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INSTRUCTIONS TO AUTHORS

European Journal of Biology (Eur J Biol) is an interna-
tional, scientific, open access periodical published in ac-
cordance with independent, unbiased, and double-blinded
peer-review principles. The journal is the official publi-
cation of Istanbul University Faculty of Science and it is
published biannually on June and December. The publica-
tion language of the journal is English. European Journal
of Biology has been previously published as IUFS Journal
of Biology. It has been published in continuous publica-
tion since 1940.

European Journal of Biology aims to contribute to the
literature by publishing manuscripts at the highest scien-
tific level on all fields of biology. The journal publishes
original research and review articles, and short commu-
nications that are prepared in accordance with the ethical
guidelines in all fields of biology and life sciences.

The scope of the journal includes but not limited to; an-
imal biology and systematics, plant biology and system-
atics, hydrobiology, ecology and environmental biology,
microbiology, cell and molecular biology, biochemistry,
biotechnology and genetics, physiology, toxicology, can-
cer biology, developmental and stem cell biology.

The editorial and publication processes of the journal
are shaped in accordance with the guidelines of the In-
ternational Council of Medical Journal Editors (ICMJE),
the World Association of Medical Editors (WAME), the
Council of Science Editors (CSE), the Committee on Pub-
lication Ethics (COPE), the European Association of Sci-
ence Editors (EASE), and National Information Standards
Organization (NISO). The journal conforms to the Princi-
ples of Transparency and Best Practice in Scholarly Pub-
lishing (doaj.org/bestpractice).

Originality, high scientific quality, and citation poten-
tial are the most important criteria for a manuscript to
be accepted for publication. Manuscripts submitted for
evaluation should not have been previously presented or
already published in an electronic or printed medium.
Manuscripts that have been presented in a meeting should
be submitted with detailed information on the organiza-
tion, including the name, date, and location of the organi-
zation.

Manuscripts submitted to European Journal of Biology
will go through a double-blind peer-review process. Each
submission will be reviewed by at least three external,
independent peer reviewers who are experts in their fields
in order to ensure an unbiased evaluation process. The
editorial board will invite an external and independent
editor to manage the evaluation processes of manuscripts

submitted by editors or by the editorial board members of
the journal. The Editor in Chief is the final authority in
the decision-making process for all submissions.

An approval of research protocols by the Ethics Com-
mittee in accordance with international agreements (World
Medical Association Declaration of Helsinki “Ethical Prin-
ciples for Medical Research Involving Human Subjects,”
amended in October 2013, www.wma.net) is required for
experimental, clinical, and drug studies. If required, ethics
committee reports or an equivalent official document will
be requested from the authors.

The Journal takes as principle to comply with the eth-
ical standards of Basel Declaration and WMA Statement
on Animal Use in Biomedical Research and World Medi-
cal Association (WMA) Declaration of Helsinki — Ethical
Principles for Medical Research Involving Human Sub-
jects.

The journal requires experimental research studies on
vertebrates or any regulated invertebrates to comply with
relevant institutional, national and/or international guide-
lines, and authors are advised to clearly state their com-
pliance with relevant guidelines. For studies involving
animals, it is required to obtain approval of research pro-
tocols from an ethics committee. The committee reviews
protocols to ensure compliance with applicable regula-
tions and guidelines, including the Guide for the Care and
Use of Laboratory Animals (8th Edition, 2011), Interna-
tional Council for Laboratory Animal Science (ICLAS),
and the International Guiding Principles for Biomedical
Research Involving Animals (2012). These guidelines of-
fer comprehensive instructions on how to carry out animal
research ethically and humanely and are widely acknowl-
edged as the benchmark for such research. Authors should
provide detailed explanation of the ethical treatment of an-
imals in their manuscripts, including measures taken to
avoid pain and distress. This is crucial to ensure the hu-
mane conduct of the study and enable verification that
it conforms to the relevant ethical criteria. The ARRIVE
checklist is a useful tool authors can use to present this
information clearly and thoroughly.

European Journal of Biology advises authors to com-
ply with IUCN Policy Statement on research Involving
Species at Risk of Extinction and the Convention on the
Trade in Endangered Species of Wild IUCN Policy State-
ment on Research Involving Species at Risk of Extinction
and the Convention on the Trade in Endangered Species
of Wild Fauna and Flora.

An approval of research protocols by the Ethics Com-
mittee in accordance with international standards men-
tioned above is required for experimental, clinical, and
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drug studies and for some case reports. If required, ethics
committee reports or an equivalent official document will
be requested from the authors. For manuscripts concern-
ing experimental research on humans, a statement should
be included that shows that written informed consent of
patients and volunteers was obtained following a detailed
explanation of the procedures that they may undergo. In-
formation on patient consent, the name of the ethics com-
mittee, and the ethics committee approval number should
also be stated in the Materials and Methods section of the
manuscript. It is the authors’ responsibility to carefully
protect the patients’ anonymity. For photographs that may
reveal the identity of the patients, signed releases of the
patient or of their legal representative should be enclosed.

All submissions are screened by a similarity detection
software (iThenticate by CrossCheck).

In the event of alleged or suspected research miscon-
duct, e.g., plagiarism, citation manipulation, and data fal-
sification/fabrication, the Editorial Board will follow and
act in accordance with COPE guidelines.

Each individual listed as an author should fulfil the au-
thorship criteria recommended by the International Com-

mittee of Medical Journal Editors (ICMIJE - www.icmje.org).

The ICMJE recommends that authorship be based on the
following 4 criteria:

1. Substantial contributions to the conception or design of
the work; or the acquisition, analysis, or interpretation
of data for the work; AND

2. Drafting the work or revising it critically for important
intellectual content; AN

3. Final approval of the version to be published; AND

4. Agreement to be accountable for all aspects of the
work in ensuring that questions related to the accuracy
or integrity of any part of the work are appropriately
investigated and resolved.

In addition to being accountable for the parts of the
work he/she has done, an author should be able to identify
which co-authors are responsible for specific other parts
of the work. In addition, authors should have confidence
in the integrity of the contributions of their co-authors.

All those designated as authors should meet all four
criteria for authorship, and all who meet the four criteria
should be identified as authors. Those who do not meet
all four criteria should be acknowledged in the title page
of the manuscript.

European Journal of Biology requires corresponding
authors to submit a signed and scanned version of the au-

thorship contribution form (available for download through
the journal’s web page) during the initial submission pro-
cess in order to act appropriately on authorship rights and
to prevent ghost or honorary authorship. If the editorial
board suspects a case of “gift authorship,” the submis-
sion will be rejected without further review. As part of
the submission of the manuscript, the corresponding au-
thor should also send a short statement declaring that
he/she accepts to undertake all the responsibility for au-
thorship during the submission and review stages of the
manuscript.

European Journal of Biology requires and encourages
the authors and the individuals involved in the evaluation
process of submitted manuscripts to disclose any exist-
ing or potential conflicts of interests, including financial,
consultant, and institutional, that might lead to potential
bias or a conflict of interest. Any financial grants or other
supports received for a submitted study from individuals
or institutions should be disclosed to the Editorial Board.
To disclose a potential conflict of interest, the ICMJE
Potential Conflict of Interest Disclosure Form should be
filled and submitted by all contributing authors. Cases of
a potential conflict of interest of the editors, authors, or
reviewers are resolved by the journal’s Editorial Board
within the scope of COPE and ICMJE guidelines.

The Editorial Board of the journal handles all appeal
and complaint cases within the scope of COPE guide-
lines. In such cases, authors should get in direct contact
with the editorial office regarding their appeals and com-
plaints. When needed, an ombudsperson may be assigned
to resolve cases that cannot be resolved internally. The Ed-
itor in Chief is the final authority in the decision-making
process for all appeals and complaints.

When submitting a manuscript to European Journal of
Biology, authors accept to assign the copyright of their
manuscript to Istanbul University Faculty of Science. If
rejected for publication, the copyright of the manuscript
will be assigned back to the authors. European Journal of
Biology requires each submission to be accompanied by
a Copyright Transfer Form (available for download at the
journal’s web page). When using previously published
content, including figures, tables, or any other material
in both print and electronic formats, authors must obtain
permission from the copyright holder. Legal, financial and
criminal liabilities in this regard belong to the author(s).

Statements or opinions expressed in the manuscripts
published in European Journal of Biology reflect the views
of the author(s) and not the opinions of the editors, the
editorial board, or the publisher; the editors, the edito-
rial board, and the publisher disclaim any responsibility
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or liability for such materials. The final responsibility in
regard to the published content rests with the authors.

MANUSCRIPT SUBMISSION

European Journal of Biology endorses ICMJE-Recom-
mendations for the Conduct, Reporting, Editing, and Pub-
lication of Scholarly Work in Medical Journals (updated
in December 2015 - http:/ / www.icmje.org/ icmje-r
ecommendations.pdf). Authors are required to prepare
manuscripts in accordance with the CONSORT guide-
lines for randomized research studies, STROBE guide-
lines for observational original research studies, STARD
guidelines for studies on diagnostic accuracy, PRISMA
guidelines for systematic reviews and meta-analysis, AR-
RIVE guidelines for experimental animal studies, TREND
guidelines for non-randomized public behaviour, and CO-
REQ guidelines for qualitative research.

Manuscripts can only be submitted through the jour-
nal’s online manuscript submission and evaluation sys-
tem, available at the journal’s web page. Manuscripts
submitted via any other medium will not be evaluated.

Manuscripts submitted to the journal will first go through
a technical evaluation process where the editorial office
staff will ensure that the manuscript has been prepared
and submitted in accordance with the journal’s guide-
lines. Submissions that do not conform to the journal’s
guidelines will be returned to the submitting author with
technical correction requests.

During the initial submission, authors are required to
submit the following:

e Copyright Agreement Form,

e Author Contributions Form, and
ICMIE Potential Conflict of Interest Disclosure Form

(should be filled in by all contributing authors). These
forms are available for download at the journal’s web

page.

Preparation of the Manuscript
Title page: A separate title page should be submitted with
all submissions and this page should include:
e The full title of the manuscript as well as a short title
(running head) of no more than 50 characters,

e Name(s), affiliations, and highest academic degree(s)
of the author(s),

e Grant information and detailed information on the
other sources of support,

e Name, address, telephone (including the mobile phone
number) and fax numbers, and email address of the
corresponding author,

o Acknowledgment of the individuals who contributed
to the preparation of the manuscript but who do not
fulfil the authorship criteria.

Abstract: Abstract with subheadings should be written as
structured abstract in submitted papers except for Review
Articles and Letters to the Editor. Please check Table 1
below for word count specifications (250 words).

Keywords: Each submission must be accompanied by a
minimum of three to a maximum of six keywords for
subject indexing at the end of the abstract. The keywords
should be listed in full without abbreviations.

Manuscript Types

Original Articles: This is the most important type of ar-
ticle since it provides new information based on original
research. A structured abstract is required with original
articles and it should include the following subheadings:
Objective, Materials and Methods, Results and Conclu-
sion. The main text of original articles should be struc-
tured with Introduction, Materials and Methods, Results,
Discussion, and Conclusion subheadings. Please check
Table 1 for the limitations of Original Articles. Statisti-
cal analysis to support conclusions is usually necessary.
Statistical analyses must be conducted in accordance with
international statistical reporting standards. Information
on statistical analyses should be provided with a separate
subheading under the Materials and Methods section and
the statistical software that was used during the process
must be specified. Units should be prepared in accordance
with the International System of Units (SI).

Short Communications: Short communication is for a
concise, but independent report representing a significant
contribution to Biology. Short communication is not in-
tended to publish preliminary results. But if these results
are of exceptional interest and are particularly topical and
relevant will be considered for publication. Short Com-
munications should include an abstract and should be
structed with the following subheadings: “Introduction”,
“Materials and Methods”, “Results and Discussion”.

Editorial Comments: Editorial comments aim to provide
a brief critical commentary by reviewers with expertise
or with high reputation in the topic of the research article
published in the journal. Authors are selected and invited
by the journal to provide such comments. Abstract, Key-
words, and Tables, Figures, Images, and other media are
not included.
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Review Articles: Reviews prepared by authors who have
extensive knowledge on a particular field and whose sci-
entific background has been translated into a high volume
of publications with a high citation potential are wel-
comed. These authors may even be invited by the journal.
Reviews should describe, discuss, and evaluate the cur-
rent level of knowledge of a topic in clinical practice and
should guide future studies. The main text should contain
Introduction, Experimental and Clinical Research Conse-
quences, and Conclusion sections. Please check Table 1
for the limitations for Review Articles.

Letters to the Editor: This type of manuscript discusses
important parts, overlooked aspects, or lacking parts of a
previously published article. Articles on subjects within
the scope of the journal that might attract the readers’
attention, particularly educative cases, may also be sub-
mitted in the form of a “Letter to the Editor.” Readers can
also present their comments on the published manuscripts
in the form of a “Letter to the Editor.” Abstract, Keywords,
and Tables, Figures, Images, and other media should
not be included. The text should be unstructured. The
manuscript that is being commented on must be properly
cited within this manuscript.

Tables

Tables should be included in the main document, pre-
sented after the reference list, and they should be num-
bered consecutively in the order they are referred to within
the main text. A descriptive title must be placed above the
tables. Abbreviations used in the tables should be defined
below the tables by footnotes (even if they are defined
within the main text). Tables should be created using the
“insert table” command of the word processing software
and they should be arranged clearly to provide easy read-
ing. Data presented in the tables should not be a repetition
of the data presented within the main text but should be
supporting the main text.

Figures and Figure Legends
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Astragaloside-1V Inhibits Metastasis by Suppressing the SDF-1/CXCR4
Axis and Activating Apoptosis in Cisplatin-Resistant Ovarian Cancer Cells

Burcin Irem Abas!, Omer Erdogan', Ozge Cevik!

! Aydin Adnan Menderes University, Faculty of Medicine, Medical Biochemistry Department, Aydin, Tiirkiye

ABSTRACT

Objective: Ovarian cancer has the highest mortality rate in women and it has a poor response rate to treatment due to its late
diagnosis and is frequently resistant to currently used cisplatin-based treatment methods. Astragaloside IV (As-1V), a bioactive
compound and natural tripeptide glycoside known as an antioxidant, has drawn attention in Chinese medicine for its healing
properties. Many studies have shown that it has anti-inflammatory, antidiabetic, antitumoral, and anti-angiogenic properties.
Materials and Methods: In our study, we first rendered ovarian cancer cells (OVCAR-3) resistant to cisplatin and then applied
determined doses of As-IV (40 png/mL) and (70 pg/mL) to OVCAR-3 cells and cisplatin-resistant ovarian cancer cells (OVCAR-3-
CisR). The cell viability capacity, variation of BAX/BCL-2 gene expression, and regulation of the SDF-1/CXCR4 chemokine axis
protein and their gene expressions were investigated.

Results: According to the findings, As-IV administration suppressed metastasis by lowering the colony formation potential of
cisplatin-resistant ovarian cancer and down-regulating the SDF-1/CXCR4 axis, and increasing the ratio of BAX/BCL-2 mRNA and
protein levels due to BAX up-regulation and BCL-2 down-regulation.

Conclusion: As a result, we showed that As-IV, used as an antioxidant, can be used as an effective anticancer agent to improve

response to the currently used cisplatin-based treatment in cases of drug resistance in ovarian cancer.

Keywords: Ovarian cancer, Cisplatin, Astragaloside IV, Chemokine, Apoptosis, Antioxidant

INTRODUCTION

One of the most common cancers of the woman’s reproductive
system is ovarian cancer, with 313,959 new cases and 207,252
fatalities anticipated in 2020.!Ovarian cancer was the leading
cause of death among all gynecologic cancer patients, outpac-
ing only endometrial and cervical cancers in incidence rate.”
The high death rate of ovarian cancer is attributed to delayed di-
agnosis and a lack of suitable treatments for resistant disease.’
Despite advances in diagnostic strategies, surgical techniques,
and novel therapeutic drugs, long-term survival in patients with
ovarian cancer remains discouraging. Maximum tumor debulk-
ing followed by postoperative platinum-based chemotherapy is
the current standard of care for ovarian cancer.* Cisplatin, a
platinum-based antitumoral agent, is one of the most widely
used chemotherapy drugs in the treatment of cancer patients
suffering from lung, bladder, esophageal, testicular, ovarian,
cervical, or breast cancer.’ The cornerstone of current ovarian
cancer chemotherapy, cisplatin-based chemotherapy showed fa-
vorable survival and response rates, and toxicity.® But as a result

of drug resistance, cisplatin’s effectiveness in ovarian cancer
cells diminished or vanished.’

One of the main active components of Astragalus mem-
branaceus is Astragaloside IV (As-1V), which is also re-
ferred to as astragalus saponin IV. Astragalus membranaceus
is among the 50 most essential herbs used in tradi-
tional Chinese medicine, known as "Huang qi" in the
Chinese Pharmacopoeia.® The chemical formula of AS-
IV is 3-O-beta-D-xylopyranosyl-6-O-beta-D-glucopyranosyl-
cycloastragenol and the molecular formula of As-IV is
C14H68014.° As-IV has a broad range of pharmacolog-
ical effects, including cardioprotective, antioxidant, anti-
diabetes, anti-bacterial, anti-inflammatory, anti-fibrosis, anti-
viral, and immunoregulation effects. It also has protective ef-
fects against respiratory, cardiovascular, kidney, and immune
system disease.'” Furthermore, administration of the antioxi-
dant As-IV was shown to increase the expression of the tight
junction proteins occludin and zona occludens-1 and to pro-
tect the blood-brain barrier by contributing to the regulation of
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endothelial cells of mice subjected to ischemia/reperfusion.!!

In a study of rats with myocardial ischemia, As-IV was shown
to increase myocardial antioxidant enzyme superoxide dismu-
tase activity and to contribute to protection against ischemia
through regulation of the nitric oxide inducing system.'?

Numerous studies have shown that As-IV has anti-cancer
effects against several tumor types by enhancing immune func-
tion, tumor growth inhibition, and tumor migration and inva-
sion inhibition.We investigated the effect of treating cisplatin-
resistant ovarian cancer cells with As-IV on chemokine recep-
tors and apoptotic markers, as well as whether As-IV can be
used as a potential treatment agent in ovarian cancer types that
develop drug resistance.

MATERIALS AND METHODS
Ovarian Cancer Cells and Resistant to Cisplatin

Human ovarian cancer cells (OVCAR-3, ATCC-HTB-161)
were used for MTT at 1-1000 pM cisplatin for 24, 48 and
72 h. The ICsg dose was 26.37 uM (Figure 1a). First, the liv-
ing OVCAR-3 cells were passaged and incubated for 48 h with
10 pM cisplatin in the medium.'® Second, the living OVCAR-
3 cells were passaged and 5 nM cisplatin was added to the
medium and incubated for 48 h. Finally, the OVCAR-3 living
cells were passaged and incubated for 20 days with 2.5 pM
cisplatin in the medium. In this way, there was a gradual reduc-
tion in the amount of cisplatin in the medium and the growth
of OVCAR-3 cells with resistance. At this point the OVCAR-
3 cisplatin resistance cells (OVCAR-3-CisR) were cultured in
RPMI-1640 Medium (Gibco), including 2 mM glutamine, 10%
FBS, 100 Units penicillin/streptomycin at 37°C in a humidified
atmosphere containing 5% CO;.

Cytotoxicity Assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-
tetrazolium bromide) test was performed for the determination
of cell viability. The OVCAR-3 and OVCAR-3-CisR cells
were cultured in 96-well plates which designed to be 10,000
cells per well in order to obtain the desired results. Following
overnight incubation at 37°C, OVCAR-3 and OVCAR-3-CisR
cells were exposed to increasing (1-100 pg/mL) doses of As-IV
(Sigma 74777) for 24 h.!'* As-IV substance was dissolved with
dimethyl sulfoxide (DMSO) and an equal amount of DMSO
was applied to the medium as a control batch in the cells. A 10
pL volume of MTT (final concentration: 5 pg/mL) was added
to each well and incubated for 4 h at 37°C. After this, 100 pL
of DMSO was added and the absorbance was measured at 570
nm."> The cell viability of the cells was calculated with the
percentage of the treatment batch collate with the control.

Colony Formation Assay

Colony assay studies in OVCAR-3 and OVCAR-3-CisR cells
were performed at concentrations closest to the ICsg of As-
IV. For the colony formation experiment, 500 cells/well were
cultured in a 24-well plate for 24 h. After 24 h of incubation,
the OVCAR-3 cells were incubated 40 ng/mL As-IV and the
OVCAR-3-CisR cells were incubated 70 pg/mL As-1V, both
cells of which were incubated for 7 days. After removing the
culture medium, the cells were fixed with a 1:1 solution of
methanol and acetic acid, and then incubated for 20 min with
crystal violet dye (0.5% in methanol).”> The dye was then
washed out with distilled water. The colonies formed were pho-
tographed in microscope (Axiovert, Zeiss), dissolved in ethanol
and measured for absorbance at 595 nm. The percentage of
formed colonies was calculated to collate with the control.

Measurement of CXCR4 and SDF-1 Protein Levels

OVCAR-3 and OVCAR-3-CisR cells (1x10° cells/well) were
cultured in 6-well plates. As-IV (40 ng/mL or 70 pg/mL) was
applied to the cells and incubated for 24 h. For the measure-
ment of SDF-1 release, the cell medium was collected after
incubation. For the measurement of CXCR4, the cell pellet
was used. The plate was rinsed twice with PBS after col-
lecting the cell medium. The cells were then harvested with
trypsin-EDTA and centrifuged at 1000 x g for 10 min. The
centrifuged OVCAR-3 and OVCAR-3-CisR cells were blasted
with a cell lysis buffer containing 2% Triton X-100 and cen-
trifugation was repeated at 4°C. After centrifugation, CXCR4
was measured using the supernatant. The measurements were
carried out according to the protocol of the commercial ELISA
kit used (CXCR4 ELISA kit CSB-E12825h-Cusabio Technol-
ogy; SDF-1 ELISA kit CSB-E04722h-Cusabio Technology).
After measuring the absorbance in an ELISA reader (Biotek,
Epoch) at 450 nm, changes in protein levels were calculated
according to the standard curve.

Measurement of CXCR4, SDF 1, BAX and BCL2 Gene
Expression Levels

Apoptotic changes were analyzed by BAX and BCL2 gene ex-
pression, and chemokine changes were analyzed by CXCR4 and
SDF-1 gene expression using the qPCR technique. OVCAR-3
and OVCAR-3-CisR cells (1x10° cells/well) were cultured in
6-well plates and cells were incubated As-IV (40 pg/mL or 70
ng/mL) for 24 h. After incubation, cells were collected and lysed
with cell lysis buffer in the total RNA isolation kit. The man-
ufacturer’s instructions for the RNA extraction kit (PureLink,
Life Technologies) were followed to isolate total RNA. Using
the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystem) in accordance with the manufacturer’s instructions,
1 ng of total RNA was reverse transcribed.
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Figure 1. MTT cytotoxicity test results are depicted graphically. a) A percentage representation of the change in cell viability caused by the application of cisplatin
doses ranging from 1-100 pM to OVCAR-3 cells for 24, 48, and 72 h. b) Percentage change in the viability of OVCAR-3 and OVCAR-3-CisR cells after 24 h

incubation with As-IV doses ranging from 1-100 pg/mL

Statistical Analysis

Statistical analysis was accomplished with GraphPad Prism ver-
sion 7.0 software. Data’s significancy described as respectively
* p<0.05; *** p<0.01; +++, p<0.001)

RESULTS

Effects of As-IV on Cell Viability in OVCAR-3 and
OVCAR-3-CisR Cells

To determine the cytotoxic effect, As-IV was used in the con-
centration range of 1-100 pg/mL and incubated for 24 h, result-
ing in an ICsy dose of 43.11+4.36 pg/mL for OVCAR-3 cells,
71.02 £ 3.21 pg/mL for OVCAR-3-CisR cells found (Figure
1). In the experimental models, the dose of As-IV to be used
in 24 h incubations was 40 pg/mL for OVCAR-3 cells and 70
pg/mL for OVCAR-3-CisR cells. As-IV appears to have a toxic
effect on OVCAR-3 cells starting from 25 pg/mL (p<0.05)
at concentrations above 50 pg/mL, and momentously reduce
cell proliferation (p<0.001). It can be seen that As-IV mo-
mentously reduces cell proliferation in OVCAR-3-CisR cells
starting from 10 pg/mL (p<0.05) at concentrations above 25
pg/mL (p<0.001).

Effect of As-1V on BAX/BCL-2 Rate in OVCAR-3 and
OVCAR-3-CisR Cells

Gene expression levels of BAX and BCL2 markers were ex-
amined in order to understand whether the administration of
As-IV treatment suppresses the apoptotic cascade in cells. Ac-
cording to the data obtained, it was observed that As-IV ad-
ministration suppressed apoptosis in cells (Figure 2). BAX is an
apoptotic gene and its protein forms localized to the mitochon-
dria. BAX mRNA levels increased momentously with As-IV
administration in OVCAR-3 cells versus the DMSO (Figure
2a, p<0.001). When the OVCAR-3-CisR cells were versus the
OVCAR-3 cells control, there was no momentous change in

BAX mRNA levels. In the OVCAR-3-CisR cells, As-IV admin-
istration momentously increased BAX mRNA levels versus the
DMSO (p<0.001). At the same time, a momentous increase
was found when this condition was against the OVCAR-3 cells
control (p<0.001). BCL2 is an apoptotic gene and its protein
form is found in mitochondria and protects the cell from apop-
tosis. BCL2 mRNA levels decreased momentously with As-
IV administration in OVCAR-3 cells versus with the DMSO
(Figure 2b, p<0.001). When the OVCAR-3 CisR cells were
versus with the OVCAR-3 cells control, there was increased
momentous change in BCL2 mRNA levels (p<0.05). In the
OVCAR-3-CisR cells, As-IV administration momentously de-
creased BCL2 mRNA levels versus the DMSO (p<0.001). At
the same time, a momentous decrease BCL2 levels were found
versus the OVCAR-3 control (p<0.001). The BAX/BCL?2 scale
is more effective in assessing the severity of apoptosis. As-IV
treatment momentously increased the BAX/BCL?2 scale in both
OVCAR-3 and OVCAR-3-CisR cells (Figure 2c, p<0.001).

Effect of As-IV on Colony Formation in OVCAR-3 and
OVCAR-3-CisR Cells

To assess the metastatic effect in colony formation, cells are
assessed for their ability to proliferate alone in their region and
for their behavior. Colonies formed as a result of incubation of
OVCAR-3 and OVCAR-3 CisR cells with As-IV for 7 days were
visualized by crystal violet staining (Figure 3a). It was shown
that As-IV treatment momentously reduced colony formation
(Figure 3b) in OVCAR-3 cells versus the DMSO (p<0.01).
Colony formation in the OVCAR-3-CisR cells were found to
be faster than in the OVCAR-3 cells and to increase momen-
tously with cisplatin resistance (p<0.001). Colony formation
was momentously reduced in OVCAR-3-CisR cells when the
As-IV treatment was versus the DMSO (p<0.001). Compare
with the OVCAR-3 cells DMSO, the OVCAR-3 CisR cells As-
IV treatment had momentously reduced colony formation (p
<0.05).
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Figure 2. Apoptosis related gene expression levels of -/+As-IV on OVCAR-3 and OVCAR-3 CisR cells. (a) The change in BAX mRNA levels, (b) The change
in BCL2 mRNA levels, (c) The change mRNA levels ratio of BAX/BCL2 (* p<0.05, ***p<0.001 compare to DMSO in OVCAR-3 cells, +++p<0.001 compare to

DMSO in OVCAR-3-CisR cells).

Effect of As-IV on SDF-1 and CXCR4 in OVCAR-3 and
OVCAR-3-CisR Cells

CXCR4 and SDF-1 are important chemokines for the evalu-
ation of tumor microenvironment and drug resistance mech-
anisms. CXCR4 protein levels decreased momentously with
As-IV administration in OVCAR-3 cells versus the DMSO
(Figure 4a, p<0.001). When the OVCAR-3-CisR cells were
versus the OVCAR-3 control batch, there was increased mo-
mentous change in CXCR4 protein levels (p<0.001). In the
OVCAR-3-CisR cells, As-IV administration momentously de-
creased CXCR4 protein levels versus the DMSO (p<0.001). A
momentous decrease in CXCR4 protein levels was found when
As-IV administration was versus the OVCAR-3 cells control
(p<0.01). SDF-1 protein levels decreased momentously with
As-IV administration in OVCAR-3 cells versus the DMSO (Fig-
ure 4b, p<0.01). When the OVCAR-3-CisR cells were versus
the OVCAR-3 control batch, there was increased momentous
change in SDF-1 protein levels (p<0.001). In the OVCAR-3-
CisR cells, As-I'V administration momentously decreased SDF-
1 protein levels versus the DMSO (p<0.001). There were no
momentous changes in SDF-1 protein levels in As-IV treated
OVCAR-3-CisR cells versus to OVCAR-3 control.

According to the data, CXCR4 mRNA levels decreased mo-
mentously with As-IV administration in OVCAR-3 cells ver-
sus the DMSO (Figure 4c, p<0.001). When the OVCAR-3-

CisR cells were versus the OVCAR-3 control, there was a mo-
mentous increase in CXCR4 mRNA levels (p<0.001). In the
OVCAR-3-CisR cells, As-IV administration momentously de-
creased CXCR4 mRNA levels versus the DMSO (p<0.001). A
momentous decrease CXCR4 mRNA levels was found in As-
IV administration OVCAR-3-CisR versus the OVCAR-3 control
(p<0.001). SDF-1 mRNA levels decreased momentously with
As-IV administration in OVCAR-3 cells versus the DMSO (Fig-
ure 4d, p<0.001). When the OVCAR-3-CisR cells were versus
the OVCAR-3 cells control, there was increased momentous
change in SDF-1 mRNA levels (p<0.001). In the OVCAR-3-
CisR cells, As-IV administration momentously decreased SDF-
1 mRNA levels versus the DMSO (p<0.01). There were no
momentous changes in SDF-1 mRNA levels in As-IV treated
OVCAR-3-CisR cells versus the OVCAR-3 cells control.

DISCUSSION

Ovarian cancer is the fifth deadliest cancer in the world and
the most commonly diagnosed gynecological malignancy. Epi-
demiologic data show that over 22,000 new cases of ovarian
cancer were diagnosed in 2018, with approximately 14,000
deaths occurring as a result of increased life expectancy world-
wide, particularly among older women aged >65 years. Because
of the inconspicuous location of the ovaries in the female re-
productive tract, ovarian cancer is often referred to as a "silent
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Figure 3. Colony formation of -/+As-IV on OVCAR-3 and OVCAR-3-CisR cells (a) Microscope images (4X) and (b) Colony formation graphics of percentage of
cells (* p<0.05, ** p<0.01, ***p<0.001 compare to DMSO in OVCAR-3 cells, +++p<0.001 compare to DMSO in OVCAR-3-CisR cells).

killer," and nearly 70% of cases are prognosed with the pro-
gressive disease. Despite advances in detection and treatment,
women with progressive ovarian cancer regularly have a five-
year survival rate of only 30%.'® Due to the increasing popular-
ity of Chinese medicine, it has been widely used as an effective
adjunct to standard cancer treatment. In Chinese medicine, the
use of herbs included in the Chinese pharmacopoeia is im-
portant for their safety and includes herbs containing As-IV.
As-IV is an important biomarker used for saponin screening
in plants, and its importance in Chinese medicine is increas-
ing day by day due to its antioxidant properties.!” It can help
reduce the side effects of chemotherapy and radiotherapy.'®-1°
The main effects of the drug As-IV are its ability to induce cell
cycle arrest and apoptosis?’-2! There are studies showing that
As-TV has antioxidant effects.?>?* As-IV acts as an antioxidant
by increasing glutathione, superoxide dismutase, and catalase
to reduce malondialdehyde release and increasing Nrf2 to in-
crease NQO1 and HO-1 expression.?* It has been proven that it
reduces oxidative stress due to free oxygen radicals and has neu-
roprotective 2> and cardioprotective effects.”® There are datas
that the flavonoid components in its content can be used as an
effective anticancer agent, by activating apoptotic mechanisms
in the treatment of many cancers by showing anti-tumoral effect

and leading to programmed death of cells.!” As-IV also helps
prevent cancer cells from growing and spreading.?’-?® In addi-
tion, the drug can improve the sensitivity of cancer cells to var-
ious chemotherapy drugs. It can also prevent tumor growth in
models of cancer. 2 These effects were restricted to tumor cells
and did not result in cytotoxicity in normal cells. Some of the
other common cancers that can be affected by this drug include
liver, lung, colorectal, ovarian, and breast cancer.'®-30~33 It also
affects glioma®*, gastric cancer,® cervical cancer,?’ prostate
cancer,>® abdominal aortic aneurysm,37 osteosarcoma,’® and
vulvar cancer.’® As a result, As-IV is a promising anticancer
agent with beneficial pharmacological effects. The diversity of
pharmacological effects of As-1V is due to its structure. As-IV
has high polarity due to its saponin derivative structure. Since
As-1V is a tetracyclic triterpenoid saponin in the form of a lano-
lin alcohol, it has a high binding capacity to plasma proteins, but
it has a low bioavailability due to its low lipophilicity.**' The
potential of an antioxidant molecule such as As-1V, which can
bind to plasma proteins, to act on cancer cells is very important
for studies. Antioxidants that are able to bind to plasma pro-
teins will interact with cancer cells and cause them to undergo
apoptosis while leaving healthy cells unharmed.

Apoptosis, also known as programmed cell death, is advan-
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Figure 4. Demonstration of the effect of As-IV administration to OVCAR-3 and OVCAR-3 CisR cells on protein and gene expressions of CXCR4 and SDF-1
chemokines. (a) CXCR4 protein levels, (b) SDF-1 protein levels, (c) CXCR4 mRNA levels, (d) SDFI mRNA levels. (** p<0.01, ***p<0.001 compare to DMSO
in OVCAR-3 cells, ++p<0.001, +++p<0.001 compare to DMSO in OVCAR-3-CisR cells).

tageous for healthy cell division, organ development, and tissue
homeostasis.*? Apoptosis is a healthy physiological process that
is crucial to the growth and homeostasis of living things. Most
cancers have apoptosis defects.*> The BCL-2 family has been
found to play a vital role in stimulating or restraining the in-
trinsic apoptotic pathway caused by mitochondrial dysfunction.
4445 As a result, the equity of pro- and anti-apoptotic members
of this family can effect cellular fate. The main members of
the BCL-2 family are BAX and BCL-2, whose potential roles
in tumor advancement and diagnosis of various human ma-
lignancies have piqued the interest of several studies over the
last decade. BAX causes the mitochondrial outer membrane to
become permeable in reply to various cellular stresses, which
encourages cell death. BCL-2, however, prevents apoptosis by
inhibiting BAX activity.**’ Numerous studies have demon-
strated that As-IV can affect the levels of BCL2, BAX expres-
sion, and the scale of BAX/BCL2 in various cancer types, in-
cluding lung, nonsmall-cell lung, liver, colorectal, breast, and
vulvar cancers. It is shown in a study that by suppressing BCL2
and BCL-XL levels and upregulating BAX and cleaved caspase
3 expression, As-IV treatment increased the mortality of vulvar
squamous cancer cells.?” In our study, we have showed that giv-
ing AS-IV to cisplatin-resistant ovarian cancer cells increases
the BAX/BCL2 scale by upregulating BAX expression while
downregulating BCL2 expression.

CXCR4 is usually overexpressed in cancerous cells of

the breast, brain, lung, pancreas, colorectal, prostate, and
ovarian, as well as melanoma and leukemia.*®~3! CXCR4
promotes epithelial cell migration by activating matrix
metalloproteinases,” and elevates cancer cell motility by acti-
vating the NF-B and ERK-dependent pathways.>* SDF-1 (also
called CXCL-12), a chemokine, has been found in typical re-
gions of tumor metastasis such as lungs and lymph nodes.>*
Tumor cells form metastatic tumors as a result of their in-
teraction with SDF-1 and CXCR4.5 Furthermore, SDF1 hy-
permethylation has been reported in a variety of cancers, in-
cluding gastric, breast, colon, lung, and prostate cancer,>? sug-
gesting that SDF-1 may play a key role in carcinogenesis.”’
The SDF-1/CXCR4 axis promotes cancer progression and
metastasis,”®> regulates angiogenesis,%-°! induces epithelial-
mesenchymal transition.%>%% As-IV treatment may inhibit can-
cer cell migration, metastasis, and induce apoptosis by blocking
the SDF-1/CXCR4 axis. The cisplatin resistance in ovarian can-
cer cells treated with As-IV showed a statistically momentous
decrease trend in SDF-1 and CXCR4 protein and gene ex-
pression levels, and as a result, the chemoresistance developed
against drug resistance was suppressed.

CONCLUSION

Ovarian cancer is one of the leading cancer types in the world
in terms of mortality in women, and because it can progress




insidiously, its treatment is delayed. Chemotherapy based on
cisplatin administration is one of the most effective treatment
methods currently available. However, in most cases, resistance
to cisplatin is observed, and the survival rate decreases due to
poor response to treatment. As-IV is a natural triterpene gly-
coside that is very important in Chinese medicine due to its
anti-tumoral and antioxidant effects. In our study, we looked at
its anti-metastatic and apoptotic effects in ovarian cancer cells
that had developed resistance to cisplatin. As aresult, it has been
demonstrated that As-IV administration can prevent metastasis
to distant tissues caused by an epithelial-mesenchymal tran-
sition in drug-resistant ovarian cancer cells by inhibiting the
SDF-1/CXCR4 axis, and can also induce apoptosis due to an
increase in the BAX/BCL2 scale. We believe As-IV has the
potential to be used as an anticancer therapeutic agent in the
treatment of patients with resistant ovarian cancer.
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ABSTRACT

Objective: Staphylococcus aureus, a severe public health hazard, causes foodborne diseases from the consumption of contaminated
food. Various antimicrobials and disinfectants are used throughout the food chain to reduce microbial contamination or eliminate
microorganisms on food contact surfaces. However, little is known about the susceptibility of disinfectants to food pathogens,
including S. aureus, which can develop resistance to antimicrobials and cause severe diseases.

Materials and Methods: The antimicrobial activity of triclosan, cetyltrimethylammonium bromide (CTAB), acetic acid, citric
acid, and lactic acid against 50 S. aureus isolates, including multidrug-resistant (MDR) isolates originating from ground beef,
chicken, and fish, was investigated using the broth microdilution method.

Results: The minimal inhibitory concentrations (MICs) of triclosan, CTAB, acetic acid, citric acid, and lactic acid against the
isolates were 0.125-16 pg/mL, 0.25-32 pg/mL, 102.5-26250 pg/mL, 187.5-12000 pg/mL, and 703-22500 pg/mL, respectively.
Almost all MDR isolates showed resistance to triclosan. There was a statistically significant difference in MICs between triclosan
and organic acids, as well as between CTAB and organic acids (p < 0.05). However, a statistically significant difference was not
observed in triclosan and CTAB, as well as in acetic acid and lactic acid (p > 0.05). Pearson correlation coefficient revealed a
strong relationship between triclosan and multidrug resistance. Based on the multiple linear regression analysis, triclosan had a
positive effect on multidrug resistance (p < 0.05).

Conclusion: This research gives helpful information on the susceptibility of disinfectants to S. aureus, particularly to resistant S.
aureus isolates from meats, which may help to recommend proper disinfectant use in food production.

Keywords: Staphylococcus aureus, Triclosan, Cetyltrimethylammonium bromide, Organic acids, Minimum inhibitory concen-
tration.

INTRODUCTION situ using a disinfection method. Disinfectants and sanitizers
are considered more efficient since they make more effective

Staphylococcus aureus is a significant pathogen that causes  .,ntact with surface-attached microorganisms.*

a wide range of illnesses including skin and soft tissue in-
fections, foodborne poisoning, pneumonia, bacteremia, endo-
carditis, osteomyelitis, meningitis, enterocolitis, urinary tract
infections, toxic shock syndrome.!> Consumption of contami-
nated food, such as meat and meat products, with this pathogen
is the major source of S. aureus foodborne illnesses and poses
a serious threat to human health. The presence of foodborne
pathogens including S. aureus in processed foods or on food
processing equipment because of contact by humans or cross-
contamination could indicate poor handling or sanitation.>> It
is important to avoid cross-contamination of food and possible
foodborne disease. It is recommended to clean surfaces; either
the organisms must be removed, or they must be inactivated in

Disinfectants, sanitizing agents, and cleaning chemical
agents are widely utilized in the food industry to inhibit the
growth or kill microorganisms involved in food spoilage and
foodborne diseases on food contact surfaces and reduce them
to safe levels in food manufacturing facilities.>> Sanitizers and
disinfectants such as triclosan, quaternary ammonium com-
pounds, chlorohexidine, benzalkonium chloride, chlorine and
chlorine-based derivatives, hydrogen peroxide, acid anionic
agents, peracetic acid, and weak organic acids play essential
roles in the food and health care industries.>>” These sanitiz-
ing agents are extensively used in the food industry for disin-
fecting and cleaning floors, walls, drains, and fields associated
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with livestock and crop production, including farm buildings,
equipment, and vehicles, as well as on animals, such as in foot-
baths or udder cleansing.>® The antimicrobial effectiveness of
these chemicals and the amount of residue left on surfaces after
application can vary. Several factors that influence antimicro-
bial efficiency include exposure time, temperature, chemical
formulation, concentration, pH, microbiological load and type,
microbial adhesion to the surface, and application.>”

Triclosan, 2,4,4’-trichloro-2’-hydroxydiphenyl ether, is a
synthetic bisphenol antibacterial agent present in various hy-
giene products, including soaps and mouthwashes. It has ac-
tivity against both Gram-positive and Gram-negative bacteria.®
Triclosan is commonly used in community environments for
personal hygiene purposes and to avoid cross-contamination
with bacteria in domestic environments and during food pro-
cessing, as well as in industrial environments.”!? Tt is used as
a material preservative in kitchen equipment, including cut-
ting boards, plastic utensils, storage containers, and counters
which contact with foodstuffs.!! The triclosan residue detec-
tion in various foodstuffs has previously been reported in
China and Spalin.12’13 Furthermore, triclosan has been suc-
cessfully used in hospital environments to control methicillin-
resistant Staphylococcus aureus (MRSA) infections and reduce
nosocomial outbreaks of antimicrobial-resistant bacteria.3-10:14
As in clinical settings, disinfectants and preservatives could
give selective pressure for the development and isolation
of antimicrobial-resistant bacteria.>!> Several studies have
been published showing the emergence of triclosan resis-
tance in S.aureus.3'>1% In addition, triclosan resistance has
been studied in Escherichia coli'’, Pseudomonas aeruginosalg,
vancomycin-resistant Enterococcus faeciumlg, and Salmonella
strains.??

Quaternary ammonium compounds (QACs) are a broad class
of chemicals that include central nitrogen, which is bound to
four (quaternary) organic groups. The interaction of positively
charged quaternary nitrogen with the polar head groups of
phospholipids mediates QAC antibacterial activity. This ac-
tivity restricts the uptake of nutrients into the microbial cell
and waste discharge.”?! QACs are widely used as disinfec-
tants for the control of bacterial growth in clinical and food
production environments because they have antimicrobial ef-
fects on a wide variety of microorganisms but have no effect
on the spore phase.>?! Gram-positive bacteria are more sen-
sitive to QACs at lower concentrations than Gram-negative
bacteria.>?!?? Cetyltrimethylammonium bromide (CTAB) is a
quaternary ammonium compound and cationic detergent that
acts as an antibacterial agent by inducing superoxide stress in
bacteria.?>%*

Organic acids are natural compounds present in a variety of
fruits and fermented products that have antimicrobial activity
against microorganisms.>®2> They can inhibit microorganism
growth by decreasing the pH, altering the proton gradient across
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the membrane, acidifying the cytoplasm, and impeding chem-
ical transport across the cell membrane.>’ Organic acids are
considered “generally recognized as safe” additives in many
foods for people by the U.S. Food and Drug Administration.?
The major organic acids are acetic, citric, and lactic acids, which
can be used in the sanitization process due to their efficacy and
cost.725-27 Previous studies have demonstrated differences in
the antibacterial activity of organic acids such as acetic, lactic,
and citric acids against foodborne pathogens.>>>

Several chemical sanitizers and disinfectants, including
triclosan®133%, CTAB!®20_ and organic acids like acetic, citric,
and lactic acid’?>’, have been investigated for their efficacy
against pathogens in previous studies. These compounds have
commonly been used as disinfectants, sanitizers, antiseptics,
and surface decontaminants in food and meat processing in-
dustries, animal farms, poultry, household cleaning products,
hospitals, and other health care settings, and as preservatives
in food industries, cosmetics, pharmaceuticals, textiles, and
laundry detergents.!%2!25 Many studies have demonstrated the
effects of sanitizers and disinfectants on the growth inhibi-
tion of pathogens in food.”-?331-32 However, few studies have
been conducted to evaluate the effectiveness of disinfectants on
multidrug-resistant pathogens from food, which constitute a po-
tential threat to human health.?>27 Therefore, this study aimed
to investigate the susceptibility of S. aureus isolates, including
multidrug-resistant isolates from meat products to some of the
most widely used disinfectants, such as triclosan, CTAB, acetic
acid, lactic acid, and citric acid.

MATERIALS AND METHODS

Bacterial Isolates

Fifty S. aureus isolates from meat were used in this
study. They comprised 20 fish samples: 11 from seawater
fish (Sparus aurata), 8 from freshwater fish (Oncorhynchus
mykiss), 1 from seawater fish (Dicentrarchus labrax), 17 from
ground beef (cow’s meat), 13 from chicken meat (breast and
leg parts) isolates. All meat samples, including fish samples
from local fish markets and supermarkets, ground beef sam-
ples from butcher shops, and chicken meat samples from su-
permarkets and butchers, were collected. The isolates had al-
ready been identified using biochemical tests and a PCR for the
species-specific fragment (Sa442) and thermonuclease gene
(nucA).l’33’34

Disinfectants

The disinfectants tested were triclosan, CTAB, acetic acid,
citric acid, and lactic acid. Triclosan, CTAB, and citric acid
were purchased from Sigma-Aldrich (MO, USA). Acetic acid
and lactic acid were obtained from Merck (Darmstadt, Ger-
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many). Stock solutions of triclosan and CTAB were prepared
in dimethyl sulfoxide (DMSO) (Applichem, Darmstadt, Ger-
many). As in the previous studies >*°, the level of DMSO
in the final working solutions was below 5%. Organic acids
were prepared in Mueller-Hinton broth (Merck, Germany).
Disinfectants were tested at the following concentrations: tri-
closan (0.125-64 pg/mL), CTAB (0.25-128 pg/mL), acetic acid
(51.45-26250 pg/mL), citric acid (93.75-48000 pg/mL), and
lactic acid (43.9-22500 pg/mL). All stock solutions were steril-
ized before use by syringe filtration through 0.22 pm membrane
filters (Sartorius AG, Goettingen, Germany).

Determination of Minimum Inhibitory Concentration
(MIC) of Disinfectants

The susceptibility of disinfectants was tested using the broth
microdilution method, as defined by the Clinical and Labora-
tory Standards Institute (CLSI).3>3¢ Before the experiment, all
S. aureus isolates used in this study were activated in Tryptic
Soy Broth (TSB) (Merck, Darmstadt, Germany), incubated at
37 °C for 24 h, streaked on Tryptic Soy Agar (TSA) (Merck,
Germany) plates, and incubated overnight at 37 °C. Several
colonies from the TSA plates were taken and suspended in
Mueller Hinton broth (Merck) to adjust the bacterial turbidity
to 0.5 McFarland standard (approximately 108 Colony-Forming
Units (CFU)/mL). The isolates were diluted to the final con-
centration of 1 x 10 CFU/mL and added to each well of a
96-microtiter plate (Lp Italiana, U-bottom). The MIC value of
Staphylococcus aureus ATCC 29213 as a quality control strain
according to the CLSI against gentamicin was used in all ex-
periments. The microtiter plates were incubated at 37 °C for
16-20 h. The optical density was measured at 600 nm using a
microplate reader (Thermo Electron Corporation, Vantaa, Fin-
land). MIC experiments were carried out in triplicates. The MIC
for each isolate was determined as the lowest concentration that
inhibited growth.? The MIC was recorded as the lowest con-
centration of disinfectant at which no visible bacterial growth
was considered.’” The MICsy and MICy, results showed that
the MIC values inhibited 50% and 90% of the isolates, respec-
tively. The previously published susceptible/resistant criterion
was used to determine triclosan resistance.’® S. aureus was
classified as susceptible at MICs of < 0.5 pg/mL, intermediate
at MICs of 0.5 to 2 pg/mL, and resistant at MICs of > 2 pg/mL.

Statistical Analysis

The MIC values of the disinfectants against the S. aureus
isolates were evaluated using one-way analysis of variance
(ANOVA) with Tukey’s multiple comparison test. Pearson’s
correlation test was used to evaluate the correlations between
disinfectant susceptibility and multidrug resistance. Multiple
linear regression was performed using multidrug resistance as

the dependent variable and triclosan, CTAB, acetic acid, citric
acid, and lactic acid as the independent variables. All anal-
yses were conducted using SigmaPlot 12.3 (Systat Software
Inc., USA). The results with a p-value of less than 0.05 were
regarded as statistically significant.

RESULTS

MICs, MICsq, and MICy values of disinfectants tested against
the S. aureus isolates from raw meat products are shown in
Table 1. Triclosan MICs ranged between 0.125 and 16 pg/mL.
Twenty-eight percent (28%) of the isolates tested positive for
triclosan resistance (MIC > 2 pg/mL), while 18% were posi-
tive for triclosan intermediate resistance (MIC in the range of
0.5-2 pg/mL). The S. aureus isolates (54%) had susceptible tri-
closan MICs that ranged from 0.125-0.25 pg/mL. The MICs
and MICy values for triclosan were 0.25 and 4 pg/mL, respec-
tively. Among the tested S. aureus isolates, all 13 multidrug-
resistant (MDR) isolates exhibited resistance (11 isolates) or
intermediate resistance (2 isolates) to triclosan (Figure 1). The
Pearson correlation test revealed a significant relationship be-
tween triclosan resistance and multidrug resistance in the S.
aureus isolates (r = 0.752, p < 0.05). There was no signif-
icant relationship between the other disinfectants tested and
multidrug resistance (p > 0.05). According to the multiple lin-
ear regression analysis, only triclosan had a positive effect on
multidrug resistance in a 95% confidence level (R = 0.766).

The MIC levels for the disinfectant CTAB were between 0.25
and 32 pg/mL. MIC values of CTAB for the 18 isolates (36%)
were 1 pg/mL, while 12 isolates (24%) were at 2 pg/mL. The
MICso and MICy of CTAB were 1 and 8 pg/mL, respectively.
The MIC values of CTAB against MDR isolates ranged from
0.5 to 32 pg/mL (Figure 1). Moreover, CTAB MIC values for
75% of the MDR isolates from chicken meat ranged from 4 to
8 pg/mL (Figure 1).

Table 2 shows the triclosan and CTAB susceptibilities among
the S. aureus isolates from different raw meat products. Resis-
tance to triclosan was detected most frequently in chicken meat
at arate of 46.1% and in ground beef at a rate of 35.3%. On the
other hand, the highest sensitivity to triclosan was detected in
the isolates from freshwater fish, seawater fish, ground beef, and
chicken meat, with 87.5%, 66.7%, 47.1%, and 30.8%, respec-
tively. Considering the effect of CTAB on the susceptibilities of
the isolates from meat products, one isolate from ground beef
and one from seawater fish showed the highest MIC values at 32
pg/mL and 16 pg/mL, respectively. Among all meat isolates,
41.2% of the ground beef isolates demonstrated activity against
CTAB with a MIC of 1 pg/mL.

The MICs of organic acids, including acetic acid, citric acid,
and lactic acid against S. aureus isolates were determined, and
the results are presented in Table 1 and Figure 2. Organic acids
tested were efficient against the S. aureus meat isolates, with
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Table 1. Distributions of disinfectant MIC values for Staphylococcus aureus isolates from raw meat products.

Number of the isolates at each MIC (ug/mL) of disinfectant

Disinfectants  0.125 0.25 0.5 1 2 4 8 16 32 1025 1875 703 750 820 1406 1500 1641 28125 3000 3281 5625 6000 >6000 MICso MICo
Triclosan 15 12 4 5 8 51 0.25 4
CTAB 2 6 18 12 5 5 1 1 1 8
Acetic acid 1 13 23 8 5 1641 3281
Citric acid 1 9 21 13 4 2 1500 6000
Lactic acid 2 29 13 5 1 1406 5625

The concentrations of disinfectants were tested: triclosan (0.125-64 ug/mL), CTAB, cetyltrimethylammonium bromide (0.25-128 pg/mL), acetic acid 51.45-26250 pg/mL), citric acid (93.75-48000
pg/mL), and lactic acid (43.9-22500 pg/mL). Bold numbers indicate triclosan-resistant isolates. S. aureus isolates were classified as susceptible to triclosan at MICs of < 0.5 pg/mL, intermediate at MICs

of 0.5 to 2 ug/mL, and resistant at MICs of > 2 pg/mL.*

Figure 1. MIC values of triclosan and CTAB (cetyltrimethylammonium bromide) against Staphylococcus aureus isolates from meat. Isolate F, freshwater fish; S,
seawater fish; G, ground beef; C, chicken meat. The stars (¥) indicate the multidrug-resistant isolates.

MICs ranging between 102.5-26250 pg/mL for acetic acid, with
MICs ranging between 187.5-12000 pg/mL for citric acid, and
with MICs ranging between 703-22500 pg/mL for lactic acid.
Acetic acid, citric acid, and lactic acid MICs were 1641 pg/mL
for 23 isolates (46%), 1500 pg/mL for 21 isolates (42%), and
1406 pg/mL for 29 isolates (58%), respectively (Table 1). S.
aureus meat isolates had MICsy values of 1641 pg/mL for
acetic acid, 1500 pg/mL for citric acid, and 1406 pg/mL for
lactic acid (Table 1). The S. aureus meat isolates had MICg
values of 3281 pg/mL for acetic acid, 5625 pg/mL for lactic
acid, and 6000 pg/mL for citric acid (Table 1). The MIC >
6000 pg/mL comprised one isolate from ground beef with
22500 pg/mL for lactic acid, one isolate from freshwater fish
and one isolate from chicken meat with 12000 pg/mL for citric
acid, and one isolate from chicken meat with 6562.5 pg/mL,
two isolates from ground beef with 13125 pg/mL, and one
isolate from ground beef and one isolate from chicken meat
with 26250 pg/mL for acetic acid.

Furthermore, organic acid MICs of S. aureus isolated from
different meat products are represented in Table 3. In partic-
ular, the MIC value of acetic acid for all (100%) freshwater
fish isolates was 1641 pg/mL. The acetic acid MIC value of
820 pg/mL was found in more than half of the ground beef
isolates (52.9%). In addition, 58.3% of seawater fish isolates
had MICs of 1641 pg/mL for acetic acid and 1500 pg/mL for
citric acid. More than half of the isolates obtained from ground
beef (64.7%), freshwater fish (62.5%), chicken meat (53.8%),
and seawater fish (50%) had an MIC of 1406 pg/mL for lactic
acid.

The S. aureus isolates had lower MICs for the triclosan and
CTAB than for the organic acids among the disinfectants tested.
Based on the MIC data, there was a statistically significant
difference between triclosan, and the organic acids tested (p <
0.05). Similarly, the difference between CTAB and the organic
acids tested was statistically significant (p < 0.05). However, the
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Table 2. Triclosan and CTAB susceptibilities of the isolates based on raw meat products.

Origin MIC (ng/mL) No. (%) of the isolates
Triclosan CTAB
Freshwater fish (n=8) 0.125 3(375) B
0.25 4(50) 1(12.5)
1 - 3(37.5)
2 1(12.5) 2(25)
4 - 1(12.5)
8 - 1(12.5)
Seawater fish (n=12) 0.125 3(25) -
0.25 5(41.7) 1(8.3)
1 1(8.3) 4(33.3)
2 1(8.3) 4(33.3)
4 2(16.7) 2(16.7)
8 - -
16 - 1(8.3)
Ground beef (n=17) 0.125 5(29.4) -
0.25 3(17.6) -
0.5 - 5(29.4)
1 2(11.8) 7(412)
2 1(5.9) 3(17.6)
4 4(23.5) 1(5.9)
8 2(11.8) -
32 - 1(5.9)
Chicken meat (n=13)  0.125 4(30.8) -
0.5 - 1(7.7)
1 1(7.7) 4(30.8)
2 2(15.4) 3(23.1)
4 2(15.4) 1(7.7)
8 3(23.1) 4(30.8)
16 1(7.7) -
2 Not detected.

MIC, minimum inhibitory concentration; CTAB, cetyltrimethylammonium bromide.

Figure 2. MIC values of three different organic acids against Staphylococcus aureus isolates from meat. Isolate F, freshwater fish; S, seawater fish; G, ground beef;
C, chicken meat. The stars (*) indicate the multidrug-resistant isolates.
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Table 3. Organic acid MICs of Staphylococcus aureus isolated from different meat products.

No. (%) of the isolates

Origin MIC (ng/mL) Acetic acid Citric acid Lactic acid
750 - 3(37.5) -
1406 - - 5(62.5)
1500 - 2(25) -
Freshwater fish 1641 8 (100) 1(12.5) -
(n=8) 2812.5 - - 3(37.5)
3000 - - -
6000 - 1(12.5) -
> 6000 1(12.5) -
102.5 1(8.3) - -
750 2 (16.7) -
820 4(33.3) - -
1406 - - 6 (50)
Seawater fish 1500 - 7 (58.3) -
(n=12) 1641 7 (58.3) - -
2812.5 - - 3(25)
3000 - 2 (16.7) -
5625 - - 3(25)
6000 - 1(8.3) -
187.5 - 1(5.9) _
703 - - 1(5.9)
750 - 2 (11.7) -
820 9 (52.9) - -
1406 - - 11 (64.7)
Ground Beef 1500 _ 8(47.1) )
(n=17) 1641 2(11.8) - -
2812.5 - - 4(23.5)
3000 - 5(29.4) -
3281 3(17.6) - -
5625 - - 1(5.9)
6000 - 1(5.9) -
> 6000 3(17.6) - -
703 - - 2 (15.4)
750 - 2 (15.4) -
1406 - - 7(53.8)
1500 - 4(30.7) -
. 1641 6 (46.1) - -
(Cn':f;‘)e“ meat 2812.5 ) ; 3(23.1)
3000 - 5(38.5) -
3281 5(38.5) - -
5625 - - 1(7.7)
6000 - 1(7.7) -
> 6000 2(15.4) 1(71.7) -
a Not detected.

MIC, minimum inhibitory concentration.

difference in MIC values between triclosan and CTAB, as well
as acetic acid and lactic acid, was not considered significant (p
> 0.05).

DISCUSSION

Sanitizers and disinfectants are necessary for ensuring food
safety. They are critical for controlling pathogen spread and are
beneficial to public health.> Several parameters influence dis-
infectant effectiveness, including concentration, bacterial state,
and the presence of interfering components such as organic
waste.>% The concentration of disinfectant utilized is the most
essential component in pathogen control, together with other

physical and chemical parameters such as temperature, pH, hu-
midity, and organic load.>?

Triclosan, as a disinfectant and antiseptic, is widely used in
personal hygiene and disinfection and has good antimicrobial
activity against a broad range of microorganisms, including
antimicrobial-resistant bacteria, since it has a specific bacterial
cellular target.®!> Many investigations have reported resistance
to triclosan in S. aureus and other bacteria.'®18-4 In the present
study,?® (46%) S. aureus isolates demonstrated intermediate re-
sistance or resistance to triclosan (MIC > 1 pg/mL) (Table 1).
All (13) MDR isolates had MICs to triclosan ranging from 2
to 16 pg/mL among the 50 S. aureus isolates from raw meat
products (Figure 1). All MDR isolates obtained from chicken
meat were resistant to triclosan, with MICs of 8 to 16 pg/mL.
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Pearson’s test showed a strong correlation (r = 0.752) between
triclosan and multidrug resistance. In contrast to our study, all
S. aureus strains from swine mandibular lymph node tissue and
commercial pork sausage meat were susceptible to triclosan.?*
All Pseudomonas aeruginosa veterinary isolates were resistant
to triclosan.'® Similarly, 99% of Campylobacter jejuni strains
recovered from broiler chicken house environments were tri-
closan resistant.3°

CTAB, a quaternary ammonium compound, is a widely used
antimicrobial cationic surfactant.®!82430 The MICs for CTAB
ranged between 0.25 and 32 pg/mL among the S. aureus meat
isolates. The MICsq and MICy, values for the CTAB were 1
pg/mL and 8 pg/mL, respectively (Table 1). The disinfectant
CTAB MICs in this study were higher than the MICs (range
from 0.25 to 2 pg/mL) for the S. aureus strains isolated from
swine feces reported by Beier et al.>* In contrast to the current
study, the researchers observed higher MICs( values for CTAB
(4 pg/mL) in C. jejuni strains from the litter of broiler chicken
houses.3Y However, in this study, the isolates from chicken meat
with a rate of 38.5% demonstrated high CTAB MIC values (>
4 pg/mL) (Table 2).

Organic acids have strong bactericidal effects and can
be applied in the sanitization process of food and food
environments.”?>2” The susceptibility of three organic acids,
including acetic acid, citric acid, and lactic acid, against
S. aureus, isolates from various types of meat are shown in
Table 1 and Figure 2. The MICs( results of acetic, lactic, and
citric acids against S. aureus isolates were 1641, 1406, and 1500
pg/mL, respectively (Table 1). The MICs for acetic, lactic, and
citric acids against S. aureus isolates that inhibited 90% of iso-
lates (MICyg) were 3281, 5625, and 6000 pg/mL, respectively
(Table 1).

In overall, the antimicrobial effectiveness of acids follows
the order acetic > lactic > citric under similar conditions?,
consistent with the results of this study. In a study, acetic, lac-
tic, and citric acids all had high MICs (1024 to 4096 pg/mL)
against E. coli O157:H7 strains from cattle carcasses, feces,
hides, and ground beef.!” Acetic acids, also known as vinegar
(5 to 10%), have antibacterial activity at low concentrations
and have been used commonly in food and medicine.>?° In the
present study, freshwater fish (100%), seawater fish (58.3%),
ground beef (52.9%), and chicken meat (46.1%) had the high-
est percentages of acetic acid with MICs of 1641 pg/mL and
820 pg/mL (Table 3). In et al.”® reported that acetic acid ex-
hibited relatively high antimicrobial activity (the lowest MIC
among organic acids) against all Shigella species, which was
in parallel to our findings. Furthermore, the results showed
that acetic acid had greater germicidal activity against most
pathogens than lactic acid.”” Humayoun et al.”> found that the
MICsg of the tested multidrug-resistant Salmonella was 1640
pg/mL, which was like our acetic acid results. However, they
found higher MICs( values for lactic acid (5664 pg/mL) and

citric acid (3156 pg/mL). In a study documented by Hussain et
al.3!, citric acid was a more efficient agent than lactic acid at
the tested concentrations in reducing E. coli and Salmonella
growth. Acetic and citric acids were effective in inhibiting
Salmonella typhimurium, E. coli O157:H7, and S. aureus in tab-
bouleh salad.3> The organic acid disinfectants, including lactic
acid and citric acid, exhibited good bactericidal activity against
drug-resistant foodborne pathogens, including Salmonella and
Campylobacter.?” This study did not indicate a relationship be-
tween multi-drug resistance and susceptibility to organic acids
in the S. aureus isolates from raw meat products. In medicine,
Burns et al.?® reported that all organic acids tested had antibac-
terial properties against the uropathogens, Proteus mirabilis, S.
aureus, E. coli, and P. aeruginosa.

CONCLUSION

Sanitizers and disinfectants are widely used to prevent contam-
ination by foodborne pathogens. Different disinfectants have
varying degrees of antibacterial activity against numerous bac-
teria. In this study, susceptibility values of S. aureus origi-
nating from raw meat products to various disinfectants were
determined. Triclosan and CTAB were more effective than or-
ganic acids, including acetic, lactic, and citric acids against the
S. aureus isolates from meats. Resistance to triclosan was de-
tected in 46% of the isolates, but almost all multidrug-resistant
S. aureus isolates were triclosan-resistant. Among the organic
acids tested, acetic acid had the most inhibitory effect on the S.
aureus isolates from raw meats. The difference in MIC values
between triclosan and organic acids, as well as between CTAB
and organic acids, was statistically significant. S. aureus iso-
lates from meat with high MIC values against disinfectants may
pose a risk of growing antimicrobial resistance. The results of
this study might be useful for evaluating the efficacy of disin-
fectants against S. aureus as a food pathogen and determining
the development of resistance to them.
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Retrospective Analysis of Transcriptomic Differences between
Triple-Negative Breast Cancer (TNBC) and non-TNBC
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ABSTRACT

Objective: Triple-negative breast cancer (TNBC), which has no expression of estrogen receptor, progesterone receptor and HER2,
is an aggressive subgroup. Molecular differences between TNBC and non-TNBC should be better understood to develop tailored
treatment strategies.

Materials and Methods: The expression of the most frequently mutated genes, and of genes for which copy number variation
events are observed in the highest percentage of breast cancer patients, was compared between TNBC and non-TNBC samples, in
R programming environment, using TCGA-BRCA transcriptomics dataset.

Results: 70% of the most frequently mutated genes in breast cancer (CDHI, GATA3, MLL3 (KMT2C), MAP3K1, PTEN, NCORI,
FAT3, MAP2K4, NF1, ARIDIA, LRPIB, RUNXI, MLL2 (KMT2D) and TBX3) was found to have decreased expression in TNBC
compared to non-TNBC. The expression of 40% of the genes with the highest frequency of copy number gain events in breast
cancer (SLC45A3, PTPRC, ELF3, FCGR2B, AKT3, FH, TPM3 and SETDBI) was increased in TNBC compared with non-TNBC.
The half of the genes with the highest percentage of copy number loss events in breast cancer (CBFA2T3, CDHI, ZFHX3,
CDHI1, MAP2K4, GAS7, PERI, RABEPI1, NCORI and PCM1) was observed to have decreased expression in TNBC compared
to non-TNBC. Lastly, the expression of BRCA2, but not of BRCA1, was found to be higher in TNBC than in non-TNBC.

Conclusion: This study provides further evidence in support of previous research, which show the presence of a large number of
molecular differences between TNBC and non-TNBC, pointing to the need for more tailored treatment strategies for patients with
TNBC.

Keywords: Breast cancer; Estrogen receptor; Progesterone receptor; HER2; Copy number variation; Transcriptomics; Triple-
negative breast cancer.

INTRODUCTION mediate need to develop novel targeted therapy modalities that
) ) are matched to the particular molecular and cellular changes in
Breast cancer is the most common cause of cancer-associated  ; preast tumor, with the ultimate purpose of achieving improved

deaths in female patients, with an estimate of more than  .oatment benefits and avoiding excessive therapy.>
2,000,000 new cases and approximately 700,000 deaths each

year worldwide.!> This malignancy has been classified into
different subgroups, mainly based on the presence/absence of
the expression of three receptors: estrogen receptor (ER), pro-
gesterone receptor (PR), and human epidermal growth factor -
receptor (HER2/ERBB2). Despite the presence of high levels 10-15% of all tumors of the breast, with an unfavorable prog-
of heterogeneity at the molecular and cellular levels in breast tu- O8I at the clinic compared with non-TNBC.G‘Q Using cur-
mors, the majority of the patients with breast cancer are treated €0t standard treatment options, the median overall survival
with untailored therapies with certain chemotherapeutics or for patlents V.Vlth TNBC is around 10.2 n.10nths. The 5-year
hormone therapies, including tamoxifen, a selective ER mod- survival rate is approximately 65% for patlepts whose tumors
ulator, neglecting the molecular diversity and heterogeneity have spread to ne'arby lymph n9des, local tissues, or organs,
between the subgroups of the disease. Therefore, there is an im- and 11% for patients whose disease has metastasized from

Triple-negative breast cancer (TNBC), which does not have
hormone receptor (ER and PR) and HER2 expression, is an
aggressive subtype of breast cancer for which novel therapy
strategies need to be developed.*> TNBC represents around
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breast tissue to distant organs in the body.!®!! In addition to
the aggressive characteristics of this subtype, the limited tar-
geted therapy options and insensitivity to endocrine agents con-
tribute significantly to poor disease-free and overall survival in
this patient group.®® Although therapeutic strategies such as
immune checkpoint inhibitors and PARP (Poly (ADP-ribose)
polymerase) inhibitors (also known as PARPi) including ola-
parib are changing the treatment landscape!?, TNBC currently
has the worst prognosis among all breast cancer subtypes. This
indicates an urgent need for a more complete understanding
of TNBC which might help researchers develop therapeutic
strategies with higher efficacy for patients with this subtype of
breast cancer.

In the present study, molecular differences at the transcript
level between TNBC and non-TNBC were studied. Between
TNBC and non-TNBC samples, the expression of the most
frequently mutated genes and of genes for which copy num-
ber variation (CNV) events (gain and loss) are observed in
the highest percentage of breast cancer patients, were com-
pared to identify essential genes that possibly contribute to
clinical differences between TNBC and non-TNBC. Seventy
percent of the most frequently mutated genes (CDHI, GATA3,
MLL3 (KMT2C), MAP3K1, PTEN, NCORI, FAT3, MAP2K4,
NFI1,ARIDIA, LRPIB, RUNXI, MLL2 (KMT2D) and TBX3) in
breast cancer was found to have decreased expression in TNBC
compared to non-TNBC. Forty percent of the genes with the
highest frequency of copy number gain events in breast cancer
(SLC45A3, PTPRC, ELF3, FCGR2B, AKT3, FH, TPM3 and
SETDBI) was shown to have increased expression in TNBC
compared with non-TNBC. The half of the genes with the
highest frequency of copy number loss events in breast cancer
(CBFA2T3, CDHI, ZFHX3, CDH11, MAP2K4, GAS7, PERI,
RABEPI, NCORI and PCM1) was observed to have decreased
expression in TNBC compared to non-TNBC. Lastly, the ex-
pression of BRCA2, but not of BRCA I, was found to be higher
in TNBC than in non-TNBC. This study points to the presence
of many molecular differences between TNBC and non-TNBC
at the expression level of genes of clinical importance, point-
ing to the need for more tailored treatment strategies for breast
cancer patients with triple-negative status.

MATERIALS AND METHODS

Datasets

In the present study, mutation percentage and copy number
variation (CNV) data were obtained from the Genomic Data
Commons (GDC) Data Portal of The National Cancer Institute,
which can be accessed at https://portal.gdc.cancer.gov/, which
includes data from TCGA (The Cancer Genome Atlas)-BRCA
project in addition to other projects.!3!” The most frequently
mutated genes were defined as genes with the highest percent-
age of cases affected by mutations in these genes (for instance,

442 out of 1387 patients with breast cancer have a mutation
in the TP53 gene, the most frequently mutated gene in breast
cancer). Only the top 20 most commonly mutated genes were
included in this analysis.

For transcriptomic analysis, processed and compiled RNA
sequencing and clinical data for breast cancer patient samples
from the TCGA project (GSE62944) were used.'®2° In more
detail, in the construction of datasets, authors aligned the fastq
files.'® First, they aligned the reads with the align function to
the UCSC hgl19 reference genome. Second, they used the fea-
tureCounts function to summarize the gene expression values
as integers. Lastly, these summarized gene values were nor-
malized to FPKM and TPM values.'® The total sample size
(n) for the number of patients after the filtering steps is 703.
Sample sizes (i.e., number of patients) for subgroups are as
follows: non-TNBC (non-triple negative breast cancer): 591;
TNBC (triple-negative breast cancer):112. TNBC is defined as
ER- (estrogen receptor-negative), PR- (progesterone receptor-
negative), and HER2- (human epidermal growth factor recep-
tor 2-negative). This dataset can also be accessed in Summa-
rizedExperiment format through Bioconductor (in Experiment
Packages » GSE62944).2123 This dataset also includes clini-
cal variables for patients other than those used in the present
study. Raw data for this dataset can be found at GEO using
the given accession ID. In this dataset, ER, PR, and HER?2 sta-
tus from patient breast tumor samples were determined using
immunohistochemistry.!”

Data Analysis and Visualization

Analysis and visualization of the obtained data in the
present study were conducted in R statistical program-
ming environment (R version 4.2.1 (2022-06-23)) us-
ing R Studio IDE from posit.>* These R/Bioconductor
packages (https://bioconductor.org/) were used through-
out the analysis’>?3: tidyverse (a collection of R
packages written for data science applications includ-
ing ggplot2 and tidyr)>2’, readxl’®, ExperimentHub?’,
SummarizedExperiment®®, ggpubr’! (for statistical tests),
rmarkdown®? and knitr.33 After processing, TCGA gene ex-
pression data (GSE62944) was accessed using the Experimen-
tHub package for all cancer types with the query function from
the AnnotationHub package; as the “CancerType” variable,
“BRCA” was selected (CancerType=="BRCA"), which is short
for breast cancer. R script used in the analysis is available as a
supplementary document for reproducibility purposes.

The Wilcoxon test was performed when the expression data
was not normally distributed.?! Otherwise (when we can as-
sume normality, i.e., p-value> 0.05 for Shapiro-Wilk test of nor-
mality), the ¢-test was used in the comparison of group means.
Functions (ggqqplot for quantile-quantile plot and shapiro.test
for Shapiro-Wilk normality test) from stats and ggpubr pack-
ages were used in the analysis of the distribution (normal dis-
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Figure 1. The list of the top 20 genes with the highest percentage of mutations (first panel), the highest percentage of copy number gain events (middle panel), or
copy number loss events (last panel) in breast cancer. The x-axis in the first panel shows the number of cases in which a gene is mutated divided by the number of
cases investigated for the presence of simple somatic mutations. CNV: copy number variation.

tribution or not).>* Relative expression values shown in plots
are log10 transformations of read counts from the dataset. Data
analysis and visualization were performed as reported in our
previous studies.>*3

RESULTS

Seventy Percent of the Most Frequently Mutated Genes in
Patients with Breast Cancer Shows Decreased Expression
in TNBC compared to Non-TNBC.

Firstly, the transcript levels of the top 20 most frequently mu-
tated genes in breast cancer (namely, TP53, PIK3CA, CDHI,
MUCI16, GATA3, MLL3, MAP3KI, PTEN, NCORI, FATS3,
CSMD3, MAP2K4, NFI1, FATI, SPEN, ARIDIA, LRPIB,
RUNXI, MLL2 and TBX3) (Figure 1) were compared between
tumors from breast cancer patients with triple negative sta-
tus (ER-, PR-, HER2-) and non-TNBC. Fourteen genes out of
these 20 genes (70%) were found to have decreased expres-
sion in TNBC compared to non-TNBC (Figure 2). These 14
genes are: CDHI, GATA3, MLL3 (KMT2C), MAP3K1, PTEN,
NCORI, FAT3, MAP2K4, NFI, ARIDIA, LRPIB, RUNXI,
MLL2 (KMT2D) and TBX3 (Figure 2). In contrast, PIK3CA,
MUC16 and FAT1 showed increased expression in TNBC com-
pared to non-TNBC (Figure 2). TP53, CSMD3, and SPEN
expression did not change between patients with TNBC and
non-TNBC at the transcript level (Figure 2).

Forty Percent of the Genes with the Highest Percentage of
CNYV Gain Events in Breast Cancer Shows Increased
Expression in TNBC compared to Non-TNBC.

Next, mRNA levels of the top 20 genes for which the highest
percentage of CNV gain events are observed in patients with
breast cancer (namely, MDM4, SLC45A3, ELK4, CDC73, PT-
PRC, ELF3, TPR, H3-3A (H3F3A), FCGR2B, SDHC, AKT3,
ABL2, DDR2, FH, MUCI, RGS7, PBX1, PRRX1, TPM3 and
SETDBI) (Figure 1), were compared between tumors from pa-
tients with TNBC and non-TNBC (Figure 3). The expression
of 5 genes (MDM4, MUCI1, RGS7, PBX1, and PRRX1) (25%)
was found to be decreased in TNBC compared to non-TNBC
(Figure 3). In contrast, the expression of SLC45A3, PTPRC,
ELF3, FCGR2B, AKT3, FH, TPM3, and SETDBI (8 genes out
of 20; 40%) was shown to be higher in breast tumors with
triple-negative status than in those with non-triple negative sta-
tus (Figure 3). The other seven genes did not show signifi-
cantly different expression between patients with TNBC and
non-TNBC (Figure 3).

Half of the Genes with the Highest Percentage of CNV
Loss Events in Breast Cancer Shows Lower Expression in
TNBC than in Non-TNBC.

Then, the expression levels of the top 20 genes for which
the highest percentage of CNV loss events are observed in
breast cancer patients (that are CBFA2T3, FANCA, MAF, CTCF,
CBFB, CDHI, ZFHX3, CDH11, RFWD3, HERPUDI, TP53,
MAP2K4, GAS7, PERI, RABEPI, USP6, YWHAE, NCORI,




European Journal of Biology

Figure 2. Comparative expression of the most frequently mutated genes in breast cancer between triple-negative breast cancer (TNBC) and with non-TNBC. The
following convention of star symbols for statistical significance was used in the comparison of group means: ns (non-significant): p > 0.05; *: p < 0.05; **: p <

0.01; ***: p < 0.001; ****: p < 0.0001.

Figure 3. Comparative expression of the genes with the highest percentage of copy number gain events in breast cancer between triple-negative breast cancer
(TNBC) and non-TNBC. The following convention of star symbols for statistical significance was used in the comparison of group means: ns (non-significant): p

> 0.05; *: p < 0.05; **: p < 0.01; **¥*: p < 0.001; ****: p < 0.0001.

CYLD and PCM1) (Figure 1), were comparatively analyzed be-
tween tumors from patients with TNBC and non-TNBC (Figure
4). The half of these genes (CBFA2T3, CDHI, ZFHX3, CDHI 1,
MAP2K4, GAS7, PERI, RABEPI, NCORI] and PCM1) was
observed to have decreased expression in TNBC compared to
non-TNBC (Figure 4). FANCA, CBFB, RFWD3, and YWHAE

expression were higher in breast tumors with triple-negative sta-
tus than in those with non-TNBC (Figure 4). The other six genes
(30%) (MAF, CTCF, HERPUDI, TP53, USP6, and CYLD) did
not exhibit differential expression in breast cancer based on
triple negativity status (TNBC vs non-TNBC) (Figure 4).
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Figure 4. Comparative expression of the genes with the highest percentage of copy number loss events in breast cancer between triple-negative breast cancer
(TNBC) and non-TNBC. The following convention of star symbols for statistical significance was used in the comparison of group means: ns (non-significant): p

> 0.05; *: p < 0.05; #*: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

The Expression of BRCA2, but not of BRCA1, Is Higher in
TNBC than in Non-TNBC.

Finally, the expression of the two most essential genes in the
context of breast cancer (BRCAI and BRCA2) was compared
between TNBC and non-TNBC samples (Figure 5). The ex-
pression of BRCA2 was higher in TNBC than in non-TNBC (p
=2e-05) (Figure 5). However, the expression of BRCA I did not
change between breast tumors depending on triple negativity
status (TNBC vs. non-TNBC) (p = 0.16) (Figure 5).

DISCUSSION

The treatment of TNBC, the subtype with the least favorable
outcome with an early tendency to metastasize to other tis-
sues and an increased recurrence rate, remains challenging.36-37
A better understanding of the molecular differences between
TNBC and non-TNBC might contribute to the development
of more targeted and molecularly guided treatment modalities
with improved efficacies.

The most frequently mutated genes in patients with breast
cancer are already known based on previous research; however,
differential expression of these genes based on triple-negativity
status has not been studied previously in a comprehensive man-
ner. Here, 70% of the most frequently mutated genes in patients
with breast cancer was first found to have decreased expres-
sion in TNBC than in non-TNBC. One of the genes whose
expression was decreased in TNBC is GATA3. The GATA3
functions to limit epithelial-mesenchymal transition (EMT) and
metastasis in breast cancer, supporting previous observations

Figure 5. The expression of BRCA2, but not of BRCAL, is higher in triple-
negative breast cancer (TNBC) than in non-TNBC. The following convention
of star symbols for statistical significance was used in the comparison of group
means: ns (non-significant): p > 0.05; *: p < 0.05; **: p < 0.01; ***: p <
0.001; ****: p < 0.0001.

that GATA3 loss is associated with aggressive breast cancer
de:ve:lopmf:nt.38’39 In more detail, it was found that the GATA3-
UTX-Dicer axis can inhibit EMT, invasion, and metastasis of
breast cancer cells in vitro and the dissemination of breast can-
cer in vivo.3%3% Therefore, its decreased expression (or loss)
in TNBC might contribute to, at least to a certain level, poor
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prognosis observed in patients with TNBC by limiting the inhi-
bition of EMT, invasion, and metastasis of breast cancer cells.
One of the other genes whose expression was lower in TNBC
than in non-TNBC is PTEN. Li et al. reported that PTEN loss
might be associated with more aggressive characteristics and
worse outcomes in breast cancer patients*’, again showing that
decreased PTEN expression in TNBC might influence prog-
nosis in this patient group. They found that PTEN loss is as-
sociated with larger tumor size, lymph node metastasis, high
TNM stage (stage III-1V), and poor differentiation. Most im-
portantly, their analysis showed that PTEN loss is associated
with a triple-negative phenotype, supporting our findings.*
RUNXI transcript levels were lower in TNBC than in non-
TNBC. Since RUNXI1 limits aggressiveness in most subtypes
of breast cancer, and RUNX1 was identified to have a role in
the repression of epithelial-to-mesenchymal transition in breast
cancer*!, its decreased expression in TNBC might potentially
lead to increased metastatic events in this subtype of breast
cancer, leading to poor prognosis. More recent studies showed
that RUNXI1 can repress cancer stem cells and tumorsphere
formation in breast cancer.*! Decreased RUNX1 expression in
TNBC might lead to higher numbers of cancer stem cells and
increased tumorsphere formation, negatively influencing prog-
nosis in TNBC. MUC16 expression was also observed to be
higher in patients with TNBC compared with those with non-
TNBC. In a very recent study, MUC16 was shown to promote
triple-negative breast cancer metastasis to the lung; thus, in-
creased levels of MUC16 might contribute to worse outcomes
in patients with TNBC.*? Besides, although p53 is a known ge-
netic marker for TNBCs (as the most frequently mutated gene),
there was no difference in its expression between TNBC and
non-TNBC at the transcript level, possibly pointing to other
levels of regulation, such as protein activity or functionality or
this non-significance observed can be caused due to the short
half-life of p53 mRNA. Here, it also should be stated that al-
though the difference in mean expression values for some genes
between TNBC and non-TNBC is higher compared to some
others, no statistically significant difference was observed as
opposed to others due to the high range of distribution of ex-
pression values in each group (in TNBC and non-TNBC) for
the former case.

Next, 40% of the genes with the highest percentage of
copy number gain events in breast cancer showed increased
expression in TNBC compared to non-TNBC. One of these
genes, whose expression was increased in TNBC, is SETDBI1.
SETDBI, a histone methyltransferase, is known to regulate and
support breast cancer metastasis.*>** SETDBI is a target of
miR-381-3p, whose overexpression suppresses cell prolifera-
tion, cell cycle progression, and migration in breast cancer.*
Increased expression of SETDB1 in TNBC might contribute
to disease progression into advanced tumor stages and even to
endocrine therapy resistance in breast cancer.*> Besides, the ex-
pression of MDM4 was found to be lower in TNBC compared

with non-TNBC. Swetzig et al. showed that estrogen receptor
alpha (ERa; ESR1) promotes the upregulation of MDM4 in
breast cancer cells, and the expression of MDM4 is associated
with ERa-positive disease?®; therefore, decreased expression
of MDM4 in TNBC might be in part due to the absence of
ERs in this subtype. Furthermore, ELF3 expression was ob-
served to be slightly increased in TNBC. Zhang et al. showed
that ELF3 is associated with a worse prognosis in patients with
breast cancer.*’ Therefore, its higher levels in TNBC might
influence survival negatively in patients with TNBC. Mecha-
nistically, miR-320 (functioning as a tumor suppressor) might
downregulate ELF3 by directly binding to its 3’ untranslated
regions in non-TNBC cells, in addition to its function in the
inhibition of the EMT and the PI3K/AKT signaling pathway in
breast cancer.*’

The half the genes with the highest percentage of copy num-
ber loss events in breast cancer was found to have decreased
expression in TNBC compared to non-TNBC. The expression
of CBFA2T3 was found to be lower in TNBC. CBFA2T3 was
previously proposed as a gene with breast tumor suppressor
activity.* ZFHX3 transcript levels were also lower in TNBC
than in non-TNBC. Dong et al. reported that ZFHX3 promotes
the proliferation of breast cancer cells with ER-positive status
(i.e., non-TNBC), leading to tumor growth*’, possibly explain-
ing its increased expression observed in non-TNBC. In more
detail, authors showed that ZFHX3 promotes the proliferation
and tumor growth of ER-positive breast cancer cells, likely by
enhancing stem-like features and MYC and TBX3 transcrip-
tion, since they found that ZFHX3 transcriptionally activates
these two genes via promoter binding.* mRNA levels of GAS7
were similarly shown to be decreased in TNBC. Since GAS7
was shown to reduce the number of metastatic events in par-
ticular breast cancer cells (mechanistically, GAS7 blocks CY-
FIP1 and Racl protein interaction, actin polymerization, and
B1-integrin/FAK/Src signaling, leading to the suppression of
breast cancer metastasis), its lower levels in TNBC might
conversely increase the number of metastatic events in patients
with TNBC, due to the absence (or decreased activity) of this
suppression axis. CBFB expression was found to be higher in
TNBC. Hsu et al. found recently that circulating exosomes iso-
lated from patients whose breast cancer has metastasized to the
bone were rich in CBFB, and that this protein promotes more
aggressive behavior in breast cancer.’! The authors found that
silencing CBFB in metastatic cells suppresses migration and
invasion and downregulates vimentin, CXCR4, Snaill, Runx2,
CD44, and OPN. Conversely, CBFB overexpression increases
Runx2, vimentin, Snaill, CD44, and OPN in nonmetastatic
cells.’! Thus, it can be suggested that increased levels of CBCF
in TNBC might influence prognosis negatively by at least pro-
moting metastasis to the bone via the upregulation of spe-
cific genes involved in cell migration.’! Besides, this analysis
showed that NCORI expression is lower in TNBC compared
to non-TNBC. Since the level of NCORI gene expression is an




independent prognostic factor for patients with breast cancer,
and patients with high mRNA levels of NCORI have a more
favorable prognosis compared to those with low expression’?,
its lower expression in TNBC might contribute, at least in part,
to the unfavorable prognosis observed in patients with TNBC.
In support, Zhang et al.’? reported that NCOR1 mRNA is ex-
pressed at significantly higher levels in patients without axillary
lymph node involvement, with a tumor size less than 2 cm, with
alow or intermediate histological grade, and with ER-alpha/PR-
positive and with HER2 negative tumors (i.e., non-TNBC).

Here, it should be noted that although only some of the
genes studied in the present work were discussed, future work
is required to better understand the functional and mechanistic
details of the most of the genes covered in the context of breast
cancer. Currently, studies on the most of these genes in breast
cancer are highly limited. Lastly, the expression of BRCA2, but
not of BRCA 1, was shown to be higher in TNBC than in non-
TNBC. In breast cancer patients, the tumor phenotype differs
depending on the status of BRCAI or BRCA2 germline mu-
tations. Patients who carry BRCAI mutations mainly develop
TNBC, whereas patients who carry BRCA2 mutations are more
likely to have ER- and/or PR-positive breast tumors.>>->® There-
fore, it can be speculated that non-functional BRCA2 (for in-
stance, mutant BRCA?2) might be associated with ER- and/or
PR-positivity in breast cancer, in parallel to the observation
made in the present study that BRCA2 transcript levels are
lower in breast cancer cells with ER- and/or PR-positive status.
However, these inferences should be experimentally tested to
make stronger assumptions.

CONCLUSION

This study provides a better understanding of the molecular
differences between TNBC and non-TNBC, highlighting the
need for further research to characterize the functional and
clinical outcomes of these changes at the expression level be-
tween these two groups of breast cancer patients to be able
to develop more personalized treatment strategies based on
ER, PR and HER?2 status. However, as a limitation, it should
be noted that TNBC tumors also display high heterogeneity
within themselves, and they can be further sub-classified based
on specific driver signaling pathways, which should be taken
into account when assigning TNBC patients to appropriate tar-
geted therapies.”®>® In other words, in addition to identifying
molecular differences between TNBC and non-TNBC, deter-
mining the molecular differences within TNBC might also be
of high clinical importance, considering the presence of high
heterogeneity within this subtype of breast cancer.
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ABSTRACT

Objective: Chronic obstructive pulmonary disease (COPD) is described as partially reversible airflow limitation. P-glycoprotein
(P-gp/MDR1), encoded by the Multidrug Resistance 1 (MDRI) gene, is regarded as a protective component for the respiratory
tract and is present in tracheobronchial epithelium and lung parenchyma, and removes particles from cells and protects against
various xenobiotics. Polymorphisms of MDR1 gene and the alteration in the expression of P-gp are considered to have a negative
effect on the severity of COPD pathogenesis and treatment efficacy. We aimed to investigate the relationship of the MDRI gene
polymorphisms with reversibility in COPD patients.

Materials and Methods: The MDRI polymorphisms, specifically the 3435C>T and 2677A/G variations, were analyzed in 90
COPD patients.

Results: 15 of the 90 COPD patients had positive reversibility tests. 2677TT (p=0.044) and 3435TT (p=0.003) alleles related to
positive reversibility tests. There were no significant differences in the distribution of the MDR1 C3435 alleles and the G2677
alleles (p> 0.05).

Conclusion: COPD patients with the TT allele have a higher rate of early reversibility positivity; this suggests that those carrying
the allele may respond better to bronchodilator therapy. These markers could help to distinguish COPD patients who respond
better to f2-agonists or who may not benefit much and, therefore, need different drugs.

Keywords: COPD, MDR1, polymorphism

INTRODUCTION ithelium. P-gp expression occurs in ciliated collecting ducts

and epithelial cells or bronchial glands in the human lung.*
Chronic obstructive pulmonary disease (COPD), which may  Tpe presence and functions of many ABC transporters are es-
cause considerable mortality and morbidity, is a significant (o tia] for the application of drugs to the site of action, and
health issue worldwide.! As an external factor, smoking may multidrug resistance-associated protein 1 (MRP1) is amongst
contribute to the progression of COPD by affecting the detoxi-  ATp binding cassette (ABC) transporters. However, changes in
fication system and causing an imbalance in the protease-anti- o Multidrug Resistance 1 (MDRI) gene’s genetic structure or

2 . . . . .
protease system.” The airway epithelium protects from irritants  1e alteration of P-gp expression may change its functions.’

breathed in and reduces the absorption of foreign substances.
The MDRI gene is located in human chromosome 7 and

The pulmonary epithelium of the airway is the first barrier o0 des P-gp (170-kDa). This P-gp belongs to the ABC trans-
for drug delivery following inhalation. The amount of target porters family, also named ABCB1. There are 28 exons (49 to
molecule that reaches the final site of action through the ep- 79 pase pairs) in the MDRI gene, and it encodes an mRNA
ithelium can be reduced by blood flow, absorption, surface (4 5 kb). More than 50 SNPs and insertion/deletion polymor-
binding, mucociliary clearance, and metabolism.? Transporters phisms were identified in the MDRI gene. Most SNPs are
in the pulmonary epithelium, the first barrier for inhaled drugs,  gjjent (synonymous), and no change can be seen in the amino
may play a vital role in delivering drugs administered by in- 40ig sequence. In the different ethnic populations, 1236C>T

haler. The plasma membrane glycoprotein (P-gp) may limitthe 54 2677G>T/A/C polymorphisms were detected in the MDR 1
absorption of substances breathed in through the bronchial ep-
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gene. The most commonly seen polymorphism was 3435C>T.”
Specifically, the C3435T single nucleotide polymorphism iden-
tified in exon 26 is considered to be associated with P-gp levels
and substrate uptake.® Although some studies indicate the role
of altered expression of P-gp and the MDRI gene polymor-
phisms for the development of respiratory diseases, their exact
role and clinical relevance are not fully understood.

COPD is described as airflow limitation, and a full recov-
ery is impossible. Treatments include bronchodilator drugs for
these patients. Variabilities for bronchodilator response (BDR)
in COPD patients may be associated with several factors such
as age, baseline lung function, and eosinophil biomarkers.”!!
Depending on these findings, the differences in COPD patients
may be related to interindividual variability in the pharma-
cological response to bronchodilator drugs $2-agonist bron-
chodilators used for symptomatic treatment in COPD. Genetic
variants that determine the bronchodilator response in COPD
are being investigated. These markers could help to find COPD
patients who respond better to S2-agonists or who may not
benefit much and, therefore, need different drugs.

In this study, we aimed to investigate the relationship of
the MDRI gene polymorphisms with reversibility in COPD
patients.

MATERIALS AND METHODS
Study Design

A cross-sectional, real-life prospective study is compatible with
the ethical guidelines of the Declaration of Helsinki and was
approved by our Institutional Ethics Committee Board (No:
3773 Date: 06.02.2007). Each patient or their relatives gave
signed informed consent forms.

Settings

Eligible patients were recruited between January 2010 and July
2010 in our department’s COPD outpatient clinics.

Participants

Patients with COPD over 40 years of age who had stopped
smoking at least five years ago were included in the study.
The patients were in a stable period. Patients who had cancer,
cardiac disease, and a COPD attack in the last three months
were excluded from the study. Patients with a family history of
atopy and allergic complaints with an eosinophil of more than
3% in plasma and patients with positive skin tests for allergies
were excluded from the study.

Blood Analysis

Five ml of blood was collected from each patient. Blood sam-
ples taken in vacuum sterile K3-EDTA tubes were stored at

Atahan et al., MDRI Gene Polymorphisms in COPD

-20°C, and their DNAs were isolated within the first week.
DNA isolation was performed using the Roche DNA kit. The
polymorphisms of MDRI C3435T and G2677T/As were de-
tected by the PCR-RFLP method.

Pulmonary Function Tests

All subjects performed standardized spirometry according to
European Respiratory Society guidelines. It was ensured that
the patients did not use bronchodilator drugs for 24 h before the
pulmonary function test. A pulmonary function test was per-
formed 15-20 min after Salbutamol 400 mcg, and the response
to the bronchodilator was measured by reversibility test. The
reversibility test was considered positive if forced expiratory
volume (FEV1) increased by 200 mL and the expected FEV1
percentage increased by 12%.

The COPD patients were divided into mild, moderate, and
severe according to their FEV 1 values. Those with FEV1>80%
were assessed as mild, 80%>FEV1>50% as moderate, and
those with FEV1<50% as severe. Patient groups were deter-
mined according to the GOLD 2005 update.

Study Size

Three groups of 30 patients, each with mild, moderate, and
severe obstruction, were included in the study.

Statistical Analysis

All analyses were performed using Epi Info Software version
3.2.2 (CDC, Atlanta, GA). The MDR1 gene polymorphism
distribution was compared using y2 or Fisher test. Significance
was concluded with a p-value < 0.05. When the p-value was
< 0.05, the odds ratio with a 95% confidence interval was
calculated.

RESULTS
Participants

150 consecutive COPD patients were studied. Sixty patients
were excluded because they did not meet the criteria. Ninety
patients with a smoking history of more than 20 packs/year
participated in this study. Patients with mild, moderate and
severe obstruction were adjusted to 30 people each, and patient
recruitment was carried out.

Descriptive and Outcome Data

Subjects (n=90, M/F: 83/7) mean age was 62.3 + 12.4 years. The
smoking duration of the patients was 38.1 + 19.4 packs/year.
The patients” mean FEV1 and FEV1/FVC (Forced vital capac-
ity) values were 1804 + 444 ml and 55.6 £ 5.5%, respectively
(Table 1).
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The Polymorphisms of MDR1 C3435T and G2677T/As

The allele frequencies for the C3435 single nucleotide polymor-
phism of the MDR1 gene for COPD patients were detected and
recorded (Table 2, Figure 1). C alleles distribution of theMDR1
gene was found to be 47.7%, and T alleles were found to be
53.3%. CC alleles distribution of the MDR-1 was found (n:22)
33.3%, and CT and TT alleles were detected as (n:42) 51.1%
and (n:26) 31.9%, respectively, in COPD patients. The allele
frequencies for G2677 single nucleotide polymorphism of the
MDRI1 genes were determined (Table 3, Figure 2). The MDR1
gene G allele distribution was 49.4%, the T allele was 87.3%,
and the A allele was 0.2% in the COPD group. The MDR geno-
type distribution was found to be 24.4% for GG, 46.7% for GT,
24.4% for TT, 0.3% for GA, and 0.1% for TA in the COPD
group.

Early reversibility test was positive in six patients with mild
obstruction, five with moderate obstruction, and four with se-
vere obstruction (a total of 15). No statistical difference was de-
tected between the COPD groups. Significant differences were
found between the C3435 polymorphism distribution and the
G2677 polymorphism distribution between reversibility posi-
tive (n:15) and negative groups (n:75) (Table 4).

Figure 1. Agarose gel images of MDRI polymorphism C3435T genotypes.

DISCUSSION

P-gp protein is vital in decreasing the toxic effect of smoking
and removing oxidative stress metabolites.'? It was found that
the bronchial epithelium of COPD patients has been shown to
have small quantities of MDR proteins.!? It was suggested that
the MDRI gene may interfere with the progression of COPD
by detoxification and inflammatory mechanisms. At the site
of action, some multidrug resistance proteins may behave like
drug efflux pumps, causing a decrease in intracellular con-
centrations of toxic compounds.'# These transporters, such as
P-glycoprotein and other MDR proteins, are expressed strongly

Figure 2. Agarose gel images of MDRI polymorphism G2677T genotypes.

in the respiratory tract. They may help prevent harmful sub-
stances from getting into the lungs, whether inside or outside
the body.!’

Other studies have also shown that the SNPs of the MDR1
gene affect how drugs are absorbed, distributed, and eliminated
in the body.'®!” The effects or clinical implications of these
polymorphisms on P-gp function are often unknown. However,
some of the SNPs have a functional role and can affect how
drugs are metabolized in the body. The C3435T, G2677T/A,
and C1236T polymorphisms have been studied for exon 26,
21, and 12, respectively, in different populations.'®!* The im-
portance of the MDRI gene polymorphisms and the alteration
in the expression level of P-gp protein for respiratory diseases
is still not fully understood. Still, researchers suggest that the
MDRI1 gene polymorphism can be clinically significant for the
pathogenesis of COPD.?° The TT genotype was detected fre-
quently for the C3435 MDRI gene in COPD patients, and the
MDR] gene C/T polymorphism is suggested to have arole in the
progression of COPD.?! We did not find significant differences
in the distribution of the MDRI gene C3435 alleles and G2677
alleles in our study population. A silent polymorphism (the
C3435T SNP) of the MDRI gene in exon 26 may cause protein
synthesis with the same amino acid sequence but not the same
structural and functional properties. Some studies have sug-
gested that certain disease conditions may develop and worsen
because of silent SNPs.? Tt is known that airflow obstruction
is generally not reversible in COPD. The relationship between
many factors and early reversibility in COPD was investigated.
It has been shown that the proportion of eosinophils in bron-
choalveolar lavage fluid and continued smoking are associated
with response to bronchodilator drugs. Hemopoietic cell kinase
and P2-adrenergic receptor gene polymorphisms are suggested
to be associated with BDR in COPD patients.?>>* On the other
hand, the genetic determinants of BDR in COPD patients are
not known. In our study, 15 of 90 COPD patients had positive
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Table 1. Clinical parameters in patients with COPD severity. FEV1:Forced expiratory volume; FVC: Forced vital
capacity; MEFR:The maximum expiratory flow rate.

FEVI/IFVC% FEVI(mL) FEV1%  FVC(mL) FVC% MEFR (mL)
Mild COPD 65 2590 86 3980 106 1383
Moderate COPD 61 1894 65 3083 86 958
Severe COPD 41 928 32 2246 62 352

Table 2. Distribution of C3435 polymorphism in patient group.

Mild obstruction Moderate obstruction  Severe obstruction p
n=30 n=30 n=30
CIC 8 (26.7 %) 8 (26.7 %) 6 (20 %) >0.05
CIT 14 (46.6 %) 14 (46.6 %) 14 (46.6 %)
TIT 8 (26.7 %) 8 (26.7 %) 10 (33.3 %)
c 30 (50 %) 30 (50 %) 26 (43.3 %) >0.05
T 30 (50 %) 30 (50 %) 34 (56.7 %)

Table 3. Distribution of G2677 polymorphism in patient group.

Mild obstruction Moderate obstruction Severe obstruction p

n=30 n=30 n=30
GIG 7 (233 %) 9 (30 %) 6 (20 %) >0.05
GIT 15 (25 %) 14 (46.7 %) 13 (43.3 %)
TIT 7 (233 %) 6 (20 %) 9 (30 %)
GIA 0 1(3.3%) 2 (6.7 %)
TIA 1(1.7 %) 0 0
G 29 (48.3 %) 33 (55 %) 27 (45 %) >0.05
T 30 (50 %) 26 (43.3 %) 31 (51.7 %)

A 1(1.7%) 1(1.7%) 2 (0.3%)
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Table 4. Distribution of MDRI polymorphism in patient group.

Polymorphism n Frequency of Allele
MDR1 3435
c/iCc 4 (26.6 %) C allele: 33.3%
CIT 2 (13.3 %) T allele: 66.6 %
TIT 9 (60 %)
MDR1 2677
GIG 2 (13.3 %) G allele: 26.6 %
GIT 3 (20 %) T allele: 66.6 %
TIT 8 (53.3 %) Aallele: 6.6 %
G/IA 1 (6.6 %)
TIA 1 (6.6 %)

reversibility tests. 2677TT (p=0.044) and 3435TT (p=0.003)
alleles related to positive reversibility test.

Recent indications in the literature indicate that polymor-
phisms of the MDRI gene play an essential role in the patho-
genesis and treatment of respiratory diseases.!? In addition,
in studies conducted in Turkey, it was determined that the TT
genotype of the MDRI gene was significantly more common in
COPD patients.?*?

A study showed that there was no significant difference
between the genotypes of healthy individuals and the con-
trol group consisting of patients with chronic obstructive pul-
monary disease and comorbid type 2 diabetes.?®

The strength of this study is this issue is a point that can
guide COPD treatment. A strength of our research is that it
raises awareness that specific genetic variations affect people’s
response to bronchodilators and that bronchodilator sensitivity
may differ between different types of COPD. The limitation of
this study is a few patients have been included, which is insuf-
ficient to draw a clear conclusion about MDR1 genotyping’s
clinical relevance for treating COPD patients.

CONCLUSION

Our results suggest that bronchodilator responsiveness pheno-
types in COPD patients were linked to variations in the MDR]

C3435 and 2677 genes. Various factors may influence how
COPD patients respond to bronchodilators, such as different
disease subtypes, how they break down drugs, or other ef-
fects related to their genes. The following steps are to repeat
this study in diverse populations, identify the specific genetic
variations that affect how people respond to bronchodilators,
and investigate whether bronchodilator responsiveness varies
across different types of COPD. Extensive population studies
with more patients are needed to investigate this.
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ABSTRACT

Objective: Short peptides play a significant role in exploring drugs with higher selectivity and fewer side effects in cancer and
COVID-19 therapies. This study evaluated the anticancer and anti-COVID-19 activities of Glu-Arg-Gln (ERQ) tripeptide for the
first time. To discover the potentiality of the tripeptide as an anticancer and as a SARS-CoV-2 inhibitor, molecular docking analysis
of ERQ tripeptide with DNA (PDB ID: 1BNA) and a variety of SARS-CoV-2 enzymes, namely. Main protease (PDB IDs: 6MO03,
6LU7) and Spike glycoprotein (PDB ID: 6VXX) were performed.

Materials and Methods: To determine the binding efficiency of ERQ to target DNA and proteins, molecular docking processes
were carried out using the Autodock Vina program. The sorts of bonds and interacting residues in ERQ/DNA and ERQ/protein
complexes were determined.

Results: Molecular docking simulations of ERQ tripeptide against 1BNA, 6M03, 6LU7, and 6VXX were performed, and the
interactions between the docked ligand and target residues were determined. The binding mechanisms of ERQ with the receptors
were clarified. The binding affinities of ERQ towards the targets were predicted to be between -6.3 and -6.7 kcal/mol. ERQ showed
the highest binding affinity to Spike glycoprotein (6VXX), with an estimated binding energy of -6.7 kcal/mol.

Conclusion: Molecular docking simulations revealed the potential of ERQ tripeptide as an anticancer and anti-COVID-19 agent.
High binding affinity against 1IBNA (-6.4 kcal/mol), 6MO03 (-6.3 kcal/mol), 6LU7 (-6.6 kcal/mol), and 6VXX (-6.7 kcal/mol)
indicated that ERQ could be an excellent new natural therapy for the treatment of cancer and COVID-19.

Keywords: In silico, Molecular docking, Glu-Arg-Gln, ERQ, Tripeptide

INTRODUCTION drug production due to its active roles.>® Kumar et al. per-

formed molecular docking calculations to evaluate the activity
Cancer is a study topic susceptible to novel techniques in devel- of the Glu-Glu-Arg tripeptide on the AP-1 (c-Jun:c-Fos: DNA)
oping drugs because it is a lethal disease.! The medications em- complex.® Tt was found that Glu-Glu-Arg has a strong affinity
ployed in conventional cancer treatment damage both healthy towards AP-1 (-9.1 kcal/mol). Thus, the Glu-Glu-Pro tripep-

2 . .
and cancerous cells.” During chemotherapy treatment, patients  (iqe was determined to be a potent anticancer candidate and
may have adverse effects, including depression, hair loss, and

nausea.” As anticancer medicines, peptides with low toxicity
against these side effects are essential.>* Special drug carriers
with peptide structures are currently being studied and devel-
oped as an alternative to conventional chemotherapy treatment
approaches.'™ Activator protein 1 (AP-1) regulates the expres-
sion of essential oncogenes in cancer and many other cellular
processes.*> AP-1, which has a vital role in cancer, also plays DNA plays a significant role in controlling cellular functions;
an important role in diseases such as psoriasis, asthma, and  for this reason, it is considered an excellent target for treating
rheumatoid arthritis> and has been the subject of research in  genetic diseases, particularly cancer. Moreover, due to the rapid

can prevent the division of cancer cells.

The molecular docking method used in drug design research
investigates the interaction between receptor and ligand’, the
formation of hydrogen bonds, Coulomb interactions, and van
der Waals interactions that affect the ligand-receptor binding
potential
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proliferation of cancer cells, most anticancer drugs target the
cell cycle. The structural changes that occur by binding of a
ligand to DNA affect the biological functions of DNA, includ-
ing the inhibition of transcription, replication, and DNA repair
processes, thus making the ligand a potential antitumor agent.’

On the other hand, SARS-COV-2, main protease (MP™), and
spike proteins are essential targets for promising anti-COVID-
19 agents. In a study to determine the anthraquinone derivative’s
ability to prevent SARS-CoV-2 infection, Celik et al. carried
out molecular docking analyses against the apo- and holo-forms
of the significant protease (Mpro) and the spike glycoprotein
of SARS-CoV-2 targets.'” Molecular structure and molecu-
lar docking have yet to be published for the ERQ tripeptide.
This work used molecular docking models to simulate the ac-
tion of the ERQ tripeptide against DNA(1BNA), SARS-CoV-2
proteases (6MO03, 6LU7), and spike glycoprotein (6VXX) to
evaluate its anticancer and anti-COVID-19 properties.

MATERIALS AND METHODS

Compound Selection and Preparation

The 3D molecular structures of the SARS-CoV-2 main protease
(6MO03,6L.U7), Spike glycoprotein (6VXX) and DNA (1BNA)
were taken from the Protein Data Bank.!!

Conformational Analysis

Using quantum chemical computations and molecular mechan-
ics, Spartan is an effective computational modeling method for
investigating organic, bioorganic, inorganic, and organometal-
lic chemistry in academic and research fields. The Molecular
Mechanics Force Field (MMFF) method'? with Spartan06'3
program was used to determine the conformational features of
ERQ (Glu-Arg-Gln) tripeptide. The determined optimized low-
est energy conformer of ERQ in the gas phase by the MMFF
method was taken as the initial ligand structure for molecular
docking. During the molecular docking simulations, the ligand
was taken as flexible.

Molecular Docking

In this study, docking simulations of ERQ tripeptide were per-
formed using the AutoDock-Vina software program.'* A semi-
flexible docking study was carried out, where ERQ was treated
as a flexible ligand by modifying its rotatable torsions, but the
target DNA or protein was considered arigid receptor. The crys-
tal structure of DNA (PDB ID: 1BNA)!°, the crystal structures
of COVID-19 main protease, in apo form (PDB ID: 6M03)'®
and in complex with N3 (PDB ID: 6LU7)', and the crys-
tal structure of SARS-CoV-2 spike glycoprotein (closed state)
(PDB ID: 6VXX)'® were retrieved from protein data bank. The
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DNA and protein targets were conformed to the docking by
removing water molecules and adding polar hydrogens. The
optimized structure of the ERQ ligand molecule in the gas
phase was adapted for the docking. The partial charges of the
ERQ molecule were calculated using the Geistenger method.
The active sites of receptors were screened using the CAVER
program'®, and then the active sites of the targets were defined
within the grid size of 40Ax40Ax40A.

RESULTS
Three-Dimensional Structure of the ERQ Tripeptide

In the first step of the study, the conformational features of
the ligand were searched by the MMFF method, and all the
conformers were optimized. Among the 2601 optimized con-
formers, the lowest energy conformer was taken as the initial
structure for docking. The optimized structure of the tripeptide
is shown in Figure 1. The selected bond lengths and angles
from the obtained structural parameters of the ERQ tripeptide
are given in Table 1.

Figure 1. Optimized structure of ERQ tripeptide.

Molecular Docking Calculations

Molecular docking, an effective drug design and discovery
method, reveals bimolecular interactions between the target
protein and the docked ligand. To investigate anticancer and
anti-COVID-19 properties of the investigated tripeptide (ERQ),
it was docked in the determined binding site of DNA (1BNA),
SARS-CoV-2 Mpro (6M03, 6LU7) and Spike glycoprotein
(6VXX). The molecular docking results and molecular interac-
tions are shown in Figures 2-5.
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Table 1. The selected geometry parameters of ERQ tripeptide (Glu-Arg-Gln).”

Atoms Atoms

C6-010 1.24 C6-N17-C19-C21 150.6
C13-014 1.26 N17-C19-C21-C25 48.7
C13-015 1.27 C19-C21-C25-C29 74.7
C22-026 1.23 C21-C25-C29-N32 -82.4
C46-050 1.22 C25-C29-N32-C34 154.8
C46-058 1.35 C6-N17-C19-C22 -79.2
C53-054 1.14 N17-C19-C22-N41 51.8
H2-N1-C3-C5 48.5 C19-C22-N41-C43 165.5
H2-N1-C3-C6 -179.1 C22-N41-C43-C46 -102.3
N1-C3-C5-C9 46.5 C22-N41-C43-C45 131.1
C3-C5-C9-C13 58.3 N41-C43-C45-C49 79.7
C3-C6-N17-C19 -175.7 C43-C45-C49-C53 -59.7

* Bond lengths in A and angles in degree (°). For atom numbering, see Figure 1.

ERQ tripeptide was docked to DNA to reveal its anticancer
property. Figure 2 shows the docking results and the interac-
tions of the tripeptide with DNA. The binding affinity (AG)
was predicted as -6.4 kcal/mol. H- bonding is crucial in the
interaction between the tripeptide and DNA bases. The ERQ
tripeptide formed nine conventional hydrogen bonds with the
DNA bases. These are hydrogen bond of 2.53 A with DNA,
DG2 nucleobase; hydrogen bond of 2.39 A with DG4; hydro-
gen bond of 2.47 A, with DA5; hydrogen bond of 1.91 A with
DC21; hydrogen bonds of 2.17, 2.26 and 2.46 A with DG22;
hydrogen bonds of 2.54 A and 2.68 A with DA6. There is also
an unfavorable donor-donor interaction and a carbon-hydrogen
bonding interaction with DAS5 and DA6 bases with 2.03 A and
3.74 A longs, respectively.

The docking results of ERQ tripeptide into 6MO03 are shown
in Figure 3. Tripeptide forms seven conventional hydrogen
bonds with the target residues. The bond lengths predicted for
the hydrogen bonds between the ERQ ligand and the THR24,
LEU141, ASN142, and GLY 143 residues of 6MO03 are 2.32,
2.59, 2.46, and 2.84 A, respectively. Additionally, ERQ forms
three conventional hydrogen bonds with GLU166 residue of
6MO03, with the predicted bond lengths 2.12, 2.16, and 2.76 A.
ERQ tripeptide also involves 1.58 A long unfavorable donor-
donor interaction with HIS163, 3.53 A long carbon-hydrogen
bonding interaction with MET165, and 3.26 A long unfavorable
negative-negative interaction with GLU166.

Figure 4 displays the ERQ tripeptide’s docking results into
6LU7. As seen from Figure 4, the predicted lengths of the
hydrogen bonds formed between the docked ligand ERQ and
the 6LU7 target residues HIS41, TYR54, ASN142, GLY 143,
HIS 164, GLU166 are 2.49,2.55,2.55,2.13,2.8,2.59 A, respec-
tively. Moreover, docking results demonstrated that ERQ forms
two hydrogen bonds with both PHE140 and CYS145 residues
with bond lengths of 2.34A, 2.49 A, and 2.93A, 3.62A, re-
spectively. In addition, ERQ forms a 2.72 A long salt bridge

interaction with GLU166 and an unfavorable donor-donor and
attractive charge interactions with HIS41, at 1.77 A and 5.58 A
bond lengths, respectively.

Figure 5 displays the results of the docking calculation for the
ERQ-6VXX ligand-receptor system in which hydrogen bond-
ing is predicted between the ERQ ligand and the GLU780,
ASN1023, THR1027, LYS1028, VAL1040 residues; the corre-
sponding hydrogen bond lengths were calculated as 2.9 A,2.46
A for GLU780; 2.28 A, 2.31 A for ASN1023; 2.18 A, 2.31 A
for THR1027; 2.28 A for LYS1028; 2.71, 3.04 A for VAL1040.
Also, docking results indicate carbon-hydrogen bonds of 3.42
A and 3.53 A are formed through ASP1041 and PHE1042
residues. In comparison, an attractive charge interaction in a
distance of 4.16 A and an unfavorable negative-negative in-
teraction in a distance of 4.78 A exist between the ligand and
GLU780 residue.

DISCUSSION

As we noted in the result part, the interactions resulting from
DNA docking with the ERQ tripeptide were compared with
similar studies in the literature. As aresult of these comparisons,
it was determined that the DNA nucleobases with which the
ERQ tripeptide interacts in this study were the same as those in
the study conducted by Demirag et al., docking analysis of the
Pemetrexed molecule with DNA 20

A comparison of the hydrogen bonding interactions previ-
ously reported for the Pemetrexed-DNA system with those re-
ported in this study for the ERQ-DNA system has been given
here as items. i) A hydrogen bond of 2.05 A length was reported
between the Pemetrexed ligand and DG?2 residue, and here we
report a hydrogen bond of 2.53 A length for the ligand ERQ and
DG?2 residue. ii) A hydrogen bond of 2.48 and 2.97 A length
was reported between the Pemetrexed ligand and DG4 residue,
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Figure 2. Molecular docking results were obtained for the ERQ-1BNA ligand-receptor system; the corresponding binding affinity is -6.4 kcal/mol.

Figure 3. Molecular docking results were obtained for the ERQ-6m03 ligand-receptor system; the corresponding binding affinity is -6.3 kcal/mol.

and we report a hydrogen bond of 2.39 A length for the ligand
ERQ and DG4 residue. iii) A hydrogen bond of 2.16 A length
was reported between the Pemetrexed ligand and DAS residue,
and here we report a hydrogen bond of 2.47 A length for the
ligand ERQ and DAS residue. iv) Hydrogen bonds of 1.91 A
and 3.03 A length were reported between the Pemetrexed ligand

and the DT20, and DC21 residues respectively, and we report
a hydrogen bond of 1.91 A length between the ligand ERQ
and DC21 residue. v) Hydrogen bonds of 2.49 A and 3.09 A
length were reported between the Pemetrexed ligand and DG22
residue, and here we report hydrogen bonds of 2.17 A, 2.26 A
and 2.46 A length for the ligand ERQ and DG22 residue. The
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Figure 4. Molecular docking results were obtained for the ERQ-6lu7 ligand-receptor system; the corresponding binding affinity is -6.6 kcal/mol.

Figure 5. Molecular docking results were obtained for the ERQ-6vxx ligand-receptor system; the corresponding binding affinity is -6.7 kcal/mol.

other hydrogen bonds reported for the Pemetrexed (drug)-DNA
system are as follows; The H-bond contact length between the
DC23 residue and the drug is 2.93 A, the carbon hydrogen bond
interaction length between the DG4 residue and the drug is 3.49

A, the unfavorable donor-donor interaction lengthis 1.72 A, and
the Pi Donor hydrogen bond interaction length is 2.76 A be-
tween the DG4 residue and the drug.?® This similarity between
the results previously reported for the Pemetrexed-DNA system




and those reported here for the ERQ-DNA system supports the
reliability of our docking simulations.

Molecular docking simulations of ERQ tripeptide against
6MO03 were performed and compared with similar studies. In the
study conducted by Sagaama et al., a molecular docking simula-
tion of Succinic acid (SA) with 6m03 was performed, and found
that SA interacted with Ser144, Cys145, and Glul66 through
hydrogen bonding interactions.?! In another study conducted
by Begum et al., tetrandrine, a bis-benzylisoquinoline alka-
loid, was docked with a 6m03 receptor and binding free energy
-8.91 kcal/mol was determined. Tetrandrine was highly stabi-
lized by many non-bonded interactions.?” Tetrandrine, bonded
to the His-165 residue by hydrogen bonding interaction. The
hydrophobic contacts of the tetrandrine molecule were demon-
strated by Thr-25, Leu-27, His-41, Ser-46, Met-49, Asn-142,
Cys-145, Glu-166, and GIn-189.

Another investigation on the relationship between
aminopterin and 6MO03 was carried out.”®* The binding affin-
ity was recorded as -6.7 kcal/mol and aminopterin was bonded
with THR24, THR26, ASN119, Leul41, Gly143, Cys145, and
GIn189 with eight conventional hydrogen bonds, Asn142 (It
was determined that it forms a carbon-hydrogen bond with a
length of 3.44 A). Additionally, pi-sigma and pi-alkyl interac-
tions with Thr27 and Cys145, respectively, were present.?

The docking results on the 6m03 receptor have confirmed
that the ERQ tripeptide interacts with certain residues identical
to those previously reported for the 6m03 receptor in literature.
This consistency supports the reliability of our docking simula-
tions for the ERQ-6m03 ligand-receptor system. In this respect,
the determined hydrogen bond lengths (2.32 A for Thr24; 2.59
A for Leul41;2.46 A for Asn142;2.84 A for Gly143;2.12,2.16
and 2.76 A for Glul66) are remarkable. In addition, it should
be noted that in the same ligand-receptor system, ERQ tripep-
tide forms a carbon-hydrogen bond of 3.53 A length with the
residue Met165 and involves in an unfavorable donor-donor in-
teraction with the residue His163 (in a distance of 1.58 A) and
in an unfavorable negative-negative interaction with Glul66
(in a distance of 3.26 A). It is believed that the main protease (
MP™) amino acids HIS41, CYS44, MET49, SER 144, CYS145,
and GLU166 are crucial for interactions between drugs and
receptors.’*

According to the results of the comparison of ERQ tripeptide
docking into 6L U7 results with similar studies in the literature:
In a study conducted by Ozdemir et al. in 2020, the different in-
teractions between coumarins and the receptor’s (6LU7) active
site residues are shown and tabulated.?® Tt is shown that one
of the fluorines and the hydroxy group at position C-7 created
a hydrogen bond with TYRS54 and PHE140, respectively. Fur-
thermore, a -alkyl bond was established by one of the fluorines
with HIS41. TYR54 and PHE140 have hydrogen bond lengths
of 2.725 A and 2.201 A, respectively. And Hatada et al., (B),
it was discovered that the pharmacophore’s hydrogen bonding
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with neighboring residues was significant for each of the five
pieces.® The ligand’s fourth portion was found to be the key
component in interactions with His163, His164, and Glul66.
It was also shown that dispersion interactions—Ilike the CH/m
contact with His41—provided further ligand stability. It was
proposed that the ligand’s fifth component may be further op-
timized for ligand binding to facilitate interactions with Thr25,
Thr26, and Asn142 in addition to His41. Additionally, the im-
pact of the covalent connection between the ligand and Cys145
was examined.?® According to this study, hydrogen bonding
is the primary mechanism by which His41, His163, His164,
and Glul66, amino acid residues of Mpro interact with the in-
hibitor are shown.?® In this study, the primary protease (MPRO)
amino acids Tyr54, Asn142, Gly143, His164, Glu166, Phe140,
Cys145, and His41 are the interacting amino acids. This is also
compatible with the literature.

Molecular docking simulations of ERQ tripeptide against
spikeglycoprotein (6 VXX) were performed and compared with
similar studies. In the following, these comparisons over some
similar studies in the current literature are seen. In the study, in
which the molecular docking analysis of cepharanthine with the
residue 6vxx is given, the authors report that the cepharanthine
molecule interaction with the residues Glu725 (2.69A), GIn784
(3.52 A), Alal026 (4.16 A), Asp1041 (3.11 A), Phe1042 (3.44
A), Lys1045 (2.64 A) and its binding affinity is -9.7 kcal/mol.?

The residues Val1040, Asp1041, Leu1049, Val1068, Asn907,
and Lys1038 have a significant attraction for the ligand, and they
may serve as anchoring residues, as shown by Holanda et al.?8
In docked complex analysis, two residues, Arg (1039) and Asn
(1023), show hydrogen bond formation with Amentoflavone
with a range of 2.0 to 3.5 A, according to Joshi et al. (C),
with 6VXX (Spike protein).?’ In the molecular docking simu-
lations performed in this study, the ERQ tripeptide is involved
in interaction against the receptor 6VXX through the Glu780,
Asn1023, Thr1027, Val1040, Lys1028, Asp1041, and Phe1042
amino acids.

Based on the molecular docking data, we obtained in this
study and also considering those previously published in rele-
vant studies in the literature, we concluded that the amino acids
through which the ligand ERQ interacts with DNA (1BNA),
SARS-CoV-2 Mpro (6MO03, 6LU7) and Spike glycoprotein
(6VXX) are almost similar (shown in bold).

CONCLUSION

In this molecular docking study, in which the ERQ tripeptide
was docked with DNA and several SARS-CoV-2 enzymes, in-
cluding the Main protease and Spike glycoprotein, the ERQ
tripeptide’s potential as an anticancer and SARS-CoV-2 in-
hibitor was investigated. ERQ docked with 6vxx compound
showed the highest binding affinity, demonstrating a binding
energy value of -6.7 kcal/mol against the active site of Spike
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glycoprotein (6VXX). It showed nine H-bonds with GLU780,
ASN1023, THR1027, LYS1028, and VAL1040, two Carbon-
hydrogen interactions with ASP1041 and PHE1042, as well as
an attractive charge interaction, and an unfavorable negative-
negative interaction with GLU780 residues. Considering these
promising docking simulation outcomes with the SARS CoV-2
Spike glycoprotein (6VXX), we recommend that Glu-Arg-Gln
(ERQ) tripeptide be tested to discover new natural therapies for
the treatment of COVID-19. This study is a novel, effective,
and time-saving in silico study of short peptides against both
COVID-19 and cancer drug discovery.
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Resveratrol Dose-Dependently Protects the Antioxidant Mechanism of
Hydrogen Peroxide-Exposed Healthy Cells and Lung Cancer Cells

Oznur Yurdakul' , Aysun Ozkan?

! Akdeniz University, Institute of Science and Technology, Biology, Antalya, Tiirkiye
2 Akdeniz University, Faculty of Science, Biology Department, Antalya, Tiirkiye

ABSTRACT

Objective: The objective of this study was to investigate the protective effects and the underlying mechanisms of resveratrol
against hydrogen peroxide (H,0O,)-induced oxidative stress in healthy human and lung cancer cells.

Materials and Methods: The cytotoxic doses and ICs values of resveratrol and hydrogen peroxide for cells were determined by the
Cell Titer Blue-Viability Assay kit. The amount of malondialdehyde (MDA) was determined by fluorescence spectrophotometer.
The amount of intracellular reduced glutathione level and antioxidant enzyme activities were analyzed by spectrophotometric
methods.

Results: In both cells, H,O, treatment alone (ICsy and ICsg) increased MDA, glutathione reductase, glutathione S-transferase,
selenium-dependent glutathione peroxidase and non-selenium-dependent glutathione peroxidase activities, but glutathione levels
decreased compared to the H,O," resveratrol treatment. In addition, high doses of resveratrol alone (ICs, and IC;,) induced more
oxidative stress in cancer cells than in healthy cells. High doses of resveratrol alone (ICs, and IC;) also showed cytotoxic effects
in cells and decreased cell viability. Resveratrol caused more cytotoxic effects in cancer cells compared to healthy cells.
Conclusion: The results of this study show that the increase in MDA level and antioxidant enzyme activity caused by high-
dose resveratrol treatment reveals the prooxidant effect of resveratrol. Our results also showed an antioxidant effect by reducing
oxidative stress in cells pre-incubated with low-dose resveratrol and then exposed to H,O,. Resveratrol has a dose-dependent
biphasic (pro/antioxidant) effect on the antioxidant mechanism of cells. However, more research is needed to confirm this.

Keywords: Antioxidant enzymes, Resveratrol, Dose-dependent toxicity, Hydrogen peroxide

INTRODUCTION stood from the studies mentioned above, it is revealed that the

antiproliferative, antioxidant, prooxidant, and anticancer prop-
Many factors, such as heat stress, transport stress, and nutri- ¢ jeq of resveratrol vary depending on the doses, and therefore
ent restriction generated reactive oxygen species (ROS) cause ¢ i5 not safe for humans. The antioxidant effect of resveratrol
oxidative stress. Increased ROS production causes high cellu- ., change depending on the dose. At lower doses, such as nM
lar damage when it exceeds the capacity of the cellular an- 1 5 10 1M, resveratrol acts as a potent antioxidant, while at
tioxidant system.'* While low levels of ROS show beneficial higher doses, it may function as a pro-oxidant. 4 Human studies
effects, excessive accumulation of ROS causes various disor- suggest resveratrol can be supplemented at dosages up to 5 g
ders, including carcinogenesis.” Since the lungs are exposed daily, but the most common daily doses range from 50 to 500
to oxidants of endogenous or exogenous origin (air pollutants, o It is important to note that resveratrol supplements have

cigarette smoke, etc.) every day, the level of oxidative stress is |0t been well-studied in people, and more high-quality research
very high.®® Lung cancer risk can be reduced by consciously ¢ needed to determine the most effective and safe doses.'>
consuming antioxidant-containing foods and paying attention Therefore, before taking resveratrol, it is advisable to consult a
to nutrition. Resveratrol, also known as 3, 5, 4-trihydroxy-trans-  paaithcare professional to determine the appropriate dosage for
stilbene, is a polyphenolic compound that occurs naturally in pecific health benefits and to minimize potential side effects.!®
various dietary sources, including grapes and peanuts. It has  En;ymes involved in the antioxidant mechanism of living or-
been shown to possess several pharmacological properties, in-  oanisms can neutralize oxidants by directly acting on oxidants

. . . . P 9-13 .. K .
cluding anticancer and antioxidant activities.” "> As it is under- exceeding a certain level. In our study, the dose-dependently
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effect of resveratrol on malondialdehyde (MDA) and reduced
glutathione (GSH) levels, and selenium-dependent glutathione
peroxidase (Se-GPx), non-selenium-dependent glutathione per-
oxidase (non-Se-GPx), glutathione S-transferase (GST), and
glutathione reductase (GR) activities of human healthy (MRC-
5) and lung cancer cells (H1299).

MATERIALS AND METHODS
Cell Culture and Chemical

H1299 and MRC-5 cell lines were purchased from ATCC
(American Type Culture Collection) (Rockville, MD, USA).
Resveratrol (>=99%) was purchased from Sigma-Aldrich (Ger-
many). H1299 cell line were cultured in RPMI 1640 medium
containing 10% fetal bovine serum and 1% antibiotic antimy-
cotic solution at 37 °C within a humidity atmosphere that con-
tained 5% CO,. Healthy cells (MRC-5) were grown using the
same conditions plus DMEM medium containing 1% amino
acids.

Cell Viability Assay

10,000 cells were seeded in a monolayer in each well of a 96-
well plate as part of the experiment. On the following day, the
cells were treated with various doses of resveratrol (10, 15, 25,
50, 100, 150, 200, 300, 400, 500, 600, 700, 800 uM) in the
medium for 24, 48, and 72 h. Since the most effective ICs
value was reached in 72 h resveratrol application, the hydrogen
peroxide (H,O,) study was continued over 72 h application.
The H,0, concentrations applied were (25, 50, 75, 100, 150,
150, 200, 200, 250, 250, 300, 350, 400, 450, 500 pM). The
resulting cytotoxicity of resveratrol and H,O, on H1299, and
MRC-5 cells was measured spectro-fluorometrically using the
Cell Titer Blue- Viability Assay kit.® The reduction of cells
from resozurin to resorufin was calculated by measuring the
excitation at 560 nm and emission values at 590 nm in a fluo-
rescent spectrophotometer (PerkinElmer LSS5S5). The data ob-
tained were the mean values derived from eight wells for each
dose, and the IC10, IC,,1C5(,IC5(, and IC5, values were calcu-
lated using linear functions. To measure the antioxidant effect
of resveratrol against H,O, (ICs, and 1C) cytotoxicity, cells
were pre-incubated with different concentrations of resveratrol
(ICs,IC;,1C5,IC5) for 1 h before 72 h H,O, treatments. Each
concentration and control was performed five times. ICs, values
were calculated from linear equations.

Supernatant Preparation for Chemical Parameters

For the supernatant to be used in the experiments, cells were
seeded in flasks and treated with different concentrations
of resveratrol (IC5(,ICs,,IC;y) for 72 h and a control group
was seeded without resveratrol treatment. The cells in the
resveratrol-treated and control flasks were trypsinized at the

end of 72 h. The pellet obtained by centrifugation at 600 xg
was washed 3 times with PBS (phosphate buffered saline, pH
7) solution. The homogenization buffer was prepared by mix-
ing 300 pl buffer (100 mM K,HPO, and 100 mM KH,PO,
solutions, pH 7), 1180 pL distilled water and 20 pL protease
inhibitor cocktail (Sigma). The pellet remaining from the last
wash was diluted with the homogenization buffer and trans-
ferred into Eppendorf tubes. The pellet was homogenized in
a Branson Sonifier ultrasonic disintegrator for 3x15 sec on ice
and centrifuged at 32,000 xg for 45 min at 4°C. The supernatant
obtained was stored at -80°C until use. MDA, glutathione and
enzyme measurements were performed using the supernatant
obtained.

Determination of MDA Level

To evaluate the prooxidant (membrane damaging) effect of
resveratrol, cells were subjected to varying doses of both resver-
atrol and hydrogen peroxide (at ICs, and IC;, concentrations)
for a period of 72 h. To assess the antioxidant (membrane pro-
tective) effect of resveratrol, the cells were treated with the
highest cytoprotective doses of resveratrol for a period of 1 h
before exposure to H,O, (at ICs, and IC, concentrations) for a
period of 72 h. The levels of MDA in the cells were determined
using the fluorometric method.!” The quantification of proteins
was carried out using the Bradford method, with bovine serum
albumin serving as a standard.'®

Determination of Enzyme Activity

The enzymatic assays were conducted using the supernatant
obtained from the samples. To determine GST activity, the
method developed by Habig and Jakoby was used, with 1-
chloro-2,4-dinitrophenol as a substrate.!® Enzyme activity was
quantified based on the binding of one pM of GSH per minute,
corresponding to one unit of enzyme activity. GR activity was
assessed by monitoring the oxidation of NADPH at 340 nm
using a spectrophotometric method.?’ The reaction mixture
comprised 100 mM potassium phosphate buffer (pH 7.4), 0.1
mM NADPH, oxidized glutathione (GSSG), and 1 mM EDTA.
One unit of enzyme activity corresponded to the reduction
of 1 pmol of GSSG per minute. Non-Se-GPx activity was
measured according to the method described by Paglia and
Valentine.?! To determine Se-GPx activity, 0.25 mmol/L H,0,
was used as a substrate, while 0.25 mmol/L cumene H,0, was
used to measure total GPx.??> By monitoring the reduction of
5,5’ -dithiobis(2-nitrobenzoic) acid by NADPH in the presence
of GR, spectrophotometry was utilized to determine the total
GSH concentration. Then, the GSH content was calculated as
nmol/mg protein.??

Statistical Analysis

The statistical analysis of the collected data was conducted
using the IPM Spss Statistics 20 program. The intergroup eval-
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uation of the results was carried out through ANOVA-Post-Hoc
analysis to determine the significance level of the observed dif-
ferences. Additionally, the Duncan Multiple Comparison Test
was utilized to evaluate the significance of the differences.?*

RESULTS

To demonstrate the dose-dependent prooxidant (cytotoxic) ef-
fect of resveratrol on H1299 and MRC-5 cells, the cells were
treated with different doses of resveratrol at different incuba-
tion periods (Figure 1). After 24, 48, and 72-hour incubation
periods, the cytotoxicity of resveratrol was found to be higher
(ICs0; 200, 100, 50 uM and ICy; 500, 300,125 pM) in H1299
cells than in MRC-5 cells (ICsq; 250, 150, 75 pM and IC5; 700,
400,200 pM). When H1299 and MRC-5 cells were treated with
different doses of H,0,, a strong prooxidant, cytotoxicity in-
creased in both cell lines due to increased H,O, doses (Figure
2). As a result of cytotoxicity measurements, IC5, and IC,
values were determined for 72 h. These values were found to
be 300 and 420 pM for H1299 cells and 200 and 300 pM for
MRC-5 cells, respectively.

Figure 1. The dose-dependent cytotoxic effect of resveratrol in H1299 and
MRC-5 cells at 24, 48 and 72 h. Values are expressed as the mean of three
separate experiments. Error bars represent the standard deviation (SD) of the
mean from five replications (ANOVA with Tukey’s test, p<0.05).

The dose-dependent antioxidant (cytoprotective) effect of
resveratrol was demonstrated by measuring the viability of
cells treated with H,O,(ICsy and 1C4y) for 72 h after pre-
incubation with low doses of resveratrol (ICs, IC,, IC,p, and
IC5p). Table 1 shows the levels of H,O,-induced cytotoxicity
in H1299 and MRC-5 cells pre-incubated with different doses
of resveratrol. Maximum cytoprotective doses of resveratrol
were found to be 30 pg/mL for H1299 cells and 20 pg/mL for
MRC-5 cells against H,O, cytotoxicity. The cytotoxic effect
of H,O, application after pre-incubation with resveratrol was
found to be lower than the cytotoxic effect of H,O, alone, which
showed us the cytoprotective effect of resveratrol. From these

Figure 2. The dose-dependent cytotoxic effect of H,O, in H1299 and MRC-5
cells. Values are expressed as the mean of three separate experiments. Error
bars represent the standard deviation (SD) of the mean from five replications
(ANOVA with Tukey’s test, p<0.05).

results we obtained, it has been revealed that resveratrol has a
dose-dependent biphasic (pro/antioxidant) effect on H1299 and
MRC-5 cells.

At high concentrations, antioxidants can cause membrane
damage because they act as pro-oxidants, while at lower con-
centrations they can protect the membrane against oxidants
by showing an antioxidant effect. Oxidative stress created by
pro-oxidants in the cell leads to membrane damage by lipid per-
oxidation and increases the MDA level. To evaluate the dose-
dependent membrane-damaging and membrane-protective ef-
fects of resveratrol on H1299 and MRC-5 cells, MDA levels
were assayed (Table 2). The amount of MDA obtained after
exposure of H1299 cells to resveratrol at IC50 and IC70 doses
was approximately 7 and 9 times higher than control cells.
Similarly, MDA levels in H1299 cells exposed to ICs, and IC7,
doses of H,0,, a strong oxidant, were 7 and 13 times higher,
respectively, than in the control (Table 2). Here, resveratrol acts
as a prooxidant depending on the dose. Resveratrol increases
outer membrane permeability and membrane depolarization in
cells.? Intracellular ROS accumulation caused significantly in-
creased MDA levels confirmed, indicating resveratrol’s proox-
idant activity. On the other hand, the MDA level measured
in H1299 cells exposed to low-dose resveratrol (IC3,) for one
hour before 72 h of H,O, (ICs, and IC;;) administration was
found to be lower than those treated with only H,O,. Under
the same experimental conditions, the low dose of resvera-
trol (IC,) for MRC-5 cells showed membrane protective effect
against H,O,-induced membrane damage. These results indi-
cated that the significantly reduced MDA levels were due to
the antioxidant effect of resveratrol. All the results we obtained
from the measurement of MDA level revealed that resveratrol
has a dose-dependent biphasic effect in H1299 and MRC-5 cells
by showing both membrane protective effects against H,O, and
damaging membrane effects.
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Table 1. Protective effect of resveratrol against H,O, (<ICs and IC5) cytotoxicity on H1299 and MRC-5 cells.

Resveratrol Concentrations % Cell Viability

Resveratrol Concentrations

% Cell Viability

+ S.H. + S.H.
H1299 cells MRC-5 cells
ICs Resveratrol + ICso H202 45+1.2 ICs Resveratrol + ICsp H20:2 40+0.9
ICs Resveratrol + IC7o H202 39+1.3 ICs Resveratrol + IC7 H202 33+1.4
IC10 Resveratrol + ICso 39+1.3 IC10 Resveratrol + ICso H202 45+1.1
H20:
ICi0 Resveratrol + IC7o 42 +1.4 IC10 Resveratrol + IC70 H202 35+1.3
H>0:
IC20 Resveratrol + ICso 47+1.2 IC20 Resveratrol + ICso H202 57+1.2
H20:
ICz0 Resveratrol + IC7o 46+1.2 IC20 Resveratrol + IC70 H20: 45+1.5
H20:
IC30 Resveratrol + ICsg 38+14 IC30 Resveratrol + ICso H202 34+1.3
H>0:
ICs0 Resveratrol + IC7o 11+1.1 ICs0 Resveratrol + IC70 H202 3+1.0
H>0:
ICso Resveratrol 50+2.3 ICso Resveratrol 75+1.5
IC70 Resveratrol 125+29 IC70 Resveratrol 200+ 1.9
ICso H20:2 51+1.6 ICso H20:2 50+1.2
IC7 H20:2 31+1.3 IC7 H:20:2 30+1.1
Control 100+ 1.9 Control 100+ 1.6

The glutathione system, which consists of GSH and enzymes
like GPx and GR, which permit its reversible conversion (oxi-
dation or reduction), serves as the fundamental building block
for the antioxidant defense system. Reduced GSH serves as
both a substrate for chemical reactions and an essential com-
ponent for reducing selenolate groups found in the catalytic
center of enzymes that become oxidized during the glutathione
peroxidase reaction. GSH depletion in resveratrol (ICs, and
IC;) exposed cells was confirmed, which indicated the proox-
idant activity of resveratrol. The changes in the GSH level in
H1299 and MRC-5 cells exposed to different concentrations
of resveratrol (ICz¢/5g, ICsp, IC5g) and H,O, (ICsq and IC)
are given in Table 2. Resveratrol did not show any prooxidant
effect at low doses applied to both cells. As a result of expo-
sure of H1299 and MRC-5 cells to an ICs, resveratrol dose
for 72 h, GSH levels decreased by 7% and 6%, compared to
the control group, respectively. This is a clear sign of oxidative
stress. As with resveratrol (ICsy and IC,) administration, dif-
ferent doses of H,O, (ICsq and IC5), which is a strong oxidant,
statistically significantly decreased the GSH level in both cells
(p<0.05). However, as seen in Table 2, the amount of GSH in

cells pre-incubated with low dose resveratrol and then exposed
to H,O, was higher than the amount of GSH in cells exposed
to H,O, alone. Here, resveratrol protected the cells by showing
antioxidant effect against H,O, which is a strong oxidant.

The antioxidant defense network relies on the coordinated
actions of key enzymes, including GR, GST, Se-GPx, and non-
Se-GPx. GR catalyzes the reduction of oxidized glutathione
(GSSQ) to its active form (GSH), utilizing nicotinamide ade-
nine dinucleotide phosphate (NADPH) as an electron donor,
ensuring a continuous supply of the essential cellular antiox-
idant. GST, on the other hand, plays a pivotal role in detox-
ification by conjugating electrophilic compounds with GSH,
facilitating their elimination. Se-GPx and non-Se-Px function
as crucial components in the neutralization of H,O, and lipid
peroxides, respectively, by utilizing GSH as a co-factor. These
peroxidases protect cells from oxidative damage by converting
harmful ROS into less harmful substances, emphasizing their
integral roles in maintaining cellular redox homeostasis and
preventing oxidative stress-induced damage. On the other hand,
Se-GPx (1.2-folds in H1299, 1.4-folds in MRC-5 ), non-Se-GPx
(1.1-folds in H1299, 1.2-folds in MRC-5 ), GST (1.6-folds in
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Table 2. Prooxidant and antioxidant effect of resveratrol on MDA and GSH levels, and Se-GSH-Px, GSH-Px, GST, and GSH-Rx
activities in H1299 and MRC-5 cells.

Resveratrol Concentrations MDA Level GSH Level GR GST Se-GPx Non-Se-GPx
nmol/mg nmol/mg mU/mg mU/mg nU/mg nU/mg
X+ SE X+ SE X +SE X +SE X+ SE X+SE
IC3 Resveratrol  (H1299) 1.3+0.20° 59+2.109 16+19° 44 +43%® 520 + 12 679 +11°
ICso Resveratrol (H1299) 2340.32°¢ 53+2.34 25+2.5% 64+23 600+ 11° 750 +12°¢
IC7 Resveratrol ~ (H1299) 3.0+045¢ 49+221°¢ 35+294 79+3.3¢ 695+ 11°¢ 795 + 14¢
1Cs H,0, (H1299) 254045¢ 40 +2.33° 44 +35¢% 88 +3.2°f 714 +13¢ 800 + 14¢
1C7 H;0, (H1299) 43+034°¢ 33+2.20*° 56+3.6" 95+4.11% 773 +12¢ 851 +15¢
IC3 Resveratrol + I1Csy H,O, 1.8 +0.25% 50+2.55 20+1.2° 55+2.5% 528 + 14 660+ 13*
(H1299)
IC30 Resveratrol + 1C5 H,0, 3.3+045¢ 40+2.45° 25+1.0% 60+2.7¢ 595+ 12° 750+ 14 ¢
(H1299)
DMSO (H1299) 0.32+0.13¢ 58 +2.6349 10+09* 38+1.3% 509+12¢ 658 +13*
Control (H1299) 033+0.15*° 57+1.584 10+0.8* 39+2.0° 506+13* 660+ 14°
IC; Resveratrol (MRC-5) 0.8+0.03%® 53+2.32¢ 11+1.0% 40+3.0° 311 +12%® 431+10°
ICso Resveratrol (MRC-5) 1.4+0.03° 49+238¢ 21 +1.5% 53+43¢ 363 +11° 481 +11°
IC7 Resveratrol (MRC-5) 1.8 +0.04 > 45+2.28"% 29+13°¢ 68+2.2¢ 484 +11° 527 +12°
1Cs HO0, (MRC-5) 2.0 +0.06 °¢ 37+229° 31+£2.6% 72+34¢ 497 +13°¢ 548 + 14 %
1C7 H;0, (MRC-5) 2.5 +0.08° 30+2.28* 40+3.14 84+351% 553 +124 601 +13°¢
ICy Resveratrol + I1Csy H,0O, 1.5+0.03° 45+235 % 14+0.8% 48+25¢ 350+ 14 ® 425+12°
(MRC-5)
IC; Resveratrol + 1C5 H,0, 2.0 £0.03% 38+241° 19+09° 52+3.4¢ 375+12%® 470 +11°
(MRC-5)
DMSO (MRC-5) 0.29+0.02° 51+243 6 +07° 30+1.0° 260 +12° 405 +13°
Control (MRC-5) 026 +0.01¢ 52+1.40¢ 7+04 29 +19° 263 +13° 400+13°

Results are means of eight different experiments. Values that are followed by different letters within each column are significantly different
(p< 0.05). df1=2, df2=95, F=11.96. SE: Standard Error. MDA: Malondialdehyde, GSH: Reduced glutathione, Se-GPx: Selenium-dependent
glutathione peroxidase, Non-Se-GPx: Non-selenium-dependent glutathione peroxidase GST: Glutathione S-transferase, GR: Glutathione
reductase.
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H1299, 1.8-folds in MRC-5), as well as increased GR activity
(2.5-folds in H1299, 3-folds in MRC-5 ) was seen in IC5 resver-
atrol exposed H1299 and MRC-5 cells respectively. Also, the
activity of these enzymes was found to be significantly higher
in IC; resveratrol-treated cells than in control cells (Table 2).
As aresult, high resveratrol doses like H,O,-induced oxidative
stress in H1299 and MRC-5 cells showed an oxidative effect.
Both resveratrol and H,0O, increased enzyme activities in cells.

On the other hand, H1299 cells, preincubated with ICj;
resveratrol doses (the highest cytoprotective effect dose for
H1299 cells against H,O, cytotoxicity) for 1 h, before H,0O,
treatment (ICs, and 1C;() for 72 h, had lower enzyme activity
than non-preincubated cells (Table 2). Under the same exper-
imental conditions, the IC,, dose of resveratrol for MRC-5
cells showed a protective effect against H,O,-induced oxida-
tive stress. We assume that the antioxidant action of resveratrol
can accompany decreasing H,0, -induced oxidative stress with
lower doses. These findings suggest that resveratrol exhibits an-
ticancer/antioxidant effects depending on the dose in both cells.

DISCUSSION

Lung cancer is a major cause of cancer-related mortality world-
wide, with rising incidence rates globally.2® This may be due to
increased oxidative stress due to daily exposure of the lungs to
oxidants from both endogenous and exogenous sources (such
as air pollution and cigarette smoke).5® Therefore, lung cancer
cells can be selected as a model for oxidative stress studies. ROS
generation is increased under oxidative stress, and antioxidant
defense mechanisms like GSH, GST, GPx and GR are sig-
nificantly less effective. Specifically, ROS can impair the lipid
membrane by increasing its fluidity and permeability. However,
appropriate doses of herbal products with antioxidant proper-
ties such as resveratrol can decrease cellular damage caused by
oxidative stress.?’ Resveratrol is a natural polyphenolic com-
pound with a well-known capacity to modulate ROS, especially
hydroxyl radicals (*OH). In recent years, the scientific commu-
nity has expressed considerable interest in resveratrol due to
its biphasic function, which is dose-dependent. For example,
in one study, while ROS play a role in muscle repair, exces-
sive amounts of ROS over long periods of time can lead to
oxidative stress. Antioxidants such as resveratrol can reduce
oxidative stress, restore mitochondrial function and promote
myogenesis and hypertrophy. However, resveratrol dose effi-
cacy for muscle plasticity is unclear. Therefore, we investigated
the dose-response of resveratrol on C2C12 myoblast and my-
otube plasticity in the presence and absence of different degrees
of oxidative stress. Low resveratrol concentration (10 pM)
stimulated myoblast cell cycle arrest, migration and sprouting,
which were inhibited by higher doses (40-60 pM). Resvera-
trol did not increase oxidative capacity. In contrast, resveratrol
caused loss of mitochondria, reduced cell viability and ROS
production, and activated stress response pathways [Hsp70 and

pSer36-p66(ShcA) proteins]. However, the deleterious effects
of H,0, (1000 pM) on cell migration were attenuated after pre-
conditioning with 10 pM-resveratrol. This dose also enhanced
cell motility mediated by 100 pM-H,0,, while higher doses of
resveratrol increased H,O,-induced impaired myoblast regener-
ation and mitochondrial dehydrogenase activity. In conclusion,
low doses of resveratrol promoted in vitro muscle regeneration
and attenuated the effect of ROS, whereas high doses enhanced
oxidative stress-induced decreased plasticity and metabolism.
Thus, the effects of resveratrol depend on the dose and the de-
gree of oxidative stress.?® Clinical studies have reported that
resveratrol can confer health benefits (both in animal and hu-
man studies) at moderate doses, while higher doses may trig-
ger a pro-apoptotic tumoricidal effect.!*2%30 For instance, a
study showed that the resveratrol derivative produced by high-
pressure treatment exhibited a proliferative inhibitory effect on
cervical cancer cells.!” Tt has been revealed that resveratrol
exhibits many biological activities with different drug combi-
nations at different concentrations in colorectal cancer cells.’
When the antioxidant interaction between resveratrol (8 pg/ml)
and eugenol EUG (8 mg/mL) in the carboxymethyl cellulose
biodegradable film was evaluated, the combination of the two
showed a synergistic antioxidant effect.!! Asnoted in the studies
above, scientists today focus on the dose-dependent biological
effects of resveratrol, resveratrol derivatives, combinations of
resveratrol with other ingredients, and encapsulated resveratrol
in drug development studies. Our study explains the biphasic
function (anti-/pro-oxidant) of resveratrol in a dose-dependent
manner. The data we obtained showed that resveratrol has a
prooxidant effect at high cell concentrations, while it protects
cells pre-incubated with low concentrations of resveratrol from
H,0,-induced oxidative stress.

In a study supporting our findings, it was observed that micro-
molar concentrations of trans-resveratrol reduced the MDA lev-
els caused by t-BHP-induced oxidative stress in erythrocytes.!
Similarly, another study found that resveratrol played a protec-
tive role in regulating oxidative damage by modulating GSH
homeostasis against the environmental carcinogen NaAsO,.3?
In human endothelial cells, resveratrol modulated the expres-
sion of both pro-oxidative and antioxidative enzymes, in-
creasing mRNA expression of SOD1 and GPx1. Furthermore,
pretreatment of cells with resveratrol completely prevented
DMNQ-induced oxidative stress.>> Resveratrol also demon-
strated no cytotoxicity to human lymphocytes at concentrations
of 10-100 pM, while inhibiting DNA damage in these cells in-
duced by H,O,. Resveratrol increased the activity of GR, GST,
and GPX, indicating that the modulation of antioxidant en-
zymes (GPX, GR, and GST) and an increase in GSH levels
were responsible for resveratrol’s inhibitory effect on oxidative
DNA damage in human lymphocytes caused by H,0,.* In a
study, the protective effects of resveratrol against H,O,-induced
oxidative stress in bovine skeletal muscle cells (BMCs) were in-
vestigated. Pretreatment of BMCs with resveratrol before H,O,
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exposure increased cell viability, decreased ROS and stabilized
redox status compared to H,O, treatment alone. H,O, exposure
activated sirtuin type 1 (SIRT1) and nuclear factor E2-related
factor 2 (NRF2) mediated signaling pathways. Pretreatment
with resveratrol did not alter SIRT1-regulated genes, but in-
creased heme oxygenase 1 (HO-1) expression while inhibiting
the up-regulation of NRF2. These results suggest that resvera-
trol has beneficial effects against oxidative stress.>> In another
study, the neuroprotective and antioxidant effects of resveratrol
against H,O, in embryonic neural stem cells were investigated.
H,0, treatment alone increased catalase and GPx activities,
but did not change superoxide dismutase levels compared to
H,0;" resveratrol treatment. Nitric oxide synthase activity and
concomitant nitric oxide levels increased in response to H,O,
treatment. Conversely, nitric oxide synthase activity and ni-
tric oxide levels were decreased in cells exposed to H,O, after
preincubation with resveratrol. Resveratrol also reduced H,O,-
induced nuclear or mitochondrial DNA damage. Resveratrol
decreased nitric oxide production and nitric oxide synthase
activity by inducing the activity of antioxidant enzymes and
reduced the potential for oxidative stress by reducing both nu-
clear and mitochondrial DNA damage. Therefore, it has been
suggested that it may be a promising agent to protect embryonic
neural stem cells.3¢ In this study, the effects of resveratrol on
glutamate-induced oxidative cell death were investigated. Cul-
tured HT22 cells, an immortalized mouse hippocampal neu-
ronal cell line, were used as an in vitro model. Oxidative stress
and neurotoxicity in these neuronal cells were induced by expo-
sure to high concentrations of glutamate. Resveratrol potently
protected HT22 cells from glutamate-induced oxidative cell
death. The neuroprotective effect of resveratrol was indepen-
dent of its direct radical scavenging property, but instead de-
pended on its ability to selectively induce mitochondrial super-
oxide dismutase (SOD2) expression and subsequently reduce
mitochondrial oxidative stress and damage. The induction of
mitochondrial SOD2 by resveratrol was mediated by activation
of PI3K/Akt and GSK-3f/B-catenin signaling pathways. Taken
together, the results of this study suggest that up-regulation
of mitochondrial SOD2 by resveratrol represents an important
mechanism for the protection of neuronal cells against oxidative
cytotoxicity resulting from mitochondrial oxidative stress.3” In
our study, the involvement of antioxidant enzyme systems such
as Se-dependent GRx, non-Se-GPx, GST, and GR was explored
in the detoxification of ROS in H1299 and MRC-5 cells.

CONCLUSION

Based on the findings of our study, it can be suggested that high-
dose resveratrol has the potential as a natural source for the
production of new anticancer drugs. Our results demonstrated
that high-dose resveratrol had cytotoxic effects on H1299 cells
and increased membrane damage and antioxidant enzyme lev-
els. In addition, using low-dose resveratrol to develop antiox-

idant drugs for healthy cells against strong oxidants will also
contribute to protecting human health. Thus, dose- and time-
dependent use of resveratrol may contribute to identifying new
strategies for treating lung carcinoma and protecting healthy
cells against prooxidants. A better understanding of the in-
tracellular mechanisms of resveratrol will bring new strate-
gies for producing anticancer and antioxidant drugs. More de-
tailed studies should be conducted on phenolic compounds
such as resveratrol, which show biphasic effects such as antiox-
idant/prooxidant in cells depending on dose and time.
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ABSTRACT

Objective:Plants have been used for medicinal purposes since the beginning of human history and form the basis of modern
medicine, and they are also the source of most chemotherapeutic drugs for cancer treatment. This study aims to investigate for
the first time the cytotoxic and apoptotic effects of the active ethanol (RTE) and chloroform (RTC) extracts of Rubus tereticaulis
leaves in the A549 non-small-cell lung cancer cell line.

Materials and Methods:A549 cells were treated with RTE and RTC individually. The MTT assay was used to quantitatively
detect RTE and RTC’s cytotoxic effects. The fluorescent signal indicator H2DCF-DA was used to detect cellular reactive
oxygen species (ROS) production. Apoptosis was evaluated by fluorescence microscope after acridine orange/ethidium bromide
fluorescent staining, annexin V-FITC and immunoblotting analyses, immunofluorescence, and imaging.

Results:Both RTE and RTC induced cytotoxicity in A549 cells in a dose-dependently, which was accompanied with induced
ROS accumulation. Both early and late apoptotic cells detected by flow cytometry were increased in the RTE- and RTC-treated
cells. In addition, the results show RTC to have higher cytotoxic and apoptotic effects and increased ROS-generation capacity
than RTE. Therefore, the polarity of the solvent used to exert the anticancer effect of R. tereticaulis leaves is crucial.
Conclusion:This is the first anti-cancer activity study on R. fereticaulis. The results suggest R. tereticaulis leaves to have an
anti-cancer effect on lung cancer cells through ROS-mediated apoptosis and RTC to be an effective therapeutic/adjuvant strategy
in cancer treatment.

Keywords: Lung cancer, Anti-cancer effect, Oxidative stress, Rubus tereticaulis, Apoptosis

INTRODUCTION treatments has been significantly reduced in lung cancer due to

the emergence of drug resistance strains.* Additionally, the
One of the leading causes of cancer-related deaths worldwide is chemotherapeutic approach to treating lung carcinomas fre-
lung cancer. Lung cancer affects 1.8 million people worldwide quently results in serious off-tareet side effects. In order to
each year and claims 1.6 million lives. Non-small-cell lung  rep1ace the widely used chemotherapeutics, a worldwide push
cancer (NSCLC) and small-cell lung cancer (SCLC) are the two  pag occurred for researching alternative medicines with higher
main kinds of lung cancer and respectively cause approximately  {ojerance profiles, such as natural products.

85% and 15% of all newly discovered lung cancers.!-? ] . .
Many cancer cells have a prolonged increase in the creation of

The best course of treatment for a patient with lung can-jpyringic reactive oxygen species (ROS) during malignant trans-
cer depends on the stage at which they are discovered to have formation, which sustains the oncogenic phenotype and pro-
this dreadful disease. It typically entails surg;cal resection fol- | Svao tumor growth. Redox adaptation enables cancer cells to
lowed by chemotherapy and/or radiotherapy.” The main treat-  jncrease survival and build resistance to anti-cancer medicines

ments for lupg cancer involve ?hemotherapeutic med.icatio.ns by upregulating anti-apoptotic and antioxidant chemicals.’
such as paclitaxel, 5-fluorouracil (5-FU), docetaxel, cisplatin,

and gemcitabine. The effectiveness of many chemotherapeutic Plants have long been employed for their numerous health
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advantages. Around 80%-85% of people globally rely on con-
ventional plant-based medicines for their medical requirements.
Many plant extracts, isolated chemicals, and their equivalents
have been employed as powerful anticancer medications, and
research into the medicinal qualities of substances derived from
plants has grown in popularity.® The antioxidant, anti-cancer,
antibacterial, antiviral, and anti-inflammatory effects of pheno-
lic compounds found in plants are well documented.® Research
on medicinal plants and their polyphenol-rich extracts is cru-
cial. As a result, the need exists for new products with fewer
negative effects than those currently in use.

The genus Rubus is a member of the Rosaceae family that
has 740 species growing naturally in the world, with 10 taxa
in Turkey.'® Rubus species are used internally or externally in
traditional folk medicine to treat various diseases.!! Flavonoids
(e.g., quercetin, kaempferol) and phenolic acids (e.g., caf-
feic acid, chlorogenic acid) have been found in phytochemi-
cal investigations of Rubus species. The presence of catechins,
pectins, carboxylic acids, anthocyanins, vitamin C, and satu-
rated as well as unsaturated fatty acids has also been shown
in prior investigations.'>'* Only two previous studies by some
of this team’s researchers are found on the phytochemical con-
tent and bioactivity (i.e., antioxidant, anti-inflammatory, anti-
colitis, and wound healing activities) of Rubus tereticaulis.
One of these studies reported R. fereticaulis ethanol extract
to contain quinic acid, 5-caffeoylquinic acid, quercetin pen-
toside, quercetin glucoside, quercetin-3-O-f-D-glucuronide,
kaempferol-3-O-p-D-glucuronide, and kaempferol rutinoside.
In addition, the total phenol and flavonoid amounts in this
species were calculated and revealed to show antioxidant, anti-
inflammatory, and anticolitis activity. The compound responsi-
ble for these activities has been shown to be quercetin-3-O-f-D-
glucuronide, which is the major compound in the extract, along
with other phenolic compounds.!# The second study reported
R. tereticaulis to show wound healing activity.!

The aim of this study is to investigate for the first time the
cytotoxic and apoptotic effects of R. tereticaulis leaves’ active
ethanol (RTE) and chloroform (RTC) extracts in the A549 lung
cancer cell line.

MATERIALS AND METHODS
Plant Material and Extraction

R. tereticaulis leaves in the flowering period were collected
from the Sile region of Tiirkiye’s Istanbul province on June 15,
2016 and identified by Dr. Ahmet Dogan. Voucher specimens
were kept in the herbarium of the Marmara University Faculty
of Pharmacy (MARE No. 18573). RTE and RTC extracts from
the R. tereticaulis leaves had been obtained in the previously
reported study'* and stored at 4° C until analysis.
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Cell Culture

The A549 cells was purchased from the American Type Culture
Collection (ATCC, USA), maintained in DMEM/F12K, and
supplemented with 10% fetal bovine serum (FBS), 1% 100
units/mL of penicillin, and 1% 100 pg/mL of streptomycin.
The cells were cultured in a humidified atmosphere of 5% CO;
at 37 °C. The cells were grown in 75 cm? culture bottles.

The study uses the RTE and RTC extracts as experimental
groups. Before the cell culture studies, the extracts were dis-
solved in a 1% dimethyl sulfoxide solution and then diluted with
1X phosphate buffer saline (PBS). The control group is A549
cells exposed to the 0.1% (v/v) dimethyl sulfoxide solution that
had not been treated with any extract.

Cell Viability Assay

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bro-
mide (MTT) test (Sigma) was used to assess cellular metabolic
activity in a 96-well plate. The A549 cells were plated in wells
at a density of 5 x 10* cells each, with the cells then treated
with increasingly greater concentrations (25-600 pg/mL) of the
RTE and RTC samples at 37 °C for 48 h. After incubation, 10
pL of the MTT solution (5 mg/mL in sterile PBS) and 100 mL
of fresh DMEM were added to each well and incubated 4 h. The
dimethyl sulfoxide (DMSO) solution was then added to 100 pL.
of a dissolving buffer and incubated for 15 min at room temper-
ature. The optical density was read at 570 nm on a microplate
reader to ascertain the MTT reaction in cells (Varioskan Flash
Spectral Scanning Multimode Reader, Thermo Scientific). Cell
viability was calculated as a percentage of the controls. '

Measuring ROS Levels

The fluorescent signal indication 2,7 dichlorodihydrofluores-
cein diacetate was used to measure intracellular ROS gener-
ation (H2DCF-DA). After being oxidized by ROS in the me-
dia, the colorless HyDCF-DA transforms into green luminous
dichlorofluorescein (DCF). A fluorescent link is found between
elevated ROS levels and the fluorescence that is released.!”

After 24 h of incubation, 1x10* cells seeded on 96 opaque
black plates were given RTC and RTE. These were then in-
cubated for 48 h in accordance with the experimental groups.
The media were aspirated and given three washings in 1xPBS
following incubation. An incubator was filled with 100 pl of 10
pM H2DCEF-DA produced in ddH,0, and the mixture was then
incubated at 37 °C. A fluorescence plate reader equipped with
an Ex:488nm/Em:525nm laser was used to measure the DCF
fluorescence intensity that resulted during incubation (Var-
ioskan Flash Multimode Reader, Thermo Scientific). MTT was
compared to the control group with 0.1% DMSO added, and
the results were determined using the ratio of ROS:MTT.!®
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Dual Acridine Orange/Ethidium Bromide (AO/EB)
Staining

The dyes AO/EB are unique to DNA. McGahon et al. invented
the dual AO/EB staining method,'® which allows one to dis-
tinguish among viable, apoptotic (early or late stages), and
necrotic cells by combining the differential uptake of fluores-
cent DNA binding dyes of AO and EB with the morpholog-
ical feature of the chromatin condensation in the stained nu-
cleus. Both live and nonviable organisms absorb the acridine
orange, which then either intercalates into double-stranded nu-
cleic acids (mostly DNA) or binds to single-strand nucleic acids
to produce red fluorescence (RNA). Ethidium bromide only en-
ters nonviable cells and intercalates into DNA to produce red
fluorescence. A viable cell would therefore have an orange
cytoplasm and a uniform bright green nucleus. An early apop-
totic cell, whose membranes are still intact but have begun to
cleave its DNA, would still have a green nucleus but exhibit
bright green patches of condensed chromatin. A late apoptotic
cell would exhibit bright orange areas of condensed chromatin
in the nucleus (EB predominates over AO). A necrotic cell
would have a uniform bright orange nucleus. When stimulated
at 480—490 nm by living cells, AO diffuses into dsDNA and
distributes green fluorescence. In a nutshell, 6-well plates were
seeded with 2x10° cells/well and incubated for 24 h. After that,
another 24 h of incubation occurred with the addition of RTC
and RTE below the ICs( values. After being treated with RTC
and RTE, the cells were taken out and cleaned with PBS before
being stained with a 1:1 mixture of AO/EB (100 png/mL; CAT:
235474/E8751-Sigma Aldrich, USA). Using a fluorescent mi-
croscope, the incidence of apoptotic chromatin condensation
was measured and scored for three replicate samples, each con-
taining one hundred cells (Leica DM 1000, Solms, Germany).

Annexin V-FITC Analysis

For the purpose of detecting apoptosis, the manufacturer’s in-
structions for the Annexin V-FITC staining kit (eBioscience,
Thermo Fisher Scientific, USA) were followed. In brief, the
A549 cells were seeded onto six-well plates at a density of 1.5
x 10° cells per well and left to adhere overnight before being
treated for 24 h with ICsq doses of RTC and RTE. The trypsin-
digested cells were centrifuged for five minutes at 200x rpm.
Resuspended in 100 pL Annexin V-FITC labeling solution, the
cell pellet was then incubated at 15-20°C for 10-15 min. Im-
mediately after, it was analyzed using flow cytometry (Becton
Dickinson, FACS Canto II) at 525 nm for emission and 488 nm
for excitation.

Immunoblotting Analysis

The A549 cells were seeded on 6-well plates at 1.5x10° per
well, and the plates were cultured for a full day. Then, based

on their ICso values, they received treatment with RTC and
RTE. The NP-40 cell lysis buffer (2 mM Tris-HCI pH 7.5,
150 mM NaCl, 10% glycerol, and 0.2% NP-40 plus a protease
inhibitor cocktail) was used to harvest and prepare the cells
after 24 h of incubation. The cells were centrifuged at 14,000x
rpm (Beckman Coulter, Krefeld, Germany) for 10 min at 4°C.
Next, the cytosolic fraction was made from the final super-
natant. The Bradford protein assay method was used to calcu-
late the supernatant’s protein concentration. Proteins from cel-
lular supernatants were separated on 8%-10% polyacrylamide
gels and then moved using the trans-blot SD semipermeable
electrophoretic transfer cell to a nitrocellulose membrane (Bio-
Rad, Hercules, CA). The membrane was blocked using Tris-
HCl-buffered saline with Tween 20 (TBST) and 5% nonfat
milk. Following an overnight incubation at 4°C, the primary
antibodies caspase-3 (1:1000 dilution), PARP (1:500 dilution)
were employed. To standardize protein levels, B-actin (1:2000
dilution) was also blotted for all samples. The membrane was
cleaned with TBST and then incubated for an additional hour
with secondary antibodies conjugated with horseradish perox-
idase (Cell Signaling Technology, Danvers, MA). Pierce ECL
Western staining substrate (Thermo Scientific) was used to vi-
sualize immunolabelled proteins, and an imaging system (Vil-
ber Lourmat Sté, Collégien, France) was used to acquire the
images.

Immunofluorescence and Imaging

The A549 cells were fixed in 4% buffered formalin after being
treated with the RTC and RTE extracts for 48 h. PBS was then
used as a washing medium. Cells were permeabilized using
0.3% Triton X-100in PBS, blocked with goat serum in PBS, and
then treated for 1 h at 37°C with caspase-3 (1:100). Alexa fluor
was then used as the secondary antibody and allowed to sit at
room temperature for 30 min. A Zeiss fluorescence microscope
was used to observe the cells following their mounting with
4’,6-diamidino-2-phenylindole (DAPI) for nucleus staining.

Statistical Analysis

Statistical analysis was done with GraphPad Prism 8. Data are
expressed as mean + standard deviation. Data were analyzed
with the two-way analysis of variance (ANOVA) test. Signif-
icance changes with different p values (** p < 0.01, *** p <
0.001, **** p < 0.0001).

RESULTS

Cell Viability Assessment

The MTT results show a marginally higher viability in the
A549 cells treated with RTC and RTE at low dosages (25-50
1g/mL) compared to the control (Figure 1A). This outcome was
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Figure 1. Effect of R. tereticaulis leaves’ active ethanol (RTE) and chloroform (RTC) extracts on cell viability of A549, change in the amount of intracellular ROS
and apoptotic effects in the cell. (A) Effects of RTC and RTE on A549 cell viability in a dose-dependent manner (**p<0.01 and *** p<0.001). (B) Dose-dependent
effects of RTC and RTE on the amount of intracellular ROS in A549 cells (*** p<0.001). (C) Dose-dependent apoptotic effects of RTC and RTE in A549 cells

(**p<0.01, *** p<0.001 and ****p<0.0001).

anticipated. When comparing the cells to those in the control
group, a statistically significant decline was seen in the viability
of the A549 cells that had been treated with 150, 300, 400 and
600 ng/mL each of RTC and RTE (p < 0.001). RTC was found
to be more cytotoxic than RTE against A549 cells. The RTC
and RTE extracts inhibited proliferation of the A549 cells at
the ICsg values of 395 and 480 pg/mL, respectively.

ROS Generation Assessment

RTC and RTE had slight antioxidative effects on ROS levels in
the A549 cells when compared to the control at the same low
dosages (25-50 pg/mL). RTC and RTE demonstrated a proox-
idant effect at high concentrations (50-600 pg/mL), whereas
they demonstrated an antioxidant effect at low doses (25-50
pg/mL; Figure 1B). While a statistically significant increase
had occurred in the quantity of intracellular ROS in the A549
cells treated with 75 pg/mL and 150 pg/mL of RTE compared
to the control group (p < 0.001), no such statistically significant
increase was seen in the A549 cells treated with the same doses
of RTC (Figure 1B). When comparted to the control group,
the A549 cells treated with 300, 400, and 600 pg/mL each
of RTC and RTE showed a statistically significant increase in
the amount of intracellular ROS (p < 0.001). In particular, the
amount of intracellular ROS in cells treated with 600 pg/mL
of RTC dramatically increased in comparison to the levels of
intracellular ROS in the control cells and those treated with
RTE.

Apoptosis Assessment

As aresult of apoptosis, many cellular structures and organelles
are damaged or destroyed. The study has evaluated the apop-
totic effects of RTC and RTE using different methods such as

AO/EB double staining and Annexin V-FITC. The A549 cells
treated with different concentrations (150-600 pg/mL) of RTC
and RTE showed the morphological features of apoptosis. Ac-
cording to the dual AO/EB staining, increasing the RTC and
RTE doses decreased the live cell rates and increased apop-
totic cell rates (Figures 1C, 2 and 3). In particular, the live cell
rates of A549 cells treated with 400 and 600 pg/mL of RTC
decreased more and the apoptotic cell rates increased more
compared to the other groups (p < 0.0001; Figure 3). Addi-
tionally, the annexin V-FITC results support the AO/EB data
(Figure 4).

Western Blotting Results

Increased levels of cleaved caspase-3 and cleaved PARP were
detected in the A549 cells after 48 h of RTC and RTE treatment
(Figure 5). RTC was determined to have a stronger apoptotic
effect compared to RTE (p < 0.001; Figures 5B and 5C).

Direct Inmunofluorescence Results

In order to investigate the apoptotic effect of Rubus extracts
on A549 cells, this study exposed the A549 cells to various
doses (400 and 600 pg/mL) of RTE and RTC extracts for 48 h.
Caspase-3 levels of the cells were analyzed by immunofluores-
cence staining. While apoptosis in the cells increased signifi-
cantly compared to the control group after applying 600 pg/mL
of RTC, no significant difference was observed in the group
that was applied RTE (Figures 6 and 7).

DISCUSSION

Many chemotherapy therapies no longer work as well as they
once did because of the development of drug resistance in
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Figure 2. Detection of dose-dependent apoptotic effects of R. tereticaulis leaves’ active chloroform (RTC) extracts in A549 cells with AO/EB dye. A) Control, B)
150 pg/mL, C) 300 pg/mL, D) 400 pg/mL, E) 600 pg/mL. Magnification: 20X. Arrows indicated the apoptotic cells.

lung cancer.*® Furthermore, the chemotherapeutic method of
treating lung carcinomas frequently results in substantial off-
target adverse effects. The trend toward medications made from
plants has begun due to their lack of negative side effects and
their high levels of phenolic compounds (e.g., flavonoids, phe-
nolic acids).'® This study focused on the anticancer activity
of R. tereticaulis, which a previous study on lung cancer had
shown to have high phenolic and flavonoid content.'*

The cytotoxic effect of the ethanol and chloroform extracts of
R. tereticaulis on human lung cancer cells was investigated by
MTT assay after 48 h of incubation with RTE and RTC extracts;
50% of the cells were inhibited at the concentrations of 395 and
480 pg/mL for the respective RTC and RTE extracts. No study
in the literature has been found regarding the anticancer activ-
ity of R. fereticaulis, not only against lung cancer cell line but
also against any other cancer line. However, well-known Rubus
species such as R. coreanum, R. adenotrichos, R. occidentalis,
and R. fairholmianus have all shown anti-cancer effects in pre-
vious studies. Two different studies have shown R. coreanum
ethanolic extracts and R. coreanus to have cytotoxic effect on
HT-29 colon cancer cells.2%2! Tn addition, R. occidentalis has
been shown to have activity against a number of cancer types

such as esophageal, colorectal, epidermal, and breast cancer
in both in vitro and in vivo studies.?? These results are in line
with those of the current study and confirm the anticancer ac-
tivity of the Rubus species. Although many studies are found
to have reported the cytotoxic effects of the Rubus species,
the cellular mechanisms underlying their effects have not been
sufficiently elucidated. This study presents for the first time
the half-maximal inhibitory concentrations of the ethanol and
chloroform extracts of R. tereticaulis on A549 cells.

During malignant transformation, many cancer cells produce
an excessive amount of intrinsic ROS, which encourages tumor
growth.?’ Cancer cells can boost their survival rate and develop
resistance to anti-cancer medications as a result of redox adapta-
tion, which controls anti-apoptotic and antioxidant molecules.”
Additionally, a growing body of proof is found showing ROS
to play a crucial role in both other cells and inflammatory
cells when inducing apoptosis.?® Natural antioxidants at high
doses are well-known for exhibiting pro-oxidant activity and
to produce ROS via the Fenton reaction. Higher concentra-
tions of antioxidant molecules, particularly in cancer cells, in-
duce DNA damage and apoptosis through their pro-oxidant
activity.”* One previous study found bioactive compounds iso-
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Figure 3. Detection of dose-dependent apoptotic effects of R. tereticaulis leaves’ active ethanol (RTE) extracts in A549 cells with AO/EB dye. A) Control, B) 150
pg/mL, C) 300 ng/mL, D) 400 pg/mL, E) 600 pg/mL. Magnification: 20X. Arrows indicated the apoptotic cells.

Figure 4. Annexin-V-FITC dual staining to assess the apoptotic activity of R. fereticaulis leaves’ active ethanol (RTE) and chloroform (RTC) extracts on A549
cells. Cells were treated with different concentrations RTC and RTE for 24 h, stained with Annexin- V/PI, and measured by a flow cytometry. A) RTC- Control,
B) RTC- 300 pg/mL, C) RTC- 600 pg/mL, D) RTE- Control, E) RTE- 300 pg/mL, F) RTE- 600 pg/mL.
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Figure 5. Examination of apoptotic proteins after 24-hour R. tereticaulis leaves’ active ethanol (RTE) and chloroform (RTC) extracts application to A549 cells.
A) Immunopositive bands for caspase-3 and PARP, B) Graphic indicates cleaved PARP normalization, C) Graphic indicates cleaved caspase-3 normalization.
**p<0.01 and *** p<0.001.

Figure 6. Fluorescence microscope images of A549 cells which were subjected to immunofluorescence detection (10x) after R. tereticaulis leaves’ active chloroform
(RTC) extracts.




Oter et al., Anti-Cancer Activity of R. tereticaulis

Figure 7. Fluorescence microscope images of A549 cells which were subjected to immunofluorescence detection (10x) after R. fereticaulis leaves’ active ethanol

(RTE) extracts.

lated from R. fairholmianus to exert anti-cancer effects by in-
creasing ROS production in MCF-7 breast cancer cells.> The
current study has shown for the first time the cytotoxic effect
of RTC and RTE treatment on A549 cells to be dependent on
their pro-oxidant properties. According to this investigation’s
findings, RTE and RTC treatment of A549 cells has resulted in
a decrease in the amount of ROS at lower concentrations while
resulting in an increase at higher concentrations.

To date, very few studies have been conducted to elucidate
the apoptotic effect of the Rubus species on cancer cells; nor has
research yet been conducted to elucidate the apoptotic mecha-
nism of R. fereticaulis in either cancer or normal cells. During
apoptosis, biochemical events occur such as caspase activation
in the cell and DNA and protein degradation, as well as some
changes to membrane structure. Caspases in particular, which
are activated during the caspase phase, take part in breaking
down many proteins, nuclei, and cytoskeletons.”®?” There are
some studies that have shown the Rubus species’ effect on apop-
tosis signal transduction pathways, but these are limited.?!->>?8
In fact, no studies are found based on R. tereticaulis. The present
study has reported the treatment of around ICsy doses of the
RTE and RTC extracts to induce apoptosis significantly com-
pared to the non-treatment group. Morphological, biochemi-
cal, and molecular changes related to apoptosis in cells can be
measured by different methods. This study analyzed apoptosis

using dual AO/EB staining, annexin V-FITC and immunoblot-
ting analyses, immunofluorescence, and imaging. Apoptotic,
necrotic, and living cells can be distinguished by these meth-
ods. The results of the current study reveal RTC and RTE at
ICsq doses to increase apoptosis in A549 cancer cells, with RTC
inducing more apoptosis than RTE. Consequently, the mech-
anisms underlying the cytotoxic and apoptotic activity of the
different Rubus extracts have been clarified as a result of the
evidence for the generation of intracellular ROS and apopto-
sis. Further studies should be conducted to elucidate the signal
transduction pathways underlying these impacts. Additionally,
RTC may have had a slightly stronger apoptotic and ROS gen-
erative impact than RTE due to being prepared with a different
solvent. This may also be due to RTC containing more apolar
compounds with cytotoxic activity than RTE.>

Recent data have shown inflammation to be closely asso-
ciated with tumors and to be a critical component of cancer
progression.’® Epidemiologic evidence has also revealed ap-
proximately 25% of all human cancers worldwide to be associ-
ated with chronic inflammation, chronic infection, or both.3!
The use of anti-inflammatory agents can improve patients’
prognoses by reducing the incidence and recurrence of vari-
ous cancers.>? Naturally derived agents with anti-inflammatory
activity have also been reported to have anti-cancer activity.>?
Therefore, conducting research is important on medicinal plants
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whose anti-inflammatory and antioxidant activity have already
been investigated. Previous studies have revealed RTE and RTC
to show antioxidant and anti-inflammatory activity due to their
phenolic and flavonoid contents. In addition, the major com-
pound of RTE that has antioxidant and anti-inflammatory activ-
ity was revealed to be quercetin-3-O-f-D-glucuronide.'* Some
studies have suggested that natural phenolic compounds with
pro-oxidant and anti-inflammatory properties may be promis-
ing anticancer agents against lung cancer.>*3> Thus, the pheno-
lic compounds in RTE and RTC that have pro-oxidant and anti-
inflammatory activity may be responsible for the anticancer ac-
tivity. In addition, quercetin glucuronides have been shown to
have cell cycle arresting and apoptosis-inducing effects against
the human lung cancer cell line NCI-H209.3¢ Therefore, one
can argue that quercetin-3-O-p-D-glucuronide, which has been
shown to have antioxidant and anti-inflammatory activity in
previous studies and is the major compound in RTE, is also
significantly responsible for RTE’s anticancer activity.

CONCLUSION

The present results have demonstrated R. tereticaulis extracts,
especially RTC, to be able to be a potential therapeutic agent
for human lung cancer treatment. However, in vivo studies are
needed to fully demonstrate RTC’s anticancer effect against
lung cancer.
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ABSTRACT

Objective: Thermogenesis in white and brown adipose tissues can be induced by various stimuli, including cold exposure,
p-adrenergic stimulation, and tumor growth. Fibroblast growth factor (FGF) 21 has emerged as an important mediator of
thermogenesis. This study investigated the involvement of other FGF family members in the regulation of adipose tissue
thermogenesis.

Materials and Methods: Mice were exposed to cold and administrated a B-adrenergic agonist (CL-316,243) to stimulate a
thermogenic response in adipose tissues. Stromavascular fractions isolated from white and brown adipose tissues were cultured
and differentiated into primary adipocytes. These cells were treated with recombinant FGFs. Changes in the expression levels of
thermogenic genes and FGFs were determined by real-time quantitative PCR.

Results: Cold exposure stimulated thermogenic gene expression in the adipose tissue, which was accompanied by the upregulation
of certain FGFs. Ffg9 and Fgf21 were prominently induced in white and brown adipose tissues. -adrenergic stimulation also
upregulated thermogenic genes in adipocytes. Fgf2l was identified as the main responder to the p-adrenergic pathway. The
administration of recombinant FGFs to cultured primary white and brown adipocytes induced thermogenic genes, including
uncoupling protein-1 (Ucpl). FGF2, FGF9, and FGF21 triggered the most significant Ucp!-inducing effects in these cells.
Conclusion: FGF21 is as a prominent inducer of thermogenesis in adipose tissue and a promising therapeutic target against
cardiovascular and metabolic diseases. FGF2 and FGF9 potently promote thermogenic gene expression in adipocytes. Therefore,
their therapeutic targeting should be considered to enhance energy metabolism in adipose tissues.

Keywords: Adipose tissue thermogenesis, Browning, Fibroblast growth factors, FGF2, FGF9, FGF21

INTRODUCTION pose tissue browning and thermogenic activity.® In addition, the
o o ] thermogenic program in adipocytes involves increased levels of
Nonshivering thermogenesis involves the generation of heat genes such as Cidea, Dio2, and Pgcla.'® Importantly, Pgcla

by brown adipose tissue al?d 1 an important response (o cold  j5 4 transcriptional regulator, which is responsible for inducing
exposure. Brown fat contributes to the maintenance of body o expression of thermogenic genes.”

temperature in rodents and human infants.!> Recently, the ac-
tivation of adipose depots by cold exposure has been described
in human adults.>- In addition, white adipose tissue has been
shown to acquire thermogenic capacity in response to various
stimuli, including cold exposure, -adrenergic stimulation, and
tumor growth.!%7 This process is referred to as “browning”
and is associated with the increased expression of Uncoupling
Protein 1 (UCP1). This protein is localized to the mitochondrial
inner membrane and facilitates proton leakage. UCP1 uncou-
ples ATP generation from the proton gradient, which results
in enhanced oxidative metabolism and heat generation.® The
upregulation of Ucp expression is an important marker of adi-

Fibroblast growth factor (FGF) 21 has previously been de-
scribed as a prominent inducer of browning in the white adi-
pose tissue of rodents.!!"!> The expression of this protein is
stimulated in adipose tissues in response to cold exposure or
through B-adrenergic stimulation.!* Treatment of adipocytes
with recombinant FGF21 protein upregulated UCP1 and other
thermogenesis-related genes.!> The genetic deletion of FGF21
in mice impaired heat generation in response to cold expo-
sure and p-adrenergic stimulation.'>'® However, the long-term
cold adaptation in mice did not require FGF21, which sug-
gests the potential contribution of other factors.!” FGF21 is
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a member of the FGF family that is made up of 18 proteins,
which exhibit varying expression profiles in different tissues.
These include FGF1-FGF10 and FGF16-FGF23. FGF homol-
ogous factors, FGF11- FGF14, are not considered FGF family
members because these proteins do not activate FGF receptors
(FGFRs).'® FGF proteins play diverse roles in pathophysiol-
ogy, ranging from angiogenesis and wound healing to embry-
onic development.'” Some of these factors have been associated
with the regulation of various aspects of glucose and energy
metabolism. %20

In this study, we explored the involvement of different FGF
family members in the regulation of adipose tissue thermo-
genesis. We examined the expression levels of FGFs in the
brown and white adipose tissue of mice and their regulation in
response to cold exposure and p-adrenergic stimulation. The
FGFs that were expressed in adipose tissues at detectable levels
(FGF1, FGF2, FGF7, FGF9, FGF10, FGF16, FGF17, FGF18,
FGF221, and FGF22) were also tested in the primary white and
brown adipocytes for their ability to stimulate thermogenic gene
expression.

MATERIALS AND METHODS

Reagents

Recombinant proteins FGF1, FGF2, FGF7, FGF9, FGF10,
FGF16, FGF17, FGF18, FGF21, and FGF22 were purchased
from R&D Systems, and the B-adrenergic agonist CL-316,243
(C5976) was obtained from Sigma.

Mice

C57BL/6 male mice were used for all experiments, which
were performed at the KUTTAM Animal Research Facility
of Koc¢ University. These 8—12-week-old mice were provided
ad libitum access to standard rodent chow diet and water. For
temperature-controlled experiments, the mice were placed un-
der thermoneutral conditions (30°C) for 24 h to acclimate.
The cold exposure group was transferred to 4°C for 6 h. The
mice were individually housed to prevent huddling under the
cold conditions. Mice were administered CL-316,243 intraperi-
toneally (1 mg/kg body weight) and sacrificed after 6 h. All
animal protocols were reviewed and approved by the Insti-
tutional Animal Care and Use Committee of Ko¢ University
(permit number: 2024, HADYEK.003). All experiments were
conducted in accordance with institutional policies and animal
care ethics guidelines.

Primary White Adipocyte Culture

Stromavascular fractions of inguinal fat depots were isolated
from mice that were 30-35 days old. The detailed procedure
has been previously described.® Cells were maintained in an

Kir, FGFs Regulate Adipose Tissue Thermogenesis

adipocyte culture medium composed of Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F12)-glutamax
(Invitrogen), penicillin/streptomycin (Invitrogen), and 10% fe-
tal bovine serum (FBS). The cells were differentiated into
primary white adipocytes by the addition of a differentiation
cocktail containing 0.5 mM isobutylmethylxanthine (Sigma),
5 pg/mL insulin (Sigma), 1 pM dexamethasone (Sigma), and
1 pM rosiglitazone (Sigma) for 2 days. In the 4 days that fol-
lowed, the adipocyte culture medium was supplemented with 5
pg/mL insulin and 1 pM rosiglitazone. During the next 2 days,
the cells were maintained in the adipocyte culture medium,
treated with the recombinant FGF proteins for 24 h, and then
harvested 8 days after the initiation of differentiation.

Primary Brown Adipocyte Culture

Stromavascular fractions of interscapular brown fat depots were
isolated from newborn mice that were 2—4 days old. The de-
tailed procedure thereof has been previously described.® Cells
were maintained in an adipocyte culture medium composed
of DMEM/F12-glutamax (Invitrogen), penicillin/streptomycin
(Invitrogen), and 10% FBS. The cells were differentiated into
primary brown adipocytes by the addition of a differentiation
cocktail containing 0.5 mM isobutylmethylxanthine (Sigma),
125 pM indomethacin (Sigma), 5 M dexamethasone (Sigma),
0.02 pM insulin (Sigma), 1 nM T3 (Sigma), and 1 pM rosigli-
tazone (Sigma) for 2 days. The adipocyte culture medium was
then supplemented with 0.02 pM insulin, 1 nM T3, and 1
pM rosiglitazone for a further 2 days. Cells maintained in the
adipocyte culture medium were treated with recombinant FGF
proteins for 24 h and then harvested 8 days after the initiation
of differentiation.

Gene Expression Analysis (RT-qPCR)

Total RNA was isolated and used to perform reverse transcrip-
tion reactions and real-time quantitative PCR (RT-qPCR) re-
actions, as previously described.?! The ACt method was used
to calculate the relative mRNA expression levels, which were
normalized to cyclophilin. The RT-qPCR primer sets used in
the study are presented in Table 1.

Statistical Analysis

Statistical analysis was conducted using a two-tailed and un-
paired #-test for the comparison of two groups and a one-way
analysis of variance (ANOVA) for the comparison of multiple
groups. ANOVA comparisons were corrected using Tukey’s
post-hoc test. Values were presented as the mean + standard
error of the mean. Error bars represent deviation between bi-
ological replicates. Differences with a P value less than 0.05
were regarded as statistically significant.
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Table 1. A list of RT-qPCR primer sets used in the study.

Gene Forward (5'-3") Reverse (5'-3")

Cyclo GGAGATGGCACAGGAGGAA GCCCGTAGTGCTTCAGCTT

Uepl AAGCTGTGCGATGTCCATGT AAGCCACAAACCCTTTGAAAA

Dio2 TCCTAGATGCCTACAAACAGGTTA CGGTCTTCTCCGAGGCATAA

Cidea GGTTCAAGGCCGTGTTAAGG CGTCATCTGTGCAGCATAGG

Pgcla AGACAAATGTGCTTCGAAAAAGAA GAAGAGATAAAGTTGTTGGTTTGGC
Ap?2 AGTGAAAACTTCGATGATTACATGAA GCCTGCCACTTTCCTTGTG

Fgfl ACACCGAAGGGCTTTTATACG GTGTAAGTGTTATAATGGTTTTCTTCCA
Fgf2  CAACCGGTACCTTGCTATGA TCCGTGACCGGTAAGTATTG

Fgf7  AAGGGACCCAGGAGATGAAG ACTGCCACGGTCCTGATTT

Fgf9 CTATCCAGGGAACCAGGAAAGA CAGGCCCACTGCTATACTGATAAA
Fgfl0 GCGGGACCAAGAATGAAGA AGTTGCTGTTGATGGCTTTGA

Fgfl6 GGCCTGTACCTAGGAATGAATGA TTCCCGGAAAACACATTCAC

Fgfl7 GGCAAATCCGTGAATACCA CTGCTGCCGAATGTATCTGT

Fgfl8 TGCTGTGCTTCCAGGTTCA GGATGCGGAAGTCCACATT

Fgf2l CCTCTAGGTTTCTTTGCCAACAG AAGCTGCAGGCCTCAGGAT

Fgf22  GTGGGCACTGTGGTGATCA GCGATTCATGGCCACATAGA

RESULTS

Cold Exposure Stimulated the Expression of Thermogenic
Genes and FGFs, Including Fgf9 and Fgf21, in Adipose
Tissues

We investigated the transcriptional changes that occurred in the
adipose tissue in response to cold exposure and assessed the
FGF expression levels. For this purpose, mice were exposed
to thermoneutral conditions (30°C) for 24 h, and a group of
them was transferred to 4°C for 6 h as the cold exposure group.
Epididymal white adipose tissue (eWAT) and inguinal white
adipose tissue (iWAT), which represent visceral and subcu-
taneous fat depots, respectively, were collected, as well as the
interscapular brown adipose tissue (iBAT). The thermogenesis-
inducing effect of cold exposure was confirmed by the increased
expression of Ucpl and other thermogenic genes, including
Dio2, Cidea, and Pgcla, while Ap2 expression was evaluated
as an adipose tissue-specific marker gene. The up-and down-
regulation of the FGFs was investigated in these tissues.

We found that adipose tissue expressed the following FGFs:
Fefl, Fgf2, Fgf7, Fgf9, Fgfl0, Fgfl6, Fgfl7, Fgfl8, Fgf21, and
Fgf22. In the eWAT depots, mRNA levels of Ucpl, Dio2, and
Cidea were induced by cold exposure compared to thermoneu-
trality (Figure 1A). Fgfl and Fgfl6 expression were stimulated
in this tissue, whereas Fgf2 and Fgf7 were downregulated (Fig-
ure 1B). iWAT tissue responded to cold exposure robustly as
the expression of all thermogenic genes was significantly stim-
ulated (Figure 1C). In this tissue, Fgf9 and Fgf21 were upreg-
ulated, whereas Fgf2, Fgfl7, and Fgfl8 were downregulated
(Figure 1D). Ucpl and Dio2 were induced by cold exposure
in iBAT, and the expression of Fgfl, Fgf9, Fgfl8, and Fgf21
was also stimulated (Figures 1E and 1F). All other FGFs were
downregulated in this tissue upon cold exposure (Figure 1F).
These results demonstrate that cold exposure stimulated ther-

mogenic activity in adipose tissues, which was accompanied by
the upregulation of certain FGFs. In the iWAT and iBAT depots,
the expression of Ffg9 and Fgf21 was prominently induced.

B-Adrenergic Activation Upregulated Thermogenic Genes
and Fgf21 in Adipose Tissues

We next investigated the influence of B-adrenergic stimulation
on adipose tissue gene expression. Mice that were housed at
room temperature were administered the B-adrenergic agonist
CL-316,243 and sacrificed after 6 h. We assessed the expression
of thermogenic genes and FGFs in the adipose tissues. Ucpl,
Dio2, and Pgcla were robustly upregulated in eWAT upon
p-adrenergic stimulation (Figure 2A). This was accompanied
by a mild effect on Fgf7 expression and a marked increase
in Fgf21 mRNA levels (Figure 2B); however, the expression of
Fgfl and Fgf7 was reduced (Figure 2B). The same thermogenic
genes were also induced in iWAT, where Fgf2]/ was dramat-
ically upregulated (Figures 2C and 2D), and Fgfl, Fgf2, and
Fgf7 were downregulated (Figure 2D). iBAT responded to the
[-adrenergic agonist with significantly increased levels of Dio2
and Pgcla (Figure 2E). The expression of Fgf2] was robustly
induced with milder increases in Fgf17, Fgfl8, and Fgf22 (Fig-
ure 2E). These results indicate that f-adrenergic stimulation
upregulates the thermogenic gene expression in adipose tis-
sues, particularly in eWAT and iWAT. Fgf21 was identified as
the main responder to the B-adrenergic pathway.

FGF2, FGF9, and FGF21 were the Most Prominent
Inducers of Thermogenic Gene Expression in Adipocytes

To investigate the potential impact of FGFs on the regulation
of thermogenic gene expression, we utilized primary white and
brown adipocytes isolated from mice. Briefly, stromavascular
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Figure 1. Cold exposure stimulates the expression of thermogenic genes and FGFs, including Fgf9 and Fgf21. Mice were placed under thermoneutrality (30°C;
Tneutral) for 24 h. One group was exposed to cold (4°C) for 6 h. eWAT (A and B), iWAT (C and D) and iBAT (E and F) tissues were collected and gene expression
was tested by RT-qPCR (n = 5). Values are mean + SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus Tneutral.

fractions prepared from iWAT and iBAT depots were cultured
and differentiated into white and brown adipocytes, respec-
tively, through the administration of a differentiation-inducing
cocktail. After 7 days, the fully differentiated adipocytes were
treated with recombinant FGFs for 24 h, and changes in their
gene expression were studied. In the white adipocytes, Ucpl
mRNA was significantly upregulated by FGF2, FGF9, and
FGF21 treatment (Figure 3A). Dio2 was upregulated by FGF9
and FGF17 treatment, while Cidea was induced by FGF16
and FGF21 treatment (Figure 3A). In the brown adipocytes,
Ucpl mRNA was significantly upregulated by FGF2, FGF9,
FGF17, and FGF21 treatment, while Cidea was induced by
FGF9, FGF16, and FGF21 treatment (Figure 3B). These re-
sults suggest that FGF2, FGF9, and FGF21 triggered the most
significant UcpI-inducing effects in the primary adipocytes.

DISCUSSION

FGF21 has emerged as an important therapeutic target in car-
diovascular and metabolic diseases.?? In addition to FGF19 and
FGF23, FGF21 is a member of the FGF subfamily, whose mem-
bers function as hormones because of their reduced affinity to-
ward heparan sulfate that is found in the extracellular matrix.??
Heparan sulfate is required for the binding of FGFs to FGFRs.?*
However, for the endocrine FGFs, this function is performed by
the Klotho and B-klotho coreceptors.?? Previous studies have
demonstrated that FGF21 is highly induced upon cold exposure
or through B-adrenergic stimulation and that FGF21 stimulated
adaptive thermogenesis in adipocytes by the upregulation of
UCP1 and other thermogenic genes.'*!> The findings presented
in this study confirmed the cold exposure and [-adrenergic
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Figure 2. p -adrenergic stimulation induces the expression of thermogenic genes and FGFs, including Fgfl7 and Fgf21. Mice received intraperitoneal injections
of CL-316,243 (1 mg/kg body weight) and sacrificed 6 h later. eWAT (A and B), iWAT (C and D) and iBAT (E and F) tissues were harvested and gene expression
was tested by RT-qPCR (n = 5). Values are mean + SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001 versus vehicle.

pathway-dependent regulation of FGF21 and further confirmed
the potency of this protein to upregulate thermogenic genes.
Previously, FGF21-related improvements in glucose and en-
ergy metabolism were partly attributed to the thermogenic and
browning-inducing effects of this hormone.!>? The autocrine
functions of FGF21 in adipose tissue have been found to be rel-
evant for the induction of thermogenic gene expression.'® How-
ever, FGF21 likely stimulates energy metabolism via mecha-
nisms that are independent of UCP1-mediated thermogenesis,
and the long-term adaptation to cold exposure may not re-
quire FGF21.726 Various therapeutic agents targeting FGF21
have been developed and tested in preclinical and clinical stud-
ies to treat hepatic lipid accumulation and systemic insulin
resistance.!? Particularly, FGF21 analogs have demonstrated
efficacy in reversing the fat content in the liver. However, side
effects are associated with these drugs, which have been ob-
served in clinical trials, and FGF21-induced bone loss has been

reported in rodent models, thus raising safety concerns regard-
ing the use of these therapeutics.!>?’

Previous studies have indicated that FGF2 and FGF9 nega-
tively influence the browning program of adipocytes.”®?° FGF9
expression was reported to be suppressed in adipose tissue
in response to cold stress.”® In contrast, our study detected
significantly upregulated levels of Fgf9 in iWAT and iBAT
tissues upon cold exposure, and FGF9 treatment of fully dif-
ferentiated adipocytes activated the thermogenic gene expres-
sion. In agreement with the results presented here, a recent
study demonstrated that FGF9 expression in adipose tissue
was upregulated by exposure to cold conditions, and FGF9
promoted UCP1 expression in adipocytes. FGF9 expression is
positively correlated with UCP1 levels in human neck fat biop-
sies. BAT-specific deletion of FGF9 caused impaired cold tol-
erance, which suggests an important role of this protein in BAT
thermogenesis.>° Previously, whole-body FGF2 disruption was
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Figure 3. Thermogenic gene expression in adipocytes is induced by FGFs, including FGF2, FGF9 and FGF21. White (A) and brown (B) adipocytes were fully
differentiated and treated with various FGFs (250 ng/ml) for 24 h. Gene expression was tested by RT-gPCR (n = 3). * p < 0.05, ** p < 0.01 and *** p < 0.001

versus control.

revealed to enhance thermogenic capacity in the adipose tissue
of mice, whereas the administration of exogenous FGF2 sup-
pressed UCP1 expression in the adipocytes.”” However, we
found that FGF2 administration robustly induced UCP1 ex-
pression in the adipocytes, and FGF2 triggered a more potent
effect in white adipocytes compared with that of FGF9 and
FGF21. Adipocyte-specific FGF2 deletion studies are required
to ascertain the function of this protein in adipose tissue ther-
mogenesis.

Unlike FGF21, FGF2 and FGF9 are nonendocrine FGFs that
induce cell proliferation.’ Therefore, any therapeutic strat-
egy utilizing FGF2 and FGF9 to promote adipose tissue ther-
mogenesis and energy metabolism is limited by undesirable
mitogenic effects and reduced tissue penetration. However,
paracrine FGFs have previously been converted into hormonal
factors by substituting the C-terminal tails with the tails of en-
docrine FGFs.3!32 These chimeric factors can be generated as
pharmacological agents to overcome the limitations associated

with the therapeutic use of FGF2, FGF9, and FGF21 and utilize
the remarkable thermogenesis-inducing effects of these FGFs.

CONCLUSION

In this study, we investigated the transcriptional regulation of
FGFs in response to cold exposure and through B-adrenergic
stimulation and assessed the potential of these proteins to stimu-
late the expression of thermogenic genes in primary adipocytes.
Most FGFs were differentially expressed upon these stimuli,
and FGF9 and FGF21 exhibited the greatest changes. FGF21
has been recognized as a prominent inducer of adipose tissue
thermogenesis, and the findings presented here support this
notion. Moreover, FGF21 is a promising target for the devel-
opment of therapeutics against cardiovascular and metabolic
diseases. Our results further reveal that FGF2 and FGF9 po-
tently promote thermogenic gene expression in adipocytes, and
therefore, their therapeutic targeting should be considered to
enhance energy metabolism in adipose tissue.
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ABSTRACT

Objective: Lunasin is a bioactive protein that possesses anti-carcinogenic, anti-inflammatory, and antioxidant properties. Tradi-
tional isolation methods are resource-intensive, and chemical synthesis faces cost and environmental issues. This study aims to
achieve cost-effective lunasin expression in Aspergillus oryzae with a focus on exploring its antioxidant properties in vitro.
Materials and Methods: The expression vector carrying four lunasin sequences fused with amylase and an 8xHis-tag was intro-
duced into pyrG auxotrophic A. oryzae. Subsequently, the recombinant protein was purified using metal affinity chromatography.
The study uses sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), western blot analyses, and size-exclusion
chromatography to evaluate the composition and purity of the protein, a linoleic acid assay to demonstrate the inhibitory effect on
lipid peroxidation, and the 2,2’-azinobis-[3-ethylbenzothiazoline-6-sulfonic acid] ABTS) assay to evaluate the radical scavenging
activity.

Results: SDS-PAGE and western blot analyses confirmed sustained lunasin expression in A. oryzae, appearing in both fusion and
non-fusion forms. Yields were 5.8 mg/L for non-fusion and 4 mg/L for fusion lunasin expression. Moreover, 0.1 pM non-fusion
lunasin surpassed a-tocopherol and butylated hydroxyanisole (BHA; p < 0.05) in reducing lipid peroxidation at 4 and 72 h.
Unlike the fusion lunasin, the non-fusion lunasin displayed concentration- and time-independent inhibitory effects on linoleic acid
peroxidation as well as significant ABTS scavenging activity (p < 0.05).

Conclusion: The study has shown for the first time A. oryzae to efficiently express and secrete both fusion and non-fusion lunasin
proteins in a soluble form, with the non-fusion lunasin exhibiting superior antioxidant effectiveness compared to the fusion lunasin.
The findings underscore A. oryzae’s potential as a promising host for producing functional lunasin with antioxidant properties,
opening avenues for broader applications in biotechnology and bioactive peptides.

Keywords: Lunasin, Aspergillus oryzae, Antioxidant, Biotechnology

INTRODUCTION by 2040.'! Lunasin demonstrates anti-carcinogenic effects on
multiple cancers, including lung, colon, leukemia, melanoma,
and breast cancer. Its mechanisms involve inhibiting histone
acetylation, blocking integrin signaling, inducing cell cycle ar-
rest, and promoting apoptosis. In leukemia, lunasin acts as a
chemoprotective by interrupting the cell cycle at the G2 level,
increasing caspase enzymes, and triggering apoptosis.'> Lu-
nasin exhibits antimitotic properties akin to widely-used anti-
cancer drugs such as paclitaxel by binding to chromatin and hin-
dering the formation of kinetochore complexes, thereby induc-
ing mitotic disruption and subsequent cell lysis. Additionally,

Dietary components are increasingly being recognized for ~ lunasin prevents tumor cell metastasis by adhering to the extra-
their potential as health-promoting substances in chronic  cellular matrix."'* Lunasin also acts as an anti-inflammatory
diseases, cancer included.” The World Health Organization  agent in theumatoid arthritis by reducing synovial cell prolifer-
(WHO) reported over two million new cancer cases in 2024, ation and cytokine levels through the inhibition of interleukin-
with projections indicating a surge to 29.4 million annual cases 6, interleukin-8, and matrix metalloproteinase-3, along with

Lunasin is a bioactive peptide predominantly found in soy-
beans and various natural plant products such as quinoa and
wheat and has garnered considerable research attention. It fea-
tures a cell adhesion motif facilitating binding to the extra-
cellular membrane and a negatively charged carboxyl region
that interacts with nuclear histone molecules, inhibiting their
acetylation.'-? These characteristics make lunasin a remarkable
bioactive protein with anti-carcinogenic, anti-inflammatory,
cholesterol-lowering, and antioxidant properties.>!?
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suppressing nuclear factor kappa B (NF-«B) activity.'* As a
cholesterol-lowering agent, lunasin directly inhibits 3-hydroxy-
3-methyl-glutaryl-CoA reductase, thus lowering low-density
lipoprotein and cholesterol levels.!> As an antioxidant, lunasin
additionally inhibits apoptosis induced by free radicals, regu-
lates apoptotic Bax and Bcl-2 molecules, and stimulates den-
dritic and natural killer immune cells.'®

Lunasin is emerging as a notable bioactive peptide with bio-
logical activities, making it a promising candidate for address-
ing various health concerns, including cancer, obesity, cardio-
vascular, and immune-related disorders. Moreover, several nu-
tritional supplements containing lunasin (e.g., LunaRichX®,
LunasinXP®, Carefast FSP100, LunaCell™) have been devel-
oped to harness its beneficial properties.” However, obtaining
adequate quantities of lunasin from natural sources presents ob-
stacles, highlighting the necessity for developing reliable pro-
duction methodologies in order to meet the demand for research
and biotechnological applications.

Lunasin is a 43-amino acid peptide and was initially isolated
from soybeans in 1987.!7 Traditional methods for isolating lu-
nasin from soybeans pose challenges that require substantial
raw materials and intricate time-consuming processes while
only yielding variable results. Similarly, while chemical syn-
thesis methods are an alternative, these face rising costs, present
complexities for large-scale production, and raise environmen-
tal concerns related to chemical usage.?>

This study aims to achieve a cost-effective and high-yield
expression of lunasin in the Aspergillus oryzae (A. oryzae) mi-
croorganism along with conducting in vitro investigations into
its antioxidant properties. A. oryzae is a filamentous fungus that
has been approved by the Food and Drug Administration (FDA)
with the status of being Generally Recognized as Safe.!®!° A.
oryzae is known for its robust secretion mechanisms attributed
to its larger genome size compared to other Aspergillus species,
primarily due to its genes encoding secretory hydrolases. This
secretion system enables large-scale production of heterologous
proteins. Widely utilized in industrial-scale protein production,
this expression system relies on auxotrophic nutritional markers
such as pyrG, high-yield promoter genes, and efficient trans-
formation. Furthermore, A. oryzae offers advantages such as
cost-effective media and resistance to diverse environmental
conditions.'® With its pivotal role in fermentation technology,
A. oryzae has emerged as an optimal choice for lunasin produc-
tion.

MATERIALS AND METHODS

Strains, Materials and Reagents

Competent Escherichia coli (E. coli) TOP10 cells (#C404010,
Thermo Fisher Scientific, MA, USA) were employed for gene
subcloning and plasmid replication prior to expression of the
proteins in pyrG auxotrophic A. oryzae. E. coli cells carry-

ing plasmids were cultured in Luria-Bertani (LB) medium (1%
tryptone, 0.5% yeast extract, and 1% NaCl) with 100 g/mL of
ampicillin. The pyrG auxotrophic A. oryzae used in this study
was derived from the A. oryzae RIB40 strain (#42149, Ameri-
can Type Culture Collection, VA, USA) in a previous study.?”
A DPY medium containing 2% dextrin, 1% polypeptone, 0.5%
yeast extract, 0.5% KH;POy4, and 0.05% MgSO4.7H,O (pH
5.5) was used to cultivate A. oryzae. The pyrG auxotrophic A.
oryzae was cultured in the DPY medium enhanced with 20 mM
uridine and 0.2% uracil. Chemicals, reagents, and the ingredi-
ents of the cultivation media for E. coli and A. oryzae were
purchased from Sigma (MO, USA) and Biofroxx (Germany).

The plasmid isolation kit (12143) was purchased from Qi-
agen (VLC, CA). Restriction enzymes were purchased from
New England Biolabs (MA, USA), while Yatalase (T017)
was purchased from Takara Bio Inc. (Japan). The nickel resin
(HisPur™ Ni-NTA Resin) and the dialysis membrane (68035,
3.5k MWCO) were purchased from Thermo Fisher Scientific
(MA, USA). The protein ladder (24052) was purchased from
Intron Biotechnology (South Korea). The nitrocellulose mem-
brane (Amersham™ Protran® Premium, 10600003) and Su-
perdex 75 Increase 10/300 GL column were purchased from
GE Healthcare (IL, USA). The HRP-conjugated anti-6xHis-
tag® antibody (ab1269) was purchased from Abcam (Cam-
bridge, UK). The chemiluminescence detection kit (Western
BrightTM Sirius, K-12043-D10) was purchased from Ad-
vansta (CA, USA). 96-well enzyme-linked immunosorbent
assay (ELISA) plates (514201) were purchased from NEST
Biotechnology Co., Ltd. (China). Linoleic acid (90150) was
purchased from Cayman Chemical (MI, USA). Butylated
hydroxyanisole (BHA; B1253), a-tocopherol (T3251), 2,2-
azinobis-[3-ethylbenzothiazoline-6-sulfonic acid] (ABTS) di-
ammonium salt, and 6-hydroxy-2,578-tetramethylchroman-2-
carboxylic acid (Trolox; 238813) was purchased from Sigma
(MO, USA).

Designing the Lunasin Expression Vectors

The lunasin protein sequence (amino acids 22-64) was derived
from the 2S seed storage albumin protein (UniProtKB-P19594).
The expression vector was constructed using the pUC57 com-
mercial vector, which includes the amylase promoter, signal
sequence, terminator, and pyrG gene. The expression vector
containing four repetitive lunasin sequences fused with amy-
lase (UniprotKB-POC1B3) was designed to produce lunasin
(Figure 1), with the sequences separated by GGGS linker sites.
The tobacco etch virus (TEV) recognition site (ENLYFQS)
distinguished fungal amylase from the initial lunasin sequence,
and an 8xHis-tag was added to the C-terminus for efficient
detection and purification of the recombinant lunasin protein.
The designed construct was optimized for A. oryzae, and its nu-
cleotide sequence was synthesized by GenScript Biotech PTE.
LTD. (NJ, USA).
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Figure 1. Illustration of expression vector containing the amylase promoter, signal sequence (SS), amylase-encoding gene, TEV recognition site, 4 tandem repetitive
lunasin sequences, terminator, and pyrG gene. GGGS sequences served as the linker.

Transformation and Expression of Lunasin in A. oryzae

The expression vector was amplified in E. coli, purified, and
digested using EcoRI and HindlIIl restriction enzymes. The
linearized vector was then transformed into pyrG auxotrophic
A. oryzae via protoplast-mediated transformation.”! In brief,
pyrG auxotrophic A. oryzae was cultivated on the DPY medium
containing uracil and uridine at 30°C and 180 rpm. After an
overnight incubation, the mycelia were lysed for 4 h at 30°C
and 80 rpm using a lysis solution (50 mM malate buffer, 0.6
M (NH4),SO4, pH 5.5) with 1% Yatalase. Spheroplasts were
washed with a solution containing 50 mM CaCl; and 1.2 M
sorbitol. Following the combination of the linearized expression
vector with the resulting spheroplasts and polyethylene glycol
4000 (PEG4000), the mixture was spread on minimal agar
media and incubated at 30°C for 5-7 days. The control group
received no insert DNA treatment.

To identify the recombinant colonies capable of express-
ing lunasin, multiple randomly selected transformant colonies
were inoculated into 15 mL of the DPY medium. Following an
overnight incubation at 30°C and 180 rpm, each preculture was
diluted (1:10) into 75 mL of a DPY medium containing 4% dex-
trin. The incubation was then carried out at 30°C and 180 rpm
for five days. Sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis was performed on the culture
samples obtained on the third and fifth days of expression.

Purification of Lunasin Proteins

The aqueous phase of the expression culture was collected
by filtering using Whatman filter paper to eliminate fun-
gal cells after five days of incubation at 30 °C and 180
rpm. For purification, the resulting sample was loaded onto
a nickel-nitrilotriacetic acid (Ni-NTA) affinity column utiliz-
ing HisPur™ Ni-NTA resin. After washing the column with
the washing solution (50 mM NaH,PO4 and 500 mM NaCl (pH

7.4)), the 8xHis-tagged recombinant proteins were eluted with
the elution solution (50 mM NaH,POy4, 300 mM NaCl, and 200
mM imidazole (pH 7.4)). Imidazole was removed by dialyzing
the eluted protein solutions against a phosphate-buffered saline
(PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
and 1.8 mM KH2PO4 [pH 7.4]). SDS-PAGE (12%) was used
to evaluate the purity of the protein samples obtained from the
purification processes. A Bradford assay was employed to de-
termine the concentration of pure recombinant proteins at 595
nm, with bovine serum albumin serving as the protein standard.

Size-exclusion chromatography was performed to assess the
composition and purity of the dialyzed recombinant proteins.
The samples were fed into a Superdex 75 Increase 10/300 GL
column at room temperature via the AKTA pure chromatogra-
phy system. The column was pre-equilibrated using PBS (pH
7.4) prepared in accordance with manufacturer’s instructions.
The PBS buffer (pH 7.4) was employed as a wash and elution
buffer, with the flow rate maintained at 0.5 mL/min.

Western Blot

Expression and purification protein samples were separated us-
ing 12% SDS-PAGE and then transferred to a nitrocellulose
membrane. 24 mM Trizma® base, 192 mM glycine, and 20%
methanol were used as the transfer solution. 10 mM Tris-HCl
(pH 7.4), 0.9% NaCl, and 0.2% Tween® 20 Detergent were
used as the wash solution. Following overnight blocking using
the wash solution supplemented with 5% nonfat milk powder,
the membrane was washed three times. The membrane was
then blotted with HRP-conjugated anti-6xHis-tag® antibody
(1:5,000) for 2 h at room temperature. The 8xHis-tag lunasin
proteins were coupled with the HRP-anti-His antibody and de-
tected using a chemiluminescence western blotting detection
kit in accordance with manufacturer’s instructions.
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Linoleic Acid Peroxidation Assay

A linoleic acid assay?* was employed to demonstrate the in vitro
inhibitory effect of purified lunasin proteins on lipid peroxida-
tion. 50 mM linoleic acid was prepared in 100% ethanol. In a
glass tube, 1 mL of 0.1 M sodium phosphate buffer (pH 7.0), 1
mL of 50 mM linoleic acid, and 0.5 mL of dH,O were mixed.
After adding the dialyzed lunasin protein sample, the mixture
was kept for 72 h at 40 °C. The tubes were closed tightly and
kept away from light. BHA (10 pM) and a-tocopherol (1 pM)
served as control groups. In all control and test groups, samples
to be tested were added to the mixture at equal total volumes.
For the measurements, samples from the mixture in the glass
tubes were withdrawn at 4, 24, 48, and 72 h and combined
with 2.35 mL of 75% ethanol, 50 pL of 30% ammonium thio-
cyanate, and 50 pL of 20 mM FeCl, (freshly prepared in 3.5%
HCI). The absorbance of the samples was measured at 500 nm
after exactly 3 min. The control group contained only linoleic
acid with no additional compound.

ABTS Radical Scavenging Activity Assay

To evaluate the radical scavenging activity of purified lunasin
proteins, a modified ABTS assay was employed.””> A 7 mM
ABTS stock solution was prepared in dH,O and mixed with
2.45 mM potassium persulfate at a total volume of 10 mL. The
reaction was kept at room temperature in the dark for 16 h
to obtain ABTS radicals. Following the incubation, the ABTS
radical solution was diluted in a 5 mM PBS buffer (pH 7.4) until
the absorbance was 0.7 at 734 nm. 10 pL of the purified lunasin
protein to be tested were loaded alongside the standard samples
into wells on the ELISA plate, and 190 pL of diluted ABTS
radical solutions were added to the samples. The absorbance
of colored mixtures was measured every min for 10 min. The
percentage of decolorization based on the observed absorbance
after 7 min was determined as follows:

Yodecolarization=

(Control absorbance — Sample absorbance)

x 100 (1
(Control absorbance) M

Trolox (standard) was prepared at a concentration of 2 mM,
and its repeated dilutions in the 5 mM PBS buffer (pH 7.4) were
performed to generate the standard curve. The Trolox equivalent
antioxidant capacity (TEAC) was calculated by dividing the
gradient of the concentration-dependent absorbance plot for
lunasin by the gradient of the Trolox plot.

Statistical Analysis

The results were evaluated using the program SPSS Statistics
(ver. 28.0.0.0, IBM). Statistical analyses of the acquired data
were conducted for the linoleic acid peroxidation assay using
the Kruskal-Wallis H and Mann Whitney U tests, with p <

0.05 being considered statistically significant. Multiple com-
parisons were performed using the Kruskal-Wallis H test. The
data acquired for the ABTS radical scavenging activity assay
were statistically evaluated using Student’s t-tests, again with p
< 0.05 being considered statistically significant.

RESULTS
Expression of Lunasin in A. oryzae

The study has employed an expression vector carrying the pyrG
gene to successfully incorporate the lunasin gene into the pyrG
auxotrophic A. oryzae genome via gene replacement. Follow-
ing transformation, several colonies were randomly selected
for expression tests to determine the colonies expressing the
recombinant protein in small flask volumes. Following a 5-
day incubation period, the SDS-PAGE analysis conclusively
demonstrated the sustained expression of the recombinant pro-
tein in A. oryzae (Figure 2). A. oryzae was observed in the
SDS-PAGE analyses to express the lunasin protein in two dis-
tinct manners: an amylase fusion (shown with a band measuring
approximately 72 kDa in Figure 2A) and without being fused
with amylase (shown with a band measuring approximately 14
kDa in Figure 2B). Non-fusion lunasin was released into the
culture medium following its separation from the amylase as a
result of self-cleavage.

Purification of Recombinant Lunasin Proteins

A. oryzae efficiently expressed and secreted both fusion and
non-fusion lunasin proteins in soluble form alongside the fun-
gal amylase as a product of A. oryzae secretion into the cul-
ture medium. After filtration of the expression culture medium,
recombinant lunasin proteins were purified under native con-
ditions. The expressed 8xHis-tagged recombinant lunasin pro-
teins were effectively separated from the host proteins using a
metal affinity chromatography column. After purification, the
analyzed eluted samples consistently displayed protein bands
with a molecular weight of approximately 72 kDa for the fusion
lunasin and approximately 14 kDa for the non-fusion lunasin
in SDS-PAGE, as shown in Figures 3A and 4A. After the metal
affinity chromatography, the fractions harboring lunasin pro-
teins were concentrated, and the purity of Lunasin proteins
was validated through western blot analysis using the HRP-
conjugated anti-6xHis-tag® antibody for the detection. This
confirmed the successful expression and purification of lunasin
proteins by A. oryzae, as shown in Figures 3 and 4.

Size exclusion chromatography was employed to achieve a
high level of purity and to evaluate structural stability of the
purified lunasin proteins. Both recombinant lunasin variants
eluted in a single peak on the chromatograms, as shown in Fig-
ures 3 and 4, indicating their stability. The purified fusion lu-
nasin demonstrated a yield of 4 mg per liter of culture medium,
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Figure 2. Protein expression tests on a small scale using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) examination of multiple
transformed colonies. (A) SDS-PAGE analysis of fusion lunasin. Lane 1: Gangnam-Stain Protein Ladder. Lane 2—4, 6-9: the colonies not expressing recombinant
protein. Lane 5: the colony expressing fusion lunasin (~72 kDa). (B) SDS-PAGE analysis of non-fusion lunasin. Lane 1: Gangnam-Stain Protein Ladder. Lanes 2,
3, 5-10: the colonies not expressing recombinant protein. Lane 4: the colony expressing recombinant non-fusion lunasin protein (~14 kDa).

Figure 3. SDS-PAGE examination (A) and Western blot analysis (B) of purification samples of His-tagged fusion lunasin with the Ni-NTA column. Lanes 1:
Gangnam-Stain Protein Ladder. Lanes 2: the culture medium of the colony expressing the fusion lunasin. Lanes 3: the wash solutions collected from the Ni-NTA
column. Lanes 4: the eluted sample containing fusion lunasin. (C) Size exclusion chromatography purification chromatogram on a Superdex 75 Increase 10/300
GL column. The peak indicates the purified fusion lunasin.
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Figure 4. SDS-PAGE examination (A) and Western blot analysis (B) of purification samples of His-tagged non-fusion lunasin with the Ni-NTA column. Lanes
1: Gangnam-Stain Protein Ladder. Lanes 2: the culture medium of the colony expressing the non-fusion lunasin. Lanes 3: the wash solutions collected from the
Ni-NTA column. Lanes 4: the eluted sample containing non-fusion lunasin. (C) Size exclusion chromatography purification chromatogram on a Superdex 75

Increase 10/300 GL column. The peak indicates the purified non-fusion lunasin.

whereas the non-fusion lunasin exhibited a yield of 5.8 mg per
liter of culture medium.

Inhibitory Inhibition of Linoleic Acid Peroxidation

The linoleic acid inhibition assay measures the oxidation of
ferrous ions into ferric ions, resulting in the formation of a
colored complex. Therefore, the study investigated the in vitro
peroxidation levels triggered by ferrous ions in the presence of
ferrous chloride.

The antioxidant capacity of the purified fusion and non-
fusion lunasin proteins was evaluated through their inhibition
of lipid peroxidation in linoleic acid over a 72-hour period. Inhi-
bition activities were assessed at different concentrations (0.1,
1, and 10 pM) and compared to standard compounds known
for their significant antioxidant capacity.

Figure SA illustrates the time course of linoleic acid oxida-
tion in the presence and absence of non-fusion lunasin at vary-
ing concentrations. At 10 pM, non-fusion lunasin showed no

noticeable inhibitory effect. However, 1 pM of non-fusion lu-
nasin induced a slight, albeit statistically insignificant, decrease
in peroxidation. Notably, 0.1 pM non-fusion lunasin exhibited
a significant inhibition of lipid peroxidation at both the 4 h and
72 h time points after being introduced into the linoleic acid
reaction mixture (p < 0.05).

Figure 5B shows the assessment of the inhibitory effect of
0.1 pM non-fusion lunasin in comparison with standard com-
pounds at the time points of 4 h, 24 h, 48 h, and 72 h. At
a concentration of 0.1 pM, the non-fusion lunasin exhibited a
substantial reduction in absorbance at both the 4 h and 72 h time
points, signifying a superior inhibitory effect when compared
with -tocopherol and BHA (p < 0.05).

ABTS Radical Scavenging Activity of Lunasin

The antioxidant capacity of lunasin proteins was also evaluated
utilizing the ABTS assay, which involves the chemical genera-
tion of ABTS radicals through the reaction between ABTS and
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Figure 5. Inhibitory effect of the purified non-fusion lunasin on lipid peroxidation. (A) Lipid peroxidation inhibitory activity of non-fusion lunasin at concentrations
of 0.1 pM, 1 pM, and 10 pM for the periods of 4, 24, 48, and 72 h. (B) Inhibitory effect of 0.1 pM non-fusion lunasin compared to standards (1 pM a-tocopherol
and 10 pM BHA). Each value displays the mean and standard deviation in error bars. * Statistically different (P < 0.05).

potassium persulfate. This assay quantifies a substance’s an-
tioxidant capability for scavenging ABTS radicals, leading to a
reduction in absorbance as a result of hydrogen atom donation.
Consequently, the concentration of the antioxidant is inversely
proportional to the measured absorbance.

The percentage inhibition of ABTS radicals (% decoloriza-
tion) was determined as a function of concentration and time,
normalized against the reactivity of Trolox as a standard. A cal-
ibration curve was constructed based on the % decolorization
of Trolox against varying Trolox concentrations at 7 min. The
TEAC value for non-fusion lunasin was calculated, represent-
ing its antioxidant capacity in comparison to Trolox’s at 7 min.
The unit of activity, known as TEAC, signifies the concentra-
tion of one unit of Trolox that matches the antioxidant capacity
of one unit of the tested substance at a specific time point. The
non-fusion lunasin demonstrated significant ABTS scavenging
activity (p < 0.05), while the fusion lunasin did not exhibit

a comparable effect. Additionally, the ABTS assay parameter
exhibited a robust level of reliability, as indicated in Table 1.

DISCUSSION

Lunasin is currently produced through natural sources, chem-
ical synthesis, and recombinant methods. The yields for lu-
nasin from plant sources vary based on origin and meth-
ods used.” Cost-effective industrial production is essential
due to high production costs. Lunasin has been the subject
of 25 worldwide patents since its discovery. Interestingly,
three of these patents address its recombinant expression in
different microorganisms, namely E. coli (CN103819546A),
Pichia pastoris (P. pastoris) (CN105647960A), and CHO-S
mammalian cells (CN107574172).° These studies showed lu-
nasin being expressed in fusion form in order to protect it from
proteolytic degradation and increase its solubility. The present
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Table 1. Formula and R? values of curves representing % decolorization values after 7 min incubation. The TEAC value of non-fusion lunasin was determined in

comparison with Trolox. n + SD =3, each performed in triplicate.

Sample Formula R? value TEAC value (uM)*
Trolox y =0.0734x + 0.2554 0.9993 -

Non-fusion y=0.333x+9.3123 0.9943 4.450+0.093
lunasin

*n + SD =3, each performed in triplicate.

study has for the first time successfully produced lunasin in
two forms in A. oryzae, with final yields of 4 mg/L for fusion
lunasin and 5.8 mg/L for non-fusion lunasin. The study stands
apart from others by demonstrating for the first time the produc-
tion of functional lunasin as a non-fusion compound utilizing
a microorganism suitable for industrial-scale production.

Liu et al.* achieved soluble expression of His-tagged lu-
nasin in E. coli, yielding biologically active lunasin at 4.73
mg/L. Kyle et al.>> overexpressed His-tagged lunasin in E. coli
using the Clostridium thermocellum cipB domain as a fusion
partner, achieving a final yield of 210 mg/L. Setrerrahmane
et al.?® explored a cost-effective strategy in E. coli to obtain
a purified protein yield of 75 mg/L. Tian et al.>” used a fu-
sion tag strategy with the TEV protease cleavage mechanism
in E. coli, achieving an approximate yield of 86 mg/L after
cleavage. Zhu et al.?® expressed tandem-repeated lunasin units
in P. pastoris, obtaining 0.24 mg/mL of purified proteins. The
separated lunasin analogs showed dose-dependent reduction in
inflammatory response in lipopolysaccharide-stimulated RAW
246.7 cells, which suggests an industrial strategy for lunasin
use.?®

Lunasin has been proven to ameliorate vascular endothe-
lial cell damage by regulating the apoptotic pathway induced
by free radicals.'® Jeong et al.’s* study discovered lunasin to
protect DNA from oxidation by chelating ferrous ions. Addi-
tionally, they noted lunasin to decrease the formation of inter-
mediate products in lipid peroxidation, thereby reducing the
free radical burden.?® Another study conducted by Hernandez-
Ledesma et al.”> demonstrated lunasin to inhibit the oxidation
of linoleic acid, leading to a substantial reduction in reactive
oxygen species production in macrophages in a dose-dependent
manner. The present study has examined the inhibitory effect
of non-fusion and fusion lunasin expressed in A. oryzae with
regard to lipid peroxidation as a measure of antioxidant ca-
pacity under stable environmental conditions. Remarkably, the
results suggest the substantial inhibitory activity of non-fusion

lunasin on linoleic acid peroxidation to be independent of both
concentration and time. This result is believed to be attributed
to the redox state of non-fusion lunasin expressed in A. oryzae
at the tested time points.

Lunasin is known for its histone-binding ability at the C-
terminal end and shares homology with conserved regions in
chromatin binding proteins.'!*30 Similar to other chromatin
binding proteins, lunasin exhibits a dynamic equilibrium be-
tween oxidized and reduced secondary structural forms. Alek-
sis et al.’s* study utilized NMR techniques on lunasin and its
truncated N-terminal variant expressed in E. coli and revealed
the oxidized form to exhibit enhanced stability compared to the
reduced form. Depending on environmental conditions, lunasin
can exist in a reduced form with free cysteine thiols or in an
oxidized form featuring an intramolecular disulfide bond.*°

Unlike the non-fusion lunasin in the current study, the fusion
lunasin exhibited no significant inhibitory effect on linoleic
acid peroxidation. The fusion of lunasin with amylase is be-
lieved to be able to potentially result in the modification of its
redox properties or the weakening of its interaction with lipid
molecules by affecting flexibility. This could be attributed to
the structural complexity introduced by the fusion protein itself.
As aresult, the antioxidant efficacy of fusion lunasin has been
determined to be less robust compared to its non-fused lunasin.
The results of the antioxidant effects on lipid peroxidation for
both the fusion lunasin and non-fusion lunasin are supported
by the outcomes of the free radical scavenging activity. Alves
de Souza et al.’! investigated conformational differences be-
tween the oxidized and reduced forms of lunasin, highlighting
the structural heterogeneity that imparts flexibility in binding
to various partners. Consequently, the redox properties of lu-
nasin, particularly its cysteine bond, play a crucial role in its
interaction with other molecules and antioxidative activity. Fur-
thermore, the time- and environment-dependent nature of the
disulfide bond formation affects the stabilization of the redox
state and consequently the antioxidative activity due to the ab-




sence of a stable tertiary structure. Additionally, the abundance
of hydrophilic regions, combined with the presence of an as-
partic acid end, not only enhances flexibility but also induces
structural instability through electrostatic attractions.!

CONCLUSION

In conclusion, the study has successfully demonstrated for the
first time the efficient expression and secretion of lunasin pro-
teins in a soluble form using A. oryzae. Self-cleavage led to
the release of non-fusion lunasin into the culture medium after
separation from the amylase. The outcomes derived from the
assays measuring linoleic acid peroxidation and radical scav-
enging activity distinctly emphasize the enhanced antioxidant
efficacy of the non-fusion lunasin when compared to the fu-
sion lunasin. This innovative approach has not only achieved
a cost-effective and high-yield expression of lunasin but has
also provided valuable insights into its antioxidant properties
through in vitro investigations. The findings underscore the po-
tential A. oryzae has as a promising host organism for producing
functional lunasin with antioxidant capabilities, thus paving the
way for further applications in the fields of biotechnology and
bioactive peptides.
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ABSTRACT

Objective: Radiofrequency electromagnetic field (RF-EMF) exposure during the embryonic period can cause defects in the
development of the fetus. The study’s aim is to evaluate the effects of RF-EMF on the lipid accumulation, oxidant-antioxidant
system parameters, locomotor activities, and gene expressions of insulin and leptin as genes related to insulin resistance in fetal
hyperglycemia-induced zebrafish embryos.

Materials and Methods: The study exposed zebrafish embryos to RF-EMF (60 min) and glucose (5%) every day until 96
hours post fertilization (hpf). The study measured lipid peroxidation (LPO), superoxide dismutase, nitric oxide (NO), glutathione
S-transferase (GST), and glutathione (GSH) levels to observe the oxidative stress status. The study monitored the development of
the zebrafish embryos under a microscope, performed a locomotor activity analysis, measured acetylcholinesterase activity, and
conducted oil red O staining to determine lipid accumulation. The study used reverse transcription polymerase chain reactions
(RT-PCRs) to determine the expressions of ins and lepa by using RT-PCR.

Results: Both the glucose and RF-EMF applications decreased locomotor activity and increased the LPO and NO levels as
oxidative damage indicators. Applying RF-EMF alone increased GST and GSH levels, while applying RF-EMF and glucose
showed a decrease in the antioxidant defense systems. ins expression increased in the glucose and RF-EMF groups, while lepa
expression increased in the glucose group and decreased in the RF-EMF group.

Conclusion: The harmful effects of hyperglycemia and RF-EMF exposure during the fetal period on embryo development need
to be supported by studies to confirm the changes the current study has identified at the gene and protein levels.

Keywords: Radiofrequency electromagnetic field, Zebrafish embryos, Fetal hyperglycemia, Insulin resistance

INTRODUCTION EMFs have a high penetrating capacity, and the electrons they
emit have the ability to move macromolecular ions and charged
Despite the benefits of using radiofrequency electromagnetic particles. Consequently, they can have devastating effects on
fields (RF-EMF) through different sources (e.g., wi-fi, mobile the body.2’3 Many devices used daily (e.g., computers, televi-
phones, television), the negative effects of RF-EMF exposure i radios, mobile phones) cause the formation of magnetic
are a matter of concern, as RF-EMF exposure has also been  fe]qs. Daily exposure to the radio waves that mobile phones
associated with undesirable effects on cell components, caus- it has been associated with infertility, congenital anomalies,
ing differentiation and abnormalities in cell proliferation, DNA ;4 tillbirths.45 In addition to all these, exposure to RF-EMF
damage, cancer, and birth defects.! EMFs are classified based during pregnancy adversely affects fetal development, through
on their respective frequencies, with low frequency EMFs be-  (14ies on this subject have not been conclusive.*
ing below 300 Hz, intermediate frequency EMFs occurring o ) ) )
between 300 Hz-10 MHz , and high frequency EMFs ranging Hyperglycemia in pregnancy is called gestational diabetes

between 10 MHz-3 GHz. Mobile phones emit high-frequency and causes excess glucose transport from the mother to the
RF-EMFs.! fetus through the placenta. As a result, it frequently increases
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the risk of developing metabolic disorders such as fetal macro-
somia, excess weight, insulin resistance, and type 2 diabetes.’
The mechanism underlying the relationship between fetal ex-
posure to maternal hyperglycemia and increased disease risk
in adulthood has not yet been elucidated. Functional changes
occurring in the target tissues of diabetes (e.g., adipose tissue)
have been suggested to play an important role in epigenetic
mechanisms. Zebrafish embryos subjected to glucose repre-
sent an effective model for fetal hyperglycemia associated with
gestational diabetes.”

High RF-EMF causes membrane depolarization, changes in
calcium ion diffusion, and nerve and muscle stimulation. A
fetus has many stem cells and the fetus’ immunity has not yet
developed. Environmental exposure to such things as RF-EMFs
cause changes in gene expression in stem cells (e.g., HSP70).
This situation causes the development of oxidative stress, dis-
rupting the oxidant-antioxidant balance in the organism. More-
over, once the antioxidant system is disrupted, the organism
cannot provide adequate defense against RF-EMF exposure,
resulting in increased oxidative stress.'

Zebrafish have a 71% genetic similarity to humans and are
an important experimental model for developmental biology,
human genetics, and diseases. Due to external fertilization and
the optical transparency of their embryos, their embryonic de-
velopment can be easily observed live under a microscope.
These factors facilitate the use of zebrafish embryos in genetic,
toxicological, and many other studies. In addition to being
widely used for developmental biology and toxicology stud-
ies, zebrafish have also been frequently used in researching
metabolic diseases in recent years.® The pancreas of zebrafish
embryos completes its development between 48-72 hours post
fertilization (hpf). The energy required for the cell divisions
occurring during embryogenesis is provided through the use
of maternal glycogen stores.” As the size of the yolk decreases
toward 96 hpf, the energy needs of the zebrafish embryo are
met by gluconeogenesis.'® However, increased glucose flow to
the fetus as a result of maternal hyperglycemia or various en-
vironmental exposures during the embryonic period may cause
various defects in embryonic development.'! No study is found
in the literature to have examined the effects of glucose and
RF-EMF exposure during the embryonic period on embryonic
development or on the genes that play a key role in insulin re-
sistance. Based on this, the current study aim of the study is to
determine the effects RF-EMF has on gene expressions related
to the development of insulin resistance in fetal hyperglycemia-
induced zebrafish embryos. The research also aims to determine
the effects of glucose and RF-EMF exposures on lipid accumu-
lation and oxidant-antioxidant system parameters and examines
acetylcholinesterase (AChE) activity and locomotor activities
in relation to behavioral and developmental impairments.

MATERIALS AND METHODS

Zebrafish Care

Wildtype AB/AB strain zebrafish were maintained under appar-
ently disease-free conditions. Husbandry and egg laying were
carried out in accordance with the protocols approved by the
Marmara University Institutional Animal Care and Use Com-
mittee. Fish were kept in an aquarium rack system (Zebtec,
Tecniplast, Italy) at a temperature of 27 + 1 °C on a 14/10 h
light/dark cycle and fed twice a day with live Artemia as well as
flake fish food. Following natural spawning, fertilized embryos
were collected and staged according to their development and
morphology.!? These were then included in the experiments.
100 embryos from each group were used for the biochemical pa-
rameters, 40 embryos for the reverse transcription polymerase
chain reaction (RT-PCR) analyses, and 20 embryos for the oil
red O method.

RF-EMF and Glucose Exposure

Zebrafish embryos at 0-2 hpf were divided into four groups:
control, RF-EMF-exposed group (EMF), 5% glucose-exposed
group (G), and both EMF- and 5% glucose-exposed group
(EMF+G). EMF exposure was applied for 60 min once a day
at 0-2, 24, 48, 72, and lastly 96 hpf. For this exposure, the
study used a special exposure system installed by the Istanbul
Technical University Faculty of Electronics. The 5% glucose
exposure was applied at 0-2, 24, 48, and 72 hpf. Embryos were
maintained in E3 medium (15 mM NaCl, 0.5 mM KCI, 1.0
mM MgSOy, 0.15 mM KH,POy, 0.05 mM Na,HPO4, 1.0 mM
CaCl,, 0.7 mM NaHCOs, pH 7.2) throughout their exposure
period.

Locomotor Activity Analysis

At the end of 96 hpf, behavioral analyses were performed with
10 randomly selected embryos from each group. The embryos
were placed one by one in a petri dish with a diameter of 20
cm. The tail was then stimulated laterally with a sharp object,
and this process was recorded with a camera. Next, the camera
recordings were analyzed using the semi-automated system,
and numerical data was obtained from the images.'3 The results
of these analyses provided measurements for the average speed,
total distance, and exploration rate parameters.

Biochemical Analyses

For each group, 10% homogenates were prepared in three repli-
cates using physiological saline for biochemical analyses from
the pools of zebrafish embryos. The supernatant was separated
for analysis. Lowry’s method was used for determining total
protein,'# Yagi’s method for lipid peroxidation (LPO),"> Mi-




randa’s method for nitric oxide (NO),'® Habig’s method for
glutathione s-transferase (GST),!” Mylorie’s method for super-
oxide dismutase (SOD),!® Ellman’s method for AChE,'® and
Beutler’s method for glutathione (GSH).? Protein levels were
measured to present biochemical data as values per mg of pro-
tein.

RT-PCR Analysis

Three biological replicates were made from each pool of ze-
brafish embryos, with each replication consisting of 40 em-
bryos. These were homogenized with a 350 pL lysis buffer.
The RNeasy Mini Kit and the QIAcube RNeasy kit (Qiagen,
Hilden, Germany) were used to isolate the RNA from the em-
bryos. The BlasTag™ 2X qPCR MasterMix kit (Applied Bi-
ological Materials Inc. (abm) , Richmond, Canada) was used
to perform the RT-PCRs. Beta-actin (actbl) is a housekeeping
gene and is used as a reference gene. Expressions for the lepa
and ins genes were determined through the RT-PCR analyses
(Table 1). Relative transcription levels were calculated based
on the normalization of values using the housekeeping gene.?!

Table 1. Forward and reverse primers used in the study.

Genes Primers (forward/reverse)

actbl 5'-AAGCAGGAGTACGATGAGTCTG-3'
5'-GGTAAACGCTTCTGGAATGAC-3'

ins 5-GCTCTGTTGGTCCTGTTGGT-3'
5-GGGCAGATTTAGGAGGAAGG-3'

lepa 5'-CTCCAGTGACGAAGGCAACTT-3'
5'-GGGAAGGAGCCGGAAATGT-3'

QOil Red O Methods

At 96 hpf, the embryos were subjected to the following pro-
cedures for oil red O (ORO) staining. All embryos were fixed
in 4% paraformaldehyde overnight. After fixation, embryos
(10-15 embryos for each microcentrifuge tub) were transferred
to a 1.5 mL microcentrifuge tube and washed three times (5
min each) with 1X phosphate buffered saline/0.5% Tween-20
(PBS-Tween). After PBS-Tween removal, the embryos were
then stained with a mixture of 300 pL of 0.5% ORO and 200
pL of distilled water in 100% isopropyl alcohol for 15 min.
The embryos were then washed three times in 1X PBS-Tween
and twice in 60% isopropyl alcohol for 5 min each. Lastly,
the embryos were then washed in PBS-Tween and fixed in 4%
paraformaldehyde for 10 min. Embryos were mounted in glyc-
erol before imaging, and ORO staining of the embryos was
recorded under a Zeiss Sterio Discovery V8 microscope.?

Statistical Analysis

GraphPad 9 was used to evaluate the differences among the
groups. First, one-way analysis of variance (ANOVA) was ap-
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plied, followed by Tukey’s multiple comparison test. A value
of p < 0.05 is considered statistically significant.

RESULTS

Results of Morphological Analysis and ORO Staining

Embryonic development was observed under a microscope to
monitor the malformations that had occurred as a result of the
experimental exposures at 24, 48, 72, and 96 hpf. Scoliosis was
observed in zebrafish embryos given a 5% glucose solution at
48 hpf. At 72 hpf, scoliosis was detected in the G and EMF+G
groups, while cardiac edema was detected in the EMF and G
groups. Eye development retardation was also detected in the
EMEF, G, and EMF+G groups. Head hemorrhage was seen in
the G group, and yolk edema was seen in the G and EMF+G
groups. Scoliosis, yolk edema, delay in eye development, and
cardiac edema were observed in all exposure groups at 96 hpf
(Figure 1). ORO stain was used to detect lipid accumulation
in the zebrafish embryos, an increase in lipid accumulation in
the liver being found at 96 hpf in the EMF and EMF+G groups
(Figure 2).

Results of Locomotor Activity

The study has found average speed, total distance, and explo-
ration rate to have decreased in all groups compared to the
control. Furthermore, all locomotor parameters were lower in
the EMF+G group compared to the G group (Figures 3a-c).

Results of Biochemical Analysis

As aresult of the 5% glucose and RF-EMF exposures, lipid per-
oxidation levels were seen to have increased significantly in the
EMF, G, and EMF+G groups compared to the control group.
LPO increased significantly in the G group compared to the
EMF group (Figure 4a). In addition, NO levels had increased
significantly in the EMF, G, and EMF+G groups compared to
the control group. Furthermore, NO levels were significantly
lower in the EMF+G group than in the EMF group (Figure 4b).
Compared to the control group, GST activities had increased
significantly in the EMF and EMF+G groups. Compared to
the G group, GST activities had again increased significantly
in the EMF and EMF+G groups (Figure 4c). SOD activities
declined significantly in the EMF and EMF+G groups com-
pared to the control group. SOD activity also decreased sig-
nificantly in the EMF and EMF+G groups compared to the G
group (Figure 4d). When compared to the control, AChE ac-
tivities were found to have significantly decreased in the EMF,
G, and EMF+G groups. AChE activity was also seen to have
decreased in the EMF and EMF+G groups compared more than
in the G group (Figure 4e). GSH levels were higher in the EMF
group compared to the control group. The EMF group showed a
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Figure 1. Effects of RF-EMF and 5% glucose exposure on embryonic development. Representative figures of zebrafish embryos at 24, 48, 72 and 96 hpf: A
Zeiss Sterio Discovery V8 microscope was used for measurements. 6.3X magnification was used for embryos in the chorion and 3.2X magnification was used for
hatching embryos. Scale bar: 500pm.

Figure 2. Comparison of lipid accumulations of the groups with oil red O staining. Representative figures of zebrafish embryos at 24, 48, 72 and 96 hpf; A Zeiss
Sterio Discovery V8 microscope was used for measurements. 3.2X magnification was used for embryos. Scale bar: 500pm.
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Figure 3. Bar graph presentation of the locomotor activity: a) Average speed analysis results of the groups; b) Total distance measurement results of the groups;
and c) Exploration rates of the groups. Data are expressed as Mean + SD (n = 10). * p < 0.05; ** p < 0.01; **** p < 0.0001.

Figure 4. Bar graph presentation of the comparison of the biochemical parameters of the groups’: a) lipid peroxidation (LPO) levels; b) nitric oxide (NO) levels;
c¢) glutathione S-transferase (GST) levels; d) superoxide dismutase (SOD) levels; e) acetylcholinesterase (AChE) activities; and f) glutathione (GSH) levels. The
data from the four independent experiments are expressed as Mean + SD (n = 4, 4 biological replicates for each group, 50 embryos per pool); *p < 0.05; **p <

0.01; ***p < 0.001; ****p < 0.0001.

greater increase in GSH levels compared to the G group, while
the EMF+G group showed no statistical difference. GSH levels
had declined more in the EMF+G group compared to the EMF
group (Figure 4f).

Results of RT-PCR Analysis

The RT-PCR analysis was performed to determine the lepa and
ins mRNA expression levels as a result of RF-EMF and 5%
glucose exposure. As a result of these analyses, lepa expression
levels were lower in the EMF and EMF+G groups compared to
the control, while these levels increased significantly in the G
group (Figure 5a). ins expression levels were higher in the EMF,
G, and EMF+G groups compared to the control. Furthermore,
INS expression levels were lower in the EMF and EMF+G
groups compared to the G group (Figure 5b).

DISCUSSION

During the fetal period, exposure to various stress factors can
lead to various defects in fetuses, whose metabolic develop-
ment is inadequate. Exposure to various environmental factors
(e.g., radiation, heavy metals, air pollution) increase the risk of
developing various diseases during prenatal and early infancy
when rapid development occurs.??

The present study has examined the effect of RF-EMF ex-
posure on glucose-exposed zebrafish embryos as a model of
fetal hyperglycemia. In order to evaluate whether RF-EMF ex-
posure may have an effect on gene expressions related to the
development of insulin resistance, the study determined the
mRNA expressions of insulin and leptin and performed an oil
red O staining to determine lipid accumulation. Developmental
parameters, oxidant-antioxidant status, and locomotor activity
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Figure 5. Bar graph presentation of the fold change of the RT-PCR-quantified transcripts of a) lepa and b) ins. All RT-PCR results are expressed as changes from
their respective controls after being normalized to the housekeeping gene actbl. Three studies (n = 3; 3 biological replicates for each group, 50 embryos per pool)
were used to calculate the average values. Data presented are expressed as Mean + SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.

were also assessed to find out how these exposures affected
normal embryonic development.

According to the Pedersen hypothesis, an increase in glucose
flow to the fetus causes fetal hyperinsulinemia, which may cause
changes in the development and growth of the fetus.!! The 5%
glucose exposure-induced hyperglycemia model in zebrafish
embryos revealed defects in eye development.>* Another study
found that zebrafish embryos that had been exposed to glucose
developed scoliosis and edema.”> Consistent with these stud-
ies, edema, scoliosis, and retardation in eye development were
determined in the groups exposed to RF-EMF and glucose.

The present study assessed LPO levels to detect oxidative
stress status. According to the results, 5% glucose and RF-
EMF exposure have been revealed to lead to an increase in ox-
idative stress. Furthermore, lipid accumulation was observed
in the liver of the RF-EMF-applied groups as a consequence
of staining with oil red O. Guru and Arockiaraj performed oil
red o staining to observe lipid accumulation in the fetal hyper-
glycemia model induced by bisphenol A in zebrafish embryos
and identified lipid accumulation in the abdominal area.?® The
accumulation of specific lipid metabolites and increased lipid
levels within the cell are related to hyperglycemia.?’” Hyper-
glycemia can damage vascular structures by stimulating oxida-
tive stress, interfering with NO production, and triggering the
formation of lipid-containing foam cells by macrophages.”® As
aresult of the disruption in the integrity of the endothelial struc-
ture, lipid accumulation accelerates.”® Kaplan et al. revealed an
increase in NO and LPO levels in zebrafish embryos that had
been administered 5% glucose.” In light of this information, the
increase in LPO and NO levels in this study’s exposure groups
may be associated with lipid accumulation and hyperglycemia.

Kaplan et al. demonstrated an increase in GST activities in
the fetal hyperglycemia model they created regarding zebrafish
embryos.” While GST activity in the present study did not

change significantly in the group given only 5% glucose, in-
creased GST activity was observed in the RF-EMF groups,
which may be related to the increased LPO in these groups.
The GST enzyme is effective in xenobiotic detoxification. This
enzyme aims to prevent cellular damage by conjugating the re-
active species created by Phase I enzymes with glutathione.?
In both RF-EMF groups, glucose exposure caused a decrease in
GSH and GST activities. This demonstrates that glucose expo-
sure suppresses the elements of the antioxidant defense system
that activate under increased oxidative stress in the case of
RF-EMF exposure. A significant decrease in SOD activity was
observed to have occurred in the group that was administered
5% glucose.'! Consistent with the findings of Hansen et al., the
decrease observed in SOD activity in the glucose and RF-EMF
groups in the present study is an indicator of the decreased
antioxidant defense system in the face of increasing oxidative
stress in these groups and supports the findings regarding the
disruption of embryonal development in these groups.

Aerobic organisms need oxygen to survive. While a large por-
tion of oxygen molecules turn into water in the electron trans-
port chain, a very small portion may cause radical formation.
The increases in ins mRNA levels and in LPO and GST activity
in this study may be indicators of oxidative stress formation.
Increased oxidative stress and mitochondrial dysfunction have
been reported in the glucose-induced hyperglycemia model in
zebrafish.?> The glucose-stimulated increase in insulin mRNA
expression in the present study was accompanied by increased
LPO (an indicator of oxidative stress), as well as the stimula-
tion of antioxidant defense systems in response to this situation.
Mitochondrial dysfunction that develops as a result of hyper-
glycemia can cause a disruption in the electron transport chain
and ROS formation. Although this situation was observed in
both the RF-EMF and glucose groups, the increase in insulin
gene expression was much more pronounced in the glucose
group. On the other hand, when glucose was administered to




the RF-EMF group, an increase in insulin gene expression was
detected, which was expected.

Torres-Ruiz et al. discovered RF-EMF exposure to cause a
decrease in AChE activity as well as locomotor activity in
zebrafish embryos. In the present study, locomotor activity
decreased in all exposure groups, with the G group showing
an increase in AChE enzyme activity, which hydrolyzes acetyl-
choline, while the EMF and EMF+G groups showed a decrease.

In the present study, ins mRNA expression increased in all
exposure groups compared to the control. Furthermore, lepa
mRNA expression increased in the glucose group compared
to the control group while decreasing in the EMF and EMF+G
groups. Insulin is one of the most important hormones for ensur-
ing glucose control. Therefore, the present study analyzed the
expressions of the ins and lepa genes to understand how these
two hormones act in case of EMF exposure in a fetal hyper-
glycemia model, as well as to evaluate whether EMF exposure
affects the gene expressions related to the development of in-
sulin resistance that may develop in fetal hyperglycemia. The
increase in ins mRNA levels in the present study indicates that
RF-EMF exposure during the fetal period may affect glucose
hemostasis. Glucose is known to stimulate the accumulation of
insulin mRNA. In accordance with this information, the study
found increased insulin mRNA levels in the glucose-exposed
groups.®! Consistent with the current study, Kaplan et al. re-
ported an increase in ins mRNA levels in their hyperglycemia
model induced with 5% glucose.” Meo and Rubeaan’s study re-
vealed fasting blood glucose and insulin resistance to increase
in Wister Albina rats that were exposed to mobile phone radia-
tion for more than 15 minutes a day over three months.>?

Leptin hormone is important in energy homeostasis and reg-
ulates the hunger and satiety mechanism.>* The current study
detected a decrease in lepa mRNA levels. Leptin levels have
been positively correlated with body fat, with obese subjects
being more hyperleptinemic than lean subjects.>* Reduced lep-
tin mRNA levels through RF-EMF exposure may be related to
the lipid accumulation observed in these groups. However, in
order to support these findings, the changes this study has iden-
tified in insulin and leptin expressions at the gene level need to
be confirmed at the protein level.

CONCLUSION

Hyperglycemia in a mother during pregnancy increases glu-
cose flow to the fetus, which can cause ROS accumulation and
lipid accumulation in addition to developmental disorders. This
study’s results have shown that, in cases of fetal hyperglycemia,
RF-EMF exposure increases the harmful effects caused by glu-
cose exposure on zebrafish embryo development. In addition,
this study supports the suitability of the zebrafish embryo for
studies on fetal hyperglycemia and exposure to environmental
factors, including RF-EMF.
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ABSTRACT

Objective: Aging entails a gradual rise in low-grade inflammation affected by cellular degeneration and death. Inflammaging
refers to the chronic, low-grade inflammation that occurs alongside the aging process. This study attempts to evaluate the hepatic
and renal histological changes, apoptosis and necroptosis rates, and inflammaging status of 6-week-old and 10-month-old rats.
Materials and Methods: This study uses 12 male rats separated into two groups: Young Group (6-week-old rats; n = 6), and Adult
Group (10-month-old rats; n = 6). Animals were sacrificed under anesthesia. The rats’ livers and kidneys were removed, and each
organ tissue was divided into two parts: one for the microscopic examination (H&E and TUNEL immunohistochemistry) and the
other for biochemical determination (tumor necrosis factor-alpha [TNF-a], nuclear factor-kappa beta [NF-«B], interleukinl-Beta
[IL-1p], IL6, receptor-interacting serine/threonine protein kinase [RIP], and RIP3).

Results: The histological features of the livers and kidneys of the 6-week-old rats were consistent with healthy mammalian organ
features, while some histological changes were detected in sections of the 10-month-old rats. The apoptosis rate indicated by
TUNEL immunohistochemistry was seen to have increased in the 10-month-old rats, while the necroptosis rate indicated by RIP3
Western-blotting analysis was conversely determined to have decreased. Significant increases in TNF-a and NF-«B levels were
consistent with the increased apoptosis rate in the 10-month-old rats compared to the 6-week-old rats.

Conclusion: One of the striking results of this study is that the degenerative changes related to aging began to be seen even in
10-month-old rats. The researchers used healthy rats of this age as control subjects as well as to create experimental models.

Keywords: Apoptosis, Necroptosis, Young rats, Adult rats, Liver, Kidney

INTRODUCTION tential for one type of cell death to trigger another type of cell

death in the same or different cells.®
The senescence of cells is an event where cells lose their di-

viding ability, often triggered by factors such as DNA dam- Aging entails a gradual rise in low-grade inflammation af-
age or stress. Over time, senescent cells may proliferate in tis-  fected by cellular degeneration and death. Chronic, mild-grade
sues and contribute to aging-related illnesses and aging itself.  inflammation involving inflammaging occurs alongside the ag-
One hallmark of cellular senescence is the development of the  ing process. This chronic inflammation is associated with an el-
senescence-associated secretory phenotype (SASP), wherein  evated risk of several age-related diseases, including adult-type
senescent cells secrete a variety of inflammatory cytokines,  diabetes, cardiac and vascular diseases, cancer, and neurode-
growth factors, and proteases.” Apoptosis and necroptosis generative diseases. Inflammaging can exacerbate the progres-
are both programmed cell death routes that are mediated by  sion of these conditions and contribute to their development
specific molecular regulators.* Necroptosis represents a pro- by promoting tissue damage, impairing cellular function, and
grammed cell death pathway that exhibits features overlapping disrupting normal physiological processes. This inflammation
with both apoptosis and necrosis. Unlike apoptosis, necroptosis is thought to be a result of various factors, such as the accu-
is triggered by external factors such as inflammation, infection,  mulation of cellular damage over time, dysregulation of the
or cellular stress when apoptosis is inhibited.’> Different pro-  immune system, and the presence of aging cells.””” In humans,
grammed cell death pathways are interconnected on multiple  inflammaging is marked by the elevation of circulating pro-
levels and include shared triggers, final execution events, and  inflammatory cytokines, notably interleukin-6 (IL-6), IL-1p,
cell defense mechanisms. These pathways also include the po-  and tumor necrosis factor-alpha (TNF-a). These cytokines play
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crucial roles in regulating the inflammatory response and are
associated with various age-related diseases.”>*10

This study attempts to evaluate the hepatic and renal histolog-
ical changes, apoptosis and necroptosis rates, and inflammag-
ing status of 6-week-old and 10-month-old rats. It also aims
to discover the beginning of aging-related changes in rats to
make suggestions about which age periods of animals should
be preferred for yielding more realistic results. The experi-
mental studies carried out so far have investigated age-related
histological changes in much older rats than this study has used.

MATERIALS AND METHODS

Animals and Experimental Groups

This study includes 12 male Sprague-Dawley rats that were
formed into two groups: Group 1 (Young Group), and Group 2
(Adult Group), each consisting of 6 rats. The rats in the Young
Group are six weeks old, and the rats in the Adult Group were
10 months old. The animals were sacrificed under anesthesia.
The abdominal cavities of the rats were opened, and the liv-
ers and kidneys were rapidly removed. Each liver and kidney
tissue were divided into two parts, one for the microscopic ex-
amination and the other for the biochemical identification. The
Animal Care and Experiment Committee of Bezmialem Vakif
University School of Medicine approved the animal care and
research procedure (Approval No. 2024/10).

Microscopic Evaluation
Light Microscopic Examination

The kidney and liver tissue samples were fixed in 10% buffered
formalin. Following fixation, the tissue samples were dehy-
drated, cleared with xylol, and finally embedded in paraffin.
For microscopic evaluation, sections measuring 5 pm in thick-
ness were stained using hematoxylin-eosin (H&E) and Mas-
son’s trichrome techniques. Subsequently, the samples were
inspected under a light microscope (Nikon Eclipse 920248,
USA).

Immunohistochemical Staining

Sections were stained to detect apoptotic cell death using a
TUNEL-based apoptosis kit (ApopTag® Plus Peroxidase In
Situ Apoptosis Kit, S7101, Millipore, Darmstadt, Germany).
The TUNEL technique was applied in accordance with the
manufacturer’s instructions. Two blinded reviewers counted the
number of TUNEL-positive cells from five randomly selected
fields for each sample. This counting process was conducted
using Image]J software (National Institutes of Health, Bethesda,
MD, USA) under a microscope at 20X magnification.

Western Blotting

Kidney and liver tissues were dissected, complemented with
phosphate-buffered saline (PBS) that included a protease in-
hibitor cocktail, homogenized, and centrifuged at 9,000 x g for
15 min at 4°C. The western blot method was performed as in
previous studies.!! The study used RIP (receptor-interacting
serine/threonine protein kinase) and RIP3 (receptor-interacting
serine/threonine kinase 3) to indicate the presence or absence
of necroptosis. IL-1f (Novus Biologicals, USA), RIP, and RIP3
(Abcam, Boston, MA, USA), TNF-«a, IL-6, and nuclear factor
kappa B (NF-«B; Cell Signaling, Danvers, MA, USA) were
used as the primary antibodies. Signal detection was carried
out utilizing a luminol substrate (Elabscience, Houston, TX,
USA) and recorded using a CCD camera with the Fusion FX7
system (Vilber Lourmat, Collegien, France). Verification of
protein loading was accomplished using a monoclonal mouse
antibody specific to glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH; Abbkine, Atlanta, Georgia, USA).

Statistical Analysis

Statistical analysis was performed using SPSS 22.0. All data
were expressed as mean + standard error of the mean (SEM),
and the difference between groups was analyzed using Student’s
t-test, with p < 0.05 being considered statistically significant.

RESULTS

Histology of the Liver and Kidney in the Young and Adult
Rats

Various changes were detected in terms of the histological fea-
tures and protein expressions related to both liver and kidney
tissues between the 6-week and 10-month groups.

The H&E-stained liver sections from the 6-week-old rats
appeared healthy, consistent with expectations. Classical liver
lobule organization was obvious (Figure 1A). Hepatocytes pos-
sessing euchromatic nuclei and acidophilic cytoplasm contain-
ing soma basophilic granules were arranged as anastomosing
cellular rows separated by sinusoidal capillaries. Periportal
Kupffer cells and even bile canaliculi were observed between
the adjacent hepatocytes (Figure 1B). Masson’s trichrome-
stained liver sections revealed collagen fiber organization. A
thin layer of collagen fibers surrounded the thin-walled central
vein (Figure 1C) and also observed within the portal space (Fig-
ure 1D). The H&E-stained liver sections from the 10-month-old
rats were generally healthy, as expected. However, their sinu-
soid capillaries looked narrower than those of the 6-week-old
rats (Figure 2A). Some deeply acidophilic stained hepatocyte
groups were also interspersed among the healthy hepatocytes
(Figure 2A). The nuclei of some of these hepatocytes seemed
normal, while others were darker or paler than those of the
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Figure 1. Histological features of the liver from 6-week-old rats. Central veins (CV) and portal spaces (PS) are regularly organized (A and B). A thin layer of

collagen fibers surrounding central vein (C) and within the portal space (D) is observed A and B. Hematoxylin and Eosin; X20 (A) and X40 (B); Masson’s
trichrome; X20 (C) and X40 (D).

Figure 2. Histological features of the liver sections from 6-week-old rats. Deeply acidophilic stained hepatocyte groups are obvious among the regular hepatocytes
(arrows) (A, B and D). Cytoplasmic vacuolization is evident both in deeply acidophilic stained hepatocytes (A, B and D) and healthy-appeared hepatocytes (C).
Small inflammatory cell groups (black stars) are seen among deeply acidophilic cell groups (D) and within the portal spaces (PS) (F). The collagen fiber mass

(marked by black arrowheads) encompassing the central vein (CV) (E) and within portal space (F) seems thicker than those of the previous group. Hematoxylin
and Eosin, X20 (A), X40 (B) and X40 (C). Masson’s trichrome, X40 (D) and X20 (E).
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healthy hepatocytes. Additionally, cytoplasmic vacuolization
was evident in both the apparently healthy hepatocytes (Figure
2B) and deeply acidophilic stained hepatocytes (Figure 2C).
Occasionally, some small inflammatory cell groups were de-
tected, especially among these cell groups (Figure 2D) as well
as within the portal spaces. Masson’s trichrome-stained liver
sections revealed the collagen fiber mass around the central
veins (Figure 2E) and within the portal spaces (Figure 2F) to
be higher than those in the 6-week-old rats.

The H&E-stained kidney sections of the 6-week-old rats were
healthy, as expected. Many glomeruli were detected surrounded
by Bowman spaces in the cortex of the kidneys, as well as prox-
imal and distal tubules, also as expected (Figure 3A). At higher
magnifications, the macula densa, both layers of the Bowman
capsule, striated border, and even basal striation of the proximal
tubule cells became obvious (Figure 3B). Masson’s trichrome-
stained kidney sections revealed collagen fiber organization. A
thin layer of collagen fibers was seen to surround the parietal
layer of the Bowman capsule, but was only barely seen be-
tween the tubules (Figures 3C and 3D). The H&E-stained kid-
ney sections of the 10-month-old rats were generally healthy,
as expected. However, contraction of the Bowman space and
tubule lumen was obvious in some places (Figure 4A). Under
higher magnifications, the presence of some deeply acidophilic
stained epithelial cells was detected in both the proximal (Fig-
ure 4B) and distal tubules. Regularly stained tubule epithelial
cells also showed some abnormalities, including edema and
heterochromatin condensation (Figure 4B). Interestingly, this
group was detected to have some metaplastic changes related
to the Bowman capsule. The simple squamous epithelium of
the parietal layer of the Bowman capsule had transformed into
a simple cuboidal epithelium, similar to that of the proximal
tubule that included basal striation (Figure 4C). Some small
inflammatory cell groups were detected in the interstitial area
(Figure 4D). Masson’s trichrome-stained kidney sections re-
vealed the collagen fiber mass around the Bowman capsule and
among the tubules (Figures 4E and 4F) to be higher than those
in the 6-week-old rats.

IL-6, IL-1p, RIP3, RIP, NF-«B, and TNF-« Levels in the
Young and Adult Rats’ Liver and Kidney

RIP3 expression in the liver tissue was higher in the young
rats compared to the adult rats (p < 0.005; Figure SA). RIP
expression was also higher in the young rats, though it did
not reach the accepted level of significance (Figure 5B). The
expressions of NF-«B and TNF-a were significantly higher
in the adult animals compared to the young animals (p < 0.05
and p < 0.005, respectively; Figures 5C and 5D). In addition, no
difference was found between the young and adult rats regarding
IL-6 expression (Figure SE).

IL-1p levels in the kidney tissue were notably higher in the

young rats compared to the adult rats (p < 0.05; Figure 6A).
In addition, RIP3 protein expression was slightly higher in the
young rats compared to the adult rats (p < 0.05), whereas RIP
protein expression was similar in both age groups (Figures 6B
and 6C). Unfortunately, the Western-blotting protocol for NF-
«B, TNF-a, and IL-6 failed despite repeated efforts.

Expression Patterns and Levels of TUNEL Positivity in the
Young and Adult Rats’ Liver and Kidney

The results of the mean % area measurement, which enables
quantifying the percentage of tissue area that is positively
stained for TUNEL, revealed the apoptosis levels to be slightly
higher in the adult livers and kidneys compared to those of
the younger rats (Figures 7A and 7B), though not statistically
significant.

DISCUSSION

One of the fundamental mechanisms in the aging process is
cellular senescence.!? Senescent cells have a complex SASP,
which includes an extension of pro-inflammatory variables with
vital paracrine and autocrine impacts on cell and tissue biology.
Both clinical evidence and experimental research have estab-
lished connections for cellular senescence with the buildup of
senescent cells and the generation and dissemination of SASP
components, which contribute to age-related health issues.'?
Factors that initiate the formation of senescent cells encom-
pass DNA damage, shortened telomeres, activated oncogenes,
metabolic cues such as reactive oxygen species (ROS), physical
strain, and impaired mitochondrial function.'*!7 A significant
portion of senescent cells generates an SASP that is both pro-
inflammatory and pro-apoptotic. The inducers, the length of
time from induction, and microenvironmental factors of senes-
cence vary according to cell type. SASP might be comprised
of cytokines (e.g., [L-1a, IL-6, IL-8, TNF-a, interferon-y) and
chemokines, as well as growth factors, microRNAs, ROS, and
exosomes.'®1? Aging is characterized by an increase in mild
chronic inflammation known as inflammaging, which is ac-
knowledged as a crucial factor in the initiation of aging-related
diseases.”’ In humans, inflammaging is defined by elevated
levels of circulating pro-inflammatory cytokines, including IL-
6, TNF-a, and IL-1B.8 Although the current study detected
no excessive pathological inflammation, hepatic expressions of
NF-xB and TNF-a were significantly higher in the adult rats
compared to the young ones.

In laboratory settings, Sprague-Dawley rats typically reach
sexual maturity and adulthood at around 6-8 weeks of age.
Adult life can be considered to begin around this age, as this is
when they reach physical and sexual maturity. As for the onset
of old age in Sprague Dawley rats, it generally starts around 18-
24 months of age, at which point these rats may start exhibiting
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Figure 3. Histological features of the kidney sections from 6-week-old rats. Many glomeruli surrounded by Bowman spaces (black arrow), and proximal (PT) and
distal tubules (DT) are detected in the cortex (A-D). Macula densa (MD), both layers of the Bowman capsule, striated border, and basal striation of the proximal
tubule cells are seen (B). A thin layer of collagen fibers surrounding the parietal layer of the Bowman capsule (blue arrow) is seen (C and D). Note that collagen
fibrils are barely seen between the tubules (green arrow) (D). Hematoxylin and Eosin, X20 (A) and X40 (B). Masson’s trichrome, X20 (C) and X40 (D).

signs of aging. Due to both 8-month-old and 10-month-old rats
typically being considered adults in the context of rat devel-
opment, researchers generally use 8- or 10-week-old rats as
subjects without hesitation, regardless of the age of the animals
held by the animal research center. However, even the category
of so-called adult rats can still have differences in cellular fea-
tures, proliferation, and apoptotic, necrotic, or necroptotic cell
death inflammation, organ morphology and physiology, and
susceptibility to certain conditions. Consistent with this obser-
vation, while the histological features of the livers and kidneys
of this study’s 6-week-old rats are considered consistent with
healthy mammalian organ features, some histological changes
were detected in the sections of the 10-month-old rats. For in-
stance, the presence of deeply acidophilic stained hepatocyte
groups, vacuolization, and small inflammatory cell groups was
evident in the liver sections. The presence of some deeply aci-
dophilic stained epithelial cells was also detected in the kidney
sections of this group in both the proximal and distal tubules, as
well as cellular edema, nuclear heterochromatin condensation,
and metaplastic changes related to the Bowman capsule. Also,
some small inflammatory cell groups were observed in the kid-
ney sections. In addition to the histological changes, the study
also detected some differences in terms of the rates of apop-
totic and necroptotic cell death and inflammatory mediators.
The TUNEL immunohistochemistry indicated the apoptosis
rate to have increased conversely, the RIP3 Western-blotting
analysis indicated the necroptosis rate to have decreased in the

liver and kidneys of the 10-month-old rats. The levels of NF-
«B and TNF-a expressions in the liver samples were notably
elevated in the 10-month-old rats compared to the 6-week-old
rats. As age advanced, the inflammatory cytokine levels in the
liver were found to increase.?' Inflammation and cell death are
interrelated processes with significant overlap. Inflammatory
signals can induce various forms of cell death, and cell death,
particularly necrosis and necroptosis, can trigger and sustain in-
flammatory responses. Additionally, inflammation often results
in the production of reactive oxygen species (ROS), which can
cause cellular damage and death through oxidative stress mech-
anisms. Cytokines such as TNF-«, IL-1, and IL-6, produced
during inflammation, can directly induce cell death. TNF-a,
for instance, can trigger apoptotic pathways in certain contexts,
leading to cell death. NF-«B, a key transcription factor acti-
vated by inflammatory signals, can regulate the expression of
both pro-apoptotic and anti-apoptotic genes.

Regulated cell death modalities include apoptosis and
necroptosis, which are mediated by dedicated molecular ma-
chines, and play a significant role in health and disease.* Nu-
merous levels of connections exist among various forms of
regulated cell death. These encompass shared molecular path-
ways such as common triggers, final execution steps, and cel-
lular defense mechanisms. Moreover, the potential exists for
one type of cell demise to induce a different type of cell death
in the same or other cells.* Necroptosis could be considered
the best-characterized form of regulated apoptosis.?> Apopto-
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Figure 4. Histological features of the kidney sections from 10-month-old rats. Bowman spaces (marked by black asterisks), and the lumen of tubules seem
contracted (marked by green asterisks). Some deeply acidophilic stained epithelial cells (black arrow) are detected within the tubular epithelium (A-D). Edema,
and heterochromatin condensation (yellow arrow) are obvious within the tubular epithelial cells (B). Simple cuboidal epithelium similar to that of the proximal
tubule (marked by red arrows) instead of simple squamous epithelium is detected in the parietal layer of Bowman capsule (C). Some small inflammatory cell
groups (black star) are observed in the interstitial area (D). Collagen fiber mass around the Bowman capsule (blue arrow) and among tubules (green arrow) seems
higher than those of the 8-month-old rats (E, F). A-D: Hematoxylin and Eosin, X20, X40, X40 and X40, respectively. E and F: Masson’s trichrome, X20 and X40,

respectively.

sis is triggered by signals of death, which can originate from
either within the cell (intrinsic) or from external sources (extrin-
sic). Cellular stresses such as DNA damage, low oxygen levels,
and oxidative stress stimulate the intrinsic pathway of apopto-
sis. These stimuli alter the cytoplasmic dynamics to promote
pro-apoptotic factors, leading to the release of mitochondrial
pro-apoptotic factors such as cytochrome c into the cytoplasm.
Following this, the release of endonuclease G operates within
the nucleus to facilitate DNA fragmentation and nuclear con-
densation. The initiation of apoptosis through the extrinsic path-
way entails signaling via transmembrane receptors belonging
to the TNF receptor family. Signaling through TNF receptor
1 leads to the activation of initiator caspase-8, ultimately re-

sulting in apoptosis.>® Being a pleiotropic cytokine, TNF-a
induces a diverse array of cellular reactions, spanning from
inflammation and proliferation to programmed cell death.?*
TNF-a has been identified as capable of directly instigating
two forms of cell death: apoptosis, which is dependent on cas-
pase activity, and necroptosis, which occurs independently of
caspase involvement.?’ In various cell types, the inhibition of
caspases fails to prevent cell death following TNF-a stimu-
lation but instead triggers an alternative form of cell demise
known as necroptosis, characterized by cell lysis.?*?® Necrop-
tosis is triggered when receptor-interacting protein kinease-1
(RIPK1) binds to RIPK3, prompting its oligomerization and
autophosphorylation. Subsequently, the active RIPK1/RIPK3
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Figure 5. Semiquantitative analysis of (A) RIP3 to GAPDH, (B) RIP to GAPDH,(C) NF-«B to GAPDH, (D) TNF-a to GAPDH, and (E) IL-6 to GAPDH in
the liver tissue by Western blotting for the young (n=6) and adult (n=6) animals. Representative photos belong to the samples pooled for each group. Data are
presented as mean + SEM, and * indicates for p<0.05, ** indicates for p<0.01, *** indicates for p<0.001.

Figure 6. Semiquantitative analysis of (A) IL-1p to GAPDH, (B) RIP to GAPDH, and (C) RIP3 to GAPDH in the kidney tissue by Western blotting for the young
(n=6) and adult (n=6) animals. Representative photos belong to the samples pooled for each group. Data are presented as mean + SEM, and * indicates for p<0.05,
** indicates for p<0.01.

Figure 7. Expression patterns and levels of TUNEL positivity of the groups.




European Journal of Biology

complex, known as the necrosome, activates the mixed lineage
kinase domain-like (MLKL) pseudo-kinase protein. This acti-
vated MLKL relocates to the plasma membrane, resulting in
permeabilization, rupture, and eventual death of the cell.?”>°
The binding of TNF-a to TNF receptor-1 instigates the for-
mation of complex I, comprised of RIP1, cellular inhibitor of
apoptosis proteins 1/2 [cIAP1/2], linear ubiquitin chain assem-
bly complex [LUBAC], and inhibitor of nuclear factor-«B (IkB)
kinases [IKKs]. This complex then stimulates the activation of
NF-«B, leading to the induction of prosurvival genes.’*! Sig-
nificant increases in TNF-a and NF-«B levels are consistent
with the increased apoptosis rate the in liver 10-month-old rats
compared to the 6-week-old rats in the current study. On the
other hand, the study accumulated no signs of an aging-induced
increased necroptosis rate. On the contrary, RIP3 levels in both
the kidney and liver samples were significantly lower in the 10-
month-old rats than in the 6-week-old rats, signifying decreased
necroptosis rates. Mohammed et al. observed substantial ele-
vations in the percentage of liver cells undergoing apoptosis
and late apoptosis/necroptosis among rats over the age of 12
months.3? Stahl et al. noted a close age-related correlation be-
tween necroptosis and liver inflammation, with both escalating
notably in the latter stage of life at approximately 18 months of
age, coinciding with the onset of certain age-associated patholo-
gies in mice.?! Marquez-Exposito et al. found no differences
in gene and protein levels in the kidneys of healthy C57BL/6
mice compared to younger ones. Under the current study’s ex-
perimental conditions, no age-related activation of necroptosis
was observed.??

Apoptosis, or programmed cell death, can be both a natural
and pathological process in aging rats, depending on the con-
text and extent of the process. Apoptosis is a natural process
that helps maintain tissue homeostasis by eliminating old, dam-
aged, or unneeded cells. As rats age, there is a natural increase
in the rate of apoptosis in some tissues as part of the aging pro-
cess. This helps remove cells that have accumulated damage
over time, which can prevent the onset of certain age-related
diseases. When apoptosis occurs excessively, it can lead to the
degeneration of tissues. In aging rats, this can contribute to the
deterioration of vital organs and systems. In the current study
slightly increased TUNEL positivity indicates aging-induced
physiological apoptosis.

CONCLUSION

In conclusion, one notable finding from this study is that de-
generative changes related to aging began to be seen even in
10-month-old rats. Healthy rats of this age were used as con-
trol subjects and to create experimental models. Both situations
may have had the effect of unknowingly changing the results
of the study. In most cases, even if researchers identify some
slight histopathological or biochemical changes in the samples
of control groups, these go ignored because they are consid-

ered unnatural. Because aging-related changes begin around
10 months, this study recommends researchers to use much
younger rats in their studies to avoid unsubstantial results.
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ABSTRACT

Cyanobacteria are a diverse group of photosynthetic microorganisms known for their production of bioactive compounds with
various biological activities. This review explores cyanobacterial bioactive compounds’ current and future prospects and their
roles in different fields. These compounds have great potential for pharmaceuticals, agriculture, and environmental remediation
applications. Cyanobacterial bioactive compounds, such as cyanotoxins, peptides, polyketides, alkaloids, and terpenoids, exhibit
remarkable properties, including antimicrobial, antifungal, antiviral, antioxidant, anti-inflammatory, and anticancer activities. Ad-
vances in genomics, metabolomics, synthetic biology, screening techniques, and bioinformatics have facilitated the identification,
characterization, and manipulation of cyanobacterial compounds. The future prospects involve exploring untapped cyanobacterial
diversity, integrating advanced technologies like machine learning and high-throughput screening, and sustainable production
through biotechnological approaches. These efforts hold promise for discovering new bioactive compounds with unique proper-
ties and applications, contributing to the development of innovative pharmaceuticals, agricultural solutions, and environmental
remedies.

Keywords: Cyanobacteria, Bioactive compounds, Pharmaceutical applications, Environmental remediation, Cyanobacterial
diversity, Biotechnological approaches

INTRODUCTION cancer treatment. Microcystins, a common cyanotoxin, have ex-
hibited promising anticancer activity and are being investigated

Cyanobacteria, also known as blue-green algae, are a diverse ¢ potential leads for novel therapies.*~

group of photosynthetic microorganisms that have gained sig-
nificant attention for their ability to produce bioactive com-
pounds with a wide range of biological activities.!> These
compounds hold great potential for various applications, in-
cluding pharmaceuticals, agriculture, and environmental reme-
diation. This review explores the current and future prospects
of bioactive compounds derived from cyanobacteria, highlight-
ing their promising roles in different fields. Cyanobacterial
bioactive compounds exhibit remarkable properties, making
them attractive candidates for drug discovery and develop-

Furthermore, cyanobacteria produce a wide array of sec-
ondary metabolites, including peptides, polyketides, alka-
loids, and terpenoids, which possess diverse bioactivities.’
Cyanobacterial peptides have shown antimicrobial and anti-
cancer activities, while cyanobacterial polyketides have demon-
strated antifungal and antiviral properties. Cyanobacterial al-
kaloids and terpenoids have also shown potential as pharma-
ceutical leads and have garnered attention in drug discovery
efforts.3-10

ment. They have demonstrated activities such as antimicro-
bial, antifungal, antiviral, antioxidant, anti-inflammatory, and
anticancer properties.> These activities arise from cyanobac-
terial compounds’ diverse chemical structures and functions.
For example, cyanotoxins, a group of cyanobacterial bioactive
compounds, have shown potential therapeutic applications in

The current prospects of cyanobacterial bioactive compounds
are promising due to advancements in various scientific disci-
plines. Genomics and metabolomics have facilitated the identi-
fication and characterizing of novel cyanobacterial compounds,
providing valuable insights into their biosynthetic pathways and
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regulatory mechanisms.!! Synthetic biology approaches enable
the manipulation of biosynthetic pathways, producing bioactive
compounds with improved properties and yields. Additionally,
innovative screening techniques and bioinformatics tools have
enabled the efficient identification and isolation of novel com-
pounds from cyanobacteria.'>!3

Looking ahead, the future prospects of cyanobacterial
bioactive compounds are exciting. Continued exploration of
untapped cyanobacterial diversity holds promise for dis-
covering new bioactive compounds with unique properties
and applications.'* Moreover, the sustainable production and
scaling-up of cyanobacterial bioactive compounds through the
integration of advanced technologies, such as machine learn-
ing and high-throughput screening, can accelerate the discovery
and characterization of cyanobacterial compounds. Biotechno-
logical approaches offer tremendous potential for meeting the
increasing demand for natural products.'>

In conclusion, cyanobacteria are valuable sources of bioac-
tive compounds with diverse properties and applications.'®
The current advancements in genomics, metabolomics, syn-
thetic biology, and screening techniques have paved the way for
discovering and developing novel bioactive compounds from
cyanobacteria.!” The prospects involve the continued explo-
ration of cyanobacterial diversity, the application of advanced
technologies, and the sustainable production of bioactive com-
pounds. These efforts will undoubtedly contribute to devel-
oping innovative pharmaceuticals, agricultural solutions, and
environmental remedies.

CYANOBACTERIA

Cyanobacteria, a group of prokaryotic microorganisms also
known as blue-green algae, are characterized by their abil-
ity to carry out oxygenic photosynthesis.'® They play crucial
ecological roles in various environments, including freshwa-
ter, marine ecosystems, and terrestrial habitats. Cyanobacteria
have distinctive cellular structures, such as thylakoids, where
photosynthetic pigments like chlorophyll-a, phycocyanin, and
phycoerythrin are localized.'”

The morphological diversity of cyanobacteria encompasses
unicellular, filamentous, and colonial forms, which exhibit a
range of adaptations to different ecological niches.”’ Some
cyanobacteria can fix atmospheric nitrogen through special-
ized structures called heterocysts, allowing them to contribute
to nitrogen availability in ecosystems.?!

Cyanobacteria have gained significant attention for their pro-
duction of bioactive compounds, which have diverse chemical
structures and biological activities. These compounds exhibit
antimicrobial, antiviral, antitumor, and antioxidant properties.
For instance, cyanopeptides derived from cyanobacteria have
shown promising antimicrobial and cytotoxic activities.?>~2

Husain et al., Cyanobacterial Compounds New Frontiers

Ongoing research on cyanobacteria focuses on understand-
ing the genetic and metabolic mechanisms underlying their
unique characteristics and bioactive compound production.?®
This knowledge holds potential for various applications in
biotechnology, environmental remediation, and pharmaceutical
development.?” Cyanobacteria are photosynthetic prokaryotes
that occupy diverse ecological niches and contribute signif-
icantly to global primary production. Their intricate cellular
structures and metabolic capabilities enable them to thrive in
various environments. Furthermore, their ability to produce
bioactive compounds with valuable biological activities makes
them a subject of interest for both ecological and biotechnolog-
ical research (Figure 1).28

Secondary Metabolites of Cyanobacteria

Secondary metabolites produced by cyanobacteria are a di-
verse group of compounds that possess a wide range of prop-
erties and biological activities. These metabolites include pep-
tides, polyketides, alkaloids, terpenoids, and other specialized
molecules.?®

Cyanobacterial Peptides

Cyanobacterial peptides are a diverse group of secondary
metabolites produced by cyanobacteria. They exhibit various
properties and activities, including antimicrobial, antiviral, and
anticancer effects.?° For example, microcystins, a class of
cyanobacterial peptides, have been found to possess potent hep-
atotoxic and anticancer properties.>%-3!

Another example is cyanopeptolin, a peptide isolated from
cyanobacteria, which has shown significant antimicrobial ac-
tivity against various pathogens.>’

Cyanobacterial Polyketides

Cyanobacterial polyketides are complex organic com-
pounds produced through polyketide synthase pathways in
cyanobacteria.® These metabolites exhibit diverse biological
activities, including antimicrobial, antiviral, and cytotoxic ef-
fects. An example is jamaicamide, a polyketide produced by
Lyngbya majuscula, which has displayed potent cytotoxic-
ity against cancer cells.>> Another noteworthy cyanobacterial
polyketide is cryptophycin, which exhibits full antiproliferative
activity against various cancer cell lines.>

Cyanobacterial Alkaloids

Cyanobacterial alkaloids are nitrogen-containing secondary
metabolites produced by cyanobacteria.’* They possess diverse
biological properties, including cytotoxic, neurotoxic, and an-
tifungal activities. Anatoxin-a, an alkaloid produced by sev-
eral cyanobacterial species, is a potent neurotoxin.>>-3¢ Another
well-known cyanobacterial alkaloid is saxitoxin, which exhibits
full neurotoxic and paralytic effects.’
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Figure 1. Bioactive compounds, future potential and diverse applications of Cyanobacteria.

Cyanobacterial Terpenoids

Cyanobacterial terpenoids are a diverse group of secondary
metabolites with a terpenoid backbone produced by cyanobac-
teria. These compounds exhibit various biological activities,
including antimicrobial, antiviral, and antifungal effects. For
instance, nostocyclin, a terpenoid produced by Nostoc species,
has demonstrated potent antimicrobial activity against various
pathogens.3® Another example is cryptosporioptide, a terpenoid
derived from the cyanobacterium Cryptosporiopsis sp., which
exhibits antifungal activity.

Cyanobacteria and Its Bioactive Compounds
Microcystins

Microcystins are cyclic heptapeptides produced by various
cyanobacteria, including species from the genera Microcystis,
Anabaena, and Planktothrix. They are well-known for their
hepatotoxicity and tumor-promoting properties. Microcystins
inhibit protein phosphatases, disrupting cellular signaling path-
ways and causing liver damage.*’

Cyanopeptides

Cyanopeptides are a diverse group of peptides produced by
cyanobacteria, exhibiting a wide range of biological activities.
These compounds possess antimicrobial, antiviral, cytotoxic,
and immunosuppressive properties. They are of interest for
their potential therapeutic applications.>!

Anabaenopeptins

Anabaenopeptins are cyclic peptides predominantly produced
by species of the cyanobacterial genus Anabaena. These com-
pounds display a broad spectrum of bioactivities, includ-
ing antimicrobial, antifungal, antiviral, and antitumor prop-
erties. They are considered promising candidates for drug
development.*!

Aeruginosins

Aeruginosins are a class of bioactive peptides produced by
certain cyanobacteria, such as Microcystis aeruginosa and
Planktothrix spp. These compounds exhibit diverse activities,
including neurotoxicity, antiproliferative effects, and antibacte-
rial properties.’!




Lyngbyatoxins

Lyngbyatoxins are complex secondary metabolites produced
by cyanobacteria, particularly from the genus Lyngbya. These
compounds possess cytotoxic, neurotoxic, antifungal, and an-
timicrobial activities. They are of interest for their potential
biomedical applications.*?

Nodularins

Nodularins are cyclic peptides produced by certain cyanobac-
teria, including Nodularia spumigena. These compounds are
known for their hepatotoxicity and tumor-promoting effects.
Nodularins inhibit protein phosphatases, disrupting cellular sig-
naling and leading to liver damage.*3

Phycocyanin

Phycocyanin is a blue pigment and a significant component of
the light-harvesting phycobiliprotein complex in cyanobacteria
and algae. It is an accessory pigment for photosynthesis and ex-
hibits antioxidant, anti-inflammatory, and immunomodulatory
properties. Phycocyanin is of interest for various biotechnolog-
ical and medicinal applications.>**

Scytonemin

Scytonemin is a UV-absorbing pigment synthesized by certain
cyanobacteria as a protective mechanism against high-intensity
UV radiation. It exhibits strong photoprotective and antioxidant
activities, making it of interest for applications in sunscreen
formulations and photoprotection.*3

Patellamides

Patellamides are cyclic peptides isolated from cyanobacteria,
particularly from the genus Prochloron. These compounds ex-
hibit potent cytotoxic and antimicrobial activities. They have
attracted attention as potential drug candidates and are valuable
tools for chemical biology studies.*®

Geosmin

Geosmin is a volatile organic compound produced by various
cyanobacteria and other microorganisms. It is responsible for
the characteristic earthy odor associated with some bodies of
water. Geosmin is also interested in biotechnology due to its
potential use in the flavor and fragrance industries.*’

Cylindrospermopsin
Cylindrospermopsin is a potent toxin produced by
certain cyanobacteria, including species of the genus

Cylindrospermopsis. It exhibits hepatotoxicity and has been im-
plicated in animal and human poisonings. Cylindrospermopsin
inhibits protein synthesis and affects cellular functions. 34

Husain et al., Cyanobacterial Compounds New Frontiers

General Properties of Bioactive Compounds in
Cyanobacteria

Cyanobacteria, also known as blue-green algae, are photosyn-
thetic microorganisms that produce a wide array of bioactive
compounds with diverse properties and applications. These
bioactive compounds have attracted significant attention due
to their potential therapeutic, pharmaceutical, and industrial
value. This article provides a comprehensive overview of the
general properties of bioactive compounds found in cyanobac-
teria, supported by relevant citations.

Chemical Diversity

Bioactive compounds derived from cyanobacteria exhibit re-
markable chemical diversity. They encompass a wide range
of chemical classes, including peptides, alkaloids, polyketides,
lipids, terpenoids, and pigments. This diverse array of chemical
structures contributes to the broad spectrum of biological ac-
tivities displayed by cyanobacterial bioactive compounds.”?~>3

Biological Activities

Cyanobacterial bioactive compounds possess various biologi-
cal activities, making them valuable for numerous applications.
They exhibit antimicrobial, antiviral, antifungal, anticancer, an-
tiparasitic, anti-inflammatory, antioxidant, neuroprotective, and
immunomodulatory properties.>*~7 These activities stem from
the interaction of cyanobacterial compounds with specific tar-
gets, such as enzymes, receptors, and signaling pathways, in
various biological systems.

Ecological Roles

Bioactive compounds in cyanobacteria play important ecolog-
ical roles, contributing to their survival and competitive ad-
vantage in natural environments. Some compounds function as
allelochemicals, enabling cyanobacteria to inhibit the growth
of competing microorganisms and establish dominance.”® Ad-
ditionally, cyanobacterial compounds can act as signaling
molecules, mediating cell-cell communication and physiologi-
cal responses within cyanobacterial populations.”

Biosynthetic Pathways

The biosynthesis of cyanobacterial bioactive compounds in-
volves complex enzymatic pathways. Biosynthetic gene clusters
responsible for producing these compounds have been identi-
fied in cyanobacterial genomes through genomic analysis and
comparative genomics. Understanding the biosynthetic path-
ways and regulatory mechanisms governing the production of
bioactive compounds is crucial for their manipulation and op-
timization in biotechnological applications.!?
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Structural Elucidation

Structural elucidation of cyanobacterial bioactive compounds
is critical in their characterization and understanding of their
activity. Advanced analytical techniques such as mass spec-
trometry, nuclear magnetic resonance spectroscopy, and X-
ray crystallography are employed to determine their chemical
structures.®” The elucidation of the structural features facilitates
the development of structure-activity relationships and aids in
designing analogs with improved properties.

Biotechnological Applications

Bioactive compounds from cyanobacteria have significant po-
tential for various biotechnological applications. They can
be explored for developing new drugs, pharmaceutical leads,
nutraceuticals, cosmeceuticals, and agrochemicals.61’62 Fur-
thermore, cyanobacterial compounds have shown promise as
sources of natural dyes, biofuels, and biosurfactants.®3-%% These
applications highlight the importance of cyanobacterial bioac-
tive compounds in various industries.

Bioactive compounds derived from cyanobacteria exhibit
chemical diversity and possess a wide range of biological activ-
ities. Their ecological roles, biosynthetic pathways, structural
elucidation, and potential biotechnological applications make
them subjects of significant research interest. Further explo-
ration of cyanobacterial bioactive compounds holds tremen-
dous potential for the discovery of novel therapeutics, industrial
applications, and sustainable solutions (Table 1),2%-31:41,42,65-71

CURRENT RESEARCH ON BIOACTIVE
COMPOUNDS OF CYANOBACTERIA

Cyanobacteria, commonly known as blue-green algae, are pho-
tosynthetic microorganisms that have gained significant atten-
tion for their production of bioactive compounds with diverse
therapeutic properties. Current research in this field has fo-
cused on exploring these cyanobacterial compounds’ bioactiv-
ity and potential applications. This article provides an overview
of the recent research on bioactive compounds derived from
cyanobacteria, highlighting their various biological activities,
supported by relevant citations.

Antimicrobial Activity

Cyanobacterial bioactive compounds have shown signifi-
cant antimicrobial activity against a range of pathogenic
mi(:roorganisms.72 For instance, it was demonstrated the an-
timicrobial potential of Oscillatoria sancta extracts against
multidrug-resistant bacteria, including Staphylococcus aureus
and Escherichia coli. Another study reported the antibacterial
activity of a cyanobacterium, Nostoc muscorum, against clini-
cally important human pathogens. These findings indicate the

potential of cyanobacterial compounds as natural antimicrobial
agents.”74

Anticancer Effects

The bioactive compounds derived from cyanobacteria have
exhibited promising anticancer effects. Research conducted
by Jaki et al. demonstrated the cytotoxic activity of Nostoc
commune extracts against human breast cancer cells.”> Simi-
larly, a study by Akbarizare et al. identified a cyanobacterial
metabolite, largamides, which exhibited potent anticancer ac-
tivity against colorectal cancer cells.”® These studies highlight
the potential of cyanobacterial compounds as a source of novel
anticancer agents.

Anti-inflammatory and Immunomodulatory Properties

Cyanobacterial compounds have also shown significant anti-
inflammatory and immunomodulatory properties. A study
investigated the anti-inflammatory potential of Phormidium
persicinum extracts and found them to inhibit the produc-
tion of pro-inflammatory cytokines.”” Furthermore, research
demonstrated the immunomodulatory effects of a cyanobac-
terium, Spirulina platensis, which enhanced the activity of im-
mune cells. These findings suggest the therapeutic potential of
cyanobacterial compounds in inflammation-related disorders
and immune modulation.”®

Neuroprotective Effects

Current research has focused on exploring the neuroprotective
effects of cyanobacterial bioactive compounds. A study investi-
gated the neuroprotective activity of Nostoc muscorum extracts
and demonstrated their ability to protect neuronal cells from ox-
idative stress-induced damage.”® Similarly, cyanobacterial pep-
tides, such as anabaenopeptins, have shown neuroprotective ef-
fects against amyloid-beta-induced neurotoxicity.®? These stud-
ies suggest the potential of cyanobacterial compounds in devel-
oping neuroprotective therapies.

Antioxidant and Antidiabetic Properties

Cyanobacterial compounds have been investigated for their an-
tioxidant and antidiabetic properties. Previous research by re-
vealed the antioxidant activity of cyanobacterial extracts from
Microcystis aeruginosa, which demonstrated free radical scav-
enging effects.!3! Additionally, a study by Kaushik et al. re-
ported the antidiabetic potential of cyanobacterial bioactive
compounds, as they showed inhibitory effects on critical en-
zymes involved in glucose metabolism.®! These findings sup-
port the exploration of cyanobacterial compounds as potential
antioxidants and antidiabetic agents.!-3?

Current research on bioactive compounds derived from
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Table 1. Bioactive compounds derived from cyanobacteria and their properties.

Bioactive Compound Properties References
Microcystins Hepatotoxic, tumor-promoting, protein phosphatase inhibition 65
Cyanopeptides Antimicrobial, antiviral, cytotoxic, immunosuppressive 31
Anabaenopeptins Antimicrobial, antifungal, antiviral, antitumor 41
Aeruginosins Neurotoxic, antiproliferative, antibacterial 29
Lyngbyatoxins Cytotoxic, neurotoxic, antifungal, antimicrobial 42
Nodularins Hepatotoxic, tumor-promoting, protein phosphatase inhibition 66
Phycocyanin Antioxidant, anti-inflammatory, immunomodulatory 67
Scytonemin UV-protective, antioxidant, antimicrobial 68
Patellamides Antimicrobial, antifungal, cytotoxic, antiparasitic 69
Geosmin Earthy odor, involved in cyanobacterial bloom formation 70
Cylindrospermopsin Hepatotoxic, genotoxic, carcinogenic 71

cyanobacteria has highlighted their diverse therapeutic po-
tential, including antimicrobial, anticancer, anti-inflammatory,
neuroprotective, antioxidant, and antidiabetic activities. These
findings underscore the importance of further exploration and
investigation of cyanobacterial compounds for developing novel
drugs and therapeutic interventions.

Neuroprotective Properties

Neurodegenerative diseases, such as Alzheimer’s, Parkinson’s,
and Huntington’s disease, present an increasing global health
challenge due to the aging population. Despite intensive re-
search, effective treatments for these devastating conditions re-
main elusive. In recent years, there has been growing interest in
exploring natural compounds, and cyanobacteria have emerged
as a promising source of bioactive molecules with potential
neuroprotective properties.3-34

Several bioactive compounds derived from cyanobacteria
have been investigated for their neuroprotective properties. For
example, S-N-methylamino-I-alanine (BMAA), originally iso-
lated from cyanobacteria, has been linked to neurotoxicity and
implicated in neurodegenerative diseases such as amyotrophic
lateral sclerosis and Alzheimer’s disease.3>-8¢ However, re-
search on BMAA’s precise role in neurodegeneration is on-
going, and its potential therapeutic applications are yet to be
fully elucidated. In addition to BMAA, other cyanobacterial
compounds, such as anatoxin-a, have shown a potential to mod-
ulate neural pathways and reduce neuroinflammation, factors
involved in the progression of neurodegenerative diseases.’’

FUTURE OF BIOACTIVE COMPOUNDS OF
CYANOBACTERIA

Bioactive compounds derived from cyanobacteria have shown
immense potential in various therapeutic applications, ranging
from antimicrobial and anticancer activities to neuroprotec-
tive and immunomodulatory effects. As research in this field
continues to advance, the future of bioactive compounds of
cyanobacteria holds great promise for drug discovery and de-
velopment.

Synthetic Biology and Genetic Engineering

Advancements in synthetic biology and genetic engineering
techniques offer exciting prospects for the future of cyanobacte-
rial bioactive compounds. By manipulating the genetic makeup
of cyanobacteria, researchers can enhance the production of
specific bioactive compounds or engineer new compounds with
improved properties. For example, genetic modifications in
cyanobacteria have successfully increased the production of
bioactive peptides and pigments.®® Such approaches hold the
potential for the sustainable and efficient production of bioac-
tive compounds with enhanced therapeutic properties.

Metabolomics and Omics Technologies

Metabolomics and omics technologies enable comprehensive
profiling and analysis of cyanobacterial metabolites, facilitat-
ing the discovery of novel bioactive compounds. Researchers
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can identify and characterize previously unknown cyanobac-
terial metabolites by employing mass spectrometry, nuclear
magnetic resonance, and other analytical techniques.?® Addi-
tionally, omics approaches, such as genomics, transcriptomics,
and proteomics, provide insights into cyanobacteria’s biosyn-
thetic pathways and regulatory mechanisms of bioactive com-
pound production.”® These technologies pave the way for dis-
covering new bioactive compounds and optimizing production
processes.!!

Bioprospecting and Biodiversity

Cyanobacteria represent a vast and diverse group of organisms,
offering untapped potential for discovering bioactive com-
pounds. Exploring various cyanobacterial strains from differ-
ent habitats can lead to identifying unique and potent bioactive
compounds. Bioprospecting expeditions targeting unexplored
environments, such as marine ecosystems and extreme environ-
ments, may yield valuable cyanobacterial species with novel
bioactive compounds.”’-*> Furthermore, integrating culture-
dependent and culture-independent approaches, along with
high-throughput screening methods, can expedite the discovery
of bioactive compounds from cyanobacteria.”>=%>

Structural Elucidation and Mechanistic Studies

To fully understand the potential of cyanobacterial bioactive
compounds, extensive structural elucidation, and mechanistic
studies are crucial. Advanced spectroscopic techniques, such
as nuclear magnetic resonance spectroscopy and X-ray crys-
tallography, enable the determination of the three-dimensional
structures of bioactive compounds, providing insights into their
interactions with targets and mechanisms of action. Elucidat-
ing the structure-activity relationships of cyanobacterial com-
pounds will guide the design and optimization of novel thera-
peutic agents.5%-%

Continued Exploration of Untapped Cyanobacterial
Diversity

As a diverse group of microorganisms, cyanobacteria offer im-
mense potential for discovering bioactive compounds. The fu-
ture prospects of bioactive compounds derived from cyanobac-
teria rely on the continued exploration of untapped cyanobac-
terial diversity. By conducting extensive sampling and char-
acterization efforts, researchers can uncover novel cyanobac-
terial species and strains that may harbor unique bioactive
compounds.®’-*® These untapped resources hold the potential
for discovering compounds with previously unknown biologi-
cal activities and therapeutic applications.”

Integration of Advanced Technologies Like Machine
Learning and High-Throughput Screening

The integration of advanced technologies such as machine
learning, artificial intelligence, and high-throughput screening

can revolutionize the discovery and development of cyanobac-
terial bioactive compounds. Machine learning algorithms can
analyze vast datasets, identify patterns, and predict potential
bioactivities.'%%1%1 This approach accelerates the screening
process, enabling researchers to prioritize compounds with the
highest likelihood of exhibiting desired biological properties.
High-throughput screening allows for the rapid testing of large
compound libraries, facilitating the identification of bioactive
molecules efficiently.”!-!92 By combining these advanced tech-
nologies, researchers can streamline the discovery and opti-
mization of cyanobacterial bioactive compounds.

Sustainable Production through Biotechnological
Approaches

Sustainable production methods are crucial for cyanobacterial
bioactive compounds’ future viability and scalability. Biotech-
nological approaches offer promising solutions in this regard.
Techniques such as synthetic biology, metabolic engineering,
and cultivation optimization can enhance the production of de-
sired compounds.'®® By modifying cyanobacterial metabolic
pathways, researchers can increase the yield and purity of tar-
get compounds. Cultivation optimization strategies, including
nutrient optimization, light modulation, and bioreactor design,
contribute to higher productivity and efficiency while mini-
mizing environmental impacts.!%* These biotechnological ap-
proaches enable sustainable and cost-effective production of
cyanobacterial bioactive compounds, facilitating their transla-
tion into practical applications.

CURRENT AND FUTURE APPLICATIONS OF
BIOACTIVE COMPOUNDS OF CYANOBACTERIA IN
PHARMACEUTICALS, AGRICULTURE, AND
ENVIRONMENTAL REMEDIATION

Cyanobacterial bioactive compounds have diverse applications
in pharmaceuticals, agriculture, and environmental remedia-
tion. These compounds exhibit a wide range of biological ac-
tivities and have the potential to address various challenges in
these fields.

A. In the pharmaceutical industry, bioactive compounds de-
rived from cyanobacteria have shown significant potential for
drug discovery and development. They have demonstrated ac-
tivities such as antimicrobial, antifungal, antiviral, antioxidant,
anti-inflammatory, and anticancer properties.!%> Cyanotoxins,
a group of cyanobacterial bioactive compounds, have garnered
attention for their potential therapeutic applications in can-
cer treatment.!%® For example, microcystins, a common cyan-
otoxin, have exhibited promising anticancer activity and are
being investigated as potential leads for novel therapies.'?’

B. In agriculture, the bioactive compounds of cyanobac-
teria offer opportunities for sustainable crop protection and
enhancement. They have demonstrated activity against plant




pathogens and pests, making them potential alternatives to
synthetic pesticides.!%® Cyanobacterial compounds, including
cyanotoxins, have also been explored for their allelopathic ef-
fects, which can contribute to weed control and crop protection.
Furthermore, cyanobacterial biofertilizers show promise in im-
proving nutrient availability and enhancing crop growth.'®

C. Cyanobacterial bioactive compounds also play a role in
environmental remediation. They have been studied for their po-
tential in water and soil treatment. Cyanobacterial peptides, for
instance, exhibit inhibitory effects on harmful bacteria in water
sources, contributing to the control of waterborne diseases.''”
Moreover, the metal-binding and detoxification capabilities of
cyanobacterial compounds have implications for the removal
of heavy metals and pollutants from the environment.'!!

Looking ahead, the future applications of cyanobacterial
bioactive compounds are promising. Continued exploration of
cyanobacterial diversity and technological advancements will
likely expand their range of applications. Integrating advanced
techniques such as genomics, metabolomics, and synthetic bi-
ology can further enhance the discovery and development of
novel compounds with improved properties.!'? Additionally,
the sustainable production and scaling-up of cyanobacterial
bioactive compounds through biotechnological approaches of-
fer tremendous potential for meeting the increasing demand for
natural products.'!3

CONCLUSION

In conclusion, cyanobacteria are valuable sources of bioactive
compounds with diverse properties and applications. The cur-
rent advancements in genomics, metabolomics, synthetic biol-
ogy, and screening techniques have paved the way for discover-
ing and developing novel bioactive compounds from cyanobac-
teria. The future prospects involve the continued exploration of
cyanobacterial diversity, the application of advanced technolo-
gies, and the sustainable production of bioactive compounds.
These efforts will undoubtedly contribute to developing innova-
tive pharmaceuticals, agricultural solutions, and environmental
remedies. Harnessing the potential of cyanobacteria and their
bioactive compounds will offer new avenues for drug discov-
ery and provide sustainable and eco-friendly solutions to vari-
ous challenges in medicine, agriculture, and the environment.
Therefore, further research and investment in this field are cru-
cial to unlock the full potential of cyanobacterial bioactive
compounds for the benefit of society.
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Bacterial Diversity of the Corpses
Ahmet Asan'

ITrakya University, Faculty of Science, Department of Biology, Balkan Campus, Edirne, Tiirkiye

ABSTRACT

The study presents the importance of forensic bacteriology, its use in forensic cases, the methods for bacteriological sampling from
corpses, the types and species of bacteria isolated from human and pig corpses, which are most commonly used in forensic biology.
The microbial changes that occur after death remain unclear. Postmortem microbiology is a relatively new field of research. After
death, the failure of the immune system and other physical barriers leads to the proliferation and spread of microbes. In order for
bacteriological information to be accepted within the scope of forensic bacteriology, the court must find suspicion to be present
about whether the bacteria seen on the body will contribute to solving the case. Experts must be appointed to examine the issue
in line with this suspicion, and these experts must prepare and submit their reports to the court at the requested time. When
considering the literature studies, forensic bacteriology has been suggested to be a scientific discipline in the developmental stage
and to only be able to provide circumstantial evidence in forensic cases as opposed to primary evidence. According to the literature
review, most bacterial studies isolated from corpses were conducted in Romania. Although bacterial samples were isolated from
various parts of the corpses, bacteria were mostly isolated from their blood samples. According to literature searches from various
scientific journal databases, no study has occurred with a list of the bacteria isolated from corpses. This study is thought to be able

to fill this important gap.

Keywords: Forensic bacteriology, Forensic microbiology, Bacteria, Forensic, Corpse

INTRODUCTION

Bacteria have prokaryotic cells, are usually thought of as
undifferentiated single cells, and vary greatly in appear-
ance, size, and function. For example, spherical bacteria
such as Staphylococcus and Streptococcus have diameters be-
tween 0.75-1.25 pm and a density of 1.07 g/cm?. Although
most bacteria are unicellular, some bacteria are multicellu-
lar (e.g., Magnetoglobus). Among bacteria, 30 major phylo-
genetic lineages, called phyla, have at least one species that
have been grown in a culture medium, but many phyla are
found that have yet to be characterized. Some of these phyla
contain thousands of described species, while others contain
only a few species. More than 90% of cultured bacteria are
grouped into four phyla: Actinobacteria, Bacillota (also known
as Firmicutes1'4), Proteobacteria, and Bacteroidetes. Environ-
mental deoxyribonucleic acid (DNA) sequence analysis pro-
vides evidence for the existence of at least 80 bacterial phyla.>®
However, according to the website www.bacterio.net?, bacteria
are only grouped under 43 phyla. Asan et al.’s>>7 classification
has been used for the Turkish scientific names of bacterial taxa.

According to Carter et al.8, the bacteria most common in

forensic bacteriology are found in three phyla: Actinobacteria,
Firmicutes, and Proteobacteria. However, the prevalence of bac-
teria may vary depending on where the bacterial isolations are
made. For example, Hyde et al.® reported Clostridia and Fu-
sobacteria dominate the microbial communities on the faces
and in the feces of vultures.

According to Garcia et al.10, Actinomycetaceae, Bac-
teroidaceae, Alcaligenaceae and Bacilli play an important role
in determining the postmortem interval (PMI). Aeromonas can
be used to determine the cause of death, while Corynebac-
terium and Helicobacter pylori can be used to identify personal
identity or geographical region. Although microbes dominate
the living world, little is known about the vast majority of
them. According to the American Academy of Microbiology,
there are ten million times more bacteria and archaeal cells on
our tiny planet than there are stars in the visible universe, and
they may contain as much carbon as all plant and animal life
combined.!!

When checking the information in the literature, many publi-
cations are found to have information about bacterial checklists.
The first publication on this subject was published in England
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by Conlon and Paul'? in 2020, which only has a list of bacterial

pathogens that cause disease in humans. The most comprehen-
sive bacterial checklist worldwide was published by Asan et
al.” in 2021 as a 951-page book providing a list of the bacterial
species, genera, families and phyla reported from Tiirkiye and
isolated from all kinds of environments (e.g., humans, animals,
plants, food, water, soil, air). In addition, the bacterial species,
genera, families, and phyla included in this book are given Turk-
ish scientific names for the first time. Later, lists of bacterial
species that were not included in this book for various reasons
or that were reported from Tiirkiye after the book’s publication
were published by Asan et al.> These two publications referred
to as Asan et al.’s’ books can be viewed as complementary. As
seen, the world has few checklists regarding bacteria, and lists
of bacterial species isolated from corpses are non-existent. This
article has been prepared in order to fill this gap.

BACTERIA AND FORENSIC BACTERIOLOGY

One of the pioneering studies in forensic bacteriology was the
work of Norris and Pappenheimer in 1905, which included
bacteriological postmortem changes. After this study, bacterio-
logical postmortem changes were investigated for many years,
with Norris and Pappenheimer showing that bacteria could be
found in corpses and later in lung tissue.'3

Of the 96 causes of human illness and death around the globe,
29 are naturally occurring infectious diseases and cause the
deaths of 14 million people a year globally, including 538 bac-
teria that are pathogenic to human. The abundance of bacteria
also offers potential for forensic bacteriology.!*!> Microorgan-
isms can be used as evidence in many different forensic cases,
but most studies are still in the experimental phase. Therefore,
many opportunities exist for further research.'®

The microbial changes that occur after death remain un-
clear, and postmortem microbiology is a relatively new field
of research. After death, the failure of the immune system and
other physical barriers leads to the proliferation and spread of
microbes. To better understand the microbial changes that oc-
cur after death thanks to the emergence of new biomolecular
approaches such as polymerase chain reaction (PCR) and se-
quencing, discussions can occur on the human postmortem mi-
crobiome, which encompasses the microbial populations colo-
nizing internal organs and fluids and the microbes in decompos-
ing remains. Postmortem microbiology covers PMI detection,
the determination of mode and cause of death, and the iso-
lation of microbes as markers of a particular type of death,
biological crimes and their origins, trace evidence, healthcare-
associated transmission diagnoses, evidence of sexual abuse,
person identification, population studies, and the human micro-
biome’s connection to personal effects and geolocation, as well
as providing evidence for other crimes such as sexual assault
and medical malpractice.!%!7-20 According to Narang et al.'>,

Asan, Bacteria from Corpses

microbial forensics requires a multidisciplinary approach to
biological crime detection, traces, and evidence. It also encom-
passes crime scene investigation, evidence collection, evidence
processing, evidence preservation, evidence transportation, ev-
idential analysis, interpretation of results, and presentation to
the court and is also a requirement for civil security. Most
forensic research that is used to better understand how to pre-
dict PMI requires the study of the physiochemical properties of
decomposition and the effects of environmental factors.?!

Forensic science deals with the identification and interpreta-
tion of critically important physical evidence (i.e., fingerprints,
bloodstains, hairs, fibers, soil, and DNA). Eyewitness state-
ments can be incomplete and inaccurate. To minimize these
limitations, investigative statements can be compared with the
interpretation of physical evidence. Detecting PMI is difficult,
but if detected, PMI provides microbial evidence. Tozzo et al.??
stated that the determination of PMI has always been an im-
portant issue and a challenge in the field of forensic science,
with the methods for PMI estimation that have evolved over
the last 20 years as advances in sequencing technologies hav-
ing led to the availability of significant amounts of data and
the ability to sequence all members of a bacterial community.
Fatima et al.>> also indicated similar opinions in their article
and developed a scheme for sampling, sequencing, analysis,
and forensic applications. Wang et al.>* indicated artificial in-
telligence and next-generation sequencing (NGS) to have the
potential to contribute to PMI estimation.

A variety of bacteria inhabit places such as the skin, oral cav-
ity, and gastrointestinal tract of humans. The advent of advanced
sequencing techniques has allowed for the study of the com-
position of this microbial community and track how it changes
over time.> In general, decay is characterized by five stages:
fresh decomposition, putrefaction, black putrefaction, butyric
fermentation, and dry decomposition. During fresh decompo-
sition, bacteria inside a corpse begin to digest the surrounding
tissues. During decomposition, the bacteria inside the corpse
perform anaerobic respiration, leading to the accumulation of
gaseous by-products that swell the cadaver and eventually force
fluids out of the body. The corpse is then exposed to the envi-
ronment, facilitating wet tissue decomposition and leading to
the dry stage of decomposition.’

Forensic science is concerned with the application of scien-
tific knowledge to legal problems. To be called forensic, any
scientific information must be prepared for presentation to a
court of law.2° In this sense, forensic microbiology data are
not only available for review by scientists in the healthcare
community but also by judges and juries.!”

In order for bacteriological information to be accepted within
the scope of forensic bacteriology, a suspicion about whether
the bacteria seen on the body will contribute to solving the
case must exist within the court. Experts must be appointed to
examine the issue in line with this suspicion, and these experts
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must prepare and submit their reports to the court at the re-
quested time. However, having experts collect and evaluate the
evidence in accordance with scientific methods is important.
Forensic bacteriology being included in the scope of a stan-
dard procedure used for the investigation of certain crimes in
all countries is a challenging claim. To be able to do this, the
court personnel who appoint the expert witness are expected
to be familiar with forensic bacteriology and to be convinced
that forensic bacteriology can be useful in the investigation
of certain crimes. This expectation is not equally present in
all countries. Furthermore, because forensic bacteriology re-
quires specialization and laboratory work, each country should
have specialized bacteriologists and appropriate and adequate
bacteriology laboratories. In addition, due to various types of
bacteria being able grow on corpses, a bacteriologist is not ex-
pected to be an expert in all types of bacteria. In other words,
bacteriologists who are experts on various groups of bacteria
may be needed to diagnose and evaluate the bacteria growing
on a corpse. Therefore, the lack and even inadequacy of bacteri-
ologists in a country and the underdevelopment of bacteriology
laboratories restrict the use of forensic bacteriology in criminal
investigations.

When talking about forensic bacteriology, one thing should
be clear. Bacteria that normally exist in the skin, oral cavity,
urogenital system, and especially the intestines of a human be-
ing spread to the corpse after death because the immune system
does not work and bacterial reproduction accelerates. However,
the rate of reproduction of these bacteria in a corpse varies de-
pending on the environment in which the corpse is found. For
example, corpses in a cold environment exhibit slow bacterial
growth. Other factors exist that affect the growth of bacteria
in the body (e.g., oxygen levels in the tissues, pH). As a re-
sult, depending on the environment in which a corpse is found,
bacteria begin to reproduce quickly or slowly in the body after
death and contribute to decomposition. This is already a normal
and expected process. According to Vass.?’ the decomposition
of a corpse is a complex process that is based primarily on tem-
perature and to a lesser extent on humidity. Vass also developed
a formula for this purpose. For a person lying on the ground
after death, Vass proposed the following formula to describe
soft tissue decomposition?”:

y=1285/x (1)

Where y is the number of days it takes for the body to become
a skeleton and x is the average temperature in degrees Celsius
during decomposition. For example, if the average temperature
in the environment where a body is found is 7 °C, then a person
would become a skeleton in 183.57 days (1285/7), but this is
a rough estimate because many factors are found to influence
this. Or, if the average temperature of the environment is 22 °C,
then the period is 58.41 days (1285/22). As can be seen, the

rate of decomposition for a corpse increases as the average
ambient temperature increases due to the intense activity of
microorganisms. According to Vass?®, the following formula
describes the decomposition of a human corpse above ground
(aerobic; a different formula is used for underground-anaerobic
decomposition [see Vass28]) and is used to estimate PMI in
days:

1285 x (decomposition/100)

PMIcrobic = 2
aerobic = 5 0103 x temperature X humidity @

Where 1285 is a constant representing the experimentally de-
termined value for the accumulated degree days (ADD) when
the release of volatile fatty acids (VFAs) from soft tissue stops.
Once soft tissue decomposition ends or the remaining non-
nutritive tissue hardens, dries, and mummifies, VFA produc-
tion ceases. This occurs at approximately 1285 ADD. This
ADD value marks the beginning of the post-skeletal stage of
decomposition. ADD values less than 1285 indicate that VFAs
are still being released and the corpse is in the pre-skeletal stage
of decomposition. This formula should only be used when soft
tissue remains on the body (< 1285 ADD). Four variables have
been identified with regard to weathering: temperature, humid-
ity, pH, and partial pressure of oxygen. These variables have
the greatest influence on weathering and are measured to create
a formula for estimating the PMI for all objects located on or
below the surface of the ground outside. The methodology is
based on the premise that a standard amount of temperature or
relative time is required for decomposition to complete. Vass?®
calculated this maximum temperature as 1285 °C for ADD.
According to Vass?®, when a decomposing body reaches an ac-
cumulated temperature of 1285 °C, the soft tissue of the body
has completely decomposed, leaving only the skeleton.?®? De-
composition is a single value or range between 1-100 and rep-
resents the best estimate of the extent of total body soft tissue
decomposition. 0.0103 is a constant and represents an empiri-
cally determined measure of the effect of moisture on decom-
position rates. Temperature is the average temperature in the
area on the day the body was found, or the average temperature
over a period of time, in degrees Celsius (e.g., 8 °C). Humidity
is a value between 1-100 and represents the average humidity
in the area on the day the body was found or the average humid-
ity over a period of time. Forensic bacteriology is concerned
with the types of bacteria in a corpse based on the environ-
ment, bacterial reproduction, what this reproduction means,
and its possible contribution to forensic investigations, espe-
cially for human deaths. Therefore, forensic bacteriology can
be described as a relatively new discipline. Although forensic
bacteriology is often argued as being a new discipline, previous
assessments of the subject have occurred. For example, Don-
aldson wrote in 1928, “When we speak of the bacteriology of
the dead body, we are actually referring to the decay of the
dead body.>* At death, the body may suddenly contain many




bacteria that have nothing to do with disease. In the example
below, bacteriology was used to determine the cause of a per-
son’s death. In 1976, Takabe and Oya presented an autopsy case
of food poisoning, probably caused by Bacillus cereus, and iso-
lated and identified Bacillus cereus from the peritoneal exudate
and intestinal contents of an 11-year-old boy who had died.’!
A similar case report can also be found in another study.?

Forensic bacteriology can also be used to seek answers to the
following questions. In some cases, people who have been killed
are buried in isolated places such as forests and covered with soil
(according to Finley et al.”!, decomposition begins 4 min after
death). Over time, biodegradation takes place due to organisms
such as bacteria, fungi, insects, and nematodes. Nitrogen (N)
and other elements pass into the soil. Microbial growth can
increase with an increase in the substances needed by bacteria
and fungi, as well as favorable environmental conditions such
as temperature and pH. I wonder if bacteria exist that are more
common where a body is buried than in other places. In other
words, if certain bacteria and/or bacterial species are detected
in a place that appear different externally in terms of bacterial
growth and attract the attention of a bacteriologist, can a corpse
also be said to be present there? Said yet another way, can some
bacterial species be indicators in this regard? Isolating bacteria
from a corpse or its environment is costly and time-consuming
and requires dilution of the soil in a laboratory, the elimination
of soil fungi and growth, and the identification of the bacteria
in a medium. The answers to these questions are important, as
can be seen in Haelewaters’> study, because knowing these
answers can be useful for identifying places where people have
been secretly buried after being killed. Tranchida et al.>* stated
the following on the subject: “Cadavers are an abundant source
of organic matter. Various organisms (such as insects, bacteria,
fungi, nematodes) can feed on them during decomposition.”
Lehman stated that the main purpose of forensic microbiology
is to identify cause of death and the possible perpetrators of a
crime.®

When forensic investigators need to solve a crime or find a
body that has been secretly buried, they use different methods
to study the changes that have occurred both in the body and in
the soil where the body has decomposed. The aim of forensic
taphonomy is to study the environmental conditions that influ-
ence the decomposition of a corpse in order to estimate PMI
and determine the cause and manner of death.’*3” The com-
plex decomposition of human or other mammalian cadavers is
closely influenced by biotic (e.g., bacteria, fungi, arthropods,
nematodes) and abiotic (e.g., weather, climate, temperature,
humidity) factors. Cadaver-associated microorganisms are part
of the necrobiome, derived from the living host and the micro-
bial communities living in the cadaver’s environment. Previous
studies have shown postmortem bacteria to be primarily of soil
origin and to significantly influence the rate of cadaver de-
composition. Although many studies have described the spatial
and temporal changes in bacterial communities during decom-
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position, current understanding of the succession pattern of
post-decomposition mycoflora remains limited.>®

Numerous living microorganisms exist that have the poten-
tial to assist postmortem medical investigations. Determining
the exact cause of death and PMI are crucial data in forensic
science for criminal deaths that have not been witnessed or
when conflicting accounts are reported. For example, several
studies have been conducted on identifying people using skin
microbiota, estimating PMI, and identifying microorganisms.
Estimating PMI is important to an investigation, especially in
cases where witnesses are unavailable.

A review study from Tiirkiye stated that microbiology can
be used in forensic issues by taking into account the environ-
mental conditions (humidity, temperature, oxygen) under which
microorganisms can reproduce.*? Another study by Efeoglu et
al.*! took and analyzed soil samples for forensic microbiologi-
cal analysis in 20 different regions within the provincial borders
of Istanbul City and found concentrations of 83% bacteria and
17% fungi in the samples. The purpose of their study was to
analyze microbiologically if physical evidence exists for soil
contamination. Asan*? also summarized forensic mycology in
the world and in Tiirkiye as a review study from past to present.

THE USE OF FORENSIC BACTERIOLOGY

Microbiological analysis can be used to solve certain criminal
cases; however, forensic microbiology is still under develop-
ment. When making a legal assessment, evaluating not only the
bacteriological evidence but also other biological evidence is
useful. Microbial forensics is a multidisciplinary field that has
recently been recognized as an effective method and a tool in
forensic investigations. This growing field of forensic science
encompasses a wide range of different disciplines such as biol-
ogy, chemistry, physics, geology, mathematics, and computer
science and can be applied in various fields regarding such
things as bioterrorist acts, environmental protection, and envi-
ronmental pollution, as it can provide reliable trace evidence
at a crime scene.*3 Microorganisms can be used as biological
weapons (i.e., biological crime), which involves the threat or
use of microorganisms, toxins, pests, prions, or their associated
by-products in criminal or terrorist acts and may result in out-
breaks. Forensic microbiological issues may also be applicable
to investigating the transmission of pathogenic microorganisms
caused by sexual abuse and other physical crimes.**

For over a century, microbiology has played a relatively mi-
nor role in forensic science. In the early 1990s, the sequencing
of amplified viral DNA was used to support a case that alleged
several patients to have been infected with HIV from a dentist
in Florida in the United States. The advent of PCR-mediated
genotyping of bacteria has been seen as a valuable future tool
in forensics. In the mid-1990s, fungal and pollen spore analy-
ses were also developed, allowing researchers to differentiate
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between soil types, which in turn allowed the association of
substrate elements with specific sites.!”

Studies of the thanatomicrobiome (biome of microorgan-
isms found in the body, organs, and fluids postmortem) and the
epinecrotic community (microorganisms found on decompos-
ing corpses) can be used in forensic science. The change in
species composition observed in each community is a valuable
feature that provides much information. Some forensic inves-
tigations can use such visible changes in the microbiome and
mycobiome to determine the cause of death or the actual place
of death. Cause of death and microbial traces found at crime
scenes can also provide evidence of criminality.*> According
to Kumari et al.#*®, the microbiome can be used in forensic in-
vestigations. Furthermore, microbial forensics can be applied
to issues for uses ranging from analyzing evidence, bioterror-
ism, and fraud to pathogen outbreaks and the spread of epi-
demics or unintentional release of biological agents or toxins.
In such forensic investigations, both biological (e.g., bacteria,
viruses, protists, fungi, and toxins) and non-biological (e.g., ad-
ditives, growth media, delivery devices, intelligence) evidence
are targeted for detection and characterization. Microbiomes
are being used to clarify causes of death (e.g. drownings, toxi-
cology, hospital-acquired infections, unpredictable infant mor-
tality, and shaken baby syndrome) and to aid in identifying the
deceased through skin, hair, and body fluid microbiomes. In ad-
dition, soil microbiomes help in geolocation, while postmortem
time periods can be estimated using the thanato-microbiome
and epinecrotic microbial community. The potential applica-
tions of microbiomes in various investigations make it a mod-
ern and reliable forensic investigation tool.*® According to Fu
et al.38, the necrobiome is the postmortem community associ-
ated with cadavers and includes bacteria, fungi, arthropods, and
other organisms and has been proposed as biological evidence
for forensic investigation. Ogbanga et al.*’ studied the oral and
skin microbiomes of people living in two different regions of
Italy and found differences between the peoples of two regions
regarding their microbiomes. They concluded the skin micro-
biome to be more discriminatory for human identification. This
result may be useful for microbiome analysis immediately after
death, but one must importantly take into consideration the fact
that a microbiome will change after death when the tempera-
ture in the environment where a body is found is favorable for
bacterial growth.

The ability to us bacteria in forensic bacteriology with regard
to the decomposition of bodies is not clear in all cases and
remains open to debate. Difficulty is had in claiming the field of
forensic bacteriology to be able to provide primary evidence in
identifying PMI and uncovering crime; however, it may also be
useful in uncovering a variety of additional evidence. Metcalf
et al.”> conducted their research on a mouse model and stated
determining PMI to be important in any death investigation
but to also be prone to a number of errors and biases when
using current techniques. Forensic entomology can be used for

estimating PMI, but erroneous results can occur at the level of
days or even months; therefore, microbes may provide a new
method for estimating PMI.

Three stages occur after the death of a human being: bloat-
ing, decomposition, and skeletonization.*® The information ob-
tained from Metcalf et al.’s> study provides important con-
tributions in this regard. During the bloating stage of the
corpse (approximately days 6-9), the Lactobacillaceae and
Bacteroidaceae families, endogenous anaerobes and faculta-
tive anaerobes are known to be common members of the in-
testinal environment. After abdominal rupture occurs, these
taxa are significantly reduced, and exposure of the abdomi-
nal cavity to oxygen is increased by the Rhizobiales mem-
bers of the families Phyllobacteraceae and Brucellaceae (e.g.,
Pseudochrobactrum and Ochrobactrum [Brucella is the current
name of Ochrobactrum])). Furthermore, facultative anaerobes
such as Serratia, Escherichia , Klebsiella, and Proteus, known
as opportunistic pathogens, are abundant after laceration.?> Ac-
cording to this information, bacteria detected in the abdominal
cavity of a corpse may contribute to obtaining the estimated
time of rupture and thus indirectly to the estimation of PML
Palmiere et al.*” stated that molecular approaches in bacteriol-
ogy and the use of alternative biological samples in postmortem
biochemistry may be useful for obtaining relevant information,
even in corpses with severe decomposition changes.

ISOLATING BACTERIA FROM THE CORPSE AND
ENVIRONMENT WHERE A CORPSE IS FOUND

The techniques used for microorganism identification and the
methods and technologies in forensic microbiology are similar
to those used in research and diagnostic microbiology. Cur-
rently, molecular sequencing and genotyping techniques are
used for identification.’® Correctly identifying the bacteria iso-
lated in relation to an incident is important in order to contribute
to criminal investigations. Tomaso and Neubauer** also stated
that microbial forensics is a young scientific discipline. Al-
though classical microbiological techniques are indispensable
for forensic microbiological studies, new techniques such as
rapid genome sequencing can also be utilized. The most com-
monly used assays in postmortem microbiology are antigen
detection techniques, bacteriological cultures, and molecular
techniques, especially as applied to bacteriology and virology.
In most postmortem studies, antigenic techniques are consid-
ered indicative of preliminary assays that need to be confirmed
by culture and molecular techniques. Less frequently, other
analyses such as epidemiological typing are also required.’!
Identification in a microbiology laboratory depends on the qual-
ity of the sample collected. Therefore, a poor collection process
with deficiencies in collection or transportation can lead to er-
rors in the detection of etiologic agents. To avoid this, specific
protocols need to be established for the collection of autopsy
specimens. The correct interpretation of postmortem microbi-




ological results should take into account: a) the isolation site,
b) the pathogenic potential of the organism, c) the age of the
individual, especially regarding children, d) the usual bacterial
flora of the isolation site, and e) the use of infection criteria
in living individuals. The possibility for false negatives and
false positives should be recognized in postmortem microbi-
ological testing.’! Importance is had in having environmental
sampling that is sensitive, reliable and timely, as delay can lead
to the loss of some evidence. Microbiological evidence can in-
clude samples of live microbial agents, protein toxins, nucleic
acids, clinical samples from victims, environmental samples,
contaminated clothing, or traces of specialized evidence.'> The
procedure followed by Ventura Spagnolo et al.!8 involves: stor-
ing the corpse at 4°C, collecting samples within 24 h and 48
h after death prior to evisceration, using appropriate collection
media, sterilizing the surfaces of selected body sites, using ster-
ile instruments, and immediately transferring collected samples
to a microbiology laboratory.

Postmortem microbiology has been used in various research
studies not only to confirm the presence of an underlying infec-
tious disease process but also to determine cause of death. Car-
diac blood, cerebrospinal fluid, and splenic tissue are promising
samples for postmortem microbiological cultures, while lung
tissue culture often yields false positive results.’> According to
Tuomisto et al.’?, pericardial fluid and the liver are the most
sterile up to five days postmortem and offer the best postmortem
microbiological sampling sites during that time period.

Of course, when working with bacteria found on corpses, one
must take into account the possibility that they be pathogenic
and/or allergenic to humans, and investigators should take pre-
cautions accordingly. Using the appropriate masks and gloves,
as well as such things as disposable headgear and aprons, is
important, as well as and carrying out the procedure as quickly
and accurately as possible to avoid contamination. After death,
however, determining whether the microorganisms to be iso-
lated from the body for various purposes are actually of corpse
origin, namely whether contamination has occurred or not, is
important. Ventura Spagnolo et al.'® explained avoiding con-
tamination to be impossible. Robinson et al.'? illustrated using
the literature for possible sources of contamination. However,
great care must be taken to prevent or minimize contamination
when taking microbiological samples from a crime scene. The
sampling personnel should be well trained, and forensic mi-
crobiological samples should be delivered to the laboratory as
soon as possible to avoid deterioration. For sampling protocols,
see Burcham et al.!” and Singh et al.>*.

NGS has opened up new opportunities for microbiological
sampling, especially from the environment. In culture-based
sampling, only the type and density of living microorganisms
in a medium can be investigated, because neither a dead mi-
croorganism nor its structure can grow in a medium. However,
the NGS method is not culture-based and allows the DNA
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structures of not only living microorganisms but also non-
living/dead microorganisms to be detected, resulting in more
data. For example, Metcalf et al.>> conducted a 48-day labora-
tory experiment to characterize temporal changes in microbial
communities using the Illumina HiSeq platform to characterize
bacteria, archaea, and microbial eukaryotes by benefitting from
a culture-independent combination. In forensic science, the
NGS approach has recently been proposed for genotyping pro-
tocols regarding personal identification, lineage inference, and
phenotypic prediction. In the near future, new protocols may
replace their predecessors due to their high throughput char-
acteristics, the rapid reduction of costs, and the development
of specialized applications. Microbiology has always played an
important role in the analysis of environmental samples during
forensic investigations. Recent technological advances have in-
creased the sensitivity and specificity of investigations while
also having raised old and new technical questions. The first
is the need for easy, repeatable and standardizable workflows,
and the second is the need for expert scientists with regard
to bioinformatics analysis.> According to Maehly>®, forensic
bacteriology will develop alongside various forensic techniques
to oppose the increase in crimes in the future.

BACTERIA FOUND ON CORPSES

The role of bacteria in corpse decomposition and the full
spectrum of species involved in the process are not yet well
known. Therefore, increasing current knowledge of the myco-
biota found in corpses and understanding the physical, chem-
ical, and biological factors that determine which species can
participate in succession are necessary. These factors include
temperature and humidity (and their changes over time), soil
type and pH, the presence of animals, especially insects and
rodents, the characteristics of the surrounding vegetation, the
type and amount of different chemical compounds (e.g. heavy
metals) in and around the corpse, and the amount of different
gases and volatile compounds in the atmosphere.3® By taking
into account the literature on the subject, Schneider’? outlined
the main issues related to bacteriological investigations in the
context of forensic autopsies and mentioned estimating the age
of a corpse on the basis of bacteria-caused decomposition as an
example. The bacterial genera and species detected in corpses
in various countries are given on Table 1.

CONCLUSION

When a person dies (PMI), how they died, and who is likely
to be responsible for their death are very important with regard
to forensic cases. The bacteria that are usually isolated from
corpse and a corpse’s stage of decomposition can help to iden-
tify PMI and the persons who might be responsible for their
death. Forensic bacteriology is a developing scientific disci-
pline and much progress is needed. According to the literature




European Journal of Biology

Table 1. Bacterial species and genera found in corpses.

13,18,31,32,49,52-54,58-66

Bacterial genus or species The corpse
from which
the bacterial
genus and/or
species was

isolated.

Country

The place References
where bacteria

are isolated

Bacillus cereus Human Japan

Takabe and
Oya3l

Peritoneal
exudate and
intestinal
contents

South
African
Republic

Streptococcus pneumoniae Human

Moar and
Miller®

Leptomeningea
1 tissue

Acinetobacter, Aeromonas sobria, Human
Enterobacter cloacae, Enterococcus
faecalis, Escherichia coli, Klebsiella
spp., Micrococcus tetragenus,
Morganella morganii, Pseudomonas
aeruginosa, Raoultella,
Staphylococcus aureus, S.
epidermidis, S. simulans,
Stenotrophomonas maltophilia,
Streptococcus pneumoniae,
Streptococcus spp.

China

1.52

Blood Tang et a

Acinetobacter, Bacillus, Bacteroides, Human Finland
Citrobacter, Corynebacterium,

Clostridium, Enterococcus,

Enterobacter, Escherichia,

Klebsiella, Lactobacillus,

Micrococcus, Neisseria, Proteus,

Peptostreptococcus,

Propionibacterium, Stomatococcus,

Serratia, Staphylococcus,

Streptococcus

Blood Tuomisto et al.*?

Citrobacter freundii Human France

Blood Maujean et al.”®

Citrobacter koseri , E. coli, Neisseria Human France

meningitidis

Cerebrospinal ~ Maujean et al.*®

fluid

Acinetobacter baumannii, Human Romania
Aeromonas hydrophila, E. coli, K.

pneumoniae, Morganella morganii,

Proteus mirabilis, P. penneri,

Providencia stuartii, Pseudomonas

aeruginosa, P. putida, Shewanella

putrefaciens, S. aureus, S.

epidermidis, Streptococcus

pneumoniae, S. viridans

Blood Dermengiu et

al>®

Actibacter sediminis, Aerococcus Swine Romania
suis, Arsenophonus nasoniae,
Cellvibrio japonicus, Clostridium
estertheticum, C. histolyticum, C.
putrefaciens, Halomonas
salifodinae, Ignatzschineria larvae,
Moraxella pluranimalium, Myroides
odoratimimus, P. mirabilis,
Providencia heimbachae, P. stuartii,
Pseudomonas brassicacearum, P.
corrugata, P. fragi, P. orientalis, P.
otitidis, P. panacis, P. peli, P. poae,
P. protegens, P. syringae,
Psychrobacter adeliensis, P.
arcticus, P. cibarius, P.
cryohalolentis, P. lutiphocae, P.
namhaensis, Ruminococcus gnavus,
Sphingobacterium composti,
Sporosarcina globispora,
Thermosyntropha lipolytica,

Mouth Iancu et al.%®°
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Vitreoscilla stercoraria,
Wohlfahrtiimonas chitiniclastica

Aquaspirillum putridiconchylium, Swine Romania  Rectum Tancu et al.*
Bacteroides propionicifaciens,
Ignatzschineria larvae, Myroides
odoratus, Psychrobacter arcticus, P.
alimentarius, P. cibarius, P.
cryohalolentis, P. frigidicola, P.
glacincola, P. namhaensis,
Pseudomonas chlororaphis, P. lutea,
P. poae, PI, onas shigelloid,
Vitreoscilla stercoraria,
Wohlfahrtiimonas chitiniclastica
Haemophilus influenzae, Listeria Human It's not Cerebrospinal Palmiere et al.*’
monocytogenes, N. meningitidis, S. exactly fluid
pneumoniae known
(Belgium
?, Italy?,
Switzerla
nd?)
E. coli, K. pneumoniae, M. Human Switzerla Blood Palmiere et al.®!
morganii, P. aeruginosa, S. aureus, nd
S. capitis, S. cohnii, S. epidermidis,
S. haemolyticus, S. hominis, S.
pettenkoferi, S. saprophyticus, S.
simulans, S. warneri, Streptococcus
pneumoniae
Bacteroides fragilis, B. Human Japan Blood Sunagawa and
thetaiotaomicron, Citrobacter Sugitani®?
diversus, Clostridium cadaveris, C.
innocuum, C. ramosum, C. tertium,
E. faecalis, E. faecium, E.
raffinosus, E. coli, Eubacterium
limosum, Haemophilus influenzae,
Klebsiella oxytoca, K. pneumoniae,
M. morganii, P. aeruginosa, S.
aureus, S. epidermidis,
Streptococcus constellatus, S.
parasanguinis
E. coli, K. pneumoniae, S. Human Switzerla Blood Palmiere and
pneumoniae nd Tettamanti®
(Italy?,
Switzerla
nd?)
A. baumannii, E. coli, P. mirabilis, Human Italy Blood and Ventura 18
P. aeruginosa, Salmonella pericardial and ~ Spagnolo et al.
enteritidis, S. aureus, Streptococcus pleural fluids
pyogenes
A. baumannii, Pseudomonas Human Romania  Blood, Diac et al.*
skin/wound,
lung, pleural
fluid, peritoneal
fluid, abscess
Staphylococcus Human Romania  Blood Diac et al.®*
A. baumannii, A. woffii, Human China Blood Zheng et al.%

Aeromonas sobria, Burkholderia
cepacia, Citrobacter freundii,
Clostridium difficile, C. sordellii,
Comamonas acidovorans, E.
cloacae, E. faecium, E. gallinarum,
E. coli, Granulicatella adiacens,
Klebsiella oxytoca, K. pneumoniae,
Leuconostoc mesenteroides, P.
vulgaris, P. aeruginosa, S. aureus,
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S. cohnii, S. epidermidis, S.
saprophyticus, S. sciuri,
Stenotrophomonas maltophilia,
Streptococcus alactolyticus, S.
hemolyticus

Bacillus altitudinis, B. aryabhattai, Swine
B. badius, B. cereus, B. kochii, B.
megaterium, B. methylotrophicus, B.
muralis, B. simplex, B. subtilis, B.
thuringiensis, Enterococcus durans,
E. faecalis, Fictibacillus arsenicus,
Lysinibacillus boronitolerans, L.
fusiformis, Pediococcus acidilactici,
Rummeliibacillus stabekisii,
Staphylococcus cohnii, S.
nepalensis, S. sciuri, S. xylosus,
Vagococcus lutrae

USA Skin 1.54

Singh et a
(isolated by E.
Junkins,
unpublished

data)

Bacteroides fragilis, B. ovatus, B, Human
thetaiotaomicron, B. vulgatus,
Bifidobacterium longum,

Clostridium perfringens, C. sordellii,
Enterobacter agglomerans, E.

faecium, E. coli, K. pneumoniae,
Lactobacillus curvatus,

Staphylococcus sp., Streptococcus

anginosus, S. oralis, Veillonella

dispar

France?  Blood Mesli et al.®

Swine (In
water)

Citrobacter, Clostridium,
Dechloromonas, Desulfosporomusa,
Enterococcus, Ewingella, Klebsiella,
Lactobacillus, Lactococcus,
Proteocatella, Pseudomonas,
Psychrobacter, Zoogloea

USA Epinecrotic Benbow et al.®

biofilm

A. baumannii, A. Iwoffii, Bacillus Human
sp., Bacteroides fragilis, Moraxella
catarrhalis, Citrobacter sp.,
Clostridium butyricum, C. septicum,
Corynebacterium sp., E. cloacae, E.
faecalis, E. faecium, E. coli, Hafnia
alvei, Haemophilus influenzae,
Klebsiella oxytoca, K. pneumoniae,
Lactobacillus sp., Lactococcus sp.,
Neisseria sp., Pediococcus sp.,
Proteus vulgaris, P. aeruginosa, P.
fluorescens, P. putida, Serratia
liquefaciens, S. marcescens,
Sphingomonas paucimobilis, S.
aureus, S. intermedius,
Stenotrophomonas maltophilia,
Streptococcus mitis, S.
parasanguinis, S. pneumoniae,

S. salivarius

Denmark  Various parts of ~ Christoffersen'

the corpse

review, although some studies have included bacteria isolated
from corpses, no checklist is yet to be found regarding the bac-
teria that have bene isolated from corpses. As far as is known,
this study is the first one to collectively present the bacteria
that have been isolated from corpses at the genus and species
levels using information from the literature information (see
Table 1). Table 1 also includes information about the countries
and organisms from which the bacteria were reported to have
been found. Thus, being able to access this list in future sci-

entific studies related to forensic bacteriology is considered to
facilitate researchers.
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SHORT COMMUNICATION

Induction of Apoptosis in BCR-ABL Fusion Associated Chronic Myeloid
Leukemia Cells by Camellia kissi Wall. (Theaceae) Extract
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ABSTRACT

Objective: Camellia kissi, a prominent tea, lacks academic works. In a previous report, this plant substantially affected chronic
myeloid leukemia cells. Understanding the mechanism of action of this tea species on leukemia cells will contribute to researching
alternative treatment methods in the context of drug resistance in chronic myeloid leukemia, which is constantly increasing.
Materials and Methods: C. kissi comes from Lam Dong, Vietnam. The crude tea extract in methanol was obtained. The flow
cytometry method with Annexin V and PI staining and the DNA fragmentation assays were used to indicate the apoptosis cells.
The reversed transcription real-time PCR reactions were conducted to measure the mRNA level under the treatment.

Results: The results showed the apoptosis-inducing capacity of the C. kissi extract on K562 cells, and the impact was suggested
to be through the induction of intracellular apoptosis and cell cycle arrest.

Conclusion: The apoptosis induction on K562 caused by C. kissi was reported for the first time. Initial recognition of the signaling

pathway of inhibition is through the BCR-ABL/PTEN.

Keywords: Camellia kissi, Chronic myeloid leukemia, Leukemia, Gene expression.

INTRODUCTION

Leukemia is one of the most dangerous diseases, causing nearly
312,000 deaths in 2020 in the world; approximately 475,000
new cases of leukemia were recorded in the same year.! Asia
accounts for about 50% of incidence and mortality cases.’
Based on the cause and pathological condition, leukemia is
divided into four standard types: Acute Myeloid Leukemia,
Chronic Myeloid Leukemia, Acute Lymphoid Leukemia, and
Chronic Lymphocytic Leukemia (CML).> The proportion of
blood cancer groups varies depending on geographical area, in
which CML accounts for about 20% of acute leukemia cases.*
One of the essential signaling pathways in CML pathogen-
esis is through BCR-ABL protein fusion.> Continuous am-
plification of cell proliferation signals is the root cause of
CML pathogenesis.® Besides the traditional treatments, target-
ing BCR-ABL drugs has been considered a promising treatment
for CML in recent years. Drugs known as tyrosine kinase in-
hibitors (TKIs) that act on the protein fusion in use include Ima-
tinib (Gleevec), Dasatinib (Sprycel), Nilotinib (Tasigna), Bosu-
tinib (Bosulif), Ponatinib (Iclusig), and Asciminib (Scemblix).’
However, reduced effectiveness due to drug resistance or side

effects is a significant challenge in the treatment of CML.}
For example, the accumulation of mutations in T315 causes
multi-level drug resistance, so Ponatinib and Asciminib are
preferred.® However, Asciminib causes thrombocytopenia, and
Ponatinib has the risk of causing thrombosis.!%!! Therefore,
finding alternative treatment methods is necessary.

As mentioned, Asia faces a high incidence of leukemia, with
rates constantly increasing. Thus, pathological studies need to
be performed. Asian people have a unique living culture; they
love using fresh, natural ingredients in their lives, including tea
drinking culture.'> Green tea plays a significant role in their
lives and health, and it has been shown in studies to be effective
on certain types of cancer, including leukemia.'>'* Camellia is
an outstanding tea genus with high biodiversity. Vietnam is one
of the countries endowed with the most diverse of them.!> High
endemism in distribution makes some Vietnamese tea varieties
be hidden from scientific research. Camellia kissi is one of
the potential tea species, but academic information is lacking.
Providing complete scientific information about bio-activity is
vital in recognizing the prestige and significance of the conser-
vation of this plant. Based on the previously published results of
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potent proliferation inhibition on CML cells, this study aims to
clarify the pathway in the mechanism of proliferation inhibition
of C. kissi on K562 cells.

MATERIALS AND METHODS
Sample Preparation

C. kissi Wall. was harvested from Lam Dong province at the
location coordinates of 11.481178.108.130521, Vietnam, with
voucher No. PMT-C-01. The leaves were separated and cleaned
with tap water. The leaves were left thoroughly dried in an
oven with a steady temperature of 40°C. The dried sample
was ground into a fine tea powder. Tea powder (200 g) was
mixed into 600 mL of absolute methanol (Merck, Germany).
After 24 h of shaking at 180 rounds per minute, the filtrate was
collected; the filtrating process broadened three more times be-
fore filtrate pooling. By using a rotary evaporator, the crude
methanol extract of C. kissi was obtained, and the extract (ab-
breviated as CKE) was prepared at a concentration of 300
pg/mL by weighting and dissolving with dimethyl sulfoxide
(DMSO, Sigma-Aldrich, USA).

Cell Culture Conditions

Human Chronic Myeloid Leukemic cells, K562 (ATCC®CCL-
243™) were cultured in RPMI 1640 (Roswell Park Memorial
Institute Medium, Thermo Scientific, USA). The medium was
added with 1% antibiotic and 10% fetal bovine serum (FBS,
Thermo Scientific, USA). The trypan blue (Thermo Scientific,
USA) exclusion method indicated cell density during the exper-
iments. The initial cell concentration was set at 10° cells/mL
Sub-culturing occurred every 72 h.

Cell Morphology Changes Screening

The tests took place in 6-well plates. The test volume was 3 mL
for each well with 10° cells/mL, and the cells were treated with
CKE in different concentrations. The cells were exposed to the
extract for 72 h before collection. Next, 100 pL the treated cell
biomass was smeared onto a slide, and then 90% ethanol cov-
ered the slide. The cells were stained with a 2.5 mg/mL solution
of Wright’s eosin methylene blue (Sigma-Aldrich, USA) dis-
solved in absolute methanol (Merck, Germany). After 2 min of
incubation, the slide was washed with Wright’s buffer (solution
of 6.63 mg/mL of KH,PO, and 2.56 mg/mL Na2HPO4, Sigma-
Aldrich, USA). The cells’ morphology was observed using a
microscope (Olympus LS, Japan).

Apoptosis-Inducing Test

The solution of cell biomass at the density of 107 cells/mL
was treated with CKE at 100 pg/mL. After 24 h of incubation,
the cells were collected and dyed with the ANNEX100B kit

(BioRad, USA).'® The stained cells were analyzed on a flow
cytometer (Accuri C6 Plus, BD Biosciences, USA).

DNA Fragmentation Assay

The cells at density 105 cells/mL were incubated with 100
pg/mL CKE for 24 h. The cells were collected and suspended
in 100 pL of Dulbecco’s phosphate buffer saline (Stemcell, Sin-
gapore). And then, 300 pL of trizol (Thermo Scientific, USA)
was added to the mixture. The mix was incubated at 65°C for
15 min. 400 pL of Prec Buffer was added into the mix. Cen-
trifugation at 10,000 g was conducted for 5 min. The precipitant
was collected after removing the solution. The precipitant was
washed twice with the wash solution. Total DNA was dissolved
in 50 pL elution buffer (Favorgen Biotech, Taiwan). 10 pL of
total DNA was analyzed using 2%-agarose-gel-electrophoresis
supplemented with Redsafe dye (iNtRON Biotechnology, Ko-
rea).

mRNA Level Measurement

The cells at density 10° cells/mL were treated with 100 pg/mL
CKE for 24 h. The cells were collected and the total mRNA was
extracted using the trizol reagent (Thermo Scientific, USA). In
detail, cells were harvested and, in 5 min, incubated with 750 pL
trizol. The mixture was mixed with 150 pL chloroform (Merck,
Germany). After 2 min of incubation, centrifugation at 10,000
g was conducted for 5 min to collect the supernatant. 300 pL of
isopropanol was added to the supernatant collection. Centrifu-
gation at 10,000 g was run for 5 min to remove the supernatant.
The precipitant was washed with 750 pL ethanol 70%, and the
centrifugation was repeated. Total RNA was stored in the elu-
tion buffer. The gene expression was detected by the RT-qPCR
method with the combination of SensiFAST cDNA Synthesis
and SensiFAST SYBR® No-ROX Kits (Meridian Bioscience,
USA).!6 The used primers for analysis were named in Table 1.

Statistical Analysis

The results were collected in triplicate. The data was computed
and analyzed using the GraphPad Prism software version 9.0.0.
The image edition was performed by using ImageJ software.

RESULTS AND DISCUSSION

In many previous papers, apoptosis induction was observed as
an impact of the extracts derived from tea.!” Camellia is an
outstanding member of Theaceae with the most species and di-
verse research activities. Thus far, the apoptosis-inducing effect
has been recorded on many Camellia species, such as Camellia
sinensis (L.) Kuntze'8, Camellia ptilophylla Hung T.Chang'®,
Camellia euphlebia Merr. ex Sealy?°, and Camellia oleifera C.
Abel?!. However, the report on C. kissi has been ignored due to
rarity and endemicity. The inhibitory effect of C. kissi extract




Xuan et al., C. kissi Induces Apoptosis in K562 Cells

Table 1. The primers used for transcriptional-level evaluation.

Target Forward primer Reverse primer

GADPH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC

Fas CACACTCACCAGCAACAC TCCTTTCTCTTCACCCAAAC

Bcl-2 AAGATTGATGGGATCGTTGC GCGGAACACTTGATTCTGGT
Bel-XL GTAGAGTGGATGGTCAGTG TTGGACAATGGACTGGTTGA

Bax TGGCAGCTGACATGTTTTCTGAC TCACCCAACCACCCTGGTCTT
Caspase 3 GAACTGGACTGTGGCATTGA CCTTTGAATTTCGCCAAGAA
Caspase 8 CTGCTGGGGATGGCCACTGTG TCGCCTCGAGGACATCGCTCTC
Caspase 9 GGTGATGTCGGTGCTCTTGA CGACTCACGGCAGAAGTTCA
Survivin GTTGCGCTTTCCTTTCTGTC TCTCCGCAGTTTCCTCAAAT
BCR-ABL CGGGAGCAGCAGAAGAAGTTGTTC CAGGCACGTCAGTGGTGTCTCTGTG
PIK3CA GGTTGTCTGTCAATCGGTGACTGT  GAACTGCAGTGCACCTTTCAAGC
PIK3CB TTGTCTGTCACACTTCTGTAGTT AACAGTTCCCATTGGATTCAACA
mTor GCTTGATTTGGTTCCCAGGACAGT  GTGCTGAGTTTGCTGTACCCATGT
PTEN GGTTGCCACAAAGTGCCTCGTTTA  CAGGTAGAAGGCAACTCTGCCAAA
Erk TCAAGCCTTCCAACCTC GCAGCCCACAGACCAAA

p38a TGAAATGACAGGCTACGTGG GACTTCATCATAGGTCAGGC

CDK1 GGG TCA GCT CGC TACTCAAC AAGTTT TTG ACG TGG GAT GC
CDK2 TCATGGATGCCTCTGCTCTCAC TGGAGGACCCGATGAGAATGGC
CDK4 CATTGGGGACTCTCACACTCTC ATGGCTACCTCTCGATATGAG

TP53 TGTGGAGTATTTGGATGACA GAACATGAGTTTTTTATGGC

pRB ACTCCGTTTTCATGCAGAGACTAA  GAGGAATGTGAGGTATTGGTGACA

on K562 in a dose- and time-dependent manner was reported
in a previous study with the half-maximal inhibitory concen-
tration of 40.01% 3.12 pg/mL.?? In the presence of SKE, the
cell’s morphology reflected many surface changes, indicating
the apoptosis process (Figure 1). At 50 pg/mL CKE concen-
tration, the K562’s surface became smooth-surfaced protuber-
ance, and the cell volume decreased. The fragmentation was
observed during the treatment with 100 pg/mL CKE; the apop-
totic bodies showed off. The simultaneous PI and Annexin V
permeability confirmed the apoptosis induction. The results in
Figure 2A indicated the increase of the co-positive stained cell
population from 15% to 18% after a 24-hour treatment.

The integrity of the genome, which exhibited DNA decen-
tralization, was evaluated after 24 h of treatment with CKE.
As shown in Figure 3, the smears appeared in both treatments
with CKE while absent in the control. The denaturation in the
genome during apoptosis was demonstrated due to the cleav-
ing of enzymes, especially caspase-3.> The programmatical
cleavage created multiple fragmented products with around 180
bp difference in length.?* The propodium iodide fluorescence
analysis indicated the cell cycle arrestment at the G2 check-
point (Figure 2B). The population of the cells harboring sister
chromatins increased by almost ten percent after 24-hour CKE
treatment, which indicated that cell division and cell prolifer-
ation decreased. Additionally, a slight development of the S
phase was also recorded. The capacity of cell cycle arrest was

previously documented as the impact of Camellia plants, such
as C. sinensis on human ovarian cancer cells and C. oleifera on
human breast cancer cells.?>26

The mRNA levels showed the transcriptional regulation of
the CKE on the K562. The 2-delta delta CT values expressed
the target mRNA contents compared to the housekeeping gene
GAPDH. The interaction of changing RNA expression of some
genes in K562 caused by C. kissi was published for the first time.
In the 24-hour experiment, the effect of the extract recorded an
increase in mRNA levels of Fas and Bax, which represent a
group of proteins upstream of the apoptosis signaling pathway.
Besides, the decreased expression of Bcl-2 family genes logi-
cally contributes to the perception of induction of apoptosis by
CKE. Interestingly, the expression changes of Caspase 9 and
Bcl-2 family mRNA suggest that the effector pathway may be
closely linked to the mechanism of apoptosis induction by in-
tracellular signals (Figure 4A). One of the prominent signaling
pathways in CML is considered through the BCR-ABL fu-
sion protein, which carries diverse downstream signals.® How-
ever, in this study, we found increased expression of BCR-ABL
mRNA in cells but not of Pi3K or MAPK (Figure 4B). The
Pi3k and mTOR were maintained during the tests but increased
PTEN suggested an interaction pathway that requires further
investigation.?’?8 Previously, the interaction between green tea
and BCR-ABL was reported. The tea-derived catechins were
expected to be a new inhibitor in CML treatment.?%-3!
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Figure 1. Cell morphology changes under the impact of Camellia kissi extract. The treatment at 100 pg/mL C. kissi extract was evaluated on K562, and the cell
morphology was observed after 72 h of extract incubation. The cell morphology reflected several signs of apoptosis features, including shrinkage of the cell and
smooth-surfaced protuberances (the red arrows) compared to the healthy cells (the green arrows).

Figure 2. Camellia kissi extract induced apoptosis and cell cycle arrest on K562.Cells were exposed to 100 pg/mL C. kissis extract for 24 h before flow cytometry
was performed. The results indicated the apoptosis-inducing effect of the extract, and the cell cycle was arrested at the M phase.




Figure 3. The DNA fragmentation under the influence of Camellia kissi extract.
Cells were treated with C. kissi extract at 100 pg/mL for 24 h before DNA
extraction. The 2%-agarose-gel-electrophoresis was conducted to analyze the
DNA integrity. The results showed that the genome was cleaved into small
polynucleotide fragments.

Figure 4. Camellia kissi extract regulated the mRNA level of several genes on
K562. Cells were treated with C. kissi extract at 100 pg/mL for 24 h before
total RNA extraction. The RT-qPCR was performed to analyze the mRNA level
of several genes related to cell signaling, apoptosis, and cell cycle. The results
showed that there were changes in mRNA levels in treated cells.

On the other hand, the number of cells at the G2 stage in-
creased after 24 h of treatment, as mentioned above, for the
collapse in the level of the CDKI described in Figure 4C, in-
ferentially. CDK1 depletion was proposed to cause degradation
of the CDK1/Cyclin A and CDK1/Cyclin B complexes, so the
cells were trapped at the G2/M checkpoint.3? Similarly, the in-
crease in CDK4 was also consistent with the decrease in cell
number in the G1 phase under treatment. There was oppo-
sition in the expression of TP53 and pRB; increased expres-

Xuan et al., C. kissi Induces Apoptosis in K562 Cells

sion of TP53 and decreased expression of pRP were observed.
The increase in TP53 was closely related to the decrease in
CDK1/Cyclin B activity, leading to the cell’s inability to pass
the M checkpoint.?® The results suggested the ability of C. kissi
extract to induce K562 cell apoptosis via the intrinsic pathway
through BCR-ABL/PTEN signaling. The cell arrest at G2/M
was also observed as an effect of this extract. The research’s
development in the direction of protein analysis related to the
discussed signaling pathways is necessary to have complete
scientific information for this tea species.

CONCLUSION

This study documented the apoptosis-inducing ability of C.
kissi leaf extract for the first time on K562 cells. The effect was
considered to be mediated via the BCR-ABL pathways that led
to apoptosis and G2 cell cycle arresting.
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