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ABSTRACT: One of the most common diseases in women is breast cancer, which has
the highest death globally. Surgery, chemotherapy, hormone treatments, and radiation
are the current treatment options for breast cancer. However, these options have several
adverse side effects. Recently, peptide-based drugs have gained attention as anticancer
therapy. Studies report that peptides from biological toxins such as venom and virulent
pathogenic molecules have potential therapeutic effects against multiple diseases,
including cancers. This study reports on the in vitro anticancer effect of a short peptide,
PS9, derived from a virulent protein, glycosyl hydrolase, of an aquatic fungus,
Aphanomyces invadans. This peptide arrests MCF-7 proliferation by regulating
intercellular reactive oxygen species (ROS) and apoptotic pathways. Based on the
potential for the anticancer effect of PS9, from the in silico analysis, in vitro analyses
using MCF-7 cells were executed. PS9 showed a dose-dependent activity; its IC50 value
was 25.27−43.28 μM at 24 h. The acridine orange/ethidium bromide (AO/EtBr)
staining, to establish the status of apoptosis in MCF-7 cells, showed morphologies for early and late apoptosis and necrotic cell
death. The 2,7-dichlorodihydrofluorescein diacetate (DCFDA) staining and biochemical analyses showed a significant increase in
reactive oxygen species (ROS). Besides, PS9 has been shown to regulate the caspase-mediated apoptotic pathway. PS9 is nontoxic, in
vitro, and in vivo zebrafish larvae. Together, PS9 may have an anticancer effect in vitro.

1. INTRODUCTION
Bioactive peptides have been considered pharmacological
alternatives in treating cancers. Studies show that peptides
synthesized from various resources, including microbes, plants,
and animals, have exhibited antimicrobial, antioxidant, and
anticancer properties.1 Small molecules, including peptides, are
considered a distinct group of pharmacological compounds for
their specific biochemical and therapeutic properties. Peptides
have been developed as therapeutic candidates to disrupt
protein−protein interactions (PPIs) and target intercellular
molecules.2 In a peptide, the combination of amino acids,
sequence arrangement, number of amino acids, structural
configuration, hydrophobicity, net charge, isoelectric point,
and molecular mass contributes to the anticancer nature.3

There are about 80 peptide-based commercial drugs with
therapeutic potential. One hundred and fifty peptides are
under clinical trials, and 600 are in preclinical testing.4

Cancers have been considered a significant global barrier to
survival rates.5,6 The Cancer Research Center in the United
Kingdom has reported that the prevalence rate of cancer could
increase to 62% by 2040.4 Breast cancer, the most common
type of cancer in women, affects one in every four women, and

its mortality rate has increased to 11.7% of all cancer cases.5

Since “reactive oxygen species (ROS)” and “cancer” refer to a
wide range of substances and conditions, broad generalizations
are almost unattainable. However, is it possible to characterize
the redox status of cancer in terms of any shared character-
istics? There is a common misconception that practically all
malignant cells are pro-oxidative, mostly because oncogenes
modify and accelerate cell metabolism.6

Small molecules, such as peptides and compounds from
toxin origin, have significant biological functions, including
antimicrobial, antioxidant, and anticancer. The structurally
modified synthetic peptide, VmCT1, developed from the α-
helical region of Vaejovis mexicanus smithi (the scorpion’s
venom), showed antimicrobial activity against MCF-7 cells.7

Further, ICD-85, a venom-derived peptide, promoted
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apoptosis in the MCF-7 cells by activating the caspase signals.8

Aspergillus fumigatus (invasive aspergillosis causing pathogenic
fungus)-derived small molecule elicited anticancer activity.9

MP12, derived from the virulent fungal molecule trypsin
inhibitor, showed significant anticancer properties against
human laryngeal cancer cells (Hep-2).10 The in vivo toxicity
of the virulent peptide was screened in the zebrafish embryo
model. The zebrafish model has been extensively used in
biology, pharmacology, drug development, cancer, and
toxicology studies. A zebrafish model activated with H2O2
has been used by several researchers to study the antioxidant
capabilities of compounds.11 Models made from zebrafish or
embryos offer many advantages, including size, transparency,
quick development, and minimal maintenance expenses.
Zebrafish species have a genomic similarity to the human
genome and the pathophysiology of human disease of about
85% compared to other model organisms.12

The virulent molecule glycosyl hydrolase has been identified
from our earlier established transcriptome database on fish
disease-causing pathogenic fungus Aphanomyces invadans.13,14

Glycosyl hydrolases are a common class of enzymes that break
down the glycosidic link between two or more carbs or
between a carbohydrate and a noncarbohydrate component.
The establishment of 85 distinct families is the result of a
classification scheme for glycosyl hydrolases based on sequence
similarity.15,16

This study investigated the anticancer property of PS9
derived from fungal glycosyl hydrolase. In vitro analyses
including neutral red uptake assay, apoptosis staining, 2,7-
dichlorodihydrofluorescein diacetate (DCFDA) staining, Rho-
domine123 assay, the status of biochemical enzymes (super-
oxide dismutase (SOD), catalase (CAT), glutathione perox-
idase (GPx), glutathione S-transferase (GST), and glutathione
(GSH)), and quantitative polymerase chain reaction (qPCR)
analysis of apoptotic genes were carried out using MCF-7 cells.
Toxicity assays were performed for PS9 under in vitro
(Madin−Darby canine kidney (MDCK) cells) and in vivo
(zebrafish embryo) conditions.

2. MATERIALS AND METHODS
2.1. In Silico Analysis for PS9 and Peptide Synthesis.

The cDNA sequence of the virulent protein glycosyl hydrolase
was identified from the previously established transcriptome of
the epizootic ulcerative syndrome (EUS) or red spot disease
(in teleost fish) causing pathogenic fungus A. invadans. The
identified cDNA sequence was analyzed using the ExPASy tool
(http://web.expasy.org/translate/) to convert the cDNA to
protein.17 The converted protein sequence was analyzed on the
NCBI BLAST, program, and the homology has been
established. The properties of the peptide were analyzed
using Expasy’s ProtParam online tool (http://us.expasy.org/
tools/protparam.html).18 A three-dimensional (3D) structure
of the predicted protein was established using I-The ASSER
webserver and visualized over PyMol (ver. 0.99).17

The peptide sequence and properties were predicted using
the HeliQuest online tool (http://heliquest.ipmc.cnrs.fr/cgi-
bin/ComputParams.py).19 The peptide’s toxicity was pre-
dicted using the ToxIBTL online tool (http://server.wei-
group.net/ToxIBTL).20 The anticancer property of the peptide
was screened using the webserver AntiCP 2.0 (https://webs.
iiitd.edu.in/raghava/anticp2).21

The peptide was synthesized at Zhengzhou Peptides
Pharmaceutical Technology Co. Ltd., China. The supplier

certified that the peptide is >95% purity as per the high-
performance liquid chromatography (HPLC)-mass spectrom-
etry analysis. A stock solution (1 mM) of the peptide was
prepared by dissolving it in phosphate-buffered saline (PBS),
and the working concentrations (10, 20, 30, 40, and 50 μM)
were prepared before the treatment. The prepared stock was
stored at −20 °C until further use.22

2.2. Anticancer Potency of PS9. 2.2.1. Maintenance of
Cells. Human dermal fibroblast (HDF, Passage No.: 19) and
breast cancer cells (MCF-7 Passage No.: 21) were procured
from the National Centre for Cell Science (NCCS), Pune,
India. The maximum passage no range used experiment was
HDF cell line-24 and MCF-7 cell line-29. The cells were grown
as a monolayer with Dulbecco’s modified Eagle’s essential
medium (DMEM, 4.5 g/L high glucose, Gibco, U.K.)
containing 10% fetal bovine serum (FBS) (heat-inactivated
fetal bovine serum, Gibco, U.K.) and 100 U/mL of penicillin
and streptomycin (Sigma-Aldrich). The cells were maintained
at 5% CO2 and 37 °C.

2.2.2. Neutral Red Uptake Assay. To determine the
antiproliferative effect of PS9 against the MCF-7 cell, a neutral
red uptake assay has been performed as per the previous
protocol.23 Briefly, the cells were seeded in a 96-well plate and
grown until 90% confluency, followed by the peptide treatment
at different concentrations for 24−48 h. Untreated cells served
as control. Cells were washed three times with sterile PBS, and
then 0.4% of neutral red solution (Sigma-Aldrich) was added
and incubated for 3 h in the dark at room temperature. Cells
were then washed, destained (50% ethanol and 1% glacial
acetic acid), and incubated for 30 min. The absorbance at 540
nm was read using a MultiSkan Go ELISA reader (Thermo-
fisher Scientific, Finland). Cell viability was calculated as
absorbance obtained. The log dose−response curve and 50%
inhibitory concentration (IC50) were established using
GraphPad Prism software Ver 5.03 (CA).

2.2.3. Measurement of PS9 on Lactate Dehydrogenase
(LDH) Release. The potential of the peptide to cause cell
membrane damage was carried out in MCF-7 cells by
determining the level of lactose dehydrogenase enzyme
released by the cells. Cells were seeded in six-well plates and
allowed to reach 90% confluency, followed by the peptide
treatment for 24−48 h. Untreated cells served as a control,
while the Triton-X-100-treated cells served as a positive
control. The culture medium and cell lysate measured the total
LDH level. Parallelly, cells were inoculated with 50 μL of
pyruvic acid (4.6 mM, prepared in 0.1 M potassium phosphate
buffer of pH 7.4) in a 96-well plate, which was followed by the
addition of 50 μL of reduced nicotinamide adenine
dinucleotide (NADH) (0.5 mg/mL). The absorbance values
were recorded at 340 nm for 2 min using a MultiSkan Go
ELISA reader (Thermofisher Scientific, Finland), and the
concentration of the released LDH was calculated.24,25

2.2.4. Morphological and Apoptotic Assessment Using
Acridine Orange/Ethidium Bromide (AO/EtBr) Stain. MCF-7
cells (1 × 106 cells/well) were plated in a six-well plate and
grown until they reached 90% confluency. Cells were then
exposed to different peptide concentrations (between 10 and
50 μM) for 24 h. Changes in the cell morphology were
observed at 20× magnification under an inverted micro-
scope.26 Treated cells were stained with 20 μL of fluorescent
dye (100 μg/mL acridine orange (AO) + 100 μg/mL ethidium
bromide (EtBr) at a 1:1 ratio) for 20 min. Cells were then
washed with PBS and visualized under a fluorescence
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microscope, and the results were recorded as photomicro-
graphs.27

2.2.5. Measurement ROS by DCFDA Staining. DCFDA
staining assay detected the changes in the concentration of
intracellular ROS.28−30 MCF-7 cells (1 × 106 cells/well) were
seeded in a six-well plate and allowed to reach 90% confluency,
and the cells were treated with various peptide concentrations
(between 10 and 50 μM) for 24 h. Untreated cells were
considered as a control. Following the peptide exposure, cells
were stained with 20 μg/mL of 2,7-dichlorodihydrofluorescein
diacetate (DCFDA) and incubated in the dark for 20 min.
Then, cells were washed with PB to remove the excess stain
and examined under the fluorescence microscope at 20×
magnification. Results were recorded as images, and the
fluorescent intensity was determined using ImageJ software
(v.1.49, NIH).

2.2.6. Mitochondrial Membrane Potential of PS9. The
ability of the peptide to influence the mitochondrial membrane
potential was determined, as reported previously.31 MCF-7
cells were seeded in a six-well plate and allowed to reach 80%
confluency. Cells were treated with different peptide
concentrations for 24 h. Untreated cells served as a control.
The peptide-exposed cells were then stained with rhodamine
123 (10 μg/mL) and incubated in the dark for 20 min. To
remove the excess stain, cells were washed three times with
PBS. Results were recorded as photomicrographs by
examination under the fluorescence microscope (20× magni-
fication). ImageJ software (V.1.49, NIH) measured the
fluorescent intensity.

2.2.7. Biochemical Estimation. To determine the effect of
PS9 in regulating the cellular components, enzyme activities of
antioxidant enzymes (superoxide dismutase (SOD), catalase
(CAT), glutathione (GSH)) and the extent of lipid
peroxidation were established.32−34 For the antioxidant
enzyme activity, changes in the absorbance values were
measured using a UV−visible spectrophotometer (UV 1800,
SHIMADZU, Japan). Briefly, MCF-7 cells (1 × 106 cells/well)
were seeded in a six-well plate and allowed to grow until 80%
confluency. Cells were then exposed to different peptide
concentrations for 24 h, as mentioned elsewhere. Cells were
scraped, homogenized using 100 mM tris−HCl buffer (pH
7.4), and centrifuged for 5 min at 8000g. A supernatant was
utilized to estimate the enzyme activity. To determine the
glutathione level, scraped cells were homogenized in
sulfosalicylic acid (5%) and centrifuged at 4000g for 12 min;
the homogenate served as a source of glutathione.

2.2.8. Gene Expression of PS9. Gene expression analysis
was performed to understand the molecular mechanism(s) by
which PS9 elicits an anticancer effect. MCF-7 cells (1 × 106

cells/well) were seeded in a six-well plate, grown until 80%
confluency, and treated with different concentrations such as
20 and 40 μM of PS9 peptide for 24 h. Untreated cells were
considered as a control. Total RNA was isolated by scrapping
the cells in a TRIZOL reagent as per the manufacturer’s
instructions (BioLit, SRL, India).35−37 Gene expression
analysis was performed using a KAPA SYBR FAST one-step
qRT-PCR master mix kit in the Light cycler 96 (Roche
Diagnostics, GmbH, Germany) along with the respective
primers (Table 1). Data were calculated using the 2−ΔΔCt

method, and the results were expressed as relative folds.38−40

2.3. Toxicity Analysis of PS9. 2.3.1. In Vitro Cytotoxic
Activity of PS9. The ability of the peptide to elicit a cytotoxic
effect was evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay.22,41,42 HDF cells
(95 × 103 cells/well) were seeded in a 96-well plate and
allowed to grow until 90% confluency. The experimental group
received PS9 at different concentrations, whereas the control
received no PS9 and the positive control received Triton-X-
100. After the peptide exposure, cells were incubated with
MTT reagent (20 μL of 5 mg/mL; 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide; Sigma-Aldrich) for 4 h in
the dark at room temperature. Culture media was removed
after incubation, and dimethyl sulfoxide (DMSO) was added;
the absorbance was then read at 650 nm using a MultiSkan Go
ELISA reader (Thermofisher Scientific, Finland).

2.3.2. In Vivo Developmental Toxicity Due to PS9 in
Zebrafish Embryo. Zebrafish (wild adult) were obtained from
a local vendor in Chennai, Tamil Nadu, India. As previously
mentioned, fish have maintained in a glass aquaria and
acclimatized.22,32,43 Zebrafish embryo toxicity was performed
according to OECD guidelines. Four-hour postfertilized (hpf)
embryos were taken in a six-well plate (30 embryos/well) and
exposed to PS9 at different concentrations, diluted in fish water
or E3 medium. Peptide exposure was semistatic, and 50% of
the exposure solution was renewed every 24 h and the
concentration range of 10, 20, 30, and 40 μM. The
developmental toxicity including hatching rate, heart rate,
mortality, survival rate, and morphology was analyzed.44−47

When 48 h had passed since fertilization, the hatching rate was
measured. The numbers of dead and alive larvae were counted,
and the percentages of mortality and survival were calculated.
Larvae were chosen at random from the group, and the heart’s
systolic and diastolic rhythms were observed under a light
microscope. In each group, the step was performed three times
while the heartbeat was counted and recorded. At several
stages, 24, 48, 72, and 96 hpf, the embryo morphology was
investigated under a light microscope and the results were
recorded as the picture.

Table 1. List of Primers Used for the Anticancer Gene Expression Study

gene primer sequence reference

BAX forward 5′-TCAGGATGCGTCCACCAAGAAG-3′ 38
reverse 5′-TGTGTCCACGGCGGCAATCATC-3′

Bcl-2 forward 5′-GTGGATGACTGAGTACCT-3′
reverse 5′-CCAGGAGAAATCAAACAGAG-3′

caspase-3 forward 5′-ACATGGAAGCGAATCAATGGACTC-3′
reverse 5′- AAGGACTCAAATTCTGTTGCCACC-3′

caspase-9 forward 5′-GCTCTTCCTTTGTTCATC- 3′
reverse 5′- CTCTTCCTCCACTGTTCA-3′

GAPDH (internal control) forward 5′-GTCTCCTCTGACTTCAACAGCG-3′
reverse 5′-ACCACCCTGTTGCTGTAGCCAA-3′
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2.4. Statistics. The data presented in the study are the
mean of three replicates and their standard deviation (SD).
GraphPad Prism (ver. 5.0) has been utilized to identify the
significance of the data through one-way analysis of variance
(ANOVA) and post hoc Tukey’s multiple range test.

3. RESULTS AND DISCUSSION
The venom of snakes, bees, scorpions, animals, and plant
pathogenic fungal-derived virulence factors are examples of
toxic components that have been found to have a potential
anticancer effect.4,23,48,49 Peptide molecules elicit the anti-
cancer effect by targeting multiple cellular mechanisms,
including immune modulation, inhibition of distinct internal
targets, apoptosis, and tumor angiogenesis suppression.50,51

The peptide, PS9, has been derived from the virulent protein,
glycosyl hydrolase (Figure 1A), of the fungus A. invadans. The
physicochemical properties of the protein are as follows:
molecular mass, 74.45 kDa; theoretical point, 6.40; the total
number of negatively (Asp + Glu) and positively charged
residues (Arg + Lys) in the protein, 72 and 66, respectively;
chemical formula of the protein, C3313H5125N911O968S39;
estimated half-life, 30 h (mammalian reticulocytes, in vitro),
20 h (yeast, in vivo), and 10 h (Escherichia coli, in vivo);
instability index, 36.99; aliphatic index, 80.00; and grand
average of hydropathicity of the protein (GRAVY), −0.193.
The derived peptide, PS9 (Figure 1B,C), has nine amino acid
residues: NH2Pro−Ser−Arg−Lys−Val−Met−Leu−Trp−
SerCOOH. The estimated physicochemical properties of PS9
are molecular mass, 1103.34 g/mol; extinction coefficient,
5690 M−1 cm−1; isoelectric point, 11.52; net charge at pH, 7:
2; hydrophobicity, 0.560; hydrophobic moment, 0.275; the

number of uncharged residues, 2 SER; aromatic residue, 1
TRP; charged residues, 1 LYS and 1 ARG; and special residue,
1 PRO. The in silico analysis of PS9 has predicted that the
peptide is nontoxic as its score was 5.88296 × 10−12. The
anticancer property of PS9, as predicted through AntiCP 2.0,
has a score of 0.49. Overall, the in silico analysis indicated that
PS9 might be a lead anticancer peptide (ACP) or a molecule
with the characteristics of the ACP, as described.3,52 Further,
the amino acids such as TRP, LYS, ARG, and PRO present in
PS9 play a significant role in the bioactivity against the survival
of cancer cells.3

Neutral red is a positively charged dye that diffuses through
the plasma membranes to accumulate in the lysosomes.
Therefore, the intracellular intensity of the dye due to its
intracellular accumulation is directly proportional to the
percentage of living cells.25 PS9-challenged MCF-7 cells
showed a significant (p > 0.05) dose-dependent reduction in
the percentage of cell viability, except at 50 μM of PS9,
wherein relatively lesser activity has been observed (Figure 2).
The assay was performed at two different time intervals;
however, similar results were observed at both time points.
Results indicate that the IC50 value range at 24 h is between
25.27 and 43.28 μM, whereas at 48 h, the value is between 9.9
and 37.5 μM. Based on the neutral red uptake assay, it states
that the PS9 peptide inhibits the MCF-7 cell proliferation.
LDH assay revealed the cytotoxic potency of PS9 in MCF-7

cells. PS9 challenge showed that the total LDH percentages
were 39.28 ± 1.9% at 10 μM followed by 47.86 ± 3.2% at 20
μM, 57.62 ± 1.4% at 30 μM, 71.25 ± 1.3% at 40 μM, and
40.75 ± 2.3% at 50 μM in 24 h. Moreover, when the duration
of the peptide exposure was increased to 48 h, the total LDH

Figure 1. In silico investigation of glycosyl hydrolase protein and its derived PS9. (A) 3D structure of the glycosyl hydrolase protein. (B) 3D
structure of the PS9 peptide. (C) Hydrophobicity analysis in the helical wheel analysis.

Figure 2. Anticancer potency of PS9 due to neutral red uptake assay. The results were compared with the control, and the data were expressed as
mean ± SD. The asterisk (*) represents the statistical significance at p < 0.05.
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levels were as follows: 32.48 ± 1.3% at 10 μM, 51.24 ± 1.8% at
20 μM, 63.12 ± 2.1% at 30 μM, 81.98 ± 2.5% at 40 μM, and

30.45 ± 1.8% at 50 μM. In both the peptide exposure
durations, there was a dose-dependent increment in the LDH

Figure 3. Total LDH release due to the PS9 treatment on MCF-7 cells. The data were compared with the untreated control. The data showed a
significant difference at p < 0.05, which was indicated by an asterisk (*). The data were presented as the mean of three replicates ± SD.

Figure 4. Morphological analysis of PS9-treated cells at 20× magnifications in an inverted phase-contrast microscope. Both the circles and arrows
represent the abnormal morphology of the cells.

Figure 5. Acridine orange/ethidium bromide (AO/EtBr) staining on MCF-7 cells to analyze the apoptotic stages. V, viable cells; E, early apoptotic
cells; L, late apoptotic cells; and N, necrotic cells.
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levels. However, at a 50 μM peptide concentration, in both
time points, there was a reduction in LDH activity (Figure 3).
Similar observations have been reported previously in (i) A.
invadans virulence protein, trypsin inhibitor-derived peptide
inhibited human laryngeal cancer10 and (ii) Brevibacillus
laterosporus isolated peptide, brevilaterin B that increases the
LDH level, has been utilized to address epidermal cancer.53

Based on this supporting evidence and the outcomes of this
study, we suggest that PS9 inhibits MCF-7 cell proliferation at
a concentration range between 10 and 40 μM. It is possible
that the reduced activity at a higher (50 μM) peptide
concentration could be due to the saturation point of the
peptide. Based on the neutral red assay, LDH assay, and IC50
value, further anticancer experiments were followed with a 10−
40 μM concentration.

PS9-treated MCF-7 cells showed abnormal morphology
including cell shrinkage, granulation of cells, cell rounding, loss
of rigidness, and detachment from the culture flask (Figure 4).
Similar observations have been reported previously from a
peptide that was extracted from Grapsus albacarinous, which is
known to affect the cell morphology in MCF-7 cells.54 Based
on this observation, we suggest that PS9 compromises the
cellular morphology, which could pave the way for the cells to
undergo apoptosis. Based on the fluorescent emissions in the
AO/EtBr analysis, different apoptotic stages have been
identified, including early apoptosis (yellow), late apoptosis
(reddish-brown), necrosis (brown), and viable cells (green)
(Figure 5). These observations are in line with the previous
reports, wherein nymphayol was found to promote apoptosis
in MCF-7 cells.

Figure 6. DCFDA staining to measure the ROS level on MCF-7 cells. PS9 treatment generates ROS compared to the untreated control.

Figure 7. Mitochondrial membrane potentiality of PS9. The PS9 treatment showed a dose-dependent activity on MCF-7 cells compared to the
untreated control.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00336
ACS Omega 2023, 8, 18543−18553

18548

https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00336?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In addition, the PS9 challenge upregulated the intracellular
ROS concentration in a dose-dependent manner in MCF-7
cells38 (Figures 6 and S1). In support of this observation on
ROS generation, AMK1 has been reported to significantly
increase ROS production in cancer cells.55

Rhodamine 123 has been utilized to measure the effect of
PS9 on the mitochondrial membrane potential in MCF-7 cells.
Results demonstrate that there is a dose-dependent activity
(Figures 7 and S2). The peptide-exposed cells had more
substantial activity than the untreated control. According to
Siddiqui et al.,56 mitochondrial damage is triggered by
increased intracellular ROS. Moreover, the obtained results
are in line with a dipeptide from Callyspongia fstularis (marine
sponge) symbiont Bacillus pumilus, which showed that an
increase in ROS concentration leads to mitochondrial damage.
Therefore, we suggest that PS9 targets mitochondrial
membrane potential to cause damage to cancer cells.
Oxidation of membrane-bound lipids, which is triggered by

excessive intracellular ROS generation, may change the status
of the antioxidant enzymes to eventually degrade MMP.57

Likewise, PS9-challenged MCF-7 cells show increased ROS
levels, which eventually causes mitochondrial damage. More-
over, PS9 treatment showed a dose-dependent reduction in the
levels of antioxidant enzymes including SOD, CAT, and GSH.
In line with this outcome, there was a dose-dependent increase
in the lipid peroxidation level (Table 2). One study has
reported on a similar trend, wherein ferruginol challenge to
MCF-7 cells influenced the levels of antioxidant enzymes and
LPO enzymes by enhancing the intracellular ROS gener-
ation.58

Increased ROS led to accelerated DNA damage and cell
death by mitigating the mitochondrial membrane potential,
releasing cytochrome c, activating caspase-3, upregulating BAX,

and downregulating Bcl-2 expression (Figure 8) in PS9-treated
MCF-7 cells. Such an interesting outcome has been previously
demonstrated.59 PS9-challenged MCF-7 cells, at 20 and 40
μM, showed a dose-dependent upregulation on the expression
of BAX, caspase-3, and caspase-9. However, the peptide
treatment appears to downregulate the expression of Bcl-2.
Similar observations have been reported previously, wherein
VS-9 peptide from Allium sativum induced caspase-3- and
caspase-9-mediated apoptosis against leukemic cells.60

We examined the toxicity of PS9 using in vitro (HDF cells)
and in vivo (zebrafish embryo) models because PS9 has been
derived from a pathogenic fungal virulence protein, glycosyl
hydrolase. In vitro toxicity experiment using PS9 showed that
the cell viability values are 91.02 ± 3.2% at 10 μM, 84.13 ±
2.9% at 20 μM, 81.13 ± 4.5% at 30 μM, and 81.06 ± 2.5% at
40 μM concentration, whereas the untreated cells showed a
100% cell viability and the positive control Triton-X-100
(0.01%) showed 19.12 ± 1.9%. These outcomes indicate that
PS9 is nontoxic to healthy cells (Figure S3). In our previous
study,22 we reported that NV14 peptides derived from
cyanobacteria also showed nontoxicity.
Compared to other in vivo models, the zebrafish model offers

a variety of significant advantages.61 The developmental
toxicity assay was performed in zebrafish using embryos
between 4 and 96 hpf. PS9 treatment did not induce any
significant changes in the hatching rate, heart rate, mortality,
and survival rate. However, at 40 μM concentration, PS9
showed slight variation in these said parameters. Exposure to
(1 mM) hydrogen peroxide showed a significant difference in
the hatching rate. According to the hatching rate results, the
PS9 peptide did not affect any embryo hatching rates;
nevertheless, the group that was exposed to H2O2 had lower
hatching rates (Figure S4). The embryos exposed to 10−40

Table 2. Effects of PS9 on the Antioxidant Proteins and Its Lipid Peroxidation Level in MCF-7 Cellsa

groups SOD (units/mg proteins) CAT (units/mg proteins) GSH (units/mg proteins) LPO (MDA level) (mM/mg protein)

control 29.27 ± 1.32 16.71 ± 2.32 31.73 ± 2.32 12.47 ± 2.32
10 μM 26.38 ± 1.1 15.79 ± 2.1 25.74 ± 5.4 19.36 ± 3.1*
20 μM 17.27 ± 1.3* 12.87 ± 3.2* 16.45 ± 2.3* 28.75 ± 2.1*
30 μM 12.98 ± 3.32* 9.89 ± 2.1* 11.35 ± 3.2* 37.31 ± 1.2*
40 μM 7.61 ± 5.1* 9.72 ± 1.2* 9.23 ± 1.32* 52.36 ± 4.2*

aThe asterisk (*) represents the statistical significance at p < 0.05. Results were compared with the control group, and values are expressed as mean
± SD (n = 3).

Figure 8. Gene expression analysis of PS9 on MCF-7 cells. The expression was calculated after the data were normalized with GAPDH. The data
were expressed as mean ± SD of three independent experiments. The asterisk (*) denotes the significance level at p < 0.05 compared to the
control.
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μM of the PS9 peptide showed a similar death rate to the
control as did the H2O2-treated embryos, which had the
greatest mortality rates (Figure S4). The heart rate and normal
morphology of the embryos were not altered in the PS9
peptide-exposed group, nevertheless. The H2O2 (1 mM)-
exposed embryos had aberrant heart rates and morphological
defects such as bent tails and bent spines (BS) (Figure S4).
Also, PS9 did not have any influence on the morphology of the
embryo (Figure 9). A similar observation has been reported in

the peptide, MP12, derived from A. invadans virulent molecule,
a cysteine-rich trypsin inhibitor treated on human laryngeal
epithelial cells.10 Hence, in the in vitro and in vivo models, PS9
is nontoxic.

4. CONCLUSIONS
To sum up, based on the in silico outcomes for PS9 that the
peptide could have anticancer properties, in vitro analyses were
executed. Results showed that PS9 inhibits the cell
proliferation of MCF-7 cells by upregulating the intracellular
ROS concentration, regulating the antioxidant enzymes, and
through the caspase-mediated apoptotic pathway. Although
PS9 has been derived from the pathogenic fungal virulent
protein, the peptide is nontoxic in in vitro and in vivo models.
Therefore, we suggest that PS9 could be a promising
anticancer agent.
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