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AIMS AND SCOPE

European Journal of Biology (Eur J Biol) is an international, scientific, open access periodical published in accordance
with independent, unbiased, and double-blinded peer-review principles. The journal is the official publication of Istanbul
University Faculty of Science and it is published biannually on June and December. The publication 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 publication since 1940.

European Journal of Biology aims to contribute to the literature by publishing manuscripts at the highest scientific
level on all fields of biology. The journal publishes original research and review articles, and short communications
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; animal biology and systematics, plant biology and systematics, hy-
drobiology, ecology and environmental biology, microbiology, cell and molecular biology, biochemistry, biotechnology
and genetics, physiology, toxicology, cancer biology, developmental and stem cell biology.

The target audience of the journal includes specialists and professionals working and interested in all disciplines of
biology.

The editorial and publication processes of the journal are shaped in accordance with the guidelines of the International
Committee of Medical Journal Editors (ICMJE), World Association of Medical Editors (WAME), Council of Science
Editors (CSE), Committee on Publication Ethics (COPE), European Association of Science Editors (EASE), and
National Information Standards Organization (NISO). The journal is in conformity with the Principles of Transparency
and Best Practice in Scholarly Publishing (doaj.org/bestpractice).

European Journal of Biology is currently indexed SCOPUS, TUBITAK ULAKBIM TR Index, Zoological Record
- Clarivate Analytics, CAB Abstracts, DOAJ, CABI, Chemical Abstracts Service (CAS), EBSCO Central & Eastern
European Academic Source, SOBIAD, Cabells Journalytics.

Processing and publication are free of charge with the journal. No fees are requested from the authors at any point
throughout the evaluation and publication process. All manuscripts must be submitted via the online submission system,
which is available at dergipark. gov.tr/iufsjb. The journal guidelines, technical information, and the required forms are
available on the journal’s web page.

All expenses of the journal are covered by the Istanbul University.

Statements or opinions expressed in the manuscripts published in the journal reflect the views of the author(s) and
not the opinions of the Istanbul University Faculty of Science, editors, editorial board, and/or publisher; the editors,
editorial board, and publisher disclaim any responsibility or liability for such materials.

All published content is available online, free of charge at https://dergipark.org.tr/tr/pub/iufsjb. Printed copies of the
journal are distributed free of charge.
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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

VII
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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 ICMIJE 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; AND

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

VIII




European Journal of Biology
DECEMBER 2024,
VOLUME 83, NUMBER 2

[STANBUL

UNIVERSITY
PRESS

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-
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Membrane Damaging and Protective Effects of Gypsophila bicolor’s Grossh.
(Caryophyllaceae) Root Extract on H1299, A549, and A431 Cells
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ABSTRACT

Objective: This study aims to determine the effects of the Gypsophila bicolor Grossh. root extract on cell viability and to investigate
its protective (antioxidant) effects against hydrogen peroxide (H,O»)-induced cytotoxicity and membrane damage in A431, A549,
and H1299 cells.

Materials and Methods: The study uses the Cell Titer-BlueR Cell Viability assay to determine the cytotoxic effects of catechol
on cells and the fluorometric method to determine cellular malondialdehyde (MDA) levels. The study uses DPPH free radical
scavenging, superoxide anion scavenging, hydroxyl radical scavenging, and reducing power assays to determine the antioxidant
capacity of the G. bicolor root extract.

Results: The ICsq values were respectively calculated as 60, 200, and 70 pg/mL in the H1299, A549, and A431 cells incubated with
the root extract for 24 h. The ICsq values of HyO», a strong oxidizing agent, were found to be 50, 400, and 295 uM, respectively.
The most effective cytoprotective concentrations against HyO, cytotoxicity in the cells pre-incubated with low concentrations of
root extract were found to be 5 pg/mL for the A549 and A431 cells and 10 pg/mL for the H1299 cells. MDA levels increased in
cells exposed to HyO; and the root extract (ICs5y and IC7) but decreased in the cells pre-incubated with low doses of root extract
prior to HyO, exposure. The root extract’s antioxidant capacity has also been supported by other tests.

Conclusion: While the root extract caused membrane damage in cells due to high concentrations, it showed a protective effect
against H,O; at low concentrations.

Keywords: Gypsophila bicolor, Anticancer, Antioxidant, Oxidant, Malondialdehyde

INTRODUCTION components, and living things cannot safely use these compo-

) ) nents without knowing their therapeutic concentrations.
Lung cancer is one of the most common cancers in both men

and women worldwide. Because of the cancer’s systemic na- The current study uses this approach to investigate
ture with a high rate of recurrence and clinically nonspecific  {pe dose-dependent anticancer and antioxidant effects of
symptoms, most patients are diagnosed at an advanced stage,  Gypsophila bicolor root extract on different cancer cell
with the standard treatment still being anticancer drugs.! How-  [ines. Members of this genus are known as ¢éven in

ever, the majority of current anticancer drugs have significant  Ty,kish and soapwort in English. One study demonstrated
side effects with poor prognoses. Therefore, a great need exists Gypsophila oldhamiana gypsogenin (GOG) to be able to stim-
to develop a novel anti-cancer drug with low toxicity and high  jj4¢e apoptosis and suppress the proliferation of the NCI-N87
potency. In recent years, the fact that most anticancer drugs are (human gastric cancer cell line), observing GOG be able to de-
obtained from natural extracts has made plants the focus of drug crease the vascular endothelial growth factor (VEGF) and ma-
research.” Thus, a popular approach among scientists has been trix metalloprotein (MMP-9) expression in a dose-dependent
to focus on phytotherapy in cancer treatment. However, extracts  anner while increasing the expression of Bax proteins and
obtained from plants for phytotherapy contain many bioactive caspase-3. Another study revealed the effects of Gypsophila

oldhamiana root extract, which is rich in triterpenoid saponins,
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on SMMC-7721 (human hepatoma) and LO2 (normal hu-
man liver) cells to vary in a concentration-dependent manner.
As a result of the cytotoxic assay, that study calculated the
ICs50 value of TGOE in SMMC-7721 cells as 19.50 + 3.63
pg/mL and 40.48 + 3.74 pg/mL in LO2 cells, thus conclud-
ing the root extract to show selective toxicity against cancer
cells. Those results suggested that G. oldhamiana root extract
may have potentially beneficial effects against hepatocellular
carcinoma.* Studies in the literature have shown many plant
extracts with high saponin and phenolic content similar to
G. bicolor to have concentration-dependent antioxidant and
anticancer properties.*’ The concentration of an antioxidant
substance plays an important role in its effect on oxidation
reactions. Factors such as the structure of the antioxidant in
question, the conditions in which oxidation takes place, and the
change in the structure of the oxidized substance are effective
in this case. High concentrations of antioxidants are known
to gain pro-oxidant properties. As a result, antioxidants can
act as prooxidants by causing damage at increasing concentra-
tions while protecting the membrane against oxidants at low
concentrations. Recent studies have shown the toxic and anti-
prooxidant properties of molecules with this feature to change
in a dose-dependent manner and to be unsafe for humans when
used without proper awareness.

Therefore, the current study investigates the concentration-
dependent cytoprotective and membrane protective effects of
G. bicolor root extract against hydrogen peroxide (H,O;), a
strong oxidant, on H1299, A549, and A431 cells. The study
also evaluates the cytotoxic and membrane-damaging effects of
the root extract at higher concentrations on cell lines. The study
uses four different complementary in vitro tests to evaluate the
antioxidant properties of the G. bicolor root extract.

MATERIALS AND METHODS
Obtaining the G. bicolor Root Extract

G. bicolor root extract was obtained from Akdeniz University,
Faculty of Engineering, Department of Food Engineering, and
prepared using 80% methanol and modifying Giiclii-Ustiindag
and Mazza’s method.%°

DPPH (2,2’-diphenyl-1-picrylhydrazyl) Assay

DPPH is a stable radical molecule used to measure the free rad-
ical scavenging effect of natural compounds. A hydrogen donor
antioxidant compound is used to reduce it to yellow diphenyl
picryl hydrazine. The absorbance of the generated yellow com-
pound is measured colorimetrically. This spectrophotometric
experiment utilizes the stable DPPH radical as a reagent.'?
Using this method, 50 pl was taken from samples of the var-
ious concentrations that had been prepared by dissolving the
G. bicolor root extract in methanol and put into tubes. 5 mL
of the DPPH solution prepared in 0.004% (w/v) methanol was

added to each tube. The absorbance of the samples was mea-
sured at 517 nm after 30 min of incubation at room tempera-
ture. Five replicate measurements were made. The absorbance
value of the root extract at different concentrations was assessed
against the blank control (50 pl methanol). The DPPH radical’s
percentage of inhibition (%I) value was computed as follows:

Yol = ((Acomrol - Asample/Acontrol) X 100) (1)

The obtained % I value was plotted against concentrations,
with the concentration value that ensures 50% color lightening
being computed as the 50% inhibition (ECsg) value. Butyl-
hydroxytoluene (BHT), ascorbic acid, and a-tocopherol were
utilized as positive controls for comparison. The selected con-
centration range was determined as a result of preliminary trials.

Hydroxyl Radical Scavenging Activity

The study uses the 2-deoxyribose oxidation method to test
G. bicolor’s ability to scavenge hydroxyl radicals.!! The
method is based on measuring the absorbance of the generated
reactive products through the degradation of deoxyribose by the
hydroxyl radical that is released by the Fe/Ascorbate/EDTA/
H,0, system at a wavelength of 532 nm. 100 pl of deoxyri-
bose (60 mM), 100 pl of FeCl; (1 mM), 100 pl of EDTA (1
mM), and 100 pl of ascorbic acid, as well as 100 pl of H,O;
(12 mM) were added to the root extract samples at different
concentrations. The mixture was left for one hour at a tempera-
ture of 3°C. Afterward, the reaction was stopped by adding 1%
thiobarbituric acid (TBA) and 2.8% trichloroacetic acid (TCA)
to the reaction mixture. The reaction mixture was boiled for 15
min, then cooled on ice and extracted with n-butanol. The color
intensity of the resulting-colored complex was measured at 532
nm against n-butanol (blank control). BHT is a synthetic an-
tioxidant and additive and was employed as a positive control.
The selected concentration range was determined as a result of
preliminary trials. The percentages of inhibition of the plant
extract and the standard were calculated using Equation 1.

Reduction Potential Method

The reduction potential was determined by Oyaizu.'? As an-
other method based on free radical seizure activity, the reduc-
tion potential method shows high absorbance to imply a high
reduction potential. 1 mL of different concentrations of root
extract samples was combined with 2.5 mL of phosphate buffer
(0.2 M) and 2.5 mL of potassium ferricyanide [K3Fe(CN)g]
solution (%1 w/v). The mixture was incubated at 50 °C for
20 min. The mixture was then centrifuged at 1000 x g for 10
min with 2.5 mL (10% w/v) of TCA added. 2.5 mL of this
mixture was then taken from the top and mixed with 2.5 mL of
deionized water and 0.5 mL (0.1 percent) FeCls, after which the
absorbance at 700 nm was measured against the blank control.
Ascorbic acid was employed as a positive control. The selected
concentration range was determined based on the preliminary
trials.




Superoxide Anion Scavenging Activity

The superoxide anion scavenging activity of the G. bicolor root
extract was measured using the method described by Liu.!3
This method is based on reducing the yellow NBT to its blue-
violet-colored formazan derivative through the superoxide rad-
ical produced by the NADH/PMS/O, system. Low absorbance
levels are obtained when the reaction environment includes
compounds with superoxide anion scavenging activity. The
production of superoxide anions occurred in a 3 mL Tris-HCl
buffer (16 mM, pH 8.0) that contained 1 mL of NADH (78 pM)
solution, 1 mL of NBT (50 pM) solution, and sample solutions.
A 1 mL phenazine methosulfate (PMS) solution (10 pM) was
added to the mixture to start the reaction. The mixture was then
incubated for 5 min at 25 °C, and the absorbance was measured
against a blank sample at 560 nm. Ascorbic acid was utilized
as the positive control. The selected concentration range was
determined based on the preliminary trials. Superoxide radical
scavenging activity (%) was calculated by Equation 1. Values
in all in vitro antioxidant assays are presented as the mean of
five replicate measurements.

Cancer Cell Culture

Human lung cancer (H1299 and A549) and epidermoid carci-
noma (A431) cell lines were acquired from the American Type
Culture Collection in Rockville, Maryland. The cells were cul-
tured in an RPMI 1640 medium containing 10% fetal bovine
serum and 1% antibiotic - antimycotic solution at 37 °C within
a humid atmosphere containing 5% CO,.

Cytotoxicity Analysis

The H1299, A549, and A431 cells (10,000 cells/well, mono-
layer) were trypsinized to remove them from the surface of the
flask to which they were adhered. The trypan blue (1:1 ratio)
assay was used to count cells while transferring them to well
plates (96 well plates). The method is based on the principle
that live cells do not take up the dye, but dead cells do, with
the number of cells per mL being calculated using the live and
dead cells on a hemocytometer slide. 200 pl of cell suspension
was dispensed into 96 well plates at 1x10* cells per well. The
medium used in the wells was removed and replaced after a 24
h incubation at 37 °C. The G. bicolor root extract was diluted
with a medium and administered to the wells containing cells
at doses ranging from 20 to 400 pg/mL. The control group
consists of cells that had received no treatment. The cells were
incubated for 24 h in an incubator at 37 °C. The viability of the
cells was determined using the Cell Titer-Blue® Cell viability
assay kit after incubation. This method is based on the ability of
live cells to convert resazurin into the fluorescent substance re-
sorufin, whereas dead cells cannot make fluorescent-signaling
products because their metabolic capacity is rapidly depleted.
After 5 sets of 24-hour incubations, 20 pl of the Cell TiterBlue®
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Cell viability assay kit was added to each well and incubated
at 37 °C for 1 h. The reduction of cells from resazurin to re-
sorufin was calculated by measuring the excitation at 560 nm
and emission values at 590 nm in a fluorescent spectropho-
tometer (PerkinElmer LS55).'4 The percentage of live cells
was calculated by comparing the mean absorbance value of the
cell-only control group with the mean absorbance values of
cells incubated with different concentrations of the G. bicolor
root extract. The results are expressed as a percentage of live
cells. H,O; cytotoxicity on the H1299, A549, and A431 cells
was measured in the same way. Cells were pre-incubated with
different concentrations of the root extract (2.5-20 g/mL) for l h
before 24 h of the H,O, treatment to measure the root extract’s
antioxidant effect against H,O, cytotoxicity (ICsy and IC7).
Each concentration and control were replicated five times. The
ICsg values were calculated based on Equation 1. The root
extract was dissolved in 0.5% dimethyl sulfoxide (DMSO).

Determining the Malondialdehyde Levels

The malondialdehyde (MDA) levels were measured using Wa-
sowicz, Neve, and Peretz’s method,'> whose basic principle
is that MDA is a product of lipid peroxidation resulting from
membrane damage and reacts with TBA. The resulting com-
pound is extracted in the butanol phase, and fluorescence spec-
trophotometry (PerkinElmer LS 55) is used to read the exci-
tation at 525 nm and emission values at 547 nm. The MDA
levels in the H1299, A549, and A431 cells were measured after
24 h of exposure to various root extract concentrations (ICs,
1C7p). To measure the root extract’s membrane protective effect
against H,O,, the cells were pre-incubated for 1 h at various
concentrations (2.5-20 pg/mL) of the root extract before being
exposed to the ICsg and ICy concentrations of H,O, and then
treated with HyO, (ICsg and IC7q) for 24 h. The root extract
is dissolved in a 0.5% DMSO solution. The cells were cen-
trifuged for 10 min at 600 x g after being taken from the culture
environment. The cells were washed with a phosphate buffer,
sonicated for 3 sets of 15 sec with 50 mM potassium phosphate
(pH 7.2) containing 1 pg/ mL leupeptin and 1 mM PMSF, and
centrifuged for 45 min at 15,000 x g. The MDA levels were
determined in the supernatant. Protein was determined accord-
ing to the Bradford method using bovine serum albumin as a
standard.'®

Statistical Analysis

The program Minitab Release 13.0 was used to analyze the
data statistically.!” The ANOVA GLM (General Linear Model)
procedure was used to compare between groups.

RESULTS

The study has conducted four in vitro assays (i.e., the DPPH
radical scavenging, superoxide anion scavenging, hydroxyl rad-
ical scavenging, and reduction potential assays) to investigate
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the potential in vitro antioxidant properties of the methanol ex-
tract from G. bicolor roots. The results have been compared to
positive controls (i.e., BHT and ascorbic acid).

The study utilized the DPPH assay to measure the antiradical
capacity of the G. bicolor root extract relative to the activities
of synthetic antioxidants such as ascorbic acid, a-tocopherol,
and BHT. While the root extract showed a 35.2% radical scav-
enging activity at 3 pg/mL, the radical scavenging activities
of a-tocopherol, ascorbic acid, and BHT were found to be
34.8%, 34.8%, and 25.8%, respectively. This study’s extract
also showed radical scavenging activity close to the positive
controls (Table 1).

The hydroxyl radical scavenging efficacy of the G. bicolor
root extract increases depending on dosage, as shown in Fig-
ure 1. The scavenging activities of 250 pg/mL root extract,
a-tocopherol, and BHT were 64.27%, 83.64%, and 87.64%,
respectively, with the respective ECsg values of 108.51, 53.33,
and 24.17 pg/mL being found. The root extract’s hydroxyl rad-
ical scavenging activity was about 25% lower than that of the
positive controls.

The reducing power assay was performed to measure
G. bicolor’s ability to reduce Fe** to Fe>*. The reduction po-
tential was found to be 3.06 in the 1,000 pg/mL of the root
extract and 3.62 in the 1,000 pg/mL of ascorbic acid (Figure
1). Here the root extract acted as an antioxidant through electron
donation.

G. bicolor showed lower superoxide anion scavenging ac-
tivity than the positive control of ascorbic acid, as shown in
Figure 1. At a concentration of 100 pg/mL, the root extract and
ascorbic acid exhibited superoxide anion scavenging activity
of 57.24% and 65.04%, respectively. While the root extract’s
EC5( value was found 87.35 pg/mL, the ECs of ascorbic acid
was found 76.88 pg/mL, at the same concentration.

Many studies have stated antioxidants to act as pro-oxidants
as well as antioxidants on cells depending on the concentration
and to exert a biphasic effect. The prooxidant or antioxidant
effect of an antioxidant is based on the structure of the antiox-
idant, the conditions in which the oxidation takes place, and
the structure of the oxidized substance that makes it unsafe for
living things. Therefore, knowing at what concentrations an
antioxidant acts as a prooxidant or an antioxidant is important.
This study has shown the G. bicolor root extract to act as a
prooxidant and to have an anti-cancer effect when applied to
cancer cells at increasing concentrations.

The viability of H1299, A549, and A431 cancer cells exposed
for 24 h to increasing concentrations of the root extract (20, 40,
80, 100, 150, 200, 250, 300, 350, 400 pg/mL) was significantly
and increasingly reduced up to 150 pg/mL, with no significant
change in viability being observed at concentrations higher than
150 pg/mL (p<0.05; Figure 2A).

After 24 h of incubation, the root extract ICsqy values were

Figure 1. Hydroxyl radical scavenging activity, reducing power, and superoxide
anion scavenging activity of root extract and positive controls, respectively.
Data were expressed as the mean + SD for 5 separate experiments. *: p<0.05

calculated as 60, 200, and 70 pg/mL for the H1299, A549, and
A431 cell lines, respectively (Figure 2A). The toxic effect of the
root extract was found to be three times more sensitive in the
H1299 and A431 cells than in the A549 cells. The ICsy and IC7
values of H,O,, a powerful oxidizing agent, were computed for
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Table 1. Scavenging capacity of G. bicolor root extract to DPPH radical (%).

Sample 0.1 pg/mL 0.2 pg/mL 0.4 pg/mL 0.6 pg/mL 0.8 pg/mL 1 pg/mL 3 pg/mL

G.bicolor 16.9+0.1* 18.4 £ 0.4* 19.7+£04*  245x0.7* 28.6=04* 32.7x04* 352+0.8*

a-tocopherol 17.4£0.5* 19.5+0.1*%  237+03* 242+0.1* 278+0.8*% 299+0.3* 348+03*

Ascorbic acid 17.8+0.2* 203 +0.5*% 227+0.6* 261+04* 28.0+0.1* 332+0.1* 348+0.1*

BHT 12.8+£0.5* 15.1 +£0.4* 153£0.1* 17.7+04*  229+02% 233+0.9* 258=+04*

(Butyl

hydroxytoluene)

ificant difference when compared to control values (p< 0.05) + standard deviation (SD). Each datum

*Denotes a statistically signif
of five repetitions.

in the table is an average

Figure 2. The dose-dependent cytotoxic effect of G. bicolor root extract in A549, H1299, and A431 cells (A). The protective (antioxidant) effect of G. bicolor
root extract concentrations (<ICsp) on A431 (B), A549 (C), and H1299 (D) against H,O, cytotoxicity. Dose-dependent membrane damaging effects of the root
extract from G. bicolor on A431 (E), A459 (F), and H1299 (G). Results are presented as viability ratio compared with the control group (treated with only the
medium-untreated cells). Values are expressed as the mean of three separate trials with three replications (ANOVA with Tukey test, p<0.05)
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Table 2. IC values of root extract and H,O; on the cells.

Cells Root extract /ICso Root extract /IC7o H202/ICso H202/1C70
H1299 70 +0.09* 300 £ 0.23* 295 +0.16* 450 +0.51*
A549 200 + 0.49* 400 +0.32* 400 + 0.96* 547 +£0.81*
A431 60 +0.78* 100 £ 0.1* 50 +0.32%* 180 £ 0.46*

*Denotes a statistically significant difference when compared to control values (p< 0.05) + standard deviation (SD). Each

datum in the table is an average of five repetitions.

the H1299 cells (50 pM and 400 pM), A549 cells (400 pM and
547 pM), and A431 cells (295 pM and 354 pM; see Table 2).

The cytotoxicity results for the G. bicolor root extract applied
to the cells in high concentrations showed the extract to reduce
cell viability by acting as a strong oxidant similar to H,O,. Table
2 shows the IC values for the root extract and H,O» on cells. The
G. bicolor root extract has a dose-dependent antiproliferative
effect, indicating it to perhaps be a potential agent for cancer
treatments.

However, pre-incubating the cells with low concentrations
of the root extract attenuated the cytotoxic effect induced by
H,0,, a powerful oxidizing agent. The maximum cytoprotec-
tive activity of the root extract against the ICso concentration
of H,O; cytotoxicity was found to be 5 pg/mL for the A549
and A431 cells and 10 pg/mL for the H1299 cells. In addi-
tion, the concentrations at which the root extract showed max-
imum cytoprotective activity against IC;9 H,O, cytotoxicity
were calculated as 10 pg/mL for the H1299 and A431 cells and
15 pg/mL for the A549 cells (Figures 2B-2D).

As a result, the G. bicolor root extract shows cytotoxic ef-
fects on the H1299, A549, and A431 cells at high concentra-
tions while significantly reducing the cytotoxic effects caused
by H,O, applied after incubating the cells with the root extract
at low concentrations. In this case, the root extract shows an an-
tioxidant or prooxidant effect depending on the concentration.
The cytotoxic effect from the H,O, application after the pre-
incubation with the root extract was found to be lower than the
cytotoxic effect of H,O, alone, which reveals the root extract’s
cytoprotective effect.

At high concentrations, antioxidants can cause membrane
damage by acting as prooxidants, while at lower concentrations
they can protect the membrane against oxidants by expressing
their antioxidant effect. Oxidative stress created by pro-oxidants
in a cell leads to membrane damage by lipid peroxidation and
increases the MDA level. In the H1299 cells treated with the
ICsg and IC7 root extract, the quantity of MDA respectively
increased by around 5 and 5.7 times compared to the control
cells. Similarly, MDA levels in the A431 cells treated with the
ICs¢ and IC7( concentrations of the root extract were respec-
tively found to be 3.9 and 7 times higher than in the control
cells. MDA levels respectively increased 4.6- and 6.4-fold in
the A549 cells. HyO is a powerful oxidizing agent well known
for causing oxidative stress and cell membrane damage. Com-
pared to the control cells, MDA levels were found to be 4.8 and

5.4 times higher in the H1299 cells treated with ICs5o and IC7
H,0,, respectively. Likewise, MDA levels in the A549 cells
treated with ICsq and IC7¢ H,O, were determined to be 5.4 and
8.2 times higher than in the control cells. This increase was
respectively 4.6 and 7.2 times higher in the A431 cells (Figures
2E, 2F, and 2G).

The study’s results from the cytoprotective effect test ob-
tained dosage values where the root extract protects against
membrane damage caused by H,O, in cells. To demonstrate
the membrane protective effect of the study’s root extract, the
cells were exposed to ICsy and IC7 concentrations of H,O, for
24 h after being pre-incubated with low concentrations (2.5-20
pg/mL) of root extract.

The ICjp (5 pg/mL) root extract concentration showed the
highest membrane protective effect against membrane damage
caused by ICs5p H,O; in the A549 and A431 cells (Figures
2E, 2F, and 2G). Meanwhile, the IC;s (10 pg/mL) root extract
concentration had the greatest membrane protective effect in
the H1299 cells against ICsg H,O;-induced membrane damage
(Figure 2).

When examining the root extract’s membrane protective ef-
fect against IC7o concentrations of H,O;, the IC;5 (10 pg/mL)
root extract concentration had the highest protective activity in
the H1299 and A431 cells, and the ICyy (15 pg/mL) concen-
tration in the A549 cells (Figure 2). The membrane-damaging
effect from the H,O, application after being pre-incubated with
the root extract was found to be lower than the membrane-
damaging effect of H, O, alone, thus revealing the root extract’s
membrane protective effect. The concentration with the high-
est cytoprotective effect against H,O, in each cell was also
observed to be the concentration with the highest membrane
protective effect.

DISCUSSION

One study’s DPPH test results showed low concentrations (1
and 5 pg/ mL) of the methanol root extract of Gypsophila
pilulifera Boiss.&Heldr. to have higher free radical scavenging
activity than that of the extracts from Gypsophila arrostii Guss.
and Gypsophila simonii Hub.-Mor.'® Another study found
the antiradical activity of the saponin-rich leaf extract
(26.3 mmol Trolox/kg.dw) and the fruit extract (26.9 mmol
Trolox/kg.dw) of Asparagus albus L. to be higher than that
of its rhizome extract (20.5 mmol Trolox/kg.dw).!” Yet an-




other study found the hydroxyl radical scavenging activity of
the Pouteria campechiana seed polysaccharide (ECsy: 98.72
pg/mL) to be lower than ascorbic acid (ECsy = 8.92 pg/mL).%0
One other study showed the hydroxyl radical scavenging ac-
tivity of the polysaccharide extract (92.62%) of Polygonum
cillinerve (Nakai) Ohwi to be close to the positive control
of ascorbic acid (91.83%).2! The reducing activity of the
Indigofera tinctoria L. extract, which has high saponin and
flavonoid content, has also been found to be lower than the
control, similar to G. bicolor.?*> One study found the ECs val-
ues for Pouteria campechiana (Kunth) Baechmi’s polysaccha-
ride and ascorbic acid superoxide anion scavenging activity to
be 358.22 and 7.74 g/mL, respectively.?’ The superoxide anion
scavenging activity of P. campechiana polysaccharide was seen
to be lower than that of the G. bicolor root extract. One study in-
vestigated the cytotoxic effect of the fresh extract from the tuber
Romulea tempskyana Freyn. on H1299 and Hep-G2 cells deter-
mined ICsg values of 76.15 pg/mL and 94.79 pg/mL, respec-
tively, and also found low concentrations of the fresh extract
from R. tempskyana tuber (5-25 pg/mL) to significantly pro-
tect cancer cells from H,O, cytotoxicity.23 Other studies have
shown various extracted saponins from the genus Clematis, in-
cluding Clematis lasiandra Maxim and Clematis argentilucida
(H.Lév.&Vaniot) W.T.Wang, to have considerable anti-cancer
activity.zlz4 For instance, researchers have isolated seven novel
cytotoxic triterpenoid saponins from C. lasiandra. Of these,
five extracts demonstrated ICsq values ranging from 1.40-19.50
pmol/L in human tumor cell lines (i.e., HL-60, HepG-2, and
SGC-7901).23 One study comparatively investigated the antihy-
pertensive, anticholinesterase, anturease, anti-tyrosinase, and
anti-elastase enzyme inhibition and anticancer activities of in
vivo (collected male and female root, stem, and leaf parts) and in
vitro samples (germinated root, stem, and leaf parts) of Pistacia
khinjuk stocks and found all the samples analyzed for anticancer
activity to have cytotoxic effects against MCF-7 (human breast
cancer) and HT-29 (colon cancer) cell lines. However, the study
stated the in vivo samples had higher biological activity than
the in vitro samples.>> Another study investigated the effect of
saponins obtained from garlic on the stress created by hypoxic
conditions in PC12 cells and showed garlic saponins at concen-
trations of 0-5 ng/mL to significantly reduce hypoxic stress and
to increase cell viability by 73% in 72 h.?® One study found
the methanol extract of the above-ground parts of G. bicolor
and Gypsophila ruscifolia Boiss. to have cytotoxic effects on
MCEF-7 cells (IC5p <100 pg/mL) but failed to observe any cy-
totoxic effect in the A-549 (non-small cell lung carcinoma)
and AGO-1522 cells (human fibroblast cell) at the tested doses
of the extracts (0.01-1 mg/mL).?’ Another study analyzed the
biological activities; gas chromatography and mass spectrome-
try (GC-MS) analysis; and antioxidant, antimicrobial, antioxi-
dant, antimicrobial, DNA fragmentation, and anticancer activ-
ity of methanol (MeOH) and petroleum ether (PE) extracts of
Symphytum aintabicum Hub.-Mor.&Wickens regarding MCF-
7 cells. The ICso values of the PE and MeOH extracts were
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414.73 pg/mL and 443.31 pg/mL, respectively. That study’s
findings indicated S. aintabicum shows interesting pharmaco-
logical and biological activities and is a particularly suitable
candidate for anticancer drug development.?® One study exam-
ining the effect of saponins extracted from Panax quinquefolius
L. leaves on acetaminophen (APAP)-)-induced liver toxicity
in rats observed saponins to decrease the increased hepatic
MDA levels.”” Another study investigated the protective ef-
fect of saponins obtained from Platycodon grandiflorum A.
DC. on hypoxia/reoxygenation-induced oxidative stress in car-
diomyocytes (H9c2), observing P. grandiflorum saponins at a
concentration of 20 pM to significantly decrease the MDA level
and to cause an increase in superoxide dismutase and catalase
activity.30

CONCLUSION

The results from the current study’s four in vitro tests have
revealed the root extract’s antioxidant properties as well as
hydroxyl, superoxide, and DPPH radical scavenging activity,
and reducing power activity. The root extract shows antioxi-
dant properties by protecting cancer cells against the oxidizing
effect of H,O,, which supports the results presented above.
The study’s results also observed the root extract to act as a
prooxidant at high concentrations, thus causing cytotoxic and
membrane-damaging effects. However, the cytotoxic and mem-
brane damage effects were reduced in cells that had been prein-
cubated with low concentrations of the root extract compared
to cells that had been exposed to H,O, alone, thus revealing
the extract’s antioxidant effect. Due to the root extract showing
biphasic effects such as being an antioxidant or prooxidant in
cells depending on its dosage, foods containing G. bicolor root
extract should be consumed carefully. This report showcases
the potential the root extract has for decreasing the toxicity of
hydrogen peroxide in cancer cells. However, further investiga-
tion on pharmacokinetics, pharmacodynamics, and toxicology
is required before any clinical recommendations on root extrac-
tion supplementation can be made.
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Optimization of Extraction Parameters of Phenolic Compounds from Cau
Banana (Musa paradisiaca) Peel and Evaluation for Antioxidant and
Antibacterial Potential

Truong Quoc Tat! , Nguyen Duy Khanh?

'Dong Thap University, Natural Resources and Environmental, Agriculture, Dong Thap-Vietnam
2Ho Chi Minh City Open University, Faculty of Biotechnology, Ho Chi Minh City-Vietnam

ABSTRACT
Objective: This study aims to demonstrate the potential reuse of Cau banana peel (CBP), a fruit by-product in the Mekong Delta,
Vietnam, based on its antioxidant and antibacterial activity.

Materials and Methods: The determination of optimal extraction conditions for phenolics using response surface methodology
from CBP powder. Then, the CBP extract was evaluated for total phenolic content (TPC), flavonoid content (TFC), phytochemical
constituents, and antioxidant activity by the DPPH free radical scavenging assay, whereas antibacterial effects against the pathogens
Staphylococcus aureus and Escherichia coli were determined by the agar diffusion and broth dilution methods.

Results: The highest TPC (38.42 mgGAE/g) and TFC (9.75 mgQE/g) were achieved with 1 g of the CBP powder, 58 mL of
60% ethanol solution, and 76 min of processing time at 56°C. The CBP extract contained tannins, flavonoids, alkaloids, saponins,
and glycosides, with TPC and TFC of 543.48 mgGAE/g and 158.96 mgQE/g, respectively. The ICs, was 105.85 pg/mL, and the
MBC/MIC ratios were <2.0 mg/mL. Therefore, it could be a strong antioxidant and bactericidal agent.

Conclusion: These results show that the peel waste of CBP could be helpful in the medical or health food industry for various

applications instead of dumping them in landfills.

Keywords: Cau banana peel, Response surface methodology, Antioxidant, Antibacterial activity.

INTRODUCTION

Cau banana (Musa paradisiaca) belongs to the Musaceae fam-
ily and is a native crop and a rich source of nutritional fruit
in Vietnam. It is classified as a plantain banana and is typi-
cally eaten when fully ripened although it can also be cooked.
In the production of frozen bananas, the peel is often dis-
carded and comprises 18%-30% of the whole fruit weight,'
leading to serious waste management challenges. Several re-
cent studies have explored using banana peel waste, including
composting,” protein,’ ethanol,* alpha-amylase,’ and dietary
fibre production® through biotechnological processes.

In addition, there is growing interest in the medicinal proper-
ties of banana peels among researchers worldwide.”# In Viet-
namese ethnomedicine, banana peels have been traditionally
used for various health purposes, such as treating gastric ulcer-
ation, persistent diarrhoea, dysentery, acne, and warts.? Recent
analyses have shown that ripe banana peels contain a variety
of phytonutrients and phytochemicals, including high levels

of carbohydrates, dietary fibre, crude protein, crude fat, ash,
starch, and resistant starch, respectively.'® They also contain
pigments (xanthophyll, beta-carotenoid) and vitamins (vita-
mins A and C) with antioxidant activity,!'-!3 as well as essential
minerals, such as potassium, calcium, sodium, manganese, and
iron.'* Banana peels are also rich in phenolics and have been
linked to numerous health benefits, including the prevention of
cardiovascular diseases, cancer, diabetes, and obesity.!> They
consist mainly of gallocatechin, catechin, and epicatechin.'®
Pereira et al.'” demonstrated that the phenolic content was high
in banana peel, accounting for 244 mgGAE/g. Toxic substances
in banana peels, hydrogen cyanide, and oxalates were present
at low levels of 1.3 mg/g and 0.5 mg/g, respectively, and within
the safety limits Anhwange et al.'® suggested that they are safe
for human consumption.

In light of the growing problem of drug-resistant bacterial
pathogens, which render antibiotics ineffective in treatment,
there is a pressing need for new antibacterial agents,'® such
as using plant extracts as an effective therapy against resistant

Corresponding Author: Truong Quoc Tat E-mail: tqtat@dthu.edu.vn

Submitted: 26.03.2024 e Revision Requested: 16.04.2024 o Last Revision Received: 24.04.2024 o Accepted: 09.05.2024 o Published Online: 10.07.2024

This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)

131


http://orcid.org/0009-0005-7839-3910
http://orcid.org/0009-0003-3873-6726

European Journal of Biology

bacterial strains.?? Banana peels possess natural antibacterial
properties and have shown activity against various inflamma-
tory diseases.”! Previous studies have demonstrated the effec-
tiveness of banana peels against common pathogenic bacte-
ria by biosorption and disruption of cell membrane activity.>?
Moreover, banana peels against Porphyromonas gingivalis and
Actinobacillus actinomycetemcomitans.?®

To the best of our understanding, while previous research
in Vietnam has focussed on utilising banana peels for com-
post, fertilisers, bio-ethanol, composites, and activated carbon
production,?* less attention has been given to extracting phy-
tochemical compounds from these by-products for medicinal
or functional food purposes. In recent years, Vietnamese scien-
tists have optimised the extraction conditions for phytochemical
compounds from banana peels for medicinal or functional food
purposes.”> It has been found that using aqueous ethanol so-
lution as a solvent is the most efficient method for extracting
these compounds. This is due to the low boiling point and
safety for human consumption of ethanol and the ability to ex-
pand and soften plant material, making it easier to extract the
desired compounds.25 However, it should be noted that there
is no universal extraction procedure for all types of materi-
als, and the specific extraction parameters must be determined
for each type of material. Therefore, this study was conducted
to determine the optimal extraction process for phenolic com-
pounds from CBP collected in Tien Giang province, Mekong
Delta, Vietnam, using ethanol as an extraction solvent, as well
as to evaluate the antioxidant and antibacterial properties of the
obtained crude extract.

MATERIALS AND METHODS
Chemicals

Cemaco (Vietnam) supplied the ethanol solvent for extraction.
Sigma-Aldrich (United States) supplied DPPH (2,2-diphenyl-1-
picrylhydrazyl), ascorbic acid, gallic acid, and Folin-Ciocalteu
reagent which were used for antioxidant tests and determina-
tion of phenolic content, DMSO (Dimethyl sulfoxide) dissolved
crude extract. Himedia (India) supplied tryptic soy agar (TSA)
was used to store organisms, while Mueller-Hinton broth and
agar (MHB and MHA) were used to determine antibacterial
activity. The purified water and other chemicals used in this
work were of analytical reagent grade.

Preparation of Sample, Extraction and Crude Extract
Plant Material

The unripe fruits of Cau banana (M. paradisiaca) were har-
vested from home gardens in Chau Thanh district, Tien Giang
province, Mekong Delta, Vietnam. After 5-7 days, the peel of
fresh banana fruit at stage 6 of ripening (yellow peel) was thor-
oughly rinsed, cut into small pieces, and dried at 50°C until the

moisture content was 12%. The dried peel was then blended and
sifted through a 1.5-mm sieve to create a fine powder. Finally,
the powdered banana peel sample was packed in vacuum-sealed
PA bags and stored in refrigeration (4 + 2°C) until needed for
use, as shown in Figure 1.

Figure 1. Crude extraction process from the CBP.

Crude Extract Collection

One hundred (100 grammes) of the CBP powder was used for
extraction with ethanol (60%). The filtered transparent extract
using Whatman number 1 philtre papers. The removed residues
were re-extracted twice under the same conditions. The filtrates
were combined and concentrated at 50°C using a rotary evapo-
rator and then air-dried to obtain the crude extract. Finally, the
extracted sample was kept in a clean brown bottle at 4 + 2°C,
before analysis.

Weight o f extract
Weight of material’

Extraction yield(%) = 100% (1)

Optimisation of Extraction Conditions of Phenolics from
CBP Powder

The extraction process for phenolic compounds from the CBP
powder was optimised using response surface methodology
(RSM) with Box-Behnken design. This study examined the
influence of three factors: the ratio of the CBP powder mass
to ethanol volume (A), temperature (B), and time (C) on the
total phenolic content-TPC (Y;) and total flavonoid content-
TFC (Y,) of the transparent extracts (Table 1).

The extraction was performed with 1 g of dried sample in
a flask, placed in a water bath, and shaken at a speed of 100
rpm. The transparent extract was then filtered using Whatman
Number 1 philtre papers. The TPC and TFC of the extracts were
analysed. The experiment was conducted in triplicate, and the
data were analysed using multiple regression and analysis of
variance (ANOVA) with Statgraphics Centurion XV software.
The effect of the independent variables on the response (Y)
model is described in the following section.

Y = bo+bi A+by B+b3C+byAB+bsAC+bgBC+b7 A>+bg B> +boC?

(@)
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Table 1. Optimization experience plan using response surface methodology (RSM) and the research results.

No. A B C (min) Y1 (mgGAE/Q) Y2(mgQE/g)
(mL/g) 0 Experimental* Predicted Experimental* Predicted
1 60 (0) 60 (0) 90 (0) 40.19 £ 0.06 40.18 9.52+0.13 9.48
2 60 (0) 60 (0) 90 (0) 39.77+£0.20 40.18 9.44+0.18 9.48
3 60 (0) 50 (-1) 120(1) 37.33+0.20 37.66 8.71+0.07 8.71
4 60 (0) 60 (0) 90 (0) 40.11+0.28 40.18 9.55+0.14 9.48
5 60 (0) 60 (0) 90 (0) 40.67 £ 0.06 40.18 9.60 £ 0.07 9.48
6 70 (1) 70 (1) 90 (0) 38.34+0.10 38.32 9.34+0.05 9.45
7 60 (0) 60 (0) 90 (0) 40.18 £ 0.15 40.18 9.42+£0.08 9.48
8 50 (-1) 60 (0) 120 (1) 38.89+0.33 38.55 8.34+0.17 8.45
9 60 (0) 70 (1) 120 (1) 38.34+0.96 38.63 8.58 +0.20 8.60
10 50 (-1) 70 (1) 90 (0) 38.96 + 0.45 39.02 9.06 £ 0.19 8.94
1 70 (1) 60 (1) 60 (-1) 37.89+0.17 38.24 9.31+0.55 9.21
12 50 (-1) 60 (0) 60 (-1) 37.67+0.04 37.94 9.17+0.28 9.29
13 60 (0) 70(1) 60 (-1) 38.30+0.18 37.97 9.28 +0.20 9.28
14 60 (0) 50 (-1) 60 (-1) 39.21+£0.31 38.92 9.39+0.56 9.37
15 50 (-1) 50 (-1) 90 (0) 38.91+0.51 38.93 9.57+0.14 9.46
16 70 (1) 60 (0) 120 (1) 37.29+0.08 37.02 8.83+0.14 8.71
17 60 (0) 60 (0) 90 (0) 40.16 £ 0.18 40.18 9.33+0.63 9.48
18 70 (1) 50 (-1) 90 (0) 38.45+0.12 38.39 9.01+0.38 9.13

Note: “*” = Mean of duplicate runs.

where X, X,, and X3 are independent variables and by, by, b,,...
by are offset, interaction, and squared effects. The selection
model was mainly based on the R? value obtained from the
regression.

Phytochemical Screening Assays

The CBP extract was tested for the presence of bioactive
compounds, including tannin, flavonoid, alkaloid, saponin,
and glycoside compounds, using the following standard
procedures?®?’ (Table 2).

Total Phenol Content Analysis

The Folin-Ciocalteu assay was used for this determination.?®

The CBP extract (2 g) was dissolved in 100 mL of 99.99%

ethanol to a concentration of 20 mg/mL. The gallic acid (rang-
ing from 10 to 100 pg/mL) or diluted extract (1 mL) was added
to 2.5 mL of 10% Folin-Ciocalteu reagent and mixed thor-
oughly for 1 min. To the solution, 2 mL of 2% (w/w) sodium
carbonate was added, and the mixture was allowed to stand for
15 min at room temperature. The absorbances of the reaction
solutions containing polyphenol compounds extracted from the
extracts and Folin-Ciocalteu reagent were measured at 765 nm.
TPC values were calculated as milligramme gallic acid equiva-
lent per gramme of dry material (mgGAE/g) using a calibration
curve (y = 0.0117x + 0.0037, R? = 0.9969).

Total Flavonoid Content Analysis

The total flavonoid content of the extracts was determined using
the aluminium trichloride colorimetric method.?° The quercetin
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Table 2. Qualitative tests for phytochemical screening.

Compound Procedure Indicating Positive Test

Tannin 1 mL of diluted extract (200 mg/mL) + a few drops of 1% gelatin A white precipitate
solution containing sodium chloride

Flavonoid 1 mL of diluted extract (200 mg/mL) + a few drops of 10% lead A yellow colour precipitate
acetate solution

Alkaloid 1 mL of diluted extract (200 mg/mL) + a few drops of Mayer’s A yellow colour precipitate
reagent (Potassium Mercuric lodide)

Saponin 0.5 g of crude extract was shaken with 2 mL of purified water The foam produced persists

for 10 min
Glycoside 1 mL of diluted extract (200 mg/mL) + 1 mL of pyridine + 1 mL A pink to blood red colour

of sodium nitroprusside solution and made alkaline using 10%

sodium hydroxide solution

(ranging from 20 to 200 pg/mL) or diluted extract (20 mg/mL)
with 0.5 mL was added to 1.5 mL of methanol, 0.1 mL of 10%
aluminium chloride solution, 0.1 mL of 1M potassium acetate
solution, and 2.8 mL of distilled water and mixed thoroughly
for 1 min. The mixture was allowed to stand for 30 min at room
temperature. The reaction formed a yellow solution, which was
recorded at 415 nm. TFC values were calculated as mg of
quercetin equivalent per gramme of dry material (mgQE/g)
using a calibration curve (y = 0.0049x + 0.0345, R% = 0.9953).

Antioxidant Activity by the DPPH Radical Scavenging
Assay

The free radical scavenging activity of the CBP extract was
determined using the DPPH assay, according to the method
described by Navghare and Dhawale. The crude extract was
diluted with methanol to concentrations of 200, 100, 50, and 25
pg/mL. As a positive control, an antioxidant standard, ascorbic
acid (vitamin C), was prepared at the same concentrations.
Then, 1 mL of the diluted extract or ascorbic acid solution
was mixed with 3 mL of 0.1 mM DPPH in methanol. A blank
sample was also prepared by mixing 3 mL of the methanol
DPPH solution with 1 mL of methanol. The mixtures were
incubated for 30 min in the dark at room temperature, and the
decrease in absorbance was measured at 517 nm. The ability
to scavenge DPPH radicals was calculated using the following
formula:

Ahlank - Asample

%olnhibition = X 100% 3)

Aplank

where Apjank is the absorbance of DPPH without a sample
(control); Agampie is the absorbance of the sample and DPPH
(test sample) at 517 nm wavelength.

Each experiment was run in triplicate, and the average of the
three inhibition values at each concentration was calculated.
The graphs of averaged inhibition values against extract con-
centrations were used to produce a linear regression line to
determine the half-maximal inhibitory concentration (ICs).

Antibacterial Activity
Bacterial Cultures

Two pure cultures of the pathogenic bacteria strains
Staphylococcus aureus WDCM 00195 and Escherichia coli
WDCM 00196 were obtained from the Vietnam Academy of
Science and Technology in Hanoi, Vietnam. The organisms
were stored in Tryptic soy agar (TSA) nutrient slants at 4°C
until needed for use.

Preparation of Standard Culture Inoculums of Test
Organisms

Five colonies of each bacterial strain were inoculated in 15 mL
sterile Mueller-Hinton broth (MHB) for approximately 24 h at
37°C, adjusted to a McFarland scale 0.5 (~10® colony-forming
units (cfu) per mL) with a spectrophotometer at 625 nm to
reach an optical density of 0.08-0.10, and diluted 1:100 in
sterile MHB to obtain final inoculums containing 10° cfu/mL.
The standardised inoculum suspension was inoculated within
15-20 min.?!

Antibiotic Susceptibility Testing

The paper disc diffusion method was used to determine the
antibacterial activity of the CBP extract.>> One hundred mi-
croliters (100 pL) of suspension of each bacterial strain was
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swabbed onto Mueller-Hinton agar (MHA) media using a ster-
ile cotton swab. Three sterile philtre discs of Whatman No. 1
paper (6 mm in diameter) was impregnated with the CBP ex-
tract at a concentration of 20 mg/mL in 5 pL volumes, placed
on the inoculated agar plates, and gently pressed down with
the help of a sterile forceps to ensure complete contact of the
disc with the agar surface. Tetracycline at a concentration of
2 mg/mL was used as a positive control, whereas discs with
a solution of 30% (v/v) DMSO served as a negative reference
(5 pL each in separate Petri plates). Then, inoculated plates
were incubated at 37°C for 24 h. The next day, the diameter
of the inhibition zone was measured in millimetres around the
discs in each plate. The size (diameter) of the inhibition zone
was used to classify antibacterial activity, as shown in Table 3.
The average inhibition zone diameter was categorised as very
severe for diameters >20 mm; severe for diameters 10-20 mm,
moderate for diameters 5-10 mm, and weak for diameters <5
mm.3?

Determination of Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal Concentration (MBC)

The MIC of the CBP extract was determined by the dilution
method as described by Cheesbrough.3* A double-fold serial
dilution was performed using 30% DMSO solution (v/v). The
following extract concentrations were obtained: 20, 10, 5, 2.5,
and 1.25 mg/mL. Equal volumes of the extract solution and
minimum bactericidal concentration (MHB) (2 mL) were dis-
pensed into sterilised test tubes, and 100 pL of standardised
inoculum (10° cfu/mL) was added to each test tube, which was
aerobically incubated at 37°C for 24 h. A tube containing only
broth and inoculum without extract was used as the organism
control, whereas a tube containing broth and extract without in-
oculum served as the extract control. The minimum inhibitory
concentration (MIC) value is defined as the lowest dilution that
showed no growth in the MHB medium.

Sterile MHA plates were transferred with 10 pL of sample
from each test tube that showed a complete absence of growth
in the MIC test. The agar plates were then incubated at 37 °C
for 24 h. The lowest concentration of the extract that yielded no
growth was considered the MBC value.

Statistical Analysis

The significance of differences was determined using one-way
ANOVA and the Tukey test (p<0.05) with Statgraphics Centu-
rion XV software.

RESULTS

Optimisation of Extraction of Phenolic Compounds from
CBP Powder

Based on our previous study, a 60% ethanol concentration
showed a high extraction efficiency of phenolics in banana peel

extract. Its water content was sufficient to soften the cell walls,
increase the extraction efficiency, be safe for human consump-
tion, and easily evaporate. Tai et al.>> for phenolic extraction
from “Xiem” banana peel collected in Vietnam reported a sim-
ilar result. Therefore, a solvent with 60% ethanol concentration
was chosen for this experiment. The table below displays the
optimisation experience plan and the corresponding test results
as mean values (Table 1).

RSM was used to analyse the impact of extraction conditions
on the extraction of phenolic compounds from the CBP powder.
The results of this analysis are shown in Figures 2 and 3, which
display the response surface plots. The regression equation for
the selected model, along with the measured levels of phenolics
and flavonoids and their adjusted R2, is as follows:

TPC = 40.18 0.46AC + 0.48BC - 0.94A2 - 0.58B2 - 1.31C2,
with R? = 93.80%, R? (adj.) = 86.83%, SEE = 0.38,

TFC = 9.48 0.34C + 0.22AB - 0.16A2 - 0.41C?, with R? =
93.41%, R* (adj.) = 85.99%, SEE = 0.10,

On the basis of the response surface plots and regression
model analysis results, the optimal extraction mixture condition
for the total phenolic and flavonoid content was determined to
be a ratio of 60% aqueous ethanol volume to the banana peel
powder weight of 58:1 (mL/g), a temperature of 56°C, and a
processing time of 76 min. A comparison between the maxi-
mum experimental values of phenolic compounds and extrac-
tion conditions and the predicted values (Table 4) revealed that
the two sets of values were close. Indeed, the maximum val-
ues for TPC (prediction: 40.15 mgGAE/g, experimental: 38.42
mgQE/g) and TFC (prediction: 9.54 mgGAE/g, experimental:
9.75 mgQE/g) were obtained using the same extraction con-
ditions in both the experimental and predicted models. These
results demonstrate the validity of the experimental model, as
there is a high degree of agreement between the observed val-
ues and those predicted by the regression model. Therefore, this
response surface modelling approach can effectively predict the
extraction of phenolic compounds from CBP powder.

Physical Properties, TPC, TFC, and Phytochemical
Screening Results of the CBP Extract

Organoleptically, the crude extract obtained from the CBP pow-
der was dark brown, with a slightly sticky texture, a bitter taste,
and an intense odour of ripe banana. The equivalent yield of
the extract was 13.01% (Table 5) compared with the mass of
dried banana peel powder (100 g). In terms of total phenolic
and flavonoid content, this extract sample showed high TPC
and TFC values of 543.48 mgGAE/g and 158.96 mgQE/g, re-
spectively. The results of phytochemical screening of the crude
extract from the peel of Cau banana, as shown in Table 5,
confirmed the presence of active compounds such as tannins,
flavonoids, alkaloids, saponins, and glycosides. These com-
pounds have beneficial effects on human health.
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Table 3. Categorization based on the diameter of the inhibition zone formed.’!

Average inhibition zone diameter (mm) Inhibitory strength
>20 Very Severe
10-20 Severe
5-10 Moderate
<5 Weak

Figure 2. Impact of process conditions on the TPC of extraction. (A) Ethanol volume and temperature. (B) Ethanol volume and time. (C) Temperature and time.

Figure 3. Impact of process conditions on the TFC of extraction. (A) Ethanol volume and temperature. (B) Ethanol volume and time. (C) Temperature and time.




Tat and Khanh, Antioxidant and Antibacterial Potential of Cau Banana Peel Extract

Table 4. Experimental data of the validation of predicted values at optimal process conditions.

Predicted Confidence interval (95%) Experimental
Response
value Minimum Maximum value
Y1 - TPC (mgGAE/qg) 40.15 39.79 40.51 38.42
Y2 - TFC (mgQE/g) 9.54 9.41 9.67 9.75

TPC:total polyphenol content; TFC: total flavonoid content.

Table 5. The properties of the Cau banana peel extract.

Parameters Result
Yield (%) 13.01
Moisture (%) 6.64 £ 0.47
TPC (mgGAE/Q) 543.48 + 1.08
TFC (mgQE/qg) 158.96 + 1.43

Tannins +
Flavonoids +
Alkaloids +
Saponins +
Glycosides +

Note: “+” = Present. TPC:total polyphenol content; TFC: total flavonoid content.

Antioxidant Activity of the CBP Extract

The DPPH radical scavenging assay is a widely accepted
method for determining the overall antioxidant capacity of plant
extracts. In this study, the ethanolic extract from the CBP pow-
der exhibited significant DPPH free radical scavenging activity,
as illustrated in Figure 4.

Overall, the DPPH free radical scavenging activity of both the
ethanolic extract of the CBP powder and ascorbic acid showed
a dose-dependent relationship, with higher concentrations re-
sulting in increased activity. Specifically, the percentage of in-
hibition of DPPH radicals for the four different concentrations
of extract used in this study (25, 50, 100, and 200 pg/mL) was
24.64%, 32.55%, 54.89%, and 74.16%, respectively. In com-
parison, ascorbic acid at the same concentrations showed inhi-
bition rates of 29.84%, 39.12%, 61.34%, and 90.24%. Based
on the obtained percentage of inhibition, graphs were plotted
to estimate the ICs value using linear regression analysis. The
linearity (R?) of the extracted sample and ascorbic acid were

0.9616 and 0.9898, respectively. The IC5 values for quenching
DPPH free radicals were found to be 105.85 pg/mL for the
extract and 78.89 pg/mL for ascorbic acid. The CBP extract
has approximately 1.34 times lower activity than ascorbic acid.

Antibacterial Activities of the CBP Extract

The results of the antibacterial activity of the CBP extract
against the two tested pathogenic microorganisms are presented
in Figure 5 and Table 6.

The zone of inhibition of bacterial growth was found to be
dependent on the relative antimicrobial potency of the extract.
At a concentration of 20 mg/mL, the extracted sample exhibited
significant antimicrobial activity against only S. aureus by a
larger zone of clearance observed as 15.00 mm compared with
E. coli (0 mm) (p < 0.05). However, it was found to be less
effective than the standard antibiotic tetracycline, whereas no
inhibitory effect was noted for the negative reference (DMSO).
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Figure 4. Percentage of DPPH inhibition by the CBP extract (A) and ascorbic acid (B) at different concentrations

Figure 5. The inhibition of bacterial effects of the CBP extract at 20 mg/mL and controls A. The effect on S. aureus of the CBP extract (left) and the controls

(right) B. The effect on E. coli of the CBP extract (left) and the controls (right).

Table 6. Antibacterial activity of the CBP extract at 20 mg/mL.

Zone of clearance (mm) = SD

_ MIC MBC
Test organisms

The extract Tetracycline DMSO (mg/mL)  (mg/mL)
S. aureus 15.00 + 0.502 33.83+0.76% 02 2.507 2.50°
E. coli QP 21.47 £ 0.67° 02 2.507 5.002

Note: Different letters (a, b,...) next to the mean values in each column indicate significant difference (Tukey test, p<0.05); MIC: Minimum

inhibitory concentration; MBC: Minimum bactericidal concentration.

Continuously, MIC and MBC values of the CBP extract was
determined. The potent antibacterial effect of the extract is also
shown in Table 6. An interesting result, the same MIC values
of the extract against S. aureus and E. coli were 2.50 mg/mL,
whereas the MBC values were different, they were 2.50 mg/mL
for S. aureus and 5.00 mg/mL for E. coli. The MIC and MBC
values obtained after susceptibility tests indicated the good

antimicrobial activity of the CBP extract against both tested
pathogens. The MBC/MIC ratios were calculated at 1.0 and 2.0
for extthe extractainst S. aureus and E. coli, respectively, which
were both bactericidal agents.
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DISCUSSION

In recent years, several reports have been published on the
effects of various extraction techniques on the recovery of
bioactive compounds from banana peels, as well as the antiox-
idant and antibacterial properties of the resulting extract.>3-38
However, the specific impact of using aqueous ethanol as an
extraction method for phenolic compounds from has not yet
been thoroughly investigated. Ishak et al.’® optimised the pe-
riodic extraction of flavonoids from unripe Cavendish banana
peel using aqueous ethanol solution with ultrasound-assisted
techniques. Their research demonstrated a high recovery rate
of flavonoids from banana peel (29 mgQE/g) and a reduced
extraction time (only 30 min) when using ultrasound-assisted
extraction. Although this method has many advantages, such as
increased efficiency and reduced extraction time, it can also be
relatively expensive due to the cost of equipment installation.

Our extraction yield was higher than the previous yield ob-
tained from M. acuminata Colla AAA in Thailand (11.26%).3°
Gonzilez-Montelongo et al.! discovered that banana peels con-
tain considerable amounts of extractable compounds. In addi-
tion, the moisture content of the extracted sample did not exceed
the reference value of the water content in the crude extracts
from plants (<10%), this characterisation is necessary for safe
storage and longer shelf life because it can inhibit the growth
of bacteria and deteriorate the content of the bioactive com-
pounds due to polyphenol oxidase activity, which adversely af-
fects plant extract quality.>**? The TPC value was much higher
than that previously reported by Anal et al.®, who found the
TPC in banana peel extract to range from 18.21 to 35.06 mg-
GAE/g, but it was lower than that extracted from peels of three
banana varieties grown in West Java, Indonesia (1460-4630
mgGAE/g).*! Next, the extracted sample had a TFC value lower
than that in previous research of 196.05 mgQE/g.*® However,
they were higher than those discovered by Salim et al.*>, who
recorded 10.92 mg QE/g. The TPC and TFC values in banana
peel extracts vary depending on the variety, growing region,
and ripeness as well as the methods used for sample prepara-
tion, extraction, and determination.'** The high TPC and TFC
values of banana peel are responsible for the strong antioxidant
and microbial capacities.

Phenolic compounds, including tannins and flavonoids, are
naturally occurring antioxidants and antibacterial agents found
in plants. Tannins, in particular, are believed to be respon-
sible for promoting haemostasis, treating diarrhoea, relieving
pain, and promoting thrombolysis.** However, their low taste
and odour can limit their use in the food industry. On the
other hand, flavonoids have lipid-lowering, antiatherogenic,
anti-inflammatory, and antimicrobial properties, making them
beneficial in reducing the risk of atherosclerosis and related
diseases.*> The presence of alkaloids in these plants has been
traditionally used in herbal medicines, teas, and potions.46
One of the most notable biological properties of these ac-

tive compounds is their cytotoxicity.*’ Saponins, known for
their bitterness and ability to foam in aqueous solutions, had
activities such as haemolysis and cholesterol-binding.*® They
have also been reported to have various pharmacological ac-
tions, including anti-inflammatory, anti-obesity, immunostimu-
lant, hypocholesterolemic, hypoglycaemic, antifungal, and an-
ticancer effects.*” Glycosides, another active compound found
in this plant extract, have shown great potential in treating a va-
riety of illnesses, including cardiovascular, antibacterial, anti-
cancer, anti-inflammatory, and neurodegenerative conditions.>®
These findings agree with previous research that identified tan-
nins, flavonoids, alkaloids, saponins, and glycosides in banana
peels from the Musa genus (Musaceae). Flavonoids, alkaloids,
and saponins have antibacterial properties, whereas tannins and
phenols have antioxidant potential.”!

Our extract has strong antioxidant activity, as classified by
the ICs value given by Molyneux.>? Our ethanolic extract from
the CBP powder showed even greater DPPH scavenging power
compared with other banana peels and fruit peels, such as the
M. cavendish peel (IC5y=232.08 pg/mL) and the M. acuminata
peel (ICsy = 139.50 pg/mL),3? as well as the Ambonese banana
(M. paradisiaca) peel (IC5y = 114.00 pg/mL) and orange (Cit-
rus reticulata) peel (ICsy = 222.00 pg/mL).>3 This is due to
the high concentration of phytochemical compounds in banana
peel, which are known for their antioxidant properties. Several
previous studies have observed a positive association between
the bioactive compound content and the DPPH radical scav-
enging activity of banana peel.>* GC-MS analysis indicated the
presence of potential antioxidant phenolic and flavonoid com-
pounds in the ethanolic M. paradisiaca peel extract, including
ellagic acid, gallic acid, rutin, myricetin, naringenin, epicate-
chin, gallocatechin, octadecenamide, 3-sitosterol, stigmasterol,
estragole, and vitamin E.>>¢ These bioactive compounds have
the potential to remove free radicals and active oxygen species
through active oxygen species (AOS) detoxifying enzymes, su-
peroxide dismutase (SOD), and peroxidases, implying that they
may play a protective role against oxidative damage.'! The an-
tioxidant activity found in CBP extract allows several potential
uses to be suggested, including cosmetic use in the prevention
of premature skin ageing®’® and chemoprevention of cancers
and other chronic diseases at low cost.>*-%°

The 15.00 mm in diameter clear inhibition area to S. aureus
was classified as severe actions.®! Furthermore, plant extracts
with activity at concentrations of 1000 ng extract per disc or
lower are considered promising bioactive agents for further
study.®> MBC/MIC ratio < 2.0 and < 4.0 implies bacterici-
dal and bacteriostatic effects, respectively.®3 Fortunately, the
MBC/MIC ratios were calculated at to be 1.0 and 2.0 for ex-
tract against S. aureus and E. coli, respectively, which were
both bactericidal agents. The results of this study indicated
that the CBP extract is more effective against Gram-positive
than Gram-negative bacteria at the same concentration. Similar

findings have also been reported, and differences in sensitivity
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could be attributed to the different morphological constitutions
of Gram-positive and Gram-negative bacteria strains.*% Ac-
cording to Fajrih et al.,® Gram-negative bacteria have an ef-
fective permeability barrier comprising a thick cell wall with
three layers, including lipoprotein, outer membrane, and a thin
lipopolysaccharide, and high lipid contents of 11-22%, which
limited the penetration of antibacterial substances, while Gram-
positive bacteria have lower lipid contents ranging from 1% to
4%. Another interesting point is that although Gram-positive
bacteria have a thicker peptidoglycan layer than Gram-negative
bacteria, this macromolecule is a mesh-like framework. As a
result, antibacterial substances found it easier to penetrate.57-68

In the present study, the integration of phytochemicals in
CBP extract was demonstrated, and their presence might be
responsible for the potential antibacterial activity of CBP ex-
tract. Tannins are believed to have antibacterial activities by
damaging components of cell membranes, cell walls, enzymes,
genetic material, and other protein components of bacteria.®®
Flavonoids could play a role in forming complexes with soluble
proteins or not on the cell surface and with the bacterial cell
wall.®>7% The more lipophilic a flavonoid its ability to dam-
age the cell wall of the bacteria will be more powerful. Next,
most alkaloids are strongly bactericidal agents with different
mechanisms.”! The alkaloids as pergularinine and tylophorini-
dine deactivated dihydrofolate reductase, an essential enzyme
for bacterial nucleic acid synthesis. In addition, flavonoids and
alkaloids can also kill bacteria by preventing the formation
of their cell layers.”> Meanwhile, saponins can disturb bacte-
rial outer membrane permeability.”? This result could be re-
sponsible for the popular use of banana peel to accelerate the
wound-healing process and act as an inflammatory modulator in
acne vulgarisbecause ofo the presence of antioxidant, antibac-
teria, and antiinflammatory substances.’*”> They can suppress
the growth of pathogenic bacteria and prevent infection of the
wound.

The ethanolic extract from the CBP powder (M. paradisiaca)
in this study showed antimicrobial activity greater than that in
the previous study by Okorondu et al.”® Reported that the water
extract of M. paradisiaca peel did not exert any antimicro-
bial effect against the bacterial strains. In contrast, Asoso et
al.”’ stated that the M. paradisiaca peel extract showed activ-
ity against E. coli ATCC 35218 (17 mm), Salmonella typhi
ATCC 22648 (17 mm), Shigella dysenteriae ATCC 24162 (22
mm), Klebsiella pneumonia ATCC 34089 (17 mm), S. aureus
ATCC 25923 (17 mm), and Bacillus subtilis ATCC 21332 (27
mm). Therefore, the antibacterial potency of M. paradisiaca
extracts is controversial. It could depend on the nature of the
varieties, extracted sample (solvent and concentration used),
and microorganisms used.

CONCLUSION

In conclusion, the results of this study exceeded our expec-
tations. The RSM was effectively and accurately applied to
predict the TPC and TFC in the extract from the powder of
Cau banana (M. paradisiaca) peel in Tien Giang province,
Vietnam. The crude extract was confirmed to contain vari-
ous chemical groups based on its phytochemical composition.
The existence of all these compounds in the extracted sample
was a major contributor to their potential to act as natural an-
tioxidants and antibacterials against the growth of the tested
pathogens S. aureus and E. coli. These results highlight the
richness of Cau banana peel in secondary metabolites and its
potential as a new-generation drug. Furthermore, it would be
interesting to test more different bacterial pathogens, including
K. pneumoniae, Yersinia, and S. typhimurium, as well as iden-
tify different phenolic molecules and test them in vitro and in
vivo by exploiting animal models.
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ABSTRACT

Objective: Currently, treating triple-negative breast cancer (TNBC) poses a significant challenge. Eryngium billardierei is widely
employed as a medicinal plant, particularly for the treatment of cancers. However, there is a notable shortage of research
investigating the effects of E. billardierei on TNBC. This study seeks to evaluate the anticancer capabilities of the ethanolic extract
of E. billardierei concerning TNBC, as well as its impact on the expression of CDKN2A, MDM?2, and HER?.

Materials and Methods: The MTT assay, N-acetyl-L-cysteine (NAC) assay, AO/EtBr dual staining, and flow cytometry were
utilized to assess the anticancer potential of the extract of E. billardierei against the MDA-MB-231 cell line. In addition, the impact
of E. billardierei extract on the expression of CDKN2A, MDM?2, and HER?2 was examined using real-time PCR.

Results: The results conclusively demonstrated that the extract of E. billardierei exhibited a dose-dependent suppression of the
growth of MDA-MB-231 cells. Moreover, treatment with the extract induced apoptosis in cancer cells. The inhibitory effect
on growth was attributed to the generation of ROS, leading to a significant upregulation (P<0.01) of CDKN2A expression and
a downregulation (P<0.05) of MDM?2 expression. Conversely, the expression of HER2 remained unaffected following extract
treatment.

Conclusion: The outcomes of this study provide a foundation for considering the use of E. billardierei extract in the treatment
of TNBC. However, additional research is warranted to investigate the mechanisms of E. billardierei extract across a broader
spectrum of TNBC cell lines.

Keywords: Eryngium billardierei, Triple-negative breast cancer, CDKN2A, MDM?2, HER?2

INTRODUCTION an unfavourable prognosis in both lymph node-positive and

lymph node-negative breast malignancy.! TNBC is also char-

Breast cancer is a widespread disease that affects numerous
women globally. It is a complex disease comprising various sub-
types, each yielding distinct responses to clinical interventions.
Among the several subtypes of breast cancer, triple-negative
breast cancer (TNBC) stands out as one of the most challenging
cancers to treat. Triple-negative is a categorization in immuno-
histochemistry for breast cancers that do not express human
epidermal growth factor receptor 2 (HER2), progesterone re-
ceptor (PR), and estrogen receptor (ER). These receptors play a
pivotal role in the proliferation and development of cancer cells.
HER?2 is a membrane receptor of tyrosine kinases (RTKs) and
is encoded by the HER2 oncogene located on chromosome
17. In the majority of cases, aberrations in HER2 expression,
whether at the protein or gene level, have been associated with

acterised by overexpression of P-cadherin, fascin, caveolin 1
and 2, epidermal growth factor receptor (EGFR), and alpha-
beta crystallin.”

A tumour suppressor protein frequently inactivated in cancer
is pl6INK4a, which is encoded by the cyclin-dependent ki-
nase inhibitor 2A (CDKN2A) gene. The CDKN2A gene (8.5 kb
full length) includes three exons and two introns. Inactivation
of pl6™K4 has been documented as a potential contributor
to cancer progression. Frequently, this inactivation is observed
through promoter hypermethylation, homozygous deletion, or
point mutations and has been identified in numerous cancers.
Hence, managing abnormalities in CDKN2A regulation has po-
tential benefits for cancer therapy.> CDKN2A is capable of ac-
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tivating the p53 tumour surveillance pathway by inhibiting and
interacting with the p53 antagonist and murine double minute
2 (MDM2).# The MDM2 homologue protein is encoded by the
proto-oncogene gene MDM?2. The human MDM?2 gene is on the
long arm of chromosome 12, specifically at the 13-14 position
(12q13-14). The overexpression of MDM?2 can be identified
in several malignancies like colorectal, esophagogastric, lung,
liver, and breast cancers.’

Nowadays, although recent methods of breast cancer ther-
apy, such as surgery, radiation therapy, and chemotherapy, have
made substantial developments in improving patient outcomes,
there is growing interest in discovering complementary or al-
ternative treatment options.” Recently, several researches fo-
cussed on the potential of plant-based compounds in breast
cancer treatment. Countless natural plants contain functional
components that can act as anticancer agents. Moreover, when
compared with synthetic substances, natural products have been
recognised as cost-effective, relatively non-toxic, and suitable
for ingestion.® Eryngium, belonging to the Umbelliferae fam-
ily, comprises 274 species, nine of which are native to Iran.
Remarkably, E. billardierei is widely utilised as a medicinal
plant globally for treating several ailments.

Earlier studies have shown that extracts derived from both
the aerial and root components of E. billardierei exhibit
antibacterial, anti-inflammatory, antinociceptive, and antiox-
idant impacts.”® Several research studies have shown that
E. billardieri has cytotoxic effects on diverse cancerous cell
lines. Roshanravan et al. demonstrated that n-hexane and
dichloromethane extracts of E. billardieri significantly induced
apoptosis in pancreatic cancer cells by incrementing Bax and
reducing cyclin DI mRNA expression.” The cytotoxic ef-
fects of E. billardieri on hepatocellular carcinoma (HepG-
2), breast adenocarcinoma (MCF-7), lung carcinoma (A-549),
and colorectal adenocarcinoma (HT-29) cell lines were also
confirmed.” In a recent study by Hasanbeiglu et al., it was de-
tected that non-terpenoid compounds present in E. billardierei
could be accountable for the cytotoxic impacts observed in the
aerial part extracts of this plant on MCF-7 and musculus skin
melanoma (B16) cell lines.!?

Although previous studies have emphasised the anticancer
impacts of Eryngium species in certain cancerous cell
lines,” %! research specifically addressing the impact of E.
billardierei on TNBC remains limited. Therefore, the objec-
tive of this study was to assess the anticancer potential of the
ethanolic extract of E. billardierei against the MDA-MB-231
cell line and to explore its impact on CDKN2A, MDM2, and
HER?2 expression. The findings from this study could offer a
foundation for considering the use of E. billardierei for treating
TNBC.

MATERIALS AND METHODS
Materials

The TNBC cell line MDA-MB-231 (ATCC® HTB-26™, USA)
was purchased from the Iranian Biological Resource Centre
(IBRC), Iran. The cells were stored in a 5% CO, humidified
atmosphere incubator at 37 °C. MTT (Dimethylthiazol-2-yl]-2,
5-diphenyltetrazolium bromide) and acridine orange (AO) were
acquired from Sigma-Aldrich Co., USA. The Annexin FITC
kit was purchased from IQ Product, Netherlands. Dimethyl
sulfoxide (DMSO), ethidium bromide (EtBr), and N-acetyl-
cysteine (NAC) were obtained from Merck, Germany. The fetal
bovine serum (FBS), streptomycin, penicillin, and RPMI-1640
medium were prepared from Bioldea, Iran. The plant mate-
rials were acquired from a local market in Tehran, Iran. The
voucher specimen (No. IAUH-12161) was authenticated by the
Avicenna Herbarium, Azad University, Iran. An easy cDNA
synthesis kit was purchased from Parstous Co., Iran. RNX-
Plus was obtained from Sinaclon Co., Iran. From Ampligon.
(Odense, Denmark), the SYBR Green real-time Master Mix kit
was obtained.

Preparation of the Ethanolic Extract

The extraction procedure was modified on the basis of method-
ologies outlined in prior research.!> In summary, the petal and
sepal portions of E. billardieri were dried in an oven and ground
into a fine powder using a mechanical grinder (Retsch, Ger-
many). Subsequently, 50 g of plant powder was macerated in
500 mL of ethanol (70% v/v), covered with aluminium foil,
and placed in a shaker at 25 °C. After 72 h, the extract was
filtered through Whatman filter papers and then centrifuged at
3500 rpm for 20 min. Condensation was performed using a
rotary evaporator (Heidolph, Germany). The supernatant was
then dried at 37 °C, resulting in a semisolid mass stored at 4 °C
for further analyses.

Samples Preparation

MDA-MB-231 cells in the log phase were trypsinize with
trypsin-EDTA and seeded in 96-well plates. Afterward, the
cells were washed with PBS buffer, and 10° cells/well were
seeded into 96-well plates, and after that 180 pL growth
medium was added to each well. The cells were randomly di-
vided into three groups, consisting of one control group and two
experimental groups. The experimental groups were exposed
to varying concentrations (10, 20, 30, 40, 50, 75, 100, 250, 500,
and 1000 pg/mL) of the ethanolic extract of E. billardierei for
24 and 48 h.

Cell ViabilityAssay

After treating MDA-MB-231 cells in both control and experi-
mental groups for 24 and 48 h, 0.5 mg/mL MTT (20 pL) was
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added to each well of 96-well plates. Subsequently, the cells
were incubated for 3 h in a CO, incubator at 37 °C. Following
incubation, the formed insoluble formazan was dissolved in 100
pL of DMSO and thoroughly mixed. The optical density (OD)
of each well at 570 nm was measured against a reagent blank
using an ELISA reader (Model 680, Bio-Rad Inc., USA). Each
experiment was replicated three times.

Measurement of Reactive Oxygen Species (ROS)
Generation

The influence of the E. billardieri extract on ROS generation,
both in the absence and presence of NAC, was investigated.
NAC powder was dissolved in RPMI 1640, and subsequently,
MDA-MB-231 cells were pretreated with 5 mM NAC for 3 hin
a CO; incubator at 37 °C. Following this pre-treatment, the cells
were exposed to the E. billardieri extract. After a48-h treatment
of the cells, 0.5 mg/mL MTT (20 pL) was introduced into each
well of 96-well plates, and cell viability was examined.

Flow Cytometry Analysis

A total of 10° cells/well were seeded into 6-well plates for 48 h
and subsequently treated with E. billardieri extract. Following
treatment, the cells were collected by centrifugation at 1000 g
for 5 min and washed twice with PBS buffer (0.01 M, pH 7.4).
Subsequently, the cells were suspended in 100 pL of Annexin
V binding buffer. The cells underwent double staining with a
5 pL solution of PI (Propidium iodide) and a 5 pL solution of
FITC-labelled Annexin V. Samples were then incubated for 30
min in the dark at 25 °C and later analysed via flow cytometry
applying BD FACSCalibur™, BD Biosciences Inc., USA.

AO/EtBr Dual Staining

MDA-MB-231 cells, cultivated in 6-well plates at a density of
10% cells/well, were treated with E. billardieri extract. The cells
were then washed three times with PBS, and 9 pL of the cell
suspension was stained with 1 pL of a dye mixture (100 mg/mL
EtBr and 100 mg/mL AO in PBS). The stained cell suspension
(10 pL) was applied to a clean microscope slide and promptly
observed using an Axoscope 2 plus fluorescence microscope
(Zeiss, Germany).

Extraction of RNA

Total RNA was extracted from MDA-MB-231 cells treated with
the ethanolic extract of E. billardierei using an RNA isolation
kit. The extracted RNA was immediately frozen in liquid ni-
trogen and stored at 75 °C. The purity of purified RNA was
determined by measuring absorbances at wavelengths of 260
and 280 nm using a UV spectrophotometer. The ratio of ab-
sorbances was calculated to assess total RNA purity. Further-
more, agarose gel electrophoresis (1.2% w/v) of the extracted

RNA (15 pL) was conducted in 1X TBE buffer at 80 V for 30
min. The gel was stained with a solution of EtBr and visualised
under UV illumination.

cDNA Synthesis and Real-Time Quantitative PCR

The expression of CDKN2A, MDM?2, and HER2 genes was
evaluated in both control and experimental samples. A total of
1 pg of RNA was utilised for cDNA synthesis, and real-time
PCR was conducted using the SYBR Green real-time Master
Mix kit. The PCR conditions included an initial denaturation
at 95 °C for 2 min, followed by 40 cycles of denaturation at
95 °C for 15-20 sec, and annealing at 55-65 °C for 60 s. The
relative expression was calculated by applying the REST 2009
software (version 2.0.13). Gene-specific primers were designed
using Primer Express 3.0 software and confirmed for speci-
ficity through a BLAST search. Each primer was synthesised by
Yekta Tajhiz, Iran. Two negative controls were included in each
PCR reaction, one without RT (reverse transcription) treatment
(minus-RT) and one without cDNA template. From the same
RNA, the experiments were repeated with a cDNA template
synthesised three times. For each sample, the mRNA levels
represent the mean value of data obtained from three indepen-
dent real-time PCR trials. Lastly, alterations in fold expression
were analysed using the comparative CT method,!? with nor-
malisation performed through the GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) gene serving as the housekeeping
gene (Eq. 1). The comparative CT method makes various as-
sumptions, including that the efficiency of the PCR is close
to 1 and that the PCR efficiency of the interest gene (here are
CDKN2A, HER2, and MDM?2) is similar to the internal control
gene.

Fold change = 2744€T = [(Crgene of interest - C;GAPDH)

ey
sample with extract — (Crgene of interest — CTGAPDH)]

Primers for CDKN2A,
GAPDH were as follows:

HER2,
CDKN2A,

MDM2, and
forward 5’-

CTCGTGCTGATGCTACTGAGGA-3* and reverse 5’-
GGTCGGCGCAGTTGGGCTCC-3’; HER?2, forward
5’-TGTGACTGCCTGTCCCTACAA-3> and reverse 5’-

CCAGACCATAGCACACTCGG-3’; MDM2, forward 5’-
TAATTGAAGGGTCATGCCTAAGTGT-3> and  reverse
5’-GCTGCCTCCGACTTAACTGC-3’; and GAPDH, for-
ward 5’-GGAAGGTGAAGGTCGGAGTCA-3’ and reverse
5’ -TCATTGATGGCAACAATATCCACT-3".

Statistical Analysis

Significant differences were assessed using the t-test in Graph-
Pad Prism Software (Version 8.4.3, GraphPad Software Inc.,
USA). FlowJo software (Version 7.6.1.) was used for the anal-
ysis of flow cytometry data. All data are presented as the mean
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+ standard deviation (SD). The symbol * indicates a significant
difference, where * and # signify P<0.05 and ** and # indicate
P<0.01.

RESULTS
UV-Vis Spectroscopy Results

The ethanolic extraction of E. billardierei was subjected to UV-
Vis spectroscopy, which revealed a prominent absorption band
with a maximum wavelength (Amax) of approximately 266 nm,
as illustrated in Figure 1. In line with the existing literature, it
is noteworthy that the spectra of flavonoids and phenolic acids
regularly demonstrate distinct Amax values around 270 or 340
nm.'* In addition, phenolic acids characterised by the benzoic
acid carbon framework display their Amax within the range of
200-290 nm."> Consequently, the extract from E. billardierei
showed significant levels of total flavonoids and phenolics.

Figure 1. The UV-Vis spectrum of the E. billardierei ethanolic extract.

Growth Rates of MDA-MB-231 Cells

Because cell cultures serve as prominent biological systems for
examining the effect of drugs or compounds on cell proliferation
rates, the initial step involved utilising the MTT assay to mea-
sure the influence of the E. billardierei extract on the growth of
MDA-MB-231 cells. The MTT assay results confirmed that the
E. billardierei extract displayed a dose-response suppression ef-
fect on the growth of MDA-MB-231 cells (Figure 2). Hence, the
IC50 (50% inhibition concentration) of E. billardierei extract
after 24 and 48 h of incubation were determined to be 400.3
and 104.9 pg/mL. The type of solvent used for extracting plants
is important. Polar solvents such as ethanol and water are em-
ployed in polar compound extraction. Ethanol, in particular, is
non-toxic at low concentrations and possesses self-preservative
properties when its concentration exceeds 20%.'¢ In addition,
prior studies have proposed that the ethanolic extract of certain
plants may have a potential therapeutic impact on TNBC.!7-1?

Therefore, in this study, we utilised the ethanolic extract of E.
billardierei. Hence, after cells were cultured, the EtOH solu-
tion was added, and the proliferation effects of the solvent alone
were determined. As shown in Figure 2, EtOH had no impact
on the viability of the cells. A previous study also confirmed
that EtOH at a lower concentration is a good solvent choice
because it has low toxicity in the MDA-MB-231 cell line.°
Hence, it can be concluded that the dose-dependent inhibitory
effects observed after the treatment of cells with E. billardierei
extract are a result of the plant extract contents.

Figure 2. MTT assay of MDA-MB-231 cells after treatment with diverse
concentrations of E. billardierei ethanolic extract after 24 and 48 h. Values
are mean * standard deviation; * P<0.05 vs. control, ** P<0.01 vs. control,
# P<0.05 vs. control, # P<0.01 vs. control.

As can be observed, after 48 h, the IC50 decreased sig-
nificantly. The doubling time of MDA-MB-231 is ca. 25-
35 hours?!, thus, our results indicated that the effect of
E. billardieri can be dependent on cell doubling time. Con-
sequently, a concentration of 104.9 pg/mL (lower ICs) of the
extract and 48-h treatment was chosen for further studies.

Measurement of ROS Levels

To investigate whether oxidative stress plays a role in the an-
tiproliferative effects of the E. billardierei extract, cells were
treated with the extract and NAC. As shown in Figure 3,
compared with the control, pretreatment with NAC abolished
E. billardierei extract-induced cytotoxicity in MDA-MB-231
cells significantly. This result implied that E. billardierei extract
could produce ROS in cells, which could inhibit cell prolifera-
tion.

Flow Cytometry Results

The determination of necrotic and apoptotic cell values involved
the measurement of membrane integrity and phosphatidylser-
ine externalisation. This was accomplished through double
staining with Annexin V and PI and analysed via flow cy-
tometry. As shown in Figure 4 and Table 1, the amount of
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Figure 3. Measurement of ROS generation. MDA-MB-231 cells were pre-
treated with NAC and then treated with E. billardierei ethanolic extract after
48 h. Values are mean # standard deviation; * indicates P<0.05.

necrotic cells was higher than the control cell (P<0.05). In ad-
dition, the proportions of total cell apoptosis (late apoptotic
cells+early apoptotic cells) were enhanced significantly after
treatment with E. billardierei extract (P<0.05) compared with
the control group.

Figure 4. Flow cytometry analyses of MDA-MB-231 cells: (a) control cells
and (b) cells treated with 104.9 pg/mL of E. billardierei ethanolic extract. Cells
were gated on forward (FSC) vs. side scatter (SSC) to select the cell population
(The upper graphs). Harvested cells were stained with Annexin V-FITC (x-
axis) and PI (y-axis).

AO/EtBr Double-Staining Results

For a comprehensive understanding of the effects of the
E. billardierei extract, the morphology of MDA-MB-231 cells

was examined using the AO/EtBr double staining assay. As
shown in Figure 5, no significant change and apoptosis were
detected in the control group. In AO/EtBr staining, living cells
display a normal green nucleus.’? After 48 h of treatment
with the extract, early-stage apoptotic cells, characterised by
crescent-shaped or granular yellow-green AO nuclear staining,
were recognised. In addition, late-stage apoptotic cells, distin-
guished by concentrated and asymmetrically localised orange
nuclear EtBr staining, were observed following a 48-h treat-
ment with the ethanolic extract of E. billardierei. Note that an
enhancement in volume and the presence of uneven orange-
red fluorescence at the periphery were monitored in necrotic
cells. However, it is important to mention that the number of
necrotic cells was insignificant. These results indicate that the
E. billardierei extract can induce nuclear fragmentation and
chromatin condensation in MDA-MB-231 cells.

Figure 5. Apoptosis analysis by AO/EtBr: (a) Negative control group (H); (b)
cells treated with E. billardierei extract (x10). (c) Nuclei showed yellow-green
fluorescence by AO staining (x40), and (d) showed orange fluorescence by
EtBr (x40). H: live cell, EA: early apoptotic cells, LA: late apoptotic cells, and
N: necrotic cell.

Results about CDKN2A, MDM?2, and HER2 Gene
Expression

Real-time qPCR was employed to assess the influence of the
E. billardierei extract on CDKN2A and HER?2 expression in
MDA-MB-231 cells. As shown in Figure 6, compared with
the control group, after 48 h of treatment with E. billardierei
extract, the expression of HER2 did not alter. However, the
expression of CDKNZ2A increased slightly notably (P<0.01) af-
ter treatment with E. billardierei extract. Conversely, the ex-
pression of MDM?2 was reduced notably (P<0.05) after treat-
ment with E. billardierei extract. In summary, the statistical
analysis revealed a significant correlation between the expres-
sion of CDKN2A and MDM?2 following treatment with the
E. billardierei extract for 48 h.
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Table 1. Relative number (in %) of living, early and late apoptotic, and necrotic cells in the control and sample treated with E. billardierei extract (Mean+SEM,

n=3, * P<0.05, and ** P<0.01).

Sample Live cells Early apoptotic cells Late apoptotic cells Necrotic cells
(Q4: PI/FITC) (Q3: PI/FITCY) (Q2: PI*/FITCY) (Q1: PI*/FITC)

Control 99.2+0.20 0.36+0.42 0.089+0.15 0.36+0.55

Treated with the 59.0+2.38** 12.8+0.55* 16.3+2.70* 11.9+1.01*

E. billardierei

extract

Figure 6. Fold changes in the gene expression levels of HER2, CDKN2A, and
MDM?2 in cells treated with 104.9 pg/mL of E. billardierei extract after 48 h
compared with the control groups. The fold change in gene expression was cal-
culated according to the comparative CT method as described in the Materials
and Methods section. Values are mean + standard deviation; *indicates P<0.05
and ** indicates P<0.01.

DISCUSSION

TNBC represents the most aggressive subtype of breast cancer,
constituting ~ 15 to 20% of all breast cancers globally. Recently,
various research focussed on the potential of plant-based com-
pounds in breast cancer treatment. The current study implies
that the proliferation of MDA-MB-231 cells could be inhib-
ited by E. billardierei extract in a time- and dose-dependent
manner. Previous studies have confirmed the anticancer effect
of Eryngium species, but the ICs, value in different cells was
different depending on the type of solvent and time of treat-
ment. For example, Pasayeva et al. found the cytotoxic effects
of E. billardieri extract with IC5y=99.50 pg/mL) on the MCF7
cell line.”? Results of Hasanbeiglu et al. confirmed that the
dichloromethane extract of E. billardieri could inhibit MCF7
growth with ICsy = 110.30 and 31.37 ng/mL after 24- and 48-
h treatment, respectively.!® The preceding study further con-
firmed that the methanolic extract of E. thyrsoideum inhibited
the growth of MDA-MB-231 cells, yielding ICs(, values of 78.46
and 47.51 pg/mL after 24- and 48-h treatment, respectively.'”

Flow cytometry analysis revealed that the treatment of cells
with E. billardierei extract induced apoptosis, pushing MDA-
MB-231 cells into both early and late apoptosis stages. The
flow cytometry results of Hasanbeiglu et al. also showed that
E. billardieri extract caused apoptosis in MCF7 cells.!® The
fluorescence microscopic image also proved that the majority
of the E. billardieri extract-treated cells were at the apoptosis
stage (early and late stage). In addition, as cells in the necrotic
stage display an orange colouration with normal nuclear mor-
phology and no condensed chromatin, our data implied that the
predominant response of MDA-MB-231 cells to E. billardierei
extract treatment was late apoptosis. These data are in agree-
ment with the flow cytometry results.

Control of intracellular ROS levels is important for main-
taining cellular homeostasis. At low levels, ROS function as
signalling molecules, whereas at elevated levels, they could in-
duce cell damage and lead to cell death. The results revealed
that E. billardieri extract inhibited proliferation and promoted
the ROS-mediated endogenous apoptotic pathway in MDA-
MB-231 cells. Oxidative stress has the potential to disrupt the
equilibrium between ROS production and radical scavenging,
ultimately triggering cellular apoptosis.>* 2> Thus, our findings
imply that ROS play a role as effectors in the E. billardierei
extract-induced inhibition of MDA-MB-231 cell viability. Ele-
vated ROS levels may activate several signalling molecules in
tumour cells, leading to cell cycle arrest and apoptosis.>*

After 48 h of treatment with E. billardierei extract, HER2 ex-
pression was not affected. It has been demonstrated that HER2
can inhibit p53 through two indirect pathways, both of which
are mediated by protein kinase B (PKB), also known as AKT.
The initial mechanism entails AKT-mediated suppression of
the Alternate Reading Frame Protein (ARF). Typically, ARF
interacts with and inhibits MDM2, preventing its interaction
with p53. In cells overexpressing HER2, a decrease in ARF
expression was detected in an AKT-dependent manner, lead-
ing to heightened MDM2 activity and diminished p53 levels.
In addition, it was detected that AKT or HER2 activation de-
creased the expression and nuclear localisation of p53. As are-
sult, a hypothesis was developed suggesting that AKT directly
phosphorylates the MDM?2 protein, guiding it to the nucleus.
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Once in the nucleus, MDM2 can ubiquitinate p53, facilitat-
ing its degradation.”® In addition, our data revealed that the
CDKN2A and MDM?2 expression was pregulated and downreg-
ulated, respectively, following E. billardierei extract treatment.
As previously mentioned, MDM2 serves as the primary cellu-
lar antagonist of p53, which restrains the growth-suppressive
function of p53 in unstressed cells. Clinical and preclinical data
on MDM2 inhibitors in the context of human cancer treatment
have shown that targeting MDM2 could present an innova-
tive approach to improving the efficacy of tumour therapeutics.
MDM?2 inhibitors exert their effects by obstructing the bind-
ing between p53 and MDM2 through competitive binding to
region I of the MDM2 protein. This disruption results in in-
creased p53 levels and activation of the p53 signalling path-
way. Accordingly, MDM2 inhibitors can foster cell apoptosis
and impede cell growth.> In contrast, an augmented expression
of CDKN2A can trigger growth arrest, demonstrating one of
the distinctive features of premature senescence.”’” CDKN2A
can also facilitate the degradation of MDM?2 and physically
obstruct the interaction between MDM2 and p53. This process
results in the stabilisation of p53.* An earlier study showed
that the extract of E. billardierei could upregulate Bax and p53
expression in MCF7 cells'®, which is in agreement with our
present data.

In previous studies, it has been confirmed that the ethanolic
extract of E. billardierei contains significant total flavonoids
and phenolics.®?8 Flavonoids exhibit a dual role in maintaining
ROS homeostasis. They act as antioxidants under normal con-
dition. However, in cancer cells, they have significant proox-
idant properties. Flavonoids can restrain the proliferation of
tumour cells by inhibiting several pathways, including PKB,
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-«B), phosphatidylinositide 3-kinases (PI3K), and the epi-
dermal growth factor receptor/mitogen-activated protein kinase
(EGFR/MAPK) pathway.?® Several flavones have also been
found to regulate the cell cycle at different points.>® Phenolic
compounds extracted from plant sources have been shown to
have inhibitory effects on the proliferation of tumour cells, in-
cluding breast cancer cells.’! Thus, it could be concluded that
flavonoids and phenolics play a significant role in the anticancer
properties of E. billardierei extract. Nonetheless, this study is
solely a preliminary in vitro investigation. Subsequent studies,
particularly in vivo experiments, are necessary to validate the
potential low toxicity of the E. billardierei extract.

CONCLUSION

In summary, the current study demonstrated a robust growth-
inhibitory effect of E. billardierei extract on human TNBC
MDA-MB-231 cells. Moreover, treatment with E. billardierei
extract was found to induce apoptosis in cancer cells. Following
a 48-h treatment with E. billardierei extract, no significant ef-
fect on HER? expression was observed. The growth-inhibitory

effect was associated with the generation of ROS, influencing
the upregulation of CDKN2A and the downregulation of MDM?2
expression. These findings suggest that E. billardierei extract
holds promise for development into an innovative and effective
anticancer drug against TNBC. However, further research and
validation, including in vivo studies, are warranted to verify its
potential therapeutic application.
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Upregulated Acute Systemic Inflammation-Related Genes based on
Endotoxin Exposure Provide ‘“Survival Benefit” or Create “High Risk of
Death” in Leukaemia and Colon Cancer
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ABSTRACT

Objective: Although endotoxin exposure has been shown to trigger innate immune responses and promote cancer, it has also been
shown to prevent cancer formation. In our study, survival analysis was performed to determine whether the upregulated genes
triggered by endotoxins have hazardous effects on cancers or provide a survival benefit.

Materials and Methods: Gene intensity values of control and bacterial endotoxin-administered individuals were obtained from
the Gene Expression Omnibus database. Using the R “Linear Models for Microarray Data” package, differentially expressed gene
analyses were conducted to determine genes that differ between healthy and bacterial endotoxin-administered samples. “ShinyGo
0.80” web-based tool was used to determine the disease types indicated by these genes. The “Kaplan-Meier Plotter” web-based
tool was used to conduct survival analysis.

Results: Genes that create an innate immune response to bacterial endotoxin exposure and are upregulated differently than in
individuals without exposure were identified. According to gene enrichment analyses, the two main types of cancer identified
were leukaemia/lymoma and colon cancer. We detected that MLF1, STAT5B, and BCL3 genes led to poor survival; however, the
ARHGAP26 gene was protective for acute myeloid leukaemia patients. In the case of colon cancer, SMAD7 and TLR2 genes were
determined as leading to “high risk of death”.

Conclusion: Once the systemic inflammation-related genes identified in our study are confirmed through laboratory experiments
in samples taken from solid tissue in the case of colon cancer and at the level of genes obtained from blood samples in leukemias,
genetically targeted treatments will also be possible.

Keywords: Cancer, Endotoxin, Systemic inflammation, Bioinformatics, Survival

INTRODUCTION

Bacterial endotoxins (lipopolysaccharide, LPS) are a part of the
outer wall of Gramme-negative bacteria with the biologically
active part lipid-A. After the bacteria die and their bacterial
outer walls disintegrate, they appear in materials containing
cellulose, called organic dust, and appear in a way that we
can even be exposed to in our daily lives.! Health problems
that occur as a result of exposure to bacterial endotoxins vary
depending on the LPS concentration. While septic shock and
serious life-threatening effects may occur as a result of expo-
sure to high doses of LPS, there are even cases where it can be
considered beneficial for the host because of the low level of
triggering of the innate immune system as a result of exposure
to low doses.>3 In addition to studies showing that endotoxin-
mediated inflammatory responses have a triggering effect on

cancer, there are studies showing that they have host-protective
effects on cancer. For example, in a study showing that LPS,
which is more abundant in the colon flora compared with nor-
mal intestinal flora, regulates gene expression in human colon
cancer cell lines, it was shown at the genetic level that LPS
does not affect cell viability but contributes to inflammatory re-
sponses and cancer development.* In a study published in 2021,
it was shown at the molecular level that LPS triggers metastasis
in colorectal cancers using cell lines and clinical samples.> In
addition, there are studies on the relationship of gut microbiota
with many cancers other than colon cancer. Some studies have
also shown that endotoxins (mainly LPS) have protective ef-
fects against cancer. For example, in a review article published
in 2023, where current and comprehensive publications were
scanned, publications sharing information on whether the gut
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microbiota, consisting of different types of bacteria, promote
or inhibit cancers in different human and murine cancer models
were summarized.® There are limited number of studies con-
ducted on mouse models and mouse/human cell lines, showing
that gut microbiota inhibits cancer formation in colorectal and
colon cancers. It has been shown that mostly colorectal or colon
cancer gut microbiota promote cancer.®® In another study, it
was shown that acute myeloid leukaemia (AML) caused cancer
progression in vivo and in vitro through the effect of gut-derived
LPS in mouse models.'”

In clinics, local and systemic inflammation is decisive in
the diagnostic phase of cancers and in terms of response to
treatment.!! Studies have shown that inflammatory responses
play a role in tumour progression and survival in cancer pa-
tients. For example, in a study conducted in 2018 that in-
cluded randomized clinical trials, the effect of systemic in-
flammatory responses on the survival rates of cancer pa-
tients was investigated. As seen in the study, a limited num-
ber of studies are possible in leukaemia and colon cancer
patients.'?> In another study, we attempted to determine pre-
diagnostic systemic inflammation markers for many types of
cancer based on cancer incidence using UK Biobank data.
These markers include the systemic immune-inflammation in-
dex, neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ra-
tio, and lymphocyte-to-monocyte ratio.!3 In another study in
which meta-analyses were conducted in 2021, a study was con-
ducted on the creation of a systemic inflammation response
index in cancer patients.'*

As can be seen from the studies summarized in the literature
above, there is no research on how endotoxin-mediated systemic
inflammation affects cancer formation and survival at the gene
level. In this context, our study provides novel findings. Our
aim in our study was to identify upregulated genes associated
with systemic inflammation through bioinformatic analysis and
to identify the cancers with which these genes are associated.
In our study, the effect of genes upregulated in certain types of
cancer on the survival (protective or triggering) of patients was
also investigated.

MATERIALS AND METHODS

Data Acquisition and Processing

In this study, gene intensity values of control and bacterial
endotoxin-administered individuals were obtained from the
Gene Expression Omnibus (GEO) database (GSE3284) [HG-
U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Ar-
ray (GPL96 and GPL97) platforms with 22.283 and 22645
probes, respectively. According to the overall design of the
dataset, genes of blood leukocytes of individuals were analysed
before (0 hour as an internal control) and at 2, 4, 6, 9, and
24 h upon bacterial endotoxin administration using Affymetrix
GeneChip arrays.!>!8 Additionally, gene intensity values of

24 healthy individuals (from GSE9006) were used as the con-
trol for samples obtained from all bacterial endotoxin adminis-
tered hours, including hour 0 from the GSE3284 dataset. Using
these datasets, differentially expressed gene (DEG) analysis was
achieved; thus, only genes that were commonly upregulated at
2,4, 6,9, and 24 h after bacterial endotoxin administration were
identified.

Statistical Analysis

In this study, raw data of GSE3284 and GSE9006 (24 healthy
controls) as CEL files were used, and ‘“Robust Multi-Array
Average” normalization was achieved using the Bioconduc-
tor R packages. Using the linear modelling method included
in the R LIMMA (version 4.2.2) package separately for all
datasets, genes that differed between healthy samples and bacte-
rial endotoxin-administered samples were identified. A p-value
of <0.01 was set as the threshold value for determining statis-
tical significance. Following DEG analyses, upregulated genes
were determined in bacterial endotoxin-administered individu-
alsat2,4, 6,9, and 24 h (GSE3284) (16 individuals for 2, 9, 24
h and 14 individuals for 4 and 9 h), which were different from
the genes obtained from the other 16 control individuals (O h
before administration) and healthy individuals (obtained from
GSE9006).

Gene Enrichment Analysis

“ShinyGo 0.80” web-based tool was used to determine the
disease types indicated by the genes that are commonly
upregulated in individuals who were administered bacterial
endotoxin, according to healthy internal control and 0 h
samples, by selecting the "Disease. OMIM.Disease" option
(http://bioinformatics.sdstate.edu/go80/)."

Survival Analysis

The “Kaplan-Meier (KM) Plotter” web-based tool was used
to determine how the genes found to be commonly upreg-
ulated in people administered bacterial endotoxin compared
with healthy controls affected survival [event-free survival
(EFS) for AML and multiple myeloma (MM); relapse-free
survival (RFS) for colon cancer) in cancer types (leukaemia
and colorectal cancers) determined in gene enrichment anal-
ysis (https://kmplot.com/analysis/).?® Hazard Ratio (HR) is a
ratio that indicates the probability of an event (in the case of
survival, this is death) in a group of cancer patients relative to
the probability in a control group over a unit of time. In our
study, HR was obtained as a result of survival analysis, and HR
greater than 1 in KM plots means that the relevant upregulated
gene has a hazardous effect on survival. When HR is less than
1, the relevant upregulated gene provides survival benefit.
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RESULTS

In our study, DEG analyses were performed to determine the
genes that were upregulated in individuals administered bacte-
rial endotoxin compared with controls. As a result of the DEG
analysis performed with the gene intensity data obtained from
both platforms in the GSE3284 dataset, there were 415 upreg-
ulated genes obtained from the GPL96 platform, whereas this
number was 202 from the GPL97 platform. After the common
genes were determined, this number was determined to be 617.
Gene enrichment analysis was performed using the 617 genes
obtained using the ShinyGo 0.80 “Disease. OMIM.Disease”
option. According to our results, the most common cancer types
are leukaemia, lymphoma, and colorectal cancer (Figure 1). As
seen in Table 1, the genes indicated by the detected cancer
types are MLF1, ARHGAP26, BCL3, MYB, STAT5B, KIT, and
IKZF1 genes for leukaemia and BCL3 and MADILI genes for
lymphoma. For colon cancer, SMAD7, MLH3, and TLR2 genes
were determined according to the results of gene enrichment
analysis.

Figure 1. Upregulated acute systemic inflammation-related DEGs indicate
various disease types, including cancers such as leukaemia, lymphoma, and
colorectal cancers. The network figure obtained from ShinyGO 0.80 web-
tool using the “Disease. OMIM.Disease” option mentioned mainly leukaemia,
lymphoma, and colon cancers. In the interactive plot, two pathways (nodes)
are connected if they share 20% (default) or more genes. Darker nodes are
associated with more significantly enriched gene sets. Bigger nodes rep-
resent larger gene sets. Thicker edges represent more overlapping genes
(http://bioinformatics.sdstate.edu/go80/).

Table 1 shows the genes specific to leukaemia, lymphoma,
and colorectal cancers obtained from gene enrichment analyses.
The aim of our study was to determine whether genes specific
to these cancers affect survival in cancer patients. Therefore,
survival analysis was performed one by one for genes for AML,
MM, and colon cancers using the "KM-Plotter" tool, which

also includes high patient numbers. The number of patients
and information about the relevant genes are shared in Table 2.

According to the results obtained from survival analysis,
SMAD7 and TLR2, among the three genes determined in colon
cancer patients, affect survival (EFS) in a statistically signifi-
cant way, and since HR value is above 1, its effect on survival
is considered as "high risk of death" (Figure 2). In addition, it
was determined that the MLH3 gene did not significantly affect
the survival of patients (data not shown).

Figure 2. Upregulated SMAD7 and TLR2 genes indicate “high risk of death”
in colon cancer patients. (A) Hazardous effect of SMAD7 gene on RFS shown
by Kaplan-Meier plot (B) Hazardous effect of TLR2 gene on RFS shown by
Kaplan-Meier plot HR > 1 means DEGs have hazardous effects on survival,
HR<1 means DEGs lead to survival benefit in patients.

In our study, using the data of AML patients in KM-Plotter,
survival analysis was performed with the genes determined for
leukaemia according to the results of gene enrichment anal-
yses. According to our results, while MLF-1, STAT5B, and
BCL3 genes had hazardous effects on survival in AML patients,
ARHGAP?26 gene had a protective effect on survival (Figure 3).
In addition, it was determined that the PBT, hlk-1 (IKZF1), and
MYB genes did not significantly affect the survival of patients
(data not shown).
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Table 1. Leukaemia, lymphoma, and colorectal cancer-related upregulated genes in individuals with acute systemic inflammation.

Enrichment FDR Number of Pathway Fold Pathway Genes
Genes Genes Enrichment

3.65897672044697e-05 7 57 12.53132832 Leukemia MLF1, ARHGAP26,
BCL3, MYB, STAT5B,
KIT, IKZF1

0.038128527 2 17 12.00480192 Lymphoma BCL3, MAD1L1

0.016862797 3 31 9.874917709 Colorectal SMAD7, MLH3,

cancer

Explanations of all gene abbreviations are explained in Table-2.

Table 2. Number of cancer patients included in survival analysis of commonly upregulated genes in individuals with acute systemic inflammation.

Genes and Affy IDs Gene Description Number of MM patients Number of AML patients
AML and MLF1 (204783 _at) myeloid leukemia factor 801 525
MM 1
ARHGAP26 (226576_at) Rho GTPase activating 559 353
protein 26
BCL3 (204907_s_at) BCL3 transcription 801 525
coactivator
MYB (204798 _at) MY B proto-oncogene, 801 525
transcription factor
STAT5B (205026_at) signal transducer and 559 353
activator of transcription
5B
KIT (PBT) (205051_s_at) KIT ligand 801 525
IKZF1 (hlk-1) IKAROS family zinc 559 353
(205039_s_at) finger 1
Colon Genes and Affy IDs Gene Description Number
Cancer of CC
patients
SMAD?7 (204790_at) SMAD family member 7 1296
MLH3 (204838_s_at) mutL homolog 3 1296
TLR2 (204924 _at) toll like receptor 2 1296

MM: Multiple Myeloma; AML: Acute Myeloid Leukemia; CC: Colon Cancer; Affy IDs: Affymetrix probe I1Ds
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Figure 3. Upregulated MLF-1, STAT5SB, and BCL3 genes indicate a “high risk of death” and upregulated ARHGAP26 gene provides “survival benefit” in AML
patients. (A) Hazardous effect of MLFI gene on event-free survival (EFS) shown by Kaplan-Meier plot (B) Hazardous effect of STAT5B gene on EFS shown
by Kaplan-Meier plot. (C) Hazardous effect of BCL3 gene on EFS shown by Kaplan-Meier plot. (D) Protective effect of ARHGAP26 gene on EFS shown by
Kaplan-Meier plot. HR > 1 indicates that DEGs have hazardous effects on survival, HR<1 means DEGs lead to survival benefit in patients.

In our study, survival analysis was also performed using the
genes determined for leukaemia, using the data of MM pa-
tients in KM-Plotter. According to our results, BCL3, MYB,
and IKZF1 genes had hazardous effects on survival in patients
with MM, whereas MLF-1, ARHGAP26, STSD5B, and PBT
genes were found to have a protective effect on survival (Figure
4).

DISCUSSION

The gene intensity data (GSE3284) of the people whose data
were used in our study were originally taken from a study con-
ducted on the genetic analysis of the acute systemic inflamma-
tion responses of human blood leukocyte cells after infection
with bacterial endotoxin (LPS).!> There are studies in litera-
ture examining the role of inflammatory responses caused by
endotoxin exposure in cancer development. As summarised in
a recent review article published by Jiaao Sun et al., it has
been shown that endotoxin exposure triggers innate immune

responses and promotes cancer in some cancers and inhibits
it in some cancers.® In our study, the aim was to determine
whether the upregulated genes triggered by endotoxins have a
hazardous (high risk of death) effect on cancers or provide a
survival benefit.

More than 100 trillion beneficial intestinal bacteria in the hu-
man body contribute to human health by maintaining metabolic
balance. However, the situation changes when microbiome dis-
turbance called dysbiosis occurs and exposure to crude micro-
bial metabolites triggers cancer as well as some metabolic dis-
eases (such as type 2 diabetes, non-alcoholic liver disease).?! 23
Studies have shown that the bacteria that make up our nat-
ural flora in the colon contribute positively or negatively
to the formation and development of gastrointestinal can-
cers such as colon, hepatocellular and pancreatic cancers, and
cholangiocarcinoma.?* There are studies conducted on mouse
models and mouse/human cell lines, albeit limited in number,
showing that gut microbiota inhibits cancer formation in col-
orectal or colon cancers. On the other hand, it has also been
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Figure 4. Upregulated BCL3, MYB, and hlk-1 (IKZF1) genes indicate “high risk of death” and upregulated MLF-1, ARHGAP26, STSD5B, and PBT genes provide
“survival benefit” in MM patients. (A) Hazardous effect of BCL3 gene on event-free survival (EFS) shown by Kaplan-Meier plot. (B) Hazardous eftect of MYB
gene on EFS shown by Kaplan-Meier plot. (C) Hazardous effect of IKZF1 (hlk-1) gene on EFS shown by Kaplan-Meier plot (D) Protective effect of MLFI gene
on EFS shown by Kaplan-Meier plot (E) Protective effect of ARHGAP26 gene on EFS shown by Kaplan-Meier plot (F) Protective effect of STAT5B gene on EFS
shown by Kaplan-Meier plot (G) Protective effect of PBT gene on EFS shown by Kaplan-Meier plot HR>1 means DEGs has hazardous effects on survival, HR<1

means DEGs lead to survival benefit in patients.

shown that gut microbiota promotes cancer, mostly in colorec-
tal cancers.® In our study, it was shown that among the genes
that were upregulated in people with endotoxin exposure com-
pared with people without endotoxin exposure, SMAD7 and
TLR?2 genes, which were found to be significant in colon can-
cer, negatively affected survival. Although how a gene affects
survival does not mean how it affects cancer processes, it has
been accepted that the detected upregulated genes have a haz-
ardous effect on cancer development in colon cancer patients. It
has been shown in the literature that the product of the SMAD7
gene, known as an inhibitor of the transforming growth fac-
tor (TGF)-p1 signalling process in colon cancer, increases as
a result of chronic intestinal inflammation and causes poorer
survival.? In addition, while it was mentioned in this study that
the SMAD?7 gene increased as a result of inflammatory bowel
disease and contributed to cancer by this mechanism, its rela-
tionship with gut microflora and endotoxin exposure was not
mentioned. In this respect, our study contains novel findings.>
Another gene detected in our study is 7LR2. In the literature,
it has been shown that this gene, as a single component of
the gut microbiota in mouse models, reduces the incidence of
colitis-induced colon cancer by acting as a TLR agonist of
A. muciniphila.®*® According to our findings, when the TLR2
gene increases with endotoxin exposure, it causes a decrease
in the survival rate of colon cancer patients; in other words, it
has an increasing effect on the incidence of cancer. In addition,

laboratory studies should be conducted to determine the effect
of each type of bacteria in the gut microbiota on colon cancer.

According to our findings, the second type of cancer we fo-
cussed on is leukaemia. In this context, it has been shown in
the literature that AML causes cancer progression in vivo and
in vitro in mouse models with the effect of gut-derived LPS.?’
Additionally, restored and intact gut microbiota was found to
protect genetically predisposed mice against leukemia.?® Stud-
ies are limited to mouse models. In addition, as summarised in
areview article published in 2023, it has been shown in Phase 2
clinical trials that dysbiosis complications can be prevented by
transplantation of autologous gut microbiome in cancer treat-
ments and AML, and restoration of the microbiota has been
found to be important in the effectiveness of cancer therapies.®
To the best of our knowledge, there are no studies in the liter-
ature that identify genetic levels between endotoxin exposure
and leukaemia survival rate; therefore, the results of our study
contain novel findings. Although MLF-1, STAT5B, and BCL3
genes have not yet been related to endotoxin exposure in AML
patients, alterations in these genes have contributed to survival
rates of AML patients. For instance, Yuna Niu et al. indicated
that BCL3 gene overexpression is not only a promising poten-
tial prognostic marker for chronic lymphocytic leukaemia but
also for AML.?° Furthermore, STAT genes including STAT5B
and its protein product have been shown to contribute to the
malignancy of cells in AML patients. STAT5B and its protein
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are also accepted as potential targets for therapies through the
JAK/STAT pathway.’*3! Furthermore, MLF-1 gene may play
roles in AML as either tumour suppressor gene or an oncogene
depending on the context of the cell.>? For instance, overex-
pression of MLF-1 gene led to poor prognosis in AML.3?

In our study, MM was also indicated as a result of gene
enrichment analysis. Similar to AML patients?®, upregulated
BCL3 and MYB oncogenes have been associated with high pro-
liferative capacity in myeloma cells of MM patients.>*33 Lastly,
high expression of the hlk-1 (/IKZFI) gene has been associated
with poor prognosis and low survival rates in MM patients.3
These genes are also not related to endotoxin exposure, and
further studies should be conducted.

Our study also has some limitations. For example,
genes obtained from gene enrichment analyses indicate
leukaemia/lymoma and colorectal cancers. However, survival
analysis was performed for AML and MM cancers and colon
cancer, for which data were available in the KM-plotter tool.
Survival analysis should also be performed for other leukaemia
types (e.g. lymphoma) and colorectal cancers for relevant genes.

CONCLUSION

In summary, the genes upregulated because of endotoxin ex-
posure detected in our study may be targetable genes that can
increase treatment efficiency in colon cancer and leukaemia,
depending on how they affect survival. The genes triggered by
immune responses as a result of systemic inflammation need to
be confirmed by laboratory experiments in solid tissue samples
in the case of colon cancer and at the level of genes obtained
from peripheral blood mononuclear cells in leukaemia. Thus,
treatments targeted at the genetic level will also be possible.
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ABSTRACT

Objective: Theaceae is a commodity with high economic value. The diversity of Theaceae species present in Southeast Asia,
especially Vietnam, provides an excellent supply source for promoting the development of related industries. Nearly 130 species of

Theaceae, many of which are highly endemic, were discovered in Vietnam, including 13 Polyspora species. Polyspora huongiana
was discovered in Bidoup-Nui Ba National Park, Vietnam, on January 7, 2010. Because they are native species and lack data,
studies are needed to provide genetic data for ecological assessment and original identification of the plant.

Materials and Methods: Sanger sequencing, data collection, and nucleotide analysis of the genetic data of accD, matK, rbcL,
and ycfI in P. huongiana were provided.

Results: The results showed that combinations of two sequences could separate the Polyspora genus, whereas at least three
sequences were necessary to identify P. huongiana, which was genetically closely related to Polyspora axillaris and Polyspora
hainanensis.

Conclusion: P. huongiana is closely related to Polyspora axillaris and Hainanensis. The combination of 3—4 sequences allowed

reliable identification of P. huongiana.

Keywords: Polyspora huongiana, Phylogeny, matK, rbcL, accD, ycfl.

INTRODUCTION

The tea family (Theaceae) comprises approximately 460
species, which are mainly distributed in East and Southeast
Asia. Camellia is the largest tea genus, comprising more
than 300 species worldwide.!? Thus far, nearly 130 Theaceae
species belonging 5 genera have been found in Vietnam, namely
95 species of Camellia, 13 species of Polyspora, 8 species of
Pyrenaria, 7 species of Schima, and 3 species of Stewartia.!
Many endemic Polyspora species have recently been discov-
ered and described for the first time, such as Polyspora congii,
Polyspora bidoupensis, and Polyspora huongiana.>* The num-
ber of species and endemism reflect the biodiversity of tea
species in Vietnam.> Conservation and sustainable exploitation
of tea species is crucial in both the economy and the ecology.®

Theaceae species often share the same physical character-

istics, especially Polyspora and Camellia.” The similarity of
the two genera makes it difficult to distinguish them.®° Ecol-
ogists can rely on winged seed morphology to differentiate if
this plant is Polyspora or Camellia, and the result is hardly
conclusive based on limited information.'® The development
of technology has provided new approaches to solving prob-
lems using molecular biology techniques. The DNA fingerprint
method is considered an independent tool in forensic investi-
gations, research, plant identification, and many other fields.!!
DNA Barcoding was born after the emergence of PCR and
Sequencing methods and quickly became a promising aid in
classifying species and individuals.!!"!3 In addition, NGS tech-
niques are currently widely used in classifying and studying
the ecology of species, currently.!!"!> DNA barcoding was first
described in 2003, and it refers to short gene sequence elements
that can be used for species identification.!! Since its inception,
DNA barcoding has become a robust technique that has been
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dramatically developed to replace DNA fingerprints in ecolog-
ical research. In 2004, The Consortium for the Barcode of Life
(CBOL) was founded to develop orientations and standards in
the barcode research and management system of living things.
In 2007, the DNA barcode standard for terrestrial plants was
announced by CBOL, and plant identification became easier.

In recent years, genetic analysis studies on Polyspora species
have gained attention; comparative research and genetic analy-
sis among the species have been conducted. The chloroplastic
genome is weighed up a sequence region that is highly con-
served throughout evolution. Hence, it is a source for compar-
ing and identifying plant species. The chloroplastic structure of
Polyspora was analysed and included 132 genes encoding 87
proteins, 37 tRNS, and 8 rRNA. Among them, matK (metabo-
lite of the maturase K) and rbcL (Ribulose-bisphosphate car-
boxylase) are the two main regions suggested by CBOL for plant
identification; accD (Acetyl-CoA carboxylase beta subunit) and
yefl (ycfl is the second largest gene in the plastid genome)
are potential sequences with high nucleotide diversity.? In this
study, marker regions, including rbcL and matK, were used
to indicate the genetic relationship between P. huongiana and
Polyspora and Camellia published DNA data.'* accD and
ycfl, regions of inconsistency in plants, were also evaluated
as species-identifying factors.!>16

MATERIALS AND METHODS

Plant Sample and Sample Preparation

Polyspora huongiana Orel, Curry & Luu were collected from
TK89, Pa Chais village, Lac Duong district, Lam DPdng
province, Vietnam, by Truong Quang Cuong. The plant
was identified and tagged voucher number 210622PHU.
The leaves were double-washed with distilled water be-
fore being stored at -20°C until analysis.

DNA Extraction and Amplification

The leaves were ground in liquid nitrogen, and DNA
was extracted using the cetyltrimethylammonium bro-
mide (CTAB) method.!” Amplicons were amplified using
MyTaq mix (Meridian, USA) with the chloroplast primers
listed in Table 1.3 The PCR reactions were prepared as
follows: 10 pL. MyTaq mix 2X, 400 nMol primers (PhuS-
aBiochem, Vietnam), 50 ng template, and nuclease-free
water (Promega, AUS) up to 20 pL. The PCR cycles were
conducted using a DTlite instrument (DNA-Technology,
Russia) with the temperature programme of 95°C for 2
min, 35 cycles of 10 sec at 95°C, 10 sec at 60°C, 60 sec at
72°C, and an additional 2 min of 72°C for once. A human
beta-globin template (Medick Ltd Co., Vietnam) was used
as a positive control (PCR using Beta globin primers) and
negative control (PCR using chloroplast primers).
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Product Purification and Sequencing

Electrophoresis in 1% agarose (Bio-Helix, Taiwan) for 45
min at 90 V confirmed the PCR products. An ExactMark
100 bp DNA ladder (1st BASE, Malaysia) was used for
product length determination. The PCR products were
purified by adding ExoSAP IT (ThermoFisher, USA) at
a ratio of 5:2 and incubating for 15 min at 37°C and
15 min at 80°C. The purified products were subjected
to PCR with BigDye Terminator Cycle Sequencing (Ap-
plied Biosystem, USA) and sequenced using an ABI 3500
analyser (Applied Biosystem, USA). The obtained se-
quences were trimmed for 20-50 nucleotides on both sides
for noise signal elimination and analysed using Snapgen
V5.3.2. The forward and reverse sequences were aligned
and united.

Reducing Power Measurement

The DNA sequences of accD, matK, rbcL, and ycfl were
checked using the NCBI database’s BLAST (Basic local
alignment search tools) tool. Each sequence’s 100 most
related sequences were chosen for further analysis (Ta-
ble 2). DNA sequences were aligned in the Megall pro-
gramme with the Clustal W algorithm.'® Sequences were
randomly assembled to form sequence combinations using
Megall and DnaSP version 6.12.03.'%19 The phylogeny
of P. huongiana was determined by maximum likelihood
estimation with 1000 bootstrap replications and was con-
sidered strong (frequency above 85%), moderate (50 -
85%), and weak (below 50%).2° The neighbour-joining
algorithm built the phylogenetic trees.?!

Statistical Analysis

The data were stored and statistically analysed using
GraphPad Prism version 9.0.0 software. Data expressed
as mean =+ standard deviation. The unpaired Student’s
t-test and One-way ANOVA followed by Tukey’s post hoc
test were applied for statistical comparisons with an alpha
value of 0.05.

RESULTS
Estimation of Sequence Divergence

The DNA polymorphisms of the accD, matK, rbcL,
and ycfl regions within Polyspora were computed on
10 random sequences, which further clarified the DNA
divergence compared with the Camellia genus (Figure
1 and Table 3). The nucleotide diversity (7) and the
average number of nucleotide differences of the regions
are presented in Table 4, which varied from 0.00164 to
0.00531 for Polyspora and from 0.0004 to 0.10650 for
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Table 1. The primers used for amplified the marker regions.

Target Forward primer Reverse primer

accD CAGAGCGAGGCCAGTGAAAGTGAAGATC  GCCACTGGTACAGCCTCGGTTAATC
CG CTG

matK CAGAGCGAGGCGTACAGTACTTTTGTGTT GCCACTGGTAACCCAGTCCATCTGG
TACGAG AAATCTTGGTTC

rbeL CAGAGCGAGGATGTCACCACAAACAGAG  GCCACTGGTAGTAAAATCAAGTCCA
ACTAAAGC CCRCG

yefl CAGAGCGAGGTCTCGACGAAAATCAGATT GCCACTGGTACGATGGAATCGACCG
GTTGTGAAT TTGCG

Beta globin ATGCCTCTTTGCACCATTCT CAGTTTAGTAGTTGGACTTAG

Table 2. Sequence region locations on the chloroplast genome of gene regions were analyzed.

Accession No. Species Nucleotide position
accD matK rbcL yefl

NC_061599.1 Camellia limonia 58626 - 60367 1948 - 3647 56669 - 58296 125931 - 131552
NC_057956.1 Camellia achrysantha 102947 - 104688 46278 - 47977 100090 - 102617 13691 - 19412
NC _041672.1 Camellia renshanxiangiae 58647 - 60388 1947 - 3646 56694 - 58321 125959 - 131754
NC _039645.1 Camellia nitidissima 59123 - 60864 2034 - 2733 57165 - 58792 126423 - 132238
NC_035652.1 Camellia elongata 58719 - 60460 1947 - 3646 56759 - 58386 126052 — 131840
OP580978.1  Camellia euryoides 59134 - 60824 2020 - 3719 57126 - 58753 126393 - 132214
0Q630970.1  Camellia cordifolia 58751 - 60441 1953 - 3652 56744 - 58371 126067 - 131861
ON208849.1  Camellia pingguoensis 58956 - 60697 1947 - 3646 56998 - 58625 126196 - 132002
ON208848.1  Camellia ptilosperma 58934 - 60675 1947 - 3652 56976 - 58603 126244 - 132065
NC 069227.1 Camellia tamdaoensis 58628 - 60369 1941 - 3640 56671 - 58298 111129 - 116944
ON755230.1  Polyspora axillaris 58628 - 60369 1944 - 3637 56673 - 58300 126004 - 131825
NC_035645.1 Polyspora axillaris 58624 - 60325 1945 — 3638 56669 - 58296 126034 - 131855
MW801387.1 Polyspora chrysandra 58290 - 60031 1944 - 3637 56334 - 57961 125695 - 131516
NC 035648.1 Polyspora dalgleishiana 58360 - 60092 1945 - 2638 56404 - 58031 125657 — 131394
MK994520.1  Polyspora hainanensis 58229 - 59919 1945 - 3638 56221 - 57848 125578 — 131390
ON755225.1  Polyspora longicarpa 59057 - 60798 1980 - 3673 57101 - 58728 126321 - 131936
NC_059950.1 Polyspora penangensis 58976 - 60717 1946 - 3639 57028 - 58655 126240 - 132061
ON755229.1  Polyspora speciosa 59004 - 60745 1945 - 3645 57047 - 58674 126334 - 132155
NC 053889.1 Polyspora tiantangensis 59057 - 60798 1980 - 3673 57101 - 58728 126321 - 132136
NC_067734.1 Polyspora tonkinensis 59020 - 60761 1946 - 3639 57064 - 58691 126377 - 132186

Camellia, respectively. ycfl was the most variable chloro-
plastic sequence region compared within the genus in both
Polyspora and Camellia.

P. huongiana Chloroplast DNA Markers

The selected regions for analysis included sequences with
high nucleotide diversity values and were limited to two
conserved regions of primers hybridising. The initial half
sequences of accD and rbcL, the central matK gene,
and the second half of ycfl were selected for anal-
ysis of P. huongiana. The sequences were submitted
to NCBI (National Centre for Biotechnology Informa-
tion, USA) with accession numbers OR525840, OR52584,
OR52584, and OR525843 for accD, matK, rbecL, and ycf1
of P. huongiana, respectively. The dynamic DNA quick
response coding (DDQR) algorithm was provided by the
Central China Normal University and Institute of Medic-
inal Plant Development, Chinese Academy of Medical
Science, China (www.lkmpg.cn/ddqr/), which created

DDQR for the sequences obtained in this work (Figure
2)'22

A Phylogenetic Tree Built from a Single Sequence

The sequences of accD and ycfl showed the great-
est similarity to Camellia weiningensis (MK820035.1)
and Polyspora azillaris (ON755230.1); the sequences
of matK and rbcL showed the greatest resemblance
to Polyspora hainanensis (NC_035693.1).23-25 The 100
most related sequences were collected for further analy-
sis. The branches show the clustered associated taxa. The
initial trees for the heuristic search were generated au-
tomatically by applying Neighbour-Join and BioNJ algo-
rithms to a matrix of pairwise distances estimated using
the fixed model. The topology obtained the highest log
likelihood value. The sequences set up codon positions,
including 3 frames and noncoding. The best-fixed models
for accD, matK, and ycfl were the Tamura 3-parameter
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Table 3. Polyspora huongiana-related sequences obtained by the BLAST tool and corresponding accession numbers.

Accession No. Species Marker gene regions
accD matK rbcL yefl

KJ197940.1 Apterosperma oblata X
NC 035641.1 Apterosperma oblata voucher YangSX 4361 X
NC 057956.1 Camellia achrysantha X
KX216453.1 Camellia albogigas X
MK994520.1 Polyspora hainanensis X X X
NC 050354.1 Camellia anlungensis voucher CANLU20191106 X
MNO078085.1 Camellia viethamensis X X
KY406793.1 Camellia reticulata X X
KY626042.1 Camellia luteoflora X X
MZ618349.1 Camellia chrysanthoides X X X
NC 024663.1 Camellia reticulata X X
MW256435.1 Camellia brevistyla X
NC 052752.1 Camellia brevistyla X
NC 072329.1 Camellia caudata X
NC 058854.1 Camellia confusa X
ON000202.1 Camellia confusa X
NC 067053.1 Camellia connata X X
MNO078088.1 Camellia meiocarpa X X
NC 061904.1 Camellia costata X
NC 024541.1 Camellia crapnelliana X
NC 022459.1 Camellia cuspidata voucher HKAS:S.X.Yang3159 X
MN078090.1 Camellia oleifera X X
MT123282.1 Camellia suaveolens X X
NC 035643.1 Polyspora speciosa voucher YXQ145 X X X X
NC 035645.1 Polyspora axillaris voucher YXQ099 X X X X
KU669077.1 Camellia chrysanthoides voucher Y.Q.Liufu 1529 X
MT663341.1 Camellia chuongtsoensis X
MZ151355.1 Camellia oleifera var. oleifera X X
NC 035652.1 Camellia elongata voucher YangSX 5065 X
0L405564.1 Camellia euphlebia X
MZ151356.1 Camellia oleifera var. oleifera X X
NC 053896.1 Camellia fascicularis X
OM868265.1 Camellia fascicularis X X
KU669083.2 Camellia fascicularis voucher S.X.Yang 93527 X
MZ189740.1 Camellia oleifera var. oleifera X X
MZ665482.1 Camellia meiocarpa X X
NC 050388.1 Camellia fraterna X
MW801387.1 Polyspora chrysandra voucher FZF X X X
NC 038181.1 Camellia granthamiana X
MZ054232.1 Camellia gigantocarpa X
NC 058879.1 Camellia gigantocarpa X
KX216461.1 Camellia handelii X
MZ151357.1 Camellia oleifera X X
KY626040.1 Camellia huana X
NC 022461.1 Camellia impressinervis voucher X
MT157620.1 Camellia indochinensis X
NC 035693.1 Polyspora hainanensis voucher YXQ097 X X X X
0OK135162.1 Camellia indochinensis var. tunghinensis X
NC 058646.1 Camellia micrantha X X X X
NC 059950.1 Polyspora penangensis voucher SING2015-178 X X X X
LC679291.1 Camellia japonica voucher TF<JPN>:TW021201 X
LC678549.1 Camellia japonica voucher TF<JPN>:TW023656 X
LC678986.1 Camellia japonica voucher TF<JPN>:TW024624 X
LC679132.1 Camellia japonica voucher TF<JPN>TW024751 X
LC678314.1 Camellia japonica voucher TF<JPN>TW025361 X
LC689760.1 Camellia japonica voucher TF<JPN>:TW026076 X
LC677835.1 Camellia japonica voucher TF<JPN>:YK0056 X
NC 079935.1 Camellia jinshajiangica X
NC 035648.1 Polyspora dalglieshiana voucher BROWP 501 X X X
NC 035689.1 Polyspora longicarpa voucher YangSX 4779 X X X
NC 054364.1 Camellia perpetua X X
NC 057957.1 Camellia chrysanthoides X X
NC 053889.1 Polyspora tiantangensis voucher Ma 15701 X X X
KX216414.1 Camellia longipedicellata X
NC 065391.1 Camellia longipedicellata X
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Table 3. Continued

NC 061051.1 Camellia pingguoensis X X X

NC 067609.1 Camellia longissima voucher S. X. Yang5079 X

NC 061599.1 Camellia limonia X X X
NC 061600.1 Camellia petelotii var. microcarpa X X X
MN579509.2 Camellia lungzhouensis X

NC 0607771 Camellia polyodonta X X X
NC 061610.1 Camellia amplexifolia X X X X
KU669092.2 Camellia luteoflora voucher Y.Q.Liuful534 X
NC 062050.1 Camellia aurea X X X

NC 035688.1 Camellia mairei voucher YangSX 5054 X

NC 065391.1 Camellia longipedicellata voucher YangSX 5001 X X X X
MT956593.1 Camellia meiocarpa X
NC 067082.1 Camellia saluenensis X X
NC 067088.1 Camellia pingguoensis var. terminalis X X X

NC 058881.1 Camellia meiocarpa clone 3 X
NC 067085.1 Camellia bambusifolia X X
NC 067090.1 Camellia ptilosperma X X X
KU669078.1 Camellia micrantha voucher Q.Q.Ye 1314 X
NC 065198.1 Camellia formosensis X X
NC 039645.1 Camellia nitidissima X

MT157617.1 Camellia nitidissima var. nitidissima X

NC 063576.1 Camellia suaveolens X X

NC 067086.1 Camellia lienshanensis X X
NC 067081.1 Camellia edithae X X X
NC 067087.1 Camellia subintegra X X X
NC 067091.1 Camellia indochinensis var. tunghinensis X X X

NC 067089.1 Camellia parvipetala X X X
NC 067092.1 Camellia wumingensis X X X

NC 067734.1 Polyspora tonkinensis voucher FZF20220217 X X X X
NC 068780.1 Camellia flavida X X X
0OP953554.1 Camellia oleifera X X

NC 067613.1 Camellia lipingensis X X X
NC 068781.1 Camellia longzhouensis X X X

NC 067764.1 Camellia lanceoleosa X X X
NC 080228.1 Camellia oligophlebia X

NC 069227.1 Camellia tamdaoensis X X X

NC 069309.1 Camellia insularis X X X X
KU669079.1 Camellia parvipetala voucher Q.Q.Ye 1316 X
MT157621.1 Camellia perpetua X

NC 069310.1 Camellia minima X X X
KU669085.1 Camellia perpetua voucher Y.Q.Liufu 1531 X
MT157619.1 Camellia petelotii var. microcarpa X

NC 070214.1 Camellia pyxidiacea X X X

NC 068785.1 Camellia obtusifolia X X X
NC 080274.1 Camellia uraku X X X X
NC 072608.1 Camellia lungshenensis X X
ON208849.1 Camellia pingguoensis X X
0K046127.1 Camellia leyensis X X X
0K149109.1 Camellia pingguoensis var. terminalis X

0K235334.1 Camellia petelotii var. microcarpa X X X
AB207877.1 Camellia pitardii X

0OP709388.1 Camellia pitardii var. alba X

NC 079666.1 Camellia brevipetiolata X X
NC 080233.1 Camellia omeiensis X X
NC 022462.1 Camellia pitardii voucher HKAS:S.X.Yang3148 X
0K546696.1 Camellia luteocalpandria X X X

NC 080884.1 Camellia bailinshanica X X
NC 072174.1 Camellia hongkongensis X X X
NC 081063.1 Camellia magniflora X X
0L450398.1 Camellia pingguoensis var. terminalis X X

KU669091.1 Camellia ptilosperma voucher Q.Q.Ye 1315 X
KU669075.1 Camellia ptilosperma voucher Y.Q.Liufu 1530 X
MW543444.1 Camellia pubipetala X

NC 054365.1 Camellia pubipetala X

OK181904.1 Camellia trichosperma X X
MW629114.1 Camellia pyxidiacea var. rubituberculata X

MZ7424202.1 Camellia pyxidiacea var. rubituberculata X
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Table 3. Continued

MZ766253.1 Camellia pyxidiacea var. rubituberculata X X

NC 041672.1 Camellia renshanxiangiae X

0K377261.1 Camellia polyodonta X X
OL685018.1 Camellia sp. 'longruiensis’ X X X

NC 050389.1 Camellia rhytidophylla X

0OM935753.1 Camellia chrysanthoides X X

NC 041473.1 Camellia sasanqua X
0L689015.1 Camellia gauchowensis X X
MZ403753.1 Camellia semiserrata X
NC 058880.1 Camellia semiserrata X
ON208846.1 Camellia indochinensis var. tunghinensis X X X
ON208847.1 Camellia petelotii var. petelotii X X X
0L689023.1 Camellia semiserrata var GN1 X
MZ359672.1 Camellia semiserrata var. magnocarpa X

0OP404083.1 Camellia sinensis X

0OL840044.1 Camellia sinensis var. assamica X
OM677554.1 Camellia sinensis var. assamica voucher TCM172K- X

OM677553.1 Camellia sinensis var. assamica voucher TCM170K- X

0L.944068.1 Camellia sinensis var. assamica voucher TCM193K- X

OM677563.1 Camellia sinensis var. assamica voucher TCM196K- X

OM677583.1 Camellia sinensis var. assamica voucher TCM238K- X

ON208848.1 Camellia ptilosperma X X X X
00281601.1 Camellia sinensis var. sinensis X

ON208850.1 Camellia wumingensis X X X
MZ128138.1 Camellia sp. XJ-2021 X

0L689014.1 Camellia chekiangoleosa X X
0L689016.1 Camellia meiocarpa cultivar X3 X X
0L689018.1 Camellia oleifera X X X
0L689019.1 Camellia oleifera X X X
0L689020.1 Camellia oleifera X X
0L689021.1 Camellia oleifera X X X
NC 035651.1 Camellia szechuanensis voucher YangSX 5066 X
AF380052.1 Camellia taliensis X
AF380095.1 Camellia taliensis X

0L689024.1 Camellia vietnamensis X X X
0K405020.1 Camellia tetracocca X
AB207882.1 Camellia tsaii X

0OL742653.1 Camellia polyodonta X X X
ON755226.1 Polyspora hainanensis voucher FZF20220110 X X X X
MNO078084.1 Camellia vietnamensis X
ON755227.1 Polyspora speciosa voucher FZF20220121 X X X X
NC 060778.1 Camellia viethamensis X
ON755229.1 Polyspora speciosa voucher FZF20220310 X X X X
0L689022.1 Camellia sasanqua X X
MK820035.1 Camellia weiningensis X

ON755230.1 Polyspora axillaris voucher FZF20220406 X X X X
ON367462.1 Camellia semiserrata X X
KU669080.1 Camellia xiashiensis voucher Y.Q.Liufu 1528 X
ON072481.1 Camellia yokdonensis cultivar Dung & Hakoda X

0L689025.1 Camellia yuhsienensis X X
NC 058253.1 Camellia zhaiana voucher YangSX 6023 X

MH332607.1 Gordonia sp. gp-413 X

AF089716.1 Polyspora axillaris X
AF380047.1 Polyspora axillaris X
AF380090.1 Polyspora axillaris X

AF421092.1 Polyspora axillaris X
KJ440031.1 Polyspora axillaris X
KJ510931.1 Polyspora axillaris X

OM262114.1 Camellia sinensis var. pubilimba X X
OL537881.1 Polyspora axillaris voucher BRIT:Gostel593 X

ON418964.1 Camellia meiocarpa X X X
AF380091.1 Polyspora chrysandra X

ON418963.1 Camellia suaveolens X X
ON418965.1 Camellia sp. XJ-2021 X X X
AF380092.1 Polyspora hainanensis X

KJ197938.1 Polyspora hainanensis X

ON755225.1 Polyspora longicarpa voucher FZF20211220 X X X
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Table 3. Continued

0OP580978.1 Camellia euryoides X X X X
0P936137.1 Camellia sp. XJ-2021 X X X X
AF380051.1 Polyspora longicarpa X
AF380094.1 Polyspora longicarpa X

KJ197937.1 Polyspora longicarpa X

OP723864.1 Camellia pitardii var. cryptoneura X X
00Q630970.1 Camellia cordifolia X X X
0P953553.1 Camellia semiserrata X X
AF380093.1 Polyspora speciosa X

0P036120.1 Camellia oleifera X X
0P953555.1 Camellia vietnamensis X X X
0P953554.1 Camellia oleifera X X
0Q707217.1 Camellia borealiyunnanica X X

NC 067734.1 Polyspora tonkinensis X
00538305.1 Camellia pitardii var. compressa X X

Figure 1. The DNA polymorphism of the Polyspora and Camellia sequences. The nucleotide diversity of accD (A), matK (B), rbcL (C), and ycf1 (D) genes with
peripheral 100 nucleotides supplement of the genus of Polyspora. The DNA polymorphism of of accD (E), matK (F), rbcL (G), and ycfl (H) genes comparing
between Polyspora and Camellia genera.

Table 4. Genetic parameters of evaluated Polyspora and Camellia populations.

Values Populations Sequences
Polyspora  Camellia accD matK rbeL yefl
Nucleotide diversity () X 0.0020 0.00232  0.00164  0.00531
X 0.0004 0.00168  0.00083  0.10650
X X 0.00217 0.00334  0.00314  0.05768
Average number of nucleotide differences (k) X 3.356 3.933 2.667 29.222
X 0.667 2.844 1.356 585.622
X X 3.637 5.658 5.111 317.163
The average number of nucleotide differences X X 5.100 7.700 7.900 325.930
between populations
The average number of nucleotide X X 0.00304 0.00455 0.00485 0.05927
substitutions per site between populations
(Dxy)
The number of net nucleotide substitutions per X X 0.00184 0.00254  0.00362  0.00337

site between populations

model (T92), and the one for rbcL was the Jukes—Cantor rbcL and ycfl sequences clearly separated the Polyspora
model (JC). The phylogenic trees were constructed with  species population (Figure 3).
maximum likelihood in 1000 bootstraps (Figure 3). The
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Figure 2. The amplicons of the evaluated marker genes. The amplicons were tested for quality by gel electrophoresis with the positive markers (A). The nucleotide
signals by Sanger sequencing and the DDQR codes of the sequences of accD (B), matK (C), rbcL (D), and ycfI (E).

Figure 3. The topology trees built from single-sequence. The topology trees of accD (A), matK (B), rbcL (C), and ycfI (D) were conducted from the 100 most
related sequences by using Maximum Likelihood algorithm with 1000 bootstraps and a fixed model. Polyspora species were in red.

A Phylogenetic Tree Built from Multiple Sequences combination sequences were coalesced by two, three, or
four markers, further contributing to phylogenetic tree

Sequence combinations were performed using Snapgene o dyction (Figures 5-7). The combination demonstrated

V5.3.2 and were coded into DDQR codes (Figure 4). The
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the ability to distinguish genera better than the single
factor mentioned above.

Two-sequence coherence revealed the authentic sepa-
ration of the Polyspora out of the Camellia. The nu-
cleotide diversities between populations of Polyspora and
Camellia were respectively recorded as 0.00582, 0.00121,
0.05682, 0.00969, 0.0376, and 0.04222 for the fusions of
accD + matK, accD + rbeL, accD + ycfl, matK + rbcL,
matK + ycfl, and rbcL + ycfl. Evolutionary analysis
with maximum likelihood and the T92 model were per-
formed on the fused sequences, with the exception of
rbel, + ycf1.?5 The T92 evolutionarily invariable (+1I,
40,03% sites) model was chosen for the rbeL + ycfl evo-
lutionary analyses.?6:27 The topology of accD + matK
showed that P. huongiana had the most related sequence
to Camellia pingguoensis (OL450398.1), while the rest of
the analysis reflexed P. azillaris and P. hainanensis.?®
AcD + matK + rbecL, matK + rbcL + ycfl, rbcL + ycfl
+ accD, and ycfl + accD + matK were obtained by
assembling sequences from P. huongiana and the most-
sequence-related collection. The nucleotide diversity were
0.00105 £ 0.00019, 0.00170 £ 0.01135, 0.0442 £ 0.02269,
and 0.02712 4+ 0.01989 for the fusions in the order. The
pairwise distances from P. huongiana to Camellia (from
0.0005998 + 0.0005010 to 0.005519 4+ 0.002343) and that
within Polyspora (from 0.001701 £ 0.0001957 to 0.008859
+ 0.001912) indicated a significant difference, p-value
< 0.0001 (Figure 7). The accD + matK + rbeL, matK
+ rbel + ycfl, and rbcL + ycfl + accD algorithms
were built evolutionary using the T92 model and Max-
imum likelihood applying Neighbour-joining and BioNJ
algorithms.?6 The ycfl + accD + matK were analysed
by the T92 with a discrete Gamma distribution (+G, pa-
rameter = 0.3937) model featuring evolutionary rate dif-
ferences among sites (Figure 6).

The combination of the four sequence regions allowed
the distinction of two genera at large genetic distances
(Figure 8). There was a significant difference between the
pairwise distances from P. huongiana within Polyspora
(0.003725 £+ 0.002167) and to Camellia (0.007074 +
0.0003353), p-value = 0.0013; the analysis was based on
the T92+G model with 1000 bootstrap replication.?6:2?
The nucleotide diversity of the populations was 0.02234
4 0.01563 in the Polyspora and Camellia combination and
was 0.00344 + 0.00037 only in the Polyspora genus. The
phylogenic tree was obtained using the T92+G model.
P. huongiana was separated from the most related species
P. axillaris and P. hainanensis with a frequency of 94%
bootstraps.

DISCUSSION

matK and rbcL are two commonly used plant classifica-
tion genes suggested by CBOL.'! The sequence of matK
has been recorded to have the fastest evolution in chloro-
plasts, so it is often used in analysing the evolution and
phylogeny of plant species.??3! However, the analysis of
closely related plant families requires a strong method for
identification, as the two sequence regions are not strong
enough to distinguish between Camellia and Polyspora.
Nucleotide variation at loci >0.035 is considered highly
polymorphic, and it was recorded through the nucleotide
density values.32:33 Based on the analysis of this study, the
matK and rbel markers did not meet the value. There-
fore, two other proposed sequences were added to im-
prove species identity, namely accD and ycf1.'® In par-
ticular, the accD sequence was determined to have low
genetic variability, thereby helping to ensure the specific
identification of species within the genus. On the other
hand, the ycfl sequence exhibited high polymorphism
in both Polyspora and Camellia genera, enhancing the
ability to separate species between genera.'> DNA poly-
morphism in accD sequences was higher among Polyspora
species than within Camellia species, which was also de-
tected in rbcL and matK genes. The ycfl sequence exhib-
ited high genetic variability and was evenly distributed
throughout the gene region. the DNA variability of ycf1
was significantly higher in Camellia than in Polyspora.
Most of the nucleotide differences between Polyspora and
Camellia were located in the first half of the matK and
rbcL genes but in the two ends of the accD gene. The
length-appropriate sequences were selected based on nu-
cleotide diversity distributed according to the nucleotide
position to perform Sanger sequencing. The sequences and
fusions of P. huongiana were translated into DDQR for
easy retrieval.

The results showed that Camellia weiningensis (accD
sequence), P. hainanensis (rbcL and matK fusion), and
P. azillaris (ycf! sequence) had the most similar genetic
sequences. These two genera of plants are often confused
with each other due to common morphological charac-
teristics; for example, Polyspora (Gordonia) yunnanensis
Hu (wfo-0001219828) and Camellia taliensis (wfo-
0000582705) have been still considered two names for
the same species. All 100 most compatible sequences ob-
served in this study belonged to the genera Camellia and
Polyspora, indicating a deep genetic connection. Using
a single sequence to distinguish these two genera faced
many obstacles. Hence, sequence combination is necessary
for differentiated augments. The combination of two or
more sequences allowed for better separation of Polyposra
from Camellia. The two-gene markers proved effective;
these results were also analysed for other plant species,
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Figure 4. The DDQR codes for the sequence combinations of P. huongiana.

Figure 5. The topology trees of the two-region combinations. Topology trees of the combinations of accD+matK (A), accD+rbcL (B), accD+ycfI (C), matK+rbcL
(D), matK+ycfI(E), and rbcL+ycfl (F) were built up by using Maximum Likelihood algorithm with 1000 bootstraps and a fixed model. Polyspora species were in
red.

Figure 6. The topology trees of the tri-sequence fusions. Topology trees of the combinations of accD+matK+rbcL (A), matK+rbcL+ycfl (B), rbcL+ycfl4+accD
(C), and ycfl+accD+matK (D) were conducted by using Maximum Likelihood algorithm with 1000 bootstraps and a fixed model.
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Figure 7. The genetic distances were measured from P. huongiana to the other evaluated. The genetic distances of P. huongiana to the others were determined by
using the best-fixed model conducted by Mega 11 software. The P-values expressed as “ns” for not statistically significant, “*”, “*%”_ and “****” for the values

less than 0.03, 0.002, and 0.0001, respectively.

Figure 8. The topology tree of the quart-sequence fusion of accD+matK+rbcL+ycfl. The accD+matK+rbcL+ycfl topology tree was conducted by using the

Maximum Likelihood algorithm with 1000 bootstraps and the T92+G model.

such as jewel orchids, in previous research.2%3* The com-
bination of the three sequences provided good species dis-
crimination within the genus Polyspora, and the most
effective combination was rbcL + ycfl + accD. Simi-
larly, combining all four sequence regions gave a large ge-
netic distance and separation between the Camellia and
Polyspora populations, besides, it illustrated good species
discrimination within the genus.

The genetic distances between individuals can be used
as an element to identify individuals with species, gen-
era, families, and orders.?%:35:36 In this study, the genetic
distance between P. huongiana and the closest neighbour
ranged from 0.0016 to 0.008 in tri- or quant-sequence fu-
sion analysis. P. axillaris and P. hainanensis were the
most connected species published in the NCBI database to
P. huongiana, based on nucleotide analysis of four inves-
tigated regions. Thus far, the plants were judged to share
common characteristics and have a deep relationship with

the species native to Vietnam, namely P. bidoupensis,
P. gigantiflora, P. intricata, P. balansae, P. tonkinensis,
P. azillaris.>™ The close relative relationship between
P. huongiana and P. axillaris was genetically confirmed
in this study. However, the lack of genetic data on en-
demic species in Vietnam, especially native tea species,
has prevented an in-depth analysis. Research on the ge-
netic diversity of plant species has required attention and
implementation plans to address the issue of the lack of
genetic information; it helps determine the relationships
among phytosociological factors, thereby helping to de-
fine the interaction between species.?” As a result, the
most effective exploitation, use, and conservation strate-
gies for plant species in general and area-highly specific
plant species, in particular, will be deployed.




CONCLUSION

The combination of two or more of the sequences accD,
matK, rbcL, and ycfl can be considered as a strategy
to recognise the Polyspora or Camellia genera. It is sug-
gested that the tri-sequence or quat-sequence fusion of
the mentioned regions can be used to identify Polyspora
species, including P. huongiana, which have a close ge-
netic relationship with Polyspora azillaris and Polyspora
hainanensis. The combination of genetic markers in ac-
curately identifying P. huongiana species will contribute
positively to the rapid identification and conservation of
this rare tea species.
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Biodegradation of Chlorpyrifos in Paddy Rice Soil in the Mekong Delta,
Vietnam

Truong Quoc Tat!

IDong Thap University, Faculty of Technology and Engineering, Department of Biotechnology and Food, Dong Thap-Vietnam

ABSTRACT

Objective: Chlorpyrifos (CP) is an organophosphate insecticide. High toxicity makes it a potential source of soil pollution when
used in agriculture. This study aimed to assess the anaerobic digestion of CP, the diversity of chlorpyrifos-degrading bacteria in

soil, and the mechanism of CP decomposition.

Materials and Methods: Four soil samples were collected from paddy rice fields in Vietnam to evaluate the degradation of CP
by anaerobic bacteria. The experiment was conducted in 50 mL microcosms containing 30 mL mineral salt medium, 10 g soil,
and 35 mg/kg CP. The concentration of CP was determined using an high performance liquid chromatography.The intermediate
products of CP were identified using a gas chromatography—mass spectrometry.

Results: Our bacterial communities in the soil samples anaerobically degraded CP. The rate of CP degradation was doubled after
increasing the bacterial density during incubation. The percentage of CP degradation within a 4-month incubation period was
significantly higher in the two bacterial communities isolated from alluvial soil than in acid soil. Four bacterial communities were
found to degrade CP through the anaerobic reduction of chloride. The intermediate products resulting from the decomposition of
CP by these soil bacterial communities were identified as O, O-diethyl-3, 6-dichloro-2-pyridyl phosphorothioate; 3,5,6-trichloro-
2-pyridinol; O, O-diethyl-O (3,5,6-trichloro-2-pyridyl) phosphate. This shows the presence of the Chloroflexi bacterial phylum in
the soil samples.

Conclusion: There is the presence of a group of anaerobic bacteria capable of decomposing CP in soil specialised in rice
cultivation, opening up the potential to improve polluted soil by biological means.

Keywords: Anaerobic bacteria, Chlorpyrifos, Chloroflexi, DGGE, HPLC, GC/MS.

INTRODUCTION CP, but most have focused on issues related to CP decomposi-
] ) ) ] tion under aerobic conditions. However, the anaerobic bacteria
Chlorpyrifos [0, O-diethyl =~ 0-(3,5,6-trichloro-2-pyridyl) ¢4 decompose CP in their respiratory process. In the world

phosphorothioate-CP] is an organophosphate insecticide
widely used by farmers for insect pest control in agriculture.
It is also used, to a lesser extent, for indoor pest control in
homes and buildings, and for soil treatment to manage sub-
terranean termites.'”” Some reports indicate that CP bioaccu-
mulate in blue-green algae,'° mosquito fish,!! aquatic plants,
and goldﬁsh.12 In soil, slow resolution CP, soil persistence, and
half-life (DT50) range from 60 to 100 days. The organic carbon
adsorption coefficient of CP ranged from 652 L/kg for little

as well as in Vietnam, the anaerobic digestion of CP has not
been studied. However, there are many studies on the anaerobic
microbial decomposition of toxic substances containing -chlor,
such as Clostridium butyricum, Clostridium pasteurianum, and
Citrobacter freundii, which are capable of reducing -chlor hex-
achlorocyclohexane isomers.!>!® The results of research on
biodegradable dioxins showed reduced activity of some groups,
and -chlor anaerobic bacteria play a crucial role in the decom-
position of polychlorinated dibenzo-p-dioxins.'® Other studies

soil organic matter (1.35% organic matter) to 30.381 L/kg for
organic-rich soil (3.41% organic carbon).!> The common use
of CP caused air pollution, soil pollution, and contamination
of surface water, rivers, streams, ponds, and lakes.'* In soil,
microorganisms play an important role in promoting CP break-
down. There have been many studies on the decomposition of

showed that soil samples collected from areas with more pol-
luted areas in Vietnam had reduced activity of the chloro-good
dibenzo-p-dioxin anaerobic bacteria.!” In the Mekong Delta
of Vietnam, the situation in the paddy soil is often favourable
conditions for anaerobic bacteria involved in metabolic path-
ways and decomposition of soil organic toxins. Therefore, the
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theory is still capable of decomposing CP as well as other or-
ganic toxins when supplemented with organic acids. This is a
matter of electronics. Bacteria can use it to remove chlorine
from CP. Therefore, this study was performed to evaluate the
decomposition of CP by anaerobic bacterial communities in
paddy soil.

MATERIALS AND METHODS
Soil Samples

Soil samples were collected at a depth of 0—30 cm in paddy soils
under flooded conditions after rice was harvested. The experi-
ment was conducted with 4 soil samples coded as PHO1, PHO2,
CLO01, and CL02. The soil sample origins and characteristics
are presented in Table 1. Each soil sample was a completely ran-
dom layout including 5 treatments, each treatment was repeated
3 times, and the components of each treatment are presented
in Table 2. Each soil sample was placed in a 50 mL glass vial
and incubated. Before adding 10 g of soil to each vial, CP at
a concentration of 35 ppm was dissolved in acetone, and 1 g
of finely ground dry soil was added. The acetone was then al-
lowed to evaporate naturally in a fume hood. Next, 30 mL of
an anaerobic solution was added. This solution was prepared
as described by Christoph et al.!® and includes macro, trace,
and essential vitamins that promote the activity of anaerobic
Cl-reducing bacteria. These ingredients include D-biotin, folic
acid, riboflavin, pyridoxine hydrochloride, vitamin B12, nicoti-
namide, and a mixture of organic acids such as pyruvic acid
(pyruvate), acetic acid (acetate), butyric acid (butyrate), lactic
acid (lactate), and propionic acid (propionate) at a concentra-
tion of 250 pM each. After mixing, the solution was aerated
with N, and vacuumed to remove the O,. The macromineral
solution (1 L) should be supplemented with trace minerals (1
mL), vitamins (0.1 mL), and an organic acid mixture (4 mL).
The anaerobic level of the solution can be checked by adding 1
mL of a resazurin anaerobic reagent. If the solution turns blue
or purple-green, it indicates that the solution is indeed anaero-
bic (Figure 1). CP was added after 11 months of incubation: CP
was added to the incubated samples to an enriched number of
bacteria. 70 mg/L of CP was added to each incubated sample.
CP was added for 1, 4, and 5 days. After 330 days, the incu-
bated jars were supplemented with CP to enrich the bacterial
population. The concentration of added drug was equivalent to
the initial CP concentration of 35 ppm. Before adding the CP,
an appropriate amount of anaerobic solution should be added
to return the incubation bottle to its original volume of 40 mL.
To add CP, a 3 mL medical syringe should be used to inject 1
mL of CP at a concentration of 1400 ppm into NT1, NT4, and
NTS5. no medicine should be added to live control treatments
(NT2, NT3).

Figure 1. Experimental setup for anaerobic conditions. (a) Incubation vials are
stored for measurements every 60 days, (b) Samples are incubated in 50 mL
pi vials, (c) Chemical and biological measurements are taken, (d) Anaerobic
solution is blue or blue-violet in color.

Samples were taken at 60, 120, 180, 300, 330, 350, and 450
days to determine the CP content, analyse biodiversity, and
detect by products present.

Shake the incubation bottle well, use a sterile medical syringe
to remove the fluid from the 1 mL incubation bottle, and put it
into the 10 mL pi bottle. The syringe was blown with nitrogen
gas to expel all the oxygen before sampling. The incubation
bottle was gently shaken during the sampling process to make
the sample more even and accurate.

The extraction was performed three times using a mixture
of toluene and acetone at a ratio of 2:1. After extraction, the
samples were allowed to naturally evaporate until they reached
a volume of 1 mL. The resulting sample was then filtered and
passed through an alumina column for further purification. The
concentration of CP was determined using an HPLC (High-
Performance Liquid Chromatography) machine equipped with
a C18 column measuring 25 cm in length and 4.6 mm in di-
ameter with a particle size of 5 pm. The mobile phase was a
mixture of methanol and water in a ratio of 80:20, the detection
wavelength was set to 230 nm, the flow rate was 1 mL, and the
retention time was 17.7 min. The chromatograms of the base-
line and standard are shown in Figures 2 and 3, respectively.
The standard curve equation is y = 20767x — 692.89 with a
linear range of 0.1-300 ppb. The limit of detection (LOD) is
0.1 ppm and the limit of quantification (LOQ) is 0.33 ppm.

The intermediate products of CP were identified using a Shi-
madzu GC/MS QP2010 Plus chromatography column, specifi-
cally, an Rxi 5SiIMS 30 m x 0.32 mm chromatography column
with a 0.25 pm film. The sample injection chamber temperature
was set to 250 °C, while the gas chromatography (GC)-mass
spectrometry (MS) communication points and ion source were
set to 250 °C and 200 °C, respectively. A sample volume of 1 pL
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Table 1. The origin and characteristics of soil samples used in the experiments.

Soil characteristics Organic
) Number Depth
Province Code Clay content pH
croplyear (cm) Loam (%) Sand (%) o
(%) ()
CL01 2
Tien Giang 67 31 2 7.62 5.70
CLO02 3
0-20
PHO1 3
Hau Giang 73 27 0.2 4.90 5.06
PHO02 3
Table 2. Ingredient of treatments.
Treatments Ingredient

1- Negative control (NT1)

Use 10 g of sterile soil, 70 mg/L of CP, 30 mL of mineral salt minimum

2 - Positive control (NT2)

Use 10 g of non-sterile soil, no additional CP, 30 mL of mineral salt

minimum, vitamin supplements and an organic acid mixture

3 - Positive control (NT3)

Use 10 g of non-sterile soil, no additional CP, 30 mL of mineral salt

minimum, no additional vitamin and organic acid mixture

4 - (NT4) Use 10 g of non-sterile soil, 70 mg/L of CP, 30 mL of mineral salt minimum,
vitamin supplements and an organic acid mixture
5-(NT5) Use 10 g of non-sterile soil, 70 mg/L of CP, 30 mL of mineral salt minimum,

no additional vitamin and organic acid mixture

Figure 2. Chromatogram of baseline (blank sample).

Figure 3. Chromatogram of standard substance.
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was injected using the splitless injection mode. This method
was selected for its accuracy in identifying intermediate CP
products.

Soil samples of bacterial communities coded as PHO1 af-
ter incubation for 2 months were used to extract DNA and
perform PCR-denaturing gradient gel electrophoresis (DGGE).
The DNA of bacterial communities was extracted using DNA
extraction methods from the soil of PowerSoil (R) Isolation.
The DNA product was amplified by PCR 2 times. The first
PCR was performed using 338F/Chlor1101R primers.'?° This
PCR product was generated using 341F-GC/534R primers.?!
The primer sequence is shown in Table 3. Then, the DGGE
method was used to assess the diversity of the bacterial commu-
nities. To use the Cluster and Gel Compare software to analyse
the electrophoresis images and compare similarities between
bacterial communities.

Table 3. Oligonucleotide sequences of primer.

Gene Primer sequence, 5’- 3’

338F ACT CCT ACG GG AGG CAG CAG

Chl1101R CTC GCK AGA AMA TKT AAC TAG CAAC

341F-GC CGC CCG CCG CGC GC GGC GGG CGG GGC GG
GGG CAC GG GGG CAC GGG GGG CCT ACG
GGA GGC AGC AG

534R ATT ACC GCG GCT GC TGG

Methods of Data Processing, Analysis, and Statistics

Microsoft Excel was used to calculate the percentage of de-
composition and graph. The significance of differences was de-
termined using one-way ANOVA and the Tukey test (p<0.05)
with Minitab 16 software.

RESULTS

Evaluation of the Potential of Chlorpyrifos Degradation by
Anaerobic Bacterial Communities

In the Hau Giang and Tien Giang provinces, four soil sam-
ples were collected from paddy soils and used in experiments
to evaluate the degradation ability of CP by anaerobic bacte-
rial communities. The results showed that all treatments were
biodegradable for CP. After 2 months of incubation, the re-
maining concentration of CP in the treatment ranged from 3%
to 45% of the initial concentration. The decomposition rate
of CP increased after supplementation because the number of
anaerobic bacteria increased. After 20 days of incubation, the
remaining concentration of CP in the treatment ranged from
4.9% to 48.3% of the initial concentration. After 4 months of
incubation, the remaining concentration of CP in the treatment

ranged from 0.8% to 1.5% of the initial concentration (Figures
4 and 5).

On the other hand, at 4 months after the addition of CP, the
decomposition rate CP of 2 bacterial communities was coded as
CLO01, and CLO2 (the remaining CP from 1% to 1.5% compared
to the control), which were higher than 2 communities were
coded as PHO1 and PHO2 (the remaining of CP from 1% to
16% compared to the control).

Identification of Intermediate CP Products

The intermediate products generated during the decomposition
of CP by soil anaerobic bacteria were identified. This results
in the production of various metabolic byproducts, including a
chlorine decomposition product at position 5 on the pyridine
ring, namely O, O-diethyl-3,6-dichlo-2 pyridyl phosphoroth-
ioate. Another by-product formed is the ester radical decompo-
sition product, which leads to the formation of 3,5,6-trichloro-
2-pyridinol (TCP). Further analysis revealed the presence of O,
O-diethyl-O (3,5,6-trichloro-2-pyridyl) phosphate (Chlorpyri-
fos oxon). Treatment without the addition of organic acids en-
hances the ability of bacteria to use CP for subproduct analysis.
Specifically, the sample obtained at 60 days showed daughter
products that were identical to those in the treatment with added
organic acids (one-chlorine reduction product, TCP, and Chlor-
pyrifos oxon). However, the 330-day sample exhibited only the
formation of chlorine-based decomposition products. In the an-
alytical results, we were unable to determine the carbon cleav-
age product of CP. This shows that in a farming environment in
which only CP is added to promote bacterial utilisation, dechlo-
rination products are still formed. The content of dechlorinated
CP was higher than that of TCP (Figure 6).

Anaerobic Bacterial Diversity in Soil

The results of PCR using 338F/Chl1101R primers showed that
Chloroflexi phylum was present in soil samples. Besides, the
results of PCR using 341F-GC/534R primers showed that all
samples had a band of DNA at a position of 200 bp. The results
of DGGE showed that each band on the gel represents a differ-
ent bacterial species. To determine whether the chlor-reduction
bacteria group in the experiment could be identified from the
new DNA bands that appeared in samples supplemented with
CP compared with the control treatment with no additional CP.
Because the incubation period had passed, bacteria could in-
crease the number. This leads to the formation of a new band in
the treatments (Figure 7). The PCR-DGGE results showed that
the structure of bacterial communities (was coded as PHO1) di-
versity among treatment complements did not supplement the
organic acid, and the control treatment (no additional CP) had
a high degree of similarity, 90%-96% (Figure 8).
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Figure 4. Chlorpyrifos degradability of bacterial comunities CLO1 (a) and CLO02 (b) (n = 3, standard error).

Figure 5. Chlorpyrifos degradability of bacterial comunities PHO1 (a) and PHO2 (b) (n = 3, standard error).




European Journal of Biology

Figure 6. Metabolism diagram of chlorpyrifos in organic acid supplementation
treatment.

Figure 7. Electrophoresis map PCR-DGGE product of treatments in soil sample
PHOL.

Figure 8. The similarity of the bacteria Chloroflexi phylum in soil samples
PHOL1.

Thus, Chloroflexi phylum bacteria were present in 4 soil sam-
ples, and the bacterial communities had a high degree of sim-
ilarity. This result is consistent with the test results for inter-
mediate metabolic products of the CP decomposition route by
anaerobic bacterial communities. Intermediate products gen-
erated during the decomposition of CP by soil bacterial com-
munities were determined as O, O-diethyl-3, and 6-dichloro-2
pyridyl phosphorothioate.

DISCUSSION

In recent years, there has been a growing interest in the mi-
crobial biodegradation of pollutants as a means of finding sus-
tainable ways to clean up contaminated environments. One
effective approach is to enhance the growth of microbes that
may already be present at the contaminated site and to intro-
duce specialised microbes with the ability to degrade specific
contaminants. This technique is known as bioremediation and
has become increasingly common. One particularly efficient
method is reductive dehalogenation, which rapidly detoxifies
chlorinated compounds. However, the complete degradation of
organochlorine contaminants under anaerobic conditions re-
quires a consortium of many microorganisms to work together,
with complex interrelationships.??

In the soil environment, CP can decompose and metabolise
in various ways, including adsorption into the soil, infiltra-
tion into groundwater, evaporation into the air, and absorption
and decomposition by soil microorganisms (both aerobic and
anaerobic). In soil, CP decomposition via hydrolysis and pho-
tolysis is slow. Therefore, microorganisms play a crucial role
in promoting drug decomposition. Although numerous studies
have been conducted on the decomposition of CP, most have
focused on aerobic conditions. Some notable studies on aerobic
decomposition include Singh et al.,?® who isolated Enterobater
B14 strain, and Yang et al.,”* who successfully studied the abil-
ity of Alcaligenes faecalis DSP3 strain to decompose both CP
and its byproduct TCP. Ghanem et al.> isolated Klebsiella sp.
for their study. Additionally, Anwar et al.?® Isolated Bacillus
pumilus C2A1 strains that decompose both CP and TCP. This
strain decomposed up to 90% of TCP at a concentration of 300
ppm after only 8 days of incubation.

Numerous studies have been conducted on the decomposition
of organic compounds containing chlorine in an anaerobic envi-
ronment. Among these compounds, some are considered highly
toxic, such as Dioxins. According to Duong et al.,!” bacteria be-
longing to the genera Clostridium, Chromium, Bacteroidetes,
and Chloroflexi can reduce chlorine content in these com-
pounds. The Chloroflexi phylum is one of the most exten-
sively studied genera due to its ability to degrade organochlo-
rine compounds, which are highly toxic and persistent in soil
and sediments. Within this phylum, Dehalococcoides mccartyi
is strictly anaerobic bacteria that are well-known for their




ability to obtain energy through the reductive dehalogenation
of organic chlorinated compounds. All known D. mccartyi
species use hydrogen as an electron donor, acetate as a car-
bon source, and halogenated aliphatic or aromatic compounds
as respiratory electron acceptors. For example, strain 195
can use perchloroethene (PCE), 1,2,3,4-tetrachlorodibenzo-p-
dioxin, and hexachlorobenzene as electron acceptors in its res-
piratory process.?’-?? Similarly, strain CBDB1 has been shown
to grow with hexachlorobenzene and dioxins as well.>>*! For
1,2,3,4-TCDD, chlorine is reduced at both the parent site (para)
and the branch site, resulting in the formation of products
such as 1,2,3-trCDD, 1,2,4-trCDD, and diCDD. In the case
of 2,3,7,8-TCDD, the product formed is 2,3,7-trCDD. The
bacterial species examined in the experiment are considered
quite diverse and differ from known chlorine-reducing bac-
terial species found elsewhere in the world. In addition to
dioxins, other organic toxins have been successfully investi-
gated. Jagnow et al.!> Has shown that certain bacteria, such as
Clostridium, Bacillaceae, and Enterobacteriaceae, can decom-
pose y-hexachlorocyclohexane (y-HCH) under anaerobic con-
ditions. Specifically, Clostridium butyricum, C. pasteurianum,
and Citrobacter freundii were found to effectively reduce chlo-
rine radicals attached to the gamma position within 4 to 6 days of
incubation. However, other facultative anaerobic species, such
as Lactobacillaceae and Propionibacterium, do not exhibit de-
composition activity. The main byproduct of this process is y-
tetrachlorocyclohexene (y-TCH), an important intermediate in
the degradation of y-HCH. Daniel (1990)3? conducted a study
on the degradation of polychlorinated biphenyls (PCBs). The
focus of this research was on the biodegradation of PCBs under
aerobic and anaerobic conditions. The PCB decomposition sys-
tem includes aerobic bacteria living in oxidising environments
and anaerobic bacteria living in oxygen-free environments, such
as aquatic sediments. Drug decomposition experiments follow
two different mechanisms. Aerobic bacteria can decompose
PCBs by breaking their structure and opening carbon rings. On
the other hand, anaerobic bacteria retain the biphenyl ring and
reduce the chlorine radicals in the molecule, forming various
derivatives of PCBs. These two natural processes complement
each other and contribute to the decomposition of the most
commonly used PCB mixtures. Other organophosphate pesti-
cides, such as CP, have also been the subjects of research. The
pesticide sumithion (0,0-dimethyl-o-(3-methyl-4-nitro) phos-
phorothioate) was tested for biodegradation using microorgan-
isms isolated from sludge under anaerobic conditions. Analysis
of drug concentrations using liquid and gas chromatography
revealed that the bacterial system was able to decompose sum-
ithion at concentrations of 20, 50, and 100 ppmin 15, 25, and 45
days, respectively. After 2 years of isolation, the bacterial strain
was identified as SY, which can be easily produced and used
to treat sumithion-contaminated soil.>3 Similar to other organic
substances, CP also contains chlorine radicals attached to the
aromatic rings. The successful decomposition of the aforemen-
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tioned substances demonstrates the potential of the anaerobic
decomposition of CP.

In the present study, after conducting the survey, all four
bacterial systems (CLO1, CL0O2, PHO1, and PHO2) effectively
decomposed CP under anaerobic conditions. Upon the addition
of CP, the bacterial systems could completely utilise the drug.
Over 20 days, there was no significant difference in the rate
of drug decomposition between the treatments with and with-
out organic acid supplementation for all four bacterial systems
(CLO1, CLO2, PHOI1, and PHO2). However, the decomposition
times of the four bacterial systems were shorter than those of the
initial experimental setup, indicating an increase in the number
of bacteria involved in the decomposition process. According
to the National Registration Authority in 2000, the hydrolysis
of CP is slower in moderately acidic soils but faster in alkaline
environments, because of having 2 types of soil in Tien Gi-
ang and Hau Giang provinces. In Tien Giang province, the soil
has 7.62% organic matter content which is higher than the soil
(having organic matter content of 4.9%) in Hau Giang province.
Therefore, in the soil of Tien Giang province, the ability of CP
hydrolysis and the decomposition of bacteria CP is better.

In this study, we examined the intermediate products pro-
duced during the decomposition of CP by anaerobic bacteria.
Our findings revealed that the primary intermediate products
were a chlorine decomposition product at position 5 on the pyri-
dine ring, namely O, O-diethyl-3,6-dichloro-2 pyridyl phospho-
rothioate, TCP, and O, O-diethyl-O (3,5,6-trichloro-2-pyridyl)
phosphate (Chlorpyrifos oxon). Chlorpyrifos oxon hydrolysis
rate is significantly faster than that of the original CP proper-
ties. Therefore, the formation of chlorpyrifos oxons is a crucial
intermediate step in promoting the decomposition of CP.° How-
ever, the concentrations of TCP and chlorpyrifos oxons were
found to be very low, indicating that the main decomposition
process is still the formation of dechlorination products. The
findings of the investigation into the metabolism of CP are par-
tially consistent with those of the Racke study on the overall
metabolic pathway of the compound. Both studies found that
TCP and chlorpyrifos oxons are formed during metabolism.
However, this study also discovered a new product, the dechlo-
rination product at position 5 on the pyridine ring, which is
the most abundant metabolite in the anaerobic digestion of CP.
This product was not observed in the Racke® study on CP
metabolic products. Thus, in each treatment with or without
organic acids, bacteria used CP as an electron acceptor during
respiration. Particularly for treatments without added organic
acids, it is not possible to conclude from the analysis results
whether or not the bacteria can use CP as their sole carbon
source. Analysis of the control samples revealed CP in the soil
samples used for testing. Of these samples, half showed evi-
dence of TCP formation at low concentrations. The survey of
CP decomposition activity and analysis of metabolic products
indicated the presence of anaerobic bacteria in the natural en-
vironment that are capable of breaking down CP. Moreover,




European Journal of Biology

the results of the analysis of bacterial diversity are consistent
with the results of by-product testing using GC/MS. This shows
that the presence of organic acid in the soil does not affect the
products identified in the presence and absence of organic acid
supplementation. This indicates that there was no difference
in the drug decomposition mechanism between the two treat-
ments, indicating a similar structure in the bacterial system.
However, in treatments NT2 and NT3, only a small number
of daughter products were detected, with only TCP appearing
in half of the analysed samples. This could be due to the low
concentration of the products, which renders them difficult to
detect. Despite this, CP was still present, indicating the possi-
bility of dechlorination activity in both treatments, regardless
of the presence of additional organic acid sources. This finding
could explain the high similarity between all treatments.

CONCLUSION

Analysis of CP during anaerobic incubation revealed that all
four bacterial communities from the four soil samples possessed
the ability to effectively decompose CP. Furthermore, the rate of
degradation was found to double when the bacterial density was
increased during incubation. Interestingly, the decomposition
rate of CP over the 4-month incubation period was higher in the
two bacterial communities from alluvial soil than in those from
acid soil. It was observed that all four bacterial communities
utilised anaerobic respiration to degrade CP by reducing —chlor.
This shows the presence of Chloroflexi bacteria in the soil
samples.
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ABSTRACT

Objective: Iris species are widely used in pharmaceutical and cosmetic applications owing to their high content of bioactive
compounds with anti-inflammatory and antimicrobial properties. This study aimed to investigate the potential antibacterial effect
of crude extracts (aqueous, 50% and 80% ethanol) of three Iris species (I. pumila, while I. reichenbachii and I. illyrica are endemic)
from Bosnia and Herzegovina against the multiresistant bacterial strain methicillin-resistant Staphylococcus aureus subsp. aureus
ATCC 33591 (MRSA strain).

Materials and Methods: The antimicrobial compounds in the crude extracts were identified using High-performance liquid
chromatography (HPLC), and their effects on the MRSA strain were tested using agar well diffusion and broth microdilution
method. The binding affinities were analysed using molecular docking simulations.

Results: We identified bioactive targeted compounds in these extracts, mainly flavonoids named isorhamnetin, hesperidin,
quercetin, fisetin, genistein, and kaempferol. Antibacterial assays showed that extracts of all three Iris species inhibited MRSA.
The binding affinity analysis showed that isorhamnetin and hesperidin had the highest affinity scores, stronger (isorhamnetin) or
the same (hesperidin) as the positive control ceftobiprole.

Conclusion: Thisin vitro and in silico study showed that Iris species represent a valuable source of bioactive compounds that can
be used against multidrug-resistant strains such as MRSA. The potential use of these agents in multiple drugs is warranted, and
further evaluation for human application is needed.

Keywords: Plant bioactive compounds, Methicillin-resistant Staphylococcus aureus, Molecular docking, Minimum inhibitory
concentration.

INTRODUCTION

Staphylococcus aureus is a Gram-positive facultative anaerobic
bacterium commonly found in the body as part of its
microbiota.! During the production of virulence factors, such
as extracellular toxins and enzymes or cell surface protein
expression, S. aureus can promote infections by becoming a
pathogenic strain.” These high lethality rates can include infec-
tions of the skin and soft tissues, endovascular infections, pneu-

S. aureus. A subgroup that has developed drug resistance pri-
marily to B-lactams is methicillin-resistant S. aureus (MRSA).
Decreased affinity for p-lactams or B-lactams resistance of
S. aureus has been developed due to the presence of mecA,
which encodes penicillin-binding protein 2a (PBP2a).* MRSA
has become one of the greatest threats in clinical medicine,
resulting in difficult prediction and expensive treatment.

Despite intensive research and development of a new broad

monia, endocarditis, sepsis, and similar. It is one of the most
important human bacterial pathogens that can cause infection
in almost any human tissue. The treatment of these infections
can be problematic due to the presence of antibiotic-resistant

range of antibiotics, there is still a need for their effectiveness
confirmation.’ The progress in combating antimicrobial resis-
tance is greatly reduced because of the effects of the pandemic.®
Thus, the incidence of the increased number of drug-resistant

Corresponding Author: Jasna Hanjalic Kurtovic E-mail: jasna.hanjalic @ingeb.unsa.ba

Submitted: 15.05.2024 e Revision Requested: 09.07.2024 ¢ Last Revision Received: 24.07.2024 o Accepted: 19.08.2024 ¢ Published Online: 19.09.2024

This article is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License (CC BY-NC 4.0)

182



http://orcid.org/0000-0001-8593-4678
http://orcid.org/0000-0002-7769-4181
http://orcid.org/0009-0007-1965-3297
http://orcid.org/0000-0002-5022-6185
http://orcid.org/0000-0002-8693-7886
http://orcid.org/0000-0002-7927-2417
http://orcid.org/0000-0002-5996-4926
http://orcid.org/0000-0002-4951-7516
http://orcid.org/0000-0002-7636-3559
http://orcid.org/0000-0003-2260-318X

pathogens is highlighted as a primary investigation field by var-
ious pharmaceutical and scientific communities; they recog-
nised the potential in alternative treatments with the usage and
drug repurposing of plant-derived substances.? Because natu-
ral compounds constitute the majority of currently used clinical
antibiotics, numerous plant extracts are continuously important
sources of antimicrobials.>’

Worldwide, many endemic plant species have shown sig-
nificant antimicrobial activity.®!! These studies highlight the
potential of endemic plants as sources of new antimicrobial
agents. Within the Iridaceae family, Iris spp. represent the
largest genus and one of the most significant families of flow-
ering plants, ranging throughout Eurasia and North America,
with a vast diversity of species.!> Many secondary metabo-
lites that have been identified from Iris species have demon-
strated various biological properties, including antimicrobial,
antioxidant, anti-inflammatory, antitumor, and immunomodu-
latory effects.!? The unique chemical compounds that endemic
plants often produce are potential sources of novel antimicro-
bial agents that may be effective against resistant strains of
bacteria and fungi.'* Research on the medicinal properties of
endemic plants also highlights their ecological importance and
promotes conservation efforts that are crucial for maintaining
biodiversity and protecting ecosystems. >

This study explored the antimicrobial in vitro activity of dif-
ferent Iris plant extracts from Bosnia and Herzegovina, includ-
ing dwarf iris, Iris pumila L., Iris reichenbachii Heuff., and
Nlyrian iris, Iris illyrica Tomm., against methicillin-resistant
S. aureus, as well as the confirmation of their potential antimi-
crobial properties using molecular docking simulation studies.

MATERIALS AND METHODS
Preparation of Plant Extracts

Plant material from three different Iris species was col-
lected in the period of April-June 2021 in different re-
gions of Bosnia and Herzegovina (I. pumila-Kalinovik re-
gion, I. reichenbachii-Kladanj region, and I. illyrica-Neretva
Canyon). Clean and air-dried rhizomes were macerated and pul-
verised using an IKA mill and dissolved in a 1:1 volume ratio
of the solvents (distilled water, 50% ethanol, or 80% ethanol).
Following evaporation, the extracts were dissolved in absolute
ethanol and filtered through a PTFE syringe sterile filter (Lab-
Expert, Slovenia, 0.45 pm) under sterile conditions. The final
concentration of the crude extract was 330 mg/mL.

Componential Analysis of Target Compounds

High-performance liquid chromatography (HPLC) was used to
identify potential antimicrobial compounds in /ris species plant
extracts using an Agilent Infinity II 1260 HPLC system. Analy-
sis was performed at a constant temperature of 40°C during a 55
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min run. HPLC standards for the targeted compounds (fisetin,
quercetin, kaempferol, isorhamnetin, genistein, and hesperidin)
were acquired from Sigma-Aldrich, USA.

Evaluation of Antibacterial Activity

The antimicrobial properties of Iris species extracts were tested
against the multi-drug-resistant bacteria Staphylococcus aureus
subsp. aureus ATCC 33591 (MRSA strain) using agar well dif-
fusion and broth microdilution. The MRSA strain was culti-
vated on Mueller—Hinton (MH) medium overnight at 37°C as
part of the agar well diffusion method.!® The cultured MRSA
strain was used at 1-2 x 108 CFU/mL as the inoculum, ob-
taining uniform homogeneous turbidity corresponding to 0.5
McFarland.!” Then, 50 pL of each extract was added to the
wells made by drilling the plates with a sterile borer. Tests
were performed in triplicate. Clear inhibition zones were mea-
sured after incubation at 37°C for 24 h. We used several antibi-
otics as positive controls: Colistin (10 pg), Streptomycin (10
pg), Ampicillin (10 pg), and Amoxicillin (25 pg), all made
by Oxo0id™, Great Britain. The broth microdilution method!®
was used to determine the minimum inhibitory concentration
(MIC) and minimum bactericidal concentration (MBC). The
50 pL of liquid Mueller—Hinton Broth (Sigma Aldrich) was
added to every well in a sterile microtiter plate, except in the
wells of the first column. Subsequently, serial two-fold dilutions
of the tested Iris species extracts were added in the 165-0.32
mg/mL range. After that, 50 pL of the MRSA suspension was
added to the first eleven columns, at approx. 5x10° CFU/mL
concentration. The eleventh column contained only the stan-
dard inoculum used as the positive control, while the twelfth
column contained the negative control sterile liquid MHB. Af-
ter incubation for 16-18 h at 37°C, 30 pl of 0.015% resazurin
(Sigma-Aldrich, USA) was added to each well and left for an-
other 2-4 h of incubation. At the end of the analysis, the wells
without visible change represented the concentration of the ex-
tract above the MIC value.'® MBCs were determined by plating
well contents with concentrations higher than the MIC and in-
cubating at 37°C for 24 h aerobically. Each test was performed
twice.

Receptor-Ligand Binding Evaluation

To elucidate the potential antibacterial effect against multi-
drug bacteria, we analysed the binding affinity of determined
bioactive compounds in Iris species extracts (fisetin, quercetin,
kaempferol, isorhamnetin, genistein, and hesperidin) to the
SauPBP2a active site—the protein responsible for MRSA re-
sistance to P-lactams. The obtained affinity values were com-
pared against ceftobiprole, which is a high-affinity reference
molecule, and methicillin, which has a low affinity to the
SauPBP2a active site.”’ The three-dimensional (3D) crys-
tal structure of SauPBP2a was retrieved from the Protein
Data Bank (PDB) database (RCSB Protein Data Bank) (PDB
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ID: IMWT). The structure data files (SDF) were obtained
from the PubChem database (isorhamnetin CID:5281654; hes-
peridin CID:10621; ceftobiprole CID: 135413542; quercetin
CID: 5280343; fisetin CID: 5281614; genistein CID:5280961;
kaempferol CID:5280863; methicillin CID:6087). The SDF
ligand files were converted to PDB 3D format using Py-
MOL 2.4. (https://pymol.org/2/), whereas the preparation
of target proteins and ligands and their conversion to the
PDBQT format was performed using AutoDock Tools software
(http://mgltools.scripps.edu/downloads). Selection and deter-
mination of the catalytic binding site of SauPBP2a (amino
acid residues within chain B named Ser403, Lys406, Tyr446,
Serd62, Asn464, Ser598, Gly599, and Thr600) were based on
reference data, and also PrankWeb.2! Grid box dimensions
were based on data from the literature. Molecular docking fol-
lowed standard procedures that require AutoDock Vina 1.1.2.
software.?? To identify the molecular interactions, we used Py-
MOL 2.4.

Statistical Analysis

Mean values * standard deviation (SD) were calculated using
Microsoft Office 2019 (Excel (Microsoft Corporation, USA).
One-way ANOVA (P<0.05 and P<0.01) and Tukey’s multiple
comparison test were calculated using software STATISTICA
10; StatSoft. Inc.

RESULTS

In Vitro Antimicrobial Activity of Identified Bioactive
Compounds

HPLC revealed that targeted bioactive compounds in I. pumila,
L reichenbachii, and I. illyrica extracts (aqueous, 50% ethanol,
and 80% ethanol) were present in Iris species extracts at differ-
ent concentrations, in a range from 0.223647 to 292.6555, ex-
pressed in mg.g"! DW. Fisetin was not present in all I. pumila ex-
tracts, kaempferol, and hesperidin in I. illyrica extracts, whereas
genistein was identified only in the aqueous and 50% ethanolic
extracts of I. pumila (Table 1).

The results of the antibacterial assay (agar well diffusion
method) showed that all tested extracts of Iris spp. had antibac-
terial effects against the MRSA strain. The aqueous extract of
1. pumila had the greatest inhibitory effect against this multi-
drug-resistant strain (20.00+1.73), although the other values of
the effects of the extracts were also not negligible. The poten-
tial antimicrobial properties of the extracts were also evaluated
using MIC and MBC as parameters (Table 2). None of the
four antibiotics tested (colistin, ampicillin, streptomycin, and
amoxicillin), did not cause the growth inhibition, whereas most
extracts had MIC values between 10.31 and 20.63 mg/mL.

In Silico Molecular Docking Simulation

A molecular docking study revealed that the best binding affin-
ity (rmsd L.b. 0.000; rmsd u.b. 0.000) to the SauPBP2a site was
for isorhamnetin (-8.3), following the hesperidin (-8.1) as well
as the positive control of binding ceftobiprole (-8.1), followed
by quercetin (-7.9), fisetin (-7.8), genistein (-7.5), kaempferol
(-7.3) and methicillin (-5.3), all expressed in kcal/mol. It was
noted that all compounds had better scores than the negative
control of binding affinity methicillin.

After acquiring binding affinity results, we analysed inter-
molecular interactions of ligands with better or the same bind-
ing scores as the positive controls ceftobiprole (isorhamnetin
and hesperidin) and the target protein SauPBP2a. These data
revealed interactions between amino acid residues and selected
compounds in terms of the formation of good hydrogen bonds.
Isorhamentin formed five hydrogen bonds in total, including
three with the amino acid residue Ser403 (2.9 A: 22 A;20
A), one with Asn464 (3.2 A), and Ser462 (2.5 A). The bioac-
tive component hesperidin exhibited hydrogen bonding with
the amino acid residues: Serd494 (2.2 A), Asn500 (2.3 A),
and Gly282 (2.4 A). The positive control for binding affin-
ity, ceftobiprole, formed two hydrogen bonds with the amino
acid residues Ser598 (2.7 A) and Thr600 (2.0 A) (Figure 1).

DISCUSSION

Iris species are well known for their use in the pharmaceuti-
cal, cosmetic, and food industries, but they also have various
potential applications as antioxidant, anticancer, hepatoprotec-
tive, anti-inflammatory, and antimicrobial 21gents.13’23 Some
are widely used in traditional medicine for inflammation, bac-
terial, and viral infections, and in some cases as adjuvant ther-
apy for cancer treatment.>* These biological activities are the
result of numerous bioactive compounds present, such as xan-
thones, quinones, flavonoids and their derivates, terpenes, and
simple phenolics.>>?° In the present study, we examined the
potential antibacterial effect of crude extracts of Iris species
(I. pumila, I. reichenbachii, and I. illyrica) obtained using dif-
ferent solvents against the MRSA strain. Using HPLC, we
identified bioactive targeted compounds (isorhamnetin, hes-
peridin, quercetin, fisetin, genistein, and kaempferol). Isorham-
netin, quercetin, fisetin, and kaempferol belong to the class
of flavonoids named flavanols; hesperidin is in the flavanone
group of flavonoids, while genistein is an isoflavone. To our
knowledge, the results from our research represent the first re-
port on the phytochemical composition of three Iris species
crude extracts from the Bosnia and Herzegovina area, charac-
terised via HPLC technique. Other phytochemical studies of
Iris spp. have revealed the presence of different flavonoids in
their composition.?’
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Table 1. Compound contents of the examined extracts were determined using HPLC.

Compound content (mg/1 g DW)

Plant species The type of Fisetin Quercetin  Kaempferol Isorhamnetin Genistein ~ Hesperidin
extraction
aqueous 81.31115 48.4339 0 6.97005 0 10.35255
Iris 50 %
reichenbachi  ethapol 218.0028  18.08235  0.1995659 0.469365 0 46.45055
Heuff. 30 %
ethanol 292.65555 22.1808 0.87237 0.933755 0 76.9613
agueous 0 53.02175 10.16585 25.4444 0 15.16575
i i 0
Iris pumila L. 50 % 0 129293 0922625 2.075675 0.113647  58.0301
ethanol
80 %
ethanol 0 9.2454 0.894715 2.20035 0.132236  48.0050
aqueous 65.8556 15.81085 0 14.5912 0 0
Iris ilyirica 50 %
Tomm. ethanol 84.4289 7.905 0 2.651465 0 0
80 %
168.878735  14.96365 0 8.1085 0 0
ethanol

Table 2. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of tested extracts and control and diameter of inhibition zones*
(mm) obtained through the agar well diffusion method.

Staphylococcus aureus subsp. aureus ATCC 33591

(MRSA strain)

Plant species The type of MICe MBC- Diameter of inhibition
extraction (mg/mL) (mg/mL) zones (mm)
L. . aqueous 10.31 20.63 18.00+0.00
:j'esu;:'Che”baCh" 50 % ethanol 10.31 20.63 19.0041.00"%"
80 % ethanol 10.31 20.63 16.30+0.57 "Phi ™d
aqueous 10.31 20.63 20.00+1.73 ™ cef
Iris pumila L. 50 % ethanol 10.31 20.63 16.70+0.57 ¢
80 % ethanol 10.31 20.63 16.30+0.57 "bhi™d
aqueous 10.31 20.63 18.00£0.00
Iris illyrica Tomm. 50 % ethanol 10.31 20.63 19.00+1.00 "¢ f
80 % ethanol 20.63 41.25 19.00+0.00 "¢
Amoxicillin,
initial
Control (mg/mL) concentration = NI NI N/A
0.512 mg/mL

«Same values obtained through duplicates
* Note: The data are given as mean + standard deviation (SD) of triplicate experiments. Results were subjected
to One-way ANOVA, and mean comparisons were performed using Tukey’s multiple comparison test.
Different superscripts in the column indicate significant differences (**P<0.01 and *P<0.05).

NI=No inhibition

Figure 1. Results of intermolecular bonding (H-bond yellow dots) between ligands (1 A-isorhamnetin; 1B-hesperidin; positive control 1C-ceftobiprole) and amino
acid residues of the SauPBP2a active site.
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Many in vitro or in vivo studies have pointed out that these
flavonoids have prominent antimicrobial effects?®?, whereas
some of those studies emphasised the antibacterial effect against
MRSA. For instance, some studies indicated the inhibitory ef-
fects of kaempferol and quercetin against MRSA3’, hesperidin
inhibited biofilm formation of MRSA3!, genistein was high-
lighted as a promising drug for MRSA-induced osteomyelitis.>>
These are just a few of the studies that are being conducted to
explore the potential of research-targeted bioactive compounds
against multiresistant MRSA. They are positively correlated
with our findings; potential antimicrobial effects of compounds
mentioned above were found in the Iris species examined in
this study.

A molecular docking analysis of binding affinity showed that
isorhamnetin had the highest affinity score, even higher than
the positive control ceftobiprole, whereas hesperidin had the
same binding affinity as ceftobiprole. The binding energies of
the analysed ligands were ranged from -5.3 to -8.3 kcal/mol.
Alhadrami et al. analysed the antimicrobial effect of certain
flavonoids against MRSA, i.e., the PBP2a receptor. Their re-
sults and data obtained through in silico analysis, followed
by in vitro studies on the bacterial MRSA strain, suggested
that, apart from the other compounds, quercetin, kaempferol,
and hesperidin had antimicrobial potential, whereas hesperidin
showed a synergistic effect.”’ In the present study, kaempferol
had higher binding affinity than negative control methicillin.
However, compared to the other ligands, it had the lowest score.
Ceftobiprole had a slightly better binding score than quercetin.
The study of Kalalo et al. showed that quercetin (-8,5 kcal/mol)
and kaempferol (-8,3 kcal/mol) had the potential to inhibit
MRSA.3? Both ligands, isorhamnetin, and hesperidin, inter-
acted within residues that are in the transpeptidase domain of
PBP2a protein (residues 327-668)3*, which suggests that these
compounds have the potential to bind to the PBP2a active site,
which could ultimately have an impact on cell wall synthesis.

According to the results of the agar well diffusion test, all ex-
tracts showed strong inhibitory activity against MRSA.3 The
highest antibacterial activity with an inhibition zone value of
20 mm was observed for the aqueous extract of I. pumila,
and the statistical analyses revealed that it was significantly
greater (P<0.01) than the inhibition zone values for 50% and
80% ethanol extracts of 1. pumila and 80% ethanol extract
of I reichenbachii. Additionally, positive effects against the
MRSA strain were recorded for the 50% ethanol extract of
L reichenbachii and 50% and 80% ethanol extracts of I. illyrica
(19 mm), with statistically significant differences (P<0.05)
when compared with the 50% and 80% ethanol extracts of
L. pumila. According to Gold et al., absolute ethanol has no
microbiocidal effect; therefore, its antimicrobial effect cannot
be attributed to the solvent but mostly to the components that
possess antimicrobial potential, as recorded in the literature.®
In the existing literature, there are no data on the effects of
these three species of the genus Iris on multiresistant MRSA,

but studies are available on other Iris species. A study by Hoang
et al. (2020) showed that Iris spp. of the Iridaceae family have
antimicrobial potential against S. aureus, whereby the methanol
extracts showed also the anti-biofilm formation effect.’’

CONCLUSION

Our study using in vitro and in silico methods showed that
Iris species from Bosnia and Herzegovina have the potential to
be a valuable source of antimicrobial compounds, particularly
against multiresistant bacterial strains such as MRSA. However,
further studies are needed to confirm the mechanism of action
and possible cytotoxic and genotoxic effects for initial use in
pharmacotherapy. This study can serve as a basis for exploring
the health-based properties of endemic plants from the Balkan
peninsula.
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Anatomical and Histological Structures of the Female Reproductive System
of the Adult Lucerne Leaf Beetle Gonioctena fornicata (Briiggemann, 1873)
(Coleoptera: Chrysomelidae)

Nurcan Ozyurt Kocakoglu' | Hicret Arslan' , Selami Candan!

1Gazi University, Science Faculty, Department of Biology, Yenimahalle, Ankara, Tiirkiye

ABSTRACT

Objective: The aim of this study was to determine the anatomical and histological structures of the female reproductive system of
Gonioctena fornicata (Briiggemann, 1873) (Coleoptera: Chrysomelidae), an economically important alfalfa pest, and to contribute
to studies in this field.

Materials and Methods: The anatomy and histology of the female reproductive system and egg structure of adult G. fornicata
were described using stereo, light, and scanning electron microscopy.

Results: The female reproductive system of G. fornicata comprises a pair of ovaries, lateral oviducts, a spermatheca, and a
common oviduct. Each ovary contains 14 telotrophic ovarioles with terminal filaments. Just below the terminal filament is the
germarium. The germarium surface is smooth and has a pear-shaped appearance. There is a single oocyte in the vitellarium region,
located next to the germarium. The oocyte, which completes its development, passes into the pedicel, the last part of the ovariole.
The ovarioles are connected to the lateral oviduct via pedicels. Polygonal shapes are observed on the chorion surface of eggs in
the lateral oviduct. A pair of lateral oviducts opens into a common oviduct. Spines extend from the intima layer of the lateral and
common oviducts towards the lumen. G. fornicata eggs laid outside are yellowish in colour and have a cylindrical appearance.
The chorion is extremely thin and has polygonal shapes on its surface.

Conclusion: The female reproductive systems of G. fornicata are generally similar to those of other species in the subfamily
Chrysomelinae.

Keywords: Ovariol, Ovary, Trophocyte, Light microscope, Scanning electron microscope.

INTRODUCTION

The family Chrysomelidae comprises most species-rich and
important families."> This family includes approximately 19
subfamilies and >2,000 genera, and the total number of species
is estimated to exceed 50,000. The Palaearctic region is repre-
sented approximately 3,500 Chrysomelidae species®™ although
recent studies indicate that the region is home to approximately
9,293 species. In Turkey, approximately 968 Chrysomelidae
species have been identified, representing 11 subfamilies and
113 genera.'” Chrysomelinae includes important pests and bi-
ological control agents and is one of the largest subfamilies in
Chrysomelidae.!'!:12

One of the pest species included in the Chrysomelinae is
the lucerne leaf beetle Gonioctena fornicata (Briiggemann,
1873), which is a pest of plants in the Fabaceae family, es-
pecially alfalfa. Both the adult and larval stages of G. fornicata

(Chrysomelidae) are highly damaging, causing crop losses and
significant damage to alfalfa. Adults and larvae of these species
feed on the leaves, flowers, leaf buds, young shoots, and stem
tips of alfalfa.!3-1

In the Coleoptera female reproductive system, the ovaries are
divided into two or more ovarioles that open into the oviduct.'®
There are terminal filaments, germarium, vitellarium, and pedi-
cel in each ovariol.!”"?* Whereas the division of germ cells and
detection of oocyte and follicle formation occur in the ger-
marium, the growth of oocytes and egg formation occur in
the vitellarium.?! There are very few studies on the reproduc-
tive systems of the different species belonging to the family
Chrysomelidae, which is of great importance for the reproduc-
tive system and the classification.!”?>26 The aim of this study
was to determine the female reproductive system and egg struc-
ture of G. fornicata (Chrysomelidae) anatomically and histo-
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logically and to contribute to the development of more effective
control methods against this pest.

MATERIALS AND METHODS

Lucerne Leaf Beetle Samples

The 20 adult female specimens of G. fornicata (Chrysomeli-
dae) used in this study were collected in May 2022 from an
agricultural field in Elazig, Tiirkiye.

Stereo Microscopy

The female reproductive organs of insects anaesthetised with
ethyl acetate smoke and dissected in 0.1 M sodium phosphate
buffer at pH 7.2, examined, and photographed under an Olym-
pus SZX7 stereomicroscope.

Light Microscopy

For histological examination, 10 female reproductive systems
were dissected and fixed in 10% neutral formalin for 24 h.
After fixation, the specimens were rinsed with tap water and
dehydrated in an ethanol gradient from 50% to 100%. They
were then clarified in two batches of xylene for 15 min each
and gradually switched from xylene to paraffin. The tissues
were then definitively embedded in liquid paraffin at 65°C and
solidified at room temperature. 5-6 pm thick sections were
obtained from these paraffin blocks using a Microm HM 310
microtome. Finally, sections were stained with Haematoxylin
and eosin (H&E) and Mallory’s trichrome (M) and visualised
and photographed using an Olympus BX51 LM microscope.

Scanning Electron Microscopy (SEM)

For SEM examination, initially, 10 samples were fixed in 2.5%
glutaraldehyde and then rinsed with sodium phosphate buffer
(pH 7.2). The samples were then dehydrated using a series
of ethanol solutions ranging from 50% to 100%. Subsequently,
the samples were air-dried using hexamethyldisilazane. Finally,
the specimens, which were affixed to SEM stubs with double-
sided tape, received a thin gold coating using a Polaron SC 502
sputter coater before examination. Images were captured using
aJEOL JEM 6060 LV SEM at 5 kV.

RESULTS

The female reproductive system of G. fornicata comprises one
pair of ovaries, one pair of lateral oviducts, and one common
oviduct. Each ovary consists of four parts; terminal filament,
germarium, vitellarium, and pedicel. The ovary consists of 14
telotrophic ovarioles with terminal filaments (Figure 1). The
ovariole ends with a terminal filament (Figures 2a and 2b). The
germarium is located in the second half of the ovariole. When
histological sections are examined, it is seen that the trophocyte
proximal to the germarium had large spherical and basophilic
nuclei (Figures 2b, 2c and 2d). Germarium has a pear-shaped
appearance and a smooth surface (Figure 2e). The germarium

length is 291 pm and width is 144 nm, and the width of the
terminal filament is 12.9 pm. At the same time, trophocyte were
found in the broken samples (Figure 2f).

Figure 1. General view of Gonioctena fornicata female reproductive system
under steromicroscope. co: common oviduct, lo: lateral oviduct, ov: ovariole.

Figure 2. (a) Terminal filament extending from the germarium under light
microscope: Haematoxylin and eosin (H&E) and Mallory’s trichrome (M)
staining. (¢,d). Germarium under light microscope: H&E staining (e). Germar-
ium and terminal filament general view under scanning electron microscope.
(f). Nutrient granules in germarium under scanning electron microscope. Gr:
Germarium, Tf: Terminal filament, Trf: Trophocyte.

The germarium contains trophocyte (large nurse cells), young
oocytes, and prefollicular cells (Figure 3a). There is a single
oocyte in the vitellarium region, located next to the germarium.




The previtellogenic oocyte is surrounded by several layers of
follicular epithelium. No nutrients were stored in the ooplasm
(Figure 3b). The vitellogenic oocyte is surrounded by a single-
layered cylindrical follicle epithelium. Nutrients began to be
stored in the ooplasm (Figures 3c and 3d). When examined
under a scanning electron microscope, nutrient granules were
observed in the ooplasm of the choriogenic oocyte, and the
chorion layer was formed (Figure 3e). At this stage, polygonal
shapes are distinguished on the chorion surface (Figure 3f).

Figure 3. (a) General appearance of trophocytes, prefollicular cells, and young
oocytes in the germarium under light microscope: Mallory’s trichrome (M)
staining. (b). Section of previtellogenic oocytes under light microscope: M
staining, (c,d). Vitellogenesis under light microscope: Haematoxylin and eosin
staining. (e). Choriogenic oocyte under scanning electron microscope. (f).
The surface of choriogenic oocyte, under scanning electron microscope. Ch:
Chorion, Fe: Follicular epithelium, Nm: Nutrient material, Nu: Nucleus, Ng:
Nutrient granules, Op: Ooplasma, Pf: Prefollicular cells, Trf: Trophocyte, Yo:
Young oocytes.

The choriogenic oocyte passes into the pedicel, which is the
last part of the ovariole. The ovarioles are connected to the
lateral oviduct by pedicels (Figure 4a). The last part of the
ovarioles is the pedicel, which is surrounded by a single-layer
epithelium (Figures 4a and 4b). The pedicels connect to the
lateral oviduct, which has a wider lumen (Figure 4a). Histo-
logical sections are examined, it is seen that it is surrounded
by a single-layer epithelial layer and forms folds towards the
lumen (Figures 4c and 4d). The oval nuclei are located towards
the middle of the epithelium. When histological sections taken
from the lateral oviduct were examined, abundant spine-like
structures were observed on the intima (Figures 4c and 4d).

Ozyurt Kocakoglu et al., Female Reproductive System of the Adult G. fornicata

Figure 4. (a) Attachment of the pedicels to the lateral oviduct under light
microscope: Haematoxylin and eosin (H&E) staining. (b) Longitudinal section
of the pedicel under light microscope: Mallory’s trichrome staining, (c,d).
Spines located in the lateral oviduct under light microscope: H&E staining. Sp:
Spins, lo: lateral oviduct, Lu: Lumen, Nu: Nucleus, Pd: Pedicel.

Figure 5. (a,b) Common oviduct histological section under light microscope:
Haematoxylin and eosin staining. (¢). Connection of the lateral oviduct to the
common oviduct under scanning electron microscope. co: common oviduct,
lo: lateral oviduct, Lu: Lumen, Nu: Nucleus, Sm: Secretory materials, Mc:
Muscles.

The lateral oviduct open into the common oviduct, and in the
histological sections of the common oviduct, a single-layered
epithelium with a round nucleus forming wide folds towards
the lumen is observed. Beneath the epithelium, spines extend
from the intima layer towards the lumen. Secretory material is
remarkable in the lumen. There is a dense amount of muscle
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around the common oviduct (Figures 5a and 5b). Numerous
trachea networks can be seen on the lateral and common oviduct
surfaces (Figure 5c).

G. fornicata (Chrysomelinae) eggs lying outside are yellow-
ish in colour and have a cylindrical appearance (Figure 6a).
Eggs are 1.35 mm long and 0.5 mm wide. The egg has a mi-
cropyle region (Figure 6¢) and polygonal shapes on its surface
(Figures 6a-6e). In the SEM image (Figure 6f), the opening
made by the larva as it hatches from the egg can be distin-
guished. Aeropyle openings are evident on the egg side (Figures
6g and 6h). The egg chorion is very thin (~500 nm) (Figures 61
and 6j).

Figure 6. (a) Gonioctena fornicata eggs in the general view under stereomi-
croscope. (b-e). Micropyle opening and polygonal patterns on the egg sur-
face under scanning electron microscope. (f). Opening on the surface of the
egg. (g,h). Aeropyles on the egg surface under scanning electron microscope.
(i,j). Chorionic thickness of the egg under scanning electron microscope. Ae:
Aeropyle opening, Ps: Polygonal shapes.

DISCUSSION

The female reproductive systems of G. fornicata are gen-
erally similar to those of other Chrysomelinae species such
as Zygogramma exclamationis (Fabricius, 1798), Chrysomela
populi (Fabricius, 1798), Chrysolina herbacea, (Duftschmid
1825), and Phaedon brassicae (Baly, 1874).23-27-29

Insect eggs develop in highly protected structures called
ovarioles.’® The ovariole is important both systematically and
in terms of life history.>’3> The number of ovarioles affects
fertility because each ovary produces its own egg.’33> Ovar-
iole numbers play a crucial role in reproductive fitness.®
Taxonomists find them valuable because of the fluctuation
in the ovariole counts of insects over evolutionary time,
ranging from increases to decreases and stabilisation. Ex-
treme ovariole numbers often mirror extreme egg produc-
tion levels, providing insights into evolutionary adaptations.?’
When the number of ovarioles of the studied leaf beetles
is analysed, it was observed that the number varied from
species to species. For example, the number of ovarioles
in G. fornicata (Chrysomelinae) consists of 14 telotrophic
ovarioles. However, each ovary of C. herbacea (Chrysomeli-
nae) contains 18 telotrophic ovarioles.?® In Stolas conspersa
(Cassidinae), each ovary contains 28 ovarioles.!” How-
ever, in Longitarsus nigripennis (Galerucinae), each ovary
comprises 5-7 telotrophic ovarioles.”* Each ovary of
Callosobruchus maculatus (Fabricius 1775), (Bruchinae) com-
prising 6 ovarioles.?® The ovariole of G. fornicata (Chrysomeli-
nae) consists of four parts: terminal filaments, germarium, vitel-
larium, and pedicel. These structures were similarly reported
in Aspidimorpha sanctaecrucis (Fabricius, 1792) (Cassidinae),
C. populi (Chrysomelinae), C. herbacea (Chrysomelinae), and
P. brassicae (Chrysomelinae).??%7-2

In G. fornicata (Chrysomelinae), spines were observed in
groups on the intima of the lateral and common oviducts. In
Chrysomela scripta (Chrysomelinae), the lateral oviduct in-
tima has spines.’® In C. populi (Chrysomelinae), spines were
observed on the intima of the common oviduct.?’

The pedicel of G. fornicata exhibits a singular-layered struc-
ture with inward folds directed towards the lumen. Conversely,
in A. sanctaecrucis (Cassidinae), the ovarian duct is enveloped
by a straight forward columnar epithelium.?

The surface patterns and shapes of insect eggs are essen-
tial. Egg characteristics generally support higher taxonomic
groups.3¥40 Additionally, egg size, colour and surface struc-
ture vary among genus and are systematically important.
G. fornicata eggs are yellowish and cylindrical. The eggs of
Sennius bondari (Pic,1929) (Bruchinae) and Sennius nappi
Ribeiro-Costa & Reynaud 1998 (Bruchinae) are oval.® Sim-
ilarly, C. populi (Chrysomelinae) eggs are light yellow and
long.?” G. fornicata (Chrysomelinae) eggs are polygonal, sim-
ilar to C. herbacea (Chrysomelinae) eggs.?® These structures




were similarly reported in Callosobruchus spp. (Bruchinae)
and Zabrotes subfasciatus (Boheman, 1833), (Bruchinae)
are smooth.** Egg size varies in different genera of the
Chrysomelidae. G. fornicata (Chrysomelinae) egg size is 1.35
mm in length and 0.5 mm in width. C. populi (Chrysomeli-
nae) is approximately 1.6 mm in length and 0.6 mm width.?’
C. herbacea (Chrysomelinae) eggs are 1.60 mm long and 0.75
mm in width.”® The eggs of S. nappi (Bruchinae) were avoid,
0.74 mm in length and 0.39 mm wide, and were covered by an
ornamented membranous composed of small triangles.>

CONCLUSION

The morphological structures of the female reproductive organ
and egg structure of insects are relatively complex and vary
from species to species. Examining these structures is crucial
for the fight against these pests. Therefore, in this study, we
focused on describing the female reproductive organ and egg
structure of G. fornicata and presented its similarities and dif-
ferences with other species. This study intends to contribute
to female reproductive biology studies in Coleoptera and other
insect order species, which may be useful for future taxonomy
studies of insect histoanatomy.
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ABSTRACT

Objective: Uncontrolled oxidative stress and diabetes are linked to multiple serious health issues. This study aimed to demonstrate
the potency of Aspergillus niger solid-state fermentation (SSF) to enhance the preventive and therapeutic capacity of Ficus
racemosa fruit extract (FRFE) against oxidative stress and hyperglycaemia.

Materials and Methods: SSF and post-SSF ultrasound-assisted extraction was utilised to prepare fermented FRFE (F-FRFE).
F-FRFE was compared with unfermented FRFE (U-FRFE) in terms of the antioxidant activity and the protective effect against
oxidative stress and hyperglycaemia. The antioxidant activity was evaluated by 2,2-diphenyl-1-picrylhydrazyl/2,2-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) radical scavenging, ferric reducing antioxidant potential, and thiobarbituric acid reactive
substance assays. The protective effect against oxidative stress was evaluated in human hepatocytes treated with the oxidative
stress inducer, H,O,. The antioxidative stress and antihyperglycemic impact was further investigated in a streptozotocin-induced
diabetic mouse model.

Results: Compared with U-FRFE, F-FRFE possessed higher in vitro and ex vivo antioxidant potential. In human hepatocytes,
H,0, treatment induced apoptotic cell death, which was alleviated by F-FRFE at a higher extent compared with U-FRFE. In the
diabetic mouse, F-FRFE but not U-FRFE treatment completely subsidised hyperglycaemia and elevated oxidative stress.

Conclusion: Our findings demonstrated the protective effectiveness of F-FRFE against oxidative stress and hyperglycaemia with
prospects in pharmaceutical applications.

Keywords: Ficus racemosa, Antioxidant, Hyperglycaemia, Diabetes, Oxidative stress, Solid-state fermentation

INTRODUCTION

Oxidative stress occurs when intrinsic antioxidant defences
are overburdened by the production of reactive oxygen species
(ROS) or due to the imbalance between ROS and the antioxi-
dant level. ROS are produced by biological organisms to reg-
ulate various cellular processes such as stress response, cell
death or survival, and inflammation.! Excessive accumulation
of ROS or increased oxidative stress has been implicated in the
development of multiple health issues such as ageing, obesity,
diabetes, cardiovascular disease, osteoporosis, chronic kidney
disease, chronic obstructive pulmonary disease, neurodegen-
erative diseases, and cancer.! Several reports have suggested
that natural compounds, especially polyphenols extracted from
plant sources, can remarkably reduce oxidative stress and atten-
uate oxidative stress-related health disorders such as diabetes
and cancer.? Diabetes mellitus is a metabolic disorder with per-

sistent hyperglycaemia, caused by the failure of insulin produc-
tion (type 1) or insulin resistance (type 2). Diabetes is recorded
as one of the most prevalent diseases worldwide with a high
rate of premature morbidity and mortality.> Diabetic onset is
linked to increased production of ROS, resulting in oxidative
stress, which further escalates the progression of diabetes mel-
litus and leads to the development of other severe disorders.*
Therefore, uncontrolled or untreated diabetic patients would de-
velop serious complications, many of which would be caused
by elevated oxidative stress. The current main treatment strat-
egy for diabetes is the use of antihyperglycemic or hypo-
glycaemic drugs, such as metformin, thiazolidinediones, sul-
fonylureas, dopamine-2 agonists, glucagon-like peptide-1 ago-
nists, dipeptidyl peptidase-4 inhibitors, and sodium-glucose co-
transporter-2 inhibitors, either alone or in combination.” Nev-
ertheless, chronic treatment with these chemical agents could
lead to various undesirable side effects such as abdominal pain,
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nausea, and body weight gain.’> Therefore, tremendous efforts
have been made to identify alternative natural compounds in
the management of hyperglycaemia and diabetes. Among these
compounds, polyphenols extracted from plant sources, espe-
cially medicinal plants, are excellent candidates due to their low
toxicity and high antioxidant and hypoglycaemic potential.

Ficus racemosa is cultivated in various countries, including
Southeast Asia, China, Malaysia, India, Sri Lanka, Pakistan,
New South Wales and Australia.® Different parts of F. racemosa
tree have been used as a traditional medicine in many countries
and reported to possess multiple biological activities such as an-
tioxidant, antimicrobial, anti-diabetic, anti-cancer, hepatopro-
tective and anti-inflammatory capability.® The bioactive con-
tent and biological activities of various plant extracts have been
shown to be augmented via solid-state fermentation (SSF).”-!!
Therefore, this study investigated the ability of SSF to enhance
the bioactive values of F. racemosa fruit extract (FRFE) in
terms of total phenolic content (TPC), total flavonoid content
(TFC), the in vitro and ex vivo antioxidant activity, the protec-
tive capacity against oxidative stress injury in hepatocytes and
the antioxidative stress and anti-hyperglycaemic potential in a
diabetic mouse model.

MATERIALS AND METHODS
Sample Preparation for SSF

Ficus racemosa fruit was collected from the Tien Giang
province in Vietnam. The sample was available at the herbar-
ium of the International University—-VNU HCM, Vietnam.
F. racemosa fruit was cleaned, air dried and ground into a fine
powder, which was the dried material (DM) for SSF.

SSF and Post-SSF Extraction

The Aspergillus niger strain was obtained from the microbial
library of Nguyen Tat Thanh University, Vietnam, and was
identified as A. niger by 18s rRNA gene sequencing. SSF and
post-SSF ultrasound-assisted extraction was performed as de-
scribed with modifications.” Briefly, DM was mixed with water
in an Erlenmeyer flask covered with cotton plugs to obtain a
moisture content of 70%. The samples were then sterilised at
121°C for 15 min, cooled, and inoculated with a fungal spore
suspension (107 spores/g DM). The inoculated flasks were in-
cubated at 30°C for 5 days. Next, 95% ethanol was added at
10:1 mL/g DM, followed by ultrasonication (40 kHz and 400
W) for 20 min at 30°C. The mixture was shaken for 5 min
at room temperature and then centrifuged at 8,000 rpm for 20
min. The supernatant was filtered through a 0.2 pm membrane
filter and concentrated by a vacuum evaporator at 40°C for 8
h. Unfermented F. racemosa fruit extract (U-FRFE) was pre-
pared in the same manner as the fermented F. rasemosa fruit
extract (F-FRFE), except for the absence of fungi. U-FRFE or
F-FRFE was dissolved in deionised water to obtain the desired

concentrations for the in vitro, ex vivo, in vivo and cell culture
experiments.

Determination of the Total Phenolic Content

The TPC of the samples was measured by the Folin—Ciocalteu
method as described in a previous study.” Briefly, 12 puL of the
samples were mixed with 100 pL of diluted Folin&Ciocalteu’s
phenol reagent and incubated for 5 min at room temperature,
followed by the addition of 100 pL of Na,CO5 (60 g/L). Next,
the mixture was incubated for 1 h at room temperature and the
absorbance was measured at 725 nm. TPC was expressed as
mg of gallic acid equivalent per 1 g of DM (mg GAE/g DM),
determined from the gallic acid calibration curve. All chemicals
were purchased from Sigma (USA).

Determination of the Total Flavonoid Content

The TFC was determined as described in a previous study.’
Briefly, 50 pL of the samples were mixed with 75 pL sodium
nitrite (5%) and 75 pL aluminium trichloride (10%), and the
mixture was incubated for 5 min before the addition of 100
pL sodium hydroxide (1%). After incubation for 1 h, the ab-
sorbance was measured at 510 nm. The total flavonoid content
was expressed as milligrams of quercetin equivalent per 1 g of
DM (mg QE/g DM) based on the calibration curve for quercetin.
All chemicals were purchased from Sigma (USA).

Phytochemical Screening by Colour Tests

Colour tests for the presence of different phytochemical groups
were performed according to previously described procedures.’
The groups tested were as follows: alkaloid (Dragendorff test),
flavonoid (Bate-Smith and Metcalf test), glycoside (Kedde re-
action), phenol, saponin (foam test), terpenoid (Salowski test),
triterpenoid and steroid (Liebermann-Burchard test).

2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) Radical Scavenging Assay

The ABTS radical scavenging capacity was determined as pre-
viously described.” Briefly, the ABTS radical solution was pre-
pared by mixing the ABTS solution (7 mM) with the potassium
persulfate solution (2.45 mM). The mixture was kept in the dark
at room temperature for 16 h before being diluted to obtain a
working ABTS radical solution with an absorbance at 734 nm
of 0.7. Then, 200 pL of the samples were added to 600 pL of
ABTS radical working solution and the mixture was incubated
for 30 min at room temperature in the dark. The absorbance at
734 nm was then measured. The percentage of scavenging ac-
tivity (% SA) was calculated from the absorbance of the control
(A.) and ascorbic acid/extract sample (Ag) as follows: % SA =
(Ac - Ag) x 100/ Ac.

The half-maximal inhibitory concentration (ICsy) value was




then determined based on the linear curve showing the % SA at
different sample concentrations, which was the concentration
at which % SA = 50. A higher ICs, value indicated a lower
radical scavenging ability. All chemicals were purchased from
Sigma (USA).

2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical
Scavenging Assay

The DPPH radical scavenging capacity of FRFE was deter-
mined as previously described.” Briefly, 20 uL of the samples
were mixed with 180 pL of DPPH (6 x 10° M, Sigma, USA).
The mixture was incubated for an hour at room temperature in
the dark, and the absorbance was measured at 517 nm. DPPH
solution was used as a control. The % SA and ICs, were calcu-
lated as in the ABTS radical scavenging assay.

Ferric Reducing Antioxidant Potential (FRAP) Assay

The FRAP assay was performed as previously described.’
Briefly, the FRAP working reagent was prepared by mixing
10 volumes of 300 mM acetate buffer (pH 3.6) with 1 volume
of 2,4,6-tri(2-pyridyl)-s-triazine (10 mM) prepared in 40 mM
hydrochloric acid and 1 volume of 20 mM ferric chloride. Then,
200 pL of the samples were added to 10 pL of the FRAP work-
ing solution and the mixture was incubated at 37°C for 30 min.
The absorbance was then measured at 593 nm. The reducing
power was calculated from the ferrous sulphate standard curve.
FRAP values were expressed as millimoles of ferrous sulphate
equivalent per 1 g of sample (mmol FSE/g). All chemicals were
purchased from Sigma (USA).

Ex Vivo Lipid Peroxidation or Thiobarbituric Acid
Reactive Substance (TBARS) Assay using Mouse Brain
Homogenates

The assay was performed as previously described.!? Trolox
(Sigma, USA) was used as an antioxidant control. The ex vivo
assay was based on the determination of the relative amount
of malondialdehyde (MDA). The MDA level was determined
based on the reaction with TBA, resulting in products with
maximum absorbance at 532 nm. Briefly, mouse brains were
homogenised in phosphate buffer (pH 7.4) ata 1:10 ratio at 4°C.
Brain homogenates were incubated with the extract samples and
FeSO,4/H,0, mixture (FeSO40.1 mM:H,0, 15 mM at 1:1 ratio)
at 37°C for 15 min. Trichloracetic acid 10% was added to the
mixture, which was then centrifuged at 12,000 rpm for 5 min.
The supernatant was collected and incubated with 0.8% TBA in
a 2:1 ratio at 100°C for 15 min. The absorbance was measured
at 532 nm and the IC5, was determined. All chemicals were
purchased from Sigma (USA).

Cell Culture

HepG2 cells (ATCC, USA) were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM, Sigma, USA) supplemented with

Vu and Chung, Fermented Fruit Extract Protects against Hyperglycaemia

10% heat-inactivated foetal bovine serum (FBS, Sigma, USA),
100 U/mL penicillin (Sigma, USA), and 100 pM streptomycin
(Sigma, USA). The cells were maintained in a 5% CO,/95% air
incubator at 37°C. All experiments were performed at less than
10 passages. Cells were tested for mycoplasma every 2 months
(Universal Mycoplasma Detection Kit, ATCC, USA).

WST1 Cell Survival Assay

Cell viability was determined using the cell proliferation
reagent WST-1 (Sigma, USA) in a 96-well plate format ac-
cording to the manufacturer’s instructions.

Western Immunoblotting

Protein extract preparation and subsequent sodium dodecyl-
polyacrylamide gel electrophoresis (SDS-PAGE)/Western im-
munoblotting were performed as previously described.!16
Briefly, the cells were lysed in cell lytic M buffer and the protein
concentration was determined by Bradford. The total protein
lysate was then subjected to sodium dodecyl-polyacrylamide
gel electrophoresis (SDS-PAGE) followed by Western im-
munoblotting for cleaved caspase-9 and f-actin as a loading
control. Horseradish peroxidase-conjugated anti-rabbit or anti-
mouse IgG antibodies were used as secondary antibodies. All
antibodies were purchased from Cell Signalling Technology
(USA).

Animal Studies and Sample Collection

Male Swiss albino mice were obtained from the Nha Trang
Institute of Vaccines and Biological Products in Vietnam af-
ter six weeks of age. The mice were acclimated to stan-
dard environmental conditions for a week and fed standard
rodent chow and water ad libitum. All mouse studies were
conducted under the supervision and approval of the Animal
Research Committee of the International University, Vietnam
National University of Ho Chi Minh City (No. BT03/2023,
http://crl.bio.hcmiu.edu.vn/about-us/facilities/) and according
to ARRIVE (Animal Research: Reporting of In Vivo Experi-
ments) guidelines and in accordance with the National Research
Council’s Guide for the Care and Use of Laboratory Animals.

Examination of the Acute Toxicity

To determine acute toxicity, mice (five male mice per group)
were given a single oral dose of the vehicle control, U-FRFE
or F-FRFE at various doses (0.2, 1 and 5 g/kg). Mortality and
general behaviour were reported daily for 14 days.

Examination of the Antioxidative Stress and
Antihyperglycemic Effect

Mice were IP injected with a single dose of the vehicle control
or streptozotocin (STZ, 70 mg/kg BW, Sigma, USA). After 7
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days of vehicle or STZ treatment, mice with blood glucose lev-
els above 200 mg/dL were treated daily with vehicle control,
U-FREFE or F-FRFE at 0.2 g/kg body weight (BW), or gliben-
clamide (5 mg/kg BW). The experiments were performed in
two independent times and there were four mice per group in
each replicate for a total of eight mice per group.

Quantification of Serum Glucose

Serum glucose levels were determined using the GOD-PAP Kit
(Human Diagnostic Ltd. Co., Uganda) following the manufac-
turer’s instructions.

Quantification of MDA in Livers in Livers and Kidneys

MDA levels in the livers and kidneys were determined as pre-
viously described.? Briefly, the livers and kidneys were ho-
mogenised in KCl 1.15% for 1 min at 13,000 rpm. The ho-
mogenates were then incubated with Tris-HCI (pH 7.4) at 37°C
for 1 h, and TCA 10% was added to stop the reaction. The su-
pernatant obtained by centrifugation reacted with TBA 0.8% at
100°C for 15 min and the absorbance was measured at 532 nm.
The concentration of MDA was determined from the MDA
standard, normalised to total liver or kidney protein (deter-
mined by Bradford) and expressed as nmol per 1 g of protein.
All chemicals were purchased from Sigma (USA).

Quantification of Reduced Glutathione in Livers and
Kidneys

The reduced glutathione (GSH) level in the livers and kidneys
was determined as previously described.? Briefly, the livers
and kidneys were homogenised in KCl 1.15% for 1 min at
13,000 rpm. The homogenates were then incubated with Tris-
HCI (pH 7.4) at 37°C for 1 h, and TCA 10% was added to stop
the reaction. The supernatant obtained from the centrifugation
reacted with the Elman reagent in phosphate-EDTA buffer for 3
min at room temperature, and the absorbance was measured at
412 nm. The GSH concentration was determined from the GSH
standard, normalised to total liver or kidney protein (determined
by Bradford) and expressed as nmol per 1 g of protein. All
chemicals were purchased from Sigma (USA).

Statistical Analysis

Student’s t-test was used for significant comparisons between
the two groups. ANOVA followed by the post hoc Tukey’s hon-
estly significant difference (HSD) test was used for comparisons
between three or more groups. All statistical analyses were per-
formed using the R program. A p-value of less than 0.05 was
considered a significant difference.

RESULTS

Improvement of the Bioactive Phytochemical Content and
Antioxidant Activity after SSF

As shown in Table 1, TPC and TFC were significantly increased
after the fermentation duration of 5 days. Besides polyphenols,
the levels of other bioactive phytochemicals such as terpenoids
and sterols could be increased post- SSF, as indicated by the
enhanced signals in the phytochemical screening (Table 2). The
increased bioactive content in FRFE after SSF was congruent
with the increase in in vitro and ex vivo antioxidant activity
(Table 1).

FRFE with Enhanced Protective Capacity against
Oxidative Stress Injury in Hepatocytes

H,0, was utilised to induce oxidative stress in hepatocytes.
H,O, treatment resulted in decreased cell survival and in-
creased cellular levels of the apoptotic marker, cleaved caspase-
9, which was completely blocked by pretreatment with F-FRFE.
In contrast, pretreatment with U-FRFE (Figure 1) partially al-
leviated oxidative stress-mediated apoptotic cell death.

Acute Toxicity Examination

In the acute toxicity study, no mortality, signs of toxicity, or
significant behavioural changes, including grooming, hyperac-
tivity, loss of righting reflex, sedation, and convulsions, were
observed after oral administration of either U-FRFE or F-FRFE
for up to 14 days, even at the highest dose of 5 g/kg BW (Table
3).

FRFE with Enhanced Protective Capability against
Oxidative Stress and Hyperglycaemia in
Streptozotocin-Induced Mouse Model

In mice treated with a single dose of streptozotocin, an increase
in blood glucose levels (Figure 2) and oxidative stress, as in-
dicated by increased MDA levels and decreased GSH levels
in the kidneys and livers (Figure 3), were observed. GSH is
considered to be one of the most important antioxidants pro-
tecting cells from ROS and oxidative stress damage. A decrease
in the GSH level is therefore an indicator of increased oxida-
tive stress. Another well-studied marker of oxidative stress is
MDA, which is one of the end products of lipid peroxidation.
All of these disturbances were reversed by treatment with either
F-FRFE or glibenclamide, a hypoglycaemic agent commonly
used for treating type 2 diabetes. However, the mitigating ef-
fect of U-FRFE on oxidative stress and hyperglycaemia was
to a lesser extent compared with that of F-FRFE, suggesting
SSF-mediated enhancement of the protective efficacy of FRFE
against oxidative stress and hyperglycaemia.
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Table 1. Total phenolic content, total flavonoid content and the antioxidant activity of unfermented and fermented Ficus racemosa fruit extract.

TPC (mg TFC (mg ABTS ICso DPPH ICso FRAP Ex vivo I1Cso
GAE/g DM) QE/g DM) (ng/mL) (pg/mL) (mmol FSE/qg) (ug/mL)
U 16.30 = 0.56 1.06 £ 0.08 126.80 +5.87 159.17 +8.94 0.28 £0.03 54,14 +4.39
F 34.13+1.33* 233+0.13* 55.18 £2.55* 76.53+5.08*  0.75+0.04* 21.45 +2.14*
AA - - 1.76 £ 0.17 2.27+0.15 19.70 £ 0.79 -
Trolox - - - - - 23.92+1.38

TPC, total phenolic content; GAE, gallic acid equivalent; DM, dry material; TFC, total flavonoid content; QE, quercetin equivalent;
ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); DPPH, 2,2-diphenyl-1-picrylhydrazyl; FRAP, ferric reducing
antioxidant potential; FSE, ferrous sulphate equivalent; 1Cso, half-maximal inhibitory concentration; U, unfermented Ficus
racemosa fruit extract; F, fermented Ficus racemosa fruit extract (F); AA, ascorbic acid; data were means + standard deviation
from 3 independent replicates; * p<0.05, compared to U.

Table 2. The presence of phytochemical groups in unfermented and fermented Ficus racemosa fruit extract.

Group U F

Alkaloid + -
Flavonoid + ++
Glycoside + ++
Phenol + ++

Saponin - -
Tannin + ++
Terpenoid + ++
Triterpenoid and steroid + ++

U, unfermented F. racemosa fruit extract; F, fermented F. racemosa fruit extract; (-), undetected;
(+) and (++), detected; group marked with (++) had higher signal intensity in colour tests than group
marked with (+).

Figure 1. Protective efficacy against oxidative stress injury in hepatocytes. HepG2 cells were treated with vehicle (V), unfermented Ficus racemosa fruit extract
(U), or fermented Ficus racemosa fruit extract (F) (0.2 mg/mL) for 30 min before being treated with vehicle or H,O, (200 pM) for 6 h. Then, the cells were
subjected to the WST1 cell viability assay (a) or Western immunoblotting for cleaved caspase-9 or $-actin (b). Data in graphs were means + standard deviation. In
(a), the cell viability for the vehicle group (V) was normalised to 100%; n = 5 from two independent occasions. In (b), the cleaved caspase-9 density was normalised
to P-actin density and caspase-9/p-actin density ratio was then normalised to 1; n = 3 from two independent occasions. * p<0.05, compared to all other groups.
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Table 3. Observation of the mortality and signs of toxicity after 14 days of administration of unfermented and fermented Ficus racemosa fruit extract.

Dose Loss of the
Mortality Grooming Hyperactivity Sedation Convulsion

(mg/kg BW) righting reflex

0.2 N N N N N N
U 1 N N N N N N

5 N N N N N N

0.2 N N N N N N
F 1 N N N N N N

5 N N N N N N

BW, body weight; U, unfermented Ficus racemose fruit extract; F, fermented Ficus racemose fruit extract; N, no mortality
or no abnormal sign for all five mice in a group.

Figure 2. Protective effect against hyperglycaemia in streptozotocin-induced diabetic mouse model. After 7 days of vehicle (V) or streptozotocin (S) treatment,
the mice were treated with vehicle (V), unfermented Ficus racemosa fruit extract (U), fermented Ficus racemosa fruit extract (F), or glibenclamide (G). Serum
samples were collected on days 0, 7, 14, and/or 21 after V/S treatment for the determination of glucose levels. Data were means + standard deviation; n = §; *
p<0.05, compared to all other groups.

Figure 3. The protective effect against oxidative stress in a streptozotocin-induced diabetic mouse model. After 7 days of vehicle (V) or streptozotocin (S) treatment,
the mice were treated with vehicle (V), unfermented Ficus racemosa fruit extract (U), fermented Ficus racemosa fruit extract (F), or glibenclamide (G). Livers
and kidneys were collected on day 21 post-V/S treatment for the determination of malondialdehyde (MDA) or reduced glutathione (GSH) levels. Data were means
+ standard deviation; n = 8; * p<0.05, compared to all other groups.




DISCUSSION

This study implicated A. niger SSF as an effective and envi-
ronmentally friendly approach to prospectively augment the
release of various bioactive compounds in FRFE. The mecha-
nistic action of SSF for increasing the bioactive content of the
plant extract has not been thoroughly investigated. It is likely
that enzymatic conversion and/or cleavage of the material ma-
trix contributes to the enhanced release of bioactive compounds
in the plant extract,” which requires further investigation to sub-
stantiate the suggested mechanisms and determine the specific
change in the phytochemical profile after SSF.

The results of the phytochemical composition and in vitro
antioxidant activity of U-FRFE were congruent with those of
a previous study!” using FRFE prepared in the same man-
ner. Specifically, the TPC, TFC, and DPPH ICs values deter-
mined in the present study, as well as the presence of alkaloids,
flavonoids, tannins, and steroids, were consistent with the pre-
vious study. However, the DPPH radical scavenging activity
of U-FRFE was lower than that of FRFE in another study,'®
probably due to differences in the extraction method and in the
material source.

Different types of polyphenols may be associated with the
antioxidant and antidiabetic potentials of the plant extract.'8
Regarding the polyphenolic profile, a previous study reported
that FRFE contains significant amounts of caffeic acid, cat-
echin, (-)-epicatechin, gallic acid, p-coumaric acid, rutin, sy-
ringic acid, trans-ferulic acid, vanillin and vanillic acid,'® some
of which may be increased after SSF. In addition to the polyphe-
nolic compounds, other phytochemicals in FRFE may con-
tribute to the protective capacity against oxidative stress and
hyperglycaemia. Further research is essential to clarify the re-
lationship between the change in phytochemical composition
after SSF and the enhanced effect of FRFE on antioxidative
stress and anti- hyperglycaemia. Since F-FRFE was shown to
have higher free radical scavenging activity and increased in-
trinsic GSH level, it is plausible that it prevented oxidative
stress or ROS accumulation through multiple actions: limiting
ROS formation, removing existing ROS by direct scavenging
activity and/or enhancing intrinsic antioxidant defence to limit
ROS accumulation. Further studies are needed to determine the
mechanistic action of F-FRFE in suppressing oxidative stress.

The human hepatoma cell line HepG2 was used in this study
as a cellular model of oxidative stress injury. HepG2 is orig-
inally derived from hepatocellular carcinoma but still retains
several biological characteristics of hepatocytes. It has been
used to study oxidative injury induced by H,O,, iron arachi-
donic acid, CYP2E], alcohol, and hepatitis C virus.20 Regard-
ing H,0,, it has been widely used to induce oxidative stress
injury in hepatocytes and other cell types.?!?* In particular,
H,0, has been reported to induce apoptotic cell death, which is
consistent with the results of this study. Importantly, the induced
apoptotic cell death was completely "rescued" by F-FRFE, but
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not by U-FRFE pretreatment, likely due to the higher antioxi-
dant activity of F-FRFE compared to U-FRFE. H,0,-induced
oxidative injury in HepG2 cells was also reported to be com-
pletely rescued by cocoa phenolic extract in a previous study,?*
indicating the significant effect of the antioxidant-rich extract
in ameliorating oxidative injury. Regarding the mechanism of
cell death suppression, it is plausible that F-FRFE prevents
cell death by inhibiting the apoptotic pathway activation. How-
ever, further investigation would be required to exclude the
involvement of other cell death/survival pathways in the effect
of F-FRFE on cell viability.

For hyperglycaemic mouse models, STZ and alloxan, the
cytotoxic glucose analogues, are the most prominent chem-
ical agents used to induce diabetes. Alloxan has been used
in previous studies to create a hyperglycaemic mouse or rat
model.!”?> In these studies, FRFE at a dose of 0.2 g/lkg BW
was shown to partially alleviate the hyperglycaemia, which is
consistent with the observation in this study for the effect of
U-FREE at the same dose. Compared with U-FRFE, F-FRFE
completely reversed the elevated blood glucose levels induced
by STZ treatment, indicating a higher protective effect against
hyperglycaemia.

The onset of diabetes is associated with increased oxidative
stress and increased oxidative stress has been reported to accel-
erate the progression of diabetes and lead to the development of
other serious health disorders.* Findings in this study also sup-
ports speculation regarding the interactive effect of F-FRFE on
oxidative stress and hyperglycaemia. It is likely that FRFE sta-
bilises blood glucose levels by reducing oxidative stress. How-
ever, the possibility of an oxidative stress-independent hypogly-
caemic effect of F-FRFE could not be ruled out without further
investigation. If the effect of F-FRFE on blood glucose levels
depends on its antioxidant activity, another unclear mechanism
is how F-FRFE modulates blood glucose levels by controlling
oxidative stress. Regardless of these unrevealed mechanisms,
the preventive efficacy of F-FRFE against oxidative stress injury
and hyperglycaemia is conclusive, highlighting its potential ap-
plications in nutraceutical and pharmaceutical products.

CONCLUSION

Diabetes and other oxidative stress-related health disorders
can potentially be alleviated by natural compounds from plant
sources. F-FRFE with enhanced TPC, TFC and antioxidant
capacity was demonstrated in this study to effectively protect
hepatocytes from oxidative stress and subsidise the oxidative
stress and hyperglycaemia in STZ-induced mouse model. The
mechanistic dual action of F-FRF was also revealed: enhance-
ment of intrinsic antioxidant defence and direct scavenging of
free radicals. Most importantly, the F-FRF extract was shown
to be safe, highlighting its potential to replace or reduce the use
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of current chemically synthesised drugs with undesirable side
effects.
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Etoposide Treatment of Cancer Cell Lines Results in Nuclear Localisation
of Cleaved Gasdermin D

Soukaina Imlilss! , Zahira Ahmadi' , Ghita Jekki' , Elif Eren!

Bahceschir University, Faculty of Engineering and Natural Sciences Department of Molecular Biology and Genetics, Inflammasomes and Cell Death Laboratory,
Besiktas, Istanbul, Tiirkiye

ABSTRACT

Objective: Overcoming resistance to apoptosis is one of the main goals of cancer treatment. Subversion of apoptosis to pyroptosis,
an inflammatory cell death mediated by Gasdermin family members, was previously proposed as an alternative strategy for killing
cancer cells. Since the pyroptotic activity of Gasdermin D has been mainly studied in the context of inflammasome activation
and its association with cancer is mostly based on expression correlation, we sought to determine whether Gasdermin D-mediated
pyroptosis could be triggered in response to drugs used to induce apoptosis in cancer cells.

Materials and Methods: Cancer cells were treated with different concentrations of etoposide, gemcitabine, and cisplatin, which
are used as chemotherapeutic agents in various ongoing clinical trials. Membrane integrity was evaluated by measuring lactate
dehydrogenase release, and Gasdermin D and Caspase activations and subcellular localisation of Gasdermin D were determined
by western blotting.

Results: Upon treatment with the well-known apoptosis inducer etoposide, a necrotic form of programmed cell death was observed
in different cancer cell lines even at low drug concentrations. Additionally, cleavage analysis revealed a 20-kDa-Gasdermin D
fragment in the supernatant of treated cells. Surprisingly, this cleaved form was localised in the nuclei of etoposide-treated cells
rather than in the well-defined cytosolic and plasma membrane localisations.

Conclusion: Overall, these results demonstrate the complex interplay between different cell death pathways and suggest that
Gasdermin D generates a fragment presenting an unknown function in the nuclei of etoposide-treated cancer cell lines.

Keywords: Pyroptosis, Gasdermin D, Cancer, Etoposide, Nucleus

INTRODUCTION new strategies to target Gasdermin B in HER2-positive breast
o ) ] cancer cells are under development.®” Whereas a clear correla-
Pyroptosis is an inflammatory form of necrotic cell death me- o phetween Gasdermin B expression and cancer progression

diated by Gasdermin D and is required for the clearance of a5 made, conflicting results were obtained for Gasdermin D.
pathogen-infected cells and to trigger inflammation.'=> Gasder- Although a decrease in Gasdermin D expression was found to
min D is activated upon the recognition of pathogen-associated  5¢(ivate anti-tumoral immunity, other studies demonstrated that
molecular patterns (PAMPs) and danger-associated molecular 5, cdermin D downregulation promoted gastric tumour forma-
patterns (DAMPs) by the canonical and non-canonical inflam- ;5 and colorectal cancer.8-!! These data suggest that Gasder-

masome pathways. Gasdermin D cleavage by Caspase-1/4/5  min proteins modulate cancer through properties beyond their
results in the release of the 30 kDa N-terminal fragment (p30),

which translocates to the plasma membrane to form pores and
induces pyroptosis.!> These pores serve as conduits for IL-
1beta secretion into the extracellular milieu and result in mem-
brane rupture through the activation of NINJ1.4>

expression.

Interestingly, Gasdermin E, another member of the family,
can also trigger pyroptosis under physiological conditions. Gas-
dermin E was not activated by inflammasome-related Caspases
but rather by the apoptotic executioner Caspase-3 and initiator
Caspase-8. Gasdermin E triggered secondary necrosis upon its
pression of Gasdermin proteins was initially proposed as a  (leavage by Caspase-3 in macrophages infected with vesicular

prognostic marker for Various cancers. Ff)r instance, Gasder-  gomatitis virus or treated with high concentrations of etopo-
min B was shown to be highly expressed in breast cancer, and

Before the identification of their role in pyroptosis, the ex-
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side and localised at the mitochondrial membrane to induce
the release of mitochondrial proteins.'>!3 Chemotherapeutic
agents including etoposide activated Gasdermin E-dependent
pyroptosis in different cancer cell lines. ' Similarly, agents such
as lobaplatin, cisplatin, and paclitaxel triggered Gasdermin E-
mediated pyroptosis or secondary necrosis in lung and colon
cancer cell lines.!>!® Based on these findings, Gasdermin E is
considered the main player at the crossroads of the apoptosis
and pyroptosis forming a molecular determinant of pyroptosis
induction and is proposed to be a key target to overcome the
apoptosis resistance of cancer cells.!#16-22

These exciting advances establishing that Caspases involved
in apoptosis can also regulate Gasdermin E-dependent pyropto-
sis/secondary necrosis, led to the discovery of new Gasdermin
D cleavage sites. Whereas the activation of Gasdermin D in
macrophages stimulated pyroptosis, when Gasdermin D was
knocked out, Caspase-3 and Caspase-8 activations in response
to inflammatory stimuli directed cells towards apoptosis.>® Gas-
dermin D-mediated pyroptosis was blocked by Caspase-3 cleav-
age of Gasdermin D at aspartic acid 87 (Asp87) residue to
form a p43 fragment in macrophages.”* Interestingly, inhibi-
tion of TAK1 during Yersinia infection unmasked a Caspase-8-
dependent Gasdermin D cleavage at Asp275 as well as Gasder-
min E activation and pyroptosis.>>?® Under these conditions,
Caspase-3 generated the Gasdermin D p43 band which lev-
els decreased in Caspase-3 knockout cells.?® Taken together,
these findings indicate that Caspase-8 activation in the extrin-
sic pathway of apoptosis results in Gasdermin D cleavage at
Asp275 and pyroptosis, whereas this activation is counteracted
by Caspase-3 cleavage at Asp87.27-28

Despite these groundbreaking findings in immune cells and
under gene knockout or inhibitory conditions, the effect of
the well-studied inflammasome-related Gasdermin D protein’s
pyroptotic activity on tumour cell death is less understood.
The present study aimed to determine whether Gasdermin D-
mediated pyroptosis could be triggered by treatment with drugs
that induce apoptosis in cancer cells. For this purpose, we anal-
ysed pyroptosis properties such as cellular morphology, lactate
dehydrogenase (LDH) release, Gasdermin D and Caspase acti-
vation, IL-1beta secretion and revealed the cellular localisation
of Gasdermin D in cancer cell lines treated with etoposide, gem-
citabine, and cisplatin, which are known apoptosis-inducers
used alone or in combination with other drugs, in numerous
ongoing clinical trials.

MATERIALS AND METHODS
Cells and Drug Treatments

A549 human lung cancer cell line, HeLa human cervical cancer
cell line, THP-1 human leukaemia cell line, and 4T1 mouse
breast cancer cell line were used in this study. A549 and HeLa
cells were maintained in DMEM and THP-1 and 4T1 cells in
RPMLI, both supplemented with 10% fetal bovine serum, 1 mM
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penicillin/streptomycin, and 1 mM non-essential amino acids.
Cells were grown at 37°C, and 5% CO,.

2 x 10° low passage healthy cells were seeded in a 25 cm?
flask before treatment. The next day, cells were treated with the
indicated concentrations of etoposide (Sigma E1383), gemc-
itabine (Sigma G6423), and cisplatin (Santa Cruz sc200896)
for 24 h. Dimethyl sulfoxide (DMSO)-treated cells were used
as a control.

Morphological Analysis

The morphology of cells was assessed for different drugs, and
images were taken at 24 h after drug treatment from ran-
domly chosen fields with the approximate same number of total
cells using an inverted light microscope (Olympus CKX41).
Necrotic and apoptotic cells were identified visually based on
morphological criteria, such as apoptotic body formation for
apoptosis and swelling, and nucleus visibility for pyroptosis.

LDH Assay

LDH levels in fresh cell-free supernatants collected 24 h af-
ter drug treatments were measured using the CyQUANT™
LDH Cytotoxicity Assay (Invitrogen #C20301) according to
the manufacturer’s recommendations. Briefly, 50 pL of fresh
supernatant was incubated for 30 min with 50 pL substrate
mix and assay buffer, and LDH levels were measured at 490
and 680 nm after stopping the reaction with 50 pL sulphuric
acid. DMSO-treated cells were used as negative controls for
LDH release, and Triton-X-treated cells were used as positive
controls. The percentage of cell death was calculated according
to the following formula: ((LDH of the sample - LDH of the
negative control))/(LDH of positive control - LDH of negative
control))*100. Each condition was performed in three biologi-
cal replicates, and LDH levels were measured in triplicate for
each biological replicate.

Inhibition of Membrane Rupture

To inhibit NINJ1-dependent membrane rupture, cells were
treated with 5 mM glycine.?® Glycine was added to the cell
supernatant at the same time with the different drugs for mem-
brane inhibition, whereas the other cells were only treated with
the drugs. All supernatants were collected 24 h after treatment
for the LDH assay.

Gasdermin D and Caspase Activation

Gasdermin D and Caspase-1, Caspase-8 and Caspase-3 acti-
vations were assessed by Western blotting in total cell lysates
(TCL) and supernatants (Sup.). For TCL, cells were harvested
in RIPA buffer containing protease inhibitor complex and
cleared via centrifugation. FBS-free supernatants from con-
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trol and drug-treated cells were prepared by precipitating pro-
teins with 10% trichloroacetic acid and acetone wash. Both
TCL and the supernatants were run on 12% acrylamide gel
and transferred to 0.2 pm PVDF membrane for 1 h at 100
V. Proteins were visualised by using anti-Gasdermin D (Ab-
cam #ab209845), anti-Caspase-1 (Cell Signaling Technologies
#3860), anti-Caspase-8 (Cell Signaling Technologies #9746),
and anti-Caspase-3 (Abcam #ab13847) antibodies.

IL-1beta Quantification

IL-1beta levels were quantified in the cell-free supernatants
of treated cells using a human IL-1beta ELISA kit (Thermo
Fischer Scientific, Invitrogen #88-7261). Briefly, plates were
coated with anti-IL-1beta capture antibody overnight at 4°C.
The next day, after saturation, cell supernatants were added
in triplicate, and after 2 h of incubation, biotin-conjugated
anti-IL-1beta detection antibodies were added for 2 h. After
several washes and 15 min of incubation with tetramethylben-
zidine, IL-1beta levels were measured at 450 nm after stopping
the reaction. Purified human IL-1beta standards were used
to determine the IL-1beta concentration of the samples. In-
terferon gamma-primed cells infected with logarithmic phase
Salmonella typhimurium MOI2S5 for 5 h were used as positive
control for IL-1beta secretion.

Cell Fractionation

After 24 h of treatment, cells were collected and dissociated in
200 pL of hypotonic buffer (20 mM Tris-pH 7.4, 10 mM NaCl,
3 mM MgCl,). After 15 min of incubation on ice, 12.5 pL of
Triton-X100 (10%) was added, and samples were centrifuged
for 10 min at 3000 rpm. The supernatant was transferred into a
new tube and used as the “cytoplasmic fraction”. The cell pellet
was resuspended in 50 pL of complete cellular fractionation
buffer (20 mM Tris-pH 7.4, 1% Triton X-100, 10 mM NaCl,
1 mM EDTA, 10% glycerol, 0.1 M SDS) and incubated for
30 min on ice. After 30 min of centrifugation at 14.000 rpm,
the supernatant was transferred into a new tube and labeled as
the “nuclear fraction”. Equal concentration of total proteins for
both nuclear and cytosolic fractions was run on gel, and the
purity of each fraction was determined using anti-Lamin A/C
antibody (GeneTex #GTX101126) and anti-GAPDH antibody
(GeneTex #GTX100118), respectively.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism ver-
sion 10.2.3. The two-tailed Student’s t-test was used to deter-
mine statistical significance. Results of the analysis are shown
on graphics with the following symbols: ns: non-significant,
*p<0,05, ¥*p<0,01, ***p<0,001, ****p<0,0001. Each experi-

ment was repeated at least three times. Representative images
of each experiment were shown.

RESULTS

Lytic Form of Cell Death Is Induced in Etoposide-Treated
Cell Lines

Etoposide, a known inducer of apoptosis®’, was also found

to trigger NINJ1-dependent plasma membrane rupture and
Gasdermin D and Gasdermin E cleavage-associated pyrop-
tosis and/or secondary necrosis in macrophages in previous
publications.?® To test whether it could trigger Gasdermin D-
dependent pyroptosis in cancer cells, we treated A549 human
lung cancer cell lines with different concentrations of etopo-
side and determine whether cells could undergo a lytic form
of cell death (Figure 1). Twenty-four hours after treatment,
etoposide-treated cells started to show morphological charac-
teristics of necrosis, including cell swelling, membrane rupture,
and appearance of the nucleus, even at very low concentra-
tions, whereas the DMSO-treated control cells remained intact.
These phenotypes were also observed in cells treated with gem-
citabine, but at a lower extend than etoposide, whereas cisplatin
treatment did not induce significant morphological differences
(Figure 1A).

Because the major difference between apoptosis and necrosis
is the rupture of the membrane in the latter, we measured the
amount of LDH, a high-molecular-weight molecule that can
exit the cell only when the membrane is ruptured.’! Etopo-
side treatment of A549 cells triggered the release of LDH in
approximately 6%, 11%, and 26% of cells at 5, 10 and 50
pM respectively (Figure 1B). Similarly, gemcitabine treatment
triggered 1%, 11%, and 13% cell death at 1, 10 and 50 uM
respectively (Figure 1C). Although cisplatin is a well-defined
apoptosis inducer, it has previously been shown that A549 cells
are resistant to cisplatin-induced cell death.’?3 Similarly, we
did not detect any cell death at 20 pM concentration in cisplatin-
treated cells or LDH release, demonstrating the absence of cell
rupture (Figure 1D).

Recent publications have shown that NINJ1 is activated
downstream of many necrotic cellular demises and triggers
plasma membrane rupture through its insertion into the plasma
membrane.>3*35 To further validate membrane lysis upon
etoposide treatment suggested by LDH release, we pre-treated
cells with or without glycine, an inhibitor of membrane
rupture.”’ A statistically significant reduction in LDH levels
was observed in the presence of glycine, suggesting that etopo-
side and gemcitabine disrupted membrane integrity (Figure
1E). To validate whether the induction of necrosis by etopo-
side is not specific to A549 cells, we treated THP-1 human
leukaemia cell lines, HeLa human cervical cancer, and mouse
4T1 breast cancer cell lines with different concentrations of
etoposide. Although at different extents, all three cell lines trig-
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Figure 1. Etoposide induces necrotic cell death in cancer cell lines. A. Morphologies of untreated (NT), etoposide (50 pM), gemcitabine (10 pM), and cisplatin
(20 pM) treated A549 cells are shown. Arrows indicate pyroptotic cells. B-D. LDH levels were determined in the cell-free supernatant of A549 cells treated with
the indicated concentrations of etoposide (B), gemcitabine (C), and cisplatin (D). E. LDH levels in the presence and absence of the plasma rupture inhibitor glycine
are given for A549 cells. Nd: not detected. F-H. LDH levels were determined in the cell-free supernatants of etoposide-treated HeLa (F), THP- 1 (G), and 4T1 (H)
cells. LDH levels were represented in arbitrary units (a.u) for HeLa and THP-1 cells, where the lowest optical density measured for the non-treated (NT) control
sample was assigned and 1 arbitrary unit.

Figure 2. Etoposide triggers non-canonical Gasdermin D cleavage. A. Western blot analysis of Gasdermin D cleavage in total cell lysate (TCL) and cell supernatants
(Sup). Etoposide and gemcitabine treatments generate a cleaved Gasdermin D band of approximately 20 kDa. A representative image of two sets of experiments
is shown. B. Known cleavage sites of human Gasdermin D. Gasdermin D is cleaved at D275 (Asp275) by Caspase-1, Caspase-4/512; by Caspase-8 at the same
site?>27, generating a p30 fragment that triggers pyroptosis. Caspase-3 cleaves human Gasdermin D at D87, resulting in a p43 fragment and p20 fragment.?32+27
The protein size was not scaled for the Gasdermin D representation.

gered LDH release, confirming that the phenotype observed  Etoposide Treatment Triggers Gasdermin D Cleavage
in A549 cells is not an experimental artefact (Figure 1F-1H). o ] )
These data demonstrate that etoposide and gemcitabine induce ~ PYroptosis is a form of cell death mediated by Gasdermin

1,236 : :
necrotic cell death resulting in plasma membrane lysis. proteins.-~>° To determine whether the type of necrotic cell
death observed was pyroptosis, we assessed Gasdermin D acti-

vation upon apoptotic drug treatment (Figure 2A). In line with
our previous results, etoposide and gemcitabine treatments in-
duced Gasdermin D activation by cleavage (Figure 2A). The
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active band was secreted outside these cells and was observed
only in the supernatants. Gasdermin D has two known Caspase
cleavage sites at Asp275 and Asp87 (Figure 2B). Surprisingly,
although the antibody that we used recognised the N-terminal
of Gasdermin D, we could only detect a cleaved band of approx-
imatively 20 kDa (p20) instead of 30 kDa (p30) and/or 43 kDa
(p43) (Figure 2A). These results suggest that etoposide treat-
ment triggers Gasdermin D cleavage into an approximatively
20-kDa band that could be responsible for pyroptosis induction
in A549 lung cancer cells.

Etoposide Treatment Activates Different Caspases but
Does Not Trigger IL-1beta Secretion

In order to identify the enzyme responsible for the generation
of this 20-kDa form of Gasdermin D, we analysed whether
Caspase-3, Caspase-8, and Caspase-1, previously described
to cleave Gasdermin D downstream different stimuli, were
activated in response to apoptotic drug treatment. Caspase-
3 and Caspase-8 were processed by all three drugs into their
25-kDa and 18-kDa active fragments, respectively (Figure 3A).
Whereas these fragments were present in the supernatants of
etoposide- and gemcitabine-treated cells, they were retained
in the cell lysate of cisplatin-treated cells, demonstrating once
more the absence of membrane lysis in cisplatin-treated cells
(Figure 3A). On the contrary, a 20-kDa cleaved Caspase-1 band
could not be detected in either cell lysates or supernatants (Fig-
ure 3A).

Besides triggering pyroptosis, the second major role of Gas-
dermin D is to form pores at the plasma membrane to allow
the specific secretion of cleaved IL-1beta outside the cell.*
Quantification of IL-1beta in the supernatants demonstrated
that although present in high concentration in Salmonella
typhimurium-infected cells used as positive controls, in our
experimental settings triggering cleavage of Gasdermin D, IL-
1beta secretion was not detected (Figure 3B). In summary,
etoposide and gemcitabine treatments activated Caspase-3 and
Caspase-8 without inducing Caspase-1 cleavage and IL-1beta
secretion.

The Cleaved New Gasdermin D Fragment Localises To
The Nucleus

Since Gasdermin D was activated in our model and showed
only a 20-kDa band but did not trigger IL-1beta secretion,
we hypothesised that this active Gasdermin D fragment might
have another cellular function than forming pores at the plasma
membrane. To determine the cellular localisation of Gasder-
min D upon apoptotic drug treatment, subcellular fractionation
was performed (Figure 4). Although the nuclear and cytosolic
fractions of etoposide-treated cells were clean, as suggested
by Lamin A/C and GAPDH blots, slight cytosolic contamina-
tion was present in non-treated cells. Surprisingly, we detected

the cleaved Gasdermin D p20 fragment in the nuclear fraction
of etoposide-treated cells (Figure 4). The inactive pro-form or
other cleavage forms were absent. These results indicate that
the cleavage fragment of Gasdermin D generated by etoposide
treatment translocates to the nucleus of cancer cells.

DISCUSSION

To clarify the role of Gasdermin D-induced pyroptosis in cancer
cell clearance, we treated cancer cell lines with different con-
centrations of drugs known to trigger apoptosis and assessed
Gasdermin D activation and subcellular localisation. As sus-
pected, the morphological characteristics of pyroptosis, plasma
membrane rupture highlighted by LDH release and Gasdermin
D cleavage were observed in different cancer cell lines that were
used (Figures 1 and 2). To rule out an experimental artefact due
to the usage of high concentrations, we lowered the drug con-
centration down to 10 times their ICs, and still observed the
same phenotype, confirming plasma membrane rupture and
Gasdermin D cleavage in these experimental settings (Figure
1). Because prolonged exposure to apoptotic stimuli can trig-
ger secondary necrosis and plasma membrane rupture, the role
of Gasdermin E in this process cannot be neglected and must
be tested. Nonetheless, these results suggest that etoposide and
gemcitabine induce Gasdermin D cleavage followed by plasma
membrane rupture. The use of Gasdermin D- and Gasdermin
E-knockout cancer cell lines will determine whether etopo-
side and gemcitabine trigger pyroptosis or secondary necrosis
through Gasdermin D and/or Gasdermin E activation.

Another interesting question that remains to be solved is
the identification of the enzyme(s) that cleaved Gasdermin D
in response to etoposide and generated the p20 fragment that
we observed. According to our results, only Caspase-3 and
Caspase-8 were activated in response to etoposide and gem-
citabine treatment (Figure 3A). Thus, this band is probably
the previously described fragment generated by Caspase-3 and
Caspase-8 cleavages at Asp87 and Asp275 residues of full-
length or p30 fragment of Gasdermin D.>-2% Activation of
Caspase-3 and Caspase-8 in response to apoptotic stimuli is
expected. However, Gasdermin D cleavage is unusual in this
context. Gasdermin D-cleaving candidate Caspases should be
further confirmed by knocking them out individually or in com-
bination or by using their specific inhibitors. Although plasma
membrane rupture triggered by etoposide and gemcitabine was
also observed in other cancer cell lines, we could not verify Gas-
dermin D cleavage in these cells (Figure 1F-1H). Use of other
available anti-Gasdermin D antibodies to confirm the presence
of the p20 band in other cells would support and validate our
data.

Contrary to other publications on macrophages, we did not
detect Caspase-1 activation nor IL-1beta cleavage and secretion
in the A549 lung cancer cell line (Figure 3). IL-1beta is secreted
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Figure 3. Etoposide treatment activates different caspases but does not trigger IL-1beta secretion. A. Activation of Caspase-1, Caspase-8 and Caspase-3 was
assessed in the cells and supernatants of non-treated (NT), etoposide (50 pM), gemcitabine (10 pM), and cisplatin (20 pM) treated samples. Cleaved forms of
Caspase-3 (p25), Caspase-8 (p18) as well as inactive Caspase-3, Caspase-8 and Caspase-1 pro-forms (32 kDa, 42 kDa and 45 kDa respectively) and GAPDH as
a loading control are shown. The arrow in the Caspase-1 blot represents cleaved 25-kDa Caspase-3 bands. The expected 20 kDa band of cleaved Caspase-1 was
absent. B. IL-1beta secretion from the supernatants of cells treated with 50 pM etoposide, 10 pM gemcitabine and 20 pM cisplatin was determined by ELISA.
Supernatants of cells infected with Salmonella typhimurium SL1344 (STm) for 5 hours were used as positive control for IL-1beta secretion. Nd: not detected. The
average of three sets of independent experiments is presented.

Figure 4. Cleaved Gasdermin D fragment localises to the nucleus. Nuclear (N) and cytosolic (C) fractions obtained after subcellular fractionation of non-treated
(NT) and etoposide-treated cells are shown. Localisation of cleaved Gasdermin D was determined. Lamin A/C proteins were used as controls for the nuclear
fraction, whereas GAPDH was used as control for the cytosolic fraction.
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through Gasdermin D pores located at the plasma membrane
after maturation by active cleaved Caspase-1.437 The absence
of Caspase-1 cleavage justifies the lack of secreted IL-1beta
that is probably not cleaved either. Caspase-1 was described
to be activated in an inflammasome-dependent manner. In our
context, inflammasome complexes are not expected to be ac-
tivated in response to etoposide treatment. Our data suggest
that an inflammasome-independent pyroptosis is triggered and
because IL-1beta is not cleaved, it cannot be secreted through
Gasdermin pores.

Our findings demonstrated the presence of cleaved Gasder-
min D in the supernatant of etoposide-treated cells. To deter-
mine whether the detected p20 Gasdermin D band was ad-
dressed to the plasma membrane, we performed subcellular
fractionation and identified an unexpected nuclear localisation
of this fragment (Figure 4). Thus, our data demonstrate an ad-
ditional role for cleaved Gasdermin D, which was unexpectedly
detected in the nucleus of etoposide-treated cancer cells. Gas-
dermin proteins are usually located in the cytosol of cells in their
inactive state and transit to the plasma membrane when acti-
vated to form pores.!> Some studies also reported the presence
of Gasdermin pores in the mitochondrial membrane leading to
mitochondrial membrane rupture and cell death.!3-3® To date,
only two publications reported a nuclear localisation of Gasder-
min D. Peng et al. demonstrated the translocation of the inactive
pro-form of Gasdermin D into the nucleus under the stimula-
tion of chemotherapy drugs in colorectal cancer.!! In another
study, immunohistochemical analysis showed the presence of
Gasdermin D in the nucleus, cytoplasm, and plasma membrane
of colorectal cancer.® Until now, the function of Gasdermin D
in the nucleus has been unclear. Contrary to these publications,
in our case, not the pro-form but the cleaved form of Gasdermin
D was located in the nucleus of etoposide-treated lung cancer
cell lines, as observed by subcellular fractionation. Immunos-
taining of Gasdermin D in treated cells with nuclear markers
would confirm our findings.

When the Gasdermin D sequence was analysed, any nuclear
localisation or nuclear retention signals could not be detected
suggesting that probably a chaperon protein mediates Gasder-
min D’s transit to the nucleus. Characterisation of the molecular
mechanisms of Gasdermin D transport to the nucleus and iden-
tification of the role of its pro- and active forms in this cellular
compartment would provide significant information on the role
of Gasdermin D in cancer. Finally, cancer cell lines maintained
in culture were used in our study. We focused on A549 can-
cer cell lines that showed the highest LDH release, and all our
results were based on these cell lines. We validated etoposide-
induced plasma membrane rupture in other cell lines, such as
THP-1 and HeLa, and both human and mouse cell lines. How-
ever, whether Gasdermin D is activated in these cells remains
unclear. Determining the exact role of Gasdermin D under
normal physiological conditions would provide a better under-
standing of crosstalk between different pathways. For instance,

tumour samples isolated from patients with cancer could be
tested for Gasdermin D cleavage and nuclear localisation. At
this point, our results cannot be generalised to all cancer cells.
Nonetheless, in the cell line that we were using, we observed a
cleaved band with a new subcellular localisation suggesting a
novel role for Gasdermin D in cancer that could be masked in
other cell lines.

Pyroptotic cells represented not more than 30-40% of the
population in our experimental setting, demonstrating that this
was not the main mechanism of cell death triggered by etopo-
side. Morphological analysis also revealed apoptotic cells. Our
results do not exclude the induction of secondary necrosis.
Even if cleaved Gasdermin D does not trigger pyroptosis or
secondary necrosis, it clearly has an undefined role in the nu-
cleus of treated cancer cells. Overall, these data put lights on
an uncharacterised mechanism of cleaved Gasdermin D in the
nucleus and propose an inflammasome-independent role for
Gasdermin D in cancer cells.

CONCLUSION

The increasing incidence of cancer and the emergence of resis-
tance among tumour cells to apoptosis induced by conventional
therapies necessitate the exploration of novel strategies for ef-
fectively eradicating these aberrant cells. In this regard, the
induction of pyroptosis appears to be a promising approach. In
this study, we aimed to characterise the function of Gasdermin
D in the interplay between apoptosis and pyroptosis. Similar
to other studies, we found that the use of apoptosis inducer
drugs triggered plasma membrane rupture in long term (24 h).
Gasdermin D was cleaved in response to etoposide and gem-
citabine treatments in A549 cancer cell lines, but contrary to
other publications, we could only detect the p20 band in the cell
supernatants of etoposide- and gemcitabine-treated cells, sug-
gesting double cleavage by Caspase-3 at Asp87 and Caspase-8
at Asp275. Previous studies have investigated the activation of
Gasdermin D by apoptotic Caspases in the context of infections
and inflammasome activation in macrophages by inhibiting a
pathway or knocking out a gene.?>~?8 In this study, we demon-
strate the cleavage of Gasdermin D into p20 fragment upon
etoposide treatment in a cancer cell line. Moreover, we detected
a cleaved p20 band in the nucleus of cells. Taken together, our
results suggest that the Gasdermin D p20 fragment generated
in response to etoposide treatment translocates to the nucleus
of cancer cells. Additional experiments are needed to confirm
these results, to determine whether the observed cell death is
due to Gasdermin D-dependent pyroptosis or Gasdermin E-
dependent secondary necrosis/pyroptosis, and to evaluate the
physiological relevance of these findings. In conclusion, the
present study provides evidence of the connections between
different cell death pathways and the interplay between impor-
tant proteins involved in the apoptosis and pyroptosis in cancer
cells. Overall, we propose that Gasdermin D could be a novel




molecular switch between apoptosis and pyroptosis in cancer
and unrevealed the non-canonical localisation of cleaved p20
Gasdermin D in the nucleus of etoposide-treated cancer cells.
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Notch and Hedgehog Signalling Axis Drive Senescence in HER2-Positive
Breast Cancer Resistant to Trastuzumab
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ABSTRACT

Objective: Cellular senescence halts the proliferation of damaged or preneoplastic cells, playing a vital role in cancer control.
In HER2-positive breast cancer, resistance to trastuzumab, a HER2-targeted monoclonal antibody, remains a significant obstacle.
Although the trastuzumab and cilengitide combination reduces stemness and epithelial-mesenchymal transition, its effect on
senescence remains unclear. Additionally, inhibiting the Notch and Hedgehog pathways can induce senescence by impairing
proliferation, stemness, and cell cycle progression, making them promising therapeutic targets. This study aimed to evaluate the
effect of trastuzumab/cilengitide on cellular senescence in HER2-positive trastuzumab-resistant breast cancer cells and to elucidate
the roles of Notch and Hedgehog signalling in this process.

Materials and Methods:: HER2-positive breast cancer cell lines HCC1954 and SKBR3, along with their trastuzumab-resistant
variants, were treated with trastuzumab, cilengitide, or both. Senescence markers were assessed by real-time PCR. Notch and
Hedgehog pathway activity was evaluated, with additional experiments using specific inhibitors Fli06 (Notch) and GANT61
(Hedgehog).

Results: The trastuzumab-cilengitide combination significantly upregulated senescence markers relative to monotherapy. This
response was associated with a marked decrease in Notch and Hedgehog pathway activity. Further combined inhibition of these
pathways enhanced senescence marker expression, underscoring their involvement in drug-induced senescence.

Conclusion: The trastuzumab-cilengitide combination induces senescence in trastuzumab-resistant HER2-positive breast cancer
cells, potentially through Notch and Hedgehog inhibition. These findings support targeting senescence pathways as a novel strategy
to overcome trastuzumab resistance and improve therapeutic outcomes. Further research is warranted to assess the clinical potential
of such combination therapies.

Keywords: HER2-positive, Senescence, Notch, Hedgehog.

INTRODUCTION tion of trastuzumab and cilengitide significantly decreased
stemness® and epithelial-mesenchymal transition (EMT)* in

Throughout life, cells encounter various types of damage. ot HER2-positive trastuzumab-resistant and -sensitive cell
Depending on the severity and nature of this damage, cells

can either repair themselves or activate death signalling path-

lines. However, the effects of this combination on senescence
are unknown. Cilengitide is an arginine-glycine-aspartic acid

ways to prevent disruption of tissue homeostasis.! When re- (RGD)-containing pentapeptide that effectively blocks avp3
pair mechanisms are insufficient, cells activate apoptotic sig- ;4 avp5 integrin activation.’ The impact of RGD-binding
nalling pathways to eliminate damaged cells and preserve tissue  jpeoring on cellular senescence is still debated due to their
homeostasis. Alternatively, cells may undergo cellular senes-  ,reqence in different combinations.® Recent studies have shown

cence, a robust and irreversible cell cycle arrest, triggered ¢ CWHMI12, an RGD-mimicking integrin blocker, increases
by diverse stress signals. This response acts as a safeguard  gepegcence in hepatic stellate cells by binding to and inhibit-

against the replication of aged, damaged, or preneoplastic cells, ing RGD-binding integrins.”!2 However, the effect of RGD-
thereby limiting their potential to contribute to tumorigenesis.”

In our previous work, we demonstrated that the combina-

binding integrin inhibitors on HER2-positive breast cancer re-
mains unexplored. In this study, the effect of cilengitide on the
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senescence of HER2-positive trastuzumab-resistant cell lines
is to be investigated, and the underlying signalling mechanisms
are to be elucidated.

Notch and Hedgehog signalling pathways, which are essential
for development and tissue homeostasis, also significantly affect
senescence in cancer cells, affecting tumour progression and
therapeutic outcomes. The activation of Notch signalling path-
ways can induce senescence in various cancers. Notch receptors
such as Notch1 and Notch2 promote senescence through the up-
regulation of cyclin-dependent kinase inhibitors (CDKIs) such
as pl6™K4 and p21€P1 45 For instance, Notch activation in
melanoma and breast cancer models increases p21°F! expres-
sion, leading to growth arrest and senescence induction, thereby
inhibiting tumour progression.'> Conversely, in some contexts,
Notch signalling may suppress senescence and promote cancer
progression. In glioblastoma and certain leukaemia cells, Notch
activation correlates with enhanced cell survival and prolifera-
tion, suggesting a role in evading senescence-associated growth
arrest.!4

In previous studies Hedgehog signalling activation associ-
ated with decreased senescence in neural cells.!> Another study
revealed that Hedgehog signalling is reduced in aged endome-
trial stem cells, and the introduction of exogenous Hedgehog
signalling has demonstrated antisenescence effects by modulat-
ing SERPINB2.!¢ However, its effect and mechanism in cancer
remain unknown. The crosstalk between Notch and Hedge-
hog signalling pathways in cancer senescence is complex and
context-dependent.'? Crosstalk between these pathways can ei-
ther synergistically enhance or antagonistically regulate senes-
cence outcomes in cancer cells, influencing tumour behaviour
and therapy responses.'>!”

HER2-positive breast cancer is characterised by overexpres-
sion of the HER2 receptor, making it a target for trastuzumab,
a monoclonal antibody that inhibits HER2 signalling.'® How-
ever, resistance to trastuzumab remains a significant challenge,
leading to disease recurrence and poor prognosis. Targeting
senescence pathways is gaining traction as a strategy to over-
come trastuzumab resistance.'® Trastuzumab resistance in hu-
man epidermal growth factor receptor 2-positive cancers arises
from several mechanisms. One key factor is alterations in the
HER?2 receptor, such as truncated forms like p9SHER?2, which
lack the extracellular domain targeted by trastuzumab, render-
ing it ineffective.?’ Increased HER2 expression or amplification
can also saturate the drug’s capacity to block all receptors. An-
other factor is the activation of alternative signalling pathways
like the PI3K/AKT/mTOR pathway, which is often driven by
PIK3CA mutations, bypassing HER2 inhibition, whereas HER
family receptors, such as HER3 or EGFR, can continue onco-
genic signalling.?! The dysregulation of downstream signalling,
including PTEN loss, further enhances resistance by hyperac-
tivating these pathways. Epigenetic changes and immune eva-
sion also play roles, altering HER2 signalling and diminishing

trastuzumab’s efficacy by reducing antibody-dependent cell-
mediated cytotoxicity (ADCC).?? Additionally, upregulation of
stemness pathways (e.g., Notch, Hedgehog, Wnt) and changes
in cell surface integrins enable cancer cells to bypass HER2
reliance.!” Finally, trastuzumab internalisation and degradation
within lysosomes limit its availability over time.?* Together,
these mechanisms create a complex resistance landscape that
requires novel therapeutic approaches.

Notch and Hedgehog signalling pathways contribute to
trastuzumab resistance by promoting cell survival and prolifer-
ation. Understanding how these pathways interact with HER2
signalling in trastuzumab-resistant cells is crucial.>* Inhibiting
Notch and Hedgehog signalling has been shown to enhance the
expression of senescence-associated markers, such as p16™NK42
and p21¢™1 | leading to growth arrest and reduced tumorigenic-
ity in resistant cell lines.”> Combining senescence-inducing
agents with trastuzumab may provide a novel therapeutic ap-
proach to overcome resistance in HER2-positive breast cancer.
The original value of this study can be found in its investi-
gation of how the combination of trastuzumab and cilengi-
tide affects cellular senescence in HER2-positive breast cancer
cells that have developed resistance to trastuzumab. Previous
research has focused on how these treatments reduce stemness
and epithelial-mesenchymal transition (EMT)>#, but their ef-
fects on cellular senescence have not yet been explored in detail.
This study demonstrated that this combination therapy upreg-
ulates senescence markers in trastuzumab-resistant cells and
inhibits the Notch and Hedgehog signalling pathways, both of
which play crucial roles in cancer progression. The involvement
of specific inhibitors such as Fli06 and GANT61 to further sup-
press these pathways was also examined, suggesting a potential
therapeutic strategy for overcoming drug resistance. The find-
ings of this study indicate that targeting senescence pathways
could be an effective strategy for addressing trastuzumab resis-
tance in HER2-positive breast cancer, providing new directions
for combination therapies. This study provides new insights into
the molecular mechanisms of drug resistance and highlights a
novel approach that could improve therapeutic outcomes for
patients.

MATERIALS AND METHODS
Cell Culture

HCC1954 (ATCC Cat#CRL2338) and SKBR3 (ATCC
Cat#HTB30) are well-known HER2-positive breast cancer cell
lines, particularly recognised for their capacity to develop resis-
tance to trastuzumab. These cell lines were cultured in DMEM
supplemented with 10% FBS, 1% sodium pyruvate, and 2 mM
L-glutamine. To induce trastuzumab resistance in HCC1954
and SKBR3, the cells were subjected to a gradual increase
in trastuzumab concentrations (0.1-10 pM) over a period of
three months. The development of resistance in these newly
established cell lines was confirmed through MTT viability as-




says, with ICsg values calculated as described in our previous
publication.® Chronic exposure to trastuzumab led to a marked
increase in resistance, as evidenced by elevated ICsg values.
The ICso of SKBR3 cells exhibited a marked increase from ap-
proximately 0.2 pM to 2.6 pM, whereas that of HCC1954 cells,
the ICso dose from approximately 0.3 pM to 2.4 pM. The ICsg
values for cilengitide were previously determined to be 0.8 pM
for SKBR3-P, 0.6 pM for SKBR3-R, 0.6 pM for HCC1954-P,
and 0.7 pM for HCC1954-R, as reported in earlier studies.>*

Quantitative Real-Time PCR

Total RNA was isolated from SKBR3-P, SKBR3-R,
HCC1954-P, and HCC1954-R cells using a Qiagen RNeasy Kit
according to the manufacturer’s instructions. cDNA synthesis
was performed using 1 pg of RNA and the iScript Reverse Tran-
scription Supermix for RT-qPCR (Bio-Rad). PCR amplification
was conducted with the iTaq Universal SYBR Green One-Step
Kit (Bio-Rad), with cycle threshold (Ct) values recorded on the
ABI 7500 Real-Time PCR System (Applied Biosystems) and
analysed using 7500 Software v1. The PCR protocol included
an initial denaturation at 95 °C for 10 s, followed by 45 cycles
of 95 °C for 10 s and 60 °C for 1 min. A subsequent melting
curve analysis was carried out at 95 °C for 15 s, 60 °C for 1
min, and 95 °C for 15 s.

Real-time PCR primers were designed using the Primer3 pro-
gramme and synthesised by Macrogen (sequences provided in
Table 1). Each PCR reaction was performed in triplicate for each
sample and primer set, and technical replicates were included.
The entire experiment was independently repeated three times
using different biological samples. The RT-qPCR data were
normalised to the housekeeping gene GAPDH. The ACt value
was calculated as ACt = Ct (target gene) Ct (housekeeping
gene). Fold changes were determined using the 2-C! method,
and relative expression levels were calculated using the 2-22¢t
formula, where 2-2Ct (sample) was divided by 2-2¢! (control).
The real-time PCR primers used in these experiments are listed
in Table 1.

Heatmap Generation

Heatmaps were created using Python with the NumPy, Mat-
plotlib, and Seaborn libraries. Python code was run in the
Google Colab environment to produce the heatmap visualisa-
tion. Initially, the data—consisting of gene names (row labels),
cell line names (column labels), and their associated quanti-
tative values—was organised into a NumPy array. The data
matrix was then visualised with the Seaborn library’s heatmap
function, utilising a diverging colour palette to differentiate be-
tween positive and negative values. The axes were appropriately
labelled, and the heatmap was generated using Matplotlib.

Statistical Analysis

Statistical analysis was conducted with precision using two-
way analysis of variance (ANOVA) to assess the interactions
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Table 1. Real-time PCR primers used in experiments.

GENE SEQUENCE Product length

AIF F: GGCTGGATGAGATCAACAAGC 247
R: TCAGGGTAGCTGAACGTCTC

CCL3 F: TGTCCTCCTCTGCACCATG 173
R: TGGTTAGGAAGATGACACCGG

CST3 F: GTCGGCGAGTACAACAAAGC 194
R: GCTTTCCTTTTCAGATGTGGC

CSTA F: CGCCACTCCAGAAATCCAGG 208
R: CAAGTCCTCATTTTGTCCGGG

CTTS F: TGGGAGACATGACCAGTGAAG 153
R: TCACTTCAGTAACACACCCTTTC

CXLC8 F: TCTGTGTGAAGGTGCAGTTTTG 150
R: ACAATAATTTCTGTGTTGGCGC

FCERI1G F: TGGTCTTGCTCTTACTCCTTTTG 216
R: CGTAAGTCTCCTGGTTCCTG

FCN1 F: AGGTGTCATTGGAGAGAGAGG 175
R: CCGGTCTAGCAGGTCCITG

G0S2 F: GATGGTGAAGCTGTACGTGC 193
R: CTGCTTGCCTTTCTCCTGC

LST1 F: CGAAGAGTAAAGAGGCTGGAG 184
R: TGGGTTTGTTCTCAGCAATGC

LYZ F: AAGGTGTGAGTTGGCCAGAAC 241
R: CAAAGCACTGCAGGATAAATGAC

PSAP F: TATGCTGAAGGACAATGCCAC 162
R: CCAGGACGGCTCATTTCTCC

S100A8 F: AATTTCCATGCCGTCTACAGG 205
R: CTTTGTGGCTTTCTTCATGGC

S100A9 F: ACCAATACTCTGTGAAGCTGG 230
R: CTCGTGCATCTTCTCGTGG

S100A11 F: ATCGAGTCCCTGATTGCTGTC 164
R: TCCAGTTTCTTCATCATGCGG

S100A12 F: AATACTCAGTTCGGAAGGGGC 214
R: TGGTAATGGGCAGCCTTCAG

SAT1 F: ATACTGCGGCTGATCAAGGAG 212
R: TTGCCAATCCACGGGTCATAG

SERPINA1 F: CCACGATATCATCACCAAGTTCC 202
R: CTTATGCACGGCCTTGGAGAG

TRYOBP F: TAAGTGGTCTCCGTCCTGTCC 200
R: AGTGATACGCTGTTTCCGGG

NEAT1 F: GGCACAAGTTTCACAGGCCTACATGGG 205

R: GCCAGAGCTGTCCGCCCAGCGAAG

between the experimental variables. This was followed by
Tukey’s post hoc test to identify specific pairwise differences
among the groups. Statistical significance was defined as fol-
lows: *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001.
The error bars in the figures represent the mean + standard de-
viation (SD), calculated from three independent experiments,
each conducted in triplicate, ensuring the robustness and repro-
ducibility of the data.
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RESULTS

Trastuzumab Plus Cilengitide Combination Increases
Senescence in Markers

To analyse the effect of this combination on senescence,
senescence-responsive gene expression was assessed using
real-time PCR in trastuzumab-resistant SKBR3 and HCC1954
cells. A panel of 20 established genes associated with human
and cellular ageing was employed, including S100A9, CXCLS,
CST3, TYROBP, LSTI1, FCNI, FCERIG, LYZ, CCL3, SI00AS,
CTSS, AIF1, SI00A12, SATI1, GOS2, SI00A11, PSAP, NEATI,
CSTA, and SERPINAI (Figure 1).

In both cell lines, combination treatment led to significant up-
regulation of senescence markers, with strong statistical signifi-
cance. No changes were detected in the expression of dimethyle
sulfoxide (DMSO) or trastuzumab alone. Although cilengitide
monotherapy-induced moderate upregulation, the combination
of cilengitide and trastuzumab consistently resulted in the high-
est levels of marker expression. These results suggest that this
combination treatment exerts a synergistic effect, enhancing
the upregulation of senescence markers in both SKBR3 and
HCC1954 cell lines.

Trastuzumab Plus Cilengitide Combination Decreases
Notch and Hedgehog-Responsive Gene Expressions

Previously, an increase in Notch and Hedgehog pathways in
HER2-positive cells was demonstrated. It was also shown that
Notch signalling is reduced by the combination of trastuzumab
and cilengitide although its impact on the Hedgehog pathway
has not been established. Given the critical crosstalk between
these pathways, the effects of trastuzumab and cilengitide were
assessed both individually and in combination. The results re-
vealed that cilengitide, either alone or in combination with
trastuzumab, significantly decreased Notch and Hedgehog sig-
nalling responses in SKBR3 and HCC1954—resistant cells (Fig-
ure 2). No alterations in signalling were observed with DMSO
or trastuzumab alone. Additionally, cilengitide monotherapy
was less effective than combination treatment in inhibiting
Notch and Hedgehog signalling in both cell lines.

Combined Inhibition of Notch and Hedgehog Signalling
Induce Senescence

Given the observed reduction in Notch and Hedgehog signalling
pathways from the combination of trastuzumab and cilengi-
tide, Notch and Hedgehog inhibitors were employed to inves-
tigate whether similar effects on senescence markers could be
achieved. First, the effects of Notch and Hedgehog inhibitors
on SKBR3 and HCC1954-resistant cells were analysed using
different concentrations (0.01, 0.1, and 1 pM). To assess Notch
pathway inhibition, the expression levels of Hes, Hey, Gata3,
and Ptcra genes were evaluated. For Hedgehog pathway inhibi-
tion, the expression levels of Glil, Gli2, Hhip, Ptchl, and Ptch2

Figure 1. Senescence-responsive gene expression induced by cilengitide +
trastuzumab combination therapy in HER2-positive trastuzumab-resistant cell
lines. Resistance to DMSO, trastuzumab, and cilengitide monotherapy and
cilengitide+trastuzumab combination therapy in (A) SKBR3 and (B) HCC1954
cells. Statistical analysis was performed using a two-way ANOVA variation
test and Tukey’s post hoc test to determine significance. Differences were
considered significant as non-significant (ns) p > 0.05, * p<0.05, **p<0.01,
**%p<0.001, **¥**p<0.0001, n = 3.
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Figure 2. Trastuzumab + celangitide combination decreases NOTCH and HEDGEHOG responsive gene expressions. Cilengitide monotherapy and trastuzumab +
cengitide combination decrease NOTCH-responsive gene expression in A) SKBR3-R, B) HCC1954-R cells, and Hedgehog-responsive expression in C) SKBR3-R,
D) HCC1954-R cells. R: resistance. Statistical analysis was performed using a two-way ANOVA variation test and Tukey’s post hoc test to show significance

*p < 0.05, n=3.

genes were analysed (Figure 3). 1 pM of Fli06 and GANT61
showed significant decreases in both pathways and were used in
further experiments. This study elucidated whether cilengitide
and trastuzumab induce senescence markers via the Notch and
Hedgehog pathways. To this end, the Notch inhibitor Fli06 and
the Hedgehog inhibitor GANT61 were administered individu-
ally or in combination. RNA was collected 6 h following incu-
bation with 1 pM Fli06 and GANT61 (Doses were determined
based on their effects on the pathways as shown Figures 3A-D).
While individual inhibition of Notch and Hedgehog pathways
resulted in moderate increases in senescence markers, com-
bined inhibition of both pathways led to a more pronounced up-

regulation of these markers in SKBR3- and HCC1954-resistant
cells (Figure 4). DMSO-treated resistant cells were used as a
control for comparison.

DISCUSSION

Senescence, characterised by irreversible cell growth arrest,
plays a pivotal role in cancer biology by suppressing tu-
mours and influencing their response to treatment.?® Previous
research has demonstrated that combining trastuzumab with
cilengitide significantly reduces stemness and EMT in both
trastuzumab-resistant and -sensitive HER2-positive cell lines.*
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Figure 3. FLIO6 decreased the Notch pathway and GANT61 decreased the Hedgehog pathway dose dependently. Notch responsive gene expressions analysed
in the presence of FLIO6 in a dose-dependent manner (A) in SKBR3-R, C) HCC1954-R. B) Hedgehog responsive gene expressions analysed in the presence
of GANT61 in a dose-dependent manner (B) in SKBR3-R and D) HCC1954-R cells. R: resistance. Statistical analysis was performed using one-way ANOVA

variation test and Tukey’s post hoc test to show significance * p<0.05, n=3.

However, the impact of this combination on senescence has not
been explored. In this study, the combination of trastuzumab
and cilengitide significantly upregulated senescence markers
in trastuzumab-resistant HER2-positive cell lines. This find-
ing aligns with research suggesting that targeting senescence
pathways could be a novel approach to overcome cancer re-
sistance. It has been shown that senescence can suppress tu-
mour progression by halting the growth of resistant cells. For
instance, senescence-associated secretory phenotypes (SASP)
can alter the tumour microenvironment, thereby making it less
favourable for tumour growth.?’

The effects of trastuzumab and cilengitide combination
on senescence were more pronounced compared with either
treatment alone, suggesting a synergistic interaction between
trastuzumab and cilengitide in promoting senescence. These
findings underscore a promising new approach to overcom-
ing trastuzumab resistance in HER2-positive breast cancer by

inducing cellular senescence. Cilengitide, known to influence
various cellular processes such as survival, proliferation, and
senescence, has been the subject of debate regarding its effects
on senescence.”’ Studies have reported both pro- and antise-
nescent effects depending on the cellular context and specific
integrins . This study contributes to the literature by demon-
strating that cilengitide, an RGD-binding integrin inhibitor, can
induce senescence in HER2-positive breast cancer cells. This
finding agrees with other studies showing that CWHM12, an-
other RGD-mimicking integrin blocker, enhances senescence
in hepatic stellate cells.”-1°

Further investigation into the underlying signalling pathways
revealed that the combination of trastuzumab and cilengitide
significantly reduces Notch and Hedgehog signalling responses
in resistant cell lines.>* These pathways are critical for devel-
opment, tissue homeostasis, and cancer progression. The re-
sults suggest that the upregulation of senescence markers in




Figure 4. Senescence-responsive gene expression induced by the combined
inhibition of the NOTCH and HEDGEHOG pathways in HER2-positive
trastuzumab-resistant cell lines. Resistant cells compared with resistant cells
treated with Fli06, GANT61, or Fli06+GANT61 in (A) SKBR3 and (B)
HCC1954 cells. Statistical analysis was performed using a two-way ANOVA
variation test and Tukey’s post hoc test to determine significance. Differ-
ences were considered significant as non-significant (ns) p > 0.05, * p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001, n = 3.
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trastuzumab-resistant cell lines is achieved through the inhi-
bition of both Notch and Hedgehog pathways, either through
the combination of trastuzumab and cilengitide or through spe-
cific inhibitors (Fli06 for Notch and GANT61 for Hedgehog).
This indicates that the pro-senescent effects of the trastuzumab-
cilengitide combination are, at least in part, mediated by inhibit-
ing these pathways. This study provides new insights into how
targeting these pathways can overcome trastuzumab resistance,
highlighting the complex and context-dependent crosstalk be-
tween Notch and Hedgehog signalling in cancer senescence.
These findings reinforce the expanding body of evidence that
targeting senescence pathways is a promising strategy for over-
coming trastuzumab resistance in HER2-positive breast cancer.
The results clearly demonstrate that the inhibition of Notch and
Hedgehog signalling pathways can drive cancer cells towards
senescence, which acts as a barrier to tumour progression. Pre-
vious research supports this, indicating that the modulation of
Notch signalling can either promote or suppress senescence,
depending on the cancer type and context.?®?° For instance,
studies have shown that Notch1 and Notch2 upregulate p21 and
p16, key regulators of senescence.?’

Similarly, Hedgehog signalling, which maintains stem cell
properties in cancer cells, plays a vital role in treatment resis-
tance. By inhibiting this pathway with agents like GANT61,
cancer cells become more sensitive to therapy, as shown
in glioblastoma models.'®!” The synergistic effect observed
with the combination of trastuzumab and cilengitide, as out-
lined in this study, further supports the idea that integrating
senescence-inducing agents into treatment regimens can signif-
icantly improve therapeutic outcomes in trastuzumab-resistant
cancers.”!® Furthermore, the findings align with prior research
indicating that integrin inhibitors like cilengitide, which target
RGD-binding integrins, disrupt cancer cell adhesion and mi-
gration, thereby enhancing the effects of other therapies like
trastuzumab.'* This study provides compelling evidence for
the clinical potential of combining trastuzumab with agents
that target senescence pathways, providing a robust approach
to improving treatment efficacy in patients with HER2-positive
breast cancer who are resistant to current therapies.

CONCLUSION

In conclusion, the combination of trastuzumab and cilengitide
induces senescence in HER2-positive trastuzumab-resistant
cell lines and may be inhibited through Notch and Hedgehog
signalling pathways. The data presented, not only highlight the
potential of combining trastuzumab with cilengitide and un-
derscore the need for further investigation into the crosstalk
between Notch and Hedgehog signalling in the context of re-
sistance. Ultimately, targeting senescence pathways is a com-
pelling strategy for improving therapeutic outcomes in HER2-
positive breast cancer, particularly in the setting of trastuzumab
resistance. This approach could pave the way for more effective
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combination therapies that enhance the durability of responses
in cancer treatment.

These findings provide a promising new strategy for over-
coming trastuzumab resistance in HER2-positive breast cancer
and highlight the potential of senescence-inducing therapies as
part of a comprehensive treatment approach. Further studies are
warranted to explore the clinical implications of these findings
and identify additional targets within the senescence pathways
that could enhance the efficacy of current therapies.
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ABSTRACT

Objective: This study evaluated the antioxidant and anti-inflammatory effects of Sideritis perfoliata (SP) ethanolic extract in vitro
and its impact on anti-inflammatory, antiapoptotic, oxidative stress, and tissue damage-related parameters in an ulcerative colitis
(UC) rat model.

Materials and Methods: Dried and ground aerial parts of SP were extracted with 90% ethanol using maceration. Then, the
SP extract’s radical scavenging, anti-5-lipoxygenase (LOX) activities, and total secondary metabolic quantities were evaluated in
vitro. In in vivo experiments, following acetic acid (AA)-induced colitis, physiological saline (PS) (1 mL, og), sulfasalazine (SS)
(100 mg/kg bwt, 1mL, og), and SP extract (200 mg/kg bwt, 1mL, og) treatments were administered to AA, SS, and SP groups,
respectively, once daily for three consecutive days. PS was given to the control group. At the 72nd hour, the rats were euthanized.
Analyses were performed on colon tissues using ELISA, Chemiluminescence assay, Haematoxylin and Eosin staining.

Results: SP extract exhibited good antioxidant activity against 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) and
2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals and strong anti-5-LOX activity. The total amounts of phenol, flavonoid, and
triterpene compounds in the extract were determined. Compared with the AA group, SS or SP extract treatments reduced tumour
necrosis factor-«, interleukin-1p, interleukin-17, tool-like receptor-9, matrix metalloproteinases-3, caspase-9, caspase-3, luminol,
and lucigenin chemiluminescence levels, macroscopic and microscopic morphological scores in colon.

Conclusion: Due to its flavonoids, phenolic acids, triterpene content, anti-S-LOX, and free radical scavenging activities, SP
extract attenuates proinflammatory cytokines, mitochondrial apoptotic caspases, and oxidative stress. Our findings support the
ethnopharmacological use of SP for colitis.

Keywords: Sideritis perfoliata, Ulcerative colitis, Cytokines, Apoptosis, Oxidative stress.

INTRODUCTION clined in high-incidence countries, according to recent studies.

These results underscore the potential for IBD to emerge as
Among the most prevalent signs of inflammatory bowel dis- , worldwide health issue in the future and stress the need to
ease (IBD), a recurrent, chronic illness mediated by the im- promptly identify the underlying pathophysiology of the dis-
mune system, are abdominal pain and bloody diarrhoea. Ul ¢;qe and determine suitable treatments.23 In the hope of reduc-

cerative colitis (UC) is one of the two most prevalent types ing both the physical and psychological effects of IBD, many
of IBD." It is more common in Europe and North Amer- people with IBD (= 40%) use complementary and alternative
ica than globally in Africa and South America.® In contrast, medicines/products, the vast majority of which are herbal, in
the prevalence of the disease has increased in low-incidence  ,4dition to their treatment. ¢ Preclinical research highlights
countries, whereas the pace of increase in incidence has de-  he therapeutic benefits of plants, which have been utilised for
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millennia in conventional medicine.”® According to published
research, nutraceuticals high in polyphenols and antioxidants
are beneficial because they can scavenge free radicals, trigger
anti-inflammatory reactions, and control the gut microbiota’s
homeostasis.”!?

The most common sign of UC is inflammation of the colon’s
mucosal lining. The inflammatory pathway causes an increase
in pro-inflammatory eukaryotic transcription factors such as ac-
tivator protein-1 and nuclear factor-k 3, an increase in the pro-
duction of pro-inflammatory cytokines (tumour necrosis fac-
tor (TNF)-«, interleukin (IL)-1f, and IL-6, and a decrease in
anti-inflammatory cytokines such as IL-10. Increased levels of
pro-inflammatory cytokines exacerbate inflammation and ox-
idative stress while decreasing antioxidant levels.' '3 All these
processes lead to increased inflammation, epithelial cell dam-
age, neutrophil infiltration, and malfunction of the intestinal
barrier. !4

Among more than 140 species, Sideritis perfoliata (SP) is
a wild plant primarily found in the Mediterranean region.'%!7
In Tiirkiye, the genus Sideritis comprises 45 species (53 taxa,
more than 40 of which are endemic).!® They are often referred
to as "mountain tea" plants. Since the Dioscorides era, Sideritis
species have been used in traditional medicine as a stimu-
lant, carminative, appetite stimulant, and stomach stimulant.!®
Sideritis plants are used as tea, feed, and sweeteners. Due to its
anti-inflammatory, antibacterial, anti-ulcerative, antirheumatic,
wound-healing, antioxidant, antispasmodic, analgesic, stom-
achic, and carminative qualities, Sideritis species are widely
utilised as traditional remedies. It is also traditionally used
in Tiirkiye for stomach illnesses, colds, bronchitis, coughs,
flu, sore throat, diabetes, and as a digestive aid.20-24 Research
reports on species of Sideritis have attributed these pharma-
cological properties to the genus due to the flavonoids, ter-
penoids, coumarins, sterols, and iridoids found in its chemical
profile.>?> Previously, it procured diterpenoids, flavonoids,
and phenylpropanoid glycosides from the aerial parts of SP>6-
and SP exerted significant antioxidant and anti-inflammatory
activity.20 On the other hand, there is no information in the
literature about the effects of SP on ulcerative colitis.

In light of the above information, this study investigated the
antioxidant and anti-5-lipoxygenase (anti-5-LOX) effects of SP
ethanolic extract in vitro and its impacts on anti-inflammatory,
antiapoptotic, oxidative stress, and tissue damage-related pa-
rameters in acetic acid (AA)-induced UC in rats.

MATERIALS AND METHODS

Chemicals

AA, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS), indomethacin,
potassium persulfate, ascorbic acid, linoleic acid, trolox, lipox-
idase from Glycine max (soybean), 3-Aminophthalhydrazide
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(luminol), N, N’-Dimethyl-9,9’-biacridinium dinitrate (luci-
genin), Folin-Ciocalteu reagent, formaldehyde, dithiothreitol
(DTT), glycerol, Tris-HCI, Triton X-100, Ethylenediaminete-
traacetic acid (EDTA), NaNO,, AlCl;-6H,0, NaOH, methanol,
ethanol, and aether were supplied by Sigma (Sigma-Aldrich, St.
Louis, MO, USA). Sodium pentobarbital was obtained from IE
Ulagay (Istanbul, Turkiye). Sulfasalazine (SS-Salazopyrin) was
purchased from Pfizer (Istanbul, Turkiye). All other chemicals
were of the highest quality commercially available.

Sourcing and Harvesting of Plant Materials

InJuly 2023, Dr. Bitis purchased the aerial parts of SP from alo-
cal plant market in the Bayramic district of Canakkale province
and identified by Dr. Dogan. Some plant specimens were de-
posited at Marmara University, Faculty of Pharmacy Herbarium
(International Code: MARE) (under herbarium no. 23481). The
dried and ground aerial parts of SP (20.05 g) were extracted
with 90% ethanol (3 x 100 mL) using the maceration method.
The solvent of the extract was evaporated to dryness at a tem-
perature not exceeding 45°C using a rotary evaporator to yield
an ethanolic extract with 12.67% yield (g/g).

Validation of SP Extract’s Radical Scavenging and
Anti-Inflammatory Qualities In Vitro

The radical scavenging effects (represented by anti-ABTS and
anti-DPPH radicals) of the SP extract were described by the
method previously insisted on by Zou et al. (2011) as follows: 10
pL of the extract (stock solutions in the range 5000-9.77 pg/mL)
dissolved in dimethyl sulfoxide (DMSO) was added to the well
and mixed with ABTS or DPPH radical solution until the to-
tal volume was 200 puL.%® After incubation (for 30 min in the
dark), the mixtures on the plates (three times for each sample)
were measured using 6-hydroxy-2,5,7,8-tetramethylchroman-
2-carboxylic acid (Trolox) or ascorbic acid as reference stan-
dards using a spectrophotometer (517 or 734 nm).

SP extract, water (distilled), ethanol, sodium borate buffer
(SBB, 0.1 M), and soybean 5-lipoxygenase (5-LOX) dissolved
in SBB (10 pL, 10 pL, 20 pL, 20 pL, 25 pL, and 20,000 U/mL,
respectively) were added to each well, incubated (for 5 min) and
finally, linoleic acid solution (0.6 mM, 100 pL) was added to
the mixture and stirred.”® The absorbance of all samples was
read at 234 nm to determine the amount of SP extract and
indomethacin (reference standard) required to inhibit 5-LOX
activity by 50% as ICsy (pg/mL).

Assessment of the Total Secondary Metabolic Quantities
of SP Extracts

The total phenolic content (TPC) of SP extracts was determined
using the Folin-Ciocalteu colorimetric test by comparing the
TPC of gallic acid (GA) (stock solutions in the range 500 - 15.63
pg/mL) (mg GA equivalent/g extract) used as the reference
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standard.3%3! The total flavonoid content (TFC) was calculated
as quercetin (QUE) equivalent (mg QUE equivalent/g extract)
for the SP extracts.>!*> The determination of total triterpene
content (TTC) for SP extract, which was carried out by adapting
the method determined by Chang et al. (2012) to microplate,
was carried out briefly with the following steps: before heating
the plate at 60°C for 45 min, SP (10 pL, stock solution prepared
at 5000 pg/mL concentration), vanillin-glacial AA solution
(5% wi/v), and perchloric acid solution (15 pL and 50 pL,
respectively) were mixed in the plate.’* The absorbance of
the solutions in a plate cooled to room temperature with the
help of an ice bath was evaluated at 548 nm after adding 225
pL of glacial AA. For the standard curve plot, absorbances
corresponding to each concentration were determined using
oleanolic acid (OLE) (1200-37.5 pg/mL). This graph was used
to calculate the extract’s TTC which was then expressed as
milligrams of OLE equivalent per g of the SP extract.

Grouping of Rats in Experiments Based on Treatments

After obtaining approval from the Marmara University Lo-
cal Ethics Committee for all experimental protocols, the rats
(n=24) were obtained from the Marmara University Experimen-
tal Animal Application and Research Centre (Protocol number:
51.2023mar, Date: 2023). The male and female Wistar rats (age
3 months, 200-250 g) were randomly divided into 4 groups,
with 3 males and 3 females in each group*: I) PS group: Sham
and vehicle (Physiological saline-PS) treatment control group
(n=6), II) AA group: AA-induced colitis+PS treatment group
(n=6), IIT) SS group: AA-induced colitis+100 mg/kg bwt, SS
treatment group (n=6),% and IV) SP group: AA-induced coli-
tis+200 mg/kg bwt, SP extract treatment group (n=6).3

After an 8-hour fasting period, 5% AA (in 0.9% NaCl, pH: 3
total volume: 1 mL) was administered intrarectally (ir) with a
30% inclination using an 8-cm-long soft silicone catheter (6G)
to rats in the AA, SS, and SP groups under aether anaesthesia
(by inhalation). After waiting 30 s, the animals were placed
back in the cage.’” In the PS group, PS was applied to the rats
in an equal volume (1 mL) and in a similar manner (ir) instead
of AA. Following colitis induction, the treatment regimens (PS,
SS, or SP extract) were administered via orogastric gavage (0g)
with a metal cannula (1 mL) and administered once a day for
3 days at the same time (at 24-hour intervals) and dosage.
SS is a drug used for the treatment of active ulcerative colitis
and for remission. Therefore, it is a treatment given to the
positive control group in experimental studies. PS was similarly
administered to the PS and AA groups (1mL/og). (Figure 1).
In this model, signs of healing and regeneration of the mucosa
were seen on the 7" day; therefore, we applied the treatments
for 3 days in parallel with the practises in the literature.33 At
the end of the 72" hour, the rats were euthanized with sodium
pentobarbital (50 mg/kg bwt, ip).

In Vivo Assessment of SP Treatment Intervention in Rat
Tissue from the Colon with AA-Induced UC

Lucigenin and luminol chemiluminescence levels, indicators of
oxidative stress in rat colon tissue, were recorded using Mini
Lumat. LB 9509 luminometer (EG&G Berthold, Germany).
Counts were obtained at 1-min intervals for 5 min, as described
by Haklar et al.*°

In the colonic tissues obtained from the rat; cytokines
(TNF-a, IL-18, IL-10, IL-17), tool-like receptor-9 (TLR-
9), mitochondrial-mediated apoptotic markers [caspase-3 and
caspase-9], superoxide dismutase enzyme (SOD), and tissue
damage indicator matrix metalloproteinase-3 enzyme (MMP-
3) levels were measured using ELISA test kits which catalogue
numbers are given respectively (E0764Ra, EO119Ra, EO108Ra,
EO115Ra, EO082Ra, E1648Ra, E1898Ra, E1376Ra, E031Ra).
These assay procedures were conducted using an Agilent Tech-
nologies Bio Tek Epoch Microplate spectrophotometer (450
nm) in compliance with the manufacturer’s instructions (Bioas-
say Technology Laboratory (BT LAB, China).

Assessment of UC Severity and Response to Treatment
Utilising Macroscopic and Microscopic Analysis

We graded the lesions that developed after harvesting and wash-
ing the 8-cm distal region of the colon using macroscopic
scoring.*! The samples were then photographed. For light mi-
croscopic evaluation, rat colonic tissue samples were fixed in
10% neutral-buffered formalin, dehydrated in a graded alco-
hol series, cleared with xylene, and embedded in paraffin wax.
Then, 4 pm thickness sections were obtained and stained using
Haematoxylin and Eosin (H&E) to study the general histolog-
ical structure. The criteria for scoring and scale ranging were:
damage/necrosis (0, none; 1, localised; 2, moderate; 3, severe);
submucosal oedema (0, none; 1, mild; 2, moderate; 3, severe);
inflammatory cell infiltration (0, none; 1, mild; 2, moderate;
3, severe); vasculitis (0, none; 1, mild; 2, moderate; 3, severe);
perforation (0, absent; 1, present). The total score was 13.42 Im-
ages were captured using a light microscope (Olympus CX21,
Tokyo, Japan) and photographed using a camera (Olympus,
Tokyo, Japan, BX51).

Statistical Analysis

Normality was assessed using the One-sample Kolmogorov-
Smirnov test. Normally distributed data were analysed using
Tukey’s multiple comparison tests after analysis of one-way
variance (ANOVA). Prism 6.0 (GraphPad Software, San Diego,
California, USA) was used for statistical analysis. Results were
expressed as mean + S.E.M., and p-values of less than 0.05
were considered significant.
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Figure 1. Experimental design. A. Following the habituation phase, the rats were randomly assigned to four experimental groups, each with 6 rats. I) PS group:
Sham and vehicle (PS) treatment control group; II) AA group: AA-induced colitis+PS treatment group; III) SS group: AA-induced colitis+100 mg/kg bwt, SS
treatment positive control group; IV) SP group: AA-induced colitis+200 mg/kg bwt, SP extract treatment group. After 8 h of fasting, acetic acid [1 mL 5% (v/v) in
0.9% saline] was administered intrarectally for colitis induction through a cannula. Treatments were applied for three days. B. Biochemical analyses. At the end of
the 72nd h, the colon tissues of the euthanized rats were dissected for biochemical (ELISA) and other analyses. C. The radical-scavenging and anti- inflammatory
properties of SP extract were verified in vitro. D. Macroscopic evaluation. E. Microscopic evaluation. PS: Physiological saline, AA: acetic acid, SS: Sulfasalazine,

SP: Sideritis perfoliata, ir: intrarectally, og: orogastric.

RESULTS

In Vitro Evaluation of Antioxidant, Anti-Inflammatory,
and Total Secondary Compounds in SP Extract

The 1Cs, values obtained because of DPPH radical analysis
were determined to be 100.5+0.42 pg/mL for SP extract and
40.23+£2.08 pg/g/mL for ascorbic acid used as a reference.
The ABTS test results showed that the ICs, values for Trolox
and SP extract, the reference standard, were 4.54+0.08 and
90.45+0.53, respectively. The antioxidant activity of the ex-
tract was evaluated as highly active when 1C5,<10 pg/mL,
active when 10<ICsy < 150 pg/mL, moderately active when
150<IC5y <500 pg/mL, and inactive when IC5,>500 pg/mL
according to the criteria proposed by Moga et al. (2021).%!
According to this criterion, SP extract was found to be active
(good antioxidant activity) against DPPH and ABTS radicals.

The ICs, value of the extract against the 5-LOX enzyme
was 17.64+0.45 pg/mL (compared to 21.42+0.48 pg/mL for
conventional indomethacin), and the SP extract exhibited potent
anti-inflammatory activity.

The TPC of the extract was calculated using the formula
[y = 0.093x + 0.062 (R?: 0.9987)] derived from the calibration
curve defined as GA equivalent. The TPC of the extract was

obtained at 140.8+1.21 mg GA equivalent per g of dried ex-
tract. The TFC of the extract was determined using the equation
[y=0.003x + 0.015 (R2: 0.9644)] obtained from the calibration
curve as the QUE equivalent. The TFC of the extract was de-
termined at 407.2+0.46 mg QUE equivalent per g of the dried
extract. The TTC of the SP extract was determined using the
equation [y = 0.027x + 0.016 (R2: 0.9981)] obtained from the
calibration curve as the OLE equivalent. The TTC of the extract
was determined at 85.97+1.66 mg OLE per g of dried extract.

In Vivo Results of Oxidative Stress, Inflammation,
Apoptotic Tissue Damage, and SP Extract

The analyses revealed no statistically significant difference be-
tween the experimental groups in terms of SOD levels in colon
tissue (Figure 2A). Colon luminol and lucigenin CL levels ex-
hibited a notable increase in the AA group compared with the
PS group (p<0.001). This elevation in luminol and lucigenin
CL was diminished in both the SS and SP groups (p<0.001).
The lucigenin level in the SS group did not deviate from the
value found in the PS group, although the luminol value did not
entirely revert to the PS value in the SS group (p<0.05; Figures
2B and 2C).

Compared with the PS group, colonic tissue levels of TNF-a,
IL-1pB, and TLR-9 in the AA group were considerably greater
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Figure 2. Evaluation of the levels of superoxide dismutase (SOD) activity
(A), using ELISA method, and luminol (B), and lucigenin using CL as-
say (C) in colon tissue after treatments. PS, Sham, and vehicle (PS) treat-
ment control group; AA, AA-induced colitis + PS treatment group; SS, AA-
induced colitis + SS treatment positive control group; SP, AA-induced coli-
tis + SP extract treatment group. Results were presented as mean + S.E.M.
*p<0.05, ***p<0.001 control vs. acetic acid; +++p<0.001 acetic acid vs. treat-
ment group. PS: Physiological saline, AA: acetic acid, SS: Sulfasalazine, SP:
Sideritis perfoliata.

(p<0.001 for three markers), and the levels of these cytokines
were reduced in the SS and SP groups (p<0.001) (Figure 3A-
3C). IL-10 levels were significantly lower in the AA group than
in the PS group (p<0.01), but increased IL-10 levels were found
in the SS group than in the AA group (p<0.01) (Figure 3D). On
the other hand, there were no significant differences in IL-10
levels between the SS or SP groups and the PS group (Figure
3D). Compared with the PS group, the IL-17 level was higher
in the AA group (p<0.001) (Figure 3E). While a significant
decrease in IL-17 levels was detected in the SS and SP groups
compared with the AA group (p<0.001-p<0.01, respectively),
the IL-17 level of the SP group was still higher than that of the
PS group (p<0.05) (Figure 3E).
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Figure 3. Evaluation of the levels of TNF-a (A), IL-18 (B), TLR-9 (C), IL-10
(D), and IL-17 (E) in colon tissue after treatments in AA-induced UC rat model,
using ELISA method. PS, Sham, and vehicle (PS) treatment control group; AA,
AA-induced colitis+PS treatment group; SS, AA-induced colitis+SS treatment
positive control group; SP, AA-induced colitis+SP extract treatment group.
Results were presented as mean + S.E.M. **¥p<0.01 and ***p<0.001 control
vs. acetic acid; **p<0.01 and ***p<0.001 acetic acid vs. treatment group. PS:
Physiological saline, AA: acetic acid, SS: Sulfasalazine, SP: Sideritis perfoli-
ata.

Caspase-3 and caspase-9 levels were elevated
(p<0.001-p< 0.05 respectively) in the AA group; how-
ever, these elevations were attenuated in the SS (p<0.001 for
both caspases) and SP (p<0.001 for both caspases) groups.
There was a significant decrease in caspase-9 levels in the SP
group compared with the PS group (p<0.01), while caspase-3
levels were still higher than in the PS group (p<0.01) (Figures
4A and 4B). MMP-3 activity was higher in the AA and
SS groups compared with the PS group (p<0.001-p<0.05),
while MMP-3 levels in the SS and SP groups were decreased
compared with the AA group (p<0.05-p<0.01). In addition,
no significant difference was observed between the SP and PS
groups (Figure 4C).

The AA group had a higher overall macroscopic score
(5.17+0.3) compared to the PS (0.00£0.1), SS (0.83+0.3), and

SP (0.67+0.2) groups. The rats in the AA group had signifi-
cantly higher macroscopic lesion ratings than those in the PS
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Figure 4. Evaluation of the levels of caspase-3 (A), caspase-9 (B), and MMP-3
(C), macroscopically (D), and microscopically (E) scores in colon tissue after
treatments in AA-induced UC rat model. PS, Sham, and vehicle (PS) treatment
control group; AA, AA-induced colitis+PS treatment group; SS, AA-induced
colitis+SS treatment positive control group; SP, AA-induced colitis+SP extract
treatment group; Results were presented as mean + S.E.M. *, ¥*: p<(.05, ***
p<0.001 control vs. acetic acid; +: p<0.05, ++: p<0.01, +++p<0.001 acetic
acid vs. treatment group. PS: Physiological saline, AA: acetic acid, SS: Sul-
fasalazine, SP: Sideritis perfoliata.

group (p<0.001) (Figure 4D). The rats in the SS or SP groups
showed a significant decrease in the overall macroscopic dam-
age score compared with the AA group (p<0.001) (Figure 4D).
The PS group’s colon tissue showed standard macroscopic ar-
chitecture with no signs of mucosal layer injury (Figure 5A). In
contrast, the AA group (Figure 5B) exhibited significant ulcer-
ative and oedematous mucosal lesions. Additionally, a signifi-
cant reduction in mucosal damage and lesions was observed in
the SS (Figure 5C) and SP (Figure 5D) groups compared with
the AA group.

When colon tissues were examined for microscopic damage,
the AA group was found to have a higher microscopic damage
score than the control group (p<0.001) (Figure 4E). However,
microscopic damage was significantly reduced in the SS or SP
(p<0.001) groups (Figure 4E). On the other hand, the micro-
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Figure 5. Effect of Sideritis perfoliata or sulfasalazine treatment on macro-
scopic images of rat colons with acetic acid-induced ulcerative colitis. A. PS
Sham, and vehicle (PS) treatment control group; B. AA-induced colitis+PS
treatment group; C. AA-induced colitis+SS treatment positive control group;
D. AA-induced colitis+SP extract treatment group. PS: Physiological saline,
AA: acetic acid, SS: Sulfasalazine, SP: Sideritis perfoliata.

scopic scores of the SS and SP groups were higher than those of
the control group (p<0.05) (Figure 4E). The Haematoxylin and
eosin (H&E) stained sections of the control group revealed typ-
ical colonic histology with intact epithelium, well-preserved
glands, and regular submucosal layers (Figure 6A). In con-
trast, the AA group exhibited pronounced damage, including
a marked loss of the surface epithelial lining, glandular de-
struction, considerable submucosal oedema, and inflammatory
cell infiltration (Figure 6B). The SS group exhibited a histo-
logical improvement with more regular epithelial surfaces and
maintained glandular structures (Figure 6C). Compared with
the AA group, the SP group exhibited improvements, with re-
duced mucosal and glandular damage, decreased submucosal
oedema, and moderate inflammatory cell infiltration (Figure
6D).

DISCUSSION

In this study, SP ethanolic extract showed good antioxidant ac-
tivity against ABTS and DPPH radicals and strong anti-5-LOX
activity. The TPC, TFC, and TTC levels of the SP extract were
also determined. Treatment with SP extract reduced macro-
scopic and microscopic injury scores associated with UC. The
SP extract diminished TNF-a, IL-1f, IL-17, TLR-9, MMP-3,
caspase-9, caspase-3, luminol, and lucigenin CL levels.

SP ethanolic extract was qualitatively proven to carry pheno-
lic, flavonoids, and triterpene compounds with blue, orange-
red, and purple colours seen in total secondary compound
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Figure 6. Light microscopic images of colonic tissue sections stained with
H&E are representative examples. A. The PS group exhibited well-structured
colonic mucosa, submucosa, and muscularis. B. In the AA group, there was
a significant loss of colonic crypts (indicated by arrow) and glands (indicated
by arrowhead), along with notable submucosal oedema (e) and inflammatory
cell infiltration (marked by an asterisk). C. The SS group exhibited a more
consistent appearance of epithelial surfaces (arrow) and preserved glandular
structures (arrowhead). D. SP group exhibited improvements, with reduced mu-
cosal damage (arrow), diminished glandular degeneration (arrowhead), oedema
(e), and inflammatory cell infiltration (asterisk). Scale bar, 100 pm. PS: Phys-
iological saline, AA: acetic acid, SS: Sulfasalazine, SP: Sideritis perfoliata.

determination tests. In addition, our quantitative analysis re-
vealed that the compound contains high numbers of flavonoids,
triterpenes, and phenolic compounds. Sideritis species are rich
in flavonoids, terpenoids, coumarins, sterols, and iridoids, and
these secondary metabolites are responsible for their pharmaco-
logical effects.?? In addition, the extract exhibited good free rad-
ical scavenging activity against DPPH and ABTS radicals and
robust anti-inflammatory activity against 5-LOX. Sarikurkcu
et al. (2020) also reported that methanol and water extracts
have high DPPH and ABTS radical scavenging and reduc-
ing power activities.** Although SP’s effect on colitis is un-
known, Charami et al. (2008) reported the antioxidant activ-
ity (using DPPH spectrophotometric and thiobarbituric acid
lipid peroxidation measurements) and anti-soybean lipoxyge-
nase activity of SP extracts in vitro.?’ Naturally derived com-
pounds, such as flavonoids, triterpenes, and phenolic acids,
have been reported to be promising agents against colitis be-
cause of their antioxidant (phenolic acids and flavonoids) and
anti-inflammatory (phenolic acids, flavonoids, and triterpenes)
effects.*34346 Therefore, the antioxidant and anti-inflammatory
properties of these compounds may be primarily responsible for
the therapeutic effect of SP ethanolic extract. The consequences
of our study also pointed to the 5-LOX inhibitory potential of
the polar ethanolic extract. Therefore, the extract’s improving
impact on the UC could be attributed to the synergistic action
of its constituents.

Oxidative stress causes mucosal damage accompanied by
pro-inflammatory mediators in humans and animals. The AA
leads to the upregulated production of free radicals and reactive

oxygen species (ROS).#’ Hence, free radical scavenging and

ROS elimination are essential in diminishing colon inflamma-
tion in the UC.!3 In the present study, treatment with SS and SP
extract repressed the AA-induced oxidative stress, as affirmed
by the declining luminol and lucigenin levels. On the other hand,
no significant differences were observed between the groups in
terms of SOD activity. Our in vitro analysis revealed that SP ex-
tract has good DPPH/ABTS radical scavenging activity, which
may cause a reduction in the amount of luminol-lucigenin-
enhanced CL. In addition, the antioxidant effect of flavonoids
and phenolic substances in the extract also explains the low
amounts of luminol and lucigenin. Therefore, reducing oxida-
tive stress promotes biochemical and morphological colonic
recovery. The antioxidant activity of Sideritis species was pre-
viously attributed to their high phenolic compound content, and
a limited number of in vivo studies have been conducted to de-
termine the anti-radical effects of extracts obtained from SP.23
The ethanolic extract of SP displayed moderate antioxidant po-
tential and antibacterial activity against Prevotella intermedia.
In that study, the authors linked the plant’s moderate antibac-
terial and antioxidant activity to the traditional use of SP for
treating wounds and inflammatory conditions.??

The critical mediators of mucosal inflammation are cytokines
and small cell-signalling molecules produced by numerous im-
mune cells. Previous studies have demonstrated a direct cor-
relation between cytokine levels and UC inflammation.*34°
Colonic TNF-a, IL-18, and IL-17 levels were upregulated
as inflammation markers in male mice with UC.® The mu-
cosal concentrations of pro-inflammatory cytokines IL-14%!,
TNF-o!, and IL-17%233 are high in patients with UC. In the
present study, AA administration increased these cytokines in
the colon. Moreover, SS and SP extract treatments caused a de-
crease in the levels of these cytokines. Previously, SS treatment
has shown a decreased effect of TNF-a, IL-183, and IL-17 in the
rat colon.>* In our study, SP extracts reduced these cytokines
similarly to SS even though TNF-« and IL-1p levels were no
different from the control (PS group). This result indicates that
SP mitigates cytokine responses. Only SS treatment increased
the anti-inflammatory cytokine IL-10 levels, whereas SP did
not cause a significant increase. We think SP’s effect on IL-10
should be investigated in different colitis models.

TLR-9 levels are elevated in the colon with UC rats.>> A
relationship between the cruelty of inflammation and TLR-9
levels was shown in humans.>®7 Our study found consistency
between colonic TLR-9 levels and inflammation severity in UC
rats, consistent with previous studies.>>’7 Our results suggest
that SS and SP extract treatment inhibits TLR-9 levels. On
the other hand, some researchers have reported that TLR-9
activation suppresses inflammation.’®>° Therefore, more work
is needed on this subject.

Suppression of caspase-9 and caspase-3 and prevention of
apoptosis are potential therapeutic targets for UC.%%¢! Qur




results indicated that SS and SP treatment diminished AA-
induced apoptosis, partly because of reduced caspase-3 and
caspase-9 activity levels. Moreover, we observed that SP ex-
tract treatment significantly improved caspase-9 levels and even
reduced them to lower levels in the control group. Our findings
demonstrate that SP attenuates mitochondria-associated apop-
tosis. Previously, medicinal or nutraceutical-based herbs have
been shown to have antiapoptotic activity and to improve colitis
and ulcerative lesions.%%%3 However, there is no research on the
apoptotic effect of SP.

In this study, AA caused significant deterioration of macro-
scopic and microscopic tissue morphology and increased
MMP-3 levels. Treatment with SP extract improved MMP-3
and macroscopic scoring at a level similar to control while par-
tially improving microscopic scoring. Our in vitro and in vivo
biochemical data results were reflected in the tissue and sup-
ported morphological improvements. MMPs play an essential
role in connective tissue degradation and are fundamental in re-
dundant tissue demolition in colitis.®* MMPs are proteases that
degrade all components of the extracellular matrix. Under phys-
iological conditions, they are produced at low levels and play a
role in normal tissue homeostasis. Specific inhibitors (TIMPs)
inhibit their functions. However, in inflamed tissues of patients
with IBD, MMPs are overproduced and TIMPs are deficient.
Therefore, they contribute significantly to the mucosal degra-
dation associated with IBD.%® The specific inhibition of these
MMPs may provide novel therapeutic options against IBD.

CONCLUSION

In conclusion, thanks to its flavonoids, phenolic acids, triter-
pene contents, anti-5-LOX, and free radical scavenging activ-
ities, SP extract attenuates pro-inflammatory cytokines, mito-
chondrial apoptotic caspases, and oxidative stress. Our findings
support the ethnopharmacological use of SP for colitis.
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ABSTRACT

Glioblastoma, classified as grade IV astrocytoma by the World Health Organisation, is the most common and malignant primary
brain tumour in adults, with a high mortality rate. It accounts for 14.5% of central nervous system tumours and 45.6% of primary
malignant brain tumours, with an annual incidence of 3.19 per 100,000 people. Despite advances in our understanding of its
molecular biology, patient outcomes remain poor, with a median survival of approximately 1 year. Glioblastoma is categorised
into four subtypes: IDH wild-type, IDH mutant, not otherwise specified (NOS), and not elsewhere classified (NEC), each
affecting prognosis and treatment. Key molecular alterations include IDHI1/2, ATRX, TERT, TP53, B-RAF, EGFR, MGMT, and
PTEN mutations, which contribute to tumour behaviour and therapeutic targets. Current diagnostic methods, including magnetic
resonance imaging and advanced molecular imaging, aid in accurate diagnosis and treatment planning. Although existing therapies
offer limited survival benefits, novel treatments like immunotherapy, oncolytic viral therapy, and targeted molecular therapies,
are currently being investigated. These emerging therapies overcome challenges such as the blood-brain barrier and tumour
heterogeneity, providing hope for improved outcomes. Future perspectives emphasise the importance of integrating molecular
biomarkers, optimising treatment strategies, and enhancing clinical trial designs to develop more effective therapies for patients
with glioblastoma.This review aims to delve into the intricate facets of glioblastoma, including its classification, histopathology,
interactions with the microenvironment, molecular pathogenesis, diagnostic imaging techniques, clinical progression, current
therapeutic approaches, challenges in treatment, identifiable risk factors, and exploration of emerging therapies and prospects in
glioblastoma management.

Keywords: Glioblastoma, Temozolomide, IDH mutations, Diagnostic imaging, Blood-brain barrier

INTRODUCTION survive for five years, and this rate drops to 2% among patients

aged 65 years and older.*
Glioblastoma, classified as grade IV astrocytoma by the World

Health Organisation (WHO), is the most prevalent and ag-
gressive primary brain tumour in the adult population. It is
the leading cause of death among patients with primary brain
tumours. This disease accounts for 14.5% of central nervous
system (CNS) tumors and 45.6% of primary malignant brain
neoplasms.!? Its annual incidence is 3.19 per 100,000 peo-
ple, with the age-specific annual incidence reaching 0.15 per
100,000 in children and reaching a peak incidence of 15 per
100,000 among patients aged 75-84 years.> Newly diagnosed
patients with glioblastoma typically have a median survival
of approximately 1 year and often exhibit poor responses to all
therapeutic modalities. Survival rates also decline with increas-
ing age. Only 5% of all patients diagnosed with glioblastoma

This review comprehensively explores the multifaceted as-
pects of glioblastoma, including its classification, histopathol-
ogy, interactions within the microenvironment, molecular
pathogenesis, diagnostic imaging modalities, clinical progres-
sion, existing therapeutic strategies, treatment challenges, and
identifiable risk factors, as well as exploring emerging therapies
and prospects in glioblastoma management.

CLASSIFICATION OF GLIOBLASTOMA

The WHO classification is the international standard for glioma
nomenclature. According to this classification, glioblastoma is
classified as a grade IV malignant tumor. The 2016 fourth edi-
tion of the WHO glioma classification predicts the degree of
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malignancy based on histopathological criteria. Histopatho-
logical features of glioblastoma include necrosis and en-
dothelial proliferation, and four subtypes are defined in this
classification®:

1. Isocitrate Dehydrogenase (IDH) Wild-Type Glioblastoma:
This type typically develops de novo around the age of 60.
The subgroup lacking IDH mutation has a worse prognosis and
comprises approximately 90% of glioblastomas.®

2. IDH-Mutant Glioblastoma: This type generally develops
in younger patients with more highly differentiated gliomas,
known as “secondary glioblastoma,” evolving from prior WHO
grade II or III glioma diagnoses. Instead, for such tumours, it
proposes the term “astrocytoma”, IDH-mutant, WHO grade
IV. These conditions account for approximately 10% of the
cases. Tumours carrying specific point mutations in /DH [ or
2 genes are associated with younger age and better prognosis.’
However, the Consortium to Inform Molecular and Practi-
cal Approaches to central nervous system Tumour Taxonomy
(cIMPACT-NOW), which focuses on IDH mutant grade IV
gliomas, emphasises that IDH mutant gliomas have distinct
biology and clinical behaviours from IDHwt glioblastomas.
Consequently, the authors recommend that the term “glioblas-
toma” should no longer be applied to IDH-mutant tumours.
cIMPACT-NOW was established to inform molecular and prac-
tical approaches to the classification of CNS tumours. Although
not officially recognised by the WHO, this consortium provides
significant updates and recommendations for the classification
and diagnosis of CNS tumours.

3. Not Otherwise Specified Glioblastoma: This subtype de-
scribes tumours for which the presence of an IDH mutation
cannot be determined owing to the absence of requisite histo-
logical or molecular material for testing.

4. Not-Elsewhere-Classified Glioblastoma: This category
refers to tumours that have undergone the necessary exami-
nations for classification but cannot be matched with any of
the categories in the 2016 WHO classification based on the
results. This can occur due to inconsistencies between the clin-
ical, histological, immunohistochemical, and genetic charac-
teristics. Additionally, there is a possibility of the existence of
glioblastoma subtypes exhibiting an unidentified combination
of characteristics that have not yet been incorporated into the
WHO classification.

HISTOPATHOLOGY

The pathological features of glioblastoma include a diffusely
infiltrative tumour with an astrocytic morphology, high mitotic
rates, microvascular proliferation, and/or pseudopalisading
necrosis.? Additionally, immunohistochemical markers com-
monly used to diagnose glioblastoma include the expression of
glial fibrillary acidic protein. The MIB-1/Ki-67 index is also
examined to help determine the extent of proliferation.” Some-
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times, a tumour sample may not exhibit the typical histopatho-
logical characteristics of glioblastoma. Before the integration
of molecular classification with histopathology, these tumours
would have been categorised with a lower WHO grades. Nev-
ertheless, if a tumour is shown to carry the molecular profile
of glioblastoma, it is anticipated to behave like a glioblastoma,
and a treatment plan is recommended accordingly. For these
types of tumours, cIMPACT-NOW has proposed the diagnos-
tic criteria of “diffuse astrocytic gliomas, IDH-wild type, with
molecular features of glioblastoma, WHO grade TV”.!° The
recently defined CNS Tumour Methylation Classifier identi-
fies specific glioblastoma subclasses, representing a significant
advancement in the diagnostic accuracy of brain tumors.!! Al-
though the clinical significance of these glioblastoma variants
has not been demonstrated, using a classifier to verify glioblas-
toma diagnosis can be advantageous in unusual clinical sce-
narios, such as patients with a long patient survival history or
atypical tumour histopathology.

INTERACTION OF GLIOBLASTOMA WITH
MICROENVIRONMENTS

The close interaction of glioblastoma with its microenviron-
ment in the central nervous system is crucial for tumour devel-
opment, particularly given the specificity of brain cell popula-
tions and the extracellular space.'?> Glioblastoma exhibits sig-
nificant cellular heterogeneity and includes the tumour perivas-
cular niche, which is the primary site of glioblastoma stem
cell-like (GSC) populations.'3 This niche consists of stromal
cells, such as microglia, astrocytes, pericytes, fibroblasts, and
endothelial cells, which support tumour progression.'* Inter-
action with the extracellular matrix of the brain is critical for
glioblastoma cell survival and invasion.'> Glioblastoma growth
is associated with neo-angiogenesis, and it secretes proangio-
genic factors like VEGF-A.'® Antiangiogenic therapies offer
limited benefits.'” Moreover, endothelial cells and microglia se-
crete mediators that promote GSC renewal and activate MMP2
and MMP9, which support tumour invasion.'®!° The impact of
astrocytes on GBM is not fully understood, but research in this
area is increasing.?%-%!

MOLECULAR PATHOGENESIS

Comprehensive large-scale analyses of genetic, epigenetic, and
expression data significantly contribute to understanding the bi-
ological mechanisms of glioblastoma. These insights facilitate
the continuous development of subclassification of glioblas-
tomas beyond traditional histological grading. In a study con-
ducted in 2006, three gene expression subtypes (proneural,
mesenchymal, and proliferative) were identified, each charac-
terised by specific somatic alterations among 35 genes strongly
associated with survival.”> Among these subtypes, the proneu-
ral subtype did not exhibit changes in the phosphatase and
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tensin homologue (PTEN) or epidermal growth factor receptor
(EGFR) expression profiles and was associated with younger
age, longer survival, and anaplastic histology. The prolifera-
tive subtype was associated with genes related to proliferation.
The mesenchymal subtype expressed genes associated with an-
giogenesis. Both proliferative and mesenchymal subtypes were
linked to poor survival. These analyses were later conducted
using broader datasets and mutation analyses for comprehen-
sive evaluation. In 2008, The Cancer Genome Atlas Research
(2008) identified three major signalling pathways: Receptor
tyrosine kinase (RTK)/rat sarcoma (RAS)/phosphoinositide 3-
kinase (PI3K), p53, and retinoblastoma protein (RB). In the
same year, IDH-1/2 mutations were identified as molecular
markers closely linked to secondary glioblastoma, younger age,
and improved survival. In 2010, the initially proposed gene
expression-based glioblastoma subclassification was updated
to four subtypes (proneural, neural, classical, and mesenchy-
mal) based on similar gene expression profiles.?? In 2012,
the epigenetic profiling results were also evaluated, leading
to the classification of six subtypes. These six subtypes were
correlated with different prognoses, tumour locations, and age
distributions.?* In addition to the data obtained from these ge-
netic, epigenetic, and expression studies, next-generation se-
quencing technologies currently provide an additional layer
of detail for understanding intra-tumour diversity and tumour
progression in glioblastoma. Table 1 summarises the principal
molecular changes identified in glioblastoma.

IDH1/2 Mutations

In adults, IDH /2 mutations in widespread diffuse gliomas pre-
dict long-term patient outcomes. IDH mutations are found in
approximately 5-10% of all glioblastomas and are associated
with younger age and more favourable prognosis.>> They are
rarely observed in patients aged 65 years and older. Mutant
IDH generates the oncometabolite 2-hydroxyglutarate®®, which
is associated with a unique epigenetic pattern called the glioma
CpG island methylator phenotype (G-CIMP).?” In the first stage
of screening for IDH mutations, the main focus is on IDH1-
R132H, which accounts for 90% of IDH mutations found in
glioblastoma.?®?° This analysis was performed using IDHI-
R132H-specific immunohistochemistry, which is a rapid and
cost-effective method. Targeted sequencing was performed for
IDH? (codon 172) and IDHI R132C and R132S mutations.
These can now be sequenced simultaneously as part of a larger
next-generation sequencing (NGS) panel. Generally, IDH mu-
tations are very rarely observed in older patients (>55 years).3°
On the other hand, IDH wild-type glioblastoma is typically
observed in older patients and is associated with a poorer prog-
nosis; the TERT promoter mutation, in particular, indicates a
poor outcome in these patients.!

ATRX (a-thalassaemia/mental-retardation X-linked Gene)
Mutations

A protein encoded by ATRX is responsible for chromatin
remodelling and the incorporation of histone H3.3 into
heterochromatin.>> Mutations in ATRX are found in approx-
imately 57% of secondary glioblastomas. Within glioblastoma
cells, ATRX mutations are more common in IDH-mutant tu-
mours than in wild-type tumors.’> ATRX mutations are associ-
ated with better prognosis.>?

TERT (Telomerase Reverse Transcriptase Gene) Promoter
Mutations

Mutations in the TERT gene promoter, which encodes telom-
erase, elongates telomeres by adding the missing 3’ end during
DNA replication, result in increased telomerase activity.3*3
The most prevalent mutations in the TERT promoter are C228T
and C250T3°, which cause a substantial increase in TERT
expression, almost quadrupling it.>*37 These mutations are
present in nearly 80% of glioblastoma cases.>*3%3 TERT pro-
moter mutations are more common in IDH wild-type glioblas-
toma than in IDH mutant glioblastoma.’ However, the prognos-
tic role of TERT promoter mutations has not been definitively
established due to the presence of several confounding factors.
To independently evaluate the prognostic influence of TERT
promoter mutations, further prospective studies on large ho-
mogeneous patient populations are needed.*

TP53 (Tumour Protein P53 Gene) Mutations

The p53 protein is critical for regulating proliferation, survival,
genomic integrity, and other cellular functions. 7P53 mutations
contribute to the advancement of glioblastoma.*! These muta-
tions are more frequent in IDH-mutant glioblastoma than in
IDH-wild type glioblastoma.’ Gain-of-function (GOF) TP53
mutations endow the protein with a new function or alter its
expression, leading to increased cellular malignancy.**> GOF
mutations increase MGMT expression, thereby reducing the
sensitivity of glioblastoma to temozolomide and decreasing
overall survival.*3

BRAF (B-Rapidly Accelerated Fibrosarcoma Gene)
V600E Mutations

As part of the RAS-RAF-MEK-ERK MAP kinase pathway
governing cell growth, B-RAF can exhibit constitutive kinase
activity due to mutations in its gene, fostering unregulated cell
proliferation and tumour genesis. The V60OE mutation, one of
the most common B-RAF mutations, produces a constitutively
active serine/threonine kinase B-RAF. This mutation activates
ERK1/2 and MAP kinases, disrupting the tightly regulated con-
trol of this crucial pathway. The frequency of all B-RAF mu-
tations in glioblastoma is estimated to be around 2-5%.% This
mutation is considered suitable for personalised cancer therapy
with kinase inhibitors.*’
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Table 1. Key molecular alterations in glioblastoma.

Gene Mutation/Alteration Impact on Glioblastoma Prognostic Value
IDH1/2 RI132H, R132C, Associated with younger age Positive
R132S, and and better prognosis
ATRX  Mutations Involvement chromatin  Positive
remodelling
TERT  C228T, C250T Increased telomerase activity Variable requires further study
TP53 Gain of Function Increased proliferation and drug Negative
(GOF) resistance
B-RAF V600E Constitutive kinase activity and  Suitable for targeted therapy
cell proliferation
EGFR  Amplification, Promotes cell proliferation Mixed, not definitively
EGFRVIII established
EGFR Mutations DIAGNOSIS AND IMAGING

EGFR functions as a receptor with tyrosine kinase activity,
promoting cell proliferation via the activation of the mitogen-
activated protein kinase (MAPK) and PI3K-Akt pathways.*®
Approximately 40% of glioblastoma cases exhibit EGFR
amplification.*’ While some studies have reported an asso-
ciation between EGFR amplification and poor prognosis, this
relationship has not been definitively established.*®*° EGFR
amplification is more common in IDH-wild-type glioblastomas
than in IDH-mutant glioblastoma.’> The most common EGFR
mutation is a large deletion spanning exons 2 to 7, known as
EGFRvIIL>

MGMT (06-methylguanine DNA Methyltransferase Gene)
Mutations

The protein encoded by the MGMT gene is responsible for re-
pairing DNA by removing an alkyl group located at the O6
position of guanine, a critical site for DNA alkylation. MGMT
promoter methylation predicts the efficacy of temozolomide
chemotherapy in both newly diagnosed and potentially recur-
rent glioblastomas.>!*> The role of MGMT in resistance to
alkylating chemotherapy was idehas beenfied, leadingand it
has the most impactful biomarker in clinical decision-making,
particularly for older patients glioblastoma patients.>>

PTEN Mutations

The loss of heterozygosity or methylation mutations in PTEN
results in the loss of functional PTEN, which disrupts the
PI3K/Akt pathway and affects cell survival, growth, and prolif-
eration regulation.* This disruption affects pathways involved
in PI3K. PTEN mutations are found in at least 60% of glioblas-
toma cases.>> The loss of PTEN function is associated with
poor prognosis in glioblastoma.®

Most glioblastomas are diagnosed symptomatically because
of their rapid growth, which leads to the development of
seizures or neurological deficits. Symptoms can include new-
onset epilepsy, headache, altered mental status, and signs of
increased intracranial pressure. Contrast-enhanced magnetic
resonance imaging (MRI) is the diagnostic method of choice
for glioblastoma diagnosis. These tumours typically appear
as contrast-enhancing necrotic mass with surrounding oedema
and infiltrative tumour tissue. Contrast-enhanced computed to-
mography is less sensitive in detecting the typical features of
glioblastoma and is reserved for acute situations, such as sus-
pected haemorrhage or when MRI is not possible because of the
presence of a pacemaker or other metallic implants. Amino acid
positron emission tomography (PET) is increasingly performed
before biopsy to direct the biopsy site to metabolic hot spots that
might represent higher tumour grades.>” However, PET imag-
ing is excluded from the conventional treatment regimen for
individuals with glioblastoma. MRI offers crucial anatomical
information about the tumour and surrounding brain structures,
thereby aiding in surgical planning. Functional MRI is particu-
larly valuable for tumours near critical areas, helping to plan the
best surgical approach and ensuring the safe maximal resection
of contrast-enhancing tumours to enhance patient survival. Ad-
ditionally, MRI facilitates the differentiation of glioblastomas
from other contrast-enhancing lesions like abscesses, primary
central nervous system lymphomas, and metastases from non-
primary brain tumors.’®° Despite this, the imaging character-
istics of glioblastoma can vary greatly, necessitating a tissue-
based diagnosis.>® The tissue required to confirm the diagnosis
of glioblastoma can be acquired through stereotactic or open
biopsy or microsurgical resection of the tumour.
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CLINICAL COURSE

Glioblastoma clinical progression is dictated by the tumour’s
location and spread dynamics within the brain. Tissue destruc-
tion, oedema, and epilepsy exacerbate clinical symptoms, re-
sulting in rapid deterioration in some patients. Although the
prognosis for glioblastoma is inevitably fatal, standard treat-
ments can temporarily stabilise or improve quality of life
and cognitive functions, even in older and severely affected
populations.5%-62 Approximately 20% of glioblastoma patients
initially show sensorimotor deficits, whereas around 5% expe-
rience aphasia due to tumours in the speech-dominant hemi-
sphere, usually the left side.®3 Epilepsy occurs initially in
24-68% of patients and develops in 19-38% as the disease
progresses.®*% Early epilepsy symptoms are linked to longer
survival, likely due to younger age, cortical tumour location,
and smaller tumour size, indicating better surgical outcomes
and earlier detection.®3%* Less than one-third of patients re-
port headache as the initial symptom.®® Other symptoms like
increased intracranial pressure, nausea, vomiting, dizziness, fa-
tigue, and cognitive decline, may appear at diagnosis and may
worsen over time. A few patients may have stable disease and re-
main largely neurologically asymptomatic for years. However,
most patients experience a significant decline in quality of life
after failure of first-line treatments.®*-%? In summary, glioblas-
toma lacks a typical clinical presentation. Compared with other
gliomas, glioblastoma is characterised by faster dynamics and
a slightly lower incidence of epilepsy.

CURRENT TREATMENTS

Despite recent advances in the understanding of the biology
of glioblastoma, patient prognosis remains poor. Current treat-
ment methods rely on a combination of surgery, radiotherapy,
and chemotherapy. Even with this standard treatment, the me-
dian overall survival is approximately 15-18 months, and the
5-year survival rate is below 10%.63-6°

Temozolomide, an alkylating agent used in chemotherapy, is
a key component of treatment. The methylation status of the
MGMT promoter predicts the benefit of alkylating chemother-
apy with temozolomide and guides treatment choices. Phase
IIT trials have consistently shown that glioblastoma patients
with MGMT promoter methylation experience approximately
50% longer median survival when treated with Temozolomide.
In glioblastomas without MGMT promoter methylation, temo-
zolomide has little to no benefit.>! The use of temozolomide in
these patients, particularly within the context of clinical trials,
is debated, but an increasing number of studies are exploring
this approach. Currently, detecting specific gene mutations in
the tumour provides valuable information about the clinical
course of the disease and enables the development of targeted
therapies. However, there are still many hurdles to overcome
for treating this invariably fatal cancer.

Challenges in the treatment of glioblastomas

Due to their aggressive behaviour and resistance to treatment,
glioblastomas have high mortality rates. This is partly attributed
to the tumours’ location within the central nervous system and
the neurological toxicities associated with treatment.®” Another
critical issue is the blood-brain barrier. Glioblastomas utilise the
blood-brain barrier, a natural defence mechanism of the brain
against toxins. This barrier restricts the diffusion of compounds
to small, uncharged, lipid-soluble molecules. Since most drugs
do not possess these characteristics, they cannot significantly
penetrate the blood-brain barrier.® Given that several recent
clinical trials have failed to improve survival due to the inability
to achieve therapeutic concentrations in the target area, brain
penetration remains a major challenge in glioblastoma treat-
ment. Approaches to tackle this challenge involve developing a
greater number of substances that can effectively penetrate the
blood-brain barrier, utilising endogenous entry transporters,
and employing focused ultrasound to temporarily disrupt the
blood-brain barrier.®’

Another critical challenge in treating glioblastoma is the high
degree of heterogeneity. Glioblastomas exhibit multiple genetic
factors throughout tumour progression.’” Intratumoral hetero-
geneity at both the molecular and functional levels heightens
the complexity of glioblastomas. For example, various regions
within the same tumour may possess distinct genetic compo-
sitions, transcriptional subtypes, or cells with varying prolif-
eration kinetics.”!"7> This heterogeneity can impact treatment
outcomes, as functionally diverse glioma cells within the tu-
mour may respond differently to temozolomide or ionising
radiation.”>-7°

RISK FACTORS

The vast majority of glioblastoma patients have no prior his-
tory of cancer, with approximately 5% of all gliomas being
familial. However, there are multiple rare Mendelian inher-
ited syndromes associated with adult glioma and glioblastoma.
Less than 1% of glioblastomas are related to hereditary can-
cer syndromes, such as Li-Fraumeni Syndrome, Turcot Syn-
drome, Neurofibromatosis Types 1 and 2, tubrous Sclerosis
Complex, and Cowden Syndrome. These glioblastomas are of-
ten diagnosed as secondary to WHO grade II or IIT gliomas.”’
Given family history data, the frequency of germline variants
was higher than expected. Data indicate that 13% of patients
with gliomas have at least one pathogenic or likely pathogenic
variant.”® Genome-wide association studies have identified 25
single-nucleotide polymorphisms (SNPs) associated with an
increased risk of glioma, with 11 of these specifically linked to
glioblastoma.”® These studies have also identified loci involving
critical glioma genes, such as EGFR, TERT, cyclin-dependent
kinase inhibitor 2B (CDKN2B), and regulator of telomere elon-
gation helicase 1 (RTELI).”




Among long-term survivors who received high-dose radia-
tion for primary brain tumours in childhood, an increased risk of
glioblastomas has been demonstrated.?? The findings indicate
that patients who received high-dose radiation therapy were sig-
nificantly more likely to develop glioblastoma than those who
did not receive such treatment. These findings suggest that high-
dose radiation can cause DNA damage and malignant transfor-
mation, thereby increasing the risk of glioblastoma. However,
radiation doses during diagnostic imaging are not considered a
risk factor.3!:82

The potential risk factor for cell phone use (non-ionising ra-
diation exposure) for brain tumours has been extensively stud-
ied, but no definitive link has been established.*#3 No asso-
ciation with smoking or other carcinogens. The expression of
cytomegalovirus genes and their interaction with key pathways
that drive the malignant phenotype of glioblastoma suggest a
potential oncomodulatory role for cytomegalovirus, although
its role as an initiating agent for glioma has not been defini-
tively confirmed.348

Ionising radiation to the brain is the only external risk factor
for the development of glioblastoma.36-88

There is no strong link between specific ethnic groups
and glioblastoma risk although one study found higher inci-
dence rates among Caucasians than among Asians and African
Americans.” Another study showed high molecular similarity
in glioblastoma between Japanese and Swiss patients despite
their different genetic backgrounds.?%%

Conducting more extensive epidemiological studies,
genome-wide association studies (GWAS), and molecular and
biomarker studies will contribute significantly to the better
identification of potential risk factors. These efforts will be
crucial in future research into the risk factors associated with
glioblastoma.

NOVEL THERAPIES AND FUTURE PERSPECTIVES
OF GLIOBLASTOMA TREATMENT

Advancements in the molecular characterisation of glioblas-
toma have paved the way for the development of new therapeutic
strategies. The traditional WHO classification based on histol-
ogy is complemented by evaluating molecular markers. A more
personalised approach to glioblastoma treatment is necessary.
However, the molecular profile of glioblastoma exhibits both
intratumoral and temporal heterogeneity, thereby complicating
treatment strategies.”"’* Despite these challenges, emerging
technologies and increased knowledge continue to facilitate the
discovery and clinical testing of promising novel treatment con-
cepts. Completed and ongoing clinical trials related to glioblas-
toma are shown in Table 2.71-%4
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Immunotherapy

The application of immunotherapy in glioblastoma treatment
has been investigated for many years, with limited success
so far.”> However, the discovery of promising targets, tech-
nological advancements, and success in early-stage clinical
trials have reignited interest in this approach. Recurrence of
glioblastoma is a common issue that limits patient recovery,
with approximately 50% of patients unable to access second-
line treatments.”®%7 Research has shown that glioblastoma tu-
mour cells create an immunosuppressive microenvironment
by increasing factors such as FASL, PD-1, indoleamine 2,3-
dioxygenase (IDO), and STAT3.”® Microglial cells promote
systemic immunosuppression by producing IL-1 and TGF-f.%
Immunosuppressive markers like PD-1 increase, altering CTL
phenotypes. Vaccination and anti-PD-1/CTLA-4 treatment tar-
gets glioblastoma-associated antigens (e.g., EGFRVIII). On-
colytic viral therapy uses viruses to trigger an immune response
against the tumour, exploiting viral defence weaknesses to in-
fect tumour cells.'”’ U.S Food and Drug Administration (FDA)
has approved monoclonal antibodies targeting PD-1, CTLA-4,
and PD-L1 for cancer treatment.'?!:102

In recent years, the therapeutic successes achieved with im-
mune checkpoint blockade and CAR-T cells in immunother-
apy aimed at utilising the immune system to treat cancer
have laid the foundation for the clinical development of im-
munotherapy, significantly improving treatment outcomes for
many cancer patients.!93-1 Using this method, T cells are ge-
netically engineered to express Chimeric Antigen Receptors
(CAR) that are specifically directed against antigens on tu-
mour cells.!% The clinical potential of CAR-T cell therapy has
been best demonstrated in haematologic malignancies.'7-198
Various clinical studies have tested CAR-T cell therapies tar-
geting epidermal growth factor receptor variant ITII (EGFRVIII),
interleukin (IL)13Ra2 (IL-13Ra2), and ephrin-A2 (Her2) for
glioblastoma, showing clinical benefits in progressive glioblas-
toma patients.!%-1" However, antigen escape mechanisms can
negatively impact the durability of responses to CAR-T cell
therapy.!%

Oncolytic Viral Therapy

For treating glioblastoma, oncolytic viruses are used as vectors
for somatic gene therapy by targeting the molecular pathways
that drive malignant tumour. These viruses exert their effects
by either provoking an inflammatory host response or directly
destroying glioma cells through extensive replication (Figure
1)."'"2 Oncolytic virotherapy, a promising immunotherapy for
glioblastoma, includes replication-competent viruses that de-
stroy cancer cells and replication-deficient viral vectors that
deliver therapeutic genes.!!3!1% The first group of oncolytic
viruses includes Newcastle disease viruses, reoviruses, and par-
voviruses. The second group consists of adenoviruses, herpes
simplex viruses, vaccinia viruses, vesicular stomatitis viruses,
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Table 2. Clinical trials for glioblastoma.

Therapeutic Trial Name Status Outcome Participants Start NCT Number
Approach Date
Oncolytic Viral Phase II DNX-2401 for Active, not Median survival 25 2017 NCTO03152318
Therapy Recurrent Glioblastoma recruiting improvement
DNX-2401 plus  Active Improved survival and 48 2018  NCT02798406
pembrolizumab safety rates
Toca 511 and Toca FC Completed Increased overall 403 2015 NCT02414165
survival
PVSRIPO for Recurrent Active Enhanced survival and 61 2017 NCT01491893
GBM safety
Oncolytic DNX-2401 Recruiting  Tumour response and 170 2017 NCT03178032
adenovirus safety
Adenoviral gene therapy Recruiting  Safety and efficacy 35 2024 NCT03636477
vector  carrying IL-12 evaluation
(NCT03636477)
Oncolytic herpes simplex Completed Increased immune cell 25 2023 NCT02062827
virus (oHSV) with IL-12 infiltration
(NCT02062827)
Adenovirus DNX-2401 Recruiting  Reduction in tumour size 50 2024 NCT03896568
with mesenchymal stem
cells (NCT03896568)
Immunotherapy PD-1 Blockade in Active Increased survival in 30 2015 NCT02337686
Recurrent Glioblastoma some patients
Nivolumab + Bevacizumab ~ Completed Optimal dosing and 75 2017 NCTO03452579
safety
Ipilimumab and Nivolumab  Active Tumour response and 153 2016  NCT02311920
survival
Dual-target CAR T-cell Ongoing Tumour size reduction 6 2024 NCT05168423
therapy (NCT05168423)
CAR-TEAM cells Ongoing Tumour regression 3 2023  NCT02986178
(NCT02986178)
mRNA  Vaccine Boost Ongoing Immune response 4 2024 NCTO05101212
(NCTO05101212) boosting
Molecular BRAF V600E Mutation in Completed Tumour response to 30 2013 NCT01677741
Therapeutic Paediatric Glioblastoma targeted therapy
Targets
Targeting EGFRVIII with Completed No significant benefit 745 2015 NCTO01480479
Rindopepimut
BRAF Inhibitor  Active Efficacy and safety 25 2019  NCT03973918

Vemurafenib for Recurrent

GBM




Yildirim and Onay-Ucar, The Molecular Landscape of Glioblastoma

Table 2. Continued

CDK4/6 inhibitor Ongoing No improvement in 150 2023 NCT02977780
abemaciclib/EGFR/HER2 overall survival
inhibitor ceratinia
(INSIGhT trial)
Anti-Angiogenic  Bevacizumab Plus Completed Progression-free survival 120 2011  NCTO01390948
Therapy Radiotherapy for Newly
Diagnosed Glioblastoma
Bevacizumab + Radiation+ Completed No improvement in 978 2008 NCTO00884741
Temozolomide overall survival
Blood-brain barrier opening  Recruiting ~ Increased drug 20 2024 NCTO04121455
using  ultrasound  for concentrations in the
chemotherapy brain
Targeting DNA PARP Inhibitor along with Completed Enhanced DNA damage 40 2012  NCTO01477489
Damage Temozolomide for in tumour cells
Response Glioblastoma
PARP Inhibitor Olaparib + Recruiting  Safety and efficacy 60 2018 NCT03212742
Temozolomide
PARP inhibitor velitaris Ongoing Enhanced sensitivity to 38 2023  NCTO03581292
combined with chemotherapy
temozolomide
Veliparib and Radiation for Active Increased survival and 150 2017 NCT02152982
MGMT-unmethylated safety
GBM
Targeting Targeting Tumour Terminated No significant benefit 15 2016  NCTO02873416
Tumour Metabolism in was observed
Metabolism Glioblastoma Cells using
Ketoconazole
Metformin with  Active Tumour response and 30 2016  NCT02338516
Temozolomide and progression-free survival
Radiation Therapy
PTEN pathway inhibition Recruiting  Tumour size reduction 40 2024  NCTO03757805
with posaconazole
Ketogenic Diet for Active Feasibility and safety 18 2019 NCTO05110918
Recurrent Glioblastoma
Others Mesenchymal Stem Cells in ~ Recruiting ~ Safety and preliminary 15 2017 NCT03072134
Recurrent GBM efficacy
Dose-escalated Photon  Active Tumour response and 110 2017  NCTO02179086
Irradiation or Proton Beam safety
Radiation Therapy
Temozolomide vs. Completed Survival benefit for 373 2011  NCT00786682
Radiotherapy for Elderly specific patient

Patients

populations
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Figure 1. Mechanism of oncolytic virus-induced glioblastoma treatment.

polioviruses, and measles viruses. These viruses are geneti-
cally modified to improve their ability to target tumours specif-
ically and to reduce their pathogenic effects.!'*!''5 To date,
over 20 oncolytic virus candidates have been tested in clin-
ical trials for the treatment of glioblastoma.''®!"® Oncolytic
viruses are effective in glioblastoma treatment because they
replicate rapidly in fast-growing cells and adapt well to the
brain environment, where distant metastases are absent.!?0:12!
They initiate an anti-cancer immune response by transforming
"cold tumours" into "hot tumours," making them susceptible
to immune attacks.!?>!?3 This process, called immunogenic
cell death, involves the release of DAMPs, PAMPs, TAAs,
and cytokines.!?*126 Oncolytic viruses also enhance antigen-
presenting cell function, leading to the recruitment of cytotoxic
CD8" T lymphocytes to the tumour site, resulting in tumour
cell destruction.?7-128

Numerous oncolytic viral therapies for glioblastoma recur-
rence are either in Phase I clinical trials or have completed this
phase. Clinical research studies for the treatment of recurrent
glioblastoma using an adenoviral gene therapy vector carry-
ing IL-12 cDNA, which is activated by an orally administered
agent (NCT03636477), are still ongoing. Recent updates indi-
cate that the trial is actively recruiting patients and is in the
phase of evaluating the results. This study aimed to investi-
gate the efficacy and safety of the combination of adenoviral
gene therapy and valacyclovir, particularly in patients who do
not respond to immune checkpoint inhibitors. In this study
(NCT03576612), participants taking the oral drug valacyclovir
were administered an adenoviral vector carrying thymidine ki-
nase cDNA, which causes cytotoxicity. This trial is investigat-
ing the safety and efficacy of adenoviral vectors combined with
valacyclovir and chemoradiation in patients newly diagnosed
with glioblastoma. The treatment involving the stereotactic in-

jection of oncolytic herpes simplex virus type 1 carrying IL-12
cDNA (NCT02062827) aims to evaluate the safety and effi-
cacy of a genetically engineered herpes simplex virus type 1
in patients with recurrent or progressive glioblastoma, anaplas-
tic astrocytoma, or gliosarcoma.'%%!1® The treatment involv-
ing the stereotactic injection of an oncolytic herpes simplex
virus engineered to better replicate in glioblastoma cells and in
cells expressing the stem cell marker nestin (NCT03152318)
uses an oncolytic herpes simplex virus designed to replicate
more efficiently in cells expressing nestin.''> Another clinical
trial (NCT03896568) is evaluating the intra-arterial delivery
of the oncolytic adenovirus DNX-2401 loaded with allogeneic
bone marrow-derived human mesenchymal stem cells.!>*128
The study (NCT03072134) involving the injection of neural
stem cells carrying oncolytic adenovirus into newly diagnosed
glioblastoma patients is being conducted to gather safety and
efficacy data.'?*12® Based on the results, both oncolytic viral
and gene therapy treatments have been observed to be well toler-
ated. Posttreatment tissue analysis revealed increased immune
cell infiltration and changes in immune response, including the
presence of cytotoxic T cells.

Advanced stage trials (Phase II and beyond), such as the re-
combinant nonpathogenic polio-rhinovirus chimaera PVSRIPO
trial (NCT02986178) for patients with recurrent glioblastoma,
also show promise. To overcome the limitations posed by the
BBB, Desjardins et al. reported a new technique for convection-
enhanced delivery of PVSRIPO.'?° convection-enhanced de-
livery is an innovative method that uses a pressure gradient in
a catheter to deliver therapeutic agents to the CNS’s intersti-
tial areas.!? For successful virotherapy, oncolytic viruses need
safe and effective delivery. Given the challenges of transporting
viruses to the central nervous system and the immune system’s
ability to neutralise them, intratumoral delivery has become




the primary method. This treatment is typically administered
via injection during surgical procedures. PVSRIPO is a live
attenuated poliovirus type 1 vaccine modified with the internal
ribosome entry site of human rhinovirus type 2 to reduce neu-
rovirulence. Targeting glioblastoma via CD155, which is com-
monly upregulated in malignant cells, PVSRIPO showed no
neurovirulent potential in a Phase I trial (NCT01491893) using
intratumoral convection-enhanced delivery in patients with re-
current glioblastoma. Additionally, preliminary data indicated
that patients receiving PVSRIPO immunotherapy had higher
24- and 36-month survival rates compared with the control
groups.!?® Based on the findings from Phase I, a Phase II ran-
domised trial (NCT02986178) is ongoing, investigating PVS-
RIPO alone or in combination with lomustine in patients with
recurrent glioblastoma. The FDA has granted PVSRIPO both
breakthrough therapy designation and an orphan drug status,
highlighting its potential for significant therapeutic advance-
ment for patients with glioblastoma. The therapeutic efficacy
of this novel treatment modality is eagerly anticipated in pa-
tients with glioblastoma.

Another viral therapy, foraneen obadenovec (VB-111), was
evaluated in a phase III trial that revealed that the combination
of VB-111 with bevacizumab did not offer a survival advan-
tage compared with bevacizumab alone.'*! This failure sug-
gests that the simultaneous administration of bevacizumab may
have inhibited the viral therapy’s effects. Despite this, opti-
mism remains for developing new treatment strategies. This
optimism is further supported by ongoing research efforts to
identify molecular and immunological variables and targets.

Molecular Therapeutic Targets

The discovery of small molecules that interfere with the molec-
ular mechanisms of glioblastoma treatment is promising. How-
ever, significant challenges remain, such as the scarcity of
agents capable of crossing the blood-brain barrier, recurrent sig-
nalling pathways, and tumour heterogeneity. The 2016 WHO
classification includes molecular parameters for some brain
tumours (e.g., BRAFV600E, IDHI-R132H). Biomarkers like
EGFR amplification and EGFRVIII mutation are prominent in
glioblastoma treatment.!3%133

IDH mutations are observed in approximately 10% of
glioblastomas and serve as significant therapeutic targets.”’
Mutant IDH inhibitors have shown promising preclinical find-
ings, but they need to be validated through clinical trials.'?3
EGFR amplification is mutually exclusive to IDH muta-
tions and is present in approximately 50% of IDH wild-type
glioblastomas. '3

Receptor tyrosine kinase inhibitors like erlotinib and so-
rafenib are among the molecular targets used in glioblastoma
treatment. It is crucial to verify the presence of molecular tar-
gets in tumours to evaluate the efficacy of these inhibitors.
Accordingly, clinical trials on selected patients possessing spe-
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cific molecular characteristics are ongoing. The NCT01975701
trial investigated the efficacy of targeted therapy in newly diag-
nosed patients with glioblastoma, focusing on fibroblast growth
factor (FGF) fusion proteins and activation mutations.'3> 136

The NCTO01349660 trial evaluated the use of a PI3K in-
hibitor in patients with recurrent glioblastoma. The completed
NCTO01339052 trial assessed the efficacy of PI3K inhibitors,
alone or in combination with other anti-angiogenic agents, in
patients with recurrent glioblastoma. The results indicated that
while PI3K inhibitors were effective, they did not significantly
improve overall survival. Similarly, the NCT01870726 trial also
examined the impact of PI3K inhibitors in patients with recur-
rent glioblastoma.'3” The findings revealed that although PI3K
inhibitors were safe and well-tolerated, they did not provide
substantial clinical benefits.

These findings highlight the importance of molecular-based
patient selection for targeted therapies against glioblastoma.
Future studies should focus on optimising treatment strategies
by investigating novel therapeutic targets.

Anti-Angiogenic Therapy

Angiogenesis is a hallmark of glioblastoma, and the anti-VEGF
antibody bevacizumab is the most extensively studied drug tar-
geting this process. While bevacizumab extends progression-
free survival, it has not demonstrated a clear benefit in over-
all survival.!3137 Ongoing research is focused on identifying
molecular markers that could predict which patients would ben-
efit from antiangiogenic therapies. '8

Targeting DNA Damage Response Pathways

Among the most effective nonsurgical treatments for gliomas
are radiotherapy and cytotoxic chemotherapy, both of which
induce DNA damage.®> Enhancing the effects of these agents
on tumours while protecting normal tissue is particularly
crucial for the treatment of glioblastoma. DNA damage re-
sponse (DDR) inhibitors, when used with these therapies,
can increase unrepaired double-strand breaks and single-strand
breaks, thereby enhancing sensitivity to chemotherapy and
radiotherapy.!3® However, DDR inhibitors can cause myelo-
suppression, limiting their combination with temozolomide. 4
The combination of DDR inhibitors with temozolomide could
be an important biomarker.'**!4! Loss of MGMT protein
expression predicts sensitivity to temozolomide, and PARP
inhibitors, a type of DDR inhibitor, have proven to be ef-
fective biomarkers in combination with temozolomide.'4%-14!
Therefore, identifying molecular biomarkers associated with
glioblastoma is critical for developing effective and safe drug
combinations.

Targeting Tumour Metabolism

Targeting tumour metabolism is a significant strategy for
glioblastoma treatment. The inhibition of metabolic regulators,
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such as PTEN, HK2, and PINK1, has shown therapeutic bene-
fits in glioblastoma.'4>143 Additionally, cholesterol metabolism
presents a potential therapeutic target in some glioblastomas. !4+

Tumour-Treating Fields Therapy

Tumour-treating field therapy is an innovative approach for
treating glioblastoma that employs low-intensity alternating
electric fields to disrupt tumour cell division. This non-
invasive therapy has been integrated into standard treatments
for glioblastoma, recurrent glioblastoma, and mesothelioma,
demonstrating significant survival benefits by exerting biophys-
ical forces on charged molecules, thereby inhibiting cancer cell
proliferation and affecting processes such as DNA repair and
immunological responses.'4>146 Current research underscores
tumour-treating fields therapy’s efficacy when combined with
conventional treatments like chemotherapy and radiation, lead-
ing to promising advancements in patient survival outcomes.
Ongoing studies refine treatment protocols, elucidate their
mechanistic impact on glioblastoma progression, and explore
innovative applications to enhance therapeutic effectiveness.
Future directions include investigating personalised approaches
and integrating tumour-treating fields therapy into comprehen-
sive treatment strategies to improve patient outcomes.

CONCLUSION

Despite substantial advancements in our understanding of the
molecular pathogenesis and biology of glioblastoma, patient
outcomes have not significantly improved. Glioblastoma re-
mains a highly aggressive and lethal cancer with limited effec-
tive treatment options. The prognosis for patients with glioblas-
toma is generally poor, with standard treatments offering only
temporary stabilisation and modest improvements in quality of
life. To address these challenges, several promising therapeutic
strategies are being explored and translated into clinical prac-
tise. The development of novel therapies grounded in robust
scientific rationale is crucial. Moreover, enhancing the effi-
ciency of clinical trial evaluations is essential for accelerating
the discovery of effective treatments. Increasing the participa-
tion of patients with glioblastoma in phase I oncology trials
can help identify potential new therapies earlier in the treat-
ment pipeline. Conducting "window-of-opportunity" phase 0
surgical studies to assess blood-brain barrier penetration and
pharmacodynamic effects can provide early insights into the
potential efficacy of new treatments. Incorporating molecular
imaging techniques and using blood and cerebrospinal fluid
biomarkers more extensively can help monitor treatment re-
sponses and better understand the disease. Including a broad
range of molecular biomarkers in clinical trial designs can help
tailor treatments to individual patients and improve outcomes.
Streamlining the design of clinical trials and increasing patient
enrolment can accelerate the development of new therapies.
By implementing these changes, the goal is to identify more

effective treatments for patients with glioblastoma, ultimately
improving survival and quality of life.
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Overexpression of Pepper Capsaicinoid Pathway Genes in Tomato
(Solanum lycopersicum L.)

Chudamani Sharma Prakash! , Yi-Hong Wang!

I Department of Biology, University of Louisiana at Lafayette, Lafayette, LA 70503, USA

ABSTRACT

Objective: The Solanaceae family includes many unique and popular fruits and vegetables such as potato, tomato, and pepper.
Peppers are a group of plants that produce pungent fruits favoured by many in various parts of the world. This spiciness is due to
a class of compounds called capsaicinoid which are synthesized in peppers but not in tomatoes. Both pepper and tomato genomes
have been sequenced, and genes involved in the capsaicinoid biosynthesis pathway have been identified in both genomes. Along
with expression profiling, there were only three genes in the tomato pathway that were not expressed. In this study, we attempted
to overexpress the three pepper genes in tomato to produce spicy fruits.

Materials and Methods: The three genes, BCAT (branched-chain amino acid aminotransferase), Kas (ketoacyl-ACP synthase),
and CS/AT (capsaicin synthase/acyltransferase), were separated using P2Am and T2Am sequences in a tricistronic cassette
driven by the 35S promoter. Transgenic tomato plants containing the gene construct were generated via Agrobacterium-mediated
transformation.

Results: RT-PCR indicated that the genes were expressed in all transgenic tomato plants. Some transgenic fruits resembled hot
peppers with elongated shapes and wrinkled surfaces, but tomato fruits were not spicy based on two-person tasting evaluations.

Conclusion: P2Am and T2Am sequences can be used for the overexpression of multiple genes in tomatoes. Further studies with
tissue-specific promoters and metabolic profiling are necessary.

Keywords: Capsaicinoid pathway genes, Overexpression, Pepper, Tomato

INTRODUCTION are often cultivated in open fields and are vulnerable to envi-
. ) ronmental conditions that are detrimental to fruit yield.> For
The pungency of hot peppers (Capsicum ssp.) is the accumu-  example, high temperature, high CO, level, and excess rain can

lation of a group of alkaloids called capsaicinoid, such as cap-
saicin and dihydrocapsaicin.! Capsaicinoids are synthesised in
pepper fruit placenta through two biochemical pathways. In the
phenylpropanoid pathway, phenylalanine is converted to vanil-
lylamine, and in the branched chain fatty acid pathway, valine
is converted to 8-methyl nonenoic acid.> Capsaicin synthase
(CS) then combines both compounds to produce capsaicin and
other capsaicinoids.’

all reduce plant growth and fruit yield and increase disease in-
cidence in the plants.® Seed germination rate highly depends on
fruit maturity, species, cultivar, and post-harvest handling.9 In
addition, environmental factors heavily influence capsaicinoid
biosynthesis and consequently pungency levels.'?

Plant breeding has significantly contributed to the develop-
ment of new varieties.!! Other genetic manipulations such as
Agrobacterium-mediated genetic transformation are not triv-
ial for peppers. Currently available pepper transformation
protocols have low efficiency, poor reproducibility, and high
genotype-dependence.!>!? Engineering tomatoes to produce
capsaicinoid represents an alternative.'*

Pepper is a common spice used in varieties of cuisine all
over the world and is an excellent source of vitamins C, A,
B-complex, and E.* As a medicine, it is a counter irritant in
lumbago, neuralgia, rheumatic disorder, and non-allergic rhini-
tis and as a folk remedy for dropsy, colic, diarrhoea, asthma,
arthritis, muscle cramps, and toothache.>® These findings sug-
gest that a diet with capsaicinoid is beneficial for health and thus
hot peppers should be considered a functional food.” Peppers

Tomato (Solanum lycopersicum) is the most important horti-
cultural crop.!> Despite their divergence 19 million years ago'®,
the genomes of pepper and tomato are significantly conserved,
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with a basic chromosome number of x = 12 in both species and
major conserved syntenic segments between them.!” Toma-
toes are more amenable to genetic transformation, are highly
productive with a short cropping cycle, and can be used to pro-
duce capsaicinoids.'®! Phylogenetic analysis of gene families
involved in capsaicinoid biosynthesis in pepper and their or-
thologs in tomato, potato, and Arabidopsis identified 51 gene
families, of which 13 had independent pepper-specific dupli-
cation (such as ACLd, AT3, b-CT, C3H, CAD, CCR, Kas I and
PAL genes).!” Comparative transcriptome analysis identified
several genes in the capsaicin biosynthesis pathway with dif-
ferent expressions between pepper and tomato fruits. At the
fruiting stage BCAT (branched-chain amino acid aminotrans-
ferase), Kas (ketoacyl-ACP synthase), and CS/AT (capsaicin
synthase/acyltransferase) are highly expressed in pepper fruit
placenta but not in the tomatoes.> Comparative expression stud-
ies in non-pungent peppers vs pungent pepper also showed
large deletions in the CS gene, which cause no or very low
expression in non-pungent pepper.? These results indicate that
changes in the expression of BCAT, Kas, and CS/AT enabled
capsaicinoid synthesis in hot pepper fruits.>?° Therefore, pun-
gency in pepper is under transcriptional control, and higher
expression of capsaicinoid biosynthesis genes in the placental
septum increases pungent levels.?!?> Compared with peppers,
some genes in tomatoes have lower levels of expression (PAL,
C4H, ACL and AMT), others have lower levels of expression
with temporally restricted expression (COMT and FaTA), and
some are not expressed at all (Kas, BCAT and CS).3

Based on the genetic information on both pepper and tomato,
it is theoretically possible to activate the capsaicinoid pathway
in tomato. Three genome engineering strategies can be em-
ployed for this purpose. One is to use transcriptional activators
like effectors (TALEs) 2* or CRISPR/Cas9** for multiplex ac-
tivation of genes in pepper. The second strategy is the use of
targeted promoter replacement through genome engineering
for the activation of inactive genes in tomatoes.>>?® The third
involves the overexpression of the pepper genes (Kas, BCAT
and CS) in tomato through Agrobacterium-mediated transfor-
mation. This study has used Agrobacterium-mediated tomato
transformation to insert and overexpress three pepper genes in-
volved in capsaicin biosynthesis: BCAT, Kas, and CS/AT. Two
different vectors were prepared: one with the 35s promoter and
the other with the fruit-specific E§ promoter. All three genes
were included in a single tricistronic vector for transformation.
All three genes are involved in capsaicin biosynthesis through
the branched chain fatty acid pathway. BCAT condenses valine
to alpha ketoisovalerate. Kas along with ACL (acyl carrier pro-
tein) is involved in fatty acid synthesis through isobutyryl-CoA
to 8-methyl-6-nonenoic acid. CS/AT/PUNI1 condenses vanil-
lylamine from the phenylpropanoid pathway with 8-methyl-6-
noneoyl-CoA from the branched chain fatty acid pathway to
synthesize capsaicin.’

MATERIALS AND METHODS
Preparation of the Overexpression Gene Construct

The pCAMBIA1301 vector was used to prepare the overex-
pression gene construct. The tricistronic cassette with the three
pepper genes was arranged as shown in Figure 1A. The three
genes were separated using P2Ap and T2Ap peptides (Figure
1B) from Osborn et al. 27, The peptides were reverse translated
to DNA sequences (P2A and T2A in Figure 1B) and optimized
for plants (Arabidopsis) using JCat ?® to produce the P2Am
and T2Am (Figure 1B) used in Figure 1A. The cassette (Fig-
ure 1C) was synthesized by BioBasic (Amherst, NY, USA)
and ligated into pPCAMBIA1301 after digestion with Ncol and
BstEIL. The construct was used to transform Agrobacterium
tumefaciens strain LBA4404, and positive clones were used for
tomato transformation (see Transformation of tomato below).

Agrobacterium Preparation

Competent Agrobacterium tumefaciens strain LBA4404 cells
with an ODggy of 0.1 were transformed with the construct
described above using electroporation. A single colony from
transformed Agrobacterium cells was inoculated into 10 mL
LB broth with 50 mg 1! kanamycin and grown for 24 h at
28 °C. An aliquot of the cultured cells was subsequently in-
oculated into 50-mL LB with 50 pg I'' kanamycin and grown
for another 24 h. This culture was harvested and used for the
transformation described below.

Transformation of Tomato

The tomato transformation was modified from Wang and
Campbell.?’ Tomato seeds (Solanum lycopersicunt) cv Micro-
Tom and Micro-Tina from Tomato Growers Supply Company,
Fort Meyers, FL were surface sterilized in 40 mL of 25% bleach
with 2 drops of tween 20 for 15 min and rinsed 5-7 times with
distilled water before plating in seed germination medium (MS
salt 4.3 g I'', Nitsch vitamin 1 mL 1", sucrose 30 g I'' and agar
6 g I'!, pH 5.8). Hypocotyls and cotyledon leaves of 7-10 days
old seedlings were used for transformation. Three days before
transformation, Agrobacterium culture was started in 20 mL
LB medium supplemented with 50 mg I'' kanamycin. A day
before transformation, hypocotyl and cotyledon leaves were cut
from seedlings at the petioles and the tip using a sterile razor
on the co-cultivation media (MS salt 4.3 g 1!, thiamine-HCL
0.4 mg 1'!, Myo-inositol 100 mg I, sucrose 30 g1'!, 2,4-D 0.2
mg I, agar 6 g I'' and kinetin 0.1 mg I'') with sterile filter
paper laid on the surface. The bacteria from the LB broth were
harvested by centrifugation and resuspended in co-cultivation
media (without agar). Leaves from overnight incubation were
scraped, mixed with bacteria, and incubated at room tempera-
ture for 30 min with occasional mixing. The bacterial suspen-
sion was then drained, and the leaves were dried on sterile paper
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Figure 1. Tricistronic overexpression cassette. (A) Schematic of the tricistronic cassette. (B) P2Am and T2Am sequences used to facilitate cleavage of the three
proteins. (C) DNA sequence of the cassette (P2Am and T2Am are in bold/green). BCAT:branched-chain amino acid aminotransferase; Kas:ketoacyl-ACP synthase;

CS/AT/PUNI :capsaicin synthase/acyltransferase.

towels and returned to co-cultivation media with filter paper on
the surface. These plates were sealed with micropore tape and
incubated in the dark at room temperature for 3 days. After
3 days of co-cultivation, leaves were placed on regeneration
medium (MS salts 4.3 g I'!, Nitsch vitamin mL 1", sucrose 30
g, zeatin 1.5 mg 1!, TAA 0.2 mg I"!, carbenicillin 400 mg 1'!,
hygromycin 30 mg 1!, agar 6 g I'' and pH 5.8) and incubated
under natural day/light cycle for 3-8 weeks with media change
every 3 weeks. Shoots will regenerate during this period. Re-
generated shoots were transferred to rooting medium (MS salts
4.3 g 1'!, Nitsch vitamin ImL 1!, sucrose 30 g I'!, IBA 0.5 mg
1!, carbenicillin 400 mg 1", hygromycin 30 mg I-1, agar 6 g I'!
and pH 5.8) for further growth and rooting and then transferred
to soil after acclimatization for few days.

Transformation Confirmation

Transformation and insertion of the transgene were confirmed
by plant regeneration on hygromycin-containing regeneration
media and then by PCR using hygromycin primers (for-
ward: GATGTTGGCGACCTCGTATT and reverse: GATG-
TAGGAGGGCGTGGATA) on DNA from transgenic plants.

RNA Extraction

Total RNA was extracted using TRIzol®.3° From Ty transgenic
plants, RNA was extracted for RT-PCR. Leaf samples from
young transgenic plants were bulked to isolate RNA. Fresh 50-
100 mg of leaf tissue was frozen in liquid N, and ground to
powder using a mortar and pestle. One millilitre of TRIzol®

reagent was used to homogenise 50-100 mg of tissue. After
5 min of incubation, 0.2 mL of chloroform was added to the
sample and further incubated for 3 min. The mixture was cen-
trifuged at 4 °C for 15 min. The supernatant was transferred to
anew tube mixed with 0.5 mL of isopropanol and incubated for
10 min. After centrifuging at 4°C for 5 min, the supernatant was
discarded, and the RNA pellet was mixed with 1 mL of 75%
ethanol and centrifuged for 5 min at 4°C. The supernatant was
discarded, and the pellet was dried by inverting tubes on clean
filter paper for 10 min. Around 25-30 pL of DNase/RNase-
free water was used to dissolve the RNA. An aliquot of this
RNA were treated with DNase I at 37 °C for 10 min. This
followed phenol:chloroform extraction with isopropanol pre-
cipitation and two 75% ethanol washes. The purity of the RNA
was treated with DNase I and quantified using Nanodrop. Sam-
ples with 260/280 values between 1.9 and 2.1 were used for
further analysis.

RT-PCR

Semiquantitative RT-PCR was performed to confirm trans-
gene expression using qScript® XLT One-Step RT-PCR kit
from QuantaBio in Applied Biosynthesis 2720 Thermocycler.
Manufacturer’s guidelines were followed for reaction setup and
thermocycler procedures. In short, RT-PCR was performed for
RNA of both transgenic and control plants in 10 pL volume. All
reagents, RNA, and primers were thawed on ice for 15 min, and
the reaction was set up on ice. For each 10 pL reaction, 5 pL
one-step ToughMix (20X), 0.2 pL each of forward and reverse
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primers, 0.4 pL of qScript® XLT One-Step reverse transcrip-
tase (25X), 2.2 pL of nuclease free water and 2 pLL of RNA
were added and mixed. The PCR plate was then spun briefly to
remove any bubbles and collect the contents at the bottom of
the well. In the thermocycler, RT-PCR was programmed as fol-
lows: cDNA synthesis at 48°C for 20 min, initial denaturation
at 94°C for 3 min, 35 cycles of denaturation at 94°C for 20 sec,
annealing at 56°C for 30 sec, and extension at 72°C for 1 min.
This was followed by 72°C for 5 min and 4°C for forever. The
PCR product was run on 1% agarose gel along with loading
dye to visualize the presence of the transgene in RNA.

Phenotypic Observations

Transgenic tomatoes were regularly checked for any visual phe-
notypic changes in their fruit shape and surface texture from
early fruit stages to late maturity stages. Two people tasted the
spiciness of ripened tomato fruits in the laboratory.

RESULTS AND DISCUSSION
Transformation of Tomato

Two tomato lines (Micro-Tina and Micro-Tom) were used in
the transformation studies. The construct with the 35S pro-
moter was used to transform Micro-Tina, and the construct
with the E8 promoter was used to transform Micro-Tom. Al-
though the number of infected leaves was not counted, regen-
eration of callus from leaves was variable for both Micro-Tina
and Micro-Tom lines. Micro-Tom showed an early advantage
with better germination and faster growth than Micro-Tina (data
not collected). During callus regeneration, the adaxial side of
cotyledon leaves increased the chance of regeneration. Once
calli started to produce shoots, they were transferred to a Ma-
genta box to have more room to grow. In total, 30 transgenic
plants from the 35S vector and 35 transgenic lines from the E8
vector were generated.

Confirmation of Transgene Insertion

Genomic DNA was extracted from the leaves of transgenic and
control tomato plants for PCR. Hygromycin primers were used
to confirm the presence of the transgene in the 7y generation
of transgenic plants (Figure 2). Hygromycin bands were ob-
served in both Micro-Tina and Micro-Tom transgenic lines but
were absent from control plants, confirming the insertion of the
transgene into the tomato genome.

Gene Expression

Expression of the transgene was confirmed by semiquantitative
RT-PCR using pepper gene-specific primers. For each primer
set, once the primers were designed, they were BLASTed
against the tomato sequence to confirm their absence from

Figure 2. PCR confirmation of transgene. Lanes A and G-1 kb ladder; B,
transgenic line 1; C, transgenic line 2; D, Micro-Tina control; E, Micro-Tom
control and F-PCR negative control.

tomato. For each of the three genes, one specific primer set was
designed. RT-PCR was performed using these primers on RNA
derived from control and transgenic plants. Gel electrophoresis
of the RT-PCR product showed gene bands for all three tar-
get genes (AT, BCAT, and Kas) in both transgenic lines tested,
whereas the control plant did not have any transgene expres-
sion (Figure 3). This shows that all three pepper genes were
integrated with the tomato genome and were being expressed.

Figure 3. Gene expression in transgenic plants. Lanes A: ladder; B, C, D:
control for AT, BCAT, and Kas genes; E, F, G: transgenic line 1 for AT, BCAT,
and Kas; H, 1, J: transgenic line 2 for AT, BCAT, and Kas.




Phenotypic Changes

Transgenic plants were observed for any phenotypic structural
changes in plants and fruits. There were no overwhelming
changes that were consistent throughout all transgenic lines.
However, some transgenic tomato plants did produce fruits with
pepper-like rough skin (Figure 4).

Figure 4. Some transgenic tomato fruits showed rough skins at the 7Ty genera-
tion before turning red.

Spiciness

Ripened transgenic tomato fruits were tasted for a hint of heat.
Two people independently tasted the juice from the same fruit to
determine whether it was hot. There was consensus that none of
the transgenic tomato fruits carried any spiciness. Although our
results from RT-PCR suggested the expression of all three genes
in transgenic plants, the lack of heat in fruit suggests either that
there is no detectable increase in capsaicin production or that
the biosynthetic pathway requires more than three genes to be
overexpressed.

Tomato as a biofactor for the production of secondary
metabolites is not a new concept. Butelli et al.3' could
use tomato to produce betalain (food colour). Other stud-
ies have used tomatoes to increase the production of vari-
ous flavonoids? and phenylpropanoid compounds like resver-
atrol and genistin®3. Tomato fruits are rich in primary metabo-
lites such as citrate, malate, and ascorbic acids and sec-
ondary metabolites such as carotenoids, phenylpropanoid and
terpenoids.>* This suggests the presence of a basic biosynthetic
pathway for each in tomatoes, which has led many to believe
that tomatoes can be used as a chassis to produce various eco-
nomically as well as pharmacologically important metabolites
such as retinol (Vitamin A) through B-carotene biosynthesis
and dioscin through steroidal glycoalkaloid production.?>-3

The presence of the defunct capsaicinoid biosynthesis path-
way in tomatoes offers an opportunity to produce capsaicin in
this plant. This will alleviate the problems associated with pep-
per farming, such as varying levels of pungency, environmental
distress, slow seed germination and long life cycle, as well
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as high levels of soil-borne diseases and nematode infection.
Both pepper and tomato, being members of the same night-
shade family (Solanaceae), have major conserved synteny with
a basic chromosome number of x=12 in both species and share
many traits between them.!” Comparative genomics revealed
the presence of all necessary capsaicinoid genes in tomato with
varying expression.’ Overexpression of those less expressed
genes in tomatoes should, in theory, make tomato fruit spicy,
but other regulatory factors cannot be excluded.

By inserting three capsaicinoid genes (BCAT, Kas and AT),
we aimed to activate the capsaicinoid pathway in tomato. The
Agrobacterium-mediated transformation method was success-
ful in the delivery of all three genes, as evidenced by the re-
generation of hygromycin-resistant transgenic plants and the
expression of three pepper genes, as seen in RT-PCR. This,
however, did not result in any increase in capsaicin synthesis
or accumulation in tomato fruits. The generation of transgenic
tomato plants expressing pepper gene, however, is a signifi-
cant step towards the generation of spicy tomato. There could
be many reasons why our plants did not produce spicy fruits.
It could be that there is too little capsaicin to be detected by
tasting, or the three genes might not be enough to activate the
whole capsaicin biosynthesis pathway as it comprises more
than 51 gene families.!” Gene duplication during capsicum
evolution meant that the biosynthesis pathway has up to 13
pepper-specific duplication compared to tomato!”, also tissue
specific and developmental expression of genes involved in
capsaicinoid biosynthesis® could play a role in making tomato
spicy.

To the best of our knowledge, the only species other than pep-
pers metabolically engineered to produce capsaicin, the main
capsaicinoid in peppers®’, is the baker’s yeast Saccharomyces
cerevisiae. Zhao et al. 3® overexpressed in yeast all the genes for
the enzymes catalysing seven steps that produce vanillylamine
from phenylalanine”, Kas, thioesterase (Fat), and ACL to re-
construct the fatty acid pathway, as well as CS/AT. Culturing
the engineered yeast for 120 hin a 1 L fermenter containing 20
g/L glucose, they were able to produce 80.23 pg/L capsaicin in

S. cerevisiae.3®

CONCLUSION

To conclude, in this study, we showed that P2Am and T2Am
sequences can be used in the overexpression of multiple genes
in tomatoes. Future work in tomatoes may include metabolic
profiling to examine the changes in metabolites in transgenic
plants.
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SHORT COMMUNICATION

Effect of Dose-Dependent Application of Fungicides Propineb and
Mancozeb on H;O,, Lipid Peroxidation, and Photosynthetic Pigment in
Tomato Leaves

Elif Yuzbasioglu! , Eda Dalyan! |, Ilgin Akpinar?

! Department of Botany, Faculty of Science, Istanbul University, Beyazit, Istanbul, Tiirkiye
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ABSTRACT
Objective: The study investigated the growth, photosynthetic pigment, hydrogen peroxide (H,0O;), and malondialdehyde (MDA)
contents of tomato leaves under different concentrations of two modern fungicides, mancozeb and propineb.

Materials and Methods: Tomato plants were cultivated for 45 days and irrigated with % Hoagland solution. Three different
concentrations of propineb and mancozeb; half of the recommended dose (1.5 g/L and 1 g/L), recommended dose (3 g/L and 2
g/L), and two times higher (6 g/L and 4 g/L) sprayed on tomato leaves, respectively. After the fungicide treatment, tomato leaves
were harvested at 1, 3, and 7 days after the treatment (DAT).

Results: The highest doses of propineb and mancozeb inhibited shoot growth compared with the control at 7 DAT. The chlorophyll
a, b and carotenoid contents were significantly reduced with all mancozeb and propineb treatment doses at 3 and 7 DAT. The
phytotoxic effects of fungicides were determined by H,O, and MDA content 1, 3, and 7 days after treatment in leaves. The foliar
application of propineb and mancozeb altered the production of H,O, and MDA, depending on the time and concentration. The
analysis of the data revealed that the application of propineb and mancozeb at higher concentrations significantly increased H,O,
and MDA levels, which caused toxicity in tomato leaves.

Conclusion: The findings revealed that higher doses of mancozeb and propineb fungicides exert phytotoxic effects by inhibiting

growth and photosynthetic pigment production and increasing oxidative stress in tomato leaves.

Keywords: Fungicides, Tomato, Cholorophyll, Oxidative stress, Malondialdehyde

INTRODUCTION

Fungal infections cause diseases in grain, fruit, and vegeta-
bles, reducing yields by 20% of food production worldwide.!
Fungicides, which are low cost, easy to use, and have a broad
spectrum range, have become an effective solution to control
fungal disease in recent decades in agriculture. In addition to the
protective role of fungicides against fungal disease, fungicide
application is commonly used in postharvest packaging plants,
parks in urban areas, and protected forest areas.> Global fungi-
cide application is four hundred thousand tonnes, indicating
17.5% of global pesticide usage worldwide.? According to the
FAO report?, global pesticide use increased by 53 percent for
herbicides, 111% for fungicides and bactericides, and 44 per-
cent for insecticides compared with the most recent decade with
the 1990s. However, the most used pesticide ratio report fungi-

cides (38.4%), herbicides (27.4%), and insecticides (23.0%) in
Turkey in 2022.4

A member of the Solanaceae family, tomato (Lycopersicon
esculentum Mill.) is a popular vegetable. The tomato is con-
sumed fresh and processed, so it has great economic value
worldwide. According to an agricultural production statistics
report by the FAO3, tomatoes were the most produced veg-
etable, with 189 million tonnes in 2021. Moreover, annual
tomato production exceeds 13 million mT in Tiirkiye which
is the third largest tomato producer in the world.> Tomato is
commonly grown in fields and greenhouses in the Aegean,
Mediterranean, and Marmara regions of Tiirkiye. Greenhouse
cultivation of tomatoes occurs in two seasons and is mono-
culture. This continued plantation causes an increase in fun-
gal diseases that cause notable yield loss in greenhouse and
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field tomato cultivation.’ In particular, fungal diseases, such as
fusarium wilt, grey mould, early blight etc., reduce the yield
of tomatoes, and tomato cultivation is dependent on fungicide
use for the control of fungal disease. In the data of table tomato
production in Turkiye, the insecticides, fungicides, and herbi-
cides applied per hectare on average per hectare were nearly
13gand 1.4 g 1.8 gand 2.0 g, 1.5 g and 1.7 g respectively.®
The results indicate that fungicides are the most used pesticide
in tomato cultivation in Turkiye. In addition, Engindeniz and
Oztiirk Cosar revealed that mancozeb (Manzep, Tri-miltox),
copper oxychloride (Hektas), propineb (Antrocol), metalaxyl
+ mancozeb (Ridomil), and copper salts of fatty and rosin
acids (Tenn-Cop) are commonly used fungicides in tomato
production.® They suggested that common and high levels of
pesticide use relate to farmer opinion. The farmers believed
that if they did not use pesticides to control pests, productiv-
ity would lose more than half of the yield. Engindeniz and
Oztiirk Cosar also showed that farmers use an excess amount
of pesticides in tomato cultivation.® Excessive use of pesticides
induces environmental contamination, exposure to side effects
on non-target organisms, and pesticide residues accumulate at
unacceptable levels in foods.

Fungicides are classified into a broad range of compounds
by their mode of action and chemical composition. Contact
fungicides prevent the growth and development of fungi by
killing their spore germination in plant tissue. Among the con-
tact fungicides, dithiocarbamates were developed in the 1940s
for fungal diseases, leading to improved anti-fungal formu-
lations. After the first dithiocarbamate fungicide, thiram, fer-
bam and ziram, was commercialised, mancozeb (manganese
ethylene bisdithiocarbamate) and propineb (zinc propylene bis-
dithiocarbamate) have become widely used fungicides in plant
protection since 1962.7 The mode of action of these fungi-
cides inactivates the thiol group of enzymes and metabolites
in fungus cells.! For a long time, the use of mancozeb and
propineb on a variety of vegetable, fruit, and grain crops has
caused environmental problems. In addition, these fungicides
have deleterious effects on humans, fish, birds, and plants. Con-
tact fungicides remain on the plant surface to prevent the germi-
nation of fungal spores and the penetration of spore germ tubes
into the host epidermis.” Contact fungicides affect CO, assimi-
lation and stomatal activity due to leaf surface action. Thus,
fungicide treatments primarily have a deleterious effect on
the photosynthesis. Many physiological studies have revealed
that fungicide treatment decreases chlorophyll a fluorescence?®,
CO, assimilation®, intercellular CO, concentration'®, Rubisco
content, ribulose 1.5 bisphosphate regeneration', and pigment
content in plants.!! Dias et al.!? reported that the commer-
cially recommended dose of mancozeb in Lactuca sativa L.
leaves reduced the efficiency of photosystem II, decreased pho-
tosynthetic pigments, and induced lipid peroxidation. Different
concentrations of benzimidazole (Carbendazim) and dithio-
carbamate (Mancozeb) fungicides decrease root/shoot length
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and germination, and they affect chlorophyll (Chla, Chlb, total
chlorophyll) content in chickpea seedlings.!?

Reactive oxygen species (ROS) are rapidly produced due to
breakdown of the cellular balance in plants. Fungicide-induced
toxicity triggers the accumulation of ROS species such as hy-
drogen peroxide (H,0;), superoxide (O,"), and hydroxyl radi-
cals (OHe). ROS, highly reactive molecules, induce oxidative
stress that damages the fatty acids of the cell membrane. This
phenomenon is known as lipid peroxidation and is a marker
of disturbed redox status in plants.'* Lipid peroxidation deter-
mined by the product of polyunsaturated precursors that include
small hydrocarbon fragments and MDA (malondialdehyde).
Many studies have shown that fungicide-induced toxicity trig-

gered accumulation MDA in lettuce'?, wheat!S, and pea16.

Recently, the over-application of pesticides has become a
potential risk due to their biomagnification and long life span
in the environment. Moreover, excessive pesticide use results
in ecosystem pollution that causes serious problems for non-
target organisms such as humans, fish, bees, and plants. The
present study investigated the effects of different doses of a
broad range of fungicides (propineb and mancozeb) on the
growth, photosynthetic pigment, HyO, and MDA contents in
tomato leaves. The findings of this study revealed the effects
of the dose-dependent phytotoxicity of propineb and mancozeb
in non-target plants. Also, the results can provide a new per-
spective on the formulation and concentration of fungicides for
minimising the adverse effects on non-target plants.

MATERIALS AND METHODS
Experimental Design

The tomato (Lycopersicon esculentum Mill. Narcan-8) seeds
were purchased from Seed Corporation (Balikesir Kiiciik¢ift-
lik) in Turkey. Before the imbibition, the seeds were sterilised
in a 5% NaOCI solution for 10 min. Three seeds were planted in
plastic pots containing perlite irrigated by % Hoagland solution
(Caisson Labs, USA). The tomato seedlings were grown for 45
days in a plant growth chamber. The chamber conditions were
as follows: 168 h photoperiod, 25°C/20°C, and 60% relative
humidity. Fungicides were purchased commercially as man-
cozeb (MAYCEB M-45) and propineb (Antracol® WP 70).
MAYCEB M-45 included 80% mancozeb, which was recom-
mended at a dose of 2 g/L. (3 mM). Antracol® WP 70 included
%70 propineb, which was recommended at a dose of 3 g/1 (7,25
mM).

45-day-old tomato seedlings were sprayed with mancozeb at
1 g/L (half of the recommended dose), 2 g/L. (recommended
dose), and 4 g/L (two times higher) in tomato laves. Propineb
was sprayed at 1.5 g/L (half of the recommended dose), 3 g/L
(recommended dose), and 6 g/L (two times higher) in tomato
laves. The control tomato plants were sprayed the deionised
water. Fungicide treatment was performed in 18 pots, and 3
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pots were used for each fungicide treatment. Each pots were
consisted the three plants. The control group also had three
replicated pots. The tomato leaves were harvested from three
independent plants and randomly pooled at 1, 3, and 7 days
after treatment.

Growth Parameter

The shoot lengths of the plants were recorded in cm for all
experimental groups.

Photosynthetic Pigment Content

Photosynthetic pigment contents were determined using the
method of Lichtenthaler and Buschmann.!” Fresh weights of
leaf samples were collected and extracted in 100% acetone.
After the samples were kept at 4 °C for 24 h and centrifuged at
3.000 x g for 15 min, the absorption values of the supernatants
were measured using a spectrophotometer (Epoch 2 Microplate
Spectrophotometer) at 661.6, 644.8, and 470 nm.

Hydrogen Peroxide Content

The amount of H,O, was determined according to the method
of Velikova et al.'® The fresh leaf samples (0.5 g) were extracted
in 5 mL of 0.1% trichloroacetic acid in an ice bath. After the
extract was centrifuged at 12.000 x g for 15 min at 4 °C, 0.5 mL
of 10 mM potassium phosphate buffer (pH: 7.0) and 1 mL of 1
M potassium iodide were added to 0.5 mL of the supernatant.
The absorbance of the mixture was determined using a spec-
trophotometer (Epoch 2 Microplate Spectrophotometer) at 390
nm. The amount of H,O, was calculated in pmol/mL from the
standard curve.

MDA Content

Lipid peroxidation was analysed for MDA content using the
method of Jiang and Zhang.!® Fresh leaf samples (0.5 g) were
extracted using 10 mL of 0.25% thiobarbituric acid in 10%
trichloroacetic acid in a cold mortar. The mixture was boiled
at 95 °C for 30 min and quickly cooled in an ice bath. The
absorbance of the supernatants obtained from the samples cen-
trifuged at 5.000 x g for 10 min was measured using a spec-
trophotometer (Epoch 2 Microplate Spectrophotometer) at 532
nm and 600 nm. The MDA level was calculated in pmol/g
fresh weight using an extinction coefficient (EC) value of 155

mMlem!.

Statistical Analysis

The standard error values (+) were calculated for at least five
replicates. All data sets statistically evaluated by GraphPad
Prism version 10.1.2 software (GraphPad Software, San Diego,
CA, USA). A one-way analysis of variance (ANOVA) followed
by Dunnett’s multiple comparison test was performed to com-
pare the significance between the results.

RESULTS AND DISCUSSION

Successful tomato production requires fungicides and insecti-
cides to prevent diseases, minimise production loss and meet
quality standards. However, the widespread use of fungicides
causes numerous environmental concerns, including soil and
water contamination, and side effects on non-target organisms.
The mode of action of pesticides affects both pests and non-
target organisms such as humans and plants because of similar
targeting systems or enzymes. The beneficial effects of pes-
ticides have become a risk due to their phytotoxicity when
applied at higher concentrations in plants. A small percentage
of the pesticides reach the sites of action for pest control (ap-
proximately <0.1%), and larger amounts are degraded via light
and heat and non-target accumulation in the environment. Pes-
ticide toxicity is related to many factors, such as environmen-
tal conditions (temperature, moisture, pH), application dose,
and technique. Pesticide toxicity shows several morphological
symptoms, such as necrosis, chlorosis, stunting, burns twist-
ing of leaves, and it also negatively affects plant growth and
development.? Pesticides inhibit biological processes such as
reactive oxygen balance, synthesis of photosynthetic pigments,
cell division, enzyme function, and photosynthesis.>!

One of the most essential reasons for non-target pesticide
toxicity is the use of doses higher than the recommended dose
by farmers. Although higher doses help temporarily the pest
struggle, they can cause stress to non-target plants, resistance
to pesticides, and pesticide residue in soil and water, and finally,
it results in environmental pollution in the long term.? For this
reason, it is important to understand how the dose-dependent
application of pesticides affects non-target plants. This study
aimed to investigate the effects of different doses of the fungi-
cides mancozeb and propineb on the growth, oxidative stress,
and photosynthetic pigments of tomato leaves.

Plant growth is an indicator of changes in plant performance
and monitoring responses to environmental stress factors. Three
different concentrations of propineb and mancozeb; a half of
the recommended dose (1,5 g/L and 1 g/L), recommended dose
(3 g/L and 2 g/L), and two times higher (6 g/L. and 4 g/L)
were sprayed on 45-day-old tomato plants. Plant growth was
recorded 3 and 7 days after treatment with propineb and man-
cozeb (Figure 1). Shoot growth was affected by different doses
of propineb and mancozeb application. At 3 and 7 days after
treatment, shoot growth did not differ significantly between the
recommended and half-dose fungicide application and control.
However, the highest dose of mancozeb and propineb (two times
higher dose) inhibited shoot growth compared with the control.
Shoot growth was negatively affected at 7 days after fungicide
application (Figure 1). All concentrations of mancozeb inhib-
ited shoot growth in 45-day-old tomato plants. Pereira et al.??
determined showed that amino acid metabolism was disturbed
in the later growth stages of lettuce under mancozeb treat-
ment, as well as decreased levels of Ala, Asn, GABA, Ile,




Leu, and Val. They also reported that the expanded growth
stage of lettuce leaves was negatively affected by exposure
to mancozeb. Based on the results of this study, mancozeb
inhibited the growth of lettuce leaves because of decreased
amino acid metabolism. In contrast, Shakir et al.> reported that
four commonly used pesticides (emamectin benzoate, alpha-
cypermethrin, lambda-cyhalothrin and imidacloprid) reduced
tomato growth at higher concentrations. Growth inhibition can
be associated with oxidative stress in tomato leaves following
pesticide application.

Figure 1. Effect of half of the recommended dose (1.5 g/L and 1 g/L), recom-
mended dose (3 g/L and 2 g/L), and double of the recommended dose (6 g/L.
and 4 g/L) of propineb and mancozeb on shoot growth in 45-day-old tomato
seedlings. Astericks showed adjusted p <0.05 for statistically significant differ-
ences from the control as determined by one-way analysis of ANOVA followed
by Dunnett‘s Multiple Comparison Test. Bars represent standard deviations
(SD). DAT: Days after treatment.

ROS production is the balance between the antioxidative de-
fence system under optimal growth conditions in plants.'* The
balance between ROS production and scavenging may be dis-
rupted in plants exposed to abiotic and biotic stress factors. This
imbalance of the ROS system causes an increase in ROS levels,
which causes injury to nucleic acid and oxidising proteins and
membrane lipids in plant cells.'* H,O, is produced from the
univalent reduction of O, by superoxide dismutase H, O is the
most stable ROS because of its long half-life, but it can inactive
enzymes by oxidating their thiol groups.'* Excessive accumu-
lation of H,O, triggers oxidative stress, and it has become an
important indicator of toxicity against different stress factors
in plant cells.* Fungicide spraying (propineb and mancozeb)
remarkably induced the H,O; level, proving the occurrence of
oxidative stress in tomato leaves (Figure 2). Different concen-
trations of propineb and mancozeb changed the H,O, levels
1, 3 and 7 days after treatment. Propineb at 1.5 and 3 mg/L
significantly decreased the H,O; level 1 day after treatment,
whereas it remarkably increased the H,O, level 7 days after
treatment. However, 6 mg/L propineb caused the highest in-
crease in HyO; level 1 day after treatment. In the following
days (3 and 7 days after treatment), the H,O, level decreased
according to 1 days after treatment, even if it was higher in the
control groups. In propineb administration, half (1.5 g/L) of the
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recommended dose and recommended dose (3 g/L) showed a
significant increase in the H,O, level at 7 day after treatment,
yet two doses (6 mg/L) suddenly increased in the H,O, level at
1 day after treatment (Figure 2). The results of the H,O; level
indicated that a low dose of propineb slowly caused oxidative
stress, whereas a high dose of propineb quickly triggered ox-
idative stress after treatment in tomato leaves. The application
of 1,2, and 4 g/L of mancozeb gave rise increment of the H,O,
level 1, 3, and 7 days after treatment compared with the con-
trol. Moreover, the highest level of H,O, was observed in 4
mg/L mancozeb spraying (two times higher doses) 3 days after
treatment in tomato leaves.

Figure 2. Effect of half of the recommended dose (1.5 g/L and 1 g/L), recom-
mended dose (3 g/L and 2 g/L), and double of the recommended dose (6 g/L
and 4 g/L) of propineb and mancozeb on H,O; content in 45-day-old tomato
seedlings. Astericks showed adjusted p<0.05 for statistically significant differ-
ences from the control as determined by one-way analysis of ANOVA followed
by Dunnett‘s Multiple Comparison Test. Bars represent standard deviations
(SD). DAT: days after treatment.

Excessive ROS accumulation can damage many cellular
functions by disrupting nucleic acids, proteins, carbohydrates,
and lipids in plants. Lipid peroxidation is an indicator of oxida-
tive injury caused by ROS in cells. The harmful effects of lipid
peroxidation are associated with fluidity, specific ion channels,
proteins, receptors, and enzymes in membranes.'# Lipid perox-
idation determined by MDA, a polyunsaturated precursor that
includes small hydrocarbon fragments. The analysis of MDA
content proved that the application of the two fungicides sig-
nificantly induced membrane damage in the leaves of tomatoes
compared with the control plants (Figure 3). The half of recom-
mended (1.5 g/L) and recommended dose (3 g/L) of propineb
showed trends similar to control or decreased MDA content
at 1 and 3 days after treatment, yet these two concentrations
of propineb triggered the MDA content at 7 days after treat-
ment. In addition, two-fold higher doses of propineb (6 g/L)
remarkably increased MDA content compared with the control
in tomato leaves at 1, 3, and 7 days after treatment. On the first
day after treatment, there were similar trends in MDA content
at all concentrations of mancozeb. Besides, two times higher
doses of mancozeb (4 g/L) significantly increased MDA content
compared with the control at 3 and 7 days after treatment (Fig-
ure 3). The experimental results revealed that different doses
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Table 1. Effect of half of the recommended dose (1.5 g/L and 1 g/L), recommended dose (3 g/L and 2 g/L), and double of the recommended dose (6 g/L and 4 g/L)
of propineb and mancozeb on chlorophyll a, chlorophyll b, carotenoid, and total chlorophyll content in 45-day-old tomato seedlings. Astericks showed adjusted p
values<0.05 for statistically significant differences from the control as determined by one-way analysis of ANOVA followed by Dunnett‘s Multiple Comparison

Test. Bars represent standard deviations (SD). DAT: days after treatment.

Time Treatment Chl a (pg/mL) Chl b (pg/mL) Carotenoid (ug/mL) Total Chlorophyll
I DAT Control 380.38 + 5.41 147.30 = 5.44 179.68 + 3.01 527.67 £ 8.86
1.5 g/L propineb ~ 380.76 + 17.42  156.84 + 8.46 196.28 + 10.31" 537.60 +25.75
3 g/L propineb 313.28 +£6.02° 126.30 £9.01° 154.93 £ 5.44* 439.59 + 15.00"
6 g/L propineb 227.26 +3.69" 97.36+5.11" 114.67 £2.78" 324.62 +7.20"
1 g/L mancozeb  364.46+10.70  141.61 £15.35 174.88 +9.61 506.07 £ 26.03
2 g/L mancozeb 284.41 £2.20" 112.37 £5.22° 139.86 +3.65" 396.78 + 6.85"
4 g/L mancozeb 280.73 +2.76* 111.32+3.77" 138.41 £3.15" 392.05 +6.15"
3DAT control 356.11£1.94  151.98 +8.47 178.01 + 4.62 508.09 + 6.53
1.5 ¢/L propineb  316.63 £2.66°  122.63 % 5.39" 148.91 + 3.44* 439.26 +7.66"
3 g/L propineb 25542 +£2.68° 10236+ 1.92" 121.86 +2.26" 357.77 +3.42"
6 g/L propineb 242.90 +7.38" 97.82 +5.99* 124.84 +5.70" 340.72 + 12.01*
1 g/l mancozeb  300.54+2.25"  121.37 +5.98" 148.80 + 3.86" 421.91+8.20°
2 g/l mancozeb 28078 £3.70"  105.49 + 1.47" 129.68 £ 1.63 386.27 +3.88"
4 g/L mancozeb  29801+£9.20°  116.99 +3.04" 144.37 +2.22° 414.99 + 6.84"
7 DAT control 303.27 £ 1.41 107.76 = 1.56 136.70 % 0.68 411.03 £ 1.96
1.5 g/Lpropineb ~ 257.76 £ 1.36°  95.19 = 1.81° 121.82 £ 1.09* 352.95 +2.20°
3 g/L propineb 258.89+5.90°  100.09 +9.08 122.68 +3.85" 358.98 + 14.90"
6 g/L propineb 284.03+£1.93°  108.15+1.26 133.36+ 1.56 392.18 +3.12"
1 g/L mancozeb 20151 £0.92°  90.01 £4.52" 105.96 + 2.70" 291.52 +5.39"
2 g/ mancozeb 196.19 + 1.94"  83.76 + 8.47" 100.07 + 4.62* 279.95 + 6.53"
4 /L mancozeb ~ 243.84+0.60°  96.50+0.89° 120.58 +0.93* 340.34 £ 1.19°

of mancozeb and propineb enhanced the H,O, and MDA lev-
els within 7 days of treatment in tomato leaves. The increase
in H,O, and MDA content indicates oxidative stress caused
by the application of propineb and mancozeb in tomato leaves.
Shahid et al.'® reported that three different fungicides enhanced
the accumulation of H,O, and MDA content with increasing
dosages of the fungicides.

The photosynthesis apparatus is strongly influenced by envi-
ronmental conditions that change the function and structure of
the photosynthesis machinery in plants.> Physiological stud-
ies have revealed that fungicide toxicity primarily affects the
photosynthetic process in plants.! Fungicide treatments have
been shown to decrease photosynthetic activity and chloro-
phyll fluorescence, reduction of net CO, assimilation, transpi-
ration rate, stomatal conductance, and intercellular CO, con-
centration. Pigment biosynthesis, chlorophyll a, chlorophyll
b, and carotenoids are inhibited by fungicide application in
grapevine’, maize”®, and chickpea'?. Petit et al.” reported that
all concentrations of the fungicide fludioxonil (fdx) inhibited
photosynthesis in non-target grapevines. In addition, lower fdx
concentrations decreased photosynthesis from the first day af-
ter treatment, whereas higher concentrations decreased pho-

Figure 3. Effect of half of the recommended dose (1.5 g/L and 1 g/L), recom-
mended dose (3 g/L and 2 g/L), and double of the recommended dose (6 g/L
and 4 g/L) of propineb and mancozeb on malondialdehyde (MDA) content in
45-day-old tomato seedlings. Astericks showed adjusted p<0.05 for statistically
significant differences from the control as determined by one-way analysis of
ANOVA followed by Dunnett‘s Multiple Comparison Test. Bars represent stan-
dard deviations (SD).

tosynthesis after 7 days. Dias et al.!> the effect of a com-

mercial dose of mancozeb on the photosynthetic pigment in
Lactuca sativa leaves. They found that mancozeb had a neg-




ative effect on chlorophyll and carotenoids due to sensitivity
of pigment-protein complex of the photosynthesis apparatus.
Similarly, commonly used pesticides (emamectin, benzoate,
alpha-cypermethrin, lambda-cyhalothrin and imidacloprid) de-
creased pigment content at higher doses in 21-day-old tomato
leaves.?? In this study, the effects of propineb and mancozeb on
the pigment content of tomato leaves (Table 1). On the first day
after treatment, chlorophyll a, b, and carotenoid content exhib-
ited similar trends as the control at half the recommended dose
of propineb (1.5 g/L) and mancozeb (1 g/L). However, recom-
mended and twice-dosed propineb and mancozeb significantly
decreased pigment content in tomato leaves. At 3 and 7 days
after treatment, chlorophyll and carotenoid pigment degrada-
tion was remarkably induced by all concentrations of propineb
and mancozeb. Interestingly, the highest pigment increment
was observed in 6 g/L propineb and 4 g/L. mancozeb on the
first day of treatment compared with the control. Morover, after
treatment (3 and 7) the pigment degradation rate slowed down
as compared with the control (Table 1). The results show that
propineb and mancozeb have acute harmful effects on photo-
synthetic pigments at two doses in tomato leaves.

CONCLUSION

The results of this study show that the dose-dependent appli-
cation of propineb and mancozeb fungicides negatively affects
the growth and photosynthetic pigments of tomato leaves by
triggering oxidative stress. The overdose of fungicides can be
harmful and reduce the vegetative growth of tomato seedlings.
These findings can help understand the toxicity of fungicides
in non-target plants. The results of the study indicate the risk
of excessive fungicide use in plant growth, development, and
yield.
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