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ABSTRACT

Phenazine-1-carboxylic acid has extensive pharmacological activity, including antibiotic
and immunomodulatory, but the anticancer activity remains unknown. Treatment of
prostate cancer cell line (DU145) with phenazine-1-carboxylic acid stimulated inhibition
of cell proliferation in concentration- and time-dependent manner. Dual staining confirmed
phenazine-1-carboxylic acid stimulated prostate cancer programmed cell death in time-
dependent manner. To investigate the exact mechanism, phenazine-1-carboxylic acid-
stimulated oxidative stress and mitochondrial-related apoptotic pathway in human pros-
tate cancer cells were examined in this study. Phenazine-1-carboxylic acid increased the
generation of reactive oxygen species (ROS) in prostate cancer cell lines, which triggered the
pro-apoptotic JNK signaling. Phosphorylated JNK stimulated the depolarization of mito-
chondrial membrane potential (A¥m) and downregulation of anti-apoptotic protein Bcl-2
related with the upregulation of pro-apoptotic protein Bax. Downregulation of anti-apopto-
tic Bcl-2 family protein in corresponding with loss of A¥m, stimulate the increased produc-
tion of cytochrome c and programmed cell death inducing factor (AIF) from mitochondria,
and ultimately induced the caspase-dependent and caspase-independent programmed cell
death. Altogether, the present study suggests that phenazine-1-carboxylic acid showed an
antitumor activity in prostate cancer cells by reactive oxygen species production and
mitochondrial-related apoptotic pathway. The results of the present study offered an insight

into the prospective of phenazine-1-carboxylic acid for prostate cancer therapy.
© 2016 Faculty of Health and Social Sciences, University of South Bohemia in Ceske
Budejovice. Published by Elsevier Sp. z o.0. All rights reserved.
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Introduction

Prostate cancer (PCA) is a largely detected malignancy in the
matured males and the second top cancer-associated deaths
in the US (Jemal et al., 2005). It has also developed as a
prevailing disease in several Asian countries (Pu et al., 2004).
Researchers are now effectively trying to identify a novel
natural product that can significantly inhibit the proliferation
of tumor cell growth without disturbing normal cells
(Krishnan et al., 2003). With regard to PCA chemoprevention,
natural products had more interest with chemoprevention
(Gupta, 2007; Singh et al., 2002).

Phenazines, a group of heterocyclic nitrogenous
compounds isolated from the bacteria including actinobac-
teria and Pseudomonas (Giddens et al, 2002; Mavrodi
et al, 2006). It has several biological activities such as
antibiotic (Abken et al., 1998; Kerr et al., 1999), antimalarial
(Hussain et al., 2011; Neves-Pinto et al., 2002) and anticancer
(Gao et al, 2012; Rewcastle et al.,, 1987). Phenazines with
different structural features have been isolated from
actinobacteria due to their potential bioactivity and low
toxicity to normal healthy cells (Cimmino et al., 2012, 2013).
Since phenazines are small molecules, they can easily
invade into the tissues and/or organs with multiple
targets (Gao et al, 2012, 2013). Previous studies were
proved that phenazines generate high level of reactive
oxygen species (ROS) and selectively kill the cancer cells
(Cimmino et al, 2013; Pierson and Pierson, 2010). For
instance, Sorensen et al. (1983) showed that ROS produced
by pyocyanin inhibited the growth of human lymphocytes.
In general, each cell contains balance level of ROS and
antioxidants (Gao et al., 2012, 2013). Once this crucial
balance is disturbed by excessive ROS generation and/or
antioxidant reduction, oxidative stress can come to exist
(Pierson and Pierson, 2010). The excessive generation of ROS
could damage the cells by modifying intracellular or
extracellular macromolecules and signaling pathways
(Pierson and Pierson, 2010). Simultaneously, ROS could not
affect the normal cells due to their better tolerance to
oxidative stress and regular metabolism (Abdelfattah et al.,
2011). Thus, ROS have a significant role in anticancer drug
discovery.

Phenazine-1-carboxylic acid is considered as a metabolic
precursor for other phenazine derivatives (Pierson and
Pierson, 2010). It has been reported that phenazine-1-
carboxylic acid exhibit antibiotic activity, but the anticancer
activity of this compound has not been studied thus far
(Pierson and Pierson, 2010). In the present study, we first
detected that phenazine-1-carboxylic acid inhibited the
proliferation of SKOV3, Hela, Hep2, Ht1080 and DU145 cell
lines. To further characterize the anticancer mechanism of
that phenazine-1-carboxylic acid in DU145 cell, we studied
the intensity of intracellular ROS and mitochondrial
membrane potential, which are strongly related with the
programmed cell death signal transduction pathway
and effect the chemosensitivity of tumor cells to
anticancer agents. Our results revealed that phenazine-1-
carboxylic acid is a potential candidate for prostate cancer
treatment.

Materials and methods

Isolation and identification of the actinobacterial strain
MNMon3

The actinobacterial strain MNMon3 was isolated from the coral
reef sediment of the Manoli Island, Gulf of Mannar Biosphere
Reserve, India using dilution plate technique in glucose yeast
extract and malt extract agar and maintained in —80 °C. The
strain MNMon3 was identified based on chemotaxonomy,
micromorphology and 16S rRNA gene sequencing. Genomic
DNA was extracted from the culture of MNMon3 grown on ISP2
broth as described by Sun et al. (2010). 16S rRNA gene of
MNMon3 was amplified using the method of Karuppiah et al.
(2011) and sequenced in Macrogen, Korea. The sequence was
compared with the public databases using NCBI-BLAST
program. Phylogenetic tree was constructed with the MEGA
version 5 with the method of maximum likelihood and
bootstrap analysis with 1000 resamplings. The sequence
was deposited under the GenBank accession number
KMO079126.

Extraction and characterization of phenazines

Actinobacterial strain MNMon3 was inoculated in 1-L Erlen-
meyer flasks containing 400 mL of the ISP2 medium and
incubated at 28°C on rotary shakers for 5 days. After
fermentation the culture was filtered and extracted with
equal volumes of ethyl acetate for three times. The crude
extract was partitioned in silica gel (60-120 mesh) column
chromatography using a step wise gradient from 100%
dichloromethane to 100% methanol. Based on TLC analyses,
fraction 4 was applied repeatedly to semipreparative RP-C18
(X Aqua-C185 pm, 10 x 250 mm) HPLC (Agilent Technologies,
USA) and separated with a linear gradient from 20% to 100%
methanol at a flow rate of 3mL/min for 40 min to get
phenazine-1-carboxylic acid from MNMon3 (tR = 30.7 min).

The methanol solution of phenazine-1-carboxylic acid
was detected on an ultra-performance liquid and quadrupole
time of flight mass spectroscopy (UPLC-QTOF-MS Premier,
Waters Corporation, USA). The phenazine-1-carboxylic acid
were separated on a C18 RP-column (ACQUITY BEH-C18
1.7 pm, 2.1 x 100 mm, Waters Co.) with the linear gradient
elution from 30% H,O to 100% acetonitrile. Total ion
chromatography (TIC) and mass spectrum of selected ion
were acquired in positive electrospray ionization mass
spectrum (ESI-MS) mode. Dereplication of substance was
realized by comparison of MS data obtained by UPLC-MS
analyses with the Antibase (Laatsch, 2007) and the Chapman
& Hall/CRC Dictionary of Natural Products databases
(Buckingham, 2008).

Chemical reagents and antibodies

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), RIPA lysis buffer, 2',7'-dichlorofluorescin diacetate
(DCFH-DA) and rhodamine 123 (Rh-123) were purchased from
Thermo fisher Scientific (Massachusetts, USA) and Sigma-
Aldrich Inc. (St. Louis, MO, USA). Caspase-3 Colorimetric Assay
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Kit was purchased from Abcam, Cambridge, UK. High Pure
Mitochondria Isolation Kit was purchased from Abcam,
Cambridge, UK. Antibodies against Bax, Bcl-2, phosphorylated
JNK, JNK, cytochrome c, programmed cell death inducing
factor (AIF), CoxIV, and B-actin were obtained from Abcam,
Cambridge, UK. The secondary antibodies, namely, horserad-
ish peroxidase (HRP)-labeled anti-mouse IgG antibody and
HRP-labeled anti-rabbit IgG antibody were purchased from
Abcam, Cambridge, UK.

Cell cultures

Cancer cell lines of SKOV3, Hela, Hep2, Ht1080 and DU145
were purchased from ATCC (Manassas, VA, USA). DU145,
Hela, Hep2 and Ht1080 cells were grown in DMEM supple-
mented with 10% fetal bovine serum and penicillin/strepto-
mycin/amphotericin B, SKOV3 cells were grown in RPMI 1640
and the other cell lines were grown in DMEM-F12, all
supplemented with 10% fetal bovine serum and penicillin/
streptomycin/amphotericin B.

Cell viability assay

The cells were cultured at a density of 4 x 10* cells per well in
96-well plates and treated with 10, 25, 50, 75, 100 uM of
phenazine-1-carboxylic acid for 24 and 48 h. For evaluating cell
viability, MTT assay was carried out as described by Karuppiah
et al. (2013).

Measurement of intracellular ROS

ROS generation was examined with DCFH-DA, a cell-perme-
able dye. DCFH-DA enters into the cells and oxidized by
intracellular H,O, or low-molecular-weight peroxides to
fluorescent DCF (Kuo et al., 2007). Subsequent treatment with
phenazine-1-carboxylic acid, cells were incubated with 50 uM
DCFH-DA dye in medium for 30 min in dark and washed with
PBS. Fluorescent signals were measured with excitation and
emission filters at 485 + 10 and 530 + 12.5 nm, respectively.
Fluorescence microscopic images were taken using a blue filter
(450-490 nm) on an epi-fluorescence microscope.

Measurement of mitochondrial membrane potential

After incubation of DU145 cells with phenazine-1-carboxylic
acid for 24 and 48 h, fluorescent dye Rh-123 (10 pM/mlL), a
lipophilic cationic dye, highly specific for mitochondria
was added to the cells and kept in an incubator for 30 min.
Then the cells were rinsed with PBS and observed under
a fluorescence microscope with a blue filter. Polarized
mitochondria were distinct by orange-red fluorescence,
and depolarized mitochondria, by green fluorescence
(Nakano et al., 2006).

Caspase-3 activity assay

After treated with phenazine-1-carboxylic acid for 24 or 48 h,
the caspase-3 activity in DU145 cell lysates were described
using Colorimetric Assay Kit (Abcam, Cambridge, UK) accord-
ing to the manufacturer's instruction.

Isolation of mitochondria

After treated with phenazine-1-carboxylic acid for 24 or 48 h,
the mitochondria of DU145 cells were isolated by the High Pure
Mitochondria Isolation Kit (Abcam, Cambridge, UK) according
to the manufacture instructions.

Immunoblotting analysis

The immunoblotting studies were carried out as described by
Chang et al. (2006). In concise, the cells were rinsed with PBS
and lysed with the lysis buffer. The protein lystes (40 pM)
were subjected to 10% SDS PAGE and transferred to nitrocel-
lulose membrane. After blocking with 10% BSA, membranes
were incubated with different primary antibodies, followed by
incubated with secondary antibodies. Signals were observed
by enhanced chemiluminescence kit (Bio-Rad, California,
USA).

Statistics
Data are given as means + SED and comparisons were made

using Student's t test. A probability of 0.05 or less was taken
statistically significant.

Results
Isolation and identification of marine actinobacteria

A marine actinobacterium MNMon8 strain was isolated from
the coral reef sediments of Manoli island, Gulf of Mannar
Biosphere Reserve, India. The strain MNMon3 showed the
presence of ii-diaminopimelic acid and glycine with no
distinguished sugar pattern, which reveals that this strain
belonged to the cell wall chemotype-I. In general aerial
mycelium and substrate mycelium was white and brown,
respectively. Spore chains and surface were rectiflexibiles and
smooth, respectively. Evaluation of the 16S rRNA gene
sequence of the strain MNMon3 with previously deposited
sequences in the GenBank (NCBI) indicated that this organism
is belongs to the genus Streptomyces. The rooted phylogenetic
tree showed that the strain MNMon3 was interlinked with
Streptomyces cebimarensis DSM 41798T (AJ560629) (Fig. 1). Based
on the morphology, chemotaxonomy and 16S rRNA gene
sequencing, the strain MNMon3 was identified as the
Streptomyces sp. The sequence was submitted to Gene Bank
in NCBI with the accession number KM079126.

Extraction, purification and characterization of phenazine
derivative

Based on purification of extract through silica gel column and
preparative HPLC, the fermentation culture (10 L) of Streptomy-
ces sp. MNMon3 yielded 7 mg of yellow powdered compound.
The purity of the compound was confirmed in analytical HPLC
with retention time of 30.7 min. The ESI-MS spectrum showed
the molecular ion peak at m z-1 225.21 (M+H) (Fig. 2A). On the
basis of spectral data, the comparative results of Antibase
(Laatsch, 2007) and the Chapman & Hall/CRC Dictionary of
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Streptomyces monomycinistrain NBRC 100769 (NR 112592)

Streptomyces chattanoogensis strain DSM 40002 (NR 114918)
Streptomyces chrestomyceticus strain 13663Q (EU741199)

Streptomyces rimosus subsp. paromomycinus strain DSM 41429 (NR 025622)
Streptomyces sp. CIMAP A2 (GQ478050)

@ Streptomyces sp. MNMon8 (KM079126)

Streptomyces cebimarensis DSM 41798T (AJ560629)

Streptomyces sclerotialus strain DSM 43032 (NR 025620)

E.coli ATCC 11775T (X80725)

Fig. 1 - Phylogenetic tree based on 16S rRNA gene sequences showing the positions of MNMon3 and related strains. Bar 0.02

substitutions per nucleotide position.

Natural Products databases (Buckingham, 2008), the com-
pound was characterized as phenazine-1-carboxylic acid
(Fig. 2B).

Effects of phenazine-1-carboxylic acid on cell viability

To explore the potential inhibition of cancer cells by phena-
zine-1-carboxylic acid, MTT assay was performed against five
different malignant cell lines including SKOV3, Hela, Hep2,
Ht1080 and DU145. After treating with phenazine-1-carboxylic
acid (ranging from 10 to 100 pM) for 24 and 48 h, DU145, a
prostate cancer line, showed the most prominent anti-
proliferation activity in concentration- and time-dependent
manner with an IC50 value of 19.5 and 12.5 puM/mL for 24 and
48 h respectively (Fig. 3A and B).

Phenazine-1-carboxylic acid induced DU145 programmed cell
death

To investigate the underling apoptotic mechanism of the
phenazine-1-carboxylic acid on DU145 cells, 15 pM of phena-
zine-1-carboxylic acid was selected for further studies. As
shown in Fig. 4A and B, DU145 cells showed an alteration in
the morphology after treatment with phenazine-1-carboxylic
acid at 15 uM. Fluorescent DNA binding dyes including
acridine orange and ethidium bromide were used to differen-
tiate programmed cell death and necrosis of cells. Normal
cells utilize acridine orange and fluoresces green, while
nonviable apoptotic cells utilize both dyes and fluoresce

orange. As observed in florescent microscope, DU145 cells in
control reflect green, while cells treated with phenazine-1-
carboxylic acid showed orange, which indicate programmed
cell death. The apoptotic rate was calculated by analysing
more than 400 cells in 12 different fields of each well. As
illustrated in Fig. 4B, in DU145cells, programmed cell death
was increased from 2% in control cells to 48 and 56% in
phenazine-1-carboxylic acid treated cells after 24 and 48 h
respectively.

Phenazine-1-carboxylic acid influenced the intensity of ROS
and mitochondrial membrane potential (A¥m) in cells

To examine the ROS generation by phenazine-1-carboxylic
acid, DU145 treated cells were incubated with DCFH-DA. As
illustrated in Fig. 5A and B, DU145 cells treated with
phenazine-1-carboxylic acid showed comparatively higher
ROS generation than control cells.

The usage of Rh 123 is a valuable method for determining
mitochondrial function. Rh 123 is a lipophilic cationic dye and
highly specific for mitochondrial membrane. The Rh 123
transform fluorescence emission from red to green as A¥m
reduces. Cells with intact membrane encourage the develop-
ment of red fluorescence, and cells with low membrane
potential show green fluorescence. As illustrated in Fig. 6, Rh
123 was accumulated in control cells, representing an adequate
membrane potential, whereas Rh 123 was defectively accumu-
lated in phenazine-1-carboxylic acid-treated cells, signifying
the distraction of A¥m.
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Fig. 2 - (A) MS-chromatogram of purified phenazine-1-carboxylic acid from Streptomyces sp. MNmon3, (B) chemical structure

of phenazine-1-carboxylic acid.
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Fig. 3 - Phenazine-1-carboxylic acid inhibits cell viability of SKOV3, Hela, Hep2, Ht1080 and DU145 cells. The effect of
phenazine-1-carboxylic acid on cell viability was estimated by MTT assay. (A) SKOV3, Hela, Hep2, Ht1080 and DU145 cells
were treated with phenazine-1-carboxylic acid for 24 h. (B) SKOV3, Hela, Hep2, Ht1080 and DU145 cells were treated with
phenazine-1-carboxylic acid for 48 h. Phenazine-1-carboxylic acid efficiently inhibited cell viability of all cell lines in a dose-
and time-dependent manner. The experiments were carried out in triplicate and data showed as the mean + SEM. 'p < 0.05,

phenazine-1-carboxylic acid-treated group compared with control group.

Apoptotio Celly

Phenazine-1-carboxylic acid (15 pm)

Fig. 4 - Phenazine-1-carboxylic acid induced DU145 programmed cell death. (A) Fluorescence microscopy images of DU145-
stained cells showing the emergence of apoptotic morphology in phenazine-1-carboxylic acid-treated prostate cancer cells.
In contrast to the control group, the group treated with phenazine-1-carboxylic acid showed characteristic apoptotic
phenotypes. (B) The apoptotic rate was calculated by analysing at least 400 cells from 12 different fields per well. The data
presented as mean =+ SEM of four individual experiments. ‘p < 0.05, Phenazine-1-carboxylic acid-treated group compared

with control group.
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Fig. 5 - Phenazine-1-carboxylic acid induced generation of ROS in DU145 cells. Compared with control group, treatment with
phenazine-1-carboxylic acid 15 pM for 12 and 24 h markedly increased ROS generation. The data showed as mean + SEM of
four individual experiments. p < 0.05, phenazine-1-carboxylic acid-treated group compared with control group.

Phenazine-1-carboxylic acid induced activation of JNK in acid mediated activation of JNK, and phosphorylation status of
DU145 cells JNK in DU145 cells were determined by westernblotting. As

shown in Fig. 7A and B, phenazine-1-carboxylic acid treated
The elevation of ROS within cells could activate the JNK DU145 cells considerably raised the phosphorylation of JNK in
signaling (Nakano et al., 2006). Hence, phenazine-1-carboxylic DU145cells.

Oh 24h

Fig. 6 - Phenazine-1-carboxylic acid induced loss of mitochondrial membrane potential in DU145 cells. MCF-7 andMDA-MB-
231 cells were stained with a mitochondria-specific dye, rhodamine 123, and its florescence was monitored using
fluorescence microscopy. rhodamine 123 was accumulated in control cells, where it displayed a bright-red fluorescence
indicating a high potential. In contrast, rhodamine 123 was poorly accumulated in phenazine-1-carboxylic acid-treated cells,
which displayed green fluorescence, indicating the loss of the mitochondrial membrane potential.
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Fig. 7 - Phenazine-1-carboxylic acid induced activation of JNK in DU145 cells. Cells were incubated with phenazine-1-
carboxylic acid for 3 and 6 h, and then, cell proteins were acquired and detected with antiphospho-JNK anti-JNK antibodies
by Western blot. Phenazine-1-carboxylic acid extensively increased the phosphorylation of JNK. 'p < 0.05, phenazine-1-

carboxylic acid-treated group compared with control group.

Modification of anti-apoptotic and pro-apoptotic protein
expression level in DU145 cells by phenazine-1-carboxylic acid

The level of the anti-apoptotic protein Bcl-2 and the pro-
apoptotic protein Bax were determined to characterize the
mitochondrial mediated programmed cell death induced
phenazine-1-carboxylic acid. The results of western blot
analysis (Fig. 8) showed the decreased and incresed level of
Bcl-2 and Bax, respectively. It implied that programmed cell
death of DU145 cells by phenazine-1-carboxylic acid was
mediated by alteration in the level of pro- and anti-apoptotic
proteins of the Bcl-2 family.
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Phenazine-1-carboxylic acid induced releasing of pro-apoptotic
factors from mitochondria of DU145 cells

ROS could induce programmed cell death through the
mitochondrial pathway by increasing loss of A¥m and liberate
mitochondrial pro-apoptotic proteins including cytochrome c
and programmed cell death inducing factor (AIF) into cytosol
(Chandra et al., 2000). To verify the role of mitochondrial
pathway involved in the programmed cell death of DU145 cells
induced by phenazine-1-carboxylic acid, we analyzed the level
of mitochondrial AIF and cytochrome c in DU145 cells. As
illustrated in Fig. 9, level of cytochrome c and AIF in
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Fig. 8 - Phenazine-1-carboxylic acid induced alteration of anti-apoptotic and pro-apoptotic protein expression level in DU145
cells. Cells were treated with phenazine-1-carboxylic acid for 24 and 48 h, and then, cell proteins were acquired and detected
with anti-Bcl-2 and anti-Bax antibodies by Western blot. Treatment of DU145 cells with phenazine-1-carboxylic acid resulted
in a decreased expression of Bcl-2 (A and B) and an increased expression of Bax (C and D). p < 0.05, phenazine-1-carboxylic

acid-treated group compared with control group.
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Fig. 9 - Phenazine-1-carboxylic acid induced releasing of cytochrome c and AIF from mitochondria in DU145 cells. Cells were
treated with phenazine-1-carboxylic acid for 24 and 48 h, then, mitochondrial extracts were acquired and detected with anti-
cytochrome c (A) or anti-AIF (B) antibody by Western blot. Treatment of DU145 cells with phenazine-1-carboxylic acid
resulted in a marked liberation of cytochrome c and AIF from mitochondria. p < 0.05, Phenazine-1-carboxylic acid-treated

group compared with control group.

mitochondria was declined in DU145 cells treated with 15 pM
of phenazine-1-carboxylic acid for 24 and 48 h. It suggests that
phenazine-1-carboxylic acid improved the loss of cytochrome
c and AIF from mitochondria and consequently incresed the
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Caspase3 Activity
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Phenazine-1-carboxylic acid (15 pm)

Fig. 10 - Phenazine-1-carboxylic acid induced activation of
caspase-3 in both DU145 cells. Cells were treated with
phenazine-1-carboxylic acid for 24 and 48 h, then, the cell
lysate were analyzed by Caspase-3 Colorimetric Assay Kit.
Treatment of DU145 cells with phenazine-1-carboxylic acid
resulted in activation of caspase-3. p < 0.05, phenazine-1-
carboxylic acid-treated group compared with control group.

level of cytochrome c and AIF in cytosol, which ultimately
activate the caspase-dependent and caspase-independent
programmed cell death pathway, respectively.

Phenazine-1-carboxylic acid induced activation of caspase-3 in
DU145 cells

Activation of caspase-3 indicates the unalterable or complet-
ing stage of programmed cell death. To further study the role of
caspase-3 in DU145 cells programmed cell death by phena-
zine-1-carboxylic acid, the level of caspase-3 was identified as
illustrated in Fig. 10. It showed that caspase-3 was notably
stimulated after phenazine-1-carboxylic acid treatment for 24
and 48 h. DU145 cells treated with 15uM of phenazine-1-
carboxylic acid for 24 and 48 h significantly increased the
caspase-3 activity by 150 and 180% above the control cells,
respectively.

Discussion

Phenazine-1-carboxylic acid is one of the major antibiotic
compounds isolated from Pseudomonas and Streptomyces.
Streptomyces are ubiquitous in marine environment and well
known for their valuable synthesis of secondary metabolites
with pharmic activity such as antibiotics, anticancer, and
immunomodulators (Karuppiah et al.,, 2015). In the present
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study, phenazine-1-carboxylic acid was isolated from the
Streptomyces sp. MNMon3, which was related to the type strain
Streptomyces cebimarensis DSM 41798T (AJ560629). Previous
studies have reported that phenazine-1-carboxylic acid have
the antimicrobial activity and several biological effects in
the human airway epithelial cells (Rane et al., 2007). However,
the anticancer activity of phenazine-1-carboxylic acid has not
been studied yet. To our knowledge, this is the first report on
the anticancer activity of phenazine-1-carboxylic acid against
prostate cancer.

In the present study, molecular mechanisms of phenazine-
1-carboxylic acid induced DU145 cells programmed cell death
have been studied. As shown in Fig. 3, phenazine-1-carboxylic
acid inhibitrd the proliferation of DU145 cells in dose- and time-
dependent manner. Additionally, phenazine-1-carboxylic acid
induced the programmed cell death in time-dependent man-
ners.

Since stimulation of programmed cell death shows to be the
most significant property for potential anticancer drug, the
morphological changes was characterised. The programmed
cell death induced by phenazine-1-carboxylic acid was identi-
fied by the symptoms such as cell shrinkage, chromatin
condensation, and fragmentation. These interpretations rec-
ommend that phenazine-1-carboxylic acid may be an efficient
chemotherapeutic drug against prostate cancer. Additional
studies were executed to explain the mechanism behind the
inhibition of cell proliferation through programmed cell death.

ROS are believed to involve in a several cellular functions,
such as cell proliferation, differentiation, and programmed cell
death (Liou and Storz, 2010). Increase in ROS level generation
leads to potentially cytotoxic “oxidative stress”. ROS and
oxidative stress are identified as programmed cell death

mitochondria
Bcl-24 Baxl. < INK

l AWM

Cytochrome c release

l

Caspase 9

1

Caspase 3

AIF release

inducers and modulators (Trachootham et al., 2008) and
they have been revealed to play vital role in chemotherapy
(Liou and Storz, 2010). Mitochondrial electron transport chain is
amostimportantinternal resource of ROS, of which NADH is the
important factor. The extreme generation of ROS from mito-
chondria cause dysfunction of electron transport chain. Fig. 5
illustrated that phenazine-1-carboxylic acid triggered pro-
grammed cell death associated with excessive ROS generation
in DU145cells, demonstrating that phenazine-1-carboxylic acid
might exhibit anticancer activity by excessive generation of ROS.

The ROS generated by mitochondria within cells play a vital
rolein the programmed cell death; recently itbecomes important
target for cancer drug discovery (Nogueira and Hay, 2013). In
recent years, several studies have been reported that mitochon-
dria are the major place of action for JNK in programmed cell
death. Increase in ROS within cells inactivates MAPK phospha-
tases (MKPs) by oxidation of their catalytic cysteine, which
directs to continuous activation of JNK (Son et al., 2011). JNK acts
as an essential pro-apoptotic system in mitochondria mediated
programmed cell death in cells. Initially, phosphorylated JNK
shift from cytosol to mitochondria and stimulates mitochondrial
membrane depolarization. Followed by, phosphorylated JNK
performsits pro-apoptosis by regulating Bcl-2 family members to
induce the cell death. In the present study, DU145 cells treated
with Phenazine-1-carboxylic acid showed a significant activa-
tion of JNK, which leads to the loss of A¥m and regulation of Bcl-2
family members. After treated with phenazine-1-carboxylic acid
in DU145 cells, down regulation of Bcl-2 expression was
identified, and this downregulation was connected with the
upregulation of Bax. This results revealed that phenazine-1-
carboxylic acid might induce DU145 programmed cell death by
ROS-mediated activation of JNK.

cytosol

nuclear

Fig. 11 - Schematic model for the action of phenazine-1-carboxylic acid-induced antitumor activity. Phenazine-1-carboxylic
acid-triggered ROS production activated the pro-apoptotic stress kinase JNK, inhibited the anti-apoptotic Bcl-2 family protein,
and resulted in loss of AW¥m, which consequently improved the liberation of cytochrome c and AIF from mitochondria, and
ultimately induced the caspase-dependent and caspase-independent programmed cell death pathway.
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Several studies have showed that stimulation of down-
stream caspase activity was associated with cytochrome c
release from mitochondria, which was regulated by A¥m and
Bcl-2 family members (Arnoult et al., 2003). It is believed that
distraction of AWm is the initiation of mitochondrial mem-
brane transition pores (MPTP) configuration. A¥m decrease
and MPTP production support the localization of cytochrome c
from mitochondria to cytoplasm to regulate the activity to
access substrates or interacting partners (Ajenjo et al., 2004). In
recent times, Bcl-2 proteins were considered to control the
mitochondrial-mediated apoptotic pathway entirely (Elmore,
2007). Down regulation of Bcl-2 and up-regulation of Bax also
induced the migration of cytochrome c from the mitochondria
into the cytosol. Followed by, mitochondrial protein cyto-
chrome c was observed in the cytosol. The level of cytochrome
c in cytosol was drastically improved after phenazine-1-
carboxylic acid treatment. Release of mitochondrial cyto-
chrome c into the cytoplasm enhanced the formation of
cytochrome c and Apaf-1 oligomeric complex called apopto-
some. This complex triggers the effector caspase-3 (Fig. 8) and
subsequently degrade substrates responsible for cellular death
(Mcllwain et al., 2013).

Surprisingly, AIF was also upregulated in the cytoplasm after
phenazine-1-carboxylic acid treatment in DU145 cells. AIF
encourages caspase-independent cell death principally (Cregan
etal., 2004). Subsequent AIF relocation from the mitochondria to
the nucleus, typical apoptotic characters, such as phosphatidyl
serine exposure, partial chromatin condensation, and nuclear
condensation, take place in the lack of caspase activation.
Results of the present study reveled that both caspase-
dependent and caspase-independent mechanism take part in
the phenazine-1-carboxylic acid induced DU145 cell death.

In conclusion, the results of the present study revealed that
phenazine-1-carboxylic acid inhibited proliferation and in-
duced programmed cell death in DU145 cells. Based on our
results, we proposed a model by which phenazine-1-carbox-
ylic acid mediated release of ROS leading to DU145 pro-
grammed cell death (Fig. 11). The model demonstrated that
phenazine-1-carboxylic acid acted on mitochondria, and
induced ROS generation, which activated the pro-apoptotic
stress kinase JNK, repressed the anti-apoptotic Bcl-2 family
protein, and consequently resulted in loss of A¥m. The loss of
A¥m improved the liberation of cytochrome c and AIF from
mitochondria, and ultimately activated the caspase-depen-
dent and caspase-independent programmed cell death path-
way. This study might offer an insight into the prospective of
phenazine-1-carboxylic acid for prostate cancer therapy.
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