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HIGHLIGHTS

e The maximum production of the pyocyanin was found to occur in MFDM and with shaking.
o UV-VIS spectroscopy, GC-MS, and FT-IR analyses showed the presence of pyocyanin.

e Pyocyanin had no cytotoxic impact on L929 cells (except 50-100 uM concentrations).

¢ Pyocyanin had an antiproliferative impact on SK-MEL-30 cells.

¢ Pyocyanin had in vitro and cellular AChE inhibitory and antioxidant properties.

o The use of the pyocyanin as a neuroprotective agent or an anticancer agent is advised.

Abstract: This study aimed to find a pigment of bacterial origin with protective/preventive activity against
neurological injury and carcinogenesis, which may be used as a natural food additive in food activity or an
active drug ingredient of an anti-neural injury/anticancer agent in the pharmaceutical industry. Within this
scope, the Pseudomonas aeruginosa MB713 strain was used to produce pyocyanin. Characterization of the
pyocyanin was carried out using UV-VIS, FT-IR, and GC-MS analyses. In addition, its inhibitory action
on AChE and antioxidant activities were determined. The cytotoxic activities of the pyocyanin as well as its
antiproliferative activities were detected. It was determined that the maximum production of the pyocyanin
(51 pg/mL). The pyocyanin did not cause a cell death rate above 50% in L929 cells. The pyocyanin was
found to exert an inhibitory effect on the AChE. The pyocyanin was found effective on all antioxidant
parameters tested. The ICso values of the pyocyanin on SK-MEL-30 and HT-29 cells were calculated as 72
and 179 uM, respectively. And due to the pyocyanin’s antioxidant and inhibitory effects on AChE,
antiproliferative effects, and protective effects against neurodegenerative injury, the use of the pyocyanin as
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an active drug ingredient or a preservative food additive may be predicted. This situation can be clarified by
conducting advanced molecular studies.

Keywords: Biological activity; Cancer; FT-IR spectroscopy; GC-MS analysis; Neurodegenerative diseases;
Pseudomonas aeruginosa; Pyocyanin; UV-VIS specroscopy.
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INTRODUCTION

Cancer encompasses various diseases with different pathobiologies that result from permanent
homeostatic and functional abnormalities [1]. It is the second leading cause of mortality around the world,
being responsible for an annual number of deaths exceeding eight million. Moreover, it is expected to be 50%
more prevalent within several decades [2]. It is increasingly clear that, apart from the neuronal functions of
acetylcholinesterase (AChE), it also regulates cell proliferation, differentiation, apoptosis, and cell-cell
interaction. Aberrant AChE expression has been shown in a number of cancers, suggesting that AChE takes
part in the regulation of oncogenesis. In light of this information, it is plausible to use some AChE inhibitors
as anticancer drugs [3].

A variety of human diseases including neurodegenerative diseases increase their incidence with aging
and thus affect increasingly more elderly populations each passing day. Alzheimer’s disease (AD) and other
neurodegenerative diseases cause progressive neuronal loss, motor and cognitive dysfunction, and
abnormal protein aggregates [4]. Several neurodegenerative disorders are closely linked to abnormal AChE
expression. Mounting evidence suggests that AChE degrades cerebral acetylcholine (ACh), which in turn
plays a central role in AD by hastening the aggregation of amyloid beta peptides into fibrils. Indeed, symptoms
of AD are mainly treated by aiming to inhibit AChE activity to increase cerebral ACh levels, thereby promoting
cholinergic signal conduction [5].

Oxidative stress is traditionally defined as a relative increase in the levels of reactive oxygen species
(ROS) compared with those of antioxidants; it has been related to oncogenesis, neuronal degeneration, and
a variety of other disorders [6]. Malondialdehyde (MDA) is considered an important endogenous source of
oxidative stress; it reportedly induces cellular mutations in humans and potentiates other substances’
detrimental activities [7]. Humans possess particular defense systems against oxidative stress, including the
enzymes superoxide dismutase (SOD) and catalase (CAT). The expression of SOD and CAT can be
triggered or augmented by some natural substances [8].

Traditional anticancer and antineurodegenerative treatments are not only partially effective, but they are
also sometimes more detrimental than beneficial due to their adverse effects. Since bacterial pigments offer
a natural, safe, and nutritionally rich vitamin like alternative to chemical drugs, the scientific interest in them
has been increasing recently [11]. Bacterial pigments are specific to bacterial strains, having different colors,
chemical characteristics, and mechanisms of action [9,10]. The pyocyanin is an extracellular pigment derived
from phenazine produced by Pseudomonas aeruginosa as a secondary metabolite, which contains nitrogen
(C13H10N20) and is soluble in aqueous solutions. It exerts a variety of biological actions including
antimicrobial, anticancer, antimalarial, antiparasitic, immunosuppressive, antioxidant, and antibiofilm
properties [11]. These features of the pyocyanin make it an attractive candidate for use in medical,
pharmaceutical, food, textile, biocontrol, nanotechnology, and physicochemical fields [12]. Its activities on
neurodegenerative disorders, however, have not been studied.

This study, on the basis of the aforementioned properties of the pyocyanin, thus aimed to study the
anticancer and antineurodegenerative activities of pyocyanin derived from Pseudomonas aeruginosa on HT-
29 human colon cancer, SK-MEL-30 human melanoma, and SH-SY5Y human neuroblastoma cells.
Pyocyanin was characterized to determine its structure and possible effects. We contributed to the insight
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and knowledge of pyocyanin’s anticancer effects and protective properties against neurodegenerative
diseases.

MATERIAL AND METHODS

Microorganism

We obtained and cultured the MB713 strain of Pseudomonas aeruginosa from Gazi University, Faculty
of Science, Department of Biology, Biotechnology Laboratory Collection. The culture was a nutrient broth
(NB) (Merck) culture; the strain was then kept in NB with glycerol (Sigma-Aldrich) at -80°C and subjected to
the regeneration process twice before its use. Aerobic conditions were used for incubation; the medium
temperature was 37°C and the incubation period was 16-18 h, and it was shaken at 150 rpm.

Extraction, partial purification and quantitative assay of pyocyanin

The pyocyanin production was performed with an initial concentration of 108 CFU/mL of the strain.
Sterile NB and modified Frank and De Moss (MFDM) were used to dilute the strain to a 2:100 ratio, followed
by its 6-day incubation at 30°C under shaking and non-shaking conditions at 150 rpm. At the end of
incubation, the culture was centrifuged at 4,200 rpm for 25 min, followed by the separation of the
supernatant and the addition of a 1:2 ratio of chloroform (Merck). After the new solution was poured into a
new test tube, 0.2 M hydrochloric acid (HCI) (Merck) was added. The mixture was then admixed with 0.4 M
borate (Merck)-sodium hydroxide (NaOH) (Merck) until the formation of a blue layer. Thereafter, a 1:2 ratio
of chloroform was added and a 2 hour incubation was repeated. The resulting mixture in the supernatant
was then placed into a 500 mL vacuum rotary flask to concentrate it in a vacuum rotary evaporator at 45°C.
The pyocyanin concentration was calculated as pg/mL according to the formula: The pyocyanin
concentration (ug/mL) = Optic density (OD)sz x 17.072. The molecular weight of the pyocyanin pigment
was used to perform the molar calculation. The analysis of partially purified pyocyanin was carried out with
thin layer chromatography (TLC) with the help of a silica gel 60 F254 aluminum sheet (Merck). The mobile
phase used in the process was chloroform, with 200 ng purified pyocyanin being used on the TLC plate [13-
17].

Characterization

UV-VIS spectroscopy

A solution of 2 mg the pyocyanin was prepared in 95% ethanol (Merck) or pure water, and its UV-VIS
absorption spectrum was determined over the range of 200—800 nanometer (nm) with the help of a UV-1800
spectrophotometer (Shimadzu). The analysis was performed by Duizce University, Scientific and
Technological Research and Application Center, Environmental and Chemistry Laboratory, Diizce, Turkey
[18].

FT-IR spectroscopy

In order to investigate different functional groups, the FT-IR spectrum for the pyocyanin was determined
by Shimadzu IRprestige-21 in transmittance mode. Compressed discs with a diameter of 3 mm were formed
by the addition of 2 mg pyocyanin to 200 mg potassium bromide (KBr) (Merck), and the spectrum was
corrected for the KBr background. This was followed by scanning of the pellets in the range of 3500-750 cm™
using a resolution of 4 cm™ and 32 scans. The analysis was performed by Dlizce University, Scientific and
Technological Research and Application Center, Environmental and Chemistry Laboratory, Diizce, Turkey
[18].

GC-MS analysis

GC-MS analysis of pyocyanin was performed by Agilent 6890N Network GC system combined with
Agilent 5973 Network mass selective detector system, under these conditions: column, HP Innowax FSC
(60.0 m x 0.25 mm x 0.25 ym); oven temperature program, the column held initially at 65 °C; then increased
to 200 °C with a 6 °C/min heating ramp and kept for 5 min and increased to 250 °C with 6°C/min heating
ramp and kept for 30 min. The injection was operated in splittess mode. The rest of the conditions were as
follows; injector temperature: 250 °C; carrier gas: He; and injected volume: 2.0 pL; ionization energy: 70 eV
and mass range: 34-450 atomic mass units. The identification of the peaks were performed by using
computer matching of mass spectral database using library search systems (WILEY7 and NIST libraries).
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In vitro AChE inhibitory activity

The anti-AChE activity of the pyocyanin was quantified by the modified Ellman’s method. The
spectrophotometric assay was used to assess the inhibitory activity of the pyocyanin on the AChE enzyme
(Sigma-Aldrich) originated from an electric eel. The substrate was acetylthiocholine iodide (Sigma-Aldrich).
80 uL of phosphate buffer with a pH of 7 (Merck) was transferred into each test tube. Then, test sample
solutions with concentrations of 10, 25, 50, 75, and 100 uM were added first, followed by the addition of 20
ML enzyme. The resulting admixture was kept in an erect position for a duration of 10 minutes. The coloring
reagent 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) was added to yield a yellow anion color of 5-thio-2-
nitrobenzoic acid (Sigma-Aldrich). Then, 50 pyL substrate was added to the left for 10 min incubation. The
absorbance level was determined at 412 nm. The percentage of the inhibitory action of the pyocyanin was
determined by the formula: AChE inhibition activity (%) = Absorbance (control) — Absorbance (test) /
Absorbance (control) x 100 [19,20].

Cell culture

Cell cultures of HT-29 human colon cancer and SH-SY5Y human neuroblastoma cells were performed
using Dulbecco’s modified eagle medium (DMEM) (Gibco) that was added 10% heat inactivated fetal bovine
serum (FBS) (Gibco), 1% penicillin streptomycin (Gibco), 1% L-Glutamine (Sigma-Aldrich) and 40% MCDB-
201 (Sigma-Aldrich). Cultures of L929 healthy mouse fibroblast cells were cultivated in a DMEM culture
medium that was added 10% heat-inactivated FBS and 1% penicillin streptomycin. Cultures of SK-MEL-30
human melanoma cells were cultivated in a DMEM culture medium that was added 10% heat inactivated
FBS, 1% penicillin streptomycin, and 1% nonessential amino acid (Sigma-Aldrich). Humidified atmosphere
composed of 5% carbon dioxide (CO;) and 95% air at 37°C was used to maintain the cultures, with the culture
medium having been renewed at 2-3 day intervals. HT-29 human colon cancer, L929 healthy mouse
fibroblast, SH-SY5Y human neuroblastoma, and SK-MEL-30 human melanoma cells were seeded into 96
plate or 6 plate inserts (Corning); after equilibrium was reached at 24 h, the experiments were begun. The
pyocyanin solution in serum free medium at different concentrations (10, 25, 50, 75, and 100 uM) was used
to treat cells for 18 h. The control cells were supplemented with the same medium [21-23].

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

Cell viability was assessed by the MTT assay. After incubation with pyocyanin, serum free media
containing 0.5 mg/mL of MTT (Sigma-Aldrich) was used to replace all media in 96 well plates. The plate was
subjected to incubation further with 5% CO;for 4 h at 37°C; MTT solution was then removed, and the cells
were lysed with 200 pyL dimethyl sulfoxide (DMSO) (Sigma-Aldrich) in the respective order. The absorbance
of the plate at 570 nm was read by a microplate reader (Biotek Instruments) after the plate was shaken by
an orbital shaker (VWR) for 30 min. The absorbance values were determined as percent absorbance of the
untreated control cells (control = 100%) [24-28].

Cellular AChE inhibitory activity

Initially, SH-SY5Y human neuroblastoma cells were seeded and incubated for a period of 18 h with 10,
25, 50, 75, and 100 uM pyocyanin; they were then subjected to 150 yM hydrogen peroxide (H20-) (Merck)
again for 18 h. They were then incubated at 37°C and 5% CO., and all cells were irrigated twice with 300 pl
phosphate buffered saline (PBS) (Merck) at a pH of 7.4. A sterilized scrapper (Gibco) was used to detach the
cells; a 25 mmol/L Tris (Sigma-Aldrich)-HCI lysis buffer lysed all the cells by not using any protease or
phosphatase inhibitor. The cell lysate was sonicated on ice (10 sec pulse), followed by the centrifugation of
the homogenate at 11.000 rpm for 15 min as the final step. The resultant cell lysate was picked up and
preserved at —20°C for analyses of cellular AChE inhibitory activity. Protein concentration of the cell lysate
was measured by a standard method [19,20].

SOD, CAT activities, and MDA level

As for the activities of SOD and CAT, and the MDA level of the SH-SY5Y human neuroblastoma cells,
the cells were treated with 150 uM of H,O, for 18 h after being seeded and incubated with 10, 25, 50, 75,
and 100 uM pyocyanin for 18 h. After incubation with 5% CO, at 37°C, all cells were irrigated twice with 300
puL PBS at pH 7.4. The cells were then detached using a sterilized scrapper and lysed by a 25 mmol/L Tris—
HCl lysis buffer without employing any protease or phosphatase inhibitor. In the final steps, the homogenate
was sonicated on ice (10 sec pulse) and centrifuged at 11.000 rpm for 15 min. The resulting cell lysate was
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picked up and stored at —20°C until studies for SOD, CAT activities, and MDA level, as per instructions
provided by the manufacturer (Cayman Chemical and FineTest). The cell lysate’s protein concentration was
measured with a standard method [29].

AdmetSAR predictions

AdmetSAR (ADMET structure activity relationship) database serves as an online database on the
mutagenicity, carcinogenicity, and toxicity of candidate drugs. This information makes a significant
contribution to the discovery of novel agents [30,31].

The biological and pharmacological utilities of a drug candidate which reflects the interaction of the drug
candidate with various biological entities can be explored using prediction of probable activity spectra of
substances (PASS) analysis, a computer based online software. This helps to screen the biological activities
of chemical structures based on the structure activity relationship. The biological activity is expressed in terms
of probability values probable activity (Pa) and probable inactivity (Pi). It has been proposed that structures
with Pa greater than Pi were the only compounds considered for a particular pharmacological activity [32].

Statistical analysis

SPSS version 21.0 was used for all statistical analyses. Descriptive statistics were reported as
mean  standard deviations (SDs). One-way analysis of variance (ANOVA) test with posthoc Tukey’s test
was used to perform inter group analyses. A p value of less than 0.05 was considered statistically significant.
Reproducible results of at least three independent studies were obtained and used as the study data.

RESULTS

Quantity of the pyocyanin pigment

In this study, the amounts of the pyocyanin pigment produced by Pseudomonas aeruginosa MB713
strain in different growth media (MFDM and NB) and under shaking/non-shaking conditions were determined.
The maximum production of the pyocyanin pigment was found to occur in MFDM growth culture and under
shaking conditions (51 pg/mL). Statistical analyses determined that NDFM growth medium and shaking
condition increased pyocyanin pigment production significantly (p<0.05). The results are presented as the
average of n:3 and £ SD in Table 1.

Table 1. The amount of pyocyanin pigment produced by P. aeruginosa MB713 strain according to different medium
and shaking conditions

Medium Shaking condition Quantity of pyocyanin pigment (ug/mL)
NB Without shaking 10+x04
NB With shaking 23+0.8
MFDM Without shaking 41 £0.5
MFDM With shaking 51+0.7

Characterization of the pyocyanin pigment

UV-VIS spectroscopy analysis

A UV-VIS spectroscopy analysis was performed to determine the wavelength absorption of the
pyocyanin pigment produced by P. aeruginosa MB713 strain. The UV absorption spectrum images of the
pyocyanin pigment in two different solvents, namely pure water and 95% ethanol, are given in Figure 1. The
peak produced by the pyocyanin pigment in pure water in the wavelength marked with a black arrow and the
peak produced by the pyocyanin pigment in 95% ethanol in the wavelength marked with a black arrow in
Figure 1 both indicates the presence of the pyocyanin pigment. The maximum peak of the pyocyanin pigment
is observed between 300 nm and 400 nm for both solvents. The maximum peak was determined as 300 nm
for water and 370 nm for 95% ethanol.
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Figure 1. UV absorption spectrum in water (A) and 95% ethanol i(B) of pyocyanin pigment isolated from P. aeruginosa
MB713 strain

GC-MS analysis

GC-MS analysis, an analytic method combining the features of gas chromatography and mass
spectrometry, was performed to identify different substances in the pyocyanin pigment produced by P.
aeruginosa MB713 strain. The analysis of pyocyanin pigment by GC-MS analysis determined dense
molecular ion peaks at 168 m/Z and 196 m/Z. While phenazine exhibited a sharp peak at 168 m/Z, 1-
hydroxyphenazine (hemi pyocyanin), on the other hand, exhibited a sharp peak at 196 m/Z. The presence of
simultaneously detected peaks at 168 m/Z and 196 m/Z in the GC-MS analysis indicates the presence of the
pyocyanin pigment converted into 1-hydroxyphenazine (Figure 2).
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Figure 2. GC-MS spectrum of pyocyanin pigment isolated from P. aeruginosa MB713 strain
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FT-IR analysis

FT-IR analysis was performed to determine the functional groups of the pyocyanin pigment produced
by P. aeruginosa MB713 strain. The FT-IR spectrum of the pyocyanin pigment is given in Figure 3. The peak
at 3462 cm™ shows the presence of an O-H bond while the peak at 2953 cm* indicates the presence of a C-
H aromatic bond. While the peak shown at 1620 cm™ represents a C=N bond, it exhibited absorption at the
regions of 1500-1400 cm™ and 1600-1585 cm™ due to the stretching vibrations of C-C bonds in the C-C
aromatic ring. In the presence of CHs, the C-H bond of the alkyl group (methyl) at 1380-1400cm™ stretched
to form a peak. The peak at 1301 cm™ corresponds to the C=0 bond. The FT-IR spectrum showed the
presence of phenazine and confirmed that this pigment containing aromatic ring was the pyocyanin pigment.
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Figure 3. FT-IR spectrum of pyocyanin pigment isolated from P. aeruginosa MB713 strain

Cytotoxic activity of the pyocyanin pigment on L929 healthy mouse fibroblast cells

This study aimed to determine with the MTT method whether the pyocyanin pigment would show any
cytotoxic activity on L929 healthy mouse fibroblast cells. It was determined that the cytotoxic activity of the
pyocyanin pigment increased with its increasing concentrations (10-100 uM (p<0.05)). The ICsq value of the
pyocyanin pigment was 101 yM. According to these findings, since the pyocyanin pigment did not cause a
cell death rate above 50% in L929 healthy mouse fibroblast cells. The results of all studies are given as the
average of n:5 and £SD in Figure 4.
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Figure 4. Cell viability of pyocyanin pigment isolated from P. aeruginosa MB713 strain on L929 healthy mouse fibroblast
cells
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Inhibitory activity of the pyocyanin pigment on in vitro AChE enzyme activity

In this study, it was aimed to determine the inhibitory activity of the pyocyanin pigment on in vitro AChE
enzyme activity using the Ellman method. The inhibitory activity of the pyocyanin pigment on the AChE
enzyme, one of the neural death factors in neurodegenerative diseases, was determined, showing that this
activity increased with increasing concentrations of the pyocyanin pigment (p<0.05). The maximum inhibitory
effect on AChE enzyme activity was observed with the application of 100 uM pyocyanin pigment (38%). The
results are shown as the average of n:9 and +SD in Table 2. Based on the inhibitory action of the pyocyanin
pigment on in vitro AChE enzyme activity, it can be suggested that the pyocyanin pigment may be used in
the treatment of neurodegenerative diseases and cancer.

Table 2. In vitro AChE inhibition of pyocyanin pigment isolated from P. aeruginosa MB713 strain

in vitro AChE inhibition (%)
Control 10 uM 25 yM 50 yM 75 uM 100 uM
Pyocyanin 00 23+0 271 31+0 3520 38x1

Treatments

Inhibitory activity of the pyocyanin pigment on H.O- stimulated cellular AChE enzyme activity

In this study, it was aimed to determine the inhibitory activity of the pyocyanin pigment on H>O; induced
cellular AChE enzyme activity in SH-SY5Y human neuroblastoma cells using the Ellman method. AChE
enzyme activity in the H.O- group was increased by 43% compared with the control group. It was determined
that the pyocyanin pigment applied in increasing concentrations exerted an inhibitory action on AChE enzyme
activity (p<0.05). The pyocyanin pigment showed its highest inhibitory action at a concentration of 100 pM. It
was even observed that the pyocyanin pigment at this concentration reduced H2O- induced AChE enzyme
activity to a lower level than that of the control group. These results suggest that the pyocyanin pigment
significantly suppressed H>O- induced AChE enzyme activity in SHSY-5Y cells, exhibiting a neuroprotective
activity against neural injury caused by AChE activity. The results were presented as the average of n:9 and
+SD in Figure 5.
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Figure 5. Effect of pyocyanin pigment isolated from P. aeruginosa MB713 strain on cellular AChE activity in SH-SY5Y
human neuroblastoma cells

Inhibitory activity of the pyocyanin pigment on MDA level against oxidative damage caused by H>0O;

In this study, it was aimed to determine the suppressive activity of the pyocyanin pigment on MDA level
against H,O, induced oxidative injury using an ELISA kit in SH-SY5Y human neuroblastoma cells. The MDA
level was induced by H.O; and increased by 29% (p<0.05). Increasing the pyocyanin pigment concentrations
suppressed H,O; induced MDA level (p>0.05), which showed that the pyocyanin pigment protected SH-SY5Y
human neuroblastoma cells against H.O. induced oxidative injury. The results were presented as the average
of n:5 and £SD in Figure 6.
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Figure 6. Effect of pyocyanin pigment isolated from P. aeruginosa MB713 strain on MDA level in SH-SY5Y human
neuroblastoma cells.

Inductive activity of the pyocyanin pigment on SOD and CAT antioxidant enzyme activities against
oxidative damage induced by H202

In this study, it was aimed to determine the inductive activity of the pyocyanin pigment on SOD and CAT
antioxidant enzyme activities against H,O;, induced oxidative stress using an ELISA kit in SH-ST5Y
neuroblastoma cells. While SOD enzyme activity of the control group that was not treated by any substance
other than the cell growth medium was determined 13 U/mL; this activity was found to be reduced to 5 U/mL
in 150 uM in H2O- applied cells (p<0.05). It was determined that oxidative stress formed by reduced activities
of the SOD and CAT enzymes was eliminated by an increased pyocyanin pigment concentration (p<0.05). It
was shown that 100 uM was the concentration at which the best antioxidant activity was seen. SOD and CAT
enzyme activities, which were suppressed to 5 U/mL by H,O,, were increased by ~50% after the pyocyanin
pigment was applied. The results were presented as the average of n:5 and £SD in Figure 7.
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Figure 7. Effect of pyocyanin pigment isolated from P. aeruginosa MB713 strain on SOD and CAT enzyme activity in
SH-SY5Y human neuroblastoma cells
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human colon cancer cells
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In this study, it was aimed to determine with the MTT method whether the pyocyanin pigment had an
antiproliferative activity against SK-MEL-30 human melanoma cells and HT-29 human colon cancer cells.
It was determined that the antiproliferative activity of the pyocyanin pigment on SK-MEL-30 human
melanoma cells increased as its concentration increased (p<0.05), with the maximum antiproliferative
activity being observed for the concentration of 100 uM. The ICso value of the pyocyanin pigment for SK-
MEL-30 human melanoma cells was 72 uM. Although it was determined that the antiproliferative activity of
the pyocyanin pigment on HT-29 human colon cancer cells increased with increasing concentrations
(p<0.05), it was observed that the antiproliferative activity of the pyocyanin pigment on HT-29 human colon
cancer cells was negligible. The ICso value of the pyocyanin pigment for HT-29 human colon cancer cells
was calculated as 179 pM. The results of all studies were presented as the average of n:5 and +SD in

Figure 8.
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Figure 8. Antiproliferative effects of pyocyanin pigment isolated from P. aeruginosa MB713 strain on SK-MEL-30 human
melanoma cells and HT-29 human colon cancer cells.

In silico predictions

The results showed that the pyocyanin pigment is non-mutagenic, non-carcinogenic in healthy cells, and

non-toxic in acute oral, fish aquatic, and Tetrahymena pyriformis (Table 3). After in silico predictions are
confirmed by experimental-based assays, it is thought that pyocyanin pigment can be used safely as a drug

candidate in the treatment of cancer and neurodegenerative diseases.

A rigorous analysis based on structure activity relationship was used to film the pyocyanin pigment in
silico. Table 4 lists the most likely biological activities of the pyocyanin pigment as determined by a computer

based PASS online program.

Table 3. Summary of AdmetSAR studies

Property Value
Acute oral toxicity 1.63 kg/mol
Ames mutagenesis -0.5700
Carcinogenicity -0.9286
Fish aquatic toxicity -0.8979

Tetrahymena pyriformis toxicity 1.546 plGCso (ug/L)
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Table 4. Summary of PASS online studies

Activities Pa values Pi values
Antineoplastic 0.763 0.017
Antineoplastic alkaloid 0.421 0.013
Antineoplastic (brain cancer) 0.310 0.022
Antineoplastic (cervical cancer) 0.578 0.004
Antineoplastic (colorectal cancer) 0.614 0.008
Antineoplastic (lymphocytic leukemia) 0.411 0.008
Antineoplastic (lung cancer) 0.445 0.018
Antineoplastic (melanoma) 0.645 0.004
Antineoplastic (pancreatic cancer) 0.345 0.033
Antineoplastic (renal cancer) 0.352 0.008
Antineoplastic (small cell lung cancer) 0.310 0.025
Caspase 3 stimulant 0.310 0.116
Caspase 8 stimulant 0.362 0.078
Dementia treatment 0.397 0.054
JAK2 expression inhibitor 0.447 0.069
MAP kinase kinase 4 inhibitor 0.317 0.030
Mitochondrial processing peptidase inhibitor 0.378 0.056
MMP9 expression inhibitor 0.318 0.089
Nootropic 0.389 0.228
Preneoplastic conditions treatment 0.380 0.110
TP53 expression enhancer 0.558 0.064
DISCUSSION

Since microbial pigments are easily produced, can be extracted using simple solvents, do not show any
cytotoxic and carcinogenic activities on healthy cells, and possess many bioactive properties, their use in
food and health industries is considered important [33,34].

In order to determine the medium of maximum pigment production for P. aeruginosa’s MB713 strain, NB
and MFDM growth media were used in the present study. While there is only a nitrogen source (yeast extract
and meat extract) and sodium chloride (NacCl) in the NB growth medium, there are a nitrogen source (L-
phenylalanine), a carbon source (glycerol), and inorganic salts (FeCl,, KzHPO4, K2SO4, and MgCl,.6H,0) in
the MFDM growth medium. Maximum pigment production was determined in the MFDM growth medium (51
ug/mL). It is thought that iron (Fe?*), phosphate (PO.*), sulfate (SO4), and magnesium (Mg?*) compounds
induce pigment production in the MFDM growth medium. It has been reported in the literature that the PO43"
compound added to the medium induces the production of secondary metabolites such as pigments [13,35].
When an adequate amount of SO4? ion is added to a growth medium where a low concentration of PO4%"
ion is found, the pyocyanin pigment production is induced [36]. The synthesis of this pigment also appears
to be controlled by Fe?* concentration because adding Fe?* to a medium containing low PO4%" ion induces
the synthesis of pyocyanin pigment and related phenazine derivative pigments by other bacteria species
[36,37]. Li and coauthors [37] demonstrated a phenomenon where the presence of the Mg?* ion in the medium
in addition to these ions also has a positive effect on pyocyanin pigment production. It is reported that the
substances found in the growth media enabling a maximum pyocyanin pigment production are Fe?*, PO,%",
Mg?*, glycerin, leucine, and DL-alanine [13,38,39]. In a study where Barakat and coauthors [40] used NB,
tryptone water, peptone water, and King’s B broth growth media, the authors reported pyocyanin pigment
amounts of 5.28, 9.55, 11.7, and 25.5 ug/mL, respectively. El Fouly and coauthors [16] determined pyocyanin
pigment productions between 1.7 pg/mL and 6.3 pg/mL in the NB growth medium with glycerol
supplementation for 9 different P. aeruginosa strains. Gahlout and coauthors [41] determined the pyocyanin
pigment productions of 12 different P. aeruginosa strains ranging between 0.52 yg/mL and 10.9 pg/mL at a
period of 48-96 hours in the King’s B broth growth medium. In our study, the amount of pyocyanin pigment
production by P. aeruginosa’s MB713 strain in the MFDM growth medium was higher than those reported in
the literature. The difference in pigment production is thought to have stemmed from the difference in the
strain and growth medium used in the study.

In the present study, we observed differences in the amount of pyocyanin pigment production between
the NB and MFDM growth media, and between the shaking and nonshaking conditions; it was determined
that the pyocyanin pigment production was greater under shaking conditions in both growth media. The
highest pyocyanin pigment production was found to occur in the MFDM growth medium, under shaking
conditions (51 ug/mL). Since the growth medium’s surface contacts air, oxygen enters by diffusion through
here and melts, making the upper parts of a medium richer in oxygen than its bottom parts. Therefore, the
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surface layers of fluid growth media contain more oxygen than their bottom layers. Growth media thus need
to be mildly shaken at certain intervals (aeration) so that aerobic microorganisms are equally distributed in
all parts of a fluid medium and proliferate better. As P. aeruginosa’s MB713 strain is an aerobic bacterium,
oxygen turnover achieved by shaking increased both bacterial growth and pigment production. Kurachi [42]
determined that both bacterial growth and pyocyanin pigment production could be augmented by oxygenation
achieved by aerating the medium (aeration or shaking). Suryawanshi and coauthors [18] also determined
that shaking was influential on pigment production, supporting our findings.

In the present study, UV-VIS spectroscopy, FT-IR, and GC-MS analyses were performed to confirm the
pigment produced under optimum conditions. In the UV-VIS spectroscopy used to characterize pigments, the
maximum peak of pyocyanin pigment appeared at a range of 300 to 400 nm for both solvents. While the
maximum peak for pure water was 300 nm, it was 370 nm for 95% ethanol. Moayedi and coauthors [43]
determined a maximum peak of 308-387 nm for the pyocyanin pigment. The maximum peak for chloroform
and 0.1 M HCl was 308 nm and 387 nm, respectively. Glasser and coauthors [44] reported a maximum peak
of 387 nm for the pyocyanin pigment in 2% methanol solvent. It is thought that the absorbance differences in
the maximum peak of the pigment result from the differences in the solvents used. Our results are in
agreement with the literature data.

Dense molecular ion peaks were determined at 168 m/Z and 196 m/Z in the GC-MS analysis of
pyocyanin pigment. While phenazine showed a sharp peak at 168 m/Z, 1-hydroxyphenazine (hemi
pyocyanin) showed a sharp peak at 196 m/Z. The presence of simultaneously detected peaks at 168 m/Z
and 196 m/Z in the GC-MS analysis indicate the presence of the pyocyanin pigment that was converted to 1-
hydroxyphenazine. Watson and coauthors [45], Kerr and coauthors [46], Barakat and coauthors [40], and
Abdul Hussein and Atia [47] found that the pyocyanin pigment showed two peaks at 168 m/Z (phenazine)
and 196 m/Z (1-hydroxyphenazine) in the GC-MS analysis. Literature studies corroborate the results of our
GC-MS analysis of pyocyanin pigment.

The peak at 3462 cm™ in the FT-IR spectrum of pyocyanin pigment shows the presence of an O-H bond,
and the peak at 2953 cm shows the presence of a C-H aromatic bond. The peak at 1620 cm™ represents a
C=N bond that is specific to the pyocyanin pigment. Due to stretching vibrations of C-C in the aromatic ring,
it showed absorption at the regions of 1500-1400 cm™ and 1600-1585 cm™. In the presence of CHs, the C-H
bond of the alkyl group (methyl) at 1380-1400cm™ was stretched and formed a peak. The peak at 1301 cm*
corresponds to a C=0 bond. The FT-IR spectrum showed the presence of phenazine, confirming that this
pigment-containing aromatic ring was the pyocyanin pigment. The peaks obtained by the FT-IR analysis and
the bonds detected at these peaks were supported by literature data establishing the characterization of the
pyocyanin pigment by FT-IR analysis and showed the presence of the pyocyanin pigment as the main
molecule in the extract [48,49].

The nontoxic character of the pyocyanin pigment used in the study was considered important for
interpreting the concentrations and their activities applied in the studies. The cytotoxicity of the pyocyanin
pigment on L949 healthy mouse fibroblast cells was studied to provide an insight for future studies on the
same subject. Our study determined whether the pyocyanin pigment had cytotoxic action by studying its
activity on the viability of L929 healthy mouse fibroblast cells. Our results confirmed that the pyocyanin
pigment reduced cellular viability, proportional to its concentration (p<0.05). According to the ISO 10993-5
standards, quantitative classification groups were used as a base to determine the levels of cytotoxic activity
of in vitro tested chemicals. Accordingly, substances showing a cytotoxic activity cause a death rate above
30% of the total cell concentration. According to the above mentioned ISO standards, 3 concentrations of
pyocyanin pigment (50-100 uM) were considered to have cytotoxic potential. According to a study by Laxmi
and Bhat [48], where different concentrations of the pyocyanin pigment were applied on L929 healthy mouse
fibroblast cells, different concentrations (6.25-50 ug/mL) of the pyocyanin pigment showed no cytotoxic
effects on L929 healthy mouse fibroblast cells. However, 100 ug/mL of the pyocyanin pigment showed
cytotoxic potential on L929 healthy mouse fibroblast cells. This confirms our results.

AChE is an enzyme that is responsible for the rapid termination of a nerve impulse formed by the synaptic
release of acetyl coenzyme A, which is known as one of the products of cellular respiration in mitochondria,
as well as ACh, a neurotransmitter derived from choline that takes part in lipid metabolism. Increased AChE
enzyme activity and the resulting decrease in the amount of ACh cause neuronal loss. This causes many
neurodegenerative diseases, particularly AD [50-53]. Thus, agents considered to have a potential for the
prevention/treatment of neurodegenerative diseases should importantly show AChE inhibitory (AChE-i)
action. There are studies indicating that the available AChE-i drugs are not fully effective in treating
neurodegenerative diseases [54-57]. Since the inhibition of AChE enzyme activity is still the current prevailing
strategy for the treatment of neurodegenerative diseases, AChE-i activity is an important marker for the
discovery of effective substances to treat neurodegenerative diseases [58]. At the same time, there is
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mounting evidence that, in a nonneuronal context, AChE is involved in the regulation of cell proliferation,
differentiation, apoptosis, and cell cell interaction [3]. An irregular expression and structural alteration of AChE
has been found in different types of tumors, such as brain, lung, ovarian, breast, hepatocellular, renal, and
colon cancers, suggesting the involvement of AChE in the regulation of tumor development. Having all this
in mind, there is a possibility that some AChE-i’s could be used as anticancer agents [59,3]. In the context of
our study, the inhibitory action of the pyocyanin pigment was shown on in vitro and cellular AChE enzyme
activity. Various studies have proven that AChE enzyme activity is induced by oxidative stress increased by
ROS causing oxidative injury, such as H»O; [60-64]. Furthermore, it has been shown that H,O, can easily
penetrate cell membranes and cause cell injury by altering various proteins, as well as it increases
intracellular AChE enzyme activity by altering cell membrane structure and activity [65-67,60]. It was
determined that the application of 150 uM H,O- increased AChE enzyme activity, translating into an increase
in the AChE enzyme activity of SH-SY5Y human neuroblastoma cells by 43% relative to the untreated control
group (p<0.05). Our results showed that the pyocyanin pigment’'s AChE-i activity increased in proportion to
its concentration (p<0.05), and the maximum inhibitory action occurred at 100 uyM, which was the highest
concentration tested. It was even showed that the pyocyanin pigment at this concentration reduced H;O-
induced AChE enzyme activity to a greater degree than it reduced AChE activity in the control group.
However, according to the ISO 10993-5 standards 75-100 uM pyocyanin pigment was considered to have
cytotoxic potential on SH-SY5Y human neuroblastoma cells (Data not shown). Therefore, it is recommended
to use pyocyanin pigment concentrations (10-50 uM) that do not have cytotoxic effects. Studies investigating
AChE-i activities on different cell models with the Ellman method have reported that genistein inhibited AChE
enzyme activity by approximately 4-33% and huperzine-A by approximately 40% [68,69]. According to these
data, the pyocyanin pigment used in our study was shown to possess a similar activity potential with the
substances already used as AChE-i. The pyocyanin pigment’s low molecular weight and zwitterion property
facilitate its passage through cell membranes in eukaryotic systems [70]. It is thought that the inhibitory
activity of the pyocyanin pigment having 210 Da molecular weight on AChE enzyme activity results from a
sufficiently small size to pass through the cell membrane and its redox active compound property [45].
According to our results, and considering previous studies suggesting that increased cellular AChE enzyme
activity causes the loss of cholinergic conduction and leads to neurodegenerative processes, it has been
predicted that it is possible to use the pyocyanin pigment against neurological injury [51,71,72]. Additionally,
as an AChE-i agent, the pyocyanin pigment also has the potential to be used as an anticancer agent. Since
no study has yet shown the inhibitory effect of the pyocyanin pigment on AChE activity, this study has a
pioneering role for future research efforts in this field.

Oxidative stress leads to the development of a diverse spectrum of diseases, including
neurodegenerative diseases [73-75]. ROS, including H2O2, hydroxyl radical, superoxide anion, and nitric
oxide reacts with cellular DNA, carbohydrates, lipids, proteins, and other molecular groups, affecting their
metabolism. ROS that are produced during the metabolism of organisms tend to trigger chain reactions that
cause irreversible chemical alterations in lipid and protein structure. These chain reactions may also lead to
cellular dysfunction and cytotoxicity [73,74]. ROS also starts lipid peroxidation by leading to the oxidation of
polyunsaturated fatty acids found in biological membranes. Lipid peroxides that are produced by lipid
peroxidation reactions (lipid peroxide, cyclic peroxide, and cyclic endoperoxide) are converted into MDA, 4-
hydroxynonenal and hexagonal aldehydes [76]. If everything works in balance in the body, these activities
are neutralized by antioxidant enzymes. When their production surpasses the body’s antioxidant capacity,
tissue damage begins [77]. Antioxidant enzymes preventing such damage are the first line defense system
directly involved in ROS detoxification. SOD, CAT, and glutathione peroxidase enzymes perform ROS
detoxification and create a cellular antioxidant defense mechanism [73]. The suppression of oxidative stress
known to be related to neurodegenerative diseases by antioxidant activity can be used to prevent/treat
neurodegenerative diseases [78,79]. The present study investigated the protective activities of the pyocyanin
pigment against oxidative injury (SH-SY5Y human neuroblastoma cells). The oxidative injury was created by
H>O- in SH-SY5Y human neuroblastoma cells and antioxidant enzyme activities were inhibited (p<0,05). The
activities of the SOD and CAT antioxidant enzymes were increased in the pyocyanin pigment applied groups
compared with the H.O, group where the oxidative injury was created (p<0.05). The pyocyanin pigment
applied to SH-SY5Y human neuroblastoma cells inhibited the increase in the MDA levels formed by the
creation of an oxidative injury with H.O- (p<0.05). These results support the view that the pyocyanin pigment
shows a protective action against oxidative injury and its consequences by increasing the activities of the
SOD and CAT antioxidant enzyme and by inhibiting the increase of the lipid peroxidation product (MDA). In
line with this notion, it has been thought that the pyocyanin pigment equipped with antioxidant activity can
prevent neurodegenerative diseases by promoting cellular antioxidant mechanisms. Our results showed that
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the pyocyanin pigment, which was shown to have antioxidant activity, can be used as a protective agent
against neural injury and as an anticancer drug through its inhibitory activity on in vitro and cellular AChE
enzyme activity. Studies in the literature have established the association between AChE-i activity and
antioxidant activity [78-81]. Mounting evidence suggesting that neuroprotection and anticancer activity can
be achieved by inhibiting AChE enzyme activity has transformed AChE enzyme activity into a guide for
researchers who aim to develop novel effective agents against neurodegenerative diseases and cancer [82].
Preventing or delaying neurodegenerative diseases and cancer is important for slowing down the disease
course [83]. Therefore, it is an important finding that it has been shown that the pyocyanin pigment can be
effective in eliminating pathologies that may cause disease before the disease occurs.

This study investigated the antiproliferative activity of the pyocyanin pigment on SK-MEL-30 human
melanoma and HT-29 human colon cancer cells. A differential cytotoxic response between cancer cells were
observed, with HT-29 human colon cancer cells being resistant and SKMEL-30 human melanoma cells being
susceptible to pyocyanin pigment-induced cytotoxicity. This is thought to be due to the characteristic features
of the cells. The ICso value of the pyocyanin pigment for SK-MEL-30 human melanoma cells was determined
as 72 yM. It was observed that the pyocyanin pigment had negligible antiproliferative activity on HT-29 human
colon cancer cells. It was determined that the concentration corresponding to the ICso value of the pyocyanin
pigment, whose antiproliferative activity was determined against SK-MEL-30 human melanoma cells, also
had no cytotoxic activity on L929 healthy mouse fibroblast cells (except 50-100 uM concentrations). Hence,
it is reasonable to propose the use of the pyocyanin pigment with antiproliferative action as an active
anticancer substance in a safe manner. It is thought that the antiproliferative activity of the pyocyanin pigment
stems from its zwitterion property enabling it to easily cross cell membrane [84]. It has been demonstrated
that the biological properties of the pyocyanin pigment, such as DNA intercalation, topoisomerase inhibition,
and cell permeability induction, can be used to inhibit cancer cells [70]. Patil and coauthors [85] determined
that the pyocyanin pigment (10-80 ug/ml) exhibited antiproliferative action against SK-MEL-2 human
melanoma cells at a low concentration (Glsp value<10 pg/mL). Zhao and coauthors [84] detected the
antiproliferative activities of the pyocyanin pigment on HepG2 human hepatoma cells. The results supported
the view that acute ROS production followed by oxidative stress mediated the pyocyanin pigmen induced
cytotoxicity in HepG2 human hepatoma cells. Moayedi and coauthors [49] determined that the pyocyanin
pigment showed cytotoxic action by inducing apoptosis and necrosis in Pan-1 human pancreatic cancer cells.
Sengupta and Bhowal [86] determined that the pyocyanin pigment showed cytotoxic activity against MG-63
human osteosarcoma cells. Literature data support the antiproliferative activity of the pyocyanin pigment
against cancer cells.

Our study results suggest that the pyocyanin pigment is neither mutagenic nor carcinogenic in healthy
cells, and additionally, it exerts no toxic activities in acute oral, fish aquatic, and Tetrahymena pyriformis
(Table 3). After in silico predictions are confirmed by experimental-based assays, it is thought that pyocyanin
pigment can be used safely as a drug candidate in the treatment of cancer and neurodegenerative diseases.

A rigorous analysis based on structure activity relationship was used to film the pyocyanin pigment in
silico. Table 4 lists the most likely biological activities of the pyocyanin pigment as determined by a computer
based PASS online program. The obtained “Antineoplastic (alkaloid, brain cancer, cervical cancer, colorectal
cancer, lymphocytic leukemia, lung cancer, melanoma, pancreatic cancer, renal cancer, small cell lung
cancer)’, “Preneoplastic condition treatment”, “Dementia treatment” and “Nootropic” activities suggested that
pyocyanin pigment can be used as a drug candidate in cancer and neurodejenerative diseases treatment.
Many chemotherapeutic agents cause DNA damage and activate the caspase 3, caspase 8, and p53 genes
to induce growth arrest and apoptosis [87,88]. The activity of pyocyanin pigment as caspase 3 and caspase
8 stimulator and TP53 expression enhancer was thought to lead cancer cells to apoptosis. Aberrant
expression of JAK2, MAP kinase kinase 4, mitochondrial processing peptidase (MMP), and MMP9 have been
shown to be involved in many cancers [89-91]. The activity of pyocyanin pigment as inhibitors of expression
of JAK2, MAP kinase kinase 4, MMP and MMP9 suggested that it may have a potential use in cancer therapy.
However, for the pigment to be used as a drug candidate in the treatment of cancer and neurodegenerative
diseases, it is essential to confirm the in silico predictions with experimental-based analyzes.

CONCLUSION

A general review of our results indicates that the maximum production of the pyocyanin pigment obtained
from P. aeruginosa MB713 strain occurred in the MFDM growth medium and under shaking conditions.
Pyocyanin pigment was confirmed by UV-VIS spectroscopy, GC-MS, and FT-IR analysis. It was determined
that pyocyanin pigment did not exert no cytotoxic effect on L929 healthy mouse fibroblast cells (except 50-
100 uM concentrations) while it showed an antiproliferative effect on SK-MEL-30 human melanoma cells.
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Based on its in vitro and cellular AChE inhibitory and antioxidant effects shown by the present study, it is
thought that pyocyanin pigment may be recommended as a food additive or as a neuroprotective agent, an
active drug substance, or an anticancer agent. This situation can be clarified by conducting advanced
molecular studies.

Funding: “This research was funded by GAZI UNIVERSITY, grant number 05/2018-13".

Conflicts of Interest: “The authors declare no conflict of interest.” “The funders had no role in the design of the study;
in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the
results”.

REFERENCES

1. Abotaleb M, Samuel SM, Varghese E, Varghese S, Kubatka P, Liskova D, et al. Flavonoids in cancer and
apoptosis.Cancers. 2019;11:28.

2. The ICGC/TCGA Pan-Cancer Analysis of Whole Genomes Consortium. Pan-cancer analysis of whole genomes.
Nature. 2020;578:82.

3. Lazarevic Pasti T, Leskovac A, Momic T, Petrovic S, Vasic V. Modulators of acetylcholinesterase activity: From
Alzheimer's disease to anti-cancer drugs. Curr Med Chem. 2017;24:3283-309.

4. Cenini G, Lloret A, Cascella R. Oxidative stress in neurodegenerative diseases: From a mitochondrial point of
view. Oxid Med Cell Longev. 2019;2019:2105607.

5. Xiao T, Wang S, Yan M, Huang J, Yang X. A thiamine-triggered fluormetric assay for acetylcholinesterase activity
and inhibitor screening based on oxidase-like activity of MnO2 nanosheets. Talanta. 2020;221:121362.

6. Hayes JD, Dinkova-Kostova AT, Tew KD. Oxidative stress in cancer. Cancer Cell. 2020;38:167-97.

7. Yates SA, Murphy MF, Moore SA. The effect of malondialdehyde is modified by simian virus 40 transformation in
human lung fibroblast cells. Toxicology. 2019;415:1-9.

8. Alfa HH, Arroo RR. Over 3 decades of research on dietary flavonoid antioxidants and cancer prevention: What
have we achieved?. Phytochem Rev. 2019;18:989-1004.

9. Park HA, Hayden MM, Bannerman S, Jansen J, Crowe-White KM. Anti-apoptotic effects of carotenoids in
neurodegeneration. Molecules. 2020;25:3453.

10. Singh T, Heer KA. Review: Microbial anticancer pigments. Plant Cell Biotechnol Mol Biol. 2020;21:17-8.

11. Rani A, Chauhan S, Azmi W. Production and antimicrobial, antioxidant and anticancer applications of pyocyanin
from isolated Pseudomonas aeruginosa. SciFed J Fermentation and Microbial Technol. 2018;1:1-13.

12. Ozdal M. A new strategy for the efficient production of pyocyanin, a versatile pigment, in Pseudomonas
aeruginosa OG1 via toluene addition. 3 Biotech. 2019;9:374.

13. Frank LH, DeMoss RD. On the biosynthesis of pyocyanine. J Bacteriol. 1959;77.:776-82.

14. Cheluvappa R. Standardized chemical synthesis of Pseudomonas aeruginosa pyocyanin. MethodsX. 2014;1:67-
73.

15. Abo Zaid GA, Wagih EE, Matar SM, Ashmawy NA, Hafez EE. Optimization of pyocyanin production from
Pseudomonas aeruginosa JY21 using statistical experimental designs. Int J Chemtech Res. 2015;8:137-48.

16. El Fouly MZ, Sharaf AM, Shahin AAM, El-Bialy HA, Omara AMA. Biosynthesis of pyocyanin pigment by
Pseudomonas aeruginosa. J Radiat Res Appl Sci. 2015;8:36-48.

17. Alzahrani SH, Algahtani FS. Pyocyanin pigment extracted from Pseudomonas aeruginosa isolate as antimicrobial
agent and textile colorant. Int J Sci Res. 2016;5:467-70.

18. Suryawanshi RK, Patil CD, Borase HP, Salunke BK, Patil SV. Studies on production and biological potential of
prodigiosin by Serratia marcescens. Appl Biochem Biotechnol. 2014;173:1209-21.

19. Ellman GL, Courtney KD, Andres Jr V, Featherstone RM. A new and rapid colorimetric determination of
acetylcholinesterase activity. Biochem Pharmacol. 1961;7:88-95.

20. Schwartz PJ, Blundon JA, Adler EM. A biochemical assay for acetylcholinesterase activity in PC12 cells. Sci
Signal. 2007;2007:1-8.

21. Szatrowski TP, Nathan CF. Production of large amounts of hydrogen peroxide by human tumor cells. Cancer Res.
1991;51:794-8.

22. Hadjiakhoondi F, Ostad SN, Khanavi M, Hadjiakhoondi A, Farahanikia B, Salarytabar A. Cytotoxicity of two
species of Glaucium from Iran. J Med Plants Res. 2013;1:85-92.

23. Athira GK, Jyothi AN. Cassava starch-poly (vinyl alcohol) nanocomposites for the controlled delivery of curcumin
in cancer prevention and treatment. Starke. 2015;67:549-58.

24. Freimoser FM, Jakob CA, Aebi M, Tuor U. The MTT [3-(4, 5- dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide] assay is a fast and reliable method for colorimetric determination of fungal cell densities. Appl Environ
Microbiol. 1999;65:3727-9.

25. Kim SK, Kim SU, Park IH, Bang JH, Aboody KS, Wang KC, et al. Human neural stem cells target experimental
intracranial medulloblastoma and deliver a therapeutic gene leading to tumor regression. Clin Cancer Res.
2006;12:5550-6.

Brazilian Archives of Biology and Technology. Vol.65: €22210651, 2022 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

26.

27.

28.

29.
30.
31.
32.
33.
34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.
53.

54.
55.

56.
57.

Koyun, M.T.; et al. 16

Dai C, Ciccotosto GD, Cappai R, Tang S, Li D, Xie S, et al. Curcumin attenuates colistin-induced neurotoxicity in
NZ2a cells via antiinflammatory activity, suppression of oxidative stress, and apoptosis. Mol Neurobiol.
2018;55:421-34.

Sirin S, Aslim B. Characterization of lactic acid bacteria derived exopolysaccharides for use as a defined
neuroprotective agent against amyloid beta 1-42-induced apoptosis in SH-SY5Y cells. Sci Rep. 2020;10:1-18.
Sirin S, Aslim B. Protective effect of exopolysaccharides from lactic acid bacteria against amyloid betai-42 induced
oxidative stress in SH-SY5Y cells: Involvement of the AKT, MAPK, and NF-kB signaling pathway. Process
Biochem. 2021;106:50-9.

Saritas N, Uyanik F, Hamurcu Z. Effects of acute twelve minute run test on oxidative stress and antioxidant
enzyme activities. Afr J Pharm Pharmacol. 2011;5:1218-22.

Cheng F, Li W, Zhou Y, Shen J, Wu Z, Liu G, et al. AdmetSAR: A comprehensive source and free tool for
assessment of chemical ADMET properties. J Chem Inf Model. 2012;52:3099-105.

Yang H, Lou C, Sun L, Li J, Cai Y, Wang Z, et al. AdmetSAR 2.0: Web service for prediction and optimization of
chemical ADMET properties. Bioinformatics. 2019;35:1067-9.

Rugmini Ammal P, Anupama RP, Abraham J. Synthesis, characterization, in silico, and in vitro biological
screening of coordination compounds with 1, 2, 4-triazine based biocompatible ligands and selected 3d-metal
ions. Heliyon. 2020;6:05144.

Venil CK, Zakaria ZA, Ahmad WA. Bacterial pigments and their applications. Process Biochem. 2013;48:1065-79.
Darshan N, Manonmani HK. Prodigiosin and its potential applications. J Food Sci Technol, 2015;52:5393-407.
Whooley MA, McLoughlin AJ. The regulation of pyocyanin production in Pseudomonas aeruginosa. Eur J Appl
Microbiol Biotechnol. 1982;15:161-6.

Cox CD. Role of pyocyanin in the acquisition of iron from transferrin. Infect Immun. 1986;52:263-70.

Li S, Mou Q, Feng N, Leung PH. A selective medium for pyocyanindependent fast electrochemical detection of
Pseudomonas aeruginosa in environmental microbial samples. Int J Electrochem Sci. 2018;13:3789-98.
Hernandez ME, Kappler A, Newman DK. Phenazines and other redoxactive antibiotics promote microbial mineral
reduction. Appl Environ Microbio. 2004;70:921-8.

Ohfuji K, Sato N, Hamada-Sato N, Kobayashi T, Imada C, Okuma H, et al. Construction of a glucose sensor
based on a screen-printed electrode and a novel mediator pyocyanin from Pseudomonas aeruginosa. Biosens
Bioelectron. 2004;19:1237-44.

Barakat KM, Mattar MZ, Sabae SZ, Darwesh OM, Hassan SH. Production and characterization of bioactive
pyocyanin pigment by marine Pseudomonas aeruginosa OSh1. Res J Pharm Biol Chem Sci. 2015;6:933-43.
Gahlout M, Prajapati H, Chauhan P, Patel N, Solanki D. Isolation and screening of pyocyanin producing
Pseudomonas spp. from soil. Int J Adv Res Biol Sci. 2017;4:147-52.

Kurachi M. Studies on the biosynthesis of pyocyanine.(l): On the cultural condition for pyocyanine formation. Bull
Inst Chem Res. 1958;36:163-73.

Moayedi A, Nowroozi J, Sepahy AA. Effect of fetal and adult bovine serum on pyocyanin production in
Pseudomonas aeruginosa isolated from clinical and soil samples. Iran J Basic Med Sci. 2017;20:1331-8.
Glasser NR, Hunter RC, Liou TG, Newman DK. Refinement of metabolite detection in cystic fibrosis sputum
reveals heme negatively correlates with lung function. Plos One. 2019;14:e0226578.

Watson D, MacDermot J, Wilson R, Cole PJ, Taylor GW. Purification and structural analysis of pyocyanin and 1-
hydroxyphenazine. Eur J Biochem. 1986;159:309-13.

Kerr JR, Taylor GW, Rutman A, Hgiby N, Cole PJ, Wilson R. Pseudomonas aeruginosa pyocyanin and 1-
hydroxyphenazine inhibit fungal growth. J Clin Pathol. 1999;52:385-7.

Abdul Hussein ZR, Atia S. Antimicrobial effect of pyocyanin extracted from Pseudomonas aeroginosa. Eur J Exp
Biol. 2016;6:231-42.

Laxmi M, Bhat SG. Characterization of pyocyanin with radical scavenging and antibiofilm properties isolated from
Pseudomonas aeruginosa strain BTRY1. 3 Biotech. 2016;6:27.

Moayedi A, Nowroozi J, Sepahy AA. Cytotoxic effect of pyocyanin on human pancreatic cancer cell line (Panc-1),
Iran J Basic Med Sci. 2018;21:794-9.

Schumacher M, Camp S, Maulet Y, Newton M, MacPhee-Quigley K, Taylor SS, et al. Primary structure of
Torpedo californica acetylcholinesterase deduced from its cDNA sequence. Nature. 1986;319:407-9.

Francis PT, Palmer AM, Snape M, Wilcock GK. The cholinergic hypothesis of Alzheimer’s disease: A review of
progress. J Neurol Neurosurg Psychiatry. 1999;66:137-47.

Sahin HA. [Acetylcholine, cholinesterases and alzheimer's disease]. Dementia Journal 2002;2:69-73.

Mufson EJ, Counts SE, Perez SE, Ginsberg SD. Cholinergic system during the progression of Alzheimer’s
disease: Therapeutic implications. Expert Rev Neurother. 2008;8:1703-18.

Sherwin BB. Mild cognitive impairment: Potential pharmacological treatment options. J Am Geriatr Soc.
2000;48:431-41.

Chertkow H. Mild cognitive impairment. Curr Opin Neurol. 2002;15:401-7.

Birks JS. Cholinesterase inhibitors for Alzheimer’s disease. Cochrane Database Syst Rev. 2006;1:1-19.

Bakar M, Yulug B. [Mild cognitive impairment]. J Neurol Special Topics. 2009;2:88-93.

Brazilian Archives of Biology and Technology. Vol.65: €22210651, 2022 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

58.

59.
60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

86.

87.

88.

89.

Tunca Koyun, M.; et al. 17

Anand R, Gill KD, Mahdi AA. Therapeutics of Alzheimer’s disease: Past, present and future. Neuropharmacology.
2014;76:27-50.

Xi HJ, Wu RP, Liu JJ, Zhang LJ, Li ZS. Role of acetylcholinesterase in lung cancer. Thorac Cancer. 2015;6:390-8.
Molochkina EM, Zorina OM, Fatkullina LD, Goloschapov AN, Burlakova EB. H202 modifies membrane structure
and activity of acetylcholinesterase. Chem Biol Interact. 2005;157:401-4.

Bond CE, Patel P, Crouch L, Tetlow N, Day T, Abu-Hayyeh S, et al. Astroglia up-regulate transcription and
secretion of readthrough acetylcholinesterase following oxidative stress. Eur J Neurosci. 2006;24:381-6.

Jiang H, Zhang J, Zhu H, Li H, Zhang X. Nerve growth factor prevents the apoptosis-associated increase in
acetylcholinesterase activity after hydrogen peroxide treatment by activating Akt. Acta Biochim Biophys Sin.
2007;39:46-56.

Zhang JY, Jiang H, Gao W, Wu J, Peng K, Shi YF, et al. The INK/AP1/ATF2 pathway is involved in H202-induced
acetylcholinesterase expression during apoptosis. Cell Mol Life Sci. 2008;65:1435-45.

Garcia Rates S, Lewis M, Worrall R, Greenfield S. Additive toxicity of f-amyloid by a novel bioactive peptide in
vitro: Possible implications for Alzheimer’s disease. Plos One. 2013;8:54864.

Knapp LT, Klann E. Superoxide-induced stimulation of protein kinase C via thiol modification and modulation of
zinc content. J Biol Chem, 2000;275:24136-45.

Waldron RT, Rozengurt E. Oxidative stress induces protein kinase D activation in intact cells involvement of Src
and dependence on protein kinase C. J Biol Chem. 2000;275:17114-21.

Li C, Jackson RM. Reactive species mechanisms of cellular hypoxiareoxygenation injury. Am J Physiol Cell
Physiol. 2002;282:227-41.

Tang L, Wang R, Tang XC. Effects of huperzine A on secretion of nerve growth factor in cultured rat cortical
astrocytes and neurite outgrowth in rat PC12 cells. Acta Pharmacol Sin. 2005;26:673.

Liu EY, Xu ML, Jin Y, Wu Q, Dong TT, Tsim KW. Genistein, a phytoestrogen in soybean, induces the expression
of acetylcholinesterase via G protein-coupled receptor 30 in PC12 cells. Front Mol Neurosci. 2018;11:1-11.

Patil S, Nikam M, Patil H, Anokhina T, Kochetkov V, Chaudhari A. Bioactive pigment production by Pseudomonas
spp. MCC 3145: Statistical media optimization, biochemical characterization, fungicidal and DNA intercalation-
based cytostatic activity. Process Biochem. 2017;58:298-305.

Wenk GL. Neuropathologic changes in Alzheimer’s disease. J Clin Psychiatry. 2003;64:7-10.

Temiz O, Kargin F. [Determination of the toxic effects of the biopesticide emamectin benzoate in the tissues of
Oreochromis niloticus by acetylcholinesterase enzyme activity]. J Anatol Environ Animal Sci. 2019;4:34-8.
O’Sullivan AM, O’Callaghan YC, O’'Grady MN, Queguineur B, Hanniffy D, Troy DJ, et al. In vitro and cellular
antioxidant activities of seaweed extracts prepared from five brown seaweeds harvested in spring from the west
coast of Ireland. Food Chem. 2011;126:1064-70.

Alam MN, Bristi NJ, Rafiquzzaman M. Review on in vivo and in vitro methods evaluation of antioxidant activity.
Saudi Pharm J. 2013;21:143-52.

Dolanbay SN, Kocanci FG, Aslim B, Neuroprotective effects of allocryptopine-rich alkaloid extracts against
oxidative stress-induced neuronal damage. Biomed. 2021;140:111690.

Ozcan O, Erdal H, Cakirca G, Yonden Z. [Oxidative stress and its effects on intracellular lipid, protein and DNA
structures]. J Clin Exp Invest. 2015;6:331-6.

Durmus AS, Unsaldi E. [Antioxidants and fracture healing]. DAUM. 2005;3:20-7.

Ogut S, Atay E. [Free radicals and oxidative stress in old age]. SDU Tip Fak Derg. 2012;19:68-74.

Ozkay UD, Oztiirk Y, Can O. [Disease of the aging world: Alzheimer's disease]. SDU Tip Fak Derg. 2011;18:35-42.
Cakmak YS, Zengin G, Eskin B, Yildinm K, Topal M, Aydin GH, et al. Investigation of antioxidant and enzyme
inhibition activities and phenolic composition of Medicago rigidula (L.) ALL. Marmara Pharm J. 2017;21:522-9.
Parlak V, Ucar A, Alak G, Atamanalp M. Responses of antioxidant in rainbow trout exposed to temephos. FBED.
2019;9:1156-63.

Murray AP, Faraoni MB, Castro MJ, Alza NP, Cavallaro V. Natural AChE inhibitors from plants and their
contribution to Alzheimer’s disease therapy. Curr Neuropharmacol. 2013;11:388-413.

Post SG, Future scenarios for the prevention and delay of Alzheimer disease onset in high-risk groups: An ethical
perspective. Am J Prev Med. 1999;16:105-10.

Zhao J, Wu Y, Alfred AT, Wei P, Yang S. Anticancer effects of pyocyanin on HepG2 human hepatoma cells. Lett
Appl Microbiol. 2014;58:541-8.

Patil S, Paradeshi J, Chaudhari B. Anti-melanoma and UV-B protective effect of microbial pigment produced by
marine Pseudomonas aeruginosa GS-33. Nat Prod Res. 2016;30:2835-9.

Sengupta S, Bhowal J. Study on the antioxidant and cytotoxic properties of pyocyanin extracted from
Pseudomonas aeruginosa. in: R. Doraiswani, S. Sengupta, S. D. Bandyopadhyay, A. Ghosh (Eds.). Advances in
Bioprocess Engineering and Technology. Springer Singapore. 2021;133-41.

Yu Q. Restoring p53-mediated apoptosis in cancer cells: New opportunities for cancer therapy. Drug Resist
Updates. 2006;9:19-25.

Boice A, Bouchier Hayes L. Targeting apoptotic caspases in cancer. Biochim Biophys Acta Mol Cell Res.
2020;1867:118688.

Drummond AH, Beckett P, Brown PD, Bone EA, Davidson AH, Galloway WA, et al. Preclinical and clinical studies
of MMP inhibitors in cancer. Ann NY Acad Sci. 1999;878:228-35.

Brazilian Archives of Biology and Technology. Vol.65: €22210651, 2022 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

Koyun, M.T.; et al. 18

90. Cuenda A. Mitogen-activated protein kinase kinase 4 (MKK4). Int J Biochem Cell Biol. 2000;32:581-7.
91. Verstovsek S. Therapeutic potential of JAK2 inhibitors. Hematology Am Soc Hematol Educ Program.
2009;2009:636-42.

© 2022 by the authors. Submitted for possible open access publication under the terms and
‘@ @ @ \conditions of the Creative Commons Attribution (CC BY NC) license

(https://creativecommons.org/licenses/by-nc/4.0/).

Brazilian Archives of Biology and Technology. Vol.65: €22210651, 2022 www.scielo.br/babt


https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjY_IyMpJjfAhXBqZAKHdazDawQFjAAegQIAxAC&url=http%3A%2F%2Fwww.scielo.br%2Fbabt&usg=AOvVaw08BojU0LuZNEI4C434jTD4

