)
spectrum exhibits maximum absorbances at 258, 372 and
575 nm (g5, =2.97 £ 0.09 x 1072 ml/ug per cm) in ethanol

[16]. The fluorescence emission spectrum at an excitation
wavelength of 575 nm shows an emission band at 675 nm
[1.5 ug/ml (4.4 uM) in ethanol]. The 'H-NMR, "C-NMR
and IR spectra have been previously discussed [11,16,17].

Biosynthesis

In general, C. violaceum is the most studied bacterium in
the violacein-production field. However, this pigment is also
produced by other bacteria, such as the psychrotrophic
bacterium RT102 [18], Janthinobacterium lividum (formely
known as Chromobacterium lividum) [17-21] and Alteromonas
luteoviolacea [20], but the yield and conditions of production
are very variable. The Amazonian strain of C. violaceum (from
Rio Negro, Brazil) produced violacein at 28°C at a rate of
4.0 nmol/h per ml [20], as compared with 0.47 nmol/h per
ml for the A T.C.C. 553 strain [22-24]. The 7.5 g/litre dry
cell mass and 0.17 g/litre crude violacein yields obtained
initially were increased to 21 and 0.43 g/litre respectively
[24,25]. Tan et al. [26] reported an apparent high yield of
violacein production from the marine-sediment bacterium
Pseudoalteromonas sp. (DSM 13623 strain) of 25.7 mg of
crude violacein/g of cell mass. In contrast, 1.l g of crude
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Chemical structure of violacein

Figure |

violacein/litre from a broth in a 30-litre bioreactor process
was recently obtained by our group when the conditions
optimized previously by Mendes et al. [24,25] were used.

In addition to violacein purification [27,28], studies
were carried out in order to understand its photophysical
and phototherapeutic properties [29,30].

Toxicity

Recently, different biochemical parameters were assessed in
order to study the interaction between living yeast cells
and the microenvironment in the presence of violacein
[31]. A dose-dependent oxidation of pyridine nucleotides,
a small increase in oxygen uptake and an alteration in the
respiratory chain, as evaluated by the oxidation-reduction
of cytochrome ¢, was observed. Cytotoxicity studies of
violacein in fibroblast V79 cells using different endpoints,
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazol-
ium bromide] reduction, nucleic acid content and NRU
(Neutral Red uptake), showed cytotoxic activity, with 1Cs,
(the concentration inhibiting cell growth by 50%) values
in the range 1.7—4.1 ug/ml (5-12 uM) [32-33]. The cyto-
toxicity of violacein in V79 fibroblasts occurred through
apoptosis and not necrosis [33]. The cytotoxicity of violacein
was also evaluated in normal human lymphocytes stimulated
in vitro with phytohaemagglutinin [34]. The MTT assay
showed a decrease in lymphocyte proliferation, with an
IC, of > 3.4 ug/ml (10 M), a finding in agreement with the
result obtained in the protein phosphatase assay (see below).
Using the total-protein-content assay, an 1Cs, of | pg/ml
(3 #M) was found, reflecting alterations in total protein syn-
thesis [34]. It is important to note that a reduced cytotoxic
effect of violacein on normal lymphocytes relative to leuk-
aemia cells [IC,, < 0.34 ug/ml (< | ©M)] [35-37] was found,
which suggest that violacein is a promising agent in leukaemia
therapy. However, in certain cell cultures, at >0.51 pg/ml
(>1.5 uM) concentration, violacein was positive for DNA
damage in FRhK-4 (embryonic rhesus-monkey kidney) cells
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and for both DNA damage and micronuclei in Vero cells (a
lineage isolated from African-green-monkey kidney epithelial
cells), in a concentration—response relationship [38]. These
findings contribute to a comprehensive evaluation of the
pharmacological potential of violacein.

Antitumoural activity

As discussed in the previous section, the effect of a com-
pound on a cell line can be evaluated by several assays based
on different endpoints that usually describe the percentage
growth. The measured effect of the compound is currently
expressed as IC, and Gly, (the concentration inhibiting net
cell growth by 50%). These parameters can be calculated
from dose—response curves for the cell lines. I1C,, is the
concentration of test drug where:

100 x T/C =50%

(T and C are defined below), and Gly, is the concentration
of the test drug where:

100 x (T — To)/(C — T,) = 50%

thus representing IC,, corrected for baseline measured end-
point (T,), e.g. total cellular protein content or formazan
production. The antitumoural activity of violacein had pre-
viously been assayed in a panel of tumour-cell lines obtained
from the National Cancer Institute (NCI), Bethesda, MD,
US.A., using the SRB (sulforhodamine B) assay, which
involves the determination of the total cellular protein
content by absorbance measurements of SRB-derived
colour at the time of test drug addition (T,), and at the end of
the experiment in the test drug wells (T) and in the control
wells (C). The best results were obtained in MOLT-4
leukaemia, NCI-H460 non-small-cell lung cancer and KMI2
colon-cancer cell lines, with Gly, values in the range 0.01—
0.02 pg/ml (0.03-0.06 M), which indicates an intermediate
potency for violacein [33]. On the basis of these results,
the mechanism of action of violacein in different cell lines
is currently being investigated [36,37,39,40]. The pigment
was also tested in the human uveal melanoma cell lines 92.1
and OCM-I, and the IC, and Gly, values were in the range
0.58—1.27 pg/ml (1.69-3.69 uM) [41].

Morphological changes characteristic of apoptosis
were induced by violacein in human myeloid leukaemia cells
(HL60 cell line) at an IC,, of 0.27 pg/ml (0.8 M) [36,37].

In order to better investigate the molecular mechan-
isms involved in violacein’s cytotoxicity towards leukaemia
cells, we have recently demonstrated that violacein-induced
apoptosis of HL60 cells occurred through the activation
of caspase 8, transcription of NF-xB (nuclear factor-«B)
target genes and p38 MAPK (p38 mitogen-activated protein
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kinase) activation. These events resemble the activation of
TNF-o (tumour necrosis factor-o) signal transduction in
these cells. This hypothesis was confirmed by subsequent
studies showing that infliximab, an antibody that antagonizes
TNF--induced signalling, abolished the biological activity
of violacein. Importantly, violacein directly and specifically
activated TNFRI (TNF receptor 1) signalling in HL60 cells,
since TNF cascade activation was not observed in other
leukaemia cell lines (U937 and K562) and normal human
blood cells (lymphocytes and monocytes). Hence, violacein
represents the first member of a novel class of cytotoxic
drugs mediating apoptosis by activation of TNFRI [36].

Violacein cytotoxicity was also evaluated in human
colorectal-cancer cell lines such as HT29 [IC,, > 3.4 ug/ml
(>10 uM), Caco-2 [IC,,=0.68 nug/ml (2 uM)], SW480
[ICs, =0.68 ug/ml (2 uM)] and DLDI [ICs, =0.51 pg/ml
(1.5 uM)] [39,40]. De Carvalho et al. [39] have shown
that violacein-induced oxidative stress is a key mediator
of cellular apoptosis. Unlike in Caco-2 cells, violacein was
incapable of increasing the levels of reactive oxygen species
in HT29 cells, which suggests the existence of violacein cell-
type-specific mechanisms [39]. Studies were also conducted
in HCT1 16 colon-cancer cells (IC5, =0.51 pg/ml (1.5 uM)],
which are microsatellite-unstable and resistant to 5-FU (5-
fluorouracil) chemotherapy [40]. Violacein caused cell-cycle
block at G,, up-regulated p53, p27 and p2l levels and
decreased the expression of cyclin D1. In addition, violacein
leads to dephosphorylation of the Rb (retinoblastoma pro-
tein) and activation of caspases. Furthermore, the study also
provided evidence that violacein acts through the inhibition
of Akt (protein kinase B), with subsequent activation of
the apoptotic pathway and down-regulation of the NF-«xB
signalling. This leads to restoration of chemosensitivity to
5-FU in resistant colorectal cancer cells [40].

The role of caspases in the activation of the exe-
cution phase of apoptosis induced by violacein was also
demonstrated with the murine renal carcinoma [RENCA;
ICs, =0.2 ug/ml (0.6 tM)] and with Ehrlich tumour [IC,, =
1.7 ug/ml (5.0 tM)] [42] cells. Data suggest that RENCA cell
death induced by violacein is mediated by caspase proteases
and that a mitochondrially dependent apoptotic pathway
may be involved in violacein-mediated programmed cell
death [42]. In addition to the ability of violacein to mediate
direct antiproliferative effects against EAT (Ehrlich ascites
tumour) cells in vitro, its potential was also evaluated in vivo
[42]. The in vivo studies using the intraperitoneal inoculation
of EAT cells showed that treatment of mice with 0.1 ug/kg
violacein, administered intraperitoneally for 12 consecutive
days, significantly increased the lifespan of tumour-bearing
mice [42]. This finding constitutes the first evidence of the
potential antitumour activity of violacein reported in vivo.

The cytotoxicity of violacein in several cell lines is
summarized in Table |.

Table | In vitro testing results of violacein in several cell lines

Cell line ICso or Glso* [peg/ml (uM)] Reference(s)
V79 1.7-4.1 (5.0-12) [32,33]
Hum. lymph.* >34 (>10) [34]
HL60 0.27 (0.8) [35-37]
MOLT-4 001 (0.03)* [33], ND*
NCI-H460 0.01 (0.03)* [33], ND*
KMI2 0.02 (0.06)* [33], ND*
92.1 0.95 (2.78) [41]
OCM-I 1.27 (3.69) [41]
HT29 >34 (>10) [39]
Caco-2 0.68 (2.0) [39,40]
SW480 0.68 (2.0) [40]
DLDI 051 (1.5) [40]
HCTIl6 051 (1.5) [40]
RENCA 02 (0.6) [42]

EAT 1.7 (5.0) [42]
FRhK-4 1.08 (3.14) [60]
VERO 1.02 (2.96) [60]
MAI104 1.22 (3.55) [60]
Hep2 1.18 (3.42) [60]
EOMA 0.17 (0.5) [42]

*Abbreviation: Hum. lymph., human lymphocytes.
®Abbreviation: ND, N. Durdn, unpublished work.

Enzyme modulation

As mentioned in the previous section, many of the violacein
effects are related to alterations in enzyme activities. For
instance, violacein presents differential effects on phos-
phatases isolated from blood serum and human lymphocytes
[34]. Total protein phosphatase activity from human lympho-
cytes was activated after pre-incubation with violacein. Since
the active site is highly conserved among the PTPs (protein-
tyrosine-specific phosphatases), the effect of violacein
on the isolated receptor-like transmembrane tyrosine
phosphatase CD45 and intracellular tyrosine phosphatases
was evaluated. Under the same conditions, inhibition was
achieved for intracellular PTP activity, whereas no alteration
was observed on isolated CD45 [34]. In addition, a dose-
and time-dependent effect on TRAP (tartrate-resistant acid
phosphatase) activity was observed, with 50% inhibition
after incubation with 1.7 pg/ml (5 M) violacein. Since PTP
activity is essential for osteoclast function and measurement
of the level of bone-specific alkaline phosphatase can be used
as an index of bone formation and overall bone turnover, it
is plausible to suggest that TRAP could be a molecular target
for violacein to be explored in future experiments [34].

Antibacterial, antimycobacterial and
antimycotic activities

Singh reported in 1942 [43] the interesting observation that,
when the crude extract of violacein was added to bacterial
suspensions, these micro-organisms were not ingested by
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terrestrial amoebas. There was a marked inhibitory action
in vitro on the growth of Gram-positive bacteria, with the
exception of Clostridium welchii, which was moderately resist-
ant, and there were slight inhibitions of the growth of Gram-
negative bacteria, except Neisseria meningitidis, which was
very susceptible. Antimicrobial tests were then conducted in
51 bacteria strains, comprising 2| species, and they showed
that violacein possessed an outstanding inhibitory effect on
the growth of Gram-positive bacteria and only a small effect
on Gram-negative ones [9,44]. Subsequent studies by Duran
etal. [10,45] on the antibacterial activity of purified violacein
showed that it was efficient against the two groups, with
major effects on Gram-positive bacteria. Violacein isolated
from J. lividum exhibited antimicrobial activity against 21
bacterial strains, encompassing 18 species. The pigment was
ineffective on five Gram-negative strains (four species) and
one strain of Bacillus (B. subtilis natto). The growth of Bacillus
(I'l strains, eight species) and Micrococcus (two strains,
two species) were inhibited with the addition of 2 pg/ml
(5.8 M) violacein. The antimicrobial activity of the pigment
was improved by increasing the violacein concentration from
2 (5.8 uM) to 20 pg/ml (58 uM) [46].

The antibacterial action of a mixture of violacein and
deoxyviolacein isolated from the psychrotrophic bacterium
strain RT102 was demonstrated against Gram-positive
B. lichenniformis, B. subtilis, B. megaterium, Staphylococcus
aureus and Gram-negative Pseudomonas aeruginosa, at a high
concentration of the pigment. Above |5 pg/ml (43.7 uM),
violacein caused not only growth inhibition, but also cell
death [18]. However, violacein did not inhibit the growth of
Gram-negative bacteria such as Flavobacterium balustinum,
Serratia marcences and Escherichia coli or the growth of
yeasts such as the soil-living yeast Trichosporon cutaneum
[18,47]. In addition, violacein acts against phytopathogenic
fungi such as Rosellinia necatrix, which causes white root rot
of mulberry (Morus sp.), which suggests its application as a
fungicide [19].

Importantly, violacein exhibited in vitro antimycobac-
terial activity against Mycobacterium tuberculosis (H37Ra
strain). Its effects were comparable with those described in
the literature for pyrazinamide, a chemotherapeutic used
in the treatment of tuberculosis [48,49].

Antiprotozoal and antiparasitary
activities

Purified violacein exhibited high toxicity towards cultures
of ciliated protozoa such as Spumella sp. and Ochromonas
sp. [50,51].

The trypanocidal activity of violacein has been de-
scribed by several authors [52-56]. Violacein was active
against the Chilean (Tulahuen) strain and the Brazilian Y
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strain of Trypanosoma cruzi; however, the latter was shown
to be three times more resistant than the Tulahuen strain
[32,54].

In addition to the biological properties already
described, the antileishmanial activity of violacein was
tested against promastigote forms of Leishmania amazonensis
(MHOM/BR/77/LTB0016) [57]. The results showed an effect
that was comparable with that of pentamidine, the second
drug of choice in the treatment of leishmaniasis. Recently,
the anti-plasmodial (antimalarial) activity of violacein was
demonstrated in vitro and in vivo [58]. The in vivo efficacy of vi-
olacein was investigated in the Plasmodium chabaudi chabaudi
AS mouse model, and the extension of the anti-plasmodial
activity was evaluated daily during the course of infection. In
addition, non-infected mice receiving these same doses of vi-
olacein did not present any significant reduction in haemato-
crits. In vitro assays against Plasmodium falciparum showed
that violacein is 300 times more effective than quinine, a
chemotherapeutic with known antimalarial activity [58].

Antiviral activity

Violacein (with 10% of deoxyviolacein) was reported to
show antiviral activity against HSV (herpes simplex virus)
and poliovirus after infection of Hela cells [59]. At concen-
trations of about 0.25 pg/ml (0.73 M), violacein inhibited
HSV 62%, and, at 0.063 pg/ml (0.18 M), it inhibited 56 %
of poliovirus-infected Hela cells. These results indicate a
modest antiviral activity for the compound.

Andrighetti-Frohner et al. [60] also studied the
antiviral and cytotoxic activities of violacein using three
different methods. The IC,, values were about 1-1.2 pg/ml
(2.2-2.7 uM) for FRhK-4, Vero, MA104 and HEp-2 cells.
Violacein, at concentrations that did not inhibit cell growth,
showed no cytopathic or antiviral activities against HSV-1
(29-R/acyclovir-resistant strain), hepatitis A virus (HNI175
and HAF-203 strains) and adenovirus type 5. However, weak
inhibition of viral replication of HSV-1 (KOS and ATCC/
VR-733 strains), poliovirus type 2 and simian rotavirus SAI |
strains was observed when measured using the MTT assay.
These results differ from those previously published by May
et al. [59], probably because they used different protocols
or because the violacein purity differed.

Violacein derivatives

Violacein shows a very low solubility in water, a character-
istic that makes some experimental procedures non-feasible,
for instance, in vivo assays. Therefore, one strategy that is
being explored is to synthesize violacein derivatives with
glycosidic groups [61,62] or its biotransformation by oxidat-
ive enzymes [63,64]. Attempts to increase the solubility and
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the biological activity using violacein inclusion complexes
(complexes in which one component, the host, forms a
cavity) with S-cyclodextrin have also been reported [55,65—
69]. In this respect, the ability of violacein to prevent gastric
ulceration was potentiated by S-cyclodextrin complexation
in different molar ratios [67,68]. Gastroprotective proper-
ties similar to, or higher than, that of free violacein were
observed for the 1:2 inclusion complex, in different model
systems of gastric ulcer in mice, whereas the |:| complex
was less active than violacein. In addition to their possible
role in stimulating the mucosal defensive mechanisms, these
studies have also suggested that protection against peroxi-
dative damage may be involved [68]. In agreement with
this observation, violacein and its |:2 inclusion complex
were shown to protect isolated rat hepatocytes against
peroxidative damage in a dose-dependent way [68,69]. Using
a different experimental approach, Sousa et al. [70] demon-
strated that violacein prevented the strand-breaking action
of Methylene Blue on plasmid DNA. Additionally, a possible
role for violacein as an intracellular antioxidant able to
protect C. violaceum from the oxidative stress has been
investigated [71]. These results were reinforced by the
antioxidant property of violacein recently reported [72].
The use of biocompatible and biodegradable polymers
in micro- and nano-particle formulation contributes to in-
crease the therapeutic efficacy and to reduce the side effects
of drugs. Round shape and smooth surface microparticles of
PCL [poly-e-caprolactone (poly-6-hexanolactone)] with
diameters of 5-10 yum [violacein concentration 0.25 pg/ml
(0.73 M)] were obtained by the solvent-evaporation tech-
nique [73]. Cytotoxicity studies performed on HL60 cells
have shown that the incorporation of violacein into PCL
microspheres strongly enhanced its cytotoxic activity as
compared with free violacein [73]. The cytotoxicity of vio-
lacein encapsulated in PLGA [poly(lactic-co-glycollic acid)]
microspheres in different tumour cell lines was studied.
HL60 cell viability was estimated by the MTT reduction assay,
and a correlation between the cytotoxicity and the time of
exposure was observed, suggesting that violacein was de-
livered in a time-dependent manner. However, the formula-
tion of violacein in PLGA microspheres reduced its cytotoxic
effect. The same behaviour was observed with RENCA and
murine EOMA (haemangioendothelioma) cells [42].
Nanoparticles of PLGA—Pluronic® and of PLGA-
Pluronic®—poly(vinyl alcohol) containing violacein were pre-
pared by the nanoprecipitation method (liquid/liquid phase
separation) and analysis of the release and the biodegrad-
ation processes were carried out [73] (note: Pluronic®
is a tradename for a type of block co-polymer based on
ethylene oxide and propylene oxide, manufactured by BASF).
Nanoparticles containing violacein showed a lower cyto-
toxicity when they were evaluated by the MTT reduction
assay rather than by the phosphatase activity and the Trypan

Blue exclusion methods. In addition, it was also shown that
the studied formulation was not cytotoxic to cultured liver
cells [73]. In addition to the antitumoral activity of violacein
co-formulations, the antimalarial properties of violacein in-
corporated in liposomes, micelles of block co-polymers and
in chitosan nano- and micro-structured systems have been
described [58].

The recent interest in gold nanoparticles as transfection
vectors, DNA-binding agents, protein inhibitors and spec-
troscopic markers demonstrates the versatility of these
systems in biological applications. Monolayers of mono-,
multi- and per-thiolated cyclodextrin derivatives with dif-
ferent lengths between the cavity and the thiol terminus
adsorbed on to gold films have been prepared by numerous
researchers. Recently, this approach was applied to the
synthesis of nanoparticles modified with mono-(6-deoxy-6-
[(mercaptohexamethylene)thiol])-8-cyclodextrin, a deriva-
tive with a medium spacer length in which only one
secondary hydroxy group has been replaced by hexane-1,6-
dithiol [74]. This research also involved the use of molecular-
recognition properties from the novel cyclodextrin—
alkylthiol derivatives capping gold nanoparticles to com-
plex the antitumoral violacein. In addition, its cytotoxic
properties towards HL60 and V79 cells were compared with
those of free violacein. The average particle diameter was
3.8 nm, and physico-chemical characterization was done by
Fourier-transform-IR spectroscopic, UV-vis-spectroscopic
and transmission-electron-microscopic methodologies. No
cytotoxic effects on V79 and HL60 cells were observed for
the gold-complexed nanoparticles (without violacein) at the
maximum concentration evaluated [(0.] pug/ml (0.3 uM)].
However, the gold—violacein complex showed less toxicity
towards V79 fibroblasts than did free violacein. In HL60
cells, the free violacein exhibited an ICy, of 0.27 pg/ml
(0.8 M), whereas for the gold—violacein complex an IC,
of 0.62 pug/ml (1.8 £M) was found. These results indicated
that the complexation of violacein with gold nanoparticles
maintained the cytotoxic properties of violacein in vitro.
Furthermore, preliminary results suggest a promising
application of this system in vivo [74,75].

Conclusion

The results presented here provide a basis for the potential
clinical application of violacein and for its development in
the context of intelligent formulation design.
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