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i n f o

a b s t r a c t
Background: Bladder cancer is the tenth most common cancer worldwide. Considering its high prevalence (vulnerability to multiple recurrences and progression despite local therapy), which leads to a substantial health
service burden, it becomes necessary to develop new strategies to increase the eﬀectiveness of bladder tumor
therapy. Natural compounds with antiproliferative eﬀect on cancer cells could be a good choice for co-adjuvant
chemotherapy. Microorganisms are one of the main sources for natural compounds. Pigments extracted from the
cold-adapted microorganisms can contribute to the development of a broader range of applications in biotechnology. Violacein is a purple pigment commonly produced by many bacterial strains. We have previously shown that
very low concentrations of violacein extracted from Janthinobacterium sp. produced an antiproliferative eﬀect on
HeLa cells.
Objective: With the aim to determine if violacein has an antiproliferative activity on bladder cancer cells, as well as
to test if it has synergistic eﬀects on cisplatin treated cells in vitro, T24 and 253J cell lines (derived bladder cancer
cells from carcinoma in situ and retroperitoneal metastasis, respectively) were exposed to diﬀerent concentrations
of violacein in the presence or absence of cisplatin.
Methods: i) Resazurin assay and ﬂow cytometry were performed in two bladder cancer-derived cell lines, namely
T24 and 253J, to see if violacein aﬀects cell viability and induce cell death. ii) To ﬁnd out whether violacein
sensitizes bladder cancer cells to cisplatin, the drug interaction among diﬀerent doses of cisplatin and violacein
was analyzed, as well their combination index was determined. iii) The eﬀect of violacein to induce primary
genetic damage was determined through the analysis of induced micronuclei frequency and 𝛾H2AX foci, as well
as performing the comet assay.
Results: The half-maximal inhibitory concentration of violacein at 24 h for both cell lines were around 500 nM,
and decreased below 400 nM in combination with 10 μM of cisplatin, indicating antiproliferative and sensitizing
eﬀects of violacein to cisplatin in both cell lines tested. A clear cell cycle delay, as well as an increase in the
percentage of cell death was observed by ﬂow cytometry at 300 nM of violacein, either alone or in combination
with cisplatin. On the other hand, the analysis of the micronucleus frequency did not evidence an increase in
genetic damage. Moreover, in combined treatments with cisplatin there was a slight decrease on micronucleus
induction. Besides, the induction of genetic damage was not observed through comet assay when cells were
treated with violacein alone, however, when cells were treated with violacein in the presence of cisplatin (10
μM). The production of genetic damage was diminished in T24 or 253J cells. By the same token, increase in the
frequency of 𝛾H2AX foci by violacein was not observed at any tested dose in both cell lines.
Conclusion: It was shown that violacein has an in vitro antiproliferative eﬀect in bladder cancer cell lines, sensitizing them to cisplatin. Interestingly, at doses tested, violacein did not induce genotoxicity and reduce the
genotoxic eﬀect produced by cisplatin.

1. Introduction
Bladder cancer is the tenth most common malignancy worldwide,
with 549,000 new cases and 200,000 deaths per year (Sung et al., 2021).
∗

This cancer has a high mortality rate (between 30% and 70% according to the disease stage) and high recurrence, showing up to 70% reappearance 5 years after the ﬁrst diagnosis (Loras et al., 2018). Moreover,
bladder cancer is one of the most-costly cancers among the elderly people. Cisplatin (cis-diamminedichloridoplatinum (II) or CDDP) is a well-
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known chemotherapeutic drug. It was approved in 1978 by the Food &
Drug Administration (FDA, USA) as an agent for the chemotherapeutic
treatment of bladder and testicular cancer (Zhu et al., 2016). CDDP has
a pleiotropic eﬀect, both in the cytoplasm and in the nucleus, but its
main eﬀect is due to its ability as an intercalating agent between the
DNA purine bases. This agent mainly produces inter-strand crosslinks,
and also DNA single-strand breaks, as well as interferes with the DNA repair mechanisms (Dasari and Tchounwou, 2014). Therefore, CDDP can
kill tumor cells causing DNA damage and subsequently inducing apoptosis (Dasari and Tchounwou, 2014; Galluzzi et al., 2012). It also produces several side eﬀects, and in most cases, tumor cells develop mechanisms of resistance, thus limiting its use as a chemotherapeutic agent
(Castedo et al., 2018; Cheung-Ong et al., 2013). To overtake these side
eﬀects, a combination of two or more chemotherapeutic agents has been
assayed. For example, it has been tested with non-conventional agents
such as phytochemicals, including the ﬂavonoid quercetin (Sun et al.,
2019), or the suberoylanilide hydroxamic acid, SAHA (Ryu et al., 2019).
On the other hand, natural compounds with antiproliferative eﬀect
on cancer cells could be a good choice for co-adjuvant chemotherapy.
Microorganisms are one of the main sources for natural compounds.
Bacteria coming from the Antarctic region become of the utmost interest during last years. Bacterial pigments constitute one of the emerging ﬁelds of research since they oﬀer promising opportunities for different applications. Besides their use as safe coloring agents in the cosmetic and food industry, bacterial pigments also possess biological properties such as antimicrobial, antiviral, antioxidant and anticancer activities (Azman et al., 2018). More recently, it has been investigated
the expression of diﬀerent pigments from several strains of Antarctic
bacteria (Marizcurrena et al., 2019). One of them, a purple violet pigment (PVP) known as violacein, is commonly produced by many bacterial strains including Chromobacterium, Janthinobacterium, Alteromonas,
Duganella, Massilia, Pseudoalteromonas, and Collimonas, among others
(Alem et al., 2020; Choi et al., 2015; Durán et al., 2012), and has
emerged as one promissory antiproliferative compound in HeLa cells
as we have previously shown (Alem et al., 2020). Although violacein
has shown anti-tumor activity in diﬀerent tumor cell lines (Alem et al.,
2020; Alshatwi et al., 2016), there are no previous reports about the
eﬀect of violacein in bladder cancer cells. Interestingly, violacein sensitized colorectal cancer-derived cells to 5-ﬂuorouracil (Kodach et al.,
2006) and HeLa cell to CDDP (Alem et al., 2020).
Considering the unique qualities of these pigments obtained from
cold-adapted microorganisms will contribute to the development of a
broader range of applications in biotechnology (Sajjad et al., 2020), in
the current work it is aimed to ﬁnd new cancer-ﬁghting molecules by
studying the possible antiproliferative and genotoxic activities of violacein in two bladder cancer cell lines (T24 and 253J), as well as its ability
to sensitize cells to CDDP. For this purpose we used a highly pure violacein, a purple violet pigment produced by an Antarctic microorganism
identiﬁed as Janthinobacterium sp. (Alem et al., 2020).

2.2. Viability testing
Violacein was extracted from the antartic Janthinobacterium sp, collected near the Artigas Antarctic Scientiﬁc Base [Base Cientíﬁca Antártica Artigas (BCAA); 62° 11′ 4′′ S; 58° 51′ 7′′ W], at the Nebles Point,
Collins Glacier (King George Island, Fildes Peninsula, Antarctica), authenticated by Dr. Castro-Sowinsky (Adjunct Professor from Biochemistry and Molecular Biology Department, Faculty of Sciences, UdelaR)
and puriﬁed by Alem et al. (Alem et al., 2020). Brieﬂy, a bacteria culture (1.5 L) growth during 96 h in a bioreactor, and then mixed with
0.5 M NaCl and 200 mL of butanol (incubated at 65◦ C for 15 min). The
purple butanolic phase was dried in a rotary evaporator equipment. Violacein was obtained with a modiﬁed technique from Rettori and Durán
(Rettori and Durán, 1998), using a chromatographic procedure with silica gel (Sigma 381276) as stationary phase and ethyl acetate as mobile phase; the eluted fraction was vacuum-dried. Then, the powder was
washed twice with 100 mL hexane and 100 mL dichloromethane, and
the pellet was dried again. Then hot methanol (99%, 45◦ C) was added
until the pigment dissolved; ﬁnally, two volumes of cold water were
added and the mix was incubated at 4◦ C overnight, for pigment precipitation. The pigment was identiﬁed by Nuclear Magnetic Resonance
(NMR) spectroscopy as violacein and its purtity was tested by HPLC-UVVis (Alem et al., 2020).
Cell viability was tested by the Resazurin (RZ) assay
(Sittampalam et al., 2004). Brieﬂy, 5×103 cells (100 𝜇L) were
plated in 96-well plates for 24 h. Then, culture medium was removed
and puriﬁed violacein (dissolved in dimethyl sulfoxide, DMSO) was
added at diﬀerent ﬁnal concentrations, ranging from 0.075 to 1.4 𝜇M.
Besides, combined treatments with 10 𝜇M CDDP (Sigma-Aldrich, USA),
with and without violacein (0.075–1.4 𝜇M) were also assayed. Control
cells were only exposed to DMSO (Sigma-Aldrich, USA), since violacein
is resuspended on it. After 20, culture medium was replaced by 100 𝜇L
of 0.025 mg∙mL-1 RZ (Sigma-Aldrich, USA) suspended in sterile PBS,
and incubated for 4 h at 37◦ C. RZ ﬂuorescence (530 nm Ex/590 nm
Em) was measured using a microplate spectrophotometer (Varioskan
Flash Microplate spectrophotometer; Thermo Fisher, Finland). The IC50
correspond to the agent concentration that reduces ﬂuorescence of samples cells to 50% relatively to control ones, (just treated with DMSO),
determined by linear regression analysis employing the following
equation:
)
(
) (
F = FMax ∕ 1 + 10(LogIC50 −LogC)b
where F is the ﬂuorescence value at each violacein concentration, FMax
is the ﬂuorescence value of the control sample, C is the violacein concentration and b is the curve slope.
The combination index (CI) between violacein and CDDP was
carried out using the Compusyn software (ComboSyn, Inc., USA), a
computational tool based in isobologram analysis of drug interaction
(Huang et al., 2019), using the following equation:
( )
( )
CI = (D)1 ∕ Dx 1 + (D)2 ∕ Dx 2
where (Dx )1 and (Dx )2 are the doses of drug 1 and 2 that inhibits x% of
every of them. (D)1 is the portion of drug 1 which in combination with
(D)1 + (D)2 inhibits x%. In the same way, (D)2 is the portion of drug
2 which in combination with (D)1 + (D)2 inhibits x% (Chou, 2014). A
CI higher than 1 indicate an antagonistic eﬀect, a CI equal to 1 indicate an additive eﬀect, and a CI less than 1 indicate synergistic eﬀects,
respectively.

2. Materials and Methods
2.1. Cell lines and culture conditions
Bladder cancer cell lines were obtained from ABAC (Asociación
Banco Argentino de Células; http://www.abac.org.ar/). T24 and 253J
cells, derived from transitional cell carcinoma (Bubeník et al., 1973)
and a retroperitoneal metastasis (Elliott et al., 1974), respectively;
were grown in Mac Coy’s 5A Medium (McCoy’s) from Gibco (Gaithersburg, Maryland, USA), supplemented with 1 mM L-glutamine, 1% w/v
penicillin–streptomycin and 10% v/v fetal bovine serum (FBS, Capricorn
Scientiﬁc, Ebsdorfergrund, Germany). Cell cultures were maintained in
a 5% CO2 atmosphere at 37◦ C.

2.3. Cell-cycle analyses
For cell-cycle evaluation (Nair and Manohar, 2021), 5×105 cells
were plated into 100 mm diameter culture plates. Twenty-four hours
later, cells were treated with 0.3 and 0.5 μM violacein, in the presence or
absence of CDDP (10 μM) for 24 h. Then, cells were collected and ﬁxed
with ethanol 70% at -20◦ C for 30 min, centrifuged, suspended in PBS,
2
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Fig. 1. Cell viability of bladder cancer cell
lines treated with violacein and with violacein
and CDDP. Violacein viability testing (75 nM
– 1400 nM) (gray columns) or in combination
with 10 μM CDDP (pattern columns) was evaluated using the Resazurin method at 24 h, in
T24 (A) and 253J (B) cells. Abscises represent
mean ± SD of cell viability (%). Three independent experiments were carried out. (a) DMSO
treatment; (b) 10 𝜇M CDDP treatment. (C) and
(D) are pictures taken at 100× magniﬁcation
under phase contrast transmitted light inverted
microscope of T24 and 253J cells, respectively,
under diﬀerent treatment conditions, such as,
DMSO, violacein alone and violacein plus cisplatin (CDDP).

and treated with 50 μg∙mL- 1 RNAse (at 37◦ C for 30 min). Finally, cells
were stained with 50 μg∙mL- 1 propidium iodide (Sigma-Aldrich, USA)
and immediately analyzed in a MoFlo Astrios EQ cell sorter (Beckman
Coulter, USA) using a blue laser (488 nm) and a 100 𝜇m nozzle (operating at 25 psi). The calibration of the cytometer and its daily quality
control was carried out with 3.0 μm Ultra Rainbow Fluorescent Particles (Spherotech, USA). A minimal of ten thousand events were assured.
The forward scatter signal (FSC) was detected in FSC1 by placing the
P1 mask in front of the detector. FSC1 photomultiplier data with P1
mask and side scatter data (Side Scatter, SSC) were obtained on a linear
scale. For cell-cycle analysis, PI emitted ﬂuorescence was detected using a 620/29 band-pass ﬁlter with linear ampliﬁcation. Doublets were
excluded using 620/29-Area versus 620/29-Width graphs using Kaluza
software (Beckman Coulter, USA). Markers were placed in the DNA content histograms (620/29-A), identifying the relative percentages of cells
in G1, S and G2/M as well as Sub-G1.

2.5. Comet assay
The genotoxic damage induced in 24 h of treatment was evaluated by
alkaline single-cell gel electrophoresis (comet assay) (Tice et al., 2000).
Brieﬂy, 1 × 105 cells were plated into 35 mm plates and incubated for
24 h. Afterward, cells were treated with 0.3 and 0.5 μM violacein, in
the presence or absence of CDDP (10 μM) for 24 h. A negative control (DMSO) and a 100 μM hydrogen peroxide as positive control was
included. The cells were further incubated for 3 h at 37◦ C and 5%
CO2 . Then, cells were trypsinized and resuspended in PBS. The slides
were prepared by mixing cell suspension with 0.5% low melting point
agarose. Cells were lysed by immersion in cold lysis buﬀer (10 mM TrisHCl pH 10, 2.5 M NaCl, 100 mM EDTA and 1% Triton X-100) for 1 h at
4◦ C. The electrophoresis was performed in a horizontal electrophoresis
chamber ﬁlled with an alkaline electrophoresis buﬀer (300 mM NaOH
pH 13 and 1mM EDTA) at 0.7 V∙cm- 1 (300 mA) for 15 min at 4◦ C. Samples were washed with neutralization buﬀer (0.4 mM Tris-Cl pH 7.5)
three times for 5 min at room temperature and ﬁnally stained with 50
μl PI (10 μg∙mL- 1 ). Comet Imager (MetaSystems, Altlußheim, Germany)
software was used for the semi-quantitative analysis. Two slides were
scored and 50 nuclei per slide were measured. Olive Tail Moment was
used to estimate genetic damage.

2.4. Cytokinesis-block micronucleus test
The micronucleus test was performed as described previously
(Alem et al., 2020). Brieﬂy, 1×105 cells were plated into 35 mm plates.
Twenty-four hours later, cells were treated with 0.15 and 0.3 μM violacein in the presence or absence of CDDP (10 μM), and placed at 37◦ C
and 5% CO2 . A negative control with DMSO was included. Six hours
later Cytochalasin B (Sigma-Aldrich, USA) (3 μg∙mL- 1 ) was added and
cells were incubated for additional 18 h at 37°C and 5% CO2 . A similar experimental design was done with the addition of 4 mM Caﬀeine
B (Sigma-Aldrich, USA) during 24 h, with the aim to block G2 checkpoint and allow cells to reach division. Then, cells were trypsinized and
centrifuged at 1000 rpm for 5 min at room temperature. The supernatant was discarded, and the cell pellet was treated with 1 volume of
cold KCl hypotonic solution (75 mM) for ﬁve minutes and 3 volumes of
methanol: acetic acid (3:1) ﬁxative was added and centrifuged as above
mentioned. Finally, cells were ﬁxed in pure methanol plus 1% of acetic
acid and spread onto a cold glass slide. Cell nucleus were stained with
PI (20 μg∙mL- 1 ) and analyzed under a ﬂuorescence microscope (Zeiss,
Axioplan II, USA). To evaluate the cytokinesis-block proliferation index
or CBPI, (CBPI = (MC +2BC+3TC+4FC))/N; MC = mononucleated cell,
BC binucleated cell, TC three nucleated cell, FC four nucleated cell, N=
total cell), one thousand cells per experimental point were scored. For
micronucleus counting, one thousand binucleated cells were scored per
experimental point (Fenech, 2007).

2.6. 𝛾H2AX immunocytochemistry assay
The DNA damage induced by 24 h of violacein treatment in the presence or absence of CDDP was evaluated by quantiﬁcation of the mean
ﬂuorescence intensity (MFI) of 𝛾H2AX (Pérez et al., 2019). Brieﬂy, cells
were plated into a 24-well plate at densities of 6×104 per well and allowed to attach for 24 h in a humidiﬁed incubator with a 5% CO2 atmosphere at 37◦ C. Afterward, cells were treated with 0.3 and 0.5 μM violacein, in the presence or absence of CDDP (10 μM) for 24 h. The positive
control was performed employing hydrogen peroxide at 100 μM for 3 h.
After 24 h of treatment, cells were ﬁxed in 4% paraformaldehyde for 15
min and permeabilized with blocking buﬀer (0.05% Triton X-100, 1%
BSA in PBS) for 40 min at RT. Permeabilized cells were incubated with
the anti-𝛾H2AX antibody (1/500, ab26350; Abcam, Cambridge, Massachusetts, USA) overnight at 4◦ C. Secondary antibody (1:1000, goat
anti-mouse conjugated with Alexa 488; Invitrogen, Thermo Fisher Scientiﬁc, Waltham, Massachusetts, USA) was incubated for 45 min at room
temperature. DAPI (300 nM; Invitrogen) was employed as DNA counterstaining. Finally, slides were mounted using Prolong Glass Antifade
(Invitrogen, Thermo Scientiﬁc, USA). Immunolabeled cells were visualized using a Zeiss LSM800 confocal microscope (Zeiss, Oberkochen,
3
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Fig. 2. Analysis of the cell cycle by ﬂow
cytometry. In (A) Cell cycle proﬁles of T24,
and in (B) 253J cells treated with violacein
(V) or with violacein plus CDDP (10 μM) are
shown. Abscises shows the cell percentage (%)
in diﬀerent phases of the cell cycle. SubG1
(black), G1 (white), S (gray) and G2 (pattern)
cell cycle phases were recorded. We have collected more than 10000 events per experimental point. Three independent experiments were
carried out. In (C) for T24 cells and in (D)
for 253 cells are shown examples of scattered
dot plots (FSC vs SSC) and the ﬂuorescence
of propidium iodide (620 nm-area vs 620 nmwidth) for every experimental point, indicating
the population of selected cells (R1 for the scattered plot and R2 for SubG1, G1, S, G2 cells excluding doublets). Besides, on the right side of
every line of plots, DNA histograms including
cells belonging to R1 plus R2 populations are
also shown, estimating the percentage of cells
in the SubG1, G1, S and G2 phases as R3, R4, R5
and R6 regions, respectively. DMSO: dimethyl
sulfoxide; V: violacein; CDDP: cisplatin. Statistical analysis of every sample with respect
to DMSO control sample was carried out using Tukey’s Test, with a signiﬁcance of ∗ P ≤
0.0001. Statistical analysis of every CDDP + violacein sample with respect to CDDP alone was
carried out using Tukey’s Test with a signiﬁcance of + P ≤ 0.0001).

3. Results

Germany), equipped with a Plan Apo N 63X oil NA 1.4 lens. The mean
ﬂuorescence intensity of 𝛾H2AX (Pérez et al., 2019) was measured in
at least 200 nuclei per experimental condition using the Fiji Image J
program (Schindelin et al., 2012).

3.1. Viability testing
The half-maximal inhibitory concentration (IC50 ) of violacein, estimated by linear regression analysis, either for T24 or 253J cells is shown
in Fig. 1. The IC50 of violacein for T24 cells was 524.2 nM, and when
used in combination with 10 μM of CDDP this value decreased up to
385.4 nM. Similarly, 253J cells showed an IC50 value of 490.4 nM at
24 h, while combined with 10 μM of CDDP this value decreased up to
375.8 nM.
We also determined the combination index (CI) for the quantitative
determination of synergism, additive, or antagonism eﬀects when cells
were treated with violacein and/or CDDP (Table 1). Violacein and CDDP

2.7. Statistical analysis
All experiments were done in triplicate and at least two biological replicas were performed for every experimental condition. Data
analyses and statistical calculations were performed using One-way
ANOVA followed by Tukey’s multiple comparisons test or Two-way
ANOVA followed by Tukey’s multiple comparisons test to grouped
analysis.
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Fig. 3. Micronuclei test. CBPI (A and C) and micronuclei frequency (B and D) in T24 cells (A and B), and 253J cells (C and D) after their treatment with violacein
(V), 10 μM CDDP, as well as with the mix of violacein and CDDP. Results from experiments performed with and without the addition of caﬀeine are also shown. The
frequency means ± SD of three independent experiments is presented. Values with statistical signiﬁcance are indicated according to the Tukey Test with respect to
the control (DMSO): ∗ P ≤ 0.05, ∗∗ P ≤ 0.01, ∗∗∗ P ≤ 0.001, and ∗∗∗∗ P ≤ 0.0001; or regarding CDDP 10 μM: ## P ≤ 0.01, ### P ≤ 0.001 and #### P ≤ 0.0001.

Table 1
Combination index (CI) values for violacein treatment of
both bladder cancer cell lines in the presence of 10 μM
of CDDP.

eﬀect was synergistic in T24 cell, while for 253J cells, an additive eﬀect
was observed for 300 nM violacein (CI = 0.97), while for higher doses
(500 and 700 nM), the interaction of violacein and CDDP showed a
synergistic eﬀect (CI = 0.67 and 0.62, respectively).

Combination Index
CDDP (10 μM)+Violacein (nM)

T24 cells

253J cells

75
150
300
500
700

1.77
1.03
0.58
0.50
0.66

1.10
1.04
0.97
0.67
0.62

3.2. Cell cycle analysis
The eﬀect of violacein on the cell cycle, either in the presence or
absence of CDDP, was analyzed by ﬂow cytometry (Fig. 2). An increase
in the percentage of cells at the sub-G1 phase was observed, indicating
that violacein increases the cell death either alone or in combination
with CDDP (Tukey’s Test ∗ P ≤ 0.0001). As expected, it was observed
that CDDP produces a stacking of cells at the S/G2-phases of the cell
cycle (Tukey’s Test + P ≤ 0.0001). Interestingly, combined treatment
showed a decrease in G2 blockage, as it could be expected with CDDP

showed an additive eﬀect in T24 and 253J at the 150 nM dose (CI = 1.03
and 1.04, respectively). At higher doses (300, 500, and 700 nM) the
5
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alone, instead, an increase in cell death and a cell proliferation blockage
were clearly observed.
3.3. Evaluation of genetic damage
To properly study the potential genotoxic eﬀect of violacein, we assayed the sub-cytotoxic doses (at 150 and 300 nM, both below the IC50 )
performing micronuclei tests in both bladder cancer cell lines (T24 and
253J). In Fig. 3, the cytokinesis-block proliferation index (CBPI) as well
as the micronucleus frequency on T24 or 253J cells treated with violacein in the presence or absence of 10 μM CDDP is shown. As it can be
observed in the CBPI graphic, violacein substantially reduced cell proliferation, especially in T24 cells, which turn diﬃcult to obtain enough
binucleated cells for micronucleus frequency analysis, therefore, 4 mM
caﬀeine was added. The analysis of the frequency of micronucleus did
not show an increase in genetic damage. On the contrary, there is a
slight decrease in combined treatments, more pronounced in 253J cells.
In both cell lines, neither 150 nM nor 300 nM violacein induced micronuclei formation, while CDDP produces an increase in the frequency
of micronuclei in binucleated cells as expected (FMN = 0.28). However, when the mix of violacein and CDDP was used, we detected a
reduction in the CBPI (maybe due to a cell cycle-delay), and a significant decrease in the formation of micronuclei (compared with results
obtained using 10 μM CDDP alone) when combined with 150 nM of violacein (FMN = 0.19), and 0.24 with 300 nM of violacein. Similarly,
the genotoxic eﬀect of violacein and CDDP in the 253J cell line showed
a similar picture to the one described for T24. The FMN induced by
10 μM CDDP was 0.36, but in combination with either 150 or 300 nM
of violacein decreased up to 0.19 and 0.24, respectively. For both cell
lines, the higher dose of violacein (300 nM), alone or in combination
with CDDP (10 μM), produced a clear cell cycle delay. With 150 nM of
violacein, there was a moderate cell cycle delay allowing cells to reach
mitosis, clearly enhanced when caﬀeine was employed (Fig. 3A and C).
On the other hand, when higher dose of violacein was combined with
10 μM CDDP, a decrease in the frequency of micronuclei was observed
(Fig. 3B and D).
In order to assure that no genetic damage was induced by violacein
concentrations employed in the present work, two molecular approaches
were employed, such as comet assay and 𝛾H2AX. As expected, CDDP
and hydrogen peroxide (H2 O2 ) did induce DNA damage in both cell
lines as observed by comet assay, however, we did not observe genetic
damage when cells were treated with violacein alone (150 and 300 nM)
(Fig. 4). More interesting, a decrease in the production of the genetic
damage in T24 and 253J cells was observed when cells were treated
with violacein plus CDDP (10 μM) as compared with cells treated with
CDDP alone (Fig. 4A and Fig. 4B), suggesting that violacein reduces the
genotoxic eﬀect of cisplatin, most probably due to cell cycle blocking in
G1/S transition by violacein, diminishing CDDP eﬀectiveness at S/G2
phases of the cell cycle.
On the other hand, the 𝛾H2AX assay showed that violacein did not
induce genetic damage at any tested dose (150, 300 and 500 nM) in
both cell lines, as it can be seen in Fig. 5A and B for T24 and in Fig. 5C
and D for 253J. Positive controls performed with CDDP (10 μM) or with
hydrogen peroxide showed an increase in the ﬂuorescence intensity as
expected. Cells treated with the mix of violacein and CDDP (10 μM) did
not induce an increase in the ﬂuorescence intensity as compared with
cells treated with CDDP alone, but the ﬂuorescence intensity was higher
than the one observed in the control cells or violacein treated cells, in
both cell lines. We did not perform the analysis of 𝛾H2AX assay in cells
treated with violacein over 500 nM due to an increase in cell death
produced by violacein as it was shown previously.

Fig. 4. Comet assay of bladder cancer cells. Analysis of the DNA damage
induced by violacein (V) or by the mix of violacein and CDDP (10 μM) in T24
(A) and 253J (B) cells. Hydrogen peroxide was used as the positive control.
Olive Tail Moment mean ± SD are shown. Values with statistical signiﬁcance
are shown according to the Tukey Test as compared with the control treatments
as follows: with DMSO - ∗ P ≤ 0.05, ∗∗ P ≤ 0.01, ∗∗∗∗ P ≤ 0.0001; or with 10 μM
CDDP - #### P ≤ 0.0001.

and UVC radiation, possessed antimicrobial and anticancer activities
(Durán et al., 2012; Koo et al., 2016). We have described here cytotoxicity and genotoxicity properties of the violacein pigment extracted from
Janthinobacterium sp. brought from the Antarctic Region as described
previously (Alem et al., 2020).
As it is shown in Fig. 1 viability of both cell lines was diminished in
the presence of violacein. Cytotoxicity induced by violacein has been observed previously in V79 Chinese hamster lung ﬁbroblasts (Melo et al.,
2000) as well as in leukaemia cell lines (Ferreira et al., 2004; Melo et al.,
2003). The way how violacein reduce cell viability was investigated in

4. Discussion
It has been previously reported that the purple violet pigment
(PVP) extracted from Janthinobacterium sp. which absorbs UVA, UVB,
6
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Fig. 5. 𝜸H2AX immunocytochemistry assay. Analysis of the 𝛾H2AX nuclear signal in bladder cancer cells treated with violacein (V), CDDP (10 μM), or with the
mix (violacein and CDDP). Hydrogen peroxide was used as the positive control. A graphical representation of 𝛾H2AX quantiﬁcation is presented for T24 (A) and
253J (C) cell lines. Values with statistical signiﬁcance are indicated according to the Tukey Test, as compared to the controls: DMSO - ∗ P ≤ 0.05, ∗∗ P ≤ 0.01, ∗∗∗
P ≤ 0.001, ∗∗∗∗ P ≤ 0.0001, or 10 μM CDDP - ## P ≤ 0.01, ### P ≤ 0.001 and #### P ≤ 0.0001. Representative images of nuclei (DAPI staining) and 𝛾H2AX signal
(Alexa-488) for each condition with T24 (B) or 253J (D) cells are shown. Bar = 5 μm.

relation to the eﬀect on the cell cycle of both cell lines employed. According to ﬂow cytometry analysis there was observed an increase in
the sub-G1 peak with violacein at cytotoxic doses tested in both bladder cancer cell lines. By the same token, increased cell death produced
by violacein, mainly due to apoptosis induction, was described in colon
cancer cells (de Carvalho et al., 2006; Kodach et al., 2006) as well as
in breast cancer cells, where changes in gene expression were detected
(Alshatwi et al., 2016). An interesting issue has been shown by Mojib et al. (Mojib et al., 2011) employing the PVP to treat a murine ﬁbrosarcoma cell line which response in a dose and time response manner
with respect to a mouse embryo cells that do not show cytotoxicity at
same doses and time of treatments. Interestingly, it has been described
that variation in violacein cytotoxicity are observed depending on the
cell type, which could indicate that diﬀerent cell-type-speciﬁc mechanisms could be activated. Similarly, several studies have been carried
out previously to study apoptosis induction by violacein in diﬀerent
cancer cell lines with no agreement on which cell death mechanism
could be activated. Finally, authors claimed that the programmed cell
death activated by violacein should be speciﬁc for the cancer cell lines

(Venegas et al., 2019). In this respect, it was evidenced through the CBPI
analysis a clear reduction in the production of binuncleated cells, indicating that violacein diminish cell proliferation and increase cell death.
Interestingly, Leal et al have found that violacein toxicity could be associated with mitochondria damage, since an increase of membrane potential (hyperpolarization), even at the lowest violacein concentration
tested, was detected in HeLa and MRC-5 cells (Leal et al., 2015).
Besides, it was observed that over 300 nM of violacein, a sensitizing
eﬀect was produced in both cell lines when they were exposed to CDDP,
although a strong eﬀect was seen in T24 cells, which could indicate
that 253J cells would be more resistant to classical chemotherapy treatment (Table 1). The fact that violacein produce a decrease in G1 cells
in both cell lines (more pronounced in T24 cells) increasing either the
sub-G1 peak (death cells) or the number of cells accumulated in S phase
which could favor the CDDP action, could be a possible mechanism to
explain the synergistic eﬀect of violacein to CDDP in both cell lines, especially at higher doses and in non-metastatic derived bladder cancer
cells, like T24 cells. Similarly, it has been demonstrated a synergistic
eﬀect of violacein in colorectal cancer cells treated with 5-ﬂuorouracil
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(Kodach et al., 2006). Interestingly, the sensitizing eﬀect of violacein to
CDDP was obtained at very low concentration of violacein, suggesting
that it could be a very promising molecule to be used in combination
with classical cancer therapy. By the same token, it has been found that
several compounds, such as curcumin and cryptotanshinone sensitize
cells derived from ovarian cancer to CDDP at 10 μM (Yallapu et al.,
2010; Yuan et al., 2017). However, underlying molecular mechanisms
that produce the sensitizing eﬀect to CDDP by violacein are still not
known.
In this respect, it was investigated if the increase in cell death as
well as the synergistic eﬀect of CDDP on both cell lines occurred due
to a genotoxicity eﬀect of violacein. The analysis of the micronucleus
frequency did not show an increase in genetic damage induced by violacein. On the contrary, it showed a decrease in genetic damage when
combined with CDDP, although caﬀeine was added during cell culturing
in order to overtake cell cycle blockage induced by violacein (Fig. 3).
Besides, we evaluated the potential induction of primary DNA damage
by using comet assay and studying the presence of the histone variant
gamma H2AX. Comet assay allows the recognition of the primary DNA
lesions that are converted into single-strand breaks by DNA repair processes of oxidative damage or any base damage induced by CDDP or
violacein. On the other hand, 𝛾H2AX constitutes a sensor protein appearing nearby the DNA lesion as soon as the DNA damage response
begins after genetic insult. In this respect, we have observed that violacein does not induce DNA damage, even at 500 nM. Interestingly, it was
observed that violacein reduced the primary DNA damage produced by
CDDP. In this respect, a positive genotoxic eﬀect of violacein was previously described by Andrighetti-Fröhner et al but with a dose of 1.5 𝜇M
(Andrighetti-Fröhner et al., 2006).
Nearly three-fourths of patients with high-risk bladder cancer will
relapse within the following few years of their diagnosis. Even though
most patients do not die of primary bladder cancer, the vast majority endures the morbidity of recurrence and progression of their cancer (Wong et al., 2018). Besides, Astolﬁ et al have shown that the
dosage of cisplatin constitutes the main factor inﬂuencing the severity
of its adverse eﬀects (Astolﬁ et al., 2013). Therefore, increasing eﬀorts
should be made to oﬀer patients intravesical therapy for minimizing
the incidence of recurrences (Chamie et al., 2013). Thus, the development of improved intravesical chemotherapies, for treating high-grade,
non-muscle-invasive bladder cancer becomes of the utmost importance
(Kim et al., 2015). For this reason, we choose cells derived from an in situ
carcinoma as well as from metastatic bladder tumor cells to test sensitivity to violacein alone or in combination with a classical chemotherapy
agent (CDDP).
Currently, many investigators are studying if diﬀerent natural
molecules (from plants or microbes) or combinations of molecules could
potentiate the anti-tumor activity of classical chemotherapy agents
(Aumeeruddy and Mahomoodally, 2019; Wei et al., 2020; Xiao et al.,
2019). For example, experimental evidence suggests that herbal extracts such as Solanum nigrum and Claviceps purpurea and isolated herbal
compounds (e.g., curcumin and resveratrol) combined with antitumoral
drugs have the potential to attenuate resistance against cancer therapy
(Lin et al., 2020). Actually, several natural products, belonging to diverse chemical families, have shown to be potent chemosensitizers for
tumor therapy, enhancing the cytotoxicity of conventional drugs. In this
respect, our results suggest that violacein is an interesting agent to be
incorporated in future cancer therapy since it allows the block of cancer
cells growth, without increasing genomic instability. However, a better
understanding of the cell death mechanisms induced by this compound
will be useful to develop new therapeutic approaches.

genotoxic eﬀect. Besides, it is worth to mention, that the synergistic effect observed when combining violacein and CDDP in killing bladder
cancer cells (with no increase in the genetic damage), may diminish the
side eﬀects of classical chemotherapy, whose main target is the genetic
material. Therefore, violacein could be considered as an antiproliferative drug to control the growth of bladder cancer cells. Nevertheless,
to conﬁrm this assumption, in vivo assays should be performed (using
animal models) as well as a thorough analysis of its possible mechanism
of action.
Ethical Approval
Not Applicable.
Date Availability
Supporting data is available upon request.
Funding
This research work was supported by the National Agency for Research and Innovation (ANII-Uruguay).
Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence
the work reported in this paper.
CRediT authorship contribution statement
Diego Alem: Conceptualization, Methodology, Formal analysis,
Writing – original draft. Lucía Canclini: Investigation, Formal analysis,
Writing – original draft. Susana Castro-Sowinski: Conceptualization,
Supervision. Wilner Martínez-López: Conceptualization, Supervision,
Writing – review & editing.
Acknowledgement
The authors thank the Uruguayan Antarctic Institute for the logistic support during the stay in the Antarctic Base Artigas, which allow
us to collect the violacein-producing microbe. D. Alem, L. Canclini, S.
Castro-Sowinski, and W. Martínez-Lopez are members of the National
Research System (SNI, Sistema Nacional de Investigadores). The work of
D. Alem was supported by ANII (Agencia Nacional de Investigación e Innovación). This work was partially supported by PEDECIBA (Programa
de Desarrollo de las Ciencias Básicas) and Biotechnology Post-Graduate
Program, Universidad de la República (Postgrado en Biotecnología, UdelaR).
ORCID
Wilner Martínez-López, https://orcid.org/0000-0002-9384-4231.
Supplementary Materials
Nil.
References
Alem, D., Marizcurrena, J.J., Saravia, V., Davyt, D., Martinez-Lopez, W., CastroSowinski, S., 2020. Production and antiproliferative eﬀect of violacein, a purple pigment produced by an Antarctic bacterial isolate. World J. Microbiol. Biotechnol. 36,
1–11. doi:10.1007/s11274-020-02893-4.
Alshatwi, A.A., Subash-Babu, P., Antonisamy, P., 2016. Violacein induces apoptosis in
human breast cancer cells through up regulation of BAX, p53 and down regulation of
MDM2. Exp. Toxicol. Pathol. 68, 89–97. doi:10.1016/j.etp.2015.10.002.

5. Conclusion
It was shown that violacein has an in vitro antiproliferative and nongenotoxic eﬀect in bladder cancer cell lines. Besides, violacein sensitized
CDDP in bladder cancer cell lines, increasing cell death but reducing its
8

D. Alem, L. Canclini, S. Castro-Sowinski et al.

Clinical Complementary Medicine and Pharmacology 2 (2022) 100036

Andrighetti-Fröhner, C.R., Kratz, J.M., Antonio, R.V., Creczynski-Pasa, T.B.,
Barardi, C.R.M., Simões, C.M.O., 2006. In vitro testing for genotoxicity of violacein assessed by Comet and Micronucleus assays. Mutat. Res. - Genet. Toxicol.
Environ. Mutagen. 603, 97–103. doi:10.1016/J.MRGENTOX.2005.11.001.
Astolﬁ, L., Ghiselli, S., Guaran, V., Chicca, M., Simoni, E., Olivetto, E., Lelli, G., Martini, A., 2013. Correlation of adverse eﬀects of cisplatin administration in patients
aﬀected by solid tumours: A retrospective evaluation. Oncol. Rep. 29, 1285–1292.
doi:10.3892/OR.2013.2279.
Aumeeruddy, M.Z., Mahomoodally, M.F., 2019. Combating breast cancer using combination therapy with 3 phytochemicals: Piperine, sulforaphane, and thymoquinone.
Cancer 125, 1600–1611. doi:10.1002/cncr.32022.
Azman, A.S., Mawang, C.I., Abubakar, S., 2018. Bacterial pigments: The bioactivities and
as an alternative for therapeutic applications. Nat. Prod. Commun. 13, 1747–1754.
doi:10.1177/1934578X1801301240.
Bubeník, J., Barešová, M., Viklický, V., Jakoubková, J., Sainerová, H., Donner, J., 1973.
Established cell line of urinary bladder carcinoma (T24) containing tumour-speciﬁc
antigen. Int. J. Cancer 11, 765–773. doi:10.1002/ijc.2910110327.
Castedo, M., Obrist, F., Kroemer, G., 2018. Cisplatin resistance coupled to enhanced sensitivity to metabolic interventions. Mol. Cell. Oncol. 5, 1–3.
doi:10.1080/23723556.2018.1526004.
Chamie, K., Litwin, M.S., Bassett, J.C., Daskivich, T.J., Lai, J., Hanley, J.M., Konety, B.R.,
Saigal, C.S., 2013. Recurrence of high-risk bladder cancer: A population-based analysis. Cancer 119, 3219–3227. doi:10.1002/cncr.28147.
Cheung-Ong, K., Giaever, G., Nislow, C., 2013. DNA-damaging agents in cancer
chemotherapy: Serendipity and chemical biology. Chem. Biol. 20, 648–659.
doi:10.1016/j.chembiol.2013.04.007.
Choi, S.Y., Yoon, K., Lee Il, J., Mitchell, R.J., 2015. Violacein: Properties and Production of
a Versatile Bacterial Pigment. Biomed Res. Int. 2015, 1–8. doi:10.1155/2015/465056.
Chou, T.C., 2014. Frequently asked questions in drug combinations and the mass-action
law-based answers. Synergy 1, 3–21. doi:10.1016/J.SYNRES.2014.07.003.
Dasari, S., Tchounwou, P.B., 2014. Cisplatin in cancer therapy: Molecular mechanisms of
action. Eur. J. Pharmacol. 740, 364–378. doi:10.1016/j.ejphar.2014.07.025.
de Carvalho, D.D., Costa, F.T.M., Duran, N., Haun, M., 2006. Cytotoxic activity
of violacein in human colon cancer cells. Toxicol. In Vitro 20, 1514–1521.
doi:10.1016/J.TIV.2006.06.007.
Durán, M., Ponezi, A.N., Faljoni-Alario, A., Teixeira, M.F.S., Justo, G.Z., Durán, N., 2012.
Potential applications of violacein: a microbial pigment. Med. Chem. Res. 21, 1524–
1532. doi:10.1007/s00044-011-9654-9.
Elliott, A.Y., Cleveland, P., Cervenka, J., Castro, A.E., Stein, N., Hakala, T.R., Fraley, E.E.,
1974. Characterization of a cell line from human transitional cell cancer of the urinary
tract. J. Natl. Cancer Inst. 53, 1341–1349. doi:10.1093/jnci/53.5.1341.
Fenech, M., 2007. Cytokinesis-block micronucleus cytome assay. Nat. Protoc. 2, 1084–
1104. doi:10.1038/nprot.2007.77.
Ferreira, C.V., Bos, C.L., Versteeg, H.H., Justo, G.Z., Durán, N., Peppelenbosch, M.P., 2004.
Molecular mechanism of violacein-mediated human leukemia cell death. Blood 104,
1459–1464. doi:10.1182/blood-2004-02-0594.
Galluzzi, L., Senovilla, L., Vitale, I., Michels, J., Martins, I., Kepp, O., Castedo, M., Kroemer, G., 2012. Molecular mechanisms of cisplatin resistance. Oncogene 31, 1869–
1883. doi:10.1038/onc.2011.384.
Huang, R.Y., Pei, L., Liu, Q., Chen, S., Dou, H., Shu, G., Yuan, Z.X., Lin, J.,
Peng, G., Zhang, W., Fu, H., 2019. Isobologram analysis: A comprehensive
review of methodology and current research. Front. Pharmacol. 10, 1222.
doi:10.3389/FPHAR.2019.01222/BIBTEX.
Kim, J., Akbani, R., Creighton, C.J., Lerner, S.P., Weinstein, J.N., Getz, G.,
Kwiatkowski, D.J., 2015. Invasive bladder cancer: Genomic insights and therapeutic promise. Clin. Cancer Res. 21, 4514–4524. doi:10.1158/1078-0432.CCR-14-1215.
Kodach, L.L., Bos, C.L., Durán, N., Peppelenbosch, M.P., Ferreira, C.V., Hardwick, J.C.H.,
2006. Violacein synergistically increases 5-ﬂuorouracil cytotoxicity, induces apoptosis and inhibits Akt-mediated signal transduction in human colorectal cancer cells.
Carcinogenesis 27, 508–516. doi:10.1093/carcin/bgi307.
Koo, H., Strope, B.M., Kim, E.H., Shabani, A.M., Kumar, R., Crowley, M.R., Andersen, D.T.,
Bej, A.K., 2016. Draft Genome Sequence of Janthinobacterium sp. Ant5-2-1, Isolated from Proglacial Lake Podprudnoye in the Schirmacher Oasis of East Antarctica.
Genome Announc 4, 1600–1615. doi:10.1128/GENOMEA.01600-15.
Leal, A.M.D.S., De Queiroz, J.D.F., De Medeiros, S.R.B., Lima, T.K.D.S., Agnez-Lima, L.F.,
2015. Violacein induces cell death by triggering mitochondrial membrane hyperpolarization in vitro. BMC Microbiol 15. doi:10.1186/S12866-015-0452-2.
Lin, S.R., Chang, C.H., Hsu, C.F., Tsai, M.J., Cheng, H., Leong, M.K., Sung, P.J., Chen, J.C.,
Weng, C.F., 2020. Natural compounds as potential adjuvants to cancer therapy: Preclinical evidence. Br. J. Pharmacol. 177, 1409–1423. doi:10.1111/bph.14816.
Loras, A., Trassierra, M., Sanjuan-Herráez, D., Martínez-Bisbal, M.C., Castell, J.V., Quintás, G., Ruiz-Cerdá, J.L., 2018. Bladder cancer recurrence surveillance by urine
metabolomics analysis. Sci. Rep. 8, 1–10. doi:10.1038/s41598-018-27538-3.
Marizcurrena, J.J., Herrera, L.M., Costábile, A., Morales, D., Villadóniga, C., Eizmendi, A.,
Davyt, D., Castro-Sowinski, S., 2019. Validating biochemical features at the genome
level in the Antarctic bacterium Hymenobacter sp. strain UV11. FEMS Microbiol. Lett.
366. doi:10.1093/FEMSLE/FNZ177.

Melo, P.S., Justo, G.Z., De Azevedo, M.B.M., Durán, N., Haun, M., 2003. Violacein and its
𝛽-cyclodextrin complexes induce apoptosis and diﬀerentiation in HL60 cells. Toxicology 186, 217–225. doi:10.1016/S0300-483X(02)00751-5.
Melo, P.S., Maria, S.S., Vidal, B., de, C., Haun, M., Durán, N., 2000. Violacein cytotoxicity
and induction of apoptosis in V79 cells. Vitr. Cell. Dev. Biol. - Anim. 36, 539–543.
doi:10.1290/1071-2690(2000)036<0539:VCAIOA>2.0.CO;2.
Mojib, N., Nasti, T.H., Andersen, D.T., Attigada, V.R., Hoover, R.B., Yusuf, N., Bej, A.K.,
2011. The antiproliferative function of violacein-like purple violet pigment (PVP)
from an Antarctic Janthinobacterium sp. Ant5-2 in UV-induced 2237 ﬁbrosarcoma.
Int. J. Dermatol. 50, 1223–1233. doi:10.1111/J.1365-4632.2010.04825.X.
Nair, A., Manohar, S.M., 2021. A ﬂow cytometric journey into cell cycle analysis. Bioanalysis 13, 1627–1644. doi:10.4155/BIO-2021-0071.
Pérez, F., Varela, M., Canclini, L., Acosta, S., Martínez-López, W., López, G.V., Hernández, P., 2019. Furoxans and tocopherol analogs-furoxan hybrids as anticancer agents.
Anticancer. Drugs 30, 330–338. doi:10.1097/CAD.0000000000000721.
Ryu, H., Jin, H., Ho, J.N., Bae, J., Lee, E., Lee, S.E., Lee, S., 2019. Suberoylanilide hydroxamic acid can re-sensitize a cisplatin-resistant human bladder cancer. Biol. Pharm.
Bull. 42, 66–72. doi:10.1248/bpb.b18-00545.
Sajjad, W., Din, G., Raﬁq, M., Iqbal, A., Khan, S., Zada, S., Ali, B., Kang, S., 2020. Pigment
production by cold-adapted bacteria and fungi: colorful tale of cryosphere with wide
range applications. Extremophiles 24, 447–473. doi:10.1007/S00792-020-01180-2.
Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,
Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., Tinevez, J.Y., White, D.J., Hartenstein, V., Eliceiri, K., Tomancak, P., Cardona, A., 2012. Fiji: An open-source platform
for biological-image analysis. Nat. Methods. doi:10.1038/nmeth.2019.
Sittampalam, G.S., Nathan Coussens, B.P., Kyle Brimacombe Abigail Grossman, B.,
Michelle Arkin, B., Douglas Auld, B., Chris Austin Jonathan Baell, B., Bruce Bejcek, B.,
Thomas Chung, B.D., Jayme Dahlin Viswanath Devanaryan, B.L., Timothy Foley, B.L.,
Marcie Glicksman Matthew Hall, B.D., Joseph Hass, B.V., James Inglese, B., Philip
Iversen Steven D Kahl, B.W., Madhu Lal-Nag, B., Zhuyin Li, B., James McGee Owen
McManus, B., Terry Riss, B., Joseph Trask, B.O., Jeﬀrey Weidner Menghang Xia, B.R.,
Xin Xu, B., Minor, L., Lemmon, V., Napper, A., Peltier, J.M., Nelsen, H., Gal-Edd, N.,
Sittampalam, G.S., Coussens, N.P., Brimacombe, K., Grossman, A., Arkin, M., Auld, D.,
Austin, C., Baell, J., Bejcek, B., Chung, T.D.Y., Dahlin, J.L., Devanaryan, V., Foley, T.L.,
Glicksman, M., Hall, M.D., Hass, J.V., Inglese, J., Iversen, P.W., Kahl, S.D., Lal-Nag, M.,
Li, Z., McGee, J., McManus, O., Riss, T.O., Joseph Trask, J., Weidner, J.R., Xia, M.,
Xu, X., 2004. Assay Guidance Manual, Assay Guidance Manual. Eli Lilly & Company
and the National Center for Advancing Translational Sciences.
Sun, C.Y., Zhang, Q.Y., Zheng, G.J., Feng, B., 2019. Phytochemicals: Current strategy to sensitize cancer cells to cisplatin. Biomed. Pharmacother. 110, 518–527.
doi:10.1016/j.biopha.2018.12.010.
Sung, H., Ferlay, J., Siegel, R.L., Laversanne, M., Soerjomataram, I., Jemal, A., Bray, F.,
2021. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA. Cancer J. Clin. 71, 209–249.
doi:10.3322/CAAC.21660.
Tice, R.R., Agurell, E., Anderson, D., Burlinson, B., Hartmann, A., Kobayashi, H.,
Miyamae, Y., Rojas, E., Ryu, J.C., Sasaki, Y.F., 2000. Single cell
gel/comet assay: Guidelines for in vitro and in vivo genetic toxicology
testing.
Environmental
and
Molecular
Mutagenesis
206–221.
doi:10.1002/(SICI)1098-2280(2000)35:3<206::AID-EM8>3.0.CO;2-J.
Venegas, F.A., Köllisch, G., Mark, K., Diederich, W.E., Kaufmann, A., Bauer, S.,
Chavarría, M., Araya, J.J., García-Piñeres, A.J., 2019. The Bacterial Product Violacein Exerts an Immunostimulatory Eﬀect Via TLR8. Sci. Rep. 9.
doi:10.1038/S41598-019-50038-X.
Wei, M.M., Zhao, S.J., Dong, X.M., Wang, Y.J., Fang, C., Wu, P., Song, G.Q.,
Gao, J.N., Huang, Z.H., Xie, T., Zhou, J.L., 2020. A combination index and
glycoproteomics-based approach revealed synergistic anticancer eﬀects of curcuminoids of turmeric against prostate cancer PC3 cells. J. Ethnopharmacol. 3, 1–12.
doi:10.1016/j.jep.2020.113467.
Wong, M.C.S., Fung, F.D.H., Leung, C., Cheung, W.W.L., Goggins, W.B., Ng, C.F., 2018. The
global epidemiology of bladder cancer: a joinpoint regression analysis of its incidence
and mortality trends and projection. Sci. Rep. 8. doi:10.1038/S41598-018-19199-Z.
Xiao, Q., Zhu, W., Feng, W., Lee, S.S., Leung, A.W., Shen, J., Gao, L., Xu, C., 2019. A
review of resveratrol as a potent chemoprotective and synergistic agent in cancer
chemotherapy. Front. Pharmacol. 9, 1–10. doi:10.3389/fphar.2018.01534.
Yallapu, M.M., Maher, D.M., Sundram, V., Bell, M.C., Jaggi, M., Chauhan, S.C.,
2010. Curcumin induces chemo/radio-sensitization in ovarian cancer cells and curcumin nanoparticles inhibit ovarian cancer cell growth. J. Ovarian Res. 3, 1–12.
doi:10.1186/1757-2215-3-11.
Yuan, R., Hou, Y., Sun, W., Yu, J., Liu, X., Niu, Y., Lu, J., 2017. Natural products to prevent
drug resistance in cancer chemotherapy : a review. Ann. N. Y. Acad. Sci. 1401, 19–27.
doi:10.1111/nyas.13387.
Zhu, H., Luo, H., Zhang, W., Shen, Z., Hu, X., Zhu, X., 2016. Molecular mechanisms
of cisplatin resistance in cervical cancer. Drug Des. Devel. Ther. 10, 1885–1895.
doi:10.2147/DDDT.S106412.

9

